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Abstract The transition of flow between laterally confined channels and the unchannelized delta front
controls the morphodynamic evolution of river deltas but has rarely been measured at the field scale. We
quantify flow patterns and bathymetry that define the evolution of the subaqueous delta front on the Wax
Lake Delta, a rapidly prograding delta in coastal Louisiana. A significant portion of flow (∼59%) departs the
channel network over lateral channel margins as opposed to the downstream channel tips. Bathymetric
surveys and remotely sensed estimates of flow direction allow spatial changes in flow velocity to be
quantified and patterns of erosion and deposition to be estimated. Shallowing along channel margins
produces spatial acceleration and erosion. Lateral spreading, deceleration, and deposition occur within
three to eight channel widths outside of the channel margins. In interdistributary bays, the shape of
each flow path is constrained by “nourishment boundaries” that separate the outflows from neighboring
channels. Deposit elevation decreases with a basinward slope of 2.4 × 10−4 with distance from a channel
margin along any flow path, regardless of the channel or location that flow departed the network.
Bathymetric depressions called “interdistributary troughs” form along nourishment boundaries where
flow paths are the longest and deposit elevation is correspondingly low. We conclude that the deposit
morphology exerts a strong control on bathymetric evolution and that interaction between neighboring
channels and even neighboring deltas can influence delta front morphology.

1. Introduction

At the downstream tips of fluvio-deltaic channels, water transitions from the relatively confined conduit of
a distributary channel into the unchannelized delta front. Spatial flow accelerations in this region are tied
to the patterns of sediment erosion and deposition that are responsible for delta progradation and channel
extension and must be understood for improved stratigraphic interpretation of deltaic sequences and to fore-
cast coastal change. Despite the importance of this transition, it is rarely monitored in natural settings. This
study presents measurements of bathymetry and flow patterns that yield new insight into the morphologic
evolution of the channelized and unchannelized regions of a prograding river delta.

The transition between confined and unconfined flow on river deltas is generally conceptualized as a
sediment-laden turbulent jet: a turbulent efflux of water and sediment from a channel that spreads and
deposits sediment in a receiving basin [Bates, 1953; Wright, 1977; Fagherazzi et al., 2015]. Sediment deposition
from a decelerating jet produces a deposit that alters flow patterns: a term used in this study to describe the
quasi-steady paths and spatial accelerations found in a flow field. The flow pattern and the shape of the initial
deposit on a flat or gently sloping basin have been carefully studied as a function of efflux buoyancy [Bates,
1953], efflux inertia or momentum [Edmonds and Slingerland, 2007], bed friction [Canestrelli et al., 2014], turbu-
lent entrainment of basin water along jet margins [Rowland et al., 2009; Falcini and Jerolmack, 2010], channel
aspect ratio [Falcini and Jerolmack, 2010; Canestrelli et al., 2014], sediment characteristics [Mariotti et al., 2013],
waves [Nardin and Fagherazzi, 2012], and tides [Leonardi et al., 2013]. Channel-resolving numerical models of
deltas have been used to investigate delta geometry [Seybold et al., 2007; Geleynse et al., 2010; Caldwell and
Edmonds, 2014], but these studies focus on the macroscale delta geometry rather than flow patterns and
morphology of the delta front. Fagherazzi et al. [2015] offer a review of this literature. However, less is known
about the coupled evolution of a deposit and flow patterns when the deposit morphology is well developed
or when multiple channel outflows interact.
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Figure 1. (a) Aerial photomosaic of the Wax Lake Delta taken on 6 November 2009. (b) Streakline paths are drawn in.
The boxes in Figure 1b show the extent of Figures 3a and 3b. The dashed box in Figure 1b shows the region where flow
patterns and sedimentation are studied in detail (Figure 8).

Wright [1977] proposed that deposit morphology affects flow patterns primarily by increasing bed friction
in shallow areas. The heightened bed friction in shallow regions is hypothesized to initiate a feedback of
“runaway aggradation” where deceleration of flow induces sediment deposition which induces further decel-
eration and eventually causes the deposit to aggrade to the water surface. Analytical modeling by Özsoy and
Ünlüata [1982] showed that a jet’s flow patterns are also affected by bed slope independent of changes in bed
friction: adverse bed slopes (shallowing downstream) can enhance lateral spreading and cause spatial accel-
eration. Similarly, sufficiently steep basinward bed slopes (deepening downstream) can cause the jet width
to decrease with distance from the river mouth. Deposit morphology controls flow patterns on deltas by pro-
viding obstructions that flow must accelerate over or around. This is different from the topographic control
of flow patterns in many upland systems, where flow direction is always oriented parallel to the topographic
gradient [e.g., Perron et al., 2008].

Recently, Edmonds and Slingerland [2007] used a numerical model of flow over an in-erodible spherical bar
in a wide channel to show that deceleration occurs over the bar crest when it constricts flow to less than
40% of the channel flow depth. This behavior was used to argue that when a bar aggraded to above this
threshold, runaway aggradation should commence. This transition to deceleration was in agreement with
separate simulations of lunate bars where sedimentation and erosion were also modeled.

The Wax Lake Delta in coastal Louisiana (Figure 1) is a modern prograding delta with a bifurcating distributary
channel network. The delta bifurcates from a single feeder channel to seven primary distributary channels
separated by interdistributary bays, as well as many secondary distributary channels. This network morphol-
ogy has previously been interpreted to arise from successive lunate bar formation, runaway aggradation, and
channel bifurcation [Wellner et al., 2005; Edmonds and Slingerland, 2007; Jerolmack and Swenson, 2007]. Shaw
and Mohrig [2014] conducted four bathymetric surveys of the delta front and found the deposit to possess a
compound morphology of distributary channels, interdistributary bays, and a basinward sloping foreset. The
primary distributary channels extend as subaqueous forms for 7–20 channel widths beyond the shoreline of
the delta depending whether the tide (range = 0.4 m) is high or low. Channels grow shallower with distance
downstream from about 3.6 m depth (measured from mean sea level) at the shoreline to about 1 m depth
at the tips of distributary channels. Over this reach some distributary channels bifurcate several times while
others did not.

Even though the delta front of the Wax Lake Delta (WLD) constricts flow depths to ∼30% of the initial chan-
nel depth, runaway aggradation and channel bifurcation are not observed despite significant deposition
and channel extension. This limited data set suggests that the Edmonds and Slingerland [2007] prediction
for runaway aggradation does not hold on the modern WLD. However, the bathymetry of the WLD is also
more complex than the numerical simulations used to develop the theory. Instead of a single crescentic
lunate bar beyond a single channel mouth, the WLD exhibits multiple distributary channels transitioning
gradually into the delta front. Between channels lie interdistributary bays: relatively shallow, unchannel-
ized regions that form behind subaerially established islands. On the delta front, interdistributary bays are
hydraulically connected to the subaqueous channels. We know of no studies which investigate flow patterns
in interdistributary bays. It is therefore unknown how channelized flow interacts with these water bodies.
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Figure 2. Definition sketches of (a) tributary and (b) distributary channel networks. Flow is from top to bottom in each
sketch. Flow paths are shown in light gray. In the tributary network, the catchment areas for cross sections A and B are
shaded. Drainage divides (dashed lines) occur where catchment areas border one another. In the distributary network
(Figure 2b), nourishment regions are shaded for channel cross sections C and D directly downstream of a channel
bifurcation. These regions are separated by a nourishment boundary (dashed line) that extends into the receiving basin.

The goal of this study is to present field data from the Wax Lake Delta to characterize the transition between
channelized and unchannelized flow. Two bathymetric surveys of the delta front are presented to describe
the deposit morphology and to calculate bathymetric change over a 13 month period. Streaklines present in
aerial imagery are used to measure synoptic planform flow patterns (section 2.2), a technique used in classic
studies of turbulent jets and plumes [Wright and Coleman, 1971, 1974]. These data are used to quantify spa-
tial changes in the velocity field based on conservation of fluid mass (section 2.4 and Appendix A). The data
are synthesized to describe delta front bathymetry in detail (section 3.1), characterize the transition between
channelized and unchannelized flow and its relation to delta front bathymetry (section 3.2), resolve spread-
ing patterns and spatial changes in velocity (section 3.3), and relate bathymetric evolution to local convective
acceleration (section 3.4). These analyses reveal that flow patterns and bathymetric change are mediated
by deposit bathymetry near distributary channels and by interaction with neighboring channels on the
delta front.

1.1. Channel Network Terminology
This study characterizes flow patterns in the channelized and unchannelized regions of the distributary net-
work and delta front. To build a vocabulary describing these patterns, we first review vocabulary for describing
flow patterns in tributary networks [Hack, 1957] and tidal networks with reversing flow [Rinaldo et al., 1999]
so that concepts from these networks can be applied to the distributary channel networks of river deltas.

A “tributary network” (Figure 2a) can be described as a directed graph [Tejedor et al., 2015] of fluvial chan-
nel reaches and nodes representing a majority of confluences (two channels flowing into one channel) and
a minority of bifurcations (one channel flowing into two) [Smart and Moruzzi, 1971]. At each channel cross
section in the tributary network, a “catchment area” or “drainage basin” is defined as the area from which
water is sourced. The catchment area includes channels but is primarily composed of the region where water
and sediment travel over unchannelized surfaces toward the channel. Unique catchment areas bordering
one another are separated by a “drainage divide,” which separates regions where water and sediment travel
toward different channels.

To a certain extent, tributary network terminology can be inverted to describe distributary systems. A
fluvial-deltaic “distributary network” (Figure 2b) can be described as a directed graph of channel links and
nodes representing a majority of bifurcations, although some confluences are possible [Morisawa, 1985].
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At each channel cross section in the distributary network, a “nourishment region” is defined as the space
that receives water and sediment that passes through that cross section. We name the interface that divides
two distinct nourishment regions the “nourishment boundary.” Similar divides also exist in tidal networks,
separating area on the tidal platform sourced by water from a particular channel during rising tide [Rinaldo
et al., 1999].

Drainage divides and nourishment boundaries each separate a map into distinct regions of flow (catchment
areas and nourishment regions), but they differ in geometry. Catchment areas arise because water is added
to tributary landscapes through precipitation which is a spatially distributed processes. In contrast, water is
added to distributary networks primarily from a feeder river and is conserved (to first order) as water exits a
river delta and flows into its receiving basin. It follows that catchment areas can be mapped as closed shapes
of quantifiable area, whereas nourishment regions extend into the receiving basin and so do not have a
quantifiable area unless constrained to the subaerially exposed delta (Figure 2) [Edmonds et al., 2011a]. This dif-
ference leads to different flow patterns in catchment areas and nourishment regions: water may flow directly
away from a drainage divide, but water near a nourishment boundary must flow along it as it leaves the
distributary network (Figure 2b).

Extensive work in tributary systems shows that neighboring catchment areas interact through movement of
the drainage divides that separate them [Howard, 1971; Bishop, 1995; Willett et al., 2014]. Although interaction
between distributary channels has been hypothesized due to information transfer through the distributary
channel networks [Kleinhans et al., 2012], interaction via the presence and movement of nourishment bound-
aries has never been proposed. We document such interaction in the form of a bathymetric low—termed an
interdistributary trough—that is found along most nourishment boundaries on the Wax Lake Delta.

2. Methods
2.1. Bathymetry
The bathymetric surveys used in this study were conducted in the periods 26 June to 4 July 2010 (termed the
July 2010 digital elevation model (DEM)) and 10–18 August 2011 using a 6.6 m wide swath array of four depth
sounders mounted on the R/V Fearman. Each transducer (210 kHz) was controlled by a Hydrobox profiler
(Syquest Inc.), 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 GPS systems (Trimble NetRS mounted with Zephyr
antennae) and a tiltmeter to measure pitch, yaw, and roll (MicroStrain 3DM-GX1). Depth sounder data were
cleaned of spurious returns and concatenated with GPS, tiltmeter, and tide gauge data from Amerada Pass
(located 7 km SE of the WLD on the Atchafalaya Delta) [NOAA, 2012] to produce bathymetric data referenced to
WGS84 horizontal datum and mean lower low water (MLLW) vertical tidal 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 sounding, and a maximum height of 0 m MLLW.
Comparison of the bathymetric surfaces to surveyed lines yields a 0.1 m root-mean-square error, which can
be primarily attributed to error associated with waves and subgrid-scale bed fluctuations such as bedforms,
rather than persistent biases. Bathymetric elevations where flow velocity measurements were collected in
June 2010 and August 2011 are recorded in the supporting information in Table S1.

2.2. Streakline Flow Patterns
Many aerial photographs of the WLD reveal streaklines produced by passive tracers moving through the delta
front (e.g., Figure 1). A streakline is defined as the paths of all fluid particles that have passed through a fixed
spatial point over an interval of time [Kundu et al., 2011] and is locally tangent to flow direction when the path
is steady in time. Steady streaklines therefore provide a synoptic view of large-scale flow patterns on the delta
front. Streaklines on the WLD are likely composed of biogenic slicks that accumulate at the air-water interface
in coastal environments [Garabetian et al., 1993; Espedal et al., 1996; Alpers and Espedal, 2004]. Both Synthetic
Aperture Radar and infrared remote sensing techniques are sensitive to the presence of biofilms [Hühnerfuss
et al., 1994], so biofilms have been used as passive tracers to track ocean flow patterns [Johannessen et al.,
1996; DiGiacomo and Holt, 2001].

On the WLD, individual streaklines begin in the marshes that fringe distributary channels and trace a path
away from the delta that is traceable up to 12 km into Atchafalaya Bay (Figure 1). The downstream end of a
streakline occurs when it (a) leaves the bounds of an image (Figure 3a), (b) becomes untraceable in the aerial
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Figure 3. Stable and unstable streaklines from 6 November 2011 at locations 3a and 3b on Figure 1a. (a) Stable
streaklines are located primarily in interdistributary bays and the delta foreset. The lack of mixing instabilities along
these lines suggests that lateral velocity gradients are small. (b) Turbulent mixing of flow streaks is rare on the WLD but
occurs where slowly moving fluid from interdistributary bays enters high-velocity channels.

photograph (Figure 1), or, much less frequently, (c) mixes away due to lateral shear instabilities (Figure 3b).
Biogenic slicks can be dispersed by turbulence in the water column or wind shear at the water surface [Alpers
and Espedal, 2004]. Hence, biofilm materials may be present in water arriving at the WLD and only manifest
as streaklines in the less turbulent waters of interdistributary bays.

Streaklines from the 6 November 2009 near-infrared photomosaic form the basis of this study (Figure 1). A
georeferenced copy of the image is included in the supporting information. On this date, water discharge at
Calumet, LA [U.S. Geological Survey (USGS), 2012], was 4800 m3 s−1, a daily discharge with 6% flow exceedance
probability between 1986 and 2012. Photographs were collected during the morning (6:30 A.M. to 12 P.M.,
CST). Tide measured at Amerada Pass [NOAA, 2012] fell from 0.238 m to −0.111 m MLLW (mean lower low
water) over this time interval. The 1.1–4.9 m s−1 east (50–102∘) wind measured 10 m above the water surface
[NOAA, 2012] do not appear to have affected streakline direction (Figure 1), suggesting that the streaklines
formed independently of wind stress on the water surface. This may be because wind exerts influence on
delta hydrology primarily through water surface setup and drawdown from southerly and northerly winds,
while easterly and westerly winds produce little to no change in the water surface [Geleynse et al., 2015].

Two assumptions are required to use streaklines as a synoptic flow direction data set. The first assump-
tion is that the flow traced by the streaklines is steady; i.e., their pattern does not change over timescales
less than those associated with significant bathymetric change (months to years). Recent studies note that
tides and winds can affect the flow field on the WLD and in Atchafalaya Bay over hours or days [Shaw and
Mohrig, 2014; Hiatt and Passalacqua, 2015]. However, flow directions calculated from November 2009 streak-
lines are remarkably similar to local flow direction measurements collected in March 2011 (Figure 4a). The
root-mean-square error between measurements and interpolation is 20.5∘ (Figure 4b). Water discharge to
the delta was 4200 m3 s−1, so was also indicative of flood conditions. These patterns are also qualitatively
similar to the paths of organic flotsam, dust, pollen, and floating plants such as Eichhornia crassipes (water
hyacinth) traveling passively through the system observed during field campaigns. We consider the agree-
ment between flow direction measurements to be evidence that the streaklines represent the flow pattern
reasonably well over the WLD under high discharge (∼5000 m3 s−1) conditions.

We showed recently that patterns of bathymetric evolution differ between times of high and low flow [Shaw
and Mohrig, 2014]. A low-flow streakline data set is not presently available, but a flood flow streakline data
set is valuable because the majority of deposition occurs during floods [Shaw and Mohrig, 2014]. While we
recommend further research with low-flow streakline data sets for specific analysis of low-flow delta front
evolution, we consider the flood flow streaklines presented here to be a valuable tool for understanding the
kinematics of the delta front during flood flow. Analysis of multiple streakline-bearing images also shows that
beyond the delta front, streaklines can point in different directions (mainly south or west), likely as a function
of tidal or wind-driven currents in the bay. However, we also note that the streaklines near the delta shoreline
(and on the delta front) trace qualitatively similar patterns over time, indicating that even as flow patterns in
Atchafalaya Bay change, flow over the delta front remains relatively consistent.
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Figure 4. Comparison between flow direction measurements and flow direction from streaklines. (a) Map of study area
showing bathymetry collected in July 2010. Streaklines from 6 November 2009 are shown as black lines. Pink lines show
assumed streaklines drawn down the centerlines of channels. A regularly spaced grid of flow vectors interpreted from
the streaklines shows the inferred flow direction at the tip of each arrow. Red arrows show flow direction measurements
from March 2011 (supporting information Table S1) with the measurements at the tip of each arrow. (b) Comparison
between azimuth of flow direction measured in March 2011 (𝜃da) to flow direction azimuth interpolated from streaklines
mapped from aerial imagery collected in November 2009 (𝜃interp). The dashed line shows perfect agreement. RMSE
notes the root-mean-square error between measured and interpolated flow directions. (c) Comparison between
depth-averaged flow direction (𝜃da) and flow velocity in the top 5% of the measured flow profile (𝜃top). All
measurements are recorded in supporting information Table S1.

The second assumption is that flow direction traced by the streaklines is characteristic of the depth-averaged
flow direction and does not track secondary flow patterns produced by wind shear on the water surface, heli-
cal flow, or density currents. This assumption was confirmed using flow direction calculated from the top 5%
of the acoustic Doppler current profiler (ADCP) velocity profiles (𝜃top). Comparison of 𝜃top and depth-averaged
flow direction measured at ADCP profiles (𝜃da) show close agreement with a root-mean-square error between
the two data sets of 6.3∘ (Figure 4c). This small difference indicates that under the measured circumstances,
depth-averaged flow direction and the flow direction at the water surface are closely aligned.

Under these assumptions, we use streaklines as a measurement of depth-averaged flow direction under high
discharge conditions (∼5000 m3 s−1) on the delta front between November 2009 and August 2011 and com-
bine these data with bathymetric measurements from July 2010 to quantitatively estimate spatial velocity
changes using a metric developed in section 2.4 and Appendix A. Streaklines were used to create a spatially
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resolved flow direction field using the following method: the photomosaic (Figure 1) was georeferenced in
ArcMap. Streaklines were then traced along the abrupt, curvilinear changes of intensity in the infrared band
deemed to be associated with fluid flow. Although not present in aerial images, streaklines were also traced
down the centerline of distributary channels under the assumption that channel flow was parallel to the
channel trace (Figure 4a). The traced streaklines were then exported to MATLAB, where a location (easting
or northing) and unit vector tangent to the streakline were calculated every 5 m along each streakline. Flow
direction was then interpolated using the unit vectors and their locations on a 25 m grid across the streakline
domain. Finally, the interpolated flow direction was renormalized to ensure that the flow direction vector is
of unit length after the interpolation process. This field is referred to as ⃗d.

2.3. Velocity Measurements
Velocity measurements were collected at 37 sites on the delta front between 18 and 25 March 2011
(supporting information Table S1). Water discharge at the Calumet Gauge [USGS, 2012] ranged between 4800
and 5000 m3 s−1 over this period, a flood stage similar to the conditions when streaklines were photographed
in November 2009 (4200 m3 s−1). Velocities were sampled in all phases of the diurnal tidal cycle with a maxi-
mum amplitude of 0.44 m during the survey period and winds from 0 to 5 m s−1 from the south (supporting
information Table S1). These data do not possess the temporal resolution to document the effects of wind
and tidal processes on flow direction. However, the effect of tides and wind should be minimized relative to
river currents during the high river discharge conditions present during the measurement period.

Flow measurements were collected with either an Acoustic Doppler Velocimeter (ADV) or a Nortek Aquadopp
acoustic Doppler current profiler (ADCP). The ADV was deployed by hand, and the depth-averaged down-
stream velocity or flow speed (|U⃗|) was estimated by measuring velocity at 40% of flow depth above the bed.
Flow azimuth (𝜃da) was measured with a compass. Where the ADCP was used, the boat was driven to a site
and anchored; the ADCP was deployed from the boat facing downward; and east, north, and vertical velocity
vectors were measured in 0.05 m bins along a vertical profile up to 1.5 m in height at a sampling rate of once
per second for about 20 min. At locations greater than 1.5 m deep, the vertical profile did not penetrate to the
bed. The ADCP was deployed, so the measurement head was 0.1 m below the water surface. The device had a
blanking distance of 0.1 m, which meant that water velocities in the top 0.2 m were not measured. While the
anchored boat did move and rock gently during measurement, we assume that the spurious velocities associ-
ated with these movements would average to zero over the 20 min sampling period. Postprocessing involved
determining the average azimuthal direction of horizontal flow for the time series (𝜃da, supporting information
Table S1), 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.

Flow direction was also calculated for the top 5% of the ADCP profile (𝜃top, supporting information Table S1)
to compare to flow direction interpolated from streaklines. While these data begin 0.2 m below the water
surface due to sensor immersion and blanking distance, they provide a direct flow direction measurement
high in the water column to compare against streaklines which track the water surface.

To determine depth-averaged flow velocity with profiles that did not capture the entire water column, we fit
the downstream velocity profile to a logarithmic (law of the wall) velocity profile similar to previous studies
[Sassi et al., 2011; Nittrouer et al., 2011]:

u(z) = u∗

𝜅
ln
(

z
z0

)
, (1)

where u(z) is downstream velocity at height z above the bed, 𝜅 is von Karman’s constant (0.41), and z0 is the
roughness parameter defined as the height above the bed where the model velocity is zero. Equation (1)
was fit to measured velocity profiles using linear regression of the natural log of height above the bed
onto velocity:

u(z) = b1ln(z) + b2 (2)

where u∗ = b1∕𝜅 and z0 = exp
(
−b2∕b1

)
. The velocity profiles were well characterized by equations (1)

and (2). Depth-averaged velocity magnitude in the streamwise direction (|U⃗|) was calculated by integrating
equation (1) from the roughness height (z0) to the water depth (h) and dividing by the flow depth.

|U⃗| = 1
h − z0

h

∫
z0

u∗

𝜅
ln
(

z
z0

)
dz (3)
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Importantly, |U⃗| is the magnitude of the velocity or the speed of the flow. In this study, flow direction (⃗d) is
separated from the speed because flow direction can be measured from streaklines (Figure 1). Values of u∗,
z0, |U⃗|, and 𝜃da are recorded in the supporting information Table S1.

2.4. Fraction Velocity Increase in the Downstream Direction
Spatial changes in velocity are an essential aspect of sedimentary morphodynamics, because they control
the evolution of the sedimentary bed through spatial changes in sediment flux. Conservation of incompress-
ible fluid mass states that the depth-averaged velocity of a fluid is equal to the discharge divided by its
cross-sectional area of prescribed depth and width. Changes in flow depth and width will act to change the
flow velocity. It follows that if bathymetry and horizontal flow patterns are known, then spatial changes in
velocity can also be quantified. We define the fraction velocity increase in the downstream direction (Ǎ) to
quantify these spatial changes.

In this study, lateral divergence and convergence of the flow direction field are interpolated from streaklines
(Figure 1). Changes in flow depth are assumed to be driven completely by changes in bathymetry along a
flow path, because bed slopes are significantly larger than water surface slopes on the delta front, where
water surface slopes have been numerically modeled not to exceed 2.5 × 10−5 [Geleynse et al., 2015]. We use
these data sets to calculate a new metric for spatial changes in flow velocity on the delta front: the fraction
velocity increase in the downstream direction (Ǎ). A full derivation is given in Appendix A, but the metric is
defined as

Ǎ ≡ ∇|U⃗| ⋅ ⃗d
|U⃗| = −∇h ⋅ ⃗d

h
− ∇ ⋅ ⃗d (4)

where |U⃗| is the depth-averaged flow velocity magnitude (flow speed) measured in m s−1, h is flow depth in
meters, and ⃗d = (dx , dy) is a unit vector with an easting (dx) and northing (dy) components aligned with local

flow direction (tan
(
𝜃da

)
=

(
dy∕dx

)
). |U⃗|⃗d is the full depth-averaged flow velocity vector. We separate the

magnitude (speed) and direction of the flow because the flow direction changes across the delta front and is
known through streakline measurements, while |U⃗| is unknown except at measured locations. The first term
on the right-hand side of equation (4) quantifies the vertical constriction along a flow path due to changes in
flow depth, and we refer to this field individually as B̌

(
B̌ ≡ −

(
∇h ⋅ ⃗d

)
∕h

)
. The second term on the right-hand

side is the horizontal divergence of flow direction , and we name it Ď (Ď ≡ −∇ ⋅ ⃗d).

We use Ǎ in this study because it can be calculated from the bathymetric and flow pattern fields alone, whereas
convective (spatial) acceleration cannot be. Ǎ is also easy to intuit. For instance, if Ǎ = 0.01 m−1, then the
velocity increases by 1% of the local velocity for every meter along a flow path. If Ǎ = −0.01 m−1, then velocity
decreases by 1%/m along a flow path. Notably, Ǎ provides no quantitative information about velocity gradi-
ents perpendicular to local flow direction, although we make qualitative interpretations about lateral velocity
gradients based on the continuity of streaklines in section 3.2. Convective acceleration is expressed in vector
notation as |U⃗| (∇|U⃗| ⋅ ⃗d). If |U⃗| is known, then Ǎ is related to convective acceleration as follows:

|U⃗| (∇|U⃗| ⋅ ⃗d) = Ǎ|U⃗|2. (5)

|U⃗| is defined to be always positive, so Ǎ will always have the same sign as convective acceleration. Using this
metric, bathymetry and horizontal flow patterns can be used to constrain spatial changes in the velocity field
on the delta front.

3. Results
3.1. Bathymetric Structure of the Delta Front
The delta front of the WLD is an irregular surface of varying elevation (Figure 5). We describe the surface by
dividing it into three regions: (1) the subaqueous distributary channels, (2) the interdistributary bays sepa-
rating the distributary channels, and (3) the delta foreset (Figure 5). The distributary channels on the WLD
extend roughly 2 km beyond the subaerially emergent delta at low tide. At the transition between emergent
and subaqueous channel levees (the shoreline), Gadwall Pass is 200 m wide, and the channel bed elevation
is −3.2 m MLLW (Figure 5). Main Pass is 150 m wide, and the bed is −2.5 m MLLW. In the subaqueous reach,
Gadwall Pass bifurcates three times into four well-defined channels. Main Pass has a single dominant channel
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Figure 5. Bathymetry collected in July 2010 of the Wax Lake Delta front at Gadwall and Main Passes [Shaw and Mohrig,
2014]. The vertical datum is referenced to mean lower low water (MLLW). A distributary channel, an interdistributary
bay, and the delta foreset are labeled. Streaklines mapped in black in the underlying aerial photomosaic are from 6
November 2009. Two transects are drawn on the map in dashed blue lines and plotted in cross-sectional view below.
A-A’ shows an axial transect of Gadwall Pass, from the adversely sloping channel to the basinward sloping foreset. B-B’
shows a cross-sectional transect of a drainage trough in the interdistributary bay. The dashed line in A-A’ and B-B’ shows
the predelta elevation of Atchafalaya Bay. In section 3.2, we estimate that 59% of flow has transitioned from distributary
channels to the interdistributary channel by transect C-C’.

with two weakly defined channels bending off to the west. Both subaqueous channel systems grow shallower
and narrower in the downstream direction (transect A-A’), until they lose definition at their tips at ∼−1 m
MLLW and transition to the delta foreset region, where the unchannelized bed grows progressively deeper in
the basinward direction.

Between distributary channels lie relatively shallow interdistributary bays, which are basinward extensions
of the arrowhead-shaped islands found on the subaerially established delta (Figure 1). Interdistributary bays
generally grow wider in the downstream direction due to the diverging paths of the neighboring channels.
They are shallow (>−1 m MLLW) but grow progressively deeper with distance from either channel and in the
basinward direction. Of particular interest are the 200–400 m wide channel forms discernible in each inter-
distributary bay (Figure 5, transect B-B’). These “interdistributary troughs” are found between every pair of
distributary channels. They are oriented parallel to the island axis, although not necessarily down its center. In
contrast to distributary channels, troughs increase in depth in the downstream direction. Furthermore, they
appear to be aggradational, lying above the surface of consolidated predelta muds exposed in the bed of dis-
tributary channels (Figure 5) [Edmonds et al., 2011b; Shaw et al., 2013]. Moving from upstream to downstream,
an interdistributary trough gains definition as its bed gets deeper. The trough loses definition when the
surrounding bathymetry falls away to the elevation of the interdistributary trough bed.

The delta foreset begins basinward of distributary channels and interdistributary bays (Figure 5: A-A’). It pos-
sesses a low relief, basinward sloping surface that connects the shallow delta front to the deeper, relatively
flat (−2.3 m MLLW) bottom of Atchafalaya Bay.
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Figure 6. Bathymetric profiles along streaklines. (a) The locations of
eight colored flow paths interpolated from streaklines mapped in
November 2009 are overlain in August 2011 bathymetry. The black
line is a straight transect of the foreset for comparison. Inset (b) shows
the location of the bathymetric surface relative to the WLD and the
neighboring Atchafalaya Delta to the southeast. (c) Bathymetric
transects plotted against curvilinear distance from a distributary
channel (l̃). Thick gray line shows the linear regression of clipped,
colored profiles (equation (7) in text). The horizontal black dotted line
is the elevation of Atchafalaya Bay before deltaic deposition.

3.2. Flow Patterns Over the Delta
Front
Most streaklines on the WLD persist for
many kilometers (Figure 3a) as they trace
flow patterns across the delta front. This
behavior requires hydrodynamically sta-
ble flow, meaning that turbulent eddies
rotating around the vertical axis do not
grow with time or with distance down-
stream, preventing turbulent lateral
mixing of a streakline [Socolofsky and
Jirka, 2004]. Hydrodynamically unstable
flow, where perturbations grow and incite
large-scale lateral mixing, is also present
but rare on the WLD (Figure 3b). Unstable
regions occur where high-velocity flow
in secondary channels mixes with lower
velocity flow in interdistributary bays
(Figure 3b) or in the rare instances where
streaklines in interdistributary bays enter
channels. These locations are exceptions
to the general behavior of stable flow.

Streaklines are generally oriented away
from channel margins (Figure 5), which
shows that some portion of water dis-
charge exits subaqueous channels lat-
erally and enters the distributary bay.
Mass conservation estimates show this
portion to be significant. To determine
the fraction of water flux that enters
the interdistributary bay between Gad-
wall and Main Passes, we assume that all
water that leaves these channels exits the
interdistributary bay across transect C-C’
(Figure 5). Hence, the fraction of flow leav-

ing these channels laterally is equal to the discharge across C-C’ divided by the sum of the discharge across
C-C’ and half of the discharge at the downstream tips of Gadwall and Main passes (assuming the other half of
each channel’s discharge interacts with the interdistributary bay on the opposite side of the channel). Using
0.60 m s−1 and 0.15 m s−1 as representative velocities for the distributary channels and bay (supporting infor-
mation Table S1), and measuring 600 m2 and 3500 m2 as cross-sectional areas of channels and the bay along
transect C-C’ (Figure 5), we find that about 525 m3 s−1 or 59% of channelized water discharge exits the chan-
nel laterally over 3 km of subaqueous levees and leaves the delta via the interdistributary bay. Considering
that this discharge is distributed over the channel margins of Gadwall and Main Passes that are a combined
6.0 km long, the width-averaged discharge into the island is 0.35 m2 s−1. This simple calculation shows that
a significant portion of water discharge leaves the distributary channel laterally and exits the Wax Lake Delta
through interdistributary bays.

3.3. Flow Patterns and Bathymetric Profiles
Although the bathymetry of interdistributary bays appears to have a compound morphology of shallow
regions and interdistributary troughs (Figure 5, B-B’), analysis from the perspective of flow paths reveals rel-
atively simple geometric patterns. Bathymetric profiles are plotted as a function of l̃, the distance traveled
along a curvilinear flow path from a distributary channel margin (Figure 6). Each of these 10 profiles shows
decreases in elevation with distance from the channel margin. Furthermore, they are remarkably similar to one
another despite the facts that (a) the profiles are collected from different distributary channels, (b) the profiles
are at various distances from the downstream channel tip, and (c) the flow patterns as traced by streaklines
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Figure 7. (a) A map of the Wax Lake Delta showing August 2011 topography, streaklines as black lines and nourishment
boundaries as pink dotted lines. (b) The Wax Lake Delta and Atchafalaya Delta, with the nourishment boundary between
the two as a pink dotted line. Bottom: the three columns show data from transects D-D’, E-E’, and F-F’ from (Figure 7a).
The top row relates the curvilinear flow distance from a channel margin (l̃) measured along streaklines to the location on
the transect. Circles show data points where a streakline intersects a transect. The pink dashed line shows the location
of the nourishment boundary. The bottom row shows the bathymetry from August 2011 at each transect. In each case,
the nourishment divide aligns with the interdistributary trough.

were collected 19 months before the bathymetry was surveyed. This pattern is similar to a straight transect
of the delta foreset (Figure 5, A-A’, and Figure 6, black line), although the slope along streaklines is less steep.
Although deposit elevation decreases with increasing l̃, flow paths are not necessarily oriented along paths
of steepest descent.

Some flow paths from the eastern portion of the delta have an abrupt increase in slope after ∼2 km and
fall to the predelta depth of Atchafalaya Bay, indicating the end of deposition along that flow path. When
the truncated ends of these profiles are removed, a linear regression of all streakline transects produces the
following relation, with R2 = 0.72, and root-mean-square error of 0.28 m:

𝜂 = −2.4 × 10−4 l̃ − 0.51 m. (6)

Deviations from this general slope exist, but they are limited to wavelengths less than 1 km and amplitudes
less than 0.5 m (Figure 6b). Geleynse et al. [2015, their Figure 7] analyzed the same August 2011 DEM with tran-
sects along straight, radial lines from the delta apex that showed∼1.2 m deviations between different profiles.
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Figure 8. Spatial changes in flow patterns on the Wax Lake Delta in the region marked by the white box in Figure 1b.
(a) Bathymetric component (B̌ = ∇h ⋅ ⃗d∕h). Blue (B̌ <0 m−1) shows basinward sloping regions, and red (B̌>0 m−1) shows
regions with adverse bed slopes. (b) The lateral divergence of flow direction (Ď = ∇ ⋅ ⃗d). Blue (Ď <0 m−1) shows zones of
lateral flow direction divergence, and red (Ď>0 m−1) shows lateral flow convergence. (c) The sum of B̌ and Ď is the
fraction velocity increase per unit distance downstream (Ǎ). Blue (Ǎ <0 m−1) shows regions of spatial velocity decrease,
and red (Ǎ>0 m−1) shows spatial velocity increase. (d) Bathymetric change to the delta front between July 2010 and
August 2011. Blue shows deposition, and red shows erosion.

Those profiles also did not conform to a quasi-universal shape. By comparison, bathymetric profiles along the

estimated flow paths (Figure 6) appear to describe delta front morphology with accuracy and simplicity.

Streaklines allow the nourishment region of each channel to be mapped along with the nourishment bound-

aries that separate neighboring regions (dotted pink lines, Figure 7). Remarkably, the nourishment boundaries

mapped from November 2009 coincide with the interdistributary troughs mapped in both July 2010 (Figure 5)

and August 2011 (Figure 7). For a straight transect across an interdistributary bay, l̃ is zero by definition where

the transect intersects a distributary channel and increases nonlinearly to a peak at the interdistributary

trough (Figure 7). Although the increase in l̃ is not necessarily symmetric (Figure 7, D-D’) and does not neces-

sarily peak in the middle of the island (Figure 7, E-E’), the peak in l̃ corresponding to the nourishment boundary

always occurs at the interdistributary trough (Figure 7).

3.4. Resolved Flow Field

Flow patterns on the delta front of the WLD are resolved using the November 2009 streakline data set and the

July 2010 bathymetry. These patterns are quantified in Figure 8 by the fraction velocity increase in the down-

stream direction (Ǎ) including its topographic (B̌) and horizontal (Ď) components (Ǎ = B̌+Ď). Before describing

Ǎ, it is helpful to analyze the B̌ and Ď fields to determine whether bathymetric constriction or divergence

of flow direction drives acceleration. The B̌ field (Figure 8a) shows that flow encounters adverse bed slopes

(B̌> 0 m−1) along the edges of distributary channels, both along lateral margins and at downstream channel

tips. This is because channels are the deepest regions on the delta front. B̌ is negative outside the channel net-

work along the basinward sloping backs of channel levees. B̌ varies substantially over length scales of a few

hundred meters, especially along channel margins where water depths are shallow.
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Figure 9. (a) Relationship between convective acceleration Ǎ|U⃗|2,
equation (5) and bathymetric change (Δ𝜂) on the Wax Lake Delta
front. Acceleration values were calculated using Ǎ (Figure 8c) and
flow velocity measurements from March 2011 (supporting
information Table S1). Bathymetric change was measured between
July 2010 and August 2011 (Figure 8d). Data are characterized by
the linear relationship in equation (7). One outlier (residual greater
than 3 standard deviations from the mean) is marked with an “x”
and is removed to calculate the trend line. (b) Locations of data
plotted on July 2010 bathymetry. The dotted line is the channel
boundary 13 months later in August 2011. Color and symbol show
the sign of acceleration and bathymetric change. Red hexagons
show where acceleration and erosion occurred. Blue squares show
where deceleration and deposition occurred. Red hexagons and
blue squares are expected given the relationship in Figure 9a.
Green circles show sites of acceleration and deposition. Yellow
triangles show sites of deceleration and erosion. Green circles and
yellow triangles often occur where the channel network shifted
between surveys.

Values of Ď (Figure 8b) vary over larger dis-
tances than B̌: generally over the kilometer
scale. Flow diverges strongly (Ď ≪ 0 m−1)
downstream of subaqueous bifurcations and
along the lateral margins of distributary
channels for 0.5–1.5 km (three to eight chan-
nel widths) from the channel margin. In con-
trast, there is almost no divergence of flow
direction downstream of distributary chan-
nel tips. The maximum distance from a chan-
nel tip where flow is diverging (Ď < 0 m−1) is
0.4 km (two channel widths). Figure 8b shows
that lateral spreading of flow is contained in
a small area within and directly outside of
distributary channels.

The fraction velocity increase field (Ǎ) is both
positive and negative on the delta front
(Figure 8c), indicating that flow both accel-
erates and decelerates through this region.
Regions of rapid acceleration (Ǎ> 0 m−1)
are found along channel margins and at
subaqueous bifurcations, where B̌ is large.
Because Ǎ is generally negative outside of
distributary channel margins, it follows that
Ǎ> 0 m−1 occurs only when flow encounters
a strong adverse bed slope. Regions of decel-
eration (Ǎ < 0 m−1) are found just outside of
the channel network. This region is limited
to the same area where Ď < 0 m−1, i.e.,
0.5–1.5 km from the lateral channel bound-
ary, and a maximum of 0.4 km downstream
of the westernmost tips of Gadwall Pass,
although three of the four channel tips show
almost no deceleration downstream of the
channel tip. Within the interdistributary bay,
Ǎ is spatially variable, although its value
is smaller in magnitude than near the dis-
tributary channels. On the delta foreset, Ǎ is
near zero, suggesting that increasing depth
(negative B̌) almost completely compen-
sated by lateral convergence (positive Ď).

3.5. Bathymetric Evolution and Spatial Acceleration
We relate convective accelerations determined using equation (5) to bathymetric change on the delta front
from July 2010 to August 2011 (Δ𝜂, Figure 8d) at the points where |U⃗| was surveyed (supporting information
Table S1). After removing one outlier greater than 3 times the standard error from the trend (marked “x”),
there is a negative correlation (r = −0.656) between convective acceleration (Ǎ|U⃗|2) and bathymetric change
between July 2010 and August 2011 (Figure 9). A linear regression of these independent data sets produces
the following relation, with estimates of parameters ± the standard error.

Δ𝜂 = − (1.39 ± 0.21) × 103Ǎ|U⃗|2 − 0.04 ± 0.04 (7)

The negative correlation shows that, in general, deposition occurred where convective acceleration was
negative, and erosion generally occurred where convective acceleration was positive.

The negative correlation between convective acceleration and bathymetric change (Figure 9a) confirms
that the acceleration characterized by Ǎ is related to changes in bed elevation in both the erosional and
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depositional domains of the delta front. The relationship persists despite the 13 months between bathymetric
surveys. However, the convective acceleration calculated by equation (5) is theoretically only correct for the
instant when flow patterns and bathymetry are measured and should evolve continuously as the bathymetry
and flow patterns do. In practice, this instantaneous acceleration may not accurately characterize a site for the
13 month time interval between bathymetric surveys. Several sites that were outside of the channel network
in July 2010 predicted negative accelerations due spreading-induced negative values of Ǎ (Figures 8a and 8c),
but some experienced erosion between July 2010 and August 2011 because they were incorporated into the
channel network of the time interval (yellow triangles, Figure 9b). Conversely, some sites that were within the
network in July 2010 and showed acceleration due to positive values of Ǎ brought on by adverse bed slopes,
but channel migration caused these sites to aggrade (green circles, Figure 9b). This evolution of the channel
network is responsible for 8 of the 13 sites where acceleration and bathymetric change had the same sign.
When these eight sites are removed from the analysis, the negative correlation between convective acceler-
ation and bathymetric change increases from r = −0.656 to r = −0.819, reinforcing the strong relationship
between deposit morphology, flow patterns, and bathymetric evolution.

4. Discussion
4.1. How Does Flow Exit a Distributary Channel?
The term distributary channel takes on an additional meaning on the delta front: not only do distributary
channels create a network that distributes water and sediment across the delta, the channels also distribute
a significant portion of flow laterally to interdistributary bays. A mass conservation calculation shows that
roughly 59% of the flow departs channels over lateral channel margins into interdistributary bays. This sim-
ple estimate does not take several important factors into account, such as the relative levee elevations or
the relative spreading angle of islands. However, the estimate is consistent with independent estimates of
23–54% discharge loss from channels by Hiatt and Passalacqua [2015]. This fraction is likely to fluctuate
with tides and wind shear but the consistency of streaklines and measurements of flow direction between
November 2009 and March 2011 (Figure 4) suggests that the net flux from distributary channels to interdis-
tributary bays is generally significant, particularly during floods with water discharge of ∼5000 m3 s−1 similar
to the conditions presented here. The persistence of streaklines over many kilometers also indicates that lat-
eral turbulent mixing from hydrodynamically unstable flow is minimal on the delta front. The importance
of advection of flow out of channels on the WLD is consistent with flow patterns inferred from levee mor-
phology by Adams et al. [2004] in the distributary channel network of the Cumberland Marshes of Canada,
suggesting that the advection of flow across subaqueous channel margins may be the rule in branching,
deltaic environments.

4.2. Patterns of Delta Front Evolution
The data presented here show that flow patterns and deposit morphology vary with proximity to channels
in the distributary network. Within channels, bathymetry dictates bed evolution. Adverse bed slopes occur at
the lateral and downstream boundaries of channels because they are the deepest parts of the delta front, with
interdistributary bays and the delta foreset considerably shallower. The vertical convergence of flow associ-
ated with adverse bed slopes (B̌> 0 m−1, Figure 8a) is greater than the divergence of flow direction (Figure 8b),
producing positive Ǎ, convective acceleration, and bed erosion. These patterns appear qualitatively simi-
lar to those observed in experiments by Chatanantavet and Lamb [2014], where adverse bed slopes, lateral
spreading, convective acceleration, and erosion occurred 0.94 m downstream of the experimental river mouth
(their Figure 14).

The importance of bathymetry in dictating flow patterns and bed evolution is in line with previous studies
of coupled bed evolution and fluid flow [Özsoy and Ünlüata, 1982; Edmonds and Slingerland, 2007]. However,
the morphology of deposits on the delta front of the WLD continues to drive acceleration along all channel
margins (Figure 8c) and deposition is spread relatively evenly across the delta front (Figure 8d). It is this behav-
ior that prevents focused deposition and runaway aggradation predicted by Edmonds and Slingerland [2007]
when deposits constrict flow depths to less than 40% of the incoming channel depth.

Directly outside of the channel network on the WLD, divergence of flow direction (Ď < 0 m−1) produces
deceleration focused within three to eight channel widths of lateral channel margins and downstream of
bifurcations. In contrast, there is relatively little lateral divergence (up to two channel widths) downstream of

SHAW ET AL. DELTA FLOW PATTERNS 14



Journal of Geophysical Research: Earth Surface 10.1002/2015JF003570

distributary channel tips. Outside of this region, flow direction tends to converge. On the delta foreset, this
convergence compensates for the increasing flow depth, as modeled by Özsoy and Ünlüata [1982]. Within
interdistributary bays, convergence occurs where flow interacts with flows from the neighboring channel
across the drainage boundary.

Within interdistributary bays and on the delta foreset, deposit elevation is a simple function of the curvilinear
distance along a flow path from a channel margin (equation (6) and Figure 6). This pattern suggests that the
dynamics of sediment transport and deposition are relatively similar regardless of where a parcel of water and
sediment departs the distributary channel network. The fact that this quasi-universal slope is more gradual
than the maximum slope of the delta foreset suggests that flow travels at an angle to the bathymetric gradient
(Figure 5). Flow at an angle to the gradient will produce a reduced slope as a function of l̃ as shown in Figure 6.

4.3. Channel Interaction of the Delta Front
The interdistributary troughs found in bays are the result of interaction between neighboring distributary
channels across their nourishment boundary. Nourishment boundaries separate the flow paths from two
channels to the receiving basin (Figure 2). Accordingly, the flow nearest the boundary must travel the farthest
from a distributary channel (Figure 7). Deposit elevation decreases with increasing l̃ equation (6), so the bed
elevation is also lowest near the nourishment boundary (Figure 7). If only one channel existed with no nour-
ishment boundaries to affect flow patterns, a trough would never form because flow would travel directly
away from the channel and the deposit would monotonically decrease in that direction. Hence, we deem
interdistributary troughs to arise from channel interaction.

To our knowledge, this is the first documentation of channel interaction across the unchannelized delta front.
However, this type of interaction should be common where multiple, simultaneously active distributary chan-
nels produce nourishment boundaries which affect the flow field where sediment transport occurs. On the
WLD, interaction occurs over 3 km or 18 channel widths. Interdistributary troughs occur in the depositional
portion of the delta and thus have a high likelihood of being preserved in the stratigraphic record. Although
we do not know of any such stratigraphic interpretations, they should be a strong indicator of simultaneously
active channels.

4.4. Interaction With Atchafalaya Delta
The interaction between neighboring channels appears to also occur between the WLD and the neighboring
Atchafalaya Delta. Each delta has distributary channels which empty into the ∼3 km wide, ∼3 m deep bay
between the two deltas (Figure 7b). A nourishment boundary can easily be drawn between the two deltas
through the bay using streaklines (Figure 7b). We propose that the truncation of depositional profiles on the
east side of the WLD (dashed lines, Figure 6) is due to the interaction between the two deltas across the bay
(Figure 7b). The average combined water discharge to both deltas is 5.8×103 m3 s−1 [Roberts et al., 2003]. Esti-
mating that the bay between the deltas receives one fifth to one third of this total, we calculate the average
velocity through the bay to be 0.1–0.2 m s−1 and could increase significantly during floods. These estimated
velocities are large relative to the velocities measured in this study (supporting information Table S1). Bathy-
metric change is linked to convective acceleration (Figure 9), so if a parcel of water and suspended sediment
ceases deceleration once it reaches the bay, sedimentation should also cease. This could cause the abrupt
drop in bathymetry observed in this region in Figure 6b.

4.5. Apparent Time Invariance of Flow Patterns
The simple and quasi-universal bathymetric profiles along flow paths (Figure 6) suggest a strong coupling
between depositional patterns and flow patterns in interdistributary bays. This coupling also implies that
flow patterns persist while the delta progrades. Using the average delta progradation rate (10 km in 37 years
≈270 m a−1) and foreset slope, the average aggradation rate on the delta front is of the order of 0.1 m a−1,
suggesting that the 2.5 m thick deposits on the delta front are the result of several decades of sedimentation.
The flow patterns must have remained similar over the same period in order to form interdistributary troughs
and the quasi-universal slope away from channels along different flow paths (Figure 6). Shaw et al. [2013]
show that the subaerially exposed channel network of the WLD has not drastically changed since 1991, so it is
reasonable to infer that flow patterns outside the channel network also remained similar, even as the channel
tips extend basinward [Shaw and Mohrig, 2014]. The steady flow patterns allow the delta front to build to the
predictable morphology that it currently displays.
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4.6. Implications for Modeling
The connection between flow patterns and the depositional profile has great potential to assist with bathy-
metric modeling of river deltas, because the bathymetric elevation of the delta front appears to be predictable
to first order as a function of l̃. It is common for geometric delta models to impose a radially averaged fore-
set slope [Swenson et al., 2000; Kim et al., 2006; Wolinsky, 2009; Mahon et al., 2015]. Results from the WLD
(Figure 6b) show that this technique need not be limited to geometric studies, but an appropriate slope could
be imposed in increasingly complex, channel-resolving models if the flow field outside of the delta is resolved
[e.g., Ke and Capart, 2015]. This approach could improve our understanding of river delta morphodynamics
by eliminating unnecessary complexity in future modeling studies.

5. Conclusions

Synoptic measurements of bathymetry and flow direction on the delta front of the Wax Lake Delta reveal
how flow transitions from distributary channels to the unchannelized delta front. Measurements reveal pre-
viously undocumented patterns of flow, bathymetry, and evolution on a prograding delta. The extensive
subaqueous channel network basinward of the delta shoreline loses a significant portion of flow across lateral
channel margins and into interdistributary bays. Because channels are the deepest features on the delta front,
the adverse bed slopes required to leave the channel cause spatial acceleration, bed erosion, and migration
of the channel during floods. Directly outside subaqueous channels (three to eight channel widths), lateral
spreading of flow leads to spatial decelerations. In interdistributary bays, flows from neighboring channels
interact at nourishment boundaries despite the large distances (18 channel widths) separating the channels.
The distributed water flux over channel margins produces a bathymetric profile along flow paths that is sim-
ilar (slope = 2.4 × 10−4) regardless of where water departed the network or which channel it departed from.
When this bathymetric signature is applied to the flow patterns imposed by the channel network, interdis-
tributary troughs occur beneath the nourishment divides where water must travel the farthest from a channel.
Interdistributary troughs form over decades through sedimentation in a relatively stable flow field. The Wax
Lake Delta is upheld as a prototypical prograding river delta [Edmonds et al., 2011a] and successful river diver-
sion [Paola et al., 2011]. Our data show that deposit morphology, distributed flow over channel margins,
and channel interaction at nourishment boundaries must all be accounted for to resolve this prograding,
bifurcating, distributary channel network.

Appendix A: Fraction Velocity Increase in the Downstream Direction ( ̌A)

Horizontal flow direction and bathymetry can be convolved using the conservation of mass to quantify spatial
changes in flow velocity. This principle is qualitatively intuitive: spreading flow over a flat bed must decelerate.
Flow that does not spread but grows shallower downstream must accelerate. These spatial changes in velocity
can also be quantitatively calculated. We derive this calculation here.

Consider a bathymetric surface such as the delta front of the WLD. The orthogonal x and y directions are
aligned to the east and north for easy computation of universal transverse Mercator coordinates. The sur-
face is completely covered in water so that the water depth is everywhere greater than zero (h(x, y)> 0).
Depth-averaged flow velocity over the surface is described by the depth-averaged two-dimensional vector ⃗U
(Figure A1). However, only the flow direction is known from flow lines indicating depth-averaged flow direc-
tion. In this study we use the streaklines of surfactants on the water surface for this purpose. Because only
flow direction is known, it is helpful to break ⃗U into a unit vector aligned with the flow direction ⃗d, which is
known, and a velocity magnitude |U⃗| which is an unknown scalar

(
⃗U = |U⃗|⃗d). ⃗d has components in the x and

y directions
(
⃗d =

(
dx , dy

)
, d2

x + d2
y = 1

)
. The divergence of flow direction is written as

∇ ⋅ ⃗d =
d
(

dx

)
dx

+
d
(

dy

)
dy

. (A1)

This is how the divergence field (Figure 8b) is calculated. |U⃗| is the same as the local flow speed in that it has
a magnitude but no direction.

Assuming incompressible fluid, we apply conservation of mass for a parcel of fluid:

∇ ⋅ q⃗ =
dqx

dx
+

dqy

dy
= 0 (A2)
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Figure A1. Definition sketch of the unit area used in Appendix A. (a) Plan view of a unit area centered at (x, y). The unit
flow direction vector (⃗d = (u, v)) both by itself (gray) and scaled by the depth-averaged velocity magnitude |U⃗| (black) is
shown. (b) Oblique view of the same unit volume. Bed elevation 𝜂 is above an arbitrary datum. Water depth (h) is the
distance between the bed and the water surface defined as mean sea level (MSL). The gradient of water depth (∇h) is
shown, along with the discharge in the x and y directions (qx and qy).

where q⃗ is the vector of width-averaged discharges in the x and y directions q⃗ =
(

qx , qy

)
. The right-hand side

of equation (A2) equals zero because we assume that there is no storage of water in the unit area over time,
but this could be relaxed for rising or falling tide. q⃗ is defined as the flow depth times the depth-averaged flow
velocity:

q⃗ = h⃗U = h|U⃗|⃗d. (A3)

By substituting (A3) into (A2) and differentiating, we derive expressions with only one unknown: the velocity
magnitude or speed (|U⃗|): |U⃗|∇h ⋅ ⃗d + h∇|U⃗| ⋅ ⃗d + h|U⃗|∇ ⋅ ⃗d = 0. (A4)

Equation (A4) can be algebraically manipulated to place all instances of the unknown |U⃗| on the
left-hand side:

Ǎ ≡ ∇|U⃗| ⋅ ⃗d
|U⃗| = −∇h ⋅ ⃗d

h
− ∇ ⋅ ⃗d. (A5)

We define the fraction velocity increase in the downstream direction (Ǎ) to be equal to equation (A5). It can be
expressed as follows: the fraction velocity increase in the downstream direction is the gradient of flow speed
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in the streamwise direction (⃗d) normalized by its magnitude. It is equal to the sum of two terms. The first term
is −1 times the gradient of water depth (bed slope) along the streamwise flow direction normalized by local
water depth referred to independently as B̌. The second term is −1 times the divergence in the flow direction
referred to independently as Ď. It is important to note that while the divergence of width-averaged discharge
is assumed to be zero (equation (A3)), the divergence of flow direction (equation (A1)) is not necessarily zero.

Notation

Ǎ Fraction velocity increase in the downstream direction (m−1).
B̌ Component of Ǎ associated with changes in flow depth (m−1).
Ď Component of Ǎ associated with lateral flow divergence (m−1).
⃗d Local flow direction unit vector (dx ,dy) (−).

dx Flow direction vector in the x (east) direction (−).
dy Flow direction vector in the y (north) direction (−).

h Flow depth (m).
l̃ Curvilinear distance from a distributary channel margin along a flow path (m).

MLLW Mean lower low water vertical tidal datum (m).
q⃗ Width-averaged water discharge vector (m2 s−1).

qx Width-averaged water discharge in the x (east) direction (m2 s−1).
qy Width-averaged water discharge in the y (north) direction (m2 s−1).|U⃗| Flow speed or flow velocity magnitude (m s−1).

r Correlation coefficient.
u∗ Shear velocity of flow (m s−1).

WLD Wax Lake Delta.
z Distance above the bed (m).

z0 Roughness length (m).
𝜂 Bed elevation (meters above MLLW: mean lower low water).

𝜃streak Azimuthal flow direction interpolated from streaklines (in direction of flow, degrees).
𝜃da Measured depth-averaged flow direction (azimuth in direction of flow, degrees).
𝜃top Flow direction measured in top 5% of water column (azimuth in direction of flow, degrees).
𝜅 Von Karman’s constant (0.41).
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