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Abstract 

This work concerns the planimetric evolution of free meandering rivers, whose associated 

riverbank erosion and channel changes notoriously pose a hazard to infrastructure within their 

vicinity as well as affect the health of the river ecosystem. It aims to address two research needs, 

those being (1) the lack of easy access to an ample number of experimental (i.e. laboratory and/or 

field) cases for which the hydraulic and geomorphic characteristics of the streams are detailed 

together with an account of their channel displacements over time, and (2) the shortage of zero-th 

order approximation models available to simulate and predict channel planimetric evolution. 

Based on the results of a rigorous literature review and survey of historical imagery archives, the 

former is addressed through the compilation of a database which couples the planimetric evolution 

of a river meander loop with its stream characteristics. The specific methodology used to extract 

the planimetric geometry from imagery is detailed, and if not specified in literature, the stream 

hydraulic characteristics are estimated using well established methods. The resulting graphical 

database includes information on 29 sites from 25 different sand and gravel rivers. The need for 

zero-th order models is addressed by focusing on eliminating the present limitations of the 

phenomenological planimetric evolution model by da Silva and Yalin (2017). A MATLAB 

computer program is introduced, which for the first time enables the automated application of the 

just mentioned model. A yet unknown multiplier-function embedded in the model is revealed on 

the basis of the computer program and field cases from the present database. The multiplier 

function was found to be a function of the width-to-depth ratio, in addition to stream sinuosity. 

The present applications of the model show that it can predict the spatial growth of meander bends 

of relatively symmetrical channels over several years not exceeding the development of a channel 

cut-off. 
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Chapter 1 

Introduction 

1.1 Motivation and objectives  

Rivers have had a large influence on the location of human settlements, predominantly 

because they are a key mode of transportation, means of generating hydro-electric power, 

source of food and water as well as a proverbial conveyor of nutrient rich sediment that  

sustain floodplains which are ideal for agricultural use (Sanderson et al., 2002; Güneralp 

and Marston, 2012). River flows redistribute the transported sediment creating localized 

erosion zones at the outer river bank and deposition zones at the inner river bank which 

lead to bed and bank morphological changes, and cumulatively, the progressive evolution 

of the channel (Howard and Knutson, 1984; Leopold et al., 1995). In alluvial environments 

this process gives form to periodic patterns in planform geometry traceable along the 

general flow direction (Yalin 1992), which although not symmetric, conform to a regular 

curvilinear shape (Kondolf and Piégay, 2003). These bends are transient structures which, 

in plan view, undergo spatiotemporal variations. Based on field observations of natural 

rivers, the planform evolution of meander bends can be described as the collective result 

of two main modes of displacement; namely downstream migration and lateral expansion 

(Brice, 1974; Hooke 1977b), as illustrated in Figure 1.1.  
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Figure 1.1: Displacement of an idealized meander loop in plan view 

 These dynamic meandering bends can pose a potential hazard to infrastructure 

within their vicinity. Some of the structural challenges associated with river meander 

displacement include, but are not limited to, undermining the structural integrity of homes 

and roads parallel to the riverbank, destabilization of bridge abutments and piers due to 

scour, and potential exposure or burying of pipelines and culverts, as illustrated in Figure 

1.2. Das et al. (2014) provided a global comprehensive review of the impacts of extensive 

riverbank erosion on riverine communities. These authors have considered how the loss of 

land induces human displacement, referencing examples such as the migration of the 

Mekong River in Vietnam which displaced approximately 600 families in the Tonpheung 

district of Bokeo from 2011 to 2014 and the alarming rate at which the Mississippi-

Missouri River system is encroaching on culturally significant land in The Lower Brule 

Reservation in the USA. The plethora of literature motivated by the socio-economic 

concerns associated with river bank erosion, channel change and flooding (e.g. Greco et 

al., 2008; Kondolf, 2006; Lagasse et al., 2004; Rahman, 2010; Thakur et al., 2012; Das and 
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Bhowmik, 2013; Debnath et al., 2017) is a testament to the holistic concerns that this geo-

morphological phenomena presents.  

 

 

Historically, the response to such hazards was to engineer riparian environments to 

prevent this natural change. However, with the recent attention shifting in Europe and 

North America towards fluvial governance and urban planning rather than channel 

modifications (i.e. channel straightening and bank hardening) which pose numerous issues 

(Parker and Andres, 1976, Bhowmlk, 1980; Brookes, 1988; Madramootoo and Dodds, 

1993), the prediction of expected channel displacement has become essential for the 

delineation of the erosion hazard zone to minimize construction in these areas and limit 

development encroachment and property damage (Kline and Dolan, 2008; Howett, 2017). 

So far, the motivations for meander displacement prediction have only been discussed from 

an infrastructural hazard perspective, but it also has implications in a number of different 

fields such as petroleum engineering (Henriquez et al., 1990; Swanson, 1993), riparian 

ecology (Salo et al.,1986) and river restoration (Abad and Garcia, 2006), as well as 

remaining an intriguing natural phenomena. 

Figure 1.2: Hazards of meander migration a) erosion of riverbank b) scour and exposure of 

bridge abutment c) exposure of pipeline 
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It is therefore not surprising that the dynamics of bank erosion and the cumulative effect it 

has on plan displacement of meanders has sustained the attention of the scientific 

community for decades. Some of earliest and most influential equations used to quantify 

bank erosion are strictly empirical, and linearly relate the speed of migration to the depth-

averaged streamwise flow velocity via a dimensionless coefficient, with the former being 

quantified using a one- or two-dimensional hydrodynamic model (e.g. Ikeda et al., 1981; 

Hasegawa, 1987; Parker et al., 1982; Odgaard, 1989a,1989b; etc.).  

However, to visually represent the planimetric evolution of a river meander over 

time a meander displacement model is required. This can be one of two types: (1) a process-

based model or (2) a phenomenological model. Process-based models, which have 

undoubtably received the most attention, are based on the coupling of a hydrodynamic 

model with a bank erosion model and usually, also, a bed deformation routine, to simulate 

the river meander evolution (eg. Parker et al., 1982; Johanneson and Parker, 1985; Parker 

and Andrews, 1986; Crosato, 1990; Sun et al., 1996 etc.). More recently with the rapid 

advancement of technology, and the ability to solve complex equations, the models used 

to predict meander migration became more complex in nature and have been coupled with 

3-dimensional computational fluid-dynamic models [CFD] (Duan et al., 2001; Olsen, 

2003; Rüther and Olsen, 2007), bank stability models (Darby et al., 2002; Motta et al., 

2012), relations to account for the spatiotemporal variation in channel width (Duan, 1998; 

Asahi et al., 2013; Chen and Duan, 2006; Gu et al. 2016) and relations to account for cut-

off development (Camporeale et al., 2005; Frascati and Lanzoni, 2010), with the intent to 

account for the variant processes associated with river displacement. Although these 

process-based studies are invaluable for understanding and modeling river planform 
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evolution, they are computationally expensive and require significant time to set up 

(Güneralp and Martson, 2012).  

Conversely, phenomenological models are scientific models which utilize 

empirical relationships to simulate phenomena in a way that is consistent with, but not 

directly derived from, fundamental theory. These models have so far received significantly 

less attention than their process-based counterparts, with perhaps the most well known 

being that proposed in the earlier works by Howard (1983) and Howard and Knutson 

(1984) who, on the basis of field data reported by Nanson and Hickin (1983), related the 

meander migration rate to channel curvature using an empirically based space lag 

component that accounts for the decrease in local migration rate as curvature increases. 

Although constrained by the lack of theoretical justification for the form of the nominal 

migration rate curves (dependency of migration rate with channel curvature), simulation 

results showed a strong resemblance in visual appearance and statistical properties to those 

study sites investigated. The most recent phenomenological model is that by Yalin and da 

Silva (2001), and further developed by da Silva and Bahar (2003) and da Silva and Yalin 

(2017). The theoretical framework of this model is considerably more complex than that 

of the model by Howard (1983) and Howard and Knutson (1984), but at present it is 

impractical for reasons detailed later on. Because of the advances in computer hardware 

and software, in recent years the focus of the related scientific community appears to have 

been fully shifted towards the more complex, process-based models. Yet, 

phenomenological models such as the ones described above may be preferred for practical 

applications where approximative estimations of meander migration (zero-th order models) 

are needed rather than highly precise and detailed channel changes, such as the case for 
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initial site investigations, land management and zoning as well as infrastructural 

maintenance scheduling. 

On the other hand, the greatest limitation of the further development of both 

phenomenological as well as process-based models is the lack of easy access to an ample 

number of laboratory and/or field case studies; in the case of the latter detailing the site 

hydraulic and geomorphic characteristics as well as the planimetric evolution of the stream 

over sufficiently long periods of time. Such data are essential for model validation and 

calibration. 

For the work carried out so far, two research needs clearly emerge, as follows: 

1- the need for a database detailing field cases of stream planimetric evolution, 

readily available to the scientific and technical communities to facilitate the 

further development of numerical simulation and prediction models; 

2- the need to develop new, or further develop existing, phenomenological 

models for zero-th order approximations of stream planimetric evolution. 

This thesis is intended as a contribution to address both of these research needs. The work 

on the 2nd research need above focuses on overcoming the present limitations with the 

model by da Silva and Yalin (2017). These arise for two reasons. The first is that the model 

involves a function (termed W ), which is not yet known and can only be fully revealed 

on the basis of experimental (i.e. laboratory and/or field) data. The second is that the 

required calculations are too involved to be performed manually, and yet no computer 

program is available to automatically perform them.  
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 Considering the aforementioned, the specific objectives of this thesis are: 

1- To compile a database of known sequential planimetric river channel geometry 

coupled with hydraulic and geomorphic properties for use in the validation and 

calibration of models for the simulation and prediction of meander planimetric 

evolution; 

2- To develop a MATLAB computer program for the automated application of the 

phenomenological model of da Silva and Yalin (2017); 

3- To reveal the as yet unknown function W in the just mentioned model, using both 

the database and the computer program developed under objectives 1 and 2. 

It is the intention of the author that the compiled historic planform evolution of the natural 

streams in the database will be of use and contribute to the work of the other researchers 

investigating river meander displacement. 

 

1.2 Layout of thesis 

This thesis is presented in manuscript format with each of Chapters 2 and 3 corresponding 

to a different manuscript. 

Chapter 2 introduces the database compiled by the author. The procedure used to 

collect the hydraulic and geomorphic conditions and planimetric geometry of the rivers is 

detailed and the image processing techniques used to visualize the temporal and spatial 

evolution of the river are described. Overall channel displacement is visualized through 

superposition of sequential imagery. The database is provided in Appendix A.  

Chapter 3 concerns the phenomenological model by da Silva and Yalin (2017) and 

starts with an overview of the model. A new MATLAB computer program is introduced, 
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and the unknown function W , which is an intrinsic part of da Silva and Yalin’s model, is 

revealed using selected rivers from the database described in Chapter 2.  

Chapter 4 provides the key concluding remarks and recommendations for future 

research. 
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Chapter 2 

River Planimetric Evolution Database 

2.1 Introduction 

Owing to their practical and scientific significance, meandering rivers are among some of 

the most heavily researched topics within the field of fluvial hydraulics. These rivers are 

rather dynamic and undergo temporal and spatial changes in their planimetric geometry as 

they evolve along the landscape. Based on historical channel behavior, Hooke (1977a,b) 

documented that changes and adjustments along meander bends tend to be due to 

progressive erosion and deposition over time resulting in a gradual and consistent 

migration rather than catastrophic changes in channel planform, although the latter is also 

commonly seen in nature. The overall plan deformation of a stream is commonly viewed 

as being comprised of simpler components, namely downstream migration, amplitude 

expansion (i.e. lateral expansion) as well as overall rotation of the bend.  The 

spatiotemporal variation of planform geometry impacts the adjacent landscape and can 

pose a potential hazard to infrastructure within the vicinity.  

Although one of the key motivations for predicting change in river morphology is 

to estimate the potential risk destabilized riverbanks pose to infrastructure (Wente, 2000; 

Allan, 2004), there are numerous other practical applications such as predicting potential 

flood boundaries (Slater et al., 2015; Call et al., 2017), managing deposition along riparian 

corridors to maintain navigation channels (Micheli et al., 2004; Piegay et al., 2005), 

identifying oil reservoir formations created by ancient meandering rivers (Henriquez et al., 

1990; Swanson, 1993) and to assist in river restoration (Abad and Garcia, 2006).  

Acknowledging these motivations, extensive research has been carried out for many years 
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on the planimetric evolution of meandering streams, with substantial efforts being devoted 

to the development of models for the simulation and prediction of the plan deformation. 

Two types of models have been developed in the past: phenomenological and process-

based. Phenomenological models use empirical relationships to predict the plan 

displacement of meanders in ways that are consistent with, but not directly derived from 

fundamental theory. Examples of phenomenological models include those by Howard 

(1983) (see also Howard and Knutson (1984)) and Yalin and da Silva (2001) (see also da 

Silva and Bahar (2003) and da Silva and Yalin (2017)). Process-based models usually 

couple 1-, 2- or 3-D computational fluid dynamics (CFD) code with a bed deformation 

module and bank deformation module (e.g. Parker et al., 1982; Johanneson and Parker, 

1985; Parker and Andrews, 1986; Crosato, 1990; Sun et al., 1996; Duan et al., 2001; Motta 

et al., 2012; Rüther and Olsen, 2007). 

While the CFD code rests on the solution of exact fluid mechanics equations, both 

the bed and bank modules necessarily make use of empirical equations (e.g. to calculate 

the sediment transport rate, rate of bank erosion, etc.). For example, most of the existing 

models rely on the empirical bank erosion rate equation by Ikeda et al. (1981), which 

involves a bank erosion coefficient. Hasegawa (1989) extended the work by Ikeda et al., 

(1981), by providing a table of estimated bank erosion coefficients along with hydraulic 

features of the channel, however vital information regarding the grain size, slope and 

planimetric geometry of the channel is missing. That is, the usefulness and accuracy of 

both phenomenological and process-based models relies on the allocation of appropriate 

calibration parameters which make it possible for the models to approximate or capture the 
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temporal and spatial plan displacement of the river. This in turn requires knowledge of the 

historic river evolution to calibrate the equations.  

Yet, while there exist several databases which summarize the hydraulic and 

geomorphic properties of meandering rivers, such as Kleinhans and van den Berg (2011) , 

van den Berg (1995) and Chitale (1973), there does not exist a comprehensive compilation 

of river properties coupled with known planimetric evolution. This paper presents the 

author’s contribution to the development of such a data compilation.  

The specific objective of the paper is to introduce a graphical database of known 

planimetric channel evolution coupled with hydraulic and geometric properties of the river, 

while detailing the methodology used to acquire all the pertinent information. The river 

channel boundaries and the centerline are defined, and the migration of the channel is 

visualized through the comparison of sequential historical imagery (Hickin and Nanson, 

1984; Gurnell et al. 1994; Lagasse et al., 2004; Lauer and Parker, 2008). 

 

2.2 Methodology 

2.2.1 General  

To facilitate comparative analyses of planimetric channel evolution, the rivers (or river 

stretches) sought for the present database had to satisfy a specific set of criteria, as follows:   

i. The river planform geometry must consist of a single channel. 

ii. The river must be meandering, in the sense of Brice (1975), Yalin (1992) and 

Thorne (1997), i.e. its plan shape must exhibit a traceable periodicity, or a degree 

of sinuous regularity, along the general flow direction. 
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iii. The river must be unconfined, such that it is not constrained by geology or bank 

protection structures. 

iv. The river channel bed material must be comprised of non-cohesive material (i.e. 

sand and gravel) according to the grain size classification proposed by Wentworth 

(1922). 

v. The stream must be classified as an actively meandering river, such that there is 

incremental or continuous deformation of channel geometry due to contemporary 

fluvial processes.  

The database was compiled on the basis of an extensive literature survey and a search for 

additional information from governmental agencies and academic institutions. The 

database includes 29 sites from 25 different gravel and sand rivers along with one 

laboratory experiment. For each case, the following information is provided: 1- a summary 

of pertinent hydraulic characteristics of the stream, including bankfull discharge ( bfQ ), 

median grain size ( 50D ), valley slope ( VS ), bankfull width ( B ), channel-averaged flow 

depth ( avh ), stream centerline slope ( cS ) and stream initial deflection angle ( 0 ); 2- a 

description of the change in channel plan geometry over a period of time.  

When not specified in the literature, the pertinent hydraulic parameters were 

determined according to common governmental standards or well-established methods, 

and the planimetric evolution of the stream was extracted from aerial and satellite imagery, 

as well as topographic maps. The procedure is detailed next, using examples for the 

extraction of the planimetric evolution cases included in the present database.  
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2.2.2 Data acquisition 

2.2.2.1 Bankfull discharge ( bfQ ) 

The bankfull discharge ( bfQ ) is defined as the discharge which occurs when the entire 

cross-section of the channel is filled with water and there is no overflow into the adjacent 

floodplain. As indicated by multiple authors (Leopold and Wolman, 1957; Dune and 

Leopold, 1978; Hey and Thorne, 1986), bfQ is often treated as the effective discharge of 

the channel. The effective discharge is defined as the channel forming discharge which 

represents the flow that results from the cumulative effect of the discharge hydrograph. If 

not measured directly, bfQ may be estimated from a flow frequency analysis using annual 

flood series stream gauge discharge data as the flood event with a 1.5 – 2-year return 

interval (Benson, 1968; Dunne and Leopold, 1978; Williams, 1978; Castro and Jackson, 

2001, He and Wilkerson, 2011). In this study, bfQ was identified as the discharge with a 

2-year return period (see Figure 2.1). 

Two situations were encountered that determined the way in which bfQ was estimated, 

if not available. The two situations are as follows: 

1. A frequency analysis is provided for the stream gauge or site of interest. 

2. No frequency analysis is provided for the stream gauge, only the hydrologic data. 
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Figure 2.1: Channel cross-section showing expected water level for different inundation 

frequencies (adapted from Fryirs and Brierly, 2013). 

In the first case, stream gauges or study sites had accompanying streamflow statistical data 

offered through their respective monitoring governmental agency, in which the 2-year peak 

flood is provided using the Log-Pearson type III distribution as the flood-frequency curve 

as stipulated by the U.S. Water Resources Council (WRC) Bulletin 17B. For the statistical 

distribution, the logarithm of the predicted discharge at a specific return period, ,LP tX , is 

given by 

 

, ,LP t LP t lX X k S= +                                                                                                                               (2.1) 

 

where X  is the average of the annual peak discharge logarithms, ,LP tk  is a function of the 

return period and skew coefficient and 
l

S  is the standard deviation of the logarithms of 

annual peak discharge. Sourcing statistical data directly from the governmental website is 

preferred as the site basin characteristics are used in the determination of the skew 

coefficient which allows for a more representative distribution. A detailed account of the 

methodology can be found in USDA-NRCS (2007). 

Qbf ≈ 
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For the second case, only the hydrologic data in the form of the annual flood series 

and/or the continuous flood series is provided. This case is the exception, as this situation 

arises for 2 sites in the database. In this case the frequency analysis was conducted by the 

author, and the annual flood series was used. An annual series is preferred from a practical 

standpoint, not only because it is policy, but because it has a longer hydrologic record than 

that of an instantaneous discharge series. This is expected as gauging stations are typically 

equipped with continuous logging technology later on, if ever. Despite having a larger 

sample size, bfQ  calculated using instantaneous discharge data requires the allocation of a 

minimum threshold to define which instantaneous peaks may be included in the flow series 

dataset for independent flood events which makes it more  subjective.   

The governmental agency websites which were used to source historic time series 

discharge data for sites in the USA, Canada and UK were the United States Geological 

Survey (USGS), Government of Canada Environment and Natural Resources Department, 

and the National River Flow Archive, respectively. Information regarding the gauging 

stations used for the estimation of bfQ  is provided in the database itself (Appendix A).  

 

2.2.2.2 Median grain size ( 50D ) 

In geomorphology, one of the fundamental parameters used to estimate sediment transport 

and describe the channel material is the median grain size ( 50D ).  The grain size 50D  was 

sourced from the literature or estimated from published particle size distribution graphs. 
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2.2.2.3 Valley slope ( VS ) 

The valley slope ( VS ) is the inclination of the channel along the floodplain progressing in 

the downstream direction x , whereas the stream centerline slope ( cS ) is defined as the 

inclination of the channel along the length of the channel, L (see Figure 2.2, noting that  

2 1E E−  represents the difference in elevation between two consecutive crossovers, and the 

channel sinuosity 2 1( ) /E E = −   ). Two situations were encountered that determined 

the way in which VS  was estimatied, if not available. These situations are as follows: 

1- The channel slope cS  and the stream sinuosity   were provided in the 

literature. 

2- cS and  were not provided.  

As is well known, by definition the stream sinuosity   is given by /L =  . This can 

also be expressed as the ratio of the valley slope to the stream centerline slope, i.e. 

/V cS S =  (da Silva and Yalin, 2017).  In the first case above, this relationship was used 

to determine VS . In the second case, VS was estimated using topographic maps. The valley 

slope was quantified as the difference in elevation of two contour lines which intercept the 

river channel and the downstream valley length between them.  
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Figure 2.2 : River floodplain showing the relationship between the meander length, L and the 

wavelength . 

 

2.2.2.4 Bankfull width ( B ) 

The bankfull width ( B ) is the lateral extent of the water surface at bankfull stage. If not 

specified in literature, B was approximated using the banklines of the channel visible on 

aerial and satellite imagery. The width B is approximately the surface area between the 

riverbanks divided by the length of the channel. More details regarding its approximation, 

when not specified in literature, is provided in Section 2.3.4, which relates to the 

delineation of the banklines from temporal imagery.  

 

2.2.2.5 Channel-averaged flow depth and stream centerline slope 

As meander loops expand, their slope decreases and, as a consequence, their flow depth 

increases. Yet, for the streams in the database, the stream slope cS  and channel-averaged 

bankfull flow depth avh  are known for only a specific state of evolution of the stream. For 

example, for the Mississippi River, a record of the stream planimetric shape could be found 
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for the years of 1765, 1820, 1880, and 1936 but only the stream slope and channel-averaged 

flow depth for one year (1880) could be found in the literature (see Appendix B).  

Therefore, it was required to estimate the values of the aforementioned quantities    

( cS and avh ). Since the streams in the database are, for the most part, relatively regular, and 

from a preliminary analysis it was found that they reasonably tend to follow sine-generated 

curves, in the sense of Langbein and Leopold (1966) (more on the topic in Section 2.3.5), 

the following procedure was adopted to estimate cS and avh : 

1- Fit a sine-generated curve to the stream and thereby reveal a value of 0 ; 

2- Knowing 0 , determine 0 01/ ( )J = ; 

3- Knowing  , determine cS  from /V cS S = ; 

4- Knowing cS , determine avh  from the Chézy resistance equation 

bf c avQ c gS h= . 

Step 4 is not straightforward as c  is affected by surface roughness as well as the presence 

of bed forms, thus the relationship between c  and avh  is complex. Further details on the 

fitting of the sine-generated curve and the solution of Step 4 are given in Section 2.3.5 and 

Section 3.3.2 of Chapter 3, respectively.   

 

2.2.2.6 Records of stream position in the landscape 

The planimetric evolution of a stream can be traced using record images of its position at 

several different periods in time. The main types of images commonly used, and used in 

this study, are aerial and satellite imagery as well as topographical maps (e.g. Lewin and 

Weir, 1977; Petts, 1989; Lawler, 1992; Gurnell, 1997; Winterbottom and Gilvear, 2000; 

Lagasse et al., 2004). 
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Aerial imagery is captured from an aircraft camera whose axis is directed vertically 

downwards to capture the planform view of terrestrial features. However, due to 

unintentional tilts of the airplane relative to the ground, as well as differences in terrain, 

elevation and potential imperfections in the camera lens, aerial images have a degree of 

geometric distortion, and by extension variation in scale, associated with them (Lagasse et. 

al., 2004). Figure 2.3 illustrates the effect that aircraft tilt or terrain variation can have on 

the alignment and scale of aerial imagery. These unintentional tilts are typically less than 

1˚ - 3 ˚, and for most practical applications, these images do not have to be corrected (Wolf 

and Dewit, 2000). However, when needed simplified correction techniques can be applied 

to aerial imagery exhibiting moderate degrees of geometric distortion, to reduce the effects 

of geometric distortion intrinsic to this type of imagery.  

 

 

Figure 2.3: Effect of aircraft tilt on aerial photography 

Typically, the process of correcting aerial images involves co-registration of the 

images to scaled orthoimages (Hughes et al. 2006). Co-registration is the term used for the 

process of aligning an uncorrected image (i.e. aerial image) with a calibrated, reference 
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image (i.e. orthographic image) to rectify the former. This alignment is achieved by using 

ground control points (GCPs), which are points of known location in both the aerial and 

orthographic image. The process of co-registering aerial imagery to scaled orthoimages not 

only minimizes the effect of geometric distortion in the aerial image but also assigns the 

correct geometric scale to the aerial image.  

For the present work, aerial photos were sourced from a multitude of governmental 

agencies such as the United States Department of Agriculture (USDA), the USGS which 

also includes photos taken by the National Aeronautics and Space Administration (NASA), 

the Bureau of Reclamation, the Environmental Protection Agency (EPA) and the United 

States Army Corps of Engineers (USACE), as well as academic institutions such as the 

Iowa State University GIS Facility Map Server in the USA and the University of 

Lethbridge Alberta Historical Air Photos in Canada.  

Satellite images are captured by space borne satellite cameras. However, similar to 

the case of aerial images, they are also prone to geometric distortions which in this case 

are due to atmospheric turbulence caused by sensor motion. Fortunately, this distortion can 

be corrected using GPS data and this is typically performed prior to the public distribution 

of satellite imagery on popular GIS based imagery platforms such as Google Earth and 

Esri. Both of these platforms allow for imagery to be viewed in orthographic projection. 

For this reason satellite imagery in the database was predominantly sourced from the 

Google Earth historic imagery tool, which offers scaled multi-temporal satellite 

orthophotos and aerial orthophotos, and also from other avenues such as the NASA’s 

Earthdata platform, USGS EarthExplorer and the Wayback Imagery Digital Archive 

powered by Esri.  
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Topographic maps are composed by stereoscopic plotting instruments which 

combine and compile imagery to provide a cohesive map that highlights key geographic 

features. Although these maps are geometrically correct, they may be insufficient for the 

purpose of riverbank delineation because of their scale. For this reason, in this work only 

topographic maps with a minimum scale of 1:62,500 (15-minute quadrangle maps) were 

used as they depict two lines to distinguish the river channel rather than a single line as 

done in maps with a larger scale. Figure 2.4 shows the difference in resolution between a 

1:62,500 scaled map and a 1:100,000 scaled map. For the present purposes, topographic 

maps were sourced from the USGS’s TopoView platform in the USA and Ordnance Survey 

maps were sourced from the National Library of Scotland online database in the UK.  

 

 

Figure 2.4: Resolution difference of topographic maps due to map scale  

 



 

39 

 

2.3 Image Processing 

2.3.1 Overall procedure overview 

The ultimate objective of the image processing was to combine the different types of 

imagery described in the previous section to generate a timeline of known planimetric 

geometry for a migrating meandering river and determine its plan shape changes. This 

overview is intended as an introduction to the general procedures used to identify and 

extract the stream banklines and centerline from geospatial imagery and maps. Specific 

techniques used in the process are further detailed in subsequent sections. The procedure 

is summarized in Figure 2.5. As previously mentioned, aerial images may suffer from some 

distortion, while satellite images and topographic maps are corrected for geometric 

distortions prior to their distribution (Wolf and Dewitt, 2000). Therefore, the first step was 

to correct the aerial image through the process of co-registration. Once this was 

accomplished the different images (i.e. corrected co-registered aerial images, satellite 

orthoimages and geo-referenced topography maps) were superimposed in Google Earth 

which made it possible to view them at the same scale. The just described procedure to co-

register aerial imagery and superimpose the multi-temporal imagery in a sequential 

timeline either manually or with the aid of a program, in this case Google Earth, is well 

defined.  However, a universal method to extract river planform geometry from different 

types of geospatial imagery does not exist. Owing to the computational power of modern 

computers, in recent years there has been an extensive effort to extract planform geometry 

from remotely sensed data. Typically these methodologies rely on pixel-based and object-

based algorithms for planform detection, and this requires the imagery to have a high-

spatial resolution (Fisher et al., 2013; Schwenk and Khandelwal, 2017; Güneralp et al., 
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2014; Merwade, 2007; Pavelsky and Smith, 2008; Monegaglia et al., 2018).  Yet, this is 

rarely available for historic conditions pre-1990’s. Despite these efforts, digitization of 

river boundaries in most cases is performed manually, as was the case in this work. 

The above described steps of co-registration, superimposition of imagery, 

delineation of river boundaries and finally their digitization were performed using the 

software packages MATLAB and AutoCAD, in addition to Google Earth (Figure 2.5). 

MATLAB was used in the initial step to co-register the aerial image to an orthographic 

base image. All images and maps in the time series were superimposed in Google Earth 

and saved at the same scale. The riverbank boundaries were then delineated in each scaled, 

time-sequenced image, and the stream centerline calculated and digitized in AutoCAD. 
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Figure 2.5: Image processing procedure 

As a final step related to the specific methodology in this work, the channel 

centerline at a specific time period was curve-fitted in MATLAB to determine the sine-

generated curve best representing the centerline of the channel. The procedure is further 

detailed in the next section, where it is illustrated with the aid of an example from the 

present database, namely the East Nishnabotna River near Red Oak, Iowa, USA. The time 

period for which stream images were found spans 64 years, with images from the years of 

1950, 1960 1976, 1982, 1994, 2004, 2009 and 2014. This series includes high resolution 

single frame aerial photos and satellite imagery sourced from the Iowa State University 

GIS Facility Map Server. In this series, the scaled 2014 satellite orthoimage is used as the 
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calibration image for the co-registration of the uncorrected aerial photos (years of 1950 – 

1982), in which the 1960 aerial image will be used as an example in the text. To explain 

some aspects of the procedure, other rivers documented in the present database are used 

along with the East Nishnabotna River and this will be specified accordingly in the text. 

 

2.3.2 Co-registration of aerial imagery 

As should be clear from the aforementioned, the objective of co-registration of aerial 

imagery to an orthographic base image (or reference image) is to subtract the tilt and angles 

of rotation from the aerial photos and align the image with its orthogonal axis (Lagasse et 

al, 2004; Ladd et al., 2006). This alignment is performed using GCPs, which are distinct 

geographical features discernible on both the aerial image and orthoimage image, such as 

roads, intersections, fence corners, buildings, railway tracks, bridges, and lakes. In this 

work, the Control Point Selection Tool in MATLAB was used to select GCP locations for 

the aerial and reference image. An example of the selection of GCPs is shown in Figure 

2.6. In this figure, a total of 12 GCPs were identified and marked using red sun-cross 

symbols. An image of the MATLAB Control Point Selection tool user interface is shown 

in Figure 2.7. A magnified selection window for the aerial image appear on the upper left 

corner and the full extent of the aerial image with the specific GCP locations depicted using 

cyan dots is displayed in the lower left corner. The same is shown for the 2014 orthoimage 

on the right-hand side of the figure.  
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Figure 2.6: Selection of GCP locations on a 2014 satellite orthophoto of the East 

Nishnabotna River. Image data: Google earth, NASA – NOAA, Image date: 10/14/2014 

 

 

Figure 2.7: MATLAB Control Point Selection tool 

Using the GCPs for calibration, a two-dimensional projective transformation 

function was then applied to align the images. The transformation creates a linear function 
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to map the coordinates of the aerial photo to those of the reference orthoimage. The 

transformation equations for X and Y are as follows: 

 

1 1 1

3 3 1

a x b y c
X

a x b y

+ +
=

+ +
                                                                                                 (2.2) 

         2 2 2

3 3 1

a x b y c
Y

a x b y

+ +
=

+ +
                                                                                                    (2.3) 

In Eqs. (2.2) – (2.3),  X and Y are world coordinates from the orthographic reference image, 

x  and y  are intrinsic coordinates from the aerial photo, and 1a , 2a , 3a , 1b , 2b , 3b , 1c  and 

2c  are parameters of the transformation (Wolf and Dewitt, 2000). This transformation was 

automatically applied using the MATLAB projective geometric transformation. Figure 2.8. 

shows the corrected aerial image superimposed on the 2014 orthoimage of the channel, in 

which the uneven white border surrounding the aerial photo is negative space as a result of 

the geometric transformation.   
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Figure 2.8: Corrected 1960 aerial photo superimposed on the 2014 satellite orthoimage of 

the Nishnabotna River. 

2.3.3 Superimposition of imagery in Google Earth  

For any given stream, after co-registering the aerial images, all images in a historical 

sequence (i.e. corrected aerial images, satellite orthophotos and topography maps) were 

georeferenced and superimposed in Google Earth. This allowed for all imagery to be 

overlaid, one on top of the other, at the same scale and orientation.  

Each image was then saved as a high resolution (4800 x 4074) JPEG image. It is 

important to note that in this study Google Earth is not only a tool to geographically align 

images but is also a source of historical imagery through the use of its historical imagery 

database. The World Imagery Wayback Application offered by Esri was also used to locate 

the source and confirm dates of imagery shown in Google Earth, as they have overlapping 

imagery in their databases. This overall procedure added imagery and maps from external 

sources for earlier dates not included in the Google Earth database, thus elongating the 

timespan of known planimetric geometry of a river channel.  
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2.3.4 Delineation of riverbanks and centerline in AutoCAD 

Once saved, each image was exported to AutoCAD, where it was scaled to a one to one 

ratio using the scale bar assigned in Google Earth. The riverbanks, which are used to define 

bankfull flow conditions, are delineated in the image using the methodology outlined in 

the Handbook for Predicting Stream Meander Migration provided by the National 

Cooperative Highway Research Program, NCHRP (Lagasse et al., 2004). Some of the main 

manual identification techniques for bank delineation are briefly discussed below. 

On black and white imagery, the bankline could be easily identified due to the sharp 

change in contrast between the water surface, inner bank and surrounding vegetation. The 

water surface has a deeper shade than the riverbank slope, which appears lighter when lit 

by the sun. An example of this is shown in Figure 2.9(a), in which the red arrows indicate 

the contrast between the water surface and the top of the bank. In cases where dense 

vegetation obscured the river channel, the bankline was delineated by interpolating 

between partially visible sections of the observable riverbank. If these obscured areas 

extended over significant portions of the channel, the bankline was approximated with the 

aid of the surveyed average channel width as well as referencing the extent of the 

neighboring channel vegetation in consecutive imagery. An example is shown in Figure 

2.9(b), where the red arrow points to locations were overhanging vegetation had partially 

shadowed the riverbank of the Wapsipinicon River. Finally, in some cases, the aerial image 

was taken after high flows or a dramatic overbank flooding event, causing neighboring 

vegetation and bank slope to have been significantly disrupted, and making identification 

of the channel bankfull flow width difficult. In such cases, the imagery was not used in the 

database. It should also be noted that the imagery was collected during different flow 
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conditions in the channel and therefore depositional features (such as point bars) were 

sometimes used to define the channel boundary. An example is shown in Figure 2.9(c), in 

which the red arrows indicate the exposed point bars during a low flow period along the 

Bogue Chitto River, Louisiana, USA. The delineated riverbanks for the streams shown in 

Figure 2.9(a, b and c) are displayed in Figure 2.9(d, e, and f).  

 

 

Figure 2.9: Identification of river channel features used to delineate the riverbank (a-c) and 

the associated delineated riverbanks (d-f). Image Information: a) Source: Iowa State 

University GIS Facility Map Server, Date: 1960 b) Google earth, Image USDA Farm 

Service Agency, Date: 2016/10/08 c) Google earth, Image U.S. Geological Survey Date: 

2006/04/30 
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Once the riverbanks had been delineated using polylines in AutoCAD, the stream 

centerline was determined as the geometric centerline between the two adjacent polylines 

of the right and left riverbanks. Finally, each consecutive historic river channel centerline 

was superimposed using a GCP visible in all imagery. To illustrate this overall process, 

Figure 2.10 shows the delineated riverbanks and centerline superimposed on top of the 

multi-temporal imagery, and showing the progression of the consecutive meander loop 

along the East Nishnabotna River for the years 1950, 1960, 1976, 1982, 1994, 2004, 2009, 

and 2014. The last frame in Figure 2.10 shows a composite image of the superimposed 

stream centerlines overlaying the 2014 satellite orthophoto of the channel.  

 

 

Figure 2.10: Multi-temporal imagery showing the change in channel morphology of the East 

Nishnabotna river along with delineated riverbanks and calculated channel centerline. 
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The channel centerlines were digitized in the cartesian coordinate system and saved 

as a series of coordinate points in comma-separated values format (.csv). AutoCAD was 

preferred for this process as it is a multi-faceted program which allows the user to easily 

spatially reference each dated image into the same scale, delineate the riverbanks, 

determine the stream centerline, superimpose the consecutive centerlines and export the 

delineated centerlines as individual points on the cartesian coordinate system.   

 

2.3.5 Idealization of stream centerline as sine-generated curve 

In the available literature, the stream centerline slope is provided only for a few cases in 

the database, and even just one specific time (i.e. stage of development of the stream). Yet, 

it seems relevant to provide estimates of the stream centerline slope cS  for the different 

stages of the temporal development of the stream. For this purpose, the stream centerlines 

delineated as detailed in the previous section, were idealized as sine-generated curves. This 

made it possible to estimate the values of cS  using the method outlined in Section 2.2.2.5.  

 The sine-generated curve was introduced by Leopold and Langbein (1966) and 

Langbein and Leopold (1966) as approximation to the closed form integral resulting from 

the probabilistic derivation of the meander path by von Schelling (1951), which rested on 

the postulate that for a given length between two points, A and B (for example, two 

consecutive crossovers), a meander loop will acquire the shape corresponding to the 

minimum overall (average) curvature. The sine-generated curve has since become the most 

common idealized representation of meandering streams (Parker et al., 1983; Parker and 

Andrews, 1986; da Silva, 2015; da Silva and Yalin, 2017). While strictly speaking, sine-

generated curves reflect the plan shape of a regular ideal meandering river, nonetheless 
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Leopold and Langbein (1966) have shown that they closely approximate the shape of 

regular or relatively regular meandering rivers. The sine-generated curve takes the form: 

 

                  
0 cos 2 cl

L
  

 
=  

 
                                                                                                      (2.4) 

where   is the deflection angle (i.e. the angle between the stream centerline and the 

horizontal axis x  at any given location along the centerline), 0  is the maximum deflection 

angle relative to the horizontal direction, cl  is the longitudinal coordinate along the 

centerline and L  is the meander length measured along cl . The computational software 

package MATLAB was used to find the sine-generated curve which best fits the stream 

centerline. 

 To this end, the cartesian coordinates for the channel centerline, which were generated 

in AutoCAD, were imported to MATLAB as array matrices. The deflection angle,  ,  

along the centerline was calculated on the basis of  two adjacent centerline coordinates and 

simple trigonometry and subsequently plotted against the longitudinal coordinate, cl . The 

Curve Fitting Toolbox in MATLAB was used to determine the values of the parameters 0  

and L  in Eq. (2.4) yielding the best representation of the variation of  along the channel.  

An example of the curve fitting procedure is shown in Figure 2.11, in which part a) shows 

a plan view of the East Nishnabotna River in 1960, part b) shows the variation of the 

measured   along cl  represented by circles and a plot of the fitted sine-generated curve, 

and part c) shows a comparison of the fitted sine-generated curve and the measured 

centerline.  
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Figure 2.11: Idealization of river meander geometry 
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2.4 Results; Database 

2.4.1 Overview and main characteristics of study sites 

As previously mentioned, the database includes 29 sites (28 rivers and 1 laboratory 

experiment) from 25 different rivers divided into 16 formed by sand and 12 formed by 

gravel. The rivers are located in 7 different countries, however, 21 sites (75%) are in the 

USA. The geographic location (i.e. GPS coordinates of latitude and longitude) of the sites 

is detailed in Table 2.1, and shown in the map in Figure 2.12. The database includes one 

laboratory experiment by Friedkin (1945). 

 

 

Figure 2.12: Study site location 
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Table 2.1: Geographic locations of study sites included in the dataset 

Sand Rivers Gravel Rivers 

Site Country 
GPS Coordinates 

Site Country 
GPS Coordinates 

Lat. (˚) Long. (˚) Lat. (˚) Long. (˚) 

Mississippi (1) USA 33.250 -91.083 Hoh  USA 47.811 -124.205 

Mississippi (2) USA 31.232 -91.590 Powder USA 43.783 -106.253 

White  USA 43.907 -72.649 Sacramento  USA 39.928 -122.094 

Little Blue  USA 40.212 -97.325 Dane UK 53.183 -2.268 

Wapsipinicon USA 41.764 -90.564 Clyde UK 55.681 -3.640 

Milk (1) CAN 49.127 -110.889 Belly  USA 49.406 -113.398 

Milk (2) CAN 49.002 -110.600 Allier France 46.515 3.335 

East 

Nishnabotna 
USA 40.951 -95.264 Sinu COL 8.151 -76.113 

Mackinaw USA 40.443 -89.666 Cecina Italy 43.327 10.700 

Iowa (1) USA 42.070 -92.894 
Bogue 

Chitto  
USA 30.720 -90.093 

Iowa (2) USA 41.887 -92.345 Molalla  USA 45.242 -122.665 

Elkhorn  USA 42.227 -98.279 Genesee USA 42.751 -77.852 

Cahaba  USA 32.688 -87.242      

Neches USA 30.363 -94.101      

Vermillion USA 44.661 -93.023      

Red  USA 33.676 -94.626      

Friedkin 

(1945)  
N/A N/A N/A      

Abbreviations: CAN – Canada; COL – Colombia; UK – United Kingdom 

USA – United States of America 

 

The hydraulic characteristics of the streams are shown in Table 2.2, which includes 

the  bankfull discharge ( bfQ ), median grain size ( 50D ), average channel width ( B ), valley 

slope  ( VS ), estimated channel slope ( cS ) for the earliest image of the stream in the present 

series of images, calculated reference straight channel flow depth ( 0h ), calculated average 

flow depth ( avh ) corresponding to the just mentioned value of cS , as well as the deflection 

angle ( 0 ) of the channel for the first known time period. 
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Table 2.2: Summary of properties for each study site in the database   

ID Site 
bfQ  

50D  B  VS  cS  0h  avh  0  

#  (m3/s) (mm) (m)   (m) (m) (deg) 

1 Hoh 927.0** 76.2* 76.2* 0.006 0.0053 1.99 2.37 39.5 

2 Powder 84.9 12.0* 42.7* 0.0018 0.0016 0.98 1.04 38.1 

3 Sacramento 2720.0* 25.0* 350.0* 0.0009 0.0008 2.96 4.38 31.5 

4 Dane 30.0* 10.0 20.0* 0.0031* 0.0029 0.75 0.75 29.8 

5 Clyde 183.0 10.0 37.7 0.0015 0.001 1.25 1.47 71.5 

6 Belly 101.0* 30.0* 28.7* 0.0032* 0.0024 1.28 1.20 58.8 

7 Allier 800.0* 6.2* 121.0 0.0008* 0.0006 2.15 2.02 60.2 

8 Sinu 900.0* 7.0* 130.0 0.001 0.0006 2.43 3.03 82.1 

9 Cecina 322.0* 30.0* 67.0 0.0018* 0.0017 1.82 1.86 33.7 

10 Bogue Chitto 150.0* 10.0* 50.0* 0.0011 0.0009 1.45 1.38 42.5 

11 Molalla 379.0* 58.0* 75.0* 0.0030* 0.0022 1.75 2.15 59.6 

12 Genesee 283.2* 50.0* 74.0* 0.00025* 0.0002 2.02 4.04 53.7 

13 Mississippi (1) 31000.0* 1.2* 1050.0 0.00016 0.00012 8.90 19.0 65.1 

14 Mississippi (2) 42475.3* 0.5* 1381.4* 0.00008 0.000065 11.20 17.33 31.6 

15 White 87.7** 49.6* 40.5* 0.0130* 0.0114 0.68 0.84 40.9 

16 Little Blue 182.0* 0.6* 39.6 0.0013 0.0012 1.44 1.27 24.7 

17 Wapsipinicon 305.8** 0.5* 79.2* 0.0015 0.0010 1.22 1.47 67.1 

18 Milk (1) 75.4* 0.15* 70.0* 0.0096 0.0007 0.58 1.14 62.3 

19 Milk (2) 75.4* 0.15* 73.0* 0.0096 0.0008 0.57 1.04 42.3 

20 
East 

Nishnabotna 
180.0* 0.5* 57.0* 0.00073 0.0007 1.36 1.64 22.0 

21 Mackinaw 229.0* 0.55* 65.0* 0.001 0.0009 1.30 1.53 42.1 

22 Iowa (1) 281.9* 0.84* 61.1* 0.00074 0.0006 1.75 2.34 45.2 

23 Iowa (2) 287.9* 0.5* 65.4* 0.00063 0.0005 1.72 2.03 47.8 

24 Elkhorn 32.2* 0.34* 32.0* 0.001 0.0009 0.58 0.99 33.9 

25 Cahaba 816.5* 0.3* 61.0* 0.00057 0.0004 3.46 4.30 67.3 

26 Neches 915.8** 0.4* 104.0 0.0005 0.0004 2.83 2.75 34.2 

27 Vermillion 10.0* 2.0* 15.0* 0.001 0.0008 0.50 0.76 57.4 

28 Red 1351.5* 0.26* 218.0* 0.0003 0.0002 2.58 4.60 69.8 

29 
Friedkin's 

Exp. (1945) 
0.014* 0.2* 0.9* 0.007* 0.0063 0.02 0.05 35.5 

(*) Provided in literature  

(**) 2 Year return period flood discharge provided in USGS StreamStats Collection Station Report  

( ) Estimated by author 

 

For the rivers in the database, bankfull discharges ranged from 10 m3/s to ~42,000 

m3/s, and the valley slope and grain size ranged from 0.00016 to 0.007 and 0.17 to 76.2 
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mm, respectively. To illustrate the distribution of the river parameters, frequency 

distribution plots of bfQ , 50D , VS , as well as 0 for the first known time period are shown 

in Figure 2.13. Due to the large variation in the values of bfQ , 50D , and VS , a logarithmic 

scale is used for the x-axis of the frequency distribution plots. As follows from Figure 2.13, 

the majority of the rivers have a bankfull between 100 – 1000 m3/s. For the frequency 

distribution of 50D , the bins coincide with the sediment size classification boundaries 

outlined in Wentworth (1922), with the 2 mm grain size boundary between the sand and 

gravel shown as a vertical red straight line in Figure 2.13. As shown, the majority of the 

study sites consist either of coarse sand or pebble gravel with average grain sizes between 

0.5 – 1 mm and 8 – 64 mm, respectively. The frequency distribution of VS  shows that the 

majority of sites have a slope between 0.001 – 0.003, which according to the classification 

by Rosgen (2007), characterizes the study sites as valley/meadow landforms. The 

frequency distribution of 0 , emphasizes that the majority of the study sites have 0 values 

between 20º – 60º (i.e. they are predominantly low intermediate sinuous channels; da Silva 

and Yalin, 2017). 
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Figure 2.13: Frequency distribution plots for the study sites in the dataset. 

 

2.4.2 Database structure 

The database, included as Appendix A, is structured identically for each study site. The 

information provided is illustrated in Figure 2.14 with an annotated layout for the 

Nishnabotna River (Site ID 20). First the location of the river meander is specified with the 

aid of a site map, GPS coordinates and a description of the meander study area location 

relative to a distinct local feature, typically a city or road. Next, literature references for the 

hydraulic stream properties are listed. In the absence of a reported bankfull discharge bfQ

the 2-year return interval discharge is used. References for the gauging station used for the 

site hydrologic time series data are reported along with the years of record. Following this, 
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the source of each image (i.e. aerial photograph, satellite imagery and/or topographic map) 

in the timeline of known planimetric evolution of the channel is reported. Underneath this 

reference section, the bed material size distribution and the hydraulic characteristics of the 

channel are listed. Finally, a scaled figure of the planimetric evolution of the stream, as 

extracted from the images, is shown, along with values of 0 , cS and avh estimated on the 

basis of the idealization of the stream centerline as a sine-generated curve. Note that for 

the layout shown in Figure 2.14, the final section is abbreviated and only shows the values 

of  0 , cS and avh  for the years of 1950-1982. A full account of the East Nishnabotna River 

hydraulic and planimetric properties is included in Appendix A.   
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(Image Data: Google earth, Image USDA 

Farm Service Agency, Image date: 9/29/2009) 

North arrow, scale and box superimposed by 

the author. 

Location of River Meander 

 

Latitude: 40.9511˚ 

Longitude: -95.2640˚ 

 

Description:  

The meander loop is 

approximately 7.5 km SSW of 

the city of Red Oak in 

Montgomery County, Iowa, 

USA. 

Sources of stream hydraulic characteristics 

Odgaard, A.J. (1987). Streambank erosion along two rivers in Iowa. Water 

Resources Research, 23(7), 1225-1236.  

Sources of stream gauge data:  

Provided in reference 

Sources of imagery:  

 Year Reference 

1950,1960 

1976,1982 

Iowa Geographic Map Server at Iowa State University [online 

archive]. Accessed through: < https://ortho.gis.iastate.edu/> 

1994 Google earth, U.S. Geological Survey. Date:1994/10/10 

2004 Google earth, USDA Farm Service Agency. Date:2004/08/04 

2009 Google earth, USDA Farm Service Agency. Date:2009/06/19 

2014 Google earth. Date:2014/10/14 
 

Bed material size distribution: 

50D  = 0.5 mm. 

Hydraulic characteristics: 

bfQ  = 180 m3/s 

meanQ = 10.6 

VS = 0.00063 

B  = 57 m  

Planimetric evolution: 

 

YEAR: 1950 

0  = 21.96˚ 

cS = 0.0007 

avh = 1.64 m 

YEAR: 1960 

0  = 41.51˚ 

cS = 0.0006 

avh = 1.74 m 

YEAR: 1976 

0 = 58.17˚ 

cS =0.0005 

avh = 1.87 m 

YEAR: 1982 

0  = 59.20˚ 

cS = 0.0005 

avh = 1.88 m 

Figure 2.14: Layout of database  

N 

Site Map 

GPS location and 

description of 

meander loop 

relative to a distinct 

local feature (e.g. 

cities, roads, etc.). 

Sources of stream 

hydraulic 

characteristics and 

reference for stream 

gauge, if used. 

Sources of imagery 

included in the 

timeline of known 

planimetric 

evolution and the 

year of acquisition.   

Bed material. 

Hydraulic stream 

properties. 

Scaled composite 

figure of the 

planimetric 

evolution of the 

stream as 

extracted from the 

acquired series of 

imagery. 

Temporal values 

of , and 

as estimated on the 

basis of the sine-

generated curve. 
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2.4.3 Channel geometry in view of the regime concept  

Regime theory was first proposed in the first part of the 20th century for the design and 

maintenance of irrigation channels, and later became the focus of extensive research in the 

river science community resulting in notable contributions by Altunin (1962), Bray (1982), 

Hey and Thorne (1986), among many others, who proposed empirical expressions that later 

influenced semi-theoretical expressions (Yang, 1976; White et al., 1981; Yalin and da 

Silva, 1999; Farias,1993; Julien and Wargadalam, 1995; da Silva and Yalin, 2017) for river 

channel geometry at equilibrium state. Overall, the basis of the regime concept has been 

widely accepted and the “principle of self-adjustment” of rivers (Blench 1966) is nowadays 

viewed as a fundamental component of river behavior.  For this reason, it seems 

particularly worthwhile to analyze the data for the streams in the present database in the 

light of the regime concept. 

Channel stability is classified as unstable or dynamically stable, in which the former 

relates to channels that are temporally and spatially changing form. This change in channel 

geometry is evident though adjustments in channel width ( B ), average flow depth ( avh ), 

channel slope  ( cS ), aggradation, degradation and planform changes (Thorne et al., 1996).  

A dynamically stable channel relates to channels which are not changing temporally or 

spatially due to the present hydrologic regime, valley topography or sediment supply, and 

have reached its equilibrium state (Simon and Thorne, 1996). This dynamically stable state 

is referred to as the regime state, which has an associated regime channel width ( rB ), 

regime channel flow depth ( rh ) and regime channel slope ( rS ). The relative changes in 

the current channel conditions B, avh , and cS  as it evolves from an initially straight channel 

having the dimension 0B , 0h  and a slope 0S  to regime conditions rB , rh , and rS , 
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respectively, are illustrated in the schematic Figure 2.15. As follows from this figure, 

during regime channel formation B rapidly approaches regime conditions, and avh and cS  

gradually increase and decrease, respectively, until they also reach regime conditions. 

Regime theory thus can be used to predict if a river is unstable or dynamically stable by 

comparing its current conditions to the expected regime conditions. Such a comparison was 

performed for the streams in the present database, as detailed below. 

 

 

Figure 2.15: Schematic representation of changes in channel geometry as a river evolves 

towards regime state (from da Silva and Yalin, 2017) 

For the present purposes, the regime channel geometry ( rB , rh , rS ) was determined 

using two different methods, namely those by Julien and Wargadalam (1995) and da Silva 

and Yalin (2017). These methods were selected because of their extensive use in the 

literature and associated parameterizations which make it possible to determine regime 

channel geometry using only two commonly known hydraulic characteristics, the bankfull 

discharge ( bfQ ) and median grain size ( 50D ). The method by da Silva and Yalin (2017) 

is rather involved, and the calculations cannot be performed manually. However, the 
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method has been incorporated into the MATLAB program BHS-Stable, provided as 

supplementary material by da Silva and Yalin (2017). This program was used in this work. 

The resulting values of rB , rh  and rS for each of the present sites are shown in Table 2.3. 

In the following, these are compared with the measured values of B and estimated values 

of cS and avh for the earliest time in record.  
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Table 2.3: Regime conditions of study sites 

Site 

ID 
Site 

Julien and Wargadalam (1995) BHS-Stable 

rB  rS  rh  rB  rS  rh  

(m)  (m) (m)  (m) 

1 Hoh 102.3 0.0013 4.2 89.07 0.0017 3.23 

2 Powder 49.4 0.00045 2.0 42.8 0.00067 1.3 

3 Sacramento 233.57 0.00020 9.2 201.6 0.00033 5.6 

4 Dane 25.7 0.0014 1.05 21.2 0.0023 0.81 

5 Clyde 76.1 0.00025 3.0 65.8 0.00040 1.9 

6 Belly 42.7 0.0013 1.7 37.12 0.0017 1.3 

7 Allier 180.1 0.000066 7.0 67.7 0.0013 5.2 

8 Sinu 185.3 0.000072 7.2 69.8 0.0013 5.4 

9 Cecina 71.0 0.0010 2.9 61.7 0.0014 2.2 

10 Bogue Chitto 68.9 0.00027 2.7 59.6 0.00043 1.7 

11 Molalla 70.0 0.0015 2.9 61.0 0.0019 2.3 

12 Genesee 62.8 0.0014 2.6 54.7 0.0018 2.0 

13 Mississippi (1) 981.9 0.000022 37.2 876.8 0.000091 19.9 

14 Mississippi (2) 1541.28 0.0000043 58.0 1328.19 0.000019 31.0 

15 White 34.8 0.0026 1.4 30.4 0.0029 1.2 

16 Little Blue 94.9 0.000086 3.6 73.8 0.00023 2.7 

17 Wapsipinicon 130.3 0.00005 5.0 101.6 0.00015 3.4 

18 Milk (1) 70.4 0.000067 2.7 49.2 0.00037 1.4 

19 Milk (2) 70.4 0.000067 2.7 49.2 0.00037 1.4 

20 
East 

Nishnabotna 
99.9 0.000065 3.8 76.0 0.00018 2.8 

21 Mackinaw 110.3 0.000065 4.2 86.2 0.00018 2.9 

22 Iowa (1) 106.3 0.00012 4.1 83.3 0.00030 3.0 

23 Iowa (2) 127.9 0.000050 4.9 98.8 0.00014 3.4 

24 Elkhorn 43.9 0.00013 1.7 27.8 0.00027 1.6 

25 Cahaba 222.2 0.000025 8.4 163.2 0.000090 5.4 

26 Neches 232.6 0.000025 8.8 183.1 0.000091 5.5 

27 Vermillion 15.09 0.0024 0.6 12.4 0.0015 0.8 

28 Red 287.2 0.000019 10.9 207.9 0.000076 6.7 

29 
Friedkin's Exp. 

(1945) 
0.94 0.005 0.04 0.44 0.0014 0.1 

 

The values of regime width obtained from each of the aforementioned methods are plotted 

versus the measured bankfull width in Figure 2.16. As follows from this figure, the regime 
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and measured values of flow width are in reasonable agreement, as indicated by their 

alignment with the “perfect agreement” line (blue line). This is expected because as 

illustrated in Figure 2.15, the channel width rapidly increases towards regime conditions. 

It is important to note that this fact, well established experimentally, implies that it is 

possible to equate channel width to the regime width, and thus the former can be estimated 

using the hydraulic geometry relations of the regime equations. 

 

 

Figure 2.16: Comparison of measured bankfull width ( mB ) to computed regime width ( rB ) 

using the regime methods by Julien and Wargadalam (1995) (left figure) and da Silva and 

Yalin (2017) (right figure). 

 

In Figure 2.17, the regime values of slope ( rS ) are plotted versus their estimated 

counterparts cS  for the earliest time in record. For both methods, the majority of the points 

fall under the “perfect agreement” line, which indicates that cS is steeper than rS . Based 

on regime theory, it is expected that the channel will continue to gradually deform until rS

is reached, thus confirming that the channel is actively migrating. However, it is important 
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to note that those points which fall above the “perfect agreement” line may be dynamically 

stable channels that are migrating in response to high flood events. 

 

Figure 2.17: Plot of computed regime channel slope ( rS  ) using regime methods by Julien 

and Wargadalam (1995) (left figure) and da Silva and Yalin (2017) (right figure) versus the 

estimated slope ( cS ) at the first time step.  

 

In Figure 2.18, the values of regime channel depth ( rh ) are compared to the 

estimated channel-averaged flow depth avh . The majority of the data points in both methods 

fall above the “best agreement” line. This is in agreement with regime theory as the flow 

depth should be expected to increase as the stream develops towards its regime state, as is 

indicative of an actively meandering river. However, it should be noted that in the method 

by da Silva and Yalin (2017), the data points are closer to the “perfect alignment” line. In 

spite of this, when coupled with the visual observations of channel change from multi-

temporal images and the comparison of cS with rS , it can be concluded overall that the 

study sites in the database are actively migrating rivers.  
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Figure 2.18: Plot of computed regime channel depth ( rh  ) using the regime methods by 

Julien and Wargadalam (1995) (left figure) and da Silva and Yalin (2017) (right figure) 

versus the estimated channel-averaged flow depth ( avh ) at the first time step. 

 

To end this section, the data from the present streams are plotted in the ( /B h ; /h D ) plan 

defining the existence regions of large-scale bed and plan forms by Ahmari and da Silva 

(2011)  shown in Figure 2.19, which is an updated version of the plan introduced by da 

Silva (1991). In this plan, the upper and lower boundaries of the existence region of 

meandering are as shown in Figure 2.19. Two states of the present stream are plotted in the 

just mentioned figure: the reference straight channel ( 0h ), and the regime channel ( rh ). For 

the sake of consistency, B is identified with rB . That is, the data points (circles) correspond 

to either the initial conditions ( 0/rB h ; 0 /h D ) or the regime state ( /r rB h ; /rh D ). As 

follows from Figure 2.19, the regime channel conditions for all study sites are within the 

existence region for meandering channels. When considering the initial channel, several 

sites are within the alternate bar existence region.  
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Figure 2.19: Existence regions of alternate bars and meandering. 

 

2.5 Sources of error 

This section will focus on the potential sources of error associated with the image 

processing procedure presented above. Inherent to the methodology used, there are several 

potential sources of error associated with using sequential remote sensing imagery to 

determine historic migration velocity of the channel. Predominantly these sources of error 

relate to:  

i. satellite orthophoto precision accuracy  

ii. co-registration of aerial imagery to correct geometric distortions 

iii. digitization of boundaries from aerial images and maps 
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2.5.1 Satellite orthophoto spatial resolution and spatial resolution 

Precision accuracy relates to the degree of alignment between aerial or satellite orthophotos 

and known GPS coordinates on the Earth’s surface. Spatial resolution refers to the size of 

a pixel in relation to the ground distance. For instance, a 20 m resolution image consist of 

pixels which each represents a 20 m by 20 m area on ground level. With millions of 

academic and corporate users, the use of software such as Google Earth and Esri for 

surveying and mapping applications has increased in popularity over the years, which 

raises the questions about positional/spatial accuracy of the imagery (Farah and Algarni, 

2014). The main source of high-resolution satellite orthophotos used in the database is the 

Google Earth Pro historical imagery tool, which archives the imagery from a multitude of 

different providers and platforms, the most common being DigitalGlobe acquired by Maxar 

Techologies and Airbus contracted by CNES (Centre National d'Études Spatiales). 

Technical documents specifying the resolution capacity of the specific satellites under their 

operation are accessed through the company’s website. According to the data sheets of 

QuickBird, WorldView-1 and WorldView-2 satellite datasheets, DigitalGlobe sensors 

offers a sub-meter resolution and metric accuracy between 0.31 to 2.16 m and 5 to 25 m 

respectively (Potere, 2008; Maxar, 2019). Similarly, according to the data sheets for SPOT 

-4, SPOT -5,  SPOT-6 and SPOT-7, Airbus sensors have sub-meter resolution and metric 

accuracy between 1.5 – 10 m and 5 – 20m respectively (Ranchin and Wald, 2000; Zheng 

et al., 2018; Airbus Defense and Space, 2019). These values are well within the spatial 

extent of the channels in the database which span a maximum of 5 m.  

Depending on the availability of the imagery, the resolution may vary for a specific 

geographic location. For this reason, there is no single reported measurement accuracy for 
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Google Earth (Harrington et al., 2017). However, there are several published values 

regarding regional position accuracy for the program in urban and sub-urban areas which 

typically encompasses the locations of the study sites. Farah and Algarni (2014) conducted 

a small-scale assessment study in the kingdom of Saudi Arabia and concluded that the 

horizontal position accuracy RMSE (root mean square error) was 2.18 m. Potere (2008) 

conducted a more extensive study analyzing the discrepancies in coordinates for features 

on satellite imagery in the Google Earth database for 109 cities worldwide, and concluded 

the error magnitudes ranged from 0.4 to 171 m resulting in a RMSE of 39.7 m for both 

aerial and satellite imagery and a RMSE of 22.8 m for control points derived from only 

satellite imagery. Additionally, based on the comparison of Google Earth Pro markers to 

surveyed GPS coordinates in urban areas, it has been concluded that Google Earth provides 

sufficient accuracy to derive planimetric and topographic maps as well as contour maps 

(Mohammed et al., 2013; Farah and Algarni, 2014). Although the positional accuracy of 

satellite orthophotos with GPS coordinates is important, it should be noted that for the 

analysis of the overall temporal change in river morphology the imagery resolution is more 

important.  

 

2.5.2 Registration of aerial imagery error 

Downward et al. (1994) noted that to achieve a valid quantification of planform change 

using temporal sequences of imagery, the measured parameters must exceed the error 

associated within the measurement process. As orthographic and topographic map imagery 

have been photogrammetrically corrected, aerial imagery is one of the primary sources of 

systematic errors as it is prone to geometric distortion (Lagasse et al. 2004). Wolf and 
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Dewitt (2000) indicated that this is not a grave concern with systematically acquired 

vertical aerial images since the unintentional tilt of the camera is typically 1 -3˚ and this 

does not result in significant scale variation within the image. Nevertheless, to reduce the 

effects of geometric distortion and allow for a consistent map projection, in this work aerial 

imagery was ortho-rectified to apply corrections for ground terrain variation and optical 

distortion. Richards (1986) suggested that GCPs should be distributed around the edge of 

the imagery as these are the locations with greater distortion, and where possible, GCPs 

should be evenly distributed across the floodplain (Lea and Legleiter, 2016). Although 

there exists no rigid guideline, literature suggest that a minimum of 5 to 8 GCPs is optimal 

(Mount et al., 2003; Hughes et al., 2006). Owing to this reason, at least 8 GCPs were used 

processing the images pertinent to this study. 

 

2.5.3 Delineation of riverbank error 

As recommended in the literature, bankfull flow conditions were determined from the 

riparian vegetation rather than river stage in an effort to minimize variability due to 

fluctuating water levels (Winterbottom, 2000; Gaeuman, et al., 2005; Richard et al., 2005; 

Aalto et al., 2008; Fisher et al., 2013; Nelson et al., 2013). In situations where the floodplain 

was unclear, the average channel width provided in the literature was used to help identify 

the approximate location of the floodplain. Additionally, manual delineation was preferred 

as it is more commonly implemented (Blundell and Opitz, 2006) than automated methods, 

and offers comparative results (Merwade, 2007).   
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2.6 Conclusions 

An intensive academic search was performed to source and compile a database 

comprised of hydraulic and geomorphic characteristics as well as planimetric geometry of 

free-meandering rivers. Collectively, the database is composed of 16 gravel-bed and 12 

sand-bed rivers located in 7 different countries along with one laboratory experiment by 

Friedkin (1945). Although it is not extensive, the graphical database is generally 

representative of relatively symmetrical sinuous meandering rivers which have non-

cohesive bed material. It offers an easy and accessible summary of channel change over a 

specified time period for 28 natural streams, with the intent for use by researchers and 

academics, for the calibration and validation of their models for the simulation of meander 

planimetric evolution. The hydraulic and geomorphic parameters included in the database 

for each river are the bankfull discharge ( bfQ ), median grain size ( 50D ), average channel 

width ( B ), valley slope ( VS ), along with estimated transient channel properties such as the 

estimated channel slope ( cS ), calculated average flow depth ( avh ) and approximate 

deflection angle ( 0 ) of the channel based on the idealization of the measured channel 

centerline using a sine-generated curve. 
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Chapter 3 

A phenomenological model to predict the planimetric evolution of river 

meanders   

3.1 Introduction 

River flows redistribute and transport in-channel sediment creating localized erosion and 

deposition zones which lead to bed and bank morphological changes, and cumulatively, 

the gradual migration of the river (Hickin and Nanson, 1975; Wohl et al., 2015). In lowland 

sedimentary environments this process creates river channels with distinct meandering 

planforms whose sinuous nature, although often asymmetrical to varying degrees, exhibit 

noticeable regularity. The temporal and spatial evolution of these alluvial meandering 

channels typically occur through downstream migration and lateral expansion of the 

meander bends, and the prediction of this change in channel geometry with time has a 

multitude of engineering and geological applications. For instance, meander migration has 

implications in the management of in-stream infrastructure such as culverts and pipes, 

delineation of the erosion hazard zone, hazard assessment of infrastructure in the vicinity 

of rivers and bridge design to mention a few (Sylvester et al., 2019).  

The interrelations between fluid dynamics and morpho-dynamic processes that 

affect river migration are complex. Historically the scientific community has focused on 

defining the dominant factors which influence the rate of bank erosion, and thus meander 

migration, with the intent to derive relations that reflect observed channel behavior. 

Influential factors include physical channel characteristics such as the channel curvature 

(Hickin and Nanson, 1975; Nanson and Hickin; 1983) and channel width (Brice, 1982), as 
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well as hydraulic and morphological characteristics such as the near bank shear stress 

(Partheniades, 1965) and the near bank flow field (Ikeda et al., 1981). In particular, the 

pioneering empirical equation proposed by Ikeda et al. (1981) linearly relates the speed of 

expansion of the meander loop to the “excess velocity” (i.e. the difference between the 

local depth-averaged longitudinal flow velocity near the eroding bank and the channel 

centerline) and a dimensionless coefficient, has attracted considerable attention. However, 

this empirical equation only indicates the magnitude of bank retreat and expected channel 

shift, and by itself, does not constitute a means to simulate the spatiotemporal changes that 

river meanders exhibit over time. For this purpose, a meander migration model is required 

which can be either of two types: a processed-based model or a phenomenological model. 

Process-based models, which have undoubtably been given the most attention, are based 

on the coupling of a hydrodynamic model to resolve the flow field, a bank erosion model, 

and in some cases a bed deformation model, linked in an iterative time-step procedure to 

simulate the spatial variation of meander planform geometry. More often than not, the 

aforementioned equation by Ikeda et al. (1981) is incorporated into this type of models. 

After decades of research the scientific community has proposed various formulations of 

increasing detail and complexity to describe the plan-evolution of freely meandering 

channels. Some of the earliest models coupled one- and two-dimensional hydrodynamic 

models with bank deformation models to quantify the migration and subsequent 

displacement at different locations along the channel (Parker, 1982; Beck et al., 1983,1984; 

Johannesson and Parker, 1985; Parker and Andrews, 1986;  Crosato, 1990; Garcia et al., 

1994; Sun et al., 1996; Motta et al., 2012).  More recently with the rapid advancement of 

technology, and its ability to solve complex equations, there have been attempts to use 3D 
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computational fluid-dynamic models (Duan et al, 2001; Olsen, 2003; Rüther and Olsen, 

2007), incorporate bank stability models (Darby et al., 2002;Motta et al., 2012), account 

for spatiotemporal variation in channel width (Duan, 1998; Chen and Duan, 2006; Asahi 

et al., 2013; Gu et al., 2016) and simulate long-term planimetric evolution by accounting 

for cut-off development (Camporeale et al., 2005; Frascati and Lanzoni, 2010), with the 

aim to capture, to the highest degree possible, the variant interrelated processes which 

contribute to the planimetric evolution of meandering rivers. However, although these 

process-based studies are useful for understanding and modeling river planform evolution 

as there are fewer geometric restrictions, they are computationally expensive and require a 

significant amount of time to set up (Güneralp and Martson, 2012). Notably, because the 

processes involved are complex, at present even the most advanced models rely on 

empirical or semi-empirical formulations, and to a large extent, they remain at a 

developmental stage. 

On the contrary, phenomenological models are scientific models which utilize 

empirical relationships to simulate phenomena in a way that is consistent with, but not 

directly derived from, fundamental theory. In other words, the effects between changes in 

channel curvature, flow patterns and the subsequent bank erosion can be incorporated into 

the computational approach through the use of empirical relations to provide a rough 

estimate (i.e. zeroth-order approximation) of channel migration. The most well known of 

such models is that proposed in the earlier works by Howard (1983) and Howard and 

Knutson (1984), who used an empirically based formulation expressing the average 

migration rate as a function of channel curvature, while the most recent has been introduced 

by Yalin and da Silva (2001) and further developed by da Silva and Bahar (2003) and da 
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Silva and Yalin (2017) (and henceforth designated as the model by da Silva and Yalin, 

2017). 

Motivated by the advances in computer hardware and software, the focus of the 

scientific community over the past 10 years or so, has largely remained on process-based 

modelling. Yet, phenomenological models may be preferred for practical applications 

where approximate estimates of meander migration are needed rather than highly precise 

and detailed channel changes. Such may be the case for initial site investigations, land 

management/zoning and infrastructural maintenance scheduling. Additionally, these 

models are typically more economically feasible as they require less computational effort 

and set-up time. From the aforementioned, it follows that there exists a gap in the literature 

regarding zeroth-order approximation models that can be used to quantify and visualize the 

temporal and spatial development of a river meander loop. This paper is intended as a 

contribution addressing this gap. 

The aim of this work is to further develop the phenomenological model for the 

analysis of planimetric evolution of meander streams by da Silva and Yalin (2017), by 

lifting its limitations. These arise for two reasons. The first is that the model involves a 

function (termed W ), which is not yet known and can only be revealed on the basis of 

experimental data (i.e. laboratory or field data). The second is that the required calculations 

are too involved to be performed manually, and yet no computer program is available to 

automatically perform them. The two specific objectives of this work thus are: 1-to develop 

a MATLAB program for the automated application of the model; and 2- to reveal the as 

yet unknown function W in the model, using both the database and the computer program 

developed under objective 1.  
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While details of the model are provided in Section 3.3, the next section is devoted 

to the presentation of pertinent background information, relating to overall assumptions 

and convective nature of meandering flows. The latter is needed because the model makes 

use of this concept and related expressions in its formulations of rates of bank downstream 

migration and lateral expansion. 

 

3.2 Pertinent background information 

3.2.1 General; Assumptions 

The theoretical framework by da Silva and Yalin (2017) rests on a number of assumptions, 

as follows. To reflect the conditions prevailing in natural rivers, it is assumed that the flow 

is rough turbulent, the width to depth ratio is “large” (say /B h > 15) and the Froude 

number, Fr , is small. Since the /B h  ratio is “large”, the effect of the secondary currents 

is considered negligible. The stream centerlines are idealized using a periodic function, in 

this case, the well-known sine-generated curve, first introduced by Langbein and Leopold 

(1966). Thereby, the planform geometry is described by the variation of the deflection 

angle   along the channel centerline cl , which is also related to the channel sinuosity   

as follows: 

 

0 cos 2 cl

L
  

 
=  

 
 and 

0 0

1

( )

L

J



= =


 (3.1a, b) 

Here, 0  is the deflection angle at 0cl = , L  is the meander length measured along cl ,   is 

the meander wavelength and 0 0( )J   is the Bessel function of the first kind and zero-th 

order of 0 . Following the coordinate system, the locations of zero curvature                               
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( / 0cd dl = ) occur at 0cl = ; / 2L ; L ; … etc. and are referred to as crossover locations 

iO ; location of maximum curvature occur at / 4cl L= ; 3 / 4L ;5 / 4L , … etc. and are 

referred to as apex locations ia . A definition sketch is shown in Figure 3.1. 

 

 

Figure 3.1: Definition sketch: pertinent terminology related to the geometry of meandering 

streams (from da Silva and Yalin 2017) 

 

3.2.2 Convective nature of meandering flow 

The convective nature of meandering flow is one of the main phenomena which drives 

river planform evolution. As a result of the continuous variation in curvature along the 

channel, there is a gradual periodic shift in longitudinal (i.e. streamwise) flow away from 

the middle of the channel towards the outer bank. From a plan view perspective, this flow 

creates distinct convergence-divergence zones that periodically alternate along the center 
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of the channel. That is, for the same stream reach, if flow adjacent to one bank is converging 

(i.e., the flow of water is accelerating towards one bank), then the flow adjacent to the 

opposite bank is diverging as dictated by the law of the conservation of mass. The gradual 

shift of the vertically averaged flow can be visually represented using the streamline, s , 

which divides the flow rate Q  into two equal parts. As shown in the insert of Figure 3.2, 

the streamline s  delineates the convectively accelerated (converging) and decelerated 

(diverging) zones. The degree of shift between the streamline s  and the longitudinal 

coordinate l  at a point P  is characterized by the vertically-averaged deviation angle  , 

which is the angle enclosed between s  and l . If the point P  is on the centerline of the 

channel cl , the deviation angle is termed .c  

 

 

Figure 3.2: Convective flow pattern in sine-generated channels and observed erosion-

deposition patterns in meandering rivers (from da Silva and Bahar, 2003) 

Considering the variation of   within the cross-section of a stream, for a sine-

generated channel, the largest cross-sectional   is in the neighborhood of the centerline cl
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and the zero values of   are at the flow boundaries 1 and 2 (banks). It can be inferred that 

similar to s ,  -curves, which indicate how the deviation angle   varies along a 

coordinate,  can be used as an indication of the convective nature of meandering flow. From 

the analysis of laboratory measurements carried out in sine-generated channels (Whiting 

and Dietrich, 1993; da Silva, 1995; Termini, 1996; Tape, 2001), da Silva and Yalin (2017)  

were able to yield insight about the distribution in flow plan of the convergence-divergence 

zones and its apparent interrelation with 0 . 

If 0  is “small” ( 0  < ≈ 30°, say) the convective flow pattern is similar to that 

shown in Figure 3.2(a), where the converge-divergence zones of length / 2L  are situated 

approximately between, or slightly upstream of, two consecutive apex sections. In each 

zone,   maintains its sign (i.e., 0   between 1ia −  and ia  ; 0   between ia  and 1ia + ), 

allowing for a flow pattern which is convergent at the inner river bank. If 0  is “large” ( 0

> ≈ 70°, say) the convective flow pattern is similar to that shown in Figure 3.2(b), where 

the analogous convergence-divergence zones of length / 2L  are situated approximately 

between, or slightly downstream, of two consecutive cross-over sections iO  and 1iO + . In 

this case,   maintains a positive sign (i.e., 0   between iO and 1iO + ) allowing for a flow 

pattern where the flow is divergent at the inner river bank. If 0  is “intermediate”                   

(≈ 30°< 0 < ≈ 70°, say), the convergence-divergence zones of length / 2L  are situated 

between those for a “small” and “large” 0 , and   maintains its sign over these lengths. 

To allow for a better conceptual understanding of the behavior of  , it is more 

convenient to analyze its overall behavior or trend irrespective of its numerical magnitude. 

For this reason, the normalized variable max/ ( )c   is considered. The variance of 

max/ ( )c  over the convergence-divergence region of length / 2L  is illustrated in the 
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schematic Figure 3.3, where 0c = and thus max/ ( ) 0c c  =  signifies the end of each region. 

In this figure, the curves 0C  and 138C   are the limiting max/ ( )c  curves corresponding to 

0 0 =  ( 1 = ) and 0 0 max( ) 138 = = ( = ) respectively, and 30C  and 110C  are 

approximate representations for cases of “small” ( 0 30  ) and “large” ( 0 110  ) 

sinuous channels respectively. The other curves 
0

C  within the interval 0°< 0 < 138° are 

situated between the limiting cases 0C  and 138C , where there is a gradual “shift” to the left 

as 0  increases. 

 

Figure 3.3: Distribution of ( )
max

/c c  along the normalized coordinate system  /cl L  ( from 

da Silva and Bahar, 2003) 

Based on laboratory experiments in sine-generated channels with 0  values of 30 , 70

and 110 , da Silva et al. (2006) proposed the following expression for max/ ( )c  : 

 

0

max

2
( )

c
c

c

l

L


 



  
= −  

  
 (3.2) 

with 0c  and max( )  given by 

 
4 3 2

0 0 0 00.0033 0.0198 0.11 0.25c   = + − +  (3.3) 

and  
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4.3
00.120

max 0( ) 0.115 e
  −

=  (3.4) 

In these expressions, 0  is in radians. Eq. (3.2) can be rearranged to solve for c  at distinct 

locations along the centerline, say at the apex ia  (where 1/ 4cl = ), where ( )c c a = , and 

the crossover ( / 0cl L = ), where ( )c c O = , which yields:  

max 0( ) ( ) [2 (1/ 4 )]c ca c   = −  (3.5) 

0 max 0( ) ( ) [2 ( )]c c c   = −  (3.6) 

 

3.3 da Silva and Yalin’s method and related computer program 

3.3.1 Review of the theoretical framework by da Silva and Yalin (2017) 

The model aims to predict the planimetric evolution of a meander loop within an 

engineering timescale, generally described as the periods before cutoff occurrence (Motta 

et al., 2012). Similar to other meander migration models (e.g. Parker, 1982; Parker and 

Andrews, 1986; Garcia et al., 1994; Sun et al., 1996), this model assumes that continuous 

migration occurs under the influence of fluvial erosion due to a constant flow rate (i.e. 

bankfull flow, bfQ ). The model is constrained to analyzing one meander length. It is further 

assumed that: 

1- The meandering stream is not undergoing overall aggradation or degradation and 

therefore the areas of cross-sectional erosion and deposition zones are equal at any 

cl  and time t  (see Figure 3.4(a)). 

2- The stream width B  does not exhibit any systematic variation along cl , and that it 

also remains constant with the passage of time. 
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A consequence of assumptions (1) and (2) is that as the channel migrates from time t  to a 

future time t t+  , the radial (horizontal) displacement of the points 1P  and 2P  at the right 

and left banks respectively, are equal, and so are the associated bank radial (horizontal) 

displacement speeds. 

1 2 ( )W W W  = =  (3.7) 

This is illustrated in Figure 3.4(b), where W  is the local radial displacement velocity at 

any time t . Ultimately, the method by da Silva and Yalin (2017) provides expressions for 

W  , as well as its components, namely speed of downstream migration migW   and speed of 

lateral expansion  expW  . Such expressions were obtained on the basis of the considerations 

detailed next. 

 

 

Figure 3.4: Definition of bank radial (horizontal) displacement velocities (a) cross-sectional 

view, (b) plan view (adapted from da Silva and Yalin, 2017) 

 

From laboratory tests on the flow pattern in sine-generated channels, da Silva and 

Yalin (2017) concluded that the zones of most intense convergence-divergence of the 

vertically averaged meandering flow coincide with the zones of most intense erosion-

deposition in the channel. This is also in perfect agreement with the equation of continuity 
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of sediment transport. This correlation is visually represented in Figure 3.2(a)               

(“small” 0 ) and Figure 3.2(b) (“large” 0 ) where the convergence-divergence zones are 

around the crossovers iO  and 1iO + , for a “small” 0  channel, and around the apex ia  for a 

“large” 0  channel; and Figure 3.2(c) (“small” 0 ) and Figure 3.2(d) (“large” 0 ), show 

that the location of the erosion-deposition zones are also around the crossover for a “small” 

0  and around the apex for a “large” 0 . As discussed in Section 3.2.2, the locations of 

maximum convergence-divergence of the flow correspond to the maximum and minimum 

values of  , and therefore, based on the previous correlation it can be inferred that the 

locations of maximum erosion-deposition can also be associated with the just mentioned 

values of  . To put it into other words, the overall pattern of erosion and deposition in a 

stream can be inferred from its  -curve, showing the variation of   in the downstream 

direction cl . 

On the other hand, it is known that the largest rate of bank displacement along a 

stream occurs where erosion is the most intense. Thus, it is possible to correlate the plan 

displacement of the channel to  . This is supported by numerous observations and 

measurements conducted in freely meandering rivers and especially Russian rivers (the 

Dnieper, Oka and Irtish) as well as European and American rivers from where it became 

clear that “at the early stages (small 0 ), it is the downstream migration of the meander 

waves which is mainly observable, and at the latter stages (large 0 ), it is their expansion 

which dominates” (Kondratiev et al., 1982). It follows that the largest and zero radial banks 

displacements W   occur in those flow regions where the bed deformation and thus   are 

largest and zero, which implies a positive correlation between W   and  . Acknowledging 

this correlation, and using dimensional analysis, da Silva and Yalin (2017) expressed W   
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as a function of c  and other parameters related to the sediment transport and geometry of 

the channel, as follows: 

 

( )s av
cW

q
W

L
  =  (3.8) 

Here ( )s avq  is the channel averaged value of the specific volumetric sediment transport 

rate, L  is the meander length and W  is the meander loop time-growth function whose 

determination is the focus of this paper. 

For practical purposes, it is advantageous to consider the two components of the 

displacement of a meander, namely downstream migration and lateral expansion. Taking 

this into account, W   can be expressed as the algebraic sum expmigW W W  = + , in which 

migW   is the part of W   due to the downstream migration and expW   is the part due to lateral 

expansion. Under the assumption that there is no deformation of the original bank lines 

during channel evolution ( / 0B t  = ), the downstream migration velocity of the 

meandering channel in the x-direction, xW , is the same at all locations along the centerline 

cl . On the other hand, expW  varies along cl , and for a sine-generated curve, it can be 

expressed in terms of the magnitude of expW   at the apex exp( )aW  , such that 

exp exp( ) sin(2 / )a cW W l L = . Considering this, with Eq. (3.1a and b), W   can be expressed 

as follows: 

 

0 0 0 exp

( )
( ) sin[ cos(2 / )] ( ) sin(2 / )

2

s av
cW x c a c

q
W J l L W l L

B
     


 = = +W  (3.9) 

In this equation, the first term on the right-hand side is migW  , and the second term is expW  . 

The trigonometric relationship between W  , expW  , migW   and xW  along  cl  as well as the 
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resultant displacement vector W  (where expmigW W W  = + ) are depicted in Figure 3.5. The 

expression for xW  can be further simplified by taking into account that at the crossovers 

iO  and 1iO +  (where / 0cl L = and / 1/ 2cl L = , respectively), the radial bank displacement 

W  is only due to downstream migration xW  as exp 0W  = , which yields the following 

expression: 

 

xW
0 0

0

( ) ( )
( )

2 sin

s av
cW O

q J

B


 

 
= −  (3.10) 

Similarly, at the apex ia  (where / 1/ 4cl L = ), 0migW  = , which yields: 

 

exp 0 0

( )
( ) ( )( )

2

s av
ca W a

q
W J

B
  


 =  (3.11) 

Therefore, the overall shift in the channel during the time interval t  can be expressed by 

the horizontal and vertical displacements measured as x  and y  in the cartesian 

coordinate system. The expressions for x  and y  are: 

 

exp[ cos(90 )]xx W t = + + W  (3.12) 

   exp[ cos( )]y W t =   (3.13) 

where xW  is given by Eq. (3.10) and exp exp( ) sin(2 / )a cW W l L = , in which exp( )aW  is given 

by Eq. (3.11). 
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Figure 3.5: Definition sketch: a) Interrelation between migration velocity vectors as the 

channel evolves (from da Silva and Yalin, 2017), b) Radial migration velocity and incremental 

displacement 

To end this section, it should be noted that Eq. (3.8), and those derived from it (Eqs. (3.9), 

(3.10), (3.11)) are strictly valid for the case of gravel streams, for which the planimetric 

evolution stops when sediment transport ceases (i.e. ( ) 0s avq = ). For the case of sand 

streams, the planimetric evolution can stop with the stream remaining at a state of dynamic 

equilibrium with ( ) 0s avq  . Thus, for sand streams, Eq. (3.8) needs to be augmented with 

a second multiplier function which is responsible for halting channel development before 
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the river achieves its equilibrium (or regime) conditions. The multiplier function greatly 

complicates the problem, and it will be disregarded in this work. 

 

3.3.2 Computational procedure; MATLAB code 

The method by da Silva and Yalin requires the problem to be specified through known 

given values of the following quantities: flow rate Q ; average grain size of the granular 

material 50D ; /s  , in which s  is submerged specific weight of granular material and   

is fluid specific weight, flow width B , and a value of 0  of the stream at the initial time 

0t = . The constant flow rate Q  is the channel forming discharge, usually identified with 

the bankfull flow having a return period of 1.5 - 2 years (Williams, 1978; He and 

Wilkerson, 2011). The constant flow width B  is to be identified with the regime width      

rB . In this work, this was computed using the computer program BHS-STABLE, 

associated with the rational regime method by da Silva and Yalin (2017) (see Section 

2.4.3). Inherent to the meandering process is the fact that at each different state of channel 

planimetric development there is a distinct channel centerline slope cS , which is related to 

the valley slope and sinuosity by the relation /c VS S = . In the present computational 

procedure, for each cS , the associated flow depth h  is computed from the Chézy resistance 

equation as follows, namely: 

 

cQ Bhc gS h=  (3.14) 

where g  is the acceleration due to gravity and c  is the resistance factor. The latter is a 

function of h  and cS  (i.e. ( , )c cc h S= ), making Eq. (3.14) an implicit relation. To allow 

for the numerical determination of c , the Engelund-Yalin equation, which expresses c  by 
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taking into account the presence of bed forms (dunes and/or ripples), is used in conjunction 

with Eq. (3.14) to determine a pair of c  and h  values that satisfy both expressions. The 

bisection method is adapted for this purpose. The expression for the Engelund-Yalin 

equation is as follows: 

 

2 2

2 2 2 2

1 1 1 1 1
( )

2
d d r r

f fc c c c h
 



= + = +  +   (3.15) 

Here fc  and c  are the components of c  due to surface friction and bed forms, 

respectively, i  ( i d= for dunes and i r=  for ripples) is bed form steepness and i  is bed 

form length. The bed form characteristics i  and i  are computed using the equations by 

da Silva and Yalin (2017). 

Knowing the input parameters Q , 50D , /s  , VS , B  ( rB ) and the position of 

the centerline at the initial time step it , the model iterates through a series of steps to 

determine and draw the channel centerline at a consecutive time step 1i it t t+ = +  . The 

overall computational procedure is summarized in flow chart format Figure 3.6. The related 

MATLAB computer program is available by request to the author. 
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Figure 3.6: Model computational procedure flow chart 
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3.4 Determination of the function W  

3.4.1 Methodology  

This and subsequent sections are devoted to the determination of the multiplier function 

W in Eq. (3.8). The knowledge of the form of this function is essential, as a specific value 

of W is required as input for any given case if the model is to produce realistic results.  

The potential of W  was explored first by Yalin and da Silva (2001) who, on the 

basis of dimensional considerations, found that this should depend on, at the most, the 

stream initial deflection angle 0 , the width-to-depth ratio / avB h , and the Chézy  

resistance factor, i.e. 0( , / , )W avB h c  = . The form of variation of W with 0  was further 

explored by da Silva and Bahar (2003), who suggested the following expression for W : 

 

max 0 0

max 0

( ) sin(3 )         for         30

( )                       for         30

W W

W W

   

  

= 

= 
          (3.16) 

where 0  is in radians or degrees. Note that according to Eq. (3.16) W is expressed as an 

increasing function of 0  in the range of 00 30  (and taking the value 0W =  at 

0 0 = ), acquiring a constant value ( max( )W W = ) for 0  30 .  

 As previously mentioned, it has been established on the basis of numerous field 

observations that at the early stages of development rivers predominantly migrate 

downstream and in the mature stages they largely expand laterally (Kondratiev et al., 1982; 

Yalin 1999). A schematic showing the expected variation of migration velocities as the 

channel evolves ( 0  increases) and summarizing the just mentioned field observations is 

shown in Figure 3.7. da Silva and Bahar (2003) have shown that for a given / avB h and     

avc , the adoption of Eq. (3.8) leads to results in conformity with Figure 3.7. This was 
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confirmed through preliminary analysis carried out by the author. Taking this into account, 

it is hypothesized here that the effect of / avB h and c are fully taken into account by max( )W

in Eq. (3.16) , i.e. that max( )W is a function of, at most, / avB h and c .  

 

 

Figure 3.7: Normalized migration velocity curves (da Silva 2017) 

The methodology adopted in this work to determine max( )W was as follows. Using the site 

specific properties along with the alignment of the channel at the first known timestep, the 

MATLAB computer program introduced earlier was used to simulate the plan 

displacements of the channel, with the values of the unknown parameter max( )W being 

adjusted using a trial and error process until the simulation output best reflected the known 

evolution of the stream. The comparison was twofold in which (1) the planimetric channel 

alignment and curvature at distinct timesteps were compared using a cartesian coordinate 

system and (2) the measured instantaneous migration velocities were compared with those 

of the simulation. Due to the temporal variation of the channel-averaged flow depth avh ,

max( )W  is in this work expressed in terms of the reference straight channel flow depth      

0h ; furthermore the resistance factor is replaced by the relative flow depth 0 /h D , which 

is permissible as c  is proportional to it. 
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 The field data used to determine max( )W  is derived from the database presented in 

Chapter 2. For the reasons detailed in this section, only gravel streams are considered. 

 

3.4.2 Experimental data 

A total of 11 field sites, from 11 different rivers, were used in the required 

simulations to determine W . The geographic locations of the sites is shown in Figure 3.8, 

and a summary of the site specific properties is provided in Table 3.1. Here bfQ  is bankfull 

discharge, 50D  is the median grain size, B  average channel width, VS  is the valley           

slope, cS  is the estimated channel slope  for the earliest image of the stream in the present 

series of images, 0h  is calculated reference straight channel flow depth, avh  is the 

calculated average flow depth corresponding to the just mentioned value of cS  and 0  is 

the  deflection angle  of the channel for the first known time period. Further information 

on the field sites is provided in Appendix A (see also Chapter 2).  
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Figure 3.8: Gravel bed river study site locations 

 

Table 3.1: Summary of hydraulic, geomorphic and geometric properties of the study sites 

Site 

ID 
Site 

bfQ  
50D  B  VS  cS  0h  avh  0  

(m3/s) (mm) (m)   (m) (m) (˚) 

1 Hoh  927.0** 76.2* 76.2* 0.006 0.0053 1.99 2.37 39.5 

2 Powder  84.9 12.0* 42.7* 0.0018 0.0016 0.98 1.04 38.1 

3 Sacramento 2720.0* 25.0* 350.0* 0.0009 0.0008 2.96 4.38 31.5 

4 Dane  30.0* 10.0 20.0* 0.0031* 0.0029 0.75 0.75 29.8 

5 Clyde 183.0 10.0 37.7 0.0015 0.001 1.25 1.47 71.5 

6 Belly  101.0* 30.0* 28.7* 0.0032* 0.0024 1.28 1.20 58.8 

7 Allier 800.0* 6.2* 121.0 0.0008* 0.0006 2.15 2.02 60.2 

8 Sinu   900.0* 7.0* 130.0 0.001 0.0006 2.43 3.03 82.1 

9 Cecina  322.0* 30.0* 67.0 0.0018* 0.0017 1.82 1.86 33.7 

10 Bogue Chitto  150.0* 10.0* 50.0* 0.0011 0.0009 1.45 1.38 42.5 

11 Molalla   379.0* 58.0* 75.0* 0.0030* 0.0022 1.75 2.15 59.6 

(*) Provided in literature  

(**) 2 Year return period flood discharge provided in USGS StreamStats Collection Station Report  

( ) Estimated by author 
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3.4.3 Model Simulations 

The model simulations are illustrated here using as an example the River Clyde in Scotland, 

UK (for the case of the remaining streams, see Appendix C). The observed planimetric 

evolution of the River Clyde from 1848 to 1977 is shown in Figure 3.9 (top). From this, 

values of the lateral expansion velocity aW   were obtained as the vertical distance between 

the apex locations of sequential meander loops and values of migration velocity xW  were 

obtained as the horizontal distance between two sequential crossover locations. Ideally, if 

there is no significant rotation or translation of the meander wavelength, aW   and xW  are 

the arithmetic mean of the measured migration velocities at the first and second apex and 

crossover locations, respectively. The resulting values are also reported in Figure 3.9, 

together with the properties of the sine-generated curve used to idealize the meander. As 

mentioned earlier, the results of the simulations were compared to measurements, using as 

criteria the correlations of simulated channel alignment with observed channel evolution; 

and simulated and measured channel displacement velocities. These are detailed next. 

 

3.4.3.1 Correlation of simulated channel alignment with observed channel evolution 

To determine an appropriate max( )W  parameter, different values were assigned to it until 

the simulated evolution was, as closely as possible, aligned with the observed migration of 

the channel using the channel crossover and apex locations as points of reference. For the 

Clyde River, max( ) 1W =  yielded the best results. As follows from Figure 3.10, visually 

there is a strong correlation between the measured planimetric evolution of the river shown 

by the dashed lines and the simulated channel centerline shown by the solid lines. This is 

an indication that once an appropriate max( )W  is assigned, the program is able to provide 
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a good estimation of the lateral expansion and downstream migration of meandering gravel 

rivers that exhibit spatial symmetry. 

 However, there are discrepancies in the measured and simulated channel 

centerlines. In the first half of the channel wavelength, the lateral extent of the migration 

is very close. However, in the case of the 1909 ( 4456 t ) and 1977( 9424 t ) centerlines, 

there is increasing deformation of the measured channel from an idealized sine-generated 

curvature. Furthermore, the inconsistent migration rate along the measured channel results 

in spatial differences, as shown near the second apex location in which the lateral channel 

migration between 1848 ( 0 t ) and 1909 ( 4456 t ) is significantly smaller than that at the 

first apex Figure 3.10. This highlights one of the shortcomings of the program, in which it 

predicts an idealized symmetrical curve. Rivers that exhibit additional deformation in the 

latter stages of development such as rotation are River ID 1 and 7; and translation is River 

ID 3. Despite this, in the case where only the overall lateral extent and downstream 

migration of the channel is concerned, the program yields a very good prediction. 
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Planimetric evolution and parameters for idealized channel: 

  

a) 

YEAR: 1848 

0  = 71.53˚ 

cS  = 0.001 

avh = 1.25 m 

YEAR: 1909 

0  = 78.44˚ 

cS  = 0.0009 

avh  = 1.50 m 

YEAR: 1977 

0  = 85.50˚ 

cS  = 0.0008 

avh = 1.55 m 

b) 

Average migration rate 

1t =1848 – 1909 

aW =
81.4 10−  m/s 

xW =
81.5 10− m/s 

2t =1909 – 1977 

aW =
95.0 10−  m/s 

xW =
99.5 10− m/s 

c)d 

Figure 3.9: Extract of Appendix C – a) showing the measured evolution of the meander and 

annotated channel displacement between consecutive time periods, b) the temporal 

characteristics of the channel as estimated using an idealization of the centerline as a sine-

generated curve and c) the estimated average migration velocity for consecutive time 

periods determined by the availability of imagery. 



 

105 

 

Comparison of simulated and measured planimetric evolution 

 

In this figure, the dashed line represents the measured planimetric evolution and the 

solid lines represent the simulated channel centerline. For ease of comparison, each 

known time period is represented in a different color.                                                  a) 

Comparison of simulated and estimated channel migration velocities 

b) 

Figure 3.10: Extract from Appendix C for the Clyde River showing a comparison of a) 

simulated and measured planimetric evolution and b) simulated and estimated migration 

velocities. 
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3.4.3.2 Correlation of simulated and estimated channel displacement velocities 

In addition to channel alignment, the instantaneous measured channel lateral expansion 

velocity aW   and downstream migration xW  were compared with the simulated migration 

velocity, as shown also in Figure 3.10 (bottom). In the first subplot, the values of aW   and 

xW  are shown as the channel evolves and the deflection angle 0 increases. The observed 

migration velocities (i.e. measured aW  and measured xW ) are shown as discrete points measured 

between the known sequential planimetric alignment and the simulated migration 

velocities (i.e.    computedaW  and computed  xW ) are shown as continuous lines. Due to the 

differences in magnitude between aW   and xW , like in the schematic Figure 3.7, these 

values are plotted on a normalized scale. As follows from Figure 3.10 and the analogous 

plots in Appendix C, there is generally good correlation between the simulated and 

measured migration velocities, such that the measured values follow the expected 

migration pattern documented by Kondratiev et al. (1982). There exist some minor outliers, 

but this is expected as the migration rates are averaged over varying time intervals, such 

that shorter time intervals are prone to effects by episodic events such as floods and can 

result in spikes in migration rate; the opposite is true for longer time intervals.  

Albeit there are some major discrepancies which should be noted, such is the case 

for River ID 4,9 and 11 in which the program over-estimates xW , in each of these cases 

the meander loop seems to be partially constrained by the local geological material or 

adjacent meander bends which are partially confined by the valley wall. Apart from River 

ID 11, the program seems to closely simulate the aW   for these cases, although the migration 

velocity for River ID 4 is particularly high during one time period. This can potentially be 

the result of the decreased downstream migration during this time resulting in increased 
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erosion at the local apex just downstream of the crossover; this behavior is similar to the 

phenomenon commonly seen along protected coastlines, in which sheltered shorelines 

exhibit higher rates of erosion downstream of protected areas.  Additionally, the program 

significantly under-estimates aW   of River ID 6 and 8. In both cases, there are unexpected 

increases in lateral migration along the second apex of the channel resulting in 

asymmetrical distortions in the channel centerline and increased aW   values.  

 

3.4.4 Expression for the max( )W parameter  

The values of W resulting from the procedure described in the previous section are 

displayed in Table 3.2, together with the values of 0/B h  and 0 50/h D  of the corresponding 

streams. They are also plotted versus 0/B h  in Figure 3.11. The estimated values of W

follow a clear pattern, indicating a strong dependency on 0/B h .  

Table 3.2: Calibrated max( )W values 

Site ID 
0/B h  0 50/h D  max( )W  

1 38 26 2 

2 43 82 15 

3 118 118 40 

4 27 75 0.8 

5 30 125 1 

6 22 43 4 

7 56 376 50 

8 53 347 45 

9 37 61 15 

10 34 145 5 

11 43 30 8 
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Figure 3.11: Regression analysis of 0/B h  and max( )W  parameters 

 

The data in Figure 3.11 is well represented by a Sigmoidal curve. A best fit to the data 

yielded the following expression for max( )W : 

 

max 52.73

0

(4.58 48.33)
( ) 48.33

/
1

45.19


−

= +
 

+  
 

W

B h
 

      (3.17) 

Fortunately, the dataset includes rivers with a wide range of values of 0/B h  ratio. Based 

on the trend shown in Figure 3.11, it follows that max( ) 4.6 
W  for rivers with a 

0/ 40,B h   then max( )W  rapidly increase for rivers having 040 / 50B h  , and finally it 

remains at a constant value of approximately 45 for rivers with 0/ 50B h  . This implies 

that the max( )
W has greater influence as a corrector function for rivers with a larger 0/B h  

ratio. Intuitively this is expected, for as shown by Eqs. (3.10) and (3.11) the migration 

velocities are increasing functions of ( )c O  and ( )c a , with their expressions being 

derived from laboratory test in a sine-generated channel with 0/ 13.3B h , i.e. a ‘small’ 
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value. If any, it is unknown the effect a larger 0/B h  would have on the ( )c O and ( )c a

parameters. Considering this, a low max( )
W  for smaller 0/B h  ratios may be appropriate 

as the flow field is better represented by ( )c O  and ( )c a , thus minimal correction is 

needed to accurately reflect the migration velocity of the river.  

 From a conceptual standpoint, this expression also aligns with the behavior of 

sediment transport in ‘small’ channels. These rivers are more influenced by secondary 

currents that increase the flow velocity and shear stress along the outer bank, which may 

result in a higher sediment erosion rate at the outer bank leading to accelerated rates of 

lateral expansion of the channel. Gao (2011) evaluated Bagnold’s equation using 557 data 

points compiled from 6 gravel-bed rivers in Idaho, USA, and notes that Bagnold’s equation 

tends to over-predict the capacity of gravel bed rivers. Therefore, this overprediction of the 

sediment transport can potentially account for the action of secondary flow, which aligns 

closely with the timescale of development of the river.  

The scarcity of datapoints available to derive the expression limits the applicability 

of the function as well as the analysis strategies that can be applied to evaluate the 

suitability of the curve-fitting. Probabilistic analysis techniques such as confidence bounds, 

or the determination of prediction intervals were not used. In their place, a residual plot for 

the S-curve fit is shown in Figure 3.12. The residuals define the difference between the 

calibrated max( )
W  and the predicted max( )

W value determined by the S-curve fit. The 

residuals appear random with no systematic pattern which suggest Eq. (3.17) is a good 

representation of the data.  
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Figure 3.12: Residual plot of regression analysis 

 

Figure 3.13 shows a plot of the resulting max( )
W values versus 0 50/h D . A trend could not 

be found between the two parameters using regression analysis. This is not to imply that 

max( )
W does not vary with 0 50/h D  but rather that it may not have as much of an influence 

compared to the 0/B h ratio.  

 

 

Figure 3.13: Regression analysis of 0 50/h D  and max( )W  parameters 
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3.5 Conclusions 

The main findings of this chapter are as follows: 

1. Provided that an appropriate max( )
W value is assigned for a relatively symmetrical 

meander extent, the model by da Silva and Yalin (2017) can closely predict the 

spatial growth of the river. That is, the model can predict the average downstream 

migration and lateral expansion over several years in a chronological sequence.  

2. The average migration velocity of the rivers follows the trend of the simulated 

migration velocity such that as the channel develops (i.e. 0  increases) the 

downstream migration rapidly increases to a maximum value when 0  < 30˚ and it 

decreases gradually, while the lateral expansion gradually increases to a maximum 

value between  040 50   and then gradually decreases. However, there are a 

few exceptions such as River ID 6, 8 and 11. It is hypothesized that these rivers 

experienced changes in their flow rate and/or resistance of the bank material. 

3. A sigmoidal regression yielded the best fit to the max( )
W values, adequately 

representing their form of variation with 0/B h . The sigmoidal fit yields

max( ) 4.6 
W  for rivers with then 0/ 40B h  , then rapidly increase for rivers with  

0/B h  between 40 and 50, and finally remains at a constant value of approximately 

45 for rivers with 0/ 50B h  . 

4. No visible trend was found between the relative channel roughness ratio 0 50/h D  

and the calibrated max( )
W values. However, this does not imply that there is no 

relation between these parameters but rather that the 0 50/h D  ratio may not have as 

much of an influence on max( )
W  compared to the cross-sectional geometry of the 

river in the form of the 0/B h  ratio.  
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5. The final expression for W resulting from this work is obtained by substituting Eq. 

(3.17) into Eq. (3.16). 
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Chapter 4 

Conclusions and Recommendations for Future Research 

4.1 Conclusions  

Chapter 2 of this thesis is dedicated to the image processing and data acquisition procedures 

used to compile a graphical database featuring the planimetric evolution of free meandering 

rivers, as well as the hydraulic and geomorphic characteristics for each study site. The 

image processing procedure presented in this work makes use of common software such 

as Google Earth, MATLAB and AutoCAD to source, co-register, and superimpose 

imagery, delineate the riverbank boundaries, and calculate the geometric centerline of the 

river. Using this procedure, a composite image of the channel centerline displacement over 

a specific period of time was created. The database compiled in this chapter consists of 29 

rivers from 7 different countries, and the river conditions and planimetric evolution is 

included in Appendix A of the thesis. As the focus of this chapter was to compile the 

database there were no investigative questions posed. 

In Chapter 3 an overview of the phenomenological model by da Silva and Yalin (2017) 

is presented and the model is calibrated using 11 gravel rivers from the database compiled 

in Chapter 2. The aim of this chapter was to calibrate the model to determine the unknown 

function W . The main findings of this work are as follows: 

1. Provided that an appropriate W value is assigned for a relatively symmetrical 

meander extent, the model by da Silva and Yalin (2017) can predict the overall 

downstream migration and lateral expansion over several years in a chronological 

sequence.  
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2. The measured average migration velocity of the sites appeared to follow the trend 

of channel displacement documented by Kondratiev et al. (1982) and Yalin (1999); 

such that as the channel develops (i.e. 0  increases) the downstream migration is 

dominant and rapidly increases to a maximum when 0 30  then it decreases 

gradually, while the lateral expansion gradually increases to a maximum value 

between 040 50  and then decreases. However, there are a few exceptions. 

3. A sigmoidal regression yielded the best fit to the max( )
W

values which adequately 

represented their form of variation with / avB h .  

4. No visible trend was found between the relative roughness of the channel, 

expressed by the /avh D  ratio and the max( )
W

values. This suggests that the / avB h  

ratio has a greater influence on the max( )
W

 function than the /avh D  ratio. 
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4.2 Recommendations for future research  

The following are suggestions for future research: 

1. One of the shortcomings of the model is that it is geometrically constrained such 

that it can only simulate a symmetrical channel geometry, in this case using a sine-

generated curve. A suggestion would be to discretize the channel centerline and 

calculate the migration velocity vectors based on the alignment of the centerline at 

each discrete node. This would account for variable rates of migration along the 

channel and allow for the simulation of irregular channels. However, this change 

would drastically increase the complexity of the model, and by extension, the 

computational time, which is contradictory to its purpose. 

2. Extend the database to include more rivers and use these additional points to verify 

the expression used for the 
W

 function presented in this thesis.  

3. Incorporate a more detailed sediment transport model which accounts for 

heterogenous sediment movement, this would allow for a better estimation of the 

sediment transport along the channel. 
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This page serves to document the online links used, as of 2020/01/01, to access the 
historical archives used to source imagery depicting the planform geometry of the 
streams at the study sites (i.e. aerial photography, satellite imagery, and topographic 
maps). 

Type of 
imagery 

Provider / Institution Online link 

Single frame 
aerial 
photographs  

USGS EROS Archive 
(United States Geological 
Survey and Earth 
Resources Observation 
Archive) 

https://earthexplorer.usgs.gov/ 

Single frame 
aerial 
photographs 

Alabama Maps Aerial 
photography by the 
University of Alabama  

http://alabamamaps.ua.edu/aerials/ 

Single frame 
aerial 
photographs 
and satellite 
images 

Iowa Geographic Map 
Server at Iowa State 
University GIS Support 
and Research Facility 

https://ortho.gis.iastate.edu/ 

Topographic 
maps 

USGS NGP (United States 
Geological Survey 
National Geospatial 
Program)  

https://ngmdb.usgs.gov/topoview/ 
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1. HOH RIVER, WASHINGTON, USA

(Image Data: Google earth, Image USDA Farm 
Service Agency, Image date: 2006/06/23) 
North arrow, scale and box superimposed by the 
author. 

Location of River Meander 

Latitude:  47.8113˚ 
Longitude: -124.2051˚ 

Description: 
Approximately 3.5 km west-south 
west of US Highway 101 Bridge. 

Sources of stream hydraulic characteristics: 
Leon, S. (2016). Upper Hoh River road bank stabilization draft – hydraulics report. 
Project No. WA JEFF 91420(1), Western Federal Lands Highway Division, 
Vancouver, Canada, 12 pp.  

Sources of stream gauge data: 
USGS Streamstats Data - Collection station report, Gauging station no. 12041200: Hoh 
River at US Highway 101 near New Forks, WA [Date accessed: 2019/2/13] 
Years of record used: 1961 - 2016 

Sources of imagery: 
Year Reference 

1955 
Spruce MTN. Quadrangle. Washington, 15-minute series [map], HTMC 
1964 ed, Scale 1:62500. Washington, U.S.A: U. S. Geological 
Survey,1956 

1981 
Winfield Creek Quadrangle. Washington-Jefferson County, 7.5-minute 
series [map], HTMC 1990 ed, Scale 1:24000. Washington, U.S.A: U. S. 
Geological Survey,1990 

1991 
National Aerial Photography Program (NAPP). [air photo]. NAPPW Roll 
# 1977, Frame # 47, Flight # 1242W, Station # 763.USGS EROS Archive. 
Acquisition Date: 1991/09/03 

2006 
Google earth, Image USDA Farm Service Agency. Imagery Date: 
2006/3/31 
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Bed material size distribution: 
The river channel bed material is predominantly composed of sand, gravel and small 
boulders. 

50D  = 76.2 mm. 
 

Hydraulic characteristics: 
bfQ  = 927 m3/s 

meanQ  = Not provided 

VS  = 0.006 

B  = 76.2 – 121.92 m 
 

Planimetric evolution: 
 

 
 

YEAR: 1955 

0 = 39.13˚ 

cS = 0.0053 

avh = 2.08 m 

 

YEAR: 1981 

0 = 73.34˚ 

cS = 0.0038 

avh = 2.28 m 

 

YEAR: 1991 

0 = 76.34 ˚ 

cS = 0.0036 

avh = 2.31 m 

 

YEAR: 2006 

0 = n/a 

cS = n/a 

avh = n/a 

 
Note: 
The continuous erosion at the apex of the river poses a hazard to the adjacent Upper 
Hoh Road, which is a major roadway that leads to the Olympic National Park, 
Washington, USA which is managed using bank stabilization methods and revetments. 
For this reason, only the adjacent meander, which is not artificially enhanced to 
minimize erosion, is portrayed. As a cut-off forms by the year of 2009, the time frame 
under analysis is from 1955 – 2006.  
 

N 
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2. POWDER RIVER, WYOMING, USA 

 
 
 
 
 
 
 
 
 
 
 
 
(Image Data: Google earth, Image USDA Farm 
Service Agency, Image Year: 2009/07/04) 
North arrow, scale and box superimposed by the 
author. 
 

Location of River Meander 
 
Latitude:   43.7831˚ 
Longitude:  -106.2529˚ 
 
Description: 
Approximately 10.4 km NNE of 
Sussex, Wyoming. 

Sources of stream hydraulic characteristics: 
Peterson, D.A., Wright, P.R., Edwards Jr, G.P., Hargett, E.G., Feldman, D.L., 
Zumberge, J.R., Dey, P. (2009). Ecological assessment of streams in the Powder River 
Structural basin, Wyoming and Montana, 2005-06. U.S. Geological Scientific 
Investigations Report 2009-5023, 139 pp. 
 
Sources of stream gauge data:  
USGS Streamstats Data – Collection station report, Gauging station no. 6313500: 
Powder River near Sussex, WY [Date accessed: 2019/02/15] 
Years of record used: 1938 - 2017 
 
Sources of imagery: 

Year Reference 

1976 
U.S. Bureau of Land Management [air photo]. Aerial Single Frame ID: 
4CPIR14032076, Roll # 000014, Frame # 76. USGS EROS Archive. 
Acquisition Date: 1976/06/30 

1980 
U.S. Bureau of Land Management [air photo]. Aerial Single Frame ID:  
AR480CC10121043, Roll # 000010, Frame # 43. USGS EROS Archive. 
Acquisition Date: 1980/07/16 

1994 Google earth, Image U.S. Geological Survey. Imagery Date: 1994/06/27 

2009 
Google earth, Image USDA Farm Service Agency. Imagery Date: 
2009/07/04 

2016 Google earth. Imagery Date: 2016/08/03 
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Bed material size distribution: 
50D  = 12 mm. 

   
Hydraulic characteristics: 

bfQ  = 84.95 m3/s 

meanQ  = Not provided 

VS = 0.0018  

B  = 42.7 m  
 
Planimetric evolution:  
 

 
      

YEAR: 1976 

0 = 38.10 ˚ 

cS = 0.0016 

avh = 1.04 m 

 

YEAR: 1980 

0 = 49.03˚ 

cS = 0.0015 

avh = 1.06m 

 

YEAR: 1994 

0  = 71.50 ˚ 

cS = 0.0012 

avh = 1.13m 

 

YEAR: 2009 

0  = 83.21˚ 

cS = 0.0010 

avh  = 1.1915m 

 
YEAR: 2016 

0  = 87.52˚ 

cS  = 0.0009 

avh  = 1.22m 

 

   

Note: 
Peterson et al. (2009) reports that the closest gauge station to the study site is P2: 
Powder River below Salk Creek near Sussex, WY. 
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3. SACRAMENTO RIVER, CALIFORNIA, USA 

 
 
 
 
 
 
 
 
 
 
 
 
(Map Data: U.S. Geological Survey, Historical 
File Topography Division, State of California, 
Survey Year: 1950) 
North arrow, scale and box superimposed by 
the author. 
 

Location of River Meander 
 
Latitude:  39.928˚ 
Longitude: -122.094˚ 
 
Description: 
Approximately 10.4 km S of Los 
Molinos, California, USA. 

Sources of stream hydraulic characteristics: 
Larsen, E.W., Greco, S.E. (2002). Modeling channel management impacts on river 
migration: a case study of Woodson Bridge State Recreation Area, Sacramento River, 
California, USA. Environmental Management 30(2), 209-224 pp.  
 
Sources of stream gauge data:  
Provided in reference 
 
Sources of imagery: 

Year Reference 

1904 
Vina Quadrangle, California. [map], HTMC 1911 ed, Scale 1:64500. 
California, U.S.A: U. S. Geological Survey, Directed under George Otis 
Smith,1904 

1938 Figure 2 (Larsen, 2002) 

1947 
Vina Quadrangle, California, 7.5-minute series [map], HTMC 1957 ed, 
Scale 1:24000. California, U.S.A: U. S. Geological Survey,1950 

C 
Bed material size distribution: 

50D  = 25 mm. 
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Hydraulic characteristics: 
bfQ  = 2720 m3/s 

meanQ  = Not provided 

VS = 0.0009  

B  = 350 m 
 

Planimetric evolution: 
 

 
 

YEAR: 1904 

0  = 31.53˚ 

cS  = 0.0008 

avh  = 4.38 m 

 

YEAR: 1938 

0  = 51.57˚ 

cS  = 0.0007 

avh  = 4.51 m 

 

YEAR: 1947 

0  = 63.30 ˚ 

cS  = 0.0006 

avh  = 4.65 m 

 

Note: 
River migrates by upstream translation as well as lateral expansion and downstream 
translation. 
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4. RIVER DANE, CHESIRE, ENGLAND 

 
 
 
 
 
 
 
 
 
 
 
 

(Map Data: Ordnance Survey, Great Britain, 
National Grid Ref #: SJ 82214 65156, Survey 
Year: 1937 - 1961) 
North arrow, scale and box superimposed by the 
author. 
 

Location of River Meander 
 
Latitude:   53.1832˚ 
Longitude: -2.2676˚ 
 
Description: 
Approximately 1.6 km SSE of 
Somerford, Chesire, England. 
 
 
 
 
 

Sources of date: 
Hooke, J.M. (1984). Changes in river meanders: a review of techniques and results of 
analyses. Progress in Physical Geography, 8(4), 473-508 pp.  
 
Hooke, J.M., Harvey, A.M., Miller, S.Y., Redmond, C.E. (1990). The chronology and 
stratigraphy of the alluvial terraces of the River Dane Valley, Cheshire, NW England. 
Earth Surface Processes and Landforms, 15(8), 717-737 pp. 
 
Hooke, J.M., Yorke, L. (2010). Rates, distributions and mechanisms of change in 
meander morphology over decadal timescales, River Dane, UK. Earth Surface 
Processes and Landforms, 35(13), 1601-1614 pp.  
 
Johnson, R.H. (Ed.). (1985). The geomorphology of North-west England. Manchester 
University Press. Manchester, UK, 421 pp. 
 
Sources of stream gauge data:  
Provided in reference 
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Sources of imagery: 
Year Reference 
1840, 
1870, 
1907, 
 1947 

Figure 4. Comparison of courses of different date, River Dane, Chesire. 
In: Hooke, J. M. (1984). Changes in river meanders: a review of 
techniques and results of analysis. Progress in Physical Geography. 8(4), 
473-508 pp.   

c 

Bed material size distribution: 
“The channel has a gravel bed, with cobbles ranging up to 10 cm in diameter, and the 
alluvial banks are composed dominantly of sand, with a basal gravel layer” (Hooke and 
Yorke, 2010).  
 
(Johnson, 1985) reports that the channel bed consists of sand and gravel. 
 
As the River Dane has a gravel bed based on descriptions from literature. However, it 
consists of finer sediment such as sand as well as large cobbles. It is assumed that the 
bed material can be modeled as a medium gravel in which the sediment grade scale 
suggests that the grain size can range from 8 to 16 mm in which a size of 10mm is 
assumed. 
 

50D  (assumed) = 10 mm. 

 

Hydraulic characteristics: 
bfQ  = 30 m3/s 

meanQ  = Not provided 

VS = 0.0031  

B = 20 m 
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Planimetric evolution:  
 

   

YEAR: 1840 

0 = 29.79 ˚ 

cS = 0.0029 

avh = 0.75 m 

 

YEAR: 1870 

0 = 30.00˚ 

cS = 0.0029 

avh = 0.75 m 

 

YEAR: 1907 

0 =44.13 ˚ 

cS = 0.0027 

avh = 0.76 m 

 

YEAR: 1947 

0 = n/a 

cS = n/a 

avh = n/a  

 
Note: 
The 50D  value reported is based on descriptions of the grain size reported in literature.  
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5. RIVER CLYDE, SCOTLAND, U.K 

 
 
 
 
 
 
 
 
 
 
 
 
(Image Data: Google earth, Image © 2019 
Getmapping plc, Image Year: 2006/12/31) 
North arrow, scale and box superimposed by 
the author. 
 

Location of River Meander 
 
Latitude:   55.6811˚ 
Longitude: -3.6400˚ 
 
Description: 
Approximately 2.0 km NE of 
Pettinain, South Lanarkshire, 
Scotland, UK. 

Sources of stream hydraulic characteristics: 
Werritty, A., McEwen, LJ., Harvey, A.M., Gordon, J.E. (1997). Fluvial 
geomorphology of Scotland. Fluvial Geomorphology of Great Britain. The Geological 
Conservation Review Series, Springer, Dordrecht, Netherlands, 19-114 pp. 
 
Gauge Station: 
UK National River Flow Archive, Scottish Environment Protection Agency, Peak Flow 
data, Station Number 84004 (Accessed 2018/06/18) 
Years of record used: 1955-2006 
 
Sources of imagery: 

Year Reference 

1848, 
1909, 
 1977 
  

Figure 4. Comparison of courses of different date, River Dane, Chesire. 
In: Hooke, J. M. (1984). Changes in river meanders: a review of 
techniques and results of analysis. Progress in Physical Geography. 8(4), 
473-508 pp.   
 

c 
Bed material size distribution: 
“The bed materials of both the River Clyde and the Medwin Water are locally well-
sorted sands and gravels.” (Werritty et al., 1997) 
 

50D (assumed) = 10 mm. 
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Hydraulic characteristics: 
bfQ  = 183 m3/s 

meanQ  = Not provided 

VS = 0.0015  

B  = 37.7 m 

Planimetric evolution:  

 
 

YEAR: 1848 

0  = 71.53 ˚ 

cS = 0.001 

avh = 1.47 m 

YEAR: 1909 

0  =78.44 ˚ 

cS = 0.0009 

avh = 1.5 m 

YEAR: 1977 

0 = 85.50 ˚ 

cS = 0.0008 

avh = 1.55 m 

Note: 
The channel material reported for the river is based on literature descriptions.  
 
The valley slope measurement reported is based on topography maps elevations 
between the Boat Road Bridge in Thankerton, Bigger, UK and Hyndford Bridge in 
Lanark, UK.   
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6. BELLY RIVER, WASHINGTON, USA 

 
(Image data: Google earth, Image S. Alberta 
MD s and Counties, Image date: 2015/08/06) 
North arrow, scale and box superimposed by 
the author. 
 

Location of River Meander 
 
Latitude:  49.406˚ 
Longitude: -113.398˚ 
 
Description: 
Approximately 9.5 km south west of 
Stand Off, Lethbridge, Cardston 
County, Alberta, Canada. 
 
 
 
 
 

Sources of date: 
Braudrick, C. A. (2013). Meandering in gravel-bed rivers. Ph. D Thesis, University of 
California, Berkley, California, USA, 208 pp. 
  
Sources of stream gauge data:  
Provided in reference 
 
Sources of imagery: 

Year Reference 

2002 
Google earth, Image ©2020 Maxar Technologies. Imagery Date: 
2020/07/23 

2012 
Google earth, Image S. Alberta MD s and Counties. Imagery Date: 
2011/12/31 

2015 
Google earth, Image S. Alberta MD s and Counties. Imagery Date: 
2015/08/06 

g 
Bed material size distribution: 

50D = 30 mm. 
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Hydraulic characteristics: 
bfQ  = 101 m3/s 

meanQ = Not provided 

VS = 0.0032 

B = 28.7 m  
 

Planimetric evolution:  

 
 

YEAR: 2002 

0  = 58.90 ˚ 

cS = 0.0024 

avh = 1.20 m 

YEAR: 2012 

0  = 71.95 ˚ 

cS = 0.0021 

avh = 1.25 m 

YEAR: 2015 

0 = 76.23˚ 

cS = 0.0020 

avh = 1.27 m 

Note: 
  

N 
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7. RIVER ALLIER, FRANCE 

 
 
 
 
 
 
 
 
 
 
 
 
 
(Image Data: Google earth, Image Year: 
2002/12/30) 
North arrow, scale, riverbank boundary and box 
superimposed by the author. 
 

Location of River Meander 
 
Latitude:   46.5145° 
Longitude:  3.3346° 
 
Description: 
Approximately 6.7 km S of 
Moulins, France. 

Sources of stream hydraulic characteristics: 
Kleinhans, M.G., Van den Berg, J.H. (2010). Prediction of bar and channel pattern: 
comparison of an empirical and physics-based predictor. Earth Surface Processes and 
Landforms, 36(6), 721-738 pp. Online supplementary material: river dataset 
 
Sources of stream gauge data:  
Provided in reference 
 
Sources of imagery: 

Year Reference 

1946, 
1957, 
 1967, 
 1971 
  

Figure 5-8. Channel centerlines of section 1 from aerial photographs and 
maps. In: Blom, A. (1997). Planform changes and overbank flow in 
meandering rivers: the river Allier. Doctoral dissertation, Civil 
Engineering and Geosciences, Delft University of Technology, Delft, 
Netherlands, UK. 
 

 

Bed material size distribution: 
“The transported sediment consists of both sand and gravel.” (Bloom 1997) 

50D = 6.2 mm. 

 
 
 
 

136



  

Hydraulic characteristics: 
bfQ  = 800 m3/s 

meanQ  = Not provided 

VS = 0.00084  

B  = 58 – 260 m  
 
Planimetric evolution:  

 
  

YEAR: 1946 

0  = 60.16˚ 

cS = 0.0006 

avh = 2.02 m 

 

YEAR: 1954 

0  = 74.48˚ 

cS = 0.0005 

avh = 2.12 m 

 

YEAR: 1967 

0 = 86.45 ˚ 

cS = 0.0004 

avh = 2.25 m 

 

YEAR: 1971 

0  = n/a 

cS =  n/a 

avh =  n/a 

 
Note: 
 

N 

137



8. SINU RIVER, CORDOBA, COLOMBIA 

 
 
 
 
 
 
 
 
 
 
 

(Image data: Google earth, Image 2019 © 
Maxar Technologies, Image U.S. Geological 
Survey, Image date: 2015/01/05) 
North arrow, scale and box superimposed by 
the author. 
 

Location of River Meander 
 
Latitude:    8.1507˚ 
Longitude:  -76.1129˚ 
 
Description: 
Approximately 6.7 km WSW of the 
town Tierralta, Cordoba, Colombia, 
South America. 
 
 
 
 
 

Sources of date: 
Monsalve, G.C., Silva, E.F. (1983). Characteristics of a natural meandering river in 
Columbia: Sinu River. In River Meandering: Proceedings of Rivers ‘83, American 
Society of Civil Engineers, ASCE, 77-88 pp. 
 
Sources of stream gauge data:  
Provided in reference 
 
Sources of imagery: 

Year Reference 
1946, 
1962, 
 1967, 
 1970 
  

Figure 2. Urra I Dam – Tierralta River Reach. (Monsalve and Silva, 1983) 
 

 

Bed material size distribution: 
50D = 7 mm  
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Hydraulic characteristics: 
bfQ  = 900 m3/s 

meanQ = not provided 

VS = 0.001 

B = 120 – 140 m 
 
Planimetric evolution: 

 
 

YEAR: 1946 

0 = 82.12˚ 

cS = 0.0006 

avh = 3.03 m 

 

YEAR: 1962 

0 = 95.36˚ 

cS = 0.0004 

avh = 3.27 m 

 

YEAR: 1967 

0 = n/a 

cS = n/a 

avh  = n/a 

 

YEAR: 1970 

0 = n/a 

cS = n/a 

avh  = n/a 

 

Note: 
In the literature, the bankfull discharge for the entire reach is between 800-1200 m3/s 
depending on the location of interest. The bankfull flow provided was approximated 
using the Manning’s equation by inputting the Manning’s coefficient and river cross 
sectional area provided in literature. 
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9. CECINA RIVER, ITALY 

 
 
 
 
 
 
 
 
 
 
 
 
(Image data: Google earth, Image date: 
2013/08/21) 
North arrow, scale and box superimposed by 
the author. 
 

Location of River Meander 
 
Latitude:  43.3272˚ 
Longitude: 10.7001˚ 
 
Description:  
Approximately 3.4 km ENE of 
Ponteginori, and south of the road 
SR68. 
 
 
 
 

Sources of stream hydraulic characteristics: 
Bartholdy, J., Billy, P. (2002) Morphodynamics of a pseudomeandering gravel bar 
reach. Geomorphology, 42, 293-310 pp. 
 
Kleinhans, M.G., Van den Berg, J.H. (2010). Prediction of bar and channel pattern: 
comparison of an empirical and physics-based predictor. Earth Surface Processes and 
Landforms, 36(6), 721-738 pp. Online supplementary material: river dataset 
 
Luppi, L., Rinaldi, M., Teruggi, L.B., Darby, S.E., Nardi, L. (2009). Monitoring and 
numerical modelling of riverbank erosion processes: a case study along the Cecina 
River (central Italy). Earth Surface Processes and Landforms, 34(4), 530-546 pp. 
 
Sources of stream gauge data:  
Provided in reference 
 
Sources of imagery: 

Year Reference 
1994, 
2000, 
 2004 
 

Figure 2.6. River Cecina (Italy), Courtesy: Massimo Rinaldi.  
In: Crosato, A. (2008). Analysis and modelling of river meandering. PhD 
thesis, Department of Civil Engineering and Geoscience of Delft 
University of Technology, 251 pp.   

2013 Google earth. Imagery Date: 2013/08/21 
C 
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Bed material size distribution: 
50D  = 30 mm. 

 
Hydraulic characteristics: 

bfQ  = 322 m3/s 

meanQ  = Not provided 

VS = 0.0018  

B  = 67 m 
 
Planimetric evolution: 

 
 

YEAR: 1994 

0 = 33.73˚ 

cS = 0.0017 

avh  = 1.86 m 

 

YEAR: 2000 

0 = 51.47 ˚ 

cS = 0.0015 

avh = 1.96 m 

 

YEAR: 2004 

0 = 64.97 ˚ 

cS = 0.0013 

avh = 2.04 m 

 

YEAR: 2013 

0 = n/a 

cS = n/a  

avh = n/a 

 

Note: 
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10. BOGUE CHITTO RIVER, LOUISIANA, USA  

 
 
 
 
 
 
 
 
 
 
 
 
(Image Data: Google earth, Image USDA Farm 
Service Agency, Image Year: 2009/12/31) 
North arrow, scale and box superimposed by 
the author. 
 

Location of River Meander 
 
Latitude:    30.7196˚ 
Longitude:  -90.0928˚ 
 
Description: 
Approximately 25 km WSW of 
Bogalusa, Louisiana. 

Sources of stream hydraulic characteristics: 
Lauer, J. W., Parker, G. (2008). Net local removal of floodplain sediment by river 
meander migration. Geomorphology, 96(1-2), 123-149 pp. 
 
Robertson, K.M., Augspurger, C.K. (2001). Geomorphic processes and spatial patterns 
of primary forest succession on the Bogue Chitto River, USA. Journal of Ecology, 
87(6), 1052-1063 pp. 
 
Sources of stream gauge data:  
Provided in reference 
 
Sources of imagery: 

Year Reference 

1954 
Folsom Quadrangle. Louisiana, 15-minute series [map], HTMC 1975 ed., 
Scale 1:62500. Louisiana, U.S.A: U. S. Geological Survey,1958 

1978 
Enon Quadrangle. Louisiana, 7.5-minute series [map], HTMC 1984 ed., 
Scale 1:24000. Louisiana, U.S.A: U. S. Geological Survey,1983 

1999 Google earth, Image U.S. Geological Survey. Imagery Date: 1999/01/19 

2017 Google earth. Imagery Date: 2017/04/07 
V 
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Bed material size distribution: 
“The Bogue Chitto is a single-channel, gravel-bed river with bed particles rarely 
exceeding 5 cm in diameter” (Robertson and Augspurger, 1999). 
 
Bed material for the Bogue Chitto River is 1 – 2 cm gravel (Lauer and Parker, 2008). 
 

50D = 10 mm 

Hydraulic characteristics: 
bfQ  = 150 m3/s 

meanQ = Not provided 

VS = 0.00109  

B  = 50 m  
 
 
Planimetric evolution:  

 
  

YEAR: 1954 

0  = 42.51 ˚ 

cS  = 0.0009 

avh = 1.38 m 

 

YEAR: 1978 

0  = 57.13˚ 

cS  = 0.0008 

avh  = 1.42 m 

 

YEAR: 1999 

0 = 70.85˚ 

cS  = 0.0007 

avh  = 1.48 m 

 

YEAR: 2017 

0  = 80.07˚ 

cS  = 0.0006 

avh = 1.55 m 

 
Note: 
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11. MOLALLA RIVER, OREGON, USA 

 
 
/ 
 
 
 
 
 
 
 
 
 
(Image Data: Google earth, Image Landsat / 
Copernicus, Image Year: 2013/07/22) 
North arrow, scale and box superimposed by the 
author. 
 

Location of River Meander 
 
Latitude:  45.2422˚ 
Longitude: -122.6646˚ 
 
Description:  
Approximately 3.2 km SE of 
Canby, Oregon. 

Sources of stream hydraulic characteristics: 
Carpenter, K.D., Czuba, C.R., Magirl, C.S., Marineau, M.D., Sobieszczyk, S., Czuba, 
J.A., Keith, M.K. (2012). Geomorphic setting, aquatic habitat, and water-quality 
conditions of the Molalla River, Oregon, 2009–10. Scientific Investigations Report 
2012 – 5017, U.S. Department of the Interior, U.S. Geological Survey, Reston, 
Virginia, 79 pp. 
 
Sources of stream gauge data:  
Provided in reference 
 
Sources of imagery: 

Year Reference 
2000 Google earth, Image U.S. Geological Survey. Imagery Date: 2000/07/28 

2005 Google earth, Image © Maxar Techologies. Imagery Date: 2005/03/08 

2010 Google earth. Imagery Date: 2010/08/14 

2017 Google earth. Imagery Date: 2017/05/22 

v 
Bed material size distribution: 

50D = 58 mm. 
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Hydraulic characteristics: 
bfQ = 379 m3/s 

meanQ  = Not provided 

VS = 0.003  

B  = 75 m 
 
 
Planimetric evolution:  

 
  

YEAR: 2000 

0 = 59.59 ˚ 

cS  = 0.0022 

avh  = 2.15 m 

 

YEAR: 2005 

0  =63.96 ˚ 

cS  = 0.0021 

avh  = 2.18 m 

 

YEAR: 2010 

0  = 68.89 ˚ 

cS  = 0.002 

avh  = 2.22 m 

 

YEAR: 2017 

0 = 68.89˚ 

cS  = 0.002 

avh  = 2.22 m 

 
Note: 
Note that the curve fitting for the meander loop is for the first half of the meander loop and not 
the entire; as there exist artificial bank protection at the outer bank of the second apex. 
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12. Genesee River, New York, USA 

 
 
 
 
 
 
 
 
 
 
 
 
 
(Image data: Google earth, Image date: 
2018/06/28) 
North arrow, scale and box superimposed by the 
author. 

Location of River Meander 
 
Latitude:    42.7514˚ 
Longitude:  -77.8517˚ 
 
Description: 
Approximately 2.7 km NNE of 
the town of Mt. Morris in 
Livingston Country, New York, 
USA.   

Sources of stream hydraulic characteristics: 
Beck, S., Melfi, D.A., Yalamanchili, K. (1984). Lateral migration of the Genesee river, 
New York. River Meandering, Proceedings of the ASCE Conference Rivers ‘83, 
American Society of Civil Engineers, New York, USA, 510-517 pp. 
 
Beck, S.M. (1988). Computer-simulated deformation of meandering river patterns. 
Ph.D Thesis, University of Minnesota, University Microfilms International, Michigan, 
189 pp. 
 
Sources of stream gauge data:  
Provided in reference 
 
Sources of imagery: 

Year Reference 
1938, 
1954, 
 1974, 
 1982 
  

Figure 3. Genesee River near Mount Morris Dam, New York, 1938 - 
1982. (Beck, 1988) 
 

 

Bed material size distribution: 
The bed material in the channel consist primarily of coarse gravel (Beck, 1988). 

50D = 50 mm  
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Hydraulic characteristics: 
bfQ   = 283.2 m3/s 

meanQ  = not provided 

VS  = 0.000246 

B  = 74 m 
 
Planimetric evolution: 

 
 

YEAR: 1938 

0  = 53.67˚ 

cS  = 0.0002 

avh = 4.04 m 

 

YEAR: 1954 

0  =  n/a 

cS  =  n/a 

avh =  n/a 

 

YEAR: 1974 

0  =  n/a 

cS  = n/a 

avh =  n/a  

 

YEAR: 1982 

0  =  n/a 

cS  =  n/a 

avh =  n/a  

 
Note: 
A key feature near the study reach is the Mt. Morris Dam which was constructed in 
1851. However, the study demonstrates that the dam was designed for flood control 
and has low trap efficiency and negligible impact on the bankfull flow condition of the 
channel, which implies that it does not effect the natural sediment transport and 
hydraulic dynamics in the channel (Beck et al. 1984). 
 

N 
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13. MISSISSIPPI RIVER, MISSISSIPPI, USA 

 
 
 
 
 
 
 
 
 
 
 
 
(Image data: Google earth, Image Landsat/ 
Copernicus, Image date: 2016/12/30) 
North arrow, scale, box and riverbank 
boundary superimposed by the author. 
 

Location of River Meander 
 
Latitude:    33.2500˚ 
Longitude:  -91.0830˚ 
 
Description: 
The reach is situated within the 
lower channel of the Mississippi 
River and is approximately 16.2 km 
SSW of Greenville, Mississippi, 
USA. 
 
 
 
 

Sources of stream hydraulic characteristics: 
Biedenharn, D.S., Thorne, C.R., Watson, C.C. (2000). Recent morphological evolution 
of the Lower Mississippi River. Geomorphology, 34(3-4), 227-249 pp. 
 
Chang, H.H. (1992). Fluvial processes in river engineering. John Wiley & Sons, New 
York, USA, 432 pp.  
 
Nordin, C.F., Queen, B.S. (1992). Particle size distributions of bed sediments along the 
thalweg of the Mississippi River, Cairo, Illinois, to Head of Passes, September 1989. 
Report No. 7, U.S. Army Engineering Division, Lower Mississippi Valley, Vicksburg, 
Mississippi, USA, 36 pp. 
 
Winkley, B.R. (1977). Man-Made cutoffs on the Lower Mississippi River, Conception, 
Construction, and River Response. Report No. 300-2, Army Engineering District, 
Vicksburg, Mississippi, USA, 219 pp. 
 
Sources of stream gauge data:  
Provided in reference 
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Sources of imagery: 
Year Reference 

1765, 
1820, 
 1850 
  
  

Mississippi River – Control of bend migration by clay plugs in the 
vicinity of Lake Lee [image]. Adapted from: Fisk, H. (1944).  The alluvial 
valley of the Lower Mississippi River.  
Retrieved from: https://i2.wp.com/www.hiddenhydrology.org/wp-
content/uploads/2017/01/Pages-from-Fisk_44_report2-2.jpg?ssl=1 
 

 

Bed material size distribution: 
50D = 1.23 mm 

 
Hydraulic characteristics: 

bfQ  = 31,000 m3/s 

meanQ  = 16,395 m3/s  

VS  = 0.00016  

B  = 1050 m  
 
Planimetric evolution: 

 
 

YEAR: 1765 

0 = 65.07 ˚ 

cS = 0.00012 

avh =19.04 m 

YEAR: 1820 

0 = 89.72 ˚ 

cS = 0.000076 

avh = 20.57 m 

YEAR: 1850 

0 = 98.79 ˚ 

cS = 0.000061 

avh = 20.66 m 

Note: 

N 
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14. MISSISSIPPI RIVER, MISSISSIPPI, USA 

(Image data: Google earth, Image Landsat/ 
Copernicus, Image date: 1984/12/30) 
North arrow, scale, box and riverbank boundary 
superimposed by the author. 
 

Location of River Meander 
 
Latitude:    31.2122˚ 
Longitude:  -91.5884˚ 
 
Description: 
The reach is situated within the 
lower channel of the Mississippi 
River and is approximately 18.3 
SSE of the river port community 
Fort Adams, Mississippi, USA. 
 
 
 
 

Sources of stream hydraulic characteristics: 
Biedenharn, D.S., Thorne, C.R., Watson, C.C. (2000). Recent morphological evolution 
of the Lower Mississippi River. Geomorphology, 34(3-4), 227-249. 
 
Chitale, S. V. (1970). River channel patterns. Journal of the Hydraulics Division, 
96(1), 201-221 pp. 
 
Sources of stream gauge data:  
Provided in reference 
 
Sources of imagery: 

Year Reference 

1765, 
1820, 
 1880 

Mississippi River Meander Belt, Cape Girardeau, Missouri - 
Donaldsonville, Louisiana, [map] Plate # 22, Sheet # 13, Vicksburg, 
Mississippi, U.S.A.,1944. To accompany report of Harold N. Fisk, PhD, 
Baton Rouge, Louisiana. 

1939 

Artonish Quadrangle. Louisiana-Mississippi, Grid zone ‘C’ [map], 
HTMC 1945 ed., Scale 1:62500. Artonish, Louisiana-Mississippi, U.S.A: 
U. S. Geological Survey,1939 

Deer Park Quadrangle. Louisiana-Mississippi, Grid zone ‘C’ [map], 
HTMC 1951 ed., Scale 1:62500. Deer Park, Louisiana-Mississippi, 
U.S.A: U. S. Geological Survey,1939 
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Bed material size distribution: 
50D = 0.5 mm 

 
Hydraulic characteristics: 

bfQ   = 42,475.3 m3/s 

meanQ  = Not provided  

VS = 0.00008  

B  = 1381.4 m  
 
Planimetric evolution: 

 

 

YEAR: 1765 

0 = 31.50 ˚ 

cS = 0.000074 

avh =17.33 m 

 

YEAR: 1820 

0  = 51.53 ˚ 

cS = 0.000065 

avh =18.71 m 

 

YEAR: 1880 

0 = 63.89 ˚ 

cS = 0.000057 

avh = 20.05 m 

 

YEAR: 1936 

0 = n/a 

cS =  n/a 

avh =  n/a  

 
Note: 
After 1936 the channel lateral expansion is impeded by the adjacent railway and 
migration thereafter is not included in the database. 
 

N 
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15. WHITE RIVER, INDIANA, USA 

 
 
 
 
 
 
 
 
 
 
 
 

(Image Data: Google earth, Image U.S. Geological 
Survey, Image date: 1996/05/06) 
North arrow, scale and box superimposed by the 
author. 
 

Location of River Meander 
 
Latitude: 43.9070˚ 
Longitude: -72.6486˚ 
 
Description: 
The meander loop is located 
within the third branch of the 
White River approximately 2.41 
km SE of Randolph, Vermont, 
Indiana, USA. 

Sources of stream hydraulic characteristics: 
Olson, S.A., Weber, M.A. (1996). Level II scour analysis for Bridge on State Highway 
12, crossing, crossing the Third Branch White River, Randolph, Vermont. Open-File 
Report 96-187, U.S. Geological Survey, Pembroke, New Hampshire, U.S.A, 28 pp. 
 
Gauge Station: 
Peak Flow Statistics, StreamtStats Report, U.S. Geological Survey, Citation: Olson, 
S.A., (2014). Estimation of flood discharges at selected annual exceedance 
probabilities for unregulated, rural streams in Vermont: with a section on Vermont 
regional skew regression, by Veilleux, A.G. U.S. Geological Survey Scientific 
Investigations Report 2014–5078, 27 p. plus appendixes. (Accessed 2018/05/04) 
 

Sources of imagery: 
Year Reference 
1939, 
1962, 
 1994, 
 2006 
  

White River: George Springston, Norwich University. [image] In: Kline, 
M., (n.d.) Freedom to roam: How meandering rivers can decrease 
destruction flooding. State of Vermont, Agency of Natural Resources. 
Received from <https://anr.vermont.gov/node/1026> 
 

C 
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Bed material size distribution: 
“The predominant channel bed material is gravel with a median grain size (D50) of 49.6 
mm (0.163 ft). Bank material is sand and gravel (D50 is 3.08 mm or 0.010 ft).” (Olson 
and Weber, 1996) 
 

50D = 49.6 mm 

 
Hydraulic characteristics: 

bfQ   = 87.21 m3/s 

meanQ  = Not provided 

VS = 0.013  

B  = 40.5 m  
 
Planimetric evolution: 

  
 

YEAR: 1939 

0 = 40.85 ˚ 

cS = 0.0114 

avh = 0.84 m 

 

YEAR: 1962 

0 = 48.14˚ 

cS = 0.011 

avh = 0.85 m 

 

YEAR: 1994 

0 = 73.29 ˚ 

cS = 0.0082 

avh = 0.92 m 

 

YEAR: 2006 

0 = 85.05˚ 

cS = 0.0068 

avh = 0.97 m 

 
Notes: 
 

N 
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16. LITTLE BLUE RIVER, NEBRASKA, US 

 
 
 
 
 
 
 
 
 
 
 
 
(Image data: Google earth, Image date: 
2014/06/10) 
North arrow, scale and box superimposed by the 
author. 
 

Location of River Meander 
 
Latitude:  40.2122˚ 
Longitude: -97.3246˚ 
 
Description: 
The meander loop is upstream of 
the confluence with the Big Sandy 
Creek and approximately 7.3 km 
SE of Alexandria, Nebraska, USA. 

Sources of stream hydraulic characteristics: 
Osterkamp, W.R., Hedman, E.R. (1982). Perennial-streamflow characteristics related 
to channel geometry and sediment in Missouri River basin. Geological Survey 
Professional Paper 1242, United States Government Printing Office, Washington, 
USA, 37 pp. 
 
Sources of stream gauge data:  
Provided in reference 
 
Sources of imagery: 

Year Reference 

1957 
Gladstone Quadrangle. Nebraska, 7.5-minute series [map], HTMC 1962 
ed., Scale 1:24000. Gladstone, Nebraska, U.S.A: U. S. Geological 
Survey,1960 

1993 
Google earth, Image U.S. Geological Survey, Image NASA. Imagery 
Date: 1993/04/21 

2005 
Google earth, Image USDA Farm Service Agency. Imagery Date: 
2005/06/28 

2014 Google earth. Imagery Date: 2014/06/10 

v 
Bed material size distribution: 

50D = 0.62 mm 

154



  

Hydraulic characteristics: 
bfQ   = 182 m3/s 

meanQ = 6.74 m3/s 

VS  = 0.0013  

B  = 39.6 m  
 
Planimetric evolution: 

  
 

YEAR: 1957 

0 = 24.67 ˚ 

cS = 0.0012 

avh = 1.27 m 

 

YEAR: 1993 

0 = 35.90˚ 

cS = 0.0012 

avh = 1.31 m 

 

YEAR: 2005 

0 = 42.66 ˚ 

cS = 0.0011 

avh = 1.35 m 

 

YEAR: 2014 

0 = 51.42˚ 

cS = 0.0011 

avh = 1.40 m 

 
Notes: 
 

N 
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17. WAPSIPINICON RIVER, IOWA, USA 

 
 
 
 
 
 
 
 
 
 
 
 

(Image data: Google earth, Image USDA Farm 
Service Agency, Image date: 2011/08/11) 
North arrow, scale and box superimposed by the 
author. 

Location of River Meander 
 
Latitude:   41.7640˚ 
Longitude: -90.5644˚ 
 
Description: 
The meander loop is located 
upstream of the confluence with 
the Mississippi River and 
approximately 7 km SSW of the 
town of Dewitt, Iowa, USA. 

Sources of stream hydraulic characteristics: 
Khorram, S., Ergil, M. (2010). Most influential parameters for the bed‐load sediment 
flux equations used in alluvial rivers. Journal of the American Water Resources 
Association, 46(6), 1065-1090 pp. 
 
Williams, G.P., Rosgen, D.L. (1989). Measured total sediment loads (suspended loads 
and bedloads) for 93 United States streams. Open – File Report 89-67, U.S. Geological 
Survey, Denver, Colorado, USA, 128 pp. 
 
Gauge Station: 
USGS Streamstats Data - Collection station report, Gauging station no. 05422000: 
Wapsipinicon River near De Witt, IA [Date accessed: 2018/09/02] 
Years of record used: 1935-2010 
 
Sources of imagery: 

Year Reference 

1952 
De Witt Quadrangle. Iowa, 7.5-minute series [map], HTMC 1977 ed., 
Scale 1:24000. De Witt, Iowa, U.S.A: U. S. Geological Survey,1953 

1994 
Google earth, Image U.S. Geological Survey, Image NASA. Imagery 
Date: 1994/05/17 

2004 
Google earth, Image USDA Farm Service Agency. Imagery Date: 
2004/08/04 

2014 Google earth. Imagery Date: 2014/04/21 
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Bed material size distribution: 
50D = 0.5 mm 

 
Hydraulic characteristics: 

bfQ = 305.8 m3/s 

meanQ = not provided 

VS = 0.0015  

B = 79.2 m  
 
Planimetric evolution: 

 
 

YEAR: 1952 

0 = 67.13˚ 

cS = 0.0010 

avh = 1.47 m 

 

YEAR: 1994 

0 = 84.97˚ 

cS = 0.00078 

avh = 1.73 m 

 

YEAR: 2004 

0 = 88.05˚ 

cS = 0.00074 

avh = 1.35 m 

 

YEAR: 2014 

0 = 89.31˚ 

cS = 0.00071 

avh = 1.8 m 

 
YEAR: 2017 

0 = 92.68 ˚ 

cS = 0.00064 

avh = 1.9 m 

 

   

Note: 

N 
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18. LOWER MILK RIVER, ALBERTA, 
CANADA 

 
 
 
 
 
 
 
 
 
 
 
 
(Image Data: Google earth, Image S. Alberta 
MD s and Counties, Image date: 2011/12/31) 
North arrow, scale and box superimposed by 
the author. 
 

Location of River Meander 
 
Latitude:    49.1266˚ 
Longitude:  -110.8887˚ 
 
Description: 
The meander loop is in the Forty 
Mile County No.8 and located 
approximately 7 km SSW of the 
Pakowki Lake, Alberta, Canada. 

Sources of stream hydraulic characteristics: 
AMEC Earth & Envionmental. (2008). Study of erosion and sedimentation on the Milk 
River. Milk River Watershed Council Canada, Calgary, Alberta, Canada. Retrieved 
from <http://www.mrwcc.ca/files/7213/9096/3896/Milk_River_Sediment_Part1.pdf> 
 
Sources of stream gauge data:  
Provided in reference 
 
Sources of imagery: 

Year Reference 

1915, 
1952, 
 1979 
  
  

Figure 5. Plan views of eight meander lobes surveyed along the upstream 
meandering reach (paths of survey transects indicated), In: Bradley, C., 
Smith, D.G. (1984). Meandering channel response to altered flow regime: 
Milk River, Alberta and Montana. Water Resources Research, 20(12), 
1913-1920. 
 

 

Bed material size distribution: 
50D = 0.15 mm 
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Hydraulic characteristics: 
bfQ = 75.4 m3/s 

meanQ = not provided 

VS = 0.00096  

B = 70 m  
 
Planimetric evolution: 

 
 

YEAR: 1915 

0 = 62.28 ˚ 

cS = 0.0007 

avh  = 1.14 m 

 

YEAR: 1952 

0 = 69.76 ˚ 

cS = 0.0006 

avh = 1.18 m 

 

YEAR: 1979 

0 = 76.31˚ 

cS = 0.0006 

avh = 1.24 m 

 
Notes: 
The planimetric evolution is derived from Bradley and Smith (1984), in which the 
authors identified the boundaries of the riverbank. 
 

N 
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19. LOWER MILK RIVER, ALBERTA,  
CANADA 

 
 
 
 
 
 
 
 
 
 
 
 

(Image Data: Google earth, Image S. Alberta 
MD s and Counties, Image USDA Farm Service 
Agency, Image date: 2013/08/31) 
North arrow, scale and box superimposed by the 
author. 
 

Location of River Meander 
 
Latitude:     49.0023˚ 
Longitude:  -110.5996˚ 
 
Description: 
The meander loop is located within 
the Cypress Country and 
approximately 15.7 km SW of the 
city of Onefour, Alberta. 

Sources of stream hydraulic characteristics: 
AMEC Earth & Envionmental. (2008). Study of erosion and sedimentation on the Milk 
River. Milk River Watershed Council Canada, Calgary, Alberta, Canada. Retrieved 
from <http://www.mrwcc.ca/files/7213/9096/3896/Milk_River_Sediment_Part1.pdf> 
 
Sources of stream gauge data:  
Provided in reference 
 
Sources of imagery: 

Year Reference 

1915, 
1952, 
 1979 
  
  

Figure 5. Plan views of eight meander lobes surveyed along the upstream 
meandering reach (paths of survey transects indicated), In: Bradley, C., 
Smith, D.G. (1984). Meandering channel response to altered flow regime: 
Milk River, Alberta and Montana. Water Resources Research, 20(12), 
1913-1920. 
 

 

Bed material size distribution: 
50D  = 0.15 mm 
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Hydraulic characteristics: 
bfQ  = 75.4 m3/s 

meanQ = not provided 

VS  = 0.00096  

B  = 73 m  
 
Planimetric evolution: 

 
 

 

YEAR: 1915 

0  = 42.33˚ 

cS = 0.0008 

avh = 1.04 m 

 

YEAR: 1952 

0 = 68.41 ˚ 

cS = 0.0006 

avh = 1.17 m 

 

YEAR: 1979 

0  = 77.05˚ 

cS = 0.0006 

avh = 1.23 m 

 
Note: 
 
 

N 
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20. EAST NISHNABOTNA RIVER, IOWA, USA 

(Image Data: Google earth, Image USDA Farm 
Service Agency, Image date: 2009/06/19) 
North arrow, scale and box superimposed by 
the author. 
 

Location of River Meander 
 
Latitude:  40.9511˚ 
Longitude: -95.2640˚ 
 
Description:  
The meander loop is approximately 
7.5 km SSW of the city of Red Oak 
in Montgomery County, Iowa, USA. 

Sources of stream hydraulic characteristics: 
Odgaard, A.J. (1987). Streambank erosion along two rivers in Iowa. Water Resources 
Research, 23(7), 1225-1236 pp. 
 
Sources of stream gauge data:  
Provided in reference 
 
Sources of imagery: 

Year Reference 
1950, 
1960, 
1976, 
 1982 

Iowa Geographic Map Server at Iowa State University, Iowa State 
University GIS Support and Research Facility [online archive]. Accessed 
through ArcGIS. <https://ortho.gis.iastate.edu/> 

 1994 Google earth, Image U.S. Geological Survey. Imagery Date: 1994/10/10 

2004 
Google earth, Image USDA Farm Service Agency. Imagery Date: 
2004/08/04 

2009 
Google earth, Image USDA Farm Service Agency. Imagery Date: 
2009/06/19 

2014 Google earth. Imagery Date: 2014/10/14 

V 
 
 

162



Bed material size distribution: 
The channel bed material is composed of predominantly sand. 

50D  = 0.5 mm. 

 
Hydraulic characteristics: 

bfQ  = 180 m3/s 

meanQ  = 10.6 

VS  = 0.00073 

B = 57 m  
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Planimetric evolution: 
 

 
 

 

 
 

 
 
 
 
 
 

 

N 
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YEAR: 1950 

0 = 21.96˚ 

cS = 0.0007 

avh = 1.64 m 
 

YEAR: 1960 

0 = 41.51˚ 

cS = 0.0006 

avh = 1.74 m 
 

YEAR: 1976 

0 = 58.17˚ 

cS = 0.0005 

avh = 1.87 m 
 

YEAR: 1982 

0 = 59.20˚ 

cS = 0.0005 

avh = 1.88 m 
 

YEAR: 1994 

0 = 69.21˚ 

cS = 0.0005 

avh = 2.00 m 

 

YEAR: 2004 

0 = 75.20˚ 

cS = 0.0004 

avh = 2.07 m 

 

YEAR: 2009 

0 = 80.21˚ 

cS = 0.0004 

avh = 2.15 m 

 

YEAR: 2014 

0 =80.23˚ 

cS = 0.0004 

avh = 2.15 m 

 

Note: 
 
 

 

 

 

 

  

165



21. MACKINAW RIVER, ILLINOS, USA 

 
 
 
 
 
 
 
 
 
 
 
 

(Image Data: Google earth, 2019 © Maxar 
Technologies, Image date: 2004/05/13) 
North arrow, scale and box superimposed by the 
author. 
 

Location of River Meander 
 
Latitude:    40.4427˚ 
Longitude:  -89.6659˚ 
 
Description: 
Approximately 4.3 km NNW of 
the town of Green Valley in 
Tazewell County, Illinois, USA.   

Sources of stream hydraulic characteristics: 
Adolphson, D.L., Fazio, D.J., Harris, M.A. (2001). Habitat, biota, and sediment 
characteristics at selected stations in the lower Illinois River Basin, Illinois, 1996-98. 
Water-Resources Investigations Repot No. 2001-4068, 52 pp. 
 
Garcia, M.H., Bittner, L.D., Nino, Y. (1994). Mathematical modeling of meandering 
streams in Illinois: A tool for stream management and engineering (HES 43). 
Hydraulic Engineering Series No.43, Civil Engineering Studies, Department of Civil 
Engineering, University of Illinois at Urbana – Champaign, Urbana, Illinois, USA, 63 
pp. 
 
Graf, J.B. (1986). Traveltime and longitudinal dispersion in Illinois streams. Open-File 
Report 84-468, U.S. Geological Survey Water -Supply paper 2269, U.S. Geological 
Survey, Denver, USA, 63 pp. 
 
 
Sources of stream gauge data:  
Provided in reference 
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Sources of imagery: 
Year Reference 

1956 
Army Map Service [air photo]. Aerial Single Frame ID:  
A550330100999, Roll # 000010, Frame # 999. USGS EROS Archive. 
Acquisition Date: 1956/05/08 

1970 
U.S. Geological Survey [air photo]. Aerial Single Frame ID:  
AR1VCKS00010123 , Roll # 000001, Frame # 123. USGS EROS 
Archive. Acquisition Date: 1970/12/01 

1977 
U.S. Geological Survey [air photo]. Aerial Single Frame ID:   
AR1VEHI00010293 , Roll # 000001, Frame # 293. USGS EROS 
Archive. Acquisition Date: 1977/05/01 

1988 

Mackinaw River, Illinois, USA. [image]. Courtesy of Inci Guneralp 
(2009). Received from: Motta D. (2011). A GIS-based computational 
platform for physically based bank evolution and meander migration. 
[Presentation]. Ven Te Chow Hydrosystems Laboratory, Department of 
Civil and Envionmental Engineering, University of Illinois at Urbana-
Champaign, USA.  

2004 Google earth, Image © Maxar Technologies. Imagery Date: 2004/05/13 

v 
Bed material size distribution: 
The channel bed is “composed of sand with some gravel that forms large sandbars at 
the bends”. (Garf,1986).  
 

50D  = 0.55 m  

 
Hydraulic characteristics: 

bfQ = 229 m3/s 

meanQ  = not provided 

VS  = 0.001 

B = 65 m  
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Planimetric evolution: 

 
 

YEAR: 1956 

0  = 42.14˚ 

cS  = 0.0009 

avh = 1.53 m 

 

YEAR: 1890 

0 = 63.69 ˚ 

cS = 0.007 

avh = 1.71 m 

 

YEAR: 1957 

0 = 65.79˚ 

cS =0.0007 

avh = 1.74 m 

 

YEAR: 1976 

0 = 74.04˚ 

cS = 0.0006 

avh = 1.85 m 

 
YEAR: 1976 

0 = 84.87˚ 

cS = 0.0005 

avh = 2.23 m 

 

   

Note: 
Note that the sine generated curve approximation for the planform geometry of the 
channel is based the first two meander loops, excluding the third meander loop due to 
the large degree of rotation. 
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22. IOWA RIVER, IOWA, USA 

(Image Data: Iowa Geographic Map Server 
courtesy of the Iowa State University GIS 
Faculty, Esri, Image date: 2015) 
North arrow, scale and box superimposed by 
the author. 
 

Location of River Meander 
 
Latitude:  42.0698˚ 
Longitude: -92.8943˚ 
 
Description:  
The meander loop is approximately 
3.5 km NNE of the city of 
Marshalltown in Marshall County, 
Iowa, USA. 

Sources of stream hydraulic characteristics: 
Soar, P.J., Thorne, C.R. (2001). Channel restoration design for meandering rivers. 
Appendix B: Sand- Bed River Data. Report ERDC/CHL CR-01-1, Engineering 
Research and Development Center, Coastal and Hydraulics Lab, U.S. Army Corps of 
Engineers, Vicksburg, USA, 416 pp. 
 
Sources of stream gauge data:  
Provided in reference 
 
Sources of imagery: 

Year Reference 
1939, 
1952, 
1958, 
1974, 
1983, 
1994, 
2002, 
2015 

Iowa Geographic Map Server at Iowa State University, Iowa State 
University GIS Support and Research Facility [online archive]. Accessed 
through: ArcGIS . <https://ortho.gis.iastate.edu/> 

V 
Bed material size distribution: 
The channel bed material is composed of predominantly sand. 

50D = 0.84 mm. 
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Hydraulic characteristics: 
bfQ  = 281.9 m3/s 

meanQ = not provided 

VS = 0.00074 

B = 61.1 m  
 
Planimetric evolution: 
 

 

 
 

N 
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YEAR: 1939 

0  = 45.18˚ 

cS = 0.0006 

avh = 2.34 m 
 

YEAR: 1952 

0  = 59.06˚ 

cS = 0.0006 

avh = 2.46 m 
 

YEAR: 1958 

0 = 65.30˚ 

cS =0.0005 

avh = 2.52 m 
 

YEAR: 1974 

0 = 68.49˚ 

cS = 0.0005 

avh = 2.56 m 
 

YEAR: 1983 

0 = 71.54˚ 

cS = 0.0005 

avh = 2.60 m 

 

 

1990 Cut-off 
forms  

 

  

Note: 
The Iowa Geographic Map Server at Iowa State University categorizes using mosaics 
of aerial images (e.g. 1950’s or 1960’s) until the 1970’s and therefore the exact date of 
the aerial images before this date was were determined by cross-referencing them with 
images from the Historical Aerials Database provided by NETROnline. Online link: 
 < https://www.historicaerials.com/viewer> 
 
Due to cut-off formation between the years of 1983 and 1994, the temporal 
characteristics of the channel estimated using the idealization of the channel centerline 
as a sine-generated curve is considered from 1939 – 1983. 
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23. IOWA RIVER, IOWA, USA 

(Image Data: Iowa Geographic Map Server 
courtesy of the Iowa State University GIS 
Faculty, Esri, Image date: 2017) 
North arrow, scale and box superimposed by the 
author. 
 

Location of River Meander 
 
Latitude:  41.8871˚ 
Longitude: -92.3459˚ 
 
Description:  
The meander loop is 
approximately 5.55 km SW of the 
city of Belle Plaine in Benton 
County, Iowa, USA. 

Sources of stream hydraulic characteristics: 
Soar, P.J., Thorne, C.R. (2001). Channel restoration design for meandering rivers. 
Appendix B: Sand- Bed River Data, Report ERDC/CHL CR-01-1. Engineering 
Research and Development Center, Coastal and Hydraulics Lab, U.S. Army Corps of 
Engineers, Vicksburg, USA, 416 pp. 
 
Sources of stream gauge data:  
Provided in reference 
 
Sources of imagery: 

Year Reference 
1937, 
1951, 
1963, 
1972, 
1983, 
1994, 
2004, 
2014 

Iowa Geographic Map Server at Iowa State University, Iowa State 
University GIS Support and Research Facility [online archive]. Accessed 
through: ArcGIS . <https://ortho.gis.iastate.edu/> 

V 
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Bed material size distribution: 
The channel bed material is composed of predominantly sand. 

50D  = 0.47 mm. 

 
Hydraulic characteristics: 

bfQ  = 287.9 m3/s 

meanQ  = not provided 

VS = 0.00063 

B  = 65.4 m  
 

Planimetric evolution: 
 

 
 

YEAR: 1937 

0 = 47.83˚ 

cS = 0.0005 

avh  = 2.03 m 

 

YEAR: 1951 

0 = 61.86˚ 

cS = 0.0005 

avh = 2.19 m 

 

YEAR: 1963 

0 = 75.58˚ 

cS = 0.0004 

avh = 2.88 m 

 

YEAR: 1972 

0 = 80.41˚ 

cS = 0.0004 

avh = 2.49 m 

 

YEAR: 1979 

0 = 83.71˚ 

cS = 0.0003 

avh = 2.56 m 

 

YEAR: 1994 

0 = 87.26˚ 

cS =0.0003 

avh = 2.64 m 

 

YEAR: 2004 

0 = 90.24 ˚ 

cS = 0.0003 

avh = 2.71 m 

 

YEAR: 2017 

0 = 91.99 ˚ 

cS = 0.0003 

avh = 2.76 m 

 

Note: 

 

N 
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24. ELKHORN RIVER, NEBRASKA, USA 

 
 
 
 
 
 
 
 
 
 
 
 
(Image Data: Google earth, Image USDA Farm 
Service Agency, Image date: 2009/06/21) 
North arrow, scale and box superimposed by the 
author. 
 

Location of River Meander 
 
Latitude:  42.2271˚ 
Longitude:  -98.2798˚ 
 
Description: 
Approximately 6.5 km SE of the 
town of Ewing, Nebraska USA.   

Sources of stream hydraulic characteristics: 
Osterkamp, W.R., Hedman, E.R. (1982). Perennial-streamflow characteristics related 
to channel geometry and sediment in Missouri River basin. Geological Survey 
Professional Paper 1242, United States Government Printing Office, Washington, 
USA, 37 pp. 
 
Sources of stream gauge data:  
Provided in reference 
 
Sources of imagery: 

Year Reference 

1961 
Deloit Quadrangle. Nebraska, 7.5-minute series [map], HTMC 1964 ed., 
Scale 1:24000. Deloit, Nebraska, U.S.A: U. S. Geological Survey,1963 

1993 Google earth, Image U.S. Geological Survey. Imagery Date: 1993/05/12 

1999 Google earth, Image U.S. Geological Survey. Imagery Date: 1999/04/06 

2009 
Google earth, Image USDA Farm Service Agency. Imagery Date: 
2009/06/21 

v 
Bed material size distribution: 

50D = 0.34 mm  
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Hydraulic characteristics: 
bfQ = 32.2 m3/s 

meanQ = 4.9 m3/s 

VS = 0.001 

B = 32 m  
 

Planimetric evolution: 

 
 

YEAR: 1961 

0 = 33.85˚ 

cS = 0.0009 

avh = 0.99 m 

 

YEAR: 1993 

0 = 48.00 ˚ 

cS = 0.008 

avh = 1.04 m 

 

YEAR: 1999 

0 = 50.47˚ 

cS =0.0008 

avh = 1.05 m 

 

YEAR: 2009 

0 = 59.15˚ 

cS = 0.0008 

avh = 1.10 m 

 

Note: 
 
 

N 
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25. CAHABA RIVER, ALABAMA, USA 

 
(Image Data: Google earth, Image USDA Farm 
Service Agency, Image date: 2011/07/31) 
North arrow, scale and box superimposed by 
the author. 
 

Location of River Meander 
 
Latitude:  32.6881˚ 
Longitude: -87.2415˚ 
 
Description:  
The meander loop is approximately 
2.24 km WNW of Sprott in Perry 
County, Alabama, USA. 

Sources of stream hydraulic characteristics: 
Soar, P.J., Thorne, C.R. (2001). Channel restoration design for meandering rivers. 
Appendix B: Sand- Bed River Data, Report ERDC/CHL CR-01-1, Engineering 
Research and Development Center, Coastal and Hydraulics Lab, U.S. Army Corps of 
Engineers, Vicksburg, USA, 416 pp. 
 
Sources of stream gauge data:  
Provided in reference 
 
Sources of imagery: 

Year Reference 

1949, 
 1974 

Sprott, Perry County [air photo]. Alabama Maps Aerial photography, 
University of Alabama [online archive]. Accessed through < 
http://alabamamaps.ua.edu/aerials/Counties/Perry/Perry.html> 

1998 Google earth, Image U.S. Geological Survey. Imagery Date: 1998/02/08 

2011 
Google earth, Image USDA Farm Service Agency. Imagery Date: 
2011/07/31 

v 
Bed material size distribution: 
The channel bed material is composed of predominantly sand. 

50D = 0.3 mm. 
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Hydraulic characteristics: 
bfQ = 816.5m3/s 

meanQ = not provided 

VS = 0.00057 

B = 61 m  
 

Planimetric evolution: 
 

 
 

YEAR: 1949 

0 = 67.27˚ 

cS = 0.0004 

avh = 4.30 m 

 

YEAR: 1974 

0 = 74.22˚ 

cS = 0.0004 

avh = 4.53 m 

 

YEAR: 1998 

0 = 87.06˚ 

cS =0.0003 

avh = 5.13 m 

 

YEAR: 2011 

0 = 91.68˚ 

cS = 0.0003 

avh = 5.43 m 

 

Note: 

 
 
 

N 
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26. NECHES RIVER, TEXAS, USA 

 
 
 
 
 
 
 
 
 
 
 
 
(Image Data: Google earth, Image date: 
2018/01/05) 
North arrow, scale and box superimposed by the 
author. 
 

Location of River Meander 
 
Latitude:  30.3633˚ 
Longitude: -94.1010˚ 
 
Description:  
The meander loop is approximately 
2.8 km WNW of the Evadale 
community in Jasper County, 
Texas, USA and north of the US-96 
Highway. 

Sources of stream hydraulic characteristics: 
Texas Environmental Flows Scientific Advisory Committee (SAC), (2009). 
Geomorphic Scope of Instream Flow Recommendations, Sabine-Neches Best. 
Environmental Flows Recommendation Report Appendix III (Accessed Feb. 11,2019), 
Received from  <http://www.sratx.org/BBEST/RecommendationsReport/> 
 
Gauge Station: 
USGS Streamstats Data - Collection station report, Gauging station no. 0804100: 
Neches River at Evadale, TX [Date accessed: 2019/02/11] 
Years of record used: 1904-2003 
 
Sources of imagery: 

Year Reference 

1977 
Evadale Quadrangle. Texas, 7.5-minute series [map], HTMC 1985 ed., 
Scale 1:24000. Louisiana, U.S.A: U. S. Geological Survey,1984 

1996 Google earth, Image U.S. Geological Survey. Imagery Date: 1996/01/11 

2004 Google earth, Image © Maxar Technologies. Imagery Date: 2004/01/19 

2014 Google earth. Imagery Date: 2014/10/03 

v 
Bed material size distribution: 

50D = 0.4 mm. 
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Hydraulic characteristics: 
bfQ = 915.8 m3/s 

meanQ = not provided 

VS = 0.0005 

B = 104 m  
 

Planimetric evolution: 
 

 
 

YEAR: 1977 

0 = 34.21˚ 

cS = 0.0004 

avh = 2.75 m 

 

YEAR: 1996 

0 = 48.27 ˚ 

cS = 0.0004 

avh = 2.90 m 

 

YEAR: 2004 

0 = 50.15˚ 

cS =0.0004 

avh = 2.93 m 

 

YEAR: 2013 

0 = 50.00 ˚ 

cS = 0.0004 

avh = 2.93 m 

 

Note: 
The flood frequency curve is derived from regional relations, i.e. from the regression 
on the drainage area and other channel characteristics.  
 

N 
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27. VERMILLION RIVER, MINNESOTA, USA 

 
 
 
 
 
 
 
 
 
 
 
 
(Image Data: Google earth, Image date: 
2018/04/28) 
North arrow, scale and box superimposed by the 
author. 
 

Location of River Meander 
 
Latitude:  44.6610˚ 
Longitude: -93.0234˚ 
 
Description:  
The meander loop is approximately 
4.67 km WSW of Vermillion city 
in Dakota County, Minnesota, 
USA. 

Sources of stream hydraulic characteristics: 
Eke, E. (2014). Numerical modeling of river migration incorporating erosional and 
depositional bank processes. Doctor in Philosophy in Civil Engineering, University of 
Illinois at Urbana-Champaign, Illinois, USA, 230 pp. 
 
Lauer, J.W., Parker, G. (2008). Net local removal of floodplain sediment by river 
meander migration. Geomorphology, 96(1-2), 123-149 pp. 
 
Sources of stream gauge data:  
Provided in reference 
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Sources of imagery: 
Year Reference 

1953 
U.S. Geological Survey [air photo]. Aerial Single Frame ID:   
AR1VBH000070058, Roll # 000007, Frame # 58. USGS EROS Archive. 
Acquisition Date: 1953/11/01 

1957 
Minnesota Historical Aerial Photographs Online from the John R. 
Barchert Map Library, University of Minnesota [online archive]. 
Accessed through: Esri . < apps.lib.umn.edu/mhapo/> 

1964 
Minnesota Historical Aerial Photographs Online from the John R. 
Barchert Map Library, University of Minnesota [online archive]. 
Accessed through: Esri . < apps.lib.umn.edu/mhapo/> 

1973 
U.S. Geological Survey [air photo]. Aerial Single Frame ID:    
AR1VDID00040075, Roll # 000004, Frame # 75. USGS EROS Archive. 
Acquisition Date: 1973/11/30 

1991 Google earth, Image U.S. Geological Survey. Imagery Date: 1990/12/30 

2010 Google earth. Imagery Date: 2010/05/18 

2018 Google earth. Imagery Date: 2018/04/28 

v 
Bed material size distribution: 
The channel bed material is composed of predominantly sand and fine gravel. 

50D = 2 mm. 

 
Hydraulic characteristics: 

bfQ = 10 m3/s 

meanQ = not provided 

VS = 0.00104 

B = 15 m  
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Planimetric evolution: 
 

 
 

YEAR: 1953 

0 = 57.42˚ 

cS = 0.0008 

avh = 0.76 m 

 

YEAR: 1957 

0 = 60.53˚ 

cS = 0.0008 

avh = 0.76 m 

 

YEAR: 1964 

0 = 73.60˚ 

cS =0.0007 

avh = 0.76 m 

 

YEAR: 1973 

0 = 78.00˚ 

cS = 0.0006 

avh = 0.77 m 

 

YEAR: 1991 

0 = 80.37 

cS =0.0006 

avh = 0.76 m 

 

YEAR: 2018 

0 = n/a 

cS = n/a 

avh = n/a 

 

YEAR: 2018 

0 = n/a 

cS = n/a 

avh = n/a  

 

 

Note: 
The river channel undergoes both rotation and translation migration patterns as well as 
lateral expansion and downstream migration.  

 

N 
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28. RED RIVER, ARKANSAS, USA 

 
 
 
 
 
 
 
 
 
 
 
 
(Image Data: Google earth, Texas Orthoimage 
Program, Image date: 2008/07/25) 
North arrow, scale and box superimposed by the 
author. 
 

Location of River Meander 
 
Latitude:  33.6758˚ 
Longitude: -94.6262˚ 
 
Description:  
The meander loop is approximately 
56.25 km WNW of Index in Miller 
County, Arkansas, USA. 

Sources of stream hydraulic characteristics: 
Soar, P.J., Thorne, C.R. (2001). Channel restoration design for meandering rivers. 
Appendix B: Sand- Bed River Data, Report ERDC/CHL CR-01-1. Engineering 
Research and Development Center, Coastal and Hydraulics Lab, U.S. Army Corps of 
Engineers, Vicksburg, USA, 416 pp. 
 
Sources of imagery: 

Year Reference 

1949 
U.S. Geological Survey [air photo]. Aerial Single Frame ID:   
AR1IH0000030068, Roll # 000003, Frame # 68. USGS EROS Archive. 
Acquisition Date: 1994/01/06 

1975 
U.S. Geological Survey [air photo]. Aerial Single Frame ID:    
AR1VDTU00010063, Roll # 000001, Frame # 63. USGS EROS Archive. 
Acquisition Date: 1975/02/25 

1994 
Google earth, Image U.S. Geological Survey, Image NASA. Imagery 
Date: 1995/02/01 

2015 Google earth. Imagery Date: 2015/02/01 

v 
Bed material size distribution: 
The channel bed material is composed of predominantly sand. 

50D = 0.26 mm. 
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Hydraulic characteristics: 
bfQ = 1351.5 m3/s 

meanQ = not provided 

VS = 0.00031 

B = 218 m  
 

Planimetric evolution: 

 
 

YEAR: 1949 

0 = 69.84˚ 

cS = 0.0002 

avh = 4.60 m 

 

YEAR: 1975 

0 = 74.53˚ 

cS = 0.0002 

avh = 4.77 m 

 

YEAR: 1994 

0 = 85.00˚ 

cS =0.0002 

avh = 5.20 m 

 

YEAR: 2015 

0 = 88.49˚ 

cS = 0.0001 

avh = 5.36 m 

 

Note: 

N 
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29. Friedkin’s Lab Experiment (1945) 

 
 
 
 
 
 
 
 
 
 
 
Initial channel and meandering channel after 3 hours. 
(Friedkin 1945) 
 

Location of Study 
 
Description:  
The laboratory study was 
conducted by J.F. Friedkin at 
the United States Waterways 
Experiment Station from 1942 
to 1944. 

Sources of stream hydraulic characteristics: 
Friedkin, J. F. (1945). A laboratory study of the meandering of alluvial rivers. War 
Department, Corps of Engineers, U.S. Army, Mississippi River Commission, United 
States Waterways Experiment Station, Vicksburg, Mississippi, USA, 33 pp. 
 
Huang, J., Greimann, B. P., Randle, T. J. (2014). Modelling of meander migration in an 
incised channel. International Journal of Sediment Research, 29(4), 441-453 pp. 
 
Sources of imagery: 

Time Reference 
35 hrs, 
83 hrs, 
160 hrs 

Plate 11 (Friedkin 1945) 

v 
Bed material size distribution: 
The channel bed material is 80% sand from King’s Point and 20% silt from Milliken 
Bend. 
Assume 50D = 0.2 mm (Huang et al., 2014) 

 
Hydraulic characteristics: 

bfQ = 0.014 m3/s 

meanQ = not provided 

VS = 0.007 

B = 0.91 m  
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Planimetric evolution: 

 
 

TIME: 35 hours 

0  = 35.53˚ 

cS = 0.0063 

avh = 0.046 m 

TIME: 83 hours 

0  = 49.20˚ 

cS = 0.0058 

avh = 0.048 m 

TIME: 160 hours 

0  = 64.48˚ 

cS = 0.0050 

avh = 0.050 m 

 

Note: 
The study reported a range of flow rates between 0.05 cfs (0.0014 m3/s) and 0.5 cfs 
(0.014 m3/s). Similar to Huang et al. (2014), it is assumed that the high flow dominated 
the experimental results.  
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Appendix B  
Supplemental Material for Chapter 2 

Additional reported values for study site 
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Table B.1: Reported values of channel slope, average flow depth and sinuosity 

Site ID Site 
Year of record/ 
Publication date 

cS
(m/m) 

avh
(m) 

  

1 Hoh - - - - 
2 Powder 2005 0.0011 1.49 - 
3 Sacramento - 0.00075 4.4 1.3 
4 Dane - 0.0016 1.6 1.9 
5 Clyde - - - 
6 Belly - 0.0019 1.01 1.7 
7 Allier - - - 
8 Sinu 1985 0.0006 - - 
9 Cecina - - - - 

10 Bogue Chitto 2000’s 0.0004 < 3 2.47 
11 Molalla - - - - 
12 Genesee - - - - 
13 Mississippi (1) 1880 0.000061 - - 
14 Mississippi (2) 1880 0.00005 20.12 - 
15 White - - - - 
16 Little Blue - 0.0012 2.0 - 
17 Wapsipinicon 1981 0.00078 2.0 - 
18 Milk  (1) 1915 0.0007 1.85 - 
19 Milk  (2) 1915 0.0007 1.85 - 

20 
East 
Nishnabotna 

- 0.0006 - - 

21 Mackinaw 1994 0.0005 - - 
22 Iowa (1) 1998 0.00053 3.15 1.4 
23 Iowa (2) 1998 0.00033 3.24 1.9 
24 Elkhorn* - 0.0007 0.97 - 
25 Cahaba 1999 0.00041 6.58 1.4 
26 Neches - - - 
27 Vermillion - 0.00058 0.75 2.6 
28 Red 1998 0.00014 5.27 2.2 

29 
Friedkin's Exp. 
(1945) 

- - - - 

188



 

 

 

 

 

 

 

Appendix C 
Supplemental Material for Chapter 3 

 

 

 

 

 

 

 

 

 

 

 

189



1. HOH RIVER, WASHINGTON, USA 

 
 

 
 
 
 
 
 
 
  
 

 
 

(Image Data: Google earth, Image USDA Farm 
Service Agency, Image date: 2006/06/23) 
North arrow, scale and box superimposed by 
the author. 

Location of River Meander 
 
Latitude:  47.8113˚ 
Longitude: -124.2051˚ 
 
Description: 
Approximately 3.5 km west-south 
west of US Highway 101 Bridge. 

Sources of stream hydraulic characteristics: 
Leon, S. (2016). Upper Hoh River road bank stabilization draft – hydraulics report. 
Project No. WA JEFF 91420(1), Western Federal Lands Highway Division, 
Vancouver, Canada, 12 pp.  

Sources of stream gauge data:  
USGS Streamstats Data - Collection station report, Gauging station no. 12041200: Hoh 
River at US Highway 101 near New Forks, WA [Date accessed: 2019/02/13] 
Years of record used: 1961 – 2016 
 
Sources of imagery: 

Year Reference 

1955 
Spruce MTN. Quadrangle. Washington, 15-minute series [map], HTMC 
1964 ed, Scale 1:62500. Washington, U.S.A: U. S. Geological 
Survey,1956 

1981 
Winfield Creek Quadrangle. Washington-Jefferson County, 7.5-minute 
series [map], HTMC 1990 ed, Scale 1:24000. Washington, U.S.A: U. S. 
Geological Survey,1990 

1991 
National Aerial Photography Program (NAPP). [air photo]. NAPPW Roll 
# 1977, Frame # 47, Flight # 1242W, Station # 763.USGS EROS Archive.  
Acquisition Date: 1991/09/03 

2006 
Google earth, Image USDA Farm Service Agency. Imagery Date: 
2006/3/31 
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Planimetric evolution and parameters for idealized channel:  
 

 
 

YEAR: 1955 

0  = 39.13˚ 

cS  = 0.0053 

avh = 2.08 m 

YEAR: 1981 

0  = 73.34˚ 

cS  = 0.0038 

avh  = 2.28 m 

YEAR: 1991 

0  = 76.34˚ 

cS  = 0.0036 

avh = 2.31 m 

YEAR: 2006 

0  = n/a 

cS = n/a 

avh = n/a 
 

Estimated migration rate: 

1t  = 1955 – 1981  

aW   = 72.0 10 m/s 

xW = 73.0 10  m/s 

2t = 1981 - 1991 

aW   = 72.3 10 m/s 

xW = 71.4 10  m/s 

3t = 1991 - 2006 

aW   = 71.5 10  m/s 

xW = 87.4 10  m/s 
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Comparison of simulated and measured planimetric evolution 
 

 
In this figure, the dashed line represents the measured planimetric evolution and the 
solid lines represent the simulated channel centerline. For ease of comparison, each 
known time period is represented in a different color.                                                   

Comparison of simulated and estimated channel migration velocities: 

 
 

Calibration parameter 

max( )W  =  2 

192



2. POWDER RIVER, WYOMING, USA 

 
 

 
 
 
 
 
 
 
 
 

 
 

(Image Data: Google earth, Image USDA Farm 
Service Agency, Image Year: 2009/07/04) 
North arrow, scale and box superimposed by the 
author. 

Location of River Meander 
 
Latitude:   43.7831˚ 
Longitude:  -106.2529˚ 
 
Description: 
Approximately 10.4 km NNE of 
Sussex, Wyoming. 

Sources of stream hydraulic characteristics: 
Peterson, D.A., Wright, P.R., Edwards Jr, G.P., Hargett, E.G., Feldman, D.L., 
Zumberge, J.R., Dey, P. (2009). Ecological assessment of streams in the Powder River 
Structural basin, Wyoming and Montana, 2005-06. U.S. Geological Scientific 
Investigations Report 2009-5023, 139 pp. 

Sources of stream gauge data:  
USGS Streamstats Data – Collection station report, Gauging station no. 6313500: 
Powder River near Sussex, WY [Date accessed: 2019/02/15] 
Years of record used: 1938 - 2017 

Sources of imagery: 
Year Reference 

1976 
U.S. Bureau of Land Management [air photo]. Aerial Single Frame ID: 
4CPIR14032076, Roll # 000014, Frame # 76. USGS EROS Archive. 
Acquisition Date: 1976/06/30 

1980 
U.S. Bureau of Land Management [air photo]. Aerial Single Frame ID:  
AR480CC10121043, Roll # 000010, Frame # 43. USGS EROS Archive. 
Acquisition Date: 1980/07/16 

1994 Google earth, Image U.S. Geological Survey. Imagery Date: 1994/06/27 

2009 
Google earth, Image USDA Farm Service Agency. Imagery Date: 
2009/07/04 

2016 Google earth. Imagery Date: 2016/08/03 
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Planimetric evolution and parameters for idealized channel: 
 

 
 

YEAR: 
1976 

0  = 38.10˚ 

cS  = 0.0016 

avh = 1.04 m 

YEAR: 
1980 

0  = 49.03˚ 

cS  = 0.0015 

avh  = 1.06 m 

YEAR: 
1994 

0  = 71.50˚ 

cS  = 0.0012 

avh = 1.13 m 

YEAR: 
2009 

0  = 83.21˚ 

cS = 0.0010 

avh = 1.20 m 

YEAR: 
2019 

0  = 87.52˚ 

cS  = 0.0009 

avh = 1.22 m 

Estimated migration rate: 

1t  = 1976 - 1980 

aW   = 72.7 10 m/s 

xW = 61.0 10  m/s 

2t = 1980 - 1994 

aW   = 71.9 10 m/s 

xW = 71.6 10  m/s 

3t = 1994 - 2009 

aW   = 83.5 10  m/s 

xW = 71.2 10  m/s 

4t = 2009 - 2019 

aW   = 83.6 10 m/s 

xW = 82.0 10  m/s 
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Comparison of simulated and measured planimetric evolution 
 

In this figure, the dashed line represents the measured planimetric evolution and the 
solid lines represent the simulated channel centerline. For ease of comparison, each 
known time period is represented in a different color.                                                   

Comparison of simulated and estimated channel migration velocities: 

 
Calibration parameter 

max( )W  =  15 

Notes: 
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3. SACRAMENTO RIVER, CALIFORNIA, USA 

 
 

 
 
 
 
 
 
 
 
 

 
 

 

(Map Data: U.S. Geological Survey, Historical 
File Topography Division, State of California, 
Survey Year: 1950) 
North arrow, scale and box superimposed by the 
author. 

Location of River Meander 

 

Latitude:  39.928˚ 

Longitude: -122.094˚ 

 

Description: 

Approximately 10.4 km S of Los 

Molinos, California, USA. 

Sources of stream hydraulic characteristics: 
Larsen, E.W., Greco, S.E. (2002). Modeling channel management impacts on river 
migration: a case study of Woodson Bridge State Recreation Area, Sacramento River, 
California, USA. Environmental Management 30(2), 209-224 pp.  
 
Sources of stream gauge data:  
Provided in reference 
 

Sources of imagery: 
Year Reference 

1904 
Vina Quadrangle, California. [map], HTMC 1911 ed, Scale 1:64500. 
California, U.S.A: U. S. Geological Survey, Directed under George Otis 
Smith,1904 

1938 Figure 2 (Larsen, 2002) 

1947 
Vina Quadrangle, California, 7.5-minute series [map], HTMC 1957 ed, 
Scale 1:24000. California, U.S.A: U. S. Geological Survey,1950 
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Planimetric evolution and parameters for idealized channel: 
 

 

 
 
There is notable upward translation of the channel. As the simulation program does not account 
for this, a visual of the channel migration without upward translation is provided below.  
 

 

 

 

YEAR: 1904 

0  = 31.53˚ 

cS  = 0.0008 

avh = 4.38 m 

YEAR: 1938 

0  = 51.57˚ 

cS  = 0.0007 

avh  = 4.51 m 

YEAR: 1947 

0  = 63.30˚ 

cS  = 0.0006 

avh = 4.65 m 

 

Measured planimetric evolution of the Sacramento River 
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Estimated migration rate:  

1t  = 1904 - 1938 

aW   = 87.5 10 m/s 

xW = 61.0 10  m/s 

2t = 1938 - 1947 

aW   = 72.3 10 m/s 

xW = 77.0 10  m/s 

Comparison of simulated and measured planimetric evolution 

 

 
In this figure, the dashed line represents the measured planimetric evolution and the 
solid lines represent the simulated channel centerline. For ease of comparison, each 
known time period is represented in a different color.         
                                           
The following figure shows a comparison of the simulated results to the measured 
channel migration neglecting the upward translation shift of the channel. 
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Comparison of simulated and estimated channel migration velocities: 

 

Calibration parameter 

max( )W  =  40 

Note: 
River migrates by upstream translation as well as lateral expansion and downstream 
translation. However, the upstream translation does not affect the overall migration 
velocities as the upward expansion of the first channel apex is negated by the retreat of 
the second channel apex.  
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4. RIVER DANE, CHESIRE, ENGLAND 

 
 
 
 
 
 
 
 
 
 
 

(Map Data: Ordnance Survey, Great Britain, 
National Grid Ref #: SJ 82214 65156, Survey 
Year: 1937 - 1961) 
North arrow, scale and box superimposed by the 
author. 

Location of River Meander 
 
Latitude:   53.1832˚ 
Longitude: -2.2676˚ 
 
Description: 
Approximately 1.6 km SSE of 
Somerford, Chesire, England. 
 
 
 
 
 

Sources of stream hydraulic characteristics: 
Hooke, J.M. (1984). Changes in river meanders: a review of techniques and results of 
analyses. Progress in Physical Geography, 8(4), 473-508 pp.  
 
Hooke, J.M., Harvey, A.M., Miller, S.Y., Redmond, C.E. (1990). The chronology and 
stratigraphy of the alluvial terraces of the River Dane Valley, Cheshire, NW England. 
Earth Surface Processes and Landforms, 15(8), 717-737 pp. 
 
Hooke, J.M.,Yorke, L. (2010). Rates, distributions and mechanisms of change in 
meander morphology over decadal timescales, River Dane, UK. Earth Surface 
Processes and Landforms, 35(13), 1601-1614 pp.  
 
Johnson, R.H. (Ed.). (1985). The geomorphology of North-west England. Manchester 
University Press. Manchester, UK, 421 pp. 
 
Sources of stream gauge data:  
Provided in reference 
 
Sources of imagery: 

Year Reference 
1840, 
1870, 
1907, 
 1947 

Figure 4. Comparison of courses of different date, River Dane, Chesire. 
In: Hooke, J. M. (1984). Changes in river meanders: a review of 
techniques and results of analysis. Progress in Physical Geography. 8(4), 
473-508 pp.   
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Planimetric evolution and parameters for idealized channel: 
 

 

 
 

YEAR: 1840 

0  = 27.79˚ 

cS  = 0.0029 

avh = 0.75 m 

YEAR: 1870 

0  = 30.00˚ 

cS  = 0.0029 

avh  = 0.75 m 

YEAR: 1907 

0  = 44.13˚ 

cS  = 0.0027 

avh = 0.76 m 

YEAR: 1947 

0  = n/a 

cS = n/a 

avh = n/a 

Estimated migration rate: 

1t  = 1840 - 1870 

aW   = 91.4 10 m/s 

xW  = 83.2 10  m/s 

2t = 1970 - 1907 

aW   = 81.6 10 m/s 

xW  = 95.3 10  m/s 

3t = 1907 - 1947 

aW   = 81.1 10  m/s 

xW  = 83.8 10  m/s 

 

 

 

 

 

 

 

 

Measured planimetric evolution of the River Dane 
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Comparison of simulated and measured planimetric evolution 
 

  
In this figure, the dashed line represents the measured planimetric evolution and the 
solid lines represent the simulated channel centerline. For ease of comparison, each 
known time period is represented in a different color.                                                   

Comparison of simulated and estimated channel migration velocities: 

 

Calibration parameter 

max( )W  =  0.8 
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5. RIVER CLYDE, SCOTLAND, U.K 

 
 
 
 
 
 
 
 
 
 
 
 
(Image Data: Google earth, Image © 2019 
Getmapping plc, Image Year: 2006/12/31) 
North arrow, scale and box superimposed by 
the author. 
 

Location of River Meander 
 
Latitude:   55.6811˚ 
Longitude: -3.6400˚ 
 
Description: 
Approximately 2.0 km NE of 

Pettinain, South Lanarkshire, 

Scotland, UK. 

Sources of stream hydraulic characteristics: 
Werritty, A., McEwen, LJ., Harvey, A.M., Gordon, J.E. (1997). Fluvial 
geomorphology of Scotland. In Gregory, K.J. (Ed), Fluvial Geomorphology of Great 
Britain, Springer, Dordrecht, Netherlands, 364 pp. 
 
Gauge Station: 
UK National River Flow Archive, Scottish Environment Protection Agency, Peak Flow 
data, Station Number 84004 (Accessed 2018/1/20) 
Years of record used: 1955-2006 
 

Sources of imagery: 
Year Reference 

1848, 
1909, 
 1977 
  

Figure 4. Comparison of courses of different date, River Dane, Chesire. 
In: Hooke, J. M. (1984). Changes in river meanders: a review of 
techniques and results of analysis. Progress in Physical Geography. 8(4), 
473-508 pp.   
 

C 
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Planimetric evolution and parameters for idealized channel: 
 
 

 
 

YEAR: 1848 

0  = 71.53˚ 

cS  = 0.001 

avh = 1.25 m 

YEAR: 1909 

0  = 78.44˚ 

cS  = 0.0009 

avh  = 1.50 m 

YEAR: 1977 

0  = 85.50˚ 

cS  = 0.0008 

avh = 1.55 m 

Average migration rate 

1t  = 1848 - 1909 

aW   = 81.4 10 m/s 

xW = 81.5 10  m/s 

2t = 1909 - 1977 

aW  = 95.0 10 m/s 

xW = 99.5 10  m/s 

 

 

 

 

 

 

 

 

 

Measured planimetric evolution of the River Clyde 
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Comparison of simulated and measured planimetric evolution 
 

 
In this figure, the dashed line represents the measured planimetric evolution and the 
solid lines represent the simulated channel centerline. For ease of comparison, each 
known time period is represented in a different color.                                                   

Comparison of simulated and estimated channel migration velocities: 
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Calibration parameter 

max( )W  =  1 

Note: 
The channel material reported for the river is based on literature descriptions.  
 
The valley slope measurement reported is based on topography maps elevations 
between the Boat Road Bridge in Thankerton, Bigger, UK and Hyndford Bridge in 
Lanark, UK.   
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6. BELLY RIVER, WASHINGTON, USA 

 
(Image data: Google earth, Image S. Alberta 
MD s and Counties, Image date: 2015/08/06) 
North arrow, scale and box superimposed by 
the author. 

Location of River Meander 
 
Latitude:  49.406˚ 
Longitude: -113.398˚ 
 
Description: 
Approximately 9.5 km south west of 
Stand Off, Lethbridge, Cardston 
County, Alberta, Canada. 
 
 
 
 

 

Sources of stream hydraulic characteristics: 
Braudrick, C. A. (2013). Meandering in gravel-bed rivers. Ph.D Thesis, University of 
California, Berkley, California, USA, 208 pp. 
  
Sources of stream gauge data:  
Provided in reference 
 
Sources of imagery: 

Year Reference 

2002 
Google earth, Image ©2020 Maxar Technologies. Imagery Date: 
2020/07/23 

2012 
Google earth, Image S. Alberta MD s and Counties. Imagery Date: 
2011/12/31 

2015 
Google earth, Image S. Alberta MD s and Counties. Imagery Date: 
2015/08/06 

G 
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Planimetric evolution and parameters for idealized channel: 
 
 

 
 

YEAR: 2002 

0  = 58.80˚ 

cS  = 0.0024 

avh = 1.20 m 

YEAR: 2012 

0  = 71.95˚ 

cS  = 0.0021 

avh  = 1.25 m 

YEAR: 2015 

0  = 76.23˚ 

cS  = 0.0020 

avh = 1.27 m 

Average migration rate 

1t  = 2002 - 2012 

aW   = 89.8 10 m/s 

xW = 85.4 10  m/s 

2t = 2012 - 2015 

aW  = 71.5 10 m/s 

xW = 71.0 10  m/s 

 

 

 

 

 

 

 

 

 

Measured planimetric evolution of the Belly River 
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Comparison of simulated and measured planimetric evolution 
 

 
In this figure, the dashed line represents the measured planimetric evolution and the 
solid lines represent the simulated channel centerline. For ease of comparison, each 
known time period is represented in a different color.                                                   

Comparison of simulated and estimated channel migration velocities: 

 

Calibration parameter 

max( )W  =  4 
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7. RIVER ALLIER, FRANCE 
 

 
 
 
 
 
 
 
 
 
 
 
 

(Image Data: Google earth, Image Year: 
2002/12/30) 
North arrow, scale, riverbank boundary and box 
superimposed by the author. 

Location of River Meander 
 
Latitude:   46.5145° 
Longitude:  3.3346° 
 
Description: 
Approximately 6.7 km S of Moulins, 
France. 

Sources of stream hydraulic characteristics: 
Kleinhans, M.G., Van den Berg, J.H. (2010). Prediction of bar and channel pattern: 
comparison of an empirical and physics-based predictor. Earth Surface Processes and 
Landforms, 36(6), 721-738 pp. Online supplementary material: river dataset 
 
Sources of stream gauge data:  
Provided in reference 
 
Sources of imagery: 

Year Reference 

1946, 
1957, 
 1967, 
 1971 
  

Figure 5-8. Channel centerlines of section 1 from aerial photographs and 
maps. In: Blom, A. (1997). Planform changes and overbank flow in 
meandering rivers: the river Allier. Doctoral dissertation, Civil 
Engineering and Geosciences, Delft University of Technology, Delft, 
Netherlands, UK. 
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Planimetric evolution and parameters for idealized channel: 
 

  
 

YEAR: 1946 

0  = 60.16˚ 

cS  = 0.0006 

avh = 2.02 m 

YEAR: 1954 

0  = 74.48˚ 

cS  = 0.0005 

avh  = 2.12 m 

YEAR: 1967 

0  = 86.45˚ 

cS  = 0.0004 

avh = 2.25 m 

YEAR: 1971 

0  = n/a 

cS = n/a 

avh = n/a 

Estimated migration rate:  

1t  = 1946 - 1954 

aW   = 72.0 10 m/s 

xW = 78.2 10  m/s 

2t = 1954 - 1967 

aW   = 73.6 10 m/s 

xW = 74.1 10  m/s 

3t = 1967 - 1971 

aW   = 0  m/s 

xW = 72.5 10  m/s 
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Comparison of simulated and measured planimetric evolution 
 

 
In this figure, the dashed line represents the measured planimetric evolution and the 
solid lines represent the simulated channel centerline. For ease of comparison, each 
known time period is represented in a different color.                                                   

Comparison of simulated and estimated channel migration velocities: 

 
Calibration parameter 

max( )W  =  50 

212



8. SINU RIVER, CORDOBA, COLOMBIA   

 
 
 
 
 
 
 
 
 
 
 

 

(Image data: Google earth, Image 2019 © Maxar 
Technologies, Image U.S. Geological Survey, 
Image date: 2015/01/05) 
North arrow, scale and box superimposed by the 
author. 

Location of River Meander 
 
Latitude:    8.1507˚ 
Longitude:  -76.1129˚ 
 
Description: 
Approximately 6.7 km WSW of 
the town Tierralta, Cordoba, 
Colombia, South America. 
 
 
 
 
 

Sources of stream hydraulic characteristics: 
Monsalve, G.C., Silva, E.F. (1983). Characteristics of a natural meandering river in 
Columbia: Sinu River. River Meandering: Proceedings of Rivers ‘83, American 
Society of Civil Engineers, 77-88 pp. 

Sources of imagery: 
Year Reference 
1946, 
1962, 
 1967, 
 1970 
  

Figure 2. Urra I Dam – Tierralta River Reach. In: Monsalve and Silva 
(1983) 
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Planimetric evolution and parameters for idealized channel: 
 

  
 

YEAR: 1946 

0  = 82.12˚ 

cS  = 0.0006 

avh  = 3.03 m 

YEAR: 1962 

0  = 95.36˚ 

cS  = 0.0004 

avh = 3.26 m 

YEAR: 1970 

0  = n/a˚ 

cS = n/a 

avh = n/a 

Estimated migration rate: 

1t  = 1946 - 1962 

aW   = 73.9 10 m/s  

xW = 72.9 10  m/s  

2t = 1962 – 1970  

aW   = 74.5 10 m/s 

xW = 71.8 10  m/s 
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Comparison of simulated and measured planimetric evolution 
 

 
In this figure, the dashed line represents the measured planimetric evolution and the 
solid lines represent the simulated channel centerline. For ease of comparison, each 
known time period is represented in a different color.                                                   
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Comparison of simulated and estimated channel migration velocities: 

 

Calibration parameter 

max( )W  =  45 

Note: 
It should be noted that only the years of 1946, 1962 and 1970 are used in the analysis 
and the planimetric evolution of 1967 is omitted because the channel migration during 
the short-time interval is unreliable.  
 
Note that the magnitude of the measured lateral expansion velocity is larger than the 
simulated values and exhibit an increasing trend. However, these unexpected values 
are the result of significant migration of the second apex in the meander loop not 
reflected in the first apex. This implies that there is a local change in the migration rate 
in this area which can be the result of the presence of less-resistant bed and bank 
material, changes in hydraulic conditions or a multitude of external factors. 
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                  9. CECINA RIVER, ITALY  

 
 

 
 
 
 
 
 
 
 
 
 

(Image data: Google earth, Image date: 
2013/08/21) 
North arrow, scale and box superimposed by the 
author. 

Location of River Meander 
 
Latitude:  43.3272˚ 
Longitude: 10.7001˚ 
 
Description:  
Approximately 3.4 km ENE of 
Ponteginori, and south of the road 
SR68. 
 
 
 
 

Sources of stream hydraulic characteristics: 
Bartholdy, J., Billy, P. (2002) Morphodynamics of a pseudomeandering gravel bar 
reach. Geomorphology, 42, 293-310 pp. 
 
Luppi, L., Rinaldi, M., Teruggi, L.B., Darby, S.E., Nardi, L. (2009). Monitoring and 
numerical modelling of riverbank erosion processes: a case study along the Cecina 
River (central Italy). Earth Surface Processes and Landforms, 34(4), 530-546 pp. 
 
Kleinhans, M.G., Van den Berg, J.H. (2010). Prediction of bar and channel pattern: 
comparison of an empirical and physics-based predictor. Earth Surface Processes and 
Landforms, 36(6), 721-738 pp. Online supplementary material: river dataset 
 
Sources of stream gauge data:  
Provided in reference 
 

Sources of imagery: 
Year Reference 
1994, 
2000, 
 2004 
 

Figure 2.6. River Cecina (Italy), Courtesy: Massimo Rinaldi.  
In: Crosato, A. (2008). Analysis and modelling of river meandering. PhD 
thesis, Department of Civil Engineering and Geoscience of Delft 
University of Technology, 251 pp.   

C 
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Planimetric evolution and parameters for idealized channel: 
 

 

YEAR: 1994 

0  = 33.73˚ 

cS  = 0.0017 

avh = 1.86 m 

YEAR: 2000 

0  = 51.47˚ 

cS  = 0.0015 

avh  = 1.96 m 

YEAR: 2004 

0  = 64.97˚ 

cS  = 0.0013 

avh = 2.04 m 

YEAR: 2013 

0  = n/a 

cS = n/a 

avh = n/a 

Estimated migration rate: 

1t   = 1994 - 2000 

aW   = 72.0 10 m/s 

xW = 71.9 10  m/s 

2t  = 2000 - 2004 

aW   = 72.0 10 m/s 

xW = 92.5 10  m/s 

3t  = 2004 - 2013 

aW   = 86.2 10  m/s 

xW = 0  m/s 
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Comparison of simulated and measured planimetric evolution 
 

 
In this figure, the dashed line represents the measured planimetric evolution and the 
solid lines represent the simulated channel centerline. For ease of comparison, each 
known time period is represented in a different color.             
                                       

Comparison of simulated and estimated channel migration velocities: 
 

 
 

Calibration parameter 

max( )W  =  15 
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Note: 
The meander seems to be geologically constrained and cannot undergo downstream 
translation as evident by the gradual migration of the first apex of the meander and 
constriction in wavelength at the second apex.  
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10. BOGUE CHITTO RIVER, LOUISIANA, USA 

 
 
 
 
 
 
 
 
 
 
 
 
(Image Data: Google earth, Image USDA Farm 
Service Agency, Image Year: 2009/12/31) 
North arrow, scale and box superimposed by the 
author. 
 

Location of River Meander 
 
Latitude:    30.7196˚ 
Longitude:  -90.0928˚ 
 
Description: 
Approximately 25 km WSW of 
Bogalusa, Louisiana. 

Sources of stream hydraulic characteristics: 
Lauer, J. W., Parker, G. (2008). Net local removal of floodplain sediment by river 
meander migration. Geomorphology, 96(1-2), 123-149 pp. 
 
Robertson, K.M., Augspurger, C.K. (2001). Geomorphic processes and spatial patterns 
of primary forest succession on the Bogue Chitto River, USA. Journal of Ecology, 
87(6), 1052-1063 pp. 
 
Sources of stream gauge data:  
Provided in reference 
 

Sources of imagery: 
Year Reference 

1954 
Folsom Quadrangle. Louisiana, 15-minute series [map], HTMC 1975 ed., 
Scale 1:62500. Louisiana, U.S.A: U. S. Geological Survey,1958 

1978 
Enon Quadrangle. Louisiana, 7.5-minute series [map], HTMC 1984 ed., 
Scale 1:24000. Louisiana, U.S.A: U. S. Geological Survey,1983 

1999 Google earth, Image U.S. Geological Survey. Imagery Date: 1999/01/19 

2017 Google earth. Imagery Date: 2017/04/07 
V 
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Planimetric evolution and parameters for idealized channel: 
 

  
 

YEAR: 1954 

0  = 42.51˚ 

cS  = 0.0009 

avh = 1.38 m 

YEAR: 1978 

0  = 57.13˚ 

cS  = 0.0008 

avh  = 1.42 m 
 

YEAR: 1999 

0  = 70.85˚ 

cS  = 0.0007 

avh = 1.48 m 

YEAR: 2017 

0  = 80.07˚ 

cS = 0.0006 

avh = 1.55 m 
 

Estimated migration rate:  

1t  = 1954 - 1978 

aW   = 84.0 10 m/s 

xW = 87.9 10  m/s 

2t  = 1978 - 1999 

aW  = 84.2 10 m/s 

xW = 84.6 10  m/s 

3t  = 1999 - 2017 

aW   = 85.2 10  m/s 

xW = 84.3 10  m/s 
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Comparison of simulated and measured planimetric evolution 
 

 
In this figure, the dashed line represents the measured planimetric evolution and the 
solid lines represent the simulated channel centerline. For ease of comparison, each 
known time period is represented in a different color.                                                   

Comparison of simulated and estimated channel migration velocities: 

 

Calibration parameter 

max( )W  =  5 
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11. MOLALLA RIVER, OREGON, USA 

 
 

 
 
 
 
 
 
 
 
 

 

(Image Data: Google earth, Image Landsat / 
Copernicus, Image Year: 2013/07/22) 
North arrow, scale and box superimposed by the 
author. 

Location of River Meander 
 
Latitude:  45.2422˚ 
Longitude: -122.6646˚ 
 
Description:  
Approximately 3.2 km SE of 
Canby, Oregon. 

Sources of stream hydraulic characteristics: 
Carpenter, K.D., Czuba, C.R., Magirl, C.S., Marineau, M.D., Sobieszczyk, S., Czuba, 
J.A., Keith, M.K. (2012). Geomorphic setting, aquatic habitat, and water-quality 
conditions of the Molalla River, Oregon, 2009–10. Scientific Investigations Report 
2012 – 5017, U.S. Department of the Interior, U.S. Geological Survey, Reston, 
Virginia, 79 pp. 
 
Sources of stream gauge data:  
Provided in reference 
 

Sources of imagery: 
Year Reference 
2000 Google earth, Image U.S. Geological Survey. Imagery Date: 2000/07/28 

2005 Google earth, Image © Maxar Techologies. Imagery Date: 2005/03/08 

2010 Google earth. Imagery Date: 2010/08/14 

2017 Google earth. Imagery Date: 2017/05/22 

V 
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Planimetric evolution and parameters for idealized channel: 
 

  
 

YEAR: 2000 

0  = 59.59˚ 

cS  = 0.0022 

avh = 2.15 m 

YEAR: 2005 

0  = 63.96˚ 

cS  = 0.0021 

avh  = 2.18 m 

YEAR: 2010 

0  = 68.89˚ 

cS  = 0.002 

avh = 2.22 m 

YEAR: 2017 

0  = 68.89˚ 

cS = 0.002 

avh = 2.22 m 

Estimated migration rate:  

1t  = 2000 - 2005 

aW   = 71.1 10 m/s 

xW = 0  m/s 

2t = 2005 - 2010 

aW   = 71.2 10 m/s 

xW = 0  m/s 

3t = 2010 - 2017 

aW   = 71.3 10  m/s 

xW = 0  m/s 
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Comparison of simulated and measured planimetric evolution 
 

 
In this figure, the dashed line represents the measured planimetric evolution and the 
solid lines represent the simulated channel centerline. For ease of comparison, each 
known time period is represented in a different color.                                                   

Comparison of simulated and estimated channel migration velocities: 

 
Calibration parameter 

max( )W  =  8 
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Note: 
The curve fitting for the meander loop is for the first half of the meander loop and not 
the entire wavelength as geological constraints at the outer bank of the second apex 
restricts migration.  
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