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Abstract: Extreme precipitation events driven by climate change significantly accelerate sediment delivery into
alluvial rivers, resulting in substantial morphological alteration and downstream channel instability. This study
investigates bed evolution within the downstream segment of the Palu River in Central Sulawesi, Indonesia, by
applying a two-dimensional hydrodynamic and sediment transport model in HEC-RAS 2D. Three discharge scenarios
representing dry, wet, and extreme rainfall conditions were simulated using river geometry derived from high-
resolution DEM and bathymetric measurements. Model performance was calibrated against observed water levels,
achieving optimal agreement at a Manning’s roughness coefficient of 0.0295 with a Root Mean Square Error of 0.15.
The results demonstrate pronounced spatial variability in riverbed response. Under extreme rainfall, degradation is
dominant in the upstream bend zone with maximum erosion depth reaching 0.40 m, while deposition intensifies near
the river mouth, producing aggradation up to 0.75 m. Although the spatial patterns remained consistent across all
simulated scenarios, the magnitude of morphological change during extreme rainfall reached approximately twice
that observed under wet-season discharge. These findings highlight the critical role of extreme flow events in shaping
alluvial river morphology and provide essential quantitative benchmarks for river management strategies targeting
flood mitigation and navigation safety.

Keywords: Alluvial river morphology; Extreme rainfall; Sediment transport modeling; HEC-RAS 2D; Bed
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1 Introduction

Degradation and aggradation are two forms of alluvial riverbed morphology resulting from the interaction
between flow, sediment, and river geometry [1]. Sediment transported by flow can be deposited along a river section
if deposition conditions are met, which are determined by flow velocity, which depends on the river’s discharge and
geometry [2]. The riverbed becomes higher than its previous elevation due to the deposition of this sedimentary
material, causing the slope of the riverbed to change. Conversely, if the kinetic energy of the flow is greater than
the resistance of the riverbed, the riverbed will erode [3]. The kinetic energy of the flow is highly dependent on
flow velocity, with alluvial riverbeds being relatively easily eroded by this energy due to the characteristics of the
grains forming them, which are alluvial sediments, which are generally loose materials with low cohesiveness [4].
The strength of the bonds between sediment grains represents the riverbed’s resistance to resisting the kinetic energy
of the flow. Riverbed erosion over a long period can cause riverbed degradation, the opposite of aggradation [5].
Under certain conditions, transport equilibrium can be achieved when the rate of sediment inflow equals the rate of
sediment outflow at the river point being studied.

The bed morphology of alluvial rivers is generally dynamic and can change over time depending on various
factors: the amount of transported sediment supplied by erosion throughout the catchment, including the river
channel; the flow velocity that creates kinetic energy for the erosive nature of the river bed; the hydraulics of
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structures built perpendicular to or parallel to the streamline, such as weirs, dams, check dams, ground sills, groynes,
and others; and the influencing flow conditions at the downstream end, such as tides [6]. However, the first two
main factors are the most dominant factors determining changes in bed morphology. The characteristics of transport
rates that influence bed morphology along alluvial river sections vary and differ. In the upstream segment, the
high-gradient section is generally a scour zone where the riverbed is dominated by large rock material with a
narrow cross-section and deep channels. Furthermore, in the middle segment, the riverbed slope decreases, with
bed material dominated by medium-sized rocks and gravel. Flow velocity in this segment weakens in line with
the decreasing slope of the riverbed. This middle segment is generally a transport equilibrium segment where the
riverbed morphology is relatively stable. Finally, the downstream segment is a deposition zone with a very low
riverbed slope. This sedimentation zone is characterized by high sediment deposition due to very low flow velocities.

Due to the complex issues caused by aggradation and degradation, particularly changes in river cross-sectional
capacity that trigger flooding, changes in riverbed morphology must be controlled. Several methods can be applied
to control it, but at least three are particularly important [7]. The first is to control the rate of erosion on the ground
surface throughout the catchment by maintaining forest cover, converting open land back to forest, and managing
dryland farming systems by implementing terracing systems following land contour lines [8]. The second method
is to control scour along riverbanks by strengthening riverbanks with revetments and directing flow using groynes.
Scour locations on riverbanks are generally found on the outer side of bends where flow velocities are higher than
on the inner side of the bend. The final main method is to control the rate of sediment transport and bed stability by
constructing sabo dams, check dams, and ground sills.

Several researchers have conducted studies and published papers in journals related to bed morphology modeling
and control strategies, particularly those triggered by extreme rainfall. The first group of researchers examined
sediment produced by climate change and extreme rainfall that trigger debris flows in rivers [9, 10]. Climate change
can trigger increased sediment production and debris flows in rivers due to increased erosion rates on the catchment
surface. The next group of researchers studied the interaction between flow and river geometry, as conducted by
Van Appledorn et al. [11] and Reisenbüchler et al. [12]. Flow fluctuations play a significant role in influencing
river morphological changes with a high correlation. Furthermore, Himayoun and Roshni [13], Stähly et al. [14],
and Liu et al. [7] also studied geomorphic changes and sediment deposition due to floods triggered by extreme
rainfall. Sediment deposition that causes geomorphic changes is influenced by river flow fluctuations. The last group
focuses on the study of erosion, deposition, and morphological changes under the influence of extreme floods and
tides [15–17].

This series of studies demonstrates that studies on sediment transport and riverbed morphology are highly
advanced. However, these studies have not yet demonstrated a comparison of bed morphology changes with normal
discharge conditions. Moreover, trends in bed morphology change, particularly in alluvial rivers, under various
trigger scenarios have not been studied in published studies. Therefore, trigger factors scenario represents a novelty
in this study, emphasizing the rate of bed morphology change under dry season, rainy season, and extreme rainfall
conditions.This study aims to examine bed morphology changes in alluvial rivers due to extreme rainfall using 2D
visualization.

2 Material and Methods
2.1 Study Area

The approximately 5 km downstream segment of the Palu River, the site of this research, is located in Palu City,
Central Sulawesi Province, Indonesia (Figure 1). This river is one of the largest alluvial rivers in the province, with
a catchment area of over 3,000 km2, and a main river length of no less than 100 km [18, 19]. Sediment deposited
at the river mouth originates from two main tributaries, the Miu and Gumbasa, and is further supplied by dozens of
supporting tributaries, including several debris rivers such as the Sombe-Lewara, Poi, and Bangga [20].

Sediment deposition, primarily in the downstream section, causes shallowing of the river bed due to low
flow velocities far below the critical bed frictional stress of sediment grains [21]. Tides also play a significant
role in influencing sediment deposition, particularly during high water levels, which create flow stagnation that
causes backwater to flow upstream [22]. This process occurs alternately following flow fluctuations, so that bed
morphological changes occur very dynamically over time [23, 24].

Sediment deposits in downstream rivers generally originate from ground surface erosion throughout the catchment
[25]. Runoff and erosion rates are specifically influenced by various physical factors in the catchment, including
topography, land cover and use (LULC), and soil texture [26–28]. The Palu watershed has a topography with
elevations ranging from 0 to 2,500 m above sea level, with a relatively even distribution of elevations throughout the
catchment (Figure 2a). This topographic distribution forms varying slope gradients, dominated by moderate slopes
below 30%. Over time, some land cover has been converted from forest to plantations, agriculture, residential areas,
and urban areas. The red color of the land cover, as shown in Figure 2b and Figure 2c, indicates the massive growth
of settlements due to urban development, especially in Palu City. The impact of this land conversion is predicted
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to affect runoff rates, which trigger erosion on the ground surface. In addition, the Palu watershed is dominated by
alluvial soil types throughout almost the entire Palu Valley, consisting of sand, clay, and silt textures (Figure 2d).
Several other types are seen in other parts of the catchment, especially along the left and right edges of the catchment,
such as Latosol, Mediterranean, Regosol, and Podzolic.

Figure 1. Detail location of study area

Figure 2. Characteristics of Palu catchment: (a) DEM; (b) Landsat image; (c) LULC; (d) Soil type

The development of changes in the bed morphology of this alluvial river can be observed directly at the research
site or through satellite imagery [29]. Based on Google Earth imagery, one of the points of massive sedimentation
is located upstream on the right side of the Palu II Bridge (Figure 3). Observations from three years of data: 2019,
2022, and 2024, show that sedimentation begins with light deposition when the discharge is low (Figure 3a). As
the discharge fluctuates with a number of sediment concentrations, deposition occurs more intensively and more
compactly, as shown in Figure 3b. This sediment deposition then forms a plain along the riverbank, which can affect
the river’s cross-sectional capacity (Figure 3c).

Furthermore, more detailed changes in the riverbed morphology can be observed in the river mouth segment
(Figure 4). In the period 2019–2024, it is indicated that sedimentation has occurred massively at the river mouth.
Dominant fine sediments are seen spreading beyond the river mouth (Figure 3a), which also settle around Palu Bay
under the influence of tides, currents, and waves. These deposits then develop and form a delta-like bar, as shown
in Figure 2b and Figure 3c. Silting in this area often causes riverbank overflows, especially during major floods.
Routine maintenance is essential to maintain the river’s cross-sectional capacity.
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Figure 3. Morphology of river bends at the upstream of Palu II Bridge: (a) May 2019; (b) September 2022; (c)
April 2024

Figure 4. Morphology of river mouth: (a) May 2019; (b) September 2022; (c) April 2024

2.2 Data

Investigation and data collection are essential to support this research. Data can be grouped into two components:
secondary data and primary data. These data comprises basic data for HEC-RAS2D modeling, including DEM data of
the study area to construct river geometry (Figure 5a), extreme rainfall data and its transformed hydrographs (Figure 5b
and Figure 5c), and tidal data (Figure 6a). DEM data was obtained from terrestrial and bathymetric measurements
approximately 5 km upstream, as a result of a combined survey using Geodetic GPS and an echosounder with a final
resolution of less than 2 meters. Limited data on land was further enhanced with aerial drone data, particularly for
areas not covered by terrestrial measurements. All of these data are combined using Kriging interpolation techniques
to standardize the DEM resolution. Input data for modeling flow and changes in river bed morphology are presented
in Figure 5.

Figure 5. Flow and sediment modeling data: (a) DEM; (b) Rainfall; (c) Hydrograph

Daily rainfall data for a 10-year period as the basis for determining the hydrograph is divided into four types,
namely average rainfall in dry months, average rainfall in humid months, average rainfall in wet months and extreme
rainfall (Figure 5b) with peak hydrograph discharges in sequence: 153.45 m3/sec, 245.14 m3/sec, 410.42 m3/sec,
and 545.24 m3/sec. Rainfall discharge transformation is performed using the HEC – HMS Model. Meanwhile, tidal
data is the result of hourly water level measurements in the period from August 28, 2025 to September 11, 2025 for
15 days (Figure 5c). The results of tidal harmonic analysis using the time series data produce a maximum water level
of 2,002 m.
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Another important data used for modeling bed morphology changes is bed sediment data. This data was obtained
through direct measurements at the midpoint river of the Palu 2 Bridge using a bed load grab sampler (Figure 6a).
These samples were then examined for grain size distribution at the Structural Laboratory of Tadulako University
using the sieve analysis method, with the results presented in Figure 6b. The measured sediment grain gradation is
generally dominated by fine sand and a small portion of medium sand. This grain size decreases downstream, where
it moves as suspended load and settles as a sediment bed.

Figure 6. Tidal fluctuation at the (a) Palu River estuary; (b) sediment grain gradation size

2.3 Sediment Transport

Changes in bed morphology depend on the total sediment transport in the river, which consists of two components:
bed sediment transport and suspended sediment transport. The first component represents bed sediment transport
which is expressed by [30]:

∂

∂t

(
hCbk

βbk

)
= ∇ · (εbhkh∇Cbk) + Ebk −Dbk −∇ · {h (U + Ubn)Cbk} (1)

where, ∂
∂t is partial derivative operator, h is water depth (m), Cbk is concentration of bed-load sediment (kg/m3), βbk

is correction factors of bed-load, ∇ is vector differential operator, εbhk is horizontal diffusion coefficient of bed-load
(m2/s), Ebk is erosion rate of bed-load (kg/m2s), Dbk is deposition rate of bed-load (kg/m2s), U is current velocity
of depth-averaged (m/s), and Ubn is correction velocity of bedload secondary flow (m/s).

The second component of total transport is suspended sediment transport (qsk) which is formulated with:

qsk = hUCsk (2)

where, Csk is local fraction suspended sediment concentration (kg/m3). The combination of bed load and suspended
load becomes the total load which is expressed as:

∂

∂t

(
hCtk

βtk

)
= ∇ · (εtkh∇Ctk) + EHF

tk −DHF
tk + Stk −∇ · (hUCtk) (3)

where, Ctk is concentration of total-load sediment (kg/m3), βtk is correction factors of total-load, εtk is horizontal
diffusion coefficient of total-load (m2/s), EHF

tk is erosion rate of total-load in hydraulic flow (kgm2/sec), DHF
tk is

deposition rate of total-load in hydraulic flow (kg2/sec), and Stk is source /sink total-load term (kg2/sec).

2.4 Bed Morphology Change

The concept of bed morphology change is based on the assumption that the river bed consists of a number of
layers, where elevation changes start from the topmost layer. Total and fractional riverbed morphological changes in
HEC-RAS 2D are formulated with the following equation:

∂zb
∂t

=
∑
k

(
∂zb
∂t

)
k

(4)
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(
∂zb
∂t

)
k

=
Dtk − Etk +∇ · (κbk |qbk| ∇zb)

ρsk (1− ϕb)
(5)

where, zb is bed elevation with relation to the vertical reference (m), t is time in second, k is size class (mm), |qbk|
is magnitude of bed-load mass transfer (kg/m·s), ρsk is grain class particle density (kg/m3) and ϕb is porosity of
deposited and degraded materials. Dtk is deposition rate total load (kg/m2·sec), Etk is erosion rate of total load
(kg/m2·sec), and κbk is bed-slope coefficient of empirical grain class, &which are calculated by the equation:

Dtk = rHF
A DHF

tk (6)

Etk = f1kE
∗
tk (7)

κbk = κb0

√
τcrk0

max τ ′b, τcrk0
(8)

where, rHF
A is horizontal area fraction corresponding to hydraulic flow, DHF

tk is deposition rate of hydraulic flow
(kg/m2s), f1k is class fractions of active grain by weight, E∗

tk is potential erosion rate (kg/m2s), κb0 is empirical
parameter (0.1-0.5), τcrk is critical shear stress (kg/m·sec2) and τ ′b is bed skin shear stress (kg/m·sec2). The rate
of potential erosion consists of two basic formulas, namely hydraulic flow erosion and sheet and splash erosion, as
follows:

E∗
tk = rHF

A E∗HF
tk︸ ︷︷ ︸

hydraulic flow erosion

+ rSS
A E∗SS

tk︸ ︷︷ ︸
sheet and splash erosion

(9)

HF dan SS respectively refer to hydraulic flow erosion and sheet and splash erosion.

2.5 Model Setup

Important components in morphological modeling are geometry, boundary conditions, and simulation time step.
The model geometry is expressed as a 15 m × 15 m grid or mesh formed from DEM data. The grid size is based on
the DEM resolution and affects numerical stability, simulation accuracy, and run time [31]. Numerical stability is
achieved at a 1-minute time step and tends to be unstable at larger time intervals.

The boundary conditions assigned to the model are based on Figure 5c, Figure 6a, and Figure 6b. The flow
hydrograph was assigned at the upstream boundary with three discharge categories: discharge during dry months,
discharge during wet months, and discharge due to extreme rainfall (Figure 5c). Furthermore, sediment gradation data
was also assigned at the upstream boundary of the model as a parameter determining bed morphology (Figure 6b).
Finally, tidal fluctuations were assigned as the downstream boundary (Figure 6a) with a duration of 15 days.

3 Result and Discussion
3.1 Hydrodynamic Modeling

It has been previously confirmed that hydrodynamic simulations for river bed morphology change analysis are
preceded by the calibration of the Manning roughness coefficient (n) which affects the velocity and depth of flow
in the river. This stage is carried out based on the input discharge and the water level (Figure 7a) by assessing the
difference between the observed water level and the simulated water level at the reference point (Figure 7b) using
the Root Mean Square Error (RMSE). The calibration process is performed by repeatedly trialing the Manning
roughness coefficient until obtaining the smallest RMSE approaching 0. This calibration scenario is presented in
Figure 7 where the optimal n is 0.0295 with an RMSE of 0.15.

Various factors can influence the n parameter, primarily concerning the physical material conditions of the river
cross-section, both the bed and the banks. However, in the context of flow hydrodynamics, this roughness parameter
can change depending on the flow velocity. Friction between the riverbed/bank and the flow will increase as the flow
velocity rises, and vice versa [16]. Therefore, the Manning roughness coefficient cannot be determined statically,
considering that the interaction of the flow with the river cross-section always changes according to discharge
fluctuations. In the case of the research location, the river bed material is dominated by fine-grained deposits such as
silt and fine sand, especially at the riverbanks [21]. The type and size of the material tend to become coarser towards
the center of the river cross-section. The bed material begins to mix with fine gravel and coarse gravel. This bed
material characterizes and represents the type of bed material in the downstream segment of alluvial rivers such as
the Palu River [23].
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Figure 7. Boundary conditions for model calibration: (a) upstream and downstream boundary input; (b) controlled
water level

3.2 Velocity Distribution

As seen in Figure 8a, Figure 9a, and Figure 10a, which visualize the velocity distributions in the downstream,
middle, and upstream segments of the dry month discharge, the flow velocity is relatively low throughout the segment,
with a maximum velocity of 0.7 m/s. Velocity slows downstream due to the influence of reduced slope and high tide.
This also applies to discharge conditions in wet months (Figure 8b, Figure 9b, and Figure 10b) and discharge due
to extreme rainfall (Figure 8c, Figure 9c, and Figure 10c). An important observation is that flow velocity increases
significantly, especially during discharge due to extreme rainfall. This indicates that extreme rainfall significantly
influences discharge, triggering an increase in flow velocity throughout the domain.

In addition to the longitudinal direction, the increase in velocity due to discharge triggered by extreme rainfall
also increases in the transverse direction of the river, both on the outer and inner sides. However, the increase in
velocity on the outer side is not comparable to the increase on the inner side. This is related to the increase in
streamline concentration on the outer side, which is much higher than on the inner side [1]. This results in erosion
on the outer side of the bend being more intense than sediment deposition on the inner side of the bend. Secondary
currents triggered by changes in flow direction on the outer side of the bend cause much higher flow turbulence in
the discharge caused by extreme rainfall, resulting in very high erosive power. Therefore, during high discharge, the
intensity of erosion on the outer side of the Palu River bend increases drastically. This confirms the results of a study
conducted by Liu et al. [7] dan Santillán et al. [15], where the velocity distribution was non-uniform in both the
transverse and longitudinal directions of the river. In general, the density of the streamline tends to be higher on the
outside than on the inside of the river channel due to the centrifugal and centripetal forces acting at the river bend and
the velocity vector decreases downstream towards the river mouth due to the weakening slope of the energy line [15].
The kinetic energy associated with flow velocity is closely related to the flow’s ability to transport sediment. Higher
flow velocities have the potential to transport sediment with a large capacity, and often large kinetic energy can cause
erosion in the river bed and banks. Conversely, very low flow velocities below the critical velocity of sediment grains
have very little transport capacity, causing sediment deposition, especially on the outside of the bend and at the river
mouth [16].

A 2D hydrodynamic simulation yields two flow parameters that can be evaluated. The first parameter is the
velocity distribution and the other is the flow depth distribution. The flow characteristics can be very well represented
by these two parameters [11]. Referring to the simulation results, the velocity distribution can be seen both in the
longitudinal direction of the river and in the transverse direction of the river, as shown in Figure 8, Figure 9, and
Figure 10.

An interesting observation about the flow characteristics in the study area is the influence of tides in reducing
flow velocity at the Palu River estuary. Tidal fluctuations are relatively high, with high water levels (HWL) reaching
2 m based on tidal measurement and generation data. During high tides, flow velocity tends to slow due to a reduced
slope of the energy line, which regulates flow movement [23]. Under these conditions, the slope of the energy line
can reach zero, creating a flow stagnation point. However, under extreme rainfall conditions, the velocity reduction
downstream is not significant due to the small difference between the water level caused by discharge and the high
tide, except in normal and low tide conditions.
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Figure 8. Flow velocity due to discharge in the downstream section of the study area during: (a) dry month; (b) wet
month; (c) extreme rainfall

Figure 9. Flow velocity due to discharge in the middle section of the study area during: (a) dry month; (b) wet
month; (c) extreme rainfall

Figure 10. Flow velocity due to discharge in the upstream section of the study area during: (a) dry month; (b) wet
month; (c) extreme rainfall

3.3 Water Depth

Changes in water depth are relatively consistent with changes in velocity, where the increase in discharge is
proportional to the increase in flow depth in the downstream segment (Figure 11, Figure 12, and Figure 13). The
increase increases drastically in discharge in wet months (Figure 11b, Figure 12b, and Figure 13b) and discharge
due to extreme rainfall (Figure 11c, Figure 12c, and Figure 13c) compared to flow depth due to discharge in dry
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months (Figure 11a, Figure 12a, and Figure 13a). In extreme rainfall conditions, the water level can even exceed the
elevation of the flood embankments built on the left and right sides of the Palu River.

Figure 11. Water depth due to discharge in the downstream section of the study area during: (a) dry month; (b) wet
month; (c) extreme rainfall

Figure 12. Water depth due to discharge in the middle section of the study area during: (a) dry month; (b) wet
month; (c) extreme rainfall

Figure 13. Water depth due to discharge in the upstream section of the study area during: (a) dry month; (b) wet
month; (c) extreme rainfall

3.4 Bed Morphology

The main emphasis of this research is to focus on changes in river bed morphology due to extreme rainfall.
Increased discharge due to extreme rainfall can be interpreted as an increase in sediment transport, both bed sediment
and suspended sediment. Bed sediment with fine and very fine grain sizes is generally transported mostly to the
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downstream segment of the river. This is related to the large flow carrying capacity along with the increased
discharge, so that all fine material, in this case sand, is transported and deposited at the river mouth. The influence of
high tides at the river mouth can reduce flow velocity and increase the potential for sediment deposition. This event
will occur continuously and fluctuate over time due to the interaction between flow velocity, transported sediment,
and downstream boundary conditions controlled by tides. Often, large sedimentation can cause the closure of river
outlets and even cause deltas for long periods [23, 30].

Changes in bed elevation in the study area can be observed in both longitudinal and transverse river directions.
River bed shallowing is generally found in the downstream segment (Figure 14). The thickness of the deposited
sediment layer can reach a maximum of 75 cm, especially at Point P0, and then decreases upstream to Point P600
with a sediment thickness of between 10 cm and 50 cm. Sedimentation at this point is distributed across the entire
width of the river, as shown in Figure 15a. Bed shallowing is also confirmed in the middle segment of the river,
as illustrated in Figure 15b, with a maximum thickness of 40 cm. This reduction in sediment layer thickness is
related to the increasing slope of the river bed, resulting in reduced sedimentation as reported by Tunas et al. [19]
and van Emmerik et al. [16]. In addition to bed shallowing, bed degradation occurs in this segment, especially in the
upstream section of the studied section. Bed erosion, as shown in Figure 15c, shows a degraded river bed reaching a
thickness of 40 cm.

Figure 14. Changes in river bed elevation along the longitudinal direction

Figure 15. Changes in river bed elevation at cross section direction: (a) CS1 (downstream); (b) CS2 (middle); (c)
CS3 (upstream)

4 Conclusions

Aggradation and degradation are the main indicators of changes in alluvial river bed morphology due to the
interaction of flow, sediment, and river geometry. River bed morphology changes continuously over time as a
hydrodynamic phenomenon in response to flow and sediment fluctuations. These bed morphological changes
have been simulated in the downstream segment of the Palu River, one of the major rivers in Central Sulawesi,
Indonesia, using the HEC-RAS2D Hydrodynamic Model under discharge input triggered by extreme rainfall. Based
on visual observations at the study site, the river bed around the river mouth has become shallower due to massive
sedimentation. Sediment material transported with the flow, reduction in river bed slope, and flow stagnation due to
high tide levels are considered to be the factors causing these bed morphological changes.

The study results confirmed that the river bed elevation along a 5-km stretch has changed following the flow
pattern, geometry, and slope of the river bed. The river bed elevation in the upstream segment was eroded to a

676



maximum depth of 0.40 m, especially on the outer side of the bend, while the segment around the river mouth was
sedimented to a maximum height of 0.75 m. The pattern of bed elevation changes due to extreme discharge tends to
be similar to the bed elevation changes due to discharge in dry, humid, and wet months, but differs in depth. The bed
elevation changes due to extreme discharge are significantly greater than the changes due to discharge in the other
three scenarios.

This research can be further developed in relation to its limitations related to the application of 2D models to
predict flow velocity and bed morphology changes, where in fact all natural phenomena work in three dimensions.
Flow velocity and bed morphology are distributed and changed in 3D directions: longitudinal (x), transverse (y)
and vertical (z), where in this study only accommodates the x and y directions. In addition, the neglect of several
important parameters such as Coriolis and 3D turbulence effects is an important limitation in this study that can affect
streamlines and velocity vectors. Therefore, the assumptions and neglect of these parameters can be accommodated
in further research.
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Nomenclature

h mater level, m
q suspended sediment transport, kg·m−1·s−1

C sediment concentration, kg·m−3

D deposition rate, kg·m−2·s
E erosion rate, kg·m−2·s
U current velocity, m·s−1

HF hydraulic flow erosion
SS sheet and splash erosion
DEM digital elevation model
HEC hydrologic engineering center
HMS hydrologic modeling system
HWL high water levels, m
RAS river analysis system
LULC land use land cover
RMSE root mean square error
Greek symbols
∂ partial derivative operator
β correction factors
ε diffusion coefficient, m2·s−1

φ porosity of deposited and degraded materials
κ empirical parameter
ρ particle density, kg·m−3

τ critical shear stress, kg·m·sec2

∇ vector differential operator
Subscripts
b bed
k size class, mm
t time, s
bn bed-load secondary flow
bk bed-load sediment
sk suspended-load sediment
tk total-load sediment
zb bed elevation, m
bhk horizontal diffusion coefficient of bed-load, m2·s−1
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