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Abstract

As sea level rises, and during storm and surge events, coastal dunes may become cliffed or
scarped by wave action. Knowledge of wind flow over dune scarps, and as scarps fill, their
subsequent various slopes, is an essential first step to understanding sediment transport
pathways from the beach to the dunes. In this study, flow over scarps (also termed forward
facing steps) is reviewed, and the flow over a vertical scarp (90°) and three slopes of 45°, 24°
and 14°, all 2 m in height, is examined via CFD modelling. The flow over three 90° scarps
with heights of 1 m, 2 m and 4 m, and over a 2 m high vertical (90°) scarp for three
increasingly oblique incident winds is also studied. The extent of wind flow deceleration,
separation and recirculation becomes smaller with decreased slope, with maximum flow
separation and reverse vortex development occurring in the front of the vertical scarp. The
extent of crest wind flow separation and recirculation is greatest for the scarp (7.8 m in

length), and is considerably less for the 45° slope (2.4 m in length). As scarp height increases,
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so too does the spatial extent of turbulent wind flow, wind speed, and extent of the flow
separation region. For cases where the scarp slope varied but height remained constant, the
extent of the flow separation region was greatest when the scarp was vertical. Wind flow
separation was dramatically reduced below a scarp slope of 45°. As incident wind direction
became more oblique over a vertical scarp, wind speed undergoes significantly less
deceleration, and helicoidal vortices replace roller vortices. Our results demonstrate how

scarp morphology and wind direction are likely to influence transport pathways.

Keywords: Scarps, scarp (forward facing steps) flow, CFD, flow separation, slope

aerodynamics

1 Introduction

Scarping or cliffing of coastal dunes, and particularly foredunes, is very common. Scarping is
usually caused by wave action during high tides, storms, and/or storm surge (Carter and
Stone, 1989; Carter et al., 1990; Hesp, 2002; Jarmalavicius et al., 2012; Karunarathna et al.,
2018; Piscioneri et al., 2019). It may also occur as a result of stream action where, for
example, streams migrate alongshore, or breakout from a landward dune area as washouts
(Calliari; 1998; Hesp and Walker, 2013). In inland coastal dunescapes, and in Earth and
planetary fluvial and aeolian environments, scarps and cliffs are also common (Cooke et al.,
1993; Tsoar et al., 1996; Hesp and Smyth, 2016; Bullard and Nash, 2000). In addition,
climbing dunes, dune ramps and clifftop dunes, and dunes in valleys and troughs occur
throughout semi-arid and desert landscapes as well as in coastal environments (Evans, 1962;
Brothers, 1954; Hesp, 2005; Tsoar, 1983; Pye and Tsoar, 1990; Hack, 1941; Billingsley,

1986; Tsoar and Blumberg, 1991; Lancaster and Tchakerian, 1996; Clemmensen et al., 1997;
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Xianwan et al., 1999; Bourke et al., 2004; Lorenz and Zimbelman, 2014) and their formation
is naturally related to the flow conditions prevailing upwind, across, and downwind of the
underlying slopes and scarps. Despite this, there have been few studies of flow over coastal
dune scarps, or scarps, escarpments and cliffs in other aeolian/desert environments. In the
fluid dynamics literature, scarps or cliffs are commonly referred to as ‘forward facing steps’
(e.g. Lesieur et al., 2003; Abu-Mulaweh, 2005; Hattori and Nagano, 2010), but also
occasionally bluff bodies or escarpments, and the following includes studies related to these
features, as these are identical to features commonly termed scarps in the coastal, acolian and
engineering literature. In the following we use the term ‘scarp’ to refer to all vertical or near-

vertical landform units.

Given that scarping and scarp processes will become more prevalent in coastal environments
as sea level rises and beaches and dunes retreat or translate landwards (Davidson-Arnott,
2005; Castelle et al., 2015; Walker et al., 2017), it is vitally important to better understand
wind flow and aerodynamics over scarps (also known as forward facing steps) of various
heights (cf. van der Kindere and Ganapathisubramani, 2018) and various scarp fill slopes
(Figure 1). In addition, an improved understanding of flow separation that typically occurs in
flows upwind of and over escarpments and scarps (Prantl, 1904) is critical to the performance
of many industrial and flight applications (e.g. Hucho and Sovran, 1993; Kourta et al., 2015;
Rowecroft et al., 2015). Note that it is not the intention of this paper to review scarping and
scarp filling processes (see e.g. Carter et al., 1990; Christensen, 2003; Aagaard et al., 2004;
Christiansen and Davidson-Arnott, 2004; Suanez et al., 2012; Ollerhead et al., 2013; Castelle

et al., 2015; Masselink et al., 2016; Robin et al, 2020).



71

72

73

74

75

76

77

78

79

80

Fig la:- Scarp and slope with avalanche deposits on a erosional 15m high dune at Post Office

Rock, South Australia.

Figure 1b, 1c: Actively forming scarps on the Younghusband Peninsula, South Australia.

The flow structure approaching a scarp, cliff, escarpment, forward facing step, slope or
transverse obstacle is primarily influenced by the slope gradient (Bowen and Lindley, 1977;
Tsoar, 1983; Xianwan et al., 1999; Qian et al., 2011; Qian et al., 2012; Pires et al., 2015). At

slopes less than ~55° to 60°, flow separation at the base of the escarpment or slope does not
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occur, and speedup upslope is common (Bowen and Lindley, 1977; Tsoar, 1983; Emeis et al.,
1995; Mazumber and Sarkar, 2014). Above those slope gradients, the steeper the slope angle,
the larger the upwind horizontal region occupied by a reversing vortex (Qian et al., 2012).
The flow separation region upwind of the scarp/slope is inherently turbulent and unsteady
(Uruba and Knob, 2009). The degree of upwind turbulence and pressure increases with
increasing slope (Xianwan et al., 1999), and the extent of flow separation depends on the
Reynolds number (Hattori and Nagano, 2010). The upwind vertical speedup or velocity
accelerations increase with decreasing slope below a gradient of 60° (Bowen and Lindley,
1977; Tsoar, 1983; Qian et al., 2012). The position of the reversing vortex (or eddy) or flow
separation region (envelope or bubble) upwind of the scarp, step or steep slope is also a
function of slope angle such that the central position of the flow separation region shifts
upwind and also higher vertically as slope angle increases (Qian et al., 2011). According to
Pearson et al. (2013), the position of the upstream separation point lies between -0.8/4 and -
1.2h (where h 1s scarp height). The height of the stagnation point at the top of the flow

separation vortex is related to slope and increases as the slope increases (Tsoar, 1983).

The height of the scarp or forward facing step affects the flow structure. Largeau and
Moriniere (2007) state that the height of the separation region, envelope, zone, or bubble
(henceforth ‘region’) upwind of the step/scarp seems to be related to the height of the
scarp/step (h) such that the separation region height is 0.6 — 0.7h. Tsoar (1983) found that
climbing dunes (essentially dunes that climb slopes) were formed at a slope angle of 50° or
less, while echo dunes (triangular-shaped dunes formed near the base of a scarp or steep slope
and ‘echoing’ or mimicking the spanwise morphology of the scarp or slope) were formed at
higher slope angles indicating a correspondence between the formation of reversing flow

separation vortices at the toe of the steeper slopes and echo dune development.
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At or near the scarp or slope crest, a near-surface jet may form (Hsu, 1977; Arens et al., 1995;
Tsoar et al., 1996; Xianwan et al., 1999; Hesp et al., 2009; 2015; Jarmalavicius et al., 2012;
Yassin and Al-Harbi, 2013; Pires et al., 2015; Piscioneri et al., 2019). Turbulence is greatest
above a vertical scarp compared to lower slopes (Yassin and Al-Harbi, 2013; Pires et al.,
2015), and the extent of the flow separation region downwind of the scarp or
escarpment/slope crest depends on incident flow velocity and scarp slope angle (Pires et al.,
2011). The shear stress is highest on the scarp plateau downwind of the scarp crest (Hattori

and Nagano, 2010), and is termed the turbulent shear region by Qian et al. (2011).

The turbulence intensity of both streamwise and transverse velocity fluctuations increases as
step/scarp height increases, and the downwind length of the separation region increases with
step height (Abu-Mulaweh, 2005). The average re-attachment length of the separation region
on the scarp or step plateau or terrace depends on the incident velocity (Largeau and
Moriniere, 2007), but is variable due to the flapping behaviour (low frequency fluctuations)
or unsteady motion of the shear layer above the separation region (Largeau and Moriniere,
2007; Uruba and Knob 2009; Pearson et al., 2013). This flapping motion is related to the

ejection of flow within the separated region (Sherry et al., 2010).

The flow structure will vary according to the aspect ratio (L*) where L* = L/h, L denoting the
spanwise length of the scarp/step of height 4. Where the spanwise length or L* is small,
horseshoe vortices dominate the upwind flow, whereas as L* increases, wavy horseshoe
vortex structures form, and then with a further increase in L*, the horseshoe vortex
disappears, branching occurs and smaller U vortices appear with defined alternating nodal
and saddle points according to Chou and Chao (2000). While scarps vary alongshore in
nature from a few metres to many kilometres along dune coasts and elsewhere, in this present

study we do not consider short scarp walls or bluff bodies where horseshoe vortices are
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common (e.g. Hattori and Nagano, 2010), and where ‘edge’ effects are present and can be

significant (cf. e.g. Hussein and Martinuzzi, 1996; Elkhoury, 2016).

In the geomorphology literature, while there are multiple papers describing flow over dunes
(e.g. Arens et al., 1995; Walker and Nickling, 2002; Parsons et al., 2004; Liu et al., 2011;
Jackson et al., 2011; Hesp et al., 2015; Bruno and Fransos, 2015; Smyth and Hesp, 2015;
Hilton et al., 2016; Walker et al., 2017), apart from the pioneering studies of Hsu (1977),
Tsoar (1983), Tsoar and Blumberg (1991), Tsoar et al. (1996), and Wiggs et al. (2002), there
has been little modelling research conducted on wind flow relative to scarps, steep slopes
(above ~30°), and unvegetated slopes (apart from transverse dunes), and in the flow
dynamics literature, especially that related to forward facing steps, many of the studies have

been conducted at low Reynold’s numbers, or with millimetre high step-heights.

In this study, wind flow was simulated via Computational Fluid Dynamics (CFD) in part to
examine flow under fully turbulent Reynolds numbers typically experienced in the field, and
further examine the flow dynamics for perpendicular and oblique incident flows over
different scarp heights and various slope gradients, often difficult to achieve in the field. The

aim was to examine three principal objectives, namely:

e How does wind flow change over vertical scarps and various scarp filled slopes?
e How does wind flow change over a vertical scarp of varying height?, and,
e How does wind flow change over a 2 m vertical scarp with increasing incident flow

obliquity?

2 Methods

All CFD modelling was performed utilising the open source CFD toolbox OpenFOAM, and
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using the SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm to solve
the Navier-Stokes equations (Patankar and Spalding, 1972). This method produced a steady-
state, time averaged solution of flow within a computational domain. Turbulence was
modelled using the RNG k-¢ method as it performs better than standard k-& models in
strongly separated flows (Kim et al., 1997; 2000, Maurizi, 2000). The RNG k-& method
turbulence model has compared well with measured wind flow over a scarped foredune in the
field (Hesp et al., 2015). A second order spatial discretisation scheme was employed to
interpolate values between cell centres, and calculations were considered complete once the

initial residual of each iteration was lower than 0.0001 m s! for Ux, Uy and Uz (Figure 2).

Uy
Uy
Uy,

25 m I
h

[
L

I 3
A J

20m 30 m

Figure 2. Schematic diagram of 90° scarp surface within the computational domain.

In each simulation, vertical profiles of wind speed (U), turbulent kinetic energy (k) and
energy dissipation (&) at the inlet boundary were defined assuming a constant shear velocity

(u,) value with height using equations 1, 2 and 3 (Richards and Hoxey, 1993; Blocken et al.,

2007):
U(z) = %ln (ZJ;—ZO) (eqn. 1)
k(z) = u.? (eqn. 2)

3
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u3
e(z) = - (z;zo) (eqn. 3)

Where z is the height above the surface, k is the von Kdrmdn constant (0.42), z, is the
surface roughness length and C,, a constant of 0.09 (Richards and Hoxey, 1993). In all
simulations wind flow was prescribed an incident speed of 20 m s™!, 10 m above the surface
(u, =0.85 ms™) and Z, a value of 0.0005 m, equivalent to the roughness length of sand
(Bagnold, 1960). Figure 3 shows the modelled boundary layer 5 m downwind from the inlet
for both the 90° cliff case and 14° slope case.

Turbulence Dissipation Rate (m? 52)

0 5 10 15 20
3

I
!
/
/
/
/
/

Speed

Wind
-

Height (m)
bulence dissipation rate

,_.
“Tur

«*

0 5 10 15 20

Figure 3. Wind speed (U) and Turbulence dissipation rate (€) profiles measured 5 m

downwind from the inlet of the computational domain for both the 90° scarp and 14° slope.

2.1.Mesh independence study

To ensure the results of each simulation were independent of mesh size, successively finer
meshes (1.5 times finer than the preceding iteration) were run until the results converged
(Figure 4). Convergence of wind speed occurred for meshes finer than 0.2 m. All simulations

generated therefore employed a uniform cell size of 0.2 m.
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Figure 4. Wind speed 1.25 m above the surface over a 2 m scarp at increasing mesh
resolutions. Results converged at a 0.2m mesh resolution. The 0.2 m mesh line is located
behind the 0.13 m mesh line. Incident wind speed was 20 m s 10 m above the surface at the

inlet.

2.2 Comparison with laboratory measurements

The wind flow modelling methodology in this investigation has been previously validated
over a dune scarp in the field (Hesp et al., 2015). Wind flow modelled over a 2 m scarp with
a freestream velocity of 20 m s™! (Reynolds number 3.11 x 10°) was qualitatively compared
and verified with wind flow independently measured over a 40 mm high forward facing step
in a wind tunnel with a freestream velocity of 40 m s™! (Reynolds number 1.25 x 10%)
conducted by Largeau and Moriniere (2007) due to the close resemblance in experimental
design (Figure 5). Streamwise flow relative to the inlet velocity demonstrates an analogous
pattern of near-surface flow for both measured and modelled data. In both cases, flow

velocity at the crest of the scarp is retarded approximately 1 h above the surface (where h is
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the height of the scarp/step) downwind of the step (Figure 5). The extent of the separated
wind flow (reattachment length) in figure 5(a) was calculated as 5.09h, marginally greater
that the 5h reattachment length calculated by Largeau and Moriniere (2007) for a 50 mm

forward facing step and a freestream velocity of 40 m s! and lower Reynolds number (Re

1.28 x 10°).
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Figure 5 — (a) Modelled vertical profiles of streamwise flow over a 2 m scarp for a freestream
velocity of 20 m s™! (b) measured streamwise flow over a 40 mm forward facing step for a
freestream velocity of 40 m s™' (Image b adapted from Largeau and Moriniere, 2007). y =
vertical coordinate, x = axial coordinate, h = step height (m), Ux = streamwise average
velocity (m s™') and Ue = external flow velocity (m s™). In each case the solid black line
represents relative streamwise average velocity and the dashed vertical line denotes a value of

0 streamwise average velocity.

2.3 Slopes

Wind flow was simulated over a vertical scarp and three slopes varying from a 90° scarp to a
4:1 gradient slope (14°) replicating Bowen and Lindleys’ (1977) investigation of four sharp
edged escarpments (Figure 6). Scarps and scarp-filled slopes with a range of slopes from 14°

to 90° are common on coastal dunes that have been recently scarped or in various stages of
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recovery (Davidson-Arnott et al., 2018), and scarp heights can vary from a few cm to several

metres (Figure 1).

Height (m)

10 12 14 16 18 20 22 24 26
Distance (m)

Figure 6. Topography of each scarp/slope tested. The crest of the scarp and various slopes is

2 m high above the upwind surface.

The position of the scarp/slope within the computational domain varied according to slope.
For the lowest gradient of slope tested (14° slope), the toe of the slope was located 12 m
downwind from the inlet of the computational domain (Figure 6). In the case of the vertical
scarp (at 90°), the toe of the scarp was positioned 20 m downwind from the inlet of the
computational domain (Figure 6). In all cases, the crest of the scarp/slope was positioned 30
m upwind from the outlet of the computational domain. This distance was chosen to ensure
that any secondary flow patterns in the lee of the scarp could be adequately captured. For all
simulations the height of the computational domain extended 24 m vertically, 5 times greater
than the tallest scarp (4 m). To ensure a boundary height of 24 m was sufficiently high to
avoid any significant blockage effects, an additional simulation was performed in which the
height of the domain was increased to 80 m. The percentage difference in velocity between a

simulation with a boundary height of 24 m and a simulation with a boundary height of 80 m
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averaged -0.08% across 30 points spaced at 1 m intervals along a transect perpendicular to
the scarp crest. The lateral boundaries of the computational domain were defined as a
symmetrical plane and a zero-gradient boundary condition was applied to the upper bounds
of the domain. The boundary condition at the surface of the model was defined using a wall

function in the same form as equation 1.

3. Flow across the 2 m Scarp and Slopes

Figure 7 illustrates the flow across the vertical 2 m scarp and three slopes (45°, 27° and 14°).
The flow structure upwind of the scarp and slopes varies according to slope gradient as found
in previous studies (e.g. Bowen and Lindley, 1977; Qian et al., 2011). The zone of upwind
flow deceleration is least for the lowest slope and increases with slope gradient. Both the
horizontal and vertical extents of the blue or lowest velocity zone increased with slope/scarp
gradient, forming a pronounced concave zone extending from the near scarp base to the scarp
crest in the case of the vertical scarp. Similar results were found by Yassin and Al-Harbi

(2013) using the FLUENT CFD code.

The rate of speedup upslope also increases with slope/scarp gradient, and is intense near, and
at the scarp crest region. The extent of wind flow deceleration, separation and recirculation
also becomes smaller with decreased slope, with maximum flow separation and reverse
vortex development occurring in the front of the vertical scarp (cf. Bowen and Lindley, 1977;

Tsoar, 1983; Qian et al., 2011).
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Figure 7. Two-dimensional slices through the centre of the computational domain. Wind
speed is relative to that 10 m above the surface at the inlet. All scarp or slope heights are 2 m,

and the slopes range from 90°, 45°, 27° to 14°. The zone of wind flow deceleration upwind of
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the escarpment becomes smaller with increased slope gradient, and the extent of wind flow
deceleration becomes smaller with decreased slope. Wind speed at the crest of each

escarpment reaches a similar maximum for all 4 cases.

Wind speed at the crest of each escarpment reaches a similar maximum for all 4 cases,
similar to simulations over transverse dunes (Parsons et al., 2004). However, the zone of

streamwise high speed flow extends further downwind beyond the scarp/slope crest, but is

located higher above the surface of the scarp, as slope increases. The vertical depth of the
lower velocity zone (primarily blue [or dark grey] in Figure 7) is greatest in the case of the
vertical scarp (1.5 m) and much less (0.7 m) once the slopes are at 45°. The extent of crest
wind flow separation and recirculation is greatest for the scarp (7.8 m in length), and is
considerably less for the 45° slope (2.4 m in length), as also found by Pires et al. (2011). The
zone of upwind flow deceleration and lower wind speed (wind speed of less than 0.2 relative
to the inlet at 10 m) also becomes smaller from2.8 m upwind of the scarp for the 90° slope, to

1.4 m upwind of the 45° slope.

Figure 8 illustrates streamlines for the same two dimensional slice through the centre of the
computational domain but viewed at a 45° angle to the scarp and slopes. The streamlines
show that for the 90° scarp, wind flow separation and reversing vortices form at the toe of the
scarp and downwind of the scarp crest. No flow separation is apparent at the toe of the
escarpment or downwind of the crest for the lower slopes (45° and less). Note that the pattern
of the velocity zones upwind of the scarp/slope crest comprising burnt orange through to
salmon colours [or dark to very dark grey] are less asymmetric with a decrease in slope

indicating a more uniform speedup upslope as slope gradient declines.



285  Figure 9 provides a close-up view of the streamline patterns for the four escarpments. Only at
286  the vertical scarp do all the 0.6 to 1.0 (60 to 100%) velocity zones (u/ujo m) meet in

287  conjunction at the scarp crest due to the pronounced, topographically forced acceleration.
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289  Figure 8. Two dimensional slice through the centre of the computational domain viewed at a

290  45° angle to the scarp and slopes. Streamlines are seeded from the surface to the top of the
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computational domain every 0.2 m. For the 90° scarp, wind flow separates and forms a

reversing vortex both at the toe of the escarpment and downwind of the crest.
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Figure 9. Two dimensional closeup slice through the centre of the computational domain
viewed at a 45° angle to the scarp (90°) and slopes (45°, 27°, 14°). Streamlines are seeded
from the surface to the top of the computational domain every 0.2 m. Flow separation occurs
at the base and crest of the 90° scarp. The pattern of speedup is more uniform as the slope

gradient decreases.

Whereas with lower slopes, there is a more gradual increase in wind speed upslope such that
by the lowest slope (14°), the 0.6 zone slope contact point occurs at mid-slope. In addition,

the highest flow velocity zone occurs higher above the vertical scarp crest as a result of the
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forced acceleration, and likely also due to the shear layer existing above the flow separation

region formed immediately at and downwind of the scarp crest. This observation is in close
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Figure 10. Vertical wind velocity profiles relative to wind flow 10 m above the surface at the
inlet for the scarp (90°) and three slopes (45°, 27°, 14°). Velocity profiles were sampled
every 2 m. Wind flow deceleration at the toe of the scarp and in the lee of the scarp crest

increases with increasing slope angle.

correspondence with the wind tunnel results of Bowen and Lindley (1977), and field studies
of flow up a 28° slope by Emeis et al (1995). As slope gradient declines, the zone of highest
flow velocity changes in form from a sharp V-section to a bulbous shape, the near-surface
apex of which is closer to the ground. This occurs because the speedup is more uniform
upslope, and the degree of flow separation at the crest is significantly less to minor as the

slope gradient decreases.

Velocity profiles across the four morphologies are illustrated in Figure 10. The velocity falls
from low values to zero most rapidly upwind of the scarp base (or toe) for the vertical scarp.
Piscioneri et al. (2019) also showed that the region adjacent to the base of a Im high vertical
foredune scarp in the field displayed low to very low velocities. Significant velocity reduction
also occurs at the base of the 45° slope compared to the lower two slopes. A low level, near-
surface jet (a pronounced local high speed ‘nose’ in the velocity profile; see Hesp and Smyth,
2016) is formed at the crest of the three slopes as the flow is compressed and accelerates over
the crest. A jet is commonly observed at, or just beyond a 1m high scarp crest in the field
(Hsu, 1977: Hesp et al., 2013; Piscioneri et al., 2019), but is not present on the vertical scarp
in Figure 10 due to sampling spacing in the CFD modelling. Figure 9 demonstrates that the
high speed zone above the crest of the vertical scarp is vertically higher, and positioned

further downwind above the scarp than it is for the three slopes. This difference in the form
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and position of the high velocity zone, scarp versus slopes, strongly affects whether a jet is

observed or not at the scarp crest in these 2m spaced velocity profiles.

4. Variation in Scarp Height and Flow Structure

Figure 11 illustrates a two dimensional slice through the centre of the computational domain
viewed at a 45° angle to the scarp and slopes. The triangular zone of windward flow
separation scales to the height of the scarp, increasing in horizontal and vertical extent as
scarp height increases, and the flow separation vortex increases in magnitude and aerial
extent with increasing scarp height. Flow separation is not apparent in this figure for the
smallest 1 m high scarp possibly because the first streamline was seeded at 0.2 m height. In
the field, as noted above, flow separation definitely occurs at the base of a 1m scarp
(Piscioneri, 2019). Subsequent data below on the TKE and pressure (Figure 12) indicates the

likelihood of the presence of flow separation at the base of the Im high scarp.

Wind flow acceleration above the scarp increases with scarp height as may be observed by
the velocity zone patterns near and above the scarp. In the case of the lowest (1m scarp),
there is no dark orange [or dark grey] velocity zone apparent, whereas it appears as a
prominent slice just landwards of, and above the crest in the case of the 2 m scarp. This zone
is marked in the case of the 4m scarp as a pronounced asymmetric V-shaped zone, and a red
zone [very dark grey] of higher velocity also appears downwind and above the flow
separation cavity or envelope. This progression of increasing velocity zones is due to the
increased streamline convergence over the higher scarp. Furthermore, as one moves from
lower to higher scarps this change in flow behaviour reflects the increasing dominance of the
turbulent shear layer streaming off the scarp crest and being forced upwards by the amplified

development of the separation vortex downwind of the scarp crest.



370  Flow separation and the formation of a reverse vortex within a cavity or separation region

371  occurs downwind of the scarp crest as noted by several authors (Qian et al., 2011; Hesp and
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Figure 11. Two dimensional slice through the centre of the computational domain viewed at a
45° angle to the scarp, for three scarp heights (1, 2 and 4 m high). Streamlines are seeded
from the surface to the top of the computational domain every 0.2 m. Flow separation
vortices are greatest at the base of the highest scarp, wind flow acceleration above the scarp
increases with scarp height, and the crest flow separation region expands with increasing

scarp height.

Smyth, 2016; Bauer et al., 2013; Pires et al., 2015; Shao and Agelin-Chaab, 2016). The
horizontal and vertical extent of the vortex increases as scarp height increases becoming
higher and longer with increasing scarp height. The slope at the top of the separation region
also increases as scarp height increases presumably because as the scarp becomes higher, the
topographically accelerated flow immediately windward of the scarp must intensify and

proliferate in the vertical plane, and extends across the scarp crest at a higher approach angle.
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387  Figure 12. Turbulent Kinetic Energy (TKE) and Pressure calculated 0.25 m above the surface
388  along the centre of the computational domain for the 3 scarp heights (1, 2 and 4m high

389  respectively). Pressure upwind of the scarp increases, and extends further upwind with

390 increasing scarp height. Turbulent kinetic energy immediately downwind of the scarp crest

391  dramatically decreases for the 4 m tall scarp compared to the 1 m and 2 m high scarps.

392
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Figure 12 illustrates the turbulent kinetic energy (TKE) and pressure calculated at 0.25 m
above the surface for the three scarp heights. TKE falls rapidly very near the base of the 1 m
scarp. The TKE is somewhat lower upwind as scarp height increases, and is also more
irregular or fluctuating for the 4 m scarp height. In concert with this, the zone of high
pressure upwind of the scarp increases in extent as scarp height increases, and is significantly
higher for the 4m scarp 10m upwind compared to the 1 m and 2 m scarps. Pressure at the 4
m scarp maintains high values a significant distance upwind of the scarp compared to the 1 m

and 2 m scarps.

TKE falls dramatically at the scarp crest but the form of the decline varies according to scarp
height, being vertical for the 1 m and 2 m scarps but curvilinear for the 4 m scarp. In the latter
case, the TKE declines to a similar level as the other two scarps but extends around 3 m in
horizontal extent in doing so, due to the greater development of turbulent eddies associated

with the increased flow separation vortex formed over and downwind of the 4 m scarp crest.

The far greater development of a flow separation region downwind of the scarp crest in the
case of the 4 m scarp compared to the 1 m and 2m scarps has a significant effect on TKE and
pressure. All three scarps show peaks of TKE at or immediately downwind of the scarp crest,
although the development is most delayed for the 4 m scarp. The TKE is then convex
asymmetric (1 m scarp), to slightly asymmetric (2 m scarp), and high for the 1 m and 2 m
scarps, but sharply concave and low for the 4 m scarp. The pressure falls to similar levels
downwind of the scarp crest for all cases, but again is delayed in reaching the lowest level for
the 4 m scarp. The pressure recovers to near-neutral levels soonest in the case of the lowest 1
m scarp, followed by the 2 m scarp, but remains at negative pressures a considerable distance
downwind in the 4m scarp case, again presumably due to the marked development of the

separation vortex and region for that scarp height.
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5. Perpendicular to Oblique Flow Dynamics

In the field, the incident wind is seldom perfectly perpendicular or normal to a scarp, so
Figure 13a illustrates wind speeds over a 2 m high scarp relative to wind speed 10 m above
the surface at the inlet of the computational domain for four incident wind directions, 90°
(perpendicular incident flow), 67.5°, 45° and 22.5°, and Figure 13b illustrates the flow

velocity regions and streamlines for the four cases.
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scarp. As the incident wind becomes more oblique it undergoes a less significant reduction in
speed at the toe of the scarp and in lee of the crest. (b) Streamlines seeded from a single point
at the toe of the 2m high scarp. 100 streamlines were seeded within a 5 m radius. When the
incident wind is perpendicular to the crest, the wind flow becomes separated at the base
forming vortices in a flow separation region. At 67.5°, 45°, and 22.5°some of the lower
streamlines at the toe of the scarp are steered along the base of the scarp parallel to the scarp,

and in the lee of the crest a helicoidal or corkscrew vortex is formed.

Wind flow is decelerated the most at the base of the scarp when wind flow is perpendicular to
the scarp (Figure 13a). Figure 13b (top left box 90°) shows that there is marked flow
separation in the zone upwind of, and near the scarp base and a roller vortex is formed. As the
wind becomes more oblique, it undergoes a less significant reduction in speed at the base of
the scarp, and this effect becomes more pronounced as the incident wind obliquity increases
such that there is roughly a 60% speed difference at the scarp base between the 90° wind
versus the 22.5° wind. As noted above (e.g. Figure 11), the highest percent velocity occurs at
the scarp crest for the 90° incident flow and only marginally decreases with increasing

incident wind obliquity.

Immediately downwind of the scarp, flow separation is pronounced for the 90° and 67.5°
winds and the percent wind speed reduction is significant, falling to 0.01 (1%) and 0.07 (7%)
respectively. The lowermost streamlines are topographically steered along-scarp for each of
the oblique incident winds, and this effect increases with increasing obliquity (Figure 13b), as
also observed in the field (Piscioneri et al., 2019). However, in all cases the flow flips over
the crest and helicoidal or corkscrew vortices are common in the downwind crest region.

When the incident wind flow direction is 22.5° to the scarp, the flow undergoes the least
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wind speed reduction downwind of the crest. Similar results are observed for oblique flow
over non-scarped foredunes (Hesp et al., 2015); at lower incident wind approach angles, there
is less speedup, less flow deflection occurs, and a greater degree of along-dune topographic

steering takes place.

6. Discussion and Conclusions

The perpendicular and oblique wind flow over a vertical scarp of varying heights and three
slopes has been modelled utilising Computational Fluid Dynamics, and the results compare
well with field and wind tunnel studies of flow over scarps (e.g. Hsu, 1977; Bowen and
Lindley, 1977; Moriniere, 2007; Hesp et al., 2015; Piscioneri et al., 2019), and field studies
of flow over unvegetated slopes (e.g. Inman et al., 1966; Mulligan, 1988; Hesp et al., 1989;
Wiggs et al., 1996; Walker and Nickling, 2002; Parsons et al., 2004; Qian et al., 2009; Liu et
al., 2011; Bruno and Fransos, 2015; Smyth and Hesp, 2015) . This study advances previous
knowledge on scarps, slopes and forward facing steps in particular by analysing in more
detail the variations in flow due to variations in scarp height and incident wind approach
angles. In many cases, vegetation is variously present on scarp-fill slopes and may range from
nebkha fields (Figure 14) to nearly complete cover depending on the stage of scarp fill
recovery. The presence of vegetation, and slump blocks will naturally alter the near-surface

flow field considerably.

In terms of relevance to dune formation following scarping and scarp fill processes, the
formation of a separation region in front of a scarp will likely lead to the formation of an echo
dune as shown, for example, by Tsoar (1983) and Carter et al. (1990), and this may be
formed in both perpendicular incident flows where stationary roller vortices are formed, and
in low to moderate angle oblique incident flows where corkscrew or helicoidal vortices occur

(Hesp and Smyth, 2019). Topographically forced accelerations are significant where the
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slope is steep or where the scarp is vertical. The incident wind may be below threshold at the
beach or on the toe of the slope, but significantly higher flow velocities occur further upslope
leading to sometimes significant transport even when the regional wind is below threshold.
This topographically forced flow, particularly near the scarp/slope crest can induce sand
transport off the scarp wall (where the scarp is composed of sand), and transport grains in
suspension from locations below the scarp as has been observed in the field. Figure 14a
illustrates an example where sand is being transported up and over a vertical scarp wall by
this process. Jet flow would act to increase transport up and over scarps and steep slopes, and
downwind beyond the scarp/slope crest. Jets will enhance suspension of sand grains also.
Once the scarp fill ramp is formed, and particularly where slopes are lower than ~50°,
topographic acceleration would lead to enhanced transport upslope and the more common
formation of dunes beyond the scarp crest (formingcliff-top dunes) in the flow separation
region formed across, and downwind of the scarp crest (Figure 14b). The downwind length of
the separation region is shown to be controlled by scarp height and wind velocity, and these

will therefore affect the dimensions of the cliff top dunes as they form.
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Figure 14. (A) Scarp or cliff top dunes forming in the flow separation region immediately

downwind of a vertical scarp. (B) Climbing and clifftop dune system. The uppermost
climbing dune slope was at an angle of 44°. Both examples, 80km south of Dakhla, W.

Sahara.

We anticipate these findings will aid in further understanding scarp and slope flow dynamics,

and inform numerical and conceptual modelling of the transfer of sediment between beach
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and dune systems after a storm event and following scarp fill or ramp development and dune

recovery.

The following conclusions may be made:

1.

The flow structure upwind of the scarp and slopes examined varies according to slope
gradient as found in previous studies. The zone of upwind flow deceleration is least
for the lowest slope and increases with slope gradient, becoming pronounced for the
vertical scarp.

There is marked flow separation in the zone upwind of, and near the vertical scarp
base for the scarps higher than 1m.

Wind speed at the crest of scarps and slopes with equal height but differing slope
reach a similar maximum. However, the zone of streamwise high speed flow extends
further downwind beyond the scarp/slope crest as slope increases (becomes steeper).
The highest flow velocity zone also occurs higher above the vertical scarp crest as a
result of the topographically forced acceleration, and the turbulent shear layer existing
above the flow separation region formed immediately at and downwind of the scarp
crest.

The downwind extent and vertical depth of the crest flow separation region is greatest
in the case of the vertical scarp and dramatically less once the slopes are at, or below
45°.

No flow separation is apparent at the base of the slopes, or downwind of the crest for
the lower slopes (45° and less) for perpendicular winds.

Jets occur at the crests of the 45°, and 27° slopes, and are even apparent at a slope of
14°. A jet is also highly likely to form at a vertical scarp as witnessed in various field

studies.
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7. The vertical and horizontal extent of flow separation downwind of the scarp increases
with scarp height, and the flow structure varies considerably as a function of scarp
height.

8. As scarp height increases, the pressure upwind of the scarp increases, and the zone of
high pressure extends further upwind. The zone of low pressure downwind of the
scarp also extends further with an increase in scarp height.

9. The greatest wind flow deceleration occurs at the scarp base when wind flow is
perpendicular (90°) to the scarp. As the incident wind becomes progressively more
oblique, it undergoes a less significant reduction in speed at the base of the scarp such
that there is roughly a 60% speed difference at the scarp base between a 90° incident

wind versus a 22.5° incident wind.
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