
1 

Resuspension of particle-bound heavy metals from soil and seawater 

Wind re-suspension of particle-bound heavy metals (like lead and cadmium) from soil 

and seawater appears to be important process affecting ambient concentration and 

deposition of these pollutants, particularly, in areas with low direct anthropogenic 

emissions. 

In mineral dust production models the process of wind erosion and suspension of dust 

aerosol from the ground is commonly parameterized as combination of two major 

processes: saltation and sandblasting [e.g. Gomes et al., 2003; Zender et al., 2003; Gong 

et al., 2003]. The first process (saltation) presents horizontal movement of large soil 

aggregates driven by wind stress. These aggregates are too heavy to be directly 

suspended by wind in usual conditions. Instead, they are moved by wind stress close to 

the surface jumping from one place to another. When the saltating aggregates impact the 

ground they can eject much smaller particles (few micrometers), which can be easily 

suspended by wind and transported far away from the source region. This process is 

called the sandblasting. 

 

Saltation 

The saltation process is characterized by the critical wind stress value, over which 

movement of soil particles can be initiated. This critical wind stress can be described by 

the threshold wind friction velocity, which depends on the soil particle size, soil wetness, 

and protection of the erodible soil by roughness elements (drag partitioning). In order 

to characterize this threshold friction velocity (  
 ) in the model we used a simplified 

empirically based parameterization proposed by Marticorena and Bergametti [1995]: 
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Here    is the soil particle size,  
 

 and  
 
 are air and soil mass densities, respectively;   is 

the gravity acceleration.  
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The threshold value increases for very small and 

very large particles and has a minimum 

corresponding approximately to 75 µm (Fig. 1). 

The saltation threshold is affected by soil 

moisture content. Soil water retention (because 

of interparticle capillary and molecular 

adsorption forces) leads to cohesion of soil 

particles and increase of the wind erosion 

threshold. In the first version of the re-

suspension scheme we used a simplified 

approach to account for the soil moisture effect 

suggested by Grini et al. [2005]. It is based on 

rainfall events and implements the following 

assumptions: 

 The dust production is stopped if precipitation during the last 24 hours exceeds 0.5 

mm. 

 The period without the dust production (in days) is equal to precipitation amount 

(in mm) during the last 24 hours. 

 The dust production is resumed if no rain has fallen in the last 5 days. 

Under natural conditions wind stress is commonly sharing between erodible and non-

erodible surfaces. It leads to decrease of actual friction velocity describing wind 

momentum transfer to the erodible surface and initiation of the saltation process. 

Extend of the wind drag partition depends both on size and density of non-erodible 

roughness elements. In the current dust suspension scheme we apply parameterization 

based on the drag partition scheme developed by Shao and Yang [2005]. According to 

this scheme the total drag is partitioned into a pressure drag on the roughness elements 

  , skin drag on the surface of the roughness elements   , and skin drag on the 

underlying surface   : 

                                                                                           

Only the drag on the underlying surface is responsible for wind erosion and dust 

suspension. Following Shao and Yang [2005] relative contribution of the surface drag 

can be presented as: 

  
 
    

    

      
                                                                    

 

Fig. 1.  Threshold friction velocity as 

a function of soil particles size 

10 100 1000
0

50

100

150

200

 

U
* t (

c
m

/s
)

D
s
 (m)



3 

where          is the ratio of the drag coefficient for isolated roughness elements to 

that for bare surface;     is effective frontal area index representing the effect of mutual 

sheltering of roughness elements defined as: 

    
 

        
     

  

        
                                                           

  and   are the frontal area index and skin area index characterizing density and form of 

roughness elements, respectively.  

The frontal area index is generally defined as      ; where   and   are the 

characteristic width and height of roughness elements, and   is the number of 

roughness elements per unit surface area. The value       (called as the aspect ratio 

of roughness elements) characterizes average ratio of basal area to profile area of the 

roughness elements. Marticorena et al. [2006] measured dimensions of different 

obstacles in arid and semi-arid areas and obtained average aspect ratios close to 2. Thus, 

we set     in the dust suspension scheme. 

Wind friction velocity is defined as         , therefore ratio of friction velocity       

corresponding to erodible surface to the whole friction velocity can be calculated as 

follows: 

     
  

  
  
 
    

    

      
                                                       

The fraction of smooth friction velocity quickly decreases while roughness density 

increases (Fig. 2). Values of the drag coefficients ratio typically vary from 100 to 200 for 

different types of rough surfaces [Shao and Yang, 

2005]. As seen from the figure the fraction of 

smooth friction velocity only slightly depends on 

this parameter. Therefore a fixed value   = 150 is 

accepted in the scheme. The frontal area index 

significantly varies for different rough surfaces and 

land cover types. According to field measurements 

and conditions of wind tunnel experiments 

[Marticorena et al., 2006; Shao and Yang, 2005] 

this parameter commonly ranges from 0.001 to 0.2. 

In tentative calculations we accepted the following 

values of the frontal area index: 0.01 for bare land 

and urban areas, 0.002 for arable land during 

cultivation period. However, more extensive 

 

Fig. 2. Fraction of wind friction 
velocity related to erodible 
surface as a function of 
roughness density 
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analysis is required for attribution the frontal area index to different land cover 

categories and different locations.  

Another process affecting wind erosion and saltation of soil particles is the Owen effect 

[Owen, 1964] responsible for positive feedback of saltation on wind friction velocity. 

Saltating soil aggregates interact with underlying surface and transfer part of wind 

momentum to the ground. It leads to increase of the wind shear stress, which can be 

expressed in increase of the wind friction velocity. Gillette et al. [1998] derived a simple 

formula for this effect using field measurements at dry Owens Lake: 

                    
 
                                                                 

where     (in m/s) is increase of wind friction velocity due to the Owen effect;     and 

       (in m/s) are the wind speed and the threshold wind speed at 10 m height, 

respectively. 

Once the wind friction velocity exceeds the threshold value, the vertically integrated 

size-resolved saltation flux is given in the following form [Gomes et al., 2003]: 

       
   
 

        
        

                                                                  

The constant   in this expression reflects possibility of the limitation of soil aggregates 

supply because of depletion of loose material on the surface. According to Gomes et al. 

[2003] this constant is close to unity for sandy soils but much lower (about 0.02) for 

soils with elevated clay content where wind erosion is inhibited by crust formation after 

rainfalls. Thus, we adopted     for deserts,        for other bare soils and urban 

areas and       for all cultivated agricultural soils. 

An example of the saltation flux dependence on the soil particle size is presented in Fig. 

3a. As seen from the figure the wind of a given stress is able to involve into the 

movement soil aggregates with the particle size from the certain interval (35-200 μm). 

The integrated saltation flux as a function of the wind friction velocity is illustrated in 

Fig. 3b.  
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a    b  

Fig. 3.  Density of the saltation flux as a function of soil particles size (a) and dependence of the 

integrated saltation flux on wind friction velocity (b)   

 

Soil properties data 

In general the integral saltation flux strongly depends on size distribution of soil 

aggregates. Indeed, in natural soils small particles (below 20 µm) never occur in free 

state, but are embedded in larger soil aggregates (up to a few centimetres) by cohesion 

forces. Chatenet et al. [1996] used the dry sieving technique to derive four typical 

populations of arid soils. It was suggested that size distribution of any soil could be 

presented as a combination of these populations according to its mineralogical type. 

Thus, a continuous multi-modal distribution of soil aggregates can be presented by a 

combination of lognormal functions: 

  

   
  

 

     
  

  

    
 

    
             

 

         
                                                               

where      is mass median diameter (MMD) of the     mode;    is its geometric standard 

deviation; and    is mass fraction of particles of the     mode. 

Definition of soil texture is based on Harmonized World Soil Dataset (HWSD) [FAO, 

2009]. These data present spatial distribution of sand, silt and clay content with 

resolution 30x30 arc seconds (about 1x1 km2). These data are used to calculate grid-cell 

averaged content of sand, silt and clay and to define types of soil texture in each land 

gridcell of the EMEP mesh.  

Each soil type was assosiated with certain size distribution of soil aggregates based on 

the dry sieving technique measurements by Chatenet et al. [1996]. We used definitions 
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of soil size distribution derived for major arid soil types by Marticorena and Bergametti 

[1997]. According to this work size distribution of soil aggregates can be presented as a 

combination of three soil populations with definite lognormal distribution function. 

Parameters of the soil populations for eight soil texture types appearing in Europe are 

presented in Table 1. 

 
Table 1. Parameters of soil size distribution for different soil texture types 

 Soil texture type 
Soil population 1 Soil population 2 Soil population 3 

MMD   % MMD   % MMD   % 

Sand 690 1.6 100 – – – – – – 

Loamy sand 690 1.6 90 210 1.8 10 – – – 

Sandy loam 690 1.6 80 210 1.8 20 – – – 

Loam 690 1.6 31.25 210 1.8 31.25 125 1.6 37.5 

Silt loam 520 1.6 75 – – – 125 1.6 25 

Silt 520 1.6 50 – – – 125 1.6 50 

Sandy clay loam – – – 210 1.8 100 – – – 

Clay loam – – – 210 1.8 62.5 125 1.6 37.5 

 

Sandblasting 

The sandblasting model for dust suspension has been developed by Alfaro et al. [1997; 

1998]. Based on the wind tunnel experiments they derived that the dust particles 

released by sandblasting from the saltating aggregates of different natural soils can be 

sorted into three lognormal modes (do not mix up with soil populations). Characteristics 

of the dust modes are presented in Table 2.  

 
Table 2. Characteristics of size distribution modes for dust particles released by sandblasting 

[Alfaro and Gomes, 2001] 

Mode        
         μ      

1 3.61 · 10-7 1.5 1.7 

2 3.52 · 10-7 6.7 1.6 

3 3.46 · 10-7 14.2 1.5 

 

According to the sandblasting model the vertical dust flux corresponding to     can be 

presented in the following form [Alfaro and Gomes, 2001]: 
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where the efficiency of the sandblasting process is given by: 

       
 

 
   

    
 

  
                                                                          

Here   = 163 m/s2 is an empirical constant;    is the fraction of kinetic energy of a soil 

aggregate required to release dust particles of mode      is the aerosol mass median 

diameter of mode   ; and    is binding energy of aerosol particles for mode  . 

The fraction    of the aerosol modes release depends on the kinetic energy of an 

individual soil aggregate: 

   
   

 
     

                                                                              

A scheme of the dependence is presented in Table 3. The binding energies     correspond 

to values presented in Table 2. As seen from the table the higher kinetic energy of a soil 

aggregate    the more probability to eject finer particles (Mode 1).  

Table 3. Fractions (pi) of the dust aerosol modes release as a function of the kinetic energy     

of an individual soil aggregate  

                               

Mode 1      0 0 0                 

Mode 2      0 0                                       

Mode 3      0 1              

 

An example of calculated relative fractions of the dust aerosol modes as a function of soil 

aggregates size are shown in Fig. 4a for given wind friction velocity. As seen from the 

figure sandblasting of larger soil aggregates, which have higher kinetic energy, releases 

smaller dust particles. Figure 4b presents an example of size distribution of the vertical 

dust flux for given wind friction velocity and size distribution of saltating soil aggregates. 

As seen the Mode 1 corresponds mostly to fine particles (below 2 m), where as two 

other modes present coarse particles (5-20 m). 
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a   b  

Fig. 4.  Fractions of dust aerosol modes as functions of soil aggregates size (a) and size distribution 

of vertical dust flux (b) 

 

Figure 5 presents examples of size distribution of the vertical dust flux from different 

soil types. Dependence of dust suspension flux on wind friction velocity for different soil 

types is illustrated in Fig. 6 along with contribution of three aerosol modes to the total 

flux.   

a       b  

c       d  

Fig. 5. Size distribution of vertical dust flux for different soil types:  

(a) – sand; (b) – loamy sand; (c) – loam; (d) – clay loam 

 

0.0

0.2

0.4

0.6

0.8

1.0

160 180 200 220

Ds, m

M
o
d
e
s
 f

ra
c
ti
o
n
s
 (
p

i)

Mode 1

Mode 2

Mode 3

U* = 0.5 m/s

0.00

0.02

0.04

0.06

0.08

0.1 1 10 100

Dp, m

d
F

v/
d
D

p
, 

k
g
 m

-2
 s

-1
 D

p
-1

Total

mode 3

mode 2

mode 1

U* = 0.5 m/s

0.0

0.2

0.4

0.6

0.8

1.0

0.1 1 10 100

Dp, m

d
F

v/
d

(l
n

D
p
)

Mode 1

Mode 2

Mode 3

Total

U* = 1 m/s

Sand

0.0

0.2

0.4

0.6

0.8

1.0

0.1 1 10 100

Dp, m

d
F

v/
d

(l
n

D
p
)

Mode 1

Mode 2

Mode 3

Total

U* = 1 m/s

Loamy Sand

0.0

0.2

0.4

0.6

0.8

1.0

0.1 1 10 100

Dp, m

d
F

v/
d

(l
n

D
p
)

Mode 1

Mode 2

Mode 3

Total

U* = 1 m/s

Loam

0.0

0.2

0.4

0.6

0.8

1.0

0.1 1 10 100

Dp, m

d
F

v/
d

(l
n

D
p
)

Mode 1

Mode 2

Mode 3

Total

U* = 1 m/s

Clay Loam



9 

a       b  

c       d  

Fig. 6. Vertical dust flux as a function of the wind friction velocity for different soil types:  

(a) – sand; (b) – loamy sand; (c) – loam; (d) – clay loam 

 

Sea-salt aerosol suspension 

Description of sea-salt generation and wind suspension from the sea surface has also 

been included into the model. For this purpose we applied the empirical Gong-Monahan 

parameterization of the vertical number flux density [Gong, 2003]: 

   
   

          
       

            
                

                                      

where 

            
        

     

                
     

      
  

 

Here    is the sea-salt aerosol radius;     is wind speed at 10 m height; and      is an 

adjustable parameter that controls the shape of the sub-micron size distribution.  

The size distribution of the vertical sea-salt aerosol mass flux based on this 

parameterization is shown in Fig. 7a for different wind speeds. Figure 7b illustrates 

dependence of the integral sea-salt aerosol flux on wind speed at 10 m height for 

different cut-off aerosol diameters. In the following calculations we used the cut-off 
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value of aerosol diameter equal to 10 μm, since larger particles can hardly be 

transported far from the ocean coastal areas. 

a         b  

Fig. 7. Sea-salt aerosol mass flux as a function of particle size (a) and dependence of the sea-salt 

flux on wind speed at 10 m height for different cut-off aerosol diameters (b) 
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and Stamatis, 2009, Ordóñ z  t a ., 2015]. Agricultural soil can be additionally enriched 

with cadmium due to its input with fertilisers and sewage sludge. Therefore enrichment 

factors for the upper layer of different soil types are used in modelling of wind re-

suspension. It is assumed that the enrichment factor is proportional to the accumulated 

deposition. Coefficients of proportionality were selected to reach reasonable fit between 

modelled and observed concentrations and wet deposition.  

In order to estimate heavy metal re-suspension with sea-salt aerosol we used the 

emission factors: 4 mg/kg for lead and 40 μg/kg for cadmium, derived from the 

literature [Nriagu, 1980, Richardson et al., 2001]. 
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