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ABSTRACT 

THE EMISSION OF PMlo BY SALTATING GRAINS, AND 'TtlE FACTORS 
THAT INFLUENCE TEE ABRASION EFFICIENCY 

Christopher A, Houser 
University of Guelph, 1999 

Advisor: 
Professor W.G. Nickling 

This study examines the emission of PMlo (particulate matter <10 pm), fkom a 

clay-crusted playa using a portable field wind tunnel. The results of this study illustrate 

that the sustained emission of PMlo fiom a crusted surface is dependent on the presence 

of saltating grains. However, the association between the emission of PMlo and the 

saltation transport rate is not a simple bivariate relationship. 

The ability of the sand to abrade the surface, the abrasion eficiency, was found to 

depend on a balance between the energy available for abrasion and the ability of that 

surface to release PMlo. Specifically, the abrasion efficiency was found to vary with the 

velocity of the saltating grains, the amount of surface disturbance, crust strength, and 

crust texture. The results of this study also illustrate how variations in the texture and 

structure of the crust can Limit the effectiveness of emission models on natural surfaces. 



Dusty winds here them blow, 
Dusty winds moaning low, 
Night and Day on they go, 

Those dusty winds. 
-Marty Robbins fiom "A Portrait of Marty" 
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Chapter 1 Significance of the Study 

1.1 Dust and its Effects on Society 

Dust is defined as elastic and non-clastic sediment smaller than 100 pm, which 

can be transported in suspension. Aithough a large percentage of suspended dust is 

deposited within a short distance of its origin, a portion of the suspended material can be 

transposed Long distances. Particles smaller that 10 pm, in particular, have been found to 

travel long distances fiom the source area. One of the main sources of dust less than 10 

py is the deflation of soils in arid and semi-arid regions of the world (Pye, 1987; Pewe, 

1981). This fugitive dust consists of geologic material that is suspended into the 

atmosphere by natural wind or anthropogenic activities, which can be enhanced by 

natural winds. The sources of fugitive dust include natural surfaces, volcanic eruptions, 

agricultural fields, construction sites, quarry operations, and roads. The entrainment and 

subsequent transport of this dust-sized sediment remains an important and challenging 

focus of research, for its scientific and practical applications. 

The entrainment, transport, and deposition of dust-sized sediment can have a 

severe impact on the natural environment, and the people associated with those 

environments. Dust has been linked to climate modification, and is itself a major 

consequence of climate change (Idso, 198 1). Since dust-sized material occupies a large 

percentage of the soil, its transport can be a source of significant long-term land 

degradation in agricultural areas (Fryear, 1981). The more immediate impacts of dust 

activity include the disruption of communications systems (Clements et aL, 1963; Fye, 

1987), reduced visibility (Houseman, 1961), transmission of disease (Hyers and Marcus, 

198 l), and respiratory ~ c t i o n s  (Pye, 1987). In this regard, the emission of dust fiom 

1 



neighboring, and sometimes quite distant, surfaces impinges on many Southwestern US.  

cities, degrading air quality. 

The United States Environmental Protection Agency (EPA) considers suspended 

particulate matter less than 10 pm in diameter (I'Mlo) to be an indicator of air quality 

(US. Environmental Protection Agency, 1995). PMlo can penetrate deep into the Lungs 

leading to many respiratory problems, ranging fiom nosebleeds to bronchitis. The federal 

standard, for a 24-hr average concentration of PMLo is I50 p@n3, and 50 pg/m) for the 

annual average standard. In contrast, the Environmental Protection Act of Ontario 

(Ontario Ministry of Environment and Energy, 1994) has established a standard for the 

24-hour average concentration of P& of 120 &m3 and 60 pg/m3 for the annual 

average. However, a standard for PMlo similar to the EPA is being considered for 

Ontario. 

Based on these air quality standards the EPA has designated a total of 75 non- 

attainment areas in the United States, which pose a moderate hazard, and 5 non- 

attainment areas posing a serious hazard to human health. The Federal Clean Air Act 

Amendment, which became law in 1990, requires that all areas in rhe United States attain 

the PMLo standards of 150 Clg/m3 and 50 pg/m3 for the 24hr and annual average 

respectively. States are required to develop and submit State Implementation Plans, 

which specify approaches that can be used to reduce PMlo emissions in excess of the 

federal standard. The introduction of EPA standards and the identification of non- 

attainment areas have created new interest in dust emissions fiom natural surfaces within 

the research community. 



1.2 The Direction of W i d  Erosion Research 

Traditionally aeolian research has been directed towards the study of transport 

limited systems where the speed of the air is the primary Limiting factor, and it is assumed 

that the supply of sediment is unlimited- These studies have also tended to focus on 

simple systems where the d a c e  consisted of a single grain size and the wind was steady 

and uniform (e.g. Anderson and Hallett, 1986). 

In recent years, the research commUILity has begun to incorporate more complex 

vm-ables such as a multiple grain sizes and shapes (Rice, 199 I), fluctuating wind veIocity 

(Butterfield, 199 1; 1993), and supply limiting factors into their studies. Supply limiting 

factors include the presence of vegetation (Wolfe and Nickling? 1995), lag deposits 

(McKenaa Neurnan and Nickling; 1995), moisture (McKenna Neuman and Nickling, 

1989), and surface crusts (Gillette et al., 1982). Many of the environments, where wind 

erosion has been identified as a significant environmental problem, are supply limited. 

Surface crusting? a common phenomenon in arid and semi-arid environments, is 

an important variable inhibiting the emission of dust-sized sediment. In these 

environments, the abrasive action of saltating grains has been identified as the primary 

mechanism responsible for the emission of dust-sized sediment. Recent field studies 

(Gillette, 1978; Nickling, 1978; and Nickling and Gillies, 1989; 1993), on the emission of 

dust from crusted surfaces, have demonstrated that the emission process is not a single 

function of shear velocity and saltation flux as indicated in idealized labs studies (ex. 

Shao et al., 1993). These studies have suggested that the emission of dust-sized sediment 

fiom crusted surfaces is dependent on: the quantity of sdtating grains (Giilette, 1977); the 

kinetic energy associated with those saltating grains (Zobeck, 199 1; Shao et aL, 1993); 



crust strength and its variability (Rice et aL, 1997); and the textural or structural 

characteristics of the d a c e  (GilIette, 1978). Although past studies have recognized 

these variables, few have attempted to examine their role and relative importance in a 

natural setting- 

Understanding the mechanics of dust entrainment, transport, and deposition is an 

important focus for environmental management and heatth. Increasing our understanding 

of the processes that control the emission of PMlo fiom crusted surfaces, will aid in the 

development of approaches to address and predict atmospheric dust loading. The 

purpose of this investigation is to finther examine the role of saltation abrasion in the 

emission of PMlo fiom crusted surfaces. The study is focused around a series of portable 

wind tunneI tests on a clay-crusted playa, near Desert Wells, Arizona. Various factors 

influencing the abrasion efficiency of the saltating grains are examined including: particle 

velocity, crust strength and its variability, and the textural and structural characteristics of 

the surface. 

The purpose and objectives of this study are outlined at the end o f  Chapter 2. 

This followed by a review of the study methods in Chapter 3, and a presentation of the 

study results in Chapter 4. These results are discussed, with reference to previous 

studies, in Chapter 5, which forms the basis for some concluding remarks in Chapter 6. 



Chapter 2 Research Context 

2.1 The Surface Wind 

Sediment transport is a consequence of the shearing stresses created by the wind 

blowing over the surface. Due to the frictional drag exerted by the sudace, wind velocity 

increases with height until a constant velocity is reached, the freestream velocity (Figure 

2.1). This boundary layer, which is characterized by fully turbulent flow, exhibits a semi- 

logarithmic vemcal wind velocity profile that can be described by the Prandtl-von 

Karman equation (commonly termed the 'law of the wall'): 

where k (von Karman's Constant) is taken to be 0.4. According to the equation, G, the 

roughness length, is defined as the height above the surface at which the mean velocity is 

assumed to be zero. This roughness length is simply a constant of integration based on 

the form of the velocity profile. Essentially at this length scale there is a momentum sink 

(Jackson, 1981) where momentum fiom the flow above is directed into a drag force on 

the surf'ace. According to the b d t l  mixing length theory (1927), the surface shear 

stress (or drag force) is equal to the shear stress in the constant stress layer close to the 

bed. The boundary shear stress (so) can therefore, be expressed in terms of shear velocity 



Height 
(2) 

Velocity 
(uz) 

Figure 2.1 Schematic representation of a velocity profile on standard (a) and 
logarithmic (b) scales. 



Since shear velocity is an easily measured estimate of the shearing stress at the bed, it is 

commonly used in the development of entrainment and transport models. The shearing 

stress measured using the shear velocity represents a time-average ofthe applied stress in 

the x-y plane (u'v')- 

Shear velocity was initially developed in an ideal case of steady-uniform flow 

over a horizontal homogenous bed (Bauer et uL, 1992). Uncertainty and error arise when 

these laws are used in conditions other than those assumed. Shear velocity is only valid 

if the eularim and vertical distribution of turbulence (u'v') remain constant. In natural 

flows, the boundary layer must adapt to surface irregularities (Belcher et al., 1990), 

atmospheric instability (Oke, 1990), and fluctuations in the speed and direction 

(Butterfield 1991; 1993). Consequently, the turbulent structure of the flow is not 

characteristic of a d o r m  steady-flow, and the resulting profile is not semi-logarithmic- 

In the natural environment, shear velocity is not always an appropriate measure of 

the bed shear stress. The Limitations of shear velocity restrict the effectiveness of many 

transport models. Therefore, it has been proposed that the near bed stress is the result of 

turbulence. This new focus on turbulence has broadened the definition of bed stresses- 

Even over smooth surfaces, stresses are not limited to shear in the xy plane, as measured 

by shear velocity. Other stresses, created through turbulent activity, are identified as 

Reynolds stresses: 



The importance of these stresses in sediment transport was recognized with the 

development of instnunents, such as hotwire and sonic anemometers, which measure 

velocity fluctuations at a short-time scale. 

These turbulent stresses are created over a range of spatial scales and decay over 

relatively short time intervals. At the large scale, turbulence is characterized by coherent 

flow structures, basic flow modules that give rise to an ordered development A 

commonly used example of coherent flow structures is the burst-sweep phenomenon 

(Best, 1992). Sweeps are events of high velocity fluid directed towards the bed, 

culminating in an ejection away from the surface into the outer regions of flow- h 

aeolian transport, the initiation of sediment transport has been reported to occur in semi- 

organized 'Ylurrie~'~ of activity associated with bursf-sweep cycles (Anderson et al., 

199 1). Williams (1 986) has presented strong circumstantial evidence linking the spatial 

pattern of initial grain movement to velocity signatures representative of burst-sweep 

events. 

Both field and laboratory studies have identified the existence and importance of 

turbulence in the initiation and subsequent transport of sediment. However, at this time, 

there is insufEcient theory and technology for the development of a transport model 

based on turbulence. Consequently, aeolian geomorphology is at a crossroads. There is 

sufficient evidence to indicate that it is not appropriate to measure shear velocity for 

sediment transport on short time scales. However, shear velocity remains the only 

practical alternative. Therefore, although our conceptual understanding of sediment 

entrainment and transport involves turbulence, the mathematical and predictive models 

tend to be based on shear velocity. 



23 Modes of Sediment Transport 

Bagnold (1941) identified three distinct modes of transport in the aeolian system 

that are defined by the gmin size of available sediment: suspension (c60 p), saltation, 

including reptation (60-500 pm), and creep (>500 pm). Tsoar and we (1987) fiuther 

defined these transport modes based on the settling velocity relative to the shear velocity 

(Figure 2.2). It is generally recognized that these transport categories, which are 

described below, are only abstractions used for organizing the aeolian transport system. 

In reality, a transporting system involves a continuum of trajectories f?om suspension to 

creep (Nickling, 1 978). 

2.2.1 Saltation, Reptation, and Creep 

Saltation, reptation, and creep transport involve sediment that is largely 

unaffected by vertical velocity fluctuations, restricting their motion close to the bed. As 

suggested by Bagnold (1941), saltating grains follow a characteristic ballistic trajectory. 

This characteristic motion involves a steep vertical ascent followed by a parabolic path 

towards the bed at low impact angles. The impact of saltating grains with a sand surface 

may cause the movement of adjacent grains, termed reptation transport. Reptating grains 

move in relatively short, low hops, and do not possess suflicient energy to splash up other 

grains upon impact (Anderson and Hallett, 1986). In contrast, creep transport normally 

involves low energy grains that roll or slide forward upon impact by a saltating grain. 

Equilibrium transport, a selfkegdating process, develops when a balance is 

reached between the replacement capacity of the saltation impacts and the momentum 

extracted by saltating and reptating grains. The individual grains extract momentum 
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Figure 2.2 Modes of transport for quartz spheres based on the ratio of the particle 
settling velocity to the wind shear velocity (after Tsoar and Pye, 1987). 



fiom the airstream and the horizontal force that the grains exert on a column of air of unit 

base area is called the grain bome shear stress (t& During saltation, the total fluid 

momentum is partitioned between the grain bome shear stress and the air borne shear 

stress : 

The grain bome shear stress increases towards the bed at the expense of the fluid shear 

stress (Figure 2.3)- The momentum extracted fiom the wind leads to a decrease in the 

velocity within the saltation cloud. As the amount of sediment in transport increases, the 

profile is shifted upwards and to the left 

2.2.2 Suspension Transport 

Suspension transport involves particles that are transported and maintained aloft 

by turbulent motion. In suspension transport there can be a range of grains in suspension 

with varying abilities to remain in that state. Three types of suspension transport can be 

identified based on the distance traveled aloft: intermittent, short-term, and long-term. 

The range of transport varies from several metres to thousands of kilometres. The 

eventual deposition of the dust material can result fiom precipitation, trapping by 

vegetation, changes in d a c e  roughness, or calming of the wind (Pye, 1987). 

Particles remain in suspension so long as their settling velocity is less than the 

standard deviation of the vertical velocity fluctuations: 
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Figure 2.3 Velocity profile during sediment transport and the vertical variation in the 
air-borne and grain-borne shear stress (after McEwan and Wietts, 1991). 



where 0' is the instantaneous vertical velocity, and Uf is the grains settling velocity. 

Gillette (1974) suggested that a grain's susceptibility to be carried in suspension can be 

expressed as  a ratio of the particle senling velocity to the shear velocity (U/CT.). The 

shear velocity, a common and easily measured parameter used in aeolian research, is 

proportional to the vertical velocity of the flow: 

where a fds  between 0.7 and 1.4 with an average value of 1.0 (Lumley and Panofsky, 

1964). Suspension transport occurs when the settling velocity is small relative to the 

shear velocity (Uflec<l) .  Tsoar and Pye (1987) suggest that this threshold ratio should 

be less than 0.7 to maintain true suspension since larger grains have a propensity to be 

deposited when the standard deviation of the vertical velocity is at a minimum. The 

authors M e r  subdivide suspension transport into short-term and long-term transport 

based on a value of 0.1, which associated with 'settling' and 'non-settling' grains. 

The dust-sized sediment emitted fiom the surface becomes suspended in the air, 

and is dispersed away from the surface by turbulent fluctuations- Numerous field 

investigations (e.g. Chepil and Woodruff, 1963 ; Gillette 1977; Nickling 1978; Goosens 

1985; Nickling and Gillies 1993) have shown that under neutral stability conditions, particle 

concentration decreases as a power function of height in a dispersing dust cloud. In the 

lower atmosphere, this relationship can be descnkd by the well-established R o w  (1937) 

equation: 



where UC, is the relative concentration at any elevation z refecenced to an arbitrary 

elevation a The exponent b=U/Ku. where Uf is the settling velocity of the particle. Values 

for the exponent range fiom approximately -0.25 to -0.35, with an average around 4 . 3  

(Chepil and Woodruff, 1963; Shinn et ai-, 1976; Gillette, 1977; and Nickling, 1978). 

However, the exponent has been found to range h m  -0.19 (Goosens, 1985) to -3.6 (White 

et al., 1996). As suggested by GiUette (pers comm, 1999) this range of exponents is a 

reflection of the receptor distance h m  the emission source, With distance away &om the 

emitting source, the exponent decreases as the profile becomes increasingly d o r m  with 

height, through turbulent mixing. 

As suggested by Gillette (1977), the vertical transport of dust follows the vertical 

transfer of momentum by turbulent eddies. The amount of dust being transported away 

£?om the surface, however, cannot be measured directly because collecting systems 

cannot differentiate between these particles and the ones being deposited. Consequently, 

Gillette (1977) suggested that the vertical transport of dust (F) can be estimated by: 

where c is the dust concentration. The amount of dust moved vertically is only a small 

portion of the total dust emitted &om the surface, as calculated by the emission rate (E, 

i&n2s). As indicated by their mathematical definitions (provided in Appendices 1 and 

2) the relationship between the vertical dust flux and the emission rate varies with the 

drag coefficient (Cd)- The dust that is moved vertically has the potential to become 

available for long-term transport and is therefore, important for environmental 



monitoring. The modeling of the vertical transport of dust is based on various premises 

about the mechanisms involved in the ejection process. 

2.3 Entrainment of Dust-Sized Sediment 

When the fluid drag force, in combination with a Lift force, exceeds the inertial 

forces of surface grains, particles will begin to move (termed entrainment). The Lift force 

arises fkom flow acceleration over a particle protruding into the flow, creating a lower 

pressure (by Bernoulli's equation). The traditional approach to modeling the combined 

effect of the drag and lift forces is through a force-balance approach. As the wind 

velocity increases over a surface with a d o r m  grain size, individual grains will begin to 

move when the critical shear stress just exceeds the fluid threshold shear stress measured 

in terms of shear velocity (u+ 

Through theoretical reasoning and empirical verification, Bagnold (1941), and 

later Iversen et al. (1987) related the fluid threshold shear velocity to the particle size, 

particle density, fluid density, and interparticle forces: 

where a approximates a value of 0.1 to 0.188 for particle Reynold's numbers > 1 (Tsoar 

and Pye, 1987). The coefficient a increases rapidly when Re,4 resulting in higher shear 

velocities being required to aerodynamically entrain dust-sized sediment. Although the 

threshold (u.3 is often defined by a finite value, Nickling (1988) found that a surface 

contains a wide range of threshold values that reflect the size, shape, sorting, and packing 

of the individual grains. 



The general relationship between grain size diameter and threshold shear velocity is 

shown in Figure 2.4. The higher threshold values, for dust-sized sediment, has been 

explained by: 

1. the creation of an aerodynamically smooth surface ( R a . 5 )  (Bagnol& 
1941); 

2- shielding by larger particles (Greeley and Iversen, 1985); 

3. density ratio of particle to fluid (Iversen et al., 1 987); and, 

4. interparticle bonds including Van der Wads forces, electrostatic charges, 
and s d a c e  tension imparted by moisture films (Iversen and White, 1982). 

In a series of low-pressure wind tunnel tests, Iversen and White (1982) demonstrated that 

the interparticle bonds, are more important than Reynolds number effects for very small 

particles. The high threshold shear velocities means that unconsolidated dust is rarely 

entrained aerodynamicallyY The interparticle forces are easily disrupted, however, by the 

impact of saltating grains, a process termed dynamic entrainment (Bagnold, 1941). 

Saltating particles may cause small particles to be released fiorn the loose soil matrix 

through ballistic impact (Gillette, 1977; Gomes et al., 1990; Shao et al., 1993) or through 

the disintegration of the sdtating particle itself (Gillette, 1978). It has also been 

hypothesized by Gillette and Passi (1988) that the impact process is enhanced by 

aerodynamic wakes that draw dust particles off the d a c e  in the lee of the saltating grain 

(Figure 2.5). 

Gillette and Passi (1988) suggest (based on a personal communication fiom P.R. 

Owen) that upward dust flux can be approximated by: 
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Figure 2.4 Threshold shear velocity for varying grain diameters (after Bagnold, 
1941). 
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where a is a dimensional constant related to the characteristics of the impacting grain. 

As described by Shao et al. (1993) this equation is based on the enhanced effect of a 

vortex field and the related lift forces generated by a saltating grain upon impact with an 

unconsolidated bed of dust-sized sediment. Some empirical evidence for this theoretical 

model is provided by Gillette (1977), Gillette and Passi (1988), and Nickling and Gillies 

(1993). Although the Owen model provides a good estimate of the vertical dust flux, 

there remains a large degree of data scatter attriiutable to variations in the d a c e  

composition and form (Nickling and Gillies, 1993). 

Shao et al. (1993) argues that the aerodynamic lift component identified in the 

Owen model is insignificant relative to interparticle cohesion. The ejection of dust-sized 

sediment is solely dependent on the rupturing of the interparticle bonds by the saltating 

grains. Consequently, Shao et al. (1993) developed a dust flux model based on the 

required kinetic energy of a bombarding saltating particle to break interparticle bonds: 

where a is a dimensionless parameter based on the efficiency of the bombardment 

process: 

The bombardment efficiency is therefore, dependent on the proportion of incoming 

bombardment energy available for breaking interparticle bonds, and inversely dependent 

on the resistance of the interparticle bonds to breaking. This bombardment efficiency 



was found to be independent of wind speed for a given saltation particle size class and 

increases with saltation particle size at a given wind speed (Shao et al., 19%). 

The development of this model was based on a series of laboratory wind tunnel 

tests. In these tests, the emission of dust-sized sediment, fiom a bed of unconsolidated 

clay, was found to be linearly related to the equilibrium m o a  rate of sand. Since the 

vertical dust flux is proportional to the emission rate, it follows that the vertical dust flux 

also fits this relationship. Comparing their model with the field data of GilIette (1977), 

Shao et al. (1993) found that their model accounted for a greater amount of the variation 

compared to the Owen model. However, the authors note that the scatter in the data set 

makes it impossible to conclusively distinguish between a third and fourth power 

dependence of F on the shear velocity. 

The model of Shao et al. (1993) supports earlier findings by Fairchild and Tillery 

(1982) in a series of controlled wind tunnel tests. Fairchild and Tillery (1982) found that 

the resuspension rate (the fiaction of a surface species removed in unit time, g/s), 

increased by a factor of 2 to 3, and in some cases reached values as high as 6 to 7 in the 

presence of saltating grains. The authors hypothesized that more kinetic energy is 

transferred to the bed during saltation than during clean airflow. They further observed 

that as the size of the saltating particle increased, greater kinetic energy was transferred to 

the surface increasing the emission rate. This finding is consistent with the laboratory 

findings of Shao et al. (1993). The emission rate was also found to increase, for a given 

size of saltating particle, as the grain size of the d a c e  sediment decreases. The findings 

of Fairchild and T ie ry  (1982) have been corroborated by Borrxnann and Jaenicke (1987) 



in a series of laboratory wind tunnel studies on the relationship between saltating 

particles and dust emission. 

These vertical dust transport models are based on ideal surfaces where the supply 

of dust-sized sediment and sdtating grains is not limited, their predictive ability is Little 

more than an estimate of the maximum transport rate. In supply limited environments the 

transport of dust-sized sediment is not governed by the transport capacity of the wind, but 

by the ability of the surface to emit. Various factors that limit the ability of a given 

surface to emit dust-sized sediment include vegetation (Wolfe and Nickling, 1995), lag 

deposits (McKenna Neuman and Nickling; 1995), moisture (McKema Neuman and 

Nickling, l989), and surface crusts (GiUette et al., 1982). 

2.4 Surface Crusts 

Surface crusting, a common phenomenon of arid and semi-arid environments, is a 

consequence of soil enrichment and bonding by clay minerals (Gillette, 1977), organic 

matterhlgae (McKema Neuman ef al., 1996), and soluble salts (Nickling and Ecclestone, 

198 1 ) .  West ei ul. (1992) differentiate soil crusts by the mechanisms of formation: 

1 .  Shwctural Crusts: Those formed h siru by raindrop impact and the 
associated rapid wetting of the soil surface; 

2. Sedimentary Crusts: Those formed by translocation and deposition of 
fine soil particles and solutes, in surface and 
subsurface waters, at a distance fiom its original 
location; and, 

3. Microplytic Crusts: Those formed by growth of algae and bacteria 

The morphological characteristics of a crusted soil depend on the mechanisms of 

formation and the constituent materials. For example, structural crusts, which are 



dominated by clay, tend to form thin and very smooth surface seals. In contrast, crusts 

rich in salts or microphytic organisms tend to be thin and are characterized by an 

aerodynamically rough surfaces (McKenna Neuman et al.. 1996). 

The depth of clsting depends on the degree to which the surface is saturated. If 

the surface is wetted by rainfall activity, saturation of the soil is restricted to the near 

surface layer. Crusts formed by fluvial deposition tend to have thick d a c e  seals due to 

the degree of saturation. In contrast, crusts formed by groundwater transport of solutes 

can form a deep indurated crust, such as caLiche (a deep crust of CaC03). Variations in 

the frequency and magnitude of these crust-forming processes, alone or in combination, 

can lead to variability in the crust morphology through time. As observed by Nickling er 

al. (1997) the salt crust on Owens Lake became thicker and more widespread over a 

period of five days. 

As identified through the work of Gillette et 01. (1982), and Rice et al. (1997) the 

property of soil crusts most important to the emission of dust-sized sediment is strength. 

As concluded by Gillette et a[. (1982), crust strength is primarily determined by the 

percentage of clay minerals. Further studies by Rice et al. (1997) showed that sediments 

are not easily eroded if they contain >10% clay unless the surface has been disturbed. 

Therefore, the strength and hence erodibility of a crust is dependent both on its 

cohesiveness, which is related to the packing density, and on the interparticle bond 

strength of the clay material. Interparticle bonds develop through the sharing of cations 

in adjacent electrical double layers, hydrogen bonding (such as in kaolinite clay) and van 

der Wads forces (Sumner et al., 1992). 



The strength of the crust can be fi.trther increased by high concentrations of 

exchangeable cations (particularly sodium) in solution (Gillette et al,, 1982). SoIubIe 

material is common in playa soils where the d a c e  material is deposited under shallow 

water conditions. When these soils dry, cations, which retreat to smaller pores, cause the 

clays to be pulled into a tighter configuration. The influence of exchangeable cation 

concentration is greater in clay minerals that have a high cation exchange capacity such 

as smectite and vermiculite- 

As summarized by McKema Neuman et al. (1996) microphytic crusts play an 

important role in d a c e  stabilization in semi-arid and arid environments, in addition to 

coastal areas. Microphytic crusts are formed by the growth of filamentous organisms, 

which entangle the d a c e  sediment or bond the sediments through polysaccharide 

excretions. 

Soil crusts formed by clay, silt, microphytic organisms, or natural salts can 

effectively protect a soil from erosion, for all but extremely high wind events (GiUette et 

al., 1980). Relative to the threshold shear velocity of unconsolidated sand material 

(between 0.24 and 0.67), the threshold shear velocity of a crusted soil is very large 

reaching values in excess of 2 m/s (Table 2.1). Thresholds of this magnitude are rarely 

achieved in nature, except under the extreme shear of dust devils. Dust emissions fiom 

crusted surfaces are, nonetheless regularly observed. The source of the dust material has 

been attributed to prior deposition by wind, or through crust weathering (Gerdes, 1991). 

Once this surficial material is entrained the vertical dust flux decays rapidly as the d a c e  

supply is depleted (Nickling et aL , 1997; Shao et al., 1993). 



Table 2.1 Range of threshold fiction velocities for consolidated and unconsolidated 
material, 

Consolidated Material 

Soil Type 

Salty Hard Crust 
Pure Salt Crust 
Hard Clay Crust 

Crusts with Cracked Peds 
Cracked Clay Crust 

Crust 
Thin Weak Crust 

Smooth Crust 
Smooth Crust 
Thin Clay Crust 
Thin CIay Crust 

CIay Crust with Pellets 
Curled Clay Crust 

Sandy Crust 
Salt Crust over Sand 

Flu@ Salt Crust 
Salt Crust over Sand 

F l u e  Salt Wave 
Flum Salt Wave 

Aridisol 
15.2% SiltKlay 
83% Silt/CIay 
1 1.2% Silt/Clay 
18.6% SiltlClay 
24,796 Silt/Clay 

Aridiso 1 
Disturbed Silty Loam 

Aridisol 
17.2% SiIt/CIay 
3.2 % SiltClay 
Thin Weak Crust 
14.3% Silt/Clay 
26.6% Silt/Clay 
8.9 % SiIt/CIay 
27.7% SiltClay 
20.9% Silt/CIay 

Threshold Shear Velocity 

Unconsolidated Material 

Reference 

GiUette et al, (1982) 
Gillette et aL (1982) 
Gillette et al, (1982) 
Gillette et aL (1982) 
Gillette et aL (1982) 
GiUette et al- (1982) 
Gillette et aL (1982) 
Gillette et af- (I 982) 
Giliette et al, (1982) 
Gillette et aL (1982) 
Gillette et al, (1982) 
Gillette et al, (1982) 
Gillette et al. (1982) 
Gillette et al- (1982) 
Giltette et al, (1982) 
Gillette et al- (1982) 
Gillette et al. (1982) 
Gillette et a/- (1982) 
Gillette et al, (1982) 

Leys and Raupac h (1 99 1) 
Nickling and Gillies (1 989) 
Nickling and Gillies (1989) 
Nickling and Gillies (1 989) 
Nickling and Gillies (1989) 
Nickling and Gillies (1989) 
Leys and Raupach (199 1) 

Wolfe ( I  993) 
Leys and Raupach (199 1) 

Nickling and Gillies (1989) 
Nickling and Gillies (1989) 

Gillette et aL (1982) 
Nickling and Gillies (1989) 
Nickling and Gillies (1989) 
Nickling and GilIies (1989) 
Nickling and GiIlies (1989) 
Nickling and Gillies (1989) 

Soil Type 
Sand (0.37) 
Sand (e0.96) 
Sand ($=I -90) 
Sand (F2.43) 
Coarse Sand 
Fine Sand 

Threshold Shear Velocity (m/s) 
0.49 
038 
0.29 
0.24 
0.67 
0.37 

Reference 
Nickling (1988) 
Niclding (1988) 
Nickling (1988) 
Nickling (1988) 

Gillette ef al, (1982) 
Gillette et al. (1982) 



The ejection of dust from a crusted s d a c e  can only be maintained when the 

integrity of that crust is reduced dowing for the release of constituent or underlying 

particles. Consequently, crusted surfaces are only significant sources of dust when they 

are subjected to the compressive and shearing forces created by mechanical forces or 

saltating grains. 

2-4. I Cmst Abrusion by Saltating Grains 

The importance of saltation abrasion is well documented on the salt crusted 

surface of Owens Lake, California (Cahill et al., 1996; Gillette et al., 1997). Cahill et al. 

(1996) found that the concentration of PMlo at a height above the surface is related to the 

quantity of sand in transport. Gillette et al. (1997) also observed that the vertical flux of 

PMlo was closely associated with strong winds that were able to mobilize sand grains on 

the surface. 

McKenna Neuman et al. (1996) documented visual evidence of the abrasive 

action of saltating grains on a microphytic crust over a sand bed. The authors noted the 

initial development of fine striations several grain diameters in width on resistant crusts 

that reflect the selective ejection of individual grains. With continued abrasion many of 

the impact striations were observed to develop into s m d  flutes (-40 mm) that were 

narrow and blunt nosed in the direction of airflow, similar to those observed on ventifacts 

(Laity, 1994). As the abrasion continued the flutes extended fUrther downwind and 

deepened rapidly. As a result, the transport rate of sand, from the previously protected 

surface showed appreciable increases. The sand acted as a transport catalyst by breaking 

the interparticle bonds of the crust allowing for the release of the underlying material. 



The abrasive action of sand has been well documented in the study of erosion 

features such as ventifacts (Laity, 1994) and yardangs (Ward and Greeley, 1984). Upon 

impact with the surface, a spherical grain creates circular Hertzian hctures (Figure 2.6), 

with a diameter that scales with the velocity of impact (Greeley and Iversen, 1985). The 

energy at impact is not completely dissipated. In fact, only a s m d  portion of the impact 

energy is dissipated, with the remainder of the grain energy involved in elastic rebound of 

the grain. The dissipated energy is partitioned between the breaking of interparticle 

bonds and elastic rebound of the d a c e  (based on Young's modulus of elasticity). 

Repeated impacts create a network of hctures allowing the dust to be more 

easily ejected into the airstream through turbulent diffusion The mass of material 

removed per impact can be expressed as: 

where S, is a measure of the susceptibility of the material to abrasion (Scattergood and 

Routbert, 1983; Anderson, 1986). Experiments by Suzuki and Takahashi (198 1) 

indicated that the values of n and m are 2 and 3 respectively. Therefore, the mass of 

material removed per impact is dependent on the ratio of the kinetic energy or momentum 

of the impacting grains (2) to the surface susceptibility. Using these findings as a model 

for the abrasion of crusted surfaces, it has been hypothesized that the amount of material 

released from the surface is dependent on the quantity and energy of the saltating grains 

(Zobeck, 199 1 ; Rice et al., 1996, Rice et al., 1997). 

Similar to the abrasion of rock material, the emission of dust-sized sediment fiom 

a crusted surface requires a supply of larger sediment (such as sand) transported in 

saltation. In a study by Zobeck (1991), a variety of crusted surfaces were subjected to 



Figure 2.6 Creation of hertzian fractures by an impacting particle (after Greeley and 
Iversen, 1985). 



abrasion by a controlled upwind supply of sand. The abrasion efficiency (ratio of the 

amount of soil abraded per unit mass of abrader blown against the surface) was examined 

on fourteen sdaces (of various compositions), with respect to three abrader flux rates at 

a constant fkeestream velocity. Zobeck (1991) found that the amount of soil abraded 

from the surface was linearly related to the quantity of abrading material. However, as 

the amount of sand transported for a given fieestream velocity increased (resulting in a 

decrease in the grain velocity), the effectiveness of each grain in emitting dust decreased. 

Consequently, the amount of material abraded fiom a crust is dependent on both the 

quantity of abrasive material and the kinetic energy associated with those grains, which is 

similar to the findings of Greeley et al. (19821, and Anderson (1986). 

The abrasive action of sand has also been studied by Rice et al. (1996) on a silt- 

crusted soil. The authors found that the mass of material removed by the impact of 

saltathg grains increased with the kinetic energy of the saltating material. For a crust of 

given strength, as the amount of kinetic energy lost to the bed increased, the impact crater 

volume increased Linearly. The amount of energy required to create a crater of a given 

volume was observed to increase as crust strength increased. 

Crust strength can exhibit considerable variation temporally and spatially 

(Nickling and Brazel, 1984; Cahill et al., 1996; Nickling et al., 1997; McKema Neuman 

et a[. , 1996; Nickling et al., 1999). McKema Neurnan et al. (1996) observed that 

different growth rates of microphytic organisms over a sand surface can lead to variations 

in the crust strength. In an series of earlier studies, NicWing and Brazel (1984) observed 

that the occurrence of large-scale dust storms followed rainstorm activity, but quickly 

dissipated. The resealing of clay crusts, which occurred after these rainstorms was 



limited to the d a c e .  As a r ed t ,  the thin surface layer would begin to peel and curl, 

exposing thin pieces of crust that are easily abraded. As the weaker surface crust was 

abraded, a strong stable clay/silt crust was left behind. The variation in crust strength and 

the implications for d a c e  abrasion has dso been noted by NickIing et al. (1999) on a 

clay-crusted surface in Australia. Similarly, Cahill et al. (1996) noted that continued 

abrasion of the salt crust at Owens Lake resulted in the creation of a stable salt-silt-clay 

crust that was much stronger than the original surface. 

As suggested by Rice et al. (1997) variations in crust strength, even within a small 

area, can lead to considerable variations in the amount of dust emitted. Rice et aL (1997) 

suggested that dust emissions fiom crusted surfaces are probabilistic, dependent on the 

variability of crust strength in relation to the momentum of the abrading grains. The 

magnitude of dust emissions depends on the overlap between these two distributions 

(Figure 2.7). Higher abrasion efficiencies are therefore, associated with greater amounts 

of overlap between the two distributions. Based on this concept, a single point measure 

of crust strength is not adequate for predicting dust emissions. 

The variability of crust strength, over the length of a wind tunnel, can help explain 

the poor relationships found between the vertical dust flux and flow characteristics, such 

as shear velocity (Nickling et aL, 1997; Stetler and Saxton, 1996; Nickling and Gillies, 

1989). On crusts with a range of crust strengths, weaker areas will be preferentially 

abraded. As noted by McKema Neuman et al. (1996) abrasion of these weaker areas 

acts to undermine adjacent areas through fluting. Therefore, dust emissions from these 

crusts should be expected to show a weak relation with the mean strength, and a stronger 

relationship to some measure of the strength variability. 
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Figure 2.7 Relationship between the emission of dust-sized sediment and the crust 
strength and its variability (Mer Rice et al., 1997). 



The susceptibility of a crust to abrasion has also been shown to be dependent on 

the rigidity of that surface, a characteristic which is not necessarily related to crust 

strength (Rice et aL , 1997). Through theoretical reasoning, Rice et al, (1 997) suggested 

that the proportion of the incoming saltation energy used to abrade the crust depends on 

the crusts rigidity or a e s s  as can be calculated fiom the modulus of deformation: 

where 6x is the surface deformation produced by the force of deformation (Fd), which is 

related to the moduius of elasticity: 

The dependence of the applied force on the modulus of deformation suggests that a more 

rigid surface will experience a greater force. Therefore, the authors suggest that a weak 

and soft crust are not necessarily more vulnerable to abrasion than strong and stiffcrusts. 

Since the deformational properties of the crust can also exhibit spatial heterogeneity, 

understanding the susceptibility of a crusted surface to abrasion requires that the strength 

and modulus of deformation be measured together at a variety of locations. 

2.4.2 Mechanical Crust Disturbance 

In addition to saltation abrasion, surface crusts can be broken by land-use 

practices such as agriculture or off-road traffic. Depending upon the composition and 

morphology of the crusts, they are normally brittle when dry and hence crush easily when 

subjected to compression or shear forces induced by these activities. A study by Belnap 



and Gillette (1998) found that disturbed biological crusts, on sandy soils in southeastern 

Utah, are susceptible to wind erosion by commonly occurring wind speeds. As the 

amount of disturbance increased the quantity of soil material eroded increased 

exponentially as the bombardment efficiency increased. Similar results were found by 

Leys and Eldridge (1998) on a crusted d a c e  in Southeastern Australia As suggested 

by Belnap and GilIette (1996) the increasing land disturbance may lead to significant 

increases in regional and even global wind erosion rates. In their study, recovery of 

microphytic crusts from mechanical disturbance can take several decades for 

cyanobacteria and lichens or even centuries for mosses- While these studies have focused 

on the importance of disturbance to saltation transport, no study has identified the 

importance of crust disturbance on the emission of dust-sized sediment. 

2.5 Empirical Measurements of Dust Transport Rates from Crusted Surfaces 

These theoretical models, for the emission of dust-sized sediment, have in many 

ways caught up to experiment, and there is a need for new experimental work to verify 

various models (Shao et al., 1993; Gillette and Passi, 1988). Several recent studies of 

dust emissions fiom crusted surfaces have been carried out by Gillette (1977), Nickling 

(1 W8), and Nickling and Gillies (1989, 1993). These studies have clearly demonstrated 

the range of variation that exists in the vertical dust £lux for a given shear velocity or 

saltation transport rate. Although the emission and ultimate transport of dust is primarily 

dependent on the abrasive action of sand, shear velocity alone is commonly used for 

modeling. The relationship between the vertical dust flux and shear velocity has been 

documented in many studies (Table 2.2). The exponent of this power relationship has 



Table 2.2 Comparison of exponents in the relationship between the vertical dust flux 
and the shear velocity ( F a 2 ) .  

Study 
Nickling et al. (I 999) 
Logie (1998) 
White et al. (1 997) 
Nickhg et aL (1997) 
Gillies et al. (1996) 
Nickling and Gillies (1 989) 
Nickling and Gillies (1989) 

I Nickling and GiUies (1989) 

Borrmann and Jaenicke (1 987) 
Nickling (1 978) 
Gillette (1 978) 

Exponent (x) 
4.94 
5-67 
6.54 
3 -64 

4.00 (forced) 
1.89 (all sites) 

4.27 (sites >25% 
clay/silt) 

3 -02 (sites (1 5% 
cIay/siit) 

10.37 
3 -55 

3 -00 (forced) 
7.71 

t Total suspended 

Sediment 
PMIO 
PMio 
PMto 
PMto 
TSPt 
TSPt 
TSPt 

TSPf 

TSPt 
TSW 
TSPt 
TSPf 

Approach 
Tower 
Tower 

Wind Tunnel 
Wind Tunnel 

Tower 
Wind Tunnel 
Wind Tunnel 

Wind Tunnel 

Wind Tunnel 
Tower 
Tower 
Tower 



been observed to vary fiom 10.37 to 1.89. A comparison of some of the observed 

relationships are provided in Figure 2.8. In these studies it is hypothesized that the 

observed variations reflect strength, structural, and textural characteristics of the crust, 

Despite these studies, very few data sets present vertical dust flwres fiom natural 

surfaces. 

A field study by Gillette (1977) was one of the first field studies that examined 

the link between the horizontal flux of saltating grains to the vertical flux of dust-sized 

sediment. According to Gillette (1977), fine particles are produced by a 'sandblasting' 

effect in which surface deposits of fines are ejected and the saltating grains are 

desegregated upon impact with the d a c e .  This sandblasting prccess was also observed 

by Gomes et al. (1990) during wind erosion events in the Sahara Desert. Dust-sized 

sediment was ejected into the airstream by impact of a saltating grain with a reservoir of 

fine particles. In this study, it was also observed that the ejection of dust-sized sediment 

increased as the particle size of the reservoir material decreased. 

A recent study by Mar0 et al. (1997) found that the energy required to eject dust 

fiom a surface is dependent on the size of that dust. By simultaneously measuring the 

kinetic energy of the saltating grains and the resulting grain size distribution of the 

ejected material the authors found that the energy required to eject dust increased 

exponentially with decreasing size of the bed material. The authors found that the 

ejection of submicron particles (4 p) requires very energetic conditions. Larger 

particles (1 - 10 p) can be readily released fiom a surface in low energy conditions. 



Nickling (1978) 
A Nidding et al(1999) 

, xWhiteetal(1997) 
x Nidding et al(1997) 
o Lopez (1 998) 
o Nidding and Gillies (1 989) 
- Gillette (1978) 

Gillies et a1 (1996) 

1 
Shear Velocity (mls) 

Figure 2.8 Relationships between the vertical dust flux (F) and shear velocity (u*) 
documented in the Literature. 



Nickling and Gillies (1 989) have conducted a series of portable wind tunnel tests 

on dust emitting sudaces in the Southwest United States. Although there was 

considerable variation in the dataset, the study reported power function relationships 

between vertical dust flux and shear velocity, but with meren t  constants of 

proportionality from the work of Gillette (1977). The authors suggest that the observed 

variations in the relationship of shear velocity to the abrasion efficiency (F/q) are 

attributable to variations in the textural characteristics of the surface crust. In gene&, 

higher abrasion efficiencies were observed on fine textured surfaces in comparison to 

coarser textured surfaces. 

Nickling and Gillies (1993), using tower-mounted suspended sediment samplers 

in Mali, found a power relationship between the vertical dust flux and shear velocity. It 

was found that Owen's dust flux model (Gillette and Passi, 1988) explained the observed 

relationship quite well. The variation in the vertical dust flux was attributed to textural 

properties of the nuface. In a similar study (Nickling et al., 1999), the power 

relationship between the vertical dust flux and shear velocity was best described by the 

Shao et al. (1993) model. However, in both of these studies vertical dust fluxes, for a 

given shear velocity and saltation transport rate, varied significantly. The authors 

hypothesized that the observed variations could be attributed to the textural and surficial 

properties associated with each of the Merent geographic locations. 

Gillette (1977) also observed a wide range of vertical dust fluxes for a saltation 

transport rate. These differences were attributed, in part, to variations in the quantity of 

saltating grains and their effectiveness at abrading the surface. The abrasion efficiency 

was also assumed to vary with the soil texture (percent sand, silt, and clay), wind speed, 



the mineral composition of the surface, and possibly the soil moisture history (Gillette, 

1978). The author stresses that the abrasion efficiency is greater for fine textured soils so 

long as the resulting crust is highly resistant to breakage. In a later study by Gillette et al. 

(1982), it is suggested that the abrasion efficiency @/q) is primarily dependent on the 

moduli of rupture of the crust (a measure of crust strength). GiLlette et al. (1997) in a 

study at Owens Lake observed an abrasion efficiency that fell within the range observed 

in the Gillette (1977) study. The similarity of the abrasion efficiency is reported to reflect 

a similarity in the size of the abrading grains and the binding energies as can be expressed 

by the (md/y) ratio (Section 2.3). In other words, Gillette et al. (1997) stresses that the 

ability of saltating grains to abrade a surface depends on the amount of energy associated 

with those grains in relation to the susceptibility of the crust to abrasion. 

2.6 Study Purpose and Objectives 

Despite recent advancements in our understanding of dust emissions from crusted 

surfaces, there remains several important problems to be examined. The nature of the 

crusted material, the energy associated with the abrading grains and the degree of site 

disturbance can vary in both space and time. Consequently, there can exist considerable 

variation in the amount of dust emitted from a surface for a given shear velocity and 

saltation transport rate. It is therefore, difficult to develop a single comprehensive model 

to predict dust emissions from crusted surfaces. In order to create a better predictive 

model for the emission of dust from a crusted surface, there is the need to examine the 

role and relative importance of particle energy, crust strength, and the structural and 

textural characteristics of the crust, controlling the abrasion efficiency of the saltating 

grains. At this time, very few studies have focused on this problem. 



The purpose of this study is to formally examine how the emission of dust-sized 

sediment, specifically PMIo, varies with the abrasion of a crusted surface by sdtating 

grains. In addition, various factors that innwnce the abrasion efficiency of the saltating 

grains are examined including particle velocity, crust strength and its variability, and the 

texhual and structural characteristics of the crust. The specific objectives of this 

investigation are: 

I. To compare emission of PMlo fiom an unabraded and an abraded surface. 

2. To relate the horizontal transport rate of sdtating grains and the shear velocity to 
the emission rate and vertical flux of PMlo on the abraded surface, 

3. To relate the ability of saltatkg grains to emit PMlo (the abrasion efficiency) to 
the velocity of the saltating grains, and the structural and textural characteristics 
of the crust. 

A field study was carried out on a clay-crusted playa near Desert Wells, Arizona. Shear 

velocity, saltation flux, the degree of crust disturbance, crust strength, and PMlo dust 

emissions were measured with the aim of providing M e r  insight into dust emissions 

eorn natural surfaces and provide a basis for comparison with existing models. The 

methods employed to address the above objectives are outlined in Chapter 3. The results 

of the investigation are presented in Chapter 4. Finally, this thesis concludes with a 

summary integrating the Results and the Discussion, and some conclusions and 

suggestions for fkther research. 



Chapter 3 Methodology 

3.1 Study Area and Site Selection 

The study site is located near Desert Wells, Arizona in La Paz County, 

approximately 160 krn northwest of Phoenix (Figure 3.1). The site is located within the 

Sonoran region of the Easin and Range Desert Province, which is characterized by low 

mountain ranges separated by an allu.al basin @Iyers and Marcus, 198 1). The study site 

is a series of clay-crusted playas (with a combined area of approximately 0.75 km2) 

situated along the Bouse Wash (Figure 3.2). The Bouse Wash, the major drainage 

channel through the valley is the primary source of sediment for the playa. According to 

McCauley (1981) the Bouse wash, and the surrounding floodplain are inundated by slow 

moving floods every few years resulting in the deposition of new material and the 

redistribution of the existing crust material. 

Soils in the region have developed on recent fan or stream alluvium and are 

generally coarse textured loams. As measured by Wolfe (1993), using a combination of 

pipette and sieving techniques, the playa soiI contains on average 38.9% clay, 52.9%silt, 

and 8.2% sand. Wore (1993) also conducted a survey of the Loose erodible material 

lying on the surface using a modified vacuum. The amount of loose soil material (0.1 1 

ma) was Lowest on the playa surface. The amount of erodible material on the surface 

was only 15% of the surficial material, and the amount of suspendable material was only 

7.6 % of the surficial material. Thus, while the soil has a large quantity of suspendible 

material on the surface, most of the fine grain sediment is aggregated or crusted. Based 

on these results Wore (1993) suggests that disturbance of the crust would increase the 

soil erodibility by exposing the suspendible material to the wind. 



Figure 3.1 Study site near Desert Wells, Arizona (after Wolfe, 1993). 
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Figure 3.2 Location of playa system within the Bouse Wash and the location of the 
playa test sites. 



The area surrounding the playa system is vegetated predominantly by creosote 

bush (Larrea hidentata), and to a lesser extent by white bursage (Ambrosia dmosa), and 

velvet mesquite (Prosopis julzj2ota var. veltrtina). Although grasses are not common, the 

wash and surrounding land is actively used for cattle grazing* Through discussion with 

the local ranchers, it was estimated that there were approximately 10,000 head of cattle in 

the study area. The cattle were observed to follow a daily migration between two 

watering holes situated on either side ofthe playa system. Consequently, the crust on and 

immediately surrounding the playas has been extensively disturbed by grazing cattle, 

creating reservoirs of unconsolidated material (Figure 3 -3). 

Desert Wells is home to one of several meteorological stations operated by the US 

Geological Survey, as part of the Desert Winds Program. During the operation of the 

meteorological station, several locally intense 'haboob-type' dust storms have been 

recorded. According to McCauley (1981), the Desert Wells area is one of many source 

areas giving rise to intense dust storms that severely hamper visibility locally. Traffic 

signs within the valley warn motorists of the potential of intense dust storms along the 

highway between Hope and Brenda (the entire length of the valley). 

According to Wolfe (1993), the potential severity of dust storms in the Desert 

Wells area may be related to a combination of fkequently occurring strong winds, the 

availability of soil material at the d a c e ,  and sparse vegetation. The Desert Wells Playa 

was chosen for its accessibility and recognized potential for intense dust storms. In 

addition, the site is an excellent area to examine the role of various transport, and d a c e  

characteristics that influence the ability of a crusted surface to emit dust within a 

relatively small area- 



Figure 3.3 Disturbance patches of unconsolidated material surrounded by intake 
crust. 



3.2 Broad Research Approach 

The role of saltation abrasion, in the emission of PMIc fiom the clay-crusted 

surface of the playa system was evaluated, through a series of portable wind -el tests. 

Tests were conducted during the period of May 6 to 20, 1998. The experiment was 

designed to investigate the importance of saltation abrasion in the emission of PMlo fiom 

this d a c e  and to identify the factors that influence the abrasion efficiency of the sand. 

The emission and vertical flux of PMlo was measured fiom the d a c e  during and prior 

to abrasion, The structural and textural characteristics of the crust at each test site were 

measured, in addition to an estimate of particle velocity. A description of the wind tunnel 

is provided below, followed by a detailed outline of the experimental approach. 

3.2.1 Wind Tunnel 

As discussed by Nickling and Gillies (1989)' it is often difficult to measure dust 

emissions over a wide range of atmospheric and surface conditions. DiEculties include: 

1. waiting for the 'right' weather conditions; 

2. trying to sort through complex data where atmospheric conditions can not 
be controlled; and, 

3. waiting for temporal changes in the strength of the surface. 

In order to overcome these limitations, a portable wind tunnel was utilized in this study- 

Use of this wind tunnel provided an efficient method for examining the boundary layer 

characteristics over natural surfaces with a controlled wind speeds and direction. 

The wind tunnel has a 1.0 x 12-m open floored working section with a height of 

0.75 m, consisting of seven fiberglass sections (Figure 3.4). Flow is generated by a 96- 

cm centrihgal fan powered by a 45-hp diesel engine. Air enters the tunnel through a bell 



Figure 3.4 University of Guelph portable field wind tunneI used in the present study. 



shaped double-screened inlet and is expelled through the fan. At a given test site the 

wind tunnel was assembled and carefully placed over the test surface. To obtain an 

airtight seal between the working section and the d a c e  heavy canvas sheets are m e d  

to the bottom ofthe tunnel walls. The sheets are spread across the d a c e  and covered 

with soil. These sheets are an effective air tight seal preventing jetting fiom under the 

sides of the tunnel. 

The design of a wind tunnel must ensure that the flow within the tunnel closely 

approximates atmospheric flows in order to ensure natural transporting conditions 

(Nickling, 1994). Wind tunnel constraints on sediment transport have been considered by 

Owen and Gillette (1985) and White and Mounla (1991). White and Mounla (1991) 

demonstrated that wind tunnels can significantly affect sediment transport processes 

based on the tunnel Froude number: 

Owen and Gillette (1985) suggest that the Froude number should be less than 20 to 

ensure that saltation is unaffected by the dimensions of the tunnei. In contrast, White and 

Mounla (1991) suggest that a more conservative value of 10 should be used in wind 

tunnel design. The Froude number for the tunnel used in this study ranged fiom 7.6 to 

40.3, which exceeds the required values suggested by White and M o d a  (1991). 

However, the importance of Froude number scaling for systems where the supply of 

sediment is limited has not been examined in the literature. 

In addition, the influence of wind tunnel constraints on the ejection rate and 

vertical dust flux has yet to be addressed. It is unlikely that the flow in the wind tunnel 



will exactly replicate the -ion process in an unconfiined atmosphere due to the 

differing turbulence scales. As suggested by Nickling et al. (1997), it can be reasonably 

assumed that the ejection and near d a c e  diffusion of dust-sized sediment can be closely 

approximated to that found in the natural boundary layer due to the similarity of shear 

stresses. 

3.2.2 EkperimentaC Approach 

The variables measured in order to meet the study objectives (Section 2.9) and the 

specific measurements required to collect this data are Listed in Table 3.1. A detailed 

description of the theory and methodology employed in the measurement of these 

variables is provided in Section 3 -3. 

A total of 45 wind tunnel tests were conducted. These tests correspond to five-fan 

speed settings of three replicates on sites that exhibited low, moderate, and high levels of 

disturbance. In order to compare the emission and vertical dust flux of PMio fiom the 

unabraded surface to an abraded surface, each test consisted of two wind tunnel runs: one 

over the bare surface, and the second with saltating grains to abrade the surface. 

Although the fan speed (RPM) was used as a reference for each test, difficulties 

associated with setting the fan speed for each run, meant that the freestream velocity 

(U3ocm) could not be exactly replicated. 

Once a potential site had been identified (a process described in Section 3.2.3) the 

area was identified using two lines of rope. In order to minimize jetting and interference 

of the regional wind with the tunnel flow the test site was oriented perpendicular to the 

direction of the region wind. The surface was then photographed at four locations dong 

the length of the tunnel. Three crust strength measurements were then made at hKelve 



Table 3 - 1 O v e ~ e w  of Objectives and Specific Measurements and Methods 

Objectives 
To compare the emission 
rates and vertical dust 
fluxes of PMIo fiom a 
crusted surface subject to 
abrasion and to the same 
crust prior to abrasion 

To relate the horizontal 
transport rate of sdtating 
grains to the emission and 
vertical flu of PMto 

To relate the ability of 
saltating grains to emit 
PMto (the abrasion 
eficiency) to the 
momentum of the d a t i n g  
grains, and the structural 
and textural characteristics 
of the crust 

M e a s d  Variables 
Emission Rate on the 

unabmded surface and 
abraded surface 
-PMlo concentration 

profile 
-velocity profile 

Vertical Dust Flux, on the 
unabraded surface and 
abraded surtace 
-PMlo concentration at 

two heights 
-shear velocity 

Saltation Transport Rate 
-mass of sand passing 

through a unit area 
in unit time 

Emission Rate 
(see above) 

Vertical Dust Flux 
(see above) 

Abrasion Efficiency (Wq) 
-Emission Rate 
-Saltation Transport Rate 

Particle Momentum 
-Momentum extracted by 

saltating grains 

Structural Characteristics 
-Crust Strength and its 

variability 
-Degree of Disturbance 

Textural Characteristics 
-Grain Size Distri'bution 
-Salt Concentration 

Methods 

-Pitot tubes at 2,4,8, I7,30 
crn 

-Pitot tubes at 2,4,8,17,3O 
cm 

-Guelph-Trent Sediment 
Trap 

-(see above) 
-(see above) 

-Compare change in the 
momentum length 
of the velocity 
profiles for each test 

-Hand Penetrometer 

-photographic analysis 

-Particle Size Analyzer 
- milliequivalents of 

NaCl 



locations on either side of the sample area. The tunnel was then moved a section at a 

time into place over the sample area and assembled. After the tunnel was assembled, the 

pitot tube array and the ~ u s t ~ r a k ~ ~  array were put in place and the hole for the Guelph- 

Trent sediment trap excavated. The fm assembly was then moved by truck and 

c o ~ e c t e d  to the working section. The skias dong the working section were then buried 

to stop jetting under the tunnel walls. 

In the fist test, the emission rate and vertical dust flux fkom the slrrface was 

measured without sand to abrade the surface, Sand was introduced into the tunnel in the 

second test in order to measure the emission rate and vertical dust flux fiom the abraded 

surface. Once the second test was completed the wind tunnel was moved to the next test 

site, and grab samples of the crust were collected at four locations along the previous 

sampling area. 

Sand, used to abrade the surface, was collected from a relict dunefield within the 

Bouse valley. Several sources of sand material were investigated. The choice of sand 

was based on the size of the sediment (which determines its ability to be transported) and 

the quantity of fine-grained material within the sediment. The relative amount of fine 

material within the various sand sources was estimated in the field by placing similar 

quantities of sand into a bowl of water. After stirring the water-sand mixhue, the time it 

took for the suspended material to settle was compared between the sand sources. The 

sand used in this study had a mean grain size of 1.87 4. The gmin size distribution of the 

sand is plotted in Figure 3 -5. 
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Figure 3.5 Grain size distribution and statistics of abrading sand- 
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3.2.3 Selection of Test Sires 

The ideal choice of sites would have been to have a range of crust strengths and 

textures at one level of disturbance and vice versa However, this optimum range of sites 

could not be found within the playa system. In order to sample a representative range of 

the textural and structural characteristics of the crust ?he tests were conducted at three 

different locations within the playa system (Figure 3.6). The choice of these sites was 

based primarily on a visual assessment of the amount of disturbance. The first eighteen 

tests were conducted on the East playa where the amount of disturbance appeared to be 

moderate. Tests 19-35 were conducted on the South playa, where the amomt of 

disturbance appeared to be lowest. The remaining tests (36-45) were conducted on the 

North Playa. The rationale for choosing each site is summarized in Table 3.2. 

3.3 Measurements and Data Analysis at Each Test Site 

3.3.1 Measurement of Wind Velocity and the Calculation of Shear Velocity 

The wind velocity profile was measured by a pitot tube rake consisting of six 

tubes c o v e ~ g  the thickness of the boundary layer (approx. 30cm). The pitot tubes was 

connected to a multi-ported scanning valve (Scannivalve, model WS5-24) which 

sequentially directs the velocity pressure to a differential pressure transducer (Viatran, 

model 219). The millivolt output of the transducer was calibrated with an inclined 

manometer (Appendix 3), before and after the field study, to get the equivalent height of 

water (mm HzO). 

The six pitot tubes were logarithmically spaced, to cover the boundary layer, at 

heights of 2, 4, 8, 12, 17, and 30 cm above the surface (Figure 3.7). The scanning rate 

and recording of the velocity was controlled by a microcomputer with an analog to digital 

51 
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Figure 3 -6 Location of wind tunnel tests on east, south, and north playa sites. 



Table 3.2 Rationale for test site locations. 

moderate level of disturb&ce that appeared to characterize much 
of the playa system 

Playa 
East 

-- - - 

South 1 19-35 1 Through visual assessment this site was found to have the lowest I 

Tests 
1-18 

I I than on the East or South playas and the c& strength, although I 

Rationale 
These sites were directly off the ranch road and exhibited a 

North 

similar to the South playa, was much higher than at the East 
playa 

36-45 
degree of  disturbance 
The degree of disturbance on this site appeared to be greater 



Guelph-Trent Sediment 
Trap and Housing Unit (A) 

Pitot tube array (B) 

~ u s t t r a k ~ ~  nozzle array 
(C) 

Figure 3.7 Instnunent array in tunnel to measure wind velocity, PMlo concentration, 
and saltation transport rate. 



acquisition board. The pitot tubes were connected by % inch tygon tubing through a 

magnehelic gauge to the pressure transducer. The dynamic pressure on each poa was 

sequentially measured for a 5-second period. After the pressure had been recorded by the 

computer, an electronic sound signal was sent to prompt the operator to change the port 

setting. At this rate, 20 profile scans was completed on each surface during the 10 minute 

sampling period, to create an average profile. The profiles were averaged to remove any 

effects of unsteady flow in the tunnel, which are apparent in a single profile. 

The shear velocity was calculated firom the wind velocity profile using the 'law of 

the wall' : 

where the roughness length (G) is calculated fiom the velocity profile: 

where -b and m are the x-coefficient and slope of the semi-logarithmic velocity profile. 

The wind velocity profile and the associated shear velocity also play an important role in 

the calculation of the ejection rate, vertical dust flux, and particle momentum. 

3 -3.2 Emission Rate and Vertical Dust Flux 

Calculating the ejection rate and the vertical flux of PMIo requires knowledge of 

the flow conditions that transport the particles (Section 3.3.1), and the particle 

concentration at two or more heights. Dust concentrations were measured at three 

heights, offset fiom the centerline of the tunnel, using DuSftrakSTM (model 8520), placed 



at 8,17,30 cm above the d a c e  (Figure 3.7). These heights correspond to the heights of 

three pitot tubes dowing for the simultaneous measure of the wind velocity and PMKI at 

those heights. The sampling inlets of the Dusttraksw were connected by % inch tygon 

tubing to the aluminum nozzles within the tunnel (Figure 3.8). 

The Dusttraksm use the principal of backscattering from a laser diode to calculate 

the concentration of sediment less than 10 p. An aerosol sample is drawn into the 

sampling chamber in a continuous stream, and iIluminated by laser Light. A Iens at 90" to 

the aerosol stream and laser beam collects some of the light, which is scattered by the 

particles. The lens focuses the Light onto a photodetector that converts the light into a 

voltage. The laser diode has a wavelength of 780 m, which Limits the smallest 

detectable particle to about 0.1 p, and has a resolution of about 0.001 mg/m3. The 

recommended maximum concentration specified for the DuSttrakSTM is 100 mglm3. 

Although, the Dusttraksm provide concentration values up to 350 mg/m), the DusttraksTM 

can no longer reliably discriminate s m d  changes in concentration @em comrn., Halvor, 

1999). At this concentration, the laser detector starts to reach a condition termed 

cbcoincidence'~, where multiple particles in the viewing volume create coinciding bursts of 

scattered Light. Consequently, above this threshold the recorded concentrations have 

more of an "order of magnitude" interpretation @em comm., Halvor, 1999). 

The voltage is proportional to the amount of light scattered which is in turn 

proportional to the mass concentration ofthe aerosol. This voltage is read by a processor 

and multiplied by an internal calibration constant to yield the mass concentration. The 

internal calibration constant is determined fiom the ratio ofthe voltage output to a known 

mass concentration of test aerosol. Output fiom the DusttraksfM includes average PMlo 



Figure 3.8 Dusttraksm used for measuring PMlo concentration through tygon tubing 
in the tunnel, connected to aluminum nozzles at 8 cm (I), 17 cm (2),and 
30 cm (3). 



concentration (mg/&), maximum concentration (mg/m3) and minimum concentration 

(mg/m3), and a time series of the PMIo concentration. 

A constant flow rate of 1-7 Vmin was maintained throughout the study. This 

particular flow rate, the factory defauk creates an intake nozzle velocity of 0.88 m/s. 

The choice of the particular flow rate and corresponding n o d e  velocity was arbitrary. If 

the intake velocity of the sampler is Less than the wind velocity (subisokinetic), the 

amount of sediment collected wil l  be greater than the amount m the surrounding air. The 

efficiency of the ~ u s t t r a k ~ ~  in subisokeinetic conditions has not yet been addressed by 

its manufacturer @em comm.. Halvor, 1999). Although an intake velocity that equaled 

the wind velocity at each height would be favorable, this would require a priori 

knowledge of the flow conditions within the tunnel, at each site. 

Prior to each wind tunnel tests an ambient background concentration was taken at 

1-second intervals for 2 minutes, and subtracted &om the dust concentrations measured 

during the test. The background test was conducted at the upwind end of the tunnel 

oriented into the wind. The emission rate of PMlo £iom the surface was calculated as the 

mass of PMlo emitted from a d a c e  of given area per unit time: 

where L is the tunnel length over which dust is being emitted, c is the dust concentration 

and u is the wind velocity. The vertical flw of PMlo was calculated from: 



where k is the von kannans constant- Complete derivations of equations 3.4 and 3.5 are 

provided in Appendices L and 2 respectively. 

3 -3 -3 Saltation Transport Rate 

Sand-sized sediment was introduced into the tunnel through a hopper system at 

the upstream end of the tunnel. Prior to the tests, the sand was passed through a 1.0 mm 

mesh screen to remove large particles and winnowed to remove dust-sized sediment- The 

winnowed sand was then placed into the hopper system, which introduces the sand to a 

screw feed, continuously moving sand to two tubes that extend into the tunnel (Figure 

3.9). The feed rate for each fan speed was set to reflect the transport capacity of the flow 

at the upwind end of the tunnel prior to the tests. The approximate feed rates for each fan 

speed is outlined in Table 3.3. However, due to the diffTcuIties associated with 

replicating the fan speed, the feed rate had to be 'fine tuned' for the first 10-30 seconds of 

each run in order to match the transport capacity of the flow. 

The transport of the sand was measured using a vertically integrating, passive 

sediment trap (Figure 3.7)' described by Nickling and McKema Neumao (1997). The 

trap has a 20x300 mm rectangular sampling orifice that extends 40 mm beyond a wedge 

form. The back of the trap is covered by a stainless steel wire mesh with 62.5 p 

openings (60% porosity), allowing for a low impedance of airflow and the collection of 

all but finer silt and clay material. Testing by McKenna Neuman and Nickling (1997), 

found that the trap is efficient over a wide range of wind speeds. 

The trap was placed along the centerline of the tunnel in the working section. The 

cumulative weight of sediment falling onto an electronic balance beneath the trap was 



Table 3 -3 Approximate feed rates for the abrading sand at each fan setting. Actual 
feed rates used may vary fmm these values depending on the ability of the 
flow to transport the sediment at the upwind end of the tunnel. 

Fan Setting 
(hz) 

1000 
1100 
1200 
1300 
1350 

Approximate Feed 
Rate 

(dsec) 
2.64 
3.97 
7.44 
1 1.90 
23.80 



recorded by a microcomputer every 5 seconds. Prior to each run, the area underneath the 

trap was excavated for the electronic balance and its housing unit. The surface around 

the trap disturbed while digging the trap hole was sprayed before each run to inhibit 

scouring. 

3.3 -4 Particle Velocity 

The direct measurement of grain velocity by a particle velecometer (Greeley et 

al., 1983) or high-speed photography (McEwan et al., 1993) is difficult and not practical 

for this study. In this study, particle velocity is estimated by calculating the amount of 

momentum extracted by the grains fiom the flow- As discussed by McEwan (1993) the 

force exerted by the grains on a column of air, and thus the amount of momentum 

extracted varies with the acceleration of the particles through the air: 

rg (z) = C mg 

The total amount of momentum extracted fkom the wind is therefore, the net effect of all 

the transported sediment. As described by Anderson and Hallett (1986) the vertical and 

horizontal acceleration of a grain can be calculated as: 

Horizontal 

Vertical 



As suggested by McKema Neuman (1989) the drag coefficient (Cd) of a particle in 

normal flow conditions, where the particle velocity is around % to % of the flow velocity, 

should be relatively constant (4 .8  to 1.0). It follows from equations 3.6 and 3-7 that the 

acceleration of the particle depends on the square of the relative velocity. Thus, the 

amount of momentum extracted by a saitating grain depends on the velocity of that grain, 

relative to the wind through its trajectory. The total amount of momentum extracted fiom 

the flow is the s u m  effect of all transported grains, the basis for the estimation of particle 

velocity. 

Assuming that the total momentum extracted by the smd is evenly distributed 

among those grains then the momentum extracted can be related to the square of the 

relative velocity: 

Therefore, as the particle velocity approaches the flow velocity, the amount of 

momentum extracted decreases towards zero. The momentum extracted from the wind 

by a population of saltating grains represents the velocity distribution of that population 

in relation to the flow velocities near the sdace.  The velocity of the grain population is 

defined by the impact angle, elasticity of the d a c e ,  fkeestream velocity, shear velocity, 

and the quantity of material being transported. 

The flow momentum deficit can be calculated by integrating between the velocity 

profiles for the clean and sediment laden flows: 



This approach requires that the freestream velocity is the same for both the clean and 

sediment laden flows. However, the dficulties associated with replicating the 

fieestream velocity between runs meant that the freestream velocity during the first and 

second runs is not always the same. The momentum extracted fiom the flow had to be 

estimated by calculating the change in the momentum length: 

where 0, and 0, are the momentum lengths for the abraded and unabraded crust runs 

respectively. The momentum thickness, which has the dimensions of length, is 

calculated as: 

where 6 is the height of the fieestream velocity (u~~). As the amount of drag, created by 

the surface or objects in the air, increases the momentum thickness will also increase. 

The momentum thickness (8) is a measure of the decrease in momentum flux due to 

friction as compared with a potential flow (Granger, 1985), and is thereby related to the 

drag coefficient: 

- 

where L is the length of surface over which the momentum has been lost. 



The momentum thickness of the clean air nms reflects the fiction created by the 

surface. In the saltation runs, the momentum thickness reflects the sum of the m a c e  

fiction and the drag created by the saltation grains. Therefore, the amount of drag 

created by the saltating grains is the difference between the momentum thickness of the 

clean air runs and the momentum thickness of the saltation runs. 

The estimation of particle momentum also requires a measure of some 

representative flow velocity. Although the momentum extraction depends on the relative 

velocity over the entire grain trajectory, it has been referenced to the fieestream velocity 

for this study. Thus the average velocity of the saltating grains can be estimated as the 

ratio of the freestream velocity to the relative velocity of the grains: 

Therefore, large values of this ratio (the momentum ratio) reflect faster moving grains. 

As described by K. Rassmussen @em comm., 1999) the momentum ratio is based 

on a problem first identified by Bagnold (1941) on how the shear stress is partitioned 

between grains and the fluid. The momentum ratio assumes that the air borne shear stress 

remains constant and that the difference between the total shear stress with and without 

saltation reflects the addition of the saltathg grains. The air borne shear stress has been 

observed to increase above a fully developed saltation layer by an increase in the 

effective roughness (Owen, 1964; McEwan, 1993). This increase in the air borne shear 

stress is evident in a convex or 'kinked' velocity profile during transport. However, the 



velocity profiles during transport did not exhibit a distinct saltation layer and therefore, a 

convex or 'kinked' profile. 

A second concern of Rassmussen (pers comm, 1999) is that the momentum ratio 

assumes that the momentum extracted by the saltating grains is distributed evenly over 

the range of grain sizes. Since the drag of each particle varies with the square of the 

particle radius (A=&) the momentum extraction will vary considerably over the range of 

grain sizes. Since the distniution of the abrading sand remained constant then the error 

is consistent over each run. However, the momentum ratio will be specific to the sand 

used, and therefore, cannot be used as a relative measure between studies using different 

sands. 

Although the momentum ratio is based on some assumptions about the 

partitioning of fluid drag among the saltating particles, both Rassmussen @ers cornm., 

1999) and McEwan @ers cornm., 1999) describe the model as a 'unique and clevery 

approach to estimating particle velocity. Both identi@ the need to test the momentum 

ratio versus the theoretical velocity using a simple trajectory model (Anderson and 

Hallett, 1986). 

3.3.5 Crust Strength 

Measurement of crust strength is a hdamental problem in soil science and crust 

analysis. Traditional strength tests are conducted in the laboratory using the modulus of 

rupture test developed by Richards (1953). However, this form of test requires removal 

of the crust, which is exceedingly difficult and often impossible for weak pieces of crust. 

In addition, it can be argued that the crust strength measured in this test does not scale 

with the size of a saltating particle. Alternative measures of soil strength include a pin 



penetrometer test described by Rice et uL (1997). This procedure allows the strength and 

degree of surface deformation to be measured in-situ and at a scale that is more 

representative of a saltating partide. 

However, it is unlikely that impact forces during sediment transport are delivered 

vertical to the surface. The efficiency of abrasion is greater at low angles than at higher 

angles of incidence, since the vertical compression force results in a rearrangement of the 

grains (McEwan et al., 1992). Therefore, the energy required to break the d a c e ,  

determined through crust analysis, underestimates the efficiency of impact at low angles. 

Therefore, present soil strength measurements do not provide results that are directly 

comparable to the kinetic energy applied by a saltating grain, but are still representative 

of that energy. 

Due to equipment failure in the field, a pin penetrometer similar to the one used 

by Rice et al. (1997) could not be used in this study. Crust strength was measured using 

a hand penetrometer that measures the unconfined compression strength (N/cm2). The 

penetrometer applies an increasing pressure on the surface until the probe penetrates the 

surface and induces brittle failure- This measurement is similar to, but not an exact 

replication of the modulus of rupture test used by Gillette et al. (1982) and McKema 

Neuman et al., (1996). As in the modulus of rupture test, the failure load coincides with 

the ultimate load, 

Prior to the placement of the wind tunnel, a total of 36 crust strength 

measurements were taken dong the tunnel walls for a total of 72 measurements (Figure 

3.10). Crust strength measurements were not conducted in the centre of the tunnel in 
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Figure 3.10 Location of crust strength measurements along length of wind tunnel. A 
total of 72 crust strength measurements were taken dong the edges of the 
test site. 



order to minimize damage to the surface. Each crust strength measurement was taken in 

the centre of each crust ped (Figure 3.10). 

3.3.6 Degree of Disturbance 

Prior to each test, four representative photos of the surface were taken at four 

locations along the length of the tunnel (Figure 3.1 1). The photo locations were located 

approximately 1 .5,4.5, 7.5, and 10.5 m along the length of the tunnel. The camera was 

fastened to a boom on a tripod and centered over the test surface. Photos were taken at a 

height of 134  m above the d a c e  using a canonTM Rebel Series 11 Camera at a 35 mm 

zoom setting. The resulting area covered an area of 1 m by 0.67 rn. 

Disturbance areas in these photos were manually identified and the photos, with 

the disturbance areas highlighted, were scanned as a sharp black and white photo. The 

percentage area covered by disturbance in each scanned photo was calculated using Idrisi 

for Windows by comparing the pixel area covered by the dark disturbed areas relative to 

the total number of pixels in the scanned image. 

3.3.7 Texture of the Crust 

3.3.7.1 Grain Size Distribution 

Grab samples of the crust at each test site was collected along the Length of the 

tunnel after the test had been completed. A sample of the crust was removed with a 

trowel at four Locations, corresponding to the approximate centres of the disturbance 

photos (Section 3.3.6). The sampled material was placed in 2iplocTM bags and 

transported back to Trent University. The size distribution of the crust samples was 

determined by using a Galai Particle Size Analyser (PSA). Using the PSA eliminates the 
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Figure 3.1 1 Procedure for photographing crust disturbance along length of wind tunnel 
at four locations. 



biases associated with sieving, or fd-column techniques and is considerably faster than 

pipette techniques. 

Prior to grain size analysis, the crust samples were manually disaggregated with a 

mortar and pestle. A small quantity ofthe crushed material was transferred to a cuvette 

and placed in the PSA. The PSA calculates the size of the particles suspended in the 

cuvette through laser optics. The time it takes a particle to pass through the laser beam at 

a given velocity (as set by the PSA's stirring rate) is proportional to the particles size. 

The PSA program determines several particle size distributions for each sample until the 

distributions are deemed statistically similar at a 90% confidence level. 

3.3.7.2 Salt Content 

The salt concentration of the crust was determined in the sedimentary analysis lab 

at the University of Guelph. A 5 to 10 gram sample of the crust was placed in a l O O d  

beaker with 50x111 of distilled water. After vigorously stirring the sample with a 

mechanical stirrer, the samples were dowed to stand for eight hours- Conductivity 

measures were then taken on the supernates using a YSO conductivity meter. After the 

conductivity measurements were taken, a calibration curve was calculated form 

conductivity measurements taken on standard NaCl solution of a known concentration. 

Total salt concentration for each sample, expressed as milliequivdents of NaCl was 

determined fkom a standard curve. 



Chapter 4 Presentation of Results 

This chapter contains a summary, and an analysis of the results of the 

experimental procedures. The four main sections of this chapter focus on the structural 

and textural characteristics of the crust, the transport of PMlo with and without abrasion, 

and an examination of the factors that iduence the abrasion efficiency. This will set the 

stage for a more detailed evaluation and discussion of dust emissions fiom crusted 

surfaces, and the ability of saltating grains to abrade that d a c e .  

4.1 Structural and Textural Characteristics of the Crust 

Through general observation, it was found that the soils within and around the 

playa system, are composed primarily of silt and clay, and exhibit moderate to hard 

crusts. The location of the playa system within the Bouse Wsh, suggests that the cma is 

created by fluvial deposition and frequently reconsolidated by rainfall activity. On the 

final day of sampling, the surface crust was significantly altered by raindrop impact and 

subsequent wetting. However, through dessication, this newly formed surface became 

hard, curled, and polygonally cracked, as it was during the field season (Figure 4.1). 

The soil crust had been disturbed by grazing cattle. The sharp hoofs of the cattle 

dug into the crusf creating reservoirs of fine-grained material. Examination of the crust 

surface indicated that it was covered by a thin layer of fined grained material, similar to 

the material within those disturbance patches. The material on the crust and in the 

disturbance patches appeared to be readily available for transport. The passage of dust 

devils during the course of this study suggests that there is a sizeable quantity of this 



Figure 4.1 Crust peds and polygonal cracks representative of the intact playa surface. 



erodible material on the surface and in the disturbance patches. 

The crust characteristics measured at each test site, including crust texture, crust 

strength and its variability, degree of disturbance, and aerodynamic roughness, are 

summarized in Table 4.1. Each of these variables has been identified in the literature as 

important controls on wind erosion. The variability of these characteristics between the 

test sites is described in the following sections. 

4.1.1 CcustTexture 

4.1. I. I Grain Size Composition 

The surface crust is approximately 5 to 10 mm in depth, and is underlain by a 

thick consolidated deposit of similar texture. Sample grain size distributions of the 

surface crust material, collected in grab samples at each site, are plotted in Figure 4.2. 

The textural composition of the surface crust ranged fiom 100% siltlclay at a number of 

sites to a minimum of 74% siltlclay at site 37, with an average value of 88% siltklay 

(Figure 4.3). These values are similar to those measured by Wolfe (1993) through a 

combination of pipette and sieving techniques. 

A large proportion of the material, comprising the silt/clay fraction of the crust, 

was found to be particulate material less than 10 pn in diameter. This material does not 

necessarily reflect PMlo, since the latter is based on an aerodynamic size and not a caliper 

size. However, this material still represents a measure of the amount of fine-grained 

material available for transport if the crust was dissagregated. The amount of material 

< l o p  ranged fiom a maximum of 51% at site 23, to a minimum of 22% at site 37, with 

an average of 36%. Similar quantities of material <10 p were observed on the South 



Table 4.1 Structural and Textural Characteristics of the Crust at Each Test Site. 



Site 15 

Site 20 1 
25 1 

Site 28 

Site 40 

Grain Diameter (pm) 

Figure 4.2 Representative grain size distributions of crust material measured at each 
wind tunnel test site. 



Figure 4.3 Distribution of %SiltlClay for the wind tunnel test sites. 



and East playas with average percentage compositions of 38% and 39% respectively. 

Smaller quantities of material -40 pm were observed on the North playa sites, where the 

average percent composition was 28%- 

4 1-3.2 Salt Content 

Nickling (1 978) and GilIette ef a!. (1982) have identified that precipitated salts are 

an important soil component affecting its susceptibility to erosion through the creation of 

interparticle bonds. The salt content of the soil was observed to vary considerably over 

the playa system (Figure 4.4). The salt content ranged fiom a maximum of 1616.5 to a 

minimum of 344.3 milliequivalents of NaCVlOOg of soil, with an average of 784.4 

milliequivalents of NaCV100g of soil for all of the sites. The East playa had the Lowest 

average salt content with 544 milliequivalents of NaCW100g of soil. The South playa had 

intermediate levels of salt with an average of 776 milliequivalents of NaCV100g of soil. 

The highest salt concentrations were observed on the North playa where the average was 

1 1 82.0 milliequivalents of NaCVl OOg of soil. 

The salt content of the playa soil is much higher than the values observed by 

Nickling (1978) on outwash soils in the Yukon. However, the soil on this playa system 

did not exhibit the 'fluffy' texture noted by Nickling (1978) in Yukon, which is indicative 

of pockets of high concentrations of salt. The difference in the salt concentration may 

reflect the nature of the salts and their interaction with the clay material, or the relative 

depth of the groundwater table. 

4.1.1 Crust Strength and its Variability 

The spatidy averaged crust strength ranged fiom a minimum of 0.94 ICg/crn2 at 



Millkquivalents of NaClllOOg offoil 

Figure 4.4 Distribution of salt content for the wind tunnel test sites. 



site 35 to a maximum of 3.96 ~ g / c m ~  at site 43 , with a mean value of 2-57 ~ g l c m ~  for all 

of the sites. The distributions of the spatially averaged crust strength values for each of 

the test sites is provided in Figure 4.5. Two distinct modes can be observed in the 

distribution around 1.6 and 3 2 ICg/cm2. The majority of the sites around the mode of 1.6 

ICg/crn2 are located on the East playa site. Except for test sites 34 and 35, the crust on the 

North and South playas has higher strengths distributed around a mode of 3.2 ICg/cm2. 

At 21 of the sites, crust strength measurements greater than 4.5 kg/cm2 were recorded 

along the length of the tunnel. Where the crust strength exceeded 4.5 ICg/crn2, the range 

of the hand penetrometer, a value of 4.5 lCg/crn2 was assigned. 

Figure 4.5 illustrates that crust strength varies considerably over the playa system. 

Similar ranges of crust strength were also observed over the length of the wind tunnel. 

The range of crust strength measurements fkom the three sites are in the same range as in 

studies by Brown (1989), and Giliette (1977, 1982). On clay crusted soils in Mali, Afkica 

Brown (1989), using a hand penetrometer, measured crust strengths with a range of 0.4 to 

4.5 ICg/crn2 with a mean of 3.96 kg/cm2. Gillette (1977) and Gillette et al. (1982) using a 

modulus of rupture test measured crust strengths in Southwestern USA, which ranged 

fkom 0.51 to 12.62 ICg/cm2, with an average of 2.75 ICg/cm2. Similar to the crusts 

examined by Gillette et al. (1982) the crust strength of the playa nuface was found to 

vary linearly with the salt content. However, the crust strength showed no significant 

relationship to any measure of crust texture (eg. %silt/clay, %material < l o p ) .  

Crust strength was also found to vary considerably over the length of the wind 

tunnel. Example crust strength distributions, measured at each site, are provided in 

Figure 4.6. The majority of the distributions on the East and South playas tended to be 



Crust Strength (Kglcrn2) 

Figure 4.5 Distribution of average crust strength for the wind tunnel test sites. 
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Figure 4.6 Representative crust strength distributions measured at each wind-tunnel 
test site. 



skewed towards higher crust strength values with an average skewness value of 1.18 and 

3.53 respectively. In con- the crust st~ngth distributions on the North playa tended 

to be negatively skewed with an average skewness value of -0.25. The difference in the 

skewness may reflect the higher crust strength measurements on the North playa that 

regularly exceeded the knit of the hand penetrometer. 

At each site, the variability in crust strength was measured by the standard 

deviation of the crust strength. The standard deviation of crust strength ranged fkom a 

maximum of 0.96 ICg/crn2 at site 1 I, to a minimum of 0.33 ICg/crn2 at site 18, with a 

mean value of 0.59 ICg/crn2. The crust strength was most variable on the South playa and 

least variable on the East playa. 

4.1.2 Level of Disturbance 

Grazing cattle disturbed the surface, dissagregating the crust through trampling. 

The disturbance of the crust created reservoirs of fine unconsolidated material, underlain 

by undisturbed crust material. The size of the disturbance patches ranged fiom a single 

hoof print (Figure 4.7b) to extended areas with diameters over several meters (Figure 

4.7~).  

The amount of disturbance varied widely over the playa system, fiom a maximum 

of 71% at site 35 to a minimum of 5% at site 24, with an average disturbance rate of 

31%. Highest average disturbance rates were observed on Site 3 (49% of the area 

disturbed) and lowest average disturbance rates were observed on Site 2 (22% of the area 

disturbed). Due to the size of the cattle herd grazing in and around the playa, an 

undisturbed control site could not be found. 



Figure 4.7. Various degrees of crust disturbance a) low, b) c) moderate, d) high. 
Percent disturbance is based on the average for the entire site. 
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Figure 4.7 cont'd. Various degrees of crust disturbance a) low, b) c) moderate, d) 
high. Percent disturbance is based on the average for the entire 
site. 



4.1 -4 Aerodynamic Roughness of the Surface 

Mean values of the roughness length (q, ) range fiom 0.10 to 1.8~10'" m. This 

range of values is much wider in comparison to the roughness lengths measured by Wolfe 

(1993) on the same site. Wolfie (1993) found roughness lengths ranging from 4.62~10" 

to 4 . 2 3 ~ 1 0 ~  m. The difference in the roughness Lengths most likely reflects changes in 

the depositional history at the site. Higher roughness lengths were observed during the 

sand runs due to the extraction of momentum by the saluting grains (Owen, 1964). 

Roughness lengths were similar at the East and South playas ~ 6 t h  average values of 

%OX and 2.0~10" m respectively. In contrast, the average roughness length on the 

North playa was a magnitude smaller at 1 .6xlo4 m. 

4.2 Dust Transport on the Unabraded Crust 

At each test site, the vertical flux of PMlo and the emission rate of PMro were 

measured fiom the unabraded crust. A summary of the transport and associated flow 

conditions for the unabraded tests are provided in Table 4.2. Velocity data was not 

collected at sites 1 and 2 due to a bad connection between the pressure transducer and the 

microcomputer recording that data. 

4.2.1 Transport Characteristics 

Examples of the mass PMlo concentration @dm3) time series are provided in 

Figures 4.8a to 4.8~. At the lowest DustTraks height (8 cm), the surface exhibits an initial 

peak in the PMlo concentration of 284,000 to 28,000 pg/m3. The peak PMIo 

concentrations ranged fiom 195,680 to 17,371 pg/m3 at the 17cm height, and fiom 



Table 4.2 Transport Characteristics over the Unabraded Crust 

** ** D ficulty experienced with data acquisition. 
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Figure 4.8 Representative PMlo concentration time series for the unabraded surface at 
sites 4 (a), 10 (b), 15 (c), 18 (d), 35 (e), and 44 (0. 
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Figure 4.8 cont'd. Representative PMlo concentration time series for the unabraded 
surface at sites 4 (a), 1 0 (b), 1 5 (c), 18 (d), 3 5 (e), and 44 (0. 
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Figure 4.8 cont'd. Representative PMIo concentration time series for the unabraded 
smface at sites 4 (a), 10 (b), 15 (c), 18 (d), 35 (e), and 44 (0. 



177,110 to 7256 pg/m3 at -the 30cm height. It is important to note that at 23 sites the 

initial peak in the PMIo for the 8 cm sampling height exceeded 150,000 pg/m3, the 

maximum dust concentration that can be accurately measured by the Dusttraks. At the 18 

cm sampling height, 4 sites had peak concentrations exceeding the recommended value, 

and at the 30 cm sampling height, 3 sites had peak concentrations exceeding the 

recommended value- 

The initial peak, in the dust concentration, is followed by an exponential decay in 

the concentration, approaching the background concentration. The concentration could 

not reach the background concentration due to changes in the sampling efficiency of the 

~ u s t t r a k s ~ ~  when the wind tunnel is on. The exponential decay can be described by: 

This relationship was identified between the peak value and the time at which the 

concentration was within one standard deviation of the average concentration over the 

last 100 seconds of the run. The exponent for the decay in the initial concentration peak 

@) ranged from a maximum of -1.94 to a minimum of 4 .61  at the 8 cm sampling 

height, -2.77 to -0.57 at the 17 cm sampling height, and -2.93 to -0.60 a the 30cm 

sampling heights. lh the field it was hypothesized that the rate at which the concentration 

decayed depended on the amount of erodible material available at that site and the flow 

velocity. However, multiple hear regression analysis of the decay rates versus the 

degree of disturbance and fieestream velocity did not yield any statistically significant 

relationships. Stronger relationships may be found if the total amount of available dust 

(on both the crust and in the disturbance patches) was considered in the analysis. 



During and after the dust concentration decayed to the background level, 'spikes' 

in the concentration were observed in many runs (Figure 4.9). In some cases the spikes 

in the PMIo concentration reached up to one-third of the initial peak concentration. 

However, the majority of the spikes were small relative to the initial peak concentration 

at tunnel start up. The concentration spikes ranged in size fiom fluctuations around 1000 

j&m3 to 50,000 Clg/m3. Many of these spikes also exhibited an exponential decay to the 

background concentration, with a similar range of decay exponents as found for the Initid 

peak. 

4.2.2 Peak Vertical Dust F l w  and Peak Emission Rate 

The peak vertical dust flux from the unabraded crusts ranged fiom 2062 pg/m2s at 

site 4 to 72564 pg/m2s at site 26. The dust that is transported vertically (equation 3.5) is 

related to the peak emission rate (equation 3.4), which ranged fiom 4049 ug/ds to 

113265 @m2s. The relationship between the peak vertical dust flux (F) and the peak 

emission rate Q is plotted in Figure 4.10 and can be described by the relationship: 

F = 0.4322 E (4.2) 

h . 6 3  

This suggests that approximately 43% of the total amount of dust emitted fiom the 

surface during the peak events is transported vertically. However, there is a considerable 

amount of variation in the vertical dust flux for a given emission rate, as indicated by the 

ratio of vertical dust flux to the emission rate which ranges fiom 0.10 to 0.88. The ratio 

of the vertical dust flux to the emission rate was found to vary with the 
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Figure 4.9 PMLo Concentration time series for the unabraded surface at sites 19 (a) 
and 3 1 (b) with spikes. 



- - -  

0 20000 40000 60000 80000 100000 120000 

Emission Rate @glm2s) 

Figure 4.10 Comparison of peak vertical dust flux to peak emission rate. 



drag coefficient the flow, with 91% of the van-ation attributable to the drag coefficient. 

At higher drag coefficients, a greater proportion of the emitted dust was transported 

vertically. 

As stressed by Shao et aL (1993), modeling the emission and transport of dust- 

sized sediment, based on flow characteristics such as the shear velocity, is a practical 

necessity. Following the approach first adopted by Gillette (1974) the peak vertical dust 

flux was examined relative to the shear velocity. As shown in Figure 4.1 1, there is a 

general increase in the peak vertical dust flux 0 with increasing shear velocity (u*). The 

non-linear relationship between the peak vertical dust flux and the shear velocity has 

been tested at the 95% confidence level, using nodinear regression. Although there is a 

considerable degree of data scatter, the relationship is statistically significant and can be 

described by: 

F = 3 19 12 ueL3' (4.3) 

3 = 0.44 

The exponent of 1.39 is considerably less than the range of exponent values (1.89 to 10.3) 

reported in the literature (Section 2.5). 

The relationship between the peak emission rate and the shear velocity have also 

been examined. As shown in Figure 4.12, increases in the peak emission rate tend to be 

associated with increases in the shear velocity. The non-linear relationship between the 

peak emission rate Q and the shear velocity (u*) was also tested at the 95% confidence 

level, using non-hear regression. No statistically significant relationship was found 

between the peak emission rate and the shear velocity. This indicates that the emission of 

PMlo depends on another entrainment mechanism such as the freestream velocity. 



1000 t 

0- 1 1 10 

Sheer Velocity (rnls) 

Figure 4.1 1 Comparison of peak vertical dust flux to shear velocity. 
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Figure 4.12 Comparison of peak emission rate to the shear velocity. 



As shown in Figure 4.13, the peak emission rate increases as the fieestream velocity 

increases. The non-linear relationship between the peak emission rate Q and the 

fieestream velocity ( ~ ~ 0 )  has been tested at the 95% confidence level, using non-hear 

regression- The relationship can be described by: 

E = 3.8 1u3d-" (4-4) 

I?= 0.65 

This relationship with the fieestream velocity proves to be much stronger (?=0.65) than 

the relationship with the shear velocity. 

There is also a general increase in the peak verticaI dust flux with increasing 

fieestream velocity (Figure 4.14). The non-linear relationship between the peak vertical 

dust flux Q and the fieestream velocity ( u ~ ~ )  has been tested at the 95% confidence 

level, using non-linear regression. The relationship can be described by: 

F = 1 . O ~ U ~ - J ~ - ~ '  

IL' 0.60 

The probability that the observed coefficient of 1.03 is not statistically different from a 

value of 1 is 0.4, meaning that the coefficient is statistically equal to 1. This relationship 

proves to be much stronger (?=0.60) than the relationship with the shear velocity, 

indicating that the emission and subsequent transport of PMlo is dependent on the 

transport competency ofthe flow as measured by the fieestream velocity. 

As hypothesized by WoKe (1993), the amount of fine-grained material released 

£iom the surface should relate to the amount of surface disturbance. However, through 

multiple regression techniques it was found that the peak emission rate did not depend on 
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Figure 4.13 Comparison of peak emission rate and freestream velocity. 
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Figure 4.14 Comparison of peak vertical dust flux and fieestream velocity. 



the amount of surface disturbance. It is expected that a stronger relationship would be 

found between the emission rate and the total amount of surface dust (on the crust and in 

the disturbance patches). As the supply of this material is depleted, the emission rate 

approaches zero, as the concentrations approach the background concentration. 

4.3 Dust Transport on the Abraded Crust 

Following the tests on the unabraded surface, a second test was conducted with 

sand to abrade the surface, The vertical dust flux and emission rate were examined in 

relation to the £low characteristics within the tunnel and the amount of sand in transport. 

A summary of the PMlo transport and associated flow conditions is provided in Table 4.3. 

At site 1 difficulties were experienced in the connection between the pressure transducer 

and the microcomputer, resulting in lost data. At sites 3 and 5 difEculties were 

experienced with the placement of the balance within the trap housing, also resulting in 

lost data. 

4.3.1 Flow and Transport Characteristics 

Examples of the average PMlo concentration profiles are presentei i in Figure 4.1 

The concentration of PMlo for the abraded crust in this study decreased as a power 

hction of height with exponents ranging fiom -0.22 to -1.05, with an average value of 

-0.73. However, over the sampling period the concentration profiles do not maintain the 

power function form observed in the average profile. In many of the runs, spikes in the 

PMlo concentration resulting in instantaneous deviation of the concentration profile fiom 

its theoretical power relationship with height. 

The time series of the PMlo concentration at the three sampling heights is 



Table 4.3 Transport Characteristics over Abraded Crust 
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Figure 4.15 Representative PMlo concentration profiles with sand abrasion. 



provided in Figure 4.16a-d. Variations in the PMlo concentration are related to the 

fluctuations in the saltation transport rate. Udike the unabraded crust, which exhibits a 

transitory PMIo flux, the abraded crust continuously emits. The playa system is only a 

significant long term dust source in the presence of sdtating grains. 

Following the abrasion tests, the crust exhibited a 'sanded' appearance created 

through the smoothing of d a c e  microtopography. Unlike the crusts observed by 

McKema Neuman et d. (1996), and Rice et aL (1996) the abraded crust showed little 

evidence of fi-acturing and no evidence of striations or flutes. Some hcturing was 

evident at the crust edges (along the polygonal cracks). Along the crust edges small 

unsupported pieces of crust were created through the creation of the polygonal cracks and 

subsequent curling. Pieces of these fractured crust edges were found among the sand 

captured in the sediment trap. Therefore, it appears that the abrasion process largely 

involves the removal of individual particles, with only minor fiacruring. 

In the disturbance patches, striations, similar to those documented by McKenna 

Neuman et al. (1996), and Rice et al- (1996), were observed (Figure 4.17). These 

striations reflect the preferential impact of the saltating grains on that surface and the 

resulting splash and redistribution of £he grained material. The disturbance patches at 

some sites appeareci to be effective in trapping the saltating grains. Apparent trapping of 

sand grains was also observed at the East and North playa sites within the polygonal 

cracks and under crust curls. However, the placement of the sand grains may reflect 

post-run deposition and is therefore, not necessarily evidence of grain trapping. 



Figure 4.16 Representative PMlo concentration time series for the unabraded surface at 
sites 4 (a), 10 (b), 15 (c), 18 (d), 35 (e), and 44 (0. 
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Figure 4.16 cont'd. Representative PMIo concentration time series for the unabraded 
surface at sites 4 (a), 10 (b), 15 (c), 18 (d), 3 5 (e), and 44 (f). 
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Figure 4.16 Representative PMlo concentration time series for the unabraded surface at 
sites 4 (a), 10 (b), 15 (c), 18 (d), 35 (e), and 44 (f). 



Figure 4.17 Striations observed in the disturbance patches, representing saltation 
impacts and the subsequent emission and rearrangement of the surface 
material. 



4.3 -2 Vertical Dust FIux and Emission Rate 

The vertical dust flux £?om the abraded crusts ranged h m  130 pg/m2s at site 45 

to 26715 &n2s at site 25, and the emission rate ranged fiom 702 &m% to 45472 

pg/m2s. The relationship between the vertical dust flux (F) and the emission rate Q is 

plotted in Figure 4.18 and can be described by the relationship: 

F= OS5E 

h . 9  1 

This suggests that approximately 55% of the total amount of dust emitted fiom the 

surface is transported vertically. The strength of this relationship indicates that the 

vertical distribution of PMro is in equilibrium with the amount emitted fiom the surface. 

The ratio of the vertical dust flux to the emission rate was found to vary with the drag 

coefficient, with 92% of the variation in the ratio attributable to the drag coefficient. 

4.3.2. I ReIationshri, to the Shem Velocity 

The shear velocities associated with the peak vertical dust fluxes and emission 

rates ranged from 0.16 m/s to 1.29 m/s. In general, vertical dust fluxes increased as a 

power function of shear velocity (Figure 4.19). The non-linear relationship between the 

vertical dust flux (F) and the shear velocity (ue) has been tested at the 95% confidence 

level using non-linear regression. Although considerable data scatter is evident, by an 

order of magnitude in some cases, the relationship is statistically significant and can be 

described by: 
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Figure 4.18 Comparison of vertical dust flux to emission rate 
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Figure 4.19 Comparison of vertical dust flux to shear velocity. 



The exponent of 2.14 is at the lower end of the range (1.89 to 10.4) reported in the 

literature, 

As shown in Figure 4.20, there is a general increase in the emission rate with 

increasing shear velocity. The non-linear relationship between the emission rate (E) and 

the shear velocity (u4 has been tested at the 95% confidence level using non-linear 

regression. Although this relationship is weak, and the emission rate for a given shear 

velocity can vary by an order of magnihlde, it is statistically si@cant, The resulting 

relationship can be described by: 

Although the shear velocity is important to the vertical transport of PMlo (as evidenced 

by the strength of equation 4.8), the emission of PMlo is not strongly dependent on the 

shear velocity. 

4U.62 Relationship to the Suitation Transport Rare 

The abrading sand was introduced into the tunnel by a sand feed at the upwind 

end of the tunnel. As discussed in Section 3-3.3, the feed-rate of the sand was determined 

by the ability of the upwind flow to transport sediment. The relationship between the 

saltation transport rate and the shear velocity is shown in figure 4.21. Although there is a 

considerable amount of data scatter, the saltation transport rate tends to increase as the 

shear velocity increases. The relationship between the saltation transport rate (q) and the 

shear velocity (u.) has been tested at the 95% confidence level using non-linear 

regression. The regression coefficient (I?) of 0.14 suggests that this statistically 



Figure 4.20 Comparison of emission rate to the shear velocity. 
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significant relationship is weak: 

The exponent of 0.77 is considerably less than the well-established relationship of q a us3 

fk t  described by Bagnold (1941). The weakness of this relationship means that the 

importance of the shear velocity and the saltation transport rate can be distinguished- 

As observed in previous studies (Shao et al., 1993; Zobeck, 1991 ; Gillette, 1977) 

the emission and subsequent transport of PMlo on abraded surfaces is heady dependent 

on the horizontal transport of sdtating grains. As shown in Figure 4.22, there is an 

increase in the vertical dust flux (F) with an increasing saltation transport rate (q). The 

linear relationship between the vertical dust flux and the saltation transport rate has been 

tested at the 95% codidence level using simple Linear regression. The statistically 

significant relationship can be described by: 

Since the vertical dust flux approaches a value of 0 on the unabraded surface, as the 

supply of material is depleted, the relationship has been forced through 0. This 

relationship proves to be stronger than the relationship between the vertical dust flux and 

the shear velocity. 

Similar to the vertical dust flux, the emission rate increases Iinearly with 

increasing saltation transport (Figure 4.23). This hear  relationship between the emission 

rate Q and the saltation transport rate (q) has been tested at the 95% confidence level 
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Figure 4.22 Comparison of vertical dust flux to saltation transport rate. 
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Figure 4.23 Comparison of emission rate to the saltation transport rate. 



using simple linear regression techniques. The statistically significant relationship can be 

described by: 

Similar to the relationship between the saltation transport rate and the vertical dust flux 

the relationship has been forced through 0. Similar to the vertical dust flux, this 

relationship proves to be much stronger than the relationship with the shear velocity. As 

shown in Figure 4.23, there can exist considerable variation in the emission rate Q for a 

given saltation transport rate (q), by several orders of magnitude. The wide data scatter 

for a given saltation transport rate is most likely related to textural and swface parameters 

which are not accounted for in this simple bivariate relationship. As suggested by 

various authors (Nickling and Gillies, 1993; Nickling and Gillies, 1989; Shao et oL, 

1993; GilIette, 1978) these textural and structural characteristics influence the ability of 

the sand to abrade the surface. 

4.4 Factors Influencing the Abrasion Effkiency 

The abrasion efficiency, the ability of a quantity of sand to emit PMIo has been 

calculated as the ratio of the emission rate to the saltation transport rate (E/q). As shown 

in Figure 4.24, the relationship between the abrasion efficiency and the shear velocity is 

poorly defined. This indicates that the amount of dust emitted by the sand does not 

depend on aerodynamic processes as predicted by Owen (Gillette and Passi, 1988). In 

previous studies the variation in the E/q has been attributed to the kinetic energy of the 

saltating grain (Sbao et al., 1993; Zobeck, 1991), and various structud and textural 
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Figure 4.24 Relationship between the abrasion efficiency and the shear velocity. 



characteristics of the crust (GilIette, 1978; Rice et ui-, 1997). The dependence of the 

abrasion efficiency to the particle velocity and the structural and textural characteristics 

of the crust are described below- 

4.4.1 Particle Velocity 

As described in section 3.3.4, the velocity of the saltating grains could not be 

measured directly. Therefore, particle momentum was indirectly measured by calculating 

the change in the momentum length of the flow, the difference in the momentum lengths 

for the velocity profiles for the unabraded and abraded crusts. As described in Section 

3.3.4 the particle velocity, for each run, can be estimated fiom the ratio of the freestream 

velocity to the relative velocity of the saltating grains: 

The average relative velocity is calculated as the square root of the change in the 

momentum length, for a given saltation transport rate (q),: 

To test the validity of the momentum ratio (Equation 4.13) it has been tested 

against the theoretical velocity of a saltating grain calculated fkom the trajectory model of 

Anderson and Hallett (1986). The trajectory model calculates the path a saltating grain 

will take. In an iterative macro written in LotusTM, the instantaneous horizontal and 

vertical accelerations of the abrading sand (based on an average sized grain of 0.27 mm) 



was calculated, based on the drag properties of the flow- A description of the model, and 

sample saltation trajectories calculated fiom the model, are provided in Appendix 4. 

From the Anderson and Hdett (1986) model the resultant velocity of a saltating 

grain was calculated just prior to impact with the bed. Using simple linear regression 

techniques, at the 95% confidence level, it was found that the momentum ratio, calculated 

in this study, is Iinearly related to the theoreticd velocity of an averaged-sized (d=0.29 

mm) saltating grain: 

?=0.54 

The strength of this relationship (?=0.54) suggests that the momentum ratio calculated in 

this study is a reasonable measure of the average grain velocity and can be related to the 

abrasion efficiency (Figure 4.25). 

As shown in Figures 4.26, increases in the abrasion efficiency are associated with 

increases in the velocity ratio. The non-linear relationship between the abrasion 

efficiency (El@ and the momentum ratio has been tested at the 90% confidence level 

using non-linear regression techniques. The statistically significant relationship can be 

described by: 
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Figure 4.25 Comparison of momentum ratio to the theoretical velocity of a saltating 
grain just prior to impact (Anderson and Hallett, 1986). 
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Figure 4.26 Relationship between the abrasion efficiency and the momentum ratio. 



This relationship indicates that the abrasion efficiency increases as the velocity of the 

saltating grains increases to the power of 1.23. Since the momentum ratio was found to 

be linearly related to the velocity of a saltating grain, this relationship suggests that the 

abrasion of a crusted sdace  is more closely related to the particle momentum (vmL) than 

the kinetic energy (vm2). 

The change in the momentum length (AM) calculated fkom the velocity profiles is 

related to the fieestream velocity, drag coefticient of the d a c e  (as calculated fiom the 

runs without sand), and the saltation transport rate. The mdtiple non-linear relationship 

between the change in the momentum length and the drag coefficient and saltation 

transport rate has been tested using multiple non-linear regression techniques at the 95% 

confidence level, and was found to be statistically significant (Table 4.4). The velocity of 

a given quantity of sand increases with the fieestream velocity and the surface drag 

coefficient, reflecting the ability of the flow to accelerate those grains. Otherwise stated, 

the velocity of a saltating grain decreases as the amount of sand in transport increases at a 

given freestream velocity. 

Since the velocity of the sand decreases as the saltation transport rate increases it 

should be expected that the abrasion efficiency should likewise decrease. Although this 

study was not designed to examine this scenario, an unexpected opportunity was 

presented at site 9. At this site the sand feed was partially clogged for the first 200 

seconds of the run. When the obstruction was cleared the saltation transport rate and the 

emission rate of the dust rapidly increased. Although more dust was emitted at the higher 

saltation transport rate, the sand was less efficient at abrading the surface (Figure 4.27). 

This is consistent with the above results, where the velocity of the saltating grains 



Table 4.4 Summary statistics for multiple linear regression and correlation analysis 
of the change in the momentum length (Am) versus the fieestream velocity 
(ds) ,  drag coefficient, and the saltation transport rate (&m2s). 

Intercept 
Freestream Velocity 
Drag Coefficient 

Saltation Transport 
Rate 

Valae 
0-79 
-1.34 

-493 -56 
0-71 

P>t 
0.89 

Type 

0.03 
5 .24~ lo4 
0.0002 

Power 
Exponential 

Power 
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Figure 4.27 Change in abrasion efficiency with an increase in the saltation transport 
rate. 



decreases as the flow momentum is partitioned among a greater number of grains. The 

relationship between the relative velocity of the saltating grains and the amount of 

surface disturbance was also examined. In a study by Rice et al. (1996) it was found that 

the splash efficiency of the saitating grains was dependent on the rigidity of the surface. 

A multiple non-linear relationship between the momentum ratio and the drag coefficient, 

fieestream velocity, and degree of disturbance was tested using multiple non-linear 

regression techniques at the 95% confidence level, M y  if sites 11 and 35 are removed 

&om the analysis is the relationship significant at the 95% confidence level. The 

resulting relationship indicates that the relative velocity of the saltating grains decreases 

as the amount of surface disturbance increases. However, since the relationship for the 

entire data set, is not significant at the 95% confidence level these results can not be 

considered conclusive. 

4.4.2 Structural and TexturaI Characteristics of the Crust 

In addition to particle momentum, it is hypothesized that the abrasion efficiency is 

related to the crust strength and its variability, the amount of disturbance and crust 

texture. The relationship of al l  these variables, including the momentum ratio, to the 

abrasion efficiency has been tested at the 95% confidence level using multiple non-linear 

regression techniques. The 3 of 0.77 indicates that this is a strong relationship, with 77% 

of the variation in the abrasion efficiency attributable to the particle momentum, crust 

strength, amount of material , and the degree of disturbance (Table 4.5). No 

statistically significant relationship between the abrasion efficiency and the salt content 

or crust strength variability was found. 



Table 4.5 Summary Statistics for Non-Linear Regression and Correlation Analysis 
of the Abrasion Efficiency verms the Momentum Ratio, Crust Strength 
and its variability @/cm2), % material - 4 0  p, Degree of Disturbance 
(%), and Salt Content (expressed as milliequivalents of NaCVlOOg of 
soil). 

F value 19.32 
1 .l7x10-~ I pray I 077 I 

Type 

Power 
Power 
Power 
Power 
N/A 
N/A 

P>t 
2.6~ 1 0" 
2 . 5 ~  1 0-lo 
0.04 
0.03 
0.04 
0-79 
0.39 

Intercept 
Momentum Ratio 

Crust Strength 
%PM10 

Degree of Disturbance 
Salt Content 

CV of Crust Strength - 

Value 
7.51~10" 
1.26 
-0.66 
0.88 
-0.17 
N/A 
N/A 



The results of this analysis are, for the most part consistent, with findings of past studies. 

As hypothesized by Rice et al. (1997), Gillette et aL (1982), and Shao et aL (1993) 

weaker surfaces are more susceptible to abrasion. Where that d a c e  contains a greater 

quantity of material c l o p  the saltating grain is more efficient at releasing that sediment 

with every impact. This is consistent with the Gndings of Nickling and Gillies (1989) and 

Gillette (1978). However, it is important to note that the particle momentum has more 

significant influence on the abrasion efficiency than the suscepiiility of  the d a c e  and 

the availability of dust-sized sediment. 

The relationship between the degree of disturbance and the abrasion efficiency is 

not consistent with previous findings documented in the Literature. As found by GilIette 

and Belnap (1996), and hypothesized by Wolfe (1993) the disturbance of a crusted 

surface should lead to greater rates of erosion. This is a reasonable assumption since the 

interparticle bond strengths of the disturbed material will be considerably less than for the 

crust material- However, when the other variables have been accounted for, the abrasion 

efficiency was inversely related to the amount of surface disturbance. This result 

appears to be inconsistent with the striations in the disturbance patches, which indicate 

that material is actively being emitted. 



Chapter 5 Discussion of Results 

5.1 Emission of PMto from a Crusted Surface 

5.1.1 Emission of  PMlo fiom the Unabraded Crust 

The results of this study indicate that the supply of PMlo on the surface is limited 

under typical wind regimes (5-12 m/s at 0. IS m; Wolfe, 1993). As the d a c e  material is 

entrained, the supply of PMlo is progressively exhausted, causing the airborne 

concentration to decay towards the background concentration. The supply of PMro on the 

surface was depleted within 6 to 200 seconds of the wind tunnel startup. This indicates 

that the unabraded crust surface does not contribute significantly to atmospheric loading 

of PMlo, beyond the initial concentration peak, under normal wind conditions. 

During the course of this study several impressive dust devils, in both size and 

concentration were observed on the playa surface. These dust devils give the impression 

that the playa surface is highly emissive. However, the dust devils are not representative 

of the typical wind regime over the playa surface. They move across the surface, 

entraining any loose material with intense surface stresses, and immediately move on. 

The decay in the concentration is not apparent in the dust devils since they pass over the 

surface faster than the supply of material is depleted. 

The peak vertical dust flux was found to increase with the shear velocity to the 

power of 1.10. This exponent is well below the dust flux measurements described in 

previous studies (eg. Nickling and Gillies, 1989; Gillette, 1974; Gillette, 1977). 

Although the vertical dust flux was found to vary with the shear velocity, the emission 

rate (the total amount of PMlo coming off the surface) was not found to be significantly 

related to the shear velocity. The emission rate of PMlo was found primarily dependent 
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on the eeestream velocity, with the remaining variation most Likely reflecting the Limited 

supply of PMlo at each site. This is in general agreement with the findings of Butterfield 

(1991) in which it was found that sediment transport was more closely linked to the near 

surface velocity, and only indirectly related to the shear velocity. Therefore, it follows 

that the strength of the relationship between the shear velocity and the vertical dust flux 

results f?om the inclusion of shear velocity to calculate the vertical dust flux- It could 

also be concluded that the considerable variation in the relationship between the vertical 

dust flux and the shear velocity, in this and other studies, reflects the lack of a consistent 

relationship of the shear velocity to the actual entrainment mechanism. 

Erodible PMlo is found both on the crusted surface and in the disturbance patches. 

One of the most important results of this study is that disturbance to the surface does not 

lead to elevated and sustained Levels of emission. Contrary to the assumptions of Wolfe 

(1 993), the unconsolidated material within the disturbance patches does not readily 

contribute PMlo beyond the initial peak concentration. As the initial perched material 

was removed fiom the disturbed patches, the available material is rapidly exhausted and 

the soil quickly stabilizes. Bagnold (1941) ascribed the apparent stability of 

unconsolidated dust beds to the aerodynamic behaviour of particles at very small 

Reynolds numbers. However, Greeley and Iversen (1985), in a review of threshold 

research, have shown that the bed stability is primarily created by cohesive forces 

between the surface particles. As the size of the dust particles decreases the ratio of 

cohesive forces to aerodynamic forces, acting on a particle increases rapidly. 

The interparticle bonds of the unconsolidated disturbance material are not readily 

broken by typical aerodynamic forces (Bagnold, 1941 ; Shao et al., 1993; Loosemore and 



Hunt, 1998, Nicholson, 1988; 1993). However, as evidenced by the spikes in the PMlo 

concentration, these interparticle forces are periodically overcome. The required 

Reynolds stresses (u 'v 3, to overcome these interparticle forces, are most Likely associated 

with the passage of intense turbulent structures. Although these forces can occur 

periodically during typical wind events they are most common during the passage of 

large frontal systems or dust devils. Under typical flow regimes the surface is essentially 

nonemissive and does not significantly contribute to atmospheric loading of PMlo. 

5-1 -2 Emission of PMlo fiom the Abraded Crust 

Crusted surfaces are only significant continuous sources of PMlo when the 

interparticle bonds of the crust and the unconsolidated material within the disturbance 

patches are broken. As found in the present study the abrasive action of saltating grains 

is an effective mechanism through which these bonds are broken and PMlo is 

continuously liberated fiom the surface. The ability to continuously emit PMLo in the 

presence of saltating grains, means that the site can be a significant source of dust with 

PMlo concentrations that can potentially exceed the standards set by the US. 

Environmental Protection Agency (1995). 

The amount of P M ~ G  emitted fiom the surface was found to be linearly related to 

the saltation tramport rate. A linear relationship between the saltation transport rate and 

the emission of dust-sized sediment is also the basis for the bombardment modei of Shao 

et al. (1993). Through visual observation it was found that the saltating grains abrade the 

crusted surface largely through the removal of individual particles. Fracturing of the 

surface, and the removal of large fragments was minor and concentrated along the weak 



and thin edges of the crust. As evidenced by the striations, a relatively greater amount of 

material was emitted fiom these unconsolidated reservoirs by individual grains. This 

indicates that the crusted d a c e  is less susceptible to abrasion due to the stronger 

interparticle bonds. 

Rice et al. (1997) proposed that sslrtating grains are unable to liberate individual 

particles within a crusted sediment The authors suggest that the interparticle bonds of 

the crust can only be broken through repeated impacts with the sdace.  If, however, the 

abrasion of a crusted surface depends on the cumulative effect of saltating grains, then 

the relationship would be best described by a non-linear fimction (McKenna Neuman, 

1989). Since a linear relationship was observed between the emission rate of PMlo and 

the saltation transport rate it is likely that with every impact crust particles are liberated, 

and that interparticle bond strengths (y) of the crust and disturbance patches are within 

the range of impact energies (e) afforded by the sand. 

Although the results of this study indicate that the emission of PMlo fkom a 

crusted surface is proportional to the quantity of saltating grains, traditional modeling has 

focused on the relationship between the vertical dust flux and shear velocity. As stressed 

by Shao et al. (1993), a simple expression describing the dependence of dust transport on 

flow characteristics is a practical necessity, both for local wind erosion and for estimating 

large scale dust movement In this study, the vertical dust flux was observed to increase 

with shear velocity raised to the power of 2-14. This exponent falls at the lowest end of 

the range of values reported in previous studies, or calculated fiom previous studies for 

the purposes of this study (Table 5.1). 



Table 5.1 Comparison of exponents in the relationship between the vertical dust flux 
and the shear velocity (FaX). 

This study (uaabraded crust) I 
Study 
This Study (abraded crust) 

Exponent (x) 
2.14 

Approach 
Wiid Tunnel 
Wiid Tunnet 

Nickling et al. (1 999) 
Logie (1998) 
White et al. (1 997) 
Nickling et al. (1 997) 

Tower 
Tower 

Wiid Tunnel 
Wind Tunnel 

Tower 
Wind Tunnel 
Wind Tunnel 

4.94 
5.67 
6.54 
3 -64 

Wind Tunnel 

Wind Tunnel 
Tower 
Tower 
Tower 

Gillies ef al. (1 996) 
Nickling and G a e s  (1989) 
Nickling and Gillies (1989) 

Nickling and Gillies (1989) 

Bomnann and Jaenicke (1 987) 
Nickling (1978) 
Gillette (1 978) 
Gillette (1974) 

VSP: Total Suspended Particles. 

4.00 (forced) 
1-89 (all sites) 

4.27 (sites >25% 
ciay/silt) 

3.02 (sites <15% 
clay/silt) 

10.3 7 
3.55 

3 .OO (forced) 
7.7 1 



The data fiom this study has been fitted with the FKU*' and ~ a c u * ~  models of Shao 

et al. (1993) and Gillette and Passi (1988) respectively (Figure 5.1). Although both 

models can be fitted to the data, the data is better descri'bed by the bombardment model 

of Shao et aL (1993). The regression coefficient (I?) for the Shao et aL (1993) model is 

0.34, which is not considerably different fiom the I? value for the calculated regression 

h e  (0.3 8). However, the large degree of data scatter, by orders of magnitude, makes it 

difficult to conclusively distinguish whether the data truly fit the Shao et al. (1993) 

model. 

The range of vertical dust fluxes observed in this study, are comparable to similar 

ranges documented in other studies in Figure 5.2. The data fiom this study sits in an 

intermediate position between the data sets measured in Mali, Yukon, Australia, and 

Owens Lake, suggesting that the emissivity of these surfaces is similar. Figure 5.2 also 

illustrates the considerable amount of data scatter that can exist between the vertical dust 

flux and the shear velocity at a given site. The data fiom the present study shows that 

even in a controlled wind tunnel study the vertical dust flux can vary by orders of 

magnitude, at a given shear velocity. In past studies this variation has been attributed to 

variations in the ability of the saltating grains to abrade the surface, which depends on the 

balance between the saltation energetics and interparticle bond strength (e/v). This 

severely hampers the practical application of emission models based on shear velocity. 

Although a moderately strong relationship (1?=0.44) was observed between the 

vertical dust flux and the shear velocity, the emission rate (the total amount of dust 

coming off the surface) was only weakly related to the shear velocity. The vertical dust 

flux was found to be a proportion of the emission rate dehned by the drag coefficient 
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(u*'/u302). It therefore follows, that the moderately strong relationship between the 

vertical dust £lux and the shear velocity simply reflects the inclusion of shear veIocity 

within the calculation of the vertical dust flux- 

The use of the shear veIocity for emission modeling is rather indirect, since it 

involves the relationship between the wind and saltation as an intermediate process (Shao 

et al., 1993). In order for shear velocity to be related to the emission of PMlo+ it needs to 

be related to the quantity of sand abrading the surface. In this study a poor relationship, 

to the power of 0.77, was found between the saltation transport rate and the shear 

velocity. Although higher feed rates were used at the higher fan settings, it could not be 

assured that a consistent relationship could be created between the flow and the amount 

of sand in transport. It can be concluded that the poor relationship between the emission 

rate and the shear velocity reflects the independence of the saltation transport rate to the 

shear velocity. 

In contrast to the findings of this study, Shao et al. (1993) found a strong 

statistical relationship between the emission rate and the shear velocity. Similarly, cubic 

relationships between the emission of dust-sized sediment and the shear velocity have 

been documented in a variety of other studies (Gillette et al., 1997; Nickling, 1978; 

Gillette, 1977). This relationship was developed in a transport Limited system, where the 

saltation transport rate was found to be proportional to the cube of shear velocity @a3). 

This relationship follows the wellestablished dependence of the saltation transport rate to 

the cube of shear velocity developed by Bagnold (1941) and later revised by Owen 

(1964). Bagnold (1941) developed this relationship by assuming that the total wind stress 

at the surface was delivered by the saltating grains. 



In supply limited systems, which Pye (1987) considers to be the normal type of 

system contributing to atmospheric dust loading¶ saltation transport is dominated by 

aerodynamic forces and not impact forces. Therefore, the saltation transport rate will not 

necessarily relate to the cube of shear velocity. Since the exponent of this relationship, 

depends on the availability of sediment and the nature of the bed impact processes the 

resulting dust flux models based on shear velocity will be site specific and potentially 

variable through time. Even if a reliable relationship could be found between the 

saltation transport rate and the shear velocity, the ability of that sand to abrade the su,rface 

can be quite variable. Thus it can be concluded that, in supply limited environments, 

emission models should be directly related to the saltation transport rate and the factors 

that control its ability to abrade the surface, and not the shear velocity. 

5.2 Variations in the Abrasion efficiency 

The considerable variation in the emission rate for a given saltation transport rate 

illustrates that these variables are not related by a simple bivariate relationship. Gillette 

(1978) first examined the variability in this relationship through the ratio of the emission 

rate to the saltation transport rate 0, termed the abrasion efficiency. Although, in past 

studies, attempts have been made to relate the abrasion efficiency to the shear velocity 

(Gillette, 1 978; Nickling and Gillies, 1 989; Gillette et al. 1 997) no statistically significant 

relationship was found in this study. Similarly, Shao et al. (1993) found that the abrasion 

efficiency (termed bombardment efficiency in their study) does not systematically depend 

on shear velocity. This is in contrast to the Owen model (Gillette and Passi, 1988) which 



assumes that the ejection of dust involves a combined bombardment and aerodynamic 

process. 

In the present study it was found that the abrasion efficiency is dependent on a 

balance between the saltation energetics and the ability of the surface to emit I'MLo. 

Specifically the abrasion efficiency was found to vary with the velocity of the saltating 

grains, degree of disturbance, crust strength, and crust texture. In fact over 77% of the 

variation in the abrasion efficiency was found to depend on the combination of these 

variables, The role of these variables is descnied below. 

5 -2.1 Velocity of the Saltating Grains 

In past studies, a variety of methods have been used to directly measure the 

velocity of saltating grains. Greeley et al. (1983) developed a particle velicometer, and a 

momentum pad in order to measure the impact force of a saltating grain. Alternatively, 

Rice et aL (1996) used high-speed photography to measure grain velocity. Since these 

approaches were not practical for this study, the velocity of the saltating grains was 

estimated through a ratio of the amount of momentum extracted per unit mass of sand to 

the fieestream velocity (Section 3.3.4). McKenna Neuman et al. (1 996) suggest that in 

supply limited systems it can be assumed that sand grains travel at, or very near, the 

fieestream velocity. However, as evidenced by the momentum deficits measured in this 

study, the sand was moving at a velocity less than the kestream. By comparing the 

momentum ratio to the theoretical velocity of a saltating grain just prior to impact, it was 

found that this ratio is a reasonable estimate of particle velocity. 



The abrasion efficiency was found to increase with the momentum ratio, and 

therefore, with the velocity of the sdtating grains, to the power of 1.2. The dependence 

of the abrasion processes on the velocity of the saltating grains is well documented in 

studies on the formation of ventifacts and yardangs (Laity, 1994; Ward and Greeley, 

1984). In these studies the ability of sand to abrade rock surfaces was found to vary with 

the kinetic energy (3) of the saltating grains (Greeley and Iversen, 1985). Although, the 

results of the present study suggest that the ability of sand to abrade the surface is more 

closely related to particle momentum (v), the relationship between the momentum ratio 

and the abrasion efficiency (Figure 5.3) can be reasonably fit to a squared h c t i o n  (v3. 

The regression coefficient (2) for the squared function is 0.52, which is not very different 

fiom the I? of 0.61 for the regression results. Based on the findings of these previous 

studies, it can be reasonably assumed that the abrasion of the d a c e  in this study varies 

with the kinetic energy of the saltating grains. 

The importance of grain velocity to the abrasion efficiency was clearly illustrated 

at site 9. As the saltation transport rate increased the ability of the sand to abrade a 

surface of given strength decreased. This is consistent with the findings of Zobeck 

(1991) who found that the abrasion efficiency decreases as the saltation transport rate 

increases at a constant fieestream velocity. As the quantity of transported sand increased 

in the tunnel, the flow momentum had to be distributed among a greater number of 

grains, resulting in a decrease in their velocity. 

The velocity of the saltating grains in this study, and in general for all supply- 

limited environments varies with the freestream velocity, drag coefficient of the surface, 

and the amount of s a d  in transport. An important finding of this study is that the 
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abrasion efficiency does depend on the velocity of the saltating grains. This is in contrast 

to the findings of Shao et al. (1993) in a transport-Limited environment The authors 

found that the velocity of the saltating grains was independent of the freestream velocity, 

and therefore, the kinetic energy varies only with the mass of the saltating particles. 

Using a particle velecometer Greeley et al. (1983) also found that the kinetic energy of 

saltating grains is independent of flow velocity in transport Limited systems. In order for 

emission models to be applicable to supply limited environments the kinetic energy term 

needs to explicitly recognize both the velocity and mass of the saltating grains. 

5.2.2 Degree of Disturbance 

In this study, it was found that the abrasion efficiency was inversely related to the 

amount of d a c e  disturbance. This result is contrary to the relationship proposed by 

Wolfe (1993) and the findings of Belnap and GilIette (1996) and Gill (1996). Based on 

these studies it was anticipated that a saltating grain impacting the unconsolidated 

material in the disturbance patches, would eject a greater amount of material relative to 

impacts with the harder crust surface. This can be reasonably expected since the binding 

energy of unconsolidated material is less than for crusted material. The presence of 

striations in the disturbance patches is indication that these areas are actively emitting. 

The inverse relationship between the degree of disturbance and the abrasion 

efficiency may be a reflection of the sediment texture of the disturbed material. It was 

initially assumed that the material emitted fiom the disturbance patches contributed to 

PMlo. However, the material in the disturbance patches may not have been completely 

dissagregated, being composed of aggregated sediment greater than 10 p. As the 



amount of disturbance increases the amount of dust being emitted would have a 

proportionately smaller £taction of PMto. This requires that the energy of the impacting 

particle is used primarily in the redistribution of the sediment and not in dissagregation. 

It therefore follows, that a completely crusted surface will not necessarily produce less 

PMlo than a disturbed site. 

The results of this study indicate that surface disturbance can inhibit the emission 

of PMIo by altering the energy of the saltating grains. By relating the amount of 

disturbance to the relative velocity of the saltating grains ( L U I ~ S ) ~ ~  it was found saltating 

grains moved slower, relative to the fieestrearn velocity, on the more disturbed sites. By 

inference it can be concluded that the ricochet velocity of the saltating grains is decreased 

upon impact with the relatively inelastic surface of the disturbance patches. It is 

important to note, however, that this relationship was only statistically significant at the 

95% confidence level when sites 11 and 37 were removed from the analysis. Although 

the observed relationship may not be significant with the entire data set, results from 

other studies (Baguold, 194 1; Nickling and McKema Neuman, 1995; Rice et al., 1996) 

indicates that it is a physically plausible explanation. The lack of a statistically 

significant relationship may reflect variations in the average size of the disturbance 

patches and potential variations in the elasticity of the disturbed surface. 

The relationship between grain energy and the elasticity of the impact surface was 

first identified by Bagnold (1941). In his classic equation to estimate the saltation 

transport rate, the coefficient reflects the elasticity of the surface. Saltation transport 

rates are greater where there is the presence of hard surfaces. Similar results were found 

by Nickling and McKenna Neuman (1995) in a study of deflation lag surfaces. Higher 



saltation trausport rates were observed on surfaces with a low density of highly elastic lag 

material. 

The relationship between crust disturbance and grain velocity has been examined 

by Rice et al- (1996). The authors found that the velocity of saltating grains over 

unaggregated beds of fine sand loam soil are lower than over that same soil when it is 

completely crusted. The authors found that the ricochet angle and the ratio of ricochet to 

impact velocities were greater on crusted surfiaces, resulting in higher average grain 

velocities. On the crusted surface, the saitating particles retained approximately 80% of 

the impact velocity. In contrast the saltating particles were only able to retain 

approximately 40 to 50% of their impact velocity over an unconsolidated bed. The 

authors suggest that saltation transport will likely die out unless there are islands of 

crusted soil to maintain or increase the velocity of the saltating grains and extend their 

transport range. These islands of crusted material are, therefore, important to maintaining 

the abrasion potential of the saltating grains. 

The results of this study illustrate the complex role surface disturbance plays in 

the emission of PMlo. htuitively the disturbed surface should emit more PMlo since the 

interparticle bond strengths are relatively weak. The results of this study indicate that the 

disturbance patches do not necessarily contribute PMlo, and can inhibit downwind 

emissions of PMlo on the crust by reducing the velocity of the saltating grains. Since 

surface disturbance is an important problem for land management, further research is 

required to confirm these results. 



5.2.3 Crust Strength 

The abrasion efficiency on crusted sites was found to be greater on sites where the 

average crust strength at that site was low. This indicates that it is more H c u l t  for a 

saltating grain to abrade a surface where the crust is held together by strong interparticle 

bonds (Figure 5.4a). Since the amount of PMio emitted increases Linearly with the 

saltation transport rate, it can be concluded that the interparticle bond strengths (yr) are 

less than the kinetic energy of the impacting grains (e). It follows that the total number of 

particles emitted with each impact depends on the balance between the kinetic energy of 

the saltating grains and the interparticle bond strengths: 

The power relationship between the crust strength and the abrasion efficiency was found 

to vary to the exponent of 4.66. The fact that this relationship is a power bc t ion  

indicates that the susceptibility of the surface to erosion decreases rapidly as the crust 

strength increases. 

Since the number of grains emitted depends on how the energy of the saitating 

grain is partitioned among the particles on the surface, it follows that the distribution of 

interparticle bond strengths will s e c t  the susceptibility of the surface to emit. As 

hypothesized by Rice et al. (1997), McKenna Neuman ef al. (1996), and Shao et al. 

(1993) the amount of material removed per impact depends on the overlapping 

distributions of the crust strength and the impact energies. These authors suggest that 

surfaces with a wide distribution of strengths will have a greater fiaction of that swface 
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amenable to abrasion. However, in this study it was found that the variation in the crust 

strength, as measured by the standard deviation in crust strength at each site, did not 

produce a statistically significant change in the abrasion efficiency. This result reflects 

the fact that the range of interparticle bond strengths at the site are smaller than the 

kinetic energy of the saltating grains. 

If the interparticle bond strengths are less than the available impact energies then 

the number of grains emitted will not reflect some measure of the variation but will 

reflect the range of strengths and relative proportions of the bond strengths. Since the 

relationship between the crust strength and the abrasion efficiency is best described by a 

power function it follows that weaker areas of the crust will produce a disproportionately 

greater amount of dust than stronger areas. Thus if the distribution of crust strengths is 

positively skewed then the fewer grains emitted fiom the strong surface will balance the 

greater number of grains emitted fiom the weaker sites. More PMlo will therefore, be 

produced at a point of impact and over the entire surface where the distribution is 

positively skewed than a site that is negatively skewed (Figure 5.4b). 

The abrasion efficiency was not found to be related to the skewness of the crust 

strength distribution at each site. This most likely reflects the narrow range of skewness 

values observed. Although the distributions on the North playa were found to be 

negatively skewed this is most Likely an artifact of the penetrometer that is Limited to 4.5 

kg/cm2. In addition to the Limited range of the penetrometer, it is also difficult to 

examine the dependence of the abrasion efficiency on the distribution of the interparticle 

bond strengths at the scale measured by the penetrometer. 



The hand penetrometer used in this study measured crust strengths at the scale of 

an entire crust ped. This form of crust strength measurement assumes that crust abrasion 

will involve the dissagregation (or rupture) of the entire ped. However, direct 

observation of the abraded crust indicated that abrasion was primarily focused at the 

surface, and that the saltating grains did not have sufEcient energy (alone or in 

combination) to rupture the crust. The abrasion process on this crust was focused at the 

microscopic level, through the removal of individual particles. Larger crust fragments 

were only abraded along the weaker edges of the crust 

On surfaces covered by a thin crust, a sdtating grain may have suflicient energy 

to rupture the crust. On these surfaces, the penetrometer test would provide a reasonable 

measure of the ability of saltating grains to abrade the surface. As the thickness of the 

crust increases the saltating grains can no longer rupture the surface, and the ability to 

abrade the surface varies with the interparticle bonds. The penetration strength is related 

to the sum of the interparticle bond strengths, but is not necessarily a surrogate for the 

strength of the interparticle bonds. Therefore, the crust strength measured by the 

penetrometer is only a relative estimate of the average interparticle bond strength, which 

is specific to the dimensions of the measured crust. 

Rice et al. (1997) developed a pin penetrometer, which the authors suggest is a 

better estimate of crust strength than a punch penetrometer. However, like the punch 

penetrometer, the pin penetrometer also measures the rupture of the crust and not the 

individual bond strengths (Upadhyaya et al., 1993). The primary advantage of the pin 

penetrometer is that it can measure the variability of crust strength over a much smaller 

area. 



In order to incorporate some measure of surface susceptibility into emission 

models, an alternative, and universal measure of interparticle bond strengths is required. 

One approach is to use the modulus of rupture test developed by Richards (1953), which 

explicitly accounts for the dimensions of the crust when measuring the load required for 

rupture. However, this test requires that the crust be removed fiom the surface. 

Alternatively, the sinface susceptibility can be estimated tbrough equation 5.1- By 

impacting a surface with a grain of known kinetic energy, and measuring the number of 

grains emitted, the binding energy of the crust sediment can be estimated. Although this 

form of test would provide a better measure of the surface susceptibility, the technology 

would be very complex to develop and use. 

5.2.4 Crust Texture 

The abrasion efficiency was found to increase as the quantity of particulate 

material with a caliper size < l o p  also increased. This in general agreement with the 

Lindings of ALfaro et al. (1997), Gomes et al. (1990), Nickling and Gillies (1 989), and 

GiIlette (1977)- In each of these studies, more dust was emitted fiom the sites where the 

crust contained larger quantities of tine material. 

Assuming that the crust texture is consistent over the sampling area, the effect of 

sediment availability can be incorporated into the Shao el al. (1993) model through a 

coefficient ( x )  that reflects the proportion of PMlo within the crust and in the disturbance 

patches. However, defining the proportion of PMlo in the crust is difficult since it cannot 

be based on the proportion of particle <low, because PMlo is an aerodynamic size not a 

caliper size. 



5.3 AS~ggestedModelforPM~~EmissionsfromaCrustedSeriace 

The results of this study have shown that the emission of PMlo is proportional to 

the saltation transport rate. The ability of that sand to eject PMlo was found to vary with 

the energy of the saltating grains, the bindhg strength of the crust sediment, and the 

availability of that material within the crustCTUSf This is in general agreement with the 

bombardment model of Shao er uL (1993), in which it is assumed that the abrasion 

efficiency is proportional to the ratio of the saltation kinetic energy to the typical binding 

energy of the crust material ( e r n .  However, through the results of this study several 

limitations to the Shao et al. (1993) model can be identified: 

the model assumes that the saltation transport rate varies with the cube of the 
shear velocity 
the kinetic energy term of the model only varies with the mass of the saltating 
grains 
the model does not include a tern to calculate the emission of PMIo as a 
fraction of the total amount of dust emitted 
the model calculates the emission rate of PMlo not the vertical dust flux, 
which is required for dust emission modeling 

The following model is a modification of the Shao et al- (1993) model that attempts to 

overcome these Limitations. These revisions will allow the model to accurately reflect the 

abrasion process in a supply-limited environment. 

As discussed by Shao et al. (1993) the emission rate of dust-sized sediment can be 

expressed as: 



where m d  is the mass of the dust sediment, n is the number of saltation impacts per unit 

area per second, and N is the number of grain ejected by those saltating grains. Based on 

the work of Owen (1964), the number of saltation impacts is related to the vertically 

integrated streamwise saltation transport rate (q) by: 

where m, is the mass of the saltating grains, and Xs is the mean saltation jump length. 

The mean saltation jump length can be expressed as: 

where t is the average saltation jump time, W is the ejection velocity of the saltating 

grains, and g is the acceIeration due to gravity. 

The total number of grains ejected by a saltating grain (N) depends on the ratio of 

the available incoming grain energy to the binding energy: 

where CN is proportion of the saltation energy available to abrade the surface, e is tbe 

kinetic energy of the saltating grain ( ~ r n ~ v ~ ) ,  and is the average binding energy of the 

surface sediment. Since the amount of PMlo is a proportion ( x )  of the total number of 

ejected grains equation 5.5 can be rewritten as: 



where E is the proportion of the total amount of sediment ejected with an aerodynamic 

particle size less than 10 p. This coefficient is in some undetermined way related to the 

crust texture; that is to the range of grain sizes in the surface material. [n a combined 

saltation and dust tramport model Shao et al- (1996) suggest that the total amount of dust, 

of a particular diameter, can be calculated using onIy the binding energy for that particle. 

However, this model will grossly overestimate the amount of PMlo emitted since the 

partitioning of the impact energy is not specific to those grains. 

Using equations 5.3 and 5.6 for n and N respectively, the emission rate of PM1o 

can be written as: 

Incorporating equation 5.4, for the mean saltation jump length, yields: 

Since there is a wide range of saltation trajectories, reflecting the grain size distribution 

of the sand, the amount of PMlo emitted by the sand needs to be integrated over the range 

of grain sizes: 

Since environmental modeling is most concerned with the vertical flux of PMlo and not 

the emission rate this equation can be modified to directly calculate the vertical dust flux. 
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The results of this study have shown that the proportion of emitted PMIo emitted that is 

transported vertically is related to the drag coefficient (Cd) through a power hction: 

It follows that: 

Therefore, the amount of PMlo emitted fiom the d a c e  depends on the ratio of the 

impact energy to the binding energy for each saltation size class, and the proportion of 

PMlo in the total emitted dust, 

This revised model has two main Limitations. First, the model requires that the 

user has the ability to measure the saltation transport rate and calculate the grain energy 

directly. The practical advantage of the Shao et aL (1993) model is that it assumes the 

saltation transport rate and the saltation energy are related to the shear velocity. The use 

of shear velocity in transport models is well established in the Literature. This variable is 

also easily measured in the field, and can be calculated using a single velocity 

measurement above a surface of known roughness (G). In essence, the improved 

physical basis of the model comes at the expense of its practicality. The difficulty in 

using the model is fuIther complicated by the need for the modeller to know what 

proportion of the emitted dust is PMLo. 

The second limitation of this model was originally recognized by Shao et aL 

(1993) in their earlier model. Neither model accounts for spatial and temporal variability 

in the particle velocity and the structural and textural characteristics of the crust over a 



source area The revised model (Equation 5.1 1) assumes that characteristic (or average) 

values can be defined for the particle velocity, interparticle bond strength, and the 

quantity of PMlo in the crust- However, as observed in this study, the characteristics of 

the crust (degree of disturbance, crust strength, and texture), and therefore, the abrasion 

efficiency, can vary considerably over the playa d a c e .  Variability can also exist in the 

supply of sand, and the speed and direction of the wind. 

The variability in the abrasion efficiency has important implications for 

environmental monitoring. For example, the monitoring programs for dust emissions 

from Owens Lake, attempt to measure a characteristic emissivity (Fa*) for the surface 

(Great Basin, 1998). Defining a characteristic emissivity is a daunting task on this 

complex surface, and even on the relatively simple playa surface examined in this study. 

The structure and texture of the salt-crusted surface on Owens Lake varies considerably 

both spatially and temporally @ers cornm. Ono, 1997). The large number of interacting 

variables (both known and yet undiscovered) makes the problem of accurately predicting 

dust emissions from this sUTface largely indeterminate using models that have been 

derived theoretically (Equation 5.1 1). Predictions of dust emissions can be improved by 

using statistical methods that recognize variability through probability distributions. The 

present study, which used a statistical approach, was successfbl in identifyiag the 

variables that control the abrasion efficiency, and their relative importance. However, 

fuaher research, and a refinement of methods (such as an accurate measure of 

interparticle bond strength and particle velocity) is required to improve this type of 

model. 



Chapter 6 Conclusions 

This study was undertaken to examine the emission of PMIo sediment, 

specifically PMlo, from crusted surfaces. Although similar studies have been conducted, 

their results are inconclusive. The purpose of this study was to formally examine how the 

emission of PM1o varies with saltation abrasion, and to identify the factors that affect the 

ability of the saltating grains to abrade the surface. The objectives of the study were to 

compare the emission rate and vertical dust flux of PMlo £tom a crusted d a c e ,  with and 

without abrasion, to relate the emission rate and vertical dust flux of PMlo to the saltation 

transport rate and shear velocity, and to identify how the abrasion efficiency varies with 

the particle velocity and the structural and textural characteristics of the crust. The 

following conclusions specifically address these objectives. 

6.1 Comparison of PMla Emissions from a Crusted Surface, with and without 
Abrasion 

The continuous emission of PMlo fiom a crusted d a c e  requires that saltating 

grains abrade that surface. Although dust is emitted fiom the surface without abrasion, 

the supply of PMlo on the crust and in the disturbance patches is limited. As this material 

is entrained, it is quickly depleted resulting in a largely nonemissive surface. Crusted 

surfaces can only contribute significantly to atmospheric loading of PMlo where there is a 

supply of abrading material. With abrasion, the emission of PMlo from crusted surfaces 

has the potential to exceed air quality standards. 

An important result of this study is that disturbance to the surface does not lead to 

the sustained emission of PMlo. The unconsolidated material is difficult to entrain under 

normal wind conditions due to the cohesive forces associated with dust-sized sediment. 
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Although the passage of turbulent structures may create the required stresses to entrain 

this sediment, they pass quickly over the surface. Like the crusted surfitce, these 

unconsolidated patches of material also require saltating grains for PMlo to be emitted. 

Thus, it can be concluded that the bombardment and abrasion of the d a c e  by saltating 

grains is the dominant mechanism by which dust-sized sediment is emitted from 

unconsolidated and consolidated soils. 

6.2 Relationship of the Saltation Transport Rate and Shear Velocity to the 
Emission Rate and Vertical Dust Flux of PMlo 

Dust emission research has traditionally focused on the relationship of vertical 

dust flux to the shear velocity. However, the results of this research have clearly 

indicated that the emission of PMlo is not solely related to the shear velocity, but rather is 

related to the saltation transport rate. Only where the saltation transport rate is closely 

related to the shear velocity, does the shear velocity have a statistical relationship to the 

emission of PMIo. This has important implications for dust emission modeling. In 

supply limited environments the relationship between the saltation transport rate and the 

shear velocity does not necessarily follow a cubic function, and moreover may not be 

reliable. 

The abrasion of crusted surfaces by saltating grains is the dominant mechanism by 

which PMlo sediment is Liberated. The saltating grains abrade surface through the 

removal of individual particles and the dissagregation of the crust pieces along the 

weaker crust edges. As the interparticle bonds are broken, the dust-sized sediment is 

splashed up into the flow. The quantity of PMlo emitted h m  the surface was found to 

vary linearly with the saltation transport rate. The linear nature of this relationship 



indicates that PMlo is removed with each impact, and therefore not dependent on repeated 

impacts. This indicates that the ranges of bond strengths are smaller than the energy 

supplied by the saltanhg grains. 

6.3 Variation in the Abrasion Efficiency 

Although the emission ofPMlo fiom the crusted surface varies linearly with the 

saltation transport rate, there can exist considerable variation in the amount of PMio 

emitted for a given saltation transport rate (the abrasion efficiency). Variation in the 

abrasion efficiency was found to be dependent on the velocity of the saltating grains 

relative to the structural and textural characteristics of the crust Identifying that these 

variables play an important role in determining the amount of dust emitted from a surface 

is the most important result of this study. Since the study of Gillette (1977), this is the 

first study to identify and examine these variables in a natural field setting. 

The abrasion efficiency was found to be largely dependent on the velocity of the 

sdtating grains, as estimated fiom the change in the momenturn length relative to the 

fieestream velocity. As the velocity of the saltatiog grains increases they become more 

effective at emitting PMIoy since the available energy can be distributed among a greater 

number of interparticle bonds. However, the number of grains emitted per impact also 

depends on the relative strength of the interparticle bonds. As the strength of the 

interparticle bonds increases the energy available to abrade the d a c e  will be distributed 

over fewer interparticle bonds. This balance between the energy available for abrasion 

and the strength of the interparticle bonds forms the basis for the dust-emission model of 

Shao et al. (1993). Thus the Shao et al. (1993) model, which was developed for 



unconsolidated material, provides a suitable foundation for dust emission models for 

abraded crusted surfaces, 

Based on the results of studies by Rice et aL (1997) and Shao et al. (1993) it was 

anticipated that the amount of dust emitted fiom a surface depends on the variability in 

the interparticle bond strengths. The abrasion efficiency was not found to depend on the 

variability of the crust strength, as estimated by the standard deviation. Since the 

interparticle bond strengths a .  less than the energy available for abrasion, the variability 

in the crust strength does not mean that a greater amount of the d a c e  becomes 

amenable to erosion. However, the distribution of bond strengths over the surface is 

important to how the saltation energy is partitioned and therefore, the amount of PMlo 

emitted. The abrasion efficiency will vary with the overall range and relative proportions 

of interparticle bond strengths at the impact point 

Examining the relationship between the abrasion efficiency and the distribution 

of the interparticle bond strengths will be difficult given the tools available to measure 

those strengths. The hand penetrometer used in this study measured strength at the scale 

of a crust ped and not strength between the individual particles. Similarly, the crust 

strength measurements of Gillette et uL (19821, Rice et al. (1996), and Rice er al. (1997) 

are also focused at a scale that does not represent the interparticle bond strengths. 

Although the crust strength is related to the interparticle bond strengths, it is not a 

surrogate for them and can not be used to accurately measure their range at the surface. 

It was anticipated that disturbance to the surface would accelerate erosion since 

the unconsolidated material within the disturbance patches would have considerably 

lower interparticle bond strengths. However, the abrasion efficiency was also found to be 



inversely related to the amount of surface disturbance. The data fkom this study suggests 

that the disturbance patches affect the velocity of the saltating grains. Impacts with the 

relatively inelastic surface of the disturbance patches results in lower rebound velocities. 

This is consistent with the findings of Bagnold (1941) and more recently by Rice ef aL 

(1996) in which rebound velocities are related to the rigidity of the impact surface. 

Furthermore, it appears that the impact stdace of the disturbance patches does not 

provide an effective d a c e  for the transfer of grain energy. The results suggest that the 

impact energy is used primarily in the rearrangement of the surface material and to a 

lesser extent the ejection of that material. Therefore, disturbance to the surface will not 

necessarily lead to greater quantities of PMlo being emitted relative to a completely 

crusted surface. 

Of the dust emitted fiom the d a c e ,  only a portion of it is PMIo. The amount of 

PMlo emitted fiom the d a c e  for a given impact depends on the amount of available in 

the crust. This is consistent with the findings of Gillette (1977) and Nickling and Giliies 

(1989) in which greater amounts of dust-sized sediment in the crust lead to higher 

emission rates. The Shao et al. (1993) model can be modified to account for variations in 

the crust texture by including a coefficient that represents the proportion of PMlo in the 

crust. 

6.4 Considerations for Modeling 

In summary, the results of this study have shown that the emission of PMlo fiom a 

crusted surface is dependent on abrasion by saltating grains, and that the ability of those 

grains reflects a balance between the saltation energy and the ability of the surface to 



emit dust. However, h m  a practical point of view, the most significant conclusion 

reached in this study is the limitations to current approaches in dust-emission modeling, 

particularly with the bombardment model of Shao et al. (1993). Although this model 

provides a reasonable description of PMlo emissions fkom crusted surfaces, it has several 

key limitations. The Shao et al. (1993) model assumes that the saltation transport rate is 

related to the shear velocity, and that the velocity of the sdtating grains is independent of 

the flow velocity. Furthermore, the model does not calculate the emission of PMto as a 

hction of the total amount of dust emitted, and that the PMlo transported vertically is 

again a proportion of the PMlo emitted. These limitations restrict the use of the node1 in 

supply limited environments. 

Based on the findings of the present study the Shao et al. (1993) model has been 

revised to overcome its limitations. However, this revised model requires that the 

velocity of the saltating grains is known and that the proportion of the total crust 

sediment that is PMlo is also known. This better physical representation of PMlo 

emissions in supply limited environments comes at the expense of practicality. Like the 

original bombardment model, this model is also unable to account for the spatial and 

temporal variability in the velocity of the saltating grains, and the structural and textural 

characteristics of the crust. Overcoming this variability is dEcult, making this and other 

theoretical models largely indeterminate. The ability to predict the emission of dust can 

be improved through statistical approaches, as used in this study, that identify what 

variables are important predictors. 

The data presented in this study has provided a comprehensive look at what 

variables that controls the emission of dust-sized sediment, specif?cally PMlo, fiom a 



day-crusted surface. However, the results of this study do not provide a d c i e n t  

foundation to develop a predictive model. By identifying the variables that control the 

emission of PMlo on a crusted surface provides a fnunework to direct finher research. 

To understand the relative importance of each of these variables there is a need to 

examine each of these variables in isolation and in combination. By firrther exploring 

each of these variables, the contextual Limitations, created by their spatial and temporal 

variability, can be identified and potentially overcome through statistical models. 
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Appendix 1 Derivation of Emission Rate 

The emission rate is deiined as the mass emitted in unit area and unit time: 

where mf is the mass flux of dust through the tunneI, and A is the surface area over which 

the dust is emitted. The mass flux of dust through the tunnel is: 

where C is the dust concentration 0lg/rn3), u is the flow velocity, and W is the sampling 

width. Assuming an infinitely wide area the equation becomes: 

where L is the length of d a c e  over which the dust is emitted. 



Appendix 2 Derivation of Vertical Dust Flux 

The vertical dust flux represents the portion of the suspended material that is moving 

vertically. Vertical flux in a boundary of homogeneous turbulence is defined as: 

where c is the concentration of PMlo, u is the local wind speed, and Dp is the diffusion 

coefficient of the particle. Assuming the diffusion of the PMlO follows the turbulent 

diffusion of the flow the diffusion coefficient is equivalent to the turbulent diffusion 

coefficient: 

Thus the vertical dust flu becomes: 

If the concentration and wind speed are measured at two different heights this equation 

can be expressed as: 

Within the law of the wall region: 

Then: 



Therefore: 

which is equivalent to: 

The relationship between the vertical dust flux and the emission rate is illustrated in 

Figure A l l .  





Appendix 3: Calibration of Pressure Transducer 

The pressure transducers used in this study were calibrated against a Mark IV 

inclined petrochemical-blend manometer (density of fluid is 0.784 gm/cm3 at 20°c). 

Pressure was applied to both the pressure transducer and the manometer by a syringe. 

The voltage output fiom the pressure transducer was recorded at k m  H20 intervals 

between 0 cm H20 (no pressure) to 25 cm H20. The transducer calibration equations are 

provided below: 

Velocity was calculated from: 

Transducer 
Serial Number 

uz = J 2 ' g * ~ w  
P 

where g is the acceleration due to gravity (m/s2), and p is the air density (kg/m3). 

Calibration 

(Al. 1) 



Appendix 4: Saltation Trajectory Model 

As descnid by Anderson and HalIett (1986) the vertical and horizontal 

acceleration of a grain can be calculated as: 

Horizontal 

Vertical 

The trajectory of a sdtating grain can be computed by iteratively calculating the particle 

drag coefficient and Reynolds number in order to calculate the instantaneous horizontal 

and vertical velocity of that particle. Table A4.1 summarizes the theoretical resultant 

velocity of a saltating grain (0.27 mm diameter) was calculated just prior to impact with 

the surface for one saltation 'hop' (Figure A4.1). A complete description of the trajectory 

model is provided in Anderson and Hallett (1 986). 

Similar to a model used by McKenna Neuman (1989), this model does not 

account for the vertical lift forces associated with the magnus effect and turbulent shear 

flow near a solid boundary (Willetts and Murray, 1981). It is assumed that these forces 

are negligible once the particle moves away f?om the bed. Due to the subjective nature 

involved in determining a rebound velocity (as a proportion of the impact velocity) and a 

rebound angle, only one saltation hop was modeled. As observed by Rice et al. (1995) 

and Werner (1987) the ejection velocity and angle of saltating grains are, for the most 

part, independent of the impact speed and angle, creating an almost random element to 

the trajectory model. As found by Anderson and Hallett (1993), through a series of 



computer simulations, the relationship between the ricochet and impact velocities is 

extremely complex, and depends primarily on the Local bed configuration. 



Table A4.1 Summary of theoretical grain velocities calculated from Andeson and 
Hallett (1 986) model for an average sized grain (d=0.29 mm). 

Site 

3 
4 
5 
6 

I 7 
8 

Shear Velocity 
w s )  

039 
027 
0.47 
0.63 
0-78 
0-6 1 

Horizontal Grain 
Velocity 
(ds) 
0.93 
0.84 
2-77 
323 
4-00 
1.46 

9 I 0.48 
10 0.56 

2-74 
2.24 
1-46 
6.07 
4.08 
4.19 
336 
3 -44 
3 -95 
3.38 
3-19 
6.48 
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Figure A4.1 Representative saltation trajectories calculated from Anderson and Hdett 
(1 986) model for sites 16 (a),3 1 (b),2 1 (c). 
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