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The Kinematics of Distributary Channels on the Wax Lake Delta,
coastal Louisiana, USA
John Burnham Shaw, Ph.D.
The University of Texas at Austin, 2013

Supervisor: David Mohrig
The Wax Lake Delta (WLD) is a sandy, modern river delta prograding rapidly
into Atchafalaya Bay. This dissertation uses field data to improve the understanding of
channel kinematics that dictate river delta geometry and stratigraphy, while providing a
framework for coastal restoration efforts. The studies presented here show that the
distributary channel network of the WLD is erosional. In the first study, analyses of the
feeder channel to the WLD and the channel network within the sub-aerially emergent
delta show that the channel bed has incised into the consolidated muds that act as
bedrock. The large (>62%) fraction of bedrock exposure found in multi-beam surveys is
related to the under-saturation of suspended sand measured during the flood of 2009. The
second study concerns the delta front beyond the emergent delta Distributary channels
extend 2 – 6 km into the delta front. Four bathymetric surveys of one bifurcating
distributary channel – Gadwall Pass – show that the majority of bed aggradation occurs
during floods, but the majority of channel extension of each bifurcate channel occurs
during low river discharge. In the third study, field measurements of fluid flow during a
tidal cycle indicate that tidal augmentation of during periods of low river discharge is
vi

responsible for channel extension during low river discharges. Flow direction measured
from streaklines present in aerial photomosaics is combined with bathymetric evolution
data to quantify spatial velocity changes on the delta front. These data show that flow
spreading is insufficient to prevent acceleration at channel margins, providing an
explanation for observed erosion. Flow divergence is limited on the delta front by the
proximity of neighboring channels, even though they are separated by 10-30 channel
widths. The associated convergence of flow in inter-distributary bays occurs along
“drainage troughs”. These channel-forms collect flow that has been dispensed from
distributary channel network. Finally, ambient currents in Atchafalaya Bay (0.06 – 0.2
m/s) caused by tides and the proximity to the neighboring Atchafalaya Delta appear to
alter flow patterns on the delta foreset, and are responsible for channel curvature on the
delta front.
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Chapter 1. Introduction
A river delta is prograding in coastal Louisiana. This river delta – the Wax Lake Delta –
did not exist in 1970, but over the last four decades has grown into ~80 km2 of islands separated
by a bifurcating distributary channel network (Fig. 1.1). Since its inception, scientists have
studied the Wax Lake Delta (WLD) to gain insight into the sedimentology [Roberts et al., 1997],
stratigraphy [Wellner et al., 2005], and ecological succession patterns [Johnson et al., 1985]
associated with river-delta growth. These studies have naturally focused on the growing deposits
of the WLD. In contrast, this dissertation focuses on the intervening channel network and the
sub-aqueous delta front. Through field-based analysis, I will describe the kinematics of channel
evolution and the associated fluid and sediment transport patterns in order to understand the
sediment transport system within this rapidly growing river delta.
This study is motivated by the tremendous importance of river deltas to human society.
Over 300 million humans inhabit river deltas [Syvitski and Saito, 2007], and many more rely on
the transportation corridors, biodiversity and natural resources that they provide. As an example,
the Mississippi River system that occupies coastal Louisiana hosts over 2 million people, the
largest port in the western hemisphere, large oil and gas deposits in sub-surface deposits,
productive fisheries, and habitat for many thousands of plant and animal species
[Coastal.Louisiana.gov, 2013]. River deltas react dynamically to changes in sediment supply
from upstream and changes to sea level, imperiling delta communities. As an example, eustatic
sea level rise and subsidence due to sediment loading and fluid extraction have contributed to
land loss rates in coastal Louisiana of up to 75 km2 per year in the past century [Morton and
Bernier, 2010]. The rapidly growing land mass of the WLD presents an opportunity to
understand the dynamics of land-building processes to maximize the efficiency of engineered
land building initiatives [Kim et al., 2009; Paola et al., 2011; Kenney et al., 2013]. Although the
1

magnitude of delta growth is well predicted from simple mass-balance models [Kim et al., 2009],
the shape of the growing delta is much more difficult to forecast. The key to a delta’s shape lies
in the behavior of its channel network, which provides water and sediment transport pathways
between older deposits to the basin. Through this dissertation’s detailed study of the channel
network of the Wax Lake Delta, I hope to improve our ability to predict the behavior of the
channel network on prograding river deltas and engineered land building initiatives, and ensure a
sustainable future for delta communities.
The study of modern deltas also improves our understanding of ancient delta systems.
The stratigraphic record is notoriously incomplete, but the kinematics of delta growth can be
applied to get a sense of the timing and evolution of ancient systems [Galloway, 1975; Heller et
al., 2001; Kim et al., 2006; Olariu and Bhattacharya, 2006]. This improved understanding of
ancient deltas leads to more advanced predictions of the geometry of fluvio-deltaic sand
reservoirs for hydrocarbon exploration, and a better understanding of Earth’s history through its
ancient delta environments preserved in the stratigraphic record.
The study of river delta morphology has been dictated by data collection techniques.
Aerial and satellite imagery have motivated study of the striking diversity in plan-form geometry
and channel network connectivity among river deltas; a classic example of geomorphic
complexity. A strong body of scientific work has developed theory for this plan-form variation
[Bates, 1953; Galloway, 1975; Wright, 1977; Edmonds and Slingerland, 2007; Jerolmack and
Swenson, 2007; Falcini and Jerolmack, 2010; Wolinsky et al., 2010; Edmonds et al., 2011a]. The
vertical dimension of river deltas has received comparatively little attention because nearly all
topographic variability on deltas lies beneath the water surface. For instance, aerial imagery of
the WLD show land that rises above sea level by a few decimeters, while sub-aqueous

2

bathymetry varies from decimeter deep inter-distributary bays to 5 m deep channels. Beyond the
sub-aerially emergent extent of a delta, shallow regions transition to deep channels without the
slightest signature on aerial photography. Compared to remotely-sensed aerial imagery, subaqueous bathymetry is difficult to collect and, as seen in Chapter 3, can change by meters over
the course of months. Each of the studies mentioned above makes specific predictions about the
bathymetric evolution of a river delta that have never been tested on a field-scale delta. In this
dissertation, I provide data on the three-dimensional evolution of the Wax Lake Delta and use it
to understand the growth of the distributary channel network and its effect on the delta planform.
This dissertation describes three studies of the channel network of the WLD. In Chapter
Two, I describe the evolution of the channel network within the established river delta, defined
here as the network bounded by sub-aerially emergent islands that can be seen from aerial
photographs (Fig. 1.1). Using bathymetric data and aerial imagery, it is found that despite the
delta’s rapid growth, the channel network of the WLD and its feeder channel are erosional, rather
than depositional. As a result, the channel bed is cut into the consolidated muds of Atchafalaya
Bay producing a bedrock channel in 85% of the established delta, with the remaining 15%
covered with thin and discontinuous alluvial sand beds. Channels also remove sediment from
bordering islands, causing channel widening and lateral migration on decadal timescales. As the
upstream ends of islands are removed in this way, the islands migrate downstream. The rate of
migration varies with location on the delta, and with the presence or absence of a colonizing
plant species. Measurement of fluid flow and suspended sand concentration during the 2009
flood show that erosion in this region likely occurs because sediment flux is supply-limited, a
phenomenon previously recognized only in eroding upland landscapes.

3

Chapter Three shifts focus to the channel network within the sub-aqueous delta front that
lies basinward of the emergent delta (Fig 1.1). Distributary channels extend 2-6 km into the delta
front, and are bedrock-floored until the final 1-2 km. By conducting four bathymetric surveys
between July 2010 and February 2012, two previously unrecognized patterns are measured. First,
the channel network extends primarily by eroding into the unchannelized deltaic deposit beyond
the channel tips. Second, the pattern of channel network evolution depends upon flow conditions.
During floods, channels widen and the cross-sectional areas of bifurcate distributary channels
become more asymmetric, and channel extension is limited to just one distributary. In contrast,
widespread channel extension occurs during period of low river discharge. This second finding
was unexpected because river dominated deltas, as the WLD is classically categorized, are
assumed to evolve primarily during floods. Through measurements of flow and sediment
discharge, I show that tides are responsible for significant sand transport at the distal tip of a
distributary channel when river discharge is low. These results show that even though the tidal
range is just 0.4 m at the WLD, tides are responsible for important bathymetric evolution of the
delta front. A new conceptual model of the evolution of distributary channel tips is presented that
incorporates these findings.
In Chapter 4, the bathymetric evolution of the delta front is combined with synoptic
measurements of the fluid flow field allowing the feedbacks between fluid flow, sediment
transport and bed topography to be investigated simultaneously. Flow direction is measured by
streaklines visible on aerial photomosaics. A metric is developed that combines flow direction
and bathymetry data to calculate the fraction velocity increase per meter in the streamwise
direction, or FVI, and has the dimension one over length. Convective accelerations estimated
from the product of FVI and local measures of mean velocity squared show a strong negative
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correlation with bathymetric change between July 2010 and August 2011: the bed was eroded
where flow accelerated and the bed aggraded where flow decelerated. It is found that for the
majority of the adverse bed-slopes in distributary channels, flow does not spread enough to
prevent streamwise acceleration. This finding provides a physical reason for why the channel
network extends through erosion in the zone of adverse bed-slopes, and does not fill due to
sediment accretion on these slopes as observed in physical experiments and other deltas. The
lack of sufficient spreading is attributed to constraints imposed on each distributary channel by
neighboring channels through the inter-distributary bays that separate them. Although
distributary channels are 10-30 channel widths apart, the well-defined interface between their
associated waters in the intervening inter-distributary bay imposes a limit to spreading. The
associated convergence zones in inter-distributary bays occur at axial troughs - channel forms
that are separate from the distributary channel network and grow wider and deeper in the
basinward direction. Beyond the distributary channels and inter-distributary bays, flow direction
changes abruptly upon entering the un-channelized, basinward-sloping delta foreset. This change
is linked to currents in Atchafalaya Bay that incorporate water as it arrives at the delta foreset. In
the eastern WLD, this basin current occurs as flow leaves the Amerada Embayment between the
Wax Lake and Atchafalaya Deltas and is estimated to be 0.1-0.2 m s-1. In the western WLD, tidal
currents provide an oscillating but significant basin current on the order of 0.06 m s-1. The
understanding of flow pattern response to bathymetry developed here can be used to estimate
bathymetric patterns from the flow field alone. We illustrate this by monitoring delta growth
over time using only streaklines. The progradation of the WLD measured between 1998 and
2009 using only the flow field was 100 m yr-1, smaller, but of the same order as rates derived
from sub-aerial delta exposure.
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Each study in this dissertation provides evidence that channel network formation and
maintenance on the WLD are primarily the result of erosion through previous deposits, even as
regions outside the channel network deposit and prograde. This is a valuable contribution to the
study of channel network growth on river deltas that had previously conceptualized this
evolution primarily through depositional processes that built deposits around channels. I hope the
patterns of channel network evolution described in this thesis will lead to reexamination of
modern and ancient deltas, with the knowledge that channel form may have required erosion to
form.
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Figure 1.1 Aerial photomosaic of the Wax Lake Delta (WLD) taken on 6 November, 2009. A
dashed line separates the sub-aerially emergent delta – where channel banks are commonly
above the water surface – from the sub-aqueous delta front. The inset shows the location of the
WLD within the state of Louisiana, with the Mississippi River shown in green, the Red River is
shown in red, and the Atchafalaya River system is shown in yellow.
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Chapter 2. The Morphology and Evolution of Channels on the emergent Wax Lake Delta,
Louisiana, USA
2.1. Introduction
G.K. Gilbert [1885] defined a river delta as the sedimentary deposit formed by a spatial
reduction in sediment transport rate due to proximity to a standing body of water. Such deposits
border lakes and oceans and support large human populations and productive ecosystems. River
deltas react dynamically to both external and internal forcing [Heller et al., 2001; Sheets et al.,
2002; Kim et al., 2006; Paola et al., 2011], strongly affecting human communities by their
responses to contemporary and future environmental change [Syvitski and Saito, 2007; Syvitski et
al., 2009]. Predictive understanding of delta evolution is therefore a valuable tool to forecast
future deltaic change and for justifying delta stewardship strategies [Day et al., 2007; Kim et al.,
2009; Paola et al., 2011].
One pressing gap in the understanding of delta evolution involves explaining the internal
consistency of deltaic channel network evolution – that can be erosional – with the netdepositional property of these landforms. Galler et al. [2003] showed that the bed of the
lowermost 172 km of the Mississippi River was net erosional between 1921 and 1992. Nittrouer
et al. [2011b] found that the bed of the same river reach was composed of 50-80% sandy alluvial
cover, with the remainder being exposed bedrock composed of consolidated muddy substratum
etched with erosional tool marks and bedforms. Edmonds et al. [2011b] showed that erosional
channels also exist in the bifurcating channel networks of several river deltas in the northern
Gulf of Mexico. The Wax Lake Delta (WLD) in coastal Louisiana was cited as an example. The
aim of this chapter is to characterize the channel network evolution of the WLD, a rapidly
prograding river delta that nevertheless exhibits systematic channel widening and erosion into
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bedrock composed of consolidated mud. The WLD is an especially important case-study because
it is a river delta building with almost no human modifications to channels, and is frequently
cited as an analog for new land-building diversions considered for delta restoration [Kim et al.,
2009; Allison and Meselhe, 2010; Paola et al., 2011; Allison et al., 2012]. Channel network
evolution on the WLD is investigated by measuring (1) the topographic and planimetric
evolution of the Wax Lake Delta and its feeder channel, (2) the character of the channel bed, and
(3) properties of fluid flow and sediment transport during the 2009 spring flood. Analyses of
these datasets provide a context for evaluating river deltas as sites of bedrock erosion, and a
description of how degradational channels affect a net-aggradational landform.
2.1.1 Erosion in River Delta Channels.
The discovery of exposed bedrock in the lowermost Mississippi River [Nittrouer et al.,
2011b] and in the Wax Lake Delta fundamentally changes our understanding of sediment
transport within these systems. By definition, alluvial channels are entirely floored by loose
sediment transported to the site by the active river itself. Such river channels are referred to as
transport-limited, because bed-material transport rate is only limited by available shear stress
applied to the bed by the flow. Segments of river-channel bottom composed of bedrock supply
almost no sediment to the flow, so sand flux and sediment concentrations can fall below the
carrying capacity of the channel. In this case, sediment transport and concentrations are supplylimited [Gilbert, 1877; Howard, 1980, 1994; Sklar and Dietrich, 2004; Turowski et al., 2008].
The relict substratum exposed on the bed of the Wax Lake System consists of
consolidated muds that can be scratched with a fingernail and are therefore not as hard as
bedrock in most upland river channels. However, this material must be considered as bedrock
because (A) it is a relict deposit that not associated with the WLD sediment transport system, (B)
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its exposed surface is covered by erosional bedforms and tool marks demonstrating that the
material is relatively resistant to erosion and behaves as a detachment-limited surface [Howard,
1994], and (C) when it is eroded, the bedrock does not contribute bed-material sediment (sand)
to the transport system, although some material is transported as mud rip-up clasts.
A mechanistic understanding of bedrock erosion has been developed for upland river
environments using theory [Sklar and Dietrich, 2004; Lamb et al., 2008], experiment [Sklar and
Dietrich, 2001; Chatanantavet and Parker, 2008; Johnson and Whipple, 2010], and field studies
[Whipple et al., 2000; Turowski et al., 2008; Johnson et al., 2009]. Two fundamental theories –
cover effect and the tools effect - arise from this work. The cover effect states that bedrock
cannot be eroded if it is covered with alluvium, and that the proportion of exposed bedrock
should vary depending on the relative magnitudes of the bed-material sediment flux and its
potential transport capacity. A linear relationship between bedrock exposure and the flux to
capacity ratio was proposed by Sklar and Dietrich [2004]
2.1

,

where p0 is the fraction of bedrock exposed, qb is the bedload sediment transport per unit width,
and qb_sat is the capacity bedload sediment transport. While alternate relationships have been
proposed [Turowski et al., 2008], the difference between them becomes negligible when p0 > 0.6,
the extent of the parameter space in the WLD. Experimental studies support these relationships
[Chatanantavet and Parker, 2008]. I measure the fraction of bedrock exposure and the sediment
discharge to capacity ratio in the WLFC for a previously unstudied case where the bed material
is entirely made up of sand-size grains that can travel both as bedload and in suspension.
The tools effect states that sand or debris impacting the bed acts as an erosive tool, and
that greater erosion rates are associated with flows transporting tools. This concept has been
10

tested in the lab and was found to be valid [Sklar and Dietrich, 2001; Chatanantavet and Parker,
2008; Johnson and Whipple, 2010]. The efficiency of “sand blasting” as an erosional mechanism
is tested in a field setting by comparing erosion rates in the WL feeder channel over intervals of
time prior to and following the introduction of significant sand transport through the system.
2.1.2 Delta Channel Network Evolution
How do erosional channels behave in a net-depositional system? Several studies
document consistent downstream trends in the width and depth of established deltaic channels
[Andrén, 1994; Olariu and Bhattacharya, 2006; Edmonds and Slingerland, 2007; Edmonds et
al., 2011a; Sassi et al., 2012]. However, only a few studies have documented channel network
evolution through time. In the Wax Lake Delta, Roberts et al. [1980] noted that erosion of
channel-like forms occurred during the initial delta formation between 1967 and 1977.
Stratigraphic reconstructions also show channels that incise into the pre-delta substrate [Roberts
et al., 1997]. Wellner et al. [2005] noted 10s of meters of change in the location of islands on the
WLD but did not specifically relate this to change in channel properties. On the Atchafalaya
Delta neighboring the WLD (Fig. 2.1B), van Heerden and Roberts [1988] showed that shortly
after the channel network was established, aggradation occurred in channels and on the upstream
margin of bars. The authors note, however, that this behavior may have been affected by
dredging upstream of their field site. Using bathymetric data together with a time series of aerial
photographs, I measure changes in the sub-aerially emergent channel network. The kinematics of
channel bifurcations within the subaqueous delta lying basinward of the established delta are
discussed in detail in Chapters 3 and 4. However, the dynamic nature of this channel network
may provide an important upstream control for the initiation of bifurcations occurring
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downstream in the entirely subaqueous portion of WLD [Shaw and Mohrig, 2010], as discussed
in detail in Chapter 3.
Adjustments to channel width and depth are important for understanding the stability of
distributary channel networks which can maintain roughly similar network configurations over
decades to millennia [Kleinhans et al., 2012]. Furthermore, changes to channel width force the
migration of channel banks that are a primary interface in island [Johnson et al., 1985; Visser et
al., 1998; Viparelli et al., 2011] and aquatic [Minello and Rozas, 2002; Roth et al., 2008]
ecosystems models. Distributary channels in the proximal WLD are both deepening and
widening over time, causing islands to migrate laterally and downstream. Interestingly, the
presence or absence of Black Willow trees (Salix nigra) is closely related to change in the
magnitude of the observed island migration rate that may constitute an eco-geomorphic feedback
affecting the river delta’s structure.
2.2. The Wax Lake Delta
2.2.1 Development
The WLD is one of the modern loci of deposition on the greater Mississippi River Delta
(Fig. 2.1). It receives water from the Mississippi River through the Atchafalaya River and a 40
km long “feeder channel” (Fig. 2.1B, C) described below. The Atchafalaya River began
capturing significant water and sediment discharge from the Mississippi River around 1880
[Fisk, 1952]. To mitigate an increased flooding risk in the Atchafalaya Basin and Morgan City,
LA, the U.S. Army Corps of Engineers dredged the Wax Lake Outlet (WLO) in 1942 to provide
a second water conduit to Atchafalaya Bay [Latimer and Schweitzer, 1951; Fisk, 1952].
Initially, only clay and silt entered Atchafalaya Bay through the WLO because all sands
were removed via selective deposition in the 40 km long, 8 km wide, 3 m deep, Grand Lake (Fig.
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2.1B) [Shlemon, 1972]. As Grand Lake filled with sandy deposits, a 12 km long, 2 km wide sand
bar developed that ultimately separated the Wax Lake Outlet from the Atchafalaya River (Fig.
2.1C). Hence, the Wax Lake Feeder Channel (WLFC) connecting the Atchafalaya River and the
Wax Lake delta consists of a 12 km long stretch of what was once Grand Lake and is referred to
in this study as the Grand Lake Reach (GLR) and the 25 km long WLO. By 1973, Grand Lake
had largely filled with sandy deposits (Fig. 2.1B) [Roberts et al., 1980; Tye and Coleman, 1989],
allowing significant volumes of sand to be transported through WLO and out into Atchafalaya
Bay, producing the first subaerially exposed deposits of Wax Lake Delta [Roberts et al., 1980].
Since 1973, the WLD has developed with minimal human alteration, while a shipping channel
has been continuously maintained through the neighboring Atchafalaya Delta by dredging
[Roberts et al., 2003].
The Wax Lake Delta receives between 25.6 and 38.4 Mt yr-1 of sediment, roughly 18% of
which is sand [Kim et al., 2009, supplementary material], causing the WLD to prograde.
Progradation has been monitored by aerial photography and bathymetric surveys since 1973
[Wellner et al., 2005; Allen et al., 2012]. Shoreline and land area estimates from a terrain model
of the WLD by Fitzgerald [1998] and Roberts et al. [2003] were used to calibrate a model of
delta growth [Parker and Sequeiros, 2006]. Model results suggest that the WLD has prograded
seaward at 270 m yr-1, with 5.0 km2 yr-1 of land built to or above -0.43 m MSL (Mean Sea Level)
between 1980 and 2002.
Sedimentological study of the WLD has revealed that it is composed of 67% sandy
deposits [Roberts et al., 1997], making sand flux the essential parameter governing delta growth.
Throughout the study site, consolidated muds underlie these sandy modern deposits. In
Atchafalaya Bay the deposits are primarily silty clays with intercalated shell layers [Thompson,
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1951]. The bed of Grand Lake is made up of backswamp deposits with uniform clay-rich
consistency [Fisk, 1952]. Fisk [1952] and Thompson [1951] state that most of this substratum
was laid down between 5500 and 3800 years before present when the Teche lobe of the
Mississippi was active [Kolb and Van Lopik, 1966]. For reasons outlined in Section 2.1.1, this
relict material is hereafter referred to as bedrock.
2.2.2 Subaerial delta morphology
The modern WLD consists of channels and islands (Fig. 2.1D). Two types of distributary
channels are distinguished in this chapter: primary and secondary channels. Primary channels
provide direct paths between the delta apex and Atchafalaya Bay and are greater than 200 m
wide and 2 m deep (Fig. 2.3). Secondary channels connect primary channels with the interiors of
islands. They do not radiate from the apex of the delta, but branch from primary channels at
steep angles that approach 90˚. Similar channel hierarchies have been useful for describing the
Atchafalaya Delta (Fig. 2.1B) [van Heerden and Roberts, 1988].
Islands are shaped like arrowheads pointing upstream with two flanking levees extending
downstream in smooth, generally convex-outward curves from the upstream tip (Fig. 2.1D). The
two arms enclose a shallow interdistributary bay, which is open at its downstream end and is
connected to primary channels by secondary channels that flow across the levees. Each island tip
is associated with a channel bifurcation and separates the two downstream channels. The
bifurcation angle averaged over the upstream-most 500 m of the island arms ranges between 33˚
and 75˚, with a median value of 64˚. Islands are colonized by plant communities with variable
tolerance to flooding, so vegetation is distributed across an island depending on the fraction of
the year which a particular location is inundated by water [Johnson et al., 1985; Viparelli et al.,
2011]. Of particular interest is Salix nigra (Black Willow), which is established only at locations
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where the fraction of annual inundation is < 44% [Viparelli et al., 2011], and is only found on
island levees near the tips of islands within 4 km of the delta apex.
2.2.3 Bathymetric Datasets
Published bathymetric datasets covering the Wax Lake Delta and Feeder Channel that are
used in this study include US Army Corps of Engineers (USACE) hydrographic surveys of the
Atchafalaya River [USACE, 1967, 1999, 2006] and a digital elevation model (DEM) of
Atchafalaya Bay collected by the National Oceanic and Atmospheric Administration (NOAA)
before the onset of deltaic sedimentation [NOAA, 2012c]. In the USACE hydrographic surveys,
transects are spaced 800 m apart and oriented perpendicular to the general flow direction (Fig.
2.3A). Each transect consists of bathymetric soundings at 30 m spacing with a vertical resolution
of 0.3 to 0.03 m. The pre-delta DEM was built from bathymetric measurements collected in
1934-35 and has a 30 m horizontal resolution and 0.1 m vertical resolution. Sedimentation that
has produced the Atchafalaya and Wax Lake deltas did not begin until after 1950 [Thompson,
1951; Shlemon, 1972], making the DEM a reasonable characterization of the pre-delta bay
surface.
2.3. Methods
2.3.1 Standardizing bathymetric datasets to determine erosion rates
Comparison of the bathymetric datasets requires conversions to a common vertical
datum. Vertical measurements in this study are referenced to MSL2000, or Mean Sea Level in the
year 2000. While modern datasets only require a simple conversion using Vdatum [Parker et al.,
2003a], historical datasets require leveling due to Relative Sea Level Rise. Relative sea level
measured at Eugene Island (Fig. 2.1B, location c) was 9.65 ±1.24 mm/yr between 1939 and 1974
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[Shlemon, 1972; NOAA, 2012a]. This rate is used to adjust relative sea level to the year 2000.
Table 2.1 contains the offsets used to achieve the common vertical datum.
Erosion rates in the Wax Lake System are estimated by measuring vertical change in
surface elevations recorded by successive bathymetric datasets. In the Wax Lake Delta channels
(Fig. 2.3), the magnitude of erosion was calculated as the difference between the deepest point in
each channel on the 1999 Atchafalaya Hydrographic Survey [USACE, 1999] and the pre-delta
bed elevation at the same location [NOAA, 2012c]. In the WLFC (Fig. 2.5), the magnitude of
erosion was assessed by comparing the 1964 Hydrographic Survey [USACE, 1967] with the
1942 Survey [Latimer and Schweitzer, 1951], and the 2006 survey with the 1964 survey at the
deepest point every river kilometer. Distinct patterns of erosion were apparent in different
segments of the feeder channel. Segment-averaged erosion rates are reported as the mean value
for the segment, plus or minus the standard deviation in erosion rates for that channel segment.
2.3.2 Plan view analysis
To measure change in the planform of subaerially exposed islands, I have compared two
georeferenced images of the delta. The first is a LANDSAT image from 1991 (10 October 1991,
Band 4, 30 m resolution, Fig. 2.4). The second is an aerial photomosaic from 2009 (6 November
2009, resampled to 2 m resolution, Fig. 2.1D). Three properties (dW, dB, and dM) are measured
as a function of distance from the delta apex, set at 29.542˚ N, 91.429˚ W. Change in channel
width is calculated as

, where W2009 and W1991 are the width of each

primary channel in 2009 and 1991. Positive values denote bank erosion and negative values
denote bank deposition. Lateral migration of a channel is calculated as

|

|

, where

Bl and Br are the change in the location of the left and right banks between the two images. The
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downstream migration of islands is defined as

, where M2009 and M1991 are

the straight-line distances from the delta apex to the tip of each island in 1991 and 2009.
Uncertainty in these channel measurements is primarily attributed to the spatial resolution
of the 1991 and 2009 images (R1991 = 30 m and R2009 = 2 m) and to change in the location of the
land-water interface associated with tidal variation and river discharge (T). Fortunately the island
margins are steep (Bed slope = 4% at 30 m resolution, Fig. 2.3A) and the tidal range is small,
0.40 m measured at LAWMA (Fig. 2.1B, location b). Meteorological data from the day of each
survey suggest that water levels were not modified by wind events. Therefore, the expected
measurement uncertainty for the position of the land water interface due to river discharge and
tides (T) on the land-water interface between channels and islands, is 0.40 m/0.04 = 10 m.
Estimates of channel width change (dW) and bank change (dB) use four points, two from each
image, and tidal uncertainty. Estimates of island migration (dM) use one point from each image
and tidal uncertainty. Assuming uncertainty is uniformly distributed over the uncertainty range,
the standard deviation of the uncertainty from source X is ( )

⁄ √ . Measurement error

is independent and identically distributed, so the standard deviation is estimated as
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2.3.3 Multibeam bathymetry
Multibeam bathymetry data were collected on two field campaigns. The first campaign
took place in May 2007 at average flow conditions (Qw = 2.9 x 103 m3 s-1, Fig. 2.2) and covered
the distributary channels of the WLD. The second campaign took place in May 2009 under flood
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conditions (Qw = 5.0 x 103 m3 s-1, Fig. 2.2) and covered the WLFC, from the Atchafalaya River
to the Wax Lake Delta (Figs. 2.1B, 2.1C, 2.7).
Data were collected using a SeabatTM 8101 swath-bathymetry profiler (101 transducers,
vertical resolution of 0.015 m; Reson, Slangerup, Denmark) mounted on the R/V Itasca. The
measurements were collected in concert with an inertial guidance system (Applanix, Inc.) to
capture pitch, roll and yaw, and dual antenna differential GPS to capture position. Data were
cleaned of spurious soundings, georeferenced, and imported into Arcview 9.3 to be gridded at 1
m cell size using an inverse distance weighting scheme.
2.3.4 Channel flow
Water velocity profiles were measured during the flood of 2009 at sites IV through VII
(Figs. 2.1C, 2.1D) using a boat-mounted 1200 kHz Acoustic Doppler Current Profiler (ADCP,
SonTek, San Diego, CA). Sites IV, V, and VI were collected at a single channel transect in the
Grand Lake Reach, 32 km upstream of the delta apex. Sites VII and VIII were collected in the
Wax Lake Outlet, 18 km above the apex, and at the apex itself. The ADCP returns a profile of
three orthogonal velocity components. The vertical averaging window associated with each
profile is 0.5 m, beginning 1 m (the blanking distance) below the instrument. Velocity data was
collected every 2 seconds for 0.75-1 hour at each site. Post-processing involved determining the
average direction of horizontal flow, calculating a time series of downstream flow velocity by
projecting the three-dimensional velocity time series measurements onto the average flow
direction, and time-averaging the downstream velocity at each sampled height above the bed.
2.3.5 Sediment sampling
Suspended sediment samples were collected at three to six heights above the bed at sites
IV-VII (Figs. 2.1C, 2.1D) during the 2009 flood using a point-integrated USGS isokinetic P-63
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suspended sediment sampler. For each sample, the instrument was lowered to a predetermined
height above the bed and the valve allowing water and sediment to enter a 944 mL jar was
opened electronically. The jars were only allowed to fill to 50-75% capacity in order to prevent
overflow. Sampling took between 15-60 s depending on depth and water velocity. Suspended
sediment samples were concurrently collected with the velocity profile measurements.
For suspended sediment concentration analysis, each water + sediment sample was
weighed and deflocculated using a Sonicator (Misonix, Farmingdale, NY) ultrasonic processor.
Samples were then filtered at 60 μm and 1.2 μm, and the collected solids were dried and then
weighed. Densities for water and siliciclastic sediment of 998 kg/m3 and 2650 kg/m3 were
assumed to calculate volumetric concentrations. The grain size distribution of the >60 μm sand
fraction was analyzed using a Camsizer (Retch Technology, Haan, Germany) that
simultaneously measures particle size distribution and particle shape using digital image
processing. The tenth, fiftieth and ninetieth percentile (D10, D50, and D90) of the grain size
distributions are recorded in Table 2.2. Grab samples of bed material were also collected at each
suspended-sediment sampling site. Grab samples consisted of sand, mud rip-up clasts with long
axes up to 30 mm in length, consolidated mud (bedrock), shell and woody debris, or a
combination thereof. The grain size distribution for the sand in each sample was measured using
the Camsizer. No sand was present on the bed at Site V.
This study focuses on the sand fraction of transported sediment and neglect finer
sediments (<62.5 μm) for two reasons. First, the Wax Lake Delta is composed of >66% sandy
deposits [Roberts et al., 1997], demonstrating a need to understand sand transport in particular.
Second, sediment that is finer than sand is not present in grab samples of bed material except as
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muddy bedrock. It is therefore considered to be wash load that does not interact with the bed
[Engelund and Fredsøe, 1982].
2.4. Results
2.4.1 Bathymetric Analysis
Repeat bathymetry surveys of the WLD, and the WLFC capture their evolution since
1942 [USACE, 1967, 1999, 2006; NOAA, 2012c]. I analyze transverse and axial transects of the
Wax Lake Delta (Fig. 2.3) and feeder channel (Fig. 2.4) to assess patterns of bed erosion and
deposition in the Wax Lake Delta system.
2.4.1.1 The Wax Lake Delta
A comparison between USACE bathymetric transects from 1999 [USACE, 1999] and
pre-delta bathymetry [NOAA, 2012c] that has been corrected for subsidence (Table 2.1) is shown
in Figure 2.3. Transverse and axial transects (Figs. 2.3A-F) show channels on the WLD are
deeper than the pre-delta bathymetry indicating that the beds of these channels have incised into
the pre-delta deposits. A plot of bathymetric change versus distance from the delta apex (Fig.
2.3G) shows that heads of the 5 major distributary channels, located at 2 km downstream from
the delta apex, have cut down into bedrock approximately 2.5 m, a distance equal to 40% of the
original channel depth at that position. Erosion magnitude decreases in the downstream direction.
A linear regression of aggregate erosion versus distance from the delta apex reaches zero at 7.5
km. The magnitude of incision varies between distributary channels. Mallard and East passes
show no incision beyond 4 km (Figs. 2.3B and 2.3F), while Gadwall, Main, and Greg passes
show >0.5 m of incision at the most distal USACE transect 7.5 km downstream from the delta
apex (Figs. 2.3B-D).
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Characteristic island morphology is seen in cross-section in Figure 2.3A. Islands have
aggraded from the bay floor to an elevation above 0 m MSL2000. The edges of islands fall steeply
away into channels with sidewall slopes of ~4% when measured with 30 m horizontal resolution.
Island edges are defined by constructional levees that slope asymptotically into the shallow
interdistributary bay with a maximum slope of 0.1% at the levee crest when measured at 30 m
horizontal resolution.
2.4.1.2 The Wax Lake Feeder Channel
The bed of the WLFC eroded between 1942 and 2006 (Fig. 2.4). This erosion is
especially surprising in the WLO, where the bed was dredged in 1942 to -14 m MSL, making it
by far the deepest reach in the WLFC. Even so, the highest erosion rates are recorded in this
reach. The pattern of erosion varies along the channel between quasi-uniform bed lowering and
deep scouring. To evaluate these erosional patterns, the WLFC is divided into three segments:
the GLR (river kilometer (rkm) 37.3-25.7), an upstream portion of the WLO (uWLO, rkm 25.717.9), and a downstream portion of the WLO (dWLO, rkm 17.9-5.3).
The uWLO segment is characterized by a deep scouring (Fig. 2.4). Between 1942 and
1964 the average erosion rate associated with this erosion in this reach is 0.279 ± 0.193 m yr-1.
The continued deepening of this scour including the lengthening of the overall scour pool and a
reduction in the overall erosion rate (Fig. 2.4); between 1964 and 2006 the scour grew 2 km in
the downstream direction and 0.1 km in the upstream direction while the average erosion rate
dropped to 0.093 ± 0.116 m yr-1.
The large scours in uWLO are not present in dWLO. Instead, erosion is characterized by
quasi-uniform lowering of a roughly horizontal bed (Fig. 2.4). Erosion rate in this reach
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increased from 0.045 ± 0.037 m yr-1 between 1942 and 1964 to 0.092 ± 0.019 m yr-1 between
1964 and 2006 (Fig. 2.4).
Evolution of the bed in the GLR (Fig. 2.4) is also characterized by a quasi-uniform
lowering of a roughly horizontal surface. Unfortunately, erosion rate for the 1942 to 1964
interval cannot be accurately determined because only three data points are available from the
1942 survey [Latimer and Schweitzer, 1951]. Between 1964 and 2006, the GLR bed eroded at an
average rate of 0.038 ± 0.023 m yr-1. This relatively low rate is associated with a channel reach
that is roughly 5 times wider than both the uWLO and dWLO.
2.4.2 Planform evolution of the WLD
Using aerial imagery from 1991 and 2009, planform changes to the distributary channel
network are measured. The channels of WLD widen and translate laterally between 1991 and
2009 (Fig. 2.5B, C). These adjustments erode the channel banks of the deltaic islands, causing
them to translate downstream (Fig. 2.5D). Over the 18 years separating the analyzed images,
average channel-width change (dW) is largest at 3.0 km downstream from the delta apex (dW =
100 m, Fig. 2.5B) near the location of two primary channel bifurcations. Downstream of this
point, the mean value of dW gradually decreases to 0 m at roughly 5.0 km from the delta apex
(Fig. 2.5B). For the 63 sampled measurements, the sample mean value of dW is 29 m and the
sample standard deviation was 98 m, a population that is statistically different than a distribution
with a mean of 0 m (p = 0.0263), confirming that there is a net widening of channel between
1991 and 2009. The median change in channel width normalized by local channel width in 1991
was an increase of 11%. The 25th and 75% percentiles for channel-width-change across the entire
delta (Fig. 2.5) range from narrowing by 7 % to widening by 27 %.
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A t-test of the 63 data points shows that lateral channel migration (dB) is positive
correlated with distance from the delta apex between 1991 and 2009 (p < 0.0063, Fig. 2.5C).
The largest magnitudes of migration are found between 5 and 6 km from the apex where apex
the average displacement for all channels is ~100 m and the maximum lateral displacement is
320 m. Beyond this point, the average distance of lateral channel migration is smaller, likely due
to a smaller sample size. Normalized by the local channel width in 1991, the median value for
lateral channel translation across the entire subaerial delta is 8%. The 25th and 75th percentiles of
normalized channel translation between 1991 and 2009 are 3% and 23%.
There is a significant positive correlation between the downstream migration rate of 8
channel tips (dM) and distance from the delta apex (p< 0.001). dM increases from nearly 0 m in
the proximal delta to a maximum value of 340 m at 5.5 km downstream from the delta apex (Fig.
2.5D). Downstream migration occurs because erosion due to channel widening and lateral
migration erode island banks. Channels border islands on their upstream sides, so this erosion
removes the upstream parts of the island, producing the apparent downstream migration.
This downstream change in the magnitude of dM also correlates with the presence or
absence of trees on island levees. The upstream islands have Salix nigra growing on the channel
banks (Fig. 2.6), the downstream islands do not. Over the 18 years between the two images,
islands with trees populating their tips in 2009 migrated downstream an average distance of 55 ±
40 m (mean ± one standard deviation), while islands without trees migrated 242 ± 109 m, nearly
5 times as far. Along island levees populated with Salix nigra, some trees have toppled into the
channel, indicating that bank erosion is undermining their root systems and driving the
downstream motion (Fig. 2.6). Examination of Figures 2.5C and 2.5D reveals a correlation in the
magnitudes of downstream and lateral island movement. These two datasets are linked because
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lateral channel migration causes bank erosion, which in turn translates the position of island tips
downstream.
2.4.3 Channel Bed Facies
2.4.3.1 Facies Descriptions
Multibeam swath bathymetry and grab samples were used to identify compositional
facies for the channel beds. The channel bottom consists of either exposed bedrock composed of
consolidated muds or a thin cover of sandy alluvium (Fig. 2.7). These facies are hereafter
referred to as bedrock and alluvium.
Bedrock surfaces span most of a channel’s width, are continuous for many kilometers in
the downstream direction and exhibit erosional bedforms such as flutes, ridges, scours and
grooves (Figs. 2.8-2.10) [Richardson and Carling, 2005]. Although the muds are not dated, their
consolidated nature and the presence of shell layers leads us to infer that these muds are relict
deposits from Atchafalaya Bay and Grand Lake [Fisk, 1952; Thompson, [1951].
Alluvium is recognized by bedform trains, sand dunes that rework the tops of sandy
accumulations (Figs. 2.8, 2.9C, and 2.10C). The alluvial bed facies rarely extends across a
channel’s width, but instead is restricted to isolated patches near channel margins. Sedimentstarved dunes are observed bounding the dune fields (Fig. 2.10C), and are recognized by the
occurrences of planar inter-dune surfaces where bedrock is exposed. While there is enough sand
to make dune forms and build islands, there is no evidence that sand is worked into large scale
topography such as mid-channel bars. Downstream trends in the fraction of alluviated channel
beds were not observed, although this may be partially due to incomplete bathymetric coverage
(Fig. 2.7).
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The alluvial bed facies only includes sandy accumulations. Other potential forms of
alluvial cover, particularly high-porosity mud drapes, are more difficult to identify based solely
on surface attributes (e.g., Nittrouer et al.[2011b]) and are not reported here because this material
was not recovered in grab samples of the bed. Even so, I recognize that smooth and flat regions
may be covered by a layer of unconsolidated mud deposited from the flow. Such surfaces do not
occur in the WLFC, but might represent up to 7% of surveyed area in WLD channels and are
mostly confined to East Pass (Fig. 2.1D, 2.10A).
2.4.3.2 Distribution of channel facies in the Wax Lake System
The proportion of bedrock cover is greater than 50% for every surveyed reach in the Wax
Lake System, and several reaches are 100% bedrock. The bifurcation of the Wax Lake Feeder
Channel (WLFC) and the Atchafalaya River is 50% alluvial cover and 50% bedrock (Fig. 2.7).
Dunes are mostly confined to the 15-20 m deep thalweg of the Atchafalaya River, but even here
some bedrock is exposed (Fig. 2.8). The dredged, 200 m-wide ramp that connects the thalweg to
the shallow GLR hosts alluvial bed on 40% of its surface (Fig. 2.8).
The bed of the GLR is 89% bedrock and 11% alluvium (Fig. 2.7). This relatively flat bed
exhibits numerous erosional flutes cut into the substrate. Average flute dimensions are 30-35 m
in length, 6-7 m in width and 0.7-1 m in amplitude (Fig. 2.9A). Patches of dune-reworked
alluvial bed are most continuous along the channel’s eastern bank (Fig. 2.9A). The average size
of the dunes in this reach is 0.1 m in height and 17.5 m in wavelength. No alluvial bed was found
in the lowermost 2.5 km of the GLR suggesting that during the 2009 flood, all sand was
transported in suspension through this reach.
The bed of the Wax Lake Outlet is 98% bedrock and 2% alluvial cover (Fig. 2.7). As
outlined in Section 4.1.2, the WLO can be divided into two regions; a deeply scoured upstream
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segment (uWLO, rkm 24.3-16.5, Fig. 2.4), and a more uniformly eroded downstream segment
(dWLO, rkm 16.5-3.9). Scours in the uWLO reach span the entire channel width. Individual
scours range from 80 to 1100 m in length. A single sediment-starved bedform train is found
where the bed shoals out of the largest scour 19.9 km upstream of the delta apex. The thickness
of this sandy cover is approximately 0.1 m based on grab samples that recovered bedrock
underneath the sand. Pipelines that cross WLO have induced significant bed scouring in their
wakes (Fig. 2.10B). The dWLO reach is entirely devoid of alluvial bed, indicating that all
sediment is transported in suspension through this region during the 2009 flood. Erosional
structures here include grooves that are 1.5 m deep, 8 m wide, and extend up to 1500 m in the
direction of flow (Fig. 2.10B).
The percentage of exposed bedrock in channels on the Wax Lake Delta in May 2007 is
also high (85%), but varies between the primary distributary channels. Campground, Mallard,
Pintail and East Passes are 100% bedrock, while Greg, Gadwall and Main Passes are 62-65%
bedrock and 35-38% alluvial cover. Bedrock in the WLD can be very flat with little cross-stream
or downstream relief and subtle striations oriented in the direction of flow (Fig. 2.10A) or can
exhibit irregular topography (Fig. 2.10B). This irregular topography lacks a coherent dune
pattern and local surface slopes are often over-steep (~50%), leading us to conclude that it is
generated through bedrock erosion rather than deposition.
2.4.4 Transport of Water and Sand
The WLFC is incised into bedrock between its formation in 1942 and 1999 (Fig. 2.4) and
during the 2009 flood there is only 2 - 11% alluvial cover on the bed. Given these observations I
hypothesize that bed-material transport and specifically sand transport is below capacity in this
prograding delta system. This hypothesis is tested in the WLFC using sediment-transport theory
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and measurements of water depth, grain size, and profiles of water velocity and suspended sand
concentration (Fig. 2.11).
Downstream water velocity (U(z)) and suspended sand concentration (C(z)) profiles can
be estimated as a function of five parameters: the basal shear velocity (u*tot), bed roughness (z0),
grain sizes of bed material (D), flow depth (H) and a reference sediment concentration at the
height of the bedload layer (Cb). While simpler models exist to resolve velocity and
concentration profiles (see García [2008]), the effects of form drag partitioning [Nelson and
Smith, 1989a], density stratification [Smith and McLean, 1977; Gelfenbaum and Smith, 1986],
and non-uniform sediment size [García and Parker, 1991; McLean, 1991] are included in this
function due to their importance in the deep, low-slope Atchafalaya River [Wright and Parker,
2004a, 2004b]. Our primary goal is to estimate the degree to which the WLFC was
undersaturated (supply-limited) during the flood of 2009. It is therefore imperative that Cb is not
underestimated. These three effects are included in the model because each produce greater
concentration gradients near the bed and therefore yield the largest possible estimate of Cb
calculated from concentration measurements within the water column.
Our methods for calculating u*tot, z0, and Cb from measured values of U(z), C(z), H and D
(Table 2.3) are described in Appendix A. Method accuracy is assessed by comparing individual
measurements of suspended sand size throughout the flow against predicted suspended sand
sizes using the theory and local hydraulic conditions. Figure 2.12A compares quantiles (D10, D50,
and D90) from the bed material distribution against the same quantiles for suspended sands
measured at the site. All of the suspended sand quantiles are finer than the associated bed
material quantiles. The root mean square error (RMSE) for the difference between bed material
and corresponding suspended sand is 137 μm. By comparison, predicted suspended sand
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quantiles calculated using the theory outlined in Appendix A more closely agree with the
measured suspended sand quantiles (Fig. 2.12B). In this case, the RMSE for the difference
between measured and modeled suspended sand quantiles is only 20 μm. This level of agreement
between predicted and measured suspended sand size within the water column is taken as
confirmation that sediment transport properties can indeed be accurately estimated from
measured hydraulic properties using the methods in Appendix A.
2.4.4.1 Mode of Transport
Skin friction shear velocity (u*sk) in the WLFC measured at sites IV - VIII during the
spring 2009 flood varied between 0.034 and 0.106 m s-1 (Table 2.3). Skin friction shear velocity
was greater in the 17-30 m deep WLO than in the shallower, 4-5 m deep GLR. Skin friction
shear velocity is used to estimate the mode of transport for all sizes of sand moving through the
WLFC.
The characteristic style of sediment transport for a given grain diameter can be
determined using a set of well-established relationships based on particle properties and u*sk (Fig.
2.13). The shear velocity associated with the initiation of sediment motion on a well-sorted bed
is defined by Parker et al. [2003b] as:
√
where

√

and as long as

,

. Sediment travels as bedload once the critical shear velocity,
⁄

2.5

, is exceeded

[Niño et al., 2003], where ws is the particle fall velocity calculated

using the methods outlined in Dietrich [1982]. The development of a measurable suspended
sediment concentration profile typically occurs when
suspension and pure bedload (

⁄

[Bagnold, 1966]. Between

), sediment travels in incipient suspension [Niño et
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al., 2003]. See Wilkerson and Parker [2011] or Eastwood et al. [in press] for a complete
discussion.
In all but one field site during the 2009 flood, the estimated skin friction shear velocity
for the flow is capable of suspending >99% of the grain sizes on the bed (Table 2.3, Figure 2.13).
The exception is site VI (77.3% suspended). At this site 22.5% of the grains are estimated to
move in incipient suspension, leaving a negligible fraction of the grains moving as pure bedload.
Figure 2.13 shows that there is only a small window where sand can move in bedload or
incipient suspension. Sand less than 120 μm bypasses bedload and incipient suspension,
transitioning directly from no motion to suspension [Wilkerson and Parker, 2011].
2.4.4.2 Concentration of the bedload layer
The volumetric concentration of sand in the bedload layer (Cb) was calculated using the
model of water flow and suspended sand transport described in Appendix A. Estimates of Cb at
sites IV – VIII during the 2009 flood ranged between 2.8 x 10-5 and 4.0 x 10-3 (Table 2.3). These
field values for Cb were compared to functions predicting near-bed sediment concentration
developed by Smith and McLean [1977] and García and Parker [1991] to determine whether the
measured flows were at transport capacity for the delta-building sands.
Smith and McLean [1977] developed an algorithm describing saturated bedload
concentrations (Cb_sat) from measurements of sand transport in the Columbia River and flumes,
2.6
where

⁄

(

is the transport stage,

)

, and τ*crit  0.04

for very fine and fine sands [Wiberg and Smith, 1985]. The concentration of the bed, Cbed is
equal to 1-porosity (~0.65). Saturated sediment concentrations in the bedload layer (Cb_sat) for
the WLFC predicted using Equation 2.6 range from 2.9 x 10-2 to 1.8 x 10-1 (Table 2.3). The
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supply versus capacity concentration ratio (Cb/Cb_sat) therefore varied between 2.4 x 10-4 and 1.6
x 10-1 (Table 2.3).
An independent estimate of the degree to which the 2009 flood was undersaturated with
respect to suspended sand can be made by comparing field measurements against a second
empirical model; that of García and Parker [1991]. This study reports that suspended sand
concentration is at capacity when the volume concentration at 5% of flow depth (Es) is equal to
2.7

where

and A = 1.3 x 10-7. At sites IV-VIII (Figs. 2.1C, 2.1D) during the 2009

flood, estimated suspended sand concentrations at 5% of flow depth (C05) ranged between 1.72 x
10-6 and 1.98 x 10-5. The ratio of these field-based values to predicted values of Es (Eq. 7) ranged
between 1.8 x 10-5 and 1.5 x 10-3, again indicating that suspended sand transport was orders of
magnitude below capacity. Our isokinetic sediment concentration measurements repeatedly
sampled at near 5% of flow depth (Table 2.2), confirming that suspended sand is undersaturated
at this height near the bed.
The accuracy of the supply-to-capacity concentration ratio (Table 2.3) depends on the
accuracy of Equations 2.6 and 2.7 and the estimated roughness height z0. Equation 2.6 was
developed for transport stages T* <20 [Wiberg and Smith, 1985], the measured values for T* at
Sites IV -VIII ranged between 10 and 100 during the spring 2009 flood. An improved
understanding of bedload transport at large values of T* is needed to better apply sediment
transport models to large, sandy rivers where sediment is predominately transported in
suspension. The roughness length (z0) was larger than the height of the bedload layer zb at every
location except site VI (Table 2.3), meaning that the velocity of the bedload layer (Ub) is
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theoretically zero. However, the excellent fit between predicted and measured velocity profiles
(Fig. 2.11A) point to the accuracy of our estimated roughness heights. Additionally, the
roughness heights calculated for the WLFC are comparable to those reported for the lower
Mississippi River [Nittrouer et al., 2011a, their Figure 13]. Even though this contradiction in
roughness height remains unresolved, I am confident that estimates of Cb are accurate enough to
support the claim that suspended sand concentration at the height of the bedload layer was
undersaturated by orders of magnitude during the 2009 flood (Fig. 2.11).
The importance of density stratification was quantified by comparing the depth-averaged
velocity and sand concentration estimated under the effect of density stratification to a flow with
identical boundary conditions but without density stratification (the clear-water case, Table 2.3),
similar to the method of [Wright and Parker, 2004a]. In the GLR (Sites IV-VI), density
stratification was responsible for a 2-13% increase in flow velocity from a clear-water case. The
corresponding drop in average sand concentration was 3-75%. In the WLO (Sites VII-VIII), the
velocity increases (0.7-2%) and the concentration decreases (3-17%) were smaller. The effect of
density stratification is larger in the GLR because smaller shear stresses allow the sand
concentration profile to become more stratified, producing a steeper density gradient that is more
efficient at damping turbulence.
2.5. Discussion
2.5.1 An erosional channel system in a depositional environment
Serial comparisons of bathymetric data (Fig. 2.3, 2.4) and aerial imagery (Fig. 2.5)
demonstrate that the primary channels of the WLD are zones of net-erosion within the
depositional system. Regions of net erosion measured here and on other river deltas [Galler et
al., 2003; Nittrouer et al., 2011b; Edmonds et al., 2011b] add a richness to delta kinematics that
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should be formally acknowledged. Current models of channel network formation [Wellner et al.,
2005; Edmonds and Slingerland, 2007; Falcini and Jerolmack, 2010] note regions of scour or
bypass, but attribute channel formation to the growth and stagnation of deposits around channel
forms, rather than erosion of previously deposited sediments. The results presented in this
chapter show that erosion plays an active role in setting channel width and depth. The
bathymetric and planform change data presented here do not possess the time resolution
necessary to characterize the kinematics of channel network formation, but the small fractions of
alluvial bed cover (Fig. 2.7) and the undersaturated sand flux to the delta during the 2009 flood
(Table 2.3, Fig. 2.14) indicate that erosion persists to the present day. Gilbert [1885] defined a
river delta as the sedimentary deposit formed where sediment transport is diminished due to
proximity of a standing body of water. While this definition is true for delta deposits, a statement
should be appended saying that the delta need not be entirely depositional, and that erosional
behavior may be responsible for the channel network growth and stability and the resulting
sediment transport pathways through the delta.
2.5.2 The Effect of Tools and Cover on Bedrock Erosion
The large fractions of bedrock exposure found in the WLFC and WLD (Fig. 2.7) are
consistent with measured bedrock erosion (Figs. 2.3, 2.5) because the bed must be exposed to
flowing water and impacting grains in order for erosion to occur. The fraction of bedrock
exposure in channels (p0) has been parameterized as a simple function of bedload supply (qb) to
bedload capacity (qb_sat) [Sklar and Dietrich, 2004; Lamb et al., 2008]. Given the large roughness
heights (z0) estimated at sites IV–VIII, bedload height (zb) or velocity (Ub) of the bedload layer
cannot be accurately measured. However, using the definition of bedload discharge per unit
width (

), and assuming that zb, and Ub change little between transport- and

32

supply-limited cases, Equation 1 is rewritten to predict alluvial cover (1-p0) as a function of the
ratio of bedload concentration and saturated bedload concentration.
2.8

The ratio of estimated bedload layer concentration (Cb) to modeled saturated bedload layer
concentration (Cb_sat, Eq. 6) ranges from 1.1 x 10-1 to 2.6 x 10-4 (Table 2.3). Figure 2.14
compares reach-averaged alluvial cover (1-p0) at sites in the WLFC (Fig. 2.7) to
Eq. 2.8. In the GLR,

⁄

⁄

was within one order of magnitude of 1-po. However,

with
⁄

was 1-2 orders of magnitude smaller than the fraction of alluvial cover (1-p0) in the WLO. While
these results show that

⁄

grows as alluvial cover grows, Eq. 2.8 is not closely followed.

Upon reflection, it is noted that the fraction of alluvial bed in suspension-dominated
bedrock rivers must not necessarily follow the same undersaturation – alluvial cover relationship
as bedrock rivers with primarily bedload transport. Bedload sediment remains close to the bed
and has long intervals of repose between transport events [Drake et al., 1988], and is
subsequently surveyed as stable alluvium. In contrast, when the bed of a suspended sand bedrock
channel is observed using multi-beam bathymetry (Figs. 2.8-2.10), the actively transporting
material is not resolved because it is in contact with the bed for only an instant [Lamb et al.,
2008]. Therefore, it is possible to imagine a channel that is transporting sediment at 100%
capacity, but with no stationary material on the bed. The complete lack of alluvium through the
center of the WLFC (Fig. 2.9) supports this case: clearly, sands were being transported in
suspension along this reach, but they did not require alluvium on the bed. Patterns of bedrock
exposure contrast between the Wax Lake System and the lowermost 165 river kilometers of the
Mississippi River [Nittrouer et al., 2011b]. The fraction of exposed bedrock (p0) in the Wax
Lake System (65-100%) is significantly larger than the maximum 26% percent bedrock exposure
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found in the lowermost Mississippi River. This difference suggests that the supply to capacity
ratio of the lowermost Mississippi River is closer to unity than in the WLFC. An important
similarity between these systems is that the bed is entirely devoid of alluvium in specific reaches.
In the Mississippi River, alluvial bed is not present where the channel radius of curvature falls
beneath 40 km [Nittrouer et al., 2011b]. In the WLFC, the channel is devoid of alluvial cover in
the lowermost 2.5 km of the Grand Lake Reach and the lowermost 16.5 km of the Wax Lake
Outlet. I therefore recommend that attempts to model bedrock exposure in the WLFC and WLD
seek other controlling parameters than the supply to capacity ratio.
How do deltaic channels become undersaturated? The transition between a transportlimited alluvial channel and a supply-limited channel with undersaturated suspended sand
concentrations is an important geomorphic interface that is rarely recognized in lowland river
channels, a notable exception being the study of the Colorado River in Grand Canyon by
Topping et al. [2007]. The bifurcation between the Atchafalaya River and the WLFC (Fig. 2.1C)
may significantly affect the supply to capacity ratio entering the Wax Lake System. The GLR is
separated from the Atchafalaya River by a steep scarp (4-67% slope), with only a 140 m wide
ramp (0.5% slope) tapping the deeper flow (Fig. 2.8). A pronounced drop in alluvial cover
occurs between the Atchafalaya River (50% alluvial cover) and GLR (11% alluvial cover),
suggesting that the degree of sediment undersaturation increases across the bifurcation. Several
studies of sediment transport through channel bifurcations [Slingerland and Smith, 1998;
Edmonds and Slingerland, 2008; Kleinhans et al., 2008] show that both an adverse bed slope and
topographic relied at the bifurcation should limit sand transport to the WLFC.
Supply to capacity concentration ratios (Cb/Cb_sat) were not measured in the WLD, but the
fraction of alluvial cover during medium water discharge in 2007 (Figs. 2.7, 2.10) remained
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<38% in the established channel network of primary distributary channels (Fig. 2.7). The distal
extent of multibeam bathymetry is 7 km in Greg Pass, so this dataset lies within the range of
bedrock erosion (up to 7.5 km from the delta apex, Fig. 2.3) and channel widening (up to 6 km
from the delta apex, Fig. 2.5). The coexistence of channel erosion, channel widening, and
exposed bedrock allow us to confidently conclude that the established distributary channel
network of the WLD is a region of erosion and sediment bypass. The extensive deposition
associated with progradation of the WLD must therefore occur outside of this channel network:
on islands, in secondary channels, or further down the primary channels. The transition between
erosion and deposition at the downstream tips of distributary channels is discussed in detail in
Chapters 3.
Abrasive tools such as sand and transported debris have been shown to be important for
bedrock erosion in upland channels. I test this theory for lowland rivers by comparing rates of
erosion in the WLO, and spatial trends in erosion of the Wax Lake Delta. In the downstream
reach of the WLO (dWLO, rkm 17.9-5.3, Fig. 2.4), channel bed erosion rates increased from
0.045 ± 0.037 m yr-1 between 1942 and 1964, to 0.092 ± 0.019 m yr-1 between 1964 and 2006.
An increase in the erosion rate of cohesive sediment is especially surprising given that later
erosion removed deeper sediments, and experimental studies show that deeper sediments have
increased shear strength because of increased compaction [Parchure and Mehta, 1985; Kuijper
et al., 1989]. Sand was not transported through the WLO until the flood of 1973[Roberts et al.,
1980], meaning that the erosion rate between 1942 and 1964 was accomplished with clear water,
while the erosion rate between 1964 and 2006 was aided by the presence of sand abrasion after
1973. The erosional power of clear water is compared to that of sand-transporting water by
assuming that all erosion between 1942 and 1964 was performed by water, and that water
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erosion persisted at the same rate between 1964 and 2006. Under these assumptions, erosion
produced by sand and debris abrading the bed (sand blasting) from 1964 to 2006 was the
difference between the 1964-2006 and 1942-1964 erosion rates; 0.047 ± 0.042 m yr-1. This rate is
be compared to the clear-water erosion rate between 1942 and 1964 to show that abrasion by
sand and debris accounts for an average of 51% of bed erosion in the lower Wax Lake Outlet.
The erosion rates measured at dWLO can be compared to predicted rates using the total
load bedrock erosion formula of Lamb et al. [2008].
(

)

2.9

The definition and a representative value for each term in Equation 2.9 for Site VIII of the
dWLO is listed in Table 2.4. This model resolves material properties of the bedrock (σT, Y, and
kv), properties of the flow and impacting sediment (U, H, χ, Ub, zb, and wi,eff), and sediment
saturation or under-saturation (qs, qb, and qbc). The resulting predicted erosion rate using these
values and Equation 2.9 is 0.3 m yr-1. If I assume that erosion takes place during floods which
occur roughly 35% of the year [Kim et al., 2009, supplementary material], then the predicted
annual erosion rate is reduced to 0.09 m yr-1. This adjusted predicted rate is remarkably similar to
the measured erosion rate attributed to sand abrasion between 1968 and 2006 in the dWLO
(0.047 ± 0.042 m yr-1). While the agreement between the measured and predicted erosion rates
are compelling, it is important to remember that order of magnitude uncertainties remain in the
estimates of the rock tensile strength (σT), Young’s modulus of rock strength (Y), and the rock
resistance parameter (kv). Confidence in the agreement between the predicted and measured rates
can only occur through measurement of the material properties of the muddy bedrock.
Lamb et al. [2008] note that particle impacts for grains of fine sand may be viscously
damped when contacting the bed. The degree of viscous damping associated with collisions can
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be estimated using the Stokes number that compares the relative magnitudes of particle inertia
and viscous force exerted by the fluid at the point of grain-bed contact:
2.10
where wp is the particle velocity of grain size D, and ν is the kinematic viscosity of water (10-6
m2 s-1). It has been found that particle impacts are partially damped for St < ~100 and completely
damped for St < ~30 [Schmeeckle et al., 2001; Joseph and Hunt, 2004].When the Stokes number
is calculated for sand the Wax Lake Outlet (D = 176 μm), and wp is set to the effective particle
impact velocity (wi,eff, Table 2.4), St = 11, suggesting that the fine sand in the WLO does not
transfer kinetic energy to the bed during grain impacts. If other characteristic velocities are
considered, such as the depth-averaged velocity of the bedload layer calculated using the
empirical method of Sklar and Dietrich [2004] (wp = Ub = 0.65 m s-1, Table 2.4), then St = 55,
suggesting that bed impacts are only partially damped. Overall, the small Stokes numbers
suggest an inefficient transfer of momentum to the bed by impacting sand grains. In spite of this,
data from the dWLO clearly shows an increase in bedrock erosion rate associated with an
increase in the sand transport through the channel and the agreement between predicted and
measured erosion helps to strengthen the argument that even partially damped grain-bed
collisions are playing an important role in the bedrock erosion here.
The largest erosion rates observed in the WLFC were in the uWLO between 1942 and
1964 (0.279 ± 0.193 m yr-1), before sand transport reached the WLO. I attribute this
exceptionally high erosion rate to rapidly varied flow from the 1200 m wide, 5 m deep GLR to
the 180 m wide, originally 14 m deep uWLO (Fig. 2.4). The scour pools in this segment indicate
that erosion was accomplished through highly turbulent flow. Scours do not persist beyond 8 km,
showing that a new flow regime and associated erosional mechanism (sand blasting) is
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established beyond this point. I therefore conclude that erosion by water can outpace sand
blasting where the channel geometry changes rapidly, and that sand blasting contributes to more
uniform erosion in channel reaches of regular geometry.
Sand transport also appears to mediate erosion rate on the WLD. The variation between
mixed bedrock-alluvial channels with ~30% alluviation (Gadwall, Main, and Greg Passes, Fig.
2.7) and fully bedrock channels (Mallard, Pintail, East Passes) suggest that transport conditions
are different across primary distributary channels. If the presence of bed alluviation is a proxy for
sand transport, then the channels transporting larger amounts of sand (Gadwall, Main, and Greg
Passes) are also the ones that are eroded to the downstream edges of their surveys (Fig. 2.3). This
pattern is further evidence that the presence of sand increases erosion rates.
The difference in bed alluviation between distributary channels signifies an unexpectedly
strong partitioning of sand at channel bifurcations. Modeling studies suggest the partitioning of
sand at channel bifurcations depends upon differences in flow depth [Slingerland and Smith,
1998; Edmonds and Slingerland, 2008; Kleinhans et al., 2008]. However, the large differences in
alluviation between, for example, Gadwall/Main Pass (p0 = 62%) and Mallard Pass (p0 = 100%)
indicate that strong sand flux partitioning can also occur between two channels of similar depth.
These data are insufficient to determine the mechanisms for such uneven sand partitioning. This
problem requires further measurement and study, but it is possible that the transition from the
deep, narrow Wax Lake Outlet to the shallow, wide delta does not distribute sediments uniformly
across the channel network.
2.5.3 Behavior of the delta planform
Significant channel widening (dW, Fig. 2.5B), lateral channel migration (dB, Fig. 2.5B)
and downstream migration of islands (dM, Fig. 2.5C) between 1991 and 2009 show that the
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channel banks are being actively eroded. Channel bank erosion attacks the highest elevation of
islands at fringing levees: and a region of important habitat zonation [Johnson et al., 1985;
Viparelli et al., 2011]. This behavior indicates that the competition between vertical levee
aggradation and lateral channel bank erosion plays an important role in the establishment of plant
communities. It was also shown that islands populated with Salix nigra migrate at roughly one
fifth the rate of islands without it. Salix may add cohesion to sand-rich channel banks (Fig. 2.6),
reducing their migration rate, and allowing channel bank vegetation communities to further
develop. Alternatively, Salix may only grow on islands with small migration rates. All the
islands with stands of trees are located in the proximal delta, making it difficult to determine
whether an island’s location or the presence of trees is the most important parameter to predict
migration distance. The importance of bank strength to channel bank stability has been
confirmed in several recent studies of experimental meandering and deltaic channels [Braudrick
et al., 2009; Tal and Paola, 2010; Wickert et al., 2012] and may also play an important role in
delta stabilization on the WLD.
2.6 Conclusions
In this chapter, I investigate bathymetric and planimetric change to the Wax Lake Delta
and the Wax Lake Feeder Channel, and characterize the morphology of channel beds and
sediment transport during the spring 2009 flood. These datasets allow me to document the
behavior of erosional channels in a prograding delta channel network, and to test specific
mechanisms of erosion in lowland bedrock channels. The conclusions below improve the
understanding of the land-building capabilities of the Wax Lake Delta and provide new insight
into the dynamics of other erosional river deltas found elsewhere around the Gulf of Mexico
[Edmonds et al., 2011b].
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The Wax Lake Delta is a net-depositional, prograding river delta, but it possess an
erosional channel network. The channel network of the Wax Lake Delta is degradational for at
least the first 6 km beyond the apex of the delta, although some channels remain erosional
beyond 8 km. The feeder channel delivering sediment to the delta is also erosional. Degradation
is manifested by channel bed erosion, channel widening and lateral channel migration.
Planform channel rearrangement leads to downstream island migration throughout the
WLD. Migration rate increases with distance from the delta apex, and is 5 times slower on more
proximal islands populated with willow trees (Salix nigra) than on tree-less distal islands. Salix
roots may add cohesion to the island edges reducing erosion. However, channel bank erosion
undermines trees (Fig. 2.6) and removes high-elevation island levees where the trees can grow.
This bio-geomorphic feedback may have important implications for deltaic stability.
During the 2009 flood, sand transport through the WLFC was supply-limited, with supply
to capacity bedload concentration ratios ranging between 1.8 x 10-1 and 2.4 x 10-4 (Cb/Cb_sat,
Table 2.3). Accordingly, the channel bed throughout the Wax Lake Delta and Feeder Channel
are mostly free of cover by alluvial sands (Fig. 2.7), exposing the bedrock composed of
consolidated muds to erosion. Shear velocities estimated from measured velocity profiles and
suspended-sediment concentration data also indicate that nearly all available sand is transported
through the feeder channel in suspension.
The cover effect and the tools effect as developed for bedrock erosion in supply-limited
channels are tested. A positive relationship exists between the fraction of alluvial cover and
supply to capacity concentration ratio (the cover effect), but the relationship is not accurately
summarized by Equation 2.8. This is because suspended sands spend only an instant in contact
with the bed, and therefore are not measured in multibeam studies of bed alluviation.
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Bedrock incision rate is affected by the amount of sand transport through a channel reach
(the tools effect). Comparison of erosion rates in the Wax Lake Outlet with and without sand
transport (before and after delta initiation) show that erosion due to sand abrasion accounts for
on average 51% of erosion within channel reaches with slowly changing geometries. Bedrock
erosion rates well modeled by the total load bedrock incision model of Lamb et al. [2008].
Furthermore, channels that exhibit >30% bed alluviation exhibit erosion through the first 7 km of
the Wax Lake Delta, while channels that are free of alluvial cover show less erosion.
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2.8. Notation
Cb
Cb_sat
Cbed
Cz
Cz,n
Cmeas
Cmod
C05
C05_sat
CD
D10

volumetric sand concentration of the bedload layer (-)
volumetric sand concentration of the saturated bedload layer (-)
volumetric sand concentration of the bed, 1-porosity (-)
total volumetric sand concentration at height z above the bed (-)
volumetric concentration of grain size n at height z above the bed (-)
measured volumetric sand concentration (-)
modeled volumetric sand concentration (-)
volumetric sand concentration at 5% of flow depth (-)
saturated volumetric sand concentration at 5% of flow depth (-)
friction coefficient for separated flow over dunes (0.21)
10th percentile grain diameter (m)
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D50
D90
Dzb
dB
dM
dW
dWLO
GLR
g
HD
K
Ks
Kstrat
MSL2000
p0
R
R1991, R2009
Ri
Rp
qb
qb_sat
Qw
T
T*
Ub
umeas
umod
u*c
u*sk
u*tot
uWLO
W
WLD
WLFC
WLO
ws
Zu
z0
z0 SF
zb
η
κ
λ
ρsed
ρ
τb

median grain diameter (m)
90th percentile of grain diameter (m)
grain size distribution at zb
lateral channel migration (m)
downstream island migration (m)
change in channel width (m)
Downstream reach of the Wax Lake Outlet
Grand Lake Reach
gravity (m s-2)
median dune height (m)
eddy viscosity (m2 s-1)
sediment diffusivity (m2 s-1)
eddy viscosity in the presence of density stratification (m2 s-1)
Mean Sea Level migrated to conditions in the year 2000.
Fraction of bedrock exposure in a river reach
specific density of sediment
The resolution of the aerial images from 1991 and 2009 (m)
Richardson Number
particle Reynolds number
bedload sediment transport per unit width (m2 s-1)
capacity bedload sediment transport per unit width (m2 s-1)
water discharge (m3 s-1)
Variation of the land water interface due to tides (m)
transport stage
average velocity of the bedload layer (m s-1)
measured velocity (m/s)
modeled velocity (m/s)
critical shear velocity for sediment motion (m s-1)
skin friction shear velocity (m s-1). By definition, τsk = ρu*sk2.
total shear velocity (m s-1). By definition, τb = ρu*2
Upstream Reach of the Wax Lake Outlet
channel width (m)
Wax Lake Delta
Wax Lake Feeder Channel
Wax Lake Outlet
settling velocity of a certain grain size (m s-1)
similarity variable for uniform sediment
roughness height (m)
roughness height associated with the sediment (m)
average height of the bedload layer (m)
bed elevation (m MSL2000)
von Karman’s constant (0.40)
median dune wavelength (m)
the density of sediment (kg m-3)
the density of water (kg m-3)
total basal shear stress (kg m-1 s-2)
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τ*crit

τcrit
τfd
τsk

dimensionless critical shear stress of sediment motion
critical shear stress of sediment motion (kg m-1 s-2)
form drag shear stress (kg m-1 s-2)
skin friction shear stress (kg m-1 s-2)
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2.9. Tables
Table 2.1: Conversion between vertical datums
Datum
Dataset
Conversion
(MSL2000 –
datum) m

Error (1σ) m

Conversion
reference

0.09

Vdatum

National Geodetic
Vertical Datum of
1929(NGVD 29)

USACE
Hydrographic
Survey 1964,
1998-1999

0.17

North American
Vertical Datum of
1988 (NAVD88)

USACE
Hydrographic
Survey 2006

0.12

0.09

Vdatum
[Parker et al.,
2003a]

Mean Low Water ,
1935 (MLW1935)

1935 Atchafalaya
Bay DEM

-0.48

0.08

[NOAA,
2012a]

Mean Sea Level
1951, MSL1951

Latimer and
Schweizer (1951)

-0.47

0.06

[NOAA,
2012a]

Mean Sea Level
1964, MSL1964

USACE
Hydrographic
Survey 1964

0.31

0.04

[NOAA,
2012a]

[Parker et al.,
2003a]

Table 2.1. Conversions between different datums used in this paper, including expected error
(one standard deviation, and a reference for the source of the conversion.
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Table 2.2. Quantiles of grain size distributions for bed material and suspended sands in the
Wax Lake Feeder Channel
Sample
IV-Grab
IV-1
IV-2
IV-5
V-Grab
V-1
V-2
V-3
VI-Grab
VI-1
VI-2
VI-3
VII-Grab
VII-1
VII-2
VII-3
VII-4
VII-5
VII-6
VIII-Grab
VIII-1
VIII-2
VIII-3
VIII-4
VIII-5

H (m)
5.31

4.16

4.2

24.4

17.34

z/H
0
0.06
0.12
0.97
0
0.02
0.08
0.20
0
0.07
0.13
0.25
0
0.01
0.03
0.07
0.16
0.41
0.75
0
0.01
0.04
0.13
0.35
0.65

Total Volumetric
concentration (-)

Sand Volumetric
concentration (-)

9.0E-05
8.9E-05
5.3E-05

1.3E-05
9.9E-06
3.3E-06

2.0E-04
7.2E-05
5.9E-05

2.4E-06
2.2E-06
6.2E-07

8.0E-05
5.1E-05
8.5E-05

4.0E-06
5.4E-06
5.7E-06

7.0E-05
7.6E-05
7.6E-05
7.4E-05
7.4E-05
6.4E-05

4.9E-06
4.6E-06
4.0E-06
3.6E-06
2.3E-06
9.2E-07

9.1E-05
9.7E-05
8.2E-05
7.4E-05
7.1E-05

5.7E-06
1.0E-05
5.4E-06
3.3E-06
2.9E-06

D10
D50
D90
(μm) (μm) (μm)
154
77
73
72
X
80
75
71
197
69
71
77
147
70
71
68
75
76
70
110
73
72
76
70
70

228
116
110
99
X
94
103
102
326
99
103
113
204
100
103
96
107
110
109
169
109
105
117
99
98

316
206
155
136
X
105
138
130
498
147
141
155
282
152
157
156
160
159
192
264
170
153
175
141
138

Table 2.2. Sediment concentrations and grain sizes from sampling conducted during the 2009
flood. H is the depth of water at a sampling site, z/H is the normalized height above the bed.
Total Volumetric concentration is the point integrated concentration at each height above the
bed. Sand Volumetric concentration is the concentration of all solids >60 μm. D10, D50, and D90
are the 10th, 50th, and 90th percentiles of grain size diameter for sands measured on the bed and in
the water column. An “X” in these columns means that the grab sample returned nothing but
consolidated clay or bedrock.

45

Table 2.3. Measured and modeled parameters dictating sediment transport at site IV-VIII
Location
Grand Lake Reach (GLR)
Wax Lake Outlet (WLO)
Site
IV
V
VI
VII
VIII
H (m)
5.31
4.16
4.20
24.40
17.40
-1
u*tot (m s )
0.076
0.038
0.055
0.12
0.077
u*sk (m s-1)
0.068
0.034
0.049
0.11
0.068
z0 (m)
0.032
0.0016
0.0026
0.11
0.011
zb (m)
0.0011
0.00065
0.0010
0.0012
0.0010
Cb (-)
5.6 x 10-4
3.9 x 10-3
6.2 x 10-3
4.8 x 10-5
1.4 x 10-4
Cb_sat (-)
8.9 x 10-2
2.5 x 10-2
3.3 x 10-2
2.0 x 10-1
1.1 x 10-1
-3
-1
-1
-4
Cb/Cb_sat
6.4 x 10
1.6 x 10
1.8 x 10
2.4 x 10
1.2 x 10-3
-5
-6
-6
-6
C05 (-)
2.0 x 10
1.7 x 10
7.5 x 10
3.9 x 10
6.7 x 10-6
C05_sat (-)
4.4 x 10-2
1.7 x 10-3
3.5 x 10-3
1.9 x 10-1
6.9 x 10-2
-4
-4
-3
-5
C05/C05_sat
4.6 x 10
9.9 x 10
2.1 x 10
2.0 x 10
5.6 x 10-4
% Bed Material in
99.9%
X
77.3%
99.9%
99.9%
Suspension
Ustrat/Uclear -1 (-)
2.3%
24%
13%
0.70%
2.4%
Cstrat/Cclear -1 (-)
-10%
-91%
-75%
-2.4%
-16%
qstrat/qclear -1 (-)
-8.3%
-83%
-61%
-2.0%
-14%
Error
1.1 x 10-3
4.1 x 10-4
8.5 x 10-4
2.4 x 10-3
1.5 x 10-3
qs (m2 s-1)
1.6 x 10-5
1.0 x10-6
7.1 x 10-6
4.1 x 10-5
4.4 x 10-5
Table 2.3 tabulates the transport conditions at five sites in the WLFC during the spring flood of
2009. Shaded rows are parameters estimated from water velocity and concentration profiles
using the methods outlined in Appendix A. H is depth of flow, u*tot is the estimated total shear
velocity, z0 is the estimated roughness height, zb is the height of the bedload layer calculated by
Eq. B-4, Cb is the estimated concentration at the height of the bedload layer, Cb_sat is the modeled
saturated concentration of the bedload layer calculated from Eq. 6, C05 is the estimated
suspended sand concentration at 5% of H. C05_sat is the saturated sand concentration at 5% of H
as predicted by García and Parker [1991]. % Bed Material in Suspension is the percentage of the
bed material where u*sk>ws. No bed material was collected at site V, preventing the percentage
from being calculated. Ustrat/Uclear-1 and Cstrat/Cclear-1 compare the depth averaged downstream
velocity and sand concentration between stratified flows (subscript: strat) and flows with
identical boundary conditions (H, u*sk, z0, Cb, and grain size distribution) but without density
stratification (subscript: clear). Error quantifies the error between measured velocity and
sediment profiles, and estimated profiles using Eq. A-11.
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Table 2.4 Parameters used in the total load erosion model (Equation 2.9)
Parameter
Value
Reference
A1, coefficient
0.07
[Lamb et al., 2008]
ρsed, density of sediment
2650 kg m-3
assumed
Y, Young’s elastic modulous for rock 5 x 104 MPa
[Sklar and Dietrich, 2004]
σT is the rock tensile strength
0.2 MPa
mudstone,
[Sklar and Dietrich, 2001]
5
kv, rock resistance parameter
3 x 10
[Lamb et al., 2008]
qs, width-averaged sediment flux
7 x 10-5 m2 s-1
Table 2.3
U, Depth Averaged Velocity
1.3 m s-1
measured
H, Water Depth
17.4 m
measured
χ, suspended sediment flux
0.01
calculated [Lamb et al., 2008]
normalized by bedload concentration
zb, height of the bedload layer
0.001 m
calculated, Table 2.3
[Wiberg and Rubin, 1989]
Ub, depth-averaged velocity of
0.65 m s-1
calculated
bedload layer
[Sklar and Dietrich, 2004]
grain size
176 μm
measured
-1
wi,eff, effective particle impact
0.221 m s
calculated [Lamb et al., 2008]
velocity
qb, bedload flux
5.9 x 10-5 m2 s-1
, Table 2.3
-2
2 -1
qbc, saturated bedload flux
4.7 x 10 m s
, Table 2.3
-1
0.3 mm yr
calculated [Lamb et al., 2008]
, predicted erosion rate
This table summarizes the parameters used in Equation 2.9, the total load erosion model of Lamb
et al. [2008]. The values for the material properties (Y, σT, and kv) of the muddy bedrock are
estimated from experiments conducted on mudstone by Sklar and Dietrich [2001, 2004].
Sediment transport parameters were measured at Site VIII (Fig. 2.1D) in the downstream reach
of the Wax Lake Outlet (dWLO), or calculated using measured parameters.
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2.10. Figures and Captions
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Figure 2.1. The Wax Lake Delta and its feeder channel. A) Map of the Louisiana. The Wax Lake
Delta (WLD) and feeder channel are located in coastal Louisiana near the terminus of the
Atchafalaya River (yellow line), a river that is fed by the Mississippi and Red rivers (purple and
red lines). Rectangle B marks the location of figure 2.1B. B) The lowermost Atchafalaya River,
modified from Fisk [1952] and Wellner et al. [2005]. The infilling of Grand Lake from 1917 to
1975 is shown according to Roberts et al. [1988]. River and tide gauges are marked: (a) Calumet
(USGS #07381590), (b) Amerada Pass (NOAA #8764227), and (c) Eugene Island (NOAA
#8764311). Rectangles C and D are shown in detail in Figures 2.1C and 2.1D. C) Digital
Orthophoto Quarter Quadrangles [Louisiana Oil Spill Coordinator’s Office (LOSCO), 2005] of
the Wax Lake Feeder Channel (WLFC) from 2005. The Wax Lake feeder is 36 km long and is
divided into three distinct reaches; the Grand Lake Reach (GLR), the upstream Wax Lake Outlet
(uWLO), and downstream Wax Lake Outlet (dWLO). Land building between 1930 and 1975
separated the Grand Lake Reach from the Atchafalaya River (dashed orange line). The Wax
Lake Outlet Control Structure (WLOCS, solid red line) was installed in Grand Lake in 1987 and
removed in 1995. The Wax Lake Outlet crosses (e) US-HWY 90 and (f) the Intracoastal
Waterway. The locations of survey sites IV-VII from this paper are marked. The turquoise line
shows the pre-delta extent of Wax Lake, the inlet for which the system is named. D) Aerial
photograph of the Wax Lake delta taken on 6 November 2009, image courtesy of G. Holm. The
turquoise line marks the pre-delta shoreline. The WLD has seven labeled primary distributary
channels, as well as many secondary distributary channels. Two secondary distributary channels
and survey site VIII are marked.
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Figure 2.2. Daily water discharge (Qw) measured by the U.S. Geological Survey at the Calumet,
LA gauging station from 2006 to 2010 [USGS, 2012]. Dates of 2007 and 2009 Multibeam
campaigns are marked with vertical lines. Lines MPF and ADD refer to Median Peak Flow and
Average Daily Discharge measured between 1995 and 2011. The gauge’s location is marked in
Figure 2.1B at location a.
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Figure 2.3: Bathymetry of primary distributary
channels on the Wax Lake Delta. (A) Aerial
photograph of the delta. (B) Cross-section
traversing several islands and channels. Gray
lines and symbols show subsidence-corrected
pre-delta bathymetry from 1935 [NOAA, 2012c]
and black lines and symbols show 1999
bathymetry [USACE, 1999]. Vertical
exaggeration is 422x. (C-G) Axial transects for
five primary distributary channels. Each transect
is marked on (A). Black marks show the
maximum channel depths in 1999 [USACE,
1999], and gray dots show the corresponding
subsidence-corrected pre-delta depth [NOAA,
2012c].With the exception of two distal locations
on Mallard Pass, 1999 channel depths are deeper
than pre-delta bathymetry. Although dredging
occurred in 1942, it was limited to the Wax Lake
Outlet (WLO), upstream of these data (A)
Measurement uncertainty (±0.05 m for 1935
data, ±0.15 m for 1999 data) is smaller than the
data points on the graphs. Vertical exaggeration
is 300x. (H) Bathymetric change (dη) between
1935 and 1999. Negative numbers denote net
erosion, and positive numbers denote net
aggradation. Various symbols denote different
channels (Plots C-G). Where distributary
channels have points in common near the apex,
the symbol of the eastern-most channel is used.
Propagated measurement uncertainty (±0.16 m)
is smaller than the plotted symbols. A best-fit
linear regression of the data is plotted Rootmean-square error is 0.42 m.
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Figure 2.4. A) Bathymetric evolution of the Wax Lake Feeder Channel (WLFC). The x axis
shows distance upstream of the delta apex in kilometers, with the extent of the Grand Lake
Reach (GLR), upstream Wax Lake Outlet (uWLO), and downstream Wax Lake Outlet (dWLO)
indicated above the graph. Vertical dashed lines show where sites IV-VIII were collected. The
dotted line shows pre-delta bathymetry assembled from Grand Lake transects and as-dredged
bathymetry of the WLO (both from Latimer and Schweizer, [1951]). The unbroken gray and
black lines show bathymetry from 1964 and 2006 [USACE, 1967, 2006]. B) Change in bed
elevation for the WLFC from 1942-1964 (gray) and 1964-2006 (black) determined by the
difference between profiles in (A). Negative values denote erosion and positive values
deposition. The horizontal line shows zero change.
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Figure 2.5. Planform evolution of the sub-aerially emergent
Wax Lake Delta. A) Comparison of the subaerially exposed
fraction of the WLD traced from a LANDSAT image from 10
October, 1991 and an aerial photograph from 6 November
2009. The islands tops in the 1991 appear more completely
filled because of differences in sea level (tide) and vegetation
cover. Overlain is a measure of radial distance from the delta
apex in 1 km increments. Islands tips populated with Salix
nigra (Black Willow) are marked “x” and islands lacking Salix
nigra are marked “o”. The location of the photograph shown in
Figure 2.6 is marked “P.” B) Change in channel width (dW)
between 1991 and 2009 as a function of distance from the delta
apex. Positive change indicates channel widening and negative
change indicates channel width reduction. The average width
change at each distance from the delta apex is shown as a solid
black line. C) Lateral translation of channels (dB) between 1991
and 2009 as a function of distance from the delta apex. The
average lateral translation at each distance is shown as a solid
black line. D) Downstream migration of island tips (dM)
between 1991 and 2009 plotted against the distance from the
delta apex in 1991. Islands with trees at their tips are marked
“x” and islands without trees are marked with a dot. Standard
deviation of uncertainty associated with dW, dB, and dM is 13,
6.3, and 9.1 m, respectively (Section 3.2).
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Figure 2.6. Photograph of an island tip populated with Salix nigra from 10 February, 2012 (See
Fig. 2.5A for location). The trees are about 10 m tall. Some trees are toppling into the channel,
suggesting that bank erosion is undermining their root systems.
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Figure 2.7. Composition of the channel bed in the Wax Lake Feeder Channel (WLFC,
Map A) and the primary distributary channels of the WLD (B). The bed is categorized as
consisting of either sandy alluvium (shown in green) or bedrock (shown in black)
(Section 4.3). The bathymetric survey in (A) was collected under conditions of high river
discharge (5.0 x103 m3 s-1) in May 2009 (Fig. 2.2). The bathymetric survey in (B) was
collected under median flow conditions (2.9 x 103 m3 s-1) in May 2007. Solid black lines
show the multibeam survey trace in (A) and (B). Dashed lines are used to divide the
survey area into sections. The name and measured percentages of exposed bedrock (gray)
versus sand alluvial cover (white) for each section is displayed in the bar graph on the
right. The estimated percentage of exposed bedrock is based on interpretation of the
swath bathymetry for each section. The percentage of exposed bedrock versus sandy
alluvium making up the beds of channels for the entire Wax Lake Delta is estimated by
an area-weighted sum for sections 4-10. The locations of Multibeam images presented in
Figs. 2.8, 2.9 and 2.10 are marked.
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Figure 2.8. Bathymetric survey of the Atchafalaya River – WLFC bifurcation measured
during the May 2009 flood (Qw = 5.0 x 103 m3 s-1, Fig. 2.2). A (13-21 m) deep channel
connects the upstream and downstream Atchafalaya River, and hosts sand dunes. The
Southwest side of the Atchafalaya River and the entrance to the Grand Lake Reach is
shallow (4-7 m), and is entirely composed of exposed bedrock. The 200 m wide ramp
extending toward the Grand Lake Reach was initiated by dredging and hosts some sand
dunes. This ramp is the only gradual transition from the sand rich thalweg and the
shallow Grand Lake Reach.
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Figure 2.9. Characteristic bed morphology and composition
of the Wax Lake Feeder Channel (WLFC). A) Bathymetric
swath from the Grand Lake Reach of the feeder channel. Its
location is marked in Figure 2.7A. The composition of the
bed here includes scoured and pitted exposed, cohesive
bedrock and sandy alluvium. The arrow marked “a” points
to exposed bedrock possessing erosional bedforms, while
the arrow marked “b”: points to a section of bed covered
with sand and worked into a train of large bedforms near
the channel margin. B) Bathymetric swath of the Wax Lake
Outlet consisting entirely of exposed cohesive bedrock (see
Fig. 2.7A for location). The arrow marked “c” points to a
large scoured pool that has developed immediately
downstream from a buried pipeline, while the arrow marked
“d” points to a long erosional striation cut into the channel
bed.
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Figure 2.10: Characteristic bed morphology and composition for the primary distributary
channels of the Wax Lake Delta. Locations for the bathymetric profiles A-A’, B-B’, and
C-C’ are marked on Figure 2.7B. Image (A) shows subtle striations oriented parallel to
the flow direction. Transect A-A’ depicts the bed segment with little topographic
roughness. This morphology is interpreted as the cohesive muddy bedrock beneath the
WLD. Image (B) and transect B-B’ show a rough, irregular bed morphology suggesting
erosion of the pre-delta bedrock. The bed in image (C) is partially covered by sand that is
worked into a dune field. Notice that the degree of sand cover thins downstream along
transect C-C’, so that at ~250 m, bare substrate is interpreted to be exposed bedrock
between the sand dunes and at C’ there is insufficient sand to build large bedforms.
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Figure 2.11. (A) Measured (symbols) and modeled (solid line) velocity u plotted against
the height above the bed at Site VIII (see Fig. 2.1C for location). The model parameters
u*tot, z0, and Cb are tabulated in Table 2.3 and profiles are computed using equations A-1
through A-12. Measurements were collected in May 2009 at a water discharge of 5.0 x
103 m3 s-1 (Fig. 2.2). Root-mean-square error between modeled and measured profiles is
0.012 m s-1. (B) Measured (symbols) and modeled (solid line) of volumetric
concentration of suspended sand (Cz) at Site VIII in May 2009. Root-mean-square error
of the logarithm of the quotient of modeled and measured concentration shows that the
error is within 13.7% of the modeled value. (C) Measured (symbols) and modeled (solid
lines) grain size percentiles of suspended sand at Site VIII in May. Measured D10, D50,
and D90 are plotted as left-pointing triangles, circles, and right-pointing triangles, and are
tabulated in Table 2.2. D10, D50, and D90 of the bed material are plotted as large filled
shapes. The root-mean-squared error of all modeled and measured D10, D50, and D90 in
graph C is 11 μm.
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Figure 2.12. Grain size distributions of
suspended sand. A) Suspended sand
quantiles (D10, D50, D90) are plotted as
a function of bed material quantiles
sampled at the same site. D10 are left
pointing triangles, D50 are circles, D90
are right pointing triangles. Quantiles
plot beneath the line of agreement,
showing that suspended sand
distributions are finer than bed
material distributions. The root-meansquare error between bed material
grain size and suspended grain size is
137 μm. B) Comparison of suspended
sand grain size quantiles with grain
size quantiles modeled using
equations A-1 to A-10 from Appendix
A. The cluster of quantiles around the
line of agreement, shows that the grain
size distributions found in the water
column are expected given the grain
sizes on the bed and flow conditions.
The root-mean-square error between
predicted and measured grain size
quantiles is 20 μm.
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Figure 2.13. Sediment transport mode as a function of skin friction shear velocity (u*sk).
Transport modes are discussed in Section 4.4.1. D10 (left-pointing triangles), D50 (circles),
and D90 (right-pointing triangles) for Sites IV, VI, VII and VIII (Table 2.2) are plotted
with skin friction shear velocity estimates (Table 2.3). Site V was not plotted because no
sand was returned from the bed.
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Figure 2.14. The reach-averaged fraction of alluvial bed (1-p0) plotted in relation to the
supply to capacity concentration ratio (Cb/Cb_sat) for sites IV-VII during the spring 2009
flood. A linear relationship between undersaturation and bed cover developed from Sklar
and Dietrich [2004] is shown (Eq. 8). The region shaded gray shows the range of alluvial
cover in distributary channels in the Wax Lake Delta from May 2007.
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Chapter 3. The Two-Phase Evolution of a Distributary Channel
3.1. Introduction
The striking variation in delta morphology observed on Earth’s coastlines is the
result of sedimentary processes that are active at the delta front; the region directly
seaward of the shoreline [Coleman and Wright, 1975]. However, it remains unclear how
distributary channels extend in concert with a prograding delta front due to a lack of
bathymetric measurements collected in this critical zone. An accurate understanding of
channel kinematics at the delta front is essential because a the bifurcating structure of a
delta channel network is initiated in this region [Jerolmack, 2009], and channel networks
are relatively stable for decades to millennia once their confining levees become subaerially emergent and vegetated [Stouthamer and Berendsen, 2001]. An improved
understanding of channel kinematics in this zone is for constraining the behavior of
deltaic systems in the geologic record [Olariu and Bhattacharya, 2006], and to improve
predictions of delta growth in coastal restoration projects [Paola et al., 2011].
In this chapter, I will directly measure the three-dimensional evolution of
channels on the delta front of the Wax Lake Delta (WLD, Fig. 3.1), a modern sub-delta of
the greater Mississippi Delta building into Atchafalaya Bay in southern Louisiana, USA
(see Chapter 2 for a discussion of its history and development). The ~270 m yr-1
progradation rate of the delta since its initiation in 1973 [Roberts et al., 2003; Parker and
Sequeiros, 2006] makes it an ideal site to study the growth of distributary channels in a
prograding delta.
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The WLD is considered by many studies to be a classic river-dominated delta
[Wellner et al., 2005; Syvitski, 2006; Falcini and Jerolmack, 2010; Edmonds et al.,
2011b], i.e. that it is negligibly affected by basin forcings such as wave and tidal currents
[Galloway, 1975]. These studies justify this assumption by citing the delta’s several
orders of channel bifurcation and its micro-tidal environment protected from significant
waves (0.4 m mean tidal range, 0.5 m maximum monthly wave height, Syvitski, 2006).
The river-dominated assumption leads to two corollary assumptions regarding
bathymetric change on the delta front.
The first assumption is that the majority of bathymetric change on the delta front
occurs during periods of high flow (floods) when most of the sediment arrives at the
delta. This assumption allows input conditions to be simplified to characteristic water and
sediment discharges [Kim et al., 2009; Edmonds and Slingerland, 2007; Geleynse et al.,
2010]. However, evidence from other deltaic systems suggests that considerable
reworking can occur during low flow. For instance, mean flows tend to deepen channels
on the Mossy Delta in Saskatchewan, Canada (R. Slingerland, pers. comm.). In this
chapter, bathymetric change is measured over both high and low flow conditions, and
distinct patterns of bathymetric evolution emerge for each condition.
The second assumption is that depositional processes are the primary drivers of
channel kinematics on the delta front, with erosion playing a relatively minor role.
Although studies of the initiation of the WLD channel network from 1967 to 1977
[Roberts et al., 1980] and growth to its present-day emergent channel network (Chapter
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2) each note erosion within channels, models of channel kinematics on the delta front
have been primarily concerned with depositional patterns [Bates, 1953; Wright, 1977;
Wellner et al., 2005; Edmonds and Slingerland, 2007; Rowland et al., 2010; Falcini and
Jerolmack, 2010]. These studies consider channels to be regions of minor deposition or
sediment bypass that are confined by levees [Rowland et al., 2010] or deflected by
focused deposits along channel axes (―mouth bars‖) [Falcini and Jerolmack, 2010]. This
model contrasts with the understanding of channel growth developed in tidal marshes
[D’Alpaos et al., 2005, 2007] upland landscapes [Dietrich and Dunne, 1993], where
channel initiation occurs when previously deposited sediment accumulations are eroded
into.
In this study, four bathymetric surveys of the delta front basinward of Gadwall
Pass are collected over 20 months in order to observe its three-dimensional evolution
over periods of high and low flow (Figs. 3.1-3.3). For each survey, several metrics
quantifying the growth the channel network are collected. These data show that
distributary channels extend many kilometers beyond the sub-aerially emergent delta into
the delta front have to two distinct phases of evolution. The first phase occurs during high
river discharge when sedimentation causes delta front progradation without significantly
extending the associated distributary channel tips. The second phase occurs during low
flow and is characterized by bed erosion that extends all distributary channels basinward
by cutting into the unchannelized delta front deposited during flood. Measurements of
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water and sediment transport during low flow suggest that tidal modulation of discharge
has a profound effect on sediment transport during low flow.
3.2. Methods
3.2.1 Bathymetry
Gadwall Pass was selected for detailed study because it receives the largest
portion of water discharge from the delta apex (14%, M. Hiatt, unpublished data), and
preliminary data showed that it is the most comparable to the WLD as a whole,
displaying a set of several bifurcations over a short distance that extend radially away
from a central node.
Bathymetric surveys were conducted 26 June - 4 July, 2010 (Fig. 3.2, 3.3A,
referred to hereafter as the July 2010 dataset), 7 March, 2011 (Fig. 3.3B), 11-18 August,
2011 (Figs. 3.1, 3.3C) and 2-3 February, 2012 (Fig. 3.3D) using a 6.6 m wide swath array
of four single-beam depth-sounders mounted on the R/V Fearman. Each transducer (210
kHz) was controlled by a HydroboxTM profiler (Syquest Inc., Warwick, RI), with a
vertical resolution of 0.01 m and a minimum survey depth of 0.3 m. The depth sounders
were oriented in space using two Precise Point Positioning (PPP) GPS systems (Trimble
NetRS mounted with Zephyr antennae) and a tilt-meter to measure pitch, yaw, and roll
(MicroStrain 3DM-GX1). Depth-sounder data were cleaned of spurious points and
concatenated with GPS, tilt-meter, and tide gauge from Amerada Pass (29.448˚ N 91.337˚
W, 4.2 km East of the Eastern boundary of Fig. 1, NOAA, 2012a) to produce bathymetric
data referenced to WGS84 horizontal datum and Mean Lower Low Water (MLLW)
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vertical datum. Bathymetric surfaces were created by manually interpreting 0.2 m
isobaths between survey lines and interpolating a 5 m gridded digital elevation model
(DEM) from the isobaths using the Topo To Raster function in ArcMap 9.3 with a nonenforced drainage criterion, a minimum depth 0.2 m below the deepest isobath, and a
maximum height of 0 m MLLW. Comparison of the interpolated bathymetric surfaces to
surveyed lines yields a ~0.1 m standard deviation, which is primarily attributed to error
associated with waves swaying the boat and sub-grid scale bed fluctuations such as
dunes. Ship tracks for the four survey periods are shown in Figure 2.
A 1935 bathymetric survey of Atchafalaya Bay [NOAA, 2012c] corrected for
changes in relative sea level (see Chapter 2, Table 2.1 for details) was used to determine
the depth of the cohesive, muddy, bedrock substratum found in Atchafalaya Bay. The bay
bottom is flat, with an average depth of -2.3 m MLLW beneath the WLD. Areas deeper
than this level have been verified via grab sample as bedrock, and areas shallower than
this level have been verified as alluvial.
Bathymetric surfaces are compared through measurements of the channel
network. The channel network boundary was mapped along the minimum curvature
(maximum concavity) of a channel bank where the gradient is oriented toward the
channel, i.e., where a channel bank rolls over into the non-channelized shallow overbank
region (Fig. 3.3). Channel extension is calculated by comparing the most downstream tips
of the channel network boundary between surveys. Sand shoal migration is measured
with the same method, except from the upstream tip of the sand shoal. Channel area is
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defined as the area within the channel network boundary and downstream of an upstream
boundary held constant between surveys. Average channel depth is measured from Mean
Sea Level (MSL, MLLW + 0.257 m) within the channel network. Channel bifurcation
asymmetry is calculated at the four major bifurcations in the study area by dividing the
cross sectional area of the larger bifurcate by the cross sectional area of the smaller
bifurcate measured at the tip of the bifurcate shoal (gray lines, Figs. 3.3A-D). The cross
sectional area is measured as the area between MSL, the bed, and the channel network
boundaries on either side.
3.2.2 Water and Sediment Discharge
Records of water (Qw) and suspended sand (Qsand) discharge entering the Wax
Lake Delta (Fig. 3.3F, G) are from the Calumet Gauge on the Wax Lake Outlet by the US
Geological Survey (USGS 07381590, 29.698˚ N 91.373˚ W, 17.9 river kilometers
upstream of the northern boundary of Fig. 3.1). Suspended sand discharge (Fig. 3.3F) is
calculated from the reported suspended sand concentration (mg L-1) by assuming a
sediment density of 2650 kg m-3, and is integrated over time to produce a sand flux to the
delta between survey periods.
3.2.3 Tidal Measurements
The cumulative distribution of dh/dt presented in Figure 3.4 is calculated from
water levels measured every 6 minutes at the Amerada Pass tide gauge (4.2 km East of
the Eastern boundary of Fig. 1, NOAA, 2012a) between August 7, 2010 and February 11,
2011. Water levels are also affected by winter storms caused by cold fronts [Walker and
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Hammack, 2000; Cobb et al., 2008a, 2008b]. Through analysis of tide gauge data, I found
that although winter storms produce changes in water level up to 1 meter (greater than the
0.4 m tidal range), the rate of water level change (dh/dt) was not larger than that of
regular tidal cycles.
Measurement of tidally modulated flow velocity (Fig. 3.5) was conducted with a
Nortek AS Aquadopp Acoustic Doppler Current Profiler (Rud, Norway) mounted on a
stationary tripod. East, north, and vertical velocity vectors are measured in 0.03 m bins
along a vertical profile for the 0.54 m above the bed at a rate of once per minute for
approximately 24 hours at the location 645486 m, 325990 m (WGS84, zone 15N)
between February 3 and February 4, 2012 (Fig. 3.5). Post-processing involved
determining the average direction of horizontal flow, projecting the three-dimensional
velocity time series measurements onto the average flow direction.
Shear velocity (u*), flow direction, and depth averaged flow velocity (U) were
calculated every 30 minutes from the data (Fig. 3.5). Shear velocity (u*, Table 1) was
calculated by assuming a Law of the Wall velocity profile:
( )

( )

(3.1)

where u(z) is downstream velocity at height z above the bed, κ is von Karman’s constant
(0.40), and z0 is the roughness parameter defined as the height above the bed where the
model velocity is zero. To compare velocity profiles from the field to this model, I fit
Equation 3.1 to the data by calculating the linear regression between the natural log of
height above the bed onto velocity:
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( )

where b1 and b2 are coefficients, and

( )

and

(3.2)
( ) Depth-averaged

downstream velocity (U) was found by integrating Equation 1 through the water column,
with H as the total flow depth, where H was calculated as water depth from the Amerada
Pass tide gauge minus the bathymetric elevation at the survey site (-1.65 m MLLW).
∫

( )

(3.3)

Sediment was collected using a 76 x 76 mm Helley-Smith sampler placed 0.09 m
above the bed. One sample was collected over the rising tide. One sample was collected
over high and falling tide.
3.2.4 Grain Size Analysis
Grain Size distributions were measured with a Mastersizer Laser Particle Size
Analyzer (Malvern Instruments, Malvern, UK) to compare with shear velocity
measurements collected over a tidal cycle and to characterize the fining of sediment
distributions beyond the channel network. The median grain size of the suspended
sediment collected during falling tide with the Helley-Smith sampler was 180 μm. Grain
size distributions gathered from grab samples of the bed are reported in Table 3.2 and
illustrated in Figure 3.6.
3.3. Results
3.3.1 Delta Front Bathymetry
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The Gadwall Pass channel maintains definition for roughly 2 km beyond the lowtide emergent delta, when Atchafalaya Bay water levels are at Mean Lower Low Water
(MLLW, Fig. 3.1) and 6 km beyond mean higher high water emergent delta, when bay
water level is 0.49 m above MLLW and much of the emergent delta becomes inundated
[Allen et al., 2012]. At the upstream edge of the survey area (Fig. 3.3), the channel bed is
about -2.4 m MLLW and is incised into the cohesive muds of Atchafalaya Bay that act as
bedrock as discussed in Chapter 2. Gadwall Pass bifurcates three times into four welldefined distributary channels (I-IV, Fig. 3.3A) beyond the downstream edge of bedrock
exposure. The relief of these channels decreases in the downstream direction,
approaching zero at a bed elevation between -1.2 and -0.6 m MLLW. Each channel
bifurcation has an associated sand shoal that separates the two downstream channels (A,
B, and C, Fig. 3.3A). The acute angle at the upstream end of these subaqueous shoals is
similar to the sub-aerially exposed islands on the WLD (Fig. 3.1). Channels I and IV
exhibit weakly defined second-order bifurcations near their downstream tips (marked
―α,‖ Fig. 3.3A). A fifth channel form is defined between channels III and IV in July 2010
and March 2011(marked ―ß,‖ Fig. 3.3A). However, this channel grows deeper and wider
in the downstream direction in contrast to Channels I-IV and is consequently excluded
from the mapped channel network. Beyond the channel network, the unchannelized delta
foreset slopes asymptotically to the bay bottom with a maximum slope of 0.1%. Grabsamples of the bed downstream of the bedrock reach (discussed in Chapter 4) show that
the sub-aqueous channel network composed primarily of clean ~180 μm sand, although
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the bed becomes muddy with distance from the channel network. To my knowledge, no
vegetation colonized the bed of the study area before or during the study, although
floating Eichhornia crassipes (water hyacinth) was frequently observed.
3.3.2 Bathymetric Change
Between July 2010 and March 2011, the WLD received low water discharge
(average Qw = 1833 m3 s-1) and 5.6 x 104 m3 of suspended sand (Figs. 3E, F). Significant
channel extension in the study area was observed over this period (Fig. 3G). Erosion on
the channel bed and at channel margins caused the area of the distal channel network to
grow by 7% and the average channel depth to increase by 15%, from 1.50 to 1.69 m. In
particular, erosion was focused at each channel tip, allowing Channels I, II, and IV to an
average of 330 m or 1.6 to 4.7 channel widths (Table 3.1). Shoals A, B, and C aggraded
up to 0.35 m along their margins, and their upstream tips remained roughly stationary
(Table 3.1). Mean channel bifurcation asymmetry in March 2011 was 1.2, similar to the
July 2010 value of 1.3. Downstream of the channel network, a wide swath of uniform bed
degradation up to 0.3 m was found.
Between March 2011 and August 2011, the WLD was subjected to the second
largest flood on record. The average water discharge (Qw) for the period was 4950 m3 s-1
and 8.4 x 105 m3 of suspended sand was transported to the delta (Figs. 3.3E, F ). Over this
period, area covered by channel network increased by 12%, but the average channel
depth decreased by 12% to 1.51 m (Fig. 3H). Significant deposition occurred outside of
the channel network. The regions of largest aggradation (up to 0.8 m) were along the
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western bank of Channel II and where the previous courses of Channels III, IV and ß
were filled in. In contrast to the period of low flow, the largest changes to the channel
network were expressed at the sand shoals between channel bifurcations instead of at the
channel tips. Sand shoals A, B, and C migrated downstream an average of 160 m (Table
3.1). The response of channel tips was mixed. The tips of channels I, II, and IV migrated
upstream 350 m, downstream 160 m, and upstream 80 m, for an average of 90 m of
upstream retreat. Upstream retreat of channels was caused by deposition erasing the
topographic expression of the previous channel course. The downstream extension of
Channel II was accomplished by aggradation of its subaqueous levees rather than by
incision of its bed. Asymmetric erosion of the sand shoals increased the mean bifurcation
asymmetry from 1.2 to 2.4 (Table 3.1). This increase in channel asymmetry is reflected in
the arrangement of the channel network. Before the flood, shoals were positioned along
the axis of the upstream channel, and the bifurcate channels spread to either side of this
axis (Figs. 3.3A, B). After the flood, bifurcations were rearranged so that the larger
bifurcate channel was oriented along the upstream channel axis and the shoal and smaller
bifurcate branch in a subordinate position off to the side (Fig. 3.3C).
Between August 2011 and February 2012, the delta returned to low flow
conditions, with average river discharge (Qw) of 2440 m3 s-1 with 2.84 x 105 m3 of sand
transported to the WLD. Bathymetric evolution correspondingly returned to patterns
found between July 2010 and March 2011. Channels I, II and IV extended 140 m, 140 m,
and 260 m through erosion at their channel tips, causing channels to extend an average of
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110 m into the basin. Channel III retreated by 100 m, but also migrated eastward by 280
m (Table 3.1). Deposition up to 0.33 m occurred along channel levees. Sand shoals A, B,
and C migrated upstream an average of 5 m (Table 3.1). The channelized area increased
by 3% and the average channel depth increased through channel bed erosion by 19% to
1.75 m MSL. Channel bifurcation asymmetry increased slightly over this period to 2.6
(Table 3.1).
3.3.3 Tidal Flow
What processes are responsible for the significant bathymetric evolution during
low flow through erosion at channel tips? Although Atchafalaya Bay is micro-tidal (tidal
range = 0.4 m), tides can significantly modulate river discharge during low flow. I will
show through a scaling argument that water discharge on the delta front can double
during ebb tides. This hypothesis will be further tested with measurements of water
velocity and sediment discharge measured at a channel tip during a tidal cycle,
confirming that tides can modulate flow sufficiently to affect sediment transport.
Tidally modulated discharge (Qt) can be estimated from the sum of incoming
river discharge (Qw) and the product of non-emergent delta area upstream of the point of
interest (At) and the rate of tidal gauge change velocity (dh/dt) using the simple relation
[Boon, 1975; Fagherazzi and Furbish, 2001]:
(3.4)

For the Wax Lake Delta front, At is estimated as the non-emergent area upstream
of the -1 m MLLW isobath on the delta front (Fig. 3.1); 72 km2. This is a conservative
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estimate of At because tidal cycles are observed at the USGS Butte La Rose, LA gauge
(#07381515) 101 km upstream of the WLD during low flow. A cumulative distribution of
dh/dt for Atchafalaya Bay between August 7, 2010 and February 12, 2011 is presented in
Figure 3.4. This distribution shows that water level was falling faster than 0.1 m hr-1
(dh/dt < -0.1 m hr-1) about 10% of the time. It follows that for 10% of the low flow period
considered here (about 19 days), ebb tidal discharge modulation is significant (
). River discharge (Qw) averaged 1,800 m3 s-1 over the same period, so Qt
was regularly increased to greater than 3,800 m3 s-1 during ebb tides, a magnitude
comparable to floods (Fig. 3.3E). I therefore conjecture that periods of strong ebb tide
may be sufficient to produce significant morphologic change on the delta front.
Water levels were also rising faster than 0.1 m hr-1 (dh/dt> 0.1 m hr-1) for about
10% of the time. In this case, tidal modulation diminishes tidally modulated discharge
(

). Therefore, Qt was less than -200 m3 s-1, indicating that flow

direction may reverse on the delta front when the tide is rising rapidly. It is important to
note, however, that the magnitude of outward flow during ebb tide is much larger than
the magnitude of reverse flow during rising tide, due to the fact that the smallest river
discharges (Qw) are of the same magnitude as tidal modulation (

).

Velocity and sediment transport measurements from the tip of Channel II in
February 2012 (location in Fig. 3.3D) confirm that tidally augmented river discharge can
transport large quantities of sediment at distributary channel tips. River discharge (Qw)
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during the survey was 3900 m3 s-1, placing it in the 83rd percentile of daily discharge
since 1986. Over a spring tidal cycle with an amplitude of 0.51 m, (Fig. 3.5A), water
velocity ranged from 0.046 m s-1 during rising tide to 0.730 m s-1 during falling tide (Fig.
3.5B). When velocities were lowest, flow direction moved 45˚ to the south, but did not
reverse (Fig. 3.5C). Flow to the southwest (along the channel axis) was restored as tide
fell and flow velocity increased. During the rising tide, shear velocity calculated from
flow velocity profiles (Fig. 3.5D) fell below the critical shear velocity for sediment
motion of the 180 μm sand composing the bed (9.1 mm s-1, Wilkerson and Parker, 2011).
During falling tide, shear velocity rose well above the shear velocity necessary for
entraining detectible quantities of sand into suspension (16.7 mm s-1, Bagnold, 1966).
Accordingly, width-averaged suspended sand transport measured with a 76 x 76 mm
Helley-Smith sampler placed 0.09 m above the bed recovered only traces of suspended
sand during rising tide (SR: 4.63 x 10-4 kg m-1 hr-1), but increased 4 orders of magnitude
to 1.33 x 10-1 kg m-1 hr-1 during falling tide (SF, Fig. 3.5D).
A graph of shear velocity as a function of tidal gauge change velocity (dh/dt, Fig.
3.5E) shows that on 3 and 4 February 2012, shear velocity was sufficient for and
suspension when dh/dt > -0.02 m hr-1. Note that when dh/dt = 0 m hr-1 shear velocities
were still sufficient to transport 180 μm, albeit as bedload. This suggests that tides are not
necessary to transport sand when upstream discharge (Qw) is 3900 m3 s-1, the 83rd
percentile of average daily discharge for the WLD. Nevertheless, the data show that sand
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transport can be effectively shut down during rising tide and support sand suspension
during falling tide, even at the distal tip of the distributary channel network.
3.4. Discussion
Two contrasting patterns of bathymetric change are observed in the reach of
Gadwall Pass that extends into the delta front. During high flow (Fig. 3.3H), erosion
attacks the channel-separating sand shoals causing them to migrate downstream. This
behavior is consistent with downstream migration of sub-aerially exposed islands in the
WLD (Chapter 2). During low flow, the erosion switches from modifying the fronts of
shoals to removing sediment from the beds and downstream tips of the channels (Figs.
3.3G, 3.3I). These patterns appear to be the product of (A) differences in the amount of
sand arriving at the delta front, and (B) differences between flood and tidally modulated
patterns of fluid flow.
Over the 20 months of bathymetric evolution documented here, 70% of the sand
discharge was delivered to the delta during the flood between March and August 2011
(Fig. 3.3H); just 27% of the total time. The resulting deposition occurred within old
channel courses, and outside of the channel network along channel margins. Importantly,
this depositional pattern caused extension at Channel II only, while channels I and IV
both retreated. Channel extension by depositional construction of levees is similar to
previous models of channel elongation [Rowland et al., 2010]. However, we deem this
method of channel extension to be secondary even on Channel II because the rate of
channel extension were greater for the incisional extension during the combined periods
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of low flow (Figs. 2G, 2I, 1.6 m day-1) than aggradational growth during the period of
high flow (Fig. 2H, 1.0 m day-1).
In addition to a large influx of sediment, large water discharges during the flood
rearranged the channel network by eroding the sand shoals at channel bifurcations and
increasing bifurcation asymmetry. Channel II grew to more than twice the cross-sectional
area of the other channels, while the remaining channels (I, III, and IV) filled in and
reoriented to branching off of Channel II, similar to secondary channels found on the
emergent WLD (Chapter 2, Section 2.2.2). These results suggest that that high flow
conditions act to select a dominant path through the channel network and sedimentary
deposits of the delta front.
During low flow, comparatively little sand or water arrive at the delta. However,
significant channel extension occurred at each distributary channel (Table 3.1). This
extension occurred through bed erosion at the channel bed and at channel tips. This
pattern of channel extension may be an important process in developing the radial
network of similarly sized distributary channels that is characteristic of the WLD.
This erosional reworking of the bed during low flow occurred because there was
sufficient shear stress to move sand, but little sand input from upstream. The lack of sand
input is explained by the sedimentary dynamics of backwater flow, a phenomenon where
water surface slopes far upstream of the delta are reduced to the point that that basal shear
stresses are no longer sufficient to transport significant amounts of sand (Nittrouer et al.,
2011; 2012; Edmonds, 2012). Tidal augmentation of low river discharge appears to be
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responsible for providing the sediment-transporting shear stresses that reshaped the delta
front (Figs 3.4, 3.5). The focused erosion at channel tips is consistent with the numerical
study of delta morphology by Geleynse et al. [2011] that showed that tides lead to the
elongation of each channel in the distributary network. It is important to note that the
sedimentary dynamics observed here are different than those observed in classic tidedominated systems [Dalrymple and Choi, 2007] because flow reversal is rare and weak
compared to river discharge.
A qualitative comparison can be made between the channel network of the WLD
and channel networks known to form due to tides: those found in salt marshes [Rinaldo et
al., 1999a, 1999b; D’Alpaos et al., 2005, 2007]. In both cases, networks extend into unchannelized deposits. On the salt marsh, these deposits are the marsh itself. On the WLD,
the deposits are the sub-aqueous, unchannelized deposits downstream of the channel
network deposited during floods (Fig. 3.3H). In both cases, erosion is focused at channel
tips [D’Alpaos et al., 2005]. The similarities between channel kinematics on the WLD
and salt marsh channels indicate that much can be learned from unifying the theory of
channel extension accross coastal environments.
Swaths of erosion up to 0.3 m were observed beyond the channel network on the
basinward sloping delta foreset during each of the low flow periods. Figure 3.6 shows
that this region is composed primarily of fine grained sediment. I attribute this erosion of
the un-channelized delta foreset to fine-grained (<63 μm) sediment transport induced by
waves and currents created by cold fronts. Roughly 25 cold fronts occur every year
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between November and March, causing significant waves and ~1 m changes in water
level due to wind setup and drawdown from the onshore winds that precede a front to the
offshore winds that follow it. The waves transfer fine-grained sediments around and out
of Atchafalaya Bay through sediment re-suspension and mass flows [Allison et al., 2000,
2005; Walker and Hammack, 2000; Cobb et al., 2008a, 2008b; Jaramillo et al., 2009].
Through geo-chemical analysis of cores from the inner shelf near Atchafalaya Bay,
Allison et al. [2000] estimated that each cold front could resuspend up to 1 cm of mud in
water depths <10 m. With an average of 25 cold fronts per year, it is reasonable to expect
10s of centimeters of erosion on the delta front. Fine-grained sediments exist in the bed,
and their proportion of the bed increases with distance from the channel network,
explaining why erosion occurs far out on the delta front. Although it was found that wind
setup and drawdown do not significantly increase dh/dt magnitudes, the ~1 m drop in
water level over the course of a cold front could affect delta flow patterns after the
passing of a cold front when water levels in the bay are at their lowest. At this time,
distributary channels would be the most fully confined between sub-aerial banks the
furthest distance into the bay, possibly focusing the flow further at channel tips.
Finally, I present a simple conceptual model of the growth of a sub-aqueous,
bifurcating distributary channel based on our measurements from Gadwall Pass during
flood and low flow (Fig. 3.7). Channels extend several km beyond the sub-aerial extent
of the delta and lose definition gradually by shoaling in the downstream direction until
the channel bed is equal to the levee height. Beyond the channel tip, the unchannelized
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delta foreset slopes down to the bay floor (Fig. 3.7A). An aggradational phase occurs
during floods when sediment input causes widespread aggradation and progradation (Fig.
3.7B). Erosion and subsequent downstream migration of channel bifurcations increase the
asymmetry between bifurcate channels. The distal tips of channels migrate both upstream
and downstream during this period. During the phase of low flow, all channels extend
basinward by eroding into the un-channelized delta foreset (Fig. 3.7C). Each channel
extends during this period. The locations of bifurcate shoals do not change significantly
during this period. Aggradation is isolated to channel margins, and the foreset is deflated
due to the export of fine sediment from the delta when it is remobilized during winter
cold fronts [Walker and Hammack, 2000].
3.5. Conclusions
Three-dimensional patterns of delta evolution provide an important tool for
interpreting river delta stratigraphy and for assessing coastal sustainability. This study
confirms predictions that a river delta’s morphology is initiated in the delta front.
However, I find that two important assumptions commonly applied to the Wax Lake
Delta – that all significant bathymetric change occurs during floods, and that depositional
processes dictate channel extension – are not justified for the system. Erosional patterns
dictate channel network evolution on the delta front, and important evolution occurs at
both high and low river discharges. During periods of high flow, bifurcate shoals are
eroded and migrate downstream, while regions outside the channel network aggraded up
to 0.8 m. Over this period, a trunk channel becomes dominant in the channel network,
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while the remaining bifurcates became sub-ordinate, or secondary channels. During low
flow, erosion is focused at channel tips, inducing channel extension at each tip. Although
channel extension was accomplished through aggradation of channel margins at one
channel during high flow, this method of channel extension was determined to be
secondary to incisional channel extension measured during low flow. The shift in
erosional patterns between flood and low flow suggest different dominant processes:
large water and sand discharge induce strong sedimentation, channel widening, and
increased bifurcation asymmetry during high flow while tidal currents and minimal sand
discharge focus erosion at channel tips. The significant channel extension due to tidal
currents suggests that the WLD is not adequately characterized as an end member river
dominated delta.
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3.7 Tables
Table 3.1 Metrics describing the evolution of Gadwall Pass at the delta front
Channel Tip
Extension (m)

July 2010 to
March 2011

I
II
III
IV
Average
Bifurcation
Migration (m)
A
B
C
Average
Bifurcation
Asymmetry

March 2011 to
August 2011
230
570
X
180
327

-350
160
X
-80
-90

July 2010 to
March 2011

March 2011 to
August 2011
-40
20
30
3

July 2010

August 2011 to
February 2012
130
140
-100
260
108
August 2011 to
February 2012
200
160
120
160

March 2011

August 2011

-50
10
30
-3
February 2012

A
1.35
1.22
2.11
B
1.10
1.29
2.42
C
1.40
1.03
2.64
Average
1.28
1.18
2.39
This table quantifies the bathymetric evolution of Gadwall Pass between July 2010 and
February 2012. Channel tip extension quantifies the change in location of channel tips IIV (Fig. 3.3A) over the three time-steps. Negative numbers indicating upstream retreat of
a channel tip. Bifurcation migration quantifies the upstream or downstream change in
location of the sand shoal separating channel bifurcations A, B, and C (Fig. 3.3A), with
negative numbers indicating upstream migration. Bifurcation asymmetry is the ratio of
cross-sectional area between the larger and smaller bifurcate channels at bifurcations A,
B, and C measured at cross-sections marked by grey lines (Fig. 3.3A-D).
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3.02
3.30
1.58
2.64

Table 3.2 Grain-size distributions collected on the delta foreset beyond Gadwall Pass,
February 2012
Site
1
2
3
4
5
6

Easting
(m)

Northing
(m)

645486
645238
644854
644481
644027
643682

3259920
3259596
3259175
3258743
3258378
3257825

Distance downstream of D10 D50
channel tip, km
(μm) (μm)
(channel-widths)
-0.39 (-2.15) 143.0 210.0
0.07 (0.40) 23.6 95.1
8.8 63.8
0.61 (3.36)
3.6 35.6
1.17 (6.52)
5.1 38.9
1.75 (9.74)
4.8 39.1
2.39 (13.2)

D90
(μm)

%Sand

301.0
172.4
111.9
93.0
94.0
90.2

100.0
74.6
50.8
25.4
25.7
24.1

Grain-size data from grab samples at and beyond Channel II on Gadwall pass, as
presented in Figure 3.6. Easting and Northing give the location of the sample in WGS84,
zone 15N. Distance downstream of channel tip is given both in kilometers and in
channel-widths in parenthesis. The channel width at the mouth is 0.180 km. D10, D50,
and D90 show the tenth, fiftieth and ninetieth percentiles of grain-size distributions at
each site, and % sand shows the percentage of the sample that is sand sized (>62.5 μm)

85

3.8 Figures and Captions

Figure 3.1 Bathymetric map of the Wax Lake Delta front overlain by LANDSAT
imagery from October 1, 2011. At the time of acquisition, water level at the Amerada
Pass tide gauge (4.2 km to the East of the map) was -0.11 m MLLW (Mean Lower Low
Water). Bathymetric data are from August, 2011. The dashed box shows the location of
the time series bathymetric surfaces shown in Figure 3.3. The names of the delta’s
primary distributary channels are labeled.
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Figure 3.2. Ship tracks over each of the surveyed bathymetric surfaces presented in this
chapter. July, 2010 covers Gadwall and Main Passes. March, 2011 covers just Gadwall
Pass. August, 2011 covers (from west to east) Mallard, Gadwall, Main, Greg, Pintail, and
East Passes. February, 2012 covers just Gadwall Pass.
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Figure 3.3 Bathymetric evolution of Gadwall Pass. Bathymetric surfaces are shown for
(A) July 2010, (B) March 2011, (C) August 2011, and (D) February 2012. The black,
solid line (-2.3 m MLLW) separates the bedrock extent (deeper) and alluvial (shallower)
regions of the channel. The dashed line marks the channel network boundary. Straight
gray lines mark transects used for assessing cross sectional area and bifurcation
asymmetry. Distributary Channels I-IV, and bifurcate shoals A, B, and C are labeled on
map A. Weak, second-order bifurcations are labeled ―α‖ and a fifth, downstream
deepening channel form is labeled ―ß.‖ The pink dot in map D shows the location of
water velocity and sand discharge measurements (Fig. 3.5). Graphs E and F show water
(Qw) and suspended sand (Qs) discharge measured at Calumet, LA upstream of the WLD
for the period of study [USGS, 2012], along with the dates of the surveys (gray dashed
vertical lines). Difference maps between the surfaces are shown for (G) July 2010 to
March 2011, (H) March 2011 to August 2011, and (I) August 2011 to February 2012
with the dashed line showing the channel network boundary from the latter survey.
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Figure 3.4. Cumulative distribution of change in gauge height (dh/dt) at Amerada Pass,
measured every 6 minutes between 7 August, 2010 and 11 February, 2011. The discrete
jumps in the graph are due to the fact that water level is measured in 0.01 m increments.
The corresponding tidal discharge (Qt) calculated with Equation 3.4 is shown above the
graph for Q = 1800 m3/s and At = 72 km2.
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Figure 3.5 Water flow and sand discharge at the tip of Gadwall Pass (Fig. 3.3D) over a
tidal cycle, 3-4 February, 2012. (A) Gauge height measured at Amerada Pass in
Atchafalaya Bay (NOAA # 11354). (B) Average flow velocity over 20 minute intervals
measured by Acoustic Doppler Current Profiler. (C) Average Flow direction (direction
flow is traveling) in degrees. Below plot C, SR and SF indicate the period of sampling for
suspended sand discharge. (D) Shear velocity calculated from water velocity profiles with
error bars of one standard deviation. u*crit and u*susp indicate the thresholds of sediment
motion and sediment suspension for the 180 μm sand composing the bed. (E) Shear
velocities plotted against the rate of tidal gauge change.
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Figure 3.6 Grain-size trends
from grab samples collected
basinward of Channel II (see
Fig. 3.3) on Gadwall Pass in
February, 2012. (A) Map of the
study area, with channel
network boundary in shown
with a dashed line and grain
size measurements marked as
circles. (B) Tenth, fiftieth, and
ninetieth percentiles of grain
size distributions plotted against
distance from the tip of Channel
II at Gadwall Pass. Error bars
show one standard deviation of
percentiles across 4-6 analyses.
Between 0 and 1.5 km, grain
size trends are well
characterized by exponential
functions. The median grain
size becomes finer than sand
(<62.5 μm, dashed line) at 0.6
km beyond the channel tip.
However, all samples contain at
least 24% sand (>62.5 μm).
Beyond 1.5 km, grain sizes are
roughly uniform. (C)
bathymetry of the same
transect, referenced to Mean
Lower Low Water (MLLW).
The black line indicates the
elevation of bedrock bottom of
Atchafalaya Bay.
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Figure 3.7 Cartoon illustrating delta progradation as observed from surveys of Gadwall
Pass in both plan view and cross-section along a channel. A) The initial plan view shows
a channel bifurcation with similar lengths and widths. The initial topography consists of
an adverse channel bed slope flanked by sloping channel margins. At the upstream edge,
the channel is incised into the bay floor. The channel terminus or tip occurs where the
slopes meet. The foreset slopes down to the bay floor. B) Gray dashed lines represent the
previous channel morphology. During flood flow, the planform is altered as one channel
becomes much wider and progrades, while the other channel grows thinner and its tip
retreats. In cross-section significant deposition on the channel margins and foreset cause
delta progradation. The channel also aggrades, although the region of bay floor erosion
also extends. C) During low flow, each channel progrades. The channel bed erodes
(although not into the bay floor) and the channel extends. The channel tip aggrades while
the foreset deflates.
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Chapter 4. The relationship between bathymetry and the flow field on the delta
front of the Wax Lake Delta
4.1. Introduction
Fluid flow on river deltas transitions from flow through discrete, self-formed
channels to more evenly distributed flow on the sub-aqueous delta front. This flow
pattern is difficult to measure across tens to hundreds of square kilometers of the delta
front where water depths range from tens of meters down to zero. The flow pattern, along
with bed topography and the sediment transport fields, are the three essential components
required to predict the growth of a river delta often referred to as ―the morphodynamic
trinity‖ [Leeder, 1983; Best, 1993; Parker, 2004]. In this chapter, a new method for
measuring the flow field using remote sensing is developed and applied to the delta front
of the Wax Lake Delta. Measurements are combined with measurements of bathymetry
and bathymetric evolution developed in Chapter 3 to predict and provide explanation for
patterns of sedimentation and erosion on the delta front that provide an improved
understanding of channel network growth and deposition that is essential for accurately
planning coastal restoration projects [Paola et al., 2011] and understanding the
development and stratigraphy of ancient delta systems [Olariu and Bhattacharya, 2006;
Li et al., 2010].
Previous studies of flow patterns on the delta front have exclusively considered
river plumes; trails of water and sediment that expand from a single, discrete river mouth.
Field studies of this phenomenon have been focused at the mouth of the main-stem
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Mississippi River, where flow has been shown to depart the channel network at its
downstream terminus and spread dependent upon density differences between fresh river
water and salty basin water [Wright and Coleman, 1971, 1974] or sediment concentration
gradients [Falcini et al., 2012]. The existence of such plumes form a critical assumption
in conceptual models of delta growth [Bates, 1953; Wright, 1977; Wellner et al., 2005;
Falcini and Jerolmack, 2010]. In contrast, studies from the Wax Lake Delta (WLD)
show that a significant portion of water discharge exits the channel network over lateral
channel margins. Buttles et al. [2007] found that 15% of water discharge exited the
channel network within the first 3 km of the 10 km long WLD. Hiatt et al. [2012]
measured water discharges throughout the emergent WLD and showed that distributary
channels lose ~50% of their discharge over-bank to intra-island bays. To accurately
measure flow patterns on the WLD, it follows that one must include measurement of flow
in the shallow interdistributary bays that exist between distributary channels [Coleman et
al., 1964; Elliott, 1974], and the basinward-sloping delta foreset in addition to
distributary channels. To date, these measurements have not been collected due to the
sheer size and the range of water depths on the delta front that range from meters in
channels down to zero in interdistributary bays.
Streaklines present on aerial photo-mosaics of the WLD provide an opportunity to
synoptically measure the horizontal flow direction using remote sensing (Fig. 4.1). A
streakline is defined as the current location of all fluid particles that have passed through
a fixed spatial point over an interval of time [Kundu and Cohen, 2004]. By assuming that
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streaklines on the delta front are relatively stable over time (i.e. flow is steady), a
streakline also fulfills the definition of a streamline, meaning that the flow direction field
is everywhere tangent to the line [Kundu and Cohen, 2004].
In this study, I show that the lines on aerial photographs of the WLD are in fact
streaklines. The flow direction field is interpolated from the streaklines, and is combined
with measures of flow depth from bathymetric surveys to estimate spatial changes in the
mean velocity field using a new metric, the fraction velocity increase in the streamwise
direction or FVI. Estimates of local convective acceleration derived from FVI and
average velocity measurements show a strong negative correlation with bathymetric
evolution: the bed erodes where acceleration occurs and aggrades where deposition
occurs validating FVI as a tool for predicting bed evolution using only field
measurements. As such, it is a powerful tool to supplement and inform physics-based
modeling efforts that resolve flow patterns that resolve the flow field [Edmonds and
Slingerland, 2009; Geleynse et al., 2010, 2011; Hanegan, 2011]. FVI also allows the
relationship between bed topography, lateral flow divergence, and convective flow
acceleration to be quantitatively compared across the complex bathymetry of the delta
front. The persistence of convective acceleration and erosion on adverse bedslopes
provides an explanation for the observed channel extension via erosion.
The behavior of the flow field in relation to the bathymetry it flows over reveals
several important and unexpected patterns on the delta front. First, flow divergence
extends only 1.6 channel widths beyond the sub-aqueous channel tips of Gadwall Pass,
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showing that the assumption of infinite spreading of flow commonly applied at the delta
front is misleading. Second, there is strong convergence associated with “drainage
troughs,” previously undescribed channel forms that transport water off out of
interdistributary bays. Third, flow convergence on the delta foreset reveals that
significant currents (0.06 – 0.2 m s-1) exist within the receiving basin (Atchafalaya Bay)
that deflect sediment-transporting flows and channels.
4.1.1 Flow constriction and lateral spreading on River Deltas
Consider the flow field in the vicinity of an obstacle that protrudes from a flat
bed. In low Froude number (Fr) environments prevalent on river deltas (
⁄√

), bathymetric obstacles exert force on the moving flow causing

acceleration, deceleration, or a change in flow direction. The response of the flow to the
obstacle can be divided into three scenarios. First, flow could only diverge slightly and
accelerate over the obstacle. An example of this scenario occurs over dunes in a river,
where the confinement of the river channel prevents significant spreading of flow.
Second, flow could preferentially spread around the obstacle to such an extent that flow
would decelerate over the top of the obstacle. On river deltas, this case is sometimes
referred to as the “morphodynamic backwater” produced by back pressure exerted by the
sedimentary deposit that grows in front of the channel [Edmonds and Slingerland, 2007;
Hoyal and Sheets, 2009; Edmonds et al., 2009]. Third, flow could converge on the
obstacle forcing a large acceleration over the object. This scenario requires non-local
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effects: obstacles near the point of interest must exert strong flow divergence that
overpowers the force exerted by the obstacle at the point of interest.
The transition between the first two scenarios is well illustrated by the numerical
experiments of Edmonds and Slingerland [2007]. Numerical experiments were executed
to measure velocity change over a non-erodible, hemispherical bar dependent on the ratio
of bar depth to channel depth (their Figure 7). When the bar depth was greater than 40%
of channel depth, flow velocity increased over the top of the bar illustrating the first
scenario. When the bar depth was less than 40% of channel depth, flow velocity
decreased over the bar top illustrating the second scenario. The authors linked the
transition between acceleration and deceleration to stagnation in the downstream
migration of a depositional bar in a separate set of numerical experiments where erosion
and deposition were considered.
It is difficult to apply the results of Edmonds and Slingerland [2007] directly to
field scale deltas a priori because of the complex shape of the deposits that provide
obstacles to flow on the delta front. On the delta front of the Wax Lake Delta at Gadwall
Pass, the channel is ~3 m deep and the deposit immediately in front of it has aggraded to
~1 m depth (Chapter 3). Because flow depth over the obstacle is roughly 40% of channel
depth, the model of Edmonds and Slingerland [2007] predicts the deposit would stop
prograding. However, erosion remains prevalent on all emergent islands (Chapter 2),
sand shoals and channel tips (Chapter 3) of the WLD. By exploring the relationships
between bed topography, lateral spreading and convective acceleration, it is possible to
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assess which scenario dominates on the delta front of the WLD. It is found that, on
average, the majority of the delta front is characterized by scenario one, i.e. flow
accelerates over obstacles, consistent with the observed erosion. The data also show the
behavior of the flow field in the presence of basinward bed-slopes, where flow expands
vertically. On average, flow divergence and deceleration dominate this region near the
channel network, but decrease in importance on the delta foreset.
4.2. Datasets
4.2.1 Streaklines
Streaklines were first noticed on a 2009 aerial photomosaic of WLD (Fig. 4.1B,
C). Further investigation revealed that streaklines are present on imagery of the WLD
throughout its development (Fig. 4.1A), and are also present on other deltas such as the
Volga river delta in the Caspian Sea [Overeem et al., 2003; their Figure 7]. The physical
composition of these streaklines is not well understood. Streaks are observable and
traceable in the field as paths of organic flotsam, dust , pollen, and floating plant debris
(Fig. 4.2). Although these paths exhibit the same pattern and extent as the aerially
observed streaklines, they are thinner and less frequent than the streaks present in
photographs. In aerial near-infrared photography, streaklines are the easiest to discern in
the near-infrared band. Near-infrared imagery is commonly used to investigate plant
communities due to their high reflectance of infrared light [Knipling, 1970], suggesting
that streaklines observed in aerial imagery contain significant plant material. Streaklines
are also discernible on LANDSAT satellite imagery, but they are not resolvable except on
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the delta foreset due to low spatial resolution (30 m). The 1.1-4.9 m s-1 east wind on 6
November 2009 did not appear to affect streakline direction (Fig. 1B), suggesting that
they form independently of wind stress on the water surface. The general pattern of
streaks in 1998 (Fig. 1A) is similar to the pattern in 2009 (Fig. 1B, C), suggesting that
there are coherent flow patterns on the delta front that change slowly over time.
An individual streakline generally begins in the marshes that fringe distributary
channels of the WLD and travels a path away from the delta that is traceable up to 12 km
into Atchafalaya Bay (Fig. 4.1A). The path that a streak travels is often tortuous within an
interdistributary bay, but further out on the delta front changes in direction occur more
systematically over distances of several kilometers. The downstream end of a streak
occurs when (A) the streak simply becomes untraceable in the aerial photograph or, much
less frequently (B) Kelvin-Helmholtz instabilities mix away a streak (Fig. 4.3B). Close
inspection of streaklines indicate that a large majority are stable to perturbations in the
sense described by Socolofsky and Jirka [2004], i.e. no mixing is observed along the
length of the streak (Fig. 4.3A). In rare cases, particularly where secondary channels flow
into intra-island bays, streaks are unstable and exhibit Kelvin-Helmholtz billows that mix
between the more rapid water from the channel and the lower-velocity water from an
interdistributary bay (Fig. 4.3B). Such mixing does not occur where primary channels
dispense water to the delta front. Streaklines are rarely present in channels. This is either
because the flow paths from their initiation points are generally directed away from
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channels and toward the intra-island bay, or because they are mixed away by turbulence
within the channel.
Streaklines from the 6 November 2009 photomosaic (Fig. 4.1B, 4.1C) are used
frequently in this chapter. This photomosaic was collected during flood, with water
discharge to the WLD measured at Calumet [USGS, 2012] of 4800 m3 s-1, a daily
discharge with 6% flow exceedance probability between 1986 and 2012. The aerial
photographs were collected during daylight hours (6:21 am - 5:13 pm, CST). Tide
measured at Amerada Pass [NOAA, 2012b] was mostly falling over this interval.
Two assumptions are required in order to use streaklines as a measure of the
horizontal flow field on the delta front. First, it is assumed that the flow streaks are
steady, i.e. their pattern does not significantly change over timescales less than those
associated with bathymetric change. As explained above, steady streaklines are the same
as flowlines, with the flow direction field everywhere tangent to the lines [Kundu and
Cohen, 2004]. In Chapter 3, flow direction at the tip of Gadwall Pass was shown to
change with time, varying by up to 60˚ during rising tide (Fig. 3.5C). The use of
streaklines from 6 November, 2009 is justified because (A) the imagery was collected
during flood conditions and falling tide, and (B) streakline flow directions differed from
measured flow direction in March 2011 by an average of only 12˚ (Fig. 4.7A). For these
reasons, the streaklines from 6 November 2009 are considered to adequately characterize
the average flow direction on the delta front. I acknowledge that higher time-resolution in
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streakline datasets would improve this study. However, the November 2009 streaklines
are considered adequate for this pilot study.
The second assumption is that surface flow direction is characteristic of depthaveraged flow direction. On the delta front, the two horizontal dimensions (order
kilometers) greatly exceed the vertical dimension (order meters). This means that the
departure of secondary flows within the water column from depth-averaged flow is
insignificant compared to spatial changes in flow direction across the delta front
[Socolofsky and Jirka, 2004]. Density stratification due to salinity can also be neglected
(the Boussinesq approximation) on the Wax Lake Delta. The large volumes of fresh
water discharged by the Atchafalaya and Wax Lake deltas prevent salinity in Atchafalaya
Bay from rising above 7 Practical Salinity Units (psu) [Cobb et al., 2008a], or one fifth of
the salinity of sea water.
4.2.2 Delta Front Bathymetry
The bathymetry of the delta front, including methods of data collection and
processing, is extensively discussed in Chapter 3, Section 2.1. In this chapter, we build on
this description by dividing the delta front into three sub-domains: the distributary
channels that flow from the sub-aerially emergent WLD, the shallow, island-top bays
between distributary channels called interdistributary bays, and the basinward-sloping
delta foreset located beyond channels and interdistributary bays (Fig. 4.4).
The distributary channels on the WLD extend 2.5 km beyond the emergent delta
at low tide (Fig. 4.4). At this transition between emergent and sub-aqueous channel
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levees, the channel depth ranges between -1.8 and -3 m measured from Mean Lower Low
Water (MLLW). The morphology of distributary channel tips varies across the WLD.
Gadwall and Greg Passes bifurcate several times in the delta front, while Mallard, Main,
Pintail and East Passes continue as single threads to their downstream tips. Bifurcating
channels lose definition at their downstream tips where the channel bed shoals to the
depth of the unchannelized surface between -1.2 and -0.6 m MLLW (Fig. 4.4, transect AA’). Single thread channels exhibit much less change in flow depth, losing their
definition as levee elevation diminishes in their final 0.5-1 km (Fig. 4.4, transect B-B’).
Generally, distributary channel paths radiate away from the delta apex in a pattern similar
to the sub-aerial delta. However, distributary channels east of Main Pass make sharp
westward turns on the delta front (Fig. 4.4). Main Pass bends 85˚ to the southwest 1 km
from its terminus. Similarly, East Pass bends 60˚ to the south and the western bifurcate of
Greg Pass bends 55˚ to the southwest. Pintail pass is a notable exception, extending in a
straight line to its mouth.
Interdistributary bays are the downstream extension of the island-top bays found
on the established delta (Fig. 2.3). Accordingly, they are characterized by shallow depths
(>-1.5 m MLLW), and shallowly sloping (0.03%) levee backs that abut the channels. A
channel form is discernible in each of the interdistributary bays (transects C-C’ and D-D’,
Fig. 4.4). These “drainage troughs” are oriented parallel to the island axis although not
necessarily down its center. Drainage troughs are 200 - 400 m wide and increase in depth
relative to the surrounding deposit in the downstream direction. In most cases this trough
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is a linear feature, but between Mallard and Gadwall Passes, two troughs join together in
a tributary manner to make a wider, deeper trough. Moving from upstream to
downstream, a drainage trough gains definition as its bed gets deeper. The trough loses
definition when the surrounding bathymetry falls away to the level of the trough bed.
This can occur at shallow depths (such as between Gadwall and Main Passes) or near the
bay floor (between Greg and Pintail Passes).
The delta foreset begins basinward of distributary channels and interdistributary
bays (Fig. 4.4). It is defined as the low relief, basinward-sloping surface that connects the
shallow delta front to the deeper, relatively flat-bottomed (-2.3 m MLLW) bay. The
foreset morphology varies west and east of Main Pass. To the west of Main Pass, the
foreset is a gentle, concave-up (downlapping) surface with slopes that are steepest (0.2%)
at the upstream end and asymptotically approaches the bay bottom surface (Fig. 4.4,
transect E-E’). To the east of Main Pass, the foreset morphology is concave-down,
terminating abruptly at the bay floor. In this case the maximum slope is 1% and is located
at the base of the foreset (Fig. 4.4, transect F-F’).
4.2.3. Flow over the delta front
Several patterns emerge when the streaklines are compared to delta front
bathymetry. These patterns will be described qualitatively in this section using streaklines
from 6 November 2009 and bathymetry collected in August, 2011. Significant
bathymetric evolution occurred between these two datasets. They are compared in this
section because the August, 2011bathymetric dataset is the most extensive. These
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observations will motivate the quantitative measurement of spatial changes in velocity
derived from bed topography and streaklines developed in Section 4.3.
Streaklines show that water departs the channel network over sub-aqueous levees
at angles that range from 0˚ to 90˚ (Fig. 4.5). This departure angle is generally high in
proximal regions where the channel banks are shallow and become increasingly parallel
in the basinward direction. Streaklines curve sharply in the first 0.5 – 1.5 km from a
distributary channel and arrange into a more systematic flow pattern in the interdistributary bay (Fig. 4.5, location A). Interestingly, streaklines are collected by drainage
troughs, and follow the drainage trough axis out to the delta foreset. Streaklines
systematically change direction as they enter the foreset region. West of Main Pass,
streaks converge sharply for 2 km beyond the front of Gadwall Pass (Fig. 4.5 location B)
and then depart the delta to the southwest. To the East of Main Pass, streaks bend to the
southwest, turning 85˚ over 1 – 2 km (Fig. 4.5, location C). This change in direction is so
severe that streaks cross the axis of Pintail pass just 175 m beyond its mouth traveling 85˚
off of its channel axis (Fig. 4.5, location C). Water exiting the WLD to the southeast must
in turn exit the Amerada Embayment between the Wax Lake and Atchafalaya deltas (Fig.
4.1A). The only path out of the Amerada Embayment is to the southwest, yielding
remarkably consistent flow directions between 1998 and 2009 (Figs. 4.1A and B).
4.2.4 Velocity Measurements
Velocity data was collected at 37 sites on the delta front between 18 and 25
March, 2011 (Table 4.1, Fig. 4.7A). Water discharge at the Calumet Gauge [USGS, 2012]
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over this period ranged between 4800 and 5000 m3 s-1, a flood stage similar to the
conditions when streaklines were photographed in 2009. Both an Acoustic Doppler
Current Profiler (ADCP) and an Acoustic Doppler Velocimeter (ADV) were employed
from a boat held quasi-stationary by an anchor. Where ADVs were used, depth-averaged
downstream velocity (M) found by measuring velocity at 40% of flow depth above the
bed. In this case, flow direction (Az) was determined with a compass.
Where ADCPs were used, East, North, and vertical velocity vectors were
measured in 0.03 m bins along a vertical profile up to 1.5 m in height at a sampling rate
of once per second for about 20 minutes. Post-processing involved determining the
average direction of horizontal flow (Az, Table 1), calculating a time series of
downstream flow velocity by projecting the three-dimensional velocity time series
measurements onto the average flow direction, and time-averaging the downstream
velocity at each sampled height above the bed. Shear velocity (u*, Table 1) was estimated
by assuming a logarithmic (Law of the Wall) velocity profile:
( )

( )

(4.1)

where u(z) is downstream velocity at height z above the bed, κ is von Karman’s constant
(0.40), and z0 is the roughness parameter defined as the height above the bed where the
model velocity is zero. To compare velocity profiles from the field to this model,
Equation 4.1 was fit to measured velocity profiles using linear regression of the natural
log of height above the bed onto velocity:
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( )
where

and

( )

(4.2)

( ) Depth-averaged downstream velocity (M) was found

by integrating Equation 4.1 from the roughness height to the water depth (H) and
dividing by the flow depth.
∫

( )

(4.3)

Shear velocities on the delta front in March 2009 ranged from 0.056 m s-1 in Gadwall
Pass to 0.002 m s-1 on the delta front. Depth-averaged downstream velocities ranged from
0.618 m s-1 in Gadwall Pass to 0.107 m s-1 on the delta front.
4.3. Fractional Velocity Increase (FVI)
The velocity of a parcel of fluid increases where the cross-sectional area of a flow
contracts with distance downstream. Accelerations induced by changes in geometry over
distance are called convective accelerations because they are experienced by a moving
parcel of water (Lagrangian reference frame). Here, I use streaklines and bathymetry to
quantitatively assess where the cross-sectional area of a parcel of flow contracts and
expands on the delta front, and thereby calculate downstream changes in waver velocity.
Local flow direction on the delta front is measured from the 6 November, 2009
aerial photomosaic by manually tracing the streaklines using ArcGIS (Fig. 4.1C, and
4.6A). Additionally, flow is assumed to travel along channel axes, so streaklines were
also drawn along channel axes found in the July, 2010 bathymetric surface. The local
106

direction along each streak is written as a unit vector with components u and v in the East
(i) and North (j) directions (Fig. 4.6B).
⃗

(4.4)

Separate fields of u and v are interpolated independently on a 25 x 25 m grid using an
inverse distance gridding method in the Surfer software package. These separate fields
are then re-normalized to one another to provide a unit vector field of horizontal flow
direction over the entire delta front ( ⃗).
Flow direction is convolved with bed topography by invoking the
incompressibility of flow:
(4.5)

where Qx and Qy are the discharges in the x and y directions at a unit volume. The right
hand side of Equation 4.5 is zero because I assume there is no storage of water in the unit
volume over time. Discharges are defined as follows (Fig. 4.6B)
(4.6)
(4.7)
where U and V are the velocity components in the East and North directions and h is the
water depth. Although water surface slopes on the delta front produce a non-uniform
water surface, the average bathymetric slope in the study area (3 x10-3) is much larger
than the water surface slope, that do not exceed 4 x 10-5 [Edmonds, 2012b], and therefore
dominates spatial changes in water depth (h) across the delta front. It follows that the
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calculation of water depth can be simplified by subtracting the bathymetric elevation
from Mean Sea Level (MLLW + 0.257 m).
Now, ⃗ measures the flow direction but not the magnitude of velocity. However,
Equation 4.3 defined M as the depth-averaged flow velocity in the streamwise direction.
Therefore,

(4.8)
Substituting Equations 4.6-4.8 into Equation 4.5 and differentiating, we arrive at
(

)
(4.9)
(

)

By solving on a square grid (Fig. 4.6), dy is equal to dx, so the factors distributed over
each term on the left hand side of Equation 4.9 can be divided away. Equation 4.9 is then
rearranged to solve for the unknown terms: dM/dx, dM/dy, and M.
(

)

[

(

)

(

)]

(4.10)

Equation 4.10 can also be rewritten in vector notation as:
⃗

⃗

⃗

(4.11)

In words, Equations 4.10 and 4.11 can be expressed as follows: The gradient of flow
velocity in the streamwise flow direction is equal to the sum of two terms. The first term
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is negative one times the gradient of water depth (bed slope) along the streamwise flow
direction divided by local water depth (Fig. 4.7B). The second term is negative one times
the divergence of flow direction (Fig. 4.7A). Hereafter, the bed-slope component that
quantifies vertical constriction of flow is referred to as B. The divergence component that
quantifies horizontal constriction of flow is referred to as D.
⃗

⃗

(4.12)

(4.13)

The sum of B and D is hereafter called the fraction velocity increase per meter in the
streamwise direction, or simply “fraction velocity increase” (FVI). It is interpreted as
follows: if, for instance, FVI = 0.01 m-1, then the local velocity increases by 1% for every
meter along a flow path. If FVI = -0.01 m-1, then local velocity decreases by 1% every
meter along a flow path. The D, B, and FVI fields on the delta front of the WLD are
shown in Figures 4.7A, B, and C.
Traditionally, changes in velocity are quantified as the difference in velocity
between two points divided by the distance between them, a metric that has units of one
over time. FVI is simply this frequency divided by the local velocity. If the depthaveraged flow velocity in the downstream direction M is known, then the convective
acceleration can be calculated:
(

⃗)
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(4.14)

Note that FVI contains no information regarding velocity gradients perpendicular to the
flow direction that would quantify lateral shear. Lateral shear is small enough on the delta
front to prevent the development of lateral instabilities that would mix flow streaks
[Socolofsky and Jirka, 2004], but quantification of this shear is beyond the scope of this
contribution.
4.4. Model Results
4.4.1 How does water exit the WLD?
The divergence component (D) is negative (flow divergence) along channel
margins for 0.5 – 1.5 km (2-4 channel widths) along from the channel boundary (Fig.
4.7A). D is positive (flow convergence) in interdistriburtary bays, although bands of
negative values persist. Where flow lines curve to the west and enter the delta foreset, the
divergence component drops to near zero. Flow divergence (D < 0 m-1) does not persist
more than 0.4 km (1.6 channel widths) downstream of the channel network. Instead, flow
becomes convergent on the basinward-sloping delta foreset. The bed slope component
(B) is large and positive (adverse bed slope) along channel margins and at the tips of
bifurcate shoals (Fig. 4.7B). B is negative directly outside the channel network along the
basinward-sloping backs of channel levees. B varies over smaller length scales than D,
often varying substantially over 100 m, especially in shallow regions.
Fraction velocity increase (FVI) is the sum of the divergence and bed-slope
components (Equation 4.11). As such, it is negative where both components are negative;
directly outside of the channel network along channel margins. Directly inside channel
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margins, large positive B dominates the negative D, causing FVI to be positive. In the
interdistributary bay, both components are highly variable, although the divergence
component has larger magnitudes. This leads to a spatially variable FVI field. On the
foreset, both the divergence and bedslope terms become small, meaning that FVI remains
near zero. Directly in front of Gadwall Pass, large positive D forces FVI to be positive.
4.4.2 Correlation with Bathymetric Change
There is a strong negative correlation (-0.656) between convective acceleration
and bathymetric change between July 2010 and August 2011 (Fig. 4.8). A linear
regression of these independent datasets produces the following equation, with estimates
of parameters ± the standard error (R2=0.43).
(

)

(4.15)

The slope is determined to be statistically significant using a t-test (p < 0.0001). This
relationship makes intuitive sense given that sediment transport is positively correlated
with flow velocity [Brownlie, 1981], and bathymetric change is inversely related to
spatial changes in sediment transport: deposition occurs where convective acceleration
(

) is negative, and erosion occurs where convective acceleration is positive.
Of all the sites where flow velocity and grain size were measured, 44% of data-

points showed erosion where flow decelerated, or deposition where flow accelerated.
This phenomenon generally occurred at locations where B changed significantly between
July 2010 and August 2011 because the channel network evolved to include or exclude a
point over time, subsequently causing FVI to change its sign.
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4.4.3 Flow response to vertical flow constriction
The D and FVI fields on the delta front (Fig. 4.7) allow the response of the flow
field to vertical flow constriction by adverse bedslopes (B) to be quantified, similar to the
numerical studies of velocity change over an inerodible bar by Edmonds and Slingerland
[2007] introduced in Section 4.1.1. Figure 4.9 shows the dependence of D and FVI on the
magnitude of B in distributary channels, interdistributary bays, and the delta foreset,
quantifying the proportion of grid cells that apply to scenarios one (small divergence and
acceleration), two (large divergence and deceleration) and three (convergence and
acceleration). Vertical flow expansion in regions with a basinward-sloping bed (B < 0 m1

) is also investigated, with three similar scenarios. In Scenario four, there is small

convergence and deceleration, in scenario five, there is large convergence causing
acceleration, and in scenario six, there is divergence and deceleration. Finally average
values of FVI are computed for the three regions dependent upon the sign of B to
determine the overall effect of bathymetric change on the flow (Table 4.2).
4.4.3.1 Adverse bed-slopes
Flow divergence (D < 0 m-1) predominates in distributary channels, occurring in
>65% of grid cells (Fig. 4.9A). Where B is small (B < 2 x 10-4 m-1), D largely dictates the
sign of FVI. However, as the magnitude of B increases, the fraction of the area where
spreading and spatial acceleration occur (D<0 m-1, FVI > 0 m-1) increases. When
averaged across all grid cells with positive B, FVI =1.4 x 10-3 m-1 (Table 4.2). This
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indicates that, on average for the study region (Fig. 4.7), flow accelerates over adverse
bed slopes in distributary channels, following scenario one.
Flow convergence (D > 0 m-1) occurs over 40-50% of adverse bed-slopes in the
interdistributary bay, except where B is exceptionally large (>5 x 10-3 m-1, Fig. 4.9B).
This supports the qualitative statement advanced in Section 4.2.3 that convergence occurs
in interdistributary bays. Although positive B values are smaller in the interdistributary
bay than in the distributary channel, they still force a majority of FVI to be positive when
B exceeds 1 x 10-4 m-1. For positive B values in the interdistributary bay, the average
value of FVI is 4.2 x 10-4 m-1 (Table 4.2), indicating that vertical flow constriction acts to
accelerate flow in this region, i.e. this region falls under scenario three.
Adverse bedslopes are very rare on the delta foreset (Fig. 4.9C). However, greater
than 70% of these points are associated with positive D (flow convergence) and positive
FVI. For positive B values on the foreset, the average value of FVI is 1.6 x 10-4 m-1
(Table 4.2), indicating that flow constriction is associated with convective acceleration
(scenario one) even on the foreset.
4.4.3.2 Basinward bed-slopes
Flow divergence (D < 0 m-1) occurs in roughly 70% of grid cells where B < 0 m-1
in distributary channels (Fig. 4.9D). Given the strong relationship between positive B and
FVI (Fig. 4.9A), the independence of D to negative B values suggests that spreading
dominates on basinward slopes within channels and directly outside the channel network.
For grid cells with horizontal flow convergence (D > 0 m-1), the fraction of grid cells with
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negative FVI grows when B is less than -7 x 10-4 m-1. The average value of FVI for grid
cells with B < 0 m-1 is -2.3 x 10-3 m-1 (Table 4.2), showing that flow decelerates
drastically over basinward slopes directly outside of distributary channels (scenario six).
In interdistributary bays, flow divergence and convergence each occur in about
50% of the cells Fig. 4.9E. This even partitioning suggests that D is relatively
independent of B in this region for values of B greater than -3 x 10-3 m-1. The average
value of FVI for grid cells with B < 0 m-1 is -8.9 x 10-4 m-1 (Table 4.2) showing that flow
velocity decreases over basinward slopes in interdistributary bays, although not as rapidly
as near distributary channels. Therefore, interdistributary bays also fall into scenario six.
For basinward slopes on the delta foreset, flow convergence (D > 0 m-1) exists for
a majority of the grid cells, although flow convergence (D < 0 m-1) dominates for B
between -6 x 10-5 m-1 and -2 x 10-4. This is different from conceptual models of river
plumes from discrete channel mouths entering still basins which predict infinite
spreading (D < 0 m-1) [Bates, 1953; Peckham, 2008; Falcini and Jerolmack, 2010]. For B
less than -1 x 10-4, spatial acceleration (FVI > 0 m-1) occurs in 20-40% of basinward
sloping grid-cells. The average value of FVI for grid cells with B < 0 m-1 is -1.5 x 10-4 m-1
(Table 4.2) showing that flow velocity decreases by the smallest magnitude of all
surveyed regions on the delta foreset.
4.5. Discussion
4.5.1 How does flow pass over obstructions on the delta front?
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Averaged over the entire delta front, FVI is negative (-4.2 x 10-4 m-1, Table 4.2).
This result is expected because of the general spreading of flow from focused channels to
widely distributed flow in the bay. However, where adverse bed-slopes exist (B > 0 m-1),
FVI is positive (9.9 x 10-4 m-1, Table 4.2) indicating that, on average, there is convective
acceleration over adverse bed-slopes. Comparison of convective acceleration calculated
from FVI and local flow velocities (Eq. 4.14) and bathymetric change between July 2010
and August 2011 shows that accelerations are associated with erosion and decelerations
are associated with deposition (Fig. 4.8, Eq. 4.15). If water velocity increases over the
adverse bed-slopes and convective acceleration is associated with erosion, then adverse
bed-slopes are expected to erode. Adverse bed-slopes that erode appear to translate
downstream, as illustrated by the cartoon in Figure 4.10A .In contrast, FVI is negative
(FVI = -8.0 x 10-4 m-1, Table 4.2) on basinward bedslopes (B < 0 m-1) which comprise
78% of the study area. Convective deceleration is associated with bed aggradation, so
these regions are expected to aggrade. These predictions are well supported by maps of
erosion and deposition on the delta front (Chapter 3, Fig. 4.7D) that show erosion and
downstream translation of channel margins while the regions directly outside of the
channel network aggrade.
As Edmonds and Slingerland [2007] showed with their experiments on
acceleration over an inerodible bar, convective acceleration need not occur on the adverse
bed-slopes of a delta front. Given that FVI = B + D, deceleration occurs (FVI < 0 m-1)
when -D > B (Fig. 4.10B). If these conditions are met on adverse bed-slopes, then
115

deceleration will cause aggradation and upstream migration of the slopes, filling in the
channel form and causing upstream migration (Fig. 4.10B). Upstream migration was
noted as the final stage of delta development in the neighboring Atchafalaya Delta [van
Heerden and Roberts, 1988], and is found to be a consequence of the morphodynamic
backwater in several physical delta experiments [Hoyal and Sheets, 2009; Edmonds et al.,
2009; Reitz et al., 2010].
Could conditions on the delta front of the WLD change so that deceleration (FVI
< 0 m-1) would occur on a majority of adverse bedslopes (B > 0 m-1), causing them to
migrate upstream as illustrated in Figure 4.10B? For grid cells with adverse bedslopes (B
> 0 m-1), the average value of B is 2.4 x 10-3 m-1. The average value of D in the same
locations is -1.0 x 10-3 m-1. Therefore, for the sign of FVI to change, average B would
have to decrease or average D would have to increase by at least a factor of 2.4. Although
such a possibility should be investigated in detail, both scenarios appear to be unlikely.
The average magnitude of B is unlikely to decrease on the delta front, because the
erosional adverse bed-slopes that compose the channel margins likely maintain their
slopes as they translate basinward through erosion (Chapter 3), similar to the selfpreserving stoss slopes of dunes [Engelund and Fredsøe, 1982; Jerolmack and Mohrig,
2005]. However, the average magnitude of B would decrease if channels were able to
erode through the deposit completely, as is the case for East and Pintail Passes (Fig. 4.4).
An increase in D is also difficult to accomplish due to constraints on spreading imposed
by neighboring distributary channels (Fig. 4.5). The interdistributary bay between
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Gadwall and Main Passes is 18 channel widths wide at a minimum, yet strong
convergence of flow from the neighboring distributary channels occurs (Fig. 4.7A, 4.8B).
East of Main Pass, interdistributary bays are 8-10 channel widths wide, and convergence
is even more pronounced (Fig. 4.5). Streaklines converge at drainage troughs, indicating
that the interface between neighboring channel waters is unlikely to migrate by more than
a trough width (200-400 m) for significant periods of time, regardless of upstream or
downstream boundary conditions. The limits to flow spreading (D) set by the geometry of
interdistributary bays may prevent sufficient spreading to produce negative FVI unless
(A) the discharge to a neighboring channel is significantly reduced causing the location
of flow convergence to shift, or (B) until the spacing between channels is significantly
increased as channels extend into the bay. It has been proposed that distributary channels
interact with one another at nodes in the distributary channel network [Wang et al., 1995;
Slingerland and Smith, 1998; Edmonds and Slingerland, 2008; Kleinhans et al., 2008,
2012]. However, these data show that a first order channel interaction also occurs outside
the channel network at their interface in interdistributary bays.
The drainage troughs in interdistributary bays represent an interesting discovery
in themselves. The strong flow convergence at these troughs indicates that they act to
gather the flow that leaves distributary channels across their margins. Such flow
convergence is reminiscent of classic channel heads that are found on hillslopes
[Montgomery and Dietrich, 1988, 1989; Dietrich and Dunne, 1993; Perron et al., 2008],
except the convergence is driven by the adverse bedslopes in distributary channels on the
117

delta front, rather than by the bed-slope in upland environments. The trough between
Mallard and Gadwall Passes even supports a tributary confluence (Fig. 4.4). All drainage
troughs have alluvial beds that have aggraded above the pre-delta surface of Atchafalaya
Bay (Fig. 4.4). The bed elevation of the drainage trough between Gadwall and Main
Passes did not change significantly between July 2010 and August 2011 (Fig. 4.7D). A
mechanistic understanding of drainage troughs is beyond the scope of this chapter, but
these channel forms show that signatures of flow convergence exist on the delta front in
addition to widely recognized signatures of divergence.
The relative magnitudes of B and D on the delta front result have implications for
land-building projects designed for coastal restoration. If a river diversion with a stable
channel network is desired, then conditions should be set so that, on average, B > -D for
B > 0 m-1 so that FVI is positive and flow accelerates and erodes on adverse bedslopes
along the margins of the channel network (Fig. 4.10A). Otherwise, any channel network
that forms will be filled in as convective deceleration causes deposition on adverse
bedslops causing them to migrate upstream (Fig. 4.10B). Such deposition might even
clog the proposed diversion and cause periodic avulsions, similar to many delta
experiments [Hoyal and Sheets, 2009; Edmonds et al., 2009; Reitz et al., 2010].
4.5.2 Sediment transport on the delta front
Bathymetric change was found to be negatively correlated with convective
accelerations on the delta front (Fig. 4.8). The linear relationship suggests that sediment
transport is sensitive to local accelerations and decelerations of the flow. Sediment
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transport must be at capacity for this to occur: in order for convective acceleration to
cause erosion, the increase in flow velocity and shear stress must immediately result in
sediment being entrained from the bed.
In Chapter 2, samples of suspended sand were found to be undersaturated during
the 2009 flood in the Wax Lake Feeder Channel, the channel that delivers water and
sediment to the WLD (Table 2.3). Furthermore, it was conjectured that sediment
transport remained undersaturated in within the sub-aerially emergent channel network
due to the exposed bedrock present on the bed (Figs 2.7-2.10). The difference between
undersaturated transport through the emergent delta and the apparently saturated
sediment transport on the delta front can be explained by the presence of alluvial bed in
the delta front. The sites used in the analysis of convective acceleration versus
bathymetric change were mostly collected from downstream of the extent of bedrock
exposure in Gadwall and Main Passes. The bed is alluvial in this region, meaning that
there is ample unconsolidated sediment on the bed that can be entrained to increase
sediment concentration to capacity. The details of this transition, and implications for
erosion, however, remain unexplored.
It is important to note that a large majority of velocity sample sites were collected
within or near the channel network (Fig. 4.7A). Therefore, the relationship between
convective acceleration and bathymetric change has not been adequately tested within
interdistributary bays or the delta foreset. This data is required to build a morphodynamic
model of sedimentary dynamics in drainage troughs and on the delta front.
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4.5.3 The flow field on the foreset
Classic models of flow from river mouths predict infinite horizontal flow
divergence (flow divergence, D < 0 m-1) of the river plume into the basin as flow
velocities approach zero [Bates, 1953; Rajaratnam, 1976; Edmonds and Slingerland,
2007; Peckham, 2008; Rowland et al., 2010; Falcini and Jerolmack, 2010; Lamb et al.,
2012]. However, flow spreading from Gadwall Pass on the WLD is restricted to the welldefined sub-aqueous distributary network, extending only 2-4 channel-widths from the
channel network boundary along channel margins and 1.6 channel-widths beyond
channel tips (Fig. 4.7A). The difference in flow pattern is explained by the differences in
bathymetric shape between models and the WLD. In models, river mouths are considered
to be discrete jets of water and sediment entering a basin of uniform depth. At Gadwall
Pass, channel tips are the shallowest point in the channel network (-0.6 to -1.2 m MLLW)
where the elevation difference between channel bed and banks goes to zero. Focused
sedimentary deposits do not form beyond channel tips in the manner predicted by models.
Instead, the delta foreset begins sloping basinward immediately beyond channel tips (Fig.
4.4). The difference in bathymetric shape between models and Gadwall Pass leads me to
the conclusion that current models of flow from channel mouths cannot accurately predict
the evolution of distributary channel tips, where channel extension and bifurcation occur.
On the WLD, flow converges on the basinward-sloping delta foreset beyond
Gadwall Pass (average D on the foreset = 2.0 x 10-4 m-1). In addition, average FVI on the
foreset is -1.4 x 10-4 m-1, the smallest magnitude for any surveyed region (Table 4.2). I
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conjecture that the small value of FVI on the delta foreset is due an ambient velocity in
Atchafalaya Bay that prevents further flow deceleration. M cannot decrease below this
ambient velocity so FVI must approach zero. It follows that B = -D, i.e., flow must
converge to accommodate the basinward bed-slopes of the delta foreset.
Analysis of the Amerada Embayment and field measurements of tidal currents
provide reasonable explanations of ambient velocities. East of Main Pass, an ambient
basin velocity is provided by directed flow out of the Amerada Embayment between the
WLD and the Atchafalaya Delta (AD, Fig. 4.1A). All water shed from the eastern WLD
and western AD must flow southwest out of this region. I estimate that one third to one
fifth of the combined Wax Lake and Atchafalaya Delta discharge must pass through this
~3 km wide, ~3 m deep embayment. The average annual combined discharge to the
WLD and AD is 5.8 x 103 m3 s-1 [Roberts et al., 2003], so the average velocity in this
region is 0.1-0.2 m s-1 toward the southwest. West of Main pass, tidal currents provide
the ambient velocity. Walker and Hammack [2000] measured tidal currents in
Atchafalaya Bay 24 km WNW of the WLD from 17 February to 17 November, 1998
(their Site 1), and found tidal currents that oscillate in flow direction, but maintain a mean
streamwise magnitude (M) of 0.062 m s-1 with a standard deviation of 0.042 m s-1. Flow
velocity (M) measured in the study area in March, 2011 did not fall below 0.1 m s-1
(Table 4.1), even at sites 1.4 km (140 channel widths) beyond the distributary channel
network. Flow direction (Az) at this sample was 306˚, or roughly perpendicular to the
channel axes, suggesting that it had already been incorporated into this tidal flow.
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The tidally oscillating flows of the unconstrained Atchafalaya Bay do not appear
to have morphologic effect on the WLD west of Main Pass. This is likely because flow
direction is not consistent, and flow convergence begins downstream of the channel
network (Fig. 4.7). However, the persistent, strong current out of the Amerada
Embayment presents a likely explanation for the abrupt westward curve of East, Greg,
and Main passes (Fig. 4.4) and the concave down shape of the delta foreset (Fig. 4.4,
transect F-F’). Similar morphology has been numerically simulated by Nardin and
Fagherazzi [2012] for a delta front affected by wave-induced littoral currents. In their
study, the channel axis was deflected when wave induced shear stress was less than 1%
of fluvial shear stress. Although waves do not produce the current in the Amerada
Embayment, the similar morphologic patterns indicate that basin currents are indeed
responsible for channel axis deflection east of Main Pass.
4.5.4 Tracking the growth of the WLD with streaklines
Streaklines are resolvable in aerial photography and offer an important new
dataset for quantifying flow direction on the delta front. Although FVI and associated
bathymetric change metrics cannot be calculated from streaklines without accompanying
bathymetry, flow direction data derived from streaklines can be used to decipher
information about the bed topography it is flowing over. To illustrate, the growth of the
WLD between 1998 and 2009 is measured below using only streaklines (Figure 4.11).
Although the WLD has been hailed as a locus of rapid land growth [Roberts et al.,
2003; Kim et al., 2009; Paola et al., 2011], very few estimates of land area exist. In one
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study, progradation was assessed on the Wax Lake Delta by measuring the extent of the
sub-aerially exposed islands using remote sensing from satellite imagery [Allen et al.,
2012]. However, the area of the emergent land is highly variable dependent upon river
discharge and tide level making progradation rates difficult to decipher, even with
decades of data [Geleynse, Hiatt, and Passalacqua, unpublished data]. Streakline
patterns, however, are a function of the full range of delta bathymetry beneath the water
surface. This bathymetry changes much more slowly than basin water levels, so
streakline patterns are more consistent over time [Nelson and Smith, 1989b].
Previously in this chapter, several streakline patterns are shown to be closely
related to bathymetric patterns. In Section 4.2, strong adverse bed-slopes (B > 1 x 10-3 m1

) were found to cause significant flow divergence at the tips of distributary channels (D

< 0 m-1, Fig. 4.9A). In Section 2.3, streaklines were found to change direction abruptly
where they departed the interdistributary bay from the drainage trough and entered the
delta foreset (Fig. 4.6). These patterns can be used to mark the edge of the delta foreset
over time. The progradation lengths recorded here are measured with the eye with 100s
of meters of uncertainty, but a quantitative algorithm could be developed to standardize
this measurement.
A basinward shift in the edge of the foreset is noticeable between 1998 and 2009
(Fig. 4.11). On the delta front to the east of Main Pass, the change in flow direction
associated with the edge of the foreset translated 400-850 m basinward of its location in
1998, suggesting 33-71 m yr-1 of progradation. The flow divergence associated with the
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adverse bedslopes of Gadwall Pass extended 1300-2300 m over the same time period, or
100-190 m yr-1. When these progradation rates are averaged across the delta
circumference, average delta growth between 1998 and 2009 is found to be about 1250 m
or 100 m yr-1; a rate that is smaller, but of the same magnitude as the 270 m yr-1 rate
previously modeled and estimated from aerial land exposure between 1988 and 2005
[Parker and Sequeiros, 2006].
The difference in progradation rates between the eastern and western portions of
the WLD is surprising given the roughly radial channel network of the emergent WLD.
Possible causes for progradation rate disparity include un-equal partitioning of sand at
channel bifurcations, or strong flows in the Amerada Embayment that reduce deposition
rates or possibly even erode the foreset east of Main Pass (Fig. 4.4).
4.6. Conclusions
In this chapter, patterns of fluid flow on the delta front of the Wax Lake Delta are
combined with bathymetry to understand the ways that flow patterns affect the patterns of
erosion and deposition on the delta front. Flow patterns were measured from streaklines
that are resolved on aerial photographs. This dataset is combined with bathymetry to
produce a new metric: the fraction velocity increase in the streamwise direction (FVI) for
quantifying convective velocity changes over the delta front. Fraction velocity increase
(FVI) can also be combined with local measurements of downstream flow velocity (M) to
determine local convective acceleration (Eq. 4.14). There is a strong negative correlation
(-0.656) between convective acceleration and bathymetric change (Fig. 4.8, Eq. 4.15).
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This relationship shows that bathymetric change and sediment transport are closely tied
to local convective accelerations on the delta front.
On average, flow is spreading and decelerating on the delta front. However,
acceleration and even convergence in crucial locations appear to dictate the patterns of
delta growth. Flow velocity increases over adverse bed-slopes along distributary channel
margins, inducing erosion and downstream extension of the channel network. The
magnitude of flow spreading appears to be set by the geometry and flow patterns in
interdistributary bays, which gather flow in drainage troughs; previously undescribed
channel forms that gather water that is shed from the distributary channel network.
Spatial changes in flow velocity are the smallest on the delta foreset, due to the
interaction between delta currents and ambient currents in Atchafalaya Bay. West of
Main Pass, this current is driven by tidal currents that oscillate, but maintain a mean
magnitude of 0.062 m s-1 in Atchafalaya Bay [Walker and Hammack, 2000]. East of
Main Pass, this ambient flow velocity is driven by flow leaving the WLD and
Atchafalaya Delta through Amerada Embayment on the east of main pass and is
estimated to be 0.1-0.2 m s-1. Numerical simulations [Nardin and Fagherazzi, 2012]
show that this current is responsible for the curved channel axes changes in channel
direction at East, Greg and Main passes.
This analysis was made possible by synoptic measurements of flow direction
derived from streaklines (Fig. 4.1). Although full reconstructions of delta growth require
bathymetry and velocity magnitudes, streaks can be a useful remote-sensing tool for
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assessing flow patterns on the delta front. As an example, streaklines from 1998 and 2009
are used to provide a new estimate of channel progradation, which was found to be 100 m
yr-1 on average, although the rate was strongly asymmetrical, favoring Gadwall and Main
Passes over the eastern delta.
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4.8 Tables
Table 4.1. Local measurements of flow velocity on the delta front of the Wax Lake Delta
Easting Northing u*
Az
M
FVI
η 7/’10 η 8/
D50
-1
-1
-1
(m)
(m)
(m s ) (˚)
(m s ) (m )
(m)
‘11 (m) (μm)
2 644692 3258832 0.002 306 0.107 -1.88E-04
-1.94
-1.84
40
3 650391 3258629 0.014 160 0.129 -6.65E-04
-1.91
-1.60
40
4 647636 3261950 0.022 173 0.146 -1.60E-02
-1.08
-0.69 168
5 646222 3260667 0.021 200 0.149 3.09E-03
-1.20
-1.33
40
6 649076 3259105 0.015 244 0.155 -1.37E-03
-0.68
-0.65 175
7 647691 3261718 0.008 155 0.164 7.80E-04
-0.42
-0.92 167
8 649794 3258346 0.029 222 0.197 1.04E-03
-0.58
-0.61
58
9 650646 3258112 0.024 199 0.199 6.84E-04
-0.93
-1.04
40
10 650302 3258931 0.027 186 0.210 -1.29E-03
-0.57
-0.55 119
11 646340 3260655 0.023 213 0.212 -1.40E-03
-0.32
-0.40
40
12 646374 3259817 0.024 207 0.215 -7.76E-04
-0.88
-0.76
40
13 646631 3260057 X
261 0.216 -1.02E-04
-0.95
-0.70 180
14 650553 3258534 0.029 181 0.217 -3.03E-03
-0.96
-0.79 160
15 646564 3260093 0.035 219 0.222 9.87E-04
-0.63
-0.60 137
16 650126 3258408 0.037 206 0.229 -3.13E-03
-0.65
-0.41 150
17 650354 3258308 0.022 202 0.232 2.55E-03
-0.53
-0.51 151
18 649999 3258917 0.024 199 0.243 -1.49E-03
-1.22
-1.13 178
19 650000 3259333 0.027 174 0.243 7.17E-05
-2.07
-2.46
40
20 646566 3261607 0.003 269 0.251 -2.22E-03
-0.38
-0.45 160
21 650101 3258797 0.038 180 0.258 -5.88E-04
-0.76
-0.91 172
22 645723 3260234 0.025 227 0.261 -1.44E-03
-0.78
-1.00 122
23 649904 3258549 0.026 209 0.262 -1.64E-03
-1.08
-0.82 142
24 645968 3261001 0.024 284 0.264 4.97E-04
-1.48
-0.77
40
25 649991 3259339 0.016 173 0.279 9.21E-04
-2.19
-2.30 107
26 645843 3260414 0.026 226 0.290 1.37E-03
-1.17
-1.54 195
27 646582 3259728 0.036 204 0.293 -2.38E-04
-0.94
-0.80
40
28 650166 3258694 0.033 179 0.294 -4.22E-04
-0.80
-0.94 246
29 646509 3261245 0.052 231 0.305 -2.77E-03
-0.60
-1.50 134
30 646845 3260105 0.029 207 0.311 -1.13E-03
-0.61
-0.59 146
31 646135 3260700 0.024 223 0.323 2.96E-03
-0.55
-1.64 182
32 646664 3260595 0.026 174 0.341 -9.98E-04
-0.85
-0.87
40
33 646477 3260823 0.050 209 0.344 3.03E-03
-0.34
-1.02 141
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Table 4.1, cont.
34 646005 3260886
35 646550 3260574
36 646705 3261286
37 646924 3261679

0.048
0.056
0.040
0.040

275
195
216
224

0.364
0.401
0.528
0.618

5.50E-03
-8.71E-05
7.25E-05
5.21E-04

-0.42
-0.75
-2.47
-3.00

-1.34
-1.47
-2.80
-3.19

191
40
40
40

Table 4 shows local velocity measurements collected between 18 and 25 March, 2011 as
well as important quantities interpolated at the site. Easting and Northing give the
coordinates of the location in UTM Zone 15N. u* is the shear velocity derived from
applying law-of-the-wall profile to the measured velocity profile (Eq. 1). Error was at
least one order of magnitude smaller than u*. U is the depth-averaged flow (Eq. 3)
velocity along the flow direction (Az). Interpolated quantities include Fraction Velocity
Increase in the downstream direction (FVI) as developed in Section 4. η 7/’10 and η
8/’11are the bed elevations relative to Mean Lower Low Water. Δη is the bathymetric
change between the two surveys. D50 is the median grain size at the site measured in
March 2011, including the fine sediment fraction (<62.5 μm). If D50 is listed as 40 μm,
then the median grain size is finer than sand (<62.5 μm).
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Table 4.2 Average values of Fraction Velocity Increase (FVI) on the delta front of the
Wax Lake Delta
Region Average
Distributary
Interdistributary
Foreset
System
Channels
Bay
{FVI} (10-4 m-1)
-5.4
-6.3
-1.4
-4.2
{FVI | B > 0} (10-4 m-1)
14
4.2
1.6
9.9
-4
-1
{FVI | B < 0} (10 m )
-23
-8.9
-1.5
-8.0
Table 4.2. Average fraction velocity increase in the streamwise direction (FVI) for three
regions of the study area (Fig. 4.7), and for the study area as a whole (System). FVI is
calculated from streaklines measured from 6 November 2009 and bathymetry data
collected in July 2010. Average FVI is also calculated dependent conditional on adverse
bed-slopes {FVI | B > 0} or basinward bedslopes {FVI | B < 0}.
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4.9 Figures and Captions
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Figure 4.1.Streaklines on the Wax Lake Delta in coastal Louisiana. (A) Digital Orthophoto Quarter Quad of Atchafalaya Bay in coastal Louisiana, imagery taken JanuaryMarch, 1998 [Louisiana Oil Spill Coordinator’s Office (LOSCO), 1999]. The Wax Lake
and Atchafalaya deltas and the Amerada Embayment are shown. Streaklines are also
present in this image. The dashed box shows the extent of (B). (B) Aerial photomosaic of
the Wax Lake Delta taken 6 November 2009. The 1.1-4.9 m s-1 East wind that day
[NOAA, 2012b] did not affect the direction of streaklines that are traced in (C) and
analyzed in this paper. The circles and arrows in (B) show the location and orientation of
field photographs of streaklines (Fig. 4.2). The boxes in (B) show the extent of Figures
4.3A and B. The dashed box in (C) shows the region where flow and sedimentation are
studied in detail (Fig. 4.7).
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Figure 4.2. Field photographs of streaklines. The location and orientation of these
photographs is shown in Figure 4.1B. Photograph A was taken on 25 June, 2010 looking
basinward. Photograph B was taken on 15 August, 2011 looking upstream into the
Amerada Embayment (Fig. 4.1). In each photograph, the streakline is visible for at least 1
km. Dashed lines track their paths.
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Figure 4.3. Stable and unstable streaklines from 6 November, 2011 at locations 3A and
3B on Figure 4.1B. (A) Stable streaklines are located primarily in interdistributary bays
and the delta foreset. Very little lateral shear occurs in these regions. (B) Turbulent
mixing of flow streaks is rare on the WLD, but occurs where high velocity channel flow
interacts with low velocity island water, mixing streaklines away.
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Figure 4.4. Bathymetry of the Wax Lake Delta front. Bathymetry is referenced to Mean
Lower Low Water (MLLW). Bathymetry is overlain by LANDSAT imagery from
October 1, 2011. At the time of image acquisition, water level at the Amerada Pass tide
gauge [NOAA, 2012b] (4.2 km to the East of the map) was -0.11 m MLLW. The names
of the primary distributary channels are labeled. Circled indicators “DC,” “IB,”, and “F”
refer to distributary channels, interdistributary bays, and the foreset. Six transects A-F are
drawn on the map and plotted in cross sectional view below. A-A’ and B-B’ show
distributary channels. C-C’ and D-D’ show drainage troughs in interdistributary bays. EE’ and F-F’ show the delta foreset. Dashed lines mark the average depth of Atchafalaya
Bay. Below this line, the bed is considered to be consolidated muds (see Chapter 2).
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Figure 4.5. Streaklines from 6 November, 2009 (Fig. 1B, C) superimposed on delta front
bathymetry from August, 2011. Bathymetry is referenced to MLLW. These two data sets
are compared here because of their completeness. Streakline patterns appear to be related
to bathymetry at several locations. At location A, streaklines change direction over the
first 0.5-1.5 km from a distributary channel. At location B, streaklines converge on the
delta foreset directly downstream of Gadwall Pass. At location C, streaklines curve 85˚ to
the SW within 175 m of Pintail Pass.
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Figure 4.6. Definition sketch of
the unit volume used in Section
4.3. (A) Plan view of unit volume
centered at (x, y). The unit
direction vector ( ⃗
)
both by itself (gray) and scaled by
the depth-averaged velocity
magnitude M (i.e. ⃗
) are shown. (B) Oblique
view of the same unit volume.
The bed is at height η, with water
depth (h) is the distance between
η and the water surface defined as
Mean Sea Level. The gradient of
the bed ( ) is shown, along with
the discharge in the x and y
directions (Qx and Qy).
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Figure 4.7. Quantitative analysis of flow patterns on the Wax Lake Delta front at Gadwall
and Main passes as derived from streaklines on 6 November 2009 and bathymetry from
July 2010. (A) Flow streaks in black lines and the divergence D, as defined by Equation
4.13. Purple lines show the axes of distributary channels. Black vectors show the
interpolated flow direction field ( ̂ ̂) with no magnitude attached. Red vectors show the
depth-averaged velocity (magnitude and direction) of flow measurements collected in
March 2011 (Table 1). Blue coloring (D < 0 m-1) highlights zones of flow divergence and
red (D > 0 m-1) shows flow convergence. (B) Bed-slope component (B), defined by
Equation 4.12. Blues (B < 0 m-1) show basinward bed slopes and reds (B > 0 m-1)
showing flow adverse bed slopes. (C) Fraction Velocity Increase per unit distance
downstream (FVI). Blues (FVI < 0 m-1) show regions of spatial velocity decrease and
reds (FVI > 0 m-1) show spatial velocity increase. (D) Bathymetric change to the delta
front between July 2010 and August 2011. Blues show deposition and reds show erosion.
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Figure 4.8. Relationship between convective acceleration (Eq. 4.14) calculated using FVI
(Fig. 4.7C) and flow velocity measured in March 2011, and bathymetric change (Δη, Fig.
4.6D) between July 2010 and August 2011 on the Wax Lake delta front. The linear
(
)
relationship,
was found to be
2
statistically significant (R =0.43). One outlier (residual greater than 3 standard deviations
from the mean) found and is marked as an “x.” The fact that a trend is observed indicates
that the convective accelerations calculated using Eq. 4.15, including both FVI and M
estimates, accurately characterize the flow field over the 13 months between surveys.
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Figure 4.9.The effect of (B), both positive (A-C) and negative (D-F), on horizontal flow
divergence (D) and velocity change (FVI) using streaklines from November 2009 and
bathymetry from July 2010. On the map above, regions marked “C” are classified as
distributary channels, regions marked “B” are interdistributary bays, and regions marked
“F” are the delta foreset. For each of these regions, a histogram of positive B (first row)
and negative B (third row) in log space show distributions of B in the three delta subregions. Graphs in the second and fourth rows show how D and FVI vary with the
magnitude of B.
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Figure 4.10. Cartoon of downstream (A) and upstream (B) migration of adverse
bedslopes dependent on the relative magnitudes of B and D. These idealized crosssections could occur anywhere flow is leaving a distributary channel via an adverse bed
slope, be it over a margin, a channel axis, or a sand shoal separating bifurcate channels. If
B > -D, then FVI is positive, acceleration occurs over the adverse bed slopes, and erosion
(red arrows) translates slopes downstream. If, on the other hand, B < -D and FVI is
negative, deceleration occurs over the adverse bed slopes, and deposition (blue arrows)
translates the sand shoal upstream.
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Figure 4.11. Comparison of streaklines on the WLD from 1998 (red) and 2009 (grey).
Aerial photography is from 1998. Black arrows show the translation of streakline patterns
over this time period. The circle shows the location of a spreading pattern in 1998, and
the arrowhead shows the location of the same pattern in 2009.
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Chapter 5. Conclusions and Further Questions
G.K. Gilbert [1885] defined a river delta as the sedimentary deposit formed by a
spatial reduction in sediment transport rate due to proximity to a standing body of water.
This definition is unimpeachably true when applied to the sedimentary deposits that
define river deltas. However, this dissertation shows that the distributary channels that
form a network between delta deposits are erosional on the Wax Lake Delta (WLD) in
coastal Louisiana, USA. Analysis of channel bathymetry and sedimentology, as well as
fluid and sediment transport, yields several intriguing new insights into the kinematics of
distributary networks. These data also provide important boundary conditions that will be
valuable for future efforts to model the Wax Lake Delta and other deltas around the
world. In this final chapter, I will review conclusions from the three studies presented
here, and discuss new questions to be addressed with future work.
The focus of Chapter Two was the channel network within the sub-aerially
emergent WLD. Analysis of serial aerial imagery and channel bathymetry show that the
channel network is eroding, both into the bed between 1973 and 2007 and into the
channel banks between 1991 and 2009. Channel-bed erosion attacked cohesive muds that
form the pre-delta substrate. This bedrock is 38-100% devoid of alluvial cover, and
erosion into it is mediated by the presence of transported sand that abrades the bed. By
measuring erosion rates with and without “sand blasting,” I find that sand abrasion can
double the erosion rate of flows that do not transport sand. Channel bank erosion removes
alluvial sands from upstream edges of depositional islands causing downstream island
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migration. The rate of downstream migration of the islands varies widely on the WLD,
depending on both distance from the delta apex, and the presence or absence of Salix
nigra, or black willow, along the channel levees. Erosion requires downstream increase
in sediment flux, which can result only from an increase in shear stress or conditions of
under-saturated sediment transport inherited from upstream. Analysis of fluid flow and
suspended sand measurements from the May 2009 flood showed that the sediment
concentration of the bedload layer was undersaturated by one to three orders of
magnitude.
The stability of channel networks on river deltas, i.e. the study of whether a
certain distributary channel branch will fill with sediment or grow deeper through
erosion, is the topic of considerable study on delta channel networks [Wang et al., 1995;
Slingerland and Smith, 1998, 2004; Bolla Pittaluga et al., 2003; Edmonds and
Slingerland, 2008; Kleinhans et al., 2008]. However, none of these studies consider the
effect of under-saturated sediment transport. The emergent channel network of the WLD
has been stable since it became sub-aerially emergent around 1991 – only one channel
bifurcation was filled with sediment between 1991 and 2009 (Fig. 2.5A). I hypothesize
that undersaturated sediment transport measured during the flood of 2009 would make
distributary channels less likely to fill in with sediment, causing channel networks to
remain stable for longer periods of time than capacity transport models would predict.
This hypothesis can be addressed with further modeling and field studies.
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In Chapter Three, bathymetric surveys of the delta front yield surprising
topographic structure associated with channels that extend 2-6 km beyond the emergent
delta. These surveys show distinct patterns of channel evolution dependent upon
upstream flow conditions. During high flow, the channel structure was rearranged
through erosion at bifurcations, while no systematic channel extension occurred at
channel tips. During low flow, each channel extended through focused erosion at the
channel tip. I attribute the significant reworking of existing deposits during low flow to
tidal augmentation of river discharge; the shear stress during falling tides is sufficient to
suspend the sand on the delta front, while little suspended sand transport occurs during
rising tide. Wave action during cold fronts also acted to erode the muddy delta foreset
situated basinward of the channel network.
The importance of erosion and tidal flow to the evolution of the Wax Lake Delta
channel network make it comparable to many coastal channel networks, including those
found in salt marshes [D’Alpaos et al., 2005; Fagherazzi et al., 2012] and ebb- and flooddeltas at tidal inlets [Israel et al., 1987]. Theory about channel networks in these systems
has developed independently from those in river deltas. However, the similarity of
processes and growth between these three types of systems suggests that a new, unified
understanding of coastal channel dynamics may be achievable in the near future.
Comparative studies between these systems will facilitate this goal.
Erosion and deposition on the delta front were considered with the context of the
flow field in Chapter Four. Although channels are well defined in the delta front, their
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sub-aqueous banks allow water transfer with the adjacent intra-island bays. I found that
the patterns of fluid flow out of the channels and in intra-island bays was important for
channel network evolution – flow convergence in bays set a limit on flow spreading at
channel tips, causing erosion over the adverse bedslopes found there. Flow convergence
in intra-island bays also produced a separate set of channel forms named “drainage
troughs.” Furthermore, currents in Atchafalaya Bay interacted with outflow from some
distributary channels, causing the channels to bend.
The study of deltaic channel networks to date has focused almost exclusively on
the morphologic response of sediment spreading from a discrete jet. The analysis in
Chapter 4 suggests flow patterns on the WLD cannot be accurately resolved without also
considering flows through shallow bays and lateral water and sediment transfer over
channel banks. Beyond this pilot study, the interaction between neighboring channels at
the convergence zones in the intervening bay remains completely unstudied. Recent
discovery that the morphology of eroding tributary channel networks are a function of
ground-water flow outside the channel network, rather than flow within the channel
network [Devauchelle et al., 2012] provides further compelling evidence that flow
patterns outside the channel network strongly effect network morphology. I submit that
investigating the entire flow field with field, experimental and numerical studies will lead
to important new discoveries about channel network structure and growth.
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Appendix A. Model of suspended sand transport
Water depth (H), bed material grain size distributions (Dn), and profiles of downstream
water velocity and suspended sand concentration (Umeas(z), Cmeas(z)) were measured in
the WLFC during the flood of 2009. In order to estimate four important parameters of
flow and sediment transport that cannot be directly measured (u*tot, u*sk, z0, and Cb), a
model is developed using established theory [Smith and McLean, 1977; Gelfenbaum and
Smith, 1986; Nelson and Smith, 1989b; McLean, 1991] that resolves flow velocity and
suspended sand concentration profiles as a function of u*tot, u*sk, z0, and Cb, and then
estimate the input parameters by minimizing the error between measured and modeled
profiles. First, shear stress is partitioned between form drag and skin friction available to
transport sediment. Second, downstream velocity and sand concentration profiles are
calculated (Umod(z), Cmod(z)). Third, an algorithm is outlined to estimate the input
parameters as a function of the error between measured from modeled profiles. Finally,
grain size distributions are calculated from the modeled profiles and input parameters to
compare with measured distributions.
Shear stress partitioning
Basal shear stress (τb) is the sum of shear stresses associated with form drag (τfd) and with
skin friction (τsk), i.e. τb= τfd + τsk [Smith, 1977; Nelson and Smith, 1989a]. Form drag
shear stress (τfd) is stress associated with roughness at the edges of flow from roughness
ranging from grain size to channel planform variation. In straight channels such as the
ones in the WLFC, form drag shear stress arises primarily from roughness elements on
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the bed such as sand dunes and roughness of the bedrock [Nelson and Smith, 1989a].
Skin-friction shear stress (τsk) is the remaining shear stress available to entrain and
transport sediment. τsk is estimated using the method of Nelson and Smith [1989a]:
[

* (

)

+ ] ,

A-1

where CD is a friction coefficient determined to be 0.21 for assumed separated flow over
dunes [Smith and McLean, 1977], κ is von Karman’s constant (0.40), HD is the height of
the dune, λ is the dune wavelength, and z0 SF is the roughness height associated with the
sediment, taken to be twice the median grain diameter [Einstein, 1950]. Alluvial
bedforms were only measured at sites VI and VII in the WLFC (Fig. 2.1C). Median
values were used at Site VI (HD = 0.10 m, λ = 17.5 m, z0SF = 652 μm, 4 dunes surveyed)
and Site VII (HD = 0.15 m, λ = 9.5 m, z0SF = 408 μm, 63 dunes surveyed). Equation 1
yields τsk = 0.94*τb at site VI and τsk = 0.80*τb at site VII. Converting to shear velocity (τb
= ρu*tot2), the estimated skin friction shear velocity of the flows (u*sk) is 89-97% of the
total shear velocity (u*tot). While periodic sandy dune-forms are not present at all sites,
roughness associated with exposed bedrock and erosional bedforms must also be
accounted for by partitioning shear stress (Figs. 2.8-2.10). To our knowledge, no method
has been developed for partitioning shear stress over such irregular topography.
Nevertheless, the same shear stress partition (u*sk = 0.89*u*tot) is imposed at all survey
sites to ensure that the skin friction shear velocity is not overestimated.
Suspension Model
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The density stratification theory as developed by Gelfenbaum and Smith [1986] is used to
predict downstream velocity and suspended sand concentration profiles through the water
column. Modeled downstream water velocity (Umod(z)) and sediment concentration
(Cmod(z)) at a given height above the bed depend on total shear velocity and skin friction
shear velocity (u*tot and u*sk), the roughness height of the flow (z0), the height and
concentration of the bedload layer (zb and Cb), the eddy viscosity of the flow (K), and the
eddy diffusivity of sediment (Ks).
( )

A-2

∫

(
( )

∑

∫

)

A-3

A-4

Equation A-2 describes the velocity profile as a function of total shear velocity and eddy
viscosity of the flow. Eq. A-3 describes the concentration profile of an individual grain
size, with Czb,n as the concentration of grain size n at the height of the bedload layer, and
ws,n as the fall velocity of the grain size calculated using the methods of Dietrich [1982].
The total sand concentration at height z is equal to the sum of the concentrations of all n
grain sizes (Eq. A-4). The height of the bed-load layer, zb, is determined by the methods
of Wiberg and Rubin [1989].
A-5
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In this formulation,

( (

)

) , τ* = 0.04 for fine sand [Wiberg and

Smith, 1985], A1 = 0.68 and A2 =0.0205(ln D50)2 + 0.022 ln(D50) + 0.0709, with D50 in
centimeters. Note that Equation B-5 was tested for T* ≤ 20 [Wiberg and Rubin, 1989;
Wiberg and Smith, 1989], but the measured values for T* at Sites IV - VIII ranged
between 10 and 100 during the spring 2009 flood.
Eddy viscosity (K) describes the transfer of momentum between the slower moving water
near the bed and the faster moving water higher in the flow. The eddy diffusivity (Ks)
scales with instantaneous vertical velocities that transport sediment from the bedload
layer into the flow. In studies where there is no shear stress partition near the bed, the
diffusivities are equal, i.e. K = Ks = κu*totz(H-z) [Van Rijn, 1984; Gelfenbaum and Smith,
1986; García, 2008]. However, studies that calculate suspended sediment in the presence
of shear stress partitioning use the skin friction shear stress to scale the eddy diffusivity
[Smith, 1977; Harris and Wiberg, 2001; Nittrouer et al., 2011a].
(

)

A-6

(

)

A-7

If a density gradient exists in the flow, then the eddy viscosity and sediment diffusivity
are diminished. Gelfenbaum and Smith [1986] relate the change in eddy viscosity to the
Richardson number (Ri).
[
[
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]

]

A-8

A-9
A-10

A-11

where g is acceleration due to gravity, R is the submerged specific density of sediment
(1.65), and Kstrat is the eddy viscosity or sediment diffusivity in the stratified flow.
The grain size distribution at the height of the bedload layer must be known in order to
compute Czb,n. Following the work of Einstein [1950], the grain size distribution in the
bedload layer is assumed to be equal to the grain size distribution of the bed. Therefore,
the concentration of grain size n at the height of the bedload layer zb is the probability of
sampling grain size n in the bed load times the total concentration in the bedload.
For a given set of boundary conditions (u*tot, u*sk, z0, Cb, H, and grain size distribution
Dzb), a velocity and concentration profile can be modeled for z = [z0, H] by initially
assuming Ri(z) = 0 (no density stratification, the clear water case), computing using Eqs.
A-2 through A-7. The velocity and concentration profiles allow a new Richardson
number to be computed (Eq. A-8). This process is iterated until the Richardson number
converges to a stable solution.
Width-averaged suspended sand discharge (qs) is calculated by integrating the water
velocity and sediment concentrations vertically through the water column.
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A-12

∫

Inverse model
Now, given u*tot, u*sk, z0, Cb, H, and grain size distribution Dzb, Eqs. A-2 through A-11
produce velocity and concentration profiles in the water column. During the 2009 spring
flood of the Atchafalaya River, H and Dzb were directly measured. Grab samples at Site
V did not return alluvial sediments, so grain sizes at Site IV were used. Parameters u*tot,
z0, and Cb are estimated by minimizing the root-mean-square error between measured
velocity and suspended sand concentrations (Umeas, Cmeas) and the models (Umod, Cmod).
Because sediment concentration varies by orders of magnitude, error was assessed in
logarithmic space.
A-13
√∑ (

)

∑ (

)

The quantities r and s are the number of velocity measurements (r = 5-40) and
concentration measurements (s = 3-6). Equation A-13 was used in a minimization
algorithm using the BFGS Quasi-Newton method with a cubic line procedure [Shanno,
1970] to produce the parameters u*tot, z0, and Cb recorded in Table 2.3.
To quantify importance of density stratification in the flow, the average velocity and sand
concentration of the flow (Ustrat and Cstrat) were compared to the average velocity and
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sand concentrations (Uclear and Cclear) where Ri(z) = 0 (the clear water case) using
identical input parameters. These values are recorded in Table 2.3.
Grain size distribution within the flow
After the u*tot, z0, and Cb are estimated, the grain size distribution of suspended sand can
be computed for a height in the flow. The probability of a sampled grain at height above
the bed z being smaller than grain size n is the probability Pz,n. Using Cz,n calculated from
Equation A-4.
∑
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A-14

Appendix B. Bathymetric datasets (supplementary datafiles)
This supplement contains four digital elevation models (DEM’s) of the delta front
of the Wax Lake Delta. Bathymetric surveys were conducted 26 June - 4 July, 2010
(referred to hereafter as the July 2010 dataset), 7 March, 2011, 11-18 August, 2011 and
2-3 February, 2012. The methods for creating these DEM’s are outlined in Section 3.2.1
of this dissertation. The horizontal datum is WGS84, zone 15N. The vertical datum is
Mean Lower Low Water as recorded at the Amerada Pass tide gauge [NOAA, 2012].
DEM’s were exported from ArcGIS using the Raster to ASCII converter. The resulting
.txt files contained in this supplement provide geo-referencing in formation, including the
number of raster columns and rows (ncols and nrows), the Easting and Northing of the
lower left corner in meters of the raster referenced to WGS84, zone 15N (xllcorner,
yllcorner), the grid size in meters (cellsize), and the value for no data (NODATA_value).
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