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Literature Review 

1     Introduction 

     Coastal dunes are aeolian landforms and they act as a natural barrier against 

wave attack and protect the inland areas from storm surges by dissipating the wave 

energy. Humans modify beaches and dunes natural ecosystem in many ways. Types 

of human activities that can induce these modifications include; building structures 

in coastal zones, surface modifications for recreational purposes, walking or driving 

on dunefields, sediments redistribution to remove storm deposits, planting 

vegetation for aesthetic values or to increase levels of protection as well as 

extracting natural resources by sand mining, deforestation and animal grazing 

(Jackson and Nordstrom, 2011). Figure 1 shows a range of human-induced 

modifications to the shoreline in Calella, Barcelona, Spain.  

 

 

Figure 1. Types of human activities in Calella, Barcelona, Spain. 

 

     Rapid urbanization of coastal zones has been widespread around the world 

during the last century, since they typically offer ready access to water and fertile 

soil and facilitate certain activities such as fishing and shipping industry, recreation, 

tourism and transportation. However, they are not always managed through a 
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responsible and sustainable approach. Figure 2 shows the growth of coastal cities 

and agglomerations around the world between 1985 and 2012. 

 

 

Figure 2. World map of coastal cities and agglomerations growth between 1985 and 2012. The 

increase in urban population is classified into three categories: first, cities that have grown by 

less than 100,000 inhabitants; second, cities that have grown by 100,000-500,000 inhabitants 

and third, cities that have grown by more than 500,000 inhabitants (Barragán and de Andrés, 

2015). 

 

This highly increasing global human population in coastal zones causes serious 

effects on the very dynamic nature of aeolian sand dunes. Structures located 

adjacent to or within the dunefields create obstacles for wind flow and sediment 

transport. They cause local variations in airflow patterns which alter sediment 

transport and in turn, affect aeolian landforms (Jackson and Nordstrom, 2011). 

1.1     Background 

     The effects of buildings on airflow patterns and the impact of wind regime on 

buildings and urban design have been well addressed in wind engineering 

literature. However, there have been relatively few studies investigating the 

human-induced dunefield changes and the complex interaction between built 

environment, airflow and sediment transportation. Coastal structures are built for 

different purposes, including residency, commerce, industry, recreation, 

Growth of coastal cities              

(1985-2012) 

<100,000 inhabitants 
100,000-500,000 inhabitants 
>500,000 inhabitants 
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navigation, transportation as well as shore protection. According to Nordstrom 

(2003), the specific design of a structure in terms of its dimension, geometry, 

orientation, location and even the roughness of the construction material greatly 

affects the coastal processes and aeolian dunes evolution. The dimension of a 

structure affects the degree to which it extends into the atmospheric boundary 

layer (ABL) and acts as a barrier against airflow and sand transportation. The 

geometry and orientation of a structure affect the sediment transport patterns and 

the ability of sand particles to move and accumulate around, across or under the 

structure. Location determines the distance between the structure and the 

dunefield and therefore the degree to which the structure affects the sediment 

transport pathways. The construction material determines the surface roughness 

of a structure and thus the degree to which the impact of sand grains is absorbed 

or particles are rebounded (Jackson and Nordstrom 2011). Nordstrom and 

McCluskey (1984) provided the first study of its kind, investigating the effect of the 

construction of buildings on minimizing the interference with the coastal processes 

which result in dunes formation. Their analysis was based on the comparisons 

between the dunes evolution in undeveloped areas and in developed areas in an 

eroding barrier island at Fire Island, New York. Hernández-Calvento et al. (2014) 

studied the large-scale impact of a growing tourist resort in Gran Canaria Island, 

Spain on the sedimentary dynamics and the geomorphological changes of an arid 

dunefield. Effects of the urban growth on airflow and sediment transport were 

analyzed through aerial photographic and LiDAR1 surveying in the area stretching 

from the shoreline to the inland transgressive dunefield. In their study, two distinct 

zones were identified. First, the urban shadow zone where the dunes stabilization 

is attributed to the sheltering effect of the built environment against wind flow and 

sediment transport and second, the acceleration zone where the airflow is 

compressed and deflected due to the buildings causing wind speed acceleration 

and therefore an increase in sediment transport potential, surface erosion and 

dunefield changes. The results show the significant impact of the urbanized resort 

area on dune morphodynamics. It has been observed that the wind speed has been 

enhanced by 35% in some parts of the dunefield as a result of the built environment 

during the pre and post urbanization phases. Smith et al. (2017a) numerically 

investigated the direct geomorphic impact of urbanization on regional airflow 

 
1 Light Detection and Ranging 
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patterns and aeolian dunefield dynamics. They implemented their three-

dimensional Computational Fluid Dynamics (CFD) model on actual dunes 

topography using LiDAR surveying, and the detailed building geometries through 

the successive stages of urbanization at Maspalomas, Gran Canaria, Spain. The 

numerical model predicts the sediment flux potential, airflow direction and 

turbulence intensity during different phases of urbanization. The results are in good 

agreement with aerial LiDAR surveys which show that the physical extent of the 

Maspalomas dunefield has been reduced by 17% from 4.42 𝑘𝑚2 in 1961 to 3.67 

𝑘𝑚2 in 2006. 

1.3     Literature Questions 

     Previous studies on the impacts of urbanization on coastal dune modification 

have been carried out on large-scale investigations and have focused mainly on the 

qualitative dunefield dynamics, however the effect of buildings configuration on 

aeolian sand dunes has received little attention. In this regard, the author’s PhD 

project will focus on the impact of buildings geometry, orientation, elevation, 

roughness, spacing and their distance to the dunefield on airflow perturbations, 

sediment transport and dunes evolution. 

     This literature review provides the basic understanding of the coupled modelling 

of built environment, wind flow and coastal dunes and includes the answer of the 

following questions: 

 Q1) What are the importance of studies on aeolian sand dunes evolution? 

 Q2) How can urbanization impact aeolian sand dunes? 

 Q3) What is the knowledge on Atmospheric Boundary Layer (ABL)? 

 Q4) What is the current knowledge on airflow modelling? 

 Q5) What is the knowledge on wind-blown sediment transport? 

 Q6) What is the current knowledge on modelling sediment transport? 

 Q7) How can different components in a morphological loop interact with        

each other?  
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 Q8) What are the advantages and limitations of using Computational Fluid 

Dynamics for airflow modelling? 

 Q9) What is the current knowledge on modelling turbulence in aeolian 

problems? 
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2     Aeolian Landforms 

     Aeolian landforms are surface features produced through three principal 

processes, including wind erosion, sediment transportation and deposition. 

Aeolian processes occur on all the Earth’s continents and in a variety of 

environments, including sandy coastal zones, semi-arid and arid regions such as 

deserts, and agricultural fields. They are not unique to the Earth and occur on all 

the terrestrial planets that have appreciable atmospheres, including Mars, Venus, 

and Saturn’s moon Titan. The most dynamic landforms occur where there is a 

sparse or non-existent vegetation cover, a supply of fine sediments (clay, silt and 

sand) as well as strong winds. Wind-blown landforms range in spatial scale from 

centimeters to kilometers and incorporate a variety of erosional and depositional 

structures from individual rocks (ventifacts), ripples to larger and more complex 

landforms such as dunes, deflation basins (blowouts), yardangs and loess deposits 

(Lancaster, 2014 and Craddock, 2012). 

2.1     Sand Dunes 

     An aeolian sand dune is usually defined as an accumulation of loose sand formed 

by wind deposition. Sand dunes can be classified in various ways based on their 

size, shape and the environment in which they occur. Dunes range in size from less 

than 1 m to several kilometers as shown in Table 1. 

 

Name Spacing 

Wind ripples 0.1 − 1 𝑚 

Individual simple dunes or 
superimposed dunes 

50 − 500 𝑚 

Mega dunes > 500 𝑚 

Table 1. Dunes classification according to their size (Lancaster, 1994). 

 

Dunes are further divided by their shape into six major groups, including transverse, 

oblique, longitudinal, barchan, star and parabolic (Galloway and Starratt, 1998). 

Sand dunes can be found along beaches, and in arid or semi-arid regions. They can 

be classified according to their geographical occurrence as inland or continental 
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dunes, coastal or sea-shore dunes, riverbank dunes and lake-shore dunes (Pye and 

Tsoar, 2008). 

2.1.1     Advantages of Coastal Sand Dunes 

     Coastal dunes provide ecological value and protection. They act as a natural 

barrier against wave attack, protecting inland areas from storm surge, hurricane 

and flooding. They provide substantial economic benefits by dissipating the wave 

energy and reducing the damage to built environment during severe storm events. 

Coastal dunes provide a sand storage and a supply for adjacent eroded beaches 

during the storm. Dune vegetation plays an important role in the formation and the 

stabilization of coastal dunes. Both the root system and the exposed vegetation 

restrict sand movement by trapping wind-blown sediment particles that help to 

secure the dunes and provide continuous dune growth. In addition, these 

geomorphic features support a variety of organisms. They provide habitats for 

coastal plants, coastal mammals and bird species such as migratory birds. Coastal 

dunes are dynamic systems that respond to the processes affecting them. They are 

subject to wave induced erosion during extreme storm events and they are able to 

recover naturally after the storm. Figure 3 illustrates the typical coastal dunes in 

Punta Paloma, Tarifa, Cádiz, Spain. 

 

 

Figure 3. Coastal dunes in Punta Paloma, Tarifa, Cádiz, Spain. 
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3     Atmospheric Boundary Layer (ABL) 

     The atmosphere can be divided into several sub-layers based on its temperature 

profile, including troposphere, stratosphere, mesosphere and thermosphere. The 

troposphere is the lowest 10-15 𝑘𝑚 of the atmosphere, the region in which the 

temperature decreases monotonically with height except at inversions. The 

atmospheric boundary layer (ABL) or planetary boundary layer (PBL) can be 

described as the layer of air of 1-2 𝑘𝑚  depth immediately above the Earth’s 

surface, which is directly influenced by the exchange of momentum, energy, and 

mass at the Earth’s surface and on time scales less than a day (Kaimal and Finnigan, 

1994 and Shao, 2008). The remainder of the troposphere is the free atmosphere 

where the wind behavior is not influenced by the presence of the Earth’s surface. 

The atmospheric boundary layer can be further divided into an entrainment zone, 

a mixing layer and a surface layer. Figure 4 displays the vertical structure of the 

atmosphere and its sub-layers.  

 

 

Figure 4. Vertical structure of the a) atmosphere, b) troposphere, c) atmospheric boundary 

layer (ABL) and d) surface layer (Shao, 2008). 

 

According to Reynolds number criteria, the ABL flows are predominantly turbulent 

and the vertical transports of momentum, energy and mass are mainly 

accomplished by turbulence. The atmospheric boundary layer structure varies with 
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time and space and generally the dominating scale of turbulence increases with 

distance from Earth’s surface. Depending on the mechanisms responsible for the 

generation of turbulence and the relative combination of wind shear and buoyancy 

forces in producing turbulence, the atmospheric boundary layers exhibit 

fundamental differences and are classified into unstable or convective, stable and 

neutral boundary layers. In unstable or convective boundary layers, both shear and 

buoyancy mechanisms act in agreement to produce vigorous turbulence, part of 

which is transported upward to the mixed layer. Due to much reduced wind shears 

in the convective mixed layer, turbulence is generated primarily by buoyancy. It 

usually occurs when the potential temperature decreases with height or the 

boundary layer is heated at the surface. In stable boundary layers, the buoyancy 

acts in opposition to the shear production which results in rather weak and 

decaying turbulence. Therefore, the turbulence is suppressed by buoyancy and it 

may occur when the potential temperature increases with height or the boundary 

layer is significantly colder than the air above. Turbulence in a neutrally stratified 

boundary layer is entirely of mechanical origin and depends on the surface friction 

and vertical distribution of wind shear and it occurs when the potential 

temperature is uniform with height (Arya, 2001). 

3.1     Boundary Layer Height 

     The boundary layer thickness is not always very obvious and it cannot simply be 

defined as where the boundary layer velocity equals the free stream velocity. 

Because of this, various definitions for boundary layer height have been proposed. 

According to Elliott (1958), Brutsaert (1982), Jegede and Foken (1999) and Granger 

et al. (2006), the boundary layer height, 𝛿, is defined as the disturbance thickness 

which extends from the bed where there is a no slip condition to an elevation at 

the upper edge of the boundary layer at which the wind speed reaches 99% of the 

free stream velocity (𝑢 = 0.99𝑈). Figure 5 shows the physical demonstration of 

the boundary layer thickness which can be obtained by the following equation 

proposed by Jegede and Foken (1999): 

𝛿 = 𝑎. 𝑥𝑏                                                                                                                               (1) 

where 𝑥 is the downwind distance (fetch) or the horizontal streamwise boundary 

layer length, and 𝑎 and 𝑏 are empirical constants. 
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Figure 5. Schematic representation of the boundary layer thickness (Fox, 2011). 

 

3.2     Surface Layer 

     As shown in Figure 4, the lowest part of the atmospheric boundary layer (ABL) 

is the surface layer which consists of an inertial layer, a roughness layer and a 

viscous layer. The viscous or laminar sub-layer is a thin layer of a few millimeters 

thick that may exist over a smooth surface where the roughness elements are 

sufficiently small. Due to the substantial effect of viscous dissipation, the 

turbulence in this layer is quite weak and the transfer processes are accomplished 

by molecular diffusion. In the roughness or canopy sub-layer, the flow is very likely 

to be disturbed by individual roughness elements, such as buildings, trees, 

vegetation, rocks and soil aggregates. For the remaining fully turbulent, 

horizontally homogeneous inertial layer, the turbulence is predominantly 

generated by wind shear and dissipated through a cascade process from large scale 

eddies to small scale eddies. The vertical transfer of atmospheric quantities, for 

instance momentum flux, is dominated by turbulent diffusion and fluxes that are 

almost constant with height. Under neutral conditions when the potential air 

temperature is constant with height, the vertical velocity distribution of the mean 

wind is approximately logarithmic and can be described by law of the wall as 

follows: 

𝑈(𝑧) =
𝑢∗

𝜅
𝑙𝑛 (

𝑧

𝑧0
)                                                                                                              (2) 

where 𝑈(𝑧) is the wind velocity at height 𝑧, 𝑢∗ is the wind shear velocity or friction 

velocity, 𝑧 is the height above the ground level, 𝑧0 is the roughness length and 𝜅 is 

U 

0.99 U 

𝛿 
u 
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the von Karman constant, which is typically assumed to be 0.4 (Högström, 1988 and 

Li et al., 2010). 

3.2.1     Shear Velocity 

     In the turbulent boundary layer, airflow can be imagined as a horizontal flow of 

numerous rotating eddies with various sizes. As shown in Figure 6, closer to the 

ground; there is a stronger probability of smaller turbulent vortices, while further 

away from the ground the existence of the larger turbulent vortices is 

predominated. Rotating eddies are responsible for the flux transport. Transport 

mechanism of the turbulent atmospheric eddies covers a wide range of frequencies 

from small scale movements on the order of one tenth of a second to large scale 

movements on the order of hours (Burba, 2013). 

 

 

Figure 6. Transport mechanism of the atmospheric eddies (Burba, 2013). 

 

     The turbulent eddies move parcels of air vertically and horizontally. An air parcel 

moving upward or downward into a section of the atmosphere with different wind 

speed, will be deformed due to the velocity differences between different faces of 

the air parcel. This deformation is comparable with the impact of a force exerting 

on the faces of the air parcel. Shear stress at the ground level arises from the 

friction force that the ground exerts on the moving air in the atmosphere above 

the surface (Tagesson, 2012). The shear stress is usually replaced by the shear 

velocity or the friction velocity and can be calculated as follows: 
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𝑢∗ = (
𝜏

𝜌𝑎
)

1
2⁄

                                                                                                                        (3) 

where 𝜏 is the shear stress and 𝜌𝑎 is the air density.  

3.2.2     Roughness of Terrain 

     The roughness of a particular terrain is determined by the bed characteristics or 

the size and distribution of the individual roughness elements. It is commonly 

parameterized by a length scale, namely roughness length or aerodynamic zero-

level (𝑧0) and is defined as a height where the mean wind velocity is equal to zero. 

Lettau (1969) proposed a simple empirical relationship for the calculation of the 

roughness length, as follows: 

𝑧0 = 0.5
ℎ𝑒𝑓𝑓. 𝑆𝑤

𝐴𝐻
                                                                                                                (4) 

where ℎ𝑒𝑓𝑓 is the effective height of the obstacle or roughness element and 𝑆𝑤 is 

the cross section facing the wind, which is measured in the vertical crosswind 

lateral plane. The density of the roughness elements can be described by the 

specific area or the average horizontal area, 𝐴𝐻 , which is available for each 

element. Equation (4) gives reasonable estimates of 𝑧0 for 𝐴𝐻  much greater than 

𝑆𝑤, which agree within about ±25% compared to the results of detailed analysis of 

the measured wind profiles. If 𝐴𝐻  is of the order of 𝑆𝑤 , the abovementioned 

equation overestimates 𝑧0. The reason is that, if the roughness elements are close 

together, the flow is lifted over them and only a fraction of 𝑆𝑤 and ℎ𝑒𝑓𝑓 contributes 

to the roughness. Furthermore, Eq. (4) doesn’t take the porosity of the roughness 

elements into account, and assumes them as solid or impermeable obstacles. For 

porous roughness elements, the aerodynamic length that is obtained by Eq. (4) is 

reduced by a fraction equal to the porosity (Troen and Petersen, 1989).  

     Figure 7 shows the roughness length and the roughness classification of 

different terrains. However, for real surfaces with combination of different 

roughness elements, the estimation of the roughness length is quite complicated; 

since, they do not have a uniform roughness which is comparable with the data 

provided by Figure 7. The roughness of a surface area influences the depth of the 

Atmospheric Boundary Layer (ABL). The height of the ABL increases with increasing 

the roughness of a terrain. Figure 8 illustrates the velocity profiles of the mean wind 
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over different kinds of terrains and a closer look at the velocity profiles in the 

surface layer over a smooth surface and a rough surface are shown in Figure 9. It 

can be seen that the roughness elements extend out of the viscous layer and make 

it convoluted and frequently broken. Furthermore, the pressure gradient over the 

surface of the roughness elements causes a wake behind each of them. 
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Figure 7. Roughness length and roughness classification for a range of surface characteristics. The 

vertical bars show the roughness classes, the central points are the reference values and the bars 

include the typical range of uncertainty in roughness estimations (Troen and Petersen, 1989). 
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Figure 8. Comparisons between boundary layer heights and mean wind velocity profiles for 

three different surface characteristics (Plate, 1971). 

 

 

Figure 9. Mean wind velocity profiles in the surface layer a) over a smooth surface and              

b) over a rough surface (Shao, 2008). 

 

 

Rural/Forest 

 

Open Terrain Urban 
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4     Modes of Wind-Blown Sediment Transport 

     Aeolian sediment transport is characterized by several modes of particles 

motion, depending predominantly on the grain size and wind speed. Bagnold 

(1941) identified three modes of transport; namely suspension, saltation and 

surface creep, and the fourth mode of movement; namely reptation, was identified 

by Ungar and Haff (1987). Figure 10 provides a schematic illustration of this 

classification. 

 

 

Figure 10. Modes of wind-blown sediment transport (Nickling and Neuman, 2009). 
 

     Suspension refers to the motion of particles that are sufficiently fine to be 

carried by the air for relatively long distances. Suspension occurs when the vertical 

velocity exerted by wind flow exceeds the settling velocity of sediment particles at 

which the particles are dispersed by turbulent eddies over extended periods of 

time. According to the residence time of particles in the atmosphere, suspension 

can be further divided into two categories. The suspension of sediment particles 

smaller than 20 𝜇𝑚 is referred to long-term suspension, lasting several days during 

which suspended particles may travel thousands of kilometers, while the 

suspension of sediment particles between 20-70 𝜇𝑚  is defined as short-term 

suspension, lasting from minutes to hours during which the suspended particles are 

carried by air for a few meters to several kilometers (Nickling and Neuman, 2009). 

Saltation refers to the processes when the sand particles are entrained into the 

atmospheric surface layer and hop along the surface with parabolic trajectories. 

Among all transport mechanisms, saltation is the main contributor to the total 
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sediment transport rate. It is not only the dominant transport mode, but it also 

enhances all other modes of movement, especially creep and reptation 

(Livingstone and Warren, 1996). As shown in Figure 10, sediment particles of 70-

500 𝜇𝑚  are susceptible to saltation for typical wind speeds. Under normal 

atmospheric conditions, particles larger than 500 𝜇𝑚 are too heavy to be saltated 

along the surface by wind. Smaller particles are lifted and usually settle back to the 

surface after a short hop of generally less than a centimeter, in a mode of transport 

known as reptation. Larger particles can be rolled along the surface by the wind or 

by the impact of saltating particles, in a mode of transport known as creep (Kok et 

al., 2012). 

4.1     Forces Acting on a Stationary Grain 

     In ideal conditions assuming dry environments with unobstructed horizontal 

surfaces, major forces acting on non-cohesive unconsolidated grains are gravity 

(𝐹𝐺), drag (𝐹𝐷) and lift (𝐹𝐿) forces. Gravity acts as a resisting force keeping the 

grain at the ground surface. The drag component is imposed by the wind, which 

may cause the grain movement along the surface with the wind direction, and the 

lift force is due to the vertical velocity gradient between the top surface and the 

bottom of the grain resulting in a pressure difference and a vertical lift force. The 

fluid force (𝐹𝐹) is defined as the resultant of the drag and lift forces, which may 

cause the stationary grain to overcome the resisting gravity force. According to  Ellis 

and Sherman (2013), the fluid force required for the initiation of grain motion 

decreases with a decrease in the pivot angle (𝛼). Figure 11 shows an illustration of 

the forces acting on a stationary grain. 

 

 

Figure 11. Schematic representation of forces exerting on a stationary unconsolidated grain. 

Wind 𝐹𝐿 𝐹𝐹 

𝐹𝐷 

Pivot (𝛼) 
Bed Level 

𝐹𝐺 
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     Chepil (1961) conducted experiments to investigate the relative magnitude of 

drag and lift forces acting on small spheres, for instance soil grains, at different 

heights in a fluid boundary surface and to determine the impact of these forces on 

the movement of saltating grains. According to his measurements, the drag 

component on the grain is generally greater than the lift force. The lift force is 

almost 75% of the drag component when a sphere is located at the surface level. 

4.2     Physics of Wind-Blown Sediment Transport 

     As mentioned in the previous sections, saltation is the dominant mode of 

transport, accounting for approximately 75% of the total blown sediment flux 

(Bagnold, 1941). It plays a central role in aeolian processes, since it usually initiates 

the other modes of motion. Saltation is initiated when the wind-induced shear 

stress at the sand bed surface exceeds the sand bed resistance to movement, i.e. 

the lowest value of the shear stress at which the sediment particle is no longer in 

static equilibrium (𝜏 > 𝜏𝑡). Because of the difficulties regarding measurements of 

bed shear stresses, the initiation of motion is frequently defined as the condition 

when the threshold velocity is exceeded by the wind shear velocity (𝑢∗ > 𝑢∗𝑡) (Ellis 

and Sherman, 2013). Following the initiation of motion, sediment particles leave 

the bed at an angle, 𝜃, and speed. The saltating grains are accelerated by wind into 

ballistic trajectories and the resulting impacts on the surface cause splash of other 

grains resulting new saltating particles into the fluid stream with a wide range of 

lift-off speeds and angles. This process causes an exponential increase in the 

concentration of saltating particles and form a transport layer whose thickness is 

associated with the hop height of the grains. This momentum transfer from the 

wind flow to the grains in motion reduces the wind velocity. The increased drag on 

the wind, retards the wind speed in the saltation layer and thus the splashing of 

the new particles into the flow stream and ultimately reduces the number of 

saltating grains (Durán et al., 2011 and Kok et al., 2012). The system eventually 

reaches a steady state or an equilibrium condition which is characterized by a 

specific total mass flux, an equal number of impacting and ejected grains and a 

stationary wind velocity profile (Anderson and Haff, 1988). 

     Figure 12 shows a typical ballistic trajectory of an individual grain in saltation. A 

wide range of lift-off angles were found in previous studies. Typical launch angles 

of between 75° and 90° were measured by Bagnold (1941) and Chepil (1945), while 
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White and Schulz (1977) reported considerably smaller value of 50° for average 

ejection angle. Nalpanis et al. (1993) measured a range of 34° to 41° for the mean 

ejection angels, and values of 26.5° for the larger beach sand particles and 30.4° 

for the smaller beach sand particles were proposed by Zhang et al. (2007). Once 

particles reach their maximum height, ℎ, they descend approximately linearly and 

return to the bed surface with relatively small impact angles. Bagnold (1941) 

measured incidence angles of between 10° and 16° which is consistent with the 

average impact angle of 14° reported by White and Schulz (1977). The impact angle 

of a saltating grain is dependent on the wind speed, grain size and the height that 

it will attain (Jensen and Sørensen, 1986). It tends to decrease with an increase in 

wind speed and a decrease in grain size which contributes to an increased 

ascending height. 

 

   

Figure 12. Schematic illustration of a typical saltation trajectory Ellis, JT, & Sherman, DJ (2013). 

 

For an idealized case assuming that the initial take-off velocity is in the same order 

as the shear velocity, the trajectory height (ℎ) and length (𝐿) can be calculated in 

terms of shear velocity and gravity as follows (Owen, 1994): 

ℎ = 0.81
𝑢∗

2

𝑔
                                                                                                                           (5)                                                                                                                           

𝐿 = 10.3
𝑢∗

2

𝑔
                                                                                                                           (6)                                                                                                                             

4.2.1     Threshold Shear Velocity (𝒖∗𝒕) 

     The threshold shear velocity mainly depends on the grain size and the square 

root of the shields parameter expressed as the constant, 𝐴. The first expression for 

the threshold shear velocity at which saltation is initiated was presented by 

Bagnold (1936) as follows: 

L 

 
h 

𝜃 



20 
 

𝑢∗𝑡 = 𝐴√
𝜌𝑝 − 𝜌𝑎

𝜌𝑎
(𝑔𝐷𝑝)                                                                                                    (7) 

where 𝜌𝑝 is the particle’s density, 𝜌𝑎 is the density of the air and 𝐷𝑝 is the mean 

particle diameter. For spherical grains of uniform size and density, the coefficient 

𝐴 is a function of particle friction Reynolds number, 𝐵, which can be obtained as 

follows (Bagnold, 1941): 

𝐵𝑝 =
𝑢∗𝑡𝑑

𝑣
                                                                                                                             (8) 

where 𝑣 is the kinematic viscosity and 𝑑 is the mean surface roughness which is in 

the order of the particle’s diameter, 𝐷𝑝. For mid-latitude aeolian environments, the 

values of grain Reynolds numbers range from 3 to 4 (Ellis and Sherman, 2013). 

According to Bagnold (1937), the threshold wind required to initiate movement of 

a dynamic grain is somewhat smaller than that required to move a static grain at 

an undisturbed surface where no other particles are entrained. For nearly uniform 

sand grains with diameters greater than 0.2 𝑚𝑚, he experimentally obtained the 

value of constant 𝐴  for the static and dynamic thresholds as 0.1 and 0.082, 

respectively.  Greeley et al. (1974) carried out experiments to determine Bagnold’s 

coefficient, 𝐴, for a wide range of particle diameters and densities. According to 

their measurements, there is a weak dependence of 𝐴 with 𝐵 for grain Reynolds 

numbers greater than unity. They found that coefficient 𝐴  approaches 

asymptotically to a minimum value of 0.117. Iversen et al. (1976a) conducted 

experiments to investigate the threshold friction speed for a wide range of particle 

densities and flow regimes from fully rough to intermediate. They presented a 

more universal form of 𝑢∗𝑡 as follows: 

𝑢∗𝑡 = (
𝐴2𝐵𝑝

𝜌𝑎 𝜌𝑝𝑔𝑣⁄
)

1 3⁄

                                                                                                        (9) 

The abovementioned studies considered uniform grains in their analysis. Nickling 

(1988) performed wind tunnel tests in order to study the effects of textural 

parameters of sand grains on the initiation of motion by wind and the transition 

from static to dynamic threshold. A series of experiments were carried out using 

sand grains with various mean sizes, sorting characteristics and shapes. According 
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to their experimental data, they derived the following equation for threshold shear 

velocity: 

𝑢∗𝑡 = 𝑏 − (5𝑎2)1 6⁄                                                                                                           (10) 

where 𝑎 and 𝑏 are empirical constants related to the sorting of the sand particles 

and mean grain size, respectively. 

4.3     Sediment Transport Models 

     Field-based measurements of wind-blown sediment transport are not always 

feasible, therefore several models have been developed to estimate the sediment 

transport rate for an ideal condition with non-cohesive uniform-sized grains in an 

environment with unobstructed horizontal surface. Table 2 shows an overview of 

existing sediment transport models presented by Dong et al. (2003). As shown in 

Table 2, they categorized sediment transport models into five major groups. 

 

No. Category Equation Contributor(s) 

1 

Bagnold type 
𝑞 = 𝐵𝑢∗

3 

𝑞 = 𝐶(𝐷𝑝 𝐷⁄ )
0.5

(𝜌𝑎 𝑔⁄ )𝑢∗
3 Bagnold (1936) 

2 𝑞 = 𝐶(𝐷𝑝 𝐷⁄ )
0.75

(𝜌𝑎 𝑔⁄ )𝑢∗
3 Zingg (1953) 

3 𝑞 = (1 𝑔𝐷𝑝⁄ )
1.5

𝑒(4.97𝐷𝑝−0.47)𝑢∗
3 Hsu (1971) 

4 

Modified Bagnold 
type 

𝑞 = 𝐵𝑓(𝑢∗𝑡)𝑢∗
3 

𝑞 = 𝐶(1 − 𝑅𝑡)(1 + 𝑅𝑡)2(𝜌𝑎 𝑔⁄ )𝑢∗
3 

Kawamura (1951), 
White (1979) 

5 𝑞 = (0.25 + 0.33𝑅𝑡𝐾𝑡)(1 − 𝑅𝑡
2)(𝜌𝑎 𝑔⁄ )𝑢∗

3  Owen (1964) 

6 𝑞 = 𝐶𝐾𝑡(1 − 𝑅𝑡)(𝜌𝑎 𝑔⁄ )𝑢∗
3 

Iversen et al. 
(1976b) 

7 𝑞 = 𝐶(1 − 𝑅𝑡
2)(𝜌𝑎 𝑔⁄ )𝑢∗

3 Kind (1976) 

8 𝑞 = 𝐶(𝐷𝑝 𝐷⁄ )
0.75

(1 − 𝑅𝑡
13.72)(𝜌𝑎 𝑔⁄ )𝑢∗

3 Maegley (1976) 

9 𝑞 = 𝐶(𝐷𝑝 𝐷⁄ )
0.5

(1 − 𝑅𝑡)(𝜌𝑎 𝑔⁄ )𝑢∗
3 

Lettau and Lettau 
(1978) 
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10 
O’Brien-Rindlaub 

type 
𝑞 = 𝐵𝑢3 

𝑞 = 𝐶𝑢3 
O'brien and 

Rindlaub (1936) 

11 

Modified O’Brien-
Rindlaub type 
𝑞 = 𝐵𝑓(𝑢𝑡)𝑢3 

𝑞 = 𝐶(1 − 𝑅𝑢)(𝜌𝑎 𝑔⁄ )𝑢3 Dyunin (1954) 

12 𝑞 = 𝐶(1 − 𝑅𝑢
3)(𝜌𝑎 𝑔⁄ )𝑢3 Kuhlman (1958) 

13 𝑞 = 𝐶(1 − 𝑅𝑢)3(𝜌𝑎 𝑔⁄ )𝑢3 Dyunin (1959) 

14 

Complex type 

𝑞 = 𝜑𝜌𝑝𝑔(𝑔𝐷𝑝
3(𝜌𝑝 − 𝜌𝑎) 𝜌𝑎⁄ )

0.5
 Kadib (1965) 

15 𝑞 = 𝑒(𝑎+𝑏𝑢) Radok (1977) 

16 𝑞 = 𝐷𝑝𝜌𝑝 [𝑁1(𝑢∗
2𝜌𝑎 (𝑔𝐷𝑝𝜌𝑝)⁄ )

0.8
− 𝑁2] 𝑢∗ Nakashima (1979) 

17 
𝑞 = 𝐶[(𝑢∗ + 𝑢∗𝑡)2(𝑢∗ − 𝑢∗𝑡)𝐻1

+ (3𝑢∗
2 + 2𝑢∗𝑢∗𝑡 − 𝑢∗𝑡

2 )𝐻2

+ (3𝑢∗ + 𝑢∗𝑡)𝐻3](𝜌𝑎 𝑔⁄ ) 

Horikawa et al. 
(1984) 

18 
𝑞 = (1 − (𝑢∗ 𝑢∗𝑡⁄ )−2)(𝛼 + 𝛽(𝑢∗ 𝑢∗𝑡⁄ )−2

+ 𝛾(𝑢∗ 𝑢∗𝑡⁄ )−1)(𝜌𝑎 𝑔⁄ )𝑢∗
3 

Sorensen (2004) 

 

Table 2. Commonly used sediment transport models. 𝑞 is  the sediment transport rate, 𝐴 is the 

Bagnold’s threshold coefficient; 𝐵 and 𝐶  are proportionality coefficients; 𝑎 and 𝑏 are empirical 

coefficients; 𝐷 is the reference grain size of 0.25 𝑚𝑚; 𝑁1 and 𝑁2 are empirical coefficients; 𝐻1, 

𝐻2 and 𝐻3 are integrals of the normal distribution function; 𝛼, 𝛽 and 𝛾 are coefficients depend 

strongly on the type of sand, e.g. on its size distribution, grain shape and composition; 𝐾𝑡 =

𝑢𝑤 𝑢∗𝑡⁄ , where 𝑢𝑤  is the particle settling velocity; 𝑅𝑡 = 𝑢∗𝑡 𝑢∗⁄ ;  𝑅𝑢 = 𝑢𝑡 𝑢⁄ ,  where 𝑢𝑡  is the 

threshold wind velocity at a given reference height and 𝑢 is the wind velocity at a given reference 

height and 𝜑 is the sediment transport intensity function based on Einstein (1950)’s bed-load 

transport model. 

     The comparisons between eight different sediment transport models are shown 

in Figure 13. According to Sherman and Li (2012), transport rate predictions vary 

over a range of almost an order of magnitude for a given shear velocity, 𝑢∗. 
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Figure 13. Comparisons between commonly used sediment transport rate models based on             

shear velocity, 𝑢∗ (Ellis and Sherman, 2013). 
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5     Morphological Interactions 

     In the two previous sections, the basic concepts and equations of the 

atmospheric boundary layer and the sediment transport patterns were discussed 

separately. In this section, the interactions between different morphological 

components will be further discussed. The morphological loop and the interactions 

between separate parts are shown in Figure 14.  

 

 

Figure 14. Morphological framework and the interactions between separate components. 

 

5.1     Airflow around a Building 

     As wind flow approaches an obstacle such as a building, the airflow is changed 

in both speed and direction depending on the shape, dimension and the orientation 

of the obstacle. Figure 15 schematically shows the mean flow field around a three-

dimensional cubic building in the atmospheric boundary layer (Fadl and Karadelis, 

2013). As shown in Figure 15, the flow field around a cubic building contains 

recirculation zones on the top, front and sides of the building and in the 

downstream cavity region. These recirculation zones are time-averaged flow 

features and their length and size depend on the building’s shape, dimension, wind 

angle, downwind length and the ambient turbulence level. 
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Figure 15. Schematic representation of the mean flow field around an isolated cubic building 

(Fadl and Karadelis, 2013). 

 

5.2     Airflow over Dunes 

     A dune is an obstacle in the atmospheric boundary layer, therefore it affects the 

airflow around and over it. The basic features of flow over a longitudinal dune are 

similar to those over an isolated low hill. The boundary layer flow over hills can be 

divided into two distinct regions, including an outer inviscid region and an inner 

region which follows the topography of the hill (Hunt et al., 1988). In the outer 

region, the flow is modified only by the pressure field and is characterized by 

minimal turbulent momentum exchange and is essentially unaffected by surface 

shearing forces. In the inner region, the effects of turbulent momentum transfer 

and surface shear are considered significant (Walker and Nickling, 2002). As shown 

in Figure 16, the inner region is further divided into two sub-layers, including a very 

thin inner surface layer (ISL) with a thickness, 𝑙𝑠, where the shear stress is constant 

and a shear stress layer (SSL) where the shear effects decrease with height above 

the surface level. 
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Figure 16. Definition sketch of the airflow over an isolated low hill (Walker and Nickling, 2002). 

 

     For a hill with uniform roughness length, 𝑧0, the thickness of the inner region, 𝑙, 

is estimated by (Jackson and Hunt, 1975): 

(
𝑙

𝐿ℎ
) ln (

𝑙

𝑧0
) = 2𝜅2                                                                                                          (11) 

where 𝐿ℎ  is the characteristic length scale of the hill defined as the horizontal 

distance from the top of the hill to the point at which the elevation is half the total 

crest height, ℎ  and 𝜅  is the von Karman parameter. For the range of 

104 < 𝐿ℎ 𝑧0 < 107⁄ , the above equation can be expressed as follows: 

𝑙 =
1

8
𝑧0

0.1𝐿0.9                                                                                                                      (12) 

Estimates of 𝑙 using equation (11) are slightly more sensitive to changes in 𝑧0 than 

to values of 𝐿ℎ. In addition, the measures of 𝐿 are often more certain than those of 

𝑧0. Therefore, inaccurate estimations of 𝑧0 may result in unreliable estimates of the 

depth of the inner boundary region, 𝑙. Estimates of the inner region thickness for 

small to moderate sized dunes, range between 0.1-1𝑚 (Frank and Kocurek, 1996; 

Lancaster et al., 1996; Wiggs, 2001). 

     The thickness of the inner surface layer, 𝑙𝑠, can be estimated by the following 

equation presented by Hunt et al. (1988): 

𝑙𝑠 = (𝑙𝑧0)0.5                                                                                                                       (13) 
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Estimates of the inner surface layer thickness for small to moderate sized dunes are 

on the order of a few centimeters (Burkinshaw et al., 1993; Frank and Kocurek, 

1996; Neuman et al., 1997). 

5.2.1     Wind Flow over the Stoss or the Winward Slope 

     As wind approaches a dune, it stagnates slightly and is reduced in velocity at the 

upwind toe and just before increasing up the windward slope (Wiggs, 1993). On the 

stoss or the windward slope of the dune, wind flow becomes accelerated as 

streamlines are compressed with height above the dune. The magnitude of the 

wind speed increase over a dune is represented by the speed-up factor, 𝑆, which is 

defined as follows (Lancaster, 1985): 

𝑆 =
𝑊𝑖𝑛𝑑 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑎𝑡 𝑑𝑢𝑛𝑒 𝑐𝑟𝑒𝑠𝑡

𝑊𝑖𝑛𝑑 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑎𝑡 𝑏𝑎𝑠𝑒 𝑜𝑟 𝑝𝑙𝑖𝑛𝑡ℎ 𝑜𝑓 𝑑𝑢𝑛𝑒
                                                     (14) 

which is preferred to the fractional speed-up ratio, ∆𝑆, presented by Jackson and 

Hunt (1975): 

∆𝑆 =
𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑 𝑎𝑡 𝑎 𝑔𝑖𝑣𝑒𝑛 ℎ𝑒𝑖𝑔ℎ𝑡

𝑈𝑛𝑑𝑖𝑠𝑡𝑢𝑟𝑏𝑒𝑑 𝑠𝑝𝑒𝑒𝑑 𝑎𝑡 𝑡ℎ𝑒 𝑠𝑎𝑚𝑒 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑎𝑏𝑜𝑣𝑒 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒
(15) 

According to Lancaster (1985), the velocity speed-up factor for paired dunes range 

from 1.79 to 2.25 and from 1.35 to 1.46 for isolated dunes. 

     Wind tunnel measurements carried out by Walker and Nickling (2002) show that 

the surface shear stress increases on dune slopes in the manner illustrated in Figure 

17. It reaches a maximum at the crest which is approximately twice that at the toe 

of the dune. In addition to the effects of wind speed, the curvature of the wind 

streamlines may also impact the magnitude of shear stress on dune slopes. Figure 

18 demonstrates the conceptual model of dune dynamics proposed by Wiggs et al. 

(1996). As shown in Figure 18, the concave curvature of the streamlines at the toe 

of the dune enhances shear stress, while the convex curvature of the streamlines 

on the stoss slope and the brink of the dune acts to decrease the surface shear 

stress. 
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Figure 17. Normalized shear stress (𝑆𝑆 𝑆𝑆𝐶𝑟𝑒𝑠𝑡)⁄  based on normalized distance (𝑥 ℎ⁄ ) for           

an isolated dune with height of ℎ (Walker and Nickling, 2002). 

 

 

Figure 18. Dune dynamics based on the effects of streamwise wind speed and streamline 

curvature on surface shear stress. Signs (– ) and (+) show the decreasing and increasing  

impact on surface shear stress, respectively (Wiggs et al., 1996). 
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5.2.2     Wind Flow over the Lee or the Downwind Slope 

     In the lee of the dune, wind speed decreases rapidly as a result of flow 

expansion. There is a complex pattern of secondary lee side flows, including flow 

separation, diversion and reattachment which are determined by the dune shape, 

incidence angle between the primary wind direction and the crestline as well as the 

atmospheric thermal stability. Figure 19 illustrates the nature of the lee side flows 

based on the model presented by Sweet and Kocurek (1990). As shown in Figure 

19, high incidence angles on dunes with high aspect ratios result in flow separation 

in the lee which causes the development of an eddy in the downwind slope of the 

dune. Figure 20 schematically shows the secondary flow patterns in the lee side of 

the dune (Walker and Nickling, 2002). As wind flow is compressed and accelerated 

up the stoss slope, it separated from the surface of the dune. According to 

Bernoulli’s principle, this high speed flow creates a region of low pressure 

compared to the slower underlying fluid in the separation zone. This adverse 

pressure gradient generates a recirculation of flow within the separation region 

where the flow recycles back up the lee slope. Then, the wake region extends above 

the separation zone and expands downwind as turbulent momentum is dissipated. 

Finally, at some distance in the downstream, the flow reattaches the surface and 

the inner boundary layer begins to redevelop. 

 

  

Figure 19. Effects of dune shape (Aspect Ratio (A.R.) and Lee Slope (L.S.)), incidence angle         

and atmospheric stability on the flow in the lee side of the dune (Sweet and Kocurek, 1990).  
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Figure 20. Secondary flow patterns, including separation, diversion and reattachment                

in the lee side of the dune (Walker and Nickling, 2002). 
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6     Modelling of the Atmospheric Surface Layer 

     As complex near surface winds affect human activities, considerable research 

efforts in recent years have been devoted to boundary layer dynamics. These 

investigations have been performed by field measurements, wind tunnel 

experiments and numerical modelling to provide a greater understanding of a wide 

variety of processes in the lower part of the atmospheric boundary layer. These 

studies include wind erosion and deposition, pollutant dispersion, pedestrian wind 

comfort in an urban environment, wind energy, natural ventilation of buildings, 

wind loads on structures and so on. The developments in computer-based 

simulations and the ability of numerical modelling approaches to simulate real 

conditions, make them an increasingly common tool for the simulation of 

atmospheric surface layer problems. According to Smyth (2016), the majority of 

recent numerical simulations of near surface flows have been implemented by 

Computational Fluid Dynamics (CFD). 

6.1     Computational Fluid Dynamics (CFD) 

     Computational Fluid Dynamics (CFD) is defined as the set of numerical 

methodologies that enable the computer to solve the fluid flow using Navier-Stokes 

equations. The method uses numerical algorithms to solve the Navier-Stokes 

equations over the computational domain by converting the Partial Differential 

Equations (PDEs) to algebraic equations using a procedure called discretization. The 

Navier-Stokes equations encompass the governing equations of fluid flow, 

including the conservation of mass, conservation of momentum and conservation 

of energy. Using the Finite Volume Method (FVM) for the discretization of 

governing equations, the computational domain is subdivided into a finite number 

of control volumes known as cells, that within each the conservation equations are 

satisfied. According to conservation of mass, the mass of the fluid is conserved and 

can neither be created nor destroyed. The conservation of momentum is based on 

the Newton’s second law and it states that the rate of change of momentum of a 

fluid in a control volume equals the sum of the forces acting on the cell. The 

conservation of energy is obtained from the first law of thermodynamics which 

states that the rate of change of energy of a fluid in a control volume equals the 

sum of the rate of heat added to the control volume and the rate of work done on 

the control volume. 
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     The behavior of the fluid is described in terms of macroscopic properties, such 

as velocity, pressure, density, temperature and their spatial and temporal 

derivatives. For the analysis of fluid flows at macroscopic scales, the molecular 

features and motions can be ignored and the fluid flow is considered as continuum 

(Versteeg and Malalasekera, 2007).  

     The Mach number, 𝑀𝑎, is defined as the ratio of the flow speed to the speed of 

sound in the fluid that determines whether the exchange between kinetic energy 

of the motion and internal degrees of freedom needs to be considered. For Mach 

numbers smaller than 0.3, the fluid can be considered incompressible; while for 

Mach numbers greater than 0.3, the fluid is regarded as compressible. Although 

gases are compressible, the air subjected to wind flow can be considered as 

incompressible since the Mach number is below 0.3 and the changes in density are 

negligible (Ferziger and Peric, 2002). Since the variation in density is considered 

negligible for incompressible fluids, the conservation of energy can be ignored and 

the flow field can be solved considering only mass and momentum conservations. 

6.2     Advantages and Limitations of CFD 

     CFD provides many advantages compared to in situ measurements and wind 

tunnel experiments. With the proliferation of high speed computers, the accuracy 

of CFD models has improved dramatically over the past few decades. The flow field 

is solved for each cell in the computational domain which permits the high 

resolution predictions of flow properties such as wind speed, pressure, turbulence 

and shear stress. CFD can be applied for a wide variety of applications since the 

boundary conditions such as wind speed, wind direction, roughness length and wall 

functions can be easily altered to simulate many different problems. In addition, 

CFD can model problems at their actual scale as in the field. Therefore the Reynolds 

number and the flow regime can be matched exactly and the validation of 

numerical predictions with field measurements can be done relatively simple. 

Unlike wind tunnel experiments, in CFD models the impact of walls does not need 

to be taken into account since the boundary conditions are used to reproduce the 

real conditions. Furthermore, CFD simulations provide an opportunity to study flow 

in environments that are expensive or impossible to access. The main limitation of 

CFD modelling is that it can be computationally expensive in some cases. 
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6.3     Turbulence 

     The degree to which a flow is laminar or turbulent depends on the relative 

importance of fluid inertia and flow friction and is determined by a dimensionless 

value known as Reynolds number, 𝑅𝑒, that can be calculated as the ratio of inertial 

forces to viscous forces. It has been observed that at values of Reynolds number 

below the so-called critical Reynolds number, 𝑅𝑒𝑐𝑟 , the flow regime is laminar 

which is characterized by fluid particles following smooth paths in layers. In this 

case, the adjacent layers of fluid past each other in an orderly fashion with little or 

no mixing and the fluid flow is steady. At values above 𝑅𝑒𝑐𝑟, the fluid regime is 

called turbulent which is characterized by the irregular movement of fluid particles. 

Visualization of turbulent flows reveals rotational flow structures known as 

turbulent eddies with a wide range of length scales that vary spatially and 

temporally. Therefore turbulent flows are highly unsteady and in contrast to 

laminar flow, the fluid does not flow in parallel layers and there is a disruption 

between the layers which causes random and chaotic changes in pressure and flow 

velocity in both magnitude and direction. According to Reynolds number criterion, 

airflow at speeds sufficient to initiate the sand motion can be considered fully 

turbulent. Therefore, the following parts will mainly focus on the CFD modelling of 

turbulent boundary layer. 

     The most accurate and simplest approach for solving the turbulent flow is to 

solve the Navier-Stokes equations without any turbulence modelling. This 

approach is called Direct Numerical Simulation (DNS) in which the whole range of 

spatial and temporal scales of turbulence are resolved. Since the instantaneous 

range of scales in turbulent flows increases rapidly with increasing Reynolds 

number and the computational grid must be fine enough to solve the smallest scale 

eddies, the DNS approaches make the computational cost prohibitively expensive 

for high Reynolds numbers (Ferziger and Peric, 2002; Moin and Mahesh, 1998). 

Therefore, instead of solving for the instantaneous flow fields, the approximated 

solutions are applied that either use an average for the flow properties, or a filter 

for the resolution at which the turbulence is calculated over. The Reynolds-

Averaged Navier-Stokes (RANS) equations and Large Eddy Simulation (LES) 

approaches are the most common methods for numerical simulation of turbulent 

flows. 
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6.3.1     RANS Turbulence Modelling 

     A classical approach for solving the turbulent flows is carried out by splitting the 

unknown variables in the Navier-Stokes equations into a mean and a fluctuating 

term which is called Reynolds decomposition of an instantaneous variable, 𝜑, and 

can be written as follows (Ferziger and Peric, 2002): 

𝜑(𝑥𝑖 , 𝑡) = �̅�(𝑥𝑖) + 𝜑′(𝑥𝑖 , 𝑡)                                                                                          (16) 

where the mean value is calculated by: 

�̅�(𝑥𝑖) = lim
𝑇→∞

1

𝑇
∫ 𝜑(𝑥𝑖 , 𝑡)𝑑𝑡

𝑇

0

                                                                                        (17) 

where 𝑡 is the time and 𝑇 is the averaging interval which is much greater than the 

typical time scale of the fluctuations. Figure 21 illustrates the typical time history 

of the horizontal velocity at a given point in turbulent flow (Versteeg and 

Malalasekera, 2007). As shown in Figure 21, the flow velocity is decomposed into a 

steady mean value, �̅�, and a fluctuating component, 𝑢′(𝑡). Therefore, turbulent 

flow properties (𝑢, 𝑣 𝑎𝑛𝑑 𝑝)  can now be characterized in terms of the mean 

values (�̅�, �̅� 𝑎𝑛𝑑  �̅�) and their superimposed fluctuations (𝑢′, 𝑣′ 𝑎𝑛𝑑  𝑝′). Figure 

22 demontrates the diagrammatic sketch of dye tracer in laminar and turbulent 

flow regimes and the typical representation of the turbulent eddies. In the laminar 

flow region, the fluid particles follow the streamlines which are parallel to the mean 

flow hence the dye tracer transport linearly; while in the turbulent flow region, the 

fluid particles are affected by both the mean flow and the turbulent flow eddies 

that causes the dye to diffuse as shown in Figure 22. 

     The key advantage of using RANS formulation to solve the turbulent flows is that 

it allows to treat the turbulence as a steady phenomenon which reduces the 

computational costs significantly since only the time-averaged properties are 

considered negating the need to perform time consuming unsteady simulations. 
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Figure 21. A typical point velocity measurement in a turbulent flow field                          

(Versteeg and Malalasekera, 2007). 

 

 

 

Figure 22. Schematic representation of tracer transport in both laminar and turbulent flows. 

 

     The three-dimensional Reynolds-Averaged Navier-Stokes equations for 

incompressible flows, including continuity and momentum equations can be 

written as follows (Ferziger and Peric, 2002): 

𝜕𝑢𝑖

𝜕𝑥𝑖
= 0                                                                                                                               (18) 
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𝜕𝑢𝑖

𝜕𝑡
+

𝜕(𝑢𝑖𝑢𝑗)

𝜕𝑥𝑗
= −

1

𝜌

𝜕𝑝

𝜕𝑥𝑖
+ 𝑣

𝜕2𝑢𝑖

𝜕𝑥𝑗
2 −

𝜕 (𝑢𝑖
′𝑢𝑗

′)

𝜕𝑥𝑗
                                                        (19) 

It should be noted that in the abovementioned equations, the overbar on the mean 

velocity and pressure, �̅�  and �̅� , were omitted. It can be seen that the RANS 

equations introduce new unknown turbulent stresses which are known as Reynolds 

stresses and they need to be modelled in order to close the set of partial differential 

equations. A number of RANS turbulence closure models have been developed 

which are classified by the number of additional differential equations needed to 

close the set of RANS equations. The commonly used RANS turbulence closure 

models are two equations models, including standard 𝑘 − 휀  model, 

Renormalization Group (RNG) 𝑘 − 휀  model, realizable 𝑘 − 휀  model, standard      

𝑘 − 𝜔 model, Shear Stress Transport (SST) 𝑘 − 𝜔 model as well as five or seven 

equations models, including two-dimensional and three-dimensional Reynolds 

Stress Models (RSM), respectively. According to Smyth (2016), the most commonly 

used RANS based turbulence closure model for simulating wind flow over aeolian 

landforms is the RNG 𝑘 − 휀 model which has relatively low computational costs 

and is able to accurately simulate complex flow patterns over aeolian landforms 

and built structures. 

6.3.1.1     Renormalization Group (RNG) 𝒌 − 𝜺 model  

     The RNG 𝑘 − 휀 model is a two-equation turbulence closure model which solves 

the transport equations of the turbulent kinetic energy, 𝑘, and energy dissipation 

rate, 휀, using a statistical technique called renormalization group theory presented 

by Yakhot and Orszag (1986). The model is similar to the standard 𝑘 − 휀 model, 

however the renormalization process allows for some refinements in simulating 

the turbulence. The RNG 𝑘 − 휀 model is capable to account for rapidly strained and 

swirling flows, causing a better performance in simulating separation zones and 

recirculation regions which occur over and downwind the aeolian dunes and 

buildings. Furthermore, the standard 𝑘 − 휀  model is a high-Reynolds number 

model which is not valid in the near wall regions and requires a wall function to be 

employed; while the RNG 𝑘 − 휀  model accounts for low-Reynolds number 

conditions and hence near wall flows. Therefore, the RNG 𝑘 − 휀 model is preferred 

to the standard 𝑘 − 휀 model, since it is more accurate accounting for smaller scales 

of motion and is reliable for a wider range of flow conditions. In the RNG 𝑘 − 휀 
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turbulence closure model, the turbulent kinetic energy, 𝑘 , and its rate of 

dissipation, 휀, are obtained from the following transport equations (Fluent, 2013): 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(𝛼𝑘𝜇𝑒𝑓𝑓

𝜕𝑘

𝜕𝑥𝑗
) + 𝐺𝑘 + 𝐺𝑏 − 𝜌휀 − 𝑌𝑀 + 𝑆𝑘             (20) 

𝜕

𝜕𝑡
(𝜌휀) +

𝜕

𝜕𝑥𝑖

(𝜌휀𝑢𝑖)                                                                                                        (21)

=
𝜕

𝜕𝑥𝑗
(𝛼𝜀𝜇𝑒𝑓𝑓

𝜕휀

𝜕𝑥𝑗
) + 𝐶1𝜀

휀

𝑘
(𝐺𝑘 + 𝐶3𝜀𝐺𝑏) − 𝐶2𝜀𝜌

휀2

𝑘
− 𝑅𝜀 + 𝑆𝜀 

where 𝐺𝑘  and 𝐺𝑏  represent the generation of turbulence kinetic energy due to the 

mean velocity gradients and buoyancy, respectively; 𝑌𝑀 represents the effects of   

compressibility on turbulence which is defined as the contribution of the 

fluctuating dilatation in compressible turbulence to the overall dissipation rate; 𝛼𝑘 

and 𝛼𝜀 are the inverse effective Prandtl numbers for 𝑘 and 휀, respectively; 𝜇𝑒𝑓𝑓 is 

the effective viscosity; 𝐶1𝜀, 𝐶2𝜀  and 𝐶3𝜀  are empirical constants; 𝑆𝑘 and 𝑆𝜀 are the 

source terms and 𝑅𝜀 is the additional  term compared to 𝑘 − 휀 model considering 

an extra strain rate. 

6.3.2     LES Turbulence Modelling 

     As we discussed in previous sections, turbulent flows contain eddies with a wide 

range of spatial and temporal scales. Large scale eddies have more energy than the 

small ones and therefore they provide more contribution on transporting the 

conserved flow properties such as momentum, mass and energy. Large Eddy 

Simulation (LES) approaches, instead of time averaging apply a spatial filtering 

operation in Navier-Stokes equations to separate the large scale eddies from the 

small ones. Then, eddies greater than the filtering threshold are solved directly; 

while eddies smaller than the threshold are modeled and their effect is calculated. 

Resolving only the large scale eddies allows for using coarser computational grids 

and larger time interval than that required in DNS. However, LES approaches still 

need substantially finer grids than those typically used in RANS simulations. 

Therefore, LES can be regarded as a method between RANS and DNS and its 

computational costs are generally orders of magnitude higher than RANS and lower 

than DNS methods. The main shortcoming of applying LES approach in modelling 

turbulent flows is that it cannot provide a high resolution for the near wall flows, 
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where even the large eddies become relatively small and therefore require a 

solution that is dependent on the Reynolds number. According to Smyth (2016), 

there have been a few studies in aeolian landforms using LES approach, however 

with increasing high performance computations, it is expected to get more 

attention in future studies. 

6.4     A Review of Studies on CFD Modelling of ABL 

     There have been many CFD studies modelling Atmospheric Boundary Layer 

(ABL) that include a wide variety of applications such as wind erosion and 

deposition, pollutant dispersion, pedestrian wind comfort in an urban 

environment, wind energy, natural ventilation of buildings, wind loads on 

structures and so on. For the sake of brevity, this section will only focus on studies 

involved in CFD modelling of airflow around buildings, airflow over aeolian dunes 

or the interactions between them. 

     Baskaran and Kashef (1996) provided one of the first studies of its kind in 

investigating airflow around buildings using computational fluid dynamics. They 

predicted three-dimensional wind flow conditions around a single building, 

between two parallel buildings and around a multiple building configuration. A CFD 

code was developed in FORTRAN for evaluating the wind flow around a single 

building and two parallel buildings; while for the investigation of multiple building 

configuration, the well-known commercial CFD solver, PHOENICS, was utilized. 

First, they modeled the wind flow around a single building and then studied the 

effect of the passage width on wind flow around two parallel buildings. As shown 

in Figure 23, to quantify the changes in the local wind flow conditions, they 

calculated the velocity ratios as the magnitude of the predicted velocities divided 

by the velocities in the absence of the buildings. Therefore, these ratios directly 

indicate the impact of buildings on local wind flow. Values greater than unity show 

an increase in wind velocity, while values less than unity implies a reduction in local 

wind speed. Figure 23 shows an amplification in wind velocity along the passage 

and the building corners, while there has been a velocity reduction in complex 

recirculation flow regions. Furthermore, they investigated the effect of wind 

direction on air flow around multiple building configuration. 
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Figure 23. The effect of passage width, 𝑙, between two parallel buildings on local wind velocity 

(Baskaran and Kashef, 1996). 

 

     Tutar and Oğuz (2004) applied a CFD simulation software, FLUENT, for the three-

dimensional evaluation of wind behavior around a group of buildings using 

Reynolds-Averaged Navier-Stokes (RANS) equations based on turbulence closure 

models, including standard 𝑘 − 휀 model and Renormalization Group (RNG) 𝑘 − 휀 

model as well as the Large Eddy Simulation (LES) approach with a RNG based sub-

grid scale model. First, they studied the relative performance of different 

turbulence models for a single building using comparisons with the experimental 

data and then the model was further developed to analyze the impact of two 

parallel buildings and multiple buildings on wind flow in terms of varying passage 

width and building configuration. They found that their improved LES based CFD 

model results in more accurate predictions in the study of turbulent atmospheric 

boundary layer flow around the buildings compared to the RANS based models. In 

addition, they reported that the building configuration can directly affect the wind 
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velocity around the structures. In case of the wind flow around two parallel 

buildings, the velocity magnitudes decrease with an increase in the passage width 

which also causes a decrease in the strength of the vorticity. In addition, they found 

that the predicted velocity ratios increase with height above the ground and show 

better agreements with the experimental measurements for higher points. In case 

of wind flow around a group of buildings, the velocity magnitudes decrease along 

the passage centerline. Furthermore, the velocity magnitudes increase to the 

maximum values especially at the front corners and in the passage of buildings in 

both cases. 

     There have been many other studies based on the CFD simulation of airflow 

around buildings focusing on the influence of computational grid resolution 

(Murakami and Mochida, 1989; Murakami, 1990a,b; Baskaran and Stathopoulos, 

1992), the importance of wall boundary conditions on numerical predictions 

(Murakami and Mochida, 1989; Baetke et al., 1990; Paterson and Apelt, 1990; 

Stathopoulos and Baskaran, 1990) and the comparisons between various types of 

turbulence models (Baskaran and Stathopoulos, 1989; Murakami, 1990b, 1993; 

Murakami et al., 1990, 1992). 

     Araújo et al. (2013) developed a CFD model using FLUENT with the standard    

𝑘 − 휀 turbulence closure model to study the wind flow over a transverse dune. 

They found that the length of the recirculation zone or the separation bubble in the 

lee side of the transverse dune is strongly dependent on the wind shear velocity, 

𝑢∗. It is almost independent of shear velocity for values within the range of 0.2-0.8 

𝑚 𝑠⁄ , while increases linearly with values greater than 0.8 𝑚 𝑠⁄ . Figure 24 illustrates 

the effect of wind shear velocity, 𝑢∗, on the size of the separation zone, the shape 

of the separation streamline and the mass flux along and inside the recirculation 

zone which is indicated in the clockwise direction. As it can be seen, the length of 

the flow separation, 𝑙 = 𝑋𝑟 − 𝑋𝑏 , increases with 𝑢∗ . Figure 25 displays the 

separation streamlines for a wider range of 𝑢∗  from 0.01 𝑚 𝑠⁄  to 1.5 𝑚 𝑠⁄ . 

Furthermore, the results show that the separation streamline creates an angle with 

the ground surface at the reattachment point, 𝜃𝑟, that decreases with 𝑢∗. 
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Figure 24. The average turbulent wind flow over a longitudinal slice of the transverse dune for 

different values of wind shear velocity, 𝑢∗. The height of the dune at its brink is 𝐻 = 3.26 𝑚 

and the reattachment length is defined as the horizontal distance between the dune’s brink   

and the flow reattachment point, 𝑙 = 𝑋𝑟 − 𝑋𝑏. The colors show the mass flux per unit time, 

𝑞 (𝑘𝑔 𝑠⁄ ) (Araújo et al., 2013). 

 

  

Figure 25. Separation streamlines and reattachment angles for different values of 𝑢∗           

(Araújo et al., 2013). 
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     Smith et al. (2017b) utilized an open source CFD modelling software, 

OpenFOAM, to study the turbulent airflow dynamics and potential sediment 

transport over barchan dunes considering various incident wind conditions. Two 

RANS based turbulence closure models were implemented, including the standard 

𝑘 − 휀  model and RNG 𝑘 − 휀  model to evaluate the suitability of each model to 

simulate both mean flow conditions, including wind flow velocity and direction as 

well as turbulent flow conditions, for instance turbulence intensity. Integrating a 

sediment transport model into CFD, allows for the spatial mapping of sediment flux 

patterns across the entirety of the dune surface. The results show a strong 

sediment flux potential on the stoss slope of the dune and laterally along the outer 

barchan arms due to the increased streamwise wind shear stress; while in the lee 

side of the dune, sediment transport remains at above threshold condition and is 

redirected in response to the complex turbulent vortices in the wake zone. The 

comparisons between model predictions and experimental measurements show 

good agreements in time-averaged wind speed and direction for both standard  

𝑘 − 휀  model and RNG 𝑘 − 휀  model. However, the RNG 𝑘 − 휀  model performs 

better in predicting the turbulence intensity especially when the incident wind 

condition and the dune morphology promote flow separation. The ability to 

simulate highly turbulent lee side flow makes RNG 𝑘 − 휀 model more suitable for 

modelling three-dimensional wind flow over dune environments. 

     Smith et al. (2017a) developed a CFD model using OpenFOAM to investigate the 

impact of successive stages of urbanization at Maspalomas, Gran Canaria, Spain on 

regional airflow perturbations and corresponding alteration in the adjacent 

dunefield. The RNG 𝑘 − 휀 model was implemented in their model and the building 

geometries were overlayed onto the topographic model surface. They studied the 

airflow modifications and sediment transport patterns during four different stages 

of urbanization over a terrace surface from 1961, prior to urbanization, to 2006, 

after the last phase of urbanization. In their study, two distinct response zones 

were identified. First, the urban shadow zone where the widespread dune 

stabilization is attributed to the sheltering effect of the built environment on local 

wind speed; second, the acceleration zone where the airflow is compressed and 

deflected due to the buildings causing an increase in the wind speed and therefore 

the sediment transport potential and surface erosion. Figure 26 demonstrates the 

change in the sediment transport patterns over different phases of urbanization. 
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Figure 26. Sediment flux potential, 𝑞′, and the sediment flux perturbations, 𝛿𝑞′ , during 

successive stages of urbanization. Case 1: 1961, Case 2: 1977, Case 3: 1987 and Case 4: 2006 

(Smith et al., 2017a). 

 

Figure 26a shows that prior to urbanization, the airflow is compressed and 

accelerated over elevated barchanoid dune ridges and the alluvial terrace surface 

leading to an increase in the sediment flux potential, 𝑞′. In addition, there is a 

reduction in 𝑞′ at the downwind of the terrace and large barchanoid ridges due to 

the energy dissipation of wind flow passing over elevated bedforms and increased 

surface roughness. As shown in Figure 26b, during the first phase of urbanization, 

the east and the south of the terrace experience an increase in sediment flux 

potential as airflow is accelerated by the built environment. It can be seen that the 

largest increase occurs at the dunes on the boundary of the terrace. In addition, 

the sediment flux decreases in the downwind and at the west and northwest extent 
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of the dunefield which is due to the effect of the shadow zone behind buildings. 

Figures 26c, d illustrate an increase in the magnitude of wind flow speed and 

therefore sediment flux potential in the acceleration zone. In addition, the 

deceleration of wind flow in the urban shadow zone is further magnified which 

results in a decrease in 𝑞′ during the last two phases of urbanization. 
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  7     Conclusions 

     The purpose of this literature study was to provide an overview of the basic 

knowledge on Atmospheric Boundary Layer (ABL), aeolian sediment transport and 

the impact of urbanization on these two components. Nine literature questions 

were defined in section 1.3 and according to the literature they can be answered 

as follows: 

Q1) What are the importance of studies on aeolian sand dunes evolution?  

     Coastal dunes provide ecological value and protection. They act as a natural 

barrier against wave attack, protecting inland areas from storm surge, hurricane 

and flooding. They provide substantial economic benefits by dissipating the wave 

energy and reducing the damage to built environment during severe storm events. 

Coastal dunes provide a sand storage and a supply for adjacent eroded beaches 

during the storm. Dune vegetation plays an important role in the formation and the 

stabilization of coastal dunes. Both the root system and the exposed vegetation 

restrict sand movement by trapping wind-blown sediment particles that help to 

secure the dunes and provide continuous dune growth. In addition, these 

geomorphic features support a variety of organisms. They provide habitats for 

coastal plants, coastal mammals and bird species such as migratory birds. Coastal 

dunes are dynamic systems that respond to the processes affecting them. They are 

subject to wave induced erosion during extreme storm events and they are able to 

recover naturally after the storm. For all these reasons, studies on aeolian sand 

dunes and impacts that buildings can have on them are important. 

Q2) How can urbanization impact aeolian sand dunes? 

     Highly increasing global human population in coastal zones causes serious 

effects on the very dynamic nature of aeolian sand dunes. Structures located 

adjacent to, or within, the dunefields create obstacles for wind flow and sediment 

transport. They cause local variations in airflow patterns which alter sediment 

transport and in turn, affect aeolian landforms (Jackson and Nordstrom, 2011). 

Q3) What is the knowledge on Atmospheric Boundary Layer (ABL)? 

     The atmosphere can be divided into several sub-layers based on its temperature 

profile, including troposphere, stratosphere, mesosphere and thermosphere. The 

troposphere is the lowest 10-15 𝑘𝑚 of the atmosphere, the region in which the 
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temperature decreases monotonically with height except at inversions. The 

atmospheric boundary layer (ABL) or planetary boundary layer (PBL) can be 

described as the layer of air of 1-2 𝑘𝑚  depth immediately above the Earth’s 

surface, which is directly influenced by the exchange of momentum, energy, and 

mass at the Earth’s surface and on time scales less than a day (Kaimal and Finnigan, 

1994 and Shao, 2008). The remainder of the troposphere is the free atmosphere 

where the wind behavior is not influenced by the presence of the Earth’s surface. 

The atmospheric boundary layer can be further divided into an entrainment zone, 

a mixing layer and a surface layer. Figure 4 displays the vertical structure of the 

atmosphere and its sub-layers. 

Q4) What is the current knowledge on airflow modelling? 

     As complex near surface winds affect human activities, considerable research 

efforts in recent years have been devoted to boundary layer dynamics. These 

investigations have been performed by field measurements, wind tunnel 

experiments and numerical modelling to provide a greater understanding of a wide 

variety of processes in the lower part of the atmospheric boundary layer. These 

studies include wind erosion and deposition, pollutant dispersion, pedestrian wind 

comfort in an urban environment, wind energy, natural ventilation of buildings, 

wind loads on structures and so on. The developments in computer-based 

simulations and the ability of numerical modelling approaches to simulate real 

conditions, make them an increasingly common tool for the simulation of 

atmospheric surface layer problems. According to Smyth (2016), the majority of 

recent numerical simulations of near surface flows have been implemented by 

Computational Fluid Dynamics (CFD). 

     Computational Fluid Dynamics (CFD) is defined as the set of numerical 

methodologies that enable the computer to solve the fluid flow using Navier-Stokes 

equations. The method uses numerical algorithms to solve the Navier-Stokes 

equations over the computational domain by converting the Partial Differential 

Equations (PDEs) to algebraic equations using a procedure called discretization. The 

Navier-Stokes equations encompass the governing equations of fluid flow, 

including the conservation of mass, conservation of momentum and conservation 

of energy. Using the Finite Volume Method (FVM) for the discretization of 

governing equations, the computational domain is subdivided into a finite number 
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of control volumes known as cells, that within each the conservation equations are 

satisfied. 

Q5) What is the knowledge on wind-blown sediment transport? 

     Aeolian sediment transport is characterized by several modes of particles 

motion, depending predominantly on the grain size and wind speed. Bagnold 

(1941) identified three modes of transport; namely suspension, saltation and 

surface creep, and the fourth mode of movement; namely reptation, was identified 

by Ungar and Haff (1987). Figure 10 provides a schematic illustration of this 

classification. Suspension refers to the motion of particles that are sufficiently fine 

to be carried by the air for relatively long distances. Suspension occurs when the 

vertical velocity exerted by wind flow exceeds the settling velocity of sediment 

particles at which the particles are dispersed by turbulent eddies over extended 

periods of time. According to the residence time of particles in the atmosphere, 

suspension can be further divided into two categories. The suspension of sediment 

particles smaller than 20 𝜇𝑚 is referred to long-term suspension, lasting several 

days during which suspended particles may travel thousands of kilometers, while 

the suspension of sediment particles between 20-70 𝜇𝑚 is defined as short-term 

suspension, lasting from minutes to hours during which the suspended particles are 

carried by air for a few meters to several kilometers (Nickling and Neuman, 2009). 

Saltation refers to the processes when the sand particles are entrained into the 

atmospheric surface layer and hop along the surface with parabolic trajectories. 

Among all transport mechanisms, saltation is the main contributor to the total 

sediment transport rate. It is not only the dominant transport mode, but it also 

enhances all other modes of movement, especially creep and reptation 

(Livingstone and Warren, 1996). As shown in Figure 10, sediment particles of          

70-500 𝜇𝑚  are susceptible to saltation for typical wind speeds. Under normal 

atmospheric conditions, particles larger than 500 𝜇𝑚 are too heavy to be saltated 

along the surface by wind. Smaller particles are lifted and usually settle back to the 

surface after a short hop of generally less than a centimeter, in a mode of transport 

known as reptation. Larger particles can be rolled along the surface by the wind or 

by the impact of saltating particles, in a mode of transport known as creep (Kok et 

al., 2012). 
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     As mentioned in the previous sections, saltation is the dominant mode of 

transport, accounting for approximately 75% of the total blown sediment flux 

(Bagnold, 1941). It plays a central role in aeolian processes, since it usually initiates 

the other modes of motion. Saltation is initiated when the wind-induced shear 

stress at the sand bed surface exceeds the sand bed resistance to movement, i.e. 

the lowest value of the shear stress at which the sediment particle is no longer in 

static equilibrium (𝜏 > 𝜏𝑡). Because of the difficulties regarding measurements of 

bed shear stresses, the initiation of motion is frequently defined as the condition 

when the threshold velocity is exceeded by the wind shear velocity (𝑢∗ > 𝑢∗𝑡) (Ellis 

and Sherman, 2013). Following the initiation of motion, sediment particles leave 

the bed at an angle, 𝜃, and speed. The saltating grains are accelerated by wind into 

ballistic trajectories and the resulting impacts on the surface cause splash of other 

grains resulting new saltating particles into the fluid stream with a wide range of 

lift-off speeds and angles. This process causes an exponential increase in the 

concentration of saltating particles and form a transport layer whose thickness is 

associated with the hop height of the grains. This momentum transfer from the 

wind flow to the grains in motion reduces the wind velocity. The increased drag on 

the wind, retards the wind speed in the saltation layer and thus the splashing of 

the new particles into the flow stream and ultimately reduces the number of 

saltating grains (Durán et al., 2011 and Kok et al., 2012). The system eventually 

reaches a steady state or an equilibrium condition which is characterized by a 

specific total mass flux, an equal number of impacting and ejected grains and a 

stationary wind velocity profile (Anderson and Haff, 1988). 

Q6) What is the current knowledge on modelling sediment transport? 

     Several models have been developed to estimate the sediment transport rate 

for an ideal condition with non-cohesive uniform-sized grains in an environment 

with unobstructed horizontal surface. Table 2 shows an overview of existing 

sediment transport models presented by Dong et al. (2003). As shown in Table 2, 

they categorized sediment transport models into five major groups. 

Q7) How can different components in a morphological loop interact with each 

other?  

     The morphological loop is shown in Figure 14. It illustrates the interactions 

between built environment, airflow patterns, sediment transport and the dunes 
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morphology. Rapid urbanization of coastal zones leads to the construction of 

restaurants, beach houses and pavilions at the beach-dune interface. Structures 

located adjacent to, or within, the dunefields create obstacles for wind flow and 

sediment transport. They cause local variations in airflow patterns which alter 

sediment transport and in turn, affect aeolian sand dunes. According to Figure 14, 

the loop ends with the impact of dunes on built environment, since the dunes 

encroachment into buildings disturbs the human activities, damages the properties 

and therefore causes economic losses. 

     The impact of an isolated cubic building on airflow patterns was shown in section 

5.1; and the airflow over dunes and the formation of complex flow patterns over 

the stoss (windward slope) and the lee (downwind slope) of the dune were 

discussed in Section 5.2. 

Q8) What are the advantages and limitations of using Computational Fluid 

Dynamics for airflow modelling? 

     CFD provides many advantages compared to in situ measurements and wind 

tunnel experiments. With the proliferation of high speed computers, the accuracy 

of CFD models has improved dramatically over the past few decades. The flow field 

is solved for each cell in the computational domain which permits the high 

resolution predictions of flow properties such as wind speed, pressure, turbulence 

and shear stress. CFD can be applied for a wide variety of applications since the 

boundary conditions such as wind speed, wind direction, roughness length and wall 

functions can be easily altered to simulate many different problems. In addition, 

CFD can model problems at their actual scale as in the field. Therefore the Reynolds 

number and the flow regime can be matched exactly and the validation of 

numerical predictions with field measurements can be done relatively simple. 

Unlike wind tunnel experiments, in CFD models the impact of walls does not need 

to be taken into account since the boundary conditions are used to reproduce the 

real conditions. Furthermore, CFD simulations provide an opportunity to study flow 

in environments that are expensive or impossible to access. The main limitation of 

CFD modelling is that it can be computationally expensive in some cases. 

Q9) What is the current knowledge on modelling turbulence in aeolian problems? 

     The most accurate and simplest approach for solving the turbulent flow is to 

solve the Navier-Stokes equations without any turbulence modelling. This 
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approach is called Direct Numerical Simulation (DNS) in which the whole range of 

spatial and temporal scales of turbulence are resolved. Since the instantaneous 

range of scales in turbulent flows increases rapidly with increasing Reynolds 

number and the computational grid must be fine enough to solve the smallest scale 

eddies, the DNS approaches make the computational cost prohibitively expensive 

for high Reynolds numbers (Ferziger and Peric, 2002; Moin and Mahesh, 1998). 

Therefore, instead of solving for the instantaneous flow fields, the approximated 

solutions are applied that either use an average for the flow properties, or a filter 

for the resolution at which the turbulence is calculated over. The Reynolds-

Averaged Navier-Stokes (RANS) equations and Large Eddy Simulation (LES) 

approaches are the most common methods for numerical simulation of turbulent 

flows. 

     A classical approach for solving the turbulent flows is carried out by splitting the 

unknown variables in the Navier-Stokes equations into a mean and a fluctuating 

term which is called Reynolds decomposition of an instantaneous variable. The key 

advantage of using RANS formulation to solve the turbulent flows is that it allows 

to treat the turbulence as a steady phenomenon which reduces the computational 

costs significantly since only the time-averaged properties are considered negating 

the need to perform time consuming unsteady simulations. The RANS equations 

introduce new unknown turbulent stresses which are known as Reynolds stresses 

and they need to be modelled in order to close the set of partial differential 

equations. A number of RANS turbulence closure models have been developed 

which are classified by the number of additional differential equations needed to 

close the set of RANS equations. The commonly used RANS turbulence closure 

models are two equations models, including standard 𝑘 − 휀  model, 

Renormalization Group (RNG) 𝑘 − 휀 model, realizable 𝑘 − 휀 model, standard 𝑘 −

𝜔  model, Shear Stress Transport (SST) 𝑘 − 𝜔  model as well as five or seven 

equations models, including two-dimensional and three-dimensional Reynolds 

Stress Models (RSM), respectively. According to Smyth (2016), the most commonly 

used RANS based turbulence closure model for simulating wind flow over aeolian 

landforms is the RNG 𝑘 − 휀 model which has relatively low computational costs 

and is able to accurately simulate complex flow patterns over aeolian landforms 

and built structures.  
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     Large Eddy Simulation (LES) approaches, instead of time averaging apply a 

spatial filtering operation in Navier-Stokes equations to separate the large scale 

eddies from the small ones. Then, eddies greater than the filtering threshold are 

solved directly; while eddies smaller than the threshold are modeled and their 

effect is calculated. Resolving only the large scale eddies allows for using coarser 

computational grids and larger time interval than that required in DNS. However, 

LES approaches still need substantially finer grids than those typically used in RANS 

simulations. Therefore, LES can be regarded as a method between RANS and DNS 

and its computational costs are generally orders of magnitude higher than RANS 

and lower than DNS methods. The main shortcoming of applying LES approach in 

modelling turbulent flows is that it cannot provide a high resolution for the near 

wall flows, where even the large eddies become relatively small and therefore 

require a solution that is dependent on the Reynolds number.  
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List of Symbols 

 

𝛿               Boundary layer height                                                                             [𝑚] 

𝑥               Downwind distance (fetch)                                                                     [𝑚] 

𝑎               Empirical constant                                                                                    [−] 

𝑏               Empirical constant                                                                                    [−] 

𝑈(𝑧)         Wind velocity at height 𝑧                                                                        [𝑚/𝑠] 

𝑢∗              Wind shear velocity                                                                                 [𝑚/𝑠] 

𝑧                Height above the ground level                                                              [𝑚] 

𝑧0              Roughness length                                                                                     [𝑚] 

𝜅                Von Karman constant                                                                              [−] 

𝜏                 Shear stress                                                                                              [𝑁/𝑚2] 

𝜌𝑎               Air density                                                                                                [𝑘𝑔/𝑚3] 

ℎ𝑒𝑓𝑓            Effective height of the roughness element                                        [𝑚] 

𝑆𝑤               Cross section facing the wind                                                              [𝑚2] 

𝐴𝐻               Specific area                                                                                            [𝑚2] 

𝐹𝐺                Gravity force                                                                                           [𝑁] 

𝐹𝐷               Drag force                                                                                                [𝑁] 

𝐹𝐿                Lift force                                                                                                   [𝑁] 

𝐹𝐹                Fluid force                                                                                                [𝑁] 

𝛼                 Pivot angle                                                                                               [°] 

ℎ                 Trajectory height                                                                                    [𝑚] 

𝐿                 Trajectory length                                                                                    [𝑚] 

g                  Gravitational acceleration                                                                    [𝑚/𝑠2] 

𝑢∗𝑡              Threshold shear velocity                                                                       [𝑚/𝑠] 

𝐴                 Bagnold’s threshold coefficient                                                           [−] 

𝜌𝑝               Particle’s density                                                                                     [𝑘𝑔/𝑚3] 



61 
 

𝐷𝑝               Mean particle diameter                                                                         [𝑚] 

𝐵𝑝               Particle friction Reynolds number                                                        [−] 

𝑑                 Mean surface roughness                                                                        [𝑚] 

𝑣                 Kinematic viscosity                                                                                  [𝑚2/𝑠] 

𝑞                 Sediment transport rate                                                                         [𝑘𝑔/𝑚. 𝑠]     

𝐵                 Proportionality coefficient                                                                     [−] 

𝐶                 Proportionality coefficient                                                                     [−] 

𝐷                 Reference grain size                                                                                [𝑚𝑚] 

𝑁1               Empirical coefficient                                                                                [−] 

𝑁2               Empirical coefficient                                                                                [−] 

𝐻1               Integral of the normal distribution function                                       [−]  

𝐻2               Integral of the normal distribution function                                       [−] 

𝐻3               Integral of the normal distribution function                                       [−]  

𝛼                 Coefficient depends on the type of sand                                             [−] 

𝛽                 Coefficient depends on the type of sand                                             [−] 

𝛾                  Coefficient depends on the type of sand                                            [−] 

𝑢𝑤               Particle settling velocity                                                                         [𝑚/𝑠] 

𝑢𝑡                Threshold wind velocity                                                                         [𝑚/𝑠] 

𝑢                  Wind velocity at a given reference height                                          [𝑚/𝑠] 

𝜑                  Sediment transport intensity function                                                    [−] 

𝑙                   Thickness of the inner region                                                             [𝑚] 

𝐿ℎ                Characteristic length scale of the hill                                                [𝑚] 

𝑙𝑠                  Thickness of the inner surface layer                                                 [𝑚] 

𝑆                   Speed-up factor                                                                                   [−] 

∆𝑆                Fractional speed-up ratio                                                                    [−] 

𝑀𝑎               Mach number                                                                                       [−] 

𝑡                    Time                                                                                                       [𝑠] 
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𝑇                   Averaging interval                                                                                [𝑠]  

�̅�                   Mean value of flow velocity                                                               [𝑚/𝑠] 

𝑢′(𝑡)             Fluctuating component of flow velocity                                         [𝑚/𝑠] 

�̅�                    Mean value of pressure                                                                     [𝑁/𝑚2] 

𝑘                   Turbulent kinetic energy                                                                     [𝑚2/𝑠2] 

휀                    Dissipation rate of turbulent kinetic energy                                   [𝑚2/𝑠3] 

𝛼𝑘                  Inverse effective Prandtl numbers for 𝑘                                        [−] 

𝛼𝜀                   Inverse effective Prandtl numbers for 휀                                        [−] 

𝜇𝑒𝑓𝑓                Effective viscosity                                                                               [𝑘𝑔/𝑚. 𝑠] 

𝐶1𝜀                 Empirical constant                                                                             [−] 

𝐶2𝜀                 Empirical constant                                                                             [−] 

𝐶3𝜀                 Empirical constant                                                                             [−] 

 

 

 

 

 

 

 


	This PhD project is part of a ShoreScape project that focuses on sustainable        co-evolution of the natural and built environment along sandy shores which is funded by Netherlands Organisation for Scientific Research (NWO) and co-funded by RW...
	This PhD project is part of a ShoreScape project that focuses on sustainable        co-evolution of the natural and built environment along sandy shores which is funded by Netherlands Organisation for Scientific Research (NWO) and co-funded by RW...
	Coastal dunes are aeolian landforms and they act as a natural barrier against wave attack and protect the inland areas from storm surges by dissipating the wave energy. Humans modify beaches and dunes natural ecosystem in many ways. Types of huma...
	Figure 1. Types of human activities in Calella, Barcelona, Spain.
	Rapid urbanization of coastal zones has been widespread around the world during the last century, since they typically offer ready access to water and fertile soil and facilitate certain activities such as fishing and shipping industry, recreatio...
	Figure 2. World map of coastal cities and agglomerations growth between 1985 and 2012. The increase in urban population is classified into three categories: first, cities that have grown by less than 100,000 inhabitants; second, cities that have grown...
	This highly increasing global human population in coastal zones causes serious effects on the very dynamic nature of aeolian sand dunes. Structures located adjacent to or within the dunefields create obstacles for wind flow and sediment transport. The...
	The effects of buildings on airflow patterns and the impact of wind regime on buildings and urban design have been well addressed in wind engineering literature. However, there have been relatively few studies investigating the human-induced dune...
	Previous studies on the impacts of urbanization on coastal dune modification have been carried out on large-scale investigations and have focused mainly on the qualitative dunefield dynamics, however the effect of buildings configuration on aeoli...
	This literature review provides the basic understanding of the coupled modelling of built environment, wind flow and coastal dunes and includes the answer of the following questions:
	 Q1) What are the importance of studies on aeolian sand dunes evolution?
	 Q2) How can urbanization impact aeolian sand dunes?
	 Q3) What is the knowledge on Atmospheric Boundary Layer (ABL)?
	 Q4) What is the current knowledge on airflow modelling?
	 Q5) What is the knowledge on wind-blown sediment transport?
	 Q6) What is the current knowledge on modelling sediment transport?
	 Q7) How can different components in a morphological loop interact with        each other?
	 Q8) What are the advantages and limitations of using Computational Fluid Dynamics for airflow modelling?
	 Q9) What is the current knowledge on modelling turbulence in aeolian problems?
	Aeolian landforms are surface features produced through three principal processes, including wind erosion, sediment transportation and deposition. Aeolian processes occur on all the Earth’s continents and in a variety of environments, including s...
	2.1     Sand Dunes
	An aeolian sand dune is usually defined as an accumulation of loose sand formed by wind deposition. Sand dunes can be classified in various ways based on their size, shape and the environment in which they occur. Dunes range in size from less tha...
	Table 1. Dunes classification according to their size (Lancaster, 1994).
	Dunes are further divided by their shape into six major groups, including transverse, oblique, longitudinal, barchan, star and parabolic (Galloway and Starratt, 1998). Sand dunes can be found along beaches, and in arid or semi-arid regions. They can b...
	2.1.1     Advantages of Coastal Sand Dunes
	Coastal dunes provide ecological value and protection. They act as a natural barrier against wave attack, protecting inland areas from storm surge, hurricane and flooding. They provide substantial economic benefits by dissipating the wave energy ...
	Figure 3. Coastal dunes in Punta Paloma, Tarifa, Cádiz, Spain.
	3     Atmospheric Boundary Layer (ABL)
	The atmosphere can be divided into several sub-layers based on its temperature profile, including troposphere, stratosphere, mesosphere and thermosphere. The troposphere is the lowest 10-15 𝑘𝑚 of the atmosphere, the region in which the temperat...
	Figure 4. Vertical structure of the a) atmosphere, b) troposphere, c) atmospheric boundary layer (ABL) and d) surface layer (Shao, 2008).
	According to Reynolds number criteria, the ABL flows are predominantly turbulent and the vertical transports of momentum, energy and mass are mainly accomplished by turbulence. The atmospheric boundary layer structure varies with time and space and ge...
	3.1     Boundary Layer Height
	The boundary layer thickness is not always very obvious and it cannot simply be defined as where the boundary layer velocity equals the free stream velocity. Because of this, various definitions for boundary layer height have been proposed. Accor...
	𝛿=𝑎.,𝑥-𝑏.                                                                                                                               (1)
	where 𝑥 is the downwind distance (fetch) or the horizontal streamwise boundary layer length, and 𝑎 and 𝑏 are empirical constants.
	Figure 5. Schematic representation of the boundary layer thickness (Fox, 2011).
	3.2     Surface Layer
	As shown in Figure 4, the lowest part of the atmospheric boundary layer (ABL) is the surface layer which consists of an inertial layer, a roughness layer and a viscous layer. The viscous or laminar sub-layer is a thin layer of a few millimeters t...
	𝑈,𝑧.=,,𝑢-∗.-𝜅.𝑙𝑛,,𝑧-,𝑧-0...                                                                                                              (2)
	where 𝑈(𝑧) is the wind velocity at height 𝑧, ,𝑢-∗. is the wind shear velocity or friction velocity, 𝑧 is the height above the ground level, ,𝑧-0. is the roughness length and 𝜅 is the von Karman constant, which is typically assumed to be 0.4 (Hö...
	3.2.1     Shear Velocity
	In the turbulent boundary layer, airflow can be imagined as a horizontal flow of numerous rotating eddies with various sizes. As shown in Figure 6, closer to the ground; there is a stronger probability of smaller turbulent vortices, while further...
	Figure 6. Transport mechanism of the atmospheric eddies (Burba, 2013).
	The turbulent eddies move parcels of air vertically and horizontally. An air parcel moving upward or downward into a section of the atmosphere with different wind speed, will be deformed due to the velocity differences between different faces of ...
	,𝑢-∗.=,,,𝜏-,𝜌-𝑎...-,1-2..                                                                                                                        (3)
	where 𝜏 is the shear stress and ,𝜌-𝑎. is the air density.
	3.2.2     Roughness of Terrain
	The roughness of a particular terrain is determined by the bed characteristics or the size and distribution of the individual roughness elements. It is commonly parameterized by a length scale, namely roughness length or aerodynamic zero-level ,,...
	,𝑧-0.=0.5,,ℎ-𝑒𝑓𝑓..,𝑆-𝑤.-,𝐴-𝐻..                                                                                                                (4)
	where ,ℎ-𝑒𝑓𝑓. is the effective height of the obstacle or roughness element and ,𝑆-𝑤. is the cross section facing the wind, which is measured in the vertical crosswind lateral plane. The density of the roughness elements can be described by the sp...
	Figure 7 shows the roughness length and the roughness classification of different terrains. However, for real surfaces with combination of different roughness elements, the estimation of the roughness length is quite complicated; since, they do n...
	Figure 7. Roughness length and roughness classification for a range of surface characteristics. The vertical bars show the roughness classes, the central points are the reference values and the bars include the typical range of uncertainty in roughnes...
	Figure 8. Comparisons between boundary layer heights and mean wind velocity profiles for three different surface characteristics (Plate, 1971).
	Figure 9. Mean wind velocity profiles in the surface layer a) over a smooth surface and              b) over a rough surface (Shao, 2008).
	4     Modes of Wind-Blown Sediment Transport
	Aeolian sediment transport is characterized by several modes of particles motion, depending predominantly on the grain size and wind speed. Bagnold (1941) identified three modes of transport; namely suspension, saltation and surface creep, and th...
	Suspension refers to the motion of particles that are sufficiently fine to be carried by the air for relatively long distances. Suspension occurs when the vertical velocity exerted by wind flow exceeds the settling velocity of sediment particles ...
	4.1     Forces Acting on a Stationary Grain
	In ideal conditions assuming dry environments with unobstructed horizontal surfaces, major forces acting on non-cohesive unconsolidated grains are gravity ,,𝐹-𝐺.., drag ,,𝐹-𝐷.. and lift ,,𝐹-𝐿.. forces. Gravity acts as a resisting force keep...
	Figure 11. Schematic representation of forces exerting on a stationary unconsolidated grain.
	Chepil (1961) conducted experiments to investigate the relative magnitude of drag and lift forces acting on small spheres, for instance soil grains, at different heights in a fluid boundary surface and to determine the impact of these forces on t...
	4.2     Physics of Wind-Blown Sediment Transport
	As mentioned in the previous sections, saltation is the dominant mode of transport, accounting for approximately 75% of the total blown sediment flux (Bagnold, 1941). It plays a central role in aeolian processes, since it usually initiates the ot...
	Figure 12 shows a typical ballistic trajectory of an individual grain in saltation. A wide range of lift-off angles were found in previous studies. Typical launch angles of between 75  and 90  were measured by Bagnold (1941) and Chepil (1945), wh...
	Figure 12. Schematic illustration of a typical saltation trajectory Ellis, JT, & Sherman, DJ (2013).
	For an idealized case assuming that the initial take-off velocity is in the same order as the shear velocity, the trajectory height ,ℎ. and length ,𝐿. can be calculated in terms of shear velocity and gravity as follows (Owen, 1994):
	ℎ=0.81,,𝑢-∗-2.-𝑔.                                                                                                                           (5)                                                                                                          ...
	𝐿=10.3,,𝑢-∗-2.-𝑔.                                                                                                                           (6)                                                                                                         ...
	4.2.1     Threshold Shear Velocity (,𝒖-∗𝒕.)
	The threshold shear velocity mainly depends on the grain size and the square root of the shields parameter expressed as the constant, 𝐴. The first expression for the threshold shear velocity at which saltation is initiated was presented by Bagno...
	,𝑢-∗𝑡.=𝐴,,,𝜌-𝑝.−,𝜌-𝑎.-,𝜌-𝑎..(𝑔,𝐷-𝑝.).                                                                                                    (7)
	where ,𝜌-𝑝. is the particle’s density, ,𝜌-𝑎. is the density of the air and ,𝐷-𝑝. is the mean particle diameter. For spherical grains of uniform size and density, the coefficient 𝐴 is a function of particle friction Reynolds number, 𝐵, which ca...
	,𝐵-𝑝.=,,𝑢-∗𝑡.𝑑-𝑣.                                                                                                                             (8)
	where 𝑣 is the kinematic viscosity and 𝑑 is the mean surface roughness which is in the order of the particle’s diameter, ,𝐷-𝑝.. For mid-latitude aeolian environments, the values of grain Reynolds numbers range from 3 to 4 (Ellis and Sherman, 2013)...
	,𝑢-∗𝑡.=,,,,𝐴-2.,𝐵-𝑝.-,,𝜌-𝑎.-,𝜌-𝑝.𝑔𝑣...-,1-3..                                                                                                        (9)
	The abovementioned studies considered uniform grains in their analysis. Nickling (1988) performed wind tunnel tests in order to study the effects of textural parameters of sand grains on the initiation of motion by wind and the transition from static ...
	,𝑢-∗𝑡.=𝑏−,,5,𝑎-2..-,1-6..                                                                                                          (10)
	where 𝑎 and 𝑏 are empirical constants related to the sorting of the sand particles and mean grain size, respectively.
	4.3     Sediment Transport Models
	Field-based measurements of wind-blown sediment transport are not always feasible, therefore several models have been developed to estimate the sediment transport rate for an ideal condition with non-cohesive uniform-sized grains in an environmen...
	Table 2. Commonly used sediment transport models. 𝑞 is  the sediment transport rate, 𝐴 is the Bagnold’s threshold coefficient; 𝐵 and 𝐶 are proportionality coefficients; 𝑎 and 𝑏 are empirical coefficients; 𝐷 is the reference grain size of 0.25 �..
	The comparisons between eight different sediment transport models are shown in Figure 13. According to Sherman and Li (2012), transport rate predictions vary over a range of almost an order of magnitude for a given shear velocity, ,𝑢-∗..
	Figure 13. Comparisons between commonly used sediment transport rate models based on             shear velocity, ,𝑢-∗. (Ellis and Sherman, 2013).
	5     Morphological Interactions
	In the two previous sections, the basic concepts and equations of the atmospheric boundary layer and the sediment transport patterns were discussed separately. In this section, the interactions between different morphological components will be f...
	Figure 14. Morphological framework and the interactions between separate components.
	5.1     Airflow around a Building
	As wind flow approaches an obstacle such as a building, the airflow is changed in both speed and direction depending on the shape, dimension and the orientation of the obstacle. Figure 15 schematically shows the mean flow field around a three-dim...
	Figure 15. Schematic representation of the mean flow field around an isolated cubic building (Fadl and Karadelis, 2013).
	5.2     Airflow over Dunes
	A dune is an obstacle in the atmospheric boundary layer, therefore it affects the airflow around and over it. The basic features of flow over a longitudinal dune are similar to those over an isolated low hill. The boundary layer flow over hills c...
	Figure 16. Definition sketch of the airflow over an isolated low hill (Walker and Nickling, 2002).
	For a hill with uniform roughness length, ,𝑧-0., the thickness of the inner region, 𝑙, is estimated by (Jackson and Hunt, 1975):
	,,𝑙-,𝐿-ℎ...,ln-,,𝑙-,𝑧-0....=2,𝜅-2.                                                                                                          (11)
	where ,𝐿-ℎ. is the characteristic length scale of the hill defined as the horizontal distance from the top of the hill to the point at which the elevation is half the total crest height, ℎ and 𝜅 is the von Karman parameter. For the range of ,,10-4.<...
	𝑙=,1-8.,𝑧-0-0.1.,𝐿-0.9.                                                                                                                      (12)
	Estimates of 𝑙 using equation (11) are slightly more sensitive to changes in ,𝑧-0. than to values of ,𝐿-ℎ.. In addition, the measures of 𝐿 are often more certain than those of ,𝑧-0.. Therefore, inaccurate estimations of ,𝑧-0. may result in unrel...
	The thickness of the inner surface layer, ,𝑙-𝑠., can be estimated by the following equation presented by Hunt et al. (1988):
	,𝑙-𝑠.=,,𝑙,𝑧-0..-0.5.                                                                                                                       (13)
	Estimates of the inner surface layer thickness for small to moderate sized dunes are on the order of a few centimeters (Burkinshaw et al., 1993; Frank and Kocurek, 1996; Neuman et al., 1997).
	5.2.1     Wind Flow over the Stoss or the Winward Slope
	As wind approaches a dune, it stagnates slightly and is reduced in velocity at the upwind toe and just before increasing up the windward slope (Wiggs, 1993). On the stoss or the windward slope of the dune, wind flow becomes accelerated as streaml...
	𝑆=,𝑊𝑖𝑛𝑑 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑎𝑡 𝑑𝑢𝑛𝑒 𝑐𝑟𝑒𝑠𝑡-𝑊𝑖𝑛𝑑 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑎𝑡 𝑏𝑎𝑠𝑒 𝑜𝑟 𝑝𝑙𝑖𝑛𝑡ℎ 𝑜𝑓 𝑑𝑢𝑛𝑒.                                                     (14)
	which is preferred to the fractional speed-up ratio, ∆𝑆, presented by Jackson and Hunt (1975):
	∆𝑆=,𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑 𝑎𝑡 𝑎 𝑔𝑖𝑣𝑒𝑛 ℎ𝑒𝑖𝑔ℎ𝑡-𝑈𝑛𝑑𝑖𝑠𝑡𝑢𝑟𝑏𝑒𝑑 𝑠𝑝𝑒𝑒𝑑 𝑎𝑡 𝑡ℎ𝑒 𝑠𝑎𝑚𝑒 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑎𝑏𝑜𝑣𝑒 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒.(15)
	According to Lancaster (1985), the velocity speed-up factor for paired dunes range from 1.79 to 2.25 and from 1.35 to 1.46 for isolated dunes.
	Wind tunnel measurements carried out by Walker and Nickling (2002) show that the surface shear stress increases on dune slopes in the manner illustrated in Figure 17. It reaches a maximum at the crest which is approximately twice that at the toe ...
	Figure 17. Normalized shear stress ,(𝑆𝑆-,𝑆𝑆-𝐶𝑟𝑒𝑠𝑡.). based on normalized distance (,𝑥-ℎ.) for           an isolated dune with height of ℎ (Walker and Nickling, 2002).
	Figure 18. Dune dynamics based on the effects of streamwise wind speed and streamline curvature on surface shear stress. Signs ,–. and ,+. show the decreasing and increasing  impact on surface shear stress, respectively (Wiggs et al., 1996).
	5.2.2     Wind Flow over the Lee or the Downwind Slope
	In the lee of the dune, wind speed decreases rapidly as a result of flow expansion. There is a complex pattern of secondary lee side flows, including flow separation, diversion and reattachment which are determined by the dune shape, incidence an...
	Figure 19. Effects of dune shape (Aspect Ratio (A.R.) and Lee Slope (L.S.)), incidence angle         and atmospheric stability on the flow in the lee side of the dune (Sweet and Kocurek, 1990).
	Figure 20. Secondary flow patterns, including separation, diversion and reattachment                in the lee side of the dune (Walker and Nickling, 2002).
	6     Modelling of the Atmospheric Surface Layer
	As complex near surface winds affect human activities, considerable research efforts in recent years have been devoted to boundary layer dynamics. These investigations have been performed by field measurements, wind tunnel experiments and numeric...
	6.1     Computational Fluid Dynamics (CFD)
	Computational Fluid Dynamics (CFD) is defined as the set of numerical methodologies that enable the computer to solve the fluid flow using Navier-Stokes equations. The method uses numerical algorithms to solve the Navier-Stokes equations over the...
	The behavior of the fluid is described in terms of macroscopic properties, such as velocity, pressure, density, temperature and their spatial and temporal derivatives. For the analysis of fluid flows at macroscopic scales, the molecular features ...
	The Mach number, 𝑀𝑎, is defined as the ratio of the flow speed to the speed of sound in the fluid that determines whether the exchange between kinetic energy of the motion and internal degrees of freedom needs to be considered. For Mach numbers...
	6.2     Advantages and Limitations of CFD
	CFD provides many advantages compared to in situ measurements and wind tunnel experiments. With the proliferation of high speed computers, the accuracy of CFD models has improved dramatically over the past few decades. The flow field is solved fo...
	6.3     Turbulence
	The degree to which a flow is laminar or turbulent depends on the relative importance of fluid inertia and flow friction and is determined by a dimensionless value known as Reynolds number, 𝑅𝑒, that can be calculated as the ratio of inertial fo...
	The most accurate and simplest approach for solving the turbulent flow is to solve the Navier-Stokes equations without any turbulence modelling. This approach is called Direct Numerical Simulation (DNS) in which the whole range of spatial and tem...
	6.3.1     RANS Turbulence Modelling
	A classical approach for solving the turbulent flows is carried out by splitting the unknown variables in the Navier-Stokes equations into a mean and a fluctuating term which is called Reynolds decomposition of an instantaneous variable, 𝜑, and ...
	𝜑,,𝑥-𝑖.,𝑡.=,𝜑.,,𝑥-𝑖..+,𝜑-′.,,𝑥-𝑖.,𝑡.                                                                                          (16)
	where the mean value is calculated by:
	,𝜑.,,𝑥-𝑖..=,,lim-𝑇→∞.-,1-𝑇.,0-𝑇-𝜑,,𝑥-𝑖.,𝑡.𝑑𝑡.                                                                                        (17).
	where 𝑡 is the time and 𝑇 is the averaging interval which is much greater than the typical time scale of the fluctuations. Figure 21 illustrates the typical time history of the horizontal velocity at a given point in turbulent flow (Versteeg and Mal...
	The key advantage of using RANS formulation to solve the turbulent flows is that it allows to treat the turbulence as a steady phenomenon which reduces the computational costs significantly since only the time-averaged properties are considered n...
	Figure 21. A typical point velocity measurement in a turbulent flow field                          (Versteeg and Malalasekera, 2007).
	Figure 22. Schematic representation of tracer transport in both laminar and turbulent flows.
	The three-dimensional Reynolds-Averaged Navier-Stokes equations for incompressible flows, including continuity and momentum equations can be written as follows (Ferziger and Peric, 2002):
	,𝜕,𝑢-𝑖.-𝜕,𝑥-𝑖..=0                                                                                                                               (18)
	,𝜕,𝑢-𝑖.-𝜕𝑡.+,𝜕,(𝑢-𝑖.,𝑢-𝑗.)-𝜕,𝑥-𝑗..=−,1-𝜌.,𝜕𝑝-𝜕,𝑥-𝑖..+𝑣,,𝜕-2.,𝑢-𝑖.-𝜕,,𝑥-𝑗.-2..−,𝜕,,,𝑢-𝑖-′.,𝑢-𝑗-′...-𝜕,𝑥-𝑗..                                                        (19)
	It should be noted that in the abovementioned equations, the overbar on the mean velocity and pressure, ,𝑢. and ,𝑝., were omitted. It can be seen that the RANS equations introduce new unknown turbulent stresses which are known as Reynolds stresses a...
	6.3.1.1     Renormalization Group (RNG) 𝒌−𝜺 model
	The RNG 𝑘−𝜀 model is a two-equation turbulence closure model which solves the transport equations of the turbulent kinetic energy, 𝑘, and energy dissipation rate, 𝜀, using a statistical technique called renormalization group theory presented ...
	,𝜕-𝜕𝑡.,𝜌𝑘.+,𝜕-𝜕,𝑥-𝑖..,𝜌𝑘,𝑢-𝑖..=,𝜕-𝜕,𝑥-𝑗..,,𝛼-𝑘.,𝜇-𝑒𝑓𝑓.,𝜕𝑘-𝜕,𝑥-𝑗...+,𝐺-𝑘.+,𝐺-𝑏.−𝜌𝜀−,𝑌-𝑀.+,𝑆-𝑘.             (20)
	,𝜕-𝜕𝑡.,𝜌𝜀.+,𝜕-𝜕,𝑥-𝑖..,𝜌𝜀,𝑢-𝑖..                                                                                                        (21)=,𝜕-𝜕,𝑥-𝑗..,,𝛼-𝜀.,𝜇-𝑒𝑓𝑓.,𝜕𝜀-𝜕,𝑥-𝑗...+,𝐶-1𝜀.,𝜀-𝑘.,,𝐺-𝑘.+,𝐶-3𝜀.,𝐺-𝑏..−,𝐶-2𝜀...
	where ,𝐺-𝑘. and ,𝐺-𝑏. represent the generation of turbulence kinetic energy due to the mean velocity gradients and buoyancy, respectively; ,𝑌-𝑀. represents the effects of   compressibility on turbulence which is defined as the contribution of th...
	6.3.2     LES Turbulence Modelling
	As we discussed in previous sections, turbulent flows contain eddies with a wide range of spatial and temporal scales. Large scale eddies have more energy than the small ones and therefore they provide more contribution on transporting the conser...
	6.4     A Review of Studies on CFD Modelling of ABL
	There have been many CFD studies modelling Atmospheric Boundary Layer (ABL) that include a wide variety of applications such as wind erosion and deposition, pollutant dispersion, pedestrian wind comfort in an urban environment, wind energy, natur...
	Baskaran and Kashef (1996) provided one of the first studies of its kind in investigating airflow around buildings using computational fluid dynamics. They predicted three-dimensional wind flow conditions around a single building, between two par...
	Figure 23. The effect of passage width, 𝑙, between two parallel buildings on local wind velocity (Baskaran and Kashef, 1996).
	Tutar and Oğuz (2004) applied a CFD simulation software, FLUENT, for the three-dimensional evaluation of wind behavior around a group of buildings using Reynolds-Averaged Navier-Stokes (RANS) equations based on turbulence closure models, includin...
	There have been many other studies based on the CFD simulation of airflow around buildings focusing on the influence of computational grid resolution (Murakami and Mochida, 1989; Murakami, 1990a,b; Baskaran and Stathopoulos, 1992), the importance...
	Araújo et al. (2013) developed a CFD model using FLUENT with the standard    𝑘−𝜀 turbulence closure model to study the wind flow over a transverse dune. They found that the length of the recirculation zone or the separation bubble in the lee si...
	Smith et al. (2017b) utilized an open source CFD modelling software, OpenFOAM, to study the turbulent airflow dynamics and potential sediment transport over barchan dunes considering various incident wind conditions. Two RANS based turbulence clo...
	Smith et al. (2017a) developed a CFD model using OpenFOAM to investigate the impact of successive stages of urbanization at Maspalomas, Gran Canaria, Spain on regional airflow perturbations and corresponding alteration in the adjacent dunefield. ...
	Figure 26a shows that prior to urbanization, the airflow is compressed and accelerated over elevated barchanoid dune ridges and the alluvial terrace surface leading to an increase in the sediment flux potential, ,𝑞-′.. In addition, there is a reducti...
	The purpose of this literature study was to provide an overview of the basic knowledge on Atmospheric Boundary Layer (ABL), aeolian sediment transport and the impact of urbanization on these two components. Nine literature questions were defined ...
	Q1) What are the importance of studies on aeolian sand dunes evolution?
	Coastal dunes provide ecological value and protection. They act as a natural barrier against wave attack, protecting inland areas from storm surge, hurricane and flooding. They provide substantial economic benefits by dissipating the wave energy ...
	Q2) How can urbanization impact aeolian sand dunes?
	Highly increasing global human population in coastal zones causes serious effects on the very dynamic nature of aeolian sand dunes. Structures located adjacent to, or within, the dunefields create obstacles for wind flow and sediment transport. T...
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