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Dune blowouts areommonerosionalfeatures that develop in dune fields worldwide. At
Provincelands dunes in Cape Cod National Seashore, blowouts are eroding into shore parallel
transverse dunes and the trailing arms of inland paradalies High spatial and temporal
resolution data wasollected with Terrestrial Laser Scanning. This allows for the detailed
topographic mapping of blowouts that are monitored through titrerge scale geomorphic
changes ardriven by high magnitude northerly storm events that occur in the fall and winter
seasons. Storm events from various incident angles are being topographically steered into the
blowout and areas with increased gradient of slope within the blowouts are eroding more rapidly.
Incipient embryo blowouts are developing in the lee of elevatew adwests and potentially
become captured through the coalescence of landforms. This embryo capture leads to rapid
modifications to the host landform and provides new considerations for the larger blowout
evolutionary modelBlowouts are ubiquitous featweat Cape Cod National Seashore making
this an ideal stud and the abilityto collect high resolution geomorphic data that besatly

increased our knowledge on blowout evolution.
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CHAPTER 1: INTRODUCTION

Blowouts are common erosionf@atures that develop in dune landscapes where there is
high energy and abundant sediment supply (Hesp, 2002). Blowouts are initiated largely due to
topographic disturbances in dune structures or by the removal of vegetation, both of which leave
dunes vuherable to continual aeolian erosion and blowout development (Hesp and Hyde, 1996;
Hesp, 2002)Saucer and trough shaped blowouts are the most common forms of development
Regardless of shape, certain dabdform features are shared between both blowbapes
including deflationary floor, lateral wall, and depositional lobes (Hesp, 2@)@Nouts have a
unique procesform relationship between airflow and topography. Topographic steering and
acceleration of air flow magnifies the erosion occurring witllowouts.The largergeomorphic
significance of blowouts is in their ability to rapidly deflate in the area of initiation and transfer
large amounts of sediment to depositional lobes and back dune deposits (Gares and Nordstron,

1996; Hesp, 2002; and Anden and Walker, 2006).

Blowouts have the ability to mobilize large amounts of sediment within-fields. A
number of studies have provided the basis of our knowledge on the geomorphology of blowouts
(Jungerius and van der Muelen, 1989; Gares, 1992 s@aek Nordstrom, 1995; Hugenholtz and
Wolfe, 2006; and Kayhko, 2007), but they all have limitations in the spatial and temporal
resolution at which these studies were conducted. Advances in technology (e.g. Terrestrial Laser
Scanning) have led to an incsea abilitygather highresolution spatial and temporal dathese
advancedn data collectionprovide the potential to increase our knowledge of dune blowout
dynamics through innovativgeomorphic measurements that allow for the creation of detailed
sedment budget@and rim mophometrics Herein, | have developed two studies that leverage

high-resolutionspatial and temporal data provide a detailed assessment of the geomorphic



evolution of dune blowoutsMore specifically, the results presented in tagparate research
papers (i.e. Chapters 2 and 3), detail dune blowout evolution attemlpioral scales (i.e. annual

and seasonal) and at different spatial scales (i.e. landform ashanslibrm).

Geomorphic Setting

This study is conducted at Cape Codtidnal Seashore where there are a high number of
blowouts at varying stages of evolutiofihe large numbers of dune blowouts are in part a
response to the optimal conditions for development (i.e. high energy and large sediment supply).
Beach parallel dunedges are exposed to high magnitude storm events that occur predominantly
in the winter (Fig. 2). This has led to the prevalence of blowouts in this dune system, providing a
perfect location in which to study the evolution of these landforms at mubiglges of
development. Large well developed blowouts have left an indelible impact on the larger
landscape, while incipient blowouts are just beginning their role as areas of rapid deflation.
Embryo blowouts, or incipient blowouts forming downwind of thest of larger blowouts or
ridges, are a unique type of blowout that has been identified at this study site. The significance of
these features lies in their ability to expand rapidly and eventually to lead to the breach of the
crest separating the embrfrom its host. These features appear to have significant impact on the
geomorphology of thehost blowout following embryo dune capture. Well developed and
incipient embryo blowouts will be studied in detail to provide a better understanding abtkeir

within the landscape and their contributiorthe larger blowougvolutionary model



Figure 1: The Northern extent of Cape Cod National Seashore. Shore parallel dunes are exposed

to high magnitude landward storm events that occur in the fall andrwioteths.

Theresults of the research projeetdl be presented as two independent research articles
(i.,e. Chapters 2 and 3Each of which will have its own literature review, study site,
methodology, results, discussion, and conclusion. These chaptedesigned to be ready for
publication and both will contribute to the larger blowgabmorphologyiterature. The final
chapter will be a conclusion that will integrate the major findings of both artictesone
cohesive summarnysince the chapterseaindependent of one another they will address different
core research questions. Research questidwill be addressed in the Chapter two (i.e. Annual
and Seasonal Geomorphology of a Trough Blowout, Cape Cod National Seashore, MA) and
research questis 45 will be addressed in Chapter three (i.e. Geomorphic Impact on the

Development and Capture of Embryo Dune Blowouts, Cape Cod National Seashore, MA).



Research Questions

1. What geomorphic changes occur within the blowout and across the depositional lobe
during varying temporal scales? What do these temporal scales (i.e. annual and seasonal)

indicate about the geomorphic evolution of the study site?

2. How will the classificion of sublandform features provide insight to larger scale trends
occurring within the blowout? Will slope and curvature allow for the classification of

geomorphic zones and can these zones be clearly delineated?

3. Can regional wind data be used to higit localized topographic steering within
blowouts? What inferences can be made by analyzing the relationship of regional wind

patterns to orsite sediment drift?

4. What impact does the development and eventual capture of embryonic dunes have on the
continual geomorphic evolution of the adjacent blowout or dune ridgeave determine

where and how rapidly these features are evolving?

5. How does our knowledge of emimy/lead to the consideration of a new theoretical model
that explains the initiation and expansion of these features? What is the applicability of

this model at various locations?



Chapter 2Annual and Seasonal Geomorphology of a Trough Blowout, Cape Cod National

Seashore, USA

Introduction

Dune blowouts are common erosional features that develop in aeolian landscapes and act
as conduits allowing for the transfer of large amounts of sedimentpisitienal lobes and
backshore dune deposits (Gares and Nordstrom, 1995; Hesp, 2002; and Anderson and Walker
2006). Blowouts initiate in otherwise stable areas by wave and aeolian processes, climate
change, loss of vegetation, or anthropogenic disturbaitesp and Hyde, 1996; Hesp, 2002;
and Hesp and Walker, 2012). After initiation, incipient blowouts experience negative erosional
feedback from aeolian processes which continually work to expand these features (Hugenholtz
and Wolfe, 2006). As dune blowoutievelop into saucer or trough shapes, the topography
greatly modifies the boundary layer conditions affecting velocity and directionality of airflow
(Hesp, 2002). These unique process form relationship between blowouts and the acceleration and
steering ofairflow has been the primary focus of many studies focusing on dune blowouts.
Relatively few in depth studies focusing on the geomorphology of dune blowouts have been
conducted (Jungerius and van der Meulen, 1989; Hugenholtz and Wolfe, 2006; and Kayhko,
2007). These geomorphic studies have focused primarily ontéyng decadal changes in
blowouts; however, there is a need to understand changes taking place at the annual and seasonal

scale in order to capture rapid geomorphic modifications to these tarsdfo

Geomorphology

Dune Blowouts tend to form in high energy environments with large sediment supplies

and are common in both coastal and continental dune fields (Hesp, 2002). Blowouts evolve into



two primary forms; deep elongated troughs and shalBewmtcircular saucer shapes (Hesp,
2002). There are also common dahdform features identified in field observations, including

the deflation basin or floor, lateral slope or wall, transportation ramp, scarp, and throat. While
previous sudandform obserations have been largely empirical there is thought to be a
relationship between slope and the morphodynamics of dune blowouts. Hugenholtz and Wolfe
(2006) found that erosion pins that were located in areas of elevated slope experienced rapid
topographicdeflation. Elevated slopes within blowouts are believed to be most active and are
commonly found to experience grain avalanching and slump failure leading to increased erosion

in these areas.

Previous geomorphic studies have largely utilized erosional fmnstudy surface
elevation changes by placing pins in transects across the surface of the blowout and depositional
lobe (Gares, 1992; Gares and Nordstrom, 1995, and Hansen et al, 2009¢gredsthe surface
(Pluis, 1992 Hugenholtz and Wolfe, 2006)nd at locations around the rim (Jungerius & van der
Meulen, 1989). Also Tachymetric leveling has been used to measure elevation changes within
blowouts using stake transects as reference points (Kayhko, 2007). These techniques can provide
highly accurate masurements of erosion and accretion but problems exist when interpolating the
results into iso lines or grids in which elevation changes and volume can be estimated.
Limitations in spatial the resolution of these studies have allowed for ambiguity toirexis

peripheral areas of the landform.

Process Form Relationship

Blowouts have unique proceBsm relationships where the local topographic

characteristics of these features are inextricably linked to steering and acceleration of airflow and



consequentlyo the continued evolution of the landform. The primary axis of blowouts tend to be
oriented in the direction of incoming high magnitude winds (Gares and Nordstrom, 1995).
Trough blowouts tend to steer incoming wind directions parallel to their primarykasp and

Hyde 1996, Hesp and Pringle, 2001; and Hansen et al, 2009), but both trough and bowl blowouts
have been observed to have zones of recirculation of airflow of up to 180° off of the incoming
wind direction (Fraser et al, 1998; and Hugenholtz \Afodfe, 2009). Localized nelogarithmic

jets have been recorded in both trough and saucer blowouts as airflow become compressed and
accelerated because of unique boundary layer conditions (Hesp and Hyde 1996; Hugenholtz and
Wolfe, 2009; and Hesp and Waitk&012). Airflow has also been shown to decelerate as it enters
the blowout and on the lee of the crest on the depositional lobes as airflow expands in localized
flow separation zones (Gares and Nordstrom, 1995; Hesp and Hyde, 1996; Hugenholtz and
Wolfe, 2009; Hesp and Walker, 2012). As airflow moves up the axis, wind becomes compressed

and reaches its highest speeds at the crest of the blowout rim (Hesp and Hyde, 1996).

Variations in boundary layer steering and acceleration of airflow can lead to
asymmetical development of blowouts (Gares and Nordstrom, 1995). Studies have also shown a
more linear trend of blowout evolution as incoming winds are steered parallel to the axis (Hesp
and Pringle, 2001; and Hansen et al, 2009). The size of a dune blowow adimiiting factor
when it becomes too deep or wide to promote continued erosion as the ability of these features to
produce jet flows becomes reduced (Gares and Nordstrom, 1995; Hesp, 2002). Other factors that
have an impact on the size of blowouts ideuihe competence of winds to transport sediment,
internal sediment supply of the blowout, and erosion down to the water table that inhibits
continual transport (Hesp and Walker, 2012; Hugenholtz and Wolfe, 2006). Gares and

Nordstrom (1995) proposed a dgell model of blowout evolution, which includes initiation,



expansion, and eventual stabilization of blowout dunes following a critical threshold being
reached. Others have observed a transition from large blowouts, especially trough blowouts, to
small paabolic dunes in which the critical size of the blowout was never fully reached because
of abundant sediment supply and high magnitude winds (Hugenholtz and Wolfe, 2006; Hansen

et al., 2009).

Seasonality

There are several seasonal variations that playlea ino sediment transport among
blowout features. One of the most significant seasonal variations is the role of vegetation which
Gares and Nordstrom (1995) describe as being the critical determinant for potential deflation of
foredune structures, which ia precursor for incipient blowout development. Vegetation
stabilizes the foredune and other dune structures making it resistant to erosion and possible
blowout initiation (Hesp 2002). On the surface of the blowout a microbial crust in the form of
algae terporarily stabilizes sections of larger blowouts in the summer months (Pluis, 1991). In
winter months, when flora tends to die off or become buried, there is a greater potential for
aeolian processes to transport large quantities of sediment throughwioeifbeecause of a loss
of stability within the preexisting structures due to vegetation loss (Daviiswit and Law
1990). While this potential is greatest in the winter months, other factors may affect the actual
transport including high moisture conteaf the sediment, snow cover, or frozen ground
(DavidsonArnott and Law, 1990). Surface moisture is particularly important at controlling
sediment transport throughout the year because small increases in moisture co@tént (4
require an increase in wingpeed of 80% to transport the dampened sediment (Davidson
Arnott et al., 2007). Sediment that is saturated is greatly resistant to aeolian processes and can

only be transported through high magnitude events. Soil moisture content can vary greatly at the

8



time scales ranging from days to seasons due to differences in solar aspect, length of days
(Hugenholtz and Wolfe, 2006), and evaporation (Daviesortt et al., 2007). Thus, an
increase of aridity of the sediment would be expected in summer when tie auts highest
angle in the sky, the days are long, and temperatures are high, all leading to increased

evaporation potential.

Based on these factors, summer would seem to be a critical period for blowout initiation
and development (Hesp 2002). Howeviliese seasonal variations are misleading because the
high wind speed events that produce erosion and deposition more commonly occur from late fall
to early spring. The geomorphic responses of blowout features are greatly linked to storm events
which may not correspond to expected trends accounting for seasonal variables (Hesp and
Walker, 2012). Optimal sediment transport conditions result from the combination of low
vegetation cover, low moisture content and high wind speed events. This suggestsitiesti t
period for landscape change associated with aeolian processes would occur in the fall or spring
when temperatures are high enough to produce evaporation, which keeps the surface sediment
relatively dry, vegetation density is low at the onset afteri or just beginning to thicken at the

end of winter, and wind events are sufficiently powerful to move sand.

Objectives

The focus of this study is to provide an in depth geomorphic analysis of topographic
changes occurring on the annual and seastsmaporal scales. High spatial and temporal
resolution will be achieved through repeat topographic surveys and will be able to accurately
guantify both large and small scale changes. This will provide a greater understanding of the

geomorphology of blowoutsby providing detailed morphometry and sediment budget



measurements on a mdiémporal scale. Geomorphic zones within the blowout will be
classified and quantified based on volumetric changes. This will provide-larsiform scale

that will compliment tle global changes by providing insight into how zones within the larger
scale feature impact larger trends of geomorphic change. Lastly the regional wind regime will be
studied based on the potential for sediment transport. While it has been well docutnanted
local topography modifies boundary layer flow, the regional context will provide an

understanding of the impact of wind events in relation to sediment drift within a blowout
Study Site

The study site is located at Provincelands Dunes, part of the Cad National Seashore
on the Northern end of Cape Cod (Fig. R)ovincelands Dunes consist of a sizeable Holocene
parabolic dune complex containing eleven large discrete parabolic dunes inland and a transverse
dune system seaward along the beach (Foretaal, 2008). Blowouts at Provincelands Dunes
have developed along the inner transverse dune ridges and on the trailing arms of the parabolic
dunes both of which face northwest to northeast toward the beach. Blowout initiation generally
occurs on the elvated dune crests on the seaward side of the ridges, which are exposed to strong
northerly winds that are typical of the winter months. European settlement and the associated
deforestation in this region may have reactivated the dune complex near toé thied17"
century (Forman et al., 2008). The removal of the forest cover has provided a large amount of
available sediment for reactivation by aeolian forces which have lead to the continuous evolution

of the landscape over the past three centuries.

10



Province Lands Dunes, Cape Cod National Seashore

WGS 1984 )
Mercator Auxiliary Sphere 0 2 4 Kilometers
ESRI World Imagery L 1 i 1 ]

Figure 2 Province Lands Dunes is a Holocene dune complex in the Cape Cod National Seashore
which has a high density of blowout dunes due to the-@igrgy environment and available

sediment supply.

A large trough blowout (42°04'46.35"N, 70°12'29.31"W) wakected for this study. The
blowout has eroded into the side of an interior dune ridge that is located roughly three hundred
meters inland from the coast. The axis extends from the throat to the rim crest at approximately
292.5 degrees, and is primardyposed to winds coming from the northwest. The active surface
of the blowout is mostly free of vegetation while the depositional lobe has dense vegetation

mainly consisting of American Beach Gra@mmophila brevilgulata)Several other floral

11



species als grow on the depositional lobe including poison (tgxicodendron radicans)s

well as woody shrubs and bushes including Northern Bayl§btoyella pensylvanicg)Beach
Heather(Hudsonia tomentosapnd Beach PlunfPrunis maritime).The American Beach grass
often loses vitality or becomes buried during the winter months while the woody species become

islands, resistant to erosion of the depositional lobe year round.

Methodology

Data Collection

The geomorphic change detection is aspbshed on the blowout with the aid of repeat
Terrestrial Laser Scanning (TLS) surveys. A Leica HD3O0Ctripod mounted scanner can
collect upwards of 50,000 points per second under ideal field conditions and hasoé-Vield
of 360 degrees horizontahd 270 degrees vertical. The LeicdCutilizes a single return pulsed
based green laser (535 nm), which returns tdmeensional x, y, z and intensity (i) values for
each laser pulse on the basis of the time of flight, angle of return, and albedcsoffdte. The
C-10 is a medium range laser scanner with a maximum range of 300 meters. Leica HDS planar
reflective targets are used to create a series of reference points between multiple scan positions.
The targets allow the data collected at multiplanspositions to become seamlessly integrated

into one point cloud through the registration process.

The Root Mean Square Error ( RMSE) and the
surveys were propagated throughout the scan series (Staley et al., 20@&y;e$tal.,under
review). Our analysis of the DEM uncertainty provides a global error measurement based on
local control points at the study site. The propagated error budgets for the X, y, and z values were

calculated in order to assess the level obreassociated with the scan data and to be able to

12



assign error at the individual pixel level. Pixel error is then used to give a * value for the
volumetric measurements. For the surveys collected at the study site the propagated RMSE = 8.3
mm and rork &5 mm. Bath error measures display sub centimeter error associated with
the scan dat a. The 0 error measures wil/l be

conservative level of error assessment in the volumetric changes measurements.

Vegetaton Filtering and DEM Generation

Geomorphic changes can only be accurately quantified between multiple scan series if
the TLS data represent a bare earth model of the blowout surface. The computer software
LAStools was used in this study to filter the ess@egetation allowing for the creation of bare
earth models. LAStools was originally designed as a filtering program for airborne LIDAR,
however, its ability to compress large amounts of data into usable .las files makes it ideal for
handling the volumines data recorded via TLS. Point cloud data are filtered through a series of
coded command sequences that separate the ground and above ground data. A final step in the
filtering process is to thin the data, while at the same time keeping the lowest Poisiis.done
for two specific reasons: the first is to remove any artifacts of vegetation that would overestimate
the bare earth surface and the second is to produce an initial point cloud with consistent point
spacing to remove the potential for largatsgd errors in the conversion of the points to a digital

elevation model.

The filtered point cloud is then exported to ArcMap where it is converted into a raster
grid. A 10 cm raster size was chosen in order to reduce the influence of residual amtifiaets
data due to vegetation while still maintaining a high level of spatial resolution. Micro relief

features such as grain avalanches, ripples and footprints are still visible, while stubble from the

13



remnants of individual grass stalks are removedmHFnere the DEM can then be transformed
into various surface representations that aid in further study of the blowout geomorphology (e.g.

slope mapping, curvature, hill shade etc.).

A total of five repeat geographic surveys were collected at the studyetiteen May
2011 and May 2013. Two data sets exist displaying annual change (i.e. May RN 2012
and May 20121 May 2013). The second year of the study multiple seasonal surveys were
conducted including May 201 October 2012 (summer), October 200 2November 2012
(fall), and November 2012 May 2013 (winter). These annual and seasonaldg¢asets will be

used to identify geomorphic changes occurring between subsequent scan surveys.

Global Geomorphic Analysis

The geomorphic evolution of the blowout is analyzed using the gross areal and
volumetric changes taking place between successive pairs of scan surveys. In order to evaluate
changes occurring in different parts of the blowout, a polygon is created thatated the
blowout rim, separating the erosional inner trough from the depositional outer lobe. The
morphometry of the rim will be monitored in order to detect growth or reduction of the blowout
feature through timeThese rim and depositional lobe polygoare then used to quantify the

areal and volumetric changes within each scan series.

Areal changes occurring within the polygons become the basis of monitoring the extent
(m?) of these features both spatially and temporally. Curvature and hill slopeneippdentify
the boundaries between the blowout and depositional lobes. Difference surfaces are generated

from successive scan surveys in order to generate changes in elevation. These are then converted
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to volumetric changes (m3), based on the 10x10 ol gize, allowing for the sediment flux of

the blowout and depositional lobe to be monitored.

Sub Landform Geomorphology

Geomorphic subandform zones are mapped in order to identify areas of the blowout
surface that display homogeneity in terms of elomlirectionality of slope, and field
observations. Five commonly used descriptive zones in the blowout literature including the
deflation basin, lateral slope, throat, transport ramp, and scarp will be used to classify the surface
of the blowout. An areaf reduced slope on the upper lateral wall was identified in both the field
and the DEM and is classified as the shelf zone. The DEM will be used to generate a slope map
that will be classified into ten Jenks Natural Break classes. Directionality ofislajs® a factor
when defining zones, for example, the transport ramp maintains a gradual slope extending
parallel through the axis of the blowout while the lateral walls extend perpendicular away from
the blowout axis. Finally field observations are udedcalibrate the slope groupings and

maintain a level of accuracy during classification.

The ranges of the slope used to classify thelaotfform geomorphic zones for each
feature group include the throatl@.57°, the deflation basin17.91°, the latetaslope 23.26
33.3°, the transport ramp, 6:23.25°, the shelf 12.583.25°, and the scarp zone >33.3° (Fig.
10). Some zone classes overlap in terms of slope, but the directionality of each zone also
becomes a variable when deciding a classificationekample, the deflation basin and transport
ramp have two different trending surfaces with the deflation basin slope creating a bowl! while
the transport ramp is a consistent gradating slope from the basin edge to the crest parallel through

the axis of the lowout. Observations in the field and images taken by the scanner help
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classification of these geomorphic zones. This is evident when identifying the scarp zones in
which exposed roots and organic debris help to maintain a zone around the rim oftemgxceedi
the angle of repose for dry sand (i.e. >34°) and the transport ramp where ripples often extend the

length of the feature.

These zones will be broken down further into areas of deposition and erosion in order to
determine the dynamics of each zonetg®itains to dominant trends in sediment flux. The area
of each zone is used to normalize the total amount of erosion and deposition in each geomorphic
zone. This allows for the comparison of the zones in order to determine the individual rates of
erosionand deposition. This will compliment the global volumetric changes by analyzing the
spatial variability of volumetric changes occurring at the-lamlform scale providing insight

into the geomorphic dynamics of each classified geomorphic zone.

Sediment Bft Analysis

The Sand Drift Potential model (Fryberger and Dean, 1979) was designed to analyze
modal wind variation and potential sediment drift in desert dune environments based on regional
wind data and remotely sensed imagery. This model will be bexealyze the level of localized
topographic steering occurring in the blowout by comparing the results of potential sediment
drift to the results from the repeat scan surveys. Wind records for the intervals between the scans
were obtained from National i@Glatic Data Center for the Provincetown Municipal Airport
weather station, located one kilometer southwest of the blowout. The original data has 36

directional classes that will be converted into 16 directional classes

The Sediment Drift Potential moddtrf/berger and Dean, 1979) is based on several key

assumptions including having a dry surface, free of vegetation, and having bed forms no larger

16



than mega ripplesTwo modifications outlined by Pearce and Walker (2005) will be used to
reduce magnitude bias the Sediment Drift Potential model including using whole knots when
defining the knot classes (e.g.-22.99 knots as opposed to-22 knots) and using the statistical

mean of the winds in each wind class as opposed to the midpoint.

The Sediment DrifPot ent i al model uses a modi fi ed

(1975) sediment drift formula:
00w ® woz0o

Where0 represents the potential for annual sediment diifts the wind velocity (m/s) at a

given height above the surfaee ds the threshold wind velocity (m/s) with sand feed in, aisl

the percentage of time the wind blew for each class. This is a weighted formula that takes
magni tude and frequency into account when <cal
from this equation and are represented by Vector Units (VU) and the potential of sediment drift

for 16 directions is used to qualitatively classify the study region as low (DP<200), moderate
(DP=200399),orhighe ner gy environments (yiuRaddedetminethdcr o m |
resultant drift direction (RDD) or the general direction sediment is expected to drift and a
resultant drift potential (RDP) which looks at the total magnitude based on the influence of

multidirectional winds on sediment drift.

Before Q can be calculated the shear velocity must be determined from wind speeds
recorded at 10 m above the surface. Fryber ge
velocity for desert sand (30mm); however, this would not be analogous to the study siesand
be modified accordingtoemi t e sedi ment characteristics. Bac

<

used in order to determine the threshold shear velocity at the surface:
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Where"Yz 0is the threshold shear velocity,is a coefficient that Bagnold (1941) approximated
to be 0.1 for grain sizes >.25 minjs the specific weight of quartz saridis the specific weight

of air, "Qis the acceleration of gravity, aifzis the diameter of the sand grains.

Bagnol d)eguatiorli® then used in order to estimate the threshold velocity at a
given height above the surface in order to ma

of the focus height and velocity will be used in this equation solvingfand W\
o 1 - .I.db Wi

pu 0 aﬁ, J

N pm G

"Wo¢ ® aniQ
Where'Y p 11 is the threshold velocity at 10 meters above the surface (in this case ten meters is
used because it is the standard bsaagpéfficiennf t he
theorized by Bagnold (1941) whef23/K) U*t. Kr e pr esent s Von Karamands
is the height above the surface @i s t he focus height esti mated
that represents the height at which mega ripfue® across the surface accounting for surface

roughness (Belly, 1964)WNj s t he vel ocity at the 6focus hei

equation (1954).

The Sediment Drift Potential model compared to observed sediment dsiteoprovide

a bais to determine the level of localized topographic controls on regional wind patterns. The
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model results are compared to volumetric changes across half meter wide transects in the same
16 directions radiating away from the blowout centroid. The differendace raster cells were
sampled from the centroid and extending to the rim, giving total volumetric changes along these
transects. The volumetric changes will be analyzed in patterns of deposition and erosion. The
grand mean, a weighted circular statists calculated in order to compare the directionality of
actual sediment drift compared to the RDD determined using the Sediment Drift Potential model
(Fryberger and Dean, 1979). Also the environmental energy classification gained from the DP
values iscompared to the activity across the surface during the study. These measurements
provide a context by providing an understanding of the regional wind regime in relation to the

geomorphic changes being observed on site.

In October 2012, a total of 12 sediment samples were collected in various locations
across the active surface of blowout. The median grain size of .707 mm, which is classified as
coarse sand, was used to determine the threshold velocity. The medianasltleogen because
the data were skewed due to sample #5, which was taken on the crest of a mega ripple (1.41 mm)
and is unrepresentative of the | arger sampl ed
(1941) the threshold velocity at the surfac&@scm/s. The shear velocity at 10 m above the
surface, to maintain sediment transport, is 11.03 m/s. This was converted to 21.44 knots in order
to be used in the Sediment Drift Potential model. This shear velocity was rounded up to the next
wind class of 2-22.99 knots to be used as the minima competent wind class. All average wind
speeds for the lower class (i.e.-2%.99 knots) were below the threshold of 21.44, further
providing justification to round up to the next higher class. The time period beMae2012
and October 2012 experienced only three observations slightly exceeding the threshold of 22

knots, and this data set was excluded in this analysis.
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Results

Global Geomorphic Changes

Rim Morphometry

During the initial survey in May 2011, the studipwout consisted of a large horseshoe
shaped trough blowout with an axis extending from the northwest to southeast. During this time
a secondary feature, an incipient or embryo bowl! blowout, had developed on the lee of the crest
in the southern section dhe rim. The baseline survey shows a clear ridge separating the
blowout and its embryo dun€&if. 3. A year later in May 2012 the ridge had eroded leading to
an expansion of the blowout (Fig). Over the course of a year, the total area of the blowamlit h
increased by 563.27 m? or just under 28% of its original area3Fighe capture of the embryo
directly led to 72% of the total areal increase of the blowout; and following this capture the ridge
of the former embryo rapidly eroded leading to furtleepansion of the newly coalesced
features. Between May 2012 to October 2012 the area of the blowout increased slightly by .37%
(Fig. 3) over the summer months to 2521.08 m2. During this time only small scale erosion took
place in the scarp areas of thethwest and southeast sections of the rim, mainly the result of
grain avalanching along scarped surfaces near the rim. One month after the October scan in
November 2012 the blowout was resurveyed after the remnants of two major storms impacted
the study ge. The rim was constricted during this time period decreasing in size by .73%)(Fig.
to 2502.6 m? as a ridge was deposited windward of the rim in the southeast section of the
bl owout . May 201306s survey once agaeielongaddo we d

up and down wind parallel to its axis during the winter months. The ridge that was deposited
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foll owing the storm events was removed | eadi

close to 5% to 2627.48 m?2 (Fig).

Annual Elevation Chage

During the first year of the study from May 2011 to May 2012 the surface of the blowout
was dominated by erosion extending parallel through the axis4)-idere was a net erosion of
634.4 £ 20.5 m3 (Figd). The failure of the ridge that separathd study blowout and its embryo
led to a large amount of sediment available for transport @yigrhe capture led directly to
major erosion around the rim and scarped areas of the former embryo bowl as high magnitude
winds became funneled through thismhe exposed area. This becomes evident in the DEM as
ripples, indicating high wind speeds; extend just pass the deflation basin up through the newly

captured embryo dune.

The second year of the study from May 2011 to May 2012 the majority of the surface
experienced erosion with only localized areas of deposition4fighere was net erosion of
839.62 * 22.26 m?3 (Fig) The total erosion is similar to the first annual survey, but overall the
net erosion was higher due to the only localized low magnitieg@sition.Localized areas of
deposition were evident in the deflation basin and throat areas of the blowou).(Hige
deflation basin was actively eroded during the first survey but it appears to be stabilizing during
the second year. Most of the @asis centered through the primary axis in the southeast section

of the blowout as the blowout is becoming modified following the capture of the embryo dune.
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Vixen | Total Area m?|Areal Change m?| Expansion Rate
11-May 1948.59 N/A N/A
12-May 2511.86 +563.26 28.91%
12-Oct 2521.08 +9.23 0.37%
12-Nov 2502.6 -18.48 -0.73%
13-May 2627.48 +124.88 4.99%

10 20 Meters

12-Nov

Figure 3 The area of the blowout is monitored through the changing rim polygons in terms of
area, total expansion, and expansion of the blowout throughout the study. This expansion is
displayed via the rim polygon maps.
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Elevation Change (m)

B 12517
B 089-1.27
[ 0.51-0.88
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[ Jo-021
[J-02-0
[]-049--021
[[]-091--05
[ -1.55- -0.92
B 284--156

May 2011 - May 2012

Elevation Change (m)
B 027 -0.51
B 0.15-0.26
[ 0.09-0.14
[Joos-008
[ Jo-004
[ J-017-0
[]-037--018
[]-063--038
[ -0.98--0.64
B -1.76--0.99

May 2012 - May 2013

N

10 20 Meters A
| ) S

Figure4: Difference rasters displaying the surface elevation changes between the annual scan

surveys.
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Annual Volumetric Change m?

Erosion m®  Deposition m* * Total Change m?
4220991419

+21.99+3.34

-634.45£21.29

-855.44£17.71 861.61418.91 -839.62£22.26

May 2011 - May 2012 May 2012 - May 2013

Figure5: Total erosiondeposition, and net changes in m3 during the annual temporal

scale.

Seasonal Elevation Change

Following the May 2012 topographic survey the study site was resurveyed in October
2012 and would be representative of a summer seasonal temporal scale. &beae net
deposition of 29.2 + 20.5 m3 (Fig) during this time period as low magnitude rexis parallel
winds over the summer led to a period of relative inactivity. Only small volumetric changes were
recorded. The majority of the surface was dominatednall amounts of deposition with a few
small areas of erosion associated with avalanching in the scarp areas near the rim of the blowout
(Fig. 6). The error for this survey becomes more pronounced given the majority of deposition is
<2 cm per pixel. Thaetandard deviational error assigned to each pixel was close to 8 mm and

led to more uncertainty in the volumetric measurements during this time period.

One month following the October survey the blowout was resurveyed in November 2012
and would be represitative of a fall seasonal temporal scale. Two known storm events impacted

the study site during this time and substantial changes were recorded with a net erosion of 166.1
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+ 19.4 m3 (Fig6). A large amount of sediment was scoured out through the transptp up

the axis of the blowout as well as large amounts of sediment deposited on the upper slopes of the
western lateral wall (Fig6). The deposited material was still saturated from intensive rainfall
and was temporarily stabilized at a slope exceeding the angle of repose of dry sand. Extensive
avalanching was seen following the survey as the surface began to increase in aridity due t
increased solar radiation. The high water table inundated the deflation basin causing this area to
flood and leading to data voids in the DEM (F®). making the full volumetric changes

associated with the storms unknown.

The study blowout was resurvelyén May 2013 and this time period will be used to
determine changes associated with a winter seasonal temporal scale. Major erosion occurred
across the majority of the active surface of the blowout leading to a net erosion of 736.5 + 20.5
m3 (Fig.6). Themost prominent erosion surfaces occurred through the main axis of the blowout
and the lateral slope. Small areas of deposition occurred around the deflation basin and a remnant
deflation basin in the capture embryo bowl (Fa). The data void inthe prevous scan doe

allow for the elevation change to be recorded in the deflation basin.
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Seasonal Volumetric Change m?

Erosionm® X Depositionm®  Total Change m*

+112.3817.26

&Nom;;oﬁw.buﬁb

16.78+2.54

7.86+2.20

-166.10+ 21.25
278+ 18.71

-75332+18.71

May 2012 —Oct 2012 Oct2012 - Nov 2012 Nov 2012 — May2013

Elevation Change (m)
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May 2012 - Oct 2012
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Oct 2012 - Nov 2012

Elevation Change (m)
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A

Volumetric changes occuring at the study site and difference rasters displaying the
surfaceelevation changes.
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Annual Depositional Lobe Elevation Change

Two primary depositional lobes were identified both in the field and in the DEMs, but the
areal extent of these features appeared to change little. Areal changes over time will not be
analyzed da to this uncertainty and the largest extent of the known depositional lobes will be
used to determine the amount of deposition at the site during all time series. During the first year
from May 2011 to May 2012 there was both noticeable deposition asm®mccurring on the
lee of the rim in the southeastern section of the blowout {Frigihere was 178.5 £ 13.5 m3 of
deposition but a net change of 88.64 + 24.83 m3 of erosion &ié\s ripples extend through
the captured embryo dune, it appears testeered towards the west and could be the cause of
intensive erosional streamers occurring during this time period. The full extent of the
depositional lobe was not captured in the May 2011 scan, allowing for only partial changes to be

monitored during ta first year.

The second annual survey shows deposition across the majority of the lobe surface (Fig.
6). Areas of erosion occur in the same pattern as the first year but are of lower magnitude. There
was a total of 615.88 + 22.26 m?3 of deposition (Bjg.High magnitude deposition was focused
around the southeast extent of the depositional lobe TFricAs airflow was modified by the
expansion of the rim, deposition became intensified in the lee of the former embryo dune. This
suggests airflow is becoming funneled through this area and remaining attached causing
continuous erosion. This was qualitatiweobserved during the first annual survey by the
formation of ripples extending through this relict feature. Funneling of airflow may lead to the
continued expansion of the depositional lobe in the south and southeast section and our annual

observationsigoport this.
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Figure7: Annual elevation changes on tthepositional lobe.
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