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Abstract: Predicting morphological alterations in backwater zones has substantial merit as it
potentially influences the life of millions of people by the change in flood dynamics and land
topography. While there is no two-dimensional river model available for predicting morphological
alterations in backwater zones, there is an absolute need for such models. This study presents
an integrated iterative two-dimensional fluvial morphological model to quantify spatio-temporal
fluvial morphological alterations in normal flow to backwater conditions. The integrated model
works through the following steps iteratively to derive geomorphic change: (1) iRIC model is used
to generate a 2D normal water surface; (2) a 1D water surface is developed for the backwater;
(3) the normal and backwater surfaces are integrated; (4) an analytical 2D model is established to
estimate shear stresses and morphological alterations in the normal, transitional, and backwater
zones. The integrated model generates a new digital elevation model based on the estimated erosion
and deposition. The resultant topography then serves as the starting point for the next iteration of
flow, ultimately modeling geomorphic changes through time. This model was tested on Darby Creek
in Metro-Philadelphia, one of the most flood-prone urban areas in the US and the largest freshwater
marsh in Pennsylvania.
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1. Introduction

The majority of the world’s population lives near the coast [1], typically in urban population
hubs [2–5], often close to the receiving waters. Due to climate change and population growth, coastal
zone flooding is projected to have an increased adverse impact on the global economy [6]. Further,
these at-risk coastal areas host critical ecosystems. Understanding the fluvial morphodynamics of this
zone is important to mitigate the impacts of floods on the ever-growing urban coastal populations
and can aid in protecting vital coastal zone ecosystems. In addition to coastal areas, dammed rivers
are also subjected to backwater (BW) conditions. Dams act as blocks on rivers and by forming
backwater conditions, change the water surface profile upstream [7–11]. By 2018, there were more than
59,000 large dams built all around the world [8]. In US itself, there are more than 2 million low-head
dams [10] which alter the hydraulics, sediment erosion and deposition regime of the rivers due to BW
conditions [9]. However, the spatial impacts of such dams on morphological alterations in rivers are
highly unexplored [10].

A major challenge of understanding the morphodynamics of this zone is the presence of BW
hydraulics. This condition can occur as a river joins a body of standing water (e.g., ocean, lake, and
dam reservoir), where the water surface elevation at the river mouth varies depending upon the water
surface elevation (WSE) of the standing water downstream. The downstream standing water forces an
upstream adjustment in the river, causing the WSE to back up towards the upstream. The depth of
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the river increases gradually upstream to form a smooth transition between a quasi-normal flow and
standing water, forcing an alteration of the hydraulic conditions. The segment of the river affected by
this response—which might exceed hundreds of kilometers in low slope rivers—is called the backwater
zone [12].

The shift in BW hydraulics causes the water surface slope to decrease independent of the bed
slope, resulting in a gradual longitudinal alteration of the flow depth and velocity [13]. The vertical
velocity distribution in BW conditions is less divergent compared to the one in a uniform flow [14].
These changes in the hydraulics of the vertical and horizontal flow velocity in BW zones consequently
alter the sediment transport processes.

Current approaches to BW in morphological studies are primarily based on either measured or
estimated hydraulic parameters coupled with the estimated sediment transport [9,11,15–21]. The studies
of sediment transport in BW conditions are scarce due to the complex dynamics of the sediment
transport in BW zones and the lack of field-measured data. The presence of the BW complicates different
types of hydrometric measurements including the water surface slope, velocity, and discharge [19].
A lack in measured data is even more severe for transitional areas where the flow state changes from
normal to a gradually varied flow [18]. Nittrouer et al. used measured cross sections in the lower
Mississippi River to back calculate velocity, shear stress and sediment discharge [22]. They concluded
that where the flow transitions to the BW zone, the cross-sectional area increases in the downstream in
low-moderate flows, resulting in a decrease in shear stress and sediment transport. This is in line with
the findings of Lu et al. [18] and Liro [9]. Conversely, during high flows, the water surface elevation
is drawn down (M2 profile in mild slopes [23]) to match the water surface of the standing water
downstream. Therefore, the cross sectional area decreases downstream and results in a substantial
increase in shear stress and sediment transport [24–26]. On the experimental side, Jin et al. studied
shear stress in BW conditions based on flume measurements. They showed that increases in depth (y)
relative to normal depth (yn) (increases in y/yn at ratios of higher than one) in BW conditions decreases
the shear stress exponentially [14]. Zhang et al. used a mathematical model to show that in BW
conditions, the shear velocity and consequently the shear stress decrease with an increase in the water
depth when the discharge and slope are fixed. They concluded that in BW flow, lateral momentum
flux causes the Reynolds shear stress term (and shear stress eventually) in the momentum equation
to deviate from the one in the normal flow [27]. This suggests that for the depths above normal, the
shallower parts of the river in BW conditions are more likely to experience erosion.

In addition to local alterations in shear stress due to depth variations, the difference in the rate of
flow deceleration affects the spatial distribution of erosion and deposition. In low-flow discharges
and transition zones from normal to a gradually varied flow, the deceleration of the flow (M1 profile
in mild slopes [23]) enhances the sediment deposition [28]. The variations in velocity distribution,
shear stress and sediment transport rate in the BW zone, which differ from the ones in the normal
flow, complicate the prediction of the morphological alterations in the river [9,14,18,27]. Moreover,
the extent of the transported sediment such as the location, volume, and duration of bed material
deposition in the BW is to some extent unknown [22,27].

Here, this study presents a 2D analytical morphological model which was applied to quasi-normal
flow transitioning into BW flow, using Darby Creek, PA as a case study. The modelling of the
spatio-temporal dynamics of the sediment in BW river conditions is key to understanding the
morphodynamic processes of the river and land evolution. Although there are multiple hydraulic
models available for predicting the water surface profile in gradually varied flow zones [17,18], the 2D
morphological models currently available for BW and transitional zones are not well known. This
paper presents an integrated model to predict the spatio-temporal fluvial morphological alterations in
BW and the transition into the BW zone. To accomplish this, a 1D gradually varied flow model (for
BW and transition zones) was integrated with a 2D normal flow model (for quasi normal zone) to
generate the water surface profile. Ultimately, an analytical 2D morphological model was developed
to estimate the shear stress and sediment transport rate over the computational domain. The unique
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1D model captures the change in WSE across the BW transition, which allows the 2D model to capture
the sediment flux. The current approaches in geomorphological assessment in the BW zone are mainly
limited to either a few years-worth or thousands years of geomorphic changes [29–38]. In contrast,
the presented integrated model builds on the existing body of knowledge in geosciences which can
predict geomorphological alterations in the BW zone of the rivers over a short to intermediate time
scale applicable to civil engineering applications.

2. Materials and Methods

2.1. Study Area

The study area for this work is in the lower part of the Darby Creek, near Philadelphia, PA
(Figure 1). The creek with its alluvial deposits passes through a fully urbanized floodplain subject to
frequent flooding [39] where the flashiness of the flow has the potential to impact the lives of local
residents significantly [40]. The segment of the river focused on in this study runs from Mt. Moriah
Cemetery (upstream) to the confluence with the Delaware River (downstream), reaching to a length
of approximately 15 river kilometers (rkm). The Delaware River at the downstream imposes BW
conditions to the lower part of the creek. The flow regime of the upper segment of the creek can be
considered normal (quasi-normal), while in the lower part the flow regime changes to a gradually
varied flow (Figure 1). Approximately 7 rkm of the lower part of the creek is estimated to be in
BW conditions.
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The channel and floodplain evolution prediction is currently of great concern for Darby Creek.
In addition to being flood prone, as a wetland in close proximity to urban Philadelphia, it plays
an important environmental role [41]. The creek flows into the biggest fresh water marsh zone in
Pennsylvania, and it provides a unique environment for different species of plants and animals.
The marsh area is known as the Heinz National Wildlife Refuge [42].

2.2. Integrated Model

An integrative-iterative modeling approach is proposed to simulate morphological alterations in
BW conditions. The model uses a suite of observational data coupled with several models that run in an
iterative process. The first phase of the model requires data collection and integration. To accomplish
this, the first step is to identify the BW, normal, and transitional zones. Then, the different hydraulic
models are used to generate WSE for BW and normal zones separately. The following three steps
define the method that was developed to estimate WSE for the whole domain:

(1) The International River Interface Cooperative Hydraulic Model (iRIC) was used to simulate WSE
in the normal zone for a specific discharge.

(2) A 1D water surface profile model [43] was used to generate WSE in the BW zone for the same
discharge used in step 1.

(3) The water surface profile in the transitional zone was linearly adjusted between the BW and
normal zones.

A two-dimensional shear stress model was developed to estimate the shear stress and
morphological alterations in the BW and transitional zones. The output of this simulation allowed
for the generating of a new digital elevation model (DEM) for the study area. The new DEM then
served as a new land surface and channel bed, and the process was repeated for the next discharge.
By iteratively repeating this process (Figure 2), a gradient of channel change over time was estimated.
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Figure 2. This integrative iterative modelling approach was developed to address morphological
alterations in a complex domain including normal, transitional and backwater (BW) zones.

In this paper, the 1D model refers to the model used to generate the water surface profile in the
BW zone, using a modified version of Parker’s 1D model [43]. The 2D model refers to the iRIC used to
estimate the 2D water surface profile and shear stress in the normal zone. The integrated model refers
to the model developed to integrate and adjust water surface profiles for the whole domain based on
the water surface profiles obtained from 1D and 2D models.

2.3. Data Integration

Calibrating, running, and analyzing the model required a comprehensive dataset capable of
describing the geomorphic setting of the study area. The data used for this study was collected from a
range of open disparate sources and integrated in a single geodatabase (Table 1).
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Table 1. Required data for this study included LiDAR, sediment size, stage, and discharge data, as well
as satellite imagery.

Data Source

Basin DEM based on LiDAR (2006–2008) Pennsylvania Spatial Data Access (PASDA), PAMAP Program [44]

LiDAR cloud point (2015) PASDA, City of Philadelphia [45]

Bathymetry (2008) Bathymetric Data Viewer, NOAA [46]

Discharge (2006–2016) and measured water
surface elevation (2015) National Water Information System, USGS [47]

Stage Tides at Marcus Hook [48], Philadelphia, PA—NOAA Tides & [49]

Sediment grain size Collected bed sediment samples

Landsat satellite images USGS Earth Explorer [50]

Collecting LiDAR data for the study area is extremely difficult since it requires shutdown of the
Philadelphia airport. As a result, the current DEM and bathymetric data are the most recent available
data sets for the study area. In the absence of more recent data, the LiDAR based DEM and bathymetry
data were merged to generate the floodplain and bathymetry of the study area.

Water surface elevation and the discharge data were obtained from the USGS gage at Cobbs Creek
at Mt. Moriah Cemetery, Philadelphia (USGS gage 01475548). The hydrograph was constructed from
fifteen-minute discharge data. The stage data for downstream was obtained from NOAA gages of the
Delaware River (8540433, and 8545240, recorded at NAVD88 vertical datum).

Geologically, the study area is composed of primarily alluvial deposits with some sandstones,
mudstones, and mica schist [51]. The banks and surface sediment are mainly silty sand [52]. At 2 rkm,
three sediment samples were collected, which included one from the bed, one from the point bar and
one from the bed substrate. At 4 rkm, two samples were collected which included one from the bed
and one from the bank. At the time of sampling (9 November 2017), the discharge was 0.1 cubic meters
per second (cms), which was the 5th percentile discharge based on recorded data. A sieving analysis
was carried out to obtain the bed sediment size distribution in the creek. The grain size distribution for
the upper part of the domain (2 rkm) and lower part of the domain (4 rkm) are depicted in Figure 3.
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Figure 3. The upper graphs and pictures depict the grain size for (a) the bed, and the bar, (b) the
substrate (below gravel armoring) and (c) a picture of the bar sample from the upper part of the domain
(rkm 2 located at 39.925192, −75.245647). The lower grouping depicts the grain size for (d) the bed,
(e) the substrate, and (f) a picture of the bed sample from the lower part of the domain (rkm 4 located
at 39.907534, −75.250224).
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Based on the sediment samples and sieving results, the grain sizes associated with the substrate
downstream with D50 = 0.0016 m and D90 = 0.0027 m were considered for further morphological analysis.

2.4. Water Surface Profile Generation

The domain of the model consists of three parts: the upper part (normal flow), the lower part
(gradually varied flow or BW zone), and the transition between (Figure 1). The WSE in the upper part
of the domain was modeled using the Flow and Sediment Transport with Morphological Evolution of
Channels (FaSTMECH), a quasi-steady solver within the iRIC [53], while in the lower portion it was
calculated using the 1D BW profile.

The 1D BW profile was developed using the 1D BW model developed by Parker [43]. Using this
process, the water surface profile was generated regressively from the known water surface elevation
at the mouth of the Delaware River (boundary condition) to upstream Darby Creek. The segment of
the river influenced by the BW effects is a function of the mouth depth and river bed average slope
expressed by:

Lb =
H
S

(1)

where Lb is the BW length along the stream, H is the water depth at the mouth, and S is the average
channel slope [28]. This scalar is used to differentiate between the normal and BW flow regions.

The water surface profile in BW conditions is considered to be a result of a uniform, gradually
varied flow and is formulated as:

dH
dx

=
S0 − S f

1− Fr
2 (2)

In which H is the water depth, S0 is the bed slope, S f is the frictional slope, and Fr is the Froude
number [54]. In Equation (2), the sediment characteristics, such as the sediment size, affect and alter
the frictional loss and consequently the frictional slope. Unlike the quasi-normal flow, the frictional
slope is not relatively parallel to the bed surface and is defined as:

S f = C f Fr
2 (3)

where C f is the non-dimensional bed friction coefficient. The Manning-Strickler formula defined as:

C f
−

1
2 = αr (

H
Kc

)
1
6 (4)

which can be used to relate the bed friction to the frictional slope, where αr is a constant, and Kc is the
bed roughness parameter [43]. Using Equation (2), paired with the field collected grain size data, the
water surface profile for the BW zone was estimated in thalwegs in cross sections which were 5 m
apart along the creek.

The iRIC output (in grid format) was analyzed in Matlab [55]. The input to the 1D BW model
includes the river discharge, average river width, sediment size, and bed average slope. The 1D BW
profile model was applied to the thalweg nodes along the river that were located in the BW zone.
The estimated water surface elevations for the BW zone then were replaced with the iRIC values.

The start of the transitional zone has been defined as the place where the bed elevation in the
creek reaches the water surface elevation at the mouth [56]. The estimated WSE from the 1D model
and 2D iRIC indicated an abrupt change in the water surface elevation on either side of the transition
zone. The interpolation between the two outputs was used to create a smooth transitional zone profile
between the quasi-normal flow to the BW flow conditions.

The calculated water surface profile in the integrated model is the base element in deriving the
shear stress and eventually, the morphological alterations in the BW and transitional zones, but it is
difficult to verify. The LiDAR data collected on 25 April, 2015 was used to determine the measured
water surface elevation along the creek. The USGS Cobbs Creek gage records in the upstream showed
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that the discharge associated with that date was 0.42 cms which is considered as a moderate flow
(flow between 20th and 80th percentiles of the discharges [57,58]) in Darby Creek. For this analysis,
the water surface elevation points were obtained from the locations in the creek close to the banks
rather than near the middle. This methodology minimized drastic WSE changes. The integrated model
was then run for a discharge of 0.42 cms to obtain the estimated water surface elevation. Figure 4
shows the comparison between the estimated and measured water surface profiles. Choosing points
from LiDAR data to obtain water surface profiles can be arbitrary because of the cloud point format
of the high-resolution elevation data. The elevation differences in adjacent points over the water
surface—which may vary approximately up to 10 percent—can be related to the lateral variations in
the water surface elevation across the river, remote sensing errors and noises, the presence of different
suspended materials and waves on the surface of the flow.
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against measured data to verify the adjusted water surface profile. The results show the difference
between the quasi-normal water surface profile obtained from the iRIC and the gradually varied flow
obtained from the integrated model. The red vertical lines show the transitional zone, which indicates
uncertainty in the estimated water surface elevation.

The adjusted water surface profile was then used to estimate the water depth in the BW and
transitional zones. By assuming that the water surface elevation was constant across the cross section,
the depth at each node in the cross section was calculated as:

hi = WSE−Zi (5)

where h is the water depth, WSE is the water surface elevation estimated from the 1D BW model, and
Z is the land surface elevation.

2.5. Hydraulic Model Analysis

The described model uses an integral approach to simulate (a) the hydraulics of the flow in BW and
quasi-normal zones and (b) the morphological alterations in the quasi-normal zone as well as the BW
zone. The calibration of the 2D iRIC model was carried out by setting up the model so that it matched
with the water surface elevation registered in the USGS Cobbs Creek gage for a specific discharge.
The selected event for the model calibration occurred on 30 August, 2009 and registered a peak water
surface elevation of 12 m with the maximum discharge of 184 cms. A 72-h observed hydrograph for
this event was used along with the frictional coefficients within the iRIC to match the water surface
elevation with the observed value. The methodology used was similar to the methodology from
Zarzar et al. [39].
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2.6. Modeling Flood Extent, Frictional Slope, and Shear Stress

The two regions of normal and gradually varied flow were differentiated. The 1D BW profile
provided water surface elevation in the BW zone, which was used to generate 2D depth values.
Coupling the 2D iRIC model with the 1D BW model resulted in an integrated model that was capable
of addressing morphological alterations in the presence of BW. For the upper domain, where the flow
is quasi-normal, 2D shear stresses (τx, τy) calculated by iRIC were considered to estimate sediment
discharge. However, for the lower domain, a new model had to be developed to account for the
BW hydraulics.

The total bed shear stress for both the uniform and non-uniform flow can be estimated by:

τb = γRH S f (6)

where τb is the mean longitudinal shear stress applied on the perimeter of the channel, RH is the
hydraulic radius, and Sf is the slope of the total energy line or frictional slope [59]. In the uniform flow,
the frictional slope is equal to the bed slope, while in the gradually varied flow, they are not equal.

The frictional slope is nonlinearly related to discharge and the conveyance factor (K) as:

Q = K S f
0.5 (7)

In which K is defined as,

K =
1
n

A RH
2
3 (8)

where A is the area of the flow, and n is the Manning coefficient [12]. The conveyance factor is a
function of the flow depth. Therefore, if the depth is known, the frictional slope can be calculated.

To calculate the shear stress in the BW zone across the cross section, each cross section in the BW
zone was divided into segments perpendicular to the flow so that each node separated two adjacent
segments (Figure 5).

To calculate the depth in the BW zone, the 1D morphodynamic model developed by Parker [43]
was adopted to estimate the water surface profile along the thalweg of the river (h1 in Figure 5). In this
way, the water surface elevation over the thalweg at each cross section was estimated. By assuming
that WSE does not change substantially across the cross sections in the BW zone, the depth of the
water at any point in each cross section could be estimated as the difference between WSE and natural
ground elevation.
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The average area of each segment (Ai in Figure 5) was calculated as:

Ai = L
h1 + h2

2
(9)

ATotal =
∑

Ai (10)

The wetted perimeter for each segment (Pi) was the part of the bed confined between two nodes.
By having a large number of nodes in each cross section, the distances between nodes was relatively
small and therefore, the wetted perimeter for each segment was calculated as:

Pi ∼ Li =

√
(X1 −X2)

2 + (Y1 −Y2)
2 (11)

The hydraulic radius for each segment (Ri) was calculated for each segment as:

Ri =
Ai
Pi

(12)

The conveyance factor then was calculated for each segment as:

Ki =
1
n

Ai Ri
2
3 (13)

The discharge associated with each segment (Qi) was estimated by assuming that the discharge in
each segment was linearly related to the area of the segment relative to the area of the whole cross
section as:

Qi = Q
Ai

ATotal
. (14)

The frictional slope for each segment in a cross section can be estimated based on Equation (3) as:

S fi =

(
Qi

Ki

)2

(15)

Once the frictional slope was obtained, using Equation (6), the shear stress (τ) associated with
each node and Shields parameter (τ∗) was calculated as:

τ∗i =
τi

(ρs − ρw)gd50
(16)

where ρs and ρw are the sediment and water density, g is gravity, and d50 is the characteristic sediment
size, which indicates a sediment size smaller than 50 percent of the bed grains. The calculated shear
stresses and sediment transport across each cross section are longitudinal and in the direction of the
stream. To reduce the complexity, it was assumed that the shear stress in the y direction is negligible in
the BW zone.

2.7. Geomorphic Analysis

The output of the iRIC, including the generated mesh and associated coordinates, depth of flow,
ground elevation, flood extent, velocity, and shear stress fields, was imported into Matlab [55] to
address the BW conditions and bed elevation change. This procedure was followed to model sediment
transport and morphological changes in all nodes in each cross section (Figure 5) of the domain.

Once the shear stress domain in the BW zone was identified, the Meyer-Peter and Müller (MPM)
Equation [60] was used to estimate the sediment discharge in both the BW and quasi-normal regions.
The MPM, one of the most widely used equations in geomorphology [61], is used to estimate the
bedload in mountain streams with gravel and coarse sand. However, it has also been widely used in
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coastal sediment transport [62]. The MPM sediment bedload discharge is based on the available excess
non-dimensional shear stress as:

q∗ = α(τ∗ − τ∗c)
β (17)

where α and β are the sediment transport coefficients, τ∗ is the non-dimensional shear stress applied on
the bed, τ∗c is the non-dimensional shear stress associated with incipient motion equal to 0.047, and q∗

is non-dimensional volume shear stress rate per unit width. The q∗ is defined as:

q∗ =
qbv√( ρs

ρw
− 1

)
gd50

3
(18)

where qbv is the volumetric bedload discharge per unit width.
The original value of α and β in MPM is 8 and 1.5 for gravel. However, the α value was adjusted

from 8 to 12 to make the equation applicable for sand by implying a higher sediment transport
rate [63,64]. The estimated bedload discharge was used in conjunction with the 2D Exner Equation to
characterize bed elevation change as:

(1− λ)
∂η
∂t

+
∂qx

∂x
+
∂qy

∂y
= 0 (19)

where λ is the bed sediment porosity, η is the bed elevation, t is the simulation time step, and qx and
qy are sediment discharge in the x and y directions. This calculation gives the bed elevation changes
over the quasi-normal and BW regions. However, at the transition between the quasi-normal and BW
zones, a diffuser function, similar to the one suggested by Liang et al. [65] was applied to smooth this
transition. The adjustment was applied to nodes in the vicinity of the flow transition. The diffuser uses
the averaged bed elevation changes of the neighboring nodes as:

ηsmooth = (1− ε) η+
1
n

n∑
1

η, (20)

where ε is the diffusivity coefficient, and n is the number of the neighboring nodes used in the
calculations. ε = 0.1 and n = 2 were used in the calculations based on iterative trials, and the results
were checked to ensure that the smooth bed elevation changes took place in the flow transition zone.
To aid in obtaining stable solutions, an under relaxation scheme was applied to ensure numerical
stability [65] as:

ηnew = (1−ω ) ηold +ω ηsmooth (21)

where the under-relaxation coefficient,ω, was set to 0.1. The new bed elevation, ηnew was used to update
the DEM in each time step of the simulation with the results of the changes in sediment discharge.

2.8. Iterative Process

The new DEM was used to rerun the integrated model in an iterative fashion. The hydraulic models
were run again to simulate the hydraulics of the flow for the next discrete discharge. The calculations
continued reciprocally for the discrete discharges, representing flood events of the hydrograph.
The peak discharges in the hydrograph that were above the incipient discharge (the discharge that
sediment movement initiates) were considered for the simulations. Once a set of discrete discharges
was obtained, the integrated model was run for each discharge to obtain the elevation change in
bathymetry and banks due to that particular discharge. The updated DEM was then used for the next
discharge simulation. The iterative process can be automated using the Matlab as the platform which
enhances the computational efficiency, specifically for long simulations.



Water 2019, 11, 2204 11 of 20

2.9. Verification of Geomorphic Model

The verification of any geomorphological model requires both the floodplain and bathymetry
elevation data before and after specific events. Due to a lack of such data for Darby Creek, satellite
images provided insight into morphological alterations in the study area. Landsat satellite images have
been widely used by researchers as a benchmark for ground proof data [66,67] regarding morphological
alterations. The changes in land surface by erosion (or deposition) eventually result in a change in
surface spectral reflectance [68].

In addition to image classification methods, surface spectral reflectance can be used for erosion
(and deposition) mapping [68]. This method was applicable to the lower part of the Darby Creek,
where the creek bed broadens and forms a wide marsh area along with exposed bars in low discharges.
Unlike the upper part of the creek, the lower part of the creek is not covered with trees and vegetation,
and therefore land changes are more detectable by satellite images.

The higher discharges are more likely to cause significant morphological alterations in a window of
a few months. In addition, using peak discharges in a cyclic manner can represent unsteady conditions
over the period of the study [69]. The highest registered flood in Darby Creek was selected for verifying
the morphological alterations predicted by the integrated model. According to USGS peak stream flow
data (which has only been gathered since 2006), the highest registered flood happened on 8 September,
2011 with a maximum discharge of 164 cms, which was approximately twice the bankfull discharge.

Two cloud-free Landsat images from 2011 (14 July and 16 September) were obtained from Earth
Explorer Landsat Analysis Ready Data [70]. The discharge data from 14 July to 16 September 2011
revealed that there were frequent medium floods in that time window. The assumption was that
significant morphological alterations are limited to large events, specifically in BW conditions [22].
In order to filter out the low discharges, the Schoklitsch Equation [71] was used to find the critical
discharge as:

qc =
0.6 d40

3/2

S7/6
(22)

in which qc is the critical discharge per unit width at which bedload motion initiates, d40 is the sediment
size (m), and S is the bed slope. By considering S = 7.04 × 10−4, d40 = 0.0013 m and an average width
of 70 m for Darby Creek, the critical discharge was estimated and rounded up to 10 cms. Filtering
out the low discharges and selecting the peak discharges resulted in serial peak discharges (shown as
circles in Figure 6).
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Figure 6. Fifteen-minute discharge data from 1 July 2011 to 30 September 2011 showed flash floods in
Darby Creek. The Schoklitsch Equation was used to estimate critical (incipient) discharge. Boxes show
two cloud-free satellite images that were captured on 14 July and 16 September.
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The differences in land surface spectral reflectance were mapped in ArcGIS [72]. The areas covered
by water were masked out from the images to ensure that the changes in reflectance were due only
to land surface changes. The normalized difference water index (NDWI) was used to differentiate
between the water, vegetation and soil [73,74]. A change detection technique was required for finding
the change in reflectance values in the satellite images. This was done through a raster subtraction to
find the difference in reflectance values in the two images. The reflectance value in each cell associated
with 16 September was subtracted from the reflectance value for 14 July. Zero values in the results
indicated no morphological changes, and non-zero values indicated potential land surface disturbances
and possible morphological alterations. Although this change detection analysis between the dates
does not discriminate between erosion and deposition (Figure 7a), the higher the reflectance, the more
likely there will be increased land surface disturbance (erosion or deposition of the sediment) resulting
from a flood event [68]. The output of the integrated model can predict and discriminate where erosion
and deposition will occur (Figure 7b).
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were compared for model verification; (a) represents land surface change detected by Landsat images,
and (b) represents land surface change by erosion or deposition estimated by the integrated model.

3. Results and Discussion

3.1. Analysis of Water Surface Elevation

The critical depth associated with the maximum discharge in the simulations (164 cms) and the
average river width of 70 m was estimated as 0.82 m, which was smaller than the normal depth
estimated by the iRIC (yn > yc) over the thalweg in the BW zone. This indicates a mild slope and
M water surface profile of the study area. The water surface elevation in the Delaware River varies
between 0 to 2 m due to tidal conditions (Markus Hook NOAA gage). An average WSE of 1 m was used
in the hydraulic models for the downstream boundary condition, which implies a depth value higher
than normal (y > yn; y > yc), suggesting an M1 water surface profile. This was true for all discharges.
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3.2. Analysis of the Geomorphic Model

The results of the integrated model showing areas of change generally agreed with the surface
changes captured by the Landsat images. Both methods captured the reduction in the geomorphic
changes in the transitional zone between the quasi-normal and the BW zones. Both methods also
showed that at the end of the transitional zone where the BW zone initiates, no significant erosion
or deposition occurred. Further, both approaches were congruent in regard to the morphological
alterations in the marsh area in the lower part of the creek in the BW zone. This suggests active
banks with frequent erosion and deposition, indicating the presence of sediment transport in the BW
zone from the river to the banks and vice versa [75,76]. Unlike the model results, the satellite images
indicated the occurrence of some morphological alterations in the marsh area in the middle of BW
zone (Figure 7).

The satellite images captured more morphologic activity in the marsh relative to the model
prediction. The slight differences in the lower part of the domain might be related to the following issues:

(a) The presence of water over the land, and that the ground information had not been captured by
the satellite images.

(b) A single discharge simulation rather than a full hydrograph did not capture the differences. That
means that with regard to morphological alterations, a single discharge might poorly represent
a hydrograph.

(c) The vegetation present when the satellite images were captured could cause differences.
(d) The discrepancy between the model and the satellite images also might stem from sensitivity of the

model toward the selected sediment size, because it is based on a single grain size. A sensitivity
analysis was conducted to test the model’s sensitivity to sediment grain size.

(e) The choice of the sediment transport equation used in the model. The integrated model can
be enhanced by including other transport models that can address the mobility of different
sediment sizes.

The purpose of validating the integrated model by using Landsat images was not to compare
it with the model output in quantifiable terms, but was to merely provide some insight into land
evolution in BW conditions and to ensure that the model depicted what was happening in nature.
The model predicts where erosion or deposition occurs on a relative scale, rather than predicting the
quantity of the moved or deposited sediment. The output of the model includes the adjusted water
surface elevation for the BW and the transitional zones, and the spatial distribution of erosion and
deposition. Recently measured elevation data is required to enhance the verification, validation, and
justification of the model. However, in the absence of those data, the proposed validation method
suggested above provides an insight into the possible morphological alterations in lower Darby Creek.
More specifically, the Landsat images suggest a substantial reduction in erosion and deposition of
sediment in transitioning from normal to a gradually varied flow which was captured by model.
This is in agreement with the results from Lu et al. [18], where they showed an increase in the cross
sectional area in the BW zone decreases the flow velocity and sediment transport capacity. In addition,
the satellite images showed evidence of erosion and deposition of sediment in the lower part of the
creek over the marsh area, which was captured by the model too. The model results showed that
the banks in the BW zone in Darby Creek are actively experiencing drowning which results in active
erosion and deposition of sediment on the banks. (Figure 8).This is in agreement with the findings of
Maselli et al. [11] and Liro [9].
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Figure 8. Erosion and deposition locations were identified by the integrated model for a discharge of
99 cms (USGS gage 01475548) with the duration of 1 h. Red and blue dots show where erosion and
deposition were predicted.

In the upstream area (normal zone in Figure 1), the presence of the trees and bushes along the
creek might bias the Landsat change results [77]. However, for the lower part in the BW zone that
issue is less significant, as the vegetation is less dense. Once the rates of erosion and deposition were
identified for all nodes within the domain, by integrating all erosion and deposition for each node,
a raster of morphologic alterations for the whole domain was obtained (Figure 9).
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Figure 9. Integrated DEM change from July to September 2011. This depicts the rate of elevation
change in the bed and the banks due to floods in that time window (a). Positive and negative values
in DEM change indicate deposition and erosion respectively. Image (b), a close-up window of the
transitional zone, shows the deposition (red) and erosion (yellow) at the entrance of the BW zone.

As expected, the model output showed that higher discharges caused more geomorphic alterations.
Comparing the geomorphic alteration simulated by the model for both BW and quasi-normal zones
suggested that the geomorphological changes in the BW zone were more sensitive to changes in the
discharge. This indicated that the critical discharge in the BW conditions was higher than the one in the
quasi-normal flow. For discharges lower than 42 cms, no morphological alterations took place in the
BW zone, and in the quasi-normal zone, the morphological alterations below 22 cms were negligible.
The developed geomorphic model was based on a single grain size, which may result in an uncertainty
in the predicted geomorphic alterations. The sensitivity analysis of the integrated model relative to
the grain size (D50) showed that the geomorphic activities in both the quasi-normal and BW zones
decreased with an increase in sediment size, which was expected. However, the BW zone was more
sensitive to changes in the sediment size. The model predicted almost no geomorphic changes in the
BW zone for any grain size larger than 6 and in the normal zone, no geomorphic changes for grain
sizes larger than 35 mm.

4. Conclusions

BW conditions occur in rivers mainly within the coastal zone, near the confluence of the river
and sea, and in upstream of dam reservoirs which is where the majority of the world’s population
lives. Understanding the fluvial morphodynamics of these hydraulic conditions could substantially
contribute to flood mitigation, river restoration, and environmental protection. The complex hydraulics
along with a lack of measured data make the critical issue of understanding and predicting fluvial
morphodynamics in BW zones increasingly challenging. In addition, there are no 2D morphological
models for the BW and transitional zones. This work presents an integrated 2D model that contributes to
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the efforts to enhance our understanding of geomorphological alterations in these zones. The intention
of this paper is to initially develop the integrated model in a simple form to show a representative
change or gradient of change. This model does not attempt to truly quantify the degree of change, just
the areas of change. The model aims to enhance our understanding of morphodynamics in BW zones
by addressing spatial erosion or deposition over the domain. To do this, an integrative approach was
defined to integrate and adjust the water surface profiles in the BW, normal and transitional zones.
The adjusted water surface profile derived calculations of shear stresses in each cross section in the
BW and transitional zones. The erosion, deposition, and consequently bed elevation changes were
estimated based on the calculated sediment transport discharges. Through an iterative process, this
study was able to consider a quasi-continuous hydrograph run. The integrated model generated a new
DEM of the study area, which served as the starting point for the next iteration of flow, ultimately
modeling geomorphic changes through time. The model output included an integrated water surface
profile, an adjusted 2D shear stress domain, a morphological alteration map segregating erosion
and deposition, the total amount of the rate of erosion and deposition, the DEM change, and an
updated DEM. For model validation and verification, the model was applied to Darby Creek in the
Metro-Philadelphia area of Pennsylvania. The model was run for this study area using a range of
discharges for the simulation time of one hour. The simulated water surface profile and morphological
alteration map were tested against LiDAR surveys and Landsat images, respectively. Landsat images
spanning three months suggested a strong spatial correlation between the model results and the
presence of geomorphic change. The simulation results for the different discharges in Darby Creek
show that the critical discharge (the discharge at which morphological activities start to happen) for the
BW zone is higher than the one for the quasi-normal flow. This implies no significant morphological
changes in the BW zones in the low flows until the discharges rose to a certain threshold. The model
results show that the banks in the BW zone in Darby Creek are actively experiencing erosion and
deposition of the sediment. This implies an active reciprocal sediment transport from the creek to
the banks and vice versa. In addition, the model showed a reduction in morphological alterations at
transitioning zone from normal to a gradually varied flow. These findings shed light on the potential
impact of major storms on stream morphology in the BW zones and how the floodplain will potentially
change over time. The integrated model, along with proposed framework, can simulate continuous
morphological changes in BW conditions for an intermediate time scale (over decades) which can serves
as an important tool in guiding the land and resource management efforts, planning for sustainable
infrastructure, and mitigating the impacts of climate change.
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