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1 INTRODUCTION 

Wherever one looks, granular surfaces formed by 
fluids are patterned. For riverbeds, the organised pat-
terns cover a wide range of scales, from granular 
patches, to ripples, dunes, bars, and meanders.  
These varied bedforms are studied in many fields, 
including geology, geography, hydrology, and engi-
neering.  Analyses furthermore range from funda-
mental analytical descriptions, to detailed numerical 
simulations and laboratory measurements, to large-
scale field measurements.  Part of the attraction to 
study these phenomena lies in the mystery of how 
trains of highly-ordered sediment waves can arise 
from the chaos of the underlying turbulence and 
grain-motion dynamics.  The patterns themselves are 
also captivating, luring researchers into attempts to 
quantify the apparent structures.  More pragmati-
cally, understanding of these bedforms is required in 
regard to interpretation of stratigraphic records, as 
well as analysis and management of both near-bed 
habitats and also transport of sediments and attached 
micro-organisms and chemicals (e.g. nutrients, con-
taminants). 

The focus of this paper is river-dune initiation and 
growth, including underlying bed, flow and sediment 
dynamics.  The following section discusses process 
scales, including interpretation of collected data such 
as the experimental measurements providing the 
background to the paper.  Dune initiation and devel-
opment are then discussed.  The paper concludes 
with a brief overview of some contemporary chal-
lenges faced in regard to fluvial dune dynamics. 

2 PROCESS SCALES AND INTERPRETATION 

Studies of velocity and stress fields controlling or 
associated with dunes have typically considered 
steady-state bedform magnitudes.  Recent intense 
focus on the simplified case of flow over fixed 
asymmetrical dunes includes the works of van 
Mierlo and de Ruiter (1988), Lyn (1993), Nelson et 
al. (1993), McLean et al. (1994, 1999), Nelson et al. 
(1995), Bennett and Best (1995), Kadota and Nezu 
(1999), Venditti and Bennett (2000), Cellino and 
Graf (2000) and Maddux et al. (2003a,b).  These 
studies, and others (e.g. McLean 1990, Kleinhans 
2004, Best 2005a), highlight that dominant features 
of flow over a dune include (Fig. 1): a separating 
shear layer (with internal recirculation but also ac-
tive mixing with the outer flow) in the lee of the 
dune crest, reattachment of the separated flow to the 
bed approximately 4-6 dune heights downstream of 
the crest, and development of an internal boundary 
layer along the dune stoss slope (with the near-bed 
turbulence in this region differing markedly from ei-
ther classical boundary-layer or wake turbulence, 
ASCE 2002). 
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Figure 1.  Flow over dunes: a) schematic of dominant flow fea-
tures, b) co-ordinate definitions and schematic of spatial-
averaging approaches. 

 
Contemporary advances in experimental equip-

ment and computing capacity have enabled meas-
urements and simulations of this flow structure and 
sediment transport over dunes at increasingly finer 
temporal and spatial resolutions (e.g. Hyun et al. 
2003; Best 2005b; Yue et al. 2005,2006; Clunie et 
al. 2007; Stoesser et al. 2008; McLean et al. 2008a).  
The resulting detailed insight into the physical proc-
esses is interesting and valuable in itself.  Particu-
larly for those involved in the design and manage-
ment of fluvial pathways, however, the challenge is 
to interpret the collected data in terms of how the 
observed fine-scale turbulent structures (e.g. Fig. 1), 
bed-level variations and grain motions contribute to 
bulk bed, flow and transport characteristics, such as 
hydraulic resistance, bed shear stress, and sediment 
transport rate (e.g. ASCE 2002).  In this regard, if 
the bed roughness is described in an averaged sense, 
e.g. mean dune wavelength, associated descriptions 
of flow and sediment-transport properties should be 
representative of this spatial domain, i.e. scale-
consistent, which typically will require spatial aver-
aging of measured flow and transport data. 

Smith and McLean (1977) provide one of the first 
attempts at spatial averaging flow over dunes.  For a 
variety of reasons, they averaged data along lines 
parallel to the bed surface, and only averaged over 
the upward-sloping stoss region of the dune (Fig. 1).  
An alternative approach of averaging equations of 
motion and data along lines of constant Cartesian co-
ordinates (Fig. 1) has been shown to provide a rigor-
ous framework for data analysis and insight into 
physical processes for flows over rough beds (e.g. 
Wilson and Shaw 1977; Raupach et al. 1991; Gimé-
nez-Curto and Corniero Lera 1996; Finnigan 2000; 
López and García 2001; Nikora et al. 2001, 
2007a,b).  For slowly-varying (relative to the flow) 
dune heights, instantaneous flow and sediment prop-
erties can be decomposed in this second approach as 
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where (Fig. 1) iu  is the i-th component, in direction 
xi = (x, y, z), of the instantaneous velocity vector (u, 
v, w); the straight overbar and angled brackets repre-
sent averaging in time (over the period of dune-
height invariance) and space respectively; iu  is 
double-averaged (in time and space) velocity; iiu%  is 
the spatial fluctuation in the time-averaged velocity; 

iu%  = 0; iu′  is the temporal (turbulent) velocity 
fluctuation; and fV  = volume occupied by fluid 
within the total averaging volume Vo.  For dunes, the 
spatial-averaging volume Vo is defined as a thin slab 
(of thickness dz) parallel to the mean bed slope (Fig. 
1), whose lateral extent encompasses the ranges of 
longitudinal and transverse bedform lengths.  At lev-
els above the highest dune crest, fV  = Vo and spatial 
averaging is straightforward.  Below crests, fV  < Vo 
and the averaging volume is only partially filled with 
fluid. 

Utilising the decomposition of (1), interactions 
between the bed, flow and sediment transport can 
then be investigated at a primary level based on dou-
ble-averaged properties.  To this end, the Navier-
Stokes equations can be averaged in time and space 
to identify key momentum transfer processes for 
dunes (e.g. Nikora et al. 2007a,b).  For steady high-
Reynolds number water flows over slowly-varying 
(relative to the flow) dunes, the double-averaged 
momentum conservation equation for the longitudi-
nal velocity iu u=  can be presented in a vertically-
integral form (simply summing thin bed-parallel spa-
tial-averaging slabs, Nikora et al. 2007a,b, Coleman 
et al 2008a) as 
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where g is gravitational acceleration; Sb is mean bed 
slope; zws is the water-surface level; φ = Vf/Vo is the 
roughness geometry function (1 ≥ φ ≥ 0); ρ = fluid 
density; p is point pressure; zc is the uppermost 
(crest) level of the bed; Sint is the surface area of 
roughness-fluid interface within the thin-slab averag-
ing volume; ni is the ith component of the unit vector 
normal to the surface element dS and directed into 
the fluid; ν =fluid kinematic viscosity; the boundary 
resistance forces exist for cz z≤ ; the Einstein con-
vention is adopted, which prescribes a summation 
over each repeated index; and the right-handed coor-
dinate system is implied (Fig. 1), i.e., the x-axis (u 
velocity component) is oriented along the main flow 
parallel to the averaged bed slope, the y-axis (v ve-
locity component) is oriented to the left bank, and 
the z-axis (w velocity component) is pointing to-
wards the water surface.  The fluid stresses 

( )1 j j ju u uuτ ρ ′ ′= − + % % , where viscous fluid 
stresses can be neglected for the high-Reynolds 
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number water flows, ju uρ ′ ′−  are spatially-
averaged Reynolds stresses, and juuρ− % %  are form-
induced (dispersive) stresses that are analogous to 
Reynolds stresses but due to correlations of spatial 
variations rather than temporal fluctuations.  The 
roughness geometry function φ,  which varies from 
unity above the roughness crests (z > zc) to a mini-
mum within the channel bed, is a statistical measure 
of both the random geometry of the bed surface and 
the porosity, becoming analogous to the conven-
tional porosity coefficient when evaluated below the 
lowest trough level.  Equation (2) can be seen to de-
scribe the flux of gravity-induced momentum (left-
hand side of (2)) via spatially-averaged fluid stresses 

1 jτ , secondary currents and flow nonuniformity to 
the boundary, where the momentum is removed 
through form drag and skin friction (last two terms 
of (2)).  Development of the respective double-
averaged equations for transport of fluid momentum, 
passive substances, and suspended sediments are 
outlined further in Nikora et al. (2007a,b), where 
these equations explicitly include appropriate form-
induced fluxes and source/ sink terms. 

Spatial averaging is particularly valuable for de-
scribing and analyzing flows over sand-waves, in-
cluding offering better definitions for flow uniform-
ity, flow two-dimensionality, and bed shear stress 
(e.g. Nikora et al., 2007a), as well as providing im-
proved insight into momentum flux components and 
balance as outlined above.  In contrast to the double 
averaging (in time and space) discussed above, ap-
propriate flow decompositions, averaging and gov-
erning equations for rapidly-varying beds are dis-
cussed in Clunie et al. (2007), Coleman and Nikora 
(2008a) and Coleman et al. (2008b).  The first of 
these papers presents the design and interpretation of 
a flying-probe methodology allowing measurements 
of fluctuating fields of large spatial extent.  This 
methodology was developed and utilised in a multi-
year New-Zealand-government-funded project to 
advance understanding of subaqueous sand waves 
(Coleman et al. 2008a).  The advantages of scale 
recognition and appropriate averaging of equations 
and measurements in the related fields of coastal 
bedforms and particle entrainment are highlighted in 
Coleman et al. (2008b) and Coleman and Nikora 
(2008a) respectively.  In the following analyses of 
dune initiation, spatial averaging of flow properties 
is not required, with bed roughnesses of the order of 
the grain size and the measurement resolution.  For 
the subsequent analyses of dune development dis-
cussed herein, double-averaging is adopted, where 
the bed was fixed at successive stages of develop-
ment in order to facilitate the time averaging under-
taken. 

3 DUNE INITIATION 

The generation of dunes from plane-bed conditions 
is typically attributed to one of three phenomena: a) 
turbulent fluid motions, e.g. Velikanov (1955), 
Kondrat’ev et al. (1959), Jackson (1976), and Yalin 
(1992); b) instability of the fluid-sediment flow sys-
tem when perturbed, e.g. Liu (1957), Kennedy 
(1969), Gradowczyk (1970), Engelund (1970), 
Smith (1970), Fredsøe (1974), Richards (1980), Co-
lombini (2004), Zhou and Mendoza (2005), and 
Venditti et al. (2006); and c) granular transport me-
chanics, e.g. Raudkivi (1966), Langbein and Leopold 
(1968), Smith (1970), McLean and Smith (1986), 
Niño et al (2002), and Venditti et al. (2005).  It is 
clear that a wide spectrum of theories exists for the 
generation of dunes, with all of these theories still 
challenged by unresolved inconsistencies.  In this re-
gard, it is of interest to note that PIV-measured near-
bed streamwise- and vertical-velocity autospectra for 
the mobile-sediment beds of Coleman and Nikora 
(2008b) showed no dominant periodicities, where 
energies in selected wavenumbers would be ex-
pected for wavelet generation arising from flow in-
stabilities or organised turbulent structures. 

Based on measurements of bed profiles and bed 
and flow dynamics leading to dune generation (e.g. 
Coleman and Melville 1996, Coleman and Eling 
2000, Coleman et al. 2003, and the PIV-based analy-
ses of Coleman and Nikora 2008b), the writers con-
jecture that the highly-regular seed wavelets from 
which both ripples and dunes develop are generated 
in a two-stage process.  The first stage involves in-
teracting random patches of sediment of varying 
lengths (principally 7-15d, where d is sediment size) 
that are present on planar mobile alluvial beds 
(Coleman and Nikora 2008b). These patches reflect 
the passage of bed disturbances that are caused by at-
tached eddies. The eddy-generated bed disturbances 
propagate at speeds that are proportional to their 
size, with average speeds that are less than overhead 
eddy convection velocities, but potentially larger 
than local average fluid and sediment velocities (Fig. 
2).  When interactions of the moving patches result 
in a bed disturbance that exceeds a critical height 
(Hc) and interrupts the bed-load layer, i.e. Hc ≈ 3-4d, 
mass conservation dictates that the disturbance will 
accumulate sediment.  Regular organised wavelets 
will then be generated successively downstream of 
the stabilised disturbance via a scour-deposition 
wave (e.g. Raudkivi 1966, Smith 1970, Fredsøe 
1986, McLean and Smith 1986).  This second stage 
of the wavelet-generation process arises from sedi-
ment-continuity requirements and the bed-stress dis-
tribution downstream of a bed perturbation, which 
peaks at a distance of λ/Hc = O(30-40). 
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Figure 2  Dune initiation: a) bed-disturbance speeds c from 
maxima in bed-level space-time correlations (uniform sediment 
of d = 0.8mm and specific gravity s = 2.65, with near-bed u = 
0.27 and 0.22 m/s and near-bed eddy convection velocity ue = 
0.38 and 0.32 m/s for Series “A” and “B” flows respectively, 
Coleman and Nikora 2008b), b) wavelet length λ as a function 
of sediment size d. 

 
The above generation process gives organised 

wavelets of preferred lengths of λ/d = (λ/Hc)(Hc/d) = 
O(120).  Previous empirical equations based on 
measured bed profiles that predict the scaling of 
wavelet length with grain diameter, dαλ ∝ , are of α 
= 0.74 (Coleman 1991; Coleman and Melville 
1996), α = 0.5 (Raudkivi 1997), and α = 0.75 
(Coleman and Eling 2000).  If it is recognised that 
the bed-profile measurements at 15+s intervals may 
have allowed some sand-wave growth prior to iden-
tification of the initial wavelengths (Fig. 2), then a 
lower bound to the measurements of Fig. 2 of λ/d = 
120-140 can be adopted to better describe sand-
wavelet lengths.  This result provides a reasonable 
approximation to the concept-based prediction of 
scaling. 

The identified two-stage generation mechanism is 
valid for fully-turbulent hydraulically-smooth and 
rough-bed flows of small to large sediment transport 
rates, where wavelets can be propagated downstream 
almost “instantaneously” for general sediment trans-
port.  It explains the observed similar scaling (e.g. 
Coleman et al. 2003) of alluvial, closed-conduit and 
lightweight-sediment wavelets (Fig. 2), and also the 
generation of wavelets on the stoss slopes of larger 
bedforms.  It is also valid (e.g. Coleman and Eling 
2000) for open-channel and closed-conduit laminar 
flows (Fig. 2), although the critical disturbances 
leading to wavelet generation arise through bed dis-

continuities, and not turbulence-based bed distur-
bances. 

4 DUNE DEVELOPMENT 

Once wavelets have been generated, their heights in-
crease through sediment continuity and the sedi-
ment-trapping nature of the bedform lee region.  
Wavelet lengths concomitantly increase with 
heights, although initially at slower rates, principally 
due to the downstream bed-stress distribution scal-
ing.  As the waves grow still larger, continuity re-
quires coalescence of the growing sand waves.  This 
arises with smaller faster waves approaching and 
merging with larger slower waves (e.g. Raudkivi and 
Witte 1990, Ditchfield and Best 1992, McLean 
1990, Coleman and Melville 1994).  Which of the 
bedforms will be selected in a given instance of coa-
lescence depends upon the local bed-form spacing re-
quirements appropriate to the particular event, with 
these requirements in turn governed by the interaction 
between the local bed structure and associated flow 
patterns.  Flow-system-instability-generated periods 
of accelerated growth occurring as dunes develop (e.g. 
Coleman and Fenton 2000) are typically paralleled by 
increases in the number of bed-form coalescences oc-
curring, with multiple successive bed-form coales-
cences occurring at the appropriate stages of the bed 
development (Coleman and Melville, 1994).  The 
growing and cascading (e.g. Jain and Kennedy 1974) 
bed-level variance as dunes grow gives larger spec-
tral levels at increasingly lower wave numbers, with 
a wavenumber spectral scaling of “-3” for the self-
similar sand waves, until equilibrium sand-wave 
magnitudes are achieved (e.g. Hino 1968, Nakagawa 
and Tsujimoto 1984, Nikora et al. 1997). 

Overall, sediment-wave growth from plane-bed 
conditions can be described by the power law (P/Pss) 
= (t/tss)

γ, where P is the average value of a sediment-
wave parameter (length λ or height h) after time t, tss 
is the time to achieve steady-state magnitude Pss, and 
γ is a growth exponent (e.g. Grinvald and Nikora 
1988, Nikora and Hicks 1997, Coleman et al. 2005).  
Based on a series of six experiments of two sediment 
sizes, Nikora and Hicks (1997) proposed γ = 0.28 for 
both heights and lengths, implying invariant bedform 
steepness (over 0.01 < t/tss < 1) for the developing 
bedforms.  For a greater number of experiments of 
wider ranges of flows and sediments, Coleman et al. 
(2005) found average values of γλ = 0.32 and γh = 
0.37 for bed-form lengths and heights, respectively.  
These results of h/λ ∝ t (γh − γλ) ∝ t0.05 imply a very 
rapid initial growth in bed-form steepness to a value 
that is approximately maintained over the major pe-
riod of bed-form growth. 

Recognising that dune steepness (and thereby 
dune geometric similarity) can be taken to be essen-
tially invariant during the major period of growth, 
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Coleman et al. (2006) undertook a series of experi-
ments whereby flow fields, bed pressures and water-
surface levels were measured at various stages of 
two-dimensional (2D) dune development from 
plane-bed conditions for the same steady uniform 2D 
flow.  The measured development stages were of t/tss 
= 0.13-0.16, 0.27-0.34, 0.43-0.56, and 0.78-1, re-
spectively.  The experimental results highlight that 
the flow structure within the roughness-layer (com-
prising the near-bed interfacial and form-induced 
layers, Nikora et al. 2001, 2007b) is of negligible 
variation as 2D dunes develop.  This finding was 
noted in terms of normalised spatial fields of time-
averaged velocities and stresses, and normalised ver-
tical distributions of double-averaged (in time and 
space) longitudinal velocity, double-averaged nor-
mal stresses, and the components of the double-
averaged momentum balance for the flow.  These re-
sults reveal the equilibrium (self-similar) nature of 
the near-bed boundary layer over developing 2D 
dunes with flow separation in the dune lee. 

The above experiments showed a number of addi-
tional results of interest for the 2D dunes (Coleman 
et al. 2006, 2008a), including: a) the linear nature of 
the double-averaged longitudinal-velocity distribu-
tion (e.g. Nikora et al. 2004, McLean and Nikora 
2006, McLean et al. 2008b) below the crests of de-
veloping dunes; b) invariance of the normalised bed-
stress profile along dunes as these grow; c) increases 
in double-averaged Reynolds stress in the vicinity of 
the dune crest being balanced by equivalent negative 
form-induced stresses at these levels; and d) invari-
ance with dune growth of the relative contributions 
of each of Reynolds stress, form-induced stress, skin 
friction and form drag to the overall momentum-flux 
balance, with the sum of these components balanc-
ing the streamwise component of the weight of the 
fluid volume as per (2).  In general, double-averaged 
interfacial-layer longitudinal-velocity distributions 
vary from exponential to linear to logarithmic with 
increasing roughness-element spacing (e.g. Nikora et 
al. 2004, Coleman et al. 2007a), with a linear distri-
bution appropriate for the tested developing 2D 
dunes of steepness h/λ = 1/18.75.  The measure-
ments of bed pressures with overhead flow velocities 
for these and other experiments further enabled ex-
pressions to be derived for drag coefficient CD = f(z) 
for a range of dune steepnesses (Coleman et al. 
2007b). 

5 SOME CONTEMPORARY CHALLENGES 

Present research efforts in regard to fluvial dunes 
vary significantly in scale, approach and focus.  The 
discussions above concentrate on the details of bed, 
sediment and flow dynamics as dunes are initiated 
and grow.  To conclude the paper, we provide a brief 
comment on some key areas related to river dunes 

that require further research.  Our list is not meant to 
be exhaustive, but rather it is intended to comple-
ment other recent reviews of research needs and di-
rections (e.g. ASCE 2002, Best 2005a), and to high-
light some particular research aspects that we have 
identified in our endeavours. 

At a fundamental level, work still remains to de-
termine the principal parameters that adequately 
characterise a dune field (e.g. representative length, 
height, width, shape factors, etc.).  In this regard, 
means to mechanistically and objectively quantify 
the three-dimensionality of dunes are particularly re-
quired, e.g. in order to appropriately link bed topog-
raphy with flow resistance (Sirovich and Karlsson 
1997; Maddux et al. 2003a,b; Venditti 2007; Best 
2005a), especially for mobile bed waves that vary 
markedly in space and time.  Related to dune-
characterisation, further work is required to address 
the strong debates that continue in the hydraulics and 
earth-sciences communities as to the natures and 
mechanics of, and differences between, ripples and 
dunes.  Such studies will contribute to improved 
means of predicting the occurrence in nature of these 
respective bedforms.  Additional research is also 
needed in regard to general relations predicting bed-
form speeds as functions of flow conditions, sedi-
ments, and bedform magnitudes (e.g. Raudkivi 1998, 
Coleman and Melville 1994), where these relations 
are central to linkages between bedform propagation 
speed, sediment-transport rate and predictions of bed 
development.  The development of dunes with vary-
ing flow (e.g. Coleman et al. 2005, Giri et al. 2008), 
not discussed herein, is an additional area requiring 
further research. 

In terms of flow dynamics, the conjectured two-
stage process of dune generation requires further 
verification of the details of both the identified eddy-
generated bed disturbances preceding generation, 
and also disturbance-induced bed-stress profiles at 
initiation and associated sediment transport.  The ef-
fects of bedform shape, including three-
dimensionality (e.g. Best 2005a), bed mobility and 
sediment motion on the above-described flow struc-
ture for developing dunes, including CD = f(z), also 
requires further research.  In this regard, the chal-
lenges of appropriate analysis of large spatial fields 
over developing dunes need to be addressed.  It is 
expected that the equilibrium boundary layer nature 
identified herein for developing dunes will still be 
evident for these more complex systems, although 
flux-component magnitudes may be altered due to 
the additional flow complexities. 
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