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The complex morphodynamics of the inner continental shelf present challenges 

to investigations of sediment transport, bedform dynamics, and seabed object 

detection.  The reactive nature of seabed morphology to hydrodynamic forcing, and in 

turn, influence of morphology to near-bed hydrodynamics, results in spatially variable 

and often rapidly evolving morphology, such as ripple bedforms.  As ubiquitous 

morphological expressions of the inner continental shelf, ripple bedforms influence 

seabed roughness and sediment transport on spatio-temporal scales that are only just 

becoming clear.  Due to this wide-spread influence, ripple bedforms have been the 

subject of decades of research.  While progress has been made on predicting time-

varying ripple morphology such as wavelength and orientation, the contributions of 

ripples to seabed roughness, and the modifiers to ripple roughness (i.e. mechanisms 

for ripple erosion such as bioturbation), remain poorly understood.  Compounding this 

issue, ripple bedforms introduce challenges to seabed object detection.  Of particular 

concern are legacy munitions and explosives of concern (MEC), often referred to as 

unexploded ordnance.  In the dynamic inner continental shelf, smaller MEC may 

become buried or obscured in ripple bedform fields, rendering traditional survey 

techniques ineffective.  Further, the interactions between ripple bedforms and seabed 

objects have not been investigated fully.  While ripples complicate object detection, 

the influence of seabed objects on near-bed flow may similarly influence both the fate 

of objects in ripples, as well as the ripple bedforms themselves.  As such, this 

dissertation investigates the relationship between seabed morphodynamics and seabed 
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objects with implications for seabed object detection.  First, ripple bedform 

morphodynamics are investigated, with specific focus on dynamics that complicate 

ripple modeling, including ripple eccentricities.  This investigation is expanded into 

ripple roughness and erosion, including both physical and biological modifiers to 

bedforms.  Towards object detection, a process is discussed for synthesizing 

information and optimizing sensor technology and methodology for MEC detection, 

with consideration given to the complications of MEC detection with existing 

geophysical sensors in dynamic settings. This examination is expanded to investigate 

the fate of MEC during energetic events, and the application of ripple morphology, 

object scour burial, and object mobility models to aid in the detection of seabed 

objects in complex morphology typical of the inner continental shelf.  The results of 

this dissertation highlight the importance of morphodynamics as modifiers to sediment 

transport, seabed roughness, and seabed object detection.  Further, this dissertation 

demonstrates the importance of morphodynamics in determining the fate of MEC in 

the inner continental shelf and illustrates the significance of morphodynamic modeling 

as a tool to adapt and improve MEC detection methodology. 
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INTRODUCTION  

1.1 Problem Statement 

The inner continental shelf is a dynamic, energetic environment.  Physical 

processes dominate the region, constantly reshaping the shore face and seabed surface.  

The very nature of this region poses problems that are unlike any other environment, 

in part due to the human factor.  Coastal development, public recreation, offshore 

energy development, commercial fishing, and military activities bring people and 

infrastructure into contact with this environment on a continually increasing scale.  

With this comes an increasing need to better understand and cope with the dynamic 

processes of these unique settings.    

To complicate the problem, the historical use of the coastal and global oceans 

has led to accumulations, on the surface, in the water column, and on the seafloor, of 

potentially harmful materials for ocean ecology and humans; this includes abandoned 

fishing gear, chemical runoff, marine debris, shipwrecks, and more recently, munitions 

and explosives of concern (MEC).  From 1917-1970, the United States Military 

disposed of surplus ordnance in the waters off multiple U.S states.  Known disposal 

sites range in depth from only 15 meters to over 4000m, and from less than 1 km to 

over 370 km to out to sea (DENIX.osd.mil).  In addition to disposal sites, numerous 

battle or combat sites, and live-fire testing or practice ranges are scattered throughout 

the U.S. states and territories, with munitions dispersed from the shore to the deep 

ocean. For most sites, records only generally indicate the location of deposition and 
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the munitions types and quantities disposed.  Many sites thus remain unmarked in 

navigational charts, creating potentially harmful situations: fishermen and dredges 

have historically ensnared and recovered ordnance (DENIX.ord.mil).  Thus, there is a 

growing need for a quick, effective method for detecting MEC. 

However, the dynamics of the coast regions makes the detection of MEC, and 

prediction of their fate since disposal, problematic.  Strong waves and tides often scour 

and bury the MEC, rendering traditional searching techniques, such as sonar, 

ineffective.  Energetic events may also mobilize and transport MEC.  Further 

compounding issues, natural seabed morphology can obscure MEC in seabed features, 

such as ripple bedform fields, which are pervasive expressions on continental shelf 

seabed.   Seabed mines and smaller MEC bury and appear nearly indistinguishable 

from the surrounding seabed ripples.  Given these dynamics, a better comprehensive 

understanding of the relationship between seabed morphodynamics and seabed objects 

is necessary for object detection.  Therefore, the purpose of this dissertation is to 

investigate the behavior of seafloor ripple morphology and the factors of seabed 

morphodynamics that influence object detection.   

1.2 Morphodynamic Setting 

In shallow coastal and inner shelf settings, waves and tidal currents frequently 

rework surficial seabed sediments, creating and modifying bedforms that range in 

spatio-temporal scales from ephemeral ripples to persistent sand waves and sorted 

bedforms.  These textural features in turn add roughness to the seafloor, generating 

turbulence and altering the near-bed hydrodynamics.  This feedback loop between 

forcing and morphology is referred to as ñmorphodynamicsò (Wright, 1995).   
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As a broad and shallow continental shelf, the Mid-Atlantic Bight of the eastern 

United States is dominated by morphodynamic processes.  Storm events, from extra-

tropical storms to norôeasters, episodically rake the seabed, scouring and forming 

distinct bedform features in the sediments.  In the Mid-Atlantic Bight, two main 

sediment classes persist, relict from recent Holocene shoreline transgression: fine-

medium sands and coarse sands with gravel and shell hash (Fletcher et al., 1992; 

Schlee, 1973).  The latter of these two classes is often associated with large sorted 

bedforms, ubiquitous features to the inner-continental shelf (Goff et al., 2005; Wright, 

1995; Swift et al., 1976) linked to feedback between hydrodynamic conditions and 

seabed composition and roughness (Trembanis and Hume, 2011; Green et al., 2004; 

Murray and Thieler, 2004; Cacchione et al., 1984).  When in active transport, the 

typical morphologic expression of sorted bedforms occurs as sediment ripple 

bedforms (Green et al., 2004; Murray and Thieler, 2004; Trembanis et al., 2004), 

features that can be transient in continuously active conditions, yet persist in relict 

form for months after episodic energetic events (DuVal et al., 2016).  Organization of 

ripples can be dependent upon dominant hydrodynamic conditions, sediment 

composition, or some combination of the two (Wiberg and Harris, 1994). This 

variance results in different configurations of ripple bedforms spacing (wavelength), 

orientation, sinuosity (meandering) and defect density, characteristics that are 

important to ripple evolution (Werner and Kocurek, 1999) and not fully understood. 

The difficulties in characterizing and modeling ripple morphology in field 

conditions are well documented (Camenen, 2009; Pedocchi and Garcia, 2009; Lacy et 

al., 2007; Li and Amos, 1998) and well evidenced by the abundance of literature on 

the topic (e.g. DuVal et al., 2016; Nelson et al., 2013; Soulsby et al., 2012; 
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Traykovski, 2007; Soulsby and Whitehouse 2005; Traykovski et al., 1999; Wiberg and 

Harris, 1994; Grant and Madsen, 1982, Nielson 1981).  Introducing additional 

influences on ripple morphology only serves to complicate characterization and 

modeling.  Observations from recent studies (e.g.; Mayer et al., 2007; Traykovski et 

al., 2007; Cataño-Lopera and Garcia, 2006) suggest that seafloor objects in ripple 

bedform fields alter ripple morphodynamics.  In particular, Skarke and Trembanis 

(2011) suggest objects and associated scour processes may create deviations in ripple 

orientation and wavelength, which leads to increases in ripple defects (e.g. 

bifurcations and terminations).  Additionally, natural influences, such as biogenic 

ripple erosion, alter ripple height and seabed roughness (Soulsby et al., 2012; Baas, 

1993), further influencing seabed morphodynamics.  Thus, these factors must be 

considered when discussing ripple morphology on the inner continental shelf. 

1.2.1 Ripple Eccentricities 

A less investigated aspect of ripple dynamics are ripple eccentricities.  

Collectively, ripple eccentricities encompass deviations from organized, linear crests, 

such as ripple defects and crest sinuosity.  Ripple sinuosity is the measure of the 

meandering of the ripple crest, much like the meandering of rivers.  Ripple defects are 

characterized as ripple crest terminations and bifurcations (Figure 1.1).   The spatial 

relationships of seabed ripple defects have only recently been considered, largely due 

to new developments in methods that effectively isolate ripple defects in sonar 

backscatter images (e.g. Skarke and Trembanis 2011).  The exact cause for the 

formation of ripple defects is not well understood (Huntley et al., 2008).  As such, the 

distribution of ripple defects in migrating ripple fields remains unpredictable.   
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Figure 1.1:   Ripple bedforms with a) bifurcation and b) termination defects. 

The formation mechanisms and subsequent effect of defects on ripple 

evolution have been investigated theoretically (Kocurek et al., 2010; Huntley et al., 

2008; Coco et al., 2007; Werner and Kocurek, 1997, 1999), in the laboratory (Faraci 

and Andersen, 2002), and in the field (Maier and Hay, 2009).  In their study, Werner 

and Kocurek (1999) relate defect density in seafloor ripple fields to bedform migration 

rates, while Huntley et al (2008) tie defects to the evolution of ripple height and 

wavelength.   For anorbital ripples, rapid changes in wave direction have been 

attributed to ripple defect creation (Maier and Hay, 2009).  Faraci and Andersen 

(2002) have noted in flume studies that an increase in the ratio of current forcing to 

wave orbital forcing will increase the density of ripple defects; vortices shed from 

ripple crests can be carried along-crest by non collinear currents and interact with and 

accentuate irregularities in the ripple crests downstream.  These irregularities were 

found to develop into ripple bifurcations and terminations.  Despite these findings, 

there has yet to be agreement as to the mechanisms ripple defect formation. 
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There is consensus that ripple fields with lower defect densities are more 

resistant to changes in orientation (Werner and Kocurek, 1997; Huntley et al., 2008; 

Kocurek et al., 2010).  Kocurek et al., (2010) suggest that defect creation and 

migration may potentially regulate the rate and direction of bedform evolution 

between initial and more developed states.  Additionally, Huntley et al. (2008) suggest 

ripple defects alter the response of the seabed to changes in hydrodynamic forcing, 

and can act as ñnucleation pointsò for the creation of new bedforms.  Werner and 

Kocurek (1997) actually modeled defect migration rates, including parameters for both 

bifurcation and termination defects.  They found that defect density affected the rate of 

ripple reorientation, which could lead to regions of largely varying orientation.   

Less work has looked into the relationship between ripple defects and seabed 

objects.  In a previous study by the author (DuVal, 2014), analysis showed an apparent 

inverse relationship between ripple wavelengths and defect densities, with the highest 

density values occurring in regions of the smallest ripple wavelengths.  These regions 

tended to be adjacent to reef objects.  Skarke and Trembanis (2011) noted that effect 

of object scour could result in numerous small bedforms with shorter wavelengths, 

which, as they note, would appear as higher density regions of ripple defects.  While 

the data from DuVal (2014) supported this supposition, in their study, Skarke and 

Trembanis (2011) found no distinct relationship between ripple wavelength and defect 

density. However, the effect of seabed objects on ripples remains largely 

uncharacterized. 

1.2.2 Benthic Organisms and Bioturbation  

While there has been significant focus on the formation (e.g. Cataño-Lopera et 

al., 2009; Khelifa and Ouellet, 2000; Baas 1999) and re-organization (e.g. Calantoni et 
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al., 2013; Doucette and OôDonoghue, 2006) of ripple bedforms, the factors and effects 

of ripple erosion has only recently been investigated (e.g. Soulsby et al., 2012, 

Balasubramanian et al., 2011; Hay, 2008).  In flume studies, weak oscillatory flows 

near or below the critical sediment threshold were shown to decay ripple bedform 

height (Balasubramanian et al., 2011).  However, field observations have suggested 

that the decay of wave orbital ripples, while possibly linked to weak jet-wake 

turbulence in the bottom boundary layer, were primarily observed through biological 

activity (Hay, 2008; Hay, 2006).   

Ripple morphodynamics models have recently considered (Soulsby et al., 

2012) and tested predictions of biological ripple decay with promising results (Penko 

et al., 2015), but spatio-temporal variability with bioturbation complicates model 

implementation.  Yet, field observations clearly indicate the extent to which 

biologically-driven erosion may affect ripple bedform height.  Studies have noted that 

both infauna (Amos et al., 1988), and epifaunal invertebrates (Guillén et al., 2008; 

Wheatcroft, 1994) and chordates (Hay, 2008) can cause significant reorganization of 

seabed sediments.   In a study by Amos et al., (1998), benthic infauna worked 

sediments to depths of 10cm or more within a matter of hours, while Guillen et al., 

(2008) observed the complete erosion of a ripple field by the invertebrate sea stare O. 

ophiura within 3 days.  Considering the relationships between ripple height and 

seabed roughness, and the importance of such in sediment transport and 

morphodynamic models, it is evident that biodegradation must be accounted for in 

ripple modeling.  Although rich in qualitative observations, the dearth of quantitative 

analysis of biologically-driven ripple decay indicates a study of such is ripe for 

implementation.   
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1.3 Seabed Object Dynamics 

The physical processes of morphodynamics also impact the fate of objects on 

the seabed, and are in turn influenced by the presence of the objects.  The presence of 

on object on the seafloor alters local flow; as water moves around an object, it 

accelerates, in turn generating localized sediment transport.  With increasing flow, 

turbulent vortices are formed and shed that churn up the surface sediments 

(Whitehouse 1998).  These processes are referred to as scour.  With enough energy, 

objects may even become mobile, and undergo transport. 

1.3.1 Scour Burial 

Scour has long been investigated as pertaining to fixed structures, such as 

pilings and hard stabilization structures (i.e. groins, jetties).  However, research 

regarding scour around smaller, potentially mobile objects has increased over the last 

several decades.  A number of studies focused on the scour burial of seabed mines 

(e.g. Cataño -Lopera et al., 2007; Mayer et al., 2007; Traykovski et al., 2007), with 

specific focus on modeling the dynamics and predicting scour and burial.(e.g. Hatton 

et al., 2007; Jenkins et al., 2007; Trembanis et al., 2007).  Traykovski et al. (2007) 

found that mines in fine sands would scour until the top of the mine was at the level of the 

surrounding seabed, and subsequently the scour pit might episodically infill with mobile 

sediments. Conversely, in coarse sediments, the mines would scour until the top of the 

mine presented similar hydrodynamic roughness to the surrounding ripple bedforms 

formed in the coarse sediments, or so that the height of the mines was roughly 1.3 times 

the equivalent to the height of the ripples.   This behavior of ñbedform-limited scourò was 

modeled by Trembanis et al., (2007), who incorporated ripple height predictions from 

Wiberg and Harris (1994) to account for the effect of ripples with good agreement.  In all, 
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the degree of scour and burial for seabed mines was controlled by the mine diameter, flow 

intensity, sediment type, and seabed morphology (Traykovski et al., 2007; Trembanis et 

al., 2007).  The latter points illustrate the importance of considering morphodynamics 

when determining the status of seabed objects, and consequently, the effective technology 

and methods for detection. 

1.3.2 Mobility  

Concerns over the potential for seabed objects to become mobile during 

energetic events is driving current research on MEC mobility (e.g. Klammler et al., 

2019; Traykovski and Austin, 2017). While object scour and burial has been 

extensively researched and modeled, mobility is less understood.  Rennie et al., 

(2017), through extensive research and collation of published data and laboratory 

flume studies, parameterized the initiation of motion for cylinders, relating the 

ñcritical mobility parameterò to a ratio of the diameter of the object to bedform 

roughness.  In flume tests, object lateral mobility occurred when placed on a rigid 

bottom, but in sandy substrates, the currents sufficient for object mobility often 

resulted in scour burial.  Field studies determined that the density of the object relative 

to the sediment was a strong predictor for mobility or burial.  Mobilization was 

observed in objects where the density of the object was closer to the density of sand or 

lighter; objects with greater densities higher than the sediment were primarily 

observed to bury (Klammler et al., 2019; Traykovski and Austin, 2017).   

However, burial is not always due to scour processes.  Surrogate munitions 

(inert replicas) were observed to bury deeper than explained by scour burial, and 

without evidence of additional sediment transport and deposition over the surrogates.  

Klammler et al., 2019 postulated burial through granular sorting mechanisms to 
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explain these observations.  Granular sorting occurs in high energy conditions where 

the surficial sediment is in active transport (Calantoni and Thaxton, 2008).  Denser 

particles, or in this case objects, sink below less dense actively moving particles until 

reaching a basement where no active transport is occurring (Klammler et al., 2019).  

With granular sorting, objects can bury deeper than theoretically possible with scour 

burial, where burial is only expected to occur such that the top of the object is level 

with the far-field seabed surface.  MEC burial through granular sorting presents an 

additional issue for MEC detection, given that MEC may bury deeper than predicted 

through scour, and thus be further removed from geophysical sensors used for MEC 

detection. 

1.3.3 Object Detection 

The detection of seabed objects in underwater sites provides unique problems 

not encountered in terrestrial settings.  The underwater environment limits the scope 

and range of technologies that can efficiently detect and monitor MEC over time.  

Side-scan sonar has long been the workhorse for such efforts, and to a certain extent, 

has proven a viable option for MEC detection.  But over increasingly cluttered or 

heterogeneous substrates, the effectiveness of side-scan sonar as a single tool to detect 

MEC is limited.  Non-acoustic approaches, such as optical surveys, have met with 

similarly limited success.  Towed or vehicle mounted cameras have limited field of 

view, and in murky environments are particularly challenged.  Further, the area over 

which they can cover is a fraction of that covered by traditional acoustic (side-scan) 

efforts.   Marine magnetometry can detect ferrous objects that may be otherwise 

indistinguishable in acoustic surveys, such as objects that are buried or obscured.  

However, magnetometry is not without complications that have limited its 
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effectiveness as a tool for MEC detection in the past.  Magnetometry requires careful 

control of both diurnal and environmental signal removal (Wald and Cooper, 1989) 

that can obscure small anomalies generated by MEC.  Further, the ability of a 

magnetometer to detect an object drops off at a rate proportional to the cube of the 

distance between the sensor and target object (Breiner, 1999).  Thus, to maximize 

detection, the sensor must be near the seafloor, an effort that is difficult to achieve 

with traditional towed or pole-mounted arrays.  To overcome this issue, recent studies 

have turned to mounting or towing magnetometers on autonomous underwater 

vehicles (AUV).  However, the coverage achievable by AUV magnetometry is 

limited, and is therefore more appropriate for targeted surveying efforts rather than 

wide-area assessment (WAA). 

As noted above, attention must also be given to local physical processes and 

geological composition (i.e. basalt), and the effects of such on sensor performance.  

Characteristics such as sediment type, hydrodynamics, and water column properties, 

and the seasonal variations of these characteristics, will factor into sensor performance 

and survey methods.  Morphodynamics will affect the behavior of MEC, and therefore 

the appropriate sensor for detection.  Scour burial or burial by granular sorting will 

lead to burial of MEC.  Even on the surface, bedforms, such as sediment ripples 

common to the Mid-Atlantic Bight, may obscure smaller MEC. 

1.4 Linking Ripple Bedforms and Object Detection 

In defining the issue of seabed object detection and seabed morphology, 

specifically ripple bedforms, parallels may be drawn to the function and effect of the 

stripes on the zebra.  The stripes on zebras are a form of camouflage, breaking up the 

outline of the zebra so it is difficult for the zebrasô predators to detect them.  Similarly, 
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the effect of ripple bedforms on seabed objects may be understood as an incidental 

camouflage; the ripples obscure the outline of the seabed object, masking the objects 

from detection.  Yet, ripples present more of an issue to detection than the stripes of 

the zebra to the predator.  Unlike the stripes on the zebra, ripples are separate from the 

subject they camouflage, the seabed objects.  Further, the ripples change in response to 

changes in forcing, and interact with the object in ways which have yet to be fully 

investigated.  However, this dissertation will illustrate that ripple bedforms and seabed 

objects, though separate, are linked through morphodynamic processes, and that this 

morphodynamic relationship must be considered with seabed object detection. 

1.5 Dissertation Overview 

The purpose of this dissertation is to better characterize ripple bedform 

morphodynamics and morphodynamic interactions with seafloor objects on the inner 

continental shelf, and to consider the implications for seafloor object detection (see 

Figure 1.2).  First, normal, unimpeded ripple morphodynamics are characterized, 

including natural eccentricities to ripple morphology (i.e. ripple sinuosity and defects), 

and then compared to ripple morphology near seabed objects (Chapter 2). Next, 

natural biological influences on ripple morphology, such as benthic organisms, are 

examined as important mechanisms for bedform erosion and roughness creation 

(Chapter 3).  Towards object detection, a process is discussed for synthesizing 

information and optimizing sensor technology and methodology for MEC detection, 

with considerations to the complications of MEC detection with existing geophysical 

sensors in dynamic settings (Chapter 4).  This examination is expanded to the fate of 

MEC during energetic events, and the application of morphodynamic, scour burial and 
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mobility models to aid in the detection of seabed objects in complex morphology 

typical of the inner continental shelf (Chapter 5).  

Specifically, the chapters in this dissertation will address the following 

questions: 

1. What can be characterized as normal, background ripple 

morphodynamics, including eccentricities to ripple morphology such as 

sinuosity and defect formation?  If distinguishable, what are the 

quantifiable effects of seabed objects on ripple morphodynamics? 

2. What are the influences of macroscopic, epifaunal benthic organisms 

on ripple erosion and general seafloor morphology?  How can we 

characterize and model these interactions? 

3. How can we optimize the detection of seafloor object with existing 

geophysical sensors?  

4. How do morphodynamics influence the behavior of seabed objects? 

Can morphodynamic models be used to assist in the detection of 

seafloor objects?   
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Figure 1.2:  Conceptual model linking ripple bedforms and seabed object detection 

through morphodynamic processes. 
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RIPPLE ECCENTRICITIES: SPATIO -TEMPORAL PATTERNS IN RIPPLE 

DEFECTS AND SINUOSITY 

2.1 Introduction  

The influence of ripple morphodynamics on seabed roughness (Jackson and 

Richardson, 2006), sediment transport (van der Werf et al., 2002), and acoustic 

scattering (Schmidt and Lee, 1999) has driven extensive research in ripple bedforms in 

the last several decades.  The need to accurately predict ripple morphodynamics has 

led to the development of numerous predictive models, with recent focus on the time-

dependent relationship between forcing and evolving ripple morphology (Penko and 

Calantoni, 2017; Nelson and Voulgaris, 2015; Soulsby et al., 2012, Traykovski, 2007).  

However, an important aspect to ripple spatio-temporal morphodynamics has 

remained largely ignored in morphodynamic models.  The creation, propagation, and 

destruction of ripple eccentricities, or more specifically, ripple defects and ripple crest 

sinuosity, are closely tied to changes in ripple morphology and the rate to which 

ripples adjust to changing dynamics (Perron et al., 2018; Kocurek et al., 2010; 

Doucette and OôDonoghue, 2006; Werner and Kocurek, 1997).   

The term ñdefectsò refers primarily to ripple crest bifurcations or terminations, 

but is often expanded to include the patterns in morphology associated with the 

creation and destruction of defects (see Kocurek et al., 2010).  Sinuosity, or the 

meandering of a ripple crests, may also occur during the processes in which defects 

are created (see Perron et al., 2018; Doucette and OôDonoghue, 2006).  Combined, 

Chapter 2 
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ripple defects and sinuosity are referred to here as ñeccentricities,ò or deviations from 

organized, linear ripple crests that are in equilibrium with forcing magnitude and 

direction.   In research thus far, the tendencies of ripple eccentricities are better 

understood temporally than spatially, as studies have primarily focused on the 

formation of eccentricities as ripples evolve over time.  The paucity of research into 

ripple defects is primarily hampered by the difficulty in observing spatio-temporal 

bedform dynamics in the field, and conversely, replicating the complex dynamics 

involved with defect creation and migration in the laboratory.  Previous studies that 

have examined defects in controlled laboratory settings (e.g. Perron et al., 2018; 

Doucette and OôDonoghue; 2006; Smith and Sleath, 2005), for instance, have focused 

primarily on varying wave orbital diameter, not wave direction, thus removing a 

potentially important mechanism for defect formation as observed by others in the 

field (e.g. Maier and Hay, 2009; Werner and Kocurek, 1997).  In the few instances 

when direction has been modified (e.g. Lacy et al., 2007), increasing 3D 

dimensionality of ripples have been noted, producing sinuous, irregular, and in some 

instances, superimposed or ñtiledò bedforms.  These effects have been related to ñnon-

collinearò or ñcombinedò flows, where wave orbital and unidirectional currents 

interact at varying orientations.  Yet, sinuosity has also been observed in the presence 

of only wave orbital flow (Perron et al., 2018), suggesting combined flow is not the 

sole mechanism for ripple eccentricities.  As such, the topic would benefit from a 

more detailed analysis of ripples under changes in forcing magnitude and direction for 

both wave- and current-dominated conditions separately. 

Compounding the issue, in most of the described studies, defects and sinuosity 

were primarily described qualitatively, not quantitatively.  A quantitative measure for 
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sinuosity exists in fluvial research (see Charlton, 2007), but has yet to be applied to 

ripple morphology, in part due to the inability to effectively isolate and measure ripple 

crest sinuosity.  Likewise, defects have either been referred to by total count through 

manual interpretation, or count per unit area (i.e. defect density), which present issues 

with comparisons between data sets with widely variable spatio-temporal scales.  A 

robust metric for defects is thus lacking, as with sinuosity, thus preventing a 

quantitative investigation into defects and sinuosity.  The development of an 

automated approach for quantifying ripple defects and sinuosity is thus ripe for 

implementation.   

As a fundamental data gap in ripple morphodynamics, a better quantitative 

understanding of ripple defects and sinuosity is needed in order to account for ripple 

eccentricities in morphodynamics models.   The purpose of this study is to address the 

issues hampering a quantitative investigation into ripple defects and sinuosity, and to 

initiate an in-depth study into the spatio-temporal dynamics of ripple eccentricities.  

Building from an automated fingerprint algorithm technique adapted for ripple 

morphology (Skarke and Trembanis, 2011), this chapter introduces new methods for 

isolating ripple crest morphology and defects, and calculating ripple crest sinuosity.  

Furthermore, this chapter introduces a normalized metric for defects that allows for the 

comparison of defects between widely varying spatial and temporal datasets.  Using 

these methods, ripple defects and sinuosity are investigated in both temporal and 

spatial datasets, and related to specific ripple morphodynamics under varying wave-

forcing conditions.  Additionally, the impact of seabed objects and combined flow on 

ripple eccentricities are investigated and discussed in light of normal, wave-dominated 

ripple morphodynamics.  The results of this chapter reinforce the importance of ripple 
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defects and sinuosity on spatio-temporal ripple morphology and provides the 

groundwork for future research into characterizing and modeling ripple eccentricities. 

2.2 Methods 

A quantitative assessment of ripple eccentricities is required both spatially and 

temporally.  The relationship of eccentricities on the external forcing (i.e. waves, 

currents) and reactive morphology (e.g. ripple orientation, wavelength) are primarily 

temporally dependent, but may be resolvable spatially.  Time series from the in situ 

instrument frame deployments are presented with specific morphodynamic episodes 

highlighted (Section 3.1).  A spatial data set accompanied by hydrodynamic time 

series is presented and related to in situ morphodynamic time series observations 

(Section 3.2).  Lastly, both spatial and temporal ripple data sets in complex 

environments are presented, focusing on the influence of seabed objects on ripple 

eccentricities (Section 3.3).  The data presented are from both new and previously 

studied data sets, which are referenced as such, but are examined using new 

methodologies to address a previously unexamined ripple eccentricities. 

2.2.1 Field Data 

Ripple morphodynamic observations used in this study are pulled from 4 

separate field locations collected using similar methodology (Figure 2.1).  Two 

deployments, off of Assateague Island National Seashore (section 2.2.1.1), observed 

unimpeded ripple morphology with no seabed objects present.  Two additional 

deployments, off of Panama City, Florida (sections 2.2.1.2.) and at Redbird Artificial 

Reef (section 2.2.1.3), observed ripples in the presence of seabed objects.  The 

individual field sites are described in more detail below. 
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Figure 2.1: Field deployment overview map displaying sites where ripples 

morphodynamics were observed alone and or in the presence of seabed 

objects. 

2.2.1.1 Assateague Island 

In 2014 and 2015, a series of geophysical surveys and in situ instrumentation 

deployments were conducted by the U.S. Geological Survey and University of 

Delaware off Assateague Island National Seashore to assess the impacts of Hurricane 

Sandy (Pendleton et al., 2016; Rusch, 2016).  Geophysical surveys were conducted 

from the 3m isobath to 10km off shore of Assateague Island, and included side-scan 
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and bathymetric sonar, sub-bottom profiling, and surficial sediment sampling.  Four 

separate in situ instrument deployments spanning 6 months over 2014 and 2015 

measured hydrodynamics (waves and currents) and observed seabed morphology 

through time-lapse rotary sonar imagery. 

Surveys revealed the Assateague Island nearshore geomorphology to be 

characterized by sand ridge and swale systems (Pendleton et al., 2017).  Comparisons 

of data collected between 2007 and 2015 by Pendleton et al. (2017) indicated that the 

sand ridges migrated southward, with yearly migration rates increasing as individual 

features continue southward.  Upstream (northerly) facing slopes of the ridge features 

show high sonar backscatter relative to the downstream (southerly) slopes and swales.  

Surficial sediment samples taken in the regions of high backscatter were 

predominately coarse sands, ranging from well to poorly sorted, with some fractions 

of gravel and shell hash (Pendleton et al., 2016).   Also prevalent are shore attached 

and shore-parallel sorted bedforms, with similarly coarse sands juxtaposed to fine, 

well-sorted sands.  Large ripple bedforms were observed episodically in the coarse 

sediments of the deeper sorted bedforms.  On the shallower sand ridges, ripple 

bedforms were observed to be frequently formed, modified, and eroded. 
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Figure 2.2:   The Winter Quarter Shoal (WQS14) and Assateague Island (ASIS15) 

instrument deployment sites located off of Assateague Island National 

Seashore (top).  The WQS14 deployment was located on a large ridge 

with high acoustic backscatter (bottom left) indicative of the coarse 

sands.  The ASIS15 deployment was situated in a large, shore-parallel 

sorted bedform (bottom right) with coarse sands. 
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In 2014, an instrument frame was deployed on a large sand ridge, named 

Winter Quarter Shoal (WQS), located 11km off Assateague Island (Figure 2.2 lower 

left).  Winter Quarter Shoal rises from 12m to 4m mean lower low water (MLLW ), 

with a gradual NE slope giving way to steep SW slope. Surficial sediments on the NE 

slope are moderately well sorted sands with a d50 = 0.66mm (Pendleton et al., 2016).  

The instrument frame was equipped with an upward looking Teledyne RD Instruments 

Workhorse Sentinel 600kHz Acoustic Doppler Current Profiler (ADCP) to collect 

water column currents and waves, paired with an Imagenex 881 Tilt-head Fanbeam 

Rotary sonar for time-lapse acoustic imagery of the seabed.  The ADCP was 

programmed to collect wave burst data for 10 minutes every 60 minutes and 0.5m 

binned water column currents every 30 minutes.  Rotary sonar imagery captured 360° 

with 0.6° steps at 6m range every 60min contemporaneous to wave burst data.  Two 

deployments occurred on June 19 ï Aug 21, 2014 and Sept. 2 ï Oct. 10, 2014 at 

location on the NE slope of Winter Quarter Shoal at a MLLW depth of 8.6m.  These 

deployment are collectively referred to as WQS14. 

In 2015, the instrument frame was moved 22km to the north, and placed within 

a large, shore parallel sorted bedform (Figure 2.2 lower right).  This location was 

identified as a point of interest by the USGS, due to the similarity to sorted bedforms 

investigated off Fire Island, New York (pers. comm. Laura Brothers).  The site was 

only 6.5km from shore, but deeper at 14m MLLW.  A sediment sample taken in 2014, 

near the eventual frame location, characterized the sediment as poorly sorted, gravelly 

sand with a d50 = 1.03mm.  The instrument frame sampling configuration was 

identical to the 2014 deployments.  The deployment spanned Aug. 31 ï Oct. 21, 2015, 
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during which a norôeaster (Sept. 21) and Hurricane Joaquin (Oct. 1) were observed.  

This deployment is referred to as the ASIS15 deployment. 

At the completion of the ASIS15 deployment on Oct. 21, 2015, a geophysical 

site survey was conducted over the instrument platform and the surrounding area.  The 

survey was conducted with a Teledyne Gavia autonomous underwater vehicle (AUV), 

equipped with a Marine Sonics high-resolution, dual-frequency 900/1800 kHz, a 

GeoAcoustics GeoSwath 500 kHz phase-measuring bathymetric sonar, 2 MP Point 

Grey Color Grasshopper Camera, and environmental sensors (e.g. salinity, 

temperature, dissolved oxygen, and turbidity).  The Gavia AUV is navigated by a 

Kearfott T-24 ñSEANAVò inertial navigation system (INS) coupled with an RD 

Instruments 1200 kilohertz (kHz) Workhorse Navigator Doppler velocity log (DVL), 

resulting in a published drift rate 0.1% of submerged distance traveled.  The ASIS15 

survey area encapsulated approximately 40,000m2, with side-scan sonar collected at 

900 kHz frequency.  As discussed later, the survey revealed a continuous field of 

large, wave-orbital ripples relict from Hurricane Joaquin. 

2.2.1.2 TREX 

The Target and Reverberation Experiment (TREX13), a joint 

ONR/NRL/SERDP field experiment off the coast of Panama City, FL in Spring of 

2013, funded the deployment of moored and platform observations of hydrodynamics 

and sediment dynamics. Instrumentation collected data for 34 days (20 April ï 23 May 

2013) in roughly 7.5 m MLLW depth. A Nortek AWAC-AST recorded wave bursts 

for 8 minutes every 30 minutes.  A 2.25 MHz Imagenex sector-scanning sonar 

collected imagery at a 135° swath with 0.3° steps at 6m range every 12 minutes.  

Sediment sampled at the quadpod was characterized as fine, well sorted sands (d50= 
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0.23mm).  The study placed several surrogate munitions near the quadpod to 

investigate the scour, burial, and mobility behavior of munitions in dynamic 

environments.  Throughout the deployment, ripple bedforms were observed in the 

presence of the surrogate munitions.  Although not examined for the effects of objects 

on ripple defects and sinuosity, this dataset has been the focus of other research on 

ripple bedform modeling and more details may be found in Penko and Calantoni 

(2017).  A subsection of the time series is analyzed here to determine whether the 

objects had any detectable effect on the surrounding ripple morphology. 

2.2.1.3 Redbird Reef 

The Redbird Reef encompasses a 3.4 square kilometer area located 

approximately 30.5 kilometers east of Indian River Inlet, Delaware.   The reef, created 

by the Delaware Department of Natural Resources and Environmental Control 

(DNREC), is composed of former New York City subway cars, various military 

vehicles, tugboats, barges and ballasted tires placed in 28 meters water depth 

(DNREC, 2009-2010).  The reef objects were placed starting in 1996 and continuing 

through 2009, with 997 subway cars and 11 large vessels ultimately disposed at the 

site (DNREC, 2009a; 2009b).  The site was created to serve as a benthic habitat, to 

nurture and increase local biodiversity, but to also attract fish for recreational 

fisherman and SCUBA (DNREC, 2010-2011).  The reef is located within the Cape 

May shoal-retreat massif resulting from the recent Holocene shoreline transgression of 

the Delaware River estuary system (Swift et al., 1980).  The shoal and swale system 

trends to the NE-SW around the reef, with a prominent ridge to northwest of the site. 

On Nov. 10, 2012, a sonar survey was conducted using the same Teledyne 

Gavia AUV and sonar that surveyed the ASIS15 site (see Trembanis et al., 2013).  The 
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survey area is a subset of the larger reef site, located near the center of the reef, 

encompassing around one-half square kilometer and containing significant sorted 

bedforms, scour pits, 6 wrecks and over 50 subway cars. In a previous study of the 

Redbird reef, Raineault et al., (2013) noted persistent sorted bedforms.  The sediment 

in these bedforms, characterized as poorly sorted coarse sands with gravel and shell 

has (d50 = 1mm), were observed to form large wave orbital ripples near the reef 

objects on numerous occasions (DuVal et al., 2016).  Using this data set, DuVal et al., 

2016 examined and compared non-equilibrium ripple models to the observed ripples at 

the site after Hurricane Sandy, and more details about Redbird reef may be found in 

that study.   

2.2.2 Data Processing 

Hydrodynamic data was pre-processed using manufacturer software (Teledyne 

RDI WavesMon), and imported and analyzed using MathWorks MATLAB.  Raw 

rotary sonar data was slant range corrected, oriented (in degrees from North), and a 

Time-Varying Gain (TVG) filter was applied.  Issues with gain settings upon data 

collection required additional processing for the first WQS deployment.  To correct 

the gain issue, a series of images were created by combining and averaging three 

consecutive images to produce a single composite image.  This process is similar to 

methods described by Hay and Mudge (2005).  Each image was produced in a moving 

average by acquiring one image before and after a given image (ὸ В ὸ

 ὸ ὸ ὸ ).  This, in practice, operated as a ñmoving filterò by retaining 

imagery every hour rather than a single composite image every 3 hours.  Although 

increasing the number of images to the composite improves the quality of the imagery, 

rapidly evolving ripple morphology will produce a ósmearedô or óghostingô effect 
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when the change in ripple position or orientation is too large.  To limit this effect, only 

three images were combined for the first WQS14 deployment, while the second 

WQS14 and ASIS15 sonar images were not produced as composite images.  All 

images were exported for every hour at 1cm resolution. The Marine Sonics sonar data 

collected by the AUV was processed using Chesapeake Technology, Inc., SonarWiz.  

Side-scan imagery were bottom-tracked, gain corrected, and mosaicked. The sonar 

mosaic was exported as a .tif image 0.1m/pixel resolution.  The sonar mosaic and 

rotary sonar imagery was imported into MATLAB for ripple bedform analysis. 

2.2.3 Measuring Ripple Geometry 

Estimations of ripple geometry are typically made through either manual 

interpretation (e.g. Hay and Mudge, 2005) or Fourier analysis (e.g. Voulgaris and 

Morin, 2008).  With manual analysis, subjective interpretation is always problematic, 

and the analysis is very limited spatially due to the time required for analysis.  Fourier 

analysis addresses both of these concerns, largely removing the subjectivity and 

increasing the spatial coverage.  Yet, Fourier analysis requires a resolution reduction 

of the area analyzed to blocks containing enough ripple crests to identify peaks and is 

therefore limited to areas wholly containing ripples for the approach to work 

accurately.  This may not be wholly representative of the wider distribution of ripple 

morphology.   

To address these issues, a fingerprint algorithm technique is used to quantify 

ripple morphology (see Skarke and Trembanis, 2011).  Originally developed to derive 

statistical information from images of fingerprints (Hong et al., 1998), the fingerprint 

algorithm was further refined and tested against the aforementioned analysis 

techniques, with results supporting the use of the fingerprint algorithm as both a tool 
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for analysis of ripple bedform geometry (Skarke and Trembanis, 2011), and evaluation 

of ripple model performance (DuVal et al., 2016; Goldstein et al., 2013, Zare and 

Cobb, 2013). Rather than assigning a single representative value across a spatial 

domain, the fingerprint algorithm analyzes ripple imagery and assigns statistical 

values to each individual pixel.  Thus, ripple variability and distribution are 

characterized across a spatial domain, with precision down to the finest resolution of 

the data.  To discriminate between rippled and non-rippled areas, regions are assigned 

a reliability parameter; this parameter is defined as the ratio of backscatter intensity 

variability parallel and orthogonal to ripple crest orientations. This ratio represents the 

extent to which the bed is organized into a linear trough and crest morphology, as 

expected in a field of ripple bedforms.  Through this discrimination, a minimum 

threshold value is used to mask out areas that exhibit non-rippled as well as poorly 

organized or non-resolved ripple morphology, a process not possible with manual or 

Fourier analysis (Skarke and Trembanis, 2011).  This method thus maximizes the area 

analyzed for ripple morphology, while improving accuracy by filtering out noisy or 

poor-quality data.  From the filtered data, ripple orientation is estimated using 

Gaussian filtered backscatter gradients to locate ripple crests, with orientation defined 

orthogonal to the ripple crest, which is indicative of the forcing direction.  Ripple 

wavelength is derived from the orientation vector field, where a local wavelength is 

calculated using a spatial frequency of localized peaks in a pixel block centered over 

each pixel (for further information on methods see Skarke and Trembanis 2011).    

The fingerprint algorithm also contains a method for isolating ripple defects by 

filtering and thinning backscatter images to isolate ripple crest lines.  Although the 

term ódefectô may refer to a number of ripple features and associated processes in 
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ripple morphology (see Kocurek et al., 2010), defects are defined here are crest 

terminations, or the end of a ripple crest, and bifurcations, or the splitting or merging 

of ripple crests.  While these present separate morphologies, the process of creating or 

destroying terminations is primarily through bifurcating (Doucette and OôDonoghue, 

2006).  Thus, bifurcations and terminations are associated features expected to be 

created through the same physical processes.  The fingerprint algorithm is able to 

identify and distinguish both terminations and bifurcations. 

Using the ripple crest data from the fingerprint algorithm, a new method is 

introduced here that also estimates ripple sinuosity.   The Sinuosity Index (SI) is a 

non-dimensional parameter typically used to represent the sinuosity or meandering of 

rivers (Charlton, 2007).  Here, it is applied to the sinuosity of a ripple crest, and is 

defined as (SI= Lc/L0), or the ratio of the distance along the ripple crest (Lc) and the 

Euclidean distance from crest end to crest end (L0).  For rivers, SI less than 1.1 is 

considered straight, between 1.1 and 1.5 sinuous, and greater than 1.5 meandering, 

although these are arbitrary values and not based on any statistical difference 

(Charlton, 2007).  It is not always practical to calculate the sinuosity over an entire 

river length, or in this case, ripple crest length; long, linear crests may extend beyond 

the visible data window, as with rotary sonar, or crests may experience localized 

sinuosity not representative of the whole.  Instead, SI may be calculated over fixed 

intervals (see Friend and Sinha, 1993).  However, ripple wavelength and crest length 

may be subject to rapid change over time, so that a fixed interval for a ripple of length 

A at time 1 may not be appropriate for ripple of length B and time 2.  This will either 

result in under sampling for large wavelength or long ripple crests, or oversampling 

for small wavelength or short ripple crests.  To address the potential variability, the 
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sampling window for Lc is normalized to the ripple wavelength, such that ripples with 

a smaller wavelength will be sampled over a shorter distance than a larger ripple.  

Further, SI is calculated in a moving window, such that each individual pixel is 

assigned a unique value.  For each pixel, sinuosity is calculated by looking back along 

the crest at a distance D and forward at an equivalent distance D equal to the ripple 

wavelength.  SI is calculated for the crest over that window, and a single SI value is 

assigned to the initial pixel (Figure 2.3).  For defects, the sinuosity is calculated up to 

the point of a termination, but continues through a bifurcation, defaulting to the 

direction of the straighter crest.  This method was tested by varying the window size 

over single rippled image and no statistically significant difference in the overall 

sinuosity was found by increasing or decreasing the window size unless very small 

(<1/4 ɚ) or very large (>4ɚ) relative to the ripple wavelength.  However, extending the 

window size created a smearing effect that reduced the variability within the dataset, 

while simultaneously reducing the window size introduced more noise.  Setting the 

window size proportional to the wavelength provides a fixed and comparable measure 

across variable spatial and temporal data sets. 



 30 

 

Figure 2.3:   A conceptual diagram illustrating the Sinuosity Index as calculated by the 

fingerprint algorithm.  Each pixel along the crest line is assigned a SI 

value calculated over a window defined by the ripple wavelength.  This 

prevents aliasing data by assigning too large or too small of a sample 

window when ripple wavelength varies significantly over a time series.   

2.2.4 Quantifying Ripple Defects 

While SI exists for sinuosity, a comparative index does not exist for defects.  

Previous papers have either qualitatively referred to defects (e.g. Doucette and 

OôDonoghue, 2006), have used the total number of defects in a region (Kocurek, et al., 

2010), or have calculated a defect density (Werner and Koceruk 1997).  Although 

using a singular defect density over a small window, such as the sample window of the 

rotary sonar, is logical, over a large spatial area, defect density is problematic.  Spatial 

variability in the distribution of defects over a ripple field cannot be represented by a 

singular value.  This may be addressed by sampling over a smaller fixed window over 

the wider spatial data set, as with SI, but other issues remain with defect density.  
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Primarily, the number of defects per unit area is dependent upon the number ripple 

crests per unit area. For instance, a ripple field with smaller ripples will have a higher 

defect count per fixed unit area than larger ripples, even if the number of defects per 

ripple crest are identical.  Thus, comparing defect density between the two is not 

conclusive, as defect density will naturally be inflated in the ripple field with smaller 

wavelength ripples. 

Instead, we introduce an alternative index to remove this issue of ripple size 

and variability in defect density.  This index, the Normalized Defect Parameter (NDP), 

is calculated as: 

 ὔὈὖὼ ὈὈὼᶻ‘ ὼ „ ὼ ᶻ‘ ὼ „ ὼ  (2.1) 

where DD is the defect density per unit area (e.g. total defects / m2) sampled over a 

given area (x), ɛɚ is the mean of the ripple wavelength (in meters) distribution over the 

area (x), and ůɚ is the standard deviation of ripple wavelength (in meters) distribution 

over the area (x).  This results in a non-dimensional parameter, NDP, accounting for 

the influence of wavelength on defect density, as well as the variance in ripple 

wavelength of over the sampled area.   

An example of defect density versus NDP is illustrated in the conceptual 

model shown in Figure 2.4.  The first case, shown on the left-hand side of Figure 2.4, 

is the control case.  If the distribution of ripple wavelength is held constant, but the 

number of defects increased, this results in a change in defect density.  Given that the 

ripple properties are identical, for NDP to be equivalent, there should be a 

corresponding increase in NDP.  In this case, both defect density and NDP increased 

by 66%.  In the second case, shown in the middle column of Figure 2.4, the 

wavelength is decreased (with a corresponding decrease in ů), and the number of 
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defects increased.  This results in a 4x increase in defect density.  However, NDP is 

equivalent between the two images.  This is because the ripple fields are in fact 

identical.  The top image was taken from the lower left corner of the bottom image, 

and doubled in size to represent the same ripples at double the wavelength. This 

illustrates the issue with defect density as a measure of defects between ripples of 

different size.  The number of defects per ripple crest is identical in this theoretical 

case, but defect density quadruples.  The final case, shown on the right-side of Figure 

2.4, illustrates varying standard deviation of the ripple wavelength, but holding the 

defect total and mean wavelength constant.  Defect density between the two images 

are the same, yet NDP decreases as a response to the increase in standard deviation.  

This is because NDP accounts for variability in ripple size over a spatial area, which 

defect density does not.  Although the number of defects is identical between the two 

images, the ripples are not, and thus, the measure of defects should not be equivalent.  

The eccentricity of the ripples in this case is due to sinuosity, not defects, and as such 

would be addressed by the sinuosity index. 
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Figure 2.4:   A conceptual diagram illustrating the issues with defect density and the 

resulting Normalized Defect Parameter calculation to address the effects 

of ripple wavelength variability on defect density. 

2.3 Results 

For the time series, hydrodynamic data is presented with estimated Shields and 

wave mobility parameters.  The threshold of sediment motion and wave mobility 

parameters are estimated from the ADCP record to illustrate periods of sediment 

transport and active ripple migration respectively.  For the TREX dataset, direct 

observations of near-bed orbital velocity were extracted from a downward facing PC-

ADCP.  The Shields parameter is calculated as: 

 —      (2.2) 

where ” is the density of sediment grains, ” is the density of water, Ὣ is gravitational 

acceleration and d is the sediment grain diameter.  Under unidirectional currents (Ὗ , 

† is defined by the equation, 
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 †  ”ὅὟ  (2.3) 

where ὅ is the dimensionless coefficient of drag.  This is calculated as: 

 ὅ
Ȣ

 (2.4) 

where h is water depth and z0 is the elevation that Uc=0, which is related here to 

effective bed roughness (kb).  Under wave orbital currents (Uw), Ű is expressed as: 

 † ”ὪὟ  (2.5) 

where fw is the wave friction factor, calculated using the Soulsby et al., (1993) 

empirically derived variant of the Swart (1974) formula, defined as: 

 Ὢ ρȢσω
Ȣ

 (2.6) 

where with rippled seabed, z0 is determined by effective bed roughness. Sediment 

grain critical threshold is defined using the Soulsby and Whitehouse (1997) empirical 

Shields parameter: 

 —
Ȣ

Ȣ ᶻ
πȢπυυρ Ὡὼὴ πȢπςὈz  (2.7) 

and D* is ñdimensionlessò grain size, defined as: 

 Ὀz Ὠ (2.8) 

where v is the kinematic viscosity of water and s= ɟs /ɟ. To distinguish between active 

migration and relict ripples, Balsubramanian et al., (2011) found that a critical wave 

mobility factor agreed well with observations of active versus relict ripples in 

conditions above the Shields critical threshold.  The wave mobility parameter is 

calculated by: 

 ‪ Ȣ (2.9) 
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For a critical wave mobility parameter, Balasubramanian found that ɣ~5.4 agreed well 

with observed times of active ripple migration (see also Carstens et al., 1969). 

The time series observations of defect creation further defines patterns 

identified in previous literature (Maier and Hay, 2009; Doucette and OôDonoghue, 

2006; Werner and Kocerek, 1997).  Although defects are categorized primarily as 

bifurcations and terminations, the creation of defects occurs in multiple ways. Each is 

associated with a specific ripple morphodynamic process and are identified by specific 

terminology (Figure 2.5).  The process of ripples wavelength increasing or decreasing 

by crests moving further apart or closer together is referred to as ñslidingò (Smith and 

Sleath, 2005).  ñMergingò refers to the combing of crests, and is typically associated 

with ripples increasing in wavelength (Doucette and OôDonoghue, 2006). Conversely, 

ñsplittingò refers to the along crest division of ripples typically associated with a 

decrease in wavelength (Doucette and OôDonoghue, 2006).  Both merging and 

splitting are at times preceded by, contemporaneous to, or succeeded by sliding.  In 

addition to these processes, we introduce terminology to describe processes associated 

with ripples adjusting to changes in forcing orientation.  Although described in detail 

before by others (see Maier and Hay, 2009; Traykovski et al., 1999), specific 

terminology were not defined.  ñBreakingò is defined as the separation of a ripple 

crest, typically at a bifurcation.  Breaking differs from splitting in that splitting occurs 

along a crest as a parallel division, whereas breaking occurs a singular point across a 

ripple crest.  ñJoiningò refers to the attachment of a single crest termination to an 

adjacent ripple crest, and typically results in the creation of a bifurcation.  Joining 

differs from merging in the same manner that breaking differs from splitting.  The 

purpose for creating separate terminology is that each are associated with a different 
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process, i.e. change in wavelength (merging or splitting) or change in orientation 

(joining or breaking).  These processes are discussed in more detail below. 

 

Figure 2.5:   Diagram illustrating different ripple defects (i.e. bifurcations and 

terminations) and the processes associated with defect creation in ripple 

morphodynamics due to changing orientation (left) and wavelength 

(right) moving through time (from left to right). 
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2.3.1 Time Series 

The first WQS14 deployment spanned two months (June 19 ïAug 20, 2014).  

After an initial period of low energy conditions, the deployment was characterized by 

nearly constant ripple dynamics (Figure 2.6).  Near-bed orbital velocities exceeded 

0.5m/s on six different episodes, driving complete ripple reorganization in each 

occurrence.  Forcing direction oscillated from northeast to southeast, resulting in 

multiple instances of ripple re-orientation.  Near-bed wave forcing primarily 

dominated, exceeding near-bed unidirectional currents 92.3% of the time.  Thus, ripple 

reorganization was primarily driven by changes in wave orbital orientation and 

magnitude.   

Five distinct episodes of ripple morphodynamics are highlighted with 

corresponding shading on the time series plot (Figure 2.6).  A series of five 2 x 2 

meter images are extracted from the rotary sonar imagery over specified time intervals 

(labeled A-E) reflective of the time required to complete the observed process.  Each 

episode illustrates a different change observed in ripple morphology and further 

discussion considers forcing mechanisms for the various states.   
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Figure 2.6:   Time series hydrodynamics and contemporaneous ripple morphology 

(top). Horizontal shading indicates the time-span for the respective rotary 

sonar imagery episode (bottom).  Each episode illustrates a different 

change in ripple morphology over time (A-E), including 1) formation, 2) 

rotation >45°, 3) increase in wavelength, 4) rotation <45°, and 5) 

decrease in wavelength. 
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The first episode illustrates new ripples forming from a mostly featureless bed 

over a 24-hour period.  Initially, as the wavelength increases, there is a corresponding 

increase in NDP and slight increase in sinuosity (Figure 2.6 image 1B).  Ripples 

appear slightly irregular and sinuous.  After 12 hours (1C), NDP and sinuosity 

decrease.  The images show the ripples organize and straighten as they orient and scale 

to the wave orbital direction and size.  The growth is accommodated primarily through 

sliding and merging ripple crests, and can be observed particularly in the merging of 

ripples crests between the 18 (1D) and 24 (1E) hour snapshots.  After 24 hours, the 

ripples are mostly set, and changes in wavelength, orientation, NDP, and sinuosity 

decelerate.   

The second episode illustrates a change in orientation of ripples over a 12-hour 

period.  The reorientation (71°) exceeds 45° from the initial bed state.  Instead of the 

existing ripples splitting and turning to the new forcing direction, the existing ripples 

are eroded and replaced by new ripples oriented to the new forcing direction.  This 

results in a cross-hatched appearance at the 6-hour mark (2C).  Although appearing as 

numerous defects, the NDP does not increase, but rather decreases, as does the 

sinuosity.  As the new ripples become more apparent, the NDP and sinuosity increase.  

By 12 hours (2E), the ripples have become more developed, but with slightly higher 

NDP and sinuosity than the initial ripples. 

The third episode highlights change in ripple wavelength over a 24-hour 

period, with no corresponding change in orientation.  The initial wavelength of 0.24m 

increases to 0.35m.  Of particular note are the two ripple crests in the middle of each 

image in the episodes.  As the ripples scale to the increasing wave orbitals, one ripple 

crest beings to merge into the other (3B), then breaks into two, appearing as two 
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bifurcation defects (3C). These defects then migrate further away from each other, as 

the bifurcated crests continued to merge into the larger ripple crest (3D).  Over this 

period, there is slight decrease in NDP and no change in sinuosity. The ripples at 24 

hours (3F) appear similar to the initial ripples, only larger. 

The fourth episode illustrates a change in ripple orientation (21°) that is less 

than 45° over a 16-hour period.  Unlike the previous example of ripple re-orientation 

(episodes 2), the existing ripples rotate in response to the changing forcing direction.  

At the initiation of rotation (4A), a small defect occurs on a ripple crest, which appears 

as a bifurcation.  The terminal end of this smaller bifurcated crest rotates faster than 

the larger crest, and joins with an adjacent crest in the direction of the rotation (4B). 

The larger crest then breaks from the smaller crest at the point of the initial 

bifurcation.  At the new join, the adjacent crest breaks at the new bifurcation and the 

terminal end of the broken crest rotates to attach to the next crest in the episode (4C-

E).  This process of ripple crest bifurcation, rotation, joining, and breaking continues 

until the crests have oriented in the direction of forcing.  Along with these processes, 

there is a corresponding increase in NDP over the initial 24 hours, followed by a 

decrease in the latter 24-hour period as the ripple crests rejoin.  There is no significant 

change in wavelength over this period, suggesting that this episode was primarily 

driven by a change in forcing direction.  Although the ripple appear sinuous initially, 

there is no significant change in sinuosity over this process. 

The last episode illustrates a decrease in ripple wavelength over a 30-hour 

period with no corresponding change in ripple orientation.  Ripples decrease from 

0.75m to 0.57m.  The process for scaling to the smaller wave orbitals occurs through 

ripple crest splitting and sliding.  Smaller crests initially break off of the larger crests 
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(hours 0-12; 5A-C) and then begin to slide away as the smaller crests grow, and larger 

crests decrease in size (hours 18-24; 5D-E).  As the crests first split, NDP increases, 

but then decreases as the crests break off and slide.  The ripples do not appear sinuous, 

which is reflected in no change in the sinuosity index.   

The second WQS deployment occurred Sept. 2 ï Oct. 10, 2014.  Overall, 

hydrodynamic conditions were slightly more energetic, with near-bed orbital forcing 

topping 1m/s during a storm on Sept. 24-25, 2014.  Unlike the previous deployment, 

ripples were not constantly in motion, but formed and evolved more episodically, 

intermixed with periods of ripple erosion.  Again, conditions were wave-dominated, 

with wave orbital currents exceeding unidirectional currents 92.2% of the time.  Wave 

forcing was more consistently out of the east-northeast for most of the deployment, 

interspersed with forcing from the southeast.  NDP and sinuosity were more variable 

and at points higher than the previous deployment as well.  Like the previous time 

series, five distinct episodes are extracted from the time series rotary sonar imagery 

(Figure 2.7).  Where the previous episodes focused mainly on ripples reacting to 

changes in primarily one forcing parameter (e.g. increasing orbital with no change in 

forcing direction), these episodes show how ripples evolve under two or more 

changing parameters. 
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Figure 2.7:   Time series hydrodynamics and ripple morphology for the 2nd WQS14 

deployment (top). Horizontal shading indicates the time-span for the 

respective rotary sonar imagery episode (bottom).  The episodes illustrate 

6) rotation < 45° and increase in wavelength, 7) rotation < 45° and 

decrease in wavelength, 8) rotation >45° with a decrease in wavelength, 

9) relict to new ripples, and 10) rotation >45° and increase in wavelength. 
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Episode 6 shows ripples evolving with increasing wave orbital forcing and 

change in forcing direction less than 45°.  The ripples both grow 0.27m in wavelength 

and rotate 37° over 16 hours.  Similar to episode 4 described above, the existing ripple 

rotate, rather than new ripples forming over the existing ripples.  However, the NDP is 

not observed to increase as with episode 4.  A qualitative review of the rotary sonar 

imagery show long, sinuous ripples crests (6B-D) growing and rotating through 

breaking, sliding, and merging to form less sinuous, larger ripples at a new orientation.  

This is supported by the decrease in sinuosity over this period.  The rate of defect 

creation, which would be expected to result in increasing NDP, appears similar to the 

rate of merging crests.  Thus, the effect results in little increase in NDP. 

Episode 7 illustrates the opposite of episode 6, showing ripples reorienting 

while decreasing in wavelength.  Over a 12-hour period, the ripples rotate 16° and 

decrease 0.28m in wavelength.  Contrasting with episode 6, the change in ripple 

wavelength and orientation is accompanied by a temporary increase in NDP and 

sinuosity.  The ripples are observed to rotate and shrink by both splitting and breaking 

into smaller, sinuous ripple crests (7C-D), that then remerge to form less sinuous, 

smaller wavelength ripples (7E).  This process is observed not as global process, but 

rather a localized process.  The defects start in north and migrate south along the 

ripple crests until the entire ripple field in the imagery has rotated to the new 

conditions.   

Episode 8 highlights ripple reorienting at an angle greater than 45° with a 

decrease in ripple wavelength.  As with episode 2, the existing larger ripples do not 

rotate, but are instead replaced by the formation of new, smaller ripples oriented in the 

new direction of forcing.  This change results in a 69° rotation and 0.3m decrease in 
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wavelength.  The new ripples (8D-E) appear as irregular ripples that are less organized 

than the previous ripples (8A).  NDP and sinuosity both increase over the initial 

transition, and then decrease following the establishment of the new, smaller 

wavelength ripples. 

In the second deployment, there were no instances where the bed was 

completely devoid of bedforms.  However, episode 9 instead highlights an episode 

where new ripples effectively form out of larger relict ripples.  This occurs relatively 

quickly, and is observed over a period of five hours.  Initially, the relict ripple are 

heavily eroded, but they can still be seen in the first image of the episode (9A).  After 

an hour, these crests begin to split into smaller ripples (9B).  The ripples then grow 

through merging and sliding (9C-E).  This is accompanied by a decrease in both NDP 

and sinuosity.   

The final episode, 10, displays a change orientation greater than 45° that is 

succeeded by ripple growth over a 10-hour period.  Comparable to episode 8, the 

change in orientation (50°) does not occur as a rotation, but rather by the formation of 

new ripples over the existing ripples.  These ripples appear as short, sinuous ripples 

(10B-C) that grow through merging and sliding to form larger, less sinuous ripples 

(10D-E).  Correspondingly, NDP and sinuosity both increase over the initial 6hours, 

before decreasing over the final four hours.    

The observations of NDP and sinuosity during ripple morphodynamics 

indicates a spatial or temporal relationship may exist between these parameters.  

Extracting both NDP and sinuosity during the episodes above, a simple linear fit 

shows only an r2 = 0.36 correlation between NDP and sinuosity.  This relationship 

was plotted in Figure 2.8 and grouped by the 10 morphodynamic episodes.  A linear fit 
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divides the plot, with episodes showing a higher trend in NDP versus sinuosity above 

the line, and those showing higher sinuosity versus NDP below the line.  The plot 

shows trends occurring between different ripple morphodynamics.  In particular, 

increasing wavelength ripples and ripples showing a rotation greater than 45° tend to 

show higher sinuosity relative to NDP.  Conversely, ripples decreasing in wavelength 

and rotating less than 45° show higher relative NDP.  Both newly forming ripples, and 

ripples forming from relict ripples appear to span across both domains, but remain 

close to the fitted line.  The highest observed NDP and sinuosity during the episodes 

are associated with combined morphodynamic change, or when both ripple 

wavelength and orientation are changing. 

The comparison calls into questions whether with combined changes in 

wavelength and orientation, one of these factors dominates NDP and sinuosity.  

Examining the patterns as a whole in Figure 2.8 does not clearly indicate one is more 

influential than the other, although at the highest values, those rotations associated 

with decreasing ripple wavelength trend to higher relative NDP, while those rotations 

with increasing wavelength trend to higher relative sinuosity.  Following similar 

trends to adjustments in wavelength alone, this suggests the change in wavelength may 

have a greater influence on NDP and sinuosity than the change in orientation when 

both are occurring. 
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Figure 2.8:   A scatter plot illustrating the relationship between Sinuosity and NDP.  

Data points are categorized by the specific change in ripple morphology 

during the sampled episode.  Note the grouping of increasing versus 

decreasing ripple wavelength with regards to higher relative sinuosity 

versus NDP. 

Similarly, the question arises as to whether shifts in both ripple orientation and 

wavelength occurs contemporaneously, or whether one precedes the other.  Extracting 

the ripple orientation and wavelength over a 24-hour period, both orientation and 

wavelength are plotted for the episodes with both increasing and decreasing 

wavelength and rotations less than or greater than 45° (Figure 2.9).  A cross-
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correlations analysis of the changing orientation and wavelength showed no time lag 

over the sampling interval (1 hour), indicating that combined changes in ripple 

orientation and wavelength are primarily contemporaneous at the sampling interval.   

This is further supported by the time series observations above, where defect processes 

typical of changes in orientation and wavelength separately were at times observed 

contemporaneously. 
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Figure 2.9:   Time series of ripple orientation and wavelength sampled over a 24 hour 

window for episodes where ripples rotated <45° with increasing 

wavelength (top left), rotated >45° with increasing wavelength (top 

right), rotated <45° with decreasing wavelength (bottom left), and rotated 

>45° with decreasing wavelength (bottom right).  There is no discernable 

lag between orientation and wavelength, suggesting both change 

contemporaneously. 

2.3.2 Spatial Analysis 

The spatial analysis of ripple eccentricities focuses on the distribution of ripple 

defects and sinuosity with respect to each other and to ripple orientation and 

wavelength spatial patterns.  The spatial data was collected on Oct. 21, 2015 from a 

sonar survey at the end of the ASIS15 instrument frame deployment.  The time series 

plot (Figure 2.10) of the deployment shows the morphodynamic record leading up to 
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the survey, which was conducted immediately before retrieval of the instrument frame.  

A sub-section of the sonar mosaic (Figure 2.11) shows the location of the instrument 

frame with coverage indicated.  The overlap of the rotary sonar imagery and the 

survey allows for added spatio-temporal context, as well as a comparison between the 

results from the two independent analyses by the fingerprint algorithm. 

 

Figure 2.10:   Time series hydrodynamics and ripple morphology for the ASIS15 

deployment.  The ASIS15 sonar survey occurred at the end of the 

deployment, on Oct. 21, 2015.  The time series rotary sonar imagery is 

the subject of Chapter 2 of this dissertation. 

The ASIS15 deployment, occurring at a deeper site (14m) relative to the 

WQS14 (8m) deployments, was less morphologically active.  The primary ripple 
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formation events occurred during two storms that struck the site on Sept. 21 and Oct. 

1.  The latter storm was Hurricane Joaquin, which caused the instrument frame to flip 

over, before it was immediately righted, facing in the opposite direction (evident in the 

hydrodynamic record as the sharp drop in Uw on Oct. 3, 2015).  Following the storm, 

large relict ripples (ɚ=1m) were present, which underwent erosion over the succeeding 

two weeks (see Chapter 2 for more details).  This erosion introduced uncertainty into 

the fingerprint algorithm results, causing a slight increase in ripple wavelength and 

NDP over time, despite no active ripple morphodynamics over this period (as 

supported by the sub-critical wave mobility parameter).  Some noise is also due to a 

steady drop in voltage from battery capacity loss in the rotary sonar unit starting on 

Oct. 19, which caused the rotary sonar images to lose backscatter intensity over time.  

Overall, NDP and sinuosity were relatively low (excluding noise) other than the initial 

ripple formation on Sept. 21, and during Hurricane Joaquin. 

The sonar mosaic from Oct. 21, 2015 shows large ripples with some spatial 

variation in orientation and wavelength (Figure 2.11).  Orientation distribution was 

centered about 80.9 degrees, varying between 65° and 105°.  Wavelength ranged from 

0.65-1.75m, with a mean wavelength of 1.16m.  Defects were identified and overlaid 

on the sonar imagery.  Despite random appearance, a Nearest Neighbor Analysis 

indicated that both termination and bifurcations were clustered (z-score ï 3.59, p-value 

= 0.00033 and z-score = -3.96 and p-value=0.000075 respectively).  This is supported 

by the NDP raster, which shows clusters of higher NDP up to 0.38.  Overall, SI is 

relatively low, ranging primarily between 1-1.15, with a few outliers up to 1.9. 
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Figure 2.11:  Spatial analysis of ripple morphology from the ASIS15 sonar mosaic.  

The uninterrupted ripple bedform field (top left) was analyzed for 

orientation (top center), wavelength (top right), defect (bottom left), NDP 

(bottom center), and sinuosity (bottom right).  The small circle in each 

image indicates the location of the rotary sonar coverage.  Comparative 

analysis shows good agreement between the fingerprint algorithm results 

from the time series imagery and the sonar mosaic. 

To compare between the rotary sonar time series and the sonar mosaic, the 

fingerprint algorithm results were extracted from the sonar mosaic dataset over the 

same area covered by the rotary sonar (Table 2.1).  The results were compared to the 

time series at the time of the survey, and also at the time of the initial relict ripple 

formation (Oct. 7, 2015).  This is to address the potential effects caused the increase in 
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noise in the fingerprint algorithm results due to the erosion of the ripples and system 

voltage drop.  The comparison suggests a closer agreement to the Oct. 7 imagery, 

although the noise did not greatly affect wavelength and sinuosity, which show good 

agreement between all three data sets.  If comparing between the Oct. 7 imagery and 

the Oct. 21 sonar mosaic, there is a slight offset between the ripple orientation values, 

although this may be attributable to the normal heading error on the ADCP, which is 

used to correct the orientation of the rotary sonar (+-2° when calibrated).  This 

comparison suggests that there is good continuity between the analysis from the rotary 

sonar and sonar mosaic where coverage overlaps.  However, when comparing to the 

wider sonar mosaic, it become apparent that the time series imagery does not fully 

capture the spatial variability in ripple morphology present across the entire mosaic. 

Table 2.1:    Comparison between the fingerprint algorithm results sampled over the 

rotary sonar location from the time series imagery and sonar mosaic.  

Due to increased noise in the imagery from voltage drop in the rotary 

sonar at the end of the deployment, the ripple parameters at the onset of 

the relict ripples (Oct. 7th) are also included for comparison. 

Parameter Oct. 7 Imagery Oct. 21 Imagery Oct. 21 Mosaic 

Orientation (°) 80.7 84.6 77.2 
Wavelength (m) 1.06 1.04 1.05 

NDP 0.16 0.08 0.13 
Sinuosity 1.06 1.09 1.07 

 

With the spatial analysis, the variability of the ripple morphology at the defect 

locations are comparable to wider ripple field.  The nature of defect creation, as a 

mechanism for altering ripple morphology, would suggest that defects should occur in 

areas with higher variability in ripple orientation, wavelength, and perhaps sinuosity.  
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The standard deviation for ripple orientation and wavelength were extracted at the 

location of each defect and compared to the standard deviation of the overall mosaic 

(Figure 2.12a).  The defects were grouped by bifurcations and terminations.  The 

comparison shows that standard deviation of ripple orientation and wavelength are 

higher at defect locations as expected, but that the orientation is more variable with 

terminations and wavelength more variable with bifurcations.  Similarly, the sinuosity 

values were extracted at each defect location (Figure 2.12b).  The comparison shows 

that sinuosity is not significantly higher at the locations of defects, suggesting that 

there is no spatial association.  However, associating the sinuosity of a ripple (a 

measure of spatial variability) at the defect location (one isolated point) may not be 

representative of the ripple crest sinuosity local to the defect location.  To address this, 

a Getis-Ord Gi* spatial autocorrelation was performed on the SI dataset to isolate 

regions where sinuosity trended higher (i.e. hot locations) or lower (i.e. cold 

locations), and the defect locations compared to the Getis-Ord Gi* trends (Figure 

2.12c).  These results show that defect locations occur mainly in areas that are no 

statistically significant trends in sinuosity, but also occur in areas that trend higher in 

sinuosity (hot).  Conversely, very little occur in areas that trend to lower sinuosity 

(cold). 
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Figure 2.12:  Spatial analysis of ripple defects, including a comparison to the variation 

of ripple orientation (a) and wavelength at defect locations (b), sinuosity 

at defect locations (c), and Getis-Ord Gi* hotspot analysis sampled at the 

location of the defects (d).  The Getis-Ord test indicates the lower 

sinuosity at the defect locations is reflective of a sampling issue, and that 

defects do occur in areas trending to higher sinuosity, although most fall 

in areas that are neither significantly higher nor lower in sinuosity. 
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2.3.3 Ripples with Seabed Objects 

The spatio-temporal relationship of NDP and sinuosity to temporal changes 

and spatial variation in ripple morphology indicates that NDP and sinuosity are 

dependent upon external factors, primarily changes in near-bed forcing direction and 

magnitude.  As such, other external factors may be considered to have influence on 

NDP and sinuosity, should these factors result in variations to forcing or ripple 

morphology.  One such factor to consider is the presence of an object in the ripple 

field.   

To further investigate this potential influence, the time series imagery from the 

TREX experiment was subsampled to provide two separate sets of images: one with 

the seabed objects, and one with purely ripple bedforms.  The fingerprint algorithm 

processed both sets of images, and the time series ripple orientation, wavelength, NDP 

and sinuosity are compared (Figure 2.13).  Although the dataset extends from April 

20- May 23, the objects underwent burial after a storm on May 6, 2013.  The objects 

were then excavated and reset, but the ripple orientation was not ideal for further 

analysis after this time; ripples in the vicinity of the objects were oriented such that the 

sonar looked parallel or along the ripple crest rather than perpendicular or across, and 

thus lost definition of the crests.  The dataset was thus truncated to examine only the 

times were ripples were ideally oriented for analysis in both subsections. 
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Figure 2.13:  Time series hydrodynamics and ripple morphology for TREX, 

subsampled at locations with and without seabed objects.  Three sets of 

images were compared and corresponding morphology extracted from 

the time series.  The analysis consistently indicates slightly higher NDP 

in the ripples around the seabed objects. 
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Three episodes were then extracted for comparison.  The first occurs shortly 

after ripple formation on April 28, the second after an extended period of ripple 

evolution on April 29, and the final shortly after ripple reorganization caused by a 

small wave event on May 2.  For each, the ripple orientation, wavelength, NDP, and 

sinuosity were compared.  In the first episode, the images show small wavelength, 

sinuous ripples oriented to the northeast.  The comparative values between the image 

sets for wavelength are identical (0.15m).  The orientation is slight rotated in the 

image with objects (26.5° vs 17.3°), and there is a slight increase in NDP (0.51 to 

0.48) and sinuosity (1.36 to 1.32) relative to the image with only ripples.  By the 

second episode, the ripples have had 24 hours to equilibrate to the conditions.  In the 

image with ripples only, the ripples appear more developed with longer crests.  

Conversely, the ripples in the image with objects appear less defined and diminished 

in ripple height.  The ripples in the image with objects have a shorter wavelength 

(0.16m vs. 0.18m), and higher NDP (0.42 vs. 0.35) than the ripples without objects.  

The sinuosity is identical between the images (0.31), but the orientation is widely 

variable (172.5° vs.14.9°).  The orientation for the image with objects is clearly 

incorrect, since the ripple are oriented to the NE rather than the SSE or its reciprocal 

(NNW).  This is likely a false detection by the fingerprint algorithm, influenced by the 

orientation of the seabed objects.  In the third episode, the ripples have adjusted to a 

small wave event, resulting in small, irregular ripples.  Once again, the wavelength is 

identical (0.16m) between the two images, but the orientation (18° vs. 13.7°), NDP 

(0.57 vs. 0.5), and sinuosity (0.31 to 0.37) vary.  The ripples again appear less defined 

around the seabed objects.  
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Spatially, ripples were examined from a survey conducted after Hurricane 

Sandy at Redbird Artificial Reef.  Although no time series imagery was collected, 

hydrodynamics were recorded before the survey.  At the time of the survey, on Nov 

10, 2012, both Hurricane Sandy and a smaller norôeaster had passed over the reef, both 

topping 1m/s near-bed orbital velocities, with Sandy exceeding 1.5 m/s (Trembanis et 

al., 2013).  The study by DuVal et al., 2016, determined that the ripples were likely 

those left by the norôeaster, but that both Hurricane Sandy and the norôeaster had 

excavated large scour pits in the lee of the seabed objects, exposing coarse sediment 

(1mm d50) where ripple bedforms were observed.  Similarly, sorted bedforms were 

exposed, including a large ripple field in the middle of the survey area (Figure 2.14). 
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Figure 2.14: Side-scan sonar mosaic of Redbird artificial reef with corresponding 

ripple defect locations (main image).  A sub-set is extracted to illustrate 

the ripple morphology in a scour pit near a tugboat wreck. 
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The ripples were analyzed using the same methods described in section 3.2.  

The results are shown in Figure 2.15.  The excavation of coarse sediment in the lee of 

the seabed objects resulted in more sporadically distributed ripples, and thus ripple 

defects.  For the analysis, ripple terminations at the edge of scour pits or the main 

ripple field were excluded to reduce the noise created by edge effects.  Both 

terminations and bifurcations were found to be highly clustered in nearest neighbor 

analysis and confirmed by Ripleyôs K function, which is less subject to boundary 

effects.  Overall, sinuosity was higher than observed in the ASIS15 survey, with a 

similar pattern of slightly higher sinuosity at bifurcations than terminations (Figure 

2.15a).  The Getis-Ord Gi* hotspot analysis showed a higher percentage of defects 

located in areas with 99% confidence for increased sinuosity than observed in ASIS15, 

with 58% of bifurcations falling in 99% confidence levels (Figure 2.15b).  The total 

number of defects were counted in distance bands of 5m radiating out from each 

seabed object (Figure 2.15c).  The total per 5m bin (blue) and accumulated total (red) 

were calculated for the site.  The results indicate that 47% of the defects fall within 

25m of the seabed objects.  However, only 34% of the total rippled area in the survey 

box was accounted for within the 25m object radius.  The majority of defects fell 

within the 5-15m range.  The low total in the 5m range is likely due to the large scour 

pits observed immediately around the objects, in which no ripples were observed. 
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Figure 2.15:  Spatial analysis of ripple defects, including a) sinuosity at defect 

locations, b) Getis Ord Gi* hotspot analysis sampled at the location of 

the defects, and c) the percentage of ripple defects in proximity to the 

seabed objects.  Note the higher percentage of defects (primarily 

bifurcations) occurring in areas trending to higher sinuosity than 

compared to Figure 2.12c and 2.12d. 
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2.4 Discussion 

2.4.1 Temporal Dynamics 

Although this study has provided a new investigation in to the temporal 

relationship of both ripple orientation and wavelength to sinuosity and NDP, other 

studies have investigated or observed these separately.  Doucette and OôDonoghue 

examined the processes for ripple wavelength adjustment, including the formation of 

ripples, increasing wavelength, and decreasing wavelength.  Similar observations were 

made by Nienhaus et al. (2014), including observations of ripple sinuosity.  Recently, 

Perron et al., 2018 investigated the creation of ripple defects through modulations in 

wave orbital diameter.  Through controlled laboratory experiments, Perron et al. 2018 

established a regime diagram (Perron et al., 2018 Figure 3) for defects associated with 

wavelength change.  The regimes are defined by the change in wavelength over the 

initial wavelength (ȹɚ/ɚinitial) with the temporal axes given by number of wave periods 

(with approximation for hours).  In the field, both Traykovski et al., (1999) and Maier 

and Hay (2009) noted the effects of changing orientation on defect creation.  The 

results of this study are discussed with respect to these previous studies. 

Increasing ripple wavelength occurred primarily through slide and merge, 

while decreasing wavelength occurred through split and slide.  These observations 

agree well with previous laboratory observations (Doucette and OôDonoghue, 2006).  

Although others noted sliding as the sole mechanisms to accompany small changes in 

ripple wavelength (see Perron et al., 2018; Doucette and OôDonoghue, 2006; Smith 

and Sleath 2005), sliding was not observed alone, but typically occurred before, 

during, or after merging and splitting during this work.  The increase in wavelength in 

episode 3 (wavelength ratio 0.46) falls within the range of ñzig-zagò defects observed 
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by Perron et al., 2018, which may be described as ñsinuousò ripple crests.  To that end, 

there was increased sinuosity relative to NDP during episode 3 (increasing 

wavelength), and others have noted increased sinuosity accompanying increasing 

ripple wavelength as well (Nienhaus et al., 2014).  According to the Perron et al., 

(2018) regime diagram, the ñzig-zagò ripples give way to straighter crests with 

bifurcation and termination after 5000-6000 wave periods.  For episode 3, sinuosity 

steadily decreased over 17 hours until it hovered around SI=1.1 for the remaining 

episode (~7 hours).  In terms of wave periods, this would be on the order of 12000-

14000 wave periods, or double what Perron et al., (2018) described.  It should be 

noted, however, that where conditions were maintained at fixed periods for their 

laboratory study, conditions were more variable over episode 3, with wave period 

fluctuating between 4.7 and 8.5s.  This may account for the longer adjustment period 

than observed by Perron et al., (2018).  In episode 5 (decreasing wavelength), the 

decrease in wavelength was less than ~35% change, (wavelength ratio of -0.24), 

placing it within the ñhourglassò regime. This regime is defined by the formation of 

shorter length crests in trough of larger ripples, which bow outwards to accompany the 

new ripples, thus giving an hourglass appearance.  This occurs rather than the splitting 

of the larger ripple crests, which Perron et al., (2018) noted for larger decreases in 

wavelength (referring to them as ñsecondary crestsò).  Episode 5 occurred primarily as 

split and slide, as observed by others (see Doucette and OôDonoghue, 2006), but 

hourglass segments were noted as well.  Over this episode, NDP increased and then 

decreased until about 21 hours after the initiation of the wavelength decrease, and after 

which NDP became stable.  This places episode 5 within the 10000 wave period for 

hourglass defects on Perron et al. (2018) Figure 3.  After 30 hours, the ripples were 
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disrupted by new forcing in another direction causing significant erosion.  Should 

conditions have persisted and remained stable for longer than observed, Perron et al., 

(2018) suggest defects would primarily be classed as bifurcations and terminations, 

and would decrease in time as ripples slowly adjust to reach equilibrium. Completely 

straight crests, with no defects, occurs after more than 30000 periods, according to the 

Perron et al. (2018) diagram, which for these deployments, would place the time 

required to achieve completely adjusted ripples on the order of several days. The 

continually changing conditions prevented ripples from achieving this equilibrium.   

Difficulties in replicating changes in wave orbital orientation in the laboratory 

leave field observations as the main source for analyzing the effects of ripple 

orientation on NDP and sinuosity.  Although examining anorbital ripples, Maier and 

Hay (2009) noted a stepwise rotation to crests with changes in forcing orientation, on 

the order of 15-20°, with ripples lagging behind the forcing direction by 

approximately 1 hour.  In the WQS14 deployments, which were larger orbital ripples, 

the ripples lagged behind orientation change by approximately 3-5 hours with 

rotations greater than 45°, and 2-3 hours with rotations less than 45°.  The stepwise 

change in orientation described by Maier and Hay (2009) agrees well with the shift in 

direction observed in episode 7 (rotation < 45° and decrease in wavelength), which 

was a 16° change with decrease in wavelength, and somewhat in episode 4 (21° 

change).  Likewise, Maier and Hay (2009) noted an increase in ripple defects as the 

ripple initially rotated, followed by a decrease as the ripples settled into the new 

orientation.  This agrees well with pattern in NDP observed during the rotation in 

episode 4.  Conversely, Traykovski et al., (1999) observed a 30° rotation and noted it 

was accompanied by higher sinuosity in the ripple bedforms.  A qualitative 
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observation of the images presented by Traykovski et al., (1999) over this period 

would indicate that sinuosity was relatively low when compared to data presented in 

this study, although sinuosity was indeed increased compared to other ripples in the 

LEO-15 dataset.  They mention the rotation is completed by the reconnections of 

ñsinuous kinksò, which is taken here to mean terminations in the process of rotating. 

This process would agree well with the decrease in NDP observed as ripples matured 

to the new orientation. 

The rotation of ripples greater than 45° may be treated less as a rotation and 

more like the formation of new ripples through the erosion of the old ripples.  

However, the morphology favors higher relative sinuosity to NDP which is not fully 

reflective of the formation of new ripples (episode 1) or of ripples forming out of 

eroded ripples (episode 9), processes that span across both domains in Figure 2.8.  

Instead, the pattern more closely matches that of ripples increasing in wavelength.  

The reason for this may be related more to the reliability function in the fingerprint 

algorithm rather than an actual lack of NDP; as the new ripples erode the old ripples, 

the fingerprint algorithm detects less reliable ripples, and thus masks out the majority 

of area until it detects the new ripples forming.  As the new ripples grow, sinuosity 

increases and this signal is picked up as the dominant signal shown in Figure 2.8.  

NDP is still relatively high during this process, but at the point of maximum expected 

NDP (the transition between old and new ripples), there is effectively no reliable 

ripples to detect, and consequently NDP is minimal.   

The morphological effects of combined ripple orientation and wavelength 

shifts were less defined than when considered separately. The signal of higher relative 

NDP vs. sinuosity in Figure 2.8 became less apparent, although at the highest values, 
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ripples fall along the regime more closely associated with ripple wavelength changes, 

such that an increase in wavelength and shift in orientation would favor higher relative 

sinuosity, as would ripples that were only experiencing an increase in wavelength.  

There is a dearth of literature with regards to combined shifts in ripple orientation and 

wavelength, largely due to the challenges in replicating conditions in a laboratory 

setting utilizing wave flumes where forcing direction is difficult  to change.  Those that 

have replicated shifts in orientation and wavelength have largely focused on the issue 

of combined flow, where both unidirectional and wave orbital currents are introduced 

at varying angles with respect to each other (see Lacy et al. 2007; Anderson and 

Faraci, 2003).  This introduces another layer of processes with less direct comparison 

to those processes associated with a shift in orientation and wavelength due to changes 

in wave forcing direction and magnitude alone. 

Consideration should be given to the effect of combined flow on defect density 

and sinuosity.  Studies have noted increased three-dimensionality and irregularity of 

ripples when both wave and current flow are of sufficient energy and at oblique angles 

to each other (Lacy et al., 2007; Anderson and Faraci, 2003).  Li and Amos (1998) 

used the ratio of u*c/u*w (current friction velocity to wave friction velocity) to 

categorize the effect of combined flow on ripple bedforms.  Any value of u*c/u*w 

<0.5 was categorized as wave ripples, 0.5 < u*c/u*w < 0.8 combined wave and current 

ripples, and u*c/u*w > 0.8 current ripples.  Lacy et al., 2007, found that 3D ripples 

tended to occur closer to u*c/u*w = 0.55.  For WQS deployments, conditions fell 

within wave dominated 99.47% and 99.33% for the first and second deployment 

respectively according to this classification.  Thus combined flow was not likely a 

significant factor in sinuosity and NDP for these deployments.  However, Lacy et al., 
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2007 noted more irregular ripples when u*c/u*w >0.3 or when the difference in wave-

orbital and unidirectional current direction was 45 or greater.  As such, NDP and 

sinuosity were extracted from the few instances in the WQS deployments when both 

conditions were true.   Although sinuosity and NDP were not significantly higher 

during these conditions for the first WQS deployment, there is a noted increase in both 

sinuosity and NDP when these conditions are observed in the second WQS 

deployment (Figure 2.16). 

 

Figure 2.16:  Sinuosity and NDP extracted for both WQS14 deployments when u*c/u*w 

> 0.3 and the difference in forcing direction was 45° or greater.  Note the 

increase in relative sinuosity and NDP in the second WQS14 

deployment. 



 68 

Additionally, an episode was extracted where the morphology appears similar 

to the effects of combined flow observed by Traykovski et al., (1999).  The episode, 

shown in Figure 2.17, appears similar to what was attributed to current ripples forming 

in the troughs of larger wave orbital ripples by Traykovski et al., (1999).  This 

occurred when the wave-orbital currents were quite low, and using the Amos et al., 

(1988) classification, placed the ripples within the subordinate current ripples class 

(combined wave and current ripples using the Li and Amos (1998) classification).  For 

WQS episode, however, the observed ripples appear when u*c/u*w <0.2, or in clearly 

wave dominated conditions.  With 71.6° offset between the wave (67.8°) and 

unidirectional current (139.4°), it is possible then that the ripples are not current 

ripples in the troughs of the larger ripples, but rather the result of vortices being shed 

from the much larger ripples and carried down crest by the nearly orthogonal 

unidirectional current.  Similar ideas have been postulated to explain potential 

eccentricities to ripples in combined flow (Andersen and Faraci, 2003). 

 

Figure 2.17: A time series of images from the second WQS14 deployment moving 

from left to right.  Small ripples are visible in the troughs of the larger 

ripples for a few hours.  These occur when there is a 71.6° offset between 

wave (67.8°) and unidirectional (139.4°) currents. 
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There is also some consideration to be given to the topic of ripple equilibration 

time.  As noted by a large body of literature, ripples are rarely, if ever, in equilibrium 

to forcing and lag behind at a variable rate (see Soulsby et al., 2012; Voulgaris and 

Morin, 2008; Traykovski, 2007).  For this study, conditions were consistently 

changing over the observed deployments, and thus ripples were unlikely to have 

approached equilibrium.  Laboratory and field studies have both examined this 

question, relating equilibration time to measurable parameters (or those estimated 

from measureable parameters).  For instance, Doucette and OôDonoghue (2006) 

related equilibrium ripple time to o wave mobility parameter through the empirically 

derived equation: 

 ὲ ÅØÐ πȢπσφ  χȢττ 2.10 

where ne is the number of flow cycles, given by the ratio of the equilibration time te to 

the wave period. They observed equilibrium, which they described as ripples falling 

within 5% of predicted height, occurring over several hundred to a few thousand wave 

periods.  No ripple heights were directly measured in this study, but ripples appear to 

be adjusting to changing conditions well beyond the predicted equilibrium times using 

the Doucette and OôDonoghue (2006) equation (~1000 wave periods).  Maier and Hay 

(2008), when comparing the Doucette and OôDonoghue (2006) equation to the 

Soulsby and Whitehouse (2005) empirical formula and Traykovski (2007) equation 

(related to the ratio of the ripple volume to the bedload sediment transport rate), found 

that observed adjustment times were on average twenty times longer than predictions.  

Placing equilibrium time on the order of 20000-wave periods would provide a much 

better fit to the ripples observed in this study. 
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2.4.2 Spatial Dynamics 

Spatially, the discussion of defects has primarily been limited to larger 

bedforms, such as aeolian dunes (Werner and Kocurek, 1999, 1997), or sorted 

bedforms (Huntley et al., 2008).  As discussed before, defects in these studies were 

primarily quantified by defects density or total number of defects, which does not 

allow for cross-comparison between bedforms of different size and spatial scale.  It 

should be noted, however, that these studies investigated defects as a mechanism for 

assisting bedform migration, noting the propagation of defects both spatially and 

temporally.  Defects were noted to migrate faster than the bedforms, and were the first 

to orient to changes in flow direction (Kocurek et al., 2010; Werner and Kocurek 

1997).  This agrees well with observations of ripple reorientation in the WQS14 time 

series, where terminations rotated and jointed to adjacent ripples, creating a new crest 

oriented in the direction of the flow (see episode 4).  Conversely, the lower the number 

of defects per ripple crest, the more resistant ripple crests are to re-orientation 

(Huntley et al., 2008; Werner and Kocurek, 1997).  This again corresponds well to 

observations here, where ripples with defects were observed to quickly rotate, while 

those without existing defects first bifurcated, with the new ripple crest termination 

rotating to join to adjacent crest and then breaking to form new ripples oriented to the 

flow. 

  In absence of time series imagery of large spatial datasets, it is difficult to 

observe the migration of defects along a ripple field.  Instead, the ASIS15 sonar 

mosaic provides a snapshot of relict ripples, with defects existing where ripples were 

still adjusting to conditions when near-bed forcing dropped below the critical 

threshold for sediment motion.  The prevalence of defects at locations with higher 

variance in ripple orientation and wavelength is thus logical, as the bedforms were still 



 71 

adjusting to the conditions post-Hurricane Joaquin when interrupted by the drop below 

critical threshold.  Likewise, the increase in sinuosity in the areas where defects were 

clustered is tied to the variability in ripple orientation at these locations.  This then 

prompts the question: what is the relationship between defects and sinuosity? The co-

location of defects in areas that trend to higher sinuosity, combined with the temporal 

association discussed in section 3.1, suggest some spatio-temporal dependency.  

However, not all defects occur in areas with higher sinuosity, according to the Getis-

Ord Gi* test, nor in the time series was sinuosity always observed to increase when 

NDP increased (as with decreasing ripple wavelength) and vice versa (as with 

increasing ripple wavelength).  Given this, the relationship between sinuosity and 

defects is perhaps best described as potentially collocated and contemporaneous, but 

not codependent.  As such, each should be treated as independently occurring 

phenomena, despite the potential to be modified by the same physical processes. 

2.4.3 Ripples in Complex Environments 

Although the primary mechanisms for defect creation and sinuosity are related 

to external physical forcing, the spatio-temporal analysis of ripple bedforms in the 

presence of seabed objects suggests that objects may have some capacity to alter the 

bedforms around them.  In the TREX time series, NDP was frequently higher for the 

ripples sampled near the objects than in the subsection sampled with only ripples.  The 

presence of the large reef objects in Redbird artificial reef increased the number of 

defects near the objects relative to the sorted bedform field, and the downstream 

effects from flow moving around the objects during storm events scoured away fine 

sediment, exposing the coarse sediments that accommodated large wave-orbital ripple 

formation.  Further, the ripples were overall more sinuous and had closer spatial 
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association to defects in the Redbird reef sonar mosaic than with the ripples in the 

ASIS15 sonar mosaic, suggesting some degree of influence from flow around seabed 

objects on sinuosity as well. 

Numerous studies have shown that an object on the seabed alters the local 

hydrodynamics through compression/acceleration of flow around the object and 

turbulence, resulting in the creation of a scour pit around the object (Traykovski et al., 

2007; Cataño-Lopera et al., 2007; Voropayev et al., 2003; Whitehouse, 1998).  For 

smaller, potentially mobile objects, scour may eventually lead to burial.  A 

considerable amount of research has focused on the question of scour and burial for 

seabed mines in the previous decade (see Wilkens and Richardson, 2007).  In many of 

these studies, both in the field and laboratory, ripple bedforms were created or noted in 

the presence of seabed objects.  While not the focus of these studies, it was noted that 

ripple bedforms had the potential to alter the scour and burial of seabed mines, by 

limiting the depth of scour burial such that the seabed object presented a similar 

roughness height to the surrounding rippled seabed (Trembanis et al., 2007; 

Traykovski et al., 2007).  What wasnôt specifically noted, but may be observed or 

inferred from these studies, was the impact of the object and its scour on the local 

ripple bedforms.  In their flume studies for mine-burial, Cataño-Lopera et al., (2007) 

show time series images and acoustic bathymetry illustrating the disruption of ripple 

bedforms by the formation of scour pits in the lee of seabed objects.  Although not as 

pronounced, ripples in the vicinity of objects in TREX frequently appeared 

underdeveloped with respect to the ripples away from the seabed objects, while lack of 

ripples in immediate proximity to the reef objects at Redbird suggests scouring 

impeded ripple formation.  The implications for this behavior, should it prove 
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consistent for objects of various size and shape, include the potential to automatically 

detect objects that are otherwise difficult to identify in ripple fields by isolating 

localized areas of increased ripple eccentricities. 

2.5 Conclusion 

Ripple defects and sinuosity are important phenomena associated with the 

spatio-temporal evolution of ripple morphology.  Defects accommodate and facilitate 

changes in ripple morphology in response to evolving forcing conditions.  The lack of 

effective methods for quantifying defects and sinuosity has hampered previous 

investigations into the topic.  This study has provided new methods for analysis and 

insight into ripple eccentricities.  In summation, this study: 

1. Introduced a new parameter, the normalized defect parameter (NDP), 

for quantifying defects.  As demonstrated, NDP overcomes issues with 

defect density as a non-dimensional parameter for comparing ripple 

defects across varying spatial and temporal scales.   

2. Developed and applied an automated process for calculating sinuosity, 

allowing for new insights in the spatio-temporal behavior of sinuosity.   

3. Related patterns in NDP and sinuosity to specific morphological 

changes in ripple orientation and wavelength, with results indicating 

ripple wavelength may have greater influence on the NDP-Sinuosity 

parameters space.   

4. Illustrated the spatial clustering of defects and found that defects were 

not likely to occur in areas with low sinuosity, but that no dependency 

exists between defects and sinuosity. 

5. Investigated the influence of seabed objects on ripple defects and 

sinuosity, with analysis suggesting objects may locally increase defects 

and sinuosity.  Future efforts should consider the potential to detect 

objects through patterns in localized ripple disruption and determine 

viability as a process for automated detection.  Research should focus 

on determining the influence of object size, shape, and orientation on 
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ripple morphology, and establishing whether patterns can be 

quantitatively distinguished from normal ripple morphodynamics. 

The importance of defects on ripple morphodynamics supports the inclusion of 

a defect predictor in morphodynamic models.  Recent studies have attempted to 

quantify the lag between forcing and ripple response (see Nelson and Voulgaris, 2015; 

Soulsby et al., 2012; Traykovski, 2007), of which ripple defects may play a significant 

role.  To that end, future studies should investigates the effects of defect number per 

crest on the rate of ripple change.  The control required to establish a quantitative 

relationship between defect count per crest and response time would likely require an 

in depth laboratory investigation using a three-dimensional wave basin rather than a 

flume.   

It should be noted that this study utilized observations from the field, and 

sample size and spatio-temporal resolution was thus limited.  In most instances, only 

one episode was present in which a specific change to ripple morphology occurred.  

Future discussion of defects would benefit greatly from additional controlled 

observations of morphodynamics.  While a number of studies have investigated 

defects as mechanism for accommodating changes in ripple wavelength (see Perron et 

al., 2018; Doucette and OôDonoghue, 2006; Smith and Sleath 2005) and their results 

are supported in most part by this study, there remains a dearth of observations 

regarding ripple reorientation and combined changes in orientation and wavelength 

needed to confirm results and conclusions presented here.  Future studies should 

investigate further the question of combined changes in ripple orientation and 

wavelength and the relationship to defects and sinuosity.  

Additionally, there may be benefit to investigating and modeling the behavior 

of ripple sinuosity as it creates irregularity to ripple morphology that may inhibit 
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object detection and the propagation of forward looking sonars.   Results from this 

study indicate that the relationship between sinuosity and defects are likely one of 

spatio-temporal collocation, but not one of codependence.  Thus, models should 

account for defects and sinuosity separately, given no direct correlation between the 

two in space and time.  Of further note, other studies have qualitatively referred to 

sinuosity as the alternating constriction and dilation of a ripple crest.  By definition, 

this is not sinuosity, as sinuosity is the meandering of the ripple crest peak, 

comparable to the meandering of a stream bed, for which the sinuosity index was 

primarily developed.  There were instances where sinuosity was not above 1.1, yet 

ripples appeared ñsinuousò by this rhythmic constriction and dilation.  To discriminate 

between sinuosity and ripple crest constriction and dilation, a new parameter should be 

defined, if not currently existing in a comparable field of study, and, if not, quantified 

given the apparent relationship to ripple defects and morphodynamics. 
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DECOUPLING BIOLOGICA L AND PHYSICAL PROCESSES AS AGENTS 

OF BEDFORM EROSION AND ROUGHNESS 

3.1 Introduction  

Ripple bedforms are ubiquitous features in the near shore and inner continental 

shelf.  The contributions of ripples to seabed roughness (Jackson and Richardson, 

2006), sediment transport (van der Werf et al., 2002), and acoustic scattering (Schmidt 

and Lee, 1999) has driven extensive research in the last several decades.  Specific 

attention has been given to accurately modeling the evolving geometries of ripple 

bedforms, particularly wavelength, orientation, and height, as an instrument for seabed 

roughness.  A number of laboratory (e.g. Doucette and OôDonoghue, 2006) and field 

studies (e.g. Maier and Hay, 2009; Voulgaris and Morin, 2008; Traykovski et al., 

1999) have established that ripple bedforms are rarely in equilibrium with 

contemporaneous forcing, but rather experience hysteresis on variable time scales.  

This has driven the development of models incorporating a time-varying parameter 

(e.g. Soulsby et al., 2012; Traykovski 2007) to account for ripple hysteresis, which 

have achieved moderate success in recreating ripple evolution.  Until recently, studies 

have mainly focused on accurately predicting ripple development and geometries up to 

the point of ñrelictò ripple formation, where forcing has dropped below the necessary 

threshold for continued ripple evolution and the time-scales for hysteresis become 

infinite.  Once in relict formation, although ripple wavelength and orientation do not 

change (Voulgaris and Morin, 2008; Traykovski, 2007), mechanisms still exist for 

Chapter 3 
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ripple height degradation.  The spatial and temporal scale for relict ripple modification 

may be significant, with complete destruction of relict ripples in the matter of a few 

days to only a few hours (Guillen et al., 2008; Hay, 2008; Wheatcroft, 1994).  Given 

the potential significance to seabed roughness, recent attention has been given to 

identifying and quantifying the mechanisms for relict ripple erosion.   

Of the multitude of possibilities, a growing number of field studies identified 

two potential mechanisms for relict ripple erosion: bioturbation and weak physical 

forcing (Hay 2008).  Bioturbation results in decreasing ripple height primarily through 

the diffusion of sediment, and have been observed to significantly modify bottom 

roughness (Jackson et al., 2009; Guillen et al., 2008).  In some instances, total 

destruction of ripple bedforms have been observed by bioturbation from a matter of 

days (Guillen et al., 2008) to only a matter of hours (Wheatcroft, 1994).  Fish have 

been observed to create various sized pits through benthic feeding activities which 

reduce the height of ripple bedforms (Jackson et al., 2009; Hay, 2008).  Other endo 

and epifauna, such as crustaceans (Hines et al., 1990; Woodin, 1978), echinoderms 

(Guillen et al., 2008; Uthicke,1999), and polychaetes (Grant, 1983)  are also related to 

significant bioturbation, by creating small pits or extensive trails and redistributing 

sediment through burrowing, foraging, or locomotive behaviors (Damveld, et al., 

2018; Edwards et al., 2003).  In comparison to bioturbation, less research has 

investigated purely physical erosion of ripples and the mechanisms driving those 

processes.  Suggestions have ranged from weak jet-wake turbulence in the bottom 

boundary layer (Hay, 2008) to weak oscillatory or external turbulence 

(Balasubramanian et al., 2011, 2008), with experiments limited primarily to the 

laboratory.  The time-scale for these processes to result in 50% reduction in ripple 



 78 

height is estimated to occur over 4-8 days, but could significantly decrease within 4 

hours with increased forcing (Balasubramanian et al., 2011).   

While observing and modeling the vertical mixing and diffusion of sediment 

and nutrients by bioturbators has long been investigated in biological research 

community (e.g. Solan et al., 2004; Ebenhoh et al., 1995; Gardner et al., 1987; 

Boudreau, 1986a, 1986b), only recently has the influence of bioturbators (Penko et al., 

2017; Soulsby et al., 2012; Jackson et al., 2009) and physical erosion 

(Balasubramanian et al 2011) been considered in models of ripple bedforms and 

seabed roughness.  A few studies have independently established diffusive models and 

corresponding rates for horizontal diffusion of ripples based on field observations of 

bioturbators (e.g. Jackson et al., 2009) and laboratory observations of physical 

processes (e.g. Balasubramanian et al., 2011, 2008).  However, the combination and 

variability of both bioturbation and physical diffusive processes has only been 

tangentially discussed in field studies (Voulgaris and Morin, 2008), and remains 

largely unaddressed in ripple models.  Furthermore, bioturbation has been treated 

primarily as an agent for ripple erosion, yet bioturbation is itself a mechanism for 

creating seabed roughness (Jackson et al., 2009; Wright et al., 1997), perhaps on 

scales approaching the roughness of ripple bedforms. 

Expanding the discussion of seabed roughness, this chapter demonstrates that 

bioturbators are not only significant mechanisms for erosion of seabed morphology, 

but also contributors to seabed roughness on spatial and temporal scales vital to seabed 

modeling.  Further, this paper demonstrates that the mechanisms for ripple erosion 

extend beyond primarily bioturbation, but incorporate effects from weak physical 

forcing that show considerable variability over the life-span of relict ripples.   In light 
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of existing studies, observed rates of ripple erosion are compared to previous 

observations and models, and suggestions for future experiments and modeling are 

made.  A new method for isolating bioturbation from time series sonar imagery is 

presented and illustrates the potential impact of bioturbation as a source of bottom 

roughness. 

3.2 Methods 

The primary observations used in this study are not derived from a focused 

study on bioturbation, but rather a happenstance recording of bioturbation from a 

study examining ripple bedform morphodynamics.  Although the instrumentation was 

not chosen to optimize in situ observations of bioturbation, through expansive analysis 

of the available data, sufficient observations exist to discuss the impacts of 

bioturbation and physical erosion on seabed morphology.  This analysis was thus 

driven by the available data on ripple morphology and in light of two primary topics: 

mechanisms for ripple erosion and the contribution of bioturbation to seabed 

roughness.  The chapter is organized to reflect these two primary topics. 

3.2.1 Field Data 

In 2014 and 2015, a series of geophysical surveys and in situ instrumentation 

deployments were conducted by the U.S. Geological Survey and University of 

Delaware off Assateague Island National Seashore to assess the impacts of Hurricane 

Sandy (see Pendleton et al., 2016; Rusch, 2016).  Surveys were conducted from the 3 

meter isobath out to 10 kilometers off shore of Assateague Island, and included side-

scan and bathymetric sonar, sub-bottom profiling, and surficial sediment sampling.  

Over the course of four separate deployments, an instrument frame equipped with an 
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upwards looking Teledyne RDI Workhorse Sentinel 600 kHz acoustic Doppler current 

profiler (ADCP) and Imagenex 881 2.25MHz Tilt-head fanbeam rotary sonar observed 

time series hydrodynamics and seabed morphology at two separate locations off 

Assateague Island.  Instrumentation was programmed to collect wave burst data for 10 

minutes every 60 minute and 1 meter binned water column currents every 30 minutes.  

Rotary sonar imagery captured 360° with 0.6° steps at 6 meter range every 60 minutes 

contemporaneous to wave burst data.   
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Figure 3.1:   Instrument frame was located in 14m water depth off of Assateague 

Island National Seashore (top), in a large sorted bedform (lower right).  

The frame was equipped with an upwards looking ADCP to measure 

waves and currents, and a rotary sonar to capture time series imagery of 

morphology (lower left). 
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The final deployment, spanning Aug. 31 ï Oct. 21, 2015, was situated 

approximately 6.5 kilometers from shore in 14 meters depth, within a large shore 

parallel sorted bedform (Figure 3.1).  Sediment within the sorted bedform was 

characterized as poorly sorted gravelly sand with shell hash (d50 = 1.03mm), while 

the surrounding area was characterized as poorly sorted fine sands with silts and clays 

(d50 = 0.13mm).  Over the course of the deployment, two storm events, a norôeaster 

on Sept. 21 followed shortly by Hurricane Joaquin on Oct. 1, struck the site, resulting 

in the formation of large-wave orbital relict ripples.  Additionally, bioturbation was 

observed episodically throughout the deployment, creating large pits that were 

temporarily the dominant morphology of the seabed.   

3.2.2 Morphodynamic Characterization 

Morphodynamic characterization in this study focuses on linking observed 

hydrodynamics to bedform morphology, with specific focus on delineating active and 

relict ripples, time-evolving ripple morphology as dependent upon hydrodynamic 

forcing, and ripple bedform erosion.  Hydrodynamic data was processed using 

Teledyne RDI WavesMon and WinADCP software standard to the Sentinel 

Workhorse ADCP, and analyzed using MathWorks MATLAB.  Raw rotary sonar data 

was slant range corrected, oriented (in degrees from North), and a Time-Varying Gain 

(TVG) filter was applied.  To reduce intermittent noise due to biology (e.g. shadows 

from fish in the water column) or sediment suspension, a series of images were created 

by combining and averaging five consecutive images to produce a single composite 

image.  This process is similar to methods described by Hay and Mudge (2005).  Each 

image was produced in a rolling average by acquiring two images before and after a 

given image (ὸ В ὸ  ὸ ὸ ὸ ὸ ὸ ).  This, in practice, 
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operated as a ñmoving filterò by retaining imagery every hour rather than a single 

composite image every 5 hours.  The composite image method was also tested by 

Voulgaris and Morin (2008), who noted that averaging produced higher image quality 

and greater detail, particularly with regards to pits created by sting rays.  However, 

when faced with insufficient sampling frequency to observe rapidly evolving seafloor 

morphology, composite images may result in a ñsmearedò appearance, in which 

bedforms are less well-defined.  To prevent this, a second set of rotary sonar images 

were produced using only the slant range correction and TVG filtering, which is 

sufficient to resolve time-evolving ripple characteristics (Voulgaris and Morin, 2008).  

For both image sets, images were binned at 1cm resolution.   

To extract ripple bedform morphology, the non-composite rotary sonar 

imagery was analyzed using a fingerprint algorithm technique.  Originally developed 

to derive statistical information from images of fingerprints (Hong et al., 1998), the 

fingerprint algorithm was refined and tested against traditional analysis techniques as a 

tool for analysis of ripple bedform geometry, including manual interpretation and 2D 

fast Fourier Transforms (FFT) (Skarke and Trembanis, 2011).   Results from the 

fingerprint algorithm were found to be more robust than traditional methods, as the 

technique can discriminate between rippled and non-rippled areas and mask out areas 

that exhibit non-rippled as well as poorly organized or non-resolved ripple 

morphology.  This method thus maximizes the area analyzed for ripple morphology, 

while improving accuracy by filtering out noisy or poor quality data.  Such a filtering 

process is not possible with manual or Fourier analysis (Skarke and Trembanis, 2011).  

For areas with sufficient ripple imagery, the algorithm assigns statistical values to each 

individual pixel, so ripple variability and distribution are characterized across the 
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entire spatial domain, with precision down to the finest resolution of the data.  Ripple 

orientation is estimated using Gaussian filtered backscatter gradients to locate ripple 

crests, with orientation defined orthogonal to the ripple crest, or indicative of the 

forcing direction.  Ripple wavelength values are derived from the orientation vector 

field, where a local wavelength calculated by a spatial frequency of localized peaks in 

a pixel block centered over each pixel (for further information on methods see Skarke 

and Trembanis 2011).   The algorithm also contains a method for isolating ripple 

defects by filtering and thinning backscatter images to isolate ripple crest lines; this 

has subsequently been adapted to estimate ripple sinuosity as well.  The final output 

from the fingerprint algorithm includes ripple orientation, wavelength, defect 

locations, and sinuosity.  Ripple orientation and wavelength are applied in this paper. 

Ripple height can only be estimated from 2D sonar imagery, rather than 

directly measured (as with wavelength and orientation), and is not currently 

incorporated into the fingerprint algorithm technique.  Several other methods for 

estimating ripple height have been published, including height estimation from the 

variations in the slant range distance to the first return (Traykovski et al. 1999), 

numerical modeling of the acoustic scattering of ripples (Tang et al., 2009), and 

integration of the 2D FFT spectral energy under the peak of the backscatter spectra to 

derive a ñrepresentative ripple heightò (Traykovski et al., 2007).  Simple estimates of 

ripple height from acoustic shadows, a method typically utilized to estimate target 

height in 2D side-scan sonar imagery, becomes problematic with ripples given that the 

shadow of one ripple crest is cast upon the rising crest of the subsequent ripple at low 

grazing angles.  Recent work by Jones and Traykovski (2018) modeled this behavior, 

and derived an empirical correction to shadow-based height estimates for the geometry 
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of ripples by including incorporation of asymmetry in ripple crests, with adequate 

success.  Their method was adopted for this study, and is compared with a simple 

trigonometric-based estimate developed in this study (Figure 3.2).  Additionally, the 

representative ripple height method used by Traykovski (2007) and others (e.g. Penko 

et al., 2015) was applied, although this produces a ratio of normalized ripple height 

(from 0 to 1) to the maximum ripple height assumed from 2D FFT spectrum of 

backscatter intensity rather than an actual metric height. To compare directly, 

estimated ripple height must then also be normalized (ɖ/ɖmax). 
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Figure 3.2:   Simple trigonometric correction for ripple height.  Assumes that the 

rising crest of a subsequent ripple truncates the shadow (S) of the 

observed ripple.  Using slant range corrected images, the length of 

shadow falling on the rising crest, S-(ɚ/2), and an empirical ripple 

steepness (ʃ  ÔÁÎπȢρφ  ωȢρφЈ) is used to calculate the height 

above the bed the shadow strikes the subsequent ripple (Hô).  Using Hô as 

a proxy for the sensor height, the effective shadow lost (Sô) is calculated 

from the incident angle of the sensor beam (ʒ ÔÁÎ ( (ᴂȾ2 3) 

and Hô.  The estimated ripple shadow length (S*) is then used to estimate 

ripple height from the equation, h = (H·S*)/(R+S*). 

3.2.3 Classifying Bioturbation and Physical Erosion 

A qualitative review of the sonar imagery suggested that two separate modes 

of bioturbation were recorded, classified here as: A) global decay due to the foraging 

and locomotive behavior of smaller epifauna and infauna (macrofauna), and B) 

stochastic erosion due to the feeding behavior of megafauna (i.e. benthic rays).  

Similar distinctions have been made before, as Jackson et al., (2009) suggested that 
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macrofauna bioturbation was more likely responsible for diffusion of seabed 

morphology, whereas megafaunal bioturbation was more likely responsible for 

creating roughness.  While megafaunal bioturbation is readily distinguishable in rotary 

sonar imagery, distinguishing macrofaunal bioturbation, with respect to physical 

diffusive processes, is more problematic.  Camera imagery or tracer studies are 

typically required to resolve the specific effects of smaller bioturbators (see Guillen et 

al., 2009; Solan et al., 2004; Wheatcroft 1994).  Since such data are not available here, 

distinction between bioturbation and physical diffusion must instead be related to what 

can be directly measured or estimated, i.e. available physical forcing. For instance, 

physical erosion is not likely when average forcing is below the critical threshold for 

sediment motion.  Although turbulence fluctuations under waves may exceed critical 

threshold sporadically, bioturbation would likely be the dominant diffusive 

mechanism (Hay, 2008).  Any marked global decay occurring below critical threshold 

is therefore assumed to be driven primarily by macrofaunal bioturbation.  Above 

critical threshold, the potential for modification via physical forcing increases, and 

although this does not preclude modification by bioturbators, models typically ignore 

bioturbation above the critical threshold for sediment motion (Penko et al., 2015; 

Jackson et al., 2009).   

To quantify and distinguish the effects of macrofaunal bioturbation, ripple 

imagery was compared to the hydrodynamic record and theoretical critical Shields 

parameter for the sediment (d50=1.03mm) sampled near the instrument frame.  The 

Shields parameter is calculated as: 

 —  (3.1) 
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where ɟs is the density of sediment grains, ɟ is the density of water, g is gravitational 

acceleration and d is the sediment grain diameter.  Under unidirectional currents (Uc), 

Ű is defined by the equation: 

 †  ”ὅὟ  (3.2) 

where Cd is the dimensionless coefficient of drag.  This is calculated as: 

 ὅ
Ȣ

 (3.3) 

where h is water depth and z0 is the elevation that Uc=0, which is related here to 

effective bed roughness (kb).  Under wave orbital currents (Uw), Ű is expressed as: 

 † ”ὪὟ  (3.4) 

where fw is the wave friction factor, calculated using the Soulsby et al., (1993) 

empirically derived variant of the Swart (1974) formula, defined as: 

 Ὢ ρȢσω
Ȣ

 (3.5) 

where with rippled seabed, z0 is determined by effective bed roughness (Ὧ . Sediment 

grain critical threshold is defined using the Soulsby and Whitehouse (1997) empirical 

Shields parameter: 

 —
Ȣ

Ȣ ᶻ
πȢπυυρ Ὡὼὴ πȢπςὈz  (3.6) 

and D* is ñdimensionlessò grain size, defined as: 

 Ὀz Ὠ (3.7) 

where v is the kinematic viscosity of water and ί  ”Ⱦ”. In periods below critical 

shear stress, macrofaunal bioturbation is assumed to be the main mechanism for ripple 

erosion.  Above the critical shear stress, ripple erosion due to weak oscillatory forcing 
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or turbulence is assumed, albeit only when active ripple formation and migration are 

not observed.  To distinguish between active migration and relict ripples, 

Balasubramanian et al., (2011) found that a critical wave mobility factor agreed well 

with observations of active versus relict ripples in conditions above the Shields critical 

threshold.  The wave mobility parameter is calculated by: 

 ‪ Ȣ (3.8) 

For a critical wave mobility parameter, Balasubramanian et al., (2009) found that 

ɣ~5.4 agreed well with observed times of active ripple migration (see Carstens et al., 

1969). Thus, for conditions above critical Shields stress, but below the critical wave 

mobility parameter, ripple erosion by physical forcing is anticipated.  For conditions 

above the critical wave mobility factor, active ripple formation and migration 

dominates, and ripple erosion is assumed to be negligible (Balasubramanian et al., 

2011).  Using this method, any estimated changes in ripple height below the critical 

wave mobility parameter can be categorized as ñphysically-dominatedò or 

ñbiologically-dominatedò erosion (see Figure 3.3). 

 

Figure 3.3:   Criteria for discriminating active ripple migration, physical erosion, and 

biological erosion. 
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Direct estimates of erosion due to megafaunal bioturbators are possible from 

the rotary sonar imagery.  The feeding activity of benthic biota left large pits, 

distinguishable from other bedforms in the sonar data by large, elliptical acoustic 

shadows.  An automated process was developed to isolate and analyze the pits using 

the Matlab Image Processing Toolbox (see Figure 3.4).  Using the composite rotary 

sonar images, a histogram of backscatter intensity is analyzed to define a threshold for 

shadow backscatter intensity.  The pit shadows are then isolated and the background 

masked.  The pit shadow area, bounding convex, centroid, and major and minor axis 

of an equal area ellipsoid are then calculated for each pit.  Using the centroid and 

bounding convex, individual pits are identified when created and tracked over time to 

monitor changes in shadow dimensions, indicative of morphological changes to the 

pits (i.e. erosion).  Pits that eroded together or apart are isolated and given new 

tracking IDôs.  Finally, a composite image is produced classifying newly formed pits, 

pits that have eroded together, pits that have eroded apart, and previously identified 

pits. 
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Figure 3.4:   Workflow for isolating and tracking ray feeding pits in time series rotary 

sonar imagery. 

Pit depth is estimated using the geometry of the shadow along the incident path 

of the sonar beam, where the nearest point of shadow to the sonar is the assumed to be 

the start of the pit, and the furthest extent of the pit shadow falling along the ray path 

extending from the sonar through the start of the pit to the edge of the image.  Because 

this method is reliant upon the shadow dimensions to characterize the ray pits, it 

should be noted that depth and area measurements are likely to be underestimates.  

Given the shape of a typical ray pit, the same issue encountered when estimating 
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ripple height is faced during pit depth calculations: the rising slope of the far wall of 

the ray pit truncates the shadow cast by the near wall.  To rectify this issue, Hay and 

Speller (2004) developed a method for similarly shaped scour pits, based on the 

assumed angle of repose of sand and the incident vertical angle of the sonar, given by 

the equation: 

  (3.9) 

where hsô is the apparent depth, hs is the calculated depth, ű is the incident 

grazing angle, and ɕ is either the residual angle of shearing or the angle of initial yield 

(defined by Sleath (1984) as 23° and 33° respectively). Hay and Speller (2004) found 

this method provided estimates of pit depth to within a factor of 2 of measurements 

from a pencil beam sonar.  Although they did not calculate pit area, Hay and Speller 

(2004) found that, by assuming the pit shadow was elliptical (and thus the pit round), 

the equal area diameter of the shadow ellipses, (Ὀ Ὀ Ὀz ), was likely 

only 15-20% less than the actual pit diameter.   With no available in situ 

measurements, quantifying the amount of error is not possible, but by assuming that 

the equal area diameter of the ellipses calculated for the ray pit shadows is 15-20% 

less than the actual diameter, the reported pit area estimates may be assumed to be 

approximately 20-30% under the actual pit areas.  Without in field validation, pit areas 

reported here are estimated from the above process without this assumed error applied, 

but at minimum, provide trends in relative pit size, frequency, and density throughout 

space and time. 
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3.3 Results 

3.3.1 Time Series 

The ADCP and rotary sonar systems operated normally from Aug. 31 ï Oct 21, 

2015 UTC.   A time series plot of hydrodynamics and fingerprint algorithm estimates 

of ripple orientation and wavelength is given in Figure 3.5.  Three instances of wave-

formed ripples were observed, starting with a small event on Sept. 5, followed by a 

norôeaster starting on Sept. 21 and Hurricane Joaquin on Oct. 1.  Estimates of near-bed 

orbital velocity and Shields stress indicate that conditions exceeded both the critical 

shear stress for sediment and the critical wave mobility parameter (indicated by solid 

black line) in all three events.  This is confirmed in the rotary sonar data (see Figure 

3.5f), where small ripple (~35cm wavelength) are observed to form on Sept. 5-6, and 

then quickly erode.  Starting on Sept. 21, wave orbital ripples are again formed and 

continue to evolve until the arrival of Hurricane Joaquin on Oct. 1.  With Joaquin, 

conditions rapidly escalated, inducing significant sediment transport and resulting in 

high backscatter in the sonar data.  During the height of the storm, the instrument 

frame is observed to flip entirely over, and then is immediately righted, but left facing 

the opposite direction than earlier.  Much larger wave orbital ripples (>1m 

wavelength) are observed at this time, dropping into a relict state around Oct. 7, and 

remaining in that state until the instrumentation was recovered on Oct. 21.  

Interspersed between episodes of active ripple formation are periods of high 

bioturbation (observable both manually and through the automated pit detection 

method).  From the start of the deployment, ray pits are present and continually 

formed until the start of the Sept. 21 norôeaster, only temporarily ceasing after the first 

ripple formation event.  Following Hurricane Joaquin, no large pits are observed 
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again, although smaller pits and episodic acoustic shadowing from fish in the water 

column suggest bioturbation did continue through the activity of smaller epifauna.  

This is reflected in the ripple time stack imagery as a loss in ñsharpnessò of the ripple 

crests over time (see lower right Figure 3.5f). 

Once in relict state, the ripple wavelengths should in theory remain fixed.  Yet, 

the estimated ripple wavelength from the fingerprint algorithm shows a slight increase 

over the final days of the deployment.  This mirrors the observed decrease in ripple 

sharpness over the same period.  In closer examination, the apparent growth in 

wavelength was not due to actual ripple movement, but rather the decrease in length of 

the ripple crest shadows and a corresponding growth in the illuminated crest faces 

along the sonar incident ray pay (Figure 3.6).  This was then interpreted as an increase 

in ripple wavelength by the fingerprint algorithm.  Similar effects have been noted 

with 2D-FFT methods, and have been suggested to be an artifact of the diffusive 

process associated with ripple erosion (Voulgaris and Morin, 2008).  The loss in ripple 

shadow length is reflective of a loss in ripple height, as discussed below. 
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Figure 3.5:   Time series (a) estimated near-bed wave orbital velocity (Uw) and mean 

current (Uc), b) wave mobility parameter (ɣ), c) Shields parameter (ɗ), 

(d) ripple orientation, e) ripple wavelength), and f) time stack of rotary 

sonar imagery along dominant ripple orientation (orthogonal to ripple 

crest direction).  
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Figure 3.6:   Fingerprint algorithm wavelength plotted versus estimate ripple height 

(trigonometric method), illustrates artificial growth in wavelength was 

due to decreased shadow area and increased area of illuminated ripple 

crests in the sonar, but is also indicative of ripple erosion. 

3.3.2 Ripple Erosion 

Estimates for ripple height were calculated for the two episodes where relict 

ripples are present, from Sept. 6-10 and Oct. 7 ï Oct. 20.  Using the trigonometric 

estimate alongside the Jones and Traykovski (2018) methods described above, ripple 

height estimates were derived in metric units.  With each method, ripples height was 

estimated for individual ripple crests along the sample section and averaged over the 

whole of the section to arrive at a singular height estimate for every sonar image in the 

time series.  These estimates were then normalized by dividing the time series height 

estimates by the maximum estimated height (ɖ/ɖmax) over that period, and compared 

to the 2D FFT integral method.  For the relict ripples present from Sept. 6-10, height 

estimates between the trigonometric and Jones and Traykovski (2018) method are 

initially offset by approximately 1cm, but follow a similar trend in overall decay over 
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the first 38 hours (Figure 3.7).   The ripples sampled along the ray path normal to the 

dominant ripple crest direction begin to lose definition on Sept. 8, resulting in 

intermittent estimates before total loss on Sept. 10.  The overall trend in decay of 

ripple height is also observed in the normalized 2D FFT height.  Comparison to the 

normalized trigonometric and Jones and Traykovski (2018) heights show a lesser 

decay rate, but the signal is maintained throughout the Sept. 6- 10 period.  The 2D 

FFT method would suggest that the ripples were reduced to ~70% of their initial 

height over 4 days. 

 

Figure 3.7:   Ripple height time series for the Sept. 6-10 period (Sept. 6-10, 2015).  

Metric height (top) and normalized height (bottom) show an overall trend 

in decay of ripple height, but with varying rates. 
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The ripples present from Oct. 7-20 were much larger and better organized than 

the Sept. 6-10 ripples, having evolved over a longer period (~approximately 25 days) 

with higher forcing (Ub > 0.5m/s).  Height estimates from the trigonometric and Jones 

and Traykovski (2018) methods again show an initial offset (approximately 1cm), 

although this offset remains largely consistent through the Oct. 7-20 time series, and 

with strong agreement in ripple height decay trend (Figure 3.8).  Normalized ripple 

height also shows good agreement (less than 10% variance) between all three methods 

up until departure from the 2D-FFT estimate on Oct. 19.  This departure is due to a 

decrease in overall backscatter intensity in the rotary sonar imagery as the battery 

approached depletion (the battery voltage was below power requirements for the sonar 

head upon recovery).   Similar to the Sept. 6-10 ripples, overall ripple height over Oct. 

7-20 approached reduction to ~70-75% of initial height within 4-5 days after cessation 

of movement.  Yet after 12 days, estimated ripples heights were still around 65-70% 

of initial estimates, which was well less than the estimated ripple height decay for the 

Sept. 6-10 ripples over a shorter period (t å 4 days). 
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Figure 3.8:   Ripple height time series over Oct. 7-20, 2015.  Metric height (top) and 

normalized height (bottom) show general agreement in time and total 

estimated decay. 

To discretize and identify the mechanisms driving ripple erosion, observations 

of bioturbation, and estimates of conditions above the critical Shields and critical wave 

mobility parameters were overlaid on the observed ripples (Figure 3.9).  Using 

trigonometric and Jones and Traykovski (2018) methods, ripple heights could only be 

estimated for 38 hours during Sept. 6-10, the first half of which was above 

supercritical Shields conditions.  After dropping below critical Shields, the height 

estimates become more variable as ripples become less well defined.  Discerning a 

change in the rate of ripple height decay between conditions above or below critical 
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Shields in the trigonometric and Jones and Traykovski (2018) methods was not 

conclusive.  Instead, the 2D FFT normalized height provides a longer and more 

continuous record, and existing models for ripple height decay often calculated decay 

in terms of normalized ripple height (Penko et al., 2017; Balasubramanian et al., 

2011).  Although these models calculated ripple decay in some variant of a decreasing 

exponential function (such as an exponential solution for Fickôs 1st law of diffusion, 

see Balasubramanian et al., 2011), the change between Sept. 6-10 of normalized 

height fits a more linear decay trend (r2=0.92 for m = -0.31 %/hr) despite a transition 

from supercritical to sub-critical Shields.   This suggests that the transition from 

supercritical to sub-critical Shields did not yield any discernable difference in decay 

rate, and consequently there is no definable difference in mechanisms for decay. 

However, with conditions well below supercritical Shields (~1/3ɗcr -1/2 ɗcr over this 

period), macrofaunal bioturbation erosion should be the dominant mechanisms for 

erosion over the remainder of Sept. 6-10. 
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Figure 3.9:   Observations of bioturbation, supercritical Shields, and supercritical wave 

mobility overlaying ripple wavelength. 
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During Oct. 7-20, variations in the rate of ripple height decay were more 

readily apparent.  Unlike Sept. 6-10 , the trigonometric and Jones and Traykovski 

(2018) estimates were more robust than the 2D-FFT estimate, and a linear fit for the 

full record of normalized ripple height from trigonometric and Jones and Traykovski 

(2018) estimates exhibited poorer agreement than with Sept. 6-10  (r2 å0.681 for m å -

0.082 %/hr with RMSE = 5.03).  Instead, three distinct episodes were identified, and 

for illustrative purposes, each were fit with a linear model and overlaid for normalized 

average of the trigonometric and Jones and Traykovski (2018) height estimates 

(Figure 3.10).  The initial period (m å -0.08 %/hr with RMSE = 1.8), T1, encapsulated 

conditions above supercritical Shields, but characterized by rapidly decreasing near-

bed forcing in the wake of Hurricane Joaquin.  Erosion was limited given the short 

duration and decreasing energy.  Ripple height decay continued below critical Shields 

at a nearly equivalent rate, similar to the erosion observed for ripples over Sept. 6-10.  

Ripple height erosion then increases rapidly (m å -0.5 %/hr with RMSE = 1.75) for a 

period of 18 hours, T2, where conditions exceed critical Shields.  The remainder of the 

Oct. 7-20, T3, is characterized by slow ripple height decay (m å -0.024 %/hr with 

RMSE = 2.35) with a few, sporadic instances above critical Shields, but largely well 

below, and thus associated with macrofaunal bioturbation. 
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Figure 3.10:  Normalized ripple height with overlay of dominant erosion mechanism.  

Black lines represent linear fits for discrete periods of ripple erosion. 
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This observed variability in rate of ripple erosion presents a potential issue for 

modeling ripple height decay.  In models addressing ripple erosion, the rate of erosion 

has been related to an exponential decay of the normalized ripple height (Penko et al., 

2015; Balasubramanian et al. 2011).  In Balasubramanian et al. (2011), ripple height 

decay for both weak wave orbital forcing and turbulence was related to Fickôs 1st Law 

of Diffusion, 

 ὑ Ȣ (3.10) 

In this equation, the concentration term (ὅ) is replaced by Ὄὼȟὸ ὬὸÓÉÎὯὼ, a 

first order approximation of the periodic sediment surface elevation, with the time 

independent wave number Ὧ ς“Ⱦ‗ of the ripple wavelength (ɚ).  K is the ripple 

diffusivity coefficient, and x is defined as the horizontal along-bed coordinate.  Ripple 

diffusivity is thus understood as the horizontal exchange of sediment from the ripple 

crest to lower relative elevations (Balasubramanian et al., 2011).   If the diffusive 

coefficient is assumed time independent, then a fixed diffusion coefficient may be 

assumed.  This would remain true for conditions where diffusive mechanism is not 

impacted by the change in ripple height, i.e. bioturbation and wave orbital velocity, 

should such mechanisms not vary considerably over the course of ripple erosion.   For 

this, Balasubramanian et al., 2011 related the diffusion coefficient empirically to the 

wave mobility number by the equation, 

  
ὅ ρ ȟ         

  ȟ                              
Ȣ (3.11) 

C1 is an empirically derived coefficient either equal to 9e-5 for heterogeneous 

sediment, or 9e-8 for homogenous sediment, m = -0.5, A is the orbital excursion, and 
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ɤ the wave frequency number.  This is then fed into the solution for equation 10, 

which is the exponential decay, 

 
ȟ

ȟ

ʙ

ʙ
ÅØÐὑὯὸȢ (3.12) 

Here, ʙ is the ripple amplitude, and is distinguished from ripple height (ɖ) relative to 

the local surface elevation H(x,t).   If the diffusivity coefficient is assumed to be 

dependent upon the changing ripple height, as with turbulence, a time-dependent 

ripple diffusivity must be considered.  This is defined as, 

 ὑ ὑᶻὯʙ (3.13) 

where n (>0) is an empirical coefficient, ὯὬ ς“ʙὸȾὒ is the averaged ripple 

steepness at time t, and K*  is the time-independent diffusivity.  In accounting for 13 in 

equation 12, the solution becomes: 

 
ȟ

ȟ

ʙ

ʙ ᶻ ʙ

 (3.14) 

Values for K*  and n were chosen for best fit to the observations (Balasubramanian et 

al., 2011). 
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Figure 3.11:  Observed normalize ripple height versus predicted decay using K0 from 

equation 11 and K0 solved from equation 12. 

Since the normalized ripple heights over Sept. 6-10 strongly fit a linear decay, 

a fixed decay coefficient may be assumed.  Using equation 11, K0 can be estimated 

from the average conditions over the period of Sept. 6-10, which calculates K0 = 

2.1512e-09 m2/s.  Applying this value to equation 12, the normalized ripple height 

decay is modeled and compared to the observed estimates (Figure 3.11).  

Qualitatively, the model initially fits well, but deviates after ~50 hours, suggesting that 

either the diffusion rate accelerated, a change in diffusive mechanism occurred, or the 

initial estimate for K0 was not quite correct.  Given that ɐ(t)/ɐ0 is known, K(t) can be 

derived from actual observations over Sept. 6-10 using equation 12 and compared to 

the equation 11 estimate.  The new value, (K0 = 3.187e-09 m2/s) is about a 1/3x greater 

than K0 estimated from equation 11, and provides a better fit to the observed data 
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(RMSE = 0.2846 vs. RMSE = 0.4450).   Again, this assumes that diffusivity, and 

therefore rate of decay, did not vary significantly over the course of Sept. 6-10, which 

the above analysis indicated was similar when dominated by initially supercritical 

Shields conditions and later macrofaunal bioturbation.   Although assuming one time-

independent value for K may not be fully representative of the observed data, at 

minimum, this illustrates that macrofaunal bioturbation is a diffusive process similar 

to erosion by weak wave orbital forcing.   

For ripples present over Oct. 7-20, the rate of erosion varied by time, and 

consequently, the diffusion coefficient should as well.  However, the mechanism 

driving the change in diffusion is not necessarily influenced by the change in ripple 

height over time.  Thus, while Equation 12 better fits an evolving K, it assumes that 

diffusion is driven by near-bed turbulence, which is affected by the change in ripple 

height over time.  The data, as shown in Figure 3.10, indicates that the mechanisms 

controlling diffusion are what varied rather than a single diffusive mechanism varying 

in response to the change in ripple height.  As such, changes in K should reflect 

categorical diffusive changes as well as time-dependence (in cases of turbulence).   

To address this, an iterative function for ripple height decay was developed 

based on Equation 12.  In conditions above critical threshold, decay is assumed to be 

driven by weak oscillatory forcing, and Equation 12 is calculated with a diffusion 

coefficient reflective of weak oscillatory forcing.  For conditions below critical 

threshold, decay is assumed to be driven by macrofaunal bioturbation, and equation 12 

is then calculated with a diffusion coefficient reflective of bioturbation.  The adapted 

iterative function for Oct. 7-20 is plotted against predictions based solely on either 

Equations 12 or 14 with initial diffusion coefficients (Figure 3.12).  For Equation 12, a 
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diffusion coefficient was solved for over the initial supercritical conditions in T1 (K = 

6.87e-9m2/s), while Equation 14, the initial coefficient for moderate turbulent intensity 

(K = 3e-8m2/s) suggested by Balasubramanian et al. (2011).  For the iterative function, 

values above Shields use a K = 3.91e-9m2/s, calculated from T2, and for below 

Shields, K = 1.853e-9 m2/s, calculated from T3.  It should be noted that the derived 

values for the diffusion coefficient used here are within an order of magnitude to those 

reported for biological diffusion by Jackson et al., (2009), and Penko et al., (2015), 

and physical diffusion by Balasubramanian et al., (2011). 
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Figure 3.12:  Observed normalized ripple height compared to predictions using 

equation 12, equation 14, an iterative equation with directional scaling 

parameter (equation 15), and an iterative function scaling to direction. 
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The final results of Equation 12 (dotted line) and 14 (dashed line) are within 

5% of the final observed normalized ripple height, but the predictions between hours 1 

and 300 vary significantly between the observed ripple height.  The iterative function 

(blue line) better follows the trends in observed normalized ripple height between 

hours 1 to 300, but largely under predicts the ripple erosion.  Because Equation 12 

does not account for variations in forcing direction, magnitude, and ripple steepness 

over time, the discrepancy between the predicted iterative function may be related to 

its dependence upon Equation 12.  To correct for this, a non-dimensional parameter is 

introduced here, adapted from Equation 13, to address the effect of forcing magnitude 

and direction relative to relict ripple orientation that evolves with the change in ripple 

steepness and forcing magnitude.  The parameter, alpha, is defined as: 

 ‌     ᶻ
ʙ

ὲz  (3.15) 

where ūr is the ripple angle, ūf the forcing orientation at time t, ς“ʙὸ Ⱦ‗ͅὶ the 

time-dependent ripple steepness, —ὸȾ—  is the relative forcing at time t, and n a 

scaling coefficient (>1).  The values for ūr and ūf are calculated in radians and 

difference is reported between 0 and   (equivalent to 0° and 90°), since the forcing is 

never greater than 90° relative the ripple orientation and its reciprocal.  The parameter 

Ŭ is then multiplied against Ko to give a time-dependent diffusion coefficient for 

Equation 12.  The corrected iterative function (red line) shows greatly improved 

performance over the iterative function with fixed K, and better follows the trend in 

ripple decay than Equations 12 and 14. 
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3.3.3 Ray Pit Characterization 

Although megafaunal bioturbation did not contribute to ripple erosion, it was 

the dominant mechanism for geomorphology when active.  The results from the pit 

classification process are shown in Figure 3.13, plotted with the near-bed Shields 

estimates.  Upon the initial deployment of the instrument frame, numerous pits (n å 

114) were observed in the rotary sonar imagery.  Twelve hours after deployment, a 

small wave event brought near critical forcing, which was detected as the erosion of 

existing pits, followed by the rapid formation of numerous pits.  A review of the rotary 

sonar imagery clarified this as an artifact of the instrument frame slightly translating 

and settling as a result of the increased energy.  Qualitatively, the pits were not 

observed to erode during this time, although new pits were continually being formed 

over this period.  Activity continued steadily over the first four days of the 

deployment, with an average of 2.5 new pits formed every hour.  The Sept. 5-6 wave 

event resulted in the formation of small ripples, and the destruction of many pits.  

Although a few pits were formed before, during, and after the event, the activity 

generally ceases until late Sept. 10.  A corresponding decreasing percentage of ray pit 

area in the sonar imagery accompanies this period.  The spike in new pit formation 

bracketing the peak conditions of the Sept. 5 wave event is caused by the detection of 

shadows from the newly formed ripples, which were not completely filtered out by the 

classification process.  The apparent decay in pit area and density is in actuality the 

erosion of the ripples, which by Sept. 10, had been mostly eroded.  The local 

minimum of the percent pit area and density around Sept. 10 -11 are more reflective of 

the actual representative values of the pits that were not fully filled in by the ripples.  

Around Sept. 10th, megafaunal bioturbation resumes, at first starting slowing (~1.5 

pits/hour), and then rapidly increasing on Sept. 12-13 (~3pits/hr).  A corresponding 
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increase in pit percent area and density are also observed.  The rate decreases back to 

~1.5 pits/hour for the remaining period, with only a slight increase in pit percent area 

and density over this time.  Activity ceases with the arrival of the Sept. 21 norôeaster, 

and pit formation is not observed over the remainder of the deployment. 

 

Figure 3.13:  Results from the pit classification process are compared to near-bed 

Shields estimates.  The increase in near-bed forcing on Sept. 5-6th filled 

in many pits, although a few were detectable throughout.  Noise from the 

ripples and subsequent ripple erosion render the classification results 

questionable from Sept. 5 ï Sept. 9, but values are unbiased following the 

erosion of the ripples by Sept. 10th until the formation of new ripples on 

Sept. 21st. 
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To further refine the classification results, pits identified near the frame and 

near the edge of the sonar imagery were filtered out.  To reduce the influence of ripple 

noise, pits were then filtered to those occurring within the periods with minimal 

ripple-induced noise (Sept 1- Sept 5 and Sept 10 ï Sept 21).  A distribution of the pit 

areas, estimated pit depths, and equal area diameter were calculated from the initial 

local maximum extent of each identified pit (given that some pits later eroded together 

to form larger pits) (Figure 3.14).  Corrections for pit depth based on Hay and Speller 

(2004) yielded an upper and lower bound estimate based on two options for sediment 

angle of repose, which are the angle of initial yield, 33°, and residual angle of 

shearing, 23°, per Sleath (1984).  Pit depth thus ranged from 1cm to 25cm, with 

median depth for lower and upper bound estimates at 5cm and 7cm respectively.  Pit 

area estimates were derived solely from the observed shadow area, as no correction 

was available to account for pit shadow loss on potentially irregular shaped pits.  

Median pit area was only 300 cm2, and although pits were observed up to 0.39 m2, 

86% of the distribution fell below 0.1 m2.  Equal area diameter was also estimated 

from the observed pit shadow area, and compared to the equal area diameter of the 

bounding ellipse, which may partially correct for shadow loss due to grazing angle 

(see Hay and Speller, 2004).  The median diameter for the ellipse, at 22cm, was 

slightly higher than the median shadow equal area diameter, at 19cm, but maximum 

estimated diameters varied from 84cm to 70cm respectively.  Overall range inclusive 

of both estimates for diameter was 13 ï 84cm, with both distributions heavily skewed 

to the diameters less than 28cm. 
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Figure 3.14:  Histogram plots of: left) pit depth corrected for sediment angle of 

shearing (lower bound) and angle of initial yield (upper bound) per Hay 

and Speller, 2004; center) estimated pit area from pit shadows with inset 

plot for pits less than 0.1 sq. meter area; right) equal area diameter 

estimates from area of pit shadow and equal area ellipse (Hay and 

Speller, 2004). 
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Although persistent, the pits appear to undergo a slight decrease in shadow 

area, and thus estimated depth, in periods of sub-critical conditions (Figure 3.15).  It is 

unclear whether the decrease is due to slumping of displaced sediment (pit mound) 

back into pit as observed by others (e.g. Hines et al. 1997), or the relaxation of the pit 

walls from initial formation to a stable angle of repose.  In absence of substantive 

forcing, the latter would seem more likely, given that the former was observed in areas 

with strong tidal currents (Hines et al., 1997) and numerous pit mounds were observed 

to persist until destruction via wave forcing.  Otherwise, it is possible that macrofaunal 

bioturbation contributed to the erosion of the pits and pit mounds in a similar fashion 

to ripple bedforms.  Clearly observed mechanisms for pit filling included 1) the act of 

new feeding pits displacing sediment into the old pits, and 2) the switch to 

supercritical Shields conditions and ripple formation.  In the latter case, ripples were in 

some instances observed to evolve out of the pit mound, with the pit either filling or 

partly incorporated into the trough of the newly formed ripple (Figure 3.16a).  Several 

pits were also observed to merge into ripple troughs, and were never fully filled in.  A 

few pits were later ñreformedò via the act of a new feeding pit being excavated over 

the relict pit (Figure 3.16b). 
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Figure 3.15:  Scatter plot of estimated pit depth for pits observed during periods from 

initial local maximum to loss in detection during conditions below 

critical Shields.  A weak linear trend line (r2=0.14 for m = -0.0019%/hr) 

is fit to illustrate the apparent decrease in pit depth over time.   

 

Figure 3.16:  Series of images showing the fate of ray pits. Top series shows initial pit 

(a1), becoming the trough of a ripple 12 hours later (a2), and after 7 days 

becoming part of a new ray pit (a3).  Bottom series show a ray pit mound 

(b1), becoming the nucleus for a ripple after 6 (b2) and 12 hours (b3). 
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In the absence of near-bed measurements, it is not possible to directly estimate 

the effect of pit roughness on near-bed flow; as noted by Grant et al., (1984), the 

values for biological roughness must be derived empirically.  However, a semi-

quantitate method for establishing the relative roughness length scale may be 

considered.  The 2D power spectrum of the backscatter intensity from 2D FFT have 

been used to estimate seabed roughness over time (Penko et al., 2015).  Taking this 

one step further, integrating the 2D FFT spectral energy under the peak of the 

backscatter spectra during times of pit formation, as with the representative ripple 

height used above, yields estimates for images with pitted seabed that can be 

compared to the times with ripples (Figure 3.17).  When compared to the ripples 

formed over Sept 5-6, the relative roughness of the pitted seabed at the start of the 

deployment is nearly double (0.29 vs. 0.16), while the second period with megafaunal 

bioturbation is slightly higher (0.19 to 0.16), than the ripples on Sept 5-6.  However, 

both periods with megafaunal bioturbation are well below the relative roughness of the 

relict ripples formed on Oct. 7 (0.51), and remain so until the point where the rotary 

sonar voltage impacts the overall backscatter intensity (Oct. 19).   If assuming the 

normalized ripple height from the 2DFFT would have followed the same trend as 

normalized ripple height from the trigonometric and Jones and Traykovski (2018) 

method, then the relative roughness of the eroded ripples at the cessation of the 

deployment would be nearly equivalent to the relative roughness of the seabed at the 

height of megafaunal bioturbation (~0.31 to 0.29).  The maximum estimated ripple 

height for Sept. 5-6 and Oct. 7 were approximately 4cm and 18cm respectively.  At 

the cessation of the study, the estimated ripple heights were approximately 12cm.  It 
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follows that at its maximum, the equivalent roughness height of the pits would fall 

within 8-12cm. 

 

Figure 3.17:  Integrated 2D FFT spectral energy under the peak of the backscatter 

spectra normalized to the maximum value (bottom) compared to the 

ripple wavelength with categorical overlay. 
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3.4 Discussion 

3.4.1 Ripple Morphology 

Consistent with recent studies (e.g. Traykovski 2007; Voulgaris and Morin, 

2008), the ripples observed in in this study were not in equilibrium with 

contemporaneous forcing conditions.  This is evident from the formation of relict 

ripples with wavelengths near the maximum observed during Hurricane Joaquin (ɚr = 

1.04m to ɚm =1.14m).  As conditions decreased in the waning period of the storm, 

ripples dropped out of motion 30 hours prior to the drop below the estimated critical 

wave mobility parameter, and an additional 49 hours prior to the drop below the 

estimated critical Shields stress.  The Sept 5-6 ripples formed rapidly and were not 

well organized despite sustained conditions above critical threshold well beyond 

active ripple formation.  The period of time from onset of conditions above critical 

threshold to the maximum forcing was about 6 hours, followed by a prolonged decay 

of conditions over the following 40 hours, but the peak conditions lasted for only 3 

hours.  Essentially, the ripples lagged behind contemporaneous forcing to a degree 

such that the newly formed ripples did not have enough time to become well 

organized before conditions had already decreased. It has been suggested that 

decaying wave orbitals no longer have the energy to alter ripples formed under more 

intense forcing, resulting in the transition into a relict state despite sufficient 

theoretical forcing for continued reorganization (Traykovski 2007; Austin et al., 

2008).  Given that a large body of literature has noted this in extensive detail (e.g. 

Nelson and Voulgaris, 2014; Soulsby et al. 2012, Maier and Hay, 2009; Voulgaris and 

Morin, 2008), it is not necessary to delve more deeply into this topic; rather, it is 

sufficient to conclude that the observations here support these previous observations. 
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On the other hand, the apparent growth in ripple wavelength in the fingerprint 

algorithm begs further attention.  The results from the ripple height analysis illustrates 

a decay in ripple height that corresponds to the apparent growth of ripple wavelength 

in the fingerprint algorithm.  While this is an artifact of the process by which 

wavelength is calculated in the fingerprint algorithm (and in 2D FFT as noted by 

Voulgaris and Morin, 2008), it suggests that artificial growth of ripple wavelength in 

automated detection algorithms may serve as a semi-quantitative indicator for ripple 

height erosion, not unlike the integration method to estimate normalized ripple height 

from 2D-FFT backscatter spectra.  The artificial increase in ripple wavelength was 

approximately 2-3cm, just over half of the estimated ripple height loss (4-5cm) by 

both the trigonometric and Jones and Traykovski (2018) methods and followed a 

reciprocal increase to the ripple height decrease over time.  This would indicate a 

nearly 2:1 height loss to wavelength growth ratio in the fingerprint algorithm.  

Although this is based off only one set of observations, this method would be far less 

computationally intensive than the Jones and Traykovski (2018) methods and without 

the ripple steepness assumptions used in the trigonometric method.  This warrants 

further investigation with other time series data of ripple erosion. 

3.4.2 Ripple Erosion 

Although megafaunal bioturbation was a significant modifier of the seabed, the 

primary drivers for ripple erosion were estimated to be macrofaunal bioturbation and 

physical erosion.  Although two potential mechanisms for physical erosion were 

identified by Balasubramanian et al. (2011), the lack of instrumentation to observe 

both near-bed turbulence and weak oscillatory forcing prevents the discrimination of 

such in this analysis.  Nevertheless, there are two separate cases of physical erosion 
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observed.  The initial case regards slight erosion of the relict ripples during the 

decaying forcing conditions in Sept. 6-10 and Oct. 7-20.  It would be expected that 

when conditions were still above Shields critical threshold, some degree of erosion 

would occur to the relict ripples.  However, field observations displayed little overall 

erosion that can be attributed to forcing over the waning portion of the storm.  Rather, 

the majority of the erosion was observed when conditions were well below critical 

threshold.  Although it is possible that the estimates for near-bed forcing were 

underestimated, due to the lack of direct observations, it is unlikely that this would 

have been the case over the duration of Sept. 6-10 and Oct. 7-20, considering the site 

location was in 14m water depth with minimal tidal current forcing (<0.1m/s) and with 

extended periods of minimal waves (<1m Hs).  Further, the drop into relict ripples in 

Oct. 7-20 was observed nearly 50 hours before conditions dropped below critical 

Shields threshold, which would be more than enough time to expect significant ripple 

erosion.  Weak oscillatory forcing and turbulence has been observed to erode newly 

formed relict ripples over lesser time scales (Balasubramanian et al., 2011).  Likewise, 

weak oscillatory conditions were observed later on in Oct. 7-20, succeeding critical 

Shields threshold sporadically over a 15-hour period, yet significantly increased 

erosion was observed during this time.  However, the maximum current magnitude 

when conditions were above critical Shields at the end of Hurricane Joaquin (Oct. 7) 

was higher than maximum current for the period with accelerated ripple erosion 

(Oct.10-11), estimated at 0.34m/s to 0.25 m/s respectively.  Thus, other erosion factors 

must be considered. 

In the adaptive model, the alpha parameter (equation 15) introduced diffusion 

scaled by the time-dependent direction of the forcing relative to the relict ripple 
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orientation, and the relative forcing magnitude as the ratio of time-dependent Shields 

parameter to the theoretical critical Shields parameter.  The model results showed 

promising qualitative agreement with the observed trends in ripple height decay over 

time.  This would suggest that either, or both, direction of forcing and rate of change 

in magnitude above critical threshold, along with time-dependent ripple steepness, 

dictates the change in rate of relict ripple erosion.  This leads to two potential 

questions: 1) does the acceleration of forcing, and consequently the change in time 

between forcing and ripple response, impact relict ripple erosion, and 2) does the 

direction of the wave orbital forcing relative to the relict ripple orientation impact the 

erosion?   

In response to the first question, the rate of change in forcing can be examined 

for conditions above critical threshold in Sept. 6-10 and Oct. 7-20.  At the onset of 

relict ripples on Sept. 6, the acceleration for Uw is negative, and asymptotes towards 0 

as conditions approach sub-critical.  If related to the observed hysteresis in ripple 

evolution, this would reflect an exponentially increasing lag between forcing and 

response in the ripples.  This is also the case for the decaying conditions during Oct. 7-

20.  Conversely, the acceleration for Uw during the Oct. 10-11th erosion event is 

positive over the first several hours, then become slightly negative as conditions 

approach sub-critical.   Rapidly accelerating forcing would result in a marked decrease 

in lag between forcing and response, and could potentially explain the accelerated 

ripple erosion relative to the other two episodes, similar, although operating as the 

inverse, to the rapid ripple formation observed during accelerating conditions on Sept. 

5. 
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 For the second question, the forcing orientation can be compared to relict 

ripple orientation.  For the relict ripples on Sept. 6, the wave-orbital forcing averaged 

97°, while the relict ripples were oriented (normal to ripple crest) at 91°.  For the 

larger relict ripples on Oct. 7, wave orbital forcing averaged 81°, while relict ripples 

were oriented at 80°.  Thus, in both cases the direction of forcing was nearly parallel 

to the orientation of the relict ripples.  For the Oct. 9t wave event, the forcing averaged 

45°, with initial forcing (the accelerating forcing) orientated at 21° and swinging 

around to 61° by the time conditions dropped below critical threshold.  Thus, it is 

possible that while there is little erosion observed during the decaying wave conditions 

over Sept. 6-10 and Oct. 7-20, sediment transport was still occurring; given that 

forcing was in the direction that the ripples were oriented and with decreasing energy, 

the result was a near zero net transport relative to the individual ripple crests (i.e. sand 

was not transported off the ripple crest but rather along the crest).  With the Oct. 10-11 

wave event, the forcing was rapidly increasing and was not aligned with the ripple 

crests, resulting in sediment transport with a net sediment transport greater than zero, 

as sediment was transported off of the top of the ripple crest to lower portions of the 

ripples.  A conceptual figure illustrates this concept (Figure 3.18). 
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Figure 3.18:  Conceptual model of directionally modified ripple erosion.  The left 

column conceptualizes hydrodynamic forcing in line with the relict ripple 

orientation, resulting in little net transport or erosion.  The right column 

illustrates hydrodynamic forcing at a 45° angle to the relict ripple 

orientation, resulting in sediment transported off the ripple crest and 

increasing the rate of erosion. 

Although the rate of ripple height decay varied considerably, parallels can be 

drawn from existing literature.  For the relic ripples observed over Sept. 6-10, 

extending the model results beyond 4 days, the overall decay in ripple height would be 

at 50% of initial height at ~7.9 days; in comparison, Hay (2008) observed slightly 

larger ripples (50cm wavelength to the 35cm wavelength ripples observed here) 

decaying to 50% of initial height within ~8 days.   For the much larger relict ripples 

(>1m wavelength) observed over Oct. 7-20, the time frame would be over several 

months before ripples would reach 50% of their preliminary height if conditions 

remained below critical Shields over that time.   Although that is unlikely given the 
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time of year, this mirrors observations made at a deeper site (28m) off Delaware, 

where large relict ripples were observed up to 5 months after formation under minimal 

forcing (DuVal et al., 2016). 

3.4.3 Feeding Pits and Roughness 

When active, the megafaunal bioturbation dominated the morphology of the 

seabed in this experiment.  Estimation of total area covered by feeding pits at peak 

activity hovered over 11% of the observed area.  Considering that the shadows cast by 

the feeding pits were as much as 30% underestimates, and may not fully account for 

the pit mounds (given that the pit mounds were not all resolvable in the sonar 

imagery), the area affected could increase to more than 14% of the sonar coverage.  

Other studies have noted that feeding pits alone may account for as much as 30% of 

the surficial geomorphology of tidal sand flats (Grant 1983) and have been observed to 

displace as much as 86 m3 of sediment over more than 100,000 m2 of tidal sand flats 

(Takeuchi and Tamaki, 2014).  Given the density, at over 1 pits per meter, and 

persistence of the pits over time, the contribution to seabed roughness is potentially 

significant.  Indeed, the relative roughness estimated through the 2D FFT backscatter 

suggests that pit roughness at 1pit/m density could yield roughness on the scale of 

10cm high ripples.   

Others have noted similar contributions of biology to roughness, albeit on 

different spatial and temporal scales.  Wright et al. (1997) noted that smaller pits and 

mounds from benthic shrimp and worms resulted in biological roughness that was 

much less than ripple roughness, despite the bed morphology being biologically 

dominated in their study.  However, the mounds created from the burrows were on the 

O(1cm), which is much less than the depth of the pits estimated here (5-7cm) which 
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again may not be fully accounting for the associated pit mounds.  Pit mounds from 

benthic rays, for instance, have been estimated 3-4cm high, or nearly equivalent to the 

ripples formed on Sept. 5-6th.  Nowell et al. (1981) looked at the influence of animal 

tracks on the seafloor on the critical velocity for sediment entrainment, focusing on the 

bivalve Transenella tantilla, which left irregular tracks approximately 0.2cm deep 

over 10% of the observed surface.  The tracks doubled the roughness length compared 

to a smooth bed, resulting in hydraulically transitional flow versus smooth flow for an 

undisturbed bed at the same relative velocities.  Significantly larger feeding pits would 

thus be expected to greatly increase the roughness of the flow.   

In addition to roughness, feeding pits may also become sinks for suspended 

particles (organic-rich flocs), and consequently important features for benthic 

communities.  Yager et al (1993) examined the influence of benthic pits on turbulence 

and particle settling in subtidal conditions, finding that pits enhanced the flux of low 

density particles under increasing flow, and under lower energy experienced increased 

particle deposition.  Others have noted an increased erosion and sediment transport 

due to excavation by bioturbators (Widdows and Brinsley, 2002).  Thus, the 

proliferation of feeding pits may have more consequences that purely adding 

roughness to the seabed. 

Although specific bioturbators were never clearly imaged in the sonar, the size 

and frequency of the pits may indicate the originator.  Benthic rays such as the 

Dasyatidae family and Rhinoptera bonasus have been noted for prolific pit formation 

(Valentine et al., 1994; Grant, 1983; Howard et al., 1977; Orth 1975).  On tidal flats, 

ray pits have been measured between 0.06-1m in diameter and up to 30cm deep and 

surrounded by 3-4cm high pit mounds (Howard et al., 1977), which would agree well 
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with the observations from this study.  However, Townsend and Fonseca reported the 

distribution of pit area from tidal flats in North Carolina, and suggested that smaller 

pits (<0.4m2) could be from smaller bioturbators (e.g. crabs or toadfish) or aborted pits 

from larger species, while larger pits (>0.4m2) were likely from either Rhinoptera 

bonasus or rays of the Dasyatidae family.  On average, the described pits were larger 

than estimated here, although when assuming a 30% underestimate in area, the area of 

pits estimated in this study align more closely with those reported by Townsend and 

Fonseca.  It should also be noted that no crustaceans were observed migrating through 

the sonar, although this does not preclude their presence.  Pits by Rhinoptera (and 

possible other species) have also been described as broad, shallow bowls, created from 

the stirring motion of the pectoral fins, with a smaller, deeper cavity located centrally 

in the pits created by the suction and jetting on the order of 30cm deep (Smith and 

Merriner, 1985).  Sasko et al. (2009) describe in detail the action of Rhinoptera 

bonasus excavating pits with their unique cephalic lobes (modified anterior pectoral 

fin extensions), which were used to excavate pits; feeding occurred rapidly, on 

average taking only a 5-6s, but leaving pits approximately 20cm in diameter and 5cm 

deep. Thus, it is possible that for some pits, only the deeper central cavity was 

captured in the rotary sonar imagery and not the broader depression, skewing the 

estimated pit area in sonar imagery to smaller than the actual total disturbed area.   

Both Dasyatid (Hess, 1961) and Rhinoptera (Ogburn et al., 2018) have been 

observed in the region, with a recent acoustic tracking study tracking tagged 

Rhinoptera individuals migrating through the study area at the same time of year 

(Omori and Fisher, 2017).  While typically noted for feeding on bivalves found in 

finer sediments, Rhinoptera have been noted to be opportunists (Collins et al., 2007), 
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feeding on polychaetes and other infauna such as those found in the coarse sediments 

off Assateague Island (Rusch, 2016; Carruthers et al., 2011).  Given that the pits did 

not reappear after the Hurricane Joaquin in October, it is possible that bioturbators had 

migrated out of the area; Rhinoptera were tracked south to the Carolinian and 

Georgian coasts in the late fall and winter months (Omori and Fisher, 2017).  The 

potential for the primary bioturbator in megafaunal bioturbation to be a seasonally 

migrating species, such as Rhinoptera bonasus, poses an interesting problem for 

modeling.  How can a model account for a species that may or may not be present?  

Addressing factors that may indicate the presence or absence of known regional 

bioturbators, such as time of year, water temperature, and depth, in models of seabed 

morphology is not necessarily prohibitive, but relies upon some formal understanding 

of the relationship between regional conditions and the bioturbating species.  For those 

epi and infaunal species responsible for macrofaunal bioturbation, seasonality may or 

may not play as large of a role in determining presence and absence. 

3.5 Conclusion 

This study has shown that the effects of physical and biological processes on 

seabed morphology are not trivial.  Bioturbation alone can act as both a modifier of 

existing roughness, or as a source of seabed roughness, on spatio-temporal scales that 

have only recently been considered.  Wide variability within bioturbation is present, 

with smaller bioturbators driving broad-scale diffusion of sediments, and larger 

bioturbators serving as stochastic excavators of large seabed pits.  Physical processes 

for erosion may be driven by weak oscillatory currents or turbulence, and modified by 

the degree of forcing and relative direction to antecedent ripple morphology.  A simple 

categorical model was presented to determine what erosion process is dominant based 
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on observed or estimated physical forcing.  This categorical process was incorporated 

into a simple iterative model based on the Balasubramanian et al (2011) adaptation of 

a Fickian diffusion equation, with the introduction of a time-dependent diffusion 

coefficient based on evolving near-bed forcing.  The model agreement with observed 

conditions suggests future models of ripple morphology and seabed roughness should 

account for variable and time-dependent processes driving ripple erosion and 

roughness. 

While this study investigated bioturbation as both a modifier and creator of 

roughness, it should be noted that neither processes were clearly observed at the same 

time.  It is likely that smaller bioturbators were active with the larger bioturbations, 

especially considering that infauna are prey sources for benthic rays (Collins et al., 

2007).  Yet, the question remains as to why the larger bioturbators were not active 

when ripples were present, leaving only smaller bioturbators and physical processes as 

the primary source for erosion.  After Hurricane Joaquin, it is possible that the primary 

species migrated out of the area, since tracking studies suggest species such as 

Rhinopetera bonasus will have continued south in the fall months (Omari and Fisher, 

2017).  However, the relict ripples present over Sept. 6-10 were bracketed by the 

excavation of feeding pits, and feeding activity did not resume until the ripples were 

largely eroded.  This calls into question whether certain bioturbators could be 

preferentially selecting seabed without ripples.  Although on a much large sand waves, 

Damveld et al. (2018) noted increased bioturbation in the trough of sand waves as 

opposed to the crests, on which larger ripple bedforms were present.  It is unclear 

whether the ripples on the sand wave crests, or the stronger currents that formed them, 

excluded the bioturbators, or whether the bioturbators affected ripple formation in the 
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trough where preferential feeding was observed.  Thus, more clarification is needed on 

the influence of seabed morphology on the preferential feeding location of 

bioturbators such as benthic rays. 

It should also be emphasized that the categorization of bioturbators and 

physical processes into discrete groups with conditional dominance does not preclude 

the possibility, or rather likelihood, that two or more process could be active at any 

moment.  Indeed, bioturbators were observed to be present in conditions above both 

critical Shields threshold and critical wave mobility, albeit stochastically.  The 

additional effect of bioturbation on top of physical erosion should be considered, as 

well as role of bioturbation as a modifier to ripples during active ripple states 

(although with active ripple formation the effects may be minimized by the continual 

evolution of the ripples).  For this paper, the purpose of categorizing bioturbation and 

physical processes into discrete groups was to juxtapose the influence of each 

respective process when estimated or observed to be the dominant modifier of 

morphology and to highlight the variations that can occur within each category.  The 

influence of wave direction, acceleration of forcing, turbulence (not investigated here), 

time-dependent ripple steepness, and type of bioturbation on antecedent ripple 

morphology must all be considered.  Although models accounting for ripple decay 

may achieve similar agreement to field observations over certain time scales, the rate 

of decay is variable and dependent upon these, and possibly other, physical and 

biological processes.  If not addressed, agreement may be poor over shorter or longer 

time scales, leading to issues for models depending on accurate estimates of bed 

roughness. 



 131 

The contributions of large feeding pits on seabed roughness should be 

investigated more detail than possible here.  Data used in this study came from an 

incidental observation of bioturbation and ripple erosion during a deployment focused 

on storm-driven ripple morphodynamics.  As such, instrumentation selection and 

configuration was not programmed to ideally quantify bioturbation and near-bed 

turbulence.  The complexity of dynamics involved with bioturbation and ripple 

erosion requires expansion of this and previous work through in situ time series 

observations in the field specifically.  Although determining a site location known to 

commonly form ripples (e.g. sorted bedforms often referred to as ñripple scour 

depressionsò) is achievable, establishing a site location and deployment time frame 

(i.e. seasons) in order to observe significant bioturbation is less straightforward, but 

necessary.  Also the influence of an in situ instrument frame on the behavior of 

biology must be considered; several studies have noted this potential bias in their 

respective studies and discussed the need for future work to find less intrusive 

approaches to achieve unbiased characterization of bioturbation (e.g. Jackson et al., 

2009; Hay; 2008).  Given that the highest number of pits observed in this study 

occurred over the initial week of the study, it is unlikely that the frame accelerated 

local biological process, as commonly noted by others, but this does not discount the 

possibility of retarding biological processes.  Future studies should give consideration 

to optimizing equipment selection and configuration, and determining the best field 

location and sampling practices to better resolve these processes.   
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MUNITIONS AND EXPLOSIVES OF CONCERN IN OFFSHORE WIND 

ENERGY AREAS ON THE ATLANTIC OUTER CONTINENTAL SHELF 

PART 1: EXAMINING SURVEY METHODOLOGY WITH AN  IN-FIELD 

VERIFICATION  

4.1 Introduction  

The bourgeoning development of the inner continental shelf for both 

traditional and alternative forms of energy has increased the importance of cost-

effective, high-accuracy, and high-resolution surveying in the last few decades.  

Beyond the need to accurately characterize the surficial and sub-bottom sedimentary 

structure for geotechnical purposes, the site preparation (e.g. excavation, pile driving) 

and construction of offshore infrastructure poses a unique problem from a historical 

standpoint: legacy munitions and explosives of concern (MEC).  Although not an 

unprecedented issue, having been encountered relatively frequently in dredging and 

commercial fishing activities (see www.denix.osd.mil), the detection and mitigation of 

MEC in the marine environment has only recently been given thorough attention 

academically (e.g. Edwards et al., 2014; Wilkens and Richardson, 2007).  As is 

common, the need for safety, be it for commercial, governmental, military, or public 

interest, has driven MEC research forward in the last two decades.  Over this period, 

the remote-sensing technologies and survey platforms capable of detecting MEC, both 

exposed on the seabed and buried, has proliferated. 

In 2015, the Bureau of Offshore Energy Management (BOEM) recognized the 

need to develop guidance concerning methods for MEC detection with offshore 

Chapter 4 
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energy development on the Atlantic Outer Continental Shelf (OCS).  BOEM 

administrates 11 Wind Energy Area (WEA) lease plots on the mid-Atlantic OCS 

spanning from North Carolina to Massachusetts.  These sites encompass over 7933 sq. 

km of seafloor, and either fall within or in proximity to areas recorded to have had 

active military actions (WWI and WWII), live-fire military training, and/or intentional 

and unintentional disposal at sea (see Carton et al., 2017).  To address BOEMôs need, 

this study developed a process for selecting and optimizing technologies and methods 

for detection of MEC in OCS WEAôs.  Aimed at developers and commercial user 

groups, this study established guidance for MEC risk assessment, validation, and 

mitigation through a synthesis of historical research, physical site characterization, 

remote sensing technology review, and in-field validation.  As part of this study, an in-

field trial was conducted in 2016 using the methods and technologies selected through 

a process of historical research and site information collation.   For the in-field trial, 

designated personnel were tasked with seeding a portion of the Delaware WEA with 

munitions surrogates, while a second group of researchers not privy to the surrogate 

locations, tested and optimized the survey methodology for the selected technologies.   

The in-field study was completed in July 2016, but, as will be discussed below, 

62 individual surrogate munitions were placed and left at the site.  Recognizing 

opportunity, a follow-on study was conducted for BOEM in April 2017, to determine 

the fate of the surrogates following 2016-2017 winter storm activity on the Atlantic 

OCS.  This latter study, presented in the companion paper (Chapter 5) to this article, 

will investigate the impacts the storms had on the surrogates and the implications for 

MEC detection.  This chapter discusses the results of the 2016 in-field trial in the 

context of (i) the process used to select the technologies, (ii) preliminary technology 
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and survey performance, and (iii) the processes used to optimize survey methodology 

for improved detection.  It is worth reiterating that the overarching goal of this study 

was not to ñselect and testò the best possible technologies, but rather to highlight a 

process used to select the appropriate technology and survey methodology based on 

the site conditions and anticipated infrastructure, using a mock case study.   The report 

published for BOEM (Carton et al., 2017) further discusses this process, which will 

assist the end-user in conducting their own background research, technology review, 

and in-field verification to optimize the methods used to detect MEC on the individual 

and unique basis for each development. 

4.2 Methods 

The primary objective of the BOEM study was designing a process for risk 

assessment, risk validation, and risk mitigation for future offshore wind developers.  

The risk assessment and validation involves collecting available information on 

physical site characteristics (section 2.1), historical data regarding MEC (section 2.2), 

technology and methods review and selection (section 2.3), and in-field trials to 

optimize and validate the selected methods and technology (section 2.4).  This process 

has been distilled from the Carton et al. (2017) BOEM report and presented in a 

stepwise outline in the recent Carton et al. (2019) publication.   Although the process 

is highlighted here, the main foci of this chapter are the methods and results of the in-

field trial as related to the BOEM study activities.  The reader is referred to Carton et 

al., (2019) and BOEM report (Carton et al., 2017) for more details on the risk 

assessment, validation, and mitigation process. 
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4.2.1 Physical Site Characterization 

In preparation selecting an appropriate surveying technology, available 

information on physical site characteristics at each WEA were collated for the study.  

This included any pertinent geophysical and oceanographic data available to public 

and private interests. These data sources included the National Oceanographic and 

Atmospheric Administrationôs (NOAA) National Data Buoy Center (NDBC) and 

Coastal Relief Model (CRM), the U.S. Geological Surveyôs (USGS) usSEABED 

sediment database (U.S. Geological Survey and University of Colorado 2005), the 

Nature Conservancy (2016), and BOEM.  In some WEAôs, such as the Maryland 

WEA, geophysical and geotechnical data had already been collected and made 

available for this study.  The collated data was cataloged and used to build a 

Geographic Information System (GIS) database for each WEA, which included: 

general WEA location, size and lease block number and area; seabed sediment 

classification and general distribution; bathymetry; historical seasonal wave conditions 

and water column stratification. 

The collected data can be used to select the appropriate timing, conditions, and 

technology for detailed seafloor surveying and MEC detection.  For example, 

anticipated seabed surficial sediment type and distribution is useful for anticipating 

acoustic characteristics of the seabed (e.g., coarser sediments trends more acoustically 

reflective), which may impair the ability to clearly isolate an MEC acoustic signature 

from surrounding sediments.  When paired with seasonal wave data, sediment type 

and distribution informs predictions for sediment bedforms, sediment transport, and 

the potential for scour or burial of MEC on the seabed (see Chapter 5).  General 

bathymetric relief must be taken into account when deciding on survey platform, 

particularly with surface, towed, or autonomous platforms.  For instance, increasingly 
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complex bathymetric relief makes towed platforms cumbersome, whereas an AUV, 

with bottom following capabilities, has less issue.   Likewise, water column 

stratification impacts the performance of acoustics, and thus must be accounted for 

when using surface mounted/towed sonar systems.  From a more practical standpoint, 

seasonal wave conditions will indicate the most suitable times for vessel-based 

surveying, as well as indicating when sediment transport may have occurred at the 

site.  This collated information is combined with the historical research on MEC to 

assist in the technology review and selection. 

4.2.2 Historical Review 

Parallel to collating WEA site characteristics, an in-depth historical review was 

conducted to identify MEC potentially in or near WEAôs on the Atlantic OCS.  

Information was extracted from documentation kept by the National Archives and 

Records Administration, Department of Defense (DoD), and various other government 

sources relating to ranges, coastal defense, sea disposals, and known MEC discoveries 

on or close to the Atlantic OCS WEAs.  Geospatial data sets are available on Formerly 

Used Defense Sites (FUDS), hosted by the U.S. Army Corps of Engineers, as well as 

resources from the NOAA Historical Map and Chart Collection, and Fort Wiki Harbor 

Defense portal.  Relevant data was plotted and added to an ArcGIS spatial data set.  

This data set includes newly identified sea disposal and MEC activities, range fans for 

FUDS, and coastal defense sites within a 10-nautical mile radius of each Atlantic OCS 

WEA and between the OCS WEA and the nearest shore, where export cables would 

be assumed to make landfall.  Not all records indicated specific locations for MEC 

activity and those without locations were not added to the spatial data set, and 

although they were helpful contextually.  The historical research indicated that a 
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variety of munitions, ranging from sea-disposed munitions to UXO from naval 

warfare activities, are potentially present in or near Atlantic OCS WEAôs (Carton et 

al., 2017).  While by no means exhaustive, the historical review provided suitable 

information to help inform technology selection. 

In preparation for the in-field verification, a ñminimumò munition of concern 

was established based on the historical review.  This would be the minimum sized 

munition that would conceivably pose a hazard to offshore infrastructure installation.  

The process for qualifying what constitutes an unacceptable hazard involved an in-

depth review of munitions type, explosive potential, and anticipated seafloor 

disturbance activities.  This decision-making process was outlined in detail in Carton 

et al., (2019 in press).  For the mock case study, the 155mm artillery shell was selected 

to be a conservative minimum sized munition of concern to the ñanticipatedò ground 

disturbance activities (e.g. turbine installation and cable laying activities).  As the 

minimum-sized munition deemed a ñriskò, the 155mm served as the detection 

threshold requirement for the methods and technology used in the in-field verification. 

4.2.3 Technology Review and Selection 

In-depth reviews on commonly utilized remote-sensing technologies for MEC 

detection have been published recently (e.g. Schwartz et al. 2009), and as such, will 

not be expounded upon here in great detail.  Technology and techniques related to 

surface and underwater navigation and positioning, acoustic sensors, magnetic 

sensors, optical sensors, surface and underwater human-controlled and/or autonomous 

vehicles, vessels, and survey methodology are all reviewed in detail in the BOEM 

report (Carton et al. 2017; see also Carton et al. 2019).  From this review, survey 

vessel, platform, sensors and methods were distilled in light of the historical review 
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and physical site characteristics.  Given the minimum target threshold and variable 

terrain, the technology and survey approach were required to identify both surficial 

and buried targets over variable bathymetry. 

For the in-field trial, the selected methodology was based on a multi-platform, 

multi-sensor approach consisting of a: 1) hull-mounted, high-resolution phase-

measuring echo sounder (PMES) fitted to a large survey launch, and an autonomous 

underwater vehicle (AUV) equipped with 2) high frequency side-scan sonar and 3) 

magnetometer (see Figure 4.1).  The survey launch conducts a wide-area assessment 

(WAA) to characterize the bathymetry and sediment distribution of the study area, as 

well as identifying any obstacles to AUV operations.  The PMES system was selected 

due to inherent advantages in shallow water, which allow for much wider swath 

coverage than traditional multi-beam bathymetric sonars, as well as simultaneously 

collecting side-scan sonar.  After the WAA, the AUV conducts near-bed, high-

resolution surveys over the ñanticipatedò turbine installation locations and cable 

routes, and serves as the primary means for target detection and identification.  The 

combination of side-scan sonar and magnetometer ensures the ability to detect and 

discriminate both surficial and buried targets.  The camera on the AUV also provided 

visual confirmation of surficial targets. 
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Figure 4.1:   Conceptual model for a multi-platform, multi-sensor approach consisting 

of a: 1) hull-mounted, high-resolution phase-measuring echo sounder 

(PMES) fitted to a large survey launch, and an autonomous underwater 

vehicle (AUV) equipped with 2) very-high frequency side-scan sonar and 

3) magnetometer.  The work was conducted with an Edgetech 6205 

PMES system mounted to the University of Delaware R/V Joanne Daiber 

(top inset), and a Teledyne Gavia AUV with Marine Sonics side-scan 

sonar and Geometrics G880-AUV magnetometer (bottom inset). 

For the survey launch, the study used the University of Delawareôs R/V Joanne 

Daiber, a 14m long vessel with a cruising speed of 18 knots, allowing for day 

operations and short transits (1.25 hrs) between the UD marine operations base and 

field site.  The R/V Daiber was fitted with an Edgetech 6205 PMES, which 

simultaneously collects dual-frequency side-scan sonar at 230 and 550 kHz, and 

bathymetry on the 550 kHz frequency. The PMES was combined with a Coda Octopus 

F190R+ inertial motion unit coupled with RTK/PPK GPS to record vessel attitude 

(heading, pitch, roll, and heave) and horizontal position accuracy of 10 cm or less. The 
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Daiber also has adequate deck space and equipment to launch small- and medium-

sized AUVôs and therefore served as the launch and recovery vessel for the Gavia 

AUV.   

For the AUV, the study used the University of Delawareôs Teledyne Gavia 

AUV.  The Gavia AUV is a modular vehicle customizable to individual projects, fitted 

for this study with a Marine Sonics high-resolution, dual-frequency 900/1800 kHz 

side-scan sonar, Geometrics magnetometer module, 2 MP Point Grey Color 

Grasshopper Camera, and environmental sensors (e.g. salinity, temperature, dissolved 

oxygen, and turbidity).  The Gavia AUV is navigated by a Kearfott T-24 ñSEANAVò 

inertial navigation system (INS) coupled with a RD Instruments 1200 kilohertz (kHz) 

Workhorse Navigator Doppler velocity log (DVL). The Gavia has a depth rating of up 

to 500 meters, and in standard magnetometer configuration, can run for over 3.5 hours 

and cover up to 20 linear kilometers, with customizable mission shape and line 

spacing as narrow as 1m.   The Geometrics magnetometer module, developed in as 

part of a Department of Defense (DoD) Environmental Security Technology 

Certification Program (ESTCP) funded program (MR-201002; see Steigerwalt et al., 

2014) for MEC detection, consists of a high-sensitivity Geometrics G-880AUV 

cesium vapor magnetometer and Applied Physics 539 fluxgate compass.  Total field 

magnetic measurements are recorded with time-stamped data logs that include 

position, altitude, heading, pitch, roll, and electrical current draw.  Magnetic 

compensation software developed as part of ESTCP Project MR-201002 by 

Geometrics allows for the correction of local magnetic field distortions in the 

magnetometer signal from permanent and induced magnetization effect from the 

vehicle (Steigerwalt et al., 2014).   
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On an untethered, autonomous platform, the magnetometer is capable of 

operating in a broader range of environments than commercially available towed or 

vessel-mounted arrays.  Magnetometry requires careful control of both diurnal and 

environmental signal removal (Wald and Cooper, 1989) that can obscure small 

anomalies generated by MEC.  Further, the ability of a magnetometer to detect an 

object decreases as a cube of the distance between the sensor and target object 

(Breiner, 1999).  To maximize sensor effectiveness, the sensor must remain 

consistently near the seafloor, an effort that is difficult to achieve with traditional 

towed or pole-mounted arrays.  The Gavia AUV conducts precise, near-seafloor 

surveys maintaining altitude following within 10 cm of a set-point of 1.5 m above the 

seabed otherwise unachievable by towed or pole-mounted array.  In the ESTCP study, 

the AUV magnetometer was capable of detecting objects as small as 60mm mortars, 

with high-detection rates on ordnance of 75mm diameter or larger (Steigerwalt et al., 

2014). 

4.2.4 In -Field Trial  

4.2.4.1 Field Site 

The in-field verification was conceived to present a scenario similar to 

potential situations encountered over the course of offshore wind area development.  

The field site ideally has similar environmental conditions to those found in the mid-

Atlantic WEAôs, in which a case study would be conducted to examine the 

performance of the selected methodology recommended from the technology review, 

as well as adapt and optimize the methodology in field to meet project requirements.  

The proximity of the Delaware Wind Energy Area to the University of Delaware 
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Marine Operations base (30 km) made the Delaware WEA a prime candidate for the 

field site.  After consulting BOEM, two lease blocks within the Delaware WEA were 

selected (blocks 6325 and 6236, see Figure 4.2).  These blocks contained varying 

bathymetric profiles and sediment types in which to examine environmental influences 

on sensor and platform performance (Figure 4.2).  

The western half of the Delaware WEA sits on the southeastern edge of the 

Cape May shoal-retreat massif, a shoal and swale system created by the recent 

Holocene shoreline transgression of the Delaware River estuary system (Swift et al., 

1980).  The eastern half of the WEA is a gentle sloping plain with shallow swales.  

Blocks 6325 and 6326 sit in the northern section of the Delaware WEA where the 

ridge and swale system transitions to the plain.  Block 6325 of the Delaware WEA is 

characterized by a bathymetric ridge running NE to SW, rising from 20m to 9m depth.  

Block 6326 sits immediately to the east of Block 6325, on the NE flank of the 

bathymetric ridge in Block 6325.  Block 6326 slopes steeply from 15m to 20m in the 

western section, settling into a gradual swale ranging from 20m - 29m water depth in 

the east of the block.  Two primary sediment classes characterize both sites: well-

sorted fine to medium sands (d50 ~ 0.17 ï 0.4mm) and poorly sorted coarse sands 

with gravel and shell hash (d50 ~ 1mm).  These sediment classes are well documented 

in the region and largely characteristic of the mid-Atlantic Bight (Raineault et al., 

2013; Fletcher et al.. 1992). 
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Figure 4.2:   The Delaware Offshore Wind Energy Area with NOAA Coastal Relief 

Model bathymetry.  The study area (outlined in black) fell within two 

lease blocks (grey outlines) ranging from 13 ï 25m deep (top center). 



 144 

The field site was divided into two sections: a 2x2km ñwide-area assessmentò 

box wholly contained within Block 6326, and a ñlandfall cable routeò path running 

upslope from the WAA box into Block 6325 (Figure 4.3).  Within the 2x2km box, five 

ñturbine nodesò locations were placed to simulate a section of a planned wind turbine 

field.  The turbine nodes were spaced similarly to existing offshore wind turbine 

fields, with the nodes situated in staggered N-S oriented rows offset by 0.5nm 

(0.926km) and 1/3 nm (0.617km) spacing between turbines in each row.  Node ñcable 

routesò interconnected the turbine nodes, and indicated the ideal corridor for cable 

laying between turbines.  The nodes and most of the 2x2km box were situated in 20 -

25m water depth. The landfall cable route ran over a 5x0.05km corridor directly west 

of the 2x2km, running upgrade until terminating at a shallow point of 13m.  Large 

sorted bedforms were located within the 2x2km box, and transecting portions of the 

cable route (Figure 4.3).  In all, the field site was designed to be representative of 

conditions anticipated in the larger DE WEA. 

 

Figure 4.3:   Study area consisting of a 2 x 2 km survey box, five wind turbine ñnodeò 

locations, and a section of a landfall cable route.  Edgetech PMES side-

scan overlays NOAA Coastal Relief Model bathymetry. 
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4.2.4.2 Site Preparation 

Site preparation was conducted in three phases: initial survey, instrument 

verification strip (IVS) installment, and munitions surrogate placement.  Real 

ordnance could not be used for the study, thus requiring surrogate munitions to be 

placed at the site.  The surrogates were based on ñIndustry Standard Objectsò 

Guidance developed by the Naval Research Laboratory (NRL/MR/6110-09-9183 

Naval Research Laboratory 2009).  These ñISOôsò were steel pipes with similar 

acoustic and magnetic signatures to actual munitions (Figure 4.4).  From the historical 

review, the 155mm artillery shell was determined to be the minimum size threshold 

for detection, although surrogates for both larger (8ò naval artillery shells) and smaller 

(105mm artillery and 60mm mortar) munitions were also fabricated.  These were 8-

inch, 6-inch (155mm shell), 4-inch (105mm shell) and 2-inch (~60mm mortar) 

diameter (inner diameter) schedule 40 steel pipes.  The 4-inch and 2-inch surrogates 

were cut to length per ñIndustry Standard Objectsò Guidance.  The 6-inch and 8-inch 

surrogates were larger than those selected for in ISO Guidance, and were instead 

designed based on historical documentation.  

An instrument verification strip (IVS) was used to monitor the navigational 

and sensor performance of the AUV and was mapped at the beginning and end of 

every day.  The IVS was adapted from designs outlined by the Naval Research 

Laboratoryôs Guidance for IVS with terrestrial sensors (Naval Research Laboratory 

2009).  The IVS design was modified for application in the marine environment.  For 

the 2016 study, the IVS consisted of six surrogates (two 8-inch, two 6-inch, and two 4-

inch ISO) oriented parallel or orthogonal to the survey transect and spaced 6 m apart 

along a ½-inch nylon line (Figure 4.4).  The nylon line was weighted at each end with 
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cinder blocks and attached to subsurface floats, which served as sonar fiducials for 

navigational purposes. 

 

Figure 4.4:   Instrument Verification Strip (IVS) design with a typical AUV IVS 

mission illustrated.  Transects are spaced at 50%, 100% and greater that 

200% spacing to examine signal strength and system noise.  The central 

transect is conducted in both directions over the IVS to establish 

navigational accuracy and determine whether any latency exists.  An 

example of the ISO surrogate munitions used on the IVS and as the target 

seeds for the case study (right). 

The entire field site was mapped on July 12, 2016, using the PMES system to 

identify any targets or obstructions on site that would impede AUV surveys, as well as 

collect a baseline bathymetric and textural map of the area.  No obstructions were 

observed, and the data was used to inform ideal locations (e.g. varying sediment types 

and/or bathymetry) for the instrument verification and placement of the surrogates.  

The IVS was installed on July 18, 2016 near the western edge of the 2x2km box.  The 

IVS was situated in close proximity to the planned surrogate locations, to allow for 

rapid transitions from IVS missions to production missions, but at enough range to 
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prevent influence on the magnetometer from the surrogates.  After the IVS 

installment, the munitions surrogates were ñseededò at predetermined locations.  

Surrogates were placed in five locations along the cable route, and within three sites 

along the turbine node network (Figure 4.5). The surrogates were deployed from the 

surface vessel via slack-line, which had an Ultra-Short Baseline (USBL) transponder 

attached to record the underwater position of the surrogate. Both the ship and USBL 

positions were recorded for each surrogate.  During deployment, issues arose with 

sites deeper than 15m, where a strong thermocline affected the acoustic signal 

propagation, resulting in poor USBL navigation.  Where unreliable USBL positions 

were present, seed positions were recorded using the surface vesselôs position. Sixty-

two total surrogates were placed at the site. 

 

Figure 4.5:   Location of areas seeded with surrogate munitions within the wider study 

area. 
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4.2.4.3 In -Field Trial  

The in-field trial was conducted from July 20-28, 2016 by the search team.  

The search team was not privy to the locations of the surrogate munitions, but 

preformed predetermined survey plans for both the wide-area assessment and AUV 

missions.  The WAA survey was conducted on July 20, 2016 from the R/V Joanne 

Daiber using the Edgetech 6205 PMES for bathymetry and side-scan.   Transect line 

spacing was deliberately conservative, resulted in greater than 100% overlap in 

bathymetric coverage, and greater than 200% overall in side-scan sonar. To account 

for the sharp thermocline, sound velocity profiles were taken every hour.  The survey 

of the 2x2km box and 5km cable route was completed in 5.5 hours averaging 7 knots 

survey speed. 

AUV missions were conducted in three formats: IVS missions, turbine node 

missions, and cable route missions.   For each format, the AUV was collecting 1800 

kHz side-scan sonar and magnetometry.  To balance the detection threshold (of 

155mm or larger) requirement without extending operating time, a base transect 

spacing of 8m was selected, with the AUV operating at 2m altitude above the seafloor.   

The nominal AUV survey speed was 1.5m/s (2.92 knots). 

IVS missions were conducted at the beginning and end of each day to monitor 

sensor performance and navigation drift throughout the study.   A specific IVS 

mission was designed for the University of Delawareôs Gavia AUV given the standard 

mission parameters discussed above. The mission, (Figure 4.4), consisted of two lines 

following the IVS in opposite directions (to monitor latency), two parallel transects 

offset at 4m (half the standard mission line space) and 8m (standard mission line 

spacing), and two lines offset 20m (to monitor system noise).  A total of nine IVS 
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missions were conducted over the course of the in-field verification (no end day 

mission was conducted on July 21 due to battery/time constraints). 

For the turbine node missions, the AUV ran N-S and E-W transects over a 

40x40m box surrounding the turbine node location, and along the cable route 

connecting nodes (Figure 4.6).  In order to constrain navigational error, each survey 

was conducted over 1 node at a time, after which the AUV would surface to reacquire 

GPS.  Two missions (approx. 1.5hr per mission) could be conducted before the AUV 

required a battery module replacement.  While operating on one battery module, a 

second battery module would be charging to extend operation duration.  After 

completing an initial survey of all five turbine nodes, additional missions were 

conducted over Node 3, which was determined by the search team to contain 

surrogates.  These additional missions were conducted at varying line spacing and 

orientation, and at various altitudes to determine the optimal transect spacing, as well 

as simulate ñburiedò munitions.  The surrogates could not be buried feasibly upon 

deployment, so to simulate burial, the AUV operated at 4m and 6m altitude, thus 

simulating 2m and 4m burial relative to the nominal 2m altitude standard mission.  

Given that the sediment was not ferrous, the medium between the AUV magnetometer 

and munitions has minimal impact on detection; rather increasing the range (R) 

between sensor and object results in drop given by the power law 1/R3, comparable to 

munitions buried beneath the seabed in siliceous sediments.  Nine total node missions 

were conducted. 
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Figure 4.6:   Example mission track from the AUV for cable route missions (left) and 

turbine node missions (right).  Both mission types were conducted at a 

standard transect spacing of 8m with the vehicle operating at 2m altitude.  

The cable missions covered the width of the cable corridor (50m) with E-

W oriented transects.  The node missions covered 40 x 40m box with 

transects oriented both N-S and E-W. 

The cable route was divided into five 1km by 50m sections to reduce the 

potential for navigation drift of the AUV (Figure 4.6).  Each section was mapped by 

the AUV running E-W transects spaced 8m and operating at 2m altitude.  Mission 

duration was approximately 1.75hrs per section. Five total cable route missions were 

conducted during study. 

Following the side-scan sonar and magnetometer production surveys, the AUV 

was reconfigured for camera surveys.  An initial camera survey was tested over the 

IVS to calibrate the camera settings.  Surveys were conducted in N-S transects with 

1.5m altitude and 2m transect spacing to achieve optimal image clarity and coverage.  

Production missions were then conducted on July 27 and 28, over Node 1, Cable route 

1 and Node 3, which were determined by the search team to contain targets of interest.   

Following the optical surveys, field operations were completed. 






































































































































































































































































































