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Abstract 

A number of studies have measured and numerically modelled near surface wind velocity 

over a range of aeolian landforms and made suppositions about topographic change and 

landform evolution. However, the precise measurement and correlation of flow dynamics 

and resulting topographic change have not yet been fully realised. Here, using repeat high-

resolution terrestrial laser scanning and numerical flow modelling within a bowl blowout, 

we statistically analyse the relationship between wind speed, vertical wind velocity, 

turbulent kinetic energy and topographic change over a 33-day period.  

Topographic results showed that erosion and deposition occurred in distinct regions within 

the blowout. Deposition occurred in the upwind third of the deflation basin, where wind 

flow became separated and velocity and turbulent kinetic energy decreased, and erosion 

occurred in the downwind third of the deflation basin, where wind flow reattached and 

aligned with incident wind direction.  

Statistical analysis of wind flow and topographic change indicated that wind speed had a 

strong correlation with overall topographic change and that vertical wind velocity (including 

both positive and negative) displayed a strong correlation with negative topographic change 

(erosion). Only weak or very weak correlations exist for wind flow parameters and positive 

topographic change (accretion). This study demonstrates that wind flow modelling using 

average incident wind conditions can be successfully utilised to identify regions of overall 

change and erosion for a complex aeolian landform, but not to identify and predict regions 

where solely accretion will occur.  
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Introduction 

Blowouts are erosional hollows that have formed on pre-existing sand deposits (Hesp, 

2002). Although they can be initiated in a number of ways (Hesp and Walker, 2012), their 

evolution is primarily determined by aeolian processes (Gares and Nordstrom, 1995). 

Blowouts characteristically comprise three key features, a deflation basin, erosional walls, 

and a depositional lobe (Hesp, 2002). The deflation basin is the depression formed by 

sediment erosion and surface deflation, while the depositional lobe is where sediment, 

carried in saltation and suspension, is deposited and accumulates. Although blowout form 

may be highly variable (Ritchie, 1972; Hesp et al., 2017), they are generally classified as 

saucer, bowl, or trough shaped (Cooper, 1967; Hugenholtz and Wolfe, 2009; Hesp and 

Walker, 2013).  

Over a flat surface, steady-uniform wind flow within the boundary layer can be described by 

a logarithmic velocity profile. As wind flow approaches an obstacle or a topographic change, 

such as a blowout, secondary flow patterns are created as the boundary layer is altered by 

topographically generated changes in fluid pressure. These local changes in the pressure 

field cause the wind to deviate in both speed and direction, producing complex streamline 

behaviour (Walker and Hesp, 2013; Hesp and Smyth, 2016). In blowouts, complex patterns 

of near-surface wind flow occur most notably at marked topographic breaks, along and 

above steep erosional walls that adjoin the deflation basin, and up deflation basins during 

oblique incident flows (Hesp and Hyde, 1996; Gares and Nordstrom, 1995; Hesp and Pringle, 

2001; Hugenholtz and Wolfe, 2009; Hesp and Walker, 2012; Smyth et al., 2013). Aeolian 
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sediment transport occurs when unconsolidated sediment is exposed to wind of sufficient 

speed to entrain grains. This threshold wind speed is determined by a range of factors, 

including grain size, grain shape, moisture, vegetation or surface roughness, and slope (Van 

Dijk et al., 1999; Davidson-Arnott et al., 2008). When wind speed falls below this threshold, 

sediment is deposited. Deposition may not however occur immediately but experience a 

short lag caused by the momentum of grains in motion (Jackson, 1996).  

 

Within the deflation basin and its adjacent erosional walls, sediment transport has been 

attributed to wind flow convergence and topographic acceleration, and occasionally jet 

formation (Hesp and Hyde, 1996; Hugenholtz and Wolfe, 2009). This is particularly the case 

within trough blowouts, which have narrow and topographically constrained ‘V- and U-

shaped’ morphologies.  Streamline expansion, flow reversal and a reduction in wind speed 

has been associated with sediment deposition and the production of the depositional lobe 

where sediment-laden near surface winds exit a blowout over the erosional walls and crest 

of the depositional lobe (Carter et al., 1990; Gares, 1992; Gares and Nordstrom, 1995; Hesp 

and Hyde, 1996). However, the precise measurement of flow dynamics and resulting 

patterns of topographic change have not yet been performed in detail. Identifying how 

patterns of topographic change are related to near surface wind flow at a high spatial 

resolution over the timescale of a discrete wind event, is crucial to understanding and 

eventually predicting blowout landform dynamics and evolution. Although aeolian sediment 

transport over a number of aeolian landforms has been demonstrated to increase with wind 

speed (e.g., McKenna Neuman et al., 1997; Walker, 1999; Hesp et al., 2015; Smyth and 

Hesp, 2015) and turbulent kinetic energy (Smyth et al., 2014), these measurements alone 

are not direct indicators or predictors of whether sediment is being eroded, transported or 
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deposited, which, in turn, limits their value for understanding the evolutionary dynamics of 

the system. This article moves beyond providing spatial and temporal snapshots of wind 

flow and sediment transport, and elucidates a meso-scale (33 days) association between 

flow dynamics and resulting landform change. Using terrestrial laser scanning we were able 

to accurately (+/- 0.01 m) quantify patterns of topographic change within the studied bowl 

blowout and thus establish what components of wind flow are associated with any meso-

scale  topographic change.  

Study Site 

Topographic surveys and numerical wind flow modelling was performed for a blowout 

located within Province Lands Dunes, part of the Cape Cod National Seashore that is 

managed by the U.S. National Park Service. The 35 km2 dunefield contains a morphologically 

diverse population of mostly saucer and bowl blowouts and large parabolic dunes. Spatial 

and temporal analysis of dune topography indicated that blowouts have been generally 

expanding on the Cape Cod National Seashore since 1985 and typically become simpler (i.e., 

more circular) over time (Abhar et al., 2015).  The seaward and most active portions of the 

dunefield, in terms of aeolian processes, are vegetated by native American beachgrass 

(Ammophila breviligulata), while other areas of the dunes in more stabilised areas are 

variously covered with shrubs such as Northern bayberry (Morella pensylvanica), Beach 

plum (Prunus maritima), and Wild rose (Rosa rugosa). Forested patches of the dunefield are 

colonised by Pitch pine (Pinus rigida), Black oak (Quercus velutina) and White oak (Quercus 

alba). Beach sands at the site are mineralogically mature, quartzrose compositions (Ockay 

and Hubert, 1996) and grain size diameter within the Province Land Dunes averages 0.55 

mm as determined from sand samples taken throughout the dunefield (Abhar et al., 2015).  
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Provincetown, located approximately 3 km south of the Province Lands Dunefields, has a 

mean annual precipitation of 1066 mm with rainfall spread relatively evenly throughout the 

year and often falling in winter as snow (US Climate Data, 2015). Meteorological data 

spanning 1991-2008 at Provincetown Airport (approximately 500 m west of the study site) 

demonstrates that winds blow from almost all directions (figure 1) and, per Fryberger and 

Dean’s (1979) classification, the wind regime is obtuse bimodal with winds strongest in 

winter originating from the north and west. During summer, approximately 45% of winds 

come from the south, but at a substantially lower velocity compared to winter (Abhar et al., 

2015).  

The blowout selected for this study (figure 2) measured 30 m in diameter, 6 m deep and 

located approximately 300 m landward from the beach. The deflation basin and bowl was 

selected for 3 key reasons. First, the blowout deflation basin was largely free from 

vegetation, apart from some sparse clumps of Ammophila breviligulata on the northern 

erosional wall (figure 2c). Second, the area 200 m north and west of the blowout was 

relatively flat and featureless, thereby minimising the impact of upwind morphology on the 

near surface boundary layer. Third, the morphology of the dune was typical of a ‘bowl’ 

blowout as described in previous wind flow studies (e.g., Cooper, 1967; Hesp and Walker, 

2012; Smyth et al., 2012; 2013). 

Methodology 

To compare topographic change in a bowl blowout with local wind flow dynamics we 

employed two established techniques: Terrestrial laser scanning, to map surface 

topography, and computational fluid dynamics, to calculate wind flow strength and 

direction.  
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Terrestrial laser scanning 

The blowout and surrounding area was measured by a Leica HDS C10 terrestrial laser 

scanner system. Terrestrial laser scanning has been demonstrated to be an accurate means 

for measuring high resolution topographic change in dune systems (e.g. Feagin et al., 2014). 

The area mapped, approximately 19,600 m2, was surveyed twice, initially on the 8th October 

and again on the 10th November 2012, a period of 33 days. To ensure a comprehensive 

coverage of the dune surface, the terrestrial laser scanner was located at 7 positions with 

permanent survey points to eliminate any shadow regions between survey datasets (figure 

2a). Each scan collected approximately 2.4 x 107 data points and was used to produce a 0.25 

m resolution raster and digital elevation model (DEM). From the digital elevation model, the 

topographic change between the surveys was calculated at 7602 points within the bare 

surface of the bowl. Points with less than 0.01 m of change were disregarded as they fell 

outside the detectable range of the terrestrial laser scanning system. 

 

Computational Fluid Dynamics  

Computational fluid dynamics simulations were conducted over the digital elevation model 

from the initial topographic survey on the 8th October, 2012. The digital elevation model was 

converted to a stereolithography file and used to produce a three-dimensional 

computational domain using the computational fluid dynamics software package 

OpenFOAM®. The deflation basin of the blowout was positioned in the centre of a 130 x 155 

x 105 m, 2.2 million cell domain. Cell size decreased gradually in size from 5 x 5 x 5 m at the 

top to the domain to 0.3 x 0.3 x 0.15 m at the surface throughout the domain. The dune 

surface was prescribed a uniform roughness length, z0, of 0.01 m, equivalent to American 
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beachgrass (Ammophila breviligulata) (Olson, 1958). To establish this roughness parameter 

Olson (1958) measured surface roughness before and after planting American beachgrass on 

a coastal dune in Indiana using a 9.75 m tower of ‘propeller-type’ anemometers. A surface 

roughness value of bare sand (0.0005 m) was also tested, however a uniform surface 

roughness of 0.01 m (American beachgrass) generated the best comparison with measured 

anemometry data during our field campaign. The upper boundary of the domain was 

defined to produce a zero gradient (freestream velocity condition) at the edge of the 

computational domain.  

Within the computational domain, wind flow was modelled in OpenFOAM® using the 

Reynolds-averaged Navier-Stokes (RANS) equations, which decompose fluid movement into 

time-averaged and fluctuating quantities, providing an approximate solution of the Navier-

Stokes equations. Turbulent kinetic energy (κ) and turbulence dissipation rate (ε) were 

calculated using renormalization group theory (RNG) due to its performance at predicting 

strongly separated flows (Smyth, 2016). 

A steady state solution of flow was iteratively calculated using the semi-implicit method for 

pressure-linked equations (SIMPLE). The solution was considered to have reached a 

sufficient level of convergence when the residual values of Ux, Uy and Uz were 5 orders of 

magnitude smaller than the maximum residual. A second order discretisation scheme was 

utilised to translate the governing partial differential equations into algebraic equations 

solved within the computational grid.  

Boundary conditions at the inlet of the model were defined as the average wind speed and 

direction of above the threshold velocity for aeolian sediment transport (≥9.6 m s-1, Abhar et 

al., 2015). This resulted in an average wind speed of 13.8 m s-1 at a direction of 30°. 
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Real-time wind conditions between the two topographic surveys were recorded 10 m above 

the surface, 500 m west of the blowout at Provincetown Airport. From the wind data 

collected for above average transport threshold winds at the Airport, sediment threshold 

velocity, vertical profiles of mean wind speed, turbulent kinetic energy, and turbulence 

dissipation rate were produced using the model suggested by Richards and Hoxey (1993: 

equations 6, 7 and 8) (figure 3). 

Computational fluid dynamics model validation 

Assessment of the computational fluid dynamics model within the blowout studied was 

conducted by comparing measured and modelled wind speed, vertical wind velocity and 

turbulent kinetic energy within the deflation basin for a single event on 26th October 2013. 

Nine three-dimensional ultrasonic anemometers (RM Young model 81000) were positioned 

0.4 m above the surface of the deflation basin for a period of 49 minutes (1511 – 1600) 

(figure 4). Turbulent secondary wind flow measured at 0.5 m above the surface has been 

successfully related to sediment transport inside a trough blowout (Smyth et al., 2014) and 

in the lee of a foredune (Lynch et al., 2013). Wind flow was measured at 25 Hz but averaged 

to the duration of the study period (49 minutes) to harmonise with the 1 hour averaged 

wind flow (1500 – 1600) measured at Provincetown Airport. Wind speed at each 

anemometer was calculated considering both the horizontal (u, v) and vertical component 

(w). Turbulent kinetic energy (TKE) was calculated using equation 1 where σ is standard 

deviation. 

𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 𝐾𝑖𝑛𝑒𝑡𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦 =  
1

2
((𝜎𝑢

2) + (𝜎𝑣
2) + (𝜎𝑤

2))          (1) 

 The 1 hour averaged meteorological data measured at Provincetown Airport, 500 m west of 

the study site, was used to inform the boundary conditions of the computational fluid 
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dynamics model, using the model suggested by Richards and Hoxey (1993). A topographic 

survey of the blowout was conducted immediately after the wind flow data were recorded 

using a terrestrial laser scanner, replicating the methodology outlined in the terrestrial laser 

scanning section of this article. With regards to the computational fluid dynamics model, the 

size and resolution of the computational domain, surface roughness values and model 

parameters were identical to those described in the Computational Fluid Dynamics section 

of this article.  

  Topographic change and CFD comparison 

Wind speed, vertical wind velocity and turbulent kinetic energy were all measured at 0.4 m 

above the surface in correspondence with the validated model data (figure 4). Each 

component of flow was plotted against topographic change at the same coordinates (a total 

of 7,602 points) in a scatter plot. Spearman’s rank correlation was calculated for topographic 

change and three modelled wind flow parameters (wind speed, vertical wind velocity and 

turbulent kinetic energy). Spearman’s rank is a nonparametric test and does not require the 

data to be normally distributed, nor for the variables to be linearly related. Correlation (rs) 

ranges from -1 to +1 and the strength of the relationship between variables is described as 

very weak to very strong (Table 1).  No regression analysis or spatial predictive modelling 

(e.g., Geographically Weighted Regression) could be performed as no variable measured 

could be identified as independent.  
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Results 

Comparison of measured and modelled wind flow  

Measured and modelled results for wind speed, vertical wind velocity and turbulent kinetic 

energy are presented in figures 4 and 5. In general, measured and modelled wind speed data 

display the same characteristics, as demonstrated by an R2 Pearson’s coefficient of 0.76. As 

in the measured data, wind speed was greatest at anemometers 1, 3 and 9 and slowest at 

anemometer 2. However, on average, modelled wind speed was 1.25 m s-1 slower than that 

recorded in the field.  

Modelled vertical wind velocity matched the sign of recorded vertical wind velocity at 6 of 9 

anemometers (i.e., both the averaged measured wind flow and modelled wind flow were in 

the same vertical direction) (figure 5). The biggest discrepancy occurred at anemometer 3, 

where the modelled wind flow was moving vertically upwards, indicating that at this location 

wind flow had reattached, in contrast to the separated and reversed wind flow recorded in 

the field (figure 4). The positive vertical wind velocity modelled at anemometer 6 indicated 

that modelled wind flow was being reversed to a greater degree than the measured data 

and is moving up the slope of the deflation basin in the opposite direction of the incident 

wind direction. At anemometer 8, located in the centre of the blowout, the difference 

between measured and modelled data was negligible (figure 5), as both measured and 

modelled wind flow were within 0.1 m s-1 of 0 m s-1.  

Although modelled turbulent kinetic energy was an order of magnitude lower than 

measured turbulent kinetic energy, the data followed a similar pattern, as demonstrated by 

an R2 Pearson’s coefficient of 0.62. The greatest discrepancy between measured and 
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modelled data occurred at anemometers 3, 4 and 8 (figure 5) where the modelled data over 

predicted turbulent kinetic energy relative to the locations around it.  

Regional wind conditions between topographic surveys 

Regional wind conditions measured at 10 m above the surface at the Provincetown Airport 

500 m west of the site were predominantly below the threshold sediment transport wind 

speed of 9.6 m s-1 during the period of observation (figure 6). Sixty-four hours of wind did 

exceed the threshold sediment transport wind speed producing an average of 13.8 m s-1. 

The majority of these hours are clustered around the 29th October and 8th November. 

Surface pressure maps indicate that the 29th of October coincided with the passage of 

Hurricane Sandy along the eastern seaboard of the United States and on the 8th November 

when an occluded front developed off the eastern seaboard, associated with a low pressure 

system of 996 millibars. With regards to wind direction, winds above threshold sediment 

transport velocity came from an average direction of 30° (north-north-east) with a standard 

deviation of 41° figure 6b. 

Measured topographic change  

Substantial change in the surface elevation of the bowl occurred between topographic 

surveys (figure 7). Approximately 250 m2 (42%) of the deflation basin increased in surface 

elevation by an average of 0.03 m m-2 and 225 m2 (38%) decreased in elevation by an 

average of 0.06 m m-2. Accretion took place predominantly in the upwind third of the 

deflation basin and on the northerly erosional walls. The greatest increase in surface height 

(0.17 m) occurred in the north-west quarter of the basin, immediately downwind of the rim 

of the bowl blowout (figures 2a and 2b). A distinct band of no significant surface change 

occurred in the centre of the deflation basin, spanning the eastern to western erosion walls. 
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In the southern (downwind) third of the blowout the deflation basin substantially deepened. 

The greatest decrease in surface height (-0.27 m) occurred around the inside upper margin 

and rim of the southern (windward facing) erosional wall.  

Numerical wind flow modelling 

Within the deflation basin, the modelled wind flow field can be characterised in three 

distinct regions from north to south (northern, central and southern). First, downwind from 

the rim of the blowout, in the northerly third of the bowl, wind flow became immediately 

separated, reversing in direction relative to that upwind of the bowl rim (figure 8). Wind 

flow streamlines in figure 9 show a large turbulent vortex within the deflation basin 

extending in height to the rim of the bowl. Turbulent kinetic energy in this northerly region 

of the deflation basin was close to zero. Within the northerly third of the blowout vertical 

wind velocity was largely positive as near-surface wind flow was reversed and aligned with 

the erosional wall of the deflation basin, as demonstrated in figure 9.  

Second, in the central third of the bowl, wind flow became principally steered to the east 

(figures 8 and 9). However, a clear zone of near-surface wind direction divergence stretched 

north-south within the western portion of the bowl. The area of divergence was delineated 

by low wind speed values (figure 8) and a vertical wind velocity close to zero (figure 10). 

Third, in the southern third of the bowl, near-surface wind direction (figure 8) gradually 

realigned to that upwind. Correspondingly, near-surface wind speed and turbulent kinetic 

energy increased to a maximum at the southern erosional wall rim.  Examination of the 

wind pressure data within the CFD model (not presented), demonstrates an increase moving 
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south above the erosional wall and a dramatic reduction at, and beyond, the crest of the 

erosional wall rim. 

Comparison of topographic change and modelled wind flow 

Of the variables tested, all but one (wind speed and accretion) had a statistically significant 

correlation with topographic change, however only 4 of the 9 statistical tests were 

categorised as moderate or strong relationships (Table 1).  

With regards to statistical correlations that considered both positive (accretion) and 

negative (erosion) topographic change (overall topographic change, figure 11), wind speed 

and turbulent kinetic energy had very similar values (- 0.60 (strong) and - 0.59 (moderate)), 

indicating that the faster the wind speed or greater the turbulent kinetic energy, the more 

erosion will take place. Both datasets also demonstrate a large degree of spread. For 

example, figure 11 demonstrates that considerable erosion and deposition occurs below 5 

m s-1, however, above 6.4 m s-1 only erosion occurs. Such a clear erosion threshold is not 

evident for turbulent kinetic energy as both erosion and accretion occurs for the highest 

values of modelled . Vertical wind velocity only produces a very weak correlation when 

considering overall topographic change.   

However, When considering cells at which erosion was measured, vertical wind velocity 

demonstrates a strong negative correlation (-0.67), indicating the greater the positive 

(upward) vertical wind velocity the more erosion will take place. Despite this strong negative 

correlation, erosion did occur in 45% of the cells which measured erosion, where vertical 

wind velocity was negative (downward) at an average of -0.04 m per cell.  Where vertical 

wind velocity was positive (54% of cells which measured erosion), the surface eroded an 
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average of -0.08 m per cell (figure 11). A negative relationship between turbulent kinetic 

energy and wind speed was also calculated; however, both were considerably weaker (-0.43 

and -0.20) than the relationship between vertical wind velocity and erosion. The cells at 

which only accretion occurred produced the poorest correlations. For wind speed and 

accretion there was no significant correlation and for vertical wind velocity and turbulent 

kinetic energy, correlations had very weak and weak relationships, respectively.  

Discussion 

Evaluation of topographic change and numerically modelled near surface wind flow 

Within the separation zone created by flow entering the bowl blowout, sediment entrained 

upwind of the blowout was deposited, as indicated by the increase in surface height in the 

terrestrial laser scan data. A similar depositional process has been hypothesised or 

measured in the lee of foredune crests (Arens et al., 1995),  blowouts (Hesp and Hyde, 1996; 

Hesp et al., 2017) and transverse dunes (Inman et al., 1966; Hesp et al., 1989; van Boxel et 

al., 1999; Walker 1999; Walker and Nickling 2002; 2003; Walker and Shugar 2013), where 

sediment entrained by topographically accelerated wind flow on the stoss slope becomes 

deposited within the zone of wind flow separation generated in the lee of the dune or 

depositional lobe. This process is likely to be applicable in other bowl blowouts where wind 

flow separates immediately downwind on an erosional wall (Hesp and Walker, 2012; Smyth 

et al., 2013; Abhar et al. 2015). The statistical relationship between sediment accretion and 

wind flow was poorly defined however (Table 1) and could be attributed to the large 

number of variables that affect sediment deposition, such as the upwind source of sediment 

and the trapping effect of vegetation immediately upwind of the landform.  In this case, for 

example, a large bush (figure 2c) can be seen immediately upwind of the blowout 
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potentially limiting the amount of sediment available to be deposited within the blowout. 

The presence of vegetation upwind of the blowout also potentially explains the 

heterogeneous distribution of sediment accretion in the northern half of the deflation basin 

(figure 7). Unlike, other aeolian landforms, such as nebkha (Hesp and Smyth, 2017), 

parabolic dunes (Wolfe and David, 1997), or trough blowouts (Hesp, 2002), bowl blowouts 

do not necessarily have a well-defined depositional lobe. Statistical relationships between 

wind flow and accretion over landforms with a very defined depositional lobe may produce 

a stronger relationship between wind flow parameters and accretion.  

 In the downwind third of the blowout, the steep erosional wall forces separated wind flow 

to reattach, converge, and accelerate as it is forced upwards and over the erosional wall 

(figures 8 and 9). Due to this process, vertical wind velocity is correlated strongly with 

erosion. The weak relationship between erosion and wind speed contrasts to the strong 

wind speed and sediment transport correlations measured over reversing dunes (McKenna 

Neumann et al., 1997; Walker, 1999). However, a strong correlation between overall 

topographic change and wind speed was found.  

How effective the CFD modelling approach presented in this paper is for predicting longer-

term evolution is unknown as the surface within the computational fluid dynamics wind 

flow model domain does not adapt over time, but is based only on the initial topographic 

survey. The results do however demonstrate the potential for computational fluid dynamic 

models to be coupled with meso-scale morphological models in erosional aeolian landforms. 

Similar computational fluid dynamics and morphological model coupling has been 

successfully developed for hydraulic scour (see Wang et al., 2017 for review). The 

quantification of how near surface wind flow modifies sand dune topography, evidenced by 
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this study, will help inform future adaptive meshing efforts in aeolian geomorphology by 

creating a series of datasets spanning a range of landforms and surface roughness’s that can 

be used to parameterise morphological change.  

Geomorphological implications 

Measured topographic change in this study displayed distinct regions of erosion and 

deposition within the deflation basin and bowl. Conceptually, wind flow and resulting 

sediment erosion/deposition dynamics within this blowout (and perhaps many or most 

circular, deep bowl blowouts) can be divided into three regions. Deposition occurs within 

the upwind third of the deflation basin, where wind flow becomes separated and velocity 

and turbulent kinetic energy decreases (figures 8, 9 and 10). In the downwind third of the 

blowout net erosion of sediment takes place. Here wind flow becomes reattached, roughly 

realigned to incident wind direction and increases in speed and erosivity (figures 8 and 9). In 

the central third of the bowl, wind flow transitions from turbulent, separated flow to 

reattached and accelerated flow that is realigning to the incident wind condition (figure 8). 

The location of flow reattachment is transient as variations in incident wind direction and 

reattachment point occur during wind gusts. Within this central region of the blowout 

topographic change in this location is relatively small as sediment entrained upwind of the 

blowout has been deposited within the separation envelope region but wind has not 

become fully reattached and accelerated. 

This conceptual morphological model of a bowl blowout is distinctly different from the 

findings of Jungerius et al. (1981) and Jungerius and van der Meulen (1989), in saucer 

blowouts. These authors found that the majority of saucer blowouts surveyed expanded in 

the opposite direction to the prevailing wind direction. To explain this process, these 
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authors  hypothesised that wind was most erosive at the upwind end of the blowout and 

that along the windward axis of the blowout, as sediment became entrained, wind flow 

reduced in capacity to transport sediment result in deposition of sediment at the downwind 

erosional wall. While this model of blowout expansion may be valid within shallow saucer 

blowouts, where perhaps less extensive and/or intermittent flow separation occurs as wind 

flow crosses the shallow upwind erosional wall, evidence from our study indicates that the 

erosivity of wind flow within bowl blowouts is strongly controlled by the depth of deflation 

basin and its marginal, deep, and steep erosional walls. Due to the ubiquity of flow 

deceleration across the upwind erosional wall and acceleration across the downwind 

erosional wall in other bowl blowouts (e.g., Hesp and Walker, 2012; Smyth et al., 2012), we 

consider the process of retrograding deflation basin erosion (Jungerius, 2008), where the 

deflation basin and saucer grows in length against the prevailing wind direction, not fully 

applicable to bowl blowouts.  

This study also provides illumination of how bowl blowouts may evolve. Saucer and bowl 

blowouts are commonly circular to semi-circular, and this is particularly true for the 

blowouts at Cape Cod, likely due to their development in a bi-directional to somewhat 

multi-directional wind regime (Abhar et al., 2015) (see figure 1). The numerical flow 

modelling demonstrates that, during a particular wind event, the upwind half of the 

blowout is depositional to neutral (upper slopes down to deflation base), while the 

downwind half is neutral to erosional (deflation basin upwards to the downwind upper 

slopes) for the wind speed modelled. Because the morphology is similar around the 

blowout, any wind entering the blowout will operate in a similar dynamic fashion. Thus, in a 

bi-to multi-directional wind environment, where wind speeds are not considerably different 
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in one direction versus another, the blowout will expand in a more-or-less circular manner. 

The morphological evolution of the blowout investigated in this study between 2007 – 2012 

supports this finding (figure 12). This study thus complements and extends our 

understanding of detailed, three-dimensional flow-form responses to that of a companion 

study by Abhar et al. (2015) who provided a decadal-scale, two-dimensional (areal) 

evolution of blowouts in this region.  Their spatial-temporal analysis of remotely sensed 

imagery demonstrated that blowouts in Cape Cod National Seashore tend to become more 

circular over time. 

Conclusion 

This is the first study to examine the relationship between wind flow modelling and 

measured topographic change and therefore assess the ability of computational fluid 

dynamics to predict topographic change. Wind flow was modelled using a computational 

fluid dynamic model and topographic change assessed by two terrestrial laser scan surveys, 

33-days apart. Statistical analysis of numerically modelled wind flow and surface elevation 

change showed strong negative relationships for overall topographic surface change and 

wind speed, and for erosion and vertical wind velocity. Only weak and very weak 

correlations existed between wind flow and sediment accretion.  

Topographic results derived from terrestrial laser scanning showed that erosion and 

deposition occurred in distinct regions within the blowout. Deposition in the upwind third of 

the deflation basin, where modelled wind flow became separated and velocity and 

turbulent kinetic energy decreased, and erosion in the downwind third of the deflation 

basin, where modelled wind flow reattached and aligned with incident wind speed. 
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The modelled wind flow analysis indicates how a semi-circular to circular blowout will 

evolve in a bi- to multi-directional wind environment and indicates that due to the operation 

of different winds at different times the net evolutionary response is for the blowout to 

expand in a circular manner.  

This study also demonstrates the potential to develop morphological landscape models that 

are driven by near surface fluid dynamics. However, as the results demonstrate, the ability 

of fluid dynamic modelling to predict areas of accretion is substantially weaker than regions 

of erosion. Further research is required to determine the role that variables such as the 

upwind source of sediment and the trapping effect of vegetation immediately upwind of the 

landform have on this predictive ability.  
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Table 1. Spearman’s rank correlation coefficients of topographic change and vertical wind 

velocity, wind speed, turbulent kinetic energy (TKE). Correlation coefficients in bold indicate 

a strong relationship. All correlations stated were significant to the 0.01 level. Text in 

brackets signifies the strength of the relationship. 0.00 – 0.19 very weak, 0.20 – 0.39 weak, 

0.40 – 0.59 moderate, 0.60 – 0.79 strong, 0.80 – 1.00 strong.  

 All Topographic Change Erosion Accretion 

Wind Speed - 0.60 - 0.20 Not Significant 

Vertical Wind Velocity -0.09 - 0.67 - 0.10 

TKE -0.59 - 0.43 0.34 
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