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Abstract 

Predicting the response of foredunes from large-scale storm events is 
required to evaluate the resilience of coastal communities. These features, 
built from wind-blown sand transported from the beach, grow in height and 
width, increasing the resilience of coastal landscapes. The landfall of 
Hurricane Sandy in 2013 highlighted the significance of coastal foredunes; 
areas without dunes experienced severe socioeconomic and physical 
destruction, costing state and federal agencies millions of taxpayer dollars. 
In the aftermath, resources have been devoted towards developing new 
approaches to assess the vulnerability and resilience of U.S. coastlines, with 
particular emphasis on understanding and enhancing the benefits of 
nature-based infrastructures such as coastal foredunes. Foredunes, sand 
deposits lining the backshore of a beach, are a naturally-occurring coastal 
defense against extreme storm inundation and are an integral part of 
coastal systems, particularly on developed coastlines. This report outlines a 
framework to identify the interplay between natural and anthropogenic 
processes and the resulting effect on the morphologic state, and ultimately 
resilience, of coastal foredunes. Specifically, the report suggests foredune 
state is a function of the interactions and feedback between dune 
morphology, coastal dynamics, aeolian processes, and coastal management. 
Each of these factors is addressed in separate chapters within this report 
with emphasis placed on explaining the physics of aeolian transport and 
process-form development of foredunes. The final chapter addresses how 
these factors affect both the state of the foredune and how vulnerable or 
resilient it is to short- (e.g. storms) and long-term (e.g. sea level rise) 
processes. This document concludes by relating these cycles to the concept 
of system equilibrium, and highlighting the need for continued research on 
effective practices to integrate natural and anthropogenic processes on 
developed coastlines. 

 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

Coastal foredunes are dynamic geomorphic features along open coast 
beaches that comprise the linear ridge of backshore sand deposits 
(Sherman and Bauer 1993; Arens and Wiersma 1994; Psuty 2004; Hesp 
2002), and are an integral component in coastal systems. In a natural 
system, these features are built by wind-blown sand, eroded by storm 
waves, and serve as the landward defense against storm-induced 
inundation (Claudino-Sales et al. 2008; Nordstrom 2008; Armaroli et al. 
2013). Wind of sufficient speed entrains dry sand grains from the beach 
face and deposits these grains in the dune. In the absence of high storm 
surges, these dunes continually build, growing wider and taller, increasing 
their volume, transitioning to a stronger, more resilient state that can 
more effectively absorb storm surge and prevent landward inundation. 
Foredunes naturally cycle through highly resilient to very susceptible 
states, and these states are fundamentally based in their physical form.  

On developed coasts, the physical form of a foredune is a function of 
interactions between coastal dynamics, management, aeolian processes, 
and the current state of the dune (Arens and Wiersma 1994; Figure 1), and 
the geologic framework of the coastal system. The largest foredunes occur 
on dissipative beaches where the area for potential wind-blown sand 
transport is greatest, from increased fetch and/or sediment supply. 
Conversely, smaller foredunes are observed on reflective beaches with less 
area for wind-blown transport and/or decreased sediment supply. Two 
scales of sediment supply exist in coastal landscapes: supply related to the 
long-term sediment budget of the coastal system and supply related to 
potential wind-blown sand transport (e.g., fetch, for any given wind 
direction, beach orientation, and winds above the threshold of motion). 
However, on developed coasts, management practices often disrupt this 
natural transition between states, and anthropogenic influences must be 
considered to understand foredune morphological evolution. Of particular 
interest is how natural and anthropogenically influenced foredunes respond 
and recover differently to storms, affecting the long-term resilience of the 
coast. These processes not only directly affect foredune from (colored 
arrows, Figure 1), but also interact with one another to change forcing 
conditions via internal positive and negative feedback (gray arrows, 
Figure 1).  



ERDC/CHL TR-15-17 2 

 

Figure 1. Conceptual diagram of coastal foredune dynamics, outlining the interrelations between 
large-scale coastal dynamics, aeolian processes, coastal management, and foredune form, adapted 

from Arens and Wiersma (1994). 

 

At the largest scale (both spatially and temporally), foredune form is a 
function of the local coastal dynamics (blue box, Figure 1): sediment supply, 
magnitude and frequency of storm events, beach and nearshore 
morphology, climate, and sea-level rise. The most direct effect that coastal 
dynamics have on foredune form is through rapid destruction (hours-days) 
by waves and surge during storm conditions (Ruz et al. 2009). These erosive 
processes will be described in detail in Chapter 4. Natural dune-building 
processes occur over much longer time-scales (days to months to years), 
and are driven primarily by aeolian processes (green box, Figure 1). The 
atmosphere-surface interactions forcing aeolian processes are driven by 
complex interactions between near-surface wind flow, sediment transport, 
and surface morphology, and will be discussed in detail in Chapter 3. 
Finally, developed coasts are often severely modified by urbanization and 
coastal management, where both soft and hard engineering practices (e.g., 
sand scraping, sand fencing, vegetation planting, beach nourishment, 
hardened dunes) are utilized to stabilize the beach-dune system (red box, 
Figure 1). These practices will be discussed in Chapter 5.  
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The Coastal Inlets Research Program (CIRP) initiated a research thrust in 
2014 to develop an understanding and predictive capabilities for estimating 
the resilience of coastal beaches and dunes, with special interest in 
managing those beaches that are adjacent to coastal inlets. Inlets modify 
coastal and sediment transport processes on adjacent beaches, with greatest 
detriment to the downdrift beaches. Dredged sand is often placed on these 
downdrift beaches in the form of beach nourishment and foredunes. The 
ability of these anthropogenic features to reach a natural equilibrium, 
withstand continual impact from the inlet system, and withstand future 
storms is critical to achieving regional sediment management objectives on 
sandy coastlines that include inlets. The goal of this initial research, 
summarized herein, is to synthesize the available knowledge on natural and 
anthropogenic foredunes and how they respond to storms with the goal of 
improving management of these systems. 

The term resilience is often used throughout this document, and in recent 
years significant debate over the correct use has been discussed. The 
following definition provided by the National Academies (2012) is used for 
the purposes of this report: 

Resilience is the ability to prepare and plan for, absorb, recover 
from, and more successfully adapt to adverse events. 

This report will utilize Figure 1 as a framework to discuss the drivers of 
coastal foredune state change. The first chapter will provide background 
on natural foredune states. Chapters 3-5 detail each of the three main 
factors driving foredune state, with particular emphasis on providing an 
overview of the physics driving aeolian sand transport. A discussion of the 
feedback between foredune form and the physical drivers, and the 
complex interactions between these drivers on developed coastlines, will 
follow in Chapter 6, including a discussion of equilibrium states. Finally, 
Chapter 7 summarizes the study and findings. 
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2 Natural Foredune Morphology  

Coastal foredunes are classified as primary or secondary dunes (Figure 2). 
Noncoastal dunes that are inherently removed from the effects of coastal 
dynamics governing the initiation and development of coastal foredunes 
will not be discussed in this document. Primary dunes, or foredunes, are 
the firstline of shore-parallel dunes lining the back beach (Hesp 1988, 
1989, 2002; Arens and Wiersma 1994; Psuty 2004). These dunes are 
active in the beach-dune system, continually changing states, eroding 
during storm-induced runup and recovering in between storm events. The 
crest of a foredune is the maximum elevation. The dune elevation and 
width can be important during storms, as catastrophic damage may occur 
to upland infrastructure when water levels overtop the maximum elevation 
or for a narrow dune, when the dune is eroded to such an extent that it is 
breached (Sallenger 2000). The seaward face of the dune can have a 
variable slope and be vertical, concave, convex, or a combination of these, 
depending upon the processes at work. The base of the foredune or dune 
toe is generally defined as the maximum point of concavity of the beach-
dune profile and is characterized by a significant slope break between the 
dune face and back beach. The elevation and cross-shore position of the 
dune toe is an important morphological feature, as the distance between 
this point and wave action on the beach controls whether the dune is 
eroding or accreting. In addition, the width of the back beach or berm is a 
factor in developing sufficient fetch length for aeolian transport.  

Figure 2. Schematic of primary and secondary foredunes identifying dune crest, toe, and 
windward stoss slope (dune face). 
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Secondary dunes comprise the dune ridges, or dune fields, landward of the 
primary dune line. These dunes are commonly stabilized with vegetation 
and are not part of the active beach-dune system, except during extreme 
storm surge. Background on the natural progression of dune states is 
presented below. 

2.1 Incipient Foredunes 

Incipient foredunes, also termed embryo dunes, are small, newly developed 
dunes. These dunes form from topographic-flow feedbacks, and/or 
pioneering plant propagation (Hesp 1988, 2002; Davidson-Arnott 2010). As 
wind-blown sand encounters topographic changes (e.g., vegetation 
seedlings, driftwood, sand fences), wind speeds are reduced, depositing 
sand particles around the object disrupting the flow. A positive feedback is 
thus initiated between incipient dune growth, flow perturbation, and sand 
deposition. As the incipient dune grows in volume, a large area of wind-
blown sand is interrupted by the presence of the dune, resulting in more 
deposition. These dunes usually form seaward of foredunes (Figure 3) but 
also in semi-flat open areas (e.g., overwash fans, sand sheets). In the latter 
locations, fields of incipient dunes may form. Growth rates and incipient 
dune forms are a function of plant density, wind speed, dominant wind 
direction, height and width of incipient dunes, and vegetation cover (Hesp 
2002). These dunes will continue to grow until wave run-up reaches the 
backbeach, drought conditions kill vegetation destabilizing the dunes, sand 
supply is cutoff, wind flow is disrupted, or off-road vehicular/pedestrian 
traffic inhibits growth. On prograding beaches, these features will grow into 
the newly established shore-parallel foredunes. 

2.2 Primary Foredune Ridge 

Most often beaches exhibit a pronounced foredune ridge. This is a single 
linear line of wind-blown deposition immediately adjacent to the 
backshore of a beach, Figure 3. Primary foredune ridges are the result of 
the growth of incipient dunes. These dunes typically have significant plant 
colonization, internal root stability, and considerable geomorphic 
complexity in height, width, age and morphologic characteristics (Hesp 
2002). The physical morphology and alongshore continuity of established 
foredunes is largely a function of the response to, and recovery from, 
storm events (Claudino-Sales et al. 2008; Houser and Hamilton 2009; 
Houser and Mathew 2011). Alongshore local depressions within foredunes 
can focus waves and run-up, accelerating the rate of erosion (Houser 
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2013). Focused energy can create lateral erosion within the foredune ridge, 
and increase the susceptibility for more severe erosion, such as the 
initiation of blowouts (Hesp 2002). 

Figure 3. Incipient and primary foredune ridge line in Cape San 
Blas, Florida. Source: Google Earth. 

 

2.3 Blowouts  

Blowouts are morphologic features formed when sand from the foredune 
face and crest is eroded by the action of water flow and/or the wind and 
deposited on the lee side within a stabilized/vegetated dune field. Human 
traffic, cattle grazing, and/or droughts locally destabilize vegetation that 
holds underlying sand deposits in place. As the vegetation becomes 
destabilized, the ability to trap and hold sand in place decreases. Exposed 
sand patches are subjected to increased shear stress, such that water flow 
and wind can transport sand from this location. The area of weakened 
vegetation grows from increased shear stress along the edges of the 
unvegetated sand patch, and a positive feedback develops between area of 
growth and increased shear stress. Blowouts typically expand from the 
original throat area to create saucer formations, or elongate, aligning with 
the dominant wind direction (Figure 4).  
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Figure 4. Blowouts in Padre Island National Seashore, Texas. The throat of these 
blowouts has largely become vegetated along the foredune ridge. The arrow indicates 

dominant wind direction. Source: Google Earth. 

 

On developed coasts, blowouts can form on the primary foredune ridge at 
beach access points where human traffic, drought, or storm surge 
destabilizes vegetation. These unvegetated paths within the foredune ridge 
create an area that is exposed to shear stress at the sand surface, which can 
locally erode material. Local linear depressions form from sand transport in 
these areas. Airflow encountering the foredune ridge is concentrated and 
accelerated along these linear depressions within the foredune ridge. The 
area of linear depression expands from the positive feedback between the 
area of destabilization and increased shear stress at the surface. Over time, 
the foredune ridge becomes the throat of the blowout (where airflow is 
concentrated), driving increased aeolian activity into the secondary dune 
line/fields. These blowouts will erode upwind and deposit downwind, 
creating lateral ridges and downwind accretion areas. Erosion will continue 
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within the secondary dune until moisture content from capillary action of 
the water table increases beyond the threshold of motion. At this stage in 
blowout development, the water table allows vegetation to stabilize, limiting 
the capacity for increased upwind erosion. These features can dominate 
landscapes, transitioning a resilient stable coastline into a highly active, 
erosive system.  

2.4 Parabolics 

Blowouts can transition into parabolic dunes depending on local climate, 
and underlying morphology of the primary and secondary dunes (Hesp 
2002; Tsoar and Blumberg 2002). Significant erosion or deposition of sand 
inhibits vegetation growth even with a high water table (Tsoar and 
Blubmerg 2002). Flow acceleration in the trough of a blowout facilitates 
erosion along the center axis causing the blowout to elongate and migrate 
downwind. Surface moisture from the water table facilitates vegetation 
growth on the lateral arms. The lateral arms, not subjected to significant 
flow accelerations can become vegetated. The vegetated arms enhance the 
central migration of the dune with simultaneous lateral ridge stability, 
transitioning from a blowout to a parabolic. Parabolic dunes are erosive 
features that elongate in the direction of dominant wind, and have stabilized 
horns that point in an upwind direction (Figure 5). Parabolics are typically 
found in coastal locations with negative sediment budgets (Hesp 2002) and 
can extend over kilometers. Massive overwash of the primary foredune 
ridge can result in parabolic initiation, bypassing the development of a 
blowout (Hesp 2002), and rapid progress causing large-scale destabilization 
of the coastline. These features are thought to typify landscape instability 
from either anthropogenic influences (cattle grazing, vegetation 
destabilization) or large-scale climate change (changes in precipitation 
and/or an increase/decrease in windiness) (Arens et al. 2004). 

2.5 Barchans and Barchnoid Ridges 

Barchans are unvegetated, crescentic dunes with horns that point 
downwind, characterized by a convex windward slope and a slipface (lee 
slope of barchan dunes) falling at the angle of repose (Figure 6). These 
dunes form and migrate over semi-permanent surfaces with limited 
vegetation growth, minimal sediment supply, and exhibit the classic 
example of a dune profile in aeolian geomorphology. Complex feedback 
between airflow, three-dimensional windward slope, height of the slipface 
and width (horn-to-horn) of a barchan continuously shape the dune into  
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Figure 5. Parabolic dunes in Cape Cod, Massachusetts. The arrow indicates dominant wind 
direction. Source: Google Earth. 

 

Figure 6. Barchans, barchanoidal ridges, and sand sheets on a cuspate foreland in 
Jericoacoara, Brazil. The arrow indicates dominant wind direction. Source: Google Earth. 

 

an aerodynamic equilibrium form (Hesp and Hastings 1998). The 
interaction of these forms and processes maintain the distinct shape of 
barchan dunes. As sand supply increases, the windward slope, slipface 
height, and width of barchans begin to change, disrupting flow patterns 
driving aerodynamic form. With an increasing sand supply, barchans 
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begin to merge together, creating transverse or barchanoid ridges. 
Barchanoid ridges are mega ripples, migrating and self-organizing in the 
same fashion as small-scale ripples. 

2.6 Sand Sheets 

Sand sheets are wide, flat sandy surfaces that are typically unvegetated 
and devoid of dunes slipfaces (Figure 6). Sand sheets occur on the lateral 
flanks of inlets, and can develop from overwash fans or within parabolic 
centers, in between barchans dunes, or on the margins of dune fields 
(Kocurek and Nielson 1986). High water tables, increased surface 
cementation, periodic flooding, and coarse lag deposits in conjunction 
with a limited sand supply, can cause the development of sand sheets 
(Kocurek and Nielson 1986). These areas lack significant morphologic 
features, having the same transport into and out of the sand sheet, when 
they reach an equilibrium state. Sand sheets often develop hummocks, or 
small embryo dune fields, as vegetation begins to take hold.  
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3 Aeolian Processes 

Aeolian processes are the primary mechanism by which sediment is 
removed from the subaerial beach and stored in coastal dunes. Without 
aeolian transport, coastal foredunes would not exist (Arens and Wiersma 
1994). Often ignored in a beach sediment budget, foredunes can be both a 
source of sediment to the beach during erosive storm conditions, as well as a 
sink during calmer recovery periods. Wind-blown sand is transported from 
the beach face and deposited in foredunes lining the backbeach, a process 
that builds foredunes and landward beach elevation, increasing coastal 
resilience over time. For example, barrier islands could not increase in 
elevation to keep pace with relative sea-level rise without aeolian transport 
in conjunction with overwash. Barrier island transgression and increase in 
elevation with relative sea level rise is a natural process, but it is becoming 
increasingly difficult for this process to occur on developed barriers, as 
coastal infrastructure prevents landward transport and vertical deposition. 
Numerical models predicting this type of aeolian transport are paramount 
for modeling recovery and resilience of a coastline. 

The following chapter will discuss wind-blown sand transport, providing 
detail on boundary layer processes and sand transport models used in 
contemporary aeolian transport research. A brief discussion on factors 
that encourage sediment transport and increase the effectiveness of 
aeolian activity in foredune building concludes this section.  

3.1 Boundary Layer Processes  

The micro-scale physics of sand movement is seemingly complex. Yet, 
even in the most complicated of cases, two main fluid forces act on a 
particle: pressure forces acting normal to the surface, lift, 𝐹𝐹𝐿𝐿, and shearing 
forces acting tangentially, drag, 𝐹𝐹𝐷𝐷, (Figure 7). The combined resultant 
fluid force, 𝐹𝐹𝑅𝑅, continuously acts against resisting force, gravity, 𝐹𝐹𝐺𝐺. Once 
the resultant fluid force exceeds the resisting force, particles are set into 
motion.  
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Figure 7. Fluid-grain physics. a) Forces acting on a grain, b) analysis of moments for drag, 
c) laminar flow over a particle, and d) turbulent flow over a particle, redrawn from Middleton 

and Southard (1978). 

 

As a fluid (e.g., air) moves over an erodible surface (e.g., beach face), the 
lowest layers of the fluid begin to shear. This shearing is translated to 
adjacent layers, reducing the velocity of air flow at a linear rate close to the 
surface, and at a logarithmic rate farther away from the surface. The region 
of sheared flow is termed the Boundary Layer (BL). Fluid molecules in 
contact with the surface, the lowermost portion of the BL, move at the same 
velocity as the surface. Typically this velocity is zero, marking the no-slip 
condition (Bagnold 1936, 1937; Middleton and Southard 1978; Bauer et al. 
2013). The flow immediately adjacent to the no-slip condition generates 
shearing within the fluid, affecting horizontal layers until the shear 
momentum has been dissipated. The height above the surface where 
horizontal layers are no longer affected by surface shearing is the free-
stream boundary, a transition from sheared flow to flow unaffected by 
surface shearing (Figure 8a). The boundary between the free-stream and 
shearedflow marks the uppermost portion of the BL, and the vertical 
distance between the no-slip condition and free-stream velocity is the BL 
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thickness, 𝛿𝛿. For a constant horizontal wind speed, the boundary layer 
adjusts to the height (Middleton and Southard 1978; Bauer et al. 1992; 
Bauer et al. 2013) and spacing (Greeley and Iversen 1985) of surface 
roughness elements, 𝑧𝑧0, Over a flat, unvegetated surface, 𝑧𝑧0 is approxi-
mately 1

30
𝑑𝑑 where 𝑑𝑑 is the average grain diameter. At this height, the 

velocity is theoretically zero. The roughness height, 𝑧𝑧0, will change with the 
average height of the roughness elements, as illustrated in Figures 8a-c. If 
ripples are present, 𝑧𝑧0 typically equals the average height of the surface 
ripples, Figure 8b. For wind flowing over a vegetated surface, 𝑧𝑧0 equals the 
average height where velocity goes to zero at the top of the canopy, 
Figure 8c. In each of these cases, the BL begins at this zero-velocity position.  

Figure 8. Boundary layer thickness, 𝜹𝜹, and resulting z0 for different surface roughness 
elements: a) smooth surface, b) rippled surface, and c) vegetated surface. The solid line 

represents wind speed, u. 

 

Two distinct, but overlapping regions can be identified in the BL: an outer 
(upper) layer, adjacent to the free-stream boundary, and an inner (lower) 
layer, in contact with, and extending upward from, the surface (Middleton 
and Southard 1978; Bauer et al. 1992), Figure 9. The outer layer is fully 
turbulent and spans the largest portion of the boundary layer, while the 
inner layer can be divided into 2-3 layers depending upon the height, 
and/or presence of the viscous sub-layer and the roughness elements over 
which the fluid is moving. The viscous sub-layer is immediately adjacent to 
the solid boundary and dominated by viscosity-shearing flow. This layer 
can be a fraction of a millimeter to a few millimeters thick with 
compressed laminar-like flow (Middleton and Southard 1978; Greeley and 
Iversen 1985). Laminar or turbulent flow exists in this region as a function 
of the particle Reynolds number. Flow capable of moving sand particles 
near the surface is always turbulent (Bagnold 1936; Middleton and 
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Southard 1978; Greeley and Iversen 1985). For a period of time, this 
region was called the laminar sub-layer, but significant viscosity-driven 
stress and velocity fluctuations frequently exist, hence the currently 
accepted terminology. Immediately above the viscous-sub-layer, turbulent 
structures begin to form from strong shearing forces (Figure 9). This 
marks the turbulence-generation, or buffer layer. In the outer region, large 
turbulent eddies characterize flow, transporting momentum normal to 
flow. Closer to the surface, smaller eddies are present, but the larger 
eddies found in the outer region contribute more momentum to the bed 
(Middleton and Southard 1978; Stull 1988). Here, the slope of the vertical 
velocity profile is logarithmic. The existence of these inner layers depends 
upon the type of flow and surface roughness conditions (laminar vs. 
turbulent identified by Reynolds number within each layer). Surfaces with 
small roughness elements relative to near-surface flow are considered 
hydraulically smooth (e.g., very fine, uniform sand grains). Smooth 
surfaces have a distinct viscous sub-layer, as shown in Figure 9. This is in 
contrast to hydraulically rough surfaces where the roughness elements 
protrude outside of the viscous sub-layer. Turbulence is generated at the 
top of these roughness elements and the viscous sub-layer is often 
disregarded computationally (Middleton and Southard 1978). 

Figure 9. Upper and inner (turbulence-generation and viscous sublayer) portion of boundary 
layer for turbulent flow over a smooth boundary, redrawn from Middleton and Southard (1978). 

 

The fluid’s ability to transfer shear momentum from the surface to the 
uppermost portion of the BL is governed by the viscosity and flow 
dynamics of the fluid. The exponential increase of wind speed with height 
above the surface is a manifestation of fluid shearing from the no-slip 
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condition to free-stream flow. The variation in flow speeds, or the rate of 
the shearing force within the BL, determines the amount of shear stress, τ, 
exerted on the surface. Shear stress is the net fluid force applied 
tangentially to the surface via shearing within the BL (Bauer et al. 1992). It 
is this force that drives wind-blown sand transport. However, shear stress 
is difficult to measure with existing instrumentation. Because of this, shear 

velocity, 𝑢𝑢∗, is used as a surrogate for shear stress 𝑢𝑢∗ ≡ �
𝜏𝜏
𝜌𝜌
. Shear velocity 

characterizes the rate, or degree, of shear in the fluid, and represents shear 
stress with dimensions of velocity. Shear velocity can be easily derived in 
laboratory and field by measuring the vertical velocity profile and using 
the Prandtl-von Kármán Law-of-the-Wall:  

 1z

* 0

u z= ln
u K z

     
 (1) 

where 𝑢𝑢𝑧𝑧 is the velocity at height z, and 𝑧𝑧0 is the average height of surface 
roughness elements. At the initiation of motion the von Karman constant 
(K), is 0.40, but varies with the presence of significant transport (Li et al. 
2010).  

Conflicting terminology and variable usage between surface roughness, 
𝑧𝑧0, and zero-displacement height, ℎ𝑑𝑑 , exist in the literature. It is important 
to understand the differences in terminology as misuse of 𝑧𝑧0 via Equation 
(1) results in inaccurate derivation of shear velocity. The following terms are 
not interchangeable, even though they are incorrectly exchanged in some 
texts to have the same meaning, noted by Lettau 1969: roughness height or 
aerodynamic roughness length, and zero-plane displacement height. The 
aerodynamic roughness length (or surface roughness height) is a fixed 
length equal to the height of the average surface roughness elements (Lettau 
1969; Stearns 1970; Raupach et al. 1993), and it is usually determined in the 
field by measuring the physical height of the roughness elements (e.g.,ripple 
height). The zero-displacement height is the difference between the 
extrapolated roughness height and the actual height of the surface rough-
ness; a function of instrumentation heights above the surface and resulting 
extrapolation of velocity to zero (Figure 10a-b). However, the extrapolation 
to zero may result in a different value than the actual roughness height, 𝑧𝑧0. 
Let’s use the example of a vertical profile of wind data collected over a 
surface with ripples with an average height of 1 cm, 𝑧𝑧0 = 1 cm (Figure 10a). 
Extrapolating profile data to zero, the corresponding height is 1.75 cm 
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(Figure 10b). The zero-displacement height in this example is 0.75 cm. The 
velocity profile extrapolation to zero should use the actual height of the 
roughness elements (𝑧𝑧0 = 1.0 cm in this example), not the zero-
displacement height, ℎ𝑑𝑑.  

Figure 10. Diagram showing physical roughness height, z0A, extrapolated roughness 
height, z0E, and zero-displacement height, hd from a typical velocity profile. a) Velocity 

profile over a rippled sand surface with average ripple height equal to 1.0c. 

 

It is not common practice to measure the height of each individual 
roughness element in the field, and the zero-displacement height is 
assumed to be zero. However, when possible the zero-displacement height 
should be resolved to ensure ℎ𝑑𝑑 = 0. If ℎ𝑑𝑑 > 0, the extrapolation of the 
velocity profile to zero must be forced through the actual height of the 
roughness elements. 

3.2 Threshold of Motion 

As shear velocity increases, fluid forces on the surface increase. Particles will 
begin to move once the fluid forces (lift and drag) exceed the resisting forces 
(gravity, particle-to-particle contact, electrostatics, moisture content) acting 
to hold the particle in place. The shear velocity corresponding to this 
transition from no particle movement to movement is the threshold shear 
velocity, 𝑢𝑢∗𝑡𝑡. For dry uniform sand, Bagnold (1936, 1941) found 𝑢𝑢∗𝑡𝑡 to be 
largely a function of the average grain size, d: 
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u A gd
ρ

      
 (2) 

where g is the gravitational constant, and �𝜌𝜌𝑠𝑠−𝜌𝜌
𝜌𝜌
� is the buoyancy of the 

grain with 𝜌𝜌𝑠𝑠 and 𝜌𝜌 being the density of the grain in air. Bagnold’s A 
parameter distinguishes between the fluid and dynamic threshold. In 
theory, the threshold of motion defines the shear velocity necessary to set 
particles into motion, either by the fluid alone (fluid or static threshold 
where A = 0.1), or by the impact of other grains (impact or dynamic 
threshold where A = 0.08), Figure 11. Threshold shear velocity, 𝑢𝑢∗𝑡𝑡, is used 
in a number of sand transport models (Bagnold 1936; Kawamura 1951; 
Owen 1964; Lettau and Lettau 1977; Sorensen 1991) and is the single 
descriptive variable representing the initial stages of sand transport in 
aeolian transport models.  

Figure 11. Fluid and dynamic thresholds of motion using Bagnold (1936). 

 

Bagnold (1936) observed the fluid and dynamic threshold from a series of 
wind tunnel experiments. However, the physical mode of movement 
corresponding to each threshold still remains in question (Lavelle and 
Mofjeld 1987; Sherman et al. 2013). Slowly increasing wind speed, 
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Bagnold first observed grains beginning to vibrate, followed by a jerking 
forward motion. With increasing speed, particles began rolling or sliding 
over the surface intermittently in space and time. He noted this type of 
movement as the fluid threshold (Bagnold 1936; Swann and Sherman 
2013), and recorded the shear velocity corresponding to this movement in 
small patches over the surface. This type of movement is termed bedload 
(Figure 12), but has been used interchangeably with surface creep, 
traction, and reptation (Swann and Sherman 2013). As the wind speed 
continued to slowly increase, Bagnold observed discrete patches of 
movement became more uniform with particles being lifted from the 
surface and continuing downwind in a hopping motion, termed saltation 
movement. Saltating particles are lifted almost vertically, travel downwind 
from fluid drag, and fall back to the surface with a characteristic angle ~ 
10°-15° (Figure 12). Particles traveling in saltation are too heavy to be 
suspended in air over large distances, and too small to be moved only as 
bedload, by the relative strength of the wind. As saltating particles impact 
the surface, the particles at rest absorb momentum and are moved via 
bedload or saltation. Bagnold coined the impact or dynamic threshold as 
the point when the entire test bed of the wind tunnel was in saltation.  

Figure 12. Modes of wind-blown sand transport: bedload versus saltation transport. 

 

Moisture content at the surface is one of the main controls on the 
threshold of motion in coastal environments, and the presence of moisture 
on the surface spawns significant spatiotemporal variability in transport 
(Jackson and Nordstorm 1997; Wiggs et al. 2004; Davidson-Arnott et al. 
2005; Bauer et al. 2009; Edwards et al. 2009; Namikas et al. 2010). 
Precipitation, capillary action from the water table, and wave run-up cause 
significant spatial and temporal variability in moisture content along a 
beach face. Bauer et al. (2009) and Schmutz and Namiks (2013) attribute 
foreshore moisture content controls to wave and tidal forcing, while the 
back beach moisture content was governed by precipitation, atmospheric 
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humidity, evaporation, and water table fluctuations. Edwards and 
Namikas (2009) found the smallest variability for dry sands and largest 
for moderately wet sand. Increased moisture on a surface is thought to 
contribute to the intermittency of sand transport via differential drying 
rates (Davidson-Arnott et al. 2005; Bauer et al. 2009). Moisture content 
has been incorporated into Bagnold-type threshold shear velocity models, 
such as the following model from Hotta et al. (1984):  

 * .  s
tw

ρ ρ
u A gd w

ρ

      
7 5  (3) 

for the conditions, 

  . . %w 0 0 8 0  

 . .mm d mm 0 2 0 8  

where 𝑤𝑤 is the water content (%) by weight, and A is equal to the fluid 
threshold parameter of 0.1. However, this is only valid under limited 
conditions. Belly (1964) is also commonly used for moisture content 
thresholds finding 𝑢𝑢∗𝑡𝑡𝑡𝑡: 

 * * ( . . )tw tu u log w  101 8 0 61  (4) 

Field experiments have demonstrated variability in moisture content 
percents that strongly inhibit transport (Davidson-Arnott et al. 2005). 
Wiggs et al. (2004) found surfaces with 𝑤𝑤 exceeding 4%-6% typically 
cannot be transported via fluid forces alone, while Sherman et al. (1998) 
and Sarre (1988) found similar results but under conditions where w<8%, 
in agreement with Hotta et al. (1984). Ellis and Sherman (2013) found 
threshold shear velocity doubles for sand with 0.6% moisture content.  

As a moist surface dries, transport can become highly intermittent in space. 
Wind and solar radiation dry surface particles, reducing the threshold for 
motion (Jackson and Nordstrom 1997). Once saltation is initiated, the 
impact of saltating particles downwind induces more transport (Wiggs et al. 
2004; Davidson-Arnott et al. 2005), making it difficult to model aeolian 
transport over a wet or drying surface. Significant spatial and temporal 
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variability in moisture content on a beach surface is typically high due to the 
aforementioned moisture content drivers and differential drying rates.  

3.3 Transport Models 

Transport models use shear velocity to predict aeolian sand transport. 
Bagnold’s (1936, 1937) sand transport model is the most commonly cited, 
and is still used to predict transport. Most subsequent aeolian transport 
models are founded in Bagnold’s original 1936 derivation (Table 1). In these 
models, Q is the sand transport rate (mass of sand moving through a unit 
width per unit time), ρ is the density of the fluid, d is the average grain 
diameter, D is a reference grain diameter (commonly 0.25 mm), and g is the 
gravitational constant. Kadib (1965) included a transport intensity function, 
Φ, based on Einstein’s bed-load transport model (Sherman et al. 1998), and 
Owen (1964) included particle fall velocity, ω, also reported as ‘settling’ 
velocity. C1-7 are the original model coefficients, C’K are recalibrated 
coefficients using von Kármán K = 0.4, and C’KA are coefficients recalibrated 
using the apparent von Kármán constant from Li et al. (2010). Recalibrated 
coefficients found by Sherman et al. (2013) decreased root-mean squared 
errors by an order of magnitude. The recalibrated models calculated with 
the apparent von Kármán constant have the least amount of error (Sherman 
et al. 2013). Recalibrating transport models, Sherman et al. (2013) found 
the largest deviations to occur at lower rates (initial stages) of transport. 
Errors at low rates of transport have been attributed to errors in threshold 
of motion due to the exponential use of the 𝑢𝑢∗𝑡𝑡 in transport models (Ellis 
and Sherman 2013). Threshold shear velocity, at both the fluid and dynamic 
thresholds, have been called into question based on: (1) the uncertainty in 
the physical interpretation of movement (Lavelle and Mofjeld 1987), (2) the 
increased sensitivity to the aforementioned controls at low wind speeds, (3) 
the inability to recreate Bagnold’s original threshold experiments, and (4) 
the use of an average grain size for any grain size distribution (Ellis and 
Sherman 2013). Please see Sherman et al. (1998) and Sherman et al. (2013) 
for a complete review of field versus model predictions.  

Measuring BL dynamics, surface roughness, velocity profiles, and resulting 
sand transport is the most common method to: (i) resolve uncertainty in 
small scale transport process-form relationships, and (ii) develop and refine 
models to predict sand transport. However, due to discrepancies between 
predicted and observed transport, new methods to relate near surface flow 
and resulting sand transport are being developed (Bauer et al. 2013). Use of 
Equation (1) to derive shear velocity for model prediction requires time-  
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Table 1. Aeolian sand transport models. 

Reference Transport Model 

Values of Coefficients 

Original 
C1-7 

Recalibrated 
using von 

Karmán C’K 

Recalibrated 
using apparent 

von Karmán 
C’KA 

Bagnold 
(1936, 1941) 𝑄𝑄 = 𝐶𝐶1�

𝑑𝑑
𝐷𝐷
𝜌𝜌
𝑔𝑔
𝑢𝑢∗3 1.5-3.5 0.79** 1.41** 

Kawamura 
(1951) 𝑄𝑄 = 𝐶𝐶2

𝜌𝜌
𝑔𝑔

(𝑢𝑢∗ − 𝑢𝑢∗𝑡𝑡)(𝑢𝑢∗ + 𝑢𝑢∗𝑡𝑡)2 2.78 0.70 1.27 

Zingg (1953) 𝑄𝑄 = 𝐶𝐶3 �
𝑑𝑑
𝐷𝐷
�
0.75 𝜌𝜌

𝑔𝑔
𝑢𝑢∗3 0.83 0.77 1.38 

Owen (1964) 
𝑄𝑄 = �𝐶𝐶4 +

𝜔𝜔
3𝑢𝑢∗

� �1

−
𝑢𝑢∗𝑡𝑡2

𝑢𝑢∗2
� �

𝜌𝜌𝑢𝑢∗3

𝑔𝑔
� 

0.25 0.21 0.34 

Kadib (1965) 𝑄𝑄 = 𝛷𝛷𝜌𝜌𝑠𝑠𝑔𝑔�
(𝜌𝜌𝑠𝑠 − 𝜌𝜌)

𝜌𝜌
𝑔𝑔𝑑𝑑3 - - - 

Hsu (1971) 𝑄𝑄 = 𝐶𝐶5 �
𝑢𝑢∗

(𝑔𝑔𝑑𝑑)0.5�
3
 0.33-2.57 0.28-1.28 0.45-2.42 

Lettau and 
Lettau (1977) 𝑄𝑄 = 𝐶𝐶6�

𝑑𝑑
𝐷𝐷
𝜌𝜌
𝑔𝑔

(𝑢𝑢∗ − 𝑢𝑢∗𝑡𝑡)𝑢𝑢∗2 6.7ϯ 1.20 2.47 

Sørensen 
(1991) 

𝑄𝑄 = 𝐶𝐶7𝜌𝜌𝑢𝑢∗(𝑢𝑢∗ − 𝑢𝑢∗𝑡𝑡)(𝑢𝑢∗
+ 7.6𝑢𝑢∗𝑡𝑡
+ 205) 

0.0014 - - 

* Values extracted from Hsu (1971, Fig. 3) by Sherman et al. (2013) 
** Recalibrated from C1 = 1.8. 
ϯ Universal constant for sands as reported by Sherman et al. (2013) 

averaged velocity profiles. This requires transport models to assume 
uniform, steady transport (Bauer et al. 1998; Namikas et al. 2003). Yet, 
transport is marked by spatial and temporal unsteadiness and transport 
intermittency (Butterfield 1991, 1993; Gares et al. 1996; Stout and Zobeck 
1997; Bauer et al. 1998; Schönfeldt and von Löwis 2003; Davidson-Arnott et 
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al. 2005; Baas 2006; Baas and Sherman 2005). High-frequency turbulent 
fluctuations within the BL cause the statistical reliability of instantaneous 
velocity profiles to decrease, resulting in statistically insignificant estimates 
of  𝑧𝑧0 and 𝑢𝑢∗. Small errors in the shear velocity result in large errors in 
transport models (Bauer et al. 1992). For instance, a 10% error in shear 
velocity estimates results in a 30% error in sand transport models (Bauer et 
al. 1992). Time-averaged velocity profiles increase the statistical reliability 
of shear velocity estimation, and it is suggested to only consider profiles 
with R2 >=98% (Bauer et al. 1992).  

Bauer et al. (2013) recognize a current paradigm shift in aeolian transport 
models moving away from model predictions using time-averaged shear 
velocities to flow-transport correlations associating sand transport with 
turbulence characteristics (Butterfield 1991, 1993; Bauer et al. 1996; Bauer 
et al. 1998; Sterk et al. 1998; Chapman et al. 2012; Hesp et al. 2013; Bauer 
et al. 2013; Anderson and Chamecki 2014) and low elevation wind speeds 
(Stout and Zobeck 1997; Davidson-Arnott et al. 2005). This paradigm shift 
is due to the lack of model agreement between predicted and observed 
transport rates; use of variables that are only useful in a time-averaged 
manner, and apparent nonlinearities associated with non-stationary, 
spatiotemporal variable controls on sand transport.  

3.4 Factors Affecting Aeolian Efficiency in Dune Building 

As fluid flow encounters a downwind topographic obstacle (driftwood, 
vegetation seedlings, foredune stoss slope), flow pressure is significantly 
increased over the cross-sectional area exposed to the flow. The pressure 
increase (positive) typically occurs at the foredune toe, as documented in 
studies of flow dynamics over coastal foredunes (White and Tsoar 1998; 
Hesp 2002; Walker and Nickling 2003; Hesp et al. 2005; Walker et al. 
2006; Walker et al. 2009), and is referred to as the flow stagnation zone. 
Flow velocities are often reduced to a point where speed can no longer 
support bedload and saltation transport, and as a result, wind-blown sand 
can be deposited (Walker et al. 2006). The flow stagnation zone is the key 
process driving the recovery of a scarped foredune, growth of incipient 
foredunes, and sand fence-induced deposition (Hesp 2002; Hesp et al. 
2005). Downwind of this initial increase in pressure is a lower (negative) 
pressure. For onshore winds, this pressure difference drives flow 
compression and acceleration up the stoss slope of a foredune towards the 
crest (Figure 13). Topographically induced flow acceleration up the stoss 
slope of a foredune increases the shear stress with dune elevation, initiating 



ERDC/CHL TR-15-17 23 

 

bedload and saltation transport (Hesp et al. 2005; Walker et al., 2006) 
(Figure 13). At the crest of the foredune, pressure is significantly reduced, 
causing flow expansion and separation, reducing near surface shear stress, 
and depositing sand particles on the lee side of the dune (Figure 14). 
Velocity profiles over the stoss flow of a dune are not log-linear (Frank and 
Korcurek 1996) and shear velocity can be underestimated by 70% (Arens et 
al. 1995). Caution should be used when deriving shear velocities using 
Equation (1) up the windward slope of a dune.  

Figure 13. Flow dynamics over a dune. 

 

Figure 14. Transport dynamics over a dune . 

 

Offshore winds historically have been removed from foredune studies, yet 
recent work has demonstrates secondary circulation can result in high 
rates of accretion within the foredune (Lynch et al. 2009). In these 
conditions, flow on the lee side of the dune (seaward face) is deflected 
towards the dune, inducing transport of sand from the beach face to the 
foredune (Lynch et al. 2009). The understanding of this phenomenon is 
limited and more research is required to evaluate different dune 
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geometries, flow magnitude and turbulent characteristics, and dominant 
offshore wind directions (Lynch et al. 2009; Jackson et al. 2011). 

The presence of vegetation significantly alters flow over a foredune, 
increasing surface roughness, reducing flow velocity, and resulting in sand 
deposition (Wolfe and Nickling 1993; Arens 1996; Davidson-Arnott and 
Law 1996; Hesp 1988, 2002; Hesp et al. 2005; Walker et al. 2006; Ellis 
and Sherman 2013; Jackson and Nordstrom 2013). Flow over the stoss 
slope of the dune in the above example reinforces the streamlined, 
aerodynamic form of the dune (Frank and Kocurek 1996). However, the 
introduction of vegetation often interrupts flow-form feedback, causing 
naturally vegetated dunes to have greater surface complexity. The shear 
stress in the BL is absorbed in the vegetation canopy, reducing the 
availability of shear imparted-on-surface grains. Shear stress partitioned 
between the surface, grains in transport, and vegetation determines the 
transport or deposition of sand particles. The magnitude of shear stress 
partitioned by the vegetation canopy is dependent upon the plant density, 
height and distribution, flow velocity, angle of wind direction, stoss slope, 
and species type and diversity. While vegetation reduces shear at the 
surface, the rate of flow acceleration is greater than the rate of flow 
reduction induced by the presence of vegetation (Hesp et al. 2005). 
Deposition, and consequently dune growth, occurs where vegetation is 
present, and makes the foredune grow vertically versus in a downwind 
direction (Arens 1996). Hesp (1989) and Arens (1996) noted the positive 
feedback between vegetation and sand deposition. Areas of deposition are 
conducive for vegetation growth, causing increased roughness heights that 
encourage sand deposition. Root growth into the dune by vegetation also 
increases the stability of foredunes, allowing them to resist erosive 
processes and remain more resilient. Wind direction plays a significant 
role in determining transport into and flow dynamics over a coastal 
foredune. The angle of incident wind relative to the dunes determines the 
magnitude of flow stagnation at the toe of the dune, flow compression and 
acceleration up the front of the foredune, and defines the area of transport 
and deposition of wind-blown sand (Walker et al. 2009). Secondary 
airflow via oblique wind over a vegetated foredune leads to selective 
transport and deposition depending upon local topography and vegetation 
distribution (Walker et al. 2006). Figure 12 is a diagram showing flow over 
a foredune for perpendicular winds, and Figure 13 shows the resulting 
sand transport over a dune for perpendicular winds. However, these 
patterns will change in relation to topographic controls relative to 
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direction of wind (Walker et al. 2009). Onshore, perpendicular winds 
transport material from the beach face, to the dune toe and landward of 
the foredunes. If the foredune is scarped, it requires significant wind 
speeds to transport material landward of the foredune.  

Wind direction relative to beach orientation defines the sediment supply 
to foredunes. In regards to aeolian transport in a coastal system, sediment 
supply is controlled by the distance over which wind flows on an erodible 
surface (beach face), and is referred to as fetch. Fetch is the distance 
parallel to wind direction extending from an upwind boundary (ocean-
subaerial beach face) to the downwind point of interest (foredune line), 
(Bauer and Davidson-Arnott 2002). With increasing distance from the 
boundary between a non-erodible (ocean) to an erodible surface (beach), 
saltating particles exponentially increase until full saturation in the 
vertical flux profile is reached (Bauer and Davidson-Arnott 2002; 
Delgado-Fernandez 2010). At this point of saturation, the fluid can no 
longer support any more particles in saltation. Full saturation of sand 
transport occurs at some distance downwind of the erodible surface 
boundary, and is known as the fetch effect (Gillette et al. 1996; Bauer and 
Davidson-Arnott 2002). The fetch effect is marked by the increase in 
transport rates with distance downwind of the fetch boundary. With all 
things being equal (surface moisture, slope, boundary layer adjustments), 
a greater fetch results in more transport into the dune. Winds parallel to 
the beach have great fetches, typically transport and deposit sand at the 
base of the foredune, and only transport material in an alongshore 
direction (Arens et al. 1995). Under these conditions, sand transport 
landward of the dune only occurs in areas of topographic lows (low 
foredune height or overwash areas) where topographic steering directs 
fluid flow and sand transport landward. Oblique winds tend to create the 
largest coastal foredunes because the fetch distance is greater than direct 
onshore winds, transporting and depositing particles at the base, along the 
front when vegetation is present, and landward of the foredune (Davidson-
Arnott et al. 2005; Bauer et al. 2009). Beach orientation, frequency and 
angle of wind-blown sand transport events are critical in the resulting 
foredune morphology (Sherman and Bauer 1993; Arens et al. 1995; Bauer 
and Davidson-Arnott 2002).  

Aeolian transport to a foredune is a function of wind speed and direction, 
topographic controls, vegetation, moisture content, and fetch. At any one 
location, the combination and resulting control on foredune development 
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are a function of the spatial and temporal variability at small and large 
scales of transport. The breadth of variables controlling aeolian transport 
makes it challenging to predict sand transport in aeolian environments, 
and more research is required to effectively predict aeolian transport and 
foredune growth.  
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4 Coastal Dynamics 

Coastal dynamics control beach and nearshore morphology, and therefore 
can affect foredune form. Regional alongshore and cross-shore wave-
driven sediment transport patterns force the overall beach and nearshore 
morphology, and ultimately the sediment budget of the active sub-aerial 
beach. Primary foredunes in locations with a surplus of sand are highly 
vegetated and exhibit increased morphologic variability due to differential 
deposition within vegetation. Wide elevated beaches reduce the likelihood 
of inundation by waves during storms and these dunes continually build, 
growing wider and taller, and increasing their volume (Short and Hesp 
1982). In general, the greater the volume of the foredune, the greater the 
storm impact the foredune can withstand, and consequently, the more 
protection that is offered to coastal infrastructure. In contrast, beaches 
with negative sediment budgets found on eroding coastlines can have 
foredunes with steep, almost vertical profiles. Often, no incipient foredune 
lines are present, as narrow beaches lead to frequent inundation and 
exposure to storm waves. During storms, elevated water levels and wave 
heights allow for direct interaction between the surf-zone and foredune, 
which can cause rapid transitions in dune state and even catastrophic 
failure of a dune system. Nearshore morphology becomes particularly 
important during storms as it can both dissipate and focus waves, 
changing the amount of wave energy that reaches the beach. As a 
consequence, the combination of local sediment budgets, storm intensity 
and frequency in relation to beach and nearshore morphology, and 
changes in relative sea level are all important factors that can have drastic 
affects on foredune morphology. 

The following chapter will provide detail on different types of foredune 
response to storms and how those variations in response can change dune 
morphology. In addition, a brief discussion follows on how storm climate 
and relative sea level rise may alter coastal dynamics and ultimately dune 
morphology.  

4.1 Foredune Response to Storm 

Community consensus is that the amount and type of foredune morphologic 
change primarily scales with the level of inundation of the system. Sallenger 
(2000) suggested a simple framework within which to classify “storm 
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impact” based on comparing external hydrodynamic forcings (total water 
levels) to antecedent beach and foredune morphological features. Three of 
Sallenger’s four storm impact regimes involve interactions between 
hydrodynamic forces and the dune: collision, overwash, and inundation; 
these different regimes are characterized by significantly different 
morphologic evolution of the dune system. Stockdon et al. (2007) tested 
Sallenger’s storm impact model, and found that the model predicted the 
storm impact regime correctly 54% of the time.  

Storm impact models such as Sallenger’s focus on parameterization of dune 
exposure to storm waves as the main control on morphological change. 
However, foredune height, volume, and profile form are not uniform on a 
beach, typically exhibiting significant alongshore variability (Thieler and 
Young 1991; Houser et al. 2008; Houser and Matthews 2011; Houser 2013). 
Features of the dune system (e.g., dune state, location of blowouts, vegeta-
tion density/type, sediment characteristics, and the level of compaction) 
which may make it more or less susceptible to storm-induced change are 
also not considered. For example, Houser (2013) and Pries et al. (2008) 
both found that dune systems with significant alongshore variability in dune 
crest elevation were more unstable during storms, due to feedback related 
to lateral erosion of overwash channels—a process that is unaccounted for 
in these storm impact models. These features and their alongshore 
variability, sediment characteristics, level of compaction, and vegetation 
density/type may be required to adequately model the rate and form of 
morphologic change as a result of storm events.  

A brief background will be provided on the prediction and 
parameterization of total storm water levels, followed by details on each 
type of dune morphologic response within the different storm impact 
regimes described by Sallenger.  

4.1.1 Storm Water Levels 

Sallenger (2000) defined total storm water levels as the sum of wind and 
pressure-driven storm surge, tidal elevation, and wave-induced setup and 
runup. The wave-driven water levels are parameterized by R2%, the 2% 
exceedence elevation of the time-varying position of wave runup, often by 
using the Stockdon et al. (2006) empirical equation. Alongshore variations 
in surge and tidal elevations tend to be regional in scale, whereas 
alongshore variations in the wave-driven processes are a function of both 
locally varying wave transformation and beach morphology, and can change 
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up to meters in vertical elevation within tens of meters alongshore. A variety 
of methodologies to predict R2% have been suggested in the literature, and a 
detailed discussion of those approaches is provided in ERDC/CHL TR-12-
24 (Melby 2012). Often, some of the forcing parameters required to run 
these models, such as foreshore slope, are difficult to measure given the 
highly dynamic nature of coastal environments where morphology can 
change significantly on the time-scales of days-to-hours. Recent work by 
Brodie et al. (2012) also suggested that local surf-zone morphology may play 
an important role in dissipating wave energy and affecting the resultant 
energy remaining for runup at the shoreline, highlighting the importance of 
knowing the antecedent state of the coupled dune/beach/surf-zone system.  

4.1.2 Dune Scarping 

The collision regime is defined to occur when total storm water level 
exceeds the dune toe but is lower than the dune crest, and is characterized 
by slumping and/or scarping of the face of the foredune. This storm 
impact regime is termed “collision” as wave bores and swashes frequently 
collide with the dune. As water reaches the base of the dune, infiltration 
into the dune (Palmsten and Holman 2011) in combination with the force 
of the bore impact on the dune face (Larson et al. 2004) allow failure 
planes and slope instabilities to develop within the foredune. When 
destabilizing forces on the failure planes exceed the resisting strength of 
the dune sediment, material slumps off the dune face (Nishi and Kraus 
1996). After the initial slumping occurs, a vertical scarp remains on the 
dune face which is easily undercut by subsequent wave bores, leading to 
more slumping. However, an interesting negative feedback can occur 
wherein initial scarping raises the elevation of the backshore (or dune-
toe), decreasing the frequency of runup and wave contact with the dune. 
Using data collected in a scaled laboratory experiment, Palmsten and 
Holman (2012) found that the collision regime and dune erosion rates 
during this regime actually scale better with the 16% exceedence elevation 
of runup instead of R2%, suggesting that runup needs to be in frequent 
contact with the dune face for significant erosion to occur.  

The state of knowledge of the physical processes driving dune scarping has 
been tested by numerical models designed to predict dune retreat during 
storms. A variety of approaches for describing the process of dune-
scarping exist, and it is unclear what the best approach is. For example, 
dune erosion rates in EDUNE, SBEACH, XBeach, and CSHORE (Kriebel 
and Dean 1985; Larson and Kraus 1989; Roelvink et al. 2009; Johnson, 
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Kobayashi, and Gravens 2012) are dependent on user-defined thresholds, 
such as dune face slope, after which an avalanching model is invoked to 
remove sediment from the dune. Other models have tried to relate the 
volume of sediment eroded to both the force and frequency of wave impact 
on the dune and a calibration factor based on grain size and dune 
compaction (Fisher et al. 1986; Overton and Fisher 1988; Overton et al. 
1994; Larson et al. 2004), recognizing that antecedent dune state may 
affect the response of the dune (Ruz et al. 2009). Recently, Palmsten and 
Holman (2011) proposed a new process-based model based on their 
observations that the extent of infiltration of water into the dune controls 
the amount of sediment that slumps due to the cohesive properties of wet 
sediment, and that the overburdened weight of this saturated sediment is 
what eventually destabilizes the sediment. They used an infiltration model 
(which accounts for sediment properties) to determine the volume of 
wetted sand, and then a slope instability model which predicted when 
slumping of the wet sediment would occur. A simplified, practical version 
of their model accurately predicted the volume of eroded sediment 71% of 
the time; however, including a parameterization of swash processes 
instead of observed swash reduced the model’s predictive capability to 
52%. In summary, a variety of approaches exists in the literature for 
predicting the magnitude of dune erosion from scarping processes; 
however, few of the models account for the antecedent state of the dune. 
In addition, it is apparent that accurately predicting the frequency of wave 
contact with the base of the dune—an elevation that can vary throughout 
the course of a storm – remains as important as the internal processes 
causing dune face failure. 

4.1.3 Overwash and Lateral Erosion 

The overwash regime occurs when total storm water level exceeds the 
dune crest elevation or the elevation of gaps between foredunes. During 
overwash, wave-driven sediment-laden water flows landward over the 
beach and foredune. This report differentiates overwash and washover, 
two often-confused terms, similarly to Donnelly et al (2006). Overwash is 
defined as either the physical process by which water and sediment is 
carried over the dune and upper beach or the mass of water itself; whereas 
washover is defined as the material deposited inland of the beach by the 
overwash event. During an overwash event, sediment from the upper 
beach is transported by waves and currents over or through the dune line 
and deposited as the flow spreads out on the landward side of the beach. 
Washover fans in particular are usually formed when overwash occurs 
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through a dune gap. The gap in the dune line initially funnels the flow, 
increasing flow velocity and leading to turbulent conditions that can both 
deepen (Carter and Orford 1981) and widen (Houser et al. 2008; Houser 
2013) the gap in the dunes. As water spreads laterally behind the foredune, 
friction and percolation slow the flow allowing for deposition in a fan-
shaped feature. When washover fans merge laterally with one another, a 
wide, flat, washover terrace is often formed behind or in place of the dune 
line, which can be instrumental for dune-building processes due to its 
considerable fetch. Overwash that occurs over dune crests, termed 
overtopping, can lead to both rapid reduction of the foredune crest 
elevation but also increase the elevation of dunes behind the initial 
foredune. If overtopping frequency increases, generally as surge levels rise, 
the combination of crest reduction and breaching combine to intensify 
overwash and lead to an overall flattening of the beach-dune system. It is 
important to note that there is often a strong relationship between 
historical overwash locations and future overwash locations. Previously 
overwashed areas are highly prone to future overwash inundation and 
subsequent lateral expansion (Houser 2013). Overwash processes lower 
dune crest elevations and widen and deepen gaps between dunes, leaving 
these regions more susceptible to future events (Cleary and Hosier 1979; 
Pries et al. 2008; Houser et al. 2008; Houser 2013).  

Recent work by Houser (2013) focused on identifying the role that 
alongshore variations in the dune crest line play in morphological evolution 
of the dune system during storms. Smaller scale perturbations in the dune 
crest line were found to deepen, whereas wider and more prominent gaps 
were more likely to erode laterally. In fact, the majority of dune crest 
elevation change in the overwash regime was related to lateral erosion of 
overwash channels and resultant slumping of adjacent dune sidewalls, not 
overtopping of the dune crest itself, highlighting the importance of 
integrating alongshore morphology into storm impact models. 

4.1.4 Inundation 

The inundation regime occurs when mean storm water levels (i.e., surge 
plus wave setup) overtop the foredune crest elevation for a significant 
alongshore distance leading to wide-spread dune system failure. In some 
cases, flows can be so strong and extensive that much of the sediment in 
the dune system is transported far beyond the coupled beach-dune system 
and is lost to the active portion of the sub-aerial coastline (Sallenger et al. 
2007). If there is an inland body of water behind the dune system, such as 
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on a barrier island, the ocean and back-barrier become coupled and the 
pressure gradient between the two bodies of water drives flow conditions 
(Donnelly et al. 2006). In particular, storm-passes and inlets can form 
when overwash channels or breaches fully connect to the back barrier 
body of water, and breaching can occur by either the ocean or back-barrier 
bodies of water. Storm-passes close as soon as water levels recede, 
whereas temporary inlets remain open. The inundation regime often 
results in catastrophic failure of the dune system as a whole; however, the 
broad flattening of the profile increases post-storm fetch and encourages 
dune re-growth if sufficient time is allotted before the next storm event. 

4.2 Frequency and Sequencing of Storm Events  

As discussed above, the magnitude of a given storm event can have 
important effects on the level of inundation and type of response of the 
foredune. However, in order to understand the effect of storms on dune 
morphology over longer timescales, the frequency and sequencing of storm 
events must also be considered (Houser and Hamilton 2009). The 
importance of sequential storms to the morphology of the beach/nearshore 
system was first documented by Lee et al. (1998), who found that several 
storms in quick succession can lead to rapid erosion of the nearshore 
profile, as there is insufficient time for the profile to recover before the 
subsequent storms. As a consequence, a sequence of moderate storms was 
often found to have a much larger effect on the profile than a single storm 
itself. In this eroded, post-storm state after a series of storms, much of the 
beach sediment becomes stored in surf-zone bars, leaving a narrow, steep 
beach and scarped foredune. Because the system was not given enough time 
to recover, the narrow steep beach will continue to promote frequent swash 
contact with the base of the foredune preventing or destroying any incipient 
foredune growth. The foredune morphology will remain scarped, and the 
vertical face will leave the dune more vulnerable to continued slumping. 
Significant time between storms or a drop in intensity of storms is then 
required for recovery of the beach and re-building of the foredune.  
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5 Management Practices 

Anthropogenically built dunes are physically different than naturally 
occurring dunes as well as from one another; the form of an anthropogenic 
dune is a function of the management practice used to build it (Hotta et al. 
1987; Hotta et al. 1991; Nordstrom 2008; Grafals-Soto and Nordstrom 
2009; Grafals-Soto 2012). As such, these different dune forms respond 
differently to storm events. Large-scale anthropogenic modifications to the 
beach-dune system significantly alter the response of dunes to storm 
events (beach nourishment projects, implementation of hardened 
structures such as groins and jetties, emergency building of dunes using 
bull-dozers) (Armaroli et al. 2013). Smaller-scale modifications include 
planting of vegetation or installation of sand fencing to try to trap sand 
and stabilize dunes. Management practices are often designed to 
accelerate or incorporate natural processes building dunes, while 
strengthening their ability to prevent landward inundation of storm surge 
(increasing resilience). For instance, building sand fences and planting 
vegetation along the backshore increases the trapping efficiency of aeolian 
sand transport. In addition, the use of beaches for recreation and access 
routes to the coast can alter foredune morphology through foot and 
vehicular traffic. The building of beachfront hotels or personal property 
(homes and pools) can have unintended consequences, such as 
destabilization of the dune, alteration of wind patterns, decrease in 
landward transport, and sand deposition (Carter et al. 1990). It is required 
to incorporate anthropogenically modified features when modeling the 
foredune form and storm response on developed coastlines.  

5.1 USACE Dune Design Process 

In an effort to maintain a protective foredune system while simultaneously 
preserving or supplementing a recreational berm, engineers have 
developed a standard practice for constructing a dune. This process 
typically modifies both the berm and dune as the two components 
comprise the system from which sediment is transported. The physical 
configuration of the beach is estimated by comparing adjacent natural 
dunes to the current dune height, slope, and width of the area of interest, 
along with the maximum wave runup for storms that could impact the 
area. This initial estimate provides a baseline for the amount of additional 
fill material needed to construct a dune that will provide sufficient storm 
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damage protection. These measurements are used to create profiles for 
cross-sectional design in which several alternatives present varying berm 
widths and dune heights to achieve the desired level of protection. This 
process usually involves simulating storm impacts with numerical models 
such as SBEACH to test the effectiveness of each design alternative. An 
optimization model also analyzes each alternative for its net annual 
benefits in reducing storm damage. Typical dimensions for a dune are on 
the order of 5 meters above mean sea level for the dune crest with a width 
of 10 meters and side slopes approximately 1:5 (CEM Part V-4-32). Note 
that the median grain size of the fill should closely match the site’s native 
sediment characteristics to ensure compatibility while maintaining similar 
repose angles. Final placement usually results in a dune with a trapezoidal 
cross-section with a tolerance of +/-0.2 meters for all design sections. 
Sand fencing supplemented with vegetation is used to further stabilize the 
dune. The dune naturally consolidates over a period of weeks to months. 

5.2 Bulldozed Dunes 

Dunes built by bulldozing, pushing, or scraping are widespread on 
developed beaches; this practice is the most common form of coastal 
preparation and/or response to storm events. Sand is either scraped or 
pushed directly from the beach face (Bruun 1983; McNinch and Wells 
1992), or brought in from an external source and placed to create a foredune 
line. Though built from different methods, these mounds of unconsolidated 
material have a characteristic straight slope, often corresponding to the 
angle of repose for the sand grains comprising the dune (Figure 15). These 
dunes are highly vulnerable to wave attack as they lack stabilizing agents 
found in resilient foredunes: vegetation, root stability, cohesion from 
moisture, compaction from moisture, and multiple depositional layers. The 
following sections address the differences between internally and externally 
derived sources for constructing and maintaining dunes. 

5.2.1 Beach Scraping/Pushing/Skimming via an Internal Source 

Beach scraping is a controversial practice (see Wells and McNinch (1991) 
and Carley et al. (2010) for thorough reviews) that differs from beach 
nourishment practices in that no new sediment is introduced from 
external sources, and instead sediment already in the active beach profile 
is redistributed into a dune (Bruun 1983). Sand is often assumed to have 
slumped onto the berm during scarping and the course of action is to push 
this material back onto the remaining dune, speeding up natural aeolian 



ERDC/CHL TR-15-17 35 

 

re-building. During this process, the seaward berm/beach profile is often 
significantly lowered and steepened, changing the coastal dynamics, and 
potentially leaving the system more susceptible to erosion (Kratzmann and 
Hapke 2012; Kerhin and Halka 1981; Tye 1983), and creating more 
hazardous shore-break conditions (Tye 1983). Success of beach scraping 
practices may depend on how the beach is scraped, the frequency of 
scraping, and the storm climate (McNinch 1989; Wells and McNinch 
1991). For example, in North Carolina only the uppermost foot of the 
profile is allowed to be scraped, and when permitted in non-emergency 
situations, scraping may occur from the low tide line landward (vs the high 
tide line landward), reducing over-steepening of the beach (McNinch and 
Wells 1992; Wells and McNinch 1993).  

Figure 15. Dune profile response during a 6-day Nor'easter; note the straight slope 
synonymous with angle of repose for a bulldozed dune. The stars denote the location of the 

dune toe which retreated approximately 6 meters during the storm.  

 

5.2.2 New Dunes built via an External Source 

Though similar in concept to large-scale beach fill and nourishment 
projects, dunes built with sand from an external source involve placement 
of new material to rapidly build a foredune, with little change to the 
present beach state. Though able to be rapidly eroded, there is evidence 
that these types of dunes may offer temporary protection during storms in 
regions that would otherwise have no dune present at all. Observations of 
rapid erosion of these types of features are shown in Figure 15, where a 
bulldozed dune responded to a 6-day moderate nor’easter on the Outer 
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Banks of North Carolina. In this particular example, the bulldozed dune 
responded with 6 meters of shore-normal erosion in the first 3 days of the 
storm, an example of a highly vulnerable and quickly eroded foredune. 
While the freshly reinforced dune eroded rapidly, it limited the storm-
wave inundation to the seaward side and served its role as the final 
protective barrier between wave attack and the structures residing 
landward of the dune crest.  

Sand-filled geotextile tubes or bags are also used in coastal zones to 
prevent landward inundation of storm surge. Geotextile tubes or bags are 
typically made of woven synthetic material filled with sand, and line the 
backbeach. Biodegradable material, such as coir, is also used to construct 
the tubes and bags. Local and non-native sand may be used to cover the 
structure for visual aesthetics and to plant and induce vegetation growth 
on top of the structure. However, during high magnitude storms these 
structures can act as seawalls, inducing scouring (Feagin 2005).  

5.3 Sand-fence Built Dunes 

Sand fencing is a flow-disrupting method to force wind speed to drop below 
the threshold for motion and deposit sand. This form of anthropogenic 
dune building is commonly used on developed coasts to: (1) buildup 
foredunes in locations without dunes, or areas that have been destroyed or 
weakened to a vulnerable state, (2) fill gaps in dune crests, (3) enhance dune 
height and volume, or (4) to build a seaward incipient foredune line 
(Nordstrom 2008). Over a period of time, wind-blown sand will deposit 
along a sand fence slowly increasing the foredune volume. The orientation, 
fence width, alongshore density, porosity and spacing result in varying 
morphologies of sand-fenced dunes (Hotta et al. 1987; Dong et al. 2006; 
Jackson and Nordstrom 2013).  

A number of sand fence configurations have been used in practice with the 
most common being: (1) straight-perpendicular (two-axes sand fencing 
with rows parallel and perpendicular to the shoreline), (2) straight-
conventional (single-axis fencing parallel to the shore), and (3) oblique 
(fencing at angles oblique to the shoreline) (Miller et al. 2001). The most 
effective sand fence configurations vary, largely depending on site-specific 
beach orientation and dominant wind directions (Miller et al. 2001). Khalil 
and Lee (2004) suggested that sand fences should be oriented parallel to 
the coastline in order to minimize alongshore variations that might 
increase wave focusing and scour during storms. Initial placement of sand 
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fences generates small embryo or incipient dunes, which continue to grow 
with the same morphology while sand fences are present.  

Fences have been suggested to be oriented shore parallel in a straight line 
and constructed with standard wooden-slat snow fencing with approxi-
mately five centimeter-width of alternating open and closed areas, yielding 
about 50 % porosity (CEM Part V-4-76). Other research has suggested that 
a slat width of 3.5 cm with an initial height of 1.2 m and porosity 50% may 
be more effective (Hotta et al. 1987). The fencing is typically supported 
every three meters to improve stability and often installed in multiple rows 
to trap more sand. Multiple rows of sand fencing are effective at widening 
dunes, with the most effective distance between rows of sand fencing being 
four times the height of the fence (Savage and Woodhouse 1969). Initially, 
fencing is placed coincident to the existing vegetation line. Alongshore 
profiles of a sand-fenced foredune line typically have a series of vertically-
convex inundations without vegetation. Little small-scale variability occurs 
on these convex features due to the absence of vegetation.  

With sufficient wind, sand fences will facilitate the growth of the dune. 
Initially, growth will be slow, but increase in volume at a faster rate than a 
dune without fencing, allowing vegetation to colonize. As vegetation 
seedlings take hold, sand will deposit around them, causing small scale 
variability to increase, and for the dune to begin to morphologically 
resemble that of a natural foredune. Additional lifts may be installed closer 
to the dune crest to promote an increase in crest elevation. Planting 
grasses and other vegetation to further consolidate and stabilize the new 
material completes the installation. For further discussion on sand fence 
practices, refer to ERDC TN-SWWRP-08-4 (Khalil 2008). 

5.4 Planted Dunes 

Vegetation seedlings are often planted at the foredune toe and seaward. 
Planted seedlings initiate the process of root growth and colonization to 
increase foredune stability. Simultaneously, these seedlings reinforce the 
positive feedback between flow perturbations (seedlings and dune 
geometry), wind-blown sand deposition and dune growth. Over time, the 
spatial variability in plantings causes deposition to vary with the density 
and spacing of present vegetation (Hesp 2002). Foredune profiles, both 
cross- and along-shore exhibit small-scale variability super-imposed on 
large-scale morphology. The older the dune, the greater the small-scale 
morphologic variability found in the profiles.  
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Vegetating newly constructed dunes is both economical and effective in 
stabilizing new deposits and creating an additional baffle to encourage 
more deposition. After the installation of sand fencing, robust grasses with 
deep root growth that can endure high winds, minimal shade with high 
evaporation rates, salt spray, and periodic burial are typically planted 
seaward and landward of the fencing. Sea oats (Unionicola paniculata), 
American beach grass (Ammophila breviligulata), bitter panic grass 
(Panicum amarum), and seacoast bluestem (Schizachyrium maritinum) 
are among the most commonly selected varieties. Irrigation is necessary to 
promote consolidation of uncompacted sediment and provide fresh water 
for the transplants, and a fertilization schedule is typically implemented to 
improve the otherwise nutrient-devoid environment (CEM Part V-7-18). 
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6 Foredune State 

The susceptibility and resilience of a coastline are partially controlled by 
the physical state of the foredune. Foredunes naturally cycle through 
distinct states that range from highly-vulnerable flat terraces from recent 
overwash, to unconsolidated, bulldozed dunes, to highly-resilient, high-
volume dunes with dense vegetation, a high degree of internal compaction, 
and significant alongshore continuity. The interaction of coastal dynamics, 
aeolian processes and management practices determines the state of the 
foredune (Figure 1), and drives morphologic state change. This chapter 
outlines the physical signatures resulting from the morphodyanmics 
between coastal dynamics, aeolian processes, and management practices.  

6.1 Sediment Supply 

Sediment on the beach face is available for foredune building. In classifying 
the degree of sediment available for foredune growth, it is necessary to 
discuss the separate classifications of sediment supply as demonstrated in 
Figure 1. In large-scale coastal dynamics, sediment supply refers to the 
overall natural (non-anthropogenic) input of sediment into the beach-dune 
system, inherently related to the sediment budget. For example, a 
prograding spit has a positive sediment budget with a large sediment 
supply, as shown in Figure 3. Under the right conditions, this will form wide 
beaches where sand-transport potential (fetch-controlled, aeolian-based 
sediment supply) to the foredune is great. Under the umbrella of aeolian 
processes in coastal systems, sediment supply is related to the fetch. For 
wind above the threshold shear velocity, beaches with greater fetches have 
an increased sand supply to the foredune, resulting in rapid foredune 
building. Conversely, beaches with smaller fetches have a decreased supply 
of foredune sand. Anthropogenic sediment supply from beach nourishment 
projects, dredged inlet disposal, and/or engineered structures (such as 
jetties or groins) can significantly alter the fetch-controlled sediment supply 
and the beach-dune system. The fetch-controlled sediment supply is often 
maximized during beach- nourishment projects. Dredged inlet material can 
be placed in the near-shore system and eventually work its way to the beach 
face, and ultimately into the foredune.  
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6.2 Interactions and Feedback affecting Foredune Form 

The physical form of the foredune reflects both the natural and 
anthropogenic processes that impose change (e.g., cross-shore curvature is 
generally a result of aeolian processes, or vertical slopes indicate wave-
induced scarping, Figure 16). Processes (e.g., waves, wind, bulldozing) 
acting on a foredune have characteristic signatures within foredune profiles 
that provide evidence to the existing physical state; these signatures are 
discussed with reference to Figure 16. A close examination of foredune 
morphology (e.g., cross-shore profiles) can provide insight into which 
processes are acting on the foredune and the resultant physical state of the 
dune. Often, multiple slopes and curvature are found along any given profile 
as these processes continually interact to result in a physical dune form. 

Figure 16. Conceptual diagram illustrating variations (a-i) in foredune profile form (HOA refers to a 
localized Home Owners Association or specific owners of oceanfront property). 

 

Figure 16 shows different shore-perpendicular profile configurations. 
These profiles were extracted from terrestrial lidar data collected along a 
reflective, developed coast with coastal management practices of sand 
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fencing, bulldozed dunes, and vegetation planting. These foredunes were 
anthropogenically built approximately ~80 years prior (~1932-1933) to 
profile data collection (2013). Over time, a number of these foredunes 
exhibited ‘natural’ features from a non-developed section of the beach, 
while some of the foredunes have been continuously managed.  

In this section, the relative influence of the controlling processes (either 
↑(increase) or ↓ (decrease)) is discussed with respect to the dune state and 
reference to Figure 16. Figures 16 a-c are examples of foredunes eroded by 
wave action (↑ coastal dynamics), and have subsequently been reworked 
by other processes. The convex curvature at the base of the scarped 
foredune in Figure 16a indicates initial erosion by wave action-inducing 
scarping as indicated by the near vertical slope (↑ coastal dynamics), but 
subsequently reworked by aeolian transport depositing material at the 
base of the foredune (↑ aeolian processes). This indicates the foredune is 
in a recovering state, increasing its resilience to the next storm event. 
Therefore, in this example we have ↑ coastal dynamics, ↑ aeolian 
processes, resulting in a physical state that is in the process of increasing 
resilience and decreasing vulnerability.  

Figure 16b is an example of a foredune that has been exposed to at least 
three visible processes driving foredune change. First, the upper portion of 
profile indicates scarping by waves (↑coastal dynamics), followed by either 
aeolian building or physical slumping from previous vulnerable physical 
form (↑aeolian processes or ↓ physical state), with subsequent wave-
induced erosion around the base of the dune (↑coastal dynamics). This 
suggests the foredune was moderately resilient as the accretionary dune toe 
absorbed wave energy; the resulting form was not left in a vulnerable state.  

Figure 16c is a scarped foredune (↑coastal dynamics) with significant 
aeolian deposition and vegetation growth (↑aeolian processes), shown as 
dark red points from the raw lidar data. This foredune’s recovery, or the 
degree of aeolian processes acting on it, has been somewhat limited due to 
the high degree of vertical scarping. This is a recovering foredune 
indicated by vertical growth from aeolian deposition at the crest of the 
dune profile and deposition along the foredune toe. The high density of 
vegetation shown in this profile is not a result of pioneering vegetation 
colonizing from the base of the foredune, but rather is indicative of 
foredune slumping from wave-erosion, and pre-slumping crest vegetation 
re-stabilizing along the stoss slope. Aeolian deposition around vegetation 
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has a convex shape, but this feature is concave with vegetation suggesting 
a complex slumping and vegetation re-growth process.  

Figures 16 d-f are examples of anthropogenically influenced foredunes. 
Figure 16d shows present sand fencing (red vertical lines on the stoss-
slope) superimposed on a bulldozed dune (↑coastal management) that was 
subsequently eroded at the base of the foredune (↑coastal dynamics). The 
straight slope indicates no vegetation or aeolian action involved in the 
result of the dune form, but rather an unconsolidated bulldozed foredune 
with a slope at or near the angle of repose for the grain size. Insufficient 
recovery time after sand fence installation is noted by the little curvature 
from aeolian deposition (↓ aeolian processes). Alongshore morphology is 
needed to further classify the processes acting on this foredune. Sand 
fencing will result in alongshore profiles with depositional forms, with 
wavelengths equivalent to the wavelength of the sand fencing. This 
foredune is highly vulnerable as it is an unconsolidated mass of sand 
without vegetation.  

Figure 16e shows a foredune that has been scarped (↑coastal dynamics) 
with a small amount of deposition (↑aeolian processes) and sand fencing 
(↑coastal management). The near vertical scarp is indicative of wave-
induced erosion, but the feature has significant curvature at its base 
suggesting aeolian processes. Deposition via vegetation is shown at the 
crest of the foredune, a sign of recovery and a resilient dune. This dune is 
an example of all three processes affecting the shape and state of the 
foredune.  

Figure 16f is a result of a dune eroded by wave action (↑coastal dynamics) 
and has been recently bulldozed (↑coastal management). A single sand 
fence is present, along with the quintessential straight slope angle of 
repose. Aeolian processes and vegetation buildup occurred prior to 
bulldozing on the dune crest, and suggests an internally strong dune in 
line with the point of vegetation. This dune is vulnerable due to the 
unconsolidated nature of the particles along the stoss slope, but the high 
degree of vegetation at the crest of the dune suggests this dune has 
internal root stability beginning at the crest vegetation line and landward. 
If a high magnitude storm impacts this dune, the unconsolidated portion 
of the dune will be eroded, but the erosion may be halted at the line of 
vegetation, due to root stability and a high degree of compaction.  
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Figures 16g-i are profiles with significant aeolian actions (↑aeolian 
processes), but more difficult to characterize based on cross-shore profiles. 
Figure 16g shows aeolian deposition with a small amount of vegetation 
growth, combined with a quasi-straight slope at the base of the foredune. 
This may be a result from very fine sand drying at the angle of repose. The 
crest of the dune has a high degree of curvature indicating large amounts 
of aeolian transport. Figure 16h has a high degree of concave curvature, 
without any vegetation. The concave nature suggests wind-blown 
transport (↑aeolian processes). This foredune may be a result of complete 
overwash. The alongshore extent to which this form continues is required 
to analyze its process-derived physical state. Figure 16i has two sections 
with a high degree of aeolian transport (↑aeolian processes). Vegetation is 
present at the crest of the foredune, and curvature at the base of the 
foredune suggests significant dune growth and recovery. While no sand 
fencing is present in this cross-shore profile, the significant growth at the 
dune base may be a function of alongshore sand fences, or natural dune-
building processes. Figures 16g-i highlight the importance of analyzing not 
only the cross-shore morphology of the dune, but also the alongshore 
morphology to fully understand the complex system dynamics at work.  

As discussed above, short and long-term interactions between coastal 
dynamics, aeolian processes, coastal management, and prior physical form 
can have significant effects on foredune morphology. Examples of these 
feedbacks and interactions and the effects on foredune form are described 
below. Coastal dynamics both affect the long-term state of the beach-dune 
system (prograding, eroding, neutral) as well as drive short-term changes 
during storm events (such as dune scarping and overwash). Coastal 
management can alter coastal dynamics (Figure 1), via beach nourishment 
projects and groins/jetties that change sand supply to the beach-dune 
system, or break waters that reduce wave impact along the beach face. 
Aeolian processes transport sand landward, increasing the volume of the 
coastal system, which subsequently increases coastal resilience to sea level 
rise and large-scale, long-term coastal dynamics. With a sufficient source 
of sand and fetch with dry beach, aeolian processes will slowly, but 
continually, build dunes between storm events, transitioning the foredune 
over time from a vulnerable, to a more resilient state. This directly affects 
the physical form, and therefore, the response of the foredune, to coastal 
dynamic processes (erosion by waves), and increases the long-term 
resilience of the beach (Figure 1). Eroding coasts tend to have reduced 
fetches, limiting sand supply (fetch) and inhibiting foredune recovery 
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and/or development, while prograding coasts have increased fetches and 
incipient foredune growth from aeolian activity. On developed coasts with 
widespread recreational use, the development of blowouts may require 
coastal managers to infill or plant vegetation to prevent widespread 
destabilization of primary and secondary dunes. In addition, the 
deposition of unconsolidated sediment in bulldozed dunes can modify 
natural aeolian beach-dune interactions by increasing foredune surface 
area (Conway and Wells 2005). Coastal management can facilitate or 
enhance the rate of foredune growth by using sand fencing, vegetation 
planting, or with beach nourishment projects that increase sand supply.  

6.3 Equilibrium State 

Foredunes operate about a geomorphic equilibrium, accreting (recovery) 
and eroding (response), shown in Figure 17. Equilibria in foredune state 
may be reached from a balance between coastal dynamics, aeolian 
processes, coastal management, and/or foredune form. Determining the 
equilibrium state for a given stretch of coastline requires extensive 
knowledge of both the large-scale beach-dune system dynamics and state, 
and also the time-scale over which an equilibrium state is defined. 
Consequently, foredune equilibrium can be accurately assessed only when 
placed in context of long-term coastal dynamics (Sherman and Bauer 
1993). Micro-scale (minutes to hours) equilibria are focused around short-
term boundary layer processes and the associated physics of sand 
transport. These micro-equilibria are important for understanding time-
scales of foredune recovery and sand transport prediction and modeling. 
Of interest to coastal managers is meso- (hours to months) and macro-
scale (years to decades) equilibrium states. The physical response of 
foredunes to wave-induced erosion occurs rapidly, within hours to days 
(steep negative slope in Figure 17). Natural recovery of foredunes is much 
more gradual, operating on the order of days to months (positive gentle 
slopes in Figure 17). 

The above example is for a coastal system in steady-state equilibrium (not 
prograding, not eroding) at the macro-scale, where over time the 
equilibrium form remains the same. A coastal system that is eroding 
(barrier island transgression) and/or prograding (spit development), or 
transitioning seasonally between different beach states (dissipative to 
intermediate to reflective), is not in steady-state equilibrium, and 
therefore, is changing over time.  
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Figure 17. Recovery and response states oscillate about the foredune equilibrium. Response of foredunes 
to erosional events occur rapidly (steep slopes) while recovery occurs slowly (more gentle slopes). 

 

For prograding beaches, a higher degree of recovery and foredune building 
dominate the macro-scale physical change over time. However, a meso-
scale equilibrium often can be seen in the landscape by the consistent 
height, width and rate of progradation of the primary and incipient 
foredune ridge. Little coastal management is needed for these coastlines. 
For eroding beaches, coastal dynamics dominate the physical state over 
time, and the system is continually responding to erosive events. In this 
system, foredune recovery is often limited due to reduced sand supply and 
increased frequency of storm events. Without coastal management, these 
systems will continue to evolve away from equilibrium. 

Developed, eroding coasts are sites of the most severe socio-economic losses 
from storm surge inundation. Consequently, these locations have the most 
to benefit from knowledge of equilibrium foredune state and the balance 
between coastal dynamics, aeolian processes, coastal management, and 
foredune form. In order to maintain, or build the foredune to a highly 
resilient state, coastal managers, scientists and engineers must work in 
conjunction to understand interactions between these four main controls on 
foredune state. A change in one control may force a foredune state change, 
or conversely, a desire to keep the same form may require a change in 
balance between the forcing parameters.  

Engineers have developed credible structures capable of working with, and 
enhancing, natural restorative processes. Coastal managers are currently 
investing in mitigation efforts and science to uncover some of these 
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questions. Scientists are working to understand the influence of human-
natural coupled systems, and the process-response associated in coastal 
resilience. Bringing these fields together is required to understand coastal, 
and more specifically, foredune vulnerability and resilience.  
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7 Summary 

The state of a coast’s foredunes is a result of the interaction between coastal 
dynamics, aeolian processes, coastal management, and foredune form. 
These interactions occur at a variety of spatial and temporal scales, driving 
complex feedbacks that result in a range of foredune states. This report 
outlined the four primary components and the interactions driving foredune 
state change: (1) physical foredune form, (2) the fundamental mechanics of 
aeolian processes governing sand transport, (3) coastal dynamics driving 
foredune response to storm events, and (4) the integration of coastal 
management practices. The physical signatures resulting from these 
components provide a method to examine foredune state.  

Knowledge of foredune state, response, and rates of recovery are 
fundamental to predicting the vulnerability and resilience of a coastal 
system. This is of utmost importance to coastal managers and engineers 
who are responsible for implementing mitigation efforts to prevent severe 
socio-economic loss along coastlines, such as the destruction induced by 
Hurricane Sandy. Future collaboration between scientists, engineers, and 
coastal managers is required to resolve foredune resilience and 
vulnerability for the preservation of developed coastal systems.  
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