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Abstract: Dispersion modeling is a useful tool for reproducing the spatial–temporal distribution
of pollutants emitted by industrial sites, particularly in the environmental odor field. One widely
used tool, accepted by regulatory agencies for environmental impact assessments, is the CALPUFF
model, which requires a large number of input variables, including meteorological and orographical
variables. The reliability of model results depends on the accuracy of these input variables. The
present research aims to discuss a comparative study of odor dispersion modeling by initializing the
CALMET meteorological processor with different input data: surface and upper air observational
meteorological data, 3D prognostic data, and a blend of prognostic and measured data. Two distinct
sources (a point and an area source) and two different simulation domains in Cuba and Italy are
considered. The analysis of results is based on odor impact criteria enforced in some Italian regions
by computing the 98th percentile of odor peak concentrations on an annual basis. For the area
source, simulation results reveal that the ‘OBS’ and ‘HYBRID’ modes are largely comparable, whereas
prognostic data tend to underestimate the odor concentrations, likely due to a reduced percentage of
wind calms. For point sources, different input meteorological settings provide comparable results,
with no significant differences.

Keywords: dispersion modeling; CALPUFF model; odor impact assessment; intercomparison; WRF;
meteorological data

1. Introduction

Due to rapid population and industrial growth in recent decades, the number of con-
taminants released into the atmosphere is rapidly growing [1,2]. In this context, complaints
about annoyance due to environmental odors, typically emitted by industrial and agricul-
tural activities, are a common way for people to express dissatisfaction to authorities [3–5].
Determining the extent of chemical exposure, particularly odor [6], becomes a crucial
concern as we learn more about atmospheric pollution and its effects on citizens’ health,
the ecosystem, and well-being [7,8].

Odors are currently monitored and regulated in many nations [9]. The need to control
odor impacts involves the development and application of specific methods to assess
ground-level odor concentration [4,10–13]. In this sense, dispersion modeling is a valuable
technique for replicating the spatial–temporal distribution of contaminants released by a
single source to estimate areas of population exposure as well as ground-level concentra-
tions of contaminants [14–22].
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The Lagrangian Gaussian puff model CALPUFF, listed by the U.S. Environmental
Protection Agency (EPA) as an alternative model for assessing the near-field transport of
pollutants, has been widely used and accepted by regulatory agencies for environmental
impact assessments [23]. In the CALMET/CALPUFF modeling system, the meteorolog-
ical pre-processor CALMET is used to produce 3D meteorological data (e.g., wind and
temperature fields) through advanced elaborations of available surface and upper air mea-
surements, prognostic data from meso-scale models (e.g., WRF model), and geophysical
data [24–26].

The trustworthiness of dispersion models is influenced by various sources of uncer-
tainty. First, the dispersion model and its parametrizations (e.g., internal model parameters,
dispersion parameterizations, deposition, etc.) are important sources of uncertainty. More-
over, different studies focus on models’ sensitivity [6,23,27–29], highlighting the influence
of different parameters (e.g., stack temperature, source diameter) related to the emission
source. Another significant source of uncertainty is represented by the input meteorological
data used to run the simulations.

Indeed, the dispersion of pollutants in the atmosphere is intricately linked to various
meteorological parameters. Wind speed and direction play a significant role in determining
the transport of pollutants. Higher wind speeds facilitate the dispersion of pollutants
over larger distances, while wind direction determines the trajectory and potential impact
areas. Atmospheric stability is another critical factor. Under stable conditions, where the
air near the surface is cooler and denser than aloft, pollutants may be trapped near the
ground, leading to higher concentrations and localized pollution hotspots. In contrast,
unstable conditions promote vertical mixing, allowing pollutants to disperse more evenly
throughout the atmosphere. Temperature and humidity also influence pollutant dispersion.
Temperature inversions, where warmer air sits above cooler air near the surface, can hinder
vertical mixing and trap pollutants beneath the inversion layer. Humidity affects the
solubility of pollutants and can influence their removal from the atmosphere through
processes like wet deposition.

Until now, the existing literature has documented some studies about the influence of
the choice of meteorological data on atmospheric dispersion for classical pollutants [30,31],
revealing that atmospheric model predictions are significantly over/underestimated de-
pending on the choice of input meteorological settings. However, as far as an odor impact
assessment is concerned, to the best knowledge of the authors, only one study partially
addresses this topic [32]. Murguia et al. [32] evaluated the effect of three different meteoro-
logical inputs on odor impact while considering a single type of source. The results of this
paper emphasize the need for additional research to better analyze the influence of different
prognostic weather models, such as MM5 and WRF models. Moreover, considering that
CALPUFF has been widely used in the field of odor and accepted by regulatory agencies for
environmental impact assessments, permitting, and compliance purposes, it is important
to assess how the choice of meteorological data may affect simulated odor impact maps.

In view of this, the present research discusses a comparative study of the results of
odor dispersion modeling by initializing the CALMET meteorological processor with dif-
ferent input data: surface and upper air observational meteorological data, 3D prognostic
meteorological data, and blended prognostic and measured data. These configurations
will be referred to as CALPUFF “OBS” (surface and upper air meteorological observa-
tions), CALPUFF “NO-OBS” (WRF prognostic model for surface and upper air data), and
CALPUFF “HYBRID” (wind fields generated by CALMET with blended prognostic and
measured meteorological data).

Odor exposure levels are simulated with each input meteorological setting for two
different types of emission sources: a point source (i.e., a conveyed emission from an
odor emission abatement system) and an area source (i.e., a wastewater tank), both in
Italian and Cuban domains. The results are analyzed according to the Regional Guideline
of Lombardy [33], which prescribes the computation of the 98th percentile of odor peak
concentration values on an annual basis. Despite the absence of a universal approach for
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defining short-term peak concentration, a constant factor of 2.3, to be multiplied by the
hourly average concentration returned from the model, is suggested [33]. Due to the lack
of a technical standard in Cuba in the field of odor, the aforementioned criterion has been
considered in the current work for both Cuban and Italian domains.

In summary, the purpose of this study is to compare the results of odor dispersion
modeling by implementing three different input meteorological settings (i.e., CALPUFF
“NO-OBS”, CALPUFF “OBS”, and CALPUFF “HYBRID”) in two different simulation
domains (northern Italy and Cuba) for two different types of emission sources.

The novelty of this research is mainly related to the pollutant simulated. Indeed, in the
case of “traditional” contaminants, concentrations are typically post-processed based on
average or maximum concentrations. However, with odor, the main peculiarity compared
to classical pollutants is that to characterize the instantaneous perception of the human
nose, it is necessary to refer to short-term peak concentrations. Further details can be
found in Invernizzi et al. (2020) [23]. Additionally, to the best of the authors’ knowledge,
this is the first investigation on the subject with two kinds of sources characterized by
different emission mechanisms, exploring how they can be influenced by meteorology in
different ways.

Finally, the implementation of two distinct simulation domains provides a broad
perspective on the research. Despite similar orography, these two domains have very
different typical meteorological conditions: Cuba is characterized by a tropical climate with
high temperatures and abundant rainfall year-round, while the investigated Italian region
(i.e., Po Valley) has a temperate climate with moderate temperatures. Precipitation in Cuba
is frequent and intense, particularly during the monsoon season, whereas precipitation
in the Po Valley is more evenly distributed throughout the year with seasonal variations.
Temperature variations are more pronounced in the Po Valley, with distinct seasonal
changes, compared to Cuba, where temperatures are more consistent throughout the year.
The typical climate of the Po Valley is characterized by low winds, which are particularly
weak in the winter months; winds in Cuba are often more intense, with extreme weather
phenomena such as hurricanes that are quite common. In addition, the presence of a
land–water interface in the Cuban domain (absent in the Italian one) may affect pollutant
dispersion by influencing wind dynamics, coastal currents, and local thermal effects, such
as sea and land breezes. These interactions play a significant role in the simulation of
pollutant dispersion.

The structure of the paper includes a brief overview of CALMET and CALPUFF
theories and a discussion about meteorological and emissive input data provided to the
model (Section 2). Section 3 reports the results (simulated odor impact maps and separation
distances) and provides a critical discussion. Finally, Section 4 summarizes the conclusions
and possible future improvements.

2. Materials and Methods
2.1. CALPUFF

CALPUFF is a non-steady-state Lagrangian Gaussian puff model [34] in which indi-
vidual puffs of pollutants are released and allowed to grow horizontally and vertically,
spreading outward from the plume’s centerline, following a normal statistical distribution,
according to the following equations [34]:
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where C [g/m3] is the concentration at (x, y, z) location; Q [g] is the mass of pollutant in the
puff; σx, σy, and σz [m] are the Gaussian distribution standard deviations in the along-wind,
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cross-wind, and vertical directions; da and dc [m] are the distances from the puff barycenter
to the receptor in the along-wind and cross-wind directions; He [m] is the height of the puff
barycenter with respect to the ground; and h [m] is the mixing-layer height.

The Lagrangian puff formulation simulates the plume as a sequence of Gaussian puffs
that move and disperse into the atmosphere in response to time and space-varying local
conditions. The US-EPA [35] recommends CALPUFF as an alternative model for near-field
transport (i.e., <50 km), as it contains modules of algorithms for complex topography,
overwater dispersion, building downwash, wet and dry deposition, and chemical reactions.
Moreover, CALPUFF, unlike traditional Gaussian plume models, is also able to simulate
calm wind conditions, which is crucial for estimating odor impact: this condition is charac-
terized by a low capacity of the atmosphere to disperse pollutants, making the occurrence
of odor events likely.

In fact, the US-EPA recognizes that CALPUFF [36], compared to the preferred model
AERMOD or other Gaussian plume models, may be more appropriate in specific situations
(e.g., in the case of complex topography).

Furthermore, CALPUFF has been widely used and accepted by regulatory agencies
for environmental impact assessments, permitting, and compliance purposes. It has a
well-established user base and a history of regulatory acceptance in many jurisdictions.

The model is coupled with the meteorological processor CALMET, which provides 3D
diagnostic wind and temperature fields for a CALPUFF dispersion simulation.

2.2. CALMET

As a diagnostic meteorological model, CALMET can reconstruct the wind field over
a simple or complex orographic domain from ground measurements and at least one
vertical profile [37,38]. It includes algorithms for computing planetary boundary layer
meteorological parameters on land and water. These characteristics make it suitable for
generating input for atmospheric dispersion models, which require both the mean wind
field and an accurate description of turbulence via micrometeorological parameters.

2.2.1. Meteorological Data

The collection and preprocessing of meteorological data are of fundamental impor-
tance for environmental impact assessment studies [39]. The detail and quality of the input
data requirements depend on the complexity of the model. Sophisticated, non-steady-
state models—such as Lagrangian puff models like the CALPUFF/CALMET modeling
system—can process a 3D dataset of meteorological data.

In principle, meteorological data could be obtained from meteorological stations
(surface + upper air) or from prognostic models. The implementation of prognostic data
appears to be necessary in certain locations where nearby meteorological stations are
not available.

In this study, WRF prognostic data (CALPUFF “NO-OBS”) as well as observational
data, i.e., one surface station and one upper air station (CALPUFF “OBS”), are both im-
plemented as input meteorological data to run the simulations. Additionally, CALPUFF
“HYBRID” combines surface observational data and upper air prognostic data.

The meteorological prognostic data adopted for CALPUFF “NO-OBS” and CALPUFF
“HYBRID” are 3D hourly data processed by the WRF (Weather Research and Forecasting)
model with a spatial resolution of 1 km and 3 km, respectively, for the Italian and Cuban
domains for the reference year 2016. For the Italian domain, the WRF data are collected by
“Lakes Environmental”, while the Cuban ones are processed by the “Centre for Atmospheric
Physics” (Meteorology Institute of Cuba). The WRF configuration adopted in this study is
based exclusively on analysis data from the Global Forecast System (GFS) model, meaning
that no meteorological observation data were incorporated using any data assimilation
method into the model.

Consistently, for the observed data, surface and upper air measurements from meteoro-
logical stations were considered for the same reference year for both the Cuban and Italian
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domains. The reference year (i.e., 2016) was chosen as the most recent year with a complete
meteorological dataset available for both domains. In both domains, the simulation period
covers the entire year of 2016.

For the Cuban site, hourly surface meteorological observations for wind speed (Ws),
wind direction (Wd), atmospheric pressure (Patm), air temperature (T), relative humidity
(RH), and cloud cover (CC) were measured by the surface station Aguada de Pasajeros
AGP, Cienfuegos (22.37◦ N, 80.83◦ W), located in the eastern part of the domain. The height
of the meteorological station is 10 m above ground level.

To fulfill the standard quality criteria set by the CALMET meteorological pre-processor [38],
upper air data were obtained from the upper station located in Key West KW, Florida,
positioned about 240 km away from the domain (24.55◦ N, 81.75◦ W) due to the limited raw-
insonde data available in this region. Despite this station being located more than 200 km
away, numerous authors have used these data to represent the upper air in Cuba [40,41]
based on the reports of Gandin [42] and Kitchen [43], who assert that upper air observations
separated by distances of up to 2000 km and 1000 km, respectively, can be assumed without
any notable error.

For the Italian site, hourly surface meteorological observations of Wd, Ws, T, Patm, and
RH were acquired by the Regional Agency for Environmental Protection (ARPA Lombardia,
Milan, Italy) for the station of Landriano Cascina Marianna LDR (45.32◦ N, 9.27◦ E), located
inside the domain, in the same position as the Cuban surface station with respect to the
corresponding SW corner. The height of the meteorological station is 10 m, as is the case
for the monitoring station in Cuba. The measuring network of ARPA Lombardia does not
provide CC data. Instead, the CC was obtained from the METAR meteorological database of
Iowa State University for the station of Milano Linate International Airport LIML (45.43◦ N,
9.28◦ E), 13 km away from the domain.

The upper air meteorological data for the Italian domain were acquired from the
NOAA/ESRL Radiosonde Database, particularly, from Milano Linate International Airport
LIML (45.43◦ N, 9.28◦ E), 13 km away from the source. Table 1 summarizes the meteorological
input data adopted to run the simulations.

Table 1. Meteorological stations selected for dispersion simulation.

Site Station Acronym Type Coordinates Elevation ASL [m] Distance Met
Station–Domain Center [km]

Italy LDR Surface 45.32◦ N, 9.27◦ E 88 2
Italy LIML Upper 45.43◦ N, 9.28◦ E 101 13
Cuba AGP Surface 22.37◦ N, 80.83◦ W 24 2
Cuba KW Upper 24.55◦ N, 81.75◦ W 6 240

To handle possible invalid or missing data obtained from measurement stations, the
approach suggested by the US-EPA protocol [35] was adopted as a reference. In particular,
this document recommends various substitution procedures (e.g., persistence, interpolation,
profiling) depending on the nature of the application, the availability of alternative sources
of meteorological data, and the extent of the missing or invalid data. In this study, the
interpolation procedure is adopted to replace missing data.

2.2.2. CALMET Parameters

To run CALMET simulations, US-EPA-recommended parameter values [44] or CAL-
MET default values were generally adopted, if available. However, the definition of model
parameters for TERRAD, BIAS, R1, R2, RMAX1, and RMAX2 is mandatory (at least for
CALPUFF “OBS” mode), but no default values or clear suggestions are provided in the
Model User’s Guide. The adopted values for these parameters are reported in Table 2. The
rationale behind the selection of these numerical values will be briefly discussed, with the
purpose of identifying the optimal configuration for CALMET settings.
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Table 2. Input parameters for CALMET set-up.

Parameters

TERRAD Italy 3 [km]
TERRAD Cuba 0.1 [km]

R1 5.7 [km]
R2 8.5 [km]

RMAX1 11.4 [km]
RMAX2 17 [km]

BIAS (for each vertical layer) −1, −0.67, −0.33, 0, 0.2, 0.4, 0.6, 0.8, 1, 1

TERRAD identifies the influence radius of terrain features and is required to run CAL-
MET simulations for all the investigated input meteorological settings [38]. A sensitivity
analysis with different TERRAD parameters was conducted to find the optimal value to
minimize the Root Mean Square Error (RMSE) of the wind speed by comparing the “NO-
OBS” CALMET output values with the observed measurements following [45]. Due to the
flat orography of both domains (i.e., Italy and Cuba), RMSE values resulting from simula-
tions with different TERRAD parameters were very similar. Through an optimum analysis,
TERRAD was set to 3 km and 0.1 km for the Italian and Cuban domains, respectively.

The BIAS parameter, required only in the “OBS” and “HYBRID” mode, determines
the relative weight associated with the surface measurements versus upper air data in
the computation of the initial guess wind field [38]. By setting BIAS to −1, upper-air
observations are not taken into account in the interpolations for this layer. Conversely,
by setting BIAS to +1, surface observations are not considered in the interpolations for
this layer.

One hundred percent of the weight (BIAS = −1) is attributed to surface meteorological
data in the first vertical layer. These data have 0% weight in the last two layers (BIAS = 1).
As recommended by Rzeszutek [37] and Rood [39], the same weight was assigned to the
fourth layer (BIAS = 0), with a gradient of weights between the lower and upper for the
remaining levels.

For “OBS” and “HYBRID” simulations, R1 and R2 must be set as well [38]. They
represent the weight of each meteorological station inside the domain in the computation
of the wind field. In the current study, due to the availability of only one station (one for
surface and one for upper air), these parameters must cover the entire domain [46].

For this reason, R1, referring to the surface layer, was chosen as the greatest distance
from the station to the domain’s farthest point, i.e., 5.7 km. For R2, referring to upper layers,
the diagonal of the domain was selected, i.e., 8.5 km, considering that selected upper air
stations are located outside the corresponding domain (i.e., 13 km from the source for the
Italian domain and 240 km for the Cuban domain). The values of these parameters are
the same in the two simulations because the domains have identical dimensions, and the
surface stations are positioned identically relative to their respective southwest corners.

RMAX1 and RMAX2 parameters, required for the “OBS” and “HYBRID” simulations,
identify the maximum radius of influence for surface and upper data, respectively. Accord-
ing to the scientific literature, it is suggested to set these parameters equal to twice R1 and
R2 [47]. Therefore, a value of 11.4 km was selected for RMAX1 and 17 km for RMAX2.

2.3. Site Domain

The simulation domains for Italy and Cuba have the same dimension, 6 km × 6 km
with a grid resolution of 100 m. Indeed, CALPUFF is frequently used, in the field of odor,
for short-range scales with simulation domains smaller than 10 km × 10 km [23,29].

Ten vertical layers are defined with the vertical heights of 20, 40, 80, 160, 320, 640, 1200,
2000, 3000, and 4000 m, giving a total number of cells in the domain equal to 36,000.

The Italian simulation domain is situated south of Milan (SW corner: 45.29◦ N, 9.21◦ E).
The Cuban domain is located in the central part of Cuba, northwest of Cienfuegos (SW corner:
22.35◦ N, 80.87◦ W). Figure 1 shows the location of the two domains in Italy and Cuba.
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Both sites are mostly characterized by flat topography, typically agricultural land.
To characterize the topography of the area, a reference is made to the SRTM1 dataset
(Global—30 m) in both domains. For land use, the Corine CLC2018 dataset (Europe
100 m) is adopted for the Italian domain and Global Land Cover Characterization GLCC
(Global—1 km) for the Cuban site, as there are no other data available in this region.
Figure 2 reports the terrain elevations of the two simulation domains.
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2.4. Emission Sources

To conclude the set of input variables required by the model, it is necessary to char-
acterize the source term. Two different emission scenarios were hypothesized: the first,
involving a point source (i.e., an odor emission abatement system); the second, an area
source (i.e., a wastewater treatment tank). Both sources were positioned in the center of
each simulation domain.

Characterization involves defining the geometrical parameters of the emission source
as well as physical–chemical variables (e.g., temperature and velocity).
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More specifically, for area sources, CALPUFF requires the definition of specific dimen-
sional parameters: the dimension and height of the tank and the initial vertical dispersion
coefficient, σz0, which identifies the puff’s vertical dimension at emission. According to the
US-EPA AERMOD User’s Guide [48], σz0 should be set by dividing the source’s vertical
dimension (i.e., height) by 2.15. This numerical coefficient is derived from the Gaussian
distribution of the pollutant concentration inside the plume.

For point sources, it is necessary to define the geometrical dimensions of the emission
(i.e., height and diameter), the temperature, and the velocity of the outlet gas.

Moreover, when considering odor emissions, it is crucial to specify the amount of
odor emitted per unit time (Odor Emission Rate, OER), as discussed by Lucernoni [49].
Concerning emissions from area sources, the emissive parameter commonly referenced
is the Specific Odor Emission Rate (SOER), i.e., the emission flow per square meter of the
source. In addition, for area sources, as suggested by recent investigations [50,51], the odor
emission rate was considered constant, as no hourly profile information is available, and it
is not affected by wind velocity.

The parameters for the point and area sources are reported in Table 3. In both cases,
no temporal variability of the emission is considered.

Table 3. Point and area source characterization.

Point Source

Height 9 [m]
Diameter 1.2 [m]

Odor Emission Rate (OER) 2000 [ouE/s]
Exit temperature 313 [K]

Exit velocity 5.4 [m/s]

Area Source

Height 3 [m]
σz0 1.4 [m]

Odor Emission Rate (OER) 3500 [ouE/s]
Specific Odor Emission Rate (SOER) 1.39 [ouE/m2/s]

Length X 42 [m]
Length Y 60 [m]

An additional parameter required to run the CALPUFF simulation is MDISP. It rep-
resents the method used to compute horizontal and vertical dispersion coefficients. As
suggested by the US-EPA, a value of 2 was adopted for the MDISP parameter, which repre-
sents the calculation of turbulence-based dispersion coefficients from micrometeorological
variables [40,42].

In addition to comparing the different odor impact maps resulting from the model
runs, further evaluations were made by estimating the odor concentrations at a set of
selected discrete receptors. A receptor nest was created by placing 324 receptors, radially
separated by an angle of 20◦, at distances of 50, 100, 150, 200, 400, 600, 800, 1000, 1200, 1400,
1600, 1800, 2000, 2200, 2400, 2600, 2800, and 3000 m from the source center, following the
strategy outlined by [29].

In Table 4, below, the input parameters used in the simulations are summarized for
both domains and for the different meteorological settings.
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Table 4. Summary of input data for the simulations.

NO-OBS OBS HYBRID

Italy Cuba Italy Cuba Italy Cuba

Domain 6 km × 6 km
(100 m mesh)

6 km × 6 km
(100 m mesh)

6 km × 6 km
(100 m mesh)

6 km × 6 km
(100 m mesh)

6 km × 6 km
(100 m mesh)

6 km × 6 km
(100 m mesh)

Sources Point + area Point + area Point + area Point + area Point + area Point + area

Topographic data SRTM1
(Global—30 m)

SRTM1
(Global—30 m)

SRTM1
(Global—30 m)

SRTM1
(Global—30 m)

SRTM1
(Global—30 m)

SRTM1
(Global—30 m)

Surface
meteorological

Data

WRF
(1 km)

WRF
(3 km)

Landriano
Cascina Marianna

Station (ARPA
Lombardia)

Aguada de
Pasajeros Station

(Cienfuegos)

Landriano
Cascina Marianna

Station (ARPA
Lombardia)

Aguada de
Pasajeros Station

(Cienfuegos)

Upper
meteorological

Data

WRF
(1 km)

WRF
(3 km)

NOAA/ESRL
Radiosonde

Database, (Milano
Linate Airport)

Key West
(Florida) upper

air station

WRF
(1 km)

WRF
(3 km)

2.5. Statistical Metrics

Normalized Mean Bias (NMB) and FAC2 statistical indicators [52–55] are computed to
compare CALPUFF results with the different input meteorological settings:

NMB1,2 =
∑N

i=1(M1−M2)

∑N
i=1M2

NMB2,3 =
∑N

i=1(M2−M3)

∑N
i=1M3

NMB1,3 =
∑N

i=1(M1−M3)

∑N
i=1M3

(3)

FAC21,2:0.5 ≤ M1

M2
≤ 2 FAC22,3:0.5 ≤ M2

M3
≤ 2 FAC21,3:0.5 ≤ M1

M3
≤ 2 (4)

where i identifies each discrete receptor, M is the single modeled concentration value,
1 = NO-OBS; 2 = OBS; 3 = HYBRID. NMB = 0 is the optimal value indicating the best fit
between the different models. The FAC2 index, which stands for “Factor of 2”, quantifies
the percentage of data points for which the ratio between modeled and observed values
falls within a specific range, typically defined as ±50% of the observed value. In other
words, it measures how many modeled values are within a factor of 2 (i.e., between half
and double) of the observed values. This index provides an indication of the model’s ability
to accurately predict the observed values within a certain tolerance level.

3. Results and Discussion
3.1. Wind Roses

Before delving into the discussion of the CALPUFF results, it is worthwhile to thor-
oughly examine the CALMET output generated under three distinct input meteorological
settings: “NO-OBS”, “OBS”, and “HYBRID”. Figure 3 depicts the wind roses in the first ver-
tical layer (i.e., 10 m from the ground) extracted from the CALMET simulations, indicating
the main directions from which the wind blows.

In Italy (left side), the graphs show that the prevailing winds are from the east (E) and
west (W), with wind speeds that almost never exceed 10 m/s. In this case, the “NO-OBS”
simulation seems to slightly overestimate the wind speed compared to the other simulations
in the domain. As expected, the “OBS” and “HYBRID” simulations show the same wind
rose in the first vertical layer. In fact, the hybrid simulation processes observed data from
the surface station. “OBS” and “HYBRID” show a higher calm percentage compared to
the “NO-OBS” simulation, i.e., 15.3% vs. 2.6%, with generally lower wind speeds, always
below 9 m/s. Due to the lack of a unanimous definition of wind calm, for these simulations,
calm conditions are defined as a wind speed lower than 0.5 m/s.
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Figure 3. Wind roses and calm percentage for Italy (left) and Cuba (right) for the year 2016, with the
“NO-OBS”, “OBS”, and “HYBRID” models.

In Cuba (right side), the graphs show that the prevailing winds are from the northeast
(NE), with wind speeds generally higher than in Italy. In this case, the “NO-OBS” simulation
seems to slightly underestimate wind speed values in the domain compared to “OBS” and
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“HYBRID”, returning a calm percentage of 1.2%. The wind roses for “OBS” and “HYBRID”
are not exactly identical, as seen in Italy, presumably due to the significant amount of
invalid data (almost 20%) in the input dataset of the Cuban surface station and subsequent
CALMET processing of missing input data. Nevertheless, CALMET roses returned from
“OBS” and “HYBRID” simulations demonstrate a similar wind speed behavior, seemingly
overestimating the wind speed compared to “NO-OBS”, with values exceeding 11 m/s.

3.2. Contour Maps

Figures 4 and 5 show the simulated contour maps for the point source and the area
source, respectively. In each of these graphs, the CALPUFF results on the Italian domain
(top) and Cuban one (bottom) are compared by setting the three different CALMET input
meteorological settings: from the left to the right, “NO-OBS”, “OBS”, and “HYBRID” simu-
lations are reported. In addition, in the Supplementary Material, the odor concentration
values (98th percentile on an annual basis) of discrete receptors are reported (Tables S1–S4).
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Figure 4. Contour maps for the point source site for all the simulations, highlighting the distances
(m) from the emissions source. The (upper) maps show the Italian domain, while the (lower) maps
consider the Cuban one.

According to the Italian Lombardy Region Guideline for odor [33], odor impact maps
should incorporate three reference odor concentration values in ouE (European odor unit):
1 ouE/m3, 3 ouE/m3, and 5 ouE/m3. These values correspond to:

• At 5 ouE/m3, 90–95% of the population perceives the odor.
• At 3 ouE/m3, 85% of the population perceives the odor.
• At 1 ouE/m3, 50% of the population perceives the odor.

The aforementioned guideline mandates the computation of the 98th percentile of odor
peak concentration values on an annual basis. Despite the absence of a universal approach
for defining short-term peak concentration, a constant factor of 2.3 is suggested [33]. Due
to the lack of a technical standard for odor in Cuba, the aforementioned criterion has been
considered in the current study for both the Cuban and Italian domains.
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Figure 5. Contour maps for the area source site for all model simulations, highlighting the distances
(m) from the emissions source. The (upper) maps show the Italian domain, while the (lower) maps
consider the Cuban one.

Looking at the simulated contour maps for the point source (Figure 4), it is evident that,
in the Italian site, the major impact is observed along the east (E) and west (W) directions,
consistent with the prevailing wind directions shown in Figure 3.

Similarly, in the Cuban domain, the contour maps still exhibit odor impact coherent
with the most frequently observed wind direction, i.e., southwest (SW).

In the Italian domain, the contour line corresponding to 5 ouE/m3 reaches a maximum
distance of about 100 m along the prevailing wind directions (E and W). For 3 ouE/m3,
the lines extend from 100 m to 200 m. Considering the distance related to 1 ouE/m3, the
maximum value is 400 m in the main wind directions (E and W).

In the Cuban domain, the contour lines for 5 ouE/m3, 3 ouE/m3, and 1 ouE/m3 reach
about 150 m, 300 m, and 600 m, respectively, along the prevailing wind direction (SW).

The most interesting outcome from this investigation is that in both domains, the
“NO-OBS”, “OBS”, and “HYBRID” simulations are comparable in terms of odor impact.

Concerning the area source impact maps (Figure 5), in the Italian domain, the contour
line corresponding to 5 ouE/m3 reaches a maximum distance of about 150 m for “NO-OBS”
simulations and 250 m for the “OBS” and “HYBRID” modes in the main east direction.
For 3 ouE/m3, the maximum distance is about 300 m for “NO-OBS” and 350 m for “OBS”
and “HYBRID”. Finally, considering the reference value of 1 ouE/m3, the line achieves a
maximum distance of 500 m and 800 m for “NO-OBS” and “OBS”/“HYBRID”, respectively.

In the Cuban domain, the line corresponding to 5 ouE/m3 reaches a distance of 150 m
for “NO-OBS” and 200 m for the “OBS” and “HYBRID” mode. The distance for 3 ouE/m3

reaches 200 m for “NO-OBS” and 300 m in the other cases in the main SW direction. Finally,
for the contour line corresponding to 1 ouE/m3, the maximum distance is 600 m and 800 m
for NO-OBS and “OBS”/“HYBRID”, respectively.

Overall, the results obtained with the three input meteorological settings appear
comparable. However, the “OBS” and “HYBRID” simulations seem very similar, while
“NO-OBS” slightly underestimates the odor impact compared to the other simulations.
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For both the Cuban and Italian domains, the overestimation resulting from the “OBS”
and “HYBRID” simulations compared to “NO-OBS” may be attributable to the higher
percentage of wind calms, reported in Figure 3, which typically represents the worst
situation for odor dispersion.

To summarize, contour maps simulated for the area source exhibit greater discrepan-
cies compared to the point source when implementing different meteorological input data.
This discrepancy could be attributed to variations in emissive and dispersion mechanisms,
particularly characterized by plume rise (z) in the case of point sources, as estimated using
the Briggs equation [34]:

z=

[
3Fmx
β2

j u2
s

+
3Fx2

2β2
1u3

s

]1/3

(5)

where Fm [m4/s2] is the momentum flux, F [m4/s3] is the buoyancy flux, us [m/s] is the
stack height wind speed, x [m] is the downwind distance, β1 [-] is the neutral entrainment
parameter, and βj [-] is the jet entrainment parameter.

A possible explanation is that the temperature gradient between the emission and
the atmosphere (which influences the buoyancy flux F) is the controlling phenomenon for
pollutant dispersion and dilution. This may lead to a reduced impact of local meteorologi-
cal conditions.

3.3. Separations Distances

Figure 6 illustrates, for both domains, the direction-dependent separation distances for
the three reference concentration values specified in the Italian guidelines (i.e., 1 ouE/m3,
3 ouE/m3, 5 ouE/m3). These separation distances represent contour lines (isopleths),
varying according to direction, of an ambient concentration threshold. The left graph refers
to both point sources and the right graph to area source.
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one for the point source (left graph) and area source (right graph).

In very few cases, separation distances were found to be below 50 m, which is the dis-
tance of the first discrete receptor from the emission source. In such instances, a minimum
separation distance of 25 m was considered.

First, focusing on the results of the point source, in the left part of Figure 6, the separa-
tion distances obtained for the Italian site (left) with the three different input meteorological
settings appear almost overlapped. The same behavior is observed for the Cuban domain
(right). In particular, for the “HYBRID” and “OBS” simulations, the lines are even closer,
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overlapping in different sectors, with few discrepancies in the main direction of the wind,
particularly in the SW direction in the Cuban domain.

The separation distance related to 5 ouE/m3 in the Italian domain achieves a maximum
value of roughly 100 m along the prevalent wind directions (E and W). Lines for 3 ouE/m3

are relatively close, ranging from 100 m to 200 m. The greatest value in the main wind
directions (E and W) is 400 m when the distance refers to 1 ouE/m3.

For the Cuban domain, the separation distance associated with 5 ouE/m3 reaches a
maximum of about 150 m. Lines for 3 ouE/m3 reach 300 m, whereas lines for 1 ouE/m3

reach 600 m. All of these values are obtained along the predominant wind direction (SW).
In conclusion, as previously discussed for the odor contour maps, the point source

impacts simulated with different meteorological input data appear largely comparable.
As observed in the discussion regarding odor impact maps, separation distances

with different meteorological input data (Figure 6) exhibit greater discrepancies for both
domains when simulated for area sources compared to point sources. Specifically, in the
case of area sources, the lines tend to converge and overlap across different sectors in the
“HYBRID” and “OBS” simulations, with some discrepancies noted in the Cuban domain,
possibly attributable to a higher percentage of invalid data.

The separation distance of 5 ouE/m3 in the Italian domain achieves its greatest value
in the main east direction at roughly 150 m for “NO-OBS” simulations and 250 m for the
“OBS” and “HYBRID” modes. The separation distance for 3 ouE/m3 is approximately
300 m for “NO-OBS” and 400 m for “OBS” and “HYBRID”. Finally, with a reference value
of 1 ouE/m3, the maximum separation distances for “NO-OBS” and “OBS”/“HYBRID” are
500 m and 800 m, respectively.

Simulated separation distances for the “OBS” and “HYBRID” modes in the Cuban
domain differ more with respect to the point source. The 5 ouE/m3 line has a range of
150 m for “NO-OBS” and 200 m for the “OBS” and “HYBRID” mode. In the major SW
direction, the separation distance of 3 ouE/m3 is 200 m for “NO-OBS” and 300 m in the
other situations. The maximum distance for lines with 1 ouE/m3 is, hence, 600 m for
“NO-OBS” lines and 800 m for “OBS”/“HYBRID” lines, respectively.

In conclusion, in the case of the area source, as previously revealed by the odor impact
maps, “NO-OBS” results appear slightly underestimated compared to the “OBS” and
“HYBRID” simulation.

3.4. Statistical Metrics

NMB, as defined in Section 2.5, is computed for each combination of input meteorological
data as a function of source distance. This is achieved by averaging the concentration values
estimated on discrete receptors located at the same distance from the emission source (Figure 7).

Figure 7 confirms the optimal agreement between the “OBS” and “HYBRID” modes,
with NMB values very close to 0. As can be noticed, particularly from the results obtained
for the Italian domain, “NO-OBS” and “OBS” show the highest discrepancies. Furthermore,
as discussed in the previous results, in the case of area sources, prognostic data appear to
underestimate predicted concentrations compared to the “OBS” mode. On the other hand,
for point sources, the “NO-OBS” mode seems to overestimate CALPUFF results compared
to the “HYBRID” and “OBS” modes.

In the vicinity of the emission, the NMB indicator exhibits low values, with an in-
creasing absolute value trend moving away from the source. This behavior suggests that
similar results are achieved in close proximity to the emission source, regardless of the
input meteorological settings. A possible explanation lies in the fact that the puffs, near the
source, have not yet had time to move by advection, thus not experiencing the different
meteorological fields. Conversely, at larger distances, meteorological data have a greater
impact on CALPUFF outcomes.

The FAC2 statistical indicator, reported in Figure 8, reveals a very good agreement
between the “OBS” and “HYBRID” modes, which decreases when introducing prognostic
data. FAC2 index values for point sources are generally closer to the optimal value (i.e.,
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100%, indicating the best fit between the two models) compared to area sources, as pre-
viously justified. In the case of point sources, FAC2 statistics are always higher than 70%
(except for “NO-OBS”–“OBS”, Cuba, with a percentage of 68%); for area sources, an FAC2
index of less than 60%, in a few cases, indicates a non-optimal agreement.
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Finally, from the comparison of the two simulation domains, it appears that estimated
FAC2 index values are always lower in the Cuban domain. This is most likely due to the
higher percentage of invalid meteorological data compared to the Italian station.

4. Conclusions

The present investigation provides information on how different input meteorological
models may affect the results of odor dispersion modeling.

In this regard, the study focuses on comparing CALPUFF results by setting different
CALMET input meteorological data: surface and upper air observational meteorological
data (“OBS” mode), 3D prognostic meteorological data (“NO-OBS” mode), and blended
prognostic and measured single station observational meteorological data (“HYBRID”
mode). For the simulations, two different domains (northern Italy and Cuba) and two
different types of emission sources were investigated.

The elaboration of the results refers to the odor impact criteria in force in some
Italian regions by computing the 98th percentile of odor peak concentration values on an
annual basis.

From the model results, it turns out that in the case of an area source, “OBS” and
“HYBRID” simulations are very similar, while the “NO-OBS” mode slightly underestimates
odor impact compared to the other simulations. For both Cuban and Italian domains, this
evidence may be attributable to the lower percentage of wind calms in the “NO-OBS” mode.

On the contrary, for a point source, all the simulation runs, “NO-OBS”, “OBS”, and
“HYBRID”, are comparable in the Italian and Cuban domains. The different behavior,
compared to an area source, may be due to the different emissive and dispersion mechanism,
characterized by the plume rise in the case of a point source.

As previously mentioned, observational data from the Cuban meteorological station
show a significant percentage of invalid data (i.e., almost 20%). Given the difficulty of
running and maintaining the current network of Cuban weather stations, it is expected that
the quality and the volume of data may be restricted.

To enhance and optimize the performance of the “NO-OBS” model, it may be helpful to
implement additional surface stations in the same domain and investigate how to properly
set the parameters R1 and R2 under these conditions.

Another crucial variable for the “NO-OBS” simulation is the cloud cover. Unfortu-
nately, many surface stations do not directly provide this parameter. Several approaches,
including theoretical ones, have been suggested in the literature for cloud cover estimation.
Future research could investigate these approaches and assess CALPUFF’s sensitivity to
this variable.

As this work specifically focused on domains with flat orography, it would be interest-
ing to evaluate different meteorological models in a complex orography domain since 3D
reconstruction of wind fields is more difficult in non-flat terrain.

Finally, the present investigation provides information on how the WRF prognostic
model can affect the conclusions of an odor impact assessment. Future research could
explore alternative forecast models like MPAS, reanalysis data such as ERA5, or investigate
techniques like nudging or data assimilation of observations within the WRF model.
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