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Abstract

The river morphology of a braided-type river is rather complex. High sediment

transport rates and frequently changing discharges are the cause of dynamic plan-

form evolution. Over the past few decades, scientific attention has been directed

toward understanding the coexistence of alternating bars and the consequent

emergence of confluences and divergences, all of which interact intricately with the

process of bank erosion. It is still rather challenging to estimate or predict the total

sediment transport rate in this type of river, especially by considering various

hydrologic data and climate effects. This study is focused on the reach of the Devoll

River in Albania, located upstream of the Banja dam. Understanding the morphody-

namics of this river reach holds significance due to the expanding delta upstream of

the dam reservoir. The objectives of the two-dimensional depth-averaged approach

of the present study are to investigate the temporal variation of braided intensity of

Devoll River and the effect of using a discharge hydrograph from hydrologic data

compared to the regulated one from the upstream dam on the morphodynamics

and sediment transport of the river. After evaluating various parameters such as

11 different sediment transport functions, the best results were reached for a cell

size of 5 � 5 m2, Manning roughness coefficient of 0.03, Meyer-Peter and Müller's

sediment function, Hayashi et al. (1980) hiding function, and Van Rijn bed rough-

ness predictor in this study. In addition, the results of comparing satellite images

and modeling the river from 2019 to 2023 show that the braided index decreased,

and this can be due to the fact that the real scenario of the river has a regulated dis-

charge compared to the non-regulated discharge from hydrologic data, in the men-

tioned period.

K E YWORD S

2D modeling, braided intensity (BI), braided river, morphodynamics, regulated discharge,
satellite images
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1 | INTRODUCTION

A braided river is a fascinating and intricate natural phenomenon that

captures the imagination with its complex network of channels and

shifting patterns. Characterized by multiple interwoven channels that

split, rejoin, and merge, braided rivers showcase the dynamic nature

of water flow. These rivers are typically found in regions with high

sediment supply, steep gradients, and frequently changing discharges

(Ashmore, 1982; Balouchi et al., 2022; Olsen, 2021; Yassine

et al., 2023). These factors contribute to the continuous alteration of

the channel's shape and the evolution of the river over time. In addi-

tion to human activities and natural disasters such as earthquakes and

landslides, the morphology of this type of river is changing frequently

with seasonal varying hydrology, dominated by a rather dry, long sum-

mer and winter month with intense but rather short rainfall events

(Ashworth et al., 1994; Balouchi et al., 2023; Williams, Brasington,

et al., 2016).

There are three approaches for assessing the morphodynamics

of braided rivers. The first and second approaches comprise experi-

mental and field studies, respectively. Numerous experimental and

field studies have been conducted to investigate the morphological

changes in braided rivers. Examples of such studies can be found in

the literature, including Ashmore (1982), Ashworth et al. (1994),

Bertoldi et al. (2010), Egozi and Ashmore (2009), Kasprak et al.

(2015), and Schuurman et al. (2013). The third approach involves

1D, 2D, and 3D numerical modeling which is the focus of this study.

The numerical modeling of morphodynamics in braided rivers has

emerged as a valuable tool for understanding the complex pro-

cesses shaping these above-mentioned dynamic river systems. In

recent years, numerous studies have utilized numerical models to

simulate and analyze the hydrodynamics, sediment transport, and

morphological evolution of braided rivers. Among them, Sun et al.

(2015) presented a physics-based morphological model for simulat-

ing the evolution of braided channels, incorporating a hydrodynamic

sub-model for rapidly varying flows and a sediment transport sub-

model for non-uniform sediments. Their model generally predicted

channel patterns and morphological changes observed in a flume

experiment well, shedding light on the mechanisms behind the evo-

lution of multi-thread flows through grain sorting and fluid-sand

interaction.

Modeling braided rivers with a 2D depth-averaged morphody-

namic model named Delft3D (Deltares, 2011) is also interesting for

researchers in the last two decades. Williams, Measures, et al. (2016)

evaluated the performance of a physics-based numerical model

(Delft3D) in predicting the morphodynamics of a braided reach during

a high-flow event. The model calibration and sensitivity analysis dem-

onstrate the effectiveness of using natural experiment data sets for

model testing and provide insights for applying the Delft3D model to

other rivers. Lotsari et al. (2018) also used Delft3D to model a braided

river with moderate and small floods. Their results confirmed that ero-

sion and deposition were in total greater during the receding phase

than during the rising phase of the discharge hydrographs. Moreover,

Shampa (2019) also used this model to study the interaction between

the braided bar and adjacent channel during a flood. Their 2D model

could reproduce the major physical processes that are responsible for

the growth of the bar in a braided river.

Antoniazza et al. (2019) used a 1D and 2D model named Base-

ment (Faeh et al., 2011) to simulate an Alpine braided river of a labo-

ratory experiment to evaluate the bed-material transport. Their

results showed that the 1D modeling leads to substantial local errors

in transport rate estimates and 2D modeling showed that a large pro-

portion of the total transport was concentrated into one main channel

during the low flow event. Kasprak et al. (2019) developed a frame-

work that combines steady-state, 2D CFD hydraulics with a rule-

based sediment transport algorithm to predict sediment particle

mobility and river evolution and transport paths in a braided river.

They used both MoRPHED open-source code (Hafen &

Kasprak, 2019), and Delft3d in their study. Their hypothesis was that

morphodynamic simulation can be approximated using a steady flow

set of the peak discharge, instead of the whole hydrograph and

reduced the time cost of the model or increased the spatial resolution

of the model. Their results showed over and under-predicted in some

points and good agreement in some other points with the

measured data.

Dubey et al. (2020) used satellite altimetry and 1D flow modeling

by HEC-RAS to retrieve the river roughness as an important property

of a braided river. Yang (2020) modeled braiding evolution processes

and avulsion activities in a gravel-bed river and compared their results

with the measured data in the laboratory. They found that the highest

probability for a channel bend to generate an avulsion is with a curva-

ture radius of around 2.0–3.3 times the average anabranch width. Pra-

sujya and Nayan (2021) used braided indices to quantify the

morphodynamics of a braided river. In a study carried out by You

et al. (2022), the authors examined the impact of natural flow regimes,

dams, and human activities like farming, urbanization, and mining on

the morphological changes of four braided channels in China. The

findings indicated that the two dams had a minimal effect on

the channel morphology, and the morphological changes in most

reaches were similar. Yassine et al. (2023) utilized a 2D hydro-mor-

phological modeling approach called TELEMAC2D (Hervouet &

Ata, 2017) to simulate the transformation of a river reach from a sin-

gle-channel section to a braided river reach following specific flood

events. Their findings highlight the difficulty in accurately reproducing

complex morphology, attributing this challenge to factors not

accounted for in the model, such as the entire grain-size distribution

or suspended load. They suggest that the uncertainty and randomness

of channel evolution, particularly during flood events, contribute to

the models' inability to accurately predict river branching.

In addition to the literature review discussed in the earlier part,

there are several other review papers available in the existing litera-

ture about modeling braided rivers. For instance, Williams, Brasington,

et al. (2016) published a review paper specifically focused on the tax-

onomy of morphodynamic modeling of braided rivers. They empha-

sized the importance of addressing three key challenges to advance

the field of morphodynamic modeling for braided rivers: (i) accurately

representing flow and sediment transport, (ii) effectively addressing

temporal and spatial scaling, and (iii) improving model calibration, sen-

sitivity, uncertainty analysis, and validation techniques.

2 BALOUCHI ET AL.

 15351467, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rra.4268 by N

tnu N
orw

egian U
niversity O

f Science &
 T

echnology, W
iley O

nline L
ibrary on [20/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



The present study aims to contribute to existing literature by

addressing these three challenges as well. In more detail, the novel

contribution of the present study is using a 2D numerical modeling

approach to simulate the morphodynamics of a complex braided river

by focusing on:

a. Sensitive analysis of various effective parameters such as three cell

size, five roughness coefficients, 11 transport functions, five hiding

functions, three-bed roughness predictors, and so forth on the

morphodynamics of a braided river.

b. Evaluating the variation of the Braided Index (BI) of chosen reach

over time.

c. Investigate the effect of using a non-regulated discharge hydro-

graph from natural hydrologic data and a regulated one from an

upstream hydropower dam on the morphodynamics of the river.

2 | MATERIALS AND METHODS

2.1 | Study area

The Devoll River is located in southeast Albania and has various topo-

graphical features. One of them can be found downstream of the

location Kokel, where the terrain changes from a v-shaped valley to

an open, more flat type of valley. Here, the Devoll River forms a com-

plex system of multiple branches forming a braided river. The Banja

catchment and study area of this study are shown in Figure 1. In 2016

and 2020, two large hydropower dams were impounded and started

to produce electricity on the Devoll River. The Banja Hydropower

plant is downstream of the Kokel station and the Moglice power plant

is upstream of the Kokel station.

The Banja reservoir was impounded in 2016 and has a storage

capacity of approximately 400 million m3. The mean annual produc-

tion amounts to around 255 GWh. The catchment area of the reser-

voir has a size of 2900 km2 and is located within a mountainous

region with a diversified topography. Moglice Dam is the second

hydropower plant on the Devoll River that was impounded, and com-

mercial operations started in 2020. The reservoir has a storage capac-

ity of approximately 380 million m3 and a surface area of

approximately 7.2 km2. The average annual production is approxi-

mately 450 GWh.

The Devoll catchment, situated in Mediterranean Europe, is rec-

ognized as a hotspot for erosion, experiencing significant soil loss due

to the combined impact of high precipitation erosivity and steep

topography (Mouris et al., 2022). Due to this significant sediment

input from the catchment, the Banja reservoir is of particular interest

from a hydromorphological perspective, as it serves as a large sink for

sediments.

F IGURE 1 The Banja catchment and the Devoll River (adopted from Norconsult, 2011). [Color figure can be viewed at
wileyonlinelibrary.com]
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2.2 | Data availability

2.2.1 | Measured data

In the current study, the topography data used in modeling are a digi-

tal terrain model (DTM). This DTM was prepared from the ground

classified points of the Lidar data taken on 9 February 2019. In addi-

tion, hourly measurements of discharge have been available at the

Kokel gauging station for some years. This is obtained using

the acoustic backscatter signal from two side-looking H-ADCPs (Hori-

zontal acoustic Doppler Current Profiler; 0.6 and 1.2 MHz). Neverthe-

less, these measurements are only available for water depths at the

gauging station exceeding 1 m (Pesci et al., 2023). In addition, using

the pebble count method in the focused area of this study, the sub-

strate grain size distribution curve was measured in the field, describ-

ing the bed material by D50 of 19 mm, the mean particle size of

25 mm, and the standard deviation of 1.49. Figure 2 shows the used

sediment distribution curve in this study.

2.2.2 | Satellite images

The satellite images used in this study are from Sentinel-2 L2A. The

resolution of these images is 10 m. The Normalized Difference Water

Index (NDWI) version of these images was used. The NDWI is used to

detect changes related to water bodies. As water bodies absorb light

in the visible to the infrared electromagnetic spectrum, NDWI uses

green and near-infrared bands to identify water bodies. These images

are shown and discussed in the discussion of the results section.

2.3 | Numerical model

In the current study, the HEC-RAS 2D model is considered for the

numerical morphodynamic simulation. HEC-RAS 2D (Hydrologic Engi-

neering Centers' River Analysis System 2D) is a hydraulic modeling

software widely used in the field of river and floodplain hydrodynam-

ics. This numerical model is designed to simulate 2D water flow and

sediment transport in natural or constructed channels, providing valu-

able insights into flood inundation, channel morphology, and hydraulic

behavior. HEC-RAS 2D uses shallow water equations (SWE) as its fun-

damental governing equations. These equations are the 2D continuity

equation, expressing the conservation of mass, and the 2D Saint-

Venant equations, which account for momentum and energy conser-

vation. By discretizing these governing equations, HEC-RAS 2D is able

to solve the water surface elevations, flow velocities, and sediment

problems. In this study, the SWE with an Eulerian–Lagrangian

approach (SWE-ELM) are used to discretize the acceleration terms in

the momentum equation (Hydrologic Engineering Center, 2021). This

technique is advantageous for handling large-time steps while ensur-

ing stability and it is recommended by the HEC-RAS team for sedi-

ment modeling. In addition, the boundary conditions used in this

study are the discharge hydrograph for the upstream boundary condi-

tion (which is represented in the next sections) and normal depth with

a slope of 0.009 for the downstream boundary condition.

2.3.1 | Sediment transport functions

Eleven different sediment transport functions named Ackers and

White, Engelund and Hansen, Laursen-Copeland, Meyer-Peter

and Müller (MPM), Toffaleti, MPM-Toffaleti, Yang, Wilcock and

Crowe, Soulsby-Van Rijn, Van Rijn, and Wu et al. are evaluated in this

study. Since the equations and details of these methods can be found

in the literature, a brief overview of each is provided as follows.

Ackers and White

The original Ackers and White model, developed in 1973, aimed to

estimate the total load of uniform material based on laboratory data

(Ackers & White, 1973). They derived this equation through dimen-

sional analysis, without accounting for grain shear partition. Later,

Day (1980) and Proffitt and Sutherland (1983) enhanced the original

method by introducing a hiding and exposure correction factor. This

adjustment made the method more accurate for non-uniform sedi-

ments. However, these adaptations did not fare well when applied to

real-world field data. One of the main causes of this discrepancy is

the uncertainty surrounding the source material distribution and the

possibility of overpassing giving rise to a transported material distribu-

tion quite different in shape to the bed-material distribution. Wu

(2007) delved into the Ackers-White formula's performance for

graded sediments and highlighted its tendency to notably overesti-

mate transport for fine sediments under 0.2 mm.

Engelund and Hansen

Engelund and Hansen (1967) represents a method for calculating the

total load transport, originating from flume experiments and primarily

focused on relatively consistent sand sizes. The Engelund and Hansen

equation is the simplest formula for predicting sediment transport,

directly dependent on stream power (V2τ3/2) and the median grain size

(d50) of the material. Since it does not function as an “excess” stream

power equation, it does not control for competence and often ends
F IGURE 2 Grain size distribution curve. [Color figure can be
viewed at wileyonlinelibrary.com]
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up estimating lower sediment transports for large grain classes. Typi-

cally, Engelund–Hansen is more suitable for analyzing sandy systems.

Laursen–Copeland

Laursen (1958) introduced a sediment transport formula for total load,

initially derived from flume experiments and later extended using data

from the field. Later, Copeland and Thomas (1989) generalized the

equation for gravel transport. A noteworthy feature of the Laursen–

Copeland formula is its applicability across a wide range, spanning

from silts to gravel sizes.

Meyer-Peter and Müller

The Meyer-Peter and Müller (1948) equation, derived from flume

experiments with sand and gravel under flatbed conditions, serves as

a bed-load formula. It was originally developed for uniform sediment

beds. This study uses the version of MPM from Vanoni (1975). This

version integrates a correction for form drag based on the roughness

element ratio obtained from the Darcy–Weisbach bed friction factor.

This correction isolates grain shear and computes sediment transport

based on the bed shear component acting only on the particles. The

MPM formula is best suited for uniform gravel beds and often pre-

dicts lower sediment transport values for finer materials like sands

and silts.

Toffaleti

Toffaleti (1968) presents a total load function primarily designed for

sand-sized particles. It follows the basic principles of the Einstein

approach but introduces some refinements by replacing some of the

empirical assumptions. The method is not based on excess shear but

rather regression equations that take into account sediment and

water properties, as well as hydraulic variables. Toffaleti's methodol-

ogy divides the water column into four vertical zones and calculates

the concentration for each zone using a simplified version of a Rouse

concentration profile. These four zones are determined by theoretical

inflection points and transitions in the vertical velocity profile.

MPM-Toffaleti

The Toffaleti bed-load transport method does not perform very well

for gravel size or coarse particles. Consequently, there is an alterna-

tive to substitute the bed-load transport aspect in the Toffaleti equa-

tion with an estimate obtained from the Meyer-Peter and Müller

formula (Williams & Julien, 1989). This combined equation is known

as the MPM-Toffaleti formula.

Yang

Yang (1973, 1979, 1984) introduces an equation for total load sedi-

ment transport, where sediment movement is determined through the

evaluation of stream power. This stream power is derived from

the multiplication of velocity and shear stress. This function was

developed and validated over a variety of flume and field data. This

equation includes two separate relations for sand and gravel trans-

port. According to the existing literature, the Yang transport equations

often lead to overestimating transport, particularly for very coarse

sands.

Wilcock and Crowe

Wilcock and Crowe (2003) formulated a bedload equation specifically

designed for rivers characterized by well-graded (poorly sorted) sedi-

ment, encompassing both sand and gravel. This method is classified as

a “surface” transport approach, grounded in the concept that the

movement depends on the material directly interacting with the flow.

According to this concept, it is the bed surface that mainly influences

bed mobility. The riverbeds were often armored with notably less

sand content on the surface compared to the subsurface. Hence, it is

crucial for users to adopt active layer algorithms and choose grada-

tions that accurately represent the properties of the bed surface, as

had been done in this study.

Van Rijn

Van Rijn (1984a, 1984b, 1984c) solved the equations of motion of an

individual bed-load particle, thereby calculating the saltation charac-

teristics and the particle velocity based on the flow conditions and

particle diameter. These calculations were conducted under the plane

bed conditions to determine bed load transport. Initially, these formu-

las were suggested for well-sorted sediment distribution. However,

adaptations were made for situations involving nonuniform sedi-

ments. This was accomplished by substituting the median grain size

with the diameter of the specific grain class and adjusting the critical

depth-averaged current velocity through a correction factor that

accounts for hiding and exposure effects. These equations underwent

rigorous validation through extensive field and laboratory data col-

lected by various researchers.

Soulsby-Van Rijn

The Soulsby-Van Rijn formula was developed by adjusting the Van

Rijn (1993) sediment transport equations through calibration, which

involved introducing a new coefficient into the equations

(Soulsby, 1997).

Wu et al.

Wu et al. (2000) introduced a correction factor to address the hiding

and exposure aspects of transporting nonuniform sediments. This cor-

rection factor is designed to be a function of the hidden and exposed

probabilities. These probabilities are statistically connected to the size

and gradation of bed materials. Grounded on this concept, the equa-

tions to compute the critical shear stress of incipient motion devel-

oped. Additionally, the fractional bed load and suspended load

transport rates of nonuniform sediment have been established. These

equations have been tested against a wide range of laboratory and

field data.

2.3.2 | Hiding functions

In cases where the bed consists of various grain sizes, larger particles

are more likely to be exposed to the flow, whereas smaller

particles tend to have a higher probability of being hidden from the

flow. The inclusion of the hiding and exposure effect in the sediment

transport formula varies based on the specific form of the transport

BALOUCHI ET AL. 5
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equation. In this study, Ashida and Michiue (1971), Egiazaroff

(1965), Hayashi et al. (1980), Parker et al. (1982), and Wu et al.

(2000) hiding functions were evaluated. As the related details and

equations can be found in the literature, the methods are briefly

explained as follows. These functions can be categorized into two

approaches, as also outlined by Schendel et al. (2015). The first

approach generally relates the grain diameter of the considered frac-

tion in a sediment mixture (dj) to the arithmetic mean grain diameter

of the sediment mixture (da) or often the median grain diameter

(d50). The second approach is based on the probabilities of hiding

and exposure.

Ashida and Michiue (1971), Egiazaroff (1965), Hayashi et al.

(1980), and Parker et al. (1982) are based on the first approach. Egia-

zaroff (1965) hypothesized that the entrainment of a sediment grain

occurs when its velocity aligns with the settling velocity in posed

water. Then, he proposed a hiding coefficient, to compensate for the

critical shear stress in such conditions. Okazaki (2001) noted that

the Egiazaroff assumption yielded satisfactory outcomes when

applied to nonuniform mixtures. In subsequent developments, the

Ashida and Michiue (1971) formula emerges as a refined version of

the original Egiazaroff (1965) formulation. Ashida and Michiue (1971)

observed that the Egiazaroff (1965) equation underestimated the

mobility of small particles (dj <0.4da) although it worked well for larger

particles. dj is the representative diameter of a considered fraction in

the sediment distribution and da is the median diameter of the sedi-

ment mixture (Paixão & Kobiyama, 2020). So, they proposed a condi-

tional function based on the relation between dj and da. Subsequently,

the Hayashi et al. (1980) equation can be seen as a reevaluated adap-

tation of the Ashida and Michiue (1971). This revision involves adjust-

ments in the conditional function, which draws inspiration from the

original Egiazaroff (1965) formulation. Parker et al. (1982) used the

same approach to relate the hiding function to a simple relation

between dj and d50.

In the second approach, Wu et al. (2000) introduced a correction

factor based on predicting the probabilities of hiding and exposure

effects in the nonuniform sediment bed surface. This factor is consid-

ered a variable influenced by the hidden and exposed probabilities,

which are stochastically related to the size and gradation of bed mate-

rials. The approach was validated through comparisons with labora-

tory data and measurements of riverbed loads.

2.3.3 | Bed roughness predictors

By default, the user-defined Manning's roughness coefficient used for

hydrodynamics is applied to determine the overall bed roughness. The

evaluation of Manning's roughness coefficient is explained in Sec-

tion 3.2. In addition, to consider the effect of variation of bed rough-

ness based on sediment dynamics, three bed roughness predictors

named Limerinos, Brownlie, and Van Rijn are used in this study. Acti-

vation of this parameter results in the model adopting a dynamic bed

roughness approach, enhancing the ability to account for both shape

roughness and form roughness of the river. These three methods are

explained briefly as follows.

Limerinos

Limerinos (1970) introduced an equation based on the D84 and

hydraulic radius, with no consideration for bed form mechanics to pre-

dict the bed roughness. This equation is best suited for coarse sys-

tems with gravel and cobble, where grain roughness is the primary

source of channel roughness. The equation works well for Froude

numbers <1. However, it has limitations. It does not consider the full

range of sediment sizes, only using a representative diameter. This

makes it less suitable for beds with poorly sorted materials.

Brownlie

Brownlie (1983) calculated bed roughness using bed form mechanics,

focusing on larger rivers. His aim was to capture the non-linear drop

in roughness when bed form dominated transport shifts from lower to

higher regimes. Brownlie determines the bed form regime using

hydraulic parameters, median grain size, and gradational distribution.

He then applies separate equations for low and high regime transport

to account for these shifts.

Van Rijn

The Van Rijn (1984c) alluvial roughness height predictor computes the

total roughness as the sum of the grain (which is related to D90) and

dune roughness (which is related to the dune height and length). This

method was developed to estimate bed roughness in both dune and

plane bed conditions.

2.3.4 | Assessment indices

In this study, due to the lack of measured data in 2019, which is the

date of the used DTM file in the modeling, satellite images were used

to calibrate the model. Although this method is not so accurate, as a

braided river is unstable and has evolved over time, this method can

be acceptable by representing the river's evolution. For this purpose,

a satellite image of 16 February 2019 was used, and the water inun-

dation area of the satellite image was compared to the computed by

numerical modeling. To reach this goal, Iu, or index of unmatched area,

was introduced as an objective function. The higher value of Iu has

the less unmatched area and consequently has a more accurate result.

Unmatched area (m2) refers to the summation of areas where the

water inundation from the satellite image (observed) is different or

unmatched from the model simulation. Equation (1) shows this index,

where Ao is the observed area, and Am is the modeled area.

Iu ¼Ao� Ao[Amð Þ� Ao\Amð Þ½ �
Ao

�100: ð1Þ

To find Ao, the satellite image is converted to the NDWI image.

Then, the wet area was extracted using a Support Vector Machine,

which is a supervised classification method. Afterward, other terms

were computed in the ArcGIS® PRO by comparing the observed and

simulated images.

Furthermore, as previously stated, the braided river represents an

intricate and unsteady river type, and its instability is assessed using

6 BALOUCHI ET AL.
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diverse indicators, including the BI. The BI is calculated as follows

(Kuo et al., 2017):

BI¼ ΣmþΣlð Þ
Σm

, ð2Þ

where Σm is the sum of the mainstream length and Σl is the sum of all

lateral stream lengths. The mainstream channel was chosen by

observing the most unchanged and largest reach along the river direc-

tion which can transfer most of the flow of the river. Other lateral

streams are those that are not part of mainstream and are located

around bars, junctions, or confluences.

3 | DISCUSSION OF RESULTS

According to the mentioned objectives of this study, the temporal var-

iation of the BI is first evaluated using satellite images in this section.

Then a 2D depth-averaged morphodynamic model is used to assess

potential hypotheses, such as the impact of the regulated discharge

released from the upstream hydropower dam, on the variation of the

river's BI and its morphodynamics. The sensitivity analyses of impor-

tant parameters and the results of the total load transport rate and

suspended load concentration were also discussed in this section.

3.1 | Temporal variation of the BI by satellite
images

Figure 3 presents the Sentinel-2 L2A satellite images from 2016 to

2023 with the NDWI. Through visual analysis of these images, it is

evident that the braided intensity of the river has generally decreased

from 2016 to 2023. In addition, the river paths are not constant and

tend to change over the years which is the tendency of a braided

river.

By analyzing the images in Figure 3, the BI was calculated and

represented in Figure 4. According to this figure, the values of BI for

2016 to 2023 are 2.71, 2.64, 4.02, 2.44, 2.16, 1.46, 1.45, and 1.24,

respectively. Generally, these values show a descending trend from

2016 to 2023 (except 2018 which is explained later in this section)

which is probably due to the regulated discharge. This reduction rate

is 0.07 from 2016 to 2017 and 0.28 from 2019 to 2020, which are

the years before the impoundment of the Moglice Dam and after the

Banja Dam. On the other hand, after impounding the upstream dam

and starting to regulate the river reach in this study, the reduction rate

of BI in the Devoll River changed to 0.7 from 2020 to 2021. This

rate is 10 times greater than the reduction rate in 2016–2017 and 2.5

times greater than the reduction rate in 2019–2020 which probably

shows the effect of starting to regulate the river.

Figure 9 illustrates the released discharge from the Moglice Dam

which generally has frequent intermittent variations between 1 and

70 m3/s, approximately. Delving into more detail, the minimum and

maximum released discharge during the day typically range around

1 and 40 m3/s, respectively. Notably, there are occasional hours with

discharge peaks reaching approximately 70 m3/s, approximately. This

regulated discharge hydrograph leads to a reduction in morphological

changes and a decrease in flow diversity in the targeted section of the

Devoll River. Consequently, highly alternating river stretches undergo

transformation into a single channel cutting through the valley, as

depicted in Figure 3h.

Apart from the change in the discharge hydrograph of the river or

changing the river to the regulated discharge river, the evolution of

the river can be significantly impacted by human activities and natural

calamities such as landslides. Landslides are a common occurrence in

the catchment area because of the steep, unstable slopes composed

of highly weathered and weak rock. This instability is exacerbated by

the clearance of vegetation and the region's susceptibility to intense

rainfall, which typically ranges from 600 to 1900 mm (International

Hydropower Association, 2022). It is highly likely that the primary

cause of the increased BI in Figure 4 is the landslide that occurred in

2018. This landslide obstructed the main pathway and amplified the

instability or braiding intensity of the river. Therefore, it is highly prob-

able that changes in the river path and dynamics are observed within

our focused domain. Figure 5 depicts this landslide in 2018.

3.2 | 2D morphodynamic modeling

Due to the lack of measured data, satellite images were used to cali-

brate the model by introducing the index of unmatched area (Iu) which

is explained in the assessment indices section. In addition, various

morphodynamic and numerical parameters were evaluated to find the

superior model's parameters or calibrate the 2D depth-averaged

model and evaluate the sensitivity of the model to these parameters.

Superior model parameters are the best method or value in each

parameter that gives the best results in this study. These parameters

are cell size, roughness coefficient, transport functions, hiding func-

tions, and bed roughness predictor. It should be noted that to evaluate

the above-mentioned parameters, more than 80 numerical tests were

done, generally. As these tests are time-consuming and the modeling

of a braided river is complex, approximately 1.5 km of the river reach

was considered in this step.

3.2.1 | Cell size and Manning roughness coefficient

Three different cell sizes of 2.5 � 2.5, 5 � 5, and 10 � 10 m2 are eval-

uated in this study. Table 1 shows the results of these tests. According

to this table, the results are better for the cell size of 5 � 5, 2.5 � 2.5,

and 10 � 10 m2, respectively. In addition, it should be noted that the

cell size of 2.5 � 2.5 m2 caused a very time-consuming simulation and

the cell size of 10 � 10 m2 could not consider the edges of the river

properly. Therefore, the cell size of 5 � 5 m2 is chosen as the best cell

size in this study with the Iu of 52.79%.

According to the guidelines tables (Arcement & Schneider, 1989)

and the Strickler roughness equation (Kim et al., 2010), and using the

measured sediment distribution curve (Figure 2), the Manning rough-

ness was extracted around 0.03. In addition, different values were

BALOUCHI ET AL. 7
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tested to be sure about the calibration of this important parameter.

Table 1 also shows the results of these tests for Manning roughness

coefficient of 0.015, 0.03, 0.04, and 0.06. This table shows that the

best models with the highest Iu are the Manning roughness coeffi-

cients of 0.03, 0.04, and 0.015 with Iu of 52.79, 51.01, and 50.92,

respectively. Hence, the Manning roughness coefficient of 0.03 was

chosen for this study.

3.2.2 | Transport function

One of the most effective parameters in morphodynamic modeling is

the sediment transport function. In this study, 11 transport functions

named Ackers and White, Engelund and Hansen, Laursen-Copeland,

MPM, Toffaleti, MPM-Toffaleti, Yang, Wilcock and Crowe, Soulsby-

Van Rijn, Van Rijn, and Wu et al. are evaluated and compared to each

F IGURE 3 The Sentinel-2 L2A
satellite images from 2016 (a) to 2023
(h) with NDWI for the focused reach of
Devoll River. [Color figure can be viewed
at wileyonlinelibrary.com]
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other. Table 2 shows the unmatched water area (m2) and Iu for these

11 transport functions. Best results extracted for the MPM, MPM-Tof-

faleti, Soulsby-Van Rijn, Wilcock and Crowe, Ackers and White, Enge-

lund and Hansen, Yang, Toffaleti, Van Rijn, Wu et al., and Laursen-

Copeland: with the Iu of 52.79%, 51.73%, 51.22%, 50.99%, 50.57%,

49.44%, 49.10%, 48.33%, 48.11%, 45.64%, and 44.17%, respectively.

Therefore, Meyer-Peter and Müller's sediment function has the best

agreement with observed water inundation and is chosen as the supe-

rior transport function in this study. It is noteworthy to observe that

the modifications made in the Toffaleti transport function to derive the

MPM-Toffaleti formula, specifically designed for gravel size, resulted in

improved outcomes in this study, and the MPM-Toffaleti formula pro-

duced the second most precise results. Likewise, similar observations

apply to the Van Rijn and Soulsby-Van Rijn models, in which Soulsby-

Van Rijn has better results in modeling the braided river in this study

compared to the Van Rijn transport function.

Figure 6 illustrates the comparison between simulated and

observed water inundation areas in our study, using the MPM

transport function for testing. In the figure, the blue area represents

the observed region from the satellite image, the yellow area repre-

sents the depth-averaged simulation, and the red area represents the

intersection of the simulated and observed water inundation areas

(or common areas). It is important to note that to determine the exact

simulated area, one should consider both the yellow and red areas.

Similarly, for the observed area, both the blue and red areas should be

taken into account.

The difference between the observed and simulated water inun-

dation can originate from the resolution of the satellite image, classifi-

cation of the model image to extract wet area, and resolution of the

DTM file (i.e., input topography to the model), and so on, in addition

to the numerical modeling. In addition to the parameters evaluated in

this study, variation of roughness and slope along the river is effec-

tive. For example, the reach around zone A in Figure 6, has a high

slope (0.039) compared to other reaches with an average value of

0.009, which shows the complexity of modeling this braided river.

Figure 7b represents the comparison of various transport func-

tions in this study. Showing all these 11 transport functions in a graph

makes the graph complex. Hence, just five transport functions such as

MPM, Toffaleti, Soulsby-Van Rijn, Van Rijn, and Wu et al. have differ-

ent topography results shown in Figure 7b. For example, one can see

in this figure that the new topography caused by the Wu et al. trans-

port function is different from Soulsby-Van Rijn, compared to the

measured topography or DEM file. This is one reason that the water

inundation area or unmatched area or Iu is different for each test.

Figure 7a shows the bed change for the test with the transport

function of MPM. According to this figure, there is a deposition at the

end of section A-A or at the beginning of the left branch, which is also

observed in Figure 7b. This location with the deposition tendency was

also observed in the field observation in 2022 (Figure 7c). Observing
F IGURE 4 The braided index of Devoll River in 2016–2023.
[Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 5 Landslide in 2018 in the Devoll River. [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Sensitive analysis of the
model to the mesh size and Manning
roughness coefficient.

Parameter No. Parameter value Unmatched water area (m2) Iu (%)

Mesh size (m2) 1 2.5 � 2.5 34411.26 51.61

2 5 � 5 33570.35 52.79

3 10 � 10 34132.19 52.00

Manning roughness coefficient 1 0.015 34896.65 50.92

2 0.03 33570.35 52.79

3 0.04 34835.16 51.01

4 0.06 45831.24 35.55

5 0.1 65083.73 8.47

TABLE 2 Sensitive analysis of the model to the various transport functions.

No. Transport functions Unmatched water area (m2) Iu (%)

1 Meyer-Peter and Müller 33570.35 52.79

2 Van Rijn 36900.05 48.11

3 Toffaleti 36744.27 48.33

4 Laursen-Copeland 39699.04 44.17

5 Ackers and White 35145.61 50.57

6 MPM-Toffaleti 34322.03 51.73

7 Yang 36196.72 49.10

8 Wilcock and Crowe 34848.88 50.99

9 Soulsby-Van Rijn 34687.25 51.22

10 Wu et al. 38653.22 45.64

11 Engelund and Hansen 35949.24 49.44

F IGURE 6 Comparison of the
simulated and observed water inundation
areas for the test with Meyer-Peter and

Müller transport function. [Color figure
can be viewed at wileyonlinelibrary.com]
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sediment deposition in the left branch in the field (2022), and the

same happening in the current simulations gives one an indication that

the results are in the right way.

3.2.3 | Hiding function

Another important parameter is the hiding function which represents

the armor layer effect and it depends on the transport function and

sediment distribution curve. The hiding functions used in this study

are Ashida and Michiue (1971), Egiazaroff (1965), Hayashi et al.

(1980), Parker et al. (1982), Wu et al. (2000), and a scenario without

using the hiding function. Table 3 shows the results of the evaluation

of these hiding functions. According to these results, the best results

for this study are extracted for Ashida and Michiue (1971), Hayashi

et al. (1980), not using the hiding function, Egiazaroff (1965), Parker

et al. (1982), Wu et al. (2000) with the Iu values of 52.79, 51.70,

51.19, 50.23, 50.23, and 50.12, respectively. Despite the close prox-

imity of the results from all functions, the study's findings suggest that

the new probability approach (Wu et al., 2000) may not necessarily be

the accurate hiding function.

Figure 8 shows the new topography caused by various mentioned

hiding functions for section A-A (see Figure 7). It is obvious in this fig-

ure that Hayashi et al. (1980) caused more change to the morphody-

namics of the river. In other words, Hayashi et al. (1980) are more

effective in changing the topography of this complex braided river,

and also more accurate with the highest Iu. It should be noted that the

hiding functions of Ashida and Michiue (1971), Egiazaroff (1965), Par-

ker et al. (1982), and Wu et al. (2000) caused less change in the topog-

raphy and their results are similar to the initial topography

(measured DEM).

3.2.4 | Bed roughness predictors

The bed roughness predictor parameter is an effective parameter

that is rarely compared in the literature. As explained in Section 2,

activation of this parameter gives the model of having a dynamic

bed roughness to better consider the shape roughness and form

roughness of the river. Table 4 shows the results of using various

bed roughness predictors such as Brownlie, Limerinos, Van Rijn,

and none or without using the bed roughness predictor. The best

results were achieved using the Van Rijn, Limerinos, Brownlie, and

none, with the Iu values of 58.67, 57.46, 52.97, and 52.79. There-

fore, the superior bed roughness predictor scenario for this braided

river case is Van Rijn. This result demonstrates that the assumption

of considering the total roughness as the sum of the grain and dune

roughness by Van Rijn (1984c) to predict bed roughness is more

suitable compared to other methods for the braided river in this

study.

3.3 | Effect of regulated discharge on the BI and
morphodynamics of a braided river

As discussed before, the temporal variation of BI for the focused

braided reach turns on a light that the regulated discharge caused a

decrease in the BI of Devol River. To evaluate this assumption, a 2D

morphodynamic model was calibrated for 1.5 km of the focused area

and various effective sediment parameters were evaluated in Sec-

tion 3.2. Then, in this section by extending the numerical modeling

domain to 3 km akin to the used satellite images, two scenarios (a and

b) were evaluated to investigate the above-mentioned assumption

about the reduction of BI of Devoll braided river. In the first scenario

F IGURE 7 (a) Bed change of a test with Meyer-Peter and Müller transport function, (b) comparison of various transport functions on section
A-A, and (c) field observation in 2022. [Color figure can be viewed at wileyonlinelibrary.com]
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(a), the river reach is simulated from February 2016 to March 2023

using the regulated discharge hydrograph. In the second scenario (b),

a natural, non-regulated discharge hydrograph based on hydrologic

data for the same time period is utilized due to the absence of mea-

sured data for the entire period.

As approximately 3 years of 2D morphodynamic modeling of a

complex braided river is time-consuming, some assumptions were

considered to reduce the time cost of this modeling. First, various

tests proved that discharges below 24 m3/s are almost not effective

on the sediment movement of this study. This type of assumption is

also confirmed indirectly by Kasprak et al. (2019) used approximated a

steady flow set of the peak discharge to reduce the time cost of the

model. The next assumption is using the acceleration factor to

decrease the time cost of the model. The factor is directly multiplied

by the mass bed exchange rates at every time step (Hydrologic Engi-

neering Center, 2021), and on the other hand, the time interval of the

input hydrograph is divided by this factor manually. The acceleration

factor reduced the 3-year simulation to the less than a month simula-

tion (in addition to the first assumption which is removing discharge

below 24 m3/s). Finally, after considering the above-mentioned

assumptions, the shortened hydrographs of both scenarios are shown

in Figure 9. It should be noted according to the existing data, the flow

with 1.5 m3/s added to the released discharge from Moglice Dam due

to the small lateral flows between the Moglice Dam and Kokel station

(focused area of this study). In addition, other effective parameters

used for these two modelings extracted from the calibration

section are the cell size of 5 � 5 m2, Manning roughness coefficient

of 0.03, MPM transport function, Hayashi et al. (1980) hiding func-

tion, and Van Rijn bed roughness predictor. In the following

subsections, the results of the 2D morphodynamic modeling of these

two scenarios are discussed.

3.3.1 | BI variations

Two above-mentioned scenarios are modeled to investigate the

assumption that released discharge from a hydropower dam with con-

stant values around 30 or 70 m3/s, instead of a natural hydrologic

hydrograph with a gradually rising phase, peak, and then gradually

receding phase is one of the reasons for decreasing BI or straightening

of Devoll River. The velocity patterns of the end of the simulation of

these two scenarios are shown in Figure 10a,b. According to this fig-

ure, one can see the active channels in this braided reach which are

more in scenario B in comparison with scenario A.

Results of computing the BI of these two scenarios show that the

BI for scenario A is 1.71 and for scenario B is 2.62. These results have

an agreement with the temporal variation of BI by satellite images

with the BI of 1.24 for March of 2023 (Section 3.1). Although there

are some uncertainties in the modeling to be checked in the future,

these results showed that one of the reasons that caused the braided

river to be straight is a regulated discharge hydrograph instead of a

natural hydrological discharge hydrograph.

3.3.2 | Bed change and shear stress variations

The bed change map of these two scenarios is shown in Figure 10c,d.

According to this figure, there is more deposition in scenario A which

used the regulated hydrograph, compared to scenario B which used a

non-regulated type of hydrologic data. Hence, this can be one reason

for decreasing the BI, because more deposition can be caused by

blocking more reaches. For example, in Figure 10c, zone 4 shows that

the deposition blocks the lateral branches in this zone, as well as zone

2. In the top part of zone 1, there is a bar formed in comparison with
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F IGURE 8 Effect of various hiding functions on the bed
topography. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 4 Sensitive analysis of the model to the various bed
roughness predictors.

No. Predictor Unmatched water area (m2) Iu (%)

1 None (no correction) 33570.35 52.79

2 Brownlie 33443.64 52.97

3 Limerinos 30251.43 57.46

4 Van Rijn 29389.07 58.67

TABLE 3 Sensitive analysis of the
model to the various hiding functions.

No. Hiding functions Unmatched water area (m2) Iu (%)

1 None (no correction) 34710.87 51.19

2 Hayashi et al. (1980) 33570.35 52.79

3 Wu et al. (2000) 35393.09 50.23

4 Parker et al. (1982) 35387.54 50.23

5 Egiazaroff (1965) 35467.08 50.12

6 Ashida and Michiue (1971) 34347.66 51.70
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scenario B, which may cause some changes in the future in this zone.

In addition, at the bottom of zone 1, a new branch is activated which

is not visible in scenario B. In addition to the uncertainties that exist in

this study, and also due to the fact that braiding is a completely ran-

dom phenomenon and all details occurred in the river reach can be

effective, this small reach at the bottom of zone 1 can be an occurred

due to the starting point of simulation as it is started at the beginning

of a bend, or it might happen in the future and the curve shape chan-

ged after some years which will be evaluated in the future studies.

Figure 10e,f shows the bed shear stress of these two scenarios.

According to this figure, for scenario B more active reaches were

observed in the bed shear stress map with yellow color, compared to

scenario A. In addition, locations with high bed shear stress are also

observed in this figure. Higher shear stress values occurred mainly in

the main channel.

3.3.3 | Total load transport rate and suspended load
concentration

Zone 3 of Figure 10c was chosen to represent the temporal variation

of the total load transport rate and suspended load concentration due

to the fact that this zone is in the main channel and there are no other

branches in this cross section. Figure 11a,b shows the results of the

total load transport rate (kg/m/s) for both scenarios. This figure shows

that the maximum values of total bed load rate (kg/s/m) are 35.93

and 16.32 for scenarios A and B, respectively. Therefore, one can con-

clude that using the regulated discharge hydrograph from the

upstream dam can cause more total load transport rate compared to

the natural hydrologic discharge hydrograph. This can be the reason

for decreasing the BI of the river in scenario A, compared to

scenario B.

Figure 11c,d shows the results of the suspended load concentra-

tion (mg/l) for both scenarios. This figure shows that the maximum

values of suspended load concentration (mg/l) are 652.48 and 152.39

for scenarios A and B, respectively. Therefore, similar to the results of

Figure 11a,b, Figure 11c,d shows that using the scenario with the reg-

ulated discharge hydrograph can cause more suspended load concen-

tration compared to the scenario with a non-regulated discharge

hydrograph, in this study. This can also be the reason for decreasing

the BI of the river in scenario A, compared to scenario B.

It should be noted that the effect of bedload and suspended load

coming from upstream of the focused area is not considered in this

study. Hence, these results can be attributed to the shapes of the reg-

ulated and non-regulated discharge hydrograph scenarios, as eluci-

dated in the previous sections.

These interesting results from the total load transport rate and

suspended load concentration underscore the significant impact

exerted by the released regulated discharge from the upstream hydro-

power dam. Therefore, using discharge hydrograph from hydrologic

modeling without considering real scenarios like regulated discharge

should be considered more cautiously.

4 | CONCLUSION

The study of braided rivers is essential for understanding the complex

interactions between hydrodynamics, sediment transport, and ecosys-

tem dynamics. This study aimed to address existing gaps in evaluating

the morphodynamics and complexity of braided rivers by analyzing

the temporal variation of the BI through satellite images and 2D mor-

phodynamic modeling.

In this context, our study has made several contributions to the

existing body of knowledge:

1. 2D morphodynamic modeling: Through an extensive series of

numerical tests, various parameters, including three cell sizes, five

Manning roughness coefficients, 11 transport functions, five hiding

functions, and three bed roughness predictors, were evaluated.

The results indicated that specific parameter values, including a cell

size of 5 � 5 m2, a Manning roughness coefficient of 0.03, the

MPM sediment transport function, Hayashi et al. (1980) hiding

function, and Van Rijn bed roughness predictor produced the best

agreement with observed water inundation.

2. Temporal variation of the BI: In general, the analysis of satellite

images revealed a gradual decrease in the braided intensity of the
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(b) Non-regulated discharge hydrograph

F IGURE 9 Input discharge hydrographs of two scenarios. [Color
figure can be viewed at wileyonlinelibrary.com]
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Devoll River from 2016 to 2023, declining from 2.17 to 1.24,

respectively. However, this trend was punctuated by an anomalous

increase in 2018, which can be attributed to the influence of exter-

nal factors, such as a landslide event in 2018.

3. Regulated discharge-hydrograph impact: The dam's regulation of

discharge is a key factor in altering the river's behavior, leading to

a reduction in braiding intensity. This effect was particularly pro-

nounced following the dam's impoundment, indicating the role of

F IGURE 10 Velocity, bed changes, and bed shear stress patterns of scenario with the regulated discharge hydrograph (a, c, and d,
respectively), and for the scenario with the non-regulated discharge hydrograph (b, d, and f, respectively). [Color figure can be viewed at
wileyonlinelibrary.com]
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hydropower operations in river channel adjustments.

Comparing two scenarios, one using the regulated discharge

hydrograph and the other using natural hydrologic data or non-

regulated discharge hydrograph, indicated that the former resulted

in lower braiding and more deposition.

4. Total load transport and suspended load concentration: The

modeling results revealed that the regulated discharge hydro-

graph scenario led to higher total load transport rates (35.93 kg/

s/m) and suspended load concentrations (652.48 mg/L) com-

pared to the natural hydrologic data (16.32 kg/s/m and

152.39 mg/L). This suggests that the regulated discharge

released by hydropower dam altered flow regime has down-

stream effects on sediment transport, which in turn influences

the river's morphology.

In summary, this study underscores the intricate interplay

between natural processes and human interventions in shaping the

morphodynamics of braided rivers. The findings emphasize the impor-

tance of considering not only natural hydrological data but also the

specific impacts of dam operations in river management and restora-

tion efforts. Such insights are vital for sustainable river basin

management and ecological preservation, ensuring the long-term

health and resilience of these unique and dynamic river systems.
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(d) Scenario with the non-regulated discharge hydrograph

F IGURE 11 Total load transport rate and suspended load concentration for both scenarios A and B. [Color figure can be viewed at
wileyonlinelibrary.com]
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