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Abstract: A physical-mathematical model has been designed to estimate the emission of dust from 

the surface of granular materials exposed to wind erosion. The emission model implements the 

Monte Carlo probabilistic approach, which for a given wind velocity (i.e., shear stress velocity) 

ascribes the probability of saltation to the particle aggregates composing the erodible surface and 

calculates the emission of dust aerosol based on the main laws governing the physics of wind-blown 

particles. The article discusses the application of the emission code to the surfaces of two metal 

sulphides (PbS and ZnS), which are typically stored in stockpiles in the open yards of industrial 

plants that operate in the commodity sector, to be used as raw materials for the production of lead 

and zinc (non-ferrous metals). The results of the simulation were found to be in agreement with the 

indication provided by the technical literature about the emission potential of the two metal 

sulphides. The emission model hereby proposed intends to provide an analytical integration to the 

experimental and empirical Emission Factors (EF) already suggested by the technical and scientific 

literature about industrial wind erosion. 

Keywords: industrial wind erosion; fugitive dust sources; Particulate Matter (PM); emission model; 

emission simulation; air quality; air pollution 

 

1. Introduction 

This article deals with the definition of a physical-mathematical model which 

explains the emission of dust aerosol from the surfaces of granular materials exposed to 

wind erosion (i.e., industrial wind erosion). The model is based on the assumption that 

the emission of dust aerosol (i.e., particulate matter with diameter <70 μm) is triggered by 

the bouncing motion (i.e., saltation) of dust aggregates of diameter between 70 μm and 

500 μm [1–4]. In fact, the impact of the bouncing aggregates (i.e., saltators) on the granular 

surface, from which they are originally ejected by direct entrainment (i.e., direct effect of 

the drag forces exerted by the wind), causes the breakage of both the saltators and the 

splashed aggregates (i.e., aggregates hit by saltators) and thus the emission of dust aerosol 

(i.e., finer particles aggregates or elementary particles) [5–7]. 

The particulate matter (PM) produced by saltation remains suspended in the air to 

travel to variable distances depending on its aerodynamic characteristics: according to the 

schematizations proposed by the scientific literature, short-term suspension and 

subsequent deposition near the emission source occur for particles/particles aggregates 

with aerodynamic diameters in the range of 20 μm and 70 μm (coarser fraction of dust 

aerosol), while PM with an aerodynamic diameter <20 μm is entrained in long-term 

suspension to travel up to thousands of kilometres away from source [1]. 

A physical-mathematical model has been designed to estimate the emission of the 

fine fraction of dust aerosol (d < 20 μm) by implementing a probabilistic approach (Monte 

Carlo method), which, for a given value of the wind friction velocity, ascribes the saltation 
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probability to each saltator laying on the surface and simulates the entire emission 

mechanism: aggregates saltation, impact onto the granular surface and rupture of both 

saltators and splashed aggregates, with consequent ejection of fine particles into the 

atmosphere. 

For each assigned wind friction velocity, the model calculates the dust flow (FD) from 

a homogeneous horizontal flat surface, with unlimited erosion potential (i.e., unlimited 

availability of saltators), in the assumption that the saltation process has reached its steady 

state (i.e., each particle that impacts on the surface is replaced by a new particle that 

becomes part of the saltation flow) [1,3,8]. To the best of the authors’ knowledge, the 

proposed emission model implements two elements of novelty: 

- The probabilistic approach, as alternative to the empirical algorithms already 

proposed by the technical and scientific literature [9–17];  

- The damage ratio (DR), which quantifies the tendency to breakage of the aggregates 

involved in the saltation process (both saltators and splashed aggregates). 

The emission model requires some adaptations when applied to complex terrain (i.e., 

wide surfaces with inhomogeneous characteristics, both in terms of morphology and 

emission potential). In that case, determination of the overall dust flow (FD) requires the 

preliminary partialization of the complex surface (S) into homogeneous elementary 

surfaces (Si), each characterized by a specific emission factor (FDi). That methodology, 

recently discussed for the wide and inhomogeneous surfaces of a red mud basin [11], 

allows us to determine the overall emission flow (FD) as sum of the elementary 

contributions (FDi): the overall flow (FD) associated to a complex emitting surface is a key 

input data in the simulation of PM dispersion performed with numerical codes. 

The article includes the description of the conceptual emission mechanism 

(paragraph 2) and its implementation in a MATLAB code (paragraph 3). The code is then 

applied to simulate the emissions of dust aerosol from two sulphide minerals (ZnS and 

PbS), which are typically stored in open yards of industrial plants (commodity sector) to 

be used for the production of non-ferrous metals (paragraph 4). The results of the 

simulation were found to be consistent to the indication of USEPA (US Environmental 

Protection Agency) [15] regarding the two materials under investigation, as well as to the 

dispersiveness classification reported by the Reference Document on Best Available 

Techniques (BREF)-Emissions from Storage [16] (paragraph 5). 

2. Wind Erosion Emission Model 

According to the schematic representation in Figure 1, the PM emission mechanism 

from a surface of granular material subjected to the wind action includes the following 

subsequent steps [1,3]: 

1. Detachment of saltators (aggregates between 70 and 500 μm) from the granular 

surface and direct ejection into the air (direct entrainment);  

2. Hopping motion of saltators and impact on the aggregates composing the granular 

surface (splashing); 

3. Breakage (damaging or fragmentation) of saltators and/or splashed aggregates and 

ejection of smaller aggregates/particles into the air [18,19];  

4. Production of new saltators, which perform new hopping cycles, and emission of fine 

particles/dust aerosol (d < 70 μm) from the granular surface. 
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Figure 1. Schematic representation of the saltation phenomenon over a bed of particle aggregates 

exposed to wind erosion. 

Figure 2 represents the steady state of saltation, where a constant vertical flow of dust 

(FD) is generated by a constant horizontal flow of saltating particles (Q).  

The saltation flow Q [g∙m−2∙s−1] develops along the x direction, within a volume 

defined by the granular surface at the bottom and the horizontal surface at the maximum 

height (zmax) of the saltators trajectory z = z(x).  

 

Figure 2. Emission of dust aerosol from a bed of aggregate particles exposed to wind erosion (steady 

state of saltation). 

The condition at which saltation is triggered has been studied by many authors 

[2,20,21]. The diagram in Figure 3 represents the equation of Shao and Lu [21], which 

indicates the threshold shear velocity at which saltation is initiated (u*t), as a function of 

the particle size (D,p) and the particle density (ρ,p) (the effect of the particle density was 

accounted for by using the equivalent particle diameter Dp,eq = Dp∙ρp/ρsand, where ρsand, = 2650 

kg m−3 ). Figure 3 shows that the function u*t (Dp,eq) has a minimum value at the diameter 
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Dp,eq* and increases for Dp,eq < D*p,eq, due to the increase of the interparticle cohesion forces, 

and for Dp,eq > D*p,eq, due to the increase of the gravitational forces.  

 

Figure 3. Threshold friction velocity u*t as a function of the equivalent particle diameter D,eq. 

According to the u*t (Dp,eq) function, as the wind velocity increases the size range of 

particles/aggregates lifted by direct entrainment becomes wider (i.e., a larger class of 

saltator is available). Therefore, for a given friction velocity u*, it is possible to evaluate the 

dimension range of the particles composing the saltation flow (range Dp,eq*min–Dp,eq*max in 

Figure 3). 

The saltation flow Q [g∙m−2∙s−1] is calculated by means of Equation (1) [22]: 

� = 2.61  
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where u* is the wind friction velocity and u*t is the threshold friction velocity (saltation 

threshold value), which can be evaluated as a function of the Aggregate Size Distribution 

(ASD) mode of the particles aggregates (Equation (2)) or the surface roughness z0 

(Equation (3)) [23]: 

�∗� = 43 + 0,0093 (��� ����), (2) 

�∗� = 64 + 365 (��). (3) 

The impact energy (Ei) of a single saltator can be calculated with Equation (4): 

�� = 0.5 ����
� (4) 

where ms is the saltator mass and Vi is the saltator impact velocity.  

According to Kok [24], for a given saltator the mean value of Vi can be calculated with 

Equation (5): 
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where Ds is the saltator diameter, a is a dimensionless constant, B is the probability that a 

saltating particle rebounds upon impacting the surface, γ is the parameter that scales the 

exponential decay with impact speed of a saltating particle’s rebound probability, geff is 

the effective particle acceleration, due to both the gravity and the vertical component of 
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the cohesive forces [24,25]. Kon and Renno [25] suggested the following values: α = 0.020, 

B = 0.96 and γ = 1 s∙m−1. The effective particle acceleration is expressed by: 

���� = � +
6 �

 �����
�

 (6) 

where β is a dimensional proportionality constant. Measurements indicate that for dry 

terrestrial soils β is on the order 10−4 N m−1 [21]; Kok and Renno [25] proposed β = 1.5 × 10−4 

N∙m−1. 

When the granular bed is composed by aggregates of very small elementary particles 

(diameter less than 20 μm), the emission of PM depends on the breakage of both the 

saltators and the splashed aggregates. A breakage criterion can be defined based on the 

ratio between the impact energy of the saltating aggregates and the energy required to 

break the bonds between the elementary particles (interface energy Г).  

Thornton et al. [26] introduced the breakage criterion for the numerical simulation of 

monodisperse particle aggregates impacting into a wall. The breakage produced by a 

single impact is defined through the damage ratio (DR), which is the ratio between the 

number of contacts broken by the collision and the total number of contacts before the 

collision. DR assumes values between 0 (aggregate intact after collision) and 1 (all 

interparticle bonds broken after collision). Based on the results of the simulation, 

Thornton et al. [26] expressed the damage ratio as a function of the impact velocity V and 

of the damage threshold velocity V0 (the velocity below which no significant damage 

occurs): 

�� = � ∙ ��
�

��

 (7) 

Both the damage threshold velocity (V0) and the gradient of the law (α) were defined 

as a function of the interface energy Г using the best linear fit of Equation (8) to the 

experimental data. In a later work Kafui e Thornton [27] expressed α and V0 as: 

α = 0.35, (8) 

�� = 0.17 Г�.�. (9) 

In order to assess the dependence of the breakage criterion on the morphological 

properties of the impacting aggregates Deng and Davé [28] proposed Equation (10): 

�� = � �
��

��
��

�

, (10) 

where the fractal dimension (Df) can vary from 1 to 3, corresponding respectively to a 

chain-like structure and spherical aggregates, and the Weber number (We) is the ratio of 

the input kinetic energy to the interface energy (Equation (11)) [28,29]: 

�� =
����

�
 . (11) 

The horizontal saltation flow Q generates a vertical dust flow FD which develops 

along the z direction (Figure 2), within the volume delimited by the vertical surface at the 

beginning of the saltators trajectory and the vertical surface at the mean length (ls) of the 

saltators trajectory x = x (z).  

Based on the above theoretical considerations, the vertical dust flow FD [g∙m−2∙s−1] can 

be estimated as a function of DR, Q and zmax /ls. Previous studies [30–32] indicate a value 

zmax/ls in the order of 1 × 10−1. 

The flow chart in Figure 4 schematizes the emission mechanism described above and 

indicates the main physical variables that govern the wind erosion phenomenon. 
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Figure 4. Schematic representation of the PM emission from a granular bed exposed to wind erosion. 

3. Implementation of the Theoretical Model in a MATLAB Code 

The model above described was implemented in a MATLAB code, which enables the 

prediction of the emission of dust from a surface of a given granular material exposed to 

wind erosion. In accordance to Figure 2, the proposed numerical code refers to the steady 

state of saltation (Equation (1)) and allows us to estimate the vertical flow of fine dust (FD) 

produced by a horizontal steady flow of saltators (Q) in the hypothesis of a flat erodible 

surface of unlimited extent and availability of particles aggregates [1,8,33–36].  

The following input data are required to run the code: 

1. The Aggregates Size Distribution (ASD) of the material that forms the granular 

surface; 

2. The Saltators Size Distribution (SSD), based on the material ASD and the relationship 

reported by Shao and Lu [21] (diagram in Figure 3); 

3. The Size Distribution of the elementary Particles (PSD) which form the aggregates; 

4. The particles density (p); 

5. The particles cohesion energy (Г); 

6. The velocity of the approaching wind, in terms of shear velocity (u*). 

The code simulates the bouncing motion of a given saltator (Si), its impact with a 

particles aggregate laying on the bed (Bi), the partial or complete breakage of both 

aggregates and the release of the elementary particles into the air (all particles or part of 

them, depending on the impact energy). 

The saltator (Si) has a spherical shape with diameter (DSi), which is randomly 

extracted from the Saltators Size Distribution (SSD); the diameter (DBi) of the splashed 

aggregate (Bi) is randomly extracted from the Aggregates Size Distribution (ASD); the 

elementary particles which form the two aggregates Si and Bi are extracted separately from 

the Particles Size Distribution (PSD) in such a number as to generate an overall mass equal 

to that of the saltator (MSi) and the splashed aggregate (MBi) respectively. 

The velocity Vi with which the saltator Si impacts on the aggregate Bi is calculated 

with Equation (5). The number and mass of elementary particles released by the impact is 
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evaluated by means of the damage ratio DR, which is the ratio (Weber number) between 

an index of the impact kinetic energy (DV2) and the cohesion energy (Г). 

MPMi is the mass of particles released by the impact of a single saltator Si. MPM is 

the overall mass of particles emitted by the bed of aggregates exposed to wind action. The 

simulation is repeated for a number of saltators corresponding to the total mass of the 

saltation flow (Q): ��� = ∑ ����
�
� , with ∑ ���

�
1 = �. 

The diagram in Figure 5 summarizes the calculation cycle described below. 

Preliminary operations: calculation of the saltation flow Q [g∙m−2∙s−1] with Equation 

(1).  

Wind erosion simulation: 

1. Random extraction of the saltator Si from the SSD distribution and calculation of the 

mass MSi; 

2. Extraction of n particles from the PSD distribution as to constitute a total mass (MSi) 

equal to that of the saltator Si; 

3. Extraction of the splashed aggregate Bi from the ASD distribution and calculation of 

the mass MBi; 

4. Extractions of n particles from the PSD distribution as to constitute a total mass (MBi) 

equal to that of the splashed aggregate Bi;  

5. Calculation of the impact velocity (Vi) and the kinetic energy (Eci) of the saltator Si;  

6. Calculation of the Damage Ratio (DRi); 

7. Calculation of number and mass of elementary particles released by the impact; 

8. Reiteration of the cycle from 1 to 7 until the total mass of saltators extracted up to the 

i-th cycle equals the assigned horizontal flow (Q); 

9. Calculation of the vertical dust flow FD = MPM∙(zmax/lsalt). 
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Figure 5. Schematic diagram of the dust emission code. 

4. Application of the Emission Code to Case Studies 

The emission code described in paragraph 3 was applied to simulate the emission of 

fine particles from the surfaces of two granular materials (zinc and lead sulphides), which 

are typically stored in open yards (i.e., open storage) of industrial plants that operate in 

the commodity sector for the production of non-ferrous metals. Those types of fugitive 

dust sources represent a hazard to air quality, in particular when adverse meteorological 

conditions occur: high temperatures, low humidity values, intense solar radiation and 

strong winds. 

The PM emission was simulated for 8 values of the wind friction velocities (u*), 

between 0.23 and 0.61 m∙s−1, as to investigate a wide range of wind speed, starting from 

the characteristic threshold friction velocities (u*t) of the two materials under consideration 

(see paragraph 4.1). The dust flow was predicted by using two different equations for the 
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calculation of the damage ratio (DR): the Equation (8) suggested by Thornton [26] and the 

Equation (10) suggested by Deng and Davé [28].  

4.1. Data Input 

Samples of lead and zinc sulphides from a major Italian industrial plant were 

characterized at the DICAAR (Department of Civil and Environmental Engineering and 

Architecture, University of Cagliari) laboratories to determine the Particle Size 

Distribution (PSD), the Aggregate Size Distribution (ASD) and the threshold friction 

velocity (u*t) of the two materials. The following main points derive from the comparison 

of the two materials: 

1. The PSD obtained by sedimentation is comparable (d80 = 20 μm, d50 = 10 μm); 

2. The ASD determined by dry sieving shows a greater number of fine aggregates in 

the PbS samples (Figure 6); 

3. The threshold friction velocity (u*t) obtained by means of experimental tests 

performed in the DICAAR environmental wind tunnel [11,37] is lower for the PbS 

samples (Table 1). 

The input data set was integrated with the indications of the scientific literature 

regarding the density of the elementary particles ρ [38,39] and the surface energy Г [40] 

(Table 1). 

 

Figure 6. Aggregate size distribution (ASD) of the samples of lead sulphide PbS and zinc sulphide 

ZnS. 

Table 1. Input data for the MATLAB code: physical characteristics of lead and zinc sulphides. 

 Particle Density Aggregate Density Surface Energy Threshold Friction Velocity 

 kg∙m−3 kg∙m−3 J∙m−2 m∙s−1 

Lead sulphide (PbS) 7597 4938.05 0.32 0.23 

Zinc sulphide (ZnS) 4088 2657.2 0.51  0.34 

4.2. Results 

The values of the dust flow FD calculated with the MATLAB code are reported in 

Table 2. The values of FD calculated with the damage ratio suggested by Thornton [26] 

were found to be about one order of magnitude higher than those determined with the 
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DR equation of Deng and Davé [28] (FD Thornton ≅ 10 ∙ FD Deng and Davé). Nevertheless, 

both hypotheses of calculation highlight the following essential points:  

1. The dust flow (FD) increases with increasing wind friction velocity (u*);  

2. In the range of wind velocity under consideration, the dust flow (FD) from the lead 

sulphide (PbS) samples is greater than that from the zinc sulphide’s (ZnS); 

3. The ratio between the emission potential of the two materials (FD PbS/FD ZnS) decreases 

with increasing wind velocity (Table 3). 

Table 2. Vertical dust flows (FD) calculated in MATLAB. FD (Thornton) is the dust flow calculated 

using the equation of Thornton [26] for the DR; FD (Deng and Davé) is the dust flow calculated using 

the equation of Deng and Davé [28] for the DR. 

 FD (Thornton) [g∙m−2∙s−1]  FD (Deng and Davé) [g∙m−2∙s−1] 

u* [m s−1] ZnS PbS ZnS PbS 

0.23 0.00 0.00 0.00 0.00 

0.27 0.00 0.12 0.00 0.02 

0.34 0.00 0.46 0.00 0.05 

0.38 0.18 0.68 0.02 0.07 

0.44 0.53 1.19 0.04 0.12 

0.48 0.80 1.53 0.07 0.17 

0.54 1.42 2.25 0.10 0.22 

0.61 2.03 3.30 0.17 0.31 

Table 3. Ratio of the dust flows emitted from the two materials (FD PbS/ FD ZnS) for the two DR 

options. 

 Thornton [26] Deng and Davé [28] 

u* FD PbS/ FD ZnS FD PbS/ FD ZnS 

m s−1 - - 

0.23 - - 

0.27 - - 

0.34 - - 

0.38 3.8 3.5 

0.44 2.2 3 

0.48 1.9 2.4 

0.54 1.6 2.2 

0.61 1.6 1.8 

Figures 7 and 8 represent the fitting of the emission data (FD) with the Power Law FD 

= a∙u*b, which is commonly used to describe the results of experimental tests performed on 

a variety of granular materials exposed to wind erosion [3,9,11,41–45]. The correlation 

factor (R2) was found between 0.98 and 0.99, which proves the power law function to be 

accurate in the description of the FD-u* relationship. The exponent b was found between 

3.1 and 3.3 for PbS and between 4.1 and 4.4 for ZnS, in the range reported by previous 

studies [3,41,42,46–48]. 

It is important to highlight that the emission data obtained through the numerical 

simulation and the empirical power laws that describe the dependence on the wind 

friction velocity refer to the steady state of saltation and are valid in the investigated field 

of wind friction velocity (0.20–0.65 m∙s−1). In that range, the results show the greater 

emission potential of the lead sulphide (as absolute values), which is expressed by a power 

function with a lower exponent (b) in the range u* < 1 m∙s−1. Always in the field of wind 

velocity under investigation, the derivative of the zinc sulphide emission function is 

higher: this highlights a greater sensitivity of this material to the variation of u*. 
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Figure 7. Dust flow FD as a function of the wind friction velocity u* (DR calculated according to 

Thornton’s equation [26]). 

 

Figure 8. Dust flow FD as a function of the wind friction velocity u* (DR calculated according to Deng 

and Davé’s equation [28]). 

5. Results Discussion  

The results of the code application reported in paragraph 4 show that for the range 

of wind velocity under consideration (0.20–0.65 m∙s−1), the lead sulphide in granular form 

has a greater emission potential than the zinc sulphide (FDPbS > FDZnS); the ratio of the dust 

flows (FDPbS/FDZnS); however, it decreases as the wind friction speed increases. The reason 

for this progressive reduction is discussed below, starting from the analysis of the 

physical-mathematical algorithms encoded in the MATLAB code. 

The MATLAB code calculates the dust flows generated by a surface with unlimited 

emission potential, assuming that the emission is triggered by the hopping motion of the 

aggregates laying on the surface. The dust emission flow (FD) is determined on the basis 

of the saltation flow (Q), calculated through Equation (1), where u* is the friction velocity 

of the wind and u*t is the threshold friction velocity of the erodible surfaces, at which the 
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jumping motion is triggered (depending on the size and weight of the aggregates lying on 

the surface, as well as on the surface roughness). 

For the range of wind velocity under consideration, the PbS saltation flows resulted 

higher than those calculated for ZnS (Table 4), due to the PbS’s lower value of u*t (u*t= 0.23 

m∙s−1 for PbS; u*t = 0.34 m∙s−1 for ZnS). However, as shown in Table 4, the ratio between the 

two saltation flows (QPbS/QZnS) decreases as the wind friction speed u* increases, due to the 

tendency to zero of the u*t/u* ratio in Equation (1) (i.e., for u* much greater than u*t, the u*t 

/u* ratio tends to zero). In agreement with the reduction of the QPbS/QZnS ratio, the ratio 

between the emission flows also (FDPbS /FDZnS) decreases (see column 7 of Table 4). 

The ratio between the emission flow FD and the saltation flow Q was found about 1.4 

times greater for PbS when compared with ZnS (FDPbS/QPbS = 1.4 ∙ FDZnS /QZnS), which shows 

that the greater emission potential of PbS not only depends on the greater availability of 

saltators (higher Q), but also on the greater tendency of breakage of the aggregates 

involved in the saltation process. This aspect is highlighted by the values of the damage 

ratio (DR) reported in Table 5, calculated as a function of the ratio between the impact 

energy of the saltators (Ei) and the interparticle bond energy (Г). It is important to 

highlight that the above discussed data (Tables 4 and 5) were calculated according to 

Thornton’s equation [26], but the same discussion applies to the data calculated according 

to Deng and Davé’s equation [28]. 

Table 4. Saltation (Q) and emission flow (FD) for the two materials under investigation and 

increasing values of the wind friction velocity (u*). Variability of proportionality factors between 

particles flows. 

U*  QPbS  QZnS  QPbS/QZnS FDPbS FDZnS FDPbS/FDZnS (FDPbS/QPbS)/(FDZnS /QZnS) 

m s−1 g m−2 s−1 g m−2 s−1 - g m−2 s−1 g m−2 s−1 - - 

0.23 0.00 0.00 - 0.00 0.00 - - 

0.27 3.26 0.00 - 0.12 0.00 - - 

0.34 11.65 0.00 - 0.46 0.00 - - 

0.38 18.19 6.76 2.69 0.68 0.18 3.77 1.40 

0.44 30.72 19.81 1.55 1.19 0.53 2.25 1.45 

0.48 41.08 30.68 1.34 1.53 0.80 1.91 1.43 

0.54 59.90 50.48 1.19 2.25 1.42 1.59 1.34 

0.61 87.39 79.42 1.10 3.30 2.03 1.63 1.48 

Table 5. Damage Ratio (DR) of PbS and ZnS. The data is expressed as average value, as the DR is 

not dependent on the wind friction velocity. 

DRPbS DRZnS DRPbS/DRZnS 

- - - 

0.66 0.50 1.32 

The general outcome of the code application to the two metal sulphides (FDPbS>FDZnS) 

is in agreement with the classification reported by the Best Available Techniques (BAT)-

Reference Document on Emission from Storages (BREF) [16] (Table 6), which includes the 

lead sulphide in the highly drift sensitive class (S2) and the zinc sulphide in the 

moderately drift sensitive class (S4). The simulation results are also generally consistent 

with the indications of the USEPA (United States Environmental Protection Agency) 

Trends Procedures Document [15], which provides a list of emission factors (EF) for a 

variety of fugitive dust sources, in terms of TSP (Total Suspended Particles) and PM10 

(inhalable fraction of PM).  

However, it has to be taken into consideration that neither the BREF classification nor 

the USEPA emission factors (EF) refer to a specific emission mechanism and, in addition 

to the contribution of industrial wind erosion (emission from the stockpiles of granular 
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materials), they possibly include other typical fugitive dust sources, such as material 

handling and transportation along unpaved roads [17,49].  

The EFs (TSP and PM10) suggested by USEPA for lead sulphides (EFPbS) are about 

three times higher than those indicated for zinc sulphides (EFZnS) (Table 7); the ratio of the 

simulated dust flows (FDPbS/FDZnS) obtained with the implementation of the proposed 

emission code is coherent with the USEPA indications for wind shear velocity in the range 

0.38–0.48 m∙s−1, as the difference between the two materials becomes less relevant for 

higher wind velocities. It is worth noticing that the emission factors suggested by USEPA 

are not related to specific wind speeds. 

Table 6. Best Available Techniques (BAT) Reference Document on emission from Storages [16]. 

Class Material Properties 

S1 highly drift sensitive, not wettable 

S2 highly drift sensitive, wettable 

S3 moderately drift sensitive, not wettable 

S4 moderately drift sensitive, wettable 

S5 not or very slightly drift sensitive, not wettable 

Table 7. Emission Factors for Lead and Zinc concentrates from the USEPA Trends Procedures 

Document [15]. 

Emission Sources TSP [kg/ton of Mass Material] PM10 [kg/ton of Mass Material] 

Lead (Fugitives) 11.7 10.0 

Zinc (Fugitives) 3.4 2.9 

6. Conclusions 

This article describes a simulation code designed to predict the emission of fine dust 

(d < 20 μm) from the surfaces of granular material exposed to wind erosion (i.e., industrial 

wind erosion). The proposed emission code implements the main laws governing the 

physics of wind-blown particles to calculate the flow of fine dust (FD) for a given wind 

shear velocity, under the main assumptions of saltation steady state (constant flow of 

saltators Q) and unlimited erosion potential. It has general validity and represents an 

analytical integration to the experimental and empirical Emission Factors (EF) suggested 

by the scientific literature about industrial wind erosion.  

In fact, the code allows the preliminary evaluation of the emission potential of any 

granular surface on the basis of the relevant physical characteristics, which can be 

determined by means of laboratory analysis or inferred from the technical and scientific 

literature (if available). The application of the proposed emission model to complex 

terrain (i.e., wide surfaces with inhomogeneous characteristics, both in terms of 

morphology and emission potential) requires the preliminary partialization of the overall 

emitting surface (S) into homogeneous elementary surfaces (Si), each identified by a 

specific emission factor (FDi). The overall emission flow (FD) can be calculated as the sum 

of the elementary contributions and used as input data in the numerical simulations of 

PM dispersion (Atmospheric Impact Evaluation). 

The article includes the application of the emission code to the surfaces of two 

sulphide minerals (ZnS and PbS), which are typically stored in open piles (i.e., open 

storage) to be used as raw materials for the production of zinc and lead (industry of non-

ferrous metals). The results of the simulation were found to be in agreement with the 

general indications of the technical literature regarding the emission potential of the two 

ores, as it was confirmed that the lead sulphide (PbS) in granular form has higher emission 

potential than the zinc sulphide (ZnS): FDPbS > FDZnS in the range of wind velocity under 

investigation. 
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The simulated values of dust flow (FD) were fitted with the power law (FD = a∙u*b), 

which is generally used to describe the results of experimental tests performed on a 

variety of granular materials. The exponent b of the power law function was found 

between 3.1 and 3.3 for the lead sulphide (PbS) and between 4.1 and 4.4 for the zinc 

sulphide (ZnS), in agreement with the range of b-values reported by previous studies. The 

higher value of b indicates a higher sensibility of ZnS to the variation of the wind friction 

velocity, despite the lower emission potential (in absolute terms) in the range of the 

investigated wind velocity.  

Author Contributions: Conceptualization and methodology, V.D. and B.G.; software, A.L; 

investigation and data curation, F.P., A.L. and O.B.; writing—original draft preparation; V.D. and 

B.G.; writing—review and editing, V.D., B.G. and F.P.; supervision, V.D. and B.G. All authors have 

read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable 

Informed Consent Statement: Not applicable 

Acknowledgments: Investigation carried out in the framework of projects conducted by CINIGeo 

(National Inter-university Consortium for Georesources Engineering Rome, Italy) and CESA 

(Center of excellence of environmental sustainability). 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Kok, J.F.; Parteli, E.J.R.; Michaels, T.I.; Karam, D.B.; Pierre, U. The physics of wind-blown sand and dust. Rep. Prog. Phys. 2012, 

75, 106901. https://doi.org/10.1088/0034-4885/75/10/106901. 

2. Bagnold, R.A. The Physics of Blown Sand and Deserd Dunes; Methuen: New York, NY, USA, 1941; ISBN 9789400956827. 

3. Shao, Y. Physics and Modelling of Wind Erosion (Atmospheric and Oceanographic Sciences Library, 37); Springer: Berlin/Heidelberg, 

Germany, 2008. 

4. Sweeney, M.R. Dust Emission Processes. Ref. Modul. Earth Syst. Environ. Sci. Elsevier: Amsterdam, The Netherlands, 2020; ISBN 

9780124095489. https://doi.org//10.1016/B978-0-12-818234-5.00015-8. 

5. Kun, F.; Herrmann, H.J. Transition from damage to fragmentation in collision of solids. Phys. Rev. E 1999, 59, 2623. 

https://doi.org/10.1103/PhysRevE.59.2623. 

6. Kok, J.F. A scaling theory for the size distribution of emitted dust aerosols suggests climate models underestimate the size of 

the global dust cycle. Proc. Natl. Acad. Sci. USA 2011, 108, 1016–1021. https://doi.org/10.1073/PNAS.1014798108. 

7. Nickling, W.G.; Neuman, C.M. Aeolian Sediment Transport. In Geomorphology of Desert Environments; Springer: Dordrecht, The 

Netherlands, 2009; pp. 517–555. https://doi.org/10.1007/978-1-4020-5719-9_17. 

8. Ungar, J.E.; Haff, P.K. Steady state saltation in air. Sedimentology 1987, 34, 289–299. https://doi.org//10.1111/J.1365-

3091.1987.TB00778.X. 

9. Shao, Y.; Raupach, M.R.; Findlater, P.A. Effect of saltation bombardment on the entrainment of dust by wind. J. Geophys. Res. 

1993, 98, 12719–12726. https://doi.org/10.1029/93jd00396. 

10. Marticorena, B.; Bergametti, G. Modeling the atmospheric dust cycle: 1. Design of a soil-derived dust emission scheme. J. 

Geophys. Res. 1995, 100, 16415–16430. https://doi.org/110.1029/95jd00690. 

11. Dentoni, V.; Grosso, B.; Pinna, F. Experimental Evaluation of PM Emission from Red Mud Basins Exposed to Wind Erosion. 

Minerals 2021, 11, 405. https://doi.org/10.3390/MIN11040405. 

12. van Leeuwen, C.C.E.; Fister, W.; Vos, H.C.; Cammeraat, L.H.; Kuhn, N.J. A cross-comparison of threshold friction velocities for 

PM10 emissions between a traditional portable straight-line wind tunnel and PI-SWERL. Aeolian Res. 2021, 49, 100661. 

https://doi.org//10.1016/j.aeolia.2020.100661. 

13. Air Assessments. Air Dispersion Modelling of Fugitive Emissions; Wagerup Refinery: Wagerup, Australia, 2005. 

14. U.S. EPA. AP-42, CH 13.2.5: Industrial Wind Erosion; U.S. EPA: Washington, DC, USA, 2006. 

15. U.S. EPA. Office of Air Quality Planning and Standards National Air Polluttant Emission Trends Procedures Document, 1900–1996 

Projections 1999–2010; U.S. EPA: Research Triangle Park NC, USA, 1998. 

16. European Commission. Reference Document on Best Available Techiniques on Emissions from Storage; European Commission: 

Brussels, Belgium; Luxembourg City, Luxembourg, 2006. 

17. WRAP. WRAP Fugitive Dust Handbook;  Western Governors’ Association 1515 Cleveland Place, Denver, USA, 2006; Volume 

91361, p. 242. 

18. Alfaro, S.C.; Gaudichet, A.; Gomes, L.; Maillé, M. Modeling the size distribution of a soil aerosol produced by sandblasting. J. 

Geophys. Res. Atmos. 1997, 102, 11239–11249. https://doi.org//10.1029/97jd00403. 



Atmosphere 2022, 13, 320 15 of 16 
 

 

19. O’Brien, P.; Neuman, C.M. PTV Measurement of the Spanwise Component of Aeolian Transport in Steady State. Aeolian Res. 

2016, 20, 126–138. https://doi.org/10.1016/j.aeolia.2015.11.005. 

20. Iversen, J.D.; Pollack, J.B.; Greeley, R.; White, B.R. Saltation threshold on Mars: The effect of interparticle force, surface 

roughness, and low atmospheric density. Icarus 1976, 29, 381–393. https://doi.org//10.1016/0019-1035(76)90140-8. 

21. Shao, Y.; Lu, H. A simple expression for wind erosion threshold friction velocity. J. Geophys. Res. Atmos. 2000, 105, 22437–22443. 

https://doi.org//10.1029/2000JD900304. 

22. White, B.R. Soil Transport by Winds on Mars. J. Geophys. Res. Solid Earth 1979, 84, 4643–4651. 

23. Gillette, D.A.; Adams, J.; Endo, A.; Smith, D.; Kihl, R. Threshold velocities for input of soil particles into the air by desert soils. 

J. Geophys. Res. Ocean. 1980, 85, 5621–5630. https://doi.org//10.1029/JC085IC10P05621. 

24. Kok, J.F. An improved parameterization of wind-blown sand flux on Mars that includes the effect of hysteresis. Geophys. Res. 

Lett. 2010, 37 , L12202. https://doi.org//10.1029/2010GL043646. 

25. Kok, J.F.; Renno, N.O. Enhancement of the emission of mineral dust aerosols by electric forces. Geophys. Res. Lett. 2006, 33, 

L19S10. https://doi.org//10.1029/2006GL026284. 

26. Thornton, C.; Yin, K.K.; Adams, M.J. Numerical simulation of the impact fracture and fragmentation of agglomerates. J. Phys. 

D Appl. Phys. 1996, 29, 424. https://doi.org//10.1088/0022-3727/29/2/021. 

27. Kafui, K.D.; Thornton, C. Numerical simulations of impact breakage of a spherical crystalline agglomerate. Powder Technol. 2000, 

109, 113–132. https://doi.org//10.1016/S0032-5910(99)00231-4. 

28. Deng, X.; Davé, R.N. Breakage of fractal agglomerates. Chem. Eng. Sci. 2017, 161, 117–126. 

https://doi.org//10.1016/J.CES.2016.12.018. 

29. Kaiser, J.W.J.; Winter, J.M.; Adami, S.; Adams, N.A. Investigation of interface deformation dynamics during high-Weber 

number cylindrical droplet breakup. Int. J. Multiph. Flow 2020, 132, 103409. 

https://doi.org//10.1016/J.IJMULTIPHASEFLOW.2020.103409. 

30. Ho, T.D.; Valance, A.; Dupont, P.; Ould El Moctar, A. Aeolian sand transport: Length and height distributions of saltation 

trajectories. Aeolian Res. 2014, 12, 65–74. https://doi.org//10.1016/j.aeolia.2013.11.004. 

31. Liu, B.; Wang, Z.; Niu, B.; Qu, J. Large scale sand saltation over hard surface: A controlled experiment in still air. J. Arid Land 

2021, 13, 599–611. https://doi.org//10.1007/S40333-021-0104-3. 

32. Valance, A.; Rasmussen, K.R.; Ould, A.; Moctar, E.; Dupont, P. The physics of Aeolian sand transport. Comptes Rendus Phys. 

Cent. Mersenne 2015, 16, 105–117. https://doi.org//10.1016/j.crhy.2015.01.006ï. 

33. Anderson, R.S.; Haff, P.K. Wind Modification and Bed Response during Saltation of Sand in Air; Springer: Vienna, Austria, 1991; pp. 

21–51. https://doi.org//10.1007/978-3-7091-6706-9_2. 

34. Andreotti, B.; Claudin, P.; Pouliquen, O. Measurements of the aeolian sand transport saturation length. Geomorphology 2010, 

123, 343–348. https://doi.org//10.1016/J.GEOMORPH.2010.08.002. 

35. Mcewan, I.K.; Willetts, B.B. Adaptation of the near-surface wind to the development of sand transport. J. Fluid Mech. 1993, 252, 

99–115. https://doi.org//10.1017/S0022112093003684. 

36. Durán, O.; Parteli, E.J.R.; Herrmann, H.J. A continuous model for sand dunes: Review, new developments and application to 

barchan dunes and barchan dune fields. Earth Surf. Process. Landf. 2010, 35, 1591–1600. https://doi.org//10.1002/ESP.2070. 

37. Dentoni, V.; Grosso, B.; Massacci, G.; Pinna, F. Validation of a wind erosion model for tailings basins: Wind tunnel design and 

atmospheric boundary layer simulation. Int. J. Mining Reclam. Environ. 2019, 34, 562–572. 

https://doi.org/10.1080/17480930.2019.1678226. 

38. Bass, J.D. Elasticity of Minerals, Glasses, and Melts. In Mineral Physics and Crystallography: A Handbook of Physical Constants 2; 

Washington, USA, 1995; pp. 45–63. https://doi.org///10.1029/RF002P0045. 

39. Tromans, D.; Meech, J.A. Fracture Toughness and Surface Energies of Minerals: Theoretical Estimates for Oxides, Sulphides, 

Silicates and Halides. Miner. Eng. 2002, 15, 1027–1041. https://doi.org/10.1016/S0892-6875(02)00213-3. 

40. Hosseini Anvari, M.; Liu, Q.; Xu, Z.; Choi, P. Line tensions of galena (001) and sphalerite (110) surfaces: A molecular dynamics 

study. J. Mol. Liq. 2017, 248, 634–642. https://doi.org//10.1016/J.MOLLIQ.2017.10.037. 

41. Gillette, D.A. Fine Particulate Emissions due to Wind Erosion. Trans. Am. Soc. Agric. Eng. 1977, 20, 890–897. 

https://doi.org//10.13031/2013.35670. 

42. Nickling, W.G.; Gillies, J.A. Dust emission and transport in Mali, West Africa. Sedimentology 1993, 40, 859–868. 

https://doi.org//10.1111/j.1365-3091.1993.tb01365.x. 

43. Mckenna, C.; Boulton, J.W.; Sanderson, S. Wind tunnel simulation of environmental controls on fugitive dust emissions from 

mine tailings. Atmos. Environ. 2009, 43, 520–529. https://doi.org//10.1016/j.atmosenv.2008.10.011. 

44. Wu, W.; Yan, P.; Wang, Y.; Dong, M.; Meng, X.; Ji, X. Wind tunnel experiments on dust emissions from different landform types. 

J. Arid Land 2018, 10, 548–560. https://doi.org//10.1007/s40333-018-0100-4. 

45. Sanderson, R.S.; McKenna Neuman, C.; Boulton, J.W. Windblown fugitive dust emissions from smelter slag. Aeolian Res. 2014, 

13, 19–29. https://doi.org/10.1016/j.aeolia.2014.02.005. 

46. Nickling, W.G.; McTainsh, G.H.; Leys, J.F. Dust emissions from the Channel Country of western Queensland, Australia. Z. 

Geomorphol. Suppl. 1999, 116, 1–17. 

47. Rajot, J.L.; Alfaro, S.C.; Gomes, L.; Gaudichet, A. Soil crusting on sandy soils and its influence on wind erosion. Catena 2003, 53, 

1–16., https://doi.org/10.1016/S0341-8162(02)00201-1. 



Atmosphere 2022, 13, 320 16 of 16 
 

 

48. Gomes, L.; Rajot, J.L.; Alfaro, S.C.; Gaudichet, A. Validation of a dust production model from measurements performed in semi-

arid agricultural areas of Spain and Niger. Catena 2003; 52, 257–271. 

49. U.S. EPA. AP-42, CH 13.2: Fugitive Dust Sources; U.S. EPA: Washington, DC, USA, 1995. 

 


