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 A B S T R A C T

The accidental release of hazardous airborne pollutants on industrial sites creates risks associated with the 
exceedance of toxicity or explosivity limits. Capturing these risks requires predicting higher-order statistics of 
concentration fluctuations at various distances from the source. This challenge, already complex in atmospheric 
boundary layers, is further complicated by the typical built environment of industrial sites. To address this, we 
conducted wind-tunnel experiments on the dispersion of a passive scalar from a localized ground-level source 
within a reduced-scale model of an industrial site. The experiments measured the velocity and concentration 
fields, while varying the geometry of an upstream building simulating typical complex industrial structures.

A key focus of our investigation is the one-point passive scalar concentration PDF, whose experimental 
realizations were systematically compared to three analytical models: the gamma, two-parameter Weibull 
and lognormal distributions. The gamma distribution generally provides the best predictions, although the 
lognormal model performs better within the building wake near the source. While the main discrepancies 
between theoretical distributions and experimental data consistently occur at low concentration values, all 
three distributions accurately predict the 95th and 99th concentration percentiles. Thus, peak and hazardous 
concentration levels can be reliably estimated even without fully capturing the complete concentration 
distribution.
1. Introduction

Accidental events at industrial sites, such as fires and chemical 
leaks, frequently lead to the release of hazardous airborne pollutants. 
Once emitted, these pollutants are dispersed by atmospheric turbu-
lence, forming highly fluctuating plumes. At a fixed location downwind 
of the source, the concentration exhibits strong variability across a wide 
range of time scales, with intermittent peaks reaching up to 50 times 
the mean value (Lim and Vanderwel, 2023). Such extreme fluctuations 
can cause local concentrations to exceed critical thresholds for toxicity 
or flammability, even when the time-averaged mean remains safely 
below those limits. As a result, relying solely on mean concentration 
values is inadequate for assessing the true risk of hazardous exposure. 
Accurate modeling of concentration fluctuations, across both temporal 
and spatial scales, is therefore essential for effective risk assessment and 
mitigation.

To address this problem, numerous field and laboratory experiments 
have been conducted, primarily focusing on pollutant releases from lo-
calized sources, such as point and line releases, in boundary layer flows 
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over flat terrain, as reviewed by Cassiani et al. (2020). To model the 
one-point concentration PDF observed experimentally, several analyti-
cal relations were tested. Most of them are two-parameter distributions, 
having the advantage that the whole PDF can be obtained from only the 
mean 𝐶 and the variance 𝜎2𝐶 of the pollutant concentration (Hanna, 
1984). As discussed by Cassiani et al. (2020), among all models, 
mainly the gamma, lognormal and Weibull distributions reproduced 
most accurately the experimental results. However, determining which 
statistical distribution describes better the concentration probability 
density function (PDF) is not evident, and depends on experimental 
conditions, notably the Reynolds and Schmidt numbers, the source site 
position and geometry (point, line, area).

The case of a steady release from a point source over flat terrain 
was investigated in the seminal wind tunnel experiments of Fackrell 
and Robins (1982a,b). These experiments provided a detailed charac-
terization of the influence of source characteristics on concentration 
fluctuations and have since served as a reference case for validating 
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numerical models (Xie et al., 2007; Cassiani et al., 2024). In particular, 
they examined the impact of source height and diameter, with a focus 
on two key metrics: the intermittency of the single-point concentration 
signal (probability of non-zero concentrations) and the intensity of the 
concentration fluctuations 𝑖𝐶 = 𝜎𝐶∕𝐶. A decade ago, Nironi et al. 
(2015) replicated the wind tunnel study of Fackrell and Robins (1982b) 
and extended the analysis to higher-order statistical moments and the 
shape of the one-point concentration PDF. These experiments have also 
been replicated numerically, most notably using Large Eddy Simula-
tions (LES), by Xie et al. (2007), who focused on extreme concentration 
values for both elevated and ground-level sources, by Ardeshiri et al. 
(2020), who investigated the mechanisms generating concentration 
fluctuations, and by Cassiani et al. (2024), who analyzed the pro-
duction, transport, and dissipation of concentration fluctuations, as 
well as the modeling of their one-point PDFs. This combined body 
of experimental and numerical works on scalar dispersion over flat 
terrain consistently indicates that the gamma distribution provides the 
most suitable model for the concentration PDF across a wide range of 
distances from the source, for both elevated and ground-level releases. 
However, the accuracy of the gamma distribution declines both near 
the source (Yee et al., 1993a) and at the plume edges (Lim and Vander-
wel, 2023), where the lognormal distribution has been found to provide 
a better fit to experimental concentration PDFs. Moreover, its ability to 
capture the upper tail of the concentration PDF has been questioned 
by several authors (Efthimiou et al., 2016). In such cases, alternative 
distributions, such as the exponential-tail (exponential) function, have 
shown improved performance (Talluru et al., 2017), particularly in the 
near-field region (Yee et al., 1994). As an alternative to the gamma 
distribution, some studies have explored the use of the Weibull dis-
tribution (Lung et al., 2002; Oettl and Ferrero, 2017), which offers 
the notable advantage of providing an analytical formulation for the 
PDF percentiles. This feature has practical relevance, particularly for 
predicting peak-to-mean concentration ratios, an important considera-
tion in applications such as odor impact assessment (Oettl and Ferrero, 
2017). While the Weibull distribution captures key features of con-
centration statistics, it generally reproduces the full PDF with slightly 
less accuracy than the gamma distribution. A notable exception is the 
water channel study by Yee et al. (1993b), which found the Weibull 
distribution to outperform the gamma distribution. This discrepancy 
may be attributed to the fundamentally different flow regime in that 
experiment, which involved a passive scalar with a Schmidt number 
of approximately 830, around three orders of magnitude higher than 
values typical of atmospheric pollutant dispersion.

Apart from the many studies focusing on terrains with a uniform low 
roughness, fewer experimental works aimed at determining the effects 
of the built environment on the statistics of concentration fluctuations. 
Most of them are dedicated to urban environments (Ono and Nozu, 
2024; Melo et al., 2023; Gailis and Hill, 2006; Gailis et al., 2007; Hsieh 
et al., 2007), at the scale of a neighborhood (Bi et al., 2025; Pearce and 
Baker, 1999) or a street canyon (Andronopoulos et al., 2001). Gailis and 
Hill (2006) and Gailis et al. (2007) reproduced the MUST (Mock Urban 
Setting Test, Yee and Biltoft, 2004) field experiment in a wind tunnel 
and a water channel, and validated the gamma distribution in these 
conditions. They also observed the broadening of the plume close to the 
source due to the wakes of obstacles. In such regularly spaced obstacles 
configurations, thermal stratification of the boundary layer impacts 
both plume shape and maximum concentration levels (Marucci and 
Carpentieri, 2020). Simpler cases containing only one single element 
proved the effect of both obstacle shape and height on the velocity field 
and, hence, on the concentration field (Mavroidis et al., 2015).

Notably, Salizzoni et al. (2025) characterized the dispersion from 
a line source downwind of a single obstacle, and tested the accuracy 
of the lognormal and the gamma distributions respectively inside and 
outside the recirculating region. However, the relevance of modeling 
the concentration PDF with a gamma distribution was questioned in 
more complex geometries, particularly in street canyons (Papp et al., 
2 
2024; Del Ponte et al., 2024). Notably, Del Ponte et al. (2024) showed 
the lognormal model to be more adapted to model the PDF of a 
scalar released by a line source. The gamma distribution is however 
an accurate predictor of high percentiles of concentration within urban 
geometries (Efthimiou et al., 2016; Oettl and Ferrero, 2017), similarly 
to the Weibull model, which can be considered as an analytically 
convenient variation of the former.

Complex industrial environments and realistic urban district config-
urations (Ono and Nozu, 2024; Arnold et al., 2004; Carpentieri et al., 
2012), which are both marked by dense and complex built structures, 
are even more rare, and there is a lack of knowledge about which 
model best suits the distribution of concentration in these particular 
geometries. Indeed, most studies considering the effect on pollutant 
spread of complex built elements typical of production plants do not 
consider concentration fluctuations at all. To fill this gap, in this 
work we therefore focus on the atmospheric dispersion of a passive 
scalar on a realistic industrial site. We first characterize the velocity 
field induced by the numerous obstacles (Section 3), while varying 
the geometry of the upstream building. The concentration field is 
analyzed in Section 4. We first assess the impact of the site geometry 
on the mean (Section 4.1) and standard deviation (Section 4.2) of the 
concentration field. Then, we focus on the one-point probability density 
function of concentration in Section 4.3. We compare the experimental 
distributions of concentration to the gamma, 2-parameters Weibull 
and lognormal distributions, which are the most validated models 
in the literature. To conclude, we analyze concentration peaks and 
percentiles.

2. Wind tunnel setup

The experiments took place in the atmospheric wind tunnel at the 
Ecole Centrale de Lyon, France. This is a recirculating wind tunnel of 
dimensions 14m × 3.7m × 2m apt to simulate flows reproducing the 
dynamics of a neutral atmospheric boundary layer. This is achieved by 
combining the effect of a turbulence grid and Irwin spires (Irwin, 1981), 
placed at the entrance of the test section, and roughness elements 
distributed over the entire wind tunnel floor. In this study, the wind 
tunnel set up adopted to reproduce this boundary layer flow is the same 
as that presented and analyzed by Nironi et al. (2015). We obtain a 
fully turbulent flow imposing a free stream velocity 𝑈∞ = 5.0ms−1, 
the boundary layer height is 𝛿𝐵𝐿 = 0.8m and the Reynolds number 
𝑅𝑒 = 𝑈∞𝛿∕𝜈 = 2.65×105, where 𝜈 = 1.51×10−5 m2s−1 is the air kinematic 
viscosity at 𝑇 = 20◦C.

The boundary-layer flow encounters a group of obstacles designed 
to replicate the key geometric features of a real industrial site. The 
characteristic height of the blocks representing the site is an order 
of magnitude smaller than the depth of the boundary layer 𝛿𝐵𝐿. This 
configuration allows the wind tunnel experiment to capture the charac-
teristic scale separation between the larger atmospheric eddies, whose 
size scales with 𝛿𝐵𝐿, and the smaller vortices shed in the wake of the 
reduced-scale buildings.

A single wind direction was investigated. The approaching flow first 
encounters a tall building, followed by a group of columns representing 
storage tanks, and two long cuboids. The remainder of the site consists 
of smaller obstacles arranged to form an inner open space resembling 
a courtyard that contains additional tanks (see Fig.  1). Although the 
buildings have simplified geometries compared to those in real indus-
trial sites, the model effectively captures the diversity of scales and 
spatial layouts typical of facilities such as refineries, chemical plants, 
and steelworks.

One of the focuses of our investigation is to assess the impact of 
complex structures, such as intertwined pipes and tanks, commonly 
found on industrial sites, on pollutant dispersion. We represent these 
elements collectively as a single porous obstacle that captures the 
overall aerodynamic influence of such scaffolding. To evaluate how 
obstacle porosity affects the flow and dispersion across the site, the 
upwind building is modeled in three different configurations (see Fig. 
1):
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Fig. 1. a Small-scale model of the idealized industrial site in the wind tunnel where velocity and concentration measurements were performed. The source (shown 
by the green arrow), is placed at the corner of the highest building of the site. The entrance of the wind tunnel, with the grid, Irwin spires and roughness elements 
are visible in the background. The highest building (of height 𝛿, circled in red) is replaced by the porous elements on the top right corner. b 𝑥 and 𝑦 axes (shown 
with a length of 6𝛿 with the origin a the source position) and velocity measurement points. The incoming wind direction is indicated by the black arrow.
1. a solid parallelepiped, referred to as ‘solid’;
2. a densely packed array of columns, referred to as ‘dense’;
3. a sparse array of rectangular columns, referred to as ‘spaced’.

The ‘dense’ and ‘spaced’ configurations have solid volume fractions 
of 0.24 and 0.1, respectively, and are used as alternatives to the ‘solid’ 
configuration in the wind tunnel experiments (see Fig.  1(a)).

A source of ethane of diameter 8mm is placed at the corner of the 
upwind building, as shown by the green arrow on Fig.  1. Ethane has the 
same density as air, which is why it was chosen to simulate a neutrally 
buoyant pollutant.

We define the horizontal axes 𝑥 (along the mean wind direction) 
and 𝑦 (perpendicular) as shown on Fig.  1(b), the vertical axis 𝑧, and 
the velocity components 𝑢, 𝑣 and 𝑤 respectively along 𝑥, 𝑦 and 𝑧. In 
the following, positions on the site indicated by ‘left’ and ‘right’ will 
refer to the left hand side and right hand side of the considered image, 
for simplicity. Distances are normalized by the height of the upwind 
building on the site (𝛿 = 0.192m), while velocities are divided by the 
velocity at the top of the boundary layer, 𝑈∞. Dimensionless quantities 
are indicated by the ∗ symbol.

Velocity measurements were performed with a Laser Doppler
anemometer (LDA). Two 5W power lasers of respective wavelengths 
488 nm and 514.5 nm were used to measure simultaneously two compo-
nents of velocity. Each laser generated two beams of diameter 0.1mm
crossing at the measurement point and forming a measurement volume 
of dimensions about 0.1mm 𝑥 0.1mm 𝑥 2mm. A mirror was used to 
redirect the beams for measurements on the vertical plane. Aerosol 
seeding particles of diameters between 0.5 × 10−6 m and 2 × 10−6 m
were used and the average acquisition frequency was around 1550Hz. 
Acquisition lasted until at least 200000 particles were detected, in order 
to obtain reliable statistics, notably the mean and variance of velocity.

Ethane concentration was measured with a fast flame ionization 
detector (FFID) (Fackrell, 1980). The apparatus was placed above the 
measurement point where air was sucked through a 0.3m long sampling 
tube and driven towards the instrument which response frequency 
reached approximately 800Hz (Nironi et al., 2015). The instrument 
voltage ranged from 0 to 10V corresponding to volumetric concen-
trations between 0 and 5000ppm by a linear relation. The instrument 
was calibrated twice a day using air–ethane mixtures of known con-
centrations, respectively of 0, 500, 1000 and 5000ppm. Since the wind 
tunnel is a closed-circuit system, the concentration increased during 
the measurement period and the background concentration had to be 
3 
measured before and after measuring each point and removed from the 
signal. Measurements lasted for 300 s, ensuring the convergence of the 
first four order moments of concentration statistics.

To avoid saturation of the FFID during measurements close to the 
source, ethane was diluted with air, maintaining a global mass flow 
rate at the source of 0.5L min−1.

Dimensionless concentrations are calculated from the mass concen-
tration 𝐶 as 𝐶∗ = 𝐶∕𝛥𝐶 (Nironi et al., 2015), with 𝛥𝐶 = 𝑄∕(𝑈∞𝛿2𝐵𝐿), 
where 𝑄 is the mass flow rate of ethane at the source.

3. Velocity field

This section is dedicated to the analysis of the velocity field in the 
three configurations: ‘solid’, ‘dense’ and ‘spaced’, with a focus on the 
recirculation zone generated by the upwind building.

Fig.  2 shows the mean velocity field measured over two horizontal 
planes. The presence of the upwind building gives rise to a recirculating 
region, whose position is impacted by the building porosity, which also 
affects the velocity decrease within the wake. For the ‘solid’ configura-
tion (Fig.  2(a)), a strong current develops along the left edge of the 
building (negative 𝑦 values) at 𝑧∗ = 0.26, displacing the recirculation 
zone towards positive 𝑦 values. At the upper layer 𝑧∗ = 0.78 (Fig.  2(b)), 
a weaker counter-current appears from right to left within the same 
corridor, but the flow remains mainly aligned with the forcing wind 
direction. This enlightens that, as expected, the ‘solid’ configuration has 
a strong blocking effect which highly perturbs the flow. Conversely, the 
‘dense’ configuration (Fig.  2(c) and (d)) generates a wider recirculating 
region that extends more towards negative 𝑦 values, showing smaller 
velocities compared to the ‘solid’ case. Finally the ‘spaced’ configura-
tion has the weakest impact on the velocity field. It does not generate 
a recirculation zone, as visible in Fig.  2(e) and (f), the norm of velocity 
attains values very close to those of the upwind flow, and the wind 
direction is only minimally impacted by the presence of the spaced 
columns.

Fig.  3(a)–(f) presents horizontal profiles of the norm of the mean 
velocity components 𝑢 and 𝑣 along the downwind sections shown in Fig. 
2. Similarly, Fig.  3(g)–(l) reports the profiles of the velocity variance 
1∕2(𝑢′2 + 𝑣′2). In the following we refer to this quantity as turbulent 
kinetic energy (TKE), acknowledging that a complete computation 
would also require the contribution of the vertical component 𝑤′2. The 
shift to the right-hand side of the recirculating region in the ‘solid’ case 
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Fig. 2. Maps of dimensionless mean velocity, considering components along 𝑥 (𝑢) and 𝑦 (𝑣) for two horizontal slices for the three configurations. a–b: ‘solid’,
c–d: ‘dense’, e–f: ‘spaced’. Black arrows show the forcing wind direction, the scale is shown on the top right corner. Recirculation is clearly visible in the ‘solid’ 
and ‘dense’ configurations, but the forcing wind direction stays predominant in the ‘spaced’ configuration. Diagonal lines with their corresponding distances to 
the source indicate positions of horizontal profiles of Fig.  3.
corresponds to a strong reduction of mean velocity (Fig.  3(a) to (f)), 
which reaches its minimum at higher 𝑦∗ values than in the other con-
figurations. The ‘dense’ case exhibits the lowest velocity levels in most 
of the building wake, due to the effect of densely packed columns, but 
the ‘solid’ configuration reaches locally comparable velocity levels at 
the minimum of the depletion. Turbulent kinetic energy levels (shown 
in Fig.  3(g) to (l)) have stronger variability in the ‘solid’ configuration 
than in other cases, and TKE is globally highest and lowest in the ‘solid’ 
and ‘spaced’ cases, respectively.

4. Concentration field

In this section, we first characterize the concentration field over the 
whole site for the three cases. We analyze the effect of the upwind 
building porosity on statistics of the scalar concentration. The mean 
dimensionless concentration (𝐶∗) and fluctuation intensity (𝑖𝐶 = 𝜎𝐶∕𝐶) 
are showed on horizontal slices at two heights (𝑧∗ = 0.16 and 𝑧∗ = 0.47) 
and on vertical profiles (which horizontal positions are shown in Fig.  4 
with special marker shapes) for the three configurations. Subsequently, 
statistics of concentration fluctuations are investigated more closely for 
4 
the ‘solid’ case, with a focus on the PDF of the one-point concentration, 
on its high order statistical moments, and peak to mean ratios. We 
test several model distributions against the experimental concentration 
data to determine which model is the most accurate predictor of 
concentration fluctuations.

4.1. Mean concentration field

Fig.  4 shows locations of the concentration measurement points at 
ground level (panels a, d, g) and mid-height (panels b, e, h) for the 
three configurations. The points are arranged in a spatial grid, which 
enables a clear identification of the pollutant plume. Locations of the 
vertical profiles shown on Fig.  4(c), (f) and (i) are chosen in order to 
capture the plume behavior at this distance from the source (the exact 
location of the points vary therefore from a case to another). Three 
main distances are targeted, a first one close to the source inside the 
porous building wake, a second one further in the mid-field inside the 
group of small buildings, and a last one in the far field downwind of 
the whole site.
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Fig. 3. Norm of mean velocity (panels a to f) and turbulent kinetic energy (panels g to l) along the diagonals downwind of the porous building shown in Fig. 
2, computed from the two horizontal velocity components 𝑢 and 𝑣 only. Both shape and intensity of the wind field are affected by the upwind elements.
The impact of the site configuration on the mean concentration field 
is visible mainly in the shape of the plume spread, as shown on the 
maps of Fig.  4(a)–(b), (d)–(e) and (g)–(h). In the ‘solid’ configuration 
(Fig.  4(a)–(b)) the plume is shifted to the right-hand side of the wake. 
This is a consequence of the velocity field shown in Fig.  2. Downwind, 
the plume spreads throughout the whole group of buildings. In the 
‘dense’ configuration (Fig.  4(d)–(e)), the plume is initially located much 
closer to the corner of the porous building, due to the shape of the 
recirculation. This feature is still visible in the midfield, since the plume 
is located towards more negative 𝑦∗ values compared to the ‘solid’ case. 
Finally, in the ‘spaced’ configuration (Fig.  4(g)–(h)), the plume is much 
narrower, it is elongated along the forcing wind direction, and exhibits 
higher mean concentration values. It covers mainly the empty space in 
between the small buildings (‘courtyard’) instead of the group of small 
buildings.

The vertical profiles on Fig.  4(c), (f) and (i) show that the mean 
concentration field is affected by the porosity of the upwind building. 
Profiles close to the source in the ‘solid’ case reach a maximum around 
𝑧∗ = 0.6 (Fig.  4(c)). Concentration values over and below this height 
decrease almost symmetrically to reach similar concentration levels at 
the top of the building as at the ground. The tracer is thus carried by the 
recirculation and diluted more actively at mid-height of the building 
wake.

In contrast, close to the source the profiles of mean concentration in 
the ‘dense’ case are much more homogeneous vertically (Fig.  4(f)). The 
tracer gas is diluted over almost the whole volume of the wake, which 
generates lower concentration levels at mid-height of the building with 
respect to the ‘solid’ case. However, zones that contain mainly pure air 
5 
in the ‘solid’ case are reached by the plume in the ‘dense’ configuration, 
notably close to the ground.

The ‘spaced’ configuration has the opposite behavior (Fig.  4(i)). The 
plume is narrower and the maximum mean concentration is reached 
below 𝑧∗ = 0.6, i.e. below the height of maximum mean concentration 
in the ‘solid’ case. This is a consequence of the low impact of columns 
on the velocity field. As a result, the plume exhibits a dispersion pattern 
similar to that observed in the absence of an upwind obstacle.

Differences in the shapes of vertical concentration profiles reflect in 
the values of maximum concentration and their positions on the first 
circle, flatter profiles being linked to lower concentration maxima. The 
maximum concentration values recorded on the first circle at 𝑧∗ = 0.16
are 𝐶∗ = 367.9 in the ‘spaced’ case (at plume center), 𝐶∗ = 135.6 in the 
‘solid’ case (close to the bottom right corner of the upwind building), 
and 𝐶∗ = 111.5 in the ‘dense’ case (at the entrance of the corridor most 
to the right within the group of buildings). This is due to strong wakes 
generated in the ‘solid’ and ‘dense’ configurations that dilute the plume 
and displace its center of mass.

These differences, that are highly visible in the short range, tend 
to fade at larger distances from the source. The main differences in 
the mid range are the higher values of mean concentration reached in 
the profile of the ‘spaced’ case (Fig.  4(i)), compared to the other site 
configurations (Fig.  4(c) and (f)). The maximum mean concentration 
attained in the ‘spaced’ configuration on the second circle still is 3 times 
higher than the maximum of ‘dense’ and ‘solid’ configurations, and it 
is reached at the plume centerline close to the tanks.

In the far field, the main noticeable difference between config-
urations is the position of plume maximum, which is still shifted 
towards positive values of 𝑦∗ in the ‘solid’ and ‘dense’ cases (see 
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Fig. 4. Average dimensionless concentration (𝐶∗) on 2 horizontal slices (panels a–b, d–e and g–h) and 3 vertical profiles (panels c, f and i) for the 3 configurations. 
Positions of vertical profiles (shown as cross, triangle and diamond markers on the maps) were chosen according to their distances to the source (circles of 
corresponding colors). For the middle range, vertical profiles were split into a lower and an upper layer where the presence of buildings rendered it necessary. 
The source is placed at the corner of the upwind building (green star) and the black arrows indicate the forcing wind direction. Both plume shape and extent 
are impacted by building porosity.
Fig.  4(a)–(b), (d)–(e) and (g)–(h)). The maximum mean concentration 
values measured in this region are similar between all three configu-
rations, considering the scarce spatial resolution available in the data. 
However, this spatial resolution in the far field is sufficient to observe 
the shift of the plume centerline in the ‘solid’ and ‘dense’ cases with 
respect to the ‘spaced’ configuration. There is therefore a global effect 
of the building porosity not only on its wake but also on the spread of 
the entire plume downwind.

4.2. Intensity of the concentration fluctuations

We evaluated the fluctuation intensity 𝑖𝐶 = 𝜎𝐶∕𝐶 and investigated 
how it is impacted by the building configuration (Fig.  5).

The highest values of 𝑖𝑐 are reached on the first circle in the ‘solid’ 
and ‘spaced’ configurations, contrary to the ‘dense’ configuration, in 
which 𝑖  is up to two times smaller. Profile shapes are also impacted, 
𝐶

6 
as shown on Fig.  5(c), (f) and (i) where the minimum of 𝑖𝐶 is reached 
around 𝑧∗ = 0.6 in the ‘dense’ case (Fig.  5(f)). The particularly low 
values of 𝑖𝐶 visible for the first circle in Fig.  5(f) correspond to an 
almost flat mean concentration profile for the first circle in Fig.  4(f), 
which indicates a more efficient mixing in the dense configuration close 
to the source compared to the other configurations. As shown on Fig. 
5(i), fluctuation intensity also reaches a slight minimum in the ‘spaced’ 
case, at the altitude of the maximum of the corresponding mean con-
centration profile. This is closer to the typical behavior of a passive 
scalar plume over flat terrains (Nironi et al., 2015). On the contrary, in 
the ‘solid’ configuration, close to the source, 𝑖𝐶 exhibits higher values 
close to the ground, as shown in Fig.  5(c). Fluctuation intensity at the 
top of the building is clearly smaller than below 𝑧∗ = 0.6, meaning 
that the ‘solid’ configuration results in weaker mixing compared to the 
‘dense’ configuration, which is associated with stronger fluctuations 
within the building wake in the solid configuration. The least efficient 
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Fig. 5. Intensity of concentration fluctuations. Same structure as Fig.  4. Fluctuations are higher in the recirculation zone close to the source for all configurations, 
on the sides of the group of small buildings (plume borders) for the ‘solid’ case, and at plume borders for other configurations.
mixing is observed in the ‘spaced’ configuration (Fig.  5(i)), for which 
vertical profiles of fluctuation intensity show higher values than other 
configurations at all distances from the source.

Nevertheless, scalar dispersion is influenced not only by the upwind 
obstacle but also significantly by the smaller elements located down-
wind. Within the group of downwind buildings in both the ‘solid’ and 
‘dense’ cases (see Fig.  5(a), (b), (d) and (e)), the mean concentration is 
spatially homogeneous. However, 𝑖𝐶 is impacted by the local geometry, 
and reaches high values on the right side (positive 𝑦∗ values) of the 
group of small buildings in the ‘solid’ configuration (Fig.  5(a)). In 
contrast, inside most of the corridors between buildings fluctuation 
intensity remains below 0.5 in both ‘solid’ and ‘dense’ configurations 
(see Fig.  5(a) and (d)). In the ‘dense’ case at 𝑧∗ = 0.47 (Fig.  5(e)), a line 
of larger values of 𝑖𝐶 is visible, which corresponds to the plume border, 
where values of 𝜎𝐶 exceed those of 𝐶. A similar pattern is observed in 
the ‘spaced’ configuration (see Fig.  5(g) and (h)), where the fluctuation 
intensity locally exceeds 1 at the plume boundary within the group of 
small buildings. Thus, in both the solid and dense configurations, the 
7 
local geometry of the mid-field building cluster affects 𝑖𝐶 more strongly 
than it affects 𝐶∗. These obstacles, that are smaller than the upwind 
building, tend to homogenize and widen the plume, but their effect on 
concentration fluctuations is more local.

4.3. PDF of one-point scalar concentration

We present a comparison between experimentally measured concen-
tration distributions and several theoretical models for the one-point 
concentration PDF. Our objective is to identify the model that most 
accurately captures the statistics of concentration fluctuations within a 
complex site. All results are shown for the ‘solid’ configuration only, 
which generates the most turbulent wake. In this configuration, the 
group of small buildings downwind of the source is entirely covered 
by the plume. We eliminated points with a low signal to noise ratio. 
Practically, this implied, as in Andronopoulos et al. (2001), that we 
removed only measurement points with an average concentration be-
low 10 ppm. We test the gamma, 2 parameter Weibull (2p-Weibull) 
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Fig. 6. Kullback–Leibler divergence (KL) at ground level (panel a) and distributions of concentration values at particular points (panels b–f). Ratios of first, 5th, 
50th, 95th and 99th percentiles to the mean value (R1 to R99) are shown on the PDF. On the map (panel a), the KL values of the gamma, 2p-Weibull and 
lognormal distributions are shown as triangles respectively on the left, top and right of the point location.
and lognormal distributions, which are the most validated models in 
the literature (Cassiani et al., 2020). Mathematical details about these 
distributions are provided into Appendix  A.

As a measure of the agreement between the model and the ex-
perimental distributions of concentration values in the time series, 
we consider the Kullback–Leibler (KL) divergence (see Appendix  B). 
Smaller KL values correspond to a better model-data agreement. Fig. 
6(a) shows a map of KL values at the lowest measurement layer (𝑧∗ =
0.16) with some examples of experimental concentration distributions 
compared to model PDFs (Fig.  6(b)–(f)). The horizontal layer shown in 
Fig.  6(a) lies below the height at which the plume reaches its maximum 
mean concentration. Nevertheless, it remains highly relevant, as the 
majority of risks associated with pollutant dispersion concern human 
exposure near ground level.

In Fig.  6, examples of one-point experimental and modeled dis-
tributions of concentration are shown at key places on the site. All 
distributions perform better in the group of small buildings, rather than 
on the right side of the group of buildings (Fig.  6(a)), i.e. at the plume 
border, characterized by high 𝑖𝐶 values. We observe complex shapes 
of the statistical distributions, likely resulting from the convolution 
of simpler distributions, induced by the merging of pollutant puffs 
transported along different paths.

KL values are higher in the wake of the tallest building, except on 
the left (negative 𝑦∗ values) side of the wake for the lognormal model. 
In this zone the lognormal distribution suits better to experimental data 
than the gamma and 2p-Weibull models, at all heights (not shown on 
Fig.  6). Nevertheless, over the group of small buildings, better KL values 
8 
are obtained by the gamma model. These results are in accordance 
with those of Salizzoni et al. (2025), who modeled the PDF of a scalar 
emitted by a line source with a lognormal distribution in the wake 
of a single obstacle, and with a gamma distribution further from the 
source. Below and over the height of the small buildings, respectively, 
the lognormal and the 2p-Weibull distributions are almost as accurate 
as the gamma model. In the far field, KL values of the 2p-Weibull model 
are slightly lower (meaning better) than other distributions.

The best model distribution hence varies with the distance to the 
source and the local impact of geometry. The lognormal distribution is 
more appropriate in the wake of the tallest building, while the gamma 
distribution is more accurate in the mid range, even in the presence 
of grouped obstacles perturbing the flow. This extends the already-
known validity of the gamma model over flat terrains (Cassiani et al., 
2020) to built environments. Finally, the 2p-Weibull model performs 
better in the far field. Regions where the geometry has a strong impact, 
particularly at plume border, present high KL values for all distribu-
tions. However, is it important to notice that KL values computed over 
the whole PDF of concentration reflect the agreement for both small 
and high concentration levels with respect to the mean, which are 
not necessarily linked. For example on the side of the group of small 
buildings (Fig.  6(f)) the experimental concentration distribution has 
a very complex shape that is not captured accurately by the models 
below the 50th percentile, even though high concentration values are 
reasonably well reproduced, notably about the 95th percentile. To our 
knowledge, no such complex shapes were obtained at low concentra-
tion ranges in the few studies that describe the whole experimental 
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Fig. 7. Evolution of the Kullback–Leibler divergence, panels a, c and e: with the dimensionless distance to the source 𝑑∗, and panels b, d and f: with the 
concentration fluctuation intensity 𝑖𝐶 for the gamma, 2p-Weibull and lognormal distributions. There is no clear dependence to the distance from the source 
but an evident link with the intensity of concentration fluctuations for the gamma and 2p-Weibull distributions. This link is not as patent for the lognormal 
distribution.
PDF of concentration obtained over complex terrains (which mainly 
concern street canyons, as Del Ponte et al., 2024). We suspect that the 
experimental PDFs result from the convolution of two or more simpler 
distributions, leading to a shape too complex to be accurately captured 
by the models tested.

In order to identify reliable predictors of the quality of agreement 
between model and experimental distributions, we plot the KL values 
depending on the distance from the source 𝑑∗, and the intensity of the 
concentration fluctuations 𝑖𝐶 in Fig.  7.

Fig.  7 shows no dependence of KL values to the distance to the 
source (Fig.  7(a), (c) and (e)), but evidences a strong link with 𝑖𝐶 for 
the gamma and 2p-Weibull models (Fig.  7(b) and (d)). The relation is 
much less evident for the lognormal distribution (Fig.  7(f)) since lower 
values of KL are reached even at 𝑖𝐶 > 1. These points are mainly located 
inside the building wake, where, as showed previously (see Fig.  6), the 
lognormal distribution performs better than other models. The intensity 
of fluctuations of concentration can therefore be considered a good 
9 
indicator of the prediction of the PDF by the gamma and 2p-Weibull 
models. A high value of 𝑖𝐶 corresponds to more intermittent signals, 
typically at plume border and close to the source, which is in agreement 
with the spatial distribution of KL values observed in Fig.  6. Therefore, 
both the accurate prediction of high concentration levels and a reliable 
estimation of the overall PDF shape can be achieved based solely on 
the mean and variance of the concentration.

We focus on the concentration higher-order moments, peaks and 
percentiles. Higher order statistical moments, namely skewness and 
kurtosis, are computed from the three distributions and compared to 
the experimental quantities (Fig.  8), imposing the concentration mean 
and variance from experimental data (see Appendix  A).

The gamma and lognormal models predict more accurately the 
skewness, compared to the 2p-Weibull model (see Fig.  8(a), (c) and 
(e)). The fraction of predictions within a factor of 2 of the obser-
vations is 𝐹𝐴𝐶2𝐺 = 0.60, 𝐹𝐴𝐶2𝑊 = 0.38, 𝐹𝐴𝐶2𝐿 = 0.61 for the 
gamma, 2p-Weibull and lognormal models respectively. Even though 
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Fig. 8. Experimental a, c and e: skewness and b, d and f: kurtosis with respect to their modeled versions. Red lines correspond to a factor of 2 and 0.5 of the 
observations. Points with skewness values below 0.1 are not shown on the graphs (10 points for the gamma and lognormal cases, 40 points for the Weibull model 
over a total of 200 points). Skewness is predicted with a reasonable accuracy but kurtosis is badly captured. Gamma and lognormal distributions provide slightly 
better predictions than the 2p-Weibull model.
the lognormal and gamma distributions have a similar ratio of more 
accurate predictions, the positions of the points where these predictions 
perform better are different. Skewness values inside a factor of 2 are 
mainly located inside the group of small buildings for the gamma 
model whereas they are inside the wake of the upwind building for 
the lognormal model. Prediction of skewness by the 2p-Weibull model 
is worse than the gamma model within the group of small buildings 
but comparable elsewhere. Hence, the gamma distribution is a better 
predictor of skewness in the mid field while the lognormal distribution 
is more adapted in the recirculation zone in the near field, even though 
none of the three tested distributions provides satisfactory results in 
general.

Kurtosis is even more poorly estimated by the models (see Fig.  8(b), 
(d) and (f)) since fractions of prediction within a factor of 2 of the 
observations reach only 𝐹𝐴𝐶2𝐺 = 0.60, 𝐹𝐴𝐶2𝑊 = 0.50, 𝐹𝐴𝐶2𝐿 = 0.53. 
Again, the gamma and lognormal models perform slightly better in the 
10 
mid and near field, respectively. The low quality of prediction of the 
high order statistical moments is mainly due to low concentration levels 
that are highly impacted by the local effects of the site geometry.

Although the tested model distributions may not perfectly reproduce 
the whole PDF of the experimental data (see Fig.  8), they capture the 
overall shape and, notably, peaks and percentiles (see Fig.  9).

Peak to mean ratios, estimated as the 95th, i.e. 𝑅95 = 𝐶95∕𝐶, 
and 99th percentiles, are presented in Fig.  9. The 95th (Fig.  9(a), 
(c) and (e)) and 99th (Fig.  9(b), (d) and (f)) percentiles are obtained 
from the model distributions in which the experimental mean and 
variance of concentration were imposed. They are then compared to 
the experimental percentiles.

All models are accurate for predicting peak to mean ratios, since all 
points lie within a factor of two. This demonstrates the capacity of all 
tested distributions to reproduce very high, and hence hazardous, con-
centration values. Contrary to Oettl and Ferrero (2017), we observe that 
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Fig. 9. Peak-to-mean ratios from a, c, e: the 95th and b, d and f: the 99th percentiles. Experimental values and predicted ratios from the 3 distributions are 
compared. All distributions provide excellent agreement with experimental data.
the performance of the gamma and the Weibull distributions are simi-
lar. Peak to mean ratios can hence be computed from high percentiles of 
the three models with a similar accuracy, and the analytical definition 
provided only by the 2p-Weibull model enables much faster computa-
tions (Oettl and Ferrero, 2017). It is much easier to obtain an accurate 
value of higher percentiles than the 3rd and 4th order moments of 
the distribution, which confirms the previous conclusions detailed over 
Section 4. Similar results were obtained by Papp et al. (2024) on 
completely different geometrical configurations, namely street canyons. 
The complex PDF shape that we observe could explain the difficulties 
encountered by Papp et al. (2024) into reproducing the kurtosis of 
concentration while high percentiles were accurately predicted by the 
gamma distribution.
11 
5. Conclusion

This study investigates the dispersion of an airborne pollutant 
within an industrial site. We analyzed the velocity and concentration 
fields of a scalar released from a steady point source positioned at 
ground level, immediately downstream of the most upwind building 
of the site. The experiments involved modifying the site geometry by 
altering the configuration of the tallest upwind building. Specifically, 
this building was replaced with porous variants designed to simulate 
typical arrangements of pipes and tanks commonly found in real 
industrial environments.

The velocity field is significantly influenced by the configuration 
of the upwind building, with the solid (filled) version generating the 
most turbulent wake. In contrast, densely packed porous columns en-
hance mixing, while sparsely arranged columns primarily slow the flow 
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without creating recirculation zones. Consequently, the concentration 
fields are strongly affected by the upwind building configuration, with 
plume displacements due to porosity remaining evident even in the 
far field. The upwind element’s impact on plume width and maximum 
concentration is most pronounced in the near and mid fields. Smaller 
obstacles tend to affect the concentration’s standard deviation more 
than its mean, notably increasing fluctuation intensity when positioned 
at the plume edges.

We analyzed the statistics of one-point concentration fluctuations, 
focusing on modeling the concentration probability density function 
at varying distances from the release point. Following previous stud-
ies (Cassiani et al., 2020), we evaluated the gamma, two-parameter 
Weibull, and lognormal distributions. However, none of these distri-
butions adequately captured the complex PDF shapes observed experi-
mentally, which were influenced by the presence of obstacles. Notably, 
the lower half of the concentration PDF exhibited highly irregular 
shapes associated with elevated fluctuation intensity. Therefore, 𝑖𝐶
serves as an indicator of the fit quality between the modeled and 
experimental concentration PDFs. Additionally, modeled skewness and 
kurtosis values showed considerable uncertainty, and no single dis-
tribution consistently represented the experimental concentration PDF 
across all distances from the source.

Despite these limitations, we identify model distributions that better 
fit the data depending on the distance from the source and the site 
region considered. Our results show that the lognormal distribution 
provides a more accurate fit in the wake of the upwind obstacle near 
the source, while the gamma distribution performs better in the mid 
field, even when grouped obstacles disrupt the flow. This finding ex-
tends the previously established validity of the gamma model over flat 
terrains (Cassiani et al., 2020) to built industrial environments. In the 
far field, the two-parameter Weibull distribution slightly outperforms 
the gamma model in describing the concentration PDF. Moreover, the 
quality of agreement between the model distributions and experimental 
concentration PDFs correlates with the fluctuation intensity particularly 
for the gamma and lognormal models.

Unlike lower concentration values, high percentiles are accurately 
captured by all three distributions across the entire site. This find-
ing is particularly valuable for risk assessment in scenarios involving 
hazardous peak contaminant exposures, such as evaluating threshold 
exceedance and peak concentrations. For instance, it enables risk es-
timation based on numerical modeling outputs that provide both the 
time-averaged concentration and its variance.

CRediT authorship contribution statement

Claudia Schiavini: Writing – original draft, Visualization, Inves-
tigation, Formal analysis, Data curation, Conceptualization. Massimo 
Marro: Writing – review & editing, Supervision, Methodology, Con-
ceptualization. Marco Ravina: Writing – review & editing, Supervi-
sion, Conceptualization. Deborah Panepinto: Writing – review & edit-
ing, Supervision, Funding acquisition, Conceptualization. Mariachiara 
Zanetti: Writing – review & editing, Supervision, Funding acquisition, 
Conceptualization. Lionel Soulhac: Writing – review & editing, Su-
pervision, Methodology, Conceptualization. Pietro Salizzoni: Writing 
– review & editing, Supervision, Resources, Project administration, 
Methodology, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.
12 
Acknowledgments

The authors warmly thank Horacio Correia for his technical support 
during the wind tunnel experimental campaign, as well as Mariam 
Mannaa and Antoine Duclaux, who carefully performed part of the 
velocity measurements as internship students.

Appendix A. Mathematical description of model distributions

A.1. Gamma distribution

The gamma distribution has a PDF of the form:

𝑃𝐷𝐹𝛤 (𝑐) =
𝑐𝑘−1 exp (−𝑐∕𝜃)

𝛤 (𝑘)𝜃𝑘

where 𝑘 = 1
𝑖2𝐶

 and 𝜃 = 𝐶
𝑘  are the shape and scale parameters, 

respectively.
The mean, standard deviation, fluctuation intensity, skewness and 

kurtosis are respectively computed by the following relations:
𝐶 = 𝑘𝜃

𝜎𝐶 = 𝐶∕𝑘

𝑖𝐶 = 1∕
√

𝑘

𝑆𝑘 = 2∕
√

𝑘

𝐾𝑢 = (6∕𝑘) + 3

The percentiles are not given analytically. We compute them from the 
gamma distribution obtained from the experimental mean and standard 
deviation of concentration.

A.2. 2P-Weibull distribution

The 2-parameter Weibull PDF is given by:
𝑃𝐷𝐹𝑊 (𝑐) = 𝛽𝛼(𝛽𝑐)𝛼−1 exp (−(𝛽𝑐)𝛼)

where 𝛼 is defined from 𝑖2𝐶 =
𝛤 (1+ 2

𝛼 )

[𝛤 (1+ 1
𝛼 )]

2
−1, but can be approximated by 

𝛼 ≃ (1∕𝑖𝐶 )1.086 and is called the shape parameter. The scale parameter 
is 𝛽 = 𝛤 (1 + 1

𝑘 )∕𝐶 (Yee et al., 1993b; Oettl and Ferrero, 2017)
Statistical moments (mean, skewness and kurtosis) are computed as:

𝐶 = 1
𝛽

𝛤 (1 + 1
𝛼
)

𝑆𝑘 =
𝛤 (1 + 3∕𝛼) − 3𝛤 (1 + 1∕𝛼)𝛤 (1 + 2∕𝛼) + 2𝛤 3(1 + 1∕𝛼)

[𝛤 (1 + 2∕𝛼) − 𝛤 2(1 + 1∕𝛼)]3∕2

𝐾𝑢 =
𝛤 (1 + 4∕𝛼) − 4𝛤 (1 + 1∕𝛼)𝛤 (1 + 3∕𝛼) + 6𝛤 2(1 + 1∕𝛼)𝛤 (1 + 2∕𝛼) − 3𝛤 4(1 + 1∕𝛼)

[𝛤 (1 + 2∕𝛼) − 𝛤 2(1 + 1∕𝛼)]2

Peak to mean ratios computed from the 𝑝 percentile are obtained 
analytically as:

𝑅𝑝 =
[− log(1 − 𝑝)]1∕𝛼

𝛽 𝐶

A.3. Lognormal distribution

The PDF of the lognormal distribution expands as:

𝑃𝐷𝐹𝐿(𝑐) =
1

𝑐𝜆
√

2𝜋
exp

(

−
(ln(𝑐) − 𝜇)2

2𝜆2

)

where 𝜆 = ln(𝑖2𝐶 + 1)1∕2 and 𝜇 = ln(𝐶) − 𝜆2

2  correspond to the standard 
deviation and average of the logarithm of concentration.

Statistical moments (mean, fluctuation intensity, skewness and kur-
tosis) are thus (Yee et al., 1993b):

𝐶 = exp
(

𝜇 + 𝜆2
)

2
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𝑖2𝐶 = exp(𝜆2) − 1

𝑆𝑘 =
[exp(𝜆2)]3 − 3 exp(𝜆2) + 2

[exp(𝜆2) − 1]3∕2

𝐾𝑢 =
[exp(𝜆2)]6 − 4[exp(𝜆2)]3 + 6 exp(𝜆2) − 3

[exp(𝜆2) − 1]2
Percentiles are not given analytically and are thus computed from 

the lognormal distribution with parameters 𝜆 and 𝜇 obtained from the 
experimental data for each point.

Appendix B. Kullback–Leibler divergence

The Kullback–Leibler divergence (Kullback and Leibler, 1951) is 
defined as
𝐷𝐾𝐿(𝑃 ∥ 𝑄) =

∑

𝑥∈𝑋
𝑃 (𝑥) log(𝑃 (𝑥)∕𝑄(𝑥))

where 𝑃 (𝑥) is the probability of the value 𝑥 given by the observed dis-
tribution and 𝑄(𝑥) the probability of 𝑥 given by the model distribution.

Lower values of the Kullback–Leibler divergence thus correspond to 
a better agreement between the model and observed distributions.
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