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Abstract: Odour emissions from digestate applied on 21 October 2020 in a 2.4 ha field in the Po Valley
(Casalino, 28060, Novara, Italy) were measured using dynamic olfactometry and a six-specialist
odour panel, and two application techniques were compared. The measured odour emissions were
3024 and 1286 ou m−2 h−1, corresponding to the digestate application with surface spreading and
direct injection, respectively. The odour dispersion for the different emission values was modeled to
a distance of approx. 500 m from the center of the field and 15 m from the ground using a Lagrangian
puff model (SCICHEM) in different meteorological conditions. The meteorological variables were
measured at the closest station during the whole month in which the digestate application took place,
mimicking a “worst-case scenario” characterized by the frequent applications along the considered
period. The maximum odour concentrations within one square km area from the center of the field
occurred in calm wind and stable atmospheric conditions. This study also evaluated the effect of a
barrier downwind from the source. In the worst-case scenario (spreading technique with maximum
emissions, no barriers), the average and maximum estimated odour concentrations were 3.2 and
18.9 ou m−3, respectively. The calculated probabilities of exceeding the threshold value of 1 ou m−3

were 36% and 47% for the whole period and the episodes of calm winds, respectively, and 14% on
average for the episode of maximum wind gust. In the best emission scenario (direct injection),
the average and maximum odour concentrations were 1.5 and 8.6 ou m−3, respectively, while the
probabilities of exceeding 1 ou m−3 were 26% and 36% for the whole period and the episodes of
calm winds, respectively, and 0.016% for the maximum wind gust episode. In the presence of a
solid barrier downwind from the source and for the wind gust episode, the peak values of the
concentrations and exceedance probabilities at the sampling height were found to be reduced by a
factor close to 2.5 and 5 × 105, respectively. The study also evaluated the concentration field’s vertical
distribution, showing that the odour plume’s vertical and horizontal dispersion slightly increased
with the barrier. This is not a cause of concern unless the emitted substances causing odour nuisance
are also atmospheric pollutants with potential harm to far-field ecosystems and human settlements at
low concentration levels.

Keywords: SCICHEM model; Lagrangian and puff modeling; digestate incorporation; barrier effect

1. Introduction

A sensation from inhaling volatile chemicals (e.g., sulfur, nitrogen, and volatile organic
compounds) is called an odour [1]. Anthropogenic activities are mainly responsible for
odour issues in the environment, including agricultural and industrial activities, wastewater
treatment plants, landfills, livestock buildings, petrochemical parks, foundries, slaughter-
houses, composting activities, and paper and pulp facilities [2–5]. odours adversely affect
health, depreciate property prices, and increase annoyance [6–8]. Recent studies considered
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odour as an atmospheric contaminant [9,10]. Odour nuisances are often reported to public
authorities in agricultural areas, especially with intense livestock activities.

Odour modeling is a challenging problem from both a scientific and regulatory per-
spective [11]. Nowadays, odour dispersion is treated with tools similar to those with
better characterized atmospheric pollutants. However, some widely accepted assumptions
used in air pollution modeling do not hold for odour dispersion [12]. For example, mass
conservation is not strictly applicable when assimilating an odour to a transported scalar in
a model, and the chemical nature of odourous compounds is seldom known. Additionally,
most common atmospheric dispersion models provide mean concentrations at the inte-
gration time step, generally 15 min to 1 h, which are much larger than the relevant time
scale for odours perception (a few seconds). This problem is mainly related to the intrinsic
limitations in the models’ abilities to represent the instantaneous features of turbulent at-
mospheric flows. It is, therefore, not a straightforward task to address. Several approaches
rely on empirical estimations of the output concentration probability distribution and as-
sume a particular value for the “peak-to-mean ratio”, which can possibly vary in time and
space [13,14]. Higher-order closure methods are considered more reliable as they derive
the concentration variance by solving equations that describe the physical properties of
atmospheric turbulence [15].

In addition, the measurements needed to feed odour dispersion models are also af-
fected by several challenges and uncertainties, thus adding complexity to the problem.
From the regulatory point of view, institutions and authorities face the challenge of estab-
lishing objective criteria and limitations despite the subjective nature of odour nuisances
that are mediated by human perception. Despite the difficulties, several approaches and
tools have been developed and are currently used to measure, model, and regulate at-
mospheric odour dispersion [7,16]. Atmospheric dispersion models are often used as a
support for authorization decisions and regulation procedures and in case of litigation
due to reported odour nuisances. Their use in agricultural areas is nevertheless mostly
limited to the livestock sector. At the same time, odour emissions from manure spreading
are seldom measured and modeled without any published dataset on the issue.

The present work focuses on odour dispersion modeling, with input data derived
from field measurements over the Po Valley, Italy. Northern Italy, and in particular the Po
Valley, is one of the areas with the highest levels of intensive farming and concentrations of
biogas plants worldwide [17]. The sole Lombardy region in this area accounts for a large
part of the total Italian livestock, in particular more than 27% of cattle and 51% of pigs [18].
We used a Lagrangian puff model for the odour dispersion estimation. The simulations
were performed for varied wind intensities and considered the effect of a solid barrier
downwind from the source. The paper is structured as follows. Section 2 describes the
experimental site and the measurements of both the odours and meteorological variables,
Section 3 describes the selected model and the simulation scenarios, and Section 4 presents
the results of the simulations.

2. Materials and Methods
2.1. The Experimental Site

The experimental site was located in Casalino (45.34598 N, 8.497738 E), Italy, and
the surface of the fertilized field was 2.4 ha. This area was characterized by its intensive
agriculture, with significant production and use of organic fertilizers. The orography was
smooth and the agricultural fields were often contiguous or at a small distance from human
settlements. Figure 1 shows the topographic map of the area, with the measurement site
highlighted in blue and red (the different colors correspond to the two tested spreading
techniques explained in the Section 2.2). The soil was bare during the fertilization event.
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Figure 1. Topographic map of the experimental field, highlighted in red and blue.

2.2. Odour Measurements

The odour emission values used for the simulations were part of a dataset belonging
to an experiment whose purpose was to compare the odourous impacts of the different
methods of distribution of livestock manure, funded by the EU LIFE PrepAir Project.
In this context, three field experiments were carried out in three different locations in
northern Italy and in three different periods, where a “local” solution (typically surface
distribution followed by incorporation with a harrow) and a “commercial” solution were
compared (direct slurry injection via an all-in-one combined spreader (Hydro Tryke by
Vervaet, Biervliet, The Netherlands)). For each experimental thesis, five odour emission
measurement replicates were carried out for 5–10 min and 4 h after the slurry distribution.
The sampling points were chosen using a non-systematic X-shaped sampling (see Figure 2).
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The measurements were carried out in accordance with the UNI EN 13725: 2004
standard: “Air quality—determination of odour concentration by dynamic olfactometry”,
official Italian version of the European Standard EN 13725 (Edition April 2003) [19]. The sur-
veys were carried out using a stainless steel low speed wind tunnel (LSWT) (0.125 m2 sur-
face covered) through which technical air (grade 5.0) was flown at a flow rate of 30 L/min
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for a period of 5 min. At the end of the flushing period, a nalophan bag for the air sampling
was connected to the LSWT via Teflon tubing. The sampling was carried out using a
vacuum sampler. The samples were subsequently transferred to the analysis laboratory
(Osmotech, Pavia, Italy) where the olfactometric analysis was performed within 12 h using
the dynamic olfactometer Scentroid SS600 (Scentroid, Stouffville, ON, Canada) and six-
specialist odour panel in a binary forced choice mode to determine the odour concentration
(oue/m3). Starting with the odour concentration data, the specific odour emission rate
(SOER, Oue m2 h) was calculated as a function of the flow intensity and the surface covered
by the LSWT. The emission flux measurements took place on 21 October 2020.

Two spreading techniques were tested: direct injection (blue area in Figures 1 and 2)
and surface spreading, followed by incorporation (combined disc harrowing of a 10 cm
depth) within 12 h (red area in Figures 1 and 2). In the case of the odour emissions
measurements at 0 h and 4 h, the harrowing was not relevant since it was performed after
the sampling. For the sake of our study, the second technique should, therefore, be intended
as “surface spreading”. Direct injection is commonly indicated as a technique for mitigating
odour and other pollutant emissions, and our measurements confirmed this behavior. The
measured emissions in ou (odour units) m−2 h−1 used in the following as an input for
the model are shown in Table 1. The digestate came from the anaerobic digestion of cattle
slurry, poultry manure, and energy crops, and details about its chemical composition and
application can be found in Appendix A.

Table 1. Odour emission measurements at the moment of digestate application (t1) and after 4 h (t2)
for the two studied application techniques.

Treatment
SOER (ou m−2 h−1)

t1 = 0 h t2 = 4 h

Surface spreading 3024.0 2611.2

Direct injection 1373.0 1262.0

The values shown in Table 1 were in line with previously measured emissions in the
Po Valley [5,17]. Considering that a reduction in the emissions was observed after 4 h
from the application, we kept the first measurement for the simulations and used it as
a constant value throughout the month during which the application took place. This
model configuration represented a “worst-case” but still realistic scenario (corresponding
to frequent applications on different fields of the same region, during the whole month of
October 2020). Therefore, only the data from the column t1 = 0 h of Table 1 were used in
our simulations.

2.3. Meteorological Measurements

To model the typical odour emission–dispersion scenarios in the studied region, the
simulations were carried out using hourly meteorological data (temperature, wind, hu-
midity, and precipitation) for the whole month of October 2020, during which the slurry
application took place. These data were measured at the station “Casello Ruggerina” (Ver-
celli), 8 km from the experimental site. The meteorological measurements were routinely
carried out by Arpa Piemonte—Dipartimento Sistemi Previsionali on a network of stations
in the Piemonte region, and they are made available upon request.

Figure 3 shows the time series of the most relevant measured variables for the dis-
persion model (air temperature, wind speed, and direction), together with the turbulence
parameters u* and L derived from the measurements by using the meteorological routines
of SCICHEM. Figure 4 shows the average diurnal cycles of the abovementioned variables
throughout the month of October 2020. The wind rose in Figure 5a shows that wind most
frequently blows from North/Northwest, but the strongest winds most frequently blow
from Southeast/East. The wind rose diagram in Figure 5b was drawn using the dataset
of the gust events (maximum value recorded by the anemometer in a one-hour interval)



Atmosphere 2023, 14, 619 5 of 38

and shows a remarkable prevalence of strong wind events from the East/Southeast. In
particular, the maximum wind gust event occurred on 3 October 2020, at 2 a.m., with a wind
speed value of 13.6 m s−1 and a wind direction of 101 deg from the North. Considering
that the odour plume is susceptible to reaching longer distances in stable conditions with
moderate to intense wind speeds, we analyzed a nocturnal, statically stable wind gust event
and evaluated, in this case, the mitigation potential of a barrier, employing the building
downwash algorithm implemented in SCICHEM.
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On the other hand, “calm winds” conditions are also relevant for pollutant and odour
dispersion. Indeed, in these conditions, the dilution effects of the winds and turbulence are
reduced, and the pollutants can accumulate near the source regions. The upper threshold
for the “calm winds” detection was chosen according to the requirements of the Italian
regulation [20], as the value of the wind for which the model applies a dedicated algorithm
for dispersion calculations. The rationale for this choice was that these algorithms are
generally less accurate than those used in “normal wind” conditions and could, therefore,
affect the final estimation of the odour concentrations and exceedance probabilities. The
threshold was chosen to be 0.6 m s−1 as this corresponded to the “calm winds” flag
in SCICHEM. According to this definition, 19% of the records during the month of the
simulation fell in the category of “calm winds”. Table 2 summarizes the main statistics of
the principal variables used by the model in our simulations. The values were in line with
the typical meteorological conditions of the region and the considered season.



Atmosphere 2023, 14, 619 6 of 38Atmosphere 2023, 14, x FOR PEER REVIEW 6 of 41 
 

 

 
Figure 4. Diurnal cycle of measured air temperatures, wind speeds, and directions, together with 
the model-derived values of u* and L. Data refer to the period 1 October 2020−31 October 2020. 
Red/blue lines represent the mean (median) values, and the shaded areas the interquartile ranges 
(25% and 75%). 

  
(a) (b) 

Figure 5. Wind rose of hourly mean values (a) and gust (b) for the period 1 October 2020–31 
October 2020. Spoke’s length represents the frequency of the wind blowing from the identified 
direction, while the color(s) within the spoke indicate the percentage of counts with the wind 
speeds for a certain interval. 

On the other hand, “calm winds” conditions are also relevant for pollutant and 
odour dispersion. Indeed, in these conditions, the dilution effects of the winds and 

Figure 4. Diurnal cycle of measured air temperatures, wind speeds, and directions, together with the
model-derived values of u* and L. Data refer to the period 1 October 2020–31 October 2020. Red/blue
lines represent the mean (median) values, and the shaded areas the interquartile ranges (25% and 75%).

Atmosphere 2023, 14, x FOR PEER REVIEW 6 of 41 
 

 

 
Figure 4. Diurnal cycle of measured air temperatures, wind speeds, and directions, together with 
the model-derived values of u* and L. Data refer to the period 1 October 2020−31 October 2020. 
Red/blue lines represent the mean (median) values, and the shaded areas the interquartile ranges 
(25% and 75%). 

  
(a) (b) 

Figure 5. Wind rose of hourly mean values (a) and gust (b) for the period 1 October 2020–31 
October 2020. Spoke’s length represents the frequency of the wind blowing from the identified 
direction, while the color(s) within the spoke indicate the percentage of counts with the wind 
speeds for a certain interval. 

On the other hand, “calm winds” conditions are also relevant for pollutant and 
odour dispersion. Indeed, in these conditions, the dilution effects of the winds and 

Figure 5. Wind rose of hourly mean values (a) and gust (b) for the period 1 October 2020–31 October
2020. Spoke’s length represents the frequency of the wind blowing from the identified direction,
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Table 2. Main statistics of the meteorological variables used in the present simulations: minimum,
1st and 3d quartiles, median, mean, and maximum.

Statistics Temperature
(◦C)

Wind Direction
(◦ from N)

Wind Speed
(m s−1)

Wind Gust
(m s−1)

Min. 2.5 0 0 0.8

1st Qu. 9.2 81.5 0.7 1.8

Median 11.9 205 1 2.4

Mean 11.91 186.7 1.238 2.921

3rd Qu. 14.5 288 1.4 3.1

Max. 22.7 357 6.9 13.6

2.4. Odour Dispersion Modeling
2.4.1. The Selected SCICHEM Model

The atmospheric dispersion model suitable for odour modeling was selected based on
the requirements and preference criteria listed below.

• In line with the Italian regulations, particularly that of the Lombardy Region that
commissioned the study [20].

• In line with the standard UNI 10796:2000 that specified the classes of the models
that are recommended as applicable to the problem of odour nuisances (i.e., non-
stationary puff models/segment models, 3D Lagrangian puff or particle models, 3D
Eulerian models).

• Spatial and temporal scales compatible with the problem under analysis.
• Transport and turbulent schemes adequately representing the peculiarities of odour dispersion.

The preference criteria for selecting SCICHEM were as follows.

• Able to represent the aerodynamic effect and mitigation potential of the barriers.
• Able to represent the inhomogeneous surfaces and the effects of canopies.
• Actively used and maintained by the scientific community, multi-platform and open source.
• User friendly and with low–moderate computational resources requirements for easy

use in non-academic contexts (e.g., administrative/regulatory).

SCICHEM, which stands for SCIPUFF (Second-order Closure Integrated Puff) with
CHEMistry [21–24] was selected after reviewing more than 50 models with similar pur-
poses [7,25,26] and several methodological guidelines that often contained the models’
categorization and reviews [27–29]. More details about the selection criteria and the ana-
lyzed models are provided in Appendix B.

SCICHEM, SCIPUFF, and other Lagrangian puff dispersion models calculate the pollu-
tant concentration from the superposition of three-dimensional puffs, which can be viewed
as packages of material released from the source, advected by the mean wind, and dis-
persed according to the turbulence. The representation of the dispersion can be analogous
to that of classic Gaussian plume models, with more or less empirical parametrizations
of the dispersion coefficients. At the same time, advection (advance in the puff centroid)
is coupled with a puff splitting/merging scheme that ensures adequate resolution and
mass conservation. The governing equations of the SCICHEM model were widely doc-
umented [22,30,31]. Therefore, the present work only highlights the main features of
the SCICHEM model that are particularly suitable for odour modeling (i.e., flexibility in
meteorological input requirements and second-order closure scheme for turbulence).

Concerning the meteorology, SCICHEM is very flexible in the required input, since
it embeds a series of meteorological routines that estimate/calculate all the necessary
boundary layer variables when they are not provided in input. The minimum requirement
is a single wind vector, but when available, the model can consider observations from
a network of sensors measuring the turbulence characteristics, boundary layer height,
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and other variables in the form of vertical profiles or gridded data typically provided by
meteorological models or pre-processors. Additionally, SCICHEM can use the specified
topography to interpolate the measured fields and ensure mass conservation. Our case
is somehow intermediate, and the meteorological variables at our disposal consisted of
the following.

1. Mean wind (intensity and direction)
2. Wind gust (intensity and direction)
3. Air temperature

All the variables above were provided as hourly means from a measurement height of
10 m for the wind variables and 2 m for the temperature. The air temperature used in the
boundary layer calculations of the model should be representative of the surface layer mean
temperature. Without additional measurements, we considered that the measurement
at 2 m was adequate for the purpose of this study. The stability parameters, such as
the friction velocity u* and the Monin–Obukhov length L, are estimated from the input
variables (considering also the geographical location, date, and time of the day for the
estimation of radiation), with an iterative technique that started from a “first guess” value
for L. An iterative scheme is needed since L depends on u* and u* on L [32]. Details on this
methodology are explained in the technical documentation [33], in particular the section
10.1.1 “Monin–Obukhov Length, L” and 10.1.2 “Friction Velocity, u*”. The parameters L
and u* that were derived in this way for our simulations are reported together with the
measured meteorological variables in Figures 3 and 4.

The atmospheric turbulent dispersion in SCICHEM is modeled using a second-order
closure scheme, which allows for simulating the variance of the concentration field. This
renders SCICHEM particularly suitable for modeling odours and other substances where
the short time fluctuations are equally or more relevant than the average values of highly
toxic, flammable, and explosive materials [34].

The main equations governing the puff dynamics can be derived from the conserva-
tion principles and can be expressed in terms of the first and second spatial moments of
the concentration.

dxi
dt

= ui(x) +

〈
u′ic
′
〉

Q
(1)

where xi are the coordinates of the puff centroid, ui represents the local atmospheric velocity
field, and Q is the total mass (integrated concentration of the puff).

The second-moment equation can be obtained by multiplying Equation (1) by x’i x’j,
with x’i = xi − <x> i, and integrating it in parts

dσij

dt
= σik

∂uj

∂xk
+ σjk

∂ui
∂xk

+

〈
x′iu
′
jc
′
〉

Q
+

〈
x′ju
′
ic
′
〉

Q
(2)

where xi are the coordinates of the puff centroid and σij is the matrix of the second mo-
ments that describe the spatial dispersion and distortion of the puff. As can be seen from
Equations (1) and (2), the third-order moments appear in the equations for the first- and
second-order moments. This is the typical “turbulence closure problem” introduced by
Reynolds that averages the conservation equations and is addressed in SCIPUFF/SCICHEM
by parametrizing the third-order moments as in [35]. This allows the system of equations to
be closed.

The final concentration at each point is calculated as a superposition of the contribu-
tions from all the puffs in that point, eventually considering the following contributions:
the reflections at the top and bottom boundaries, chemical reactions, deposition, and back-
ground species concentrations. The concentration variance is also provided in the output
using the second-moment equation. The model then obtains the probability distribution
by assuming a clipped or truncated Gaussian shape that is obtained from the Gaussian
normal distribution by replacing the non-physical negative values with zero values. The
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atmospheric observations show that this distribution is the most suitable to describe the
short-term atmospheric fluctuations [36,37].

Another aspect that made SCICHEM particularly suitable for our purposes was the
great flexibility in the input data requirements. The model can be run either with a minimal
set of simple meteorological data, most likely for routine monitoring/regulatory purposes,
but also with complex measurements derived from state-of-the-art measurement and
modeling techniques (mostly for research purposes).

In addition, SCICHEM can be used from the local (<1 km) to the continental scale and
it allows for the simultaneous activation of multiple sources, chemistry simulations, dry
and wet deposition, and can account for the effect of the barriers using the PRIME (plume
rise and building downwash) scheme [38].

The PRIME algorithm allows for the evaluation of the potential impact of solid ob-
stacles on the pollutant concentrations, simulating the aerodynamic perturbations of the
wind and turbulence fields. The barrier induces multiple disturbances on the wind and
turbulence fields. First, it decreases the horizontal wind speed at low heights, both upwind
and downwind, while it deflects the wind streamlines by adding a vertical component to
the wind on the windward side and a negative component on the leeward side (plume
rise and downwash effects). An increase in the turbulent kinetic energy comes along with
the reduction in the mean wind as a result of large atmospheric eddies being broken into
smaller eddies by the obstacle (see [39] and references therein).

The development of the tool was initially motivated by the search for criteria to
establish minimum stack heights in urban and industrial contexts. Therefore, it was
designed for point sources. At present, the models implementing PRIME (AERMOD, ISC,
SCIPUFF/SCICHEM) do not allow for simulations with barriers/buildings in the presence
of the area or volume sources. For this reason, when evaluating the effects of the barrier on
odour dispersion, the field source was replaced by a point source of a large diameter (40 m).
SCICHEM can indeed attribute a finite diameter to point/stack sources and specify their
height (0 in our case). We used the same total emission as the one measured from the field
in the “best-case scenario” to mimic the combined effect of the injection and the presence of
the barrier to mitigate the dispersion.

To our knowledge, this is the first application of the SCICHEM model in the framework
of odour dispersion.

2.4.2. Selected Simulation Scenarios

Four different scenarios were simulated, and for each of these, different wind and
stability conditions were analyzed. The simulation scenarios referred to the different
fertilizer application techniques (thus different emission values) and the eventual presence
of a barrier. Table 3 summarizes the characteristics of each scenario: the application
technique, emission intensity, and eventual presence of a barrier. As already mentioned, the
presence of a barrier could only be simulated in SCICHEM using point sources. Therefore,
in addition to the “real scenarios” (1 and 2), two hypothetical scenarios (2bis and 2bis0)
were simulated, where the source was replaced by one type “point” with a relatively large
diameter (40 m) and the same total emission as scenario 2. In this way, we tested the
mitigation potential of the combined effect of direct injection (reduced emissions with
respect to scenario 1) and the barrier. Using a very large diameter with a point source posed
numerical problems. Therefore, the total area of the source was smaller than the real field.

SCICHEM is also very flexible in the output format, which can be provided at a
maximum of 500 receptors and whose location can be specified by the user. In our sim-
ulations, the odour concentrations were simulated for a grid of 484 receptors uniformly
distributed on a 1 km × 1 km region centered on the fertilized field for scenarios 1 and 2,
and a 200 m × 200 m region for scenarios 2bis0 and 2bis. Additionally, vertical slices of the
concentrations were simulated by placing the 484 model receptors along a transect crossing
the fertilized field in the East–West direction, passing by the field’s center and reaching
a 15 m height. In the horizontal field simulations, the receptors were placed at a 1.7 m
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height, representative of human perception. The exceedance probabilities of the threshold
value of 1 ou m−3 were also calculated for the same horizontal and vertical networks of the
model receptors. The value of 1 ou m−3 is the lowest among the three thresholds identified
by the regional regulation on odour monitoring: 1, 3, and 5 ou m−3, corresponding to
the concentrations at which 50%, 85%, and 90–95% of the population perceive the odour
sensation [20]. The choice of the lowest threshold represented a “worst case scenario” in
terms of the exceedance probabilities.

Acknowledging the limitations of representing a field with a point source in the model,
we adopted the following measures to mimic the real scenario as closely as possible.

• The diameter of the point source was set as large as possible (40 m diameter, about
0.1 ha), compatibly with numerical stability.

• The height of the point source was set to zero.
• The ejection velocity and buoyancy effects, typical of a point/stack source, were set to

zero as the field was a passive source.
• The total emission value was set equal to that of scenario 2.
• The meteorological data were those of the wind gust event occurring in scenario 2.

The choice of the nocturnal wind gust event was motivated by the fact that, in these
conditions, the pollutant/odour plume is susceptible to reach larger distances and the
barrier to affect the plume transport and dispersion to a greater extent.

The other relevant configuration parameters (common across all the scenarios) were
as follows.

• The fertilized field shape (Figures 1 and 2) was approximated by a square of the same
area as that of the experimental field.

• The mass effects (inertia, gravity) of the transported quantity were not considered.
• The chemical reactions were not considered.
• The deposition was switched off.
• The surface roughness length was set to 0.01 m (rough, bare soil).
• The maximum number of receptors allowed by the model is 500, therefore, we set a

grid of 22 × 22 equally spaced receptors across the domain.
• The output time step was set to 15 min.

For scenarios 2bis0 and 2bis, where the field was replaced by a circle source of 40 m
diameter, the total domain was reduced to 200 × 200 m, zoomed around the source. For
these scenarios, vertical profiles were also simulated. Therefore, in this case, a vertical grid
was defined from the ground up to a 15 m height at a constant latitude corresponding to
the center of the circular source. For the vertical slices, 22 points were used on the x-axis
and 22 vertically to get a good resolution of the zoomed region.

Table 3. Description of the simulation scenarios.

Scenario Name Fertilizer Application Technique Emissions Notes

Scenario 1 Surface spreading

Per unit surface:
3024 ou m−2 h−1

Area source
Total:

2 × 104 ou s−1

Scenario 2 Direct injection

Per unit surface:
1286 ou m−2 h−1

Area source
Total:

8.5 × 103 ou s−1

Scenario 2bis0 As Scenario 2 As Scenario 2 Area source replaced by a “point” (stack type)
source of 40 m diameter and zero height

Scenario 2bis As Scenario 2 As Scenario 2 As Scenario 2bis0 + barrier
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3. Results
3.1. Modeled Odour Concentration Plume

To analyze an event of potential odour nuisance reaching significant distances from
the source, we chose the date and time (3 October 2020 at 2 a.m.) when the maximum wind
gust speed was registered (see Section 2.3. Meteorological Measurements).

The simulation domain extent was chosen considering that concentrations larger than
1 ou m−3 were observed up to approx. 500 m from the center of the source field (Figure 6).
On average over the whole period, the choice of this domain size led to a boundary/peak
concentration ratio of 5%. For the 2bis0 and 2bis scenarios, the domain was reduced
accordingly, considering that the source extent was smaller in this case.
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Figure 6. Odour concentrations (left panel) and exceedance probability of the 1 ou m−3 threshold
(right panel) at a 1.7 m height as simulated by SCICHEM for the period 1 October 2020–31 October
2020, for scenario 1. Modeled concentrations and probabilities are represented for the whole period
(a,d), the episodes of calm winds (b,e), and the episodes of maximum wind gust (c,f). The square in
the center represents the fertilized field (emission source), and the x and y coordinates are expressed
as the distances in meters from the center of the source. Note: the color scale for the concentrations
is different in the maximum wind gust event from the other two cases (average conditions, wind
calm conditions).

Figure 6 shows that the maximum concentrations along the whole period (a), for
the case study of 3 October 2020, at 2 a.m. (b), and during the episodes of calm winds
(c) were observed in correspondence with the source and over a roughly elliptical area
oriented towards the direction of the prevailing winds (see Figure 5). Averaging only the
calm winds episodes, the maximum concentrations increased by a factor of 1.5 due to
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accumulation near the source. The whole period concentrations and the concentrations
during the calm winds decreased by a factor of 0.2 at approx. 500 m distance from the
source. The above-threshold values (>1 ou m−3) were also observed at these distances
due to the large emission area and the high value of emissions in this scenario. As for the
concentrations observed during the episode of a maximum wind gust, these were generally
lower (see Figure 6a,c), likely due to the increased dilution by the transport and turbulence.
However, the reduction in the concentration values with the distance was much less than
for the calm or average winds. The downwind concentrations at the domain border were
still above 1 ou m−3, a value that was only reduced from the peak value at the center of the
field by a factor of 0.7. These differences were reflected in the probabilities of exceeding the
chosen threshold (1 ou m−3). The mean decreased to approx. 0/0.4 close to the borders
of the simulation domain. The gust episode remained close to one and 500 m downwind
from the source (Figure 6d–f).

The vertical slices of the concentrations and exceedance probabilities are shown in
Figure 7 for the same meteorological cases shown in the horizontal maps. The maximum
concentrations (up to 25 ou m−3) were observed for larger heights (up to 2.5 m) in the case
of the calm winds compared to both the average period and the wind gust event. The effects
of accumulation near the source is visible in Figure 7 and is related to the reduced advection
in these meteorological conditions. The shape of the plume was strongly modified by the
wind gust, as already observed in the horizontal section, with more pronounced vertical
gradients and decreased horizontal gradients in the direction of advection.

Atmosphere 2023, 14, x FOR PEER REVIEW 13 of 41 
 

 

approx. 0/0.4 close to the borders of the simulation domain. The gust episode remained 
close to one and 500 m downwind from the source (Figure 6d–f). 

The vertical slices of the concentrations and exceedance probabilities are shown in 
Figure 7 for the same meteorological cases shown in the horizontal maps. The maximum 
concentrations (up to 25 ou m−3) were observed for larger heights (up to 2.5 m) in the case 
of the calm winds compared to both the average period and the wind gust event. The 
effects of accumulation near the source is visible in Figure 7 and is related to the reduced 
advection in these meteorological conditions. The shape of the plume was strongly 
modified by the wind gust, as already observed in the horizontal section, with more 
pronounced vertical gradients and decreased horizontal gradients in the direction of 
advection. 

 
Figure 7. Vertical slices of the odour concentrations (left panel) and exceedance probability of the 1 
ou m−3 threshold (right panel) for an East–West transect placed at the latitude of the source’s 
center, simulated by SCICHEM for the period 1 October 2020−31 October 2020, for scenario 1. 
Modeled concentrations and probabilities are represented for the whole period (a,d), the episodes 
of calm winds (b,e), and the episode of maximum wind gust (c,f). Note: the color scale for the 
concentrations is different in the maximum wind gust event from the other two cases (average 
conditions, wind calm conditions). 

3.2. Effect of Stability 
Figures 8 and 9 show the SCICHEM results for scenario 1, disaggregated by the 

stability conditions. The disaggregation was achieved by filtering the output fields on 

Figure 7. Vertical slices of the odour concentrations (left panel) and exceedance probability of the
1 ou m−3 threshold (right panel) for an East–West transect placed at the latitude of the source’s center,



Atmosphere 2023, 14, 619 13 of 38

simulated by SCICHEM for the period 1 October 2020–31 October 2020, for scenario 1. Modeled
concentrations and probabilities are represented for the whole period (a,d), the episodes of calm
winds (b,e), and the episode of maximum wind gust (c,f). Note: the color scale for the concentrations
is different in the maximum wind gust event from the other two cases (average conditions, wind
calm conditions).

3.2. Effect of Stability

Figures 8 and 9 show the SCICHEM results for scenario 1, disaggregated by the
stability conditions. The disaggregation was achieved by filtering the output fields on
the basis of the model-calculated Monin–Obukhov length L, shown in Figures 3 and 4.
Considering the limited amount of input data and the approximations made in the model
in order to calculate L, we only differentiated between the stable (L > 0) and unstable
(L < 0) cases without going into finer disaggregation (e.g., according to Pasquill stability
classes). Both figures show the highly relevant impact of the stability on the concentration
fields, with strong dilution effects induced by the daytime convective turbulence. The
horizontal maps (Figure 8) show that, at the selected receptors’ height (1.7 m), the maximum
concentration was reduced by approx. one order of magnitude in the unstable conditions.
Figure 9 shows that the plume was more diluted, with lower vertical gradients in the
unstable cases, indicating the effect of the increased vertical dispersion.
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Figure 8. Odour concentrations (left panel) and exceedance probability of the 1 ou m−3 threshold
(right panel) at a 1.7 m height as simulated by SCICHEM for the period 1 October 2020–31 October
2020, for scenario 1. Modeled concentrations and probabilities are represented for the stable (a,c), and
unstable cases (b,d). The square in the center represents the fertilized field (emission source), and the
x and y coordinates are expressed as the distances in meters from the center of the source.
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Figure 9. Vertical slices of the odour concentrations (left panel) and exceedance probability of the
1 ou m−3 threshold (right panel) for an East–West transect placed at the latitude of the source’s center,
as simulated by SCICHEM for the period 1 October 2020–31 October 2020, for scenario 1. Modeled
concentrations and probabilities are represented for the stable (a,c), and unstable cases (b,d). The
square in the center represents the fertilized field (emission source), and the x and y coordinates are
expressed as the distances in meters from the center of the source.

3.3. Effect of Reduced Emissions

Figure 10 corresponds to scenario 2 with lower emissions and shows the same patterns
as Figure 6, with decreased (roughly halved) concentrations in all the meteorological
conditions. The exceedance probabilities were also reduced on average by factors of 1.4 and
1.3 for calm winds and 2 and 3 for the wind gust episodes. Notably, the relationship between
the exceedance probability and the concentration isnon-linear and strongly depended on
the selected threshold. Table 4 summarizes the main statistics of both the concentrations
and exceedance probabilities over the whole domain for both scenarios and under the
considered meteorological conditions (average, calm, wind gust).
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Figure 10. Odour concentrations (left panel) and exceedance probability of the 1 ou m−3 threshold
(right panel) at a 1.7 m height as simulated by SCICHEM for the period 1 October 2020–31 October
2020, for scenario 2. Modeled concentrations and probabilities are represented for the whole period
(a,d), the episodes of calm winds (b,e), and the episode of maximum wind gust (c,f). The square in
the center represents the fertilized field (emission source), and the x and y coordinates are expressed
as the distances in meters from the center of the source. Note: the color scales are the same as for
scenario 1, with those for the concentrations in the maximum wind gust event being different from
the other two cases (average conditions, wind calm conditions).

3.4. Effect of Barriers

As explained above, the PRIME model embedded in SCICHEM and in other dispersion
models does not simulate barriers for area or volume sources. For this reason, the emitting
area of the fertilized field was replaced by a source of type “point” but with a finite diameter.
The use of a very large diameter that would allow for the representation of the same area as
the real field nevertheless posed some numerical problems. Therefore, the area of the source
was reduced to a diameter of 40 m but maintained the same total emission value of scenario 2.

This replacement allowed for the activation of the PRIME module in SCICHEM and,
therefore, the quantification of the effect of a barrier by comparison of concentration fields
with and without it, for the hypothetical circular source (scenarios 2bis0 and 2bis as defined
in Table 3). The effect of the barrier was studied only in the event of the wind gust and
placed 1 m downwind from the western edge of the field, which was normal to the incident
wind direction. The barrier width (along-wind), length (across-wind), and heights were
1, 40, and 10 m, respectively. The emissions were those corresponding to the application
technique that already significantly reduced the emissions and, consequently, the dispersion
of odours. In this way, the combined abatement potential of the application technique and
the presence of a barrier was evaluated.
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Table 4. Odour concentration and exceedance probability statistics for scenarios 1 and 2: minimum,
median, mean, 1st and 3d quartiles, maximum. The statistics are provided for the whole period, for
the wind calm conditions, and for the wind gust episode.

Concentration [ou m−3] Exceedance Probability [-]

Whole Period Calm Winds Wind Gust Whole Period Calm Winds Wind Gust

Scenario 1

Min. 0.12 0.14 0 0.04 0.07 0

1st Qu. 0.79 1.08 4 × 10–5 0.19 0.31 0

Median 1.90 2.50 0.01 0.33 0.46 0

Mean 3.23 4.48 0.37 0.36 0.47 0.14

3rd Qu. 3.85 5.33 0.27 0.46 0.61 0.03

Max. 18.86 26.80 3.90 0.96 0.98 0.98

Scenario 2

Min. 0.05 0.06 0 0.02 0.02 0

1st Qu. 0.33 0.44 1.93 × 10–5 0.11 0.17 0

Median 0.83 1.13 2.5 × 10–3 0.24 0.34 0

Mean 1.46 2.01 0.17 0.26 0.36 0.06

3rd Qu. 1.76 2.38 0.12 0.37 0.5 3 × 10–7

Max. 8.55 12.03 1.66 0.81 0.88 0.84

The choice of the nocturnal wind gust event was motivated by the fact that during
stable and high wind speed conditions the pollutants/odour plume is susceptible to reach
the greatest distances, as demonstrated in Figures 6 and 10 (compare panel d with a,b). Ad-
ditionally, in this condition, and for a barrier placed perpendicularly to the wind direction,
its effect was expected to be maximum. As shown in Figures 11 and 12, placing a barrier
downwind of the source and perpendicular to the wind direction reduced the maximum
odour concentrations approximately by a factor of 2.5. The exceedance probability close to
the source was more drastically reduced by five orders of magnitude in its maximum value
and became essentially zero on average (Figures 11 and 12, and Table 5). The very large
difference between the exceedance probabilities with and without a barrier rendered the
exceedance probabilities indistinguishable from 0 in Figure 12 (a common color scale was
used between Figures 11 and 12 for both the concentrations and exceedance probabilities).
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nuisance at the considered height (1.7 m, representative of the human sampling height) 
in the vicinity of the source, especially if combining them with techniques that favor the 
capture or deposition of the pollutants upwind or within the barrier itself. Several 
factors influence the effect of the barrier, including its physical features, location, 
orientation with respect to the wind, and the physicochemical properties of its material. 

The plume appeared slightly more dispersed horizontally in the scenario 2bis (with 
a barrier), and this was reflected by the statistics of the concentration all over the domain 
(Table 5). Despite the maximum concentration values being drastically reduced with the 
barrier, the mean values were slightly higher in this scenario. 

Figure 11. Odour concentrations (a) and exceedance probability of the 1 ou m−3 threshold (b) at a
1.7 m height as simulated by SCICHEM. Meteorology and total emissions are the same as in the wind
gust episode of scenario 2, but with the emission field replaced by a 40 m−diameter circular source,
represented in black in the graphs. Coordinates x and y are expressed as the distances in meters from
the center of the source.
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Figure 12. Odour concentrations (a) and exceedance probability of the 1 ou m−3 threshold (b) at a
1.7 m height as simulated by SCICHEM. Meteorology and total emissions are the same as in the wind
gust episode of scenario 2, but with the emission field replaced by a 40 m−diameter circular source,
represented in black in the graphs. Coordinates x and y are expressed as distances in meters from the
center of the source. The barrier is represented as a green rectangle.

These results highlighted the high potential of using barriers to reduce the odour
nuisance at the considered height (1.7 m, representative of the human sampling height)
in the vicinity of the source, especially if combining them with techniques that favor the
capture or deposition of the pollutants upwind or within the barrier itself. Several factors
influence the effect of the barrier, including its physical features, location, orientation with
respect to the wind, and the physicochemical properties of its material.

The plume appeared slightly more dispersed horizontally in the scenario 2bis (with a
barrier), and this was reflected by the statistics of the concentration all over the domain
(Table 5). Despite the maximum concentration values being drastically reduced with the
barrier, the mean values were slightly higher in this scenario.

Table 5. Odour concentration and exceedance probability statistics for scenarios 2bis0 and 2bis:
minimum, median, mean, 1st and 3d quartiles, maximum. Scenarios 2bis0 and 2bis are simulated for
the wind gust episode only.

Scenario 2bis0 Scenario 2bis

Concentration
[ou m−3]

Exceedance
Probability [-]

Concentration
[ou m−3]

Exceedance
Probability [-]

Min. 0 0 2.3 × 10–4 0

1st Qu. 2.99 × 10–5 0 0.01 0

Median 7.1 × 10–3 0 0.09 0

Mean 0.13 0.03 0.15 6.79 × 10–9

3rd Qu. 0.18 4.9 × 10–5 0.28 0

Max. 1.20 0.67 0.50 1.26 × 10–6

Our results show a significant decrease in both the concentration and exceedance
probability at the sampling height with the barrier. Nevertheless, considering that the
deposition was switched off in our simulations, these results were likely related to a
different spreading of the odour in the atmosphere, as also suggested by the statistics
across the simulation domain (Table 5). To investigate the fate of the simulated odour, we
performed additional simulations by placing the receptors on a vertical slice parallel to
the x-axis (along-wind direction for the wind gust event). The slice crossed the simulation
domain of scenarios 2bis0 and 2bis at the location of the source center and reached 15 m in
height. The results are shown in Figures 13 and 14. These figures confirmed the overall
reduction in the concentrations in the vicinity of the source but also highlighted the higher
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level of the horizontal and especially vertical dispersion induced by the barrier. Similar
to the horizontal graphs, the very large difference between the exceedance probabilities
with and without a barrier rendered the exceedance probabilities indistinguishable from
zero in Figure 14 (a common color scale was used between Figures 13 and 14 for both
the concentrations and exceedance probabilities). The barrier indeed induces multiple
perturbations on the wind and turbulence fields, decreasing the horizontal component of the
mean wind, introducing a vertical velocity component by deflecting the wind streamlines,
and increasing the turbulence and turbulent mixing. The algorithm PRIME within SCICHEM
considers all these effects and allowed us to appreciate the increased dispersion that occurred
due to the reduction in the odour concentration at the 1.7 m height. If the substance
responsible for the odour presents no danger to human health or ecosystems, the increased
dispersion and concentration reduction would not represent a cause of concern and the
barrier could be considered effective for the reduction in the odour nuisance.
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Figure 13. Vertical slices (x–z directions) of the odour concentrations (a) and exceedance probability
of the 1 ou m−3 threshold (b) from the ground up to a 15 m height as simulated by SCICHEM. The
meteorology and total emissions are the same as in the wind gust episode of scenario 2, but with the
emission field replaced by a 40 m−diameter circular source, represented by a horizontal black line in
the graphs. The coordinate x is expressed as the distance in meters from the center of the source, and
z as the height in meters above the ground.
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Figure 14. Vertical slices of the odour concentrations (a) and exceedance probability of the 1 ou m−3

threshold (b) from ground to a 15 m height as simulated by SCICHEM in the presence of a barrier
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gust episode of scenario 2, but with the emission field replaced by a 40 m−diameter circular source,
represented by a horizontal black line in the graphs. The coordinate x is expressed as the distance in
meters from the center of the source, and z as the height in meters above the ground. The barrier is
represented as a green rectangle.
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Nevertheless, caution should be used when implementing barriers as a mitigation
tool, especially if the emitted gases or particles could harm the environment and human
health at very low concentrations in the far field and/or if a significant increase in the
pollutant concentration in the immediate vicinity of the barrier occurs close to the ground.
A similar concern arises in the industrial and urban context for areas close to stacks and
buildings (building downwash). In these cases, optimal solutions could be vegetated
barriers or specific materials that favor the deposition/capture of the pollutant, resulting
in a net removal of the pollutant from the atmosphere. It should be noticed, however,
that vegetation and porous structures in general do not act on the flow as non-permeable
barriers, and this should be considered when selecting the modeling approach.

The PRIME algorithm was initially designed in the industrial context, but it contains
all the physical mechanisms (plume rise, increase in turbulent mixing, etc.) induced by a
barrier. Therefore, it is also applicable in the agricultural context with ground and passive
sources. SCICHEM and PRIME could, therefore, be powerful tools in designing opportune
barriers to reduce the odour nuisance, especially when the prevailing wind direction of the
region/season and fertilizer application is known. It would be desirable to further develop
the PRIME algorithm within SCICHEM in order to identify when the plumes are generated
by area (and not only point) sources.

4. Conclusions

This work showed how dispersion modeling with a state-of-the-art research tool,
such as the SCICHEM model, can support institutions in predicting and regulating odour
nuisances while contributing to scientific research purposes and developing promising
synergies between academic and regulatory works. The framework of the present project
consisted of the Italian and international regulations on odours, and SCICHEM demon-
strated the ability to inform and support decision-makers in estimating and regulating the
odour concentrations and exceedance probabilities of specific thresholds. On the other
hand, the use of the model in this context can potentially trigger new model developments
for regulatory applications.

The results of our simulations, combined with the measurements of odour emissions
using dynamic olfactometry, showed that a typical application of organic manure to an
agricultural field of 2.4 ha can produce odour concentrations that exceed the minimal
threshold identified by the national reference law up to a 500 m distance from the source.
The most critical situation occurred in the vicinity of the source, under calm winds, stable
conditions, and following the surface spreading method. The direct injection technique was
highly performant in reducing the overall emissions and atmospheric concentrations. For
intense winds, the plume elongated more than under light winds but with lower values of
concentrations, as expected from the enhanced advection and mixing in these conditions.

The probability of exceeding the defined threshold of 1 ou m−3 was close to 0.7 on
average at a distance of 500 m from the center for the field using the surface spreading
technique, potentially raising a cause of concern from a regulatory point of view. On the
other hand, we considered a very conservative scenario that included the following:

• The chosen threshold was the lowest considered by the Italian regulation.
• The emissions was considered constant during the whole month, thus constituting a

“worst-case scenario” where fertilizer applications are either replicated very frequently
or performed in neighbors’ fields almost at the same time and for an extended period.

Considering the total emission rate (Table 3), we estimated a concentration/source
ratio C/Q(s m−3) in the direction of the prevailing wind. At approx. 400 m from the
source, this ratio ranged between 10−6 s m−3 (unstable cases, see Figure 8) and 10−3 s m−3

(calm winds and stable conditions, see Figures 6 and 8). Our results were in line with
previous findings ([40], Table 3) where the concentrations/source ratios were measured
and simulated using different models. Even if the classification of the stable/unstable cases
was finer in [40], the results were consistent with our C/Q ratios, being of the same order
of magnitude, smaller for unstable cases, and larger for stable cases and calm winds.
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The direct injection technique showed great mitigation potential, with a reduction in
both the emissions and concentrations by a factor of two on average.

The concentrations observed during the calm wind episodes increased by a factor
of 1.5 in their maximum values, while during the maximum wind gust event, the peak
was reduced approximately by a factor of 4 as the odour plume reached greater distances.
Additionally, the atmospheric stability had a great impact on the odour dispersion, with
concentrations in the stable conditions being on average one order of magnitude larger than
in the unstable conditions in the considered domain and at the sampling height of 1.7 m.

The PRIME algorithm in the model also allowed for the estimation of the effect of a
barrier downwind from the source during the maximum wind gust event, showing a further
reduction of approx. a factor 2.5 for the peak concentrations (close to the source), which
became essentially zero for the exceeding probabilities averaged across the simulation
domain. Even though this scheme is available only for point sources at present, we
designed the source in the simulations to mimic the real field and the presence of the barrier
as close as possible. The generalization of the algorithm for the area sources was identified
as a promising perspective, particularly for applications in the agricultural context.

The results for the circular source with and without a barrier showed the strong poten-
tial of reducing odour concentrations in the vicinity of the source at the sampling height
of 1.7 m. A vast literature exists on the potential of barriers in reducing the atmospheric
dispersion of pollutants, both in urban/industrial and agricultural contexts [41]. Our
results confirmed the promising mitigation potential of barriers against odour nuisances,
especially if combining them with techniques that favor the capture or deposition of the
pollutants upwind or within the barrier itself.

At the same time, our results showed how this reduction occurred along with the
increased vertical mixing and dispersion. Optimal barriers for mitigation purposes should,
therefore, be designed by considering several factors, including all the pollutant’s character-
istics and the region’s prevailing meteorological conditions. If the odour compound emitted
by the source is not harmful to human or ecosystem health, a slight increase in the vertical
dispersion might be desirable as it reduces the level of human perception of the nuisance
without causing major concern in the far-field region. On the contrary, if the substances
causing the odour nuisance are atmospheric pollutants, the increase in horizontal and
vertical dispersion might be a cause of concern. In these cases, better solutions are most
likely vegetated barriers that can capture the particles/gases responsible for the odour
nuisance. The combined effect on the wind, turbulence fields, and on the deposition of the
pollutant would maximize the mitigation potential in these cases. Nevertheless, as long
as only the odour nuisance is considered, the mitigation potential of the simulated barrier
shown by our results was highly satisfactory.

Our results globally show the potential of using SCICHEM in the agricultural and
regulatory context, particularly regarding odours, for its capability of simulating the
exceedance probabilities and its implementation of the PRIME algorithm, since the use
of barriers (either artificial or natural) is becoming a common practice to mitigate the
dispersion of pollutants from various agricultural activities.
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Appendix A

The employed fertilizer was digestate, obtained from the anaerobic digestion of cattle
slurry, poultry manure, and energy crops. The details about its chemical composition are
given in Table A1, while Table A2 provides the amount applied to the experimental field.

Table A1. Digestate features.

Parameter Value

Ammonia nitrogen (g/kg) 2.97

Total nitrogen (g/kg) 4.50

TAN (total ammonia nitrogen)/TKN (Total Kjeldahl Nitrogen) (%) 66.00

pH 7.30

Total phosphorus (g/kg) 2.35

Total potassium (g/kg) 3.05

Table A2. Digestate application features.

Parameter Value

m3 /ha applied 40.0

N applied (kg/ha) 180.0

N-NH3 applied (kg/ha) 118.8

Appendix B

More than 50 models were reviewed in order to identify the suitable model for this
study. The very first selection excluded the models that were evidently not suitable for the
purpose (too computationally expensive, such as CFD models, or specific for only certain
applications, such as pollutants from industrial stacks, road traffic, pesticides, radioactive
compounds, etc.). The retained models were then characterized on the basis of 12 specific
requirements and preference criteria. Therefore, this paper does not seek to provide a
comprehensive review of the atmospheric dispersion models but to identify the most
suitable model in the specific context of the project PrepAir, i.e., the model that presented
the best balance among the capabilities for meeting the following criteria.

1. Representation of transport

The meteorological conditions and characteristics of atmospheric flow surrounding the
sources are among the most important factors that determine odour intensity/concentration [42,43].
An accurate representation of these factors and the way they interact with the pollutant is,
therefore, essential, and particular attention should be paid to the assumptions made in the
model about pollutant/odour transport, the features of the underlying flow, as well as the
capability of the model to ingest and process the detailed meteorological information from
the field. The approaches to pollutant transport can be classified in four broad classes: the
plume steady state (Gaussian or similar); the dynamic plume (puff models); Lagrangian;



Atmosphere 2023, 14, 619 22 of 38

and 3D Eulerian, with different approaches to solve or approximate a solution for the
equation of advection–diffusion, hencewith different computational costs.

2. Possibility to model dispersion over complex terrain

“Complex terrain” generally refers to non-flat orography, in terms of the presence of
hills or mountains. In these conditions, the model should be able to represent the distortion
of the flow and tracer field. Even though the terrain in our simulated problem was flat,
the possibility to model complex terrain was considered a preference criterion due to the
potential of extending the model’s applications.

3. Possibility to model dispersion across obstacles

Obstacles such as buildings and trees also create distortions in the flow at a smaller
scale than complex orography, causing effects such as “building downwash” [44]. Account-
ing for the effects of these obstacles on the dispersion is usually needed in high-resolution,
small-scale problems in both urban and rural environments, as well as considering that
natural or artificial barriers can be used for their abatement potential [45,46]. Considering
that both natural and artificial barriers are widely used in agriculture to mitigate dispersion,
we considered the capability of representing the barriers as a preference criterion.

4. Possibility to model dry and wet deposition

Considering that odour compounds (both gaseous and aerosol) can be subject to both
dry and wet deposition, the capability of representing these processes is generally consid-
ered an added value of the model. Nevertheless, in order to attain an accurate estimation of
the compound of dry and wet deposition, several physico-chemical characteristics should
be known and provided in the input to the models (e.g., the molecular diffusivity for gases,
and the particles density and granulometry for aerosols).

5. Possibility to model chemical reactions and radioactive decay

This capability of the models can be generally considered as an advantage, especially
when the chemical nature of the odour compounds is known.

6. Specific for odours or designed for tracers but applicable to odours

Odourous substances include many different compounds, either gases or aerosols.
Over 160 chemical compounds have been identified in livestock wastes or in nearby air [47].
The models that are designed to represent the atmospheric dispersion of these compounds
can also be, in principle, applied to odours [7]. Among the advantages of adopting a model
that can be used for both odours and other tracers, we can mention the reduced costs (for
purchase if applicable, installation, training, and computational resources). In some cases,
specific odour modules are embedded in more general dispersion models. Additionally,
methane or ammonia can be, under particular precautions, taken as a representative tracer
for odours and they are simultaneously of high interest for agricultural emissions. The
use of a common model for odours, gases, and particles emitted from agricultural sources
could present an advantage for providing a common tool for an integrated assessment
of the environmental, social, and climate impacts of farm operations, which can often
be mitigated by means of similar abatement techniques (e.g., [48]). On the other hand,
several important differences exist between odours and other tracers, including the different
relevant timescales, the threshold-dependent character of odours, and the fact of not being
subject to mass conservation. Particular precautions should be taken for dealing with
these specificities of odours when choosing a dispersion model that was designed for
other tracers.

The specific methods for considering the very short timescale fluctuations of concen-
trations are the following.

- Parametrization of the fluctuating plumes (a variant of the steady-state plume model) [49–52].
- Peak-to-mean schemes (applicable to both the plume and Lagrangian models).
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Peak-to-mean approaches rely on particular assumptions on the concentration proba-
bility density function and parametrize the ratio of the peak/mean of this function. The
peak-to-mean ratio can be parametrized in different ways, either by assuming a constant
ratio or a ratio depending on the distance from the source, the source geometry, or the atmo-
spheric stability [53]. In the choice of the model, we paid particular attention to the features
that rendered the model suitable to treat these peculiarities of odours, still preferring a
model that could also be used for other pollutants for the reasons mentioned above.

7. Type of source that can be modeled

Dispersion models can be designed to ingest input data either from emissions from
very simple sources (e.g., point and continuous) or more complex sources (e.g., intermittent,
volumetric). In addition, the flow from the source can either be regulated only by external
atmospheric conditions (passive sources) or mechanically/ thermally forced (e.g., due to
the presence of fans or the heating of the emitting apparatus). Our problem concerns the
area source, approximated as continuously emitting. Nevertheless, the capability of the
models to represent more complex sources was considered as a preference criteria for the
potential to extend the applications to other situations.

8. Spatial scale of applicability

Certain source types, in specific atmospheric conditions, produce odours that can
be clearly perceived at distances of 100 km or more [54]. However, in most applications
on agricultural operations, the relevant scale for odour perception is a few kilometers.
Therefore, the applicability of the model to such a scale was considered as a requirement.
The spatial resolution of the model, if applicable, should consider the variation of the
meteorological and topographical data as the input.

9. Time step and averaging interval

In Eulerian, Lagrangian, and puff models, the computation time step is the interval
of time used for solving the equations of motion. In both the dynamic and steady-state
models, the time scale at which the pollutant is sampled or averaged is also relevant (it
generally corresponds to the time resolution of the model’s output). The typical time
scale for odour perception (a few seconds) is usually much shorter than the typical time
scale used for monitoring and modeling other pollutants (usually 10 min to one hour).
This means that the concentrations peaks that are responsible for odour perception will
be generally smoothed out in the output. The dispersion models that integrate specific
methods to consider the instantaneous fluctuations of the concentrations with specific
statistical methods have been given a high preference in our selection process.

10. Applied in regulatory context

Dispersion models are often used by regulatory agencies to assess either the actual
or potential impacts on the area surrounding agricultural, urban, or industrial facilities.
The objectives can be multiple, including supporting authorization procedures, elaborat-
ing/applying appropriate control/abatement techniques, or defining setback distances.
There has been an increasing attention towards odours in the last 30 years, with the adop-
tion of dedicated regulations in many countries [20,55–57]. However, consolidated national
and international frameworks for detecting, modeling, and managing odours are still
lacking. The acknowledgement from regulatory agencies for a model that is suitable for
these purposes is considered a preference criteria.

11. License

Organizations that develop and maintain the models can apply different policies on
them, keeping the model as proprietary and distributing it only as executable (with or free
of charge) or making both the model’s executable and sources available at no cost under
specific public licenses that regulate their use and modifications. The last category was
preferred in our selection process.
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12. Existence of a user manual, graphical user interface, and technical documentation

The availability of a user manual and a graphical user interface (GUI) have been
considered as an important preference criteria. These elements strongly reduce the time
and economic resources needed for initial training and the need for scientific–technical
support from the organizations that develop and maintain the model. Considering that
the model should be suitable for both normative and scientific purposes, a comprehensive,
freely available, and updated technical documentation should also be available in order to
provide a strong and clear scientific basis of the simulation results.

The following models have been retained after a first selection and characterized
according to the listed criteria.

Appendix B.1. Steady-State Plume Models

Plume models calculate pollutant concentrations and assume the steady conditions
of the underlying flow and emissions during the simulation/output timestep and ho-
mogeneous statistical properties of the flow across the modeling domain. The typical
sampling/integration periods of these models range between 10 min and 1 h. Most com-
monly used plume models use a Gaussian solution of the advection–diffusion equation in
steady conditions, but variants of this functional are also possible. Steady-state plume mod-
els are generally simpler and computationally less demanding than dynamic Eulerian and
Lagrangian models. The computational cost of these models can be generally considered
as “low”.

Appendix B.1.1. AERMOD

The AMS/EPA Regulatory Model (AERMOD) [58] is a steady state Gaussian model,
formulated and widely used in regulatory contexts (it is the U.S. Environmental Protection
Agency regulatory model).

1. Representation of transport: Convective and stable conditions are represented by
different parametrizations of micrometerological parameters (L, u*, w*) and stability
functions. The wind profile is assumed to be logarithmic. The pollutant plume is
represented by Gaussian functions. In the CBL (convective boundary layer), the plume
is represented as bi-Gaussian in z (vertical dispersion) and Gaussian in y (horizontal
dispersion). In the SBL, both the horizontal and vertical shapes are assumed to be
Gaussian. The pollutant plume is the weighted sum of a “horizontal plume” (terrain
impacting) and a “terrain following” plume.

2. Possibility to model dispersion over complex terrain: Yes.
3. Possibility to model dispersion across obstacles: AERMOD can represent the effect

of building wakes on the plumes through the incorporation of the PRIME algorithm
(plume rise model enhancements).

4. Possibility to model dry and wet deposition: Yes.
5. Possibility to model chemical reactions and radioactive decay: Radioactive decay only.
6. Specific for odours or designed for tracers but applicable to odours: AERMOD was

designed for tracers, but has also been used for odours in several studies [59,60].
7. Type of source that can be modeled: AERMOD can handle point, line, area, and

volume sources, eventually with buoyancy effects.
8. Spatial scale of applicability: As most of the steady-state Gaussian models, AER-

MOD assumes the homogeneous properties of the flow across the modeling domain.
Therefore, the spatial scale of applicability is of a few km.

9. Time step and integration interval: Minimum sampling interval is one hour.
10. Applied in regulatory context: AERMOD was formulated and has been widely used

in regulatory contexts, being the reference U.S. Environmental Protection Agency
regulatory model [61].

11. License: Software is available at no cost.
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12. Existence of a user manual, graphical user interface, and technical documentation:
Yes. Website: https://www.epa.gov/scram/air-quality-dispersion-modeling-pref
erred-and-recommended-models#aermod (URL accessed on 14 February 2023)

Appendix B.1.2. ADMS

The Atmospheric Dispersion Modelling System (ADMS) is a Gaussian dispersion
model designed for representing pollutant dispersions from industrial sources, but it has
also been used for odours.

1. Representation of transport: Convective and stable conditions are represented by
different parametrizations of micrometerological parameters (L, u*, w*), and stability
functions. The pollutant plume is represented by Gaussian functions and skewed
distributions in the CBL. The effects of the buoyant plume rise can be modeled. The
ADMS also includes a “puff” module.

2. Possibility to model dispersion over complex terrain: Yes.
3. Possibility to model dispersion across obstacles: Yes.
4. Possibility to model dry and wet deposition: Yes.
5. Possibility to model chemical reactions and radioactive decay: Yes.
6. Specific for odours or designed for tracers but applicable to odours: ADMS was

designed for tracers but has been used for odours in several studies, and contains a
dedicated odour module [59,62].

7. Type of source that can be modeled: ADMS can handle point, line, area, and volume sources.
8. Spatial scale of applicability: Different versions of the model exist, optimized for

various contexts and spatial scales (ADMS-Roads, ADMS-Urban, ADMS-Airport).
The maximum spatial scale is limited by the hypothesis of the horizontal homogeneity.
It is, therefore, limited to the short range, i.e., a few km. Nevertheless, a specific
version of the model has been developed for nesting the ADMS to regional models
(ADMS-Urban regional model).

9. Time step and averaging interval: Integration time interval is 1 h.
10. Applied in regulatory context: ADMS is widely used in regulatory contexts (e.g., UK

Health and Safethy Executive, Environment Agency in England, Scottish Environ-
mental Protection Agency, Northern Ireland Environment Agency, Natural Resources
Wales, Food Standards Agency of the United Kingdom).

11. License: Proprietary, charges on distribution.
12. Existence of a user manual, graphical user interface, and technical documentation:

Yes. Website: https://www.cerc.co.uk/environmental-software/ADMS-model.html
(URL accessed on 14 February 2023)

Appendix B.1.3. CDTMPLUS

The EPA Complex Terrain Dispersion Model (CDTMPLUS) is a Gaussian, steady state
dispersion model particularly designed for modeling dispersion over complex terrains.

1. Representation of transport: The pollutant plume is represented by Gaussian functions.
In the CBL (convective boundary layer), the plume is represented as skewed, bi-
Gaussian in z (vertical dispersion), and Gaussian in y (horizontal dispersion). In the
SBL, both the horizontal and vertical shapes are assumed to be Gaussian. The effects
such as the buoyant or mechanical plume rise can be modeled, as well as the partial
plume penetration into elevated stable layers.

2. Possibility to model dispersion over complex terrain: The effects of very complex
terrains can be modeled with a dedicated preprocessor which needs a 3D description
of the terrain as the input.

3. Possibility to model dispersion across obstacles: Yes.
4. Possibility to model dry and wet deposition: Yes.
5. Possibility to model chemical reactions and radioactive decay: No.

https://www.epa.gov/scram/air-quality-dispersion-modeling-preferred-and-recommended-models#aermod
https://www.epa.gov/scram/air-quality-dispersion-modeling-preferred-and-recommended-models#aermod
https://www.cerc.co.uk/environmental-software/ADMS-model.html
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6. Specific for odours or designed for tracers but applicable to odours: No reference was
found about use of CDTMPLUS for odours.

7. Type of source that can be modeled: Only point.
8. Spatial scale of applicability: Short range (< 5 km).
9. Time step and averaging interval: Integration time step 1 h.
10. Applied in regulatory context: CDTMPLUS has been widely used in regulatory

contexts and is listed among the “preferred and recommended models” of the U.S.
Environmental Protection Agency [27] for air quality dispersion modeling.

11. License: Software is available at no cost.
12. Existence of a user manual, graphical user interface, and technical documentation:

Yes. Website: https://www.epa.gov/scram/air-quality-dispersion-modeling-pref
erred-and-recommended-models#ctdmplus (URL accessed on 14 February 2023)

Appendix B.1.4. FIDES

The Flux Interpretation by Dispersion and Exchange over the Short-range model
(FIDES) [63,64] is a steady-state plume dispersion model widely used in agricultural
contexts. It was designed for ammonia, but is also used for pesticides [65].

1. Representation of transport: The functional form of the plume is taken from [66], a
variant of the classical Gaussian shape, and the wind profiles are assumed to follow
a power law. The meteorological data in the input (hourly time step) include the
wind direction, roughness length z0, Obukhov length L, and friction velocity u*. L,
z0, and u* can be either given as the input or calculated by the model from the wind,
temperature, and canopy height data.

2. Possibility to model dispersion over complex terrain: No.
3. Possibility to model dispersion across obstacles: No.
4. Possibility to model dry and wet deposition: Yes.
5. Possibility to model chemical reactions and radioactive decay: No.
6. Specific for odours or designed for tracers but applicable to odours: No reference was

found about use of FIDES for odours.
7. Type of source that can be modeled: Point, line, area, and volume sources, continuous

and discontinuous.
8. Spatial scale of applicability: local scale, < 5 km.
9. Time step and averaging interval: The integration time is 30 min.
10. Applied in regulatory context: No reference was found about use of FIDES in regula-

tory contexts.
11. License: The FIDES software is distributed at no cost.
12. Existence of a user manual, graphical user interface, and technical documentation:

The model can be used with the following languages: visual basic, R, Matlab, and
C, but no dedicated GUI is available. A succinct user manual is available. Web-
site: https://www6.versailles-grignon.inrae.fr/ecosys_eng/Productions/Software
s-Models/FIDES2 (URL accessed on 14 February 2023)

Appendix B.1.5. OdiGauss

OdiGauss [67] is a free software specifically designed to estimate odour dispersion
from multiple point sources and to generate the related maps. It can be coupled to a model
of odour emissions from poultry farms (EmiFarm).

1. Representation of transport: OdiGauss is a steady-state Gaussian plume model,
implementing [68] parametrizations for the plume functional form and dispersion
coefficients. It accounts for the atmospheric stability through the Pasquill classes,
and for calm wind (wind speed <0.5 m/s) with a dedicated algorithm, similar to the
ISCST3 model or the Cirillo–Poli model [69].

2. Possibility to model dispersion over complex terrain: No.
3. Possibility to model dispersion across obstacles: No.

https://www.epa.gov/scram/air-quality-dispersion-modeling-preferred-and-recommended-models#ctdmplus
https://www.epa.gov/scram/air-quality-dispersion-modeling-preferred-and-recommended-models#ctdmplus
https://www6.versailles-grignon.inrae.fr/ecosys_eng/Productions/Softwares-Models/FIDES2
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4. Possibility to model dry and wet deposition: A corrective coefficient is applied in the
occurrence of rain to consider the phenomenon of odour removal due to “scavenging”.

5. Possibility to model chemical reactions and radioactive decay: No.
6. Specific for odours or designed for tracers but applicable to odours: The model

OdiGauss has been specifically designed for odours, implementing a peak-to-mean
correction to the average output concentrations. A constant value of the peak-to-
mean ratio is adopted, which may be tuned to follow a precautionary criterion. The
suggested default value is equal to 2.3, while a value of one disables the peak-to-
mean correction.

7. Type of source that can be modeled: The model can either ingest constant emission
rates, or variable, multiple, and more complex emissions as modeled by the EmiFarm
model, also included in the OdiGauss package. EmiFarm simulates odour emissions
from poultry manure heaps.

8. Spatial scale of applicability: Short range (<5 km).
9. Time step and averaging interval: Integration period is one hour.
10. Applied in regulatory context: Applied in the context of environmental authorization

procedures (e.g., [70]).
11. License (proprietary—charges on distribution/ proprietary—distributed at no cost/open

source): Software publicly available at no cost.
12. Existence of a user manual, graphical user interface, and technical documentation: Yes. Web-

site: http://semola.uniud.it/projects/odigauss/ (URL accessed on 13 February 2022)

Appendix B.2. Lagrangian Models

Lagrangian models solve the equation for the motion of tracers and particles in fluids,
namely the Langevin equation. The main advantage of Lagrangian models compared to
Gaussian models is the possibility of dealing explicitly with non-steady conditions. When
compared to Eulerian models, they exhibit an independence from spatial grid, absence of
numerical diffusion, and generally better performance close to the sources. The reviews of
the application of a Lagrangian approach to atmospheric dispersion can be found in [71,72].
Lagrangian models are computationally more expensive than steady-state plume models
due to the dynamic approach and the need to follow a large number of particles for each
integration time. Generally, it is considered that the release of ~105 particles is needed to
mimic an emission episode with a statistical significance. The computational cost of these
models can be generally considered as “medium”.

Appendix B.2.1. WindTrax

WindTrax [73,74] is a Lagrangian stochastic particle dispersion model that is strictly
applicable for passive trace gases, but it has also been used for aerosols and odours. It has
been widely validated and applied in agricultural contexts, both in forward and backward
modes. It possesses a sound and well-documented scientific basis, a user-friendly interface,
and a low computational cost.

1. Representation of transport:

WindTrax calculates dispersion by mimicking the trajectories of numerous tracer
“particles” as they travel in the atmosphere. Langevin equations are used to calculate
the trajectories, and the model can be applied in either forward or backward modes (for
estimating the concentrations from emissions, and vice versa). Gas concentrations (or
the emission fluxes when used in the backward mode) are calculated using statistical
techniques at the end of the simulation averaging time (which is typically 10 to 60 min).
The users sets the number of particle trajectories used in the simulation. A higher number
of released particles reduces the uncertainty of the model results but requires a greater
computation time. While the recommended number of model particles varies with the
source-to-sensor distance and geometry, 105 particles is often sufficient. The meteorological
conditions are assumed to be horizontally homogeneous and temporally stationary during

http://semola.uniud.it/projects/odigauss/
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the simulation averaging period (10–60 min). The underlying surface layer wind flow
is assumed to follow the Monin–Obukhov similarity theory, and the mean wind and
turbulence profiles are defined by the friction velocity, the Obukhov length, and the surface
roughness length. These input properties can be directly measured or inferred from a single
meteorological station. WindTrax also presents the possibility of ingesting various types of
input meteorological/micrometeorological data, including first and second moments of
high frequency wind records from a sonic anemometer.

2. Possibility to model dispersion over complex terrain: No.
3. Possibility to model dispersion across obstacles: No.
4. Possibility to model dry and wet deposition: No, the surface is assumed to be reflective.

In a Lagrangian model, this means that particle trajectories intersecting the surface are
“reflected” back into the flow. A version of the software with deposition has also been
developed, but at present it is used for research purposes and not publicly available.

5. Possibility to model chemical reactions and radioactive decay: No.
6. Specific for odours or designed for tracers but applicable to odours: Windtrax does

not include specific modules for odours, but has been applied in this context either
by using methane as a tracer and indicator of the odour concentration [75] or directly
simulating the odour concentrations in ou/m3 [76].

7. Type of source that can be modeled: Point, line, area, and volume sources can be
modeled. Non-steady emissions can be handled if the timescales of their variations is
longer than the model integration period (30 min).

8. Spatial scale of applicability: The WindTrax model is a short-range model, applicable
to distances less than approximately 5 km from a gas source. It is a surface layer model
and errors can be expected at larger downwind distances as (1) trajectories may travel
above the surface layer and then descend back into the surface layer, (2) assumptions
of horizontal homogeneity of the wind may be violated, and (3) assumptions of
stationarity in the wind can be violated.

9. Time step and averaging interval: The model averaging time is generally set between
10 and 60 min, meaning that the meteorological and emission data should be provided
at this frequency, and the output concentration will be averaged on this time interval.
The internal model timestep (for solving the Langevin equations) is instead specified
as a certain fraction of the Lagrangian time scale (typically <1 s) and is calculated
according to the flow characteristics [74].

10. Applied in regulatory context: WindTrax has been accepted for regulatory reporting
purposes. T.K. Flesch (personal communication) reports that WindTrax has been used
in Canada for regulatory reporting of methane and carbon dioxide emissions from
industry.

11. License: WindTrax is a proprietary software (Thunder Beach Scientific) but freely
available and distributed at no cost.

12. Existence of a user interface and manual (y/n): Yes. Website: http://www.thunderb
eachscientific.com/ (URL accessed on 14 February 2023)

Appendix B.2.2. SPRAY

SPRAY [77–79] is a Lagrangian stochastic particle dispersion model designed for gases
and aerosols, but also used for odours. It has been validated against many test cases, both
in controlled conditions (such as wind tunnel experiments) and in real atmosphere, flat,
and complex terrain with or without explicitly considering the presence of buildings.

1. Representation of transport:. The model solves the Langevin equation to follow the
trajectories of a certain number of particles released for each emission episode. The
turbulent flow can be parametrized as Gaussian, with velocity fluctuations depend-
ing on the atmospheric stability, according to [68]. In addition, the model contains
several schemes for considering non-Gaussian, skewed velocity distributions and
non-stationary flows.

http://www.thunderbeachscientific.com/
http://www.thunderbeachscientific.com/
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It presents the possibility to ingest highly detailed meteorological information, such as
wind data from ultrasonic anemometers or SODAR (SOnic Detection And Ranging) for
the internal calculation of turbulent parameters. Alternatively, these parameters can be
estimated from classic anemometer measurements.

2. Possibility to model dispersion over complex terrain: Yes.
3. Possibility to model dispersion across obstacles: Yes, in the “microscale version” of

the model (PSPRAY).
4. Possibility to model dry and wet deposition: Yes.
5. Possibility to model chemical reaction/radioactive decay: Only radioactive decay in

the SPRAY version and simplified chemical mechnisms for NOx/NO2 transformation
(PSPRAY version).

6. Specific for odours or designed for tracers but applicable to odours: SPRAY and
PSPRAY have been used for odours and implement a specific module for odours
(peak-to-mean) derived from [80] based on the original work of [81,82]. Both SPRAY
and PSPRAY have been tested for odour dispersion [79].

7. Type of source that can be modeled: Point, line, area, and volume sources, continuous
and discontinuous. Both passive and momentum or buoyancy forced emissions can
be modeled.

8. Spatial scale of applicability, spatial resolution if applicable: From micro (1 km) to
regional scales.

9. Time step: Both time step and integration interval are variable, depending on the
meteorological and emission conditions.

10. Applied in regulatory context: SPRAY has been applied in several cases for regulatory
and environmental impact assessment purposes [83,84].

11. License: Proprietary.
12. Existence of a graphical user interface and manual: Yes. Website: https://www.aria-n

et.it/it/prodotti/spray/ (URL accessed on 14 February 2023)

Appendix B.2.3. FLEXPART

The FLEXible PARTicle dispersion model (FLEXPART) [85] is a Lagrangian dispersion
model that can be used both in forward and backward modes. It has been widely used and
validated in different contexts and spatio-temporal scales.

1. Representation of transport: FLEXPART assumes a default underlying Gaussian tur-
bulence and parametrizations of velocity fluctuations depending on the atmospheric
stability, according to [68]. However, it contains options to switch to non-Gaussian,
skewed velocity distributions [86]. The model handles deep convection by using
the [87] scheme.

2. Possibility to model dispersion over complex terrain: Yes.
3. Possibility to model dispersion across obstacles: Yes.
4. Possibility to model dry and wet deposition: Yes.
5. Possibility to model chemical reaction/radioactive decay: Radioactive decay only.
6. Specific for odours or designed for tracers but applicable to odours: FLEXPART was

designed for gases and particles, but has also been used for odours in some specific
applications (e.g., [88]).

7. Type of source that can be modeled: Point, line, area, or volume sources can be modeled.
8. Spatial scale of applicability, spatial resolution if applicable: Local to global, but more

frequently used for mesoscale problems.
9. Time step: Time step is variable, depending on the the flow conditions.
10. Applied in regulatory context: FLEXPART has been widely used in regulatory con-

texts, including the reconstruction of the Chernobyl accident, and the estimation of
halocarbon emissions (regulated by the Montreal Protocol).

11. License: Publicly available and open source, released under the GNU General Public License.
12. Existence of a user manual, graphical user interface, and technical documentation:

Yes. Website: https://www.flexpart.eu/ (URL accessed on 14 February 2023)
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Appendix B.2.4. HYSPLIT

The Hybrid single-particle Lagrangian integrated trajectory model (HYSPLIT) is a
hybrid Eulerian–Lagrangian, multiscale model from local to global scale [89].

1. Representation of transport: HYSPLIT combines Lagrangian and Eulerian approaches
by using of a moving frame of reference for the advection—diffusion calculations
and a fixed three-dimensional grid as the frame of reference to compute the pollutant
concentrations. The model can be used for simulating either particles or “puffs”, both
in forward and backwards modes.

2. Possibility to model dispersion over complex terrain: Yes, limited to what is resolved
by the meteorological model’s terrain.

3. Possibility to model dispersion across obstacles: No.
4. Possibility to model dry and wet deposition: Yes.
5. Possibility to model chemical reaction/radioactive decay: Yes.
6. Specific for odours or designed for tracers but applicable to odours: Designed for

gases and particles, but has also been used for odours (e.g., [90,91]).
7. Type of source that can be modeled: Point and area sources, instantaneous or continuous.
8. Spatial scale of applicability: Local to continental.
9. Time step and averaging interval: Time step is variable, depending on the the flow

conditions. Minimum value for the time step is 1 min.
10. Applied in regulatory context: HYSPLIT has been used in several cases for regulatory

purposes, for example in emergency response and the reconstruction of nuclear
accidents, such as Chernobyl and Fukushima.

11. License: HYSPLIT sowtware is publicly available and distributed at no cost.
12. Existence of a user manual, graphical user interface, and technical documentation: Yes. Web-

site: https://www.ready.noaa.gov/HYSPLIT.php (URL accessed on 14 February 2023)

Appendix B.2.5. AUSTAL2000

AUSTAL2000, a Lagrangian dispersion model, is the reference model for the German
Regulation on Air Quality Control.

1. Representation of transport: AUSTAL2000 is a stochastic Lagrangian dispersion model
simulating particle trajectories by solving the Langevin equation and sampling them
at the receptor location by using statistical techniques. The input data that are used
by the model to represent the underlying flow include the roughness length, wind
measurement height, wind direction, wind speed, and stability classes, according to
Klug–Manier (analogous of the Pasquill stability classes).

2. Possibility to model dispersion over complex terrain: Yes.
3. Possibility to model dispersion across obstacles: Yes.
4. Possibility to model dry and wet deposition: Dry deposition is handled.
5. Possibility to model chemical reactions and radioactive decay: Yes.
6. Specific for odours or designed for tracers but applicable to odours: AUSTAL2000 con-

tains an aerosol module (peak-to-mean) for making predictions about the frequency
of odour nuisance.

7. Type of source that can be modeled: Point, line, area, and volume, constant or variable,
with or without buoyant rise. Multiple sources can be handled by the model.

8. Spatial scale of applicability: Up to 50 km.
9. Time step and averaging interval: Variable time step according to the flow characteris-

tics, integration interval of 1 h.
10. Applied in regulatory context: Yes, formulated and applied in regulatory context

in Germany.
11. License: The program package AUSTAL2000, including the source code, is distributed

free of charge. The programs and source code are subject to the GNU Public Licence.
12. Existence of a user manual, graphical user interface, and technical documentation: Yes. Web-

site: http://www.austal2000.de/en/home.html (URL accessed on 14 February 2023)

https://www.ready.noaa.gov/HYSPLIT.php
http://www.austal2000.de/en/home.html
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Appendix B.3. Puff Models

Puff models simulate emissions as a succession of puffs, i.e., discrete packets of
pollutant material, which, after release, move according to the Lagrangian trajectories and,
within a short time after release, can be approximated by an evolving Gaussian shape [92,93].
Compared to the LS particle models, puff models are generally less expensive in terms
of computational resources, as a large number of the simulated particles are replaced by
individual puffs. On the other hand, by solving the trajectory equations dynamically,
they are more expensive than the steady-state plume models. The overall concentration is
obtained by integrating the concentration distributions of each puff during the sampling
time step. By explicitly including the time evolution of the concentrations, puff models
are more suited for dealing with temporally and/or spatially varying flow fields, complex
terrain, non-uniform land use patterns, coastal effects, stagnation conditions characterized
by calm or very low wind speeds, and variable wind directions. The computational cost of
these models can be generally considered “medium”.

Appendix B.3.1. CALPUFF

The California Puff Model (CALPUFF) is an air quality modeling system for regulatory
use, developed by the Sigma Research Corporation (now part of Earth Tech, Inc.). The
CALPUFF modeling system includes three main components: CALMET, CALPUFF, and
CALPOST (post-processing). In the simplest terms, CALMET is a meteorological prepro-
cessor for the preparation of hourly wind and temperature fields on a three-dimensional
gridded modeling domain. In the simplest configuration, CALPUFF can use simpler
non-gridded meteorological data from a single station.

1. Representation of transport: CALPUFF is a multi-layer, non-steady state puff model.
The puffs growth is parametrized by vertical and horizontal dispersion coefficients
(sigma_z and sigma_y) according to the different locations and stability conditions,
namely the surface, mixed, and entrainment layers and the neutral, stable, and convec-
tive conditions [94]. It can take into account nonsteady meteorological conditions and
situations of slow or no wind. CALPUFF can also handle buoyant and momentum
plume rises, partial penetration into an elevated inversion layer, plume fumigation,
vertical wind shear, and other effects.

2. Possibility to model dispersion over complex terrain: Yes.
3. Possibility to model dispersion across obstacles: Yes.
4. Possibility to model dry and wet deposition: Yes.
5. Possibility to model chemical reaction/radioactive decay: Yes.
6. Specific for odours or designed for tracers but applicable to odours: CALPUFF has

been applied to odour dispersion in several studies [95–97]. Some intercomparison
exercises outlined CALPUFF’s better performances with respect to other commonly
used dispersion models in the context of odours [98,99].

7. Type of source that can be modeled: Point, line, area, and volume sources, both
constant and varying, passive and active (with buoyant or momentum rise).

8. Spatial scale of applicability: From tens of meters to hundreds of kilometers.
9. Time step and averaging interval: Averaging times from one hour to one year.
10. Applied in regulatory context: Yes.
11. License: Proprietary. Model codes and associated processing programs are provided

by Exponent, Inc. with a no-cost, limited-use license.
12. Existence of a graphical user interface and manual: Yes. Website: http://www.src.co

m/ (URL accessed on 14 February 2023)

Appendix B.3.2. SCIPUFF/SCICHEM

The Second-order Closure Integrated PUFF (SCIPUFF) [100] is a non-steady-state,
second-order closure integrated puff model. The Second Order Closure Integrated Puff
Model with Chemistry (SCICHEM) [20,21], which stands for SCIPUFF with CHEMistry,

http://www.src.com/
http://www.src.com/
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implements some additional chemistry modules and has the advantage of being an open
source model.

1. Representation of transport: SCIPUFF/SCICHEM can represent time-dependent,
inhomogeneous flows in different stability conditions with shear distortions or non-
linear phenomena such as buoyant and mechanical rise dynamics. The model has
been widely tested in laboratory conditions and short-range and continental scale
field experiments. The turbulent diffusion parameterization in SCIPUFF is based
on the second-order turbulence closure theory, which relates the dispersion rate to
the velocity fluctuation statistics. In addition to the average concentration value, the
closure model provides a prediction of the statistical variance in the concentration
field resulting from the random fluctuations in the wind field. The model allows for
the estimation of the variance and probability distribution for the predicted value,
and as such, it is naturally well suited for simulating odours.

2. Possibility to model dispersion over complex terrain: Yes.
3. Possibility to model dispersion across obstacles: Yes.
4. Possibility to model dry and wet deposition: Yes.
5. Possibility to model chemical reactions and radioactive decay: Yes (integrated

with SCICHEM).
6. Specific for odours or designed for tracers but applicable to odours: SCIPUFF has

been designed for gases and aerosols but it has also been used with odours [101].
Moreover, the second-order closure scheme provides a natural framework for predict-
ing the concentration fluctuations, which are relevant for odours (in addition to the
mean value).

7. Type of source that can be modeled: Point, line, area, volume, continuous and variable,
moving sources, multiple sources, eventually with momentum or buoyancy rise.

8. Spatial scale of applicability: Laboratory to continental.
9. Time step and averaging interval: SCIPUFF/SCICHEM uses an adaptive timestep,

according to the characteristics of the flow.
10. Applied in regulatory context: SCIPUFF was approved in 1995 by the U.S. Environ-

mental Protection Agency as an “alternative model” for pollutant dispersion [27] and
it constitutes the dispersion model component in two U.S. Department of Defense
modeling systems.

11. License (proprietary—charges on distribution/ proprietary—distributed at no cost/
open source): SCIPUFF is proprietary, while SCICHEM is a public domain source model.

12. Existence of a user interface and manual: Yes. SCICHEM available at https://github
.com/epri-dev/SCICHEM (URL accessed on 14 February 2023)

Appendix B.3.3. INPUFF

The integrated PUFF model (INPUFF) is a non-stationary puff model capable of
managing a large number of sources and receptors.

1. Representation of transport: In the INPUFF model, the Gaussian dispersion equation
is used at each time step to calculate the contribution to the concentration at each
receptor from each puff. In the default configuration, the model assumes homoge-
neous and constant wind conditions, but the user can specify the wind at each time
step and up to 100 locations in the domain. The model incorporates three different
dispersion algorithms, and the user can eventually link the model to alternative
dispersion modules.

2. Possibility to model dispersion over complex terrain: Yes.
3. Possibility to model dispersion across obstacles: No.
4. Possibility to model dry and wet deposition: Dry deposition only.
5. Possibility to model chemical reactions and radioactive decay: No.
6. Specific for odours or designed for tracers but applicable to odours: INPUFF was

developed for gases and aerosols but it has also been used for odours.

https://github.com/epri-dev/SCICHEM
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7. Type of source that can be modeled: The model can represent point sources, continu-
ous and non-continuous, fixed or in motion, both passive and active. It is capable of
managing multiple sources.

8. Spatial scale of applicability: From tenths of meters to tenths of kilometers.
9. Time step and averaging interval: The computation timestep is variable, according to

the atmospheric flow conditions. The minimum integration timestep is one hour.
10. Applied in regulatory context: INPUFF has been developed in regulatory context.

Despite not being officially recommended by the most known environmental agencies,
it has been largely used for the analysis of environmental accidents and for evaluating
the impacts of industrial activities.

11. License: Proprietary.
12. Existence of a user interface and manual: Yes. Website: https://cfpub.epa.gov/si/si_publ

ic_record_Report.cfm?Lab=ORD&dirEntryId=47242 (URL accessed on 14 February 2023).

Appendix B.4. Eulerian Chemistry Transport Models

Eulerian models for atmospheric dispersion numerically solve the continuity equation
for the concentration of a given atmospheric component over a certain spatial domain and
3D grid. These models can be highly demanding in terms of computational resources,
especially for large domains and/or high spatial/temporal resolutions.

Generally, they require a wide set of input data, including emissions, orography, and
3D meteorological fields.

The computational cost of these models can be generally considered “high”.

Appendix B.4.1. CMAQ

The Community Multiscale Air Quality modeling system (CMAQ) is an active open-
source development project of the U.S. EPA that consists of a suite of programs for con-
ducting air quality model simulations. The model can assimilate and process the input
meteorological data from the WRF (weather research and forecasting) model in an offline
mode or an one-way or two-way mode online. In the first case, the WRF fields are produced
beforehand. In the second and third case, the two models are instead coupled, respectively,
without and with the feedback of the atmospheric chemistry on the meteorological fields.

1. Representation of transport: The CMAQ is a 3D Eulerian model that numerically
solves the advection–diffusion equations while maintaining the chemical reactions.

2. Possibility to model dispersion over complex terrain: Yes.
3. Possibility to model dispersion across obstacles: No specific calculation for building-

sized obstacles. Moreover, the typical resolution of the model (>1 km) does not allow
for the evaluation of this type of phenomena.

4. Possibility to model dry and wet deposition: Yes, both dry and wet deposition.
5. Possibility to model chemical reactions and radioactive decay: The CMAQ implements

advanced schemes for photochemical reactions and non-linear chemistry.
6. Specific for odours or designed for tracers but applicable to odours: We didn’t find

any reference about the use of the CMAQ for odours.
7. Type of source that can be modeled: Any type of source that is compatible with the

spatial grid of the model and its temporal resolution.
8. Spatial scale of applicability: The CMAQ is a multiscale model and it can be applied

to urban and emisphere-scale problems.
9. Time step and averaging interval: Can be adjusted according to the spatial resolution.
10. Applied in regulatory context: The CMAQ has been formulated and widely used in

regulatory context.
11. License: Public domain source model.
12. Existence of a user interface and manual: Yes. Website: http://www.epa.gov/cmaq

(URL accessed on 14 February 2023)
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Appendix B.4.2. CALGRID

The California grid model (CALGRID) is a photochemical Eulerian model developed
by the researchers of Sigma Research Corporation (today part of Earth Tech), as an update to
the UAM-IV model. To date, it is maintained by the California Air Resources Board (CARB).

1. Representation of transport: CALGRID is a 3D Eulerian model that includes several
schemes for horizontal and vertical transport. In particular, the [102] advection
scheme ensures mass conservation and minimizes the numerical diffusion. CALGRID
presents several possibilities for vertical spacings.

2. Possibility to model dispersion over complex terrain: Yes.
3. Possibility to model dispersion across obstacles: No specific calculation for building-

sized obstacles. Moreover, the typical resolution of the model (>1 km) does not allow
for the evaluation of this type of phenomena.

4. Possibility to model dry and wet deposition: Yes, both dry and wet deposition.
5. Possibility to model chemical reactions and radioactive decay: Yes, also

photochemical reactions.
6. Specific for odours or designed for tracers but applicable to odours: No references

were found about the use of CALGRID for odours.
7. Type of source that can be modeled: Any type of source that is compatible with the

spatial grid of the model and its temporal resolution.
8. Spatial scale of applicability: Multiscale model, applicable from the urban to the

continental scale. Horizontal resolution can be adjusted and typically ranges between
1 and 5 km.

9. Time step and averaging interval: Adjustable according to the spatial resolution.
10. Applied in regulatory context: CALGRID has been widely used for regulatory pur-

poses, in particular for assessments of ozone control strategies.
11. License: Proprietary.
12. Existence of a user interface and manual: Yes. Website: http://www.arb.ca.gov/resea

rch/research-results.php (URL accessed on 14 February 2023)
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