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The paper presents an overview of the current state-of-the art and an approach to the 
study of dunes by analysing direct generators of physical processes in river beds. The 
approach is based on velocity measurements for mobile bed characterised by transport 
of bed load using the acoustic doppler current profiler (ADCP). The influence of mobile 
bed velocity on morphodynamic processes has remained unexplored to this day.
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Analiza primjenjivosti empirijskih modela za opis karakteristika polja dina

U radu je prikazan pregled sadašnjih spoznaja i pristup istraživanju dina proučavanjem 
neposrednih generatora fizikalnih procesa u koritu. On se temelji na mjerenjima 
brzine pokretnog dna koja karakterizira kretanje vučenog nanosa pomoću akustičnog 
strujomjera (ADCP-a). Utjecaj brzine pokretnog dna na morfodinamičke procese do 
danas je ostao neistražen.
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Analyse der Anwendbarkeit empirischer Modelle zur Beschreibung der Eigenschaften 
von Dünenfeldern

In dieser Arbeit wird eine Übersicht derzeitiger Kenntnisse und Forschungsansätze 
zur Betrachtung von Dünen hinsichtlich der Generatoren physikalischer Prozesse im 
Flussbett gegeben. Diese basiert auf Messungen der Geschwindigkeit des Bodens, 
die Bewegungen mitgezogener Ablagerungen beschreiben, mittels akustischer 
Strömungsmessgeräte (ADCP). Einflüsse der Geschwindigkeit beweglichen Bodens 
auf morphodynamische Prozesse bleiben bis heute unerforscht. 
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1. Introduction

The alluvial riverbed forms under interaction between the river flow, 
riverbed material and sediment transport. The unique dynamics of 
turbulent river flow enables transport of huge quantities of bed-
forming sediment over great distances. Once entrained by the flow, 
sediment transported downstream is deposited when flow energy 
decreases to the point that cannot withstand keeping particles 
in motion. Deposited sediment forms sedimentary bodies in the 
riverbed (bedforms), thus changing the riverbed morphology. The 
size and shape of bedforms are a function of hydrodynamic forces 
that are imposed on the riverbed by the flow, and by properties 
the riverbed material [1-3]. Various bedforms will develop under 
different hydraulic conditions, and the bedform changes according to 
an increase in the Froude’s number (Fr) from ripples and dunes under 
subcritical flow regime (Fr < 1), over plane bed under transitional 
regime (Fr ~ 1), to standing waves and antidunes in supercritical 
flow regime (Fr > 1). Two types of bedforms are most frequently 
encountered in the lower courses of rivers: ripples, of relatively 
small dimensions (< 0.1 m in height and < 0.5 m in length) that 
don’t significantly influence the flow field, and dunes, of relatively 
large dimensions, that are in interaction with the flow field through 
the entire water column. Dunes are the most frequent bedforms 
in sand-bed rivers as they occur in diverse materials, ranging 
from silt to gravel [4-9]. The presence of dunes in riverbed greatly 
influences resistance to flow as their dimensions, length and height, 
are of the same order of magnitude as the flow depth. Additional 
resistance to flow occurs due to distribution of dynamic pressure 
along the surface of dunes, which causes local accelerations and 
decelerations of flow accompanied by increased turbulence through 
which the energy is dissipated [10]. An increased resistance to flow 
is especially important for water level calculation using Bernoulli 
equation where it is expressed as local loss between two sections. 
An increase in local loss results in greater water levels in upstream 
sections of the river, which is especially significant during calculation 
of high flow water levels for design exceedance probability. Bedform 
related shear stress t’’0 may exceed by two times the skin-friction 
shear stress t’0, as shown in the following figure (Figure 1). 

Figure 1.  Dependence of resistance to flow expressed via shear stress 
components t0 in function of the mean flow velocity U [11] 

This figure shows bed shear stress as a function of the mean flow 
velocity, which is related to unit stream power. Total bed shear stress 

is expressed through the Manning’s equation used for describing the 
losses between two sections in one-dimensional approach to flow 
modelling.
The dynamics of high flow events initiates development of dunes 
which consequently influence the flow field characteristics 
and its sediment transport capacity. Current knowledge about 
the formation and development of dunes in unsteady flow 
conditions such as a high flow event is limited, which is mostly 
due to scaling issues arising from implementation of flume 
experiments to real scale conditions. Limiting discharge and 
depth under which is rational to conduct field survey are Q 
= 500 m3/s and h = 3, respectively. Beyond that, survey cost 
increases and their reliability decreases with an increase in 
depth and the spatial extent, which makes the stationarity of 
measured variables questionable [16]. Measurements under 
high water flow events are additionally limited by the debris, 
which carried by flow represents a hazard to equipment and 
compromises the measurements. Aforementioned limitations 
have restricted research of dune field characteristics and it has 
remained a largely unexplored area and a hindrance concerning 
morphodynamic processes in alluvial beds [12-15].
Flow characteristics over dune fields have mainly been 
researched by flume experiments on fixed dunes, where the 
ratio of the flow depth (h = A/B [m], A – flow area [m2], B – 
top channel width [m]) to particle size d [mm] greatly differs 
from flows in nature. These relationships are important 
because of their influence on turbulence which is proportional 
to the depth of flow, and so the validity of extrapolation of 
relationships derived in laboratory to conditions in nature and 
their applicability is highly questionable. Interaction between 
dunes and their direct generators from the flow field primarily 
requires detailed knowledge of river hydraulics. An overview of 
the current state-of-the-art research focusing on the study of 
dunes and direct generators of physical processes in riverbed is 
presented in this paper. An overview of current research is given 
and future research direction is proposed, which should be 
based on implementation of innovative techniques in the field 
of river morphodynamics aimed at deepening the knowledge of 
physical processes in the riverbed.

2.  Relationship between dune geometry and 
direct generators of their formation

Dune size is directly influenced by the bedload sediment 
transport and, indirectly, by various flow parameters such as: 
discharge, depth, energy slope, stream power, shear stress 
and sediment properties [13, 17-20]. In river beds formed in 
medium-sized and coarse sand the total amount of bedload 
participates in dune migration [4, 21-23]. Unit bedload transport 
qb can be calculated from geometrical properties of dunes and 
from their migration rate [24]:

qb = rs · (1-f) b · c · h [(kg/s)/m'] (1)

where: 



Građevinar 6/2017

429GRAĐEVINAR 69 (2017) 6, 427-436

Review of empirical models for estimation of dune field characteristics

qb - unit bedload transport[kg/s], 
rs - sediment density [kg/m3], 
f - porosity of the sand-bed [-], 
c  - dune migration rate [m/s], 
h - dune height [m], 
b - dune shape factor [-] that is determined as follows

 [-] (2)

where: 
AD - longitudinal section area of a dune [m2], 
l - dune length [m].

Deeper insight into bedload transport mechanisms in rivers 
would greatly facilitate study of dune morphodynamics. However, 
bedload measurements in the field are rarely conducted as they 
require considerable resources. In addition, it is almost impossible 
to conduct such measurements using traditional methods during 
high water flow involving considerable depths and velocities, 
although these events are the ones that move and rearrange 
large quantities of sediments, causing sudden morphological 
changes in riverbed. Under conditions that are favourable to 
sediment transport surveys, simultaneous collection of data 
about sediment transport, dune field and flow field characteristics 
is hindered by survey procedure and limitation of equipment. The 
placing sediment transport survey equipment causes disturbance 
in the flow field, and so it is impossible to simultaneously gather 
unbiased data about sediment transport and velocity profile. 
All these limitations represents obstacles to collection of good-
quality and reliable dataset of all flow parameters that influence 
dune formation, shape and migration rate in natural watercourses. 
That is why current dune research includes variables that 
indirectly influence sediment transport and represent the force 
that is exerted by flow on the riverbed, such as the stream power 
and shear stress, which include within them flow velocity and 
energy slope therefore describing characteristics of the flow over 
dunes [25]. During high flow events an increased stream power 
caused by increase in energy slope leads to more intense bedload 
transport that participates in the dune formation. Bartholdy 
et al. concluded that the change in energy slope influences 
configuration of the dune field under conditions of an invariable 
flow depth. This principle was confirmed by Ikeda and Iseya 
in 1980 based on survey they conducted in the Teshio River in 
Japan. Ikeda and Iseya attributed the variation of dune field 
geometry to the change in flow velocity, i.e. to the energy slope, 
and suggested that these variables be included in analyses of 
the dune field response to flow field. Guided by this assumption, 
van Rijn described bedload transport qb with a sufficient accuracy 
using two dimensionless parameters [18]:

1. particle parameter d*:

 [-] (3)

2. transport stage parameter T:

 [-] (4)
where:
d50 - mean particle diameter [m], 
s  - specific density, s = (rs - r)/rs [-], 
r - water density [kg/m3], 
g  - gravitational acceleration [m/s2], 
n - kinematic viscosity coefficient [m2/s], 
u* - bed-shear velocity related to grains [m/s], 
u*,gr -  critical bed-shear velocity according to Shields [m/s].

Figure 2.  Phase diagram for bedform classification according to van 
Rijn [18] 

Using dimensionless parameters, van Rijn developed a 
phase diagram for bedform classification. In this diagram, 
size of sediment material that riverbed is comprised of is 
represented by the variable d*, while characteristics of the 
flow field are represented by the variable T. Van Rijn’s phase 
diagram is considered to be the tool for classification of 
bedforms in watercourses as it is derived from the combined 
dataset including a wide range of hydraulic parameters. Van 
Rijn dependences were derived from laboratory datasets 
(84 datasets with particles ranging from 190 to 2300 μm 
in diameter) and field datasets (22 datasets with particles 
ranging from 490 to 3600 μm in diameter) gathered from 
various sources. Similar bedform classifications were proposed 
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by other authors (Liu, Garde-Albertson, Engelund-Hansen i 
Simons-Richardson), but are considered to be less reliable as 
they are conducted exclusively in laboratory or on small rivers 
[18]. The phase diagram presented below shows the bedform 
classification as a function of parameters d* and T, according 
to van Rijn:
According to van Rijn, asymmetric dunes with lengths exceeding 
the mean flow depth (l>>h) are prevailing under conditions of 
T ≤ 15. Although it is assumed in the van Rijn analysis that the 
parameter d* is significant during creation of bedforms, its 
significance was not visible on the dune datasets. Therefore, 
only transport stage parameter T is used in the analysis of the 
dune geometry. The following equation is used for the dune 
height calculation:

 [-] (5)

where: 
hs -  average flow depth measured across dune length [m]; and 

dune steepness h/l and dune steepness:

 [-] (6)

The combination of these two equations can be used for dune 
length estimate as a function of the mean flow depth:

l = 7,3 · h [-]  (7)

which coincides with similar dependence that was theoretically 
derived by Ali et al. ([26],Table 1).

3.  Interaction of dunes with instantaneous flow 
field

Bagnold assumed that during continuous saltation of particles 
along the riverbed the mean velocity in the flow direction is the 
velocity at which there is a balance between the mean force 
acting on a particle due to skin friction and form drag, and the 
mean longitudinal friction between the particle and the bed. The 
saltation height is a function of the sediment size f(d*) and so 
it will be a function of the flow velocity in the direction of the 
particle movement. Bagnold equation by which this dependence 
can be expressed, with 10 % of error, is given as follows [27]:

 [-] (8)

where: 
U  - mean flow velocity [m/s]
Qgr - Critical Shields number [-]
Q - Shields number determined as [28]:

 [-] (9)

where: 
t0 - shear stress [N/m2]
d  - mean diameter sediment particles [m].

Prent and Hickin studied dependence of the dune length and 
height on the flow velocity and concluded that it is almost linear. 
Similar conclusions were made by Jackson and Gabel as well as 
Babakaiff and Hickin. Based on Bagnold’s equation, equivalent 
empirical procedures were also developed for predicting 
sediment transport over the dune field using the average flow 
velocity as predictor variable. Empirical relationships derived 
using such assumptions are unreliable as the space- and 
time- averaged models are inadequate for describing sediment 
transport dynamics influenced by near-bed turbulence [25, 29-
33]. Hydrodynamic forces that initiate sediment transport are 
resulting from instantaneous flow fluctuation in their vicinity, i.e. 
they are the result of macroturbulent eddies [34, 35]. Turbulence 
occurs as instability in the flow caused by shear stress, and 
shear stress occurs as a spatial variation of flow velocity. Nelson 
et al. confirmed that vertical eddies created in the process of 
floe separation and reattachment downstream of the dune 
crest influence sediment transport by entraining bed particles 
into the flow [3, 36, 37]. Experimental studies show that impulse 
is more important than force for incipient motion of sediment 
particles because it can individually address the influence of 
the hydrodynamic drag and lift force on a particle, which is 
especially important when the particle is only partly exposed to 
flow field. The influence of impulse is highlighted in cases when 
instantaneous peaks of fluctuating velocity components exceed 
the time averaged bed-shear velocity and initiate particle 
movement. The influence of dunes on turbulence structure is 
significant, which is why relevant research is directed towards 
development of the theory of evolution of erodible beds under 
the influence of near-bed turbulence. The bed-shear velocity 
calculated from the acceleration of the mean flow velocity in 
the bottom layer is a measure of shear stress caused by the 
occurrence of dunes, independent from the flow depth. The 
impulse is applied as criterion for calculation of hydrodynamic 
forces acting on sediment particles in the models based on the 
discrete element method, where movement of each particle is 
in accordance with the local flow field around this particle. It 
is assumed that this criterion will be used in the future as an 
equivalent to the Shields curve [38]. The use of such models 
is currently considered to be impracticable due to complex 
interaction with the flow field which requires considerable 
computational resources, and is not rational from the standpoint 
of applicability and calculation speed. It is in fact the antipodal 
approach to averaging parameters thorough the water column. 
As an intermediate step between the above mentioned extremes 
for describing the flow field, this paper suggests approach that 
is equally efficient and reliable, based on flow modelling using 
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averaged values and modelling the particle movement process 
at the level of individual particles by direct measurement of the 
apparent bedload velocity. The advancement of such research 
procedures is made possible by the use of Acoustic Doppler 
Current Profilers (ADCP) that measure the flow field near the 
bed without disturbing the sediment transport regime. 

4. Influence of flow parameters on dune formation

Research conducted up to date have confirmed the relationship 
between the flow depth and dune geometry, i.e. the flow depth 
has been identified as a limiting factor for dune development. 
When taking into consideration the simplicity of flow depth 
measurement, it is clear why this parameter has most frequently 
been selected as predictor variable for the analysis of reaction 
of the dune field to the flow field over it. Many researchers, 
including van Rijn, Julien and Klaassen, Allen, Lin, Yalin, etc., have 
used their own data to generate simple empirical principles for 
determining the dune geometry as a function of flow depth. 
Equations presented by various authors to estimate dune 
dimensions are shown in Table 1 below [13, 18, 25, 27, 39-42].

Table 1.  Dependence of dune length l [m] and dune height h [m] on 
flow depth h [m] according to developed empirical models

Empirical relationships from the models given in table (Table 
1) are compared to available field survey data available from 
literature. The comparison was made for empirical relationship 
between the flow depth and dune geometry: dependence of dune 
height on flow depth h = f(h), and dependence of dune length on 

flow depth l = f(h). Relevant data pairs are overtaken from the 
following models: Gabel’s model [30], model presented by Ali 
et al. [26], and the Prent-Hickin model [25]. Gabel performed 
several field survey campaigns at the Calamus River (Nebraska, 
USA) in the period from 1984 to 1986. The discharge varied from 
0.82 m3/s to 2.03 m3/s. Dune geometry observed during these 
campaigns was the following: average length ranging from 2.0 m 
to 4.2 m, average height ranging from 0.1 m to 0.2 m and dune 
steepnessh/l varied from 0.050 to 0.065. Ali et al. measured 
dune field characteristics at the Nile River in two periods: in 
August 2008 and November 2009. The flow velocity varied for 
the first and second period from 0.31 m/s to 0.61 m/s and from 
0.62 m/s to 0.80 m/s, respectively. The flow depth for the first 
and second period varied from 3.5 m to 7.0 m and from 2.5 m to 
7.5 m, respectively. The average length of dunes ranged from 3 
m to 70 m in the first period and from 3 m to 50 m in the second 
period. The average height of dunes varied from 0.1 m to 1.8 m 
in the first period and from 0.1 m to 1.5 m in the second period. 
Prent and Hickin observed dune field characteristics at two dune 
fields in the Lillooet River (British Columbia, Canada) for discharge 
varying from 40 m3/s to 425 m3/s. Flow velocity varied from 0.6 
m/s to 1.38 m/s for dune field A and from 0.60 m/s to 1.56 m/s for 
dune field B. The flow depth varied from 1.0 m to 4.6 m and from 
1.0 m to 4.2 m for dune field A and B, respectively. Average dune 
length observed during these investigations varied from 2 m to 21 
m and from 2.4 m to 14.6 m for dune field A and B, respectively. 
Average dune height observed during these investigations varied 
from 0.08 m to 0.96 m and from 0.09 m to 0.67 m for dune field 
A and B, respectively. The dune steepness varied for from 0.02 to 
0.10 and from 0.02 to 0.09 for dune field A and B, respectively. 
The following figure (Figure 3) shows relationship between 
the flow depth and the dune length for available field data and 
empirical data from models analysed in this paper.

Figure 3.  Relationship between flow depth and dune length; 
comparison of field data with empirical models

It can be seen that field data for dune lengths are grouped in 
four subsets: 
1.  Gable measurements comprising data from a small river - 

characterised by small observed values and small dispersion 
of data

Model Dune length l [m] Dune height h [m]

Yalin (1964) 5·h 0.167·h

Neill (1969) 1.3 - 7·h 0.14 - 0.6·h

Allen (1970) 1.16·h1.55 0.086·h1.19

Jackson (1976) 4 - 9·h 0.2·h

Yalin (1977) 2·π·h /

Fredsøe (1982) / 0.285·h

van Rijn (1984) 7.3·h /

Prent (1998) 1.29 - 4.70·h 0.05 - 0.24·h

Gabel (1993) 6.42·h - 0.27 0.36·h - 0.026

Garde - Isaac (1993) 4.737·h /

Julien - Klaasen (1995)

Mohrig - Smith (1996) / 0.247·h + 0.0156

Prent - Hickin (2001a) 2.523·h - 0.656 0.215·h - 0.163

Prent - Hickin (2001b) 2.853·h - 1.238 0.178·h - 0.091

Saad i dr. (2001) / 0.1·h

Kassem (2003) 99·h1.45 0.427·h0.57

Ali i dr. (2010a) 7.636·h 0.19·h

Ali i dr. (2010b) 2.4·h 0.0902·h 
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2.  Prent and Hickin measurements representing a 
homogeneous set for both dune fields on which data were 
collected

3.  Ali et al. measurements from 2008, characterized by largest 
dunes and considerable dispersion of data

4.  Ali et al. measurements from 2009 that do not exhibit an 
obvious trend. 

When analysing a trend from measured data, it can be 
concluded that Gabel’s data and data by Ali et al. from 2008 
follow a unique common trend. This trend is very well described 
by models given by Ali et al. and those by van Rijn, which also 
show the greatest increase in dune length with flow depth. 
Similar conclusion can be made for data presented by Ali et al. 
in 2009, and data by Prent and Hickin for both dune fields. Their 
trend is very well described by their models as well as Allen’s 
model. It can be observed that field data is grouped close to the 
extremes of the dependant variable range covered by empirical 
models, both minimum and maximum. Models showing the 
minimum and maximum increase in dune length with flow 
depth are correlated with field data, while other models do not 
show correlation with them.

Figure 4.  Relationship between flow depth and dune height; 
comparison of field data with empirical models

The following figure (Figure 4) shows relationship between 
the flow depth and the dune height for available field data and 
empirical data from models analysed in this paper. This figure 
reveals a much greater dissipation of data compared to dune 
length, which is primarily due to smaller range of values and 
less reliable measurement method. It can be seen that field 
dune height data are grouped into four subsets similar to those 
for the length. All models show, to a greater or lesser extent, 
correlation with measured data. Gabel, Fredsøe, and Mohrig-
Smith models correlate exclusively with Gabel’s data, while all 
others correlate with all other datasets. Gabel’s data stands our 
separately from other field data, trending a great increase in 
dune height with the depth of flow, similar to the trend for dune 
lengths from the same dataset. Field data of Ali et al. form 2008 
and the data of Prent and Hickin for both dune fields follow 

common relationship that can be explained fitting number of 
empirical models. The data presented by Ali et al. from 2009, 
much like for the length, do not exhibit an obvious trend and is 
situated outside of the range covered by empirical models.
A common feature of all analysed empirical models is that 
they predict continuous increase in dune dimensions with an 
increase in the flow depth, i.e. there is no factor that would limit 
this infinite growth of dunes. It can also be observed that most 
models are described using linear relationship because they are 
derived on a small dataset that does not contain the full range 
of variations that is present in natural rivers. The correlation 
between dune dimensions calculated by empirical models Xizr 
and available field data Xmj is analysed using the coefficient of 
variation V that represents the relative standardized measure 
of dispersion for interpretion of empirical model fit (Table 2). 
Coefficient of variation is defined as the ratio of the standard 
deviation to the arithmetic mean of dataset. For the analysed 
dune geometry data, the coefficient of variation is calculated as 
follows:

 [ %] (10)

where: 
s -  standard deviation of a field dataset over empirical model 

data [m]
X
_

 - mean value for a field dataset [m]
N  - dataset size [-].

The analysis of deviation of dune dimensions calculated 
using empirical models from field data shows that there is a 
considerable difference between individual models, and that 
within particular model significant discrepancy in coefficient 
of variation exists between estimation of the dune length and 
height. Models presented by Neill, Jackson, Prent and Ikeda-
Iseya are special cases because laboratory conditions in which 
the methods are developed are limiting the application to flows 
under 0.5 m in depth, and provide negative values of dune 
length or height for the flow depths in excess of 0.5 m. That 
is why coefficient of variation is considerably higher for these 
models compared to those that estimate positive increase in 
dune length with the flow depth. For dune length estimation 
using other models the coefficient of variation ranges from 81 
% to 156 %, while the Kassem’s model is an outlier (6566 %). 
For dune height estimation coefficient of variation ranges from 
54 % to 208 %, while the Allen method is an outlier (25879 %). 
These coefficients of variation are comparable to those used for 
sediment transport where ranges up to 200 % are considered 
acceptable. The coefficient of variation for empirically calculated 
dune dimensions over measured values is presented in the 
following table.
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Table 2.  Coefficient of variation for empirically calculated dune 
dimensions over measured values 

If models containing equations for estimating both dune length 
and height are compared against one another, it can be seen 
that the smallest deviation is exhibited by the Allen model 
(1970), which gives the best fit to dune geometry. It is followed 
by models derived based on the presented field data, Prent-
Hickin and Ali et al. (for the 2009 data). The research conducted 
by Ali et al. is important as hydrologic and hydraulic parameters 
of the Nile River reach in which dune field characteristics 
were investigated are very similar to those of the Drava River 
regarding riverbed material size, discharge, flow depth and 
velocity, and results can therefore be compared and applied 
in Croatian practice [43]. In their research, Ali et al. have fitted 
different empirical equations on their two datasets: field data 
from 2008 corresponds best with to the van Rijn model for dune 
length estimation, while for the dune height it corresponds best 
with to the Kassem model; field data from 2009 corresponds 
best to the Allen model for dune length estimation, while for 
the dune height it corresponds best to the Saad model. This 
variability between measured and calculated values is caused 
by limitations of empirical models used as they do not contain 
variables independent from the research site, which would 
otherwise permit their use across rivers with different flow 
characteristics.
Empirical relationships for prediction of dune geometry 
established on the flow depth as ingle predictor variable, 
neglecting underlying sedimentological processes, have 

been generally accepted because of their ease of application. 
In reality, direct generator of morphodynamic processes in 
riverbed is the bedload sediment transport and movement 
of sediment particles, i.e. the complex interaction between 
the turbulent flow, sediment transport, and dune properties. 
Bedload sediment transport as a direct generator of dunes can 
rarely be used to estimate dune properties as its direct on-site 
measurement is seldom possible. Instead, bedload sediment 
transport is often estimated using empirical models that do 
not reveal subtle morphodynamics underlying during migration. 
That is why complex interactions between turbulent flow, dune 
characteristics and sediment transport must be quantified so 
as to understand morphological development of riverbeds as a 
response to dune migration.

5. Apparent bedload velocity

The ADCP is an efficient and reliable instrument for the flow 
velocity measurement, whose advantages are best seen when 
it is necessary to conduct survey under highly unsteady flow 
conditions, a task too complex to undertake utilizing conventional 
methods. The most important advantages of ADCPs are the 
fast, adaptable methodology and three-dimensional velocity 
vector measurements. The ADCP measures flow velocity vV,REL 
relative to its own absolute movement vB. In order to calculate 
the absolute flow velocity vV,APS, its own absolute movement 
vector (i.e. of the boat onto which the instrument is mounted) 
vB must be deducted from the measured relative flow velocity 
vector vV,REL:

 (11)

The boat speed vector vB can be calculated from the Doppler 
shift of acoustic beam reflected from the riverbed, provided 
that the riverbed is immobile [44]. The boat speed vector 
calculated in this way can be prone to error if the riverbed is 
movable due to bedload sediment transport, which is often the 
case in sand-bed rivers. Fixed ADCP instrument that measures 
velocity field above the moving riverbed interprets the apparent 
bedload velocity vV,APS as a fictitious upstream movement of 
the ADCP instrument. In this way, the sediment transport 
influences calculation of the absolute flow velocity vV,APS by 
introducing bias that equals apparent bedload velocity vector 
(Figure 5). This introduction of bias into measurement of the 
absolute flow velocity vector in sand-bed rivers is a well-known 
phenomenon. Introduced bias can be eliminated by using the 
global positioning system (GPS) as a means to measure the 
absolute boat speed. The absolute boat speed is calculated from 
two successive GPS positions in form of vector that represents 
boat displacement in the interval Δt. By pairing the GPS with 
ADCP, the apparent bedload velocity can be calculated using the 
following expression:

Model V (l) V (h)

Ali i dr. (2010a) 156 78

Ali i dr. (2010b) 83 58

Prent-Hickin (2001a) 83 74

Prent-Hickin (2001b) 81 62

Gabel (1993) 128 208

Allen (1970) 81 54

Julien-Klaasen (1995) 134 86

Yalin (1964) 95 65

Yalin (1977) 126 /

van Rijn (1984) 155 /

Garde-Isaac (1993) 90 /

Kassem (2003) 6566 107

Fredsøe (1982) / 151

Mohrig-Smith (1996) / 123

Saad i dr. (2001) / 55

Allen (1984) / 25879

Neil (1969) 348 598

Jackson (1976) 393 85

Prent (1998) 273 307

Ikeda-Iseya (1980) 224 /
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  (12)

where: 
 - apparent bedload velocity vector

 -  actual boat displacement vector registered by GPS
 -  vector of boat’s speed-over-bottom registered by 

the ADCP’s bottom-tracking feature [45-50].

Figure 5.  Schematic of bottom-tracking 
method and GPS for boat speed 
measurement used in coordination 
in river with movable riverbed, 
adapted from [49] 

Using the ADCP, Rennie successfully 
measured the apparent bedload velocity 
and confirmed that for its reliable 
estimation from coordinated velocity 
measurement using bottom-tracking 
and GPS large measurement sample is 
needed. Rennie averaged the velocity 
field data in 5 s intervals and estimated 
that as many as 300 such intervals are 
needed for reliable assessment, which 
adds up to a 25-minute long survey. 
Based on the data gathered during his 
survey, he tested the strength of the 
relationship between the shear stress 
t0 and apparent bedload velocity vPD, as 
predictor variables and apparent bedload 
velocity vPD and unit bedload transport 
qb as dependent variables, respectively. 
Although individual data points show a 
considerable dissipation, the averaged 
values show a strong correlation for 
the relationship between qb and vPD [51]. 
The following figure shows correlation 
between the apparent bedload velocity, 
shear stress and bedload sediment 
transport from Rennie’s analysis.

The correlation between vPD and qb (Figure 6.b) is stronger than the 
correlation between t0 and vPD (Figure 6a), which is quite expected 
as shear stress is a measure of the averaged flow characteristics, 
while the bedload transport also reflects the influence of the 
upstream sediment inflow, particle distribution within the riverbed 
and flow fluctuations. For that reason, shear stress is not strongly 
correlated even with the bedload transport. Rennie argued that 
mean bedload transport rate cannot be reliably predicted even 
with good estimation of the mean profile shear stress, but that 
it can be estimated from the measurement of the local apparent 
bedload velocity [52]. The easiest way to calculate the boat speed is 
to use the bottom-track method – a standard feature of the ADCP 
– so as to determine its movement above the riverbed. The boat 
speed vector vB measured using bottom-tracking method is more 
accurate than the measurement of the flow velocity vector [53]. The 
advantage of bottom tracking feature is that the measurements are 
conducted in the common coordinate system with the flow velocity 
vector measurements so that any compass error due to change in 
magnetic field does not influence the relative angle between the two 
measured vectors. The introduction of error in the measurements 
due to compass orientation becomes significant when it is used for 
conversion of data into the true north coordinate system so as to 
enable pairing with the GPS data [50]. The bottom-track feature 

Figure 6.  Relationship between: a) the shear stress and apparent bedload velocity; b) apparent 
bedload velocity and bedload sediment transport, adapted from [51] 

Figure 7.  Relationship between: a) the dune length; b) dune height on the apparent bedload 
velocity for the Drava River
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also generates smaller short-term noises compared to the GPS, 
which results in more accurate data when measurement is made 
from a moving boat [53]. These ADCP characteristics enable rapid 
and efficient survey, adapted to hydrologic and hydraulic flow 
environment, but on the other hand, they can introduce system 
errors the extent of which has not as yet been clearly defined. 
The analyses conducted in this paper show that the understanding 
of the sediment transport process, and its influence on flow 
resistance, could be improved by introducing apparent bedload 
velocity measurements in the standard hydrological monitoring. 
This additional variable would enable the shift of focus in the study of 
morphodynamic processes in natural rivers to process generators, 
rather than to the consequences. Apparent bedload velocity, as an 
independent predictor variable in empirical models for estimation 
of dune field characteristics, should result in a stronger correlation 
and more reliable relationship, compared to that based on the depth 
averaged flow parameters. The approach to the description of dune 
dynamics phenomena relying on apparent bedload velocity is as 
efficient and as reliable as the sediment transport measurement, 
based on modelling the flow using depth averaged values, and 
particle movement at the level of individual particles, by direct 
measurement of their movement, i.e. apparent bedload velocity. The 
study of dune dynamics conducted in the Drava River near Nemetin 
in the period from 2009 to 2014 [54] utilized ADCP to measure 
apparent bedload velocity using two methods:

 - velocity profile measurements at repeatedly surveyed 
monitoring cross-sections for 6 minutes so as to obtain a 
representative sample

 - measurement of dune field longitudinal profile along the main 
channel with simultaneous velocity profile measurements. 
The analysis of these measurements is given in Figure 7. 

The dependence of dune length and height on apparent bedload 
velocity is presented using averaged dune geometry and apparent 
bedload velocity for each monitoring cross-section (u02 – u09). The 
relationship between the dune geometry and apparent bedload 
velocity at the Drava River indicate that positive correlation in the 
interaction between the dune geometry and sediment transport 
exists. This partially differs from the empirical models presented in the 
literature review. The traditional approach based on empirical models 

using averaged flow parameters, such as the flow depth and velocity, as 
predictor variable cannot describe such unsteady dune field dynamics 
as their application is limited by conditions in which they are derived, 
which implies steady and uniform flow. In uniform flow, the intensity 
of all flow parameters usually increases with the discharge, which is 
an extremely rare occurrence in nature. The apparent bedload velocity, 
as a direct measure of bedload transport, has a potential for general 
use as an independent hydraulic variable. Apparent bedload velocity is 
a consequence of entrainment of sediment particles into the flow by 
near-bed turbulence, which makes it independent of profile averaged 
flow parameters. The dependence of the dune field geometry on the 
apparent bedload velocity must be studied under various hydrological 
and hydraulical conditions in natural rivers, so that the hypothesis on 
its general applicability can be confirmed on field surveys.

6. Conclusion

Although the importance of migrating dunes on river 
morphodynamics is well known in geomorphology, hydraulics 
and sedimentology, general theoretical approaches by which their 
dimensions and influence on the corresponding flow field could 
be quantified have not as yet been defined. Analyses of traditional 
empirical models for dune geometry estimation have quantified 
their unreliability in relation to dunes measured in nature, where it 
has been demonstrated that the discrepancy between them can 
exceed real dune dimensions by several times. The simplification 
of physical processes used in such methods makes them unusable 
under conditions that do not coincide with those under which these 
methods were derived. The authors suggest that the interaction of 
dunes with instantaneous flow field is described using the apparent 
bedload velocity that can indirectly be calculated from simultaneous 
measurements of the flow velocity profile and absolute movement 
of the instrument. Apparent bedload velocity approach is based on 
the sediment transport theory at the level of individual particles 
where near-bed turbulence entrains sediment particles into the flow, 
and is as efficient and reliable as traditional methods. Therefore, 
apparent bedload velocity, as a direct measure of bedload transport, 
has a potential for general use as an independent hydraulic variable, 
but its applicability has to be additionally explored under various 
hydrological and hydraulical conditions in natural rivers.
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