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ABSTRACT: Fluvial dunes are striking in their apparent order, mnydterious in their origin and how th
achieve their purpose. Advances in experimentalpegent and computing capacity are stimulating stive
gations of dunes that are of increasing detailinsight. In the following, the initiation and grdwof fluvial
dunes is discussed, along with the importanceadgeising process scales in measurements and asalgs
brief overview of some of the present challengesdan regard to fluvial dune dynamics concludesghper.

1 INTRODUCTION 2 PROCESS SCALES AND INTERPRETATION

Wherever one looks, granular surfaces formed bgtudies of velocity and stress fields controlling o
fluids are patterned. For riverbeds, the organgstedl  associated with dunes have typically considered
terns cover a wide range of scales, from granulasteady-state bedform magnitudes. Recent intense
patches, to ripples, dunes, bars, and meander®cus on the simplified case of flow over fixed
These varied bedforms are studied in many fieldsasymmetrical dunes includes the works of van
including geology, geography, hydrology, and engi-Mierlo and de Ruiter (1988), Lyn (1993), Nelson et
neering. Analyses furthermore range from fundaal. (1993), McLean et al. (1994, 1999), Nelsonlet a
mental analytical descriptions, to detailed nunaric (1995), Bennett and Best (1995), Kadota and Nezu
simulations and laboratory measurements, to larg€1999), Venditti and Bennett (2000), Cellino and
scale field measurements. Part of the attracioon tGraf (2000) and Maddux et al. (2003a,b). These
study these phenomena lies in the mystery of howtudies, and others (e.g. McLean 1990, Kleinhans
trains of highly-ordered sediment waves can aris€004, Best 2005a), highlight that dominant features
from the chaos of the underlying turbulence andf flow over a dune include (Fig. 1): a separating
grain-motion dynamics. The patterns themselves arghear layer (with internal recirculation but alsm a
also captivating, luring researchers into attentpts tive mixing with the outer flow) in the lee of the
quantify the apparent structures. More pragmatidune crest, reattachment of the separated flolweo t
cally, understanding of these bedforms is requimned bed approximately 4-6 dune heights downstream of
regard to interpretation of stratigraphic records, the crest, and development of an internal boundary
well as analysis and management of both near-bddyer along the dune stoss slope (with the near-bed
habitats and also transport of sediments and &thchturbulence in this region differing markedly from e
micro-organisms and chemicals (e.g. nutrients, corther classical boundary-layer or wake turbulence,
taminants). ASCE 2002).

The focus of this paper is river-dune initiatiordan
growth, including underlying bed, flow and sediment
dynamics. The following section discusses process
scales, including interpretation of collected daiah
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.
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Figure 1. Flow over dunes: a) schematic of dontifiaw fea-
tures, b) co-ordinate definitions and schematic sphtial-
averaging approaches.

where (Fig. 1)u, is thei-th component, in direction

X = (X, Y, 2), of the instantaneous velocity vectaor (

v, w); the straight overbar and angled brackets repre-
sent averaging in time (over the period of dune-
height invariance) and space respective{lg‘q; IS
double-averaged (in time and space) veloaity;is

the spatial fluctuation in the time-averaged veigci
ﬂai> = 0; U is the temporal (turbulent) velocity
fluctuation; andV, = volume occupied by fluid
within the total averaging volunm\,. For dunes, the
spatial-averaging volum¥, is defined as a thin slab
(of thicknesgdz) parallel to the mean bed slope (Fig.
1), whose lateral extent encompasses the ranges of
longitudinal and transverse bedform lengths. At le
els above the highest dune crat,=V, and spatial

averaging is straightforward. Below cresés, <V,

Contemporary advances in experimental equipan_d the averaging volume is only partially filledthw
ment and computing capacity have enabled meag4!d. . _ .
urements and simulations of this flow structure and Ultlising the decomposition of (1), interactions
sediment transport over dunes at increasingly finépetween the bed, flow and sediment transport can
temporal and spatial resolutions (e.g. Hyun et althen be investigated at a primary level based an do
2003; Best 2005b; Yue et al. 2005,2006; Clunie eple-averaged properties. To this end, the Navier-
al. 2007: Stoesser et al. 2008: McLean et al. 2p08aSto_kes equations can be averaged in time and space
The resulting detailed insight into the physicalger 0 identify key momentum transfer processes for
esses is interesting and valuable in itself. Barti dunes (€.g. Nikora et al. 2007a,b). For steadi-hig
larly for those involved in the design and manageRR€ynolds number water flows over slowly-varying
ment of fluvial pathways, however, the challenge idrelative to the flow) dunes, the double-averaged
to interpret the collected data in terms of how thénomentum conservation equation for the longitudi-
observed fine-scale turbulent structures (e.g. Big. hal velocityy =u can be presented in a vertically-
bed-level variations and grain motions contribute t INtégral form (simply summing thin bed-parallel spa
bulk bed, flow and transport characteristics, sash tial-averaging slabs, Nikora et al. 2007a,b, Colema

hydraulic resistance, bed shear stress, and sedimé al 2008a) as
transport rate (e.g. ASCE 2002). In this regafd, i ,_ - _ —
the bed roughness is described in an averaged,sen@goj @z = ,[ ¢<Uj>0<U> +la¢< p) _0"§0<T1j>/,0 4z
e.g. mean dune wavelength, associated descriptions - 2 0x;  p OX IX 2)
of flow and sediment-transport properties should be
representative of this spatial domain, i.e. scale-
consistent, which typically will require spatialeav
aging of measured flow and transport data. . o . .
Smith and McLean (1977) provide one of the first""h‘:“'r(ajg is gravitational acceleratlorﬁig_ls mean bed
attempts at spatial averaging flow over dunes. a@or slope;z is the water-surface levey= \_/f/VO_'S the
variety of reasons, they averaged data along lindQudnness geometry function £lg= 0); p = fluid
parallel to the bed surface, and only averaged ov nsity, p is point pressurez: is the uppermost
the upward-sloping stoss region of the dune (Fig. 1 crest) level of the bed5y is the surface area of
An alternative approach of averaging equations o!foughness-fIU|_d |ntef{r1:ace within the thin-slab agr
motion and data along lines of constant Cartesian ¢ N9 Volumen; is thei™ component of the unit vector
ordinates (Fig. 1) has been shown to provide a-igo normal to the surface elemed$ and directed into

ous framework for data analysis and insight intothe fluid; v =fluid kinematic viscosity; the boundary

physical processes for flows over rough beds (e'qieastance forces exist far< z; the Einstein con-

Wilson and Shaw 1977; Raupach et al. 1991; Gimé_ention 1S adopted,_which prescrib_es a summation
nez-Curto and Cornieré Lera 1996; Finnigan’ 20000Vver each repeated index; and the right-handed coor

Lopez and Garcia 2001; Nikora et al. 2001,\‘3";‘"‘“73t system is irpplied_(Fitg.dl),l i.e.,t:‘h&axis_ (“ﬂ
2007a,b). For slowly-varying (relative to the flpw VEIOCity component) is oriented along the main flow

dune heights, instantaneous flow and sediment pro arallel to the averaged bed slope, yraxis { ve-

erties can be decomposed in this second approach Qeity component) is oriented to the left bank, and
e z-axis (v velocity component) is pointing to-

wards the water surface. The fluid stresses
<rlj>:—p§u’ugg+ Gﬂjr), where viscous fluid
stresses can be neglected for the high-Reynolds
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number water flows, -p{u'u;) are spatially- 3 DUNE INITIATION
averaged Reynolds stresses, uaa; ) are form-
induced (dispersive) stresses that are analogous Tine generation of dunes from plane-bed conditions
Reynolds stresses but due to correlations of dpatigs typically attributed to one of three phenomesga:
variations rather than temporal fluctuations. Theurbulent fluid motions, e.g. Velikanov (1955),
roughness geometry functigpn which varies from Kondrat'ev et al. (1959), Jackson (1976), and Yalin
unity above the roughness crests>(z) to a mini- (1992); b) instability of the fluid-sediment flows
mum within the channel bed, is a statistical measurtem when perturbed, e.g. Liu (1957), Kennedy
of both the random geometry of the bed surface and969), Gradowczyk (1970), Engelund (1970),
the porosity, becoming analogous to the convenSmith (1970), Fredsge (1974), Richards (1980), Co-
tional porosity coefficient when evaluated below th lombini (2004), Zhou and Mendoza (2005), and
lowest trough level. Equation (2) can be seen to de/enditti et al. (2006); and c) granular transpog-m
scribe the flux of gravity-induced momentum (left- chanics, e.g. Raudkivi (1966), Langbein and Leopold
hand side of (2)) via spatially-averaged fluid s¢es  (1968), Smith (1970), McLean and Smith (1986),
r,;), secondary currents and flow nonuniformity toNifio et al (2002), and Venditti et al. (2005). idt
the boundary, where the momentum is removedlear that a wide spectrum of theories exists lfier t
through form drag and skin friction (last two termsgeneration of dunes, with all of these theoriel sti
of (2)). Development of the respective double-challenged by unresolved inconsistencies. Inréus
averaged equations for transport of fluid momentumgard, it is of interest to note that PIV-measuredrn
passive substances, and suspended sediments besl streamwise- and vertical-velocity autospedra f
outlined further in Nikora et al. (2007a,b), wherethe mobile-sediment beds of Coleman and Nikora
these equations explicitly include appropriate form (2008b) showed no dominant periodicities, where
induced fluxes and source/ sink terms. energies in selected wavenumbers would be ex-
Spatial averaging is particularly valuable for de-pected for wavelet generation arising from flow in-
scribing and analyzing flows over sand-waves, instabilities or organised turbulent structures.
cluding offering better definitions for flow unifior- Based on measurements of bed profiles and bed
ity, flow two-dimensionality, and bed shear stressand flow dynamics leading to dune generation (e.g.
(e.g. Nikora et al., 2007a), as well as providing i Coleman and Melville 1996, Coleman and Eling
proved insight into momentum flux components and®2000, Coleman et al. 2003, and the PIV-based analy-
balance as outlined above. In contrast to the ldoubses of Coleman and Nikora 2008b), the writers con-
averaging (in time and space) discussed above, acture that the highly-regular seed wavelets from
propriate flow decompositions, averaging and govwhich both ripples and dunes develop are generated
erning equations for rapidly-varying beds are disin a two-stage process. The first stage involves in
cussed in Clunie et al. (2007), Coleman and Nikoraeracting random patches of sediment of varying
(2008a) and Coleman et al. (2008b). The first ofengths (principally 7-18, whered is sediment size)
these papers presents the design and interpretdtionthat are present on planar mobile alluvial beds
a flying-probe methodology allowing measurementgColeman and Nikora 2008b). These patches reflect
of fluctuating fields of large spatial extent. Thisthe passage of bed disturbances that are causse by
methodology was developed and utilised in a multitached eddies. The eddy-generated bed disturbances
year New-Zealand-government-funded project tqropagate at speeds that are proportional to their
advance understanding of subaqueous sand waveze, with average speeds that are less than acrhe
(Coleman et al. 2008a). The advantages of scakddy convection velocities, but potentially larger
recognition and appropriate averaging of equationthan local average fluid and sediment velocitieg.(F
and measurements in the related fields of coast&l). When interactions of the moving patches result
bedforms and particle entrainment are highlighted iin a bed disturbance that exceeds a critical height
Coleman et al. (2008b) and Coleman and NikorgH.) and interrupts the bed-load layer, k.= 3-4d,
(2008a) respectively. In the following analyses ofmass conservation dictates that the disturbande wil
dune initiation, spatial averaging of flow propesti accumulate sediment. Regular organised wavelets
is not required, with bed roughnesses of the oofler will then be generated successively downstream of
the grain size and the measurement resolution. Fdine stabilised disturbance via a scour-deposition
the subsequent analyses of dune development digave (e.g. Raudkivi 1966, Smith 1970, Fredsge
cussed herein, double-averaging is adopted, whef®86, McLean and Smith 1986). This second stage
the bed was fixed at successive stages of developf the wavelet-generation process arises from sedi-
ment in order to facilitate the time averaging unde ment-continuity requirements and the bed-stress dis
taken. tribution downstream of a bed perturbation, which
peaks at a distance dfH; = O(30-40).
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0.01 ‘ ‘ ‘ continuities, and not turbulence-based bed distur-

a) . ? bances.
A [ > TestA
ooos . /// el 4 DUNE DEVELOPMENT
A ~ TestB2 . . .
//j —,=0.33m/s Once wavelets have been generated, their heights in
—Cg=0.22m/s crease through sediment continuity and the sedi-
% 0.02 0.04 0.06 0.08 ment-trapping nature of the bedform lee region.
TS Wavelet lengths concomitantly increase with
heights, although initially at slower rates, prpadiy
300 due to the downstream bed-stress distribution scal-
b) A=140d. ¢ ing. As the waves grow still larger, continuity re
~ 200 | s s quires coalescence of the growing sand waves. This
£ ! arises with smaller faster waves approaching and
E ol o e alluvial merging with larger slower waves (e.g. Raudkivi and
< 100, aqio é;'ohif;vf;ﬁ?ij;imem Witte 1990, Ditchfield and Best 1992, MclLean
1) O open-channel:lam 1990, Coleman and Melville 1994). Which of the
0 | X closed-condult lamrarjs bedforms will be selected in a given instance @&-co
0 05 1 15 5 lescence depends upon the local bed-form spacing re

d quirements appropriate to the particular eventh wit
(mm) ; . /er
these requirements in turn governed by the interact

Figure 2 Dune initiation: a) bed-disturbance speedrom between the local bed s,trUCtur_e and aSSOCiated,ﬂOW
maxima in bed-level space-time correlations (umfesediment ~ patterns.  Flow-system-instability-generated peviod
of d = 0.8mm and specific gravity= 2.65, with near-beda)=  of accelerated growth occurring as dunes develgp (e
0.27 and 0.22 m/s and near-bed eddy convectiortivgla. = Coleman and Fenton 2000) are typically paralleled b
Oc'gli rﬁgg ;)I:I?ZIZNIE/SI’;OE OSO%rl')e)S bfwgcglefleﬂgt"gss ;effa’cet'%*n increases in the number of bed-form coalescences oc
of sediment sizel. ’ curring, with multiple successiv_e bed-form coales-

cences occurring at the appropriate stages ofdéde b
Jevelopment (Coleman and Melville, 1994). The
growing and cascading (e.g. Jain and Kennedy 1974)

O(120). Previous empirical equations based oRed-level variance as dunes grow gives larger spec-

measured bed profiles that predict the scaling of@! 1eVels at increasingly lower wave numbershwit
wavelet length with grain diameted, [ d°, are ofa & wavenumber spectral scaling of “-3” for the self-

= 0.74 (Coleman 1991: Coleman and Melville Similar sand waves, until equilibrium sand-wave
1996) o =05 (Raudki\;i 1997), andr = 0.75 magnitudes are achieved (e.g. Hino 1968, Nakagawa

(Coleman and Eling 2000). If it is recognised tha2"d Tsujimoto 1984, Nikora et al. 1997).

the bed-profile measurements at 15+s intervals may OVerall, sediment-wave growth from plane-bed
have allowed some sand-wave growth prior to iden-ond't'f,’ns can be described by the power IRIPg)
tification of the initial wavelengths (Fig. 2), tha - (Uls)’, whereP is the average value of a sediment-
lower bound to the measurements of Fig. a/df= ~ Wave parameter (lengthor heighth) after timet, t

120-140 can be adopted to better describe sanif (€ time to achieve steady-state magnifadeand

wavelet lengths. This result provides a reasonabig 1S @ growth exponent (e.g. Grinvald and Nikora
approximation to the concept-based prediction oé%& Nikora and Hicks 1997, Coleman et al. 2005).

scaling ased on a series of six experiments of two sedimen

The identified two-stage generation mechanism i%izes, Nikora and Hicks (1997) proposed 0.28 for
valid for fully-turbulent hydraulically-smooth and POth heights and lengths, implying invariant bedfor
rough-bed flows of small to large sediment transporSt€€pPness (over 0.01ts < 1) for the developing

rates, where wavelets can be propagated downstreatdforms. For a greater number of experiments of

almost “instantaneouslv” for aeneral sediment transVider ranges of flows and sediments, Coleman et al.
y g (2005) found average values gf = 0.32 andy, =

port. It explains the observed similar scalingy.(e. . .

: : 0.37 for bed-form lengths and heights, respectivel
Coleman et al. 2003) of alluvial, closed-conduidl ar;} These results o/ L ?% W0 0% jmply apvery y
&apid initial growth in bed-form steepness to aueal

hat is approximately maintained over the major pe-

The above generation process gives organis
wavelets of preferred lengths ®d = (\/Hc)(HJ/d) =

bedforms. 1t is also valid (e.g. Coleman and Eling:
2000) for open-channel and closed-conduit laminafiod of bed-form growth.
flows (Fig. 2), although the critical disturbances R€cognising that dune steepness (and thereby

leading to wavelet generation arise through bed digdUne 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 experthat require further research. Our list is not ni¢a
ments whereby flow fields, bed pressures and watebe exhaustive, but rather it is intended to comple-
surface levels were measured at various stages ofent other recent reviews of research needs and di-
two-dimensional (2D) dune development fromrections (e.g. ASCE 2002, Best 2005a), and to high-
plane-bed conditions for the same steady uniform 2ght some particular research aspects that we have
flow. The measured development stages wetéf identified in our endeavours.
= 0.13-0.16, 0.27-0.34, 0.43-0.56, and 0.78-1, re- At a fundamental level, work still remains to de-
spectively. The experimental results highlighttthatermine the principal parameters that adequately
the flow structure within the roughness-layer (com-characterise a dune field (e.g. representativetheng
prising the near-bed interfacial and form-inducedheight, width, shape factors, etc.). In this rdgar
layers, Nikora et al. 2001, 2007b) is of negligiblemeans to mechanistically and objectively quantify
variation as 2D dunes develop. This finding waghe three-dimensionality of dunes are particulagly
noted in terms of normalised spatial fields of time quired, e.g. in order to appropriately link beddgp
averaged velocities and stresses, and normaliged veaphy with flow resistance (Sirovich and Karlsson
tical distributions of double-averaged (in time and1997; Maddux et al. 2003a,b; Venditti 2007; Best
space) longitudinal velocity, double-averaged nor2005a), especially for mobile bed waves that vary
mal stresses, and the components of the doublesarkedly in space and time. Related to dune-
averaged momentum balance for the flow. These reharacterisation, further work is required to addre
sults reveal the equilibrium (self-similar) natuwwé the strong debates that continue in the hydraalick
the near-bed boundary layer over developing 2[®arth-sciences communities as to the natures and
dunes with flow separation in the dune lee. mechanics of, and differences between, ripples and
The above experiments showed a number of adddunes. Such studies will contribute to improved
tional results of interest for the 2D dunes (Colema means of predicting the occurrence in nature cde¢he
et al. 2006, 2008a), including: a) the linear ratolr  respective bedforms. Additional research is also
the double-averaged longitudinal-velocity distribu-needed in regard to general relations predictirdy be
tion (e.g. Nikora et al. 2004, McLean and Nikoraform speeds as functions of flow conditions, sedi-
2006, McLean et al. 2008b) below the crests of dements, and bedform magnitudes (e.g. Raudkivi 1998,
veloping dunes; b) invariance of the normalised-bedColeman and Melville 1994), where these relations
stress profile along dunes as these grow; c) iseea are central to linkages between bedform propagation
in double-averaged Reynolds stress in the viciiity speed, sediment-transport rate and predictiongaf b
the dune crest being balanced by equivalent negativdevelopment. The development of dunes with vary-
form-induced stresses at these levels; and d) imvaring flow (e.g. Coleman et al. 2005, Giri et al. 8R0
ance with dune growth of the relative contributionsnot discussed herein, is an additional area reguiri
of each of Reynolds stress, form-induced stress, skfurther research.
friction and form drag to the overall momentum-flux In terms of flow dynamics, the conjectured two-
balance, with the sum of these components balanstage process of dune generation requires further
ing the streamwise component of the weight of theverification of the details of both the identifieddy-
fluid volume as per (2). In general, double-averthg generated bed disturbances preceding generation,
interfacial-layer longitudinal-velocity distributi and also disturbance-induced bed-stress profiles at
vary from exponential to linear to logarithmic with initiation and associated sediment transport. dfhe
increasing roughness-element spacing (e.g. Nikora éects of bedform shape, including three-
al. 2004, Coleman et al. 2007a), with a linearrdist dimensionality (e.g. Best 2005a), bed mobility and
bution appropriate for the tested developing 2Dsediment motion on the above-described flow struc-
dunes of steepnedgA = 1/18.75. The measure- ture for developing dunes, includirig, = f(2), also
ments of bed pressures with overhead flow velcitierequires further research. In this regard, thd-cha
for these and other experiments further enabled exenges of appropriate analysis of large spatidtisie
pressions to be derived for drag coeffici€gt= f(zZ) = over developing dunes need to be addressed. It is
for a range of dune steepnesses (Coleman et a&xpected that the equilibrium boundary layer nature
2007b). identified herein for developing dunes will stileb
evident for these more complex systems, although
flux-component magnitudes may be altered due to
5 SOME CONTEMPORARY CHALLENGES the additional flow complexities.

Present research efforts in regard to fluvial dunes

vary significantly in scale, approach and focuhieT ACKNOWLEDGEMENTS

discussions above concentrate on the details of bed

sediment and flow dynamics as dunes are initiatedhe writers’ research discussed in this paper was
and grow. To conclude the paper, we provide & brigpartly funded by the Marsden Fund (Grant UOA220)
comment on some key areas related to river dunesiministered by the Royal Society of New Zealand.
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