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A B S T R A C T   

For atmospheric dispersion models, Cloud Cover (CC) is an input that controls turbulent diffusion. This study 
analyses the influence of various approaches to estimate CC in odour dispersion modelling: given the normative 
relevance of these assessments, it is pivotal to understand the result of different operational choices about this 
parameter. Results seem largely comparable regardless the different CC approach. Both, micrometeorological 
parameters from CALMET simulations and CALPUFF odour impact maps appear almost overlapped. The outcome 
of the present study is that CC algorithms, do not significantly influence odour impact: this result strengthens the 
regulatory use of models for odour assessments.   

1. Introduction 

As a result of rapid population and industrial growth in recent de-
cades, the amount of pollutants discharged into the environment is 
continuously rising [1,2]. 

Concerning air quality, people frequently contact municipal au-
thorities to complain about nuisances generated by odourous emissions, 
which are typically associated to industrial and agricultural facilities [3, 
4]. 

Nowadays, odours are monitored and regulated in many countries 
[5]. Therefore, the development of various strategies able to estimate or 
predict chemical exposure [6,7], particularly odour, on citizens repre-
sents a relevant issue [8,9]. Dispersion models are algorithms that can 
simulate the spatial-temporal concentration field of the pollutant species 
released by emission sources, hence estimating areas of population 
exposure as well as ground level contamination concentrations [10–12]. 

CALMET/CALPUFF is a sophisticated modelling system, frequently 
adopted for odour impact assessment studies. It generates three- 
dimensional gridded meteorological data (such as hourly wind and 
temperature fields) in the computational domain via refined treatment 
and assimilation of available surface and upper air observations and 
geophysical data [4,13,14]. 

Concerning CALMET meteorological processor, Cloud Cover (CC) 
represents a crucial input variable since its definition might involve a 
significant degree of uncertainty. According to Stull (2016) [15], the 
fraction of the sky covered by clouds is commonly referred to as “sky 

cover” or “cloud cover”. 
Clouds originate throughout all the levels of the atmosphere and 

affect both weather and climate [15,16]. The type and the amount of 
clouds that commonly form over a region impact the precipitation 
conditions, and it also influences air temperature at the ground [17,18]. 
It is estimated in terms of how many eighths of the sky are covered by 
clouds, ranging from 0 oktas (completely clear sky) to 8 oktas 
(completely overcast) according to the World Meteorological Organi-
zation [16]. 

CC can be estimated in different ways, either through direct obser-
vation of the sky or through theoretical methods from other known 
meteorological parameters [18,19]. 

However, until now, due to a limited worldwide network of obser-
vation stations, which is often non-existent in many regions, large un-
certainties in CC measurement still remain [19]. Moreover, the 
evaluation could be difficult if some of the clouds are only partly visible 
or temporarily completely concealed [18]. As a result, theoretical ap-
proaches have been also proposed to estimate numerically CC data. 

For this reason, the present study analyses the influence on the re-
sults of CALPUFF odour dispersion modelling of four different ap-
proaches to estimate CC parameter, discussed in Section 2.3. 

The simulation domain is located in the south of Milan, in Lombardy 
Region (Italy). This region is noted for having the largest number of 
residents in Italy as well as high levels of industrialisation. 

The Po Valley’s topographical features significantly influence the 
local meteorology, leading to the typical climate of the region 
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characterized by low winds, particularly weak in the winter months. 
Therefore, air pollution remains a severe problem in Lombardy region. 

Odour impact is estimated by running CALMET simulations with 
input met dataset that differ solely in terms of CC. 

Results are elaborated in accordance with the Regional Guide of 
Lombardy [20]: impact maps must be referred to the peak odour con-
centration values, expressed in terms of 98th percentile on an annual 
basis. 

Although this guideline emphasizes that there is no unanimous 
agreement on the definition of a peak-to-mean factor in the scientific 
literature, a constant value of 2.3 is proposed [20] and adopted in the 
present study for post-processing the simulation results. 

In conclusion, considering the difficulty involved in CC estimation, 
the aim of this research is to evaluate how the selection of several 
methods for quantifying CC data affects the results of odour dispersion 
modelling. 

2. Methods and materials 

2.1. CALPUFF 

CALPUFF is an advanced, integrated Lagrangian puff modelling 
system for the simulation of atmospheric pollution dispersion. It in-
cludes three main components: 3D meteorological model CALMET, air 
quality dispersion model CALPUFF and the postprocessing tool 
CALPOST. 

CALPUFF is a non-steady-state Lagrangian Gaussian puff model that 
simulates individual puffs of pollutant emitted into the atmosphere and 
spread outward from the centre of the plume in both a horizontal and 
vertical direction. More specifically, the plume is dispersed into the at-
mosphere according to a normal statistical distribution and in response 
to time and space-varying local conditions. CALPUFF is able to simulate 
pollutants emission from point, area, volume and line sources. 

In particular, it includes specific algorithms for complex terrain, 
building downwash effect, overwater transport, transitional buoyant 
and momentum plume rise, rain cap effects, coastal interaction effects, 
wet and dry removal, and simple chemical transformations. For these 
reasons, CALPUFF represents an adequate model for near-field transport 
(i.e., <50 km). Indeed, US-EPA [21] recommends CALPUFF as an 
alternative model for near-field transport (i.e. < 50 km). The EPA rec-
ognizes that, in case of complex terrain and complex winds, AERMOD 
preferred model, as a Gaussian plume model, may be not appropriate to 
address such situations. Conversely, CALPUFF or other Lagrangian 
models may be more suitable. Therefore, considering the typical mete-
orological conditions of the simulation domain, characterized by a high 
frequency of wind calms at ground level, CALPUFF can be considered an 
appropriate simulation tool. 

The model adopted is consistent with the Lombardy Region Guide-
line [20] and the Italian National Guideline [22], which encourage using 
Lagrangian (puff or particles) models for regulatory purposes. 

CALPUFF output files contain either hourly concentrations or hourly 
deposition fluxes evaluated at selected receptors. CALPOST is used to 
process these files and generate statistics, such as the maximum or the 
nth percentile of the hourly-average concentrations at each receptor. 

The files associated with the modelling system, e.g., executables/ 
source code, preprocessors, associated utilities, and documentation can 
be found on Exponent’s website (http://www.src.com/calpuff/downlo 
ad/download.htm). 

2.2. CALMET 

CALPUFF modelling system is coupled with CALMET meteorological 
pre-processor, which provides diagnostic 3D wind and temperature 
fields for CALPUFF dispersion simulation, starting from meteorological 
measurements, orography and land use data [23]. 

The diagnostic meteorological model CALMET includes specific 

algorithms for calculating micro-meteorological variables of the plane-
tary boundary layer on both land and water [23]. 

Using these algorithms, CALMET is able to reconstruct, besides wind 
and temperature fields over a simple or a complex orographic domain, 
two dimensional fields of micrometeorological variables such as mixing 
height or Monin Obukhov length [24]. 

CALMET includes a diagnostic wind field generator able to account 
for kinematic effects of the terrain, slope flows and blocking effect on the 
wind flow. 

It is recognized as a suitable tool to generate input met data for at-
mospheric dispersion models, which demand micrometeorological data 
and the mean wind field for an accurate representation of atmospheric 
turbulence. 

To run CALMET simulations, it is necessary to provide meteorolog-
ical input data, as discussed in Paragraph 2.2.1, as well as to define some 
CALMET-specific parameters (Paragraph 2.2.2), that are required to 
compute 3D wind fields. 

2.2.1. Meteorological data 
Meteorological data collection and pre-processing represents a 

crucial step in atmospheric dispersion modelling [25]. The amount and 
the quality of input data requirements, such as wind speed [m/s], wind 
direction [◦], relative humidity [%], temperature [◦C], CC [tenths], and 
solar radiation [Wh/m2], depend on the complexity of the model. So-
phisticated, non-steady-state models, as CALPUFF/CALMET modelling 
system, can process a 3D dataset of met data. 

In principle, met data could be measured from meteorological sta-
tions or simulated from prognostic models. In this work, observed sur-
face and upper air station data (for the reference year 2016) are 
implemented for all the simulations. The investigated CC parameter, as 
discussed in section 2.3, is obtained from measured data or theoretical 
approaches. 

The hourly surface meteorological observations (i.e. wind direction, 
wind speed, temperature, relative humidity, atmospheric pressure and 
solar radiation) were provided by the Regional Agency for Environ-
mental Protection (ARPA Lombardia, Milan, Italy) for the station of 
Landriano Cascina Marianna LDR (45.32◦N, 9.27◦E) inside the compu-
tational domain, 2 km away from the simulated odour source. 

The upper air data were acquired from NOAA/ESRL Radiosonde 
Database (https://ruc.noaa.gov/raobs/), in particular from Milano 
Linate International Airport LIML (45.43◦N, 9.28◦E), 13 km away from 
the source. 

To treat possible invalid or missing data obtained from measurement 
stations, the US-EPA protocol [21] and the Lombardy Region Guideline 
[20] were adopted as reference. 

For use in regulatory dispersion modelling, the US-EPA reference 
demands a percentage of missing data of less than 10% over the entire 
meteorological dataset. The same document recommends various sub-
stitution procedures (e.g. persistence, interpolation, profiling) depend-
ing on the nature of the application, the availability of alternative 
sources of meteorological data, and the extent of the missing or invalid 
data. 

According to Lombardy Guideline, the percentage of missing data for 
each met variable, must be less than 20% over the entire dataset and less 
than 70% for each month. 

The meteorological dataset adopted for the present case-study 
complies with the abovementioned criteria about missing data. Inter-
polation procedure is adopted to replace missing data. 

2.2.2. CALMET parameters 
To run simulations, CALMET requires necessarily the definition of 

some parameters [14,24,26]. If available, US-EPA recommended values 
[27] or CALMET default values were generally adopted. Instead, for 
TERRAD, BIAS, R1, R2 RMAX1, RMAX2 and MCLOUD parameters no 
default values or clear suggestions in the Model User’s Guide are 
available. 
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Table 1 lists the numerical values, for the abovementioned param-
eters, adopted to run the simulations. The choice of these values will be 
briefly discussed. 

TERRAD parameter defines the radius of influence of terrain fea-
tures. This variable is necessary to execute CALMET simulations for all 
the investigated input meteorological settings [28]. A sensitivity study 
was conducted to find out the optimal TERRAD to minimize the Root 
Mean Square Error (RMSE) of the wind speed by comparing the CALMET 
output values with the observed measurements. Due to the flat orog-
raphy, the resulting RMSE for each value of TERRAD were almost 
identical, with slight differences examining the fifth decimal number. 
Therefore, a TERRAD value of 3 km was adopted by choosing the RMSE 
with the lowest fourth decimal number. 

The weight of surface wind observations to interpolate winds at 
higher levels in the computation of the initial guess field [28] is 
controlled mostly by the BIAS parameter, required for “OBS” and 
“HYBRID” simulations. 

Negative BIAS reduces the weight of upper air stations (e.g. − 1 
means that upper-air observations are not taken into account in the in-
terpolations for this layer), positive reduces the weight of surface 
stations. 

In the first layer, surface observations were given 100% of the weight 
(BIAS = − 1) and zero weight (BIAS = 1) in the final two vertical levels. 
According to Rzeszutek (2019) [24]and Rood (2014) [25], a gradation 
of weights was attributed to the intermediate layers, with the fourth 
layer receiving equal weight (BIAS = 0). 

To run “OBS” and “HYBRID” simulations, the definition of R1, R2, 
RMAX1 and RMAX2 is mandatory. R1 and R2 represent the weight of 
each station inside the domain in the computation of the wind field [28]. 
Due to the presence of a single station, one for the surface and one for the 
upper air data, these parameters were set as to cover the entire domain 
[29]. 

Therefore, R1, which refers to the surface layer, was identified as the 
greatest distance from the station to the domain’s farthest point, i.e. 5.7 
km. Given that the upper air station is outside the simulation domain, 
R2, referred to layers aloft, was determined to be the domain diagonal, i. 
e. 8.5 km. 

RMAX1 and RMAX2 parameters refer to the maximum radius of in-
fluence for surface and upper data, respectively, over land surfaces. 
These parameters were set equal to twice R1 and R2 [28,30], as rec-
ommended by the scientific literature. 

Finally, to investigate the influence of CC, MCLOUD parameter, 
which identifies the available options to compute cloud fields [28], is set 
equal to 1. This way CALMET processes the user-provided CC parame-
ters as input in the implementation of the surface observational data. 

2.3. Cloud cover parameter 

CC can be estimated in different ways, either through direct obser-
vation of the sky or through theoretical methods from other known 
meteorological parameters [19]. 

This work investigates the following approaches to estimate CC 
parameter, and their influence on the simulated odour impact maps. 

2.3.1. Approach 1: METAR 
The World Meteorological Organization (WMO) describes METAR as 

the aerodrome routine meteorological report, or as aviation weather 
report [16]. 

METARs typically come from airports or permanent weather obser-
vation stations, generating data once an hour or half-hour at most sta-
tions. A typical METAR contains information about temperature, dew 
point, wind direction and speed, precipitation, CC, visibility and baro-
metric pressure. 

2.3.2. Approach 2: ERA5 
ERA5 is the fifth generation of reanalysis data, available from 1940 

onwards, elaborated by the European Centre for Medium-Range 
Weather Forecasts (ECMWF) [31]. 

Reanalysis combines model data with observations from around the 
world to generate a complete and consistent dataset using the laws of 
physics. This data assimilation is based on the approach taken by nu-
merical weather prediction centers, which integrates a previous forecast 
with newly available observations in an optimal way to provide a new 
best estimate of the condition of the atmosphere. 

ERA5 offers a large number of atmospheric, ocean-wave and land- 
surface quantities, including CC parameter, on an hourly basis. 

The data set was obtained by means of the website https://cds.cl 
imate.copernicus.eu. 

2.3.3. Approach 3: relative humidity 
CC fraction can be estimated through theoretical correlations by 

knowing the relative humidity, since it has been demonstrated [32–34] a 
direct proportionality between these two meteorological parameters. 

Heat is transferred to the air from the surface, resulting in hydrostatic 
instability. The air will then rise due to a vertical pressure gradient, and 
as the air cools with height, the relative humidity will increase, 
assuming all other humidity parameters constant. Then, the air becomes 
saturated and clouds form when the relative humidity hits 100%. 

The empirical relation between the total CC fraction and the relative 
humidity (RH) at the surface is reported in the following equation (eq. 
(1)): 

CC = k(RH − RH0) (1)  

Where k = 1.28 and RH0 = 0.34 [32–34] 

2.3.4. Approach 4: solar radiation 
According to scientific literature [35–39], clouds are the primary 

modulators of the shortwave and longwave radiation components of the 
Earth’s energy balance and, as such, contribute to regulate the tem-
perature of the planet. 

Incoming solar radiation (K) is monitored by various meteorological 
sites. If such measurements are available, these can be used directly to 
evaluate the total CC by the calculation of the solar elevation angle (φ) 
[17,35,36]. After estimating the solar elevation angle, it is necessary to 
quantify the clear sky solar radiation (K0) (eq. (2)): 

K0 = a1 sin φ + a2 (2)  

with a1 = 910 and a2 = − 30 [37,38] 
Then, from the solar radiation measured by the surface station (K), 

the CC can be estimated (eq. (3)): 

K = K0
(
1 + b1 ∗ CCb2

)
(3)  

with b1 = − 0.75 and b2 = 3.4 [37,38]. 
According to Holtslag and Van Ulden (1983) [37], the constants a1, 

a2, b1, and b2 are specifically referred to the geographical location where 
the CC is to be estimated. The above-mentioned constants, adopted in 
the present study, are referred to Hamburg (Germany), as the closest 
place to the simulation domain in terms of latitude and longitude within 

Table 1 
Selection of parameters for CALMET setup.  

Parameters   

TERRAD 3 [km] 
R1 5.7 [km] 
R2 8.5 [km] 
RMAX1 11.4 [km] 
RMAX2 17 [km] 
MCLOUD 1 / 
BIAS − 1, − 0.67, − 0.33, 0, 0.2, 0.4, 0.6, 0.8, 1, 1  
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the available dataset. 
To resume, as previously discussed, the measuring network of ARPA 

Lombardia does not offer CC data, which is therefore estimated (for the 
reference year, 2016, on an hourly basis) according to different 
approaches.  

• “METAR”: meteorological database of the Iowa State University, for 
the station of Milano Linate International Airport LIML (45.43◦N, 
9.28◦E), 13 km away from the source.  

• “ERA5”: reanalysis database of the European Centre for Medium- 
Range Weather Forecasts, for the station of Milano Linate Interna-
tional Airport LIML (45.43◦N, 9.28◦E), 13 km away from the source. 

• “Relative Humidity”: empirical relationship in which relative hu-
midity (RH) values are measured from the surface station of Land-
riano Cascina Marianna LDR (45.32◦N, 9.27◦E), located inside the 
domain, 2 km from the source.  

• “Solar Radiation”: empirical relationship in which solar radiation (K) 
values are measured from the surface station of Landriano Cascina 
Marianna LDR (45.32◦N, 9.27◦E), located inside the domain, 2 km 
from the source. 

2.4. Site domain 

For the simulations, a square domain of 6 km × 6 km, with a mesh 
grid of 100 m, was identified. Ten vertical layers are identified with the 
cell face heights at 10, 30, 60, 120, 240, 480, 920, 1600, 2500, and 3500 
m; giving a total of 36,000 cells in the domain. 

The computational domain (white square in Fig. 1, right) is located 
in the south of Milan, Italy (SW corner: 45.29◦N, 9.21◦E), with a flat 
orography, as shown in Fig. 1, left. 

To elaborate the simulation results, odour concentration is computed 
on a set of selected discrete receptors located inside the computational 
domain. To this purpose, a receptor nest was created by locating 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 centre, according to the 
scheme shown in Fig. 2. 

2.5. Emission source 

The emission source, identical for each simulation, is an industrial 
stack located in the centre of the domain. CALPUFF model involves the 
definition of some specific dimensional parameters for point sources: the 
diameter and the height of the stack, the temperature and the velocity of 
the exit air flow. 

Concerning the emissive data, it is necessary to quantify the pollutant 
emission rate. In case of odour emissions, the key parameter is repre-
sented by the amount of odour emitted per unit time (Odour Emission 
Rate, OER). 

The parameters referred to the point source are resumed in Table 2; 
no temporal variability of the emission is considered. 

Finally, to set the simulations, MDISP parameter is defined. It iden-
tifies the approach adopted to compute horizontal and vertical disper-
sion coefficients. In the present study, MDISP is set equal to 2, as 
suggested by US EPA [24,27]. It means that the computation of 
turbulence-based dispersion coefficients is derived from micrometeo-
rological variables. 

3. Results and critical discussion 

3.1. CALMET meteorological pre-processor output 

It is worth to examine CALMET output, in terms of wind and stability 
roses, before concentrating on CALPUFF results. Fig. 3 (A) reports the 
wind rose in the first vertical layer extrapolated from CALMET 

Fig. 1. Position of the site in Italy (left) and identification of the simulation domain (right).  

Fig. 2. Receptors scheme forming a nest.  

Table 2 
Point source characterization.  

Point Source   

Stack height 9 [m] 
Stack diameter 1.2 [m] 
Odour emission rate (OER) 2000 [ouE/s] 
Exit temperature 313 [K] 
Exit velocity 5.4 [m/s]  
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simulations, indicating the main directions in which the wind blows. 
The graph shows that the prevailing winds are from east (E) and west 
(W) directions, with wind speeds that rarely exceed 10 m/s, with a calm 
percentage (i.e. wind speed <0.5 m/s) equal to 15.3%. 

It is worth noting that the investigated different approaches to esti-
mate CC data generate the same wind rose since CC has no effect on wind 
speed and wind direction and all the simulations process identical sur-
face station data (except for CC). 

The stability roses indicate the atmospheric stability class ranging 
from A (very unstable) to F/G (very stable) [17]. The stability classes 
were determined by the Pasquill-Gifford-Turner PGT scheme imple-
mented in CALMET [28]. 

As an example, in Fig. 3 (B), the stability rose extrapolated from 
CALMET simulations run with METAR CC data is reported. The graph 
suggests that the atmosphere is predominantly stable, with a significant 
portion of neutral conditions. In order to avoid repetition of similar 
graphs, wind roses resulting from CALMET simulations with different CC 
data are not shown. 

To investigate a possible effect of different CC choices, Fig. 4 shows 
frequencies (%) associated to PGT stability classes for each CALMET 
simulation. The plot shows that PGT stability classes are similar for all 
the approaches, with a prevalence of stable atmosphere present nearly 
50% of the time. 

The impact of CC on several micrometeorological measures, such as 
Monin-Obukov Length, Lmo, and Mixing Height, Hmix, is examined, in 
addition to the stability classes. Lmo is used to describe the effects of 
buoyancy on turbulent flows, notably in the lower tenth of the atmo-
spheric boundary layer [17]. Lmo, in absolute value, is the altitude at 
which there is a balance between mechanical and thermal turbulence 

and therefore this value is in practice of the same order as the vertical 
extent of the surface layer. Convective situations are characterized by 
negative values of Lmo, while stable situations by a positive value. 
Mixing height (Hmix) is the extent or depth to which a pollutant, such as 
smoke or odour, may be dispersed by means of turbulence and diffusion 
[17]. 

Fig. 5 shows the variation of the abovementioned parameters as a 
result of different CC input data: it seems that all the calculation 
methods provide Lmo and Hmix largely overlapped. Lmo values indicate 
that the atmosphere is mostly stable, while the maximum Hmix level 
reaches 3000 m. 

Therefore, from this preliminary analysis based on CALMET findings, 
it turns out that different choices of CC do not appear to have a 
remarkable impact on micrometeorological variables returned by CAL-
PUFF meteorological processor. 

3.2. Odour impact maps 

Fig. 6 shows the obtained odour impact maps (zoomed in the simu-
lation domain) resulting from the four different approaches to estimate 
CC: “METAR”, “ERA5”, “Relative Humidity” and “Solar Radiation”. 

To recall, the image refers to the 98th percentile of odour peak 
concentration values, on an annual basis. According to the available 
Italian guidelines in the field of odour [20], odour impact maps should 
include three reference odour concentration values (i.e. 1 ouE/m3, 3 
ouE/m3, 5 ouE/m3), considering that.  

• for 5 ouE/m3, 90–95% of the population perceives the odour;  
• for 3 ouE/m3, 85% of the population perceives the odour; 

Fig. 3. Wind rose for the year 2016 for “METAR”, “ERA5”, “Relative Humidity” and “Solar Radiation” simulations (A). Stability rose for the year 2016 for “METAR” 
simulation (B). 

Fig. 4. Frequencies of the PGT stability classes for “METAR”, “ERA5”, “Relative Humidity” and “Solar Radiation” simulations.  
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• for 1 ouE/m3, 50% of the population perceives the odour. 

As expected, for all simulations, the contour lines elongate more in 
the direction of the predominant winds, which are east (E) and west (W). 
By observing the contour maps, the most interesting outcome is that 
odour impact appears very similar, regardless of the chosen CC algo-
rithm. Indeed, for all the simulations, the contour line referred to 5 ouE/ 
m3 reaches a maximum distance of about 100 m, along the prevailing 
wind directions (E and W). For 3 ouE/m3, lines achieve a distance 
ranging from 100 m to 200 m. Then, considering the distance related to 
1 ouE/m3, the maximum value is 400 m in the main wind directions (E 
and W). 

3.3. Separation distances 

Fig. 7 reports the direction-dependent separation distances, calcu-
lated according to Invernizzi et al. [40], for the three reference con-
centration values reported in the Italian guidelines (i.e. 1 ouE/m3, 3 
ouE/m3, 5 ouE/m3), for all model runs: “ERA5”, “METAR”, “Relative 
Humidity” and “Solar Radiation”. 

The separation distances associated to 5 ouE/m3 line (Fig. 7, A) 

appear almost overlapped for the four simulations. The same behaviour 
is observed for the other concentration levels (i.e. 3 ouE/m3 and 1 ouE/ 
m3), with just a few irrelevant discrepancies. 

The separation distance related to 5 ouE/m3 (Fig. 7, A) achieves a 
maximum value of roughly 100 m along the prevalent wind directions (E 
and W). Concerning the second reference concentration value (i.e. 3 
ouE/m3) (Fig. 7, B), separation distances range from 100 m to 200 m. 
The greatest value in the main wind directions (E and W) is 400 m, 
associated to 1 ouE/m3 (Fig. 7, C). 

In conclusion, as previously discussed for the odour contour maps, all 
the model runs (“ERA5”, “METAR”, “Relative Humidity” and “Solar 
Radiation”) simulated with different CC input data appear largely 
comparable. 

4. Conclusions 

In odour dispersion modelling, many sources of uncertainty should 
be taken into account, one of which is attributed to meteorological input 
data required by the model. As a result, it is crucial to identify the main 
sources of variability and to assess how this uncertainty will be reflected 
in the final results. 

Fig. 5. Mixing Height (A) and Monin-Obukhov Lenght (B) for the year 2016 with METAR, ERA5, RELATIVE HUMIDITY and SOLAR RADIATION simulations.  
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The current investigation provides information on how different 
numerical approaches to estimate CC values may affect CALPUFF 
outcome in odour impact assessment. This is a relevant finding, since 
CALPUFF is frequently adopted at the regulatory level. 

The analysis considers a simulation domain located in the south of 

Milan, Italy, and it is based on odour impact criterion enforced in some 
Italian regions: the 98th percentile level of exceedance (on annual basis) 
is calculated for three concentration threshold levels (1 ouE/m3, 3 ouE/ 
m3 and 5 ouE/m3). 

From the model findings, all the simulations results appear to be 

Fig. 6. Contour maps for the point source site for all model runs: “ERA5” (A), “METAR” (B), “Relative Humidity” (C) and “Solar Radiation” (D). The emission source 
is located in the centre of the odour impact maps. 

Fig. 7. Direction-dependent separation distances considering the point source site for all model runs: “ERA5”, “METAR”, “Relative Humidity” and “Solar Radiation”. 
x-axis: direction (0◦ = north); y-axis: distance from the source. Red line (A) corresponds to 5 ouE/m3; yellow line (B) corresponds to 3 ouE/m3; green line (C) 
corresponds to 1 ouE/m.3. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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largely comparable, as evidenced by CALMET output analysis of the 
micrometeorological parameters Monin-Obukhov length, Mixing 
Height, and PGT stability classes. Furthermore, simulated odour impact 
maps and separation distances appear almost overlapped. As a conse-
quence, it can be inferred that CC calculation method, if properly 
applied, does not significantly influence odour impact assessment. 

It should be pointed out that this research discusses a single case- 
study, so it focuses on a particular local condition, typical of the inves-
tigated simulation domain. Care should be taken in extrapolate the 
present result as they are in different orographic and meteorological 
situations. 

As this work specifically focused on domains with flat orography, 
future investigation might be focused to evaluate the same analysis in a 
complex orography domain, since 3D reconstruction of wind fields is 
more challenging in a non-flat terrain. It would also be interesting to 
compare the results with the other MCLOUD options available in CAL-
PUFF. These options suggest an internal calculation by CALMET to 
derive CC from the relative humidity values provided by the surface 
station, rather than processing CC data directly provided by the model 
user. 

Finally, while this analysis is referred to a point source, it may be 
worthwhile to investigate whether the same results might be achieved 
using another type of source, such as an area source. 
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• Hourly surface meteorological observations provided by the 
Regional Agency for Environmental Protection (ARPA Lombardia, 
Milan, Italy) for the station of Landriano Cascina Marianna.  

• Cloud cover data provided as CALMET input for the different 
investigated approaches.  

• CALPUFF results (in terms of 98th percentile) on discrete receptors, 
for the different investigated approaches. 
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