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ABSTRACT: A model linkingsubaqueous durmigration to the effecti\ (grain relatec shear stress is -
brated by means of flume data for bedform dimersseomd migration rates. The effective shear stsesalcu-
lated on the basis of a new method assuming abeshboundary layer above the mean bed level intwihie
current velocity accelerates towards the bedform &s a consequence, the effective bed shear stoess
sponds to the shear stress acting directly on tojneo bedform. The model operates with critical ekds
stresses as function of the grain Reynolds nunibpredicts the deposition (volume per unit timel avidth)
of natural packed bed material on the bedform iee, §jl. The model is simple, built on a rational descrip-
tion of simplified sediment mechanics, and its lwaftion constant can be explained in accordande esti-
mated values of the physical constants on whighbtised. Predicted values ofc.gborrelates with the meas-
ured flume data values of bedform height multiplsdbedform migration rate with?R= 0.79. The model
was validated by means of independent measurerhasé&l on a flume study as well as from a smallrabtu
river.

blurred definitions of the bedload component (ex-

pressed as weight per unit time and width) when de-
1 INTRODUCTION scribing bedform migration. Also, the bedform mi-

gration data set in Guy et al. (1966) - to the kst

. , our knowledge - has not previously been used to
During the 20' century, a number of sediment rans-librate sediment transport models, which makes

ort models designed to describe bed load andfor t P o
t?al load have begen formulated e.g. Meyer-Peter Q"e present contribution a new approach, evenisf it
=S eferring to an aged dataset.

Mdaller (1948), Bagnold (1956), Bagnold (1966), In recent . -
; . X years, we have become increasingly bet-
Einstein (1950), Yalin (1963), Chang et al., (1967) ter in measuring bedforms and their behaviour in na

to mention those evaluated by Yalin (1977) in NS, e 4 "Kostaschuk & Villard, 1996; Kostaschuk,
comprehensive overview. Some of the many OtheﬁOOO; Bartholdy et al., 2002; Bartholomé&, 2004;-Bar

transport models which can be mentioned in thi§h ) 7%

oldy et al., 2005; Ernstsen et al., 2005, 2006,
context are: Engelund & Hansen (1967), Ackers-Duﬁ;yy et al., 2005; Parsons et al. , 2005) a7r12d to
White (1973), Engelund & Fredsge (1976) and va:I 5 : o '

Riin (1984). Many others could be added with equ ranslate results of detailed flume studies inte-re

. o ant information for natural scale conditions (e.g.
right. The vast majority of these models have beef\'/chean et al., 1994, Bennett & Best, 1995, Mcl(_egn

calibrated by means of the most comprehensiv_gt al. 1996, Best & Kostaschuk, 2002). Available
dataset ever published on sediment transport 'Bed load models, however, do not explicitly desrib

II#mes (Guy e} al., 1I9l§36)t. iob’ as the on? t;?]r_ese'nted bedform migration. This has forced researchers with
this paper is also calibrated by means of this sa o a0 of evaluating bedform migration by means
it seems obvious to ask why the scientific commu-

nity should be bothered by yet another Guy et alof a model, to use one of the traditional bedload
(1966) calibrated sediment transport model. Th models and subsequently recalculate weight to vol-

primary reason for this is that we actually need ume of loosely packed migrating bedforms (e.g.

model to describe bedform miaration i WcLean et al., 1996). Bedload is per definition re-
odet (o describe bedio Igration as such, 1.€. 8arged as that part of the total load which isriedr
model which liberates us from the need of using emt-)y the bed" in contrast to suspended load which is

pirical bedload models referring to more or IeSS'carried" by the turbulent flow (e.g. Yalin, 1977).



The borderline between the two, however, is difficu sediment types. Only d = 0.303 mm (triangles) arw @280
to define as there is a gradual transition fromptho Mm (diamonds) are difficult to differentiate.
ping" bedload particles to "swimming" suspended . _ o
grains. Sand will over time, be transported as bothTn€ model quantifies the sediment load which is
bedload and suspended load (intermitted suspef@/fied over the bedform top and deposited on the
sion), not least when bedforms are present. Fer thlip face to form a positive contribution to whainc
reason, and as a result of a number of technicikpr 0€ measured as bedform migration. It is simpldf bui
lems, it is actually not possible to measure trecex ON a_ratlonal _descrl_ptlon of simplified sedlment-me
bedload share from a total load consisting of botffhanics, and its calibration constant can be engihi
transport modes. In the dataset of Guy et al. (L968n accordance with estimated values of the physical
bedload is defined as the difference between thgonstants on which it is based. The model is thbugh
measured total load, obtained by means of widthof @ a modern analogue to previously published
depth-integrated water samples at the end of th\é(elght-_based models. Input to the model are mean
flume, and the suspended load measured on the ba8f@in-size, bedform height, a measure of the ctrren
of depth integrated water samples in the flume. Th¥€locity (point or depth averaged), level of measur
data set also contains a detailed description df be Velocity or mean depth, and water properties (tem-
form migration. Focusing on the form migrating partP€rature and salinity). Output from the model is th
of the total load gives, besides the obvious acagent P€d form migration in form of the natural packed
of dealing with a well defined parameter, the bignef Volume of sediment per unit time and width trans-
(for bedform studies) of a direct description oflbe Ported over the bedform top to be deposited in the
form behaviour. trough region. This is directly translatable to besl-

A large part of literature dealing with sedimentfor_m migration rate by division with the bedform
transport is published by hydraulic engineers imwh height.
sometimes appears less intelligible to sedimentolo-
gists who have a different focus. Furthermore, th& METHODS
critical conditions for initiation of motion areteh 2 1 Flume data
related to a fixed (for sand-sized sediment oftem t _
high) critical Shields' parameter. The primary pur-The flume data by means of which the proposed
pose of this paper is to present a simple, fully exmodel is calibrated consists of the data set pletis
plained bedform migration model for dunes whichby Guy et al. (1966), often referred to as the tFor
includes a specification of the critical conditiolss ~ Collins Data”. It was chosen to use only data sets
the initiation of motion. Another important taskrfo from the widest flume (8 feet or 2.43 m wide), in 0
the development of such a model is to extract thaler to avoid effects resulting from too narrow
part of the total bed shear stress, which contetbut Poundaries. Also, only runs with clean water are
to bedform migration. This is done by means of théised, avoiding those where clay has been added to
procedure suggested in Bartholdy et al. (in prep. A the flur_ne water. This leaves data from the follayvin
The present paper is an abbreviated pre-congre&gPles in the report: Table 2 (p. 162-163), Tab{p.3
version of (Bartholdy et al., in prep B) plannedbs  164-165), Table 4(p. 164-165), Table 5(p. 166-16atd

published in the proceedings of MARID 2008. Table 6(p. 168-169) of which 138 data sets are re-
ported with information on bed form dimensions. Of

these 76 are classified as dunes or transitiondsstw
dunes and upper plane bed, and 71 have additional
information about bed form migration 46 of which
IORET are classified as dunes. When using these datansets
e e the past, little attention has been given to the re
ported grain-size information. Considering the im-
portance of these results for a large number of fun
damental studies, it seems odd that few, if anyeha

Grain-size (mm)
o o
= =
g g
S S
& =

R shown interest in this important parameter. Asle, ru
bos 0| ° 4=0436mm the reported median diameterdjdof "several 0.1-
IR I e foot-diameter cores, about 0.6 foot in length, tefe
Qe =-t.= e r———— o random from the bed of the flume" (Guy et al. 1966,
00002 Sppermnpg—e——s — p. 18), has been used as a basis for the singke dat
: T sets. Plotting thesegglvalues against the Shields' Pa-

o —ninplinnn ol e e g b b

« 2 3 “ rameter, gives no significant trend, and tbgsgems
emeess domly distributed about a certain mode for each
Figure 1. Measured grain size of bed material agaihe ran y

Shields' Parameter for runs from Guy et al. (1986de flume bed sediment type (Fig. 1). On the basis of tims, t

with information about bedform dimensions).The horital ~ Variation in @ is interpreted as reflecting poor sam-
bold lines represent the respective mean grairssz¢he four  ple representativity rather than genuine difference
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isolines for friction velocity ({f) and mean grain-size
Thus, it does not seem justified to use these saludd), under the assumption of clean water and a con-
as a better measure of the actual bed material-graistant temperature of 30. This grid ofuf andd will
size of the single runs, than the average gram-aiz move sideways with temperature variations (to the
all runs related to a certain bed material type- Fu left under cooling). Many sediment transport models
thermore, not all runs have a reportggl &s on top concentrate on the fact thiat becomes constant for
of this, the average bed-material type has beelarge values oR:, and hence use a constant value of
treated in detail in the report (Guy et al., 1966;. 3 6. (e.g. 0.047 and 0.05 in the models of Meyer Peter
p. 14), this allows the use of mean grain sizetgad & Miller, 1948 and Engelund & Fredsge, 1976, re-
of dsp of the bed material (Table 1). It is important tospectively). This however can be relatively famfro
notice, that these grain-size distributions areetlas the correct value when dealing with sand-sized mate
on fall diameters (the diameter of a quartz sphereal, as the curve minimun®d{ = 0.032) falls in the
with the same fall velocity). In Table 1. a trati®la  medium to coarse sand fraction (Fig. 2).
of the reported fall diameters to sieve diamet&s h
been carried out following Yin et all. (1999).

Table 1. Statistical parameters (Folk & Ward, 196%)mean E RN e T Wy T
bed-material (from Guy et al. (1966). d is meanirgsize ] o
(mm), Sd is the standard deviation (phi), Sk is shewness . o %
(dimensionless) and Kg is the kurtosis (dimensiss)le Note 1 2. %,
that all grain-size parameters except d(sieve)based on fall 7 %,
diameters. o ] %,
Parra- Type Type Type Type Type 01— <
meter 0.19 0.27 0.28 0.45 0.93 3
mm mm mm mm mm 1 & 5
d(fall) 0.192 0.280 0.303 0.436 0.887 4 géq o/ o s 0”[;,,@ NECAYE Q&P »
Sds(ihi) gggg 8223 gggjg' 886788 8fgg 0.01 §\ éﬁl |DF?’\|QT||QW T |c§u| ‘>‘ |Q| PTTH] y | \‘L\\II\II
Kg 0.998  1.160 1.292 1.066  1.024 o1 ! B 100 0o
d(sieve)  0.180 0.284 0.314 0.490 1.167 *

Figure 2. Critical conditions (bold line) for thaitiation of
This translation is almost identical to the one-sugsediment transport in uniform grain-size basedhenresults of
gested by Flemming and Ziegler (1995), and thusalin & Karahan (1979). The algorithms related be tdigi-
seems to be generally valid for "natural worn partitized curve appear from Table 2. Isolines for foiatvelocity
cles". (uf) and mean grain-size in mm is added under thergstson
of clean water and a constant temperature &£10
2.2.Critical conditions for the initiation of motion
As an appropriate description of the critical condi TF?ze gugr;e IS relatlvetljy accuratde_ly_ (_jesC;:rltéed :
tions for initiation of sediment transport is craidior (R*>0.99, corresponding to a digitized adaptation
- ; based on a magnified version of the original Fig. 1
any sediment transport model, and is usually ex: : .
ressed in terms of the critical Shields' parameter O P- 1434 In Yalin & Karahan, 1979) by means of
P P ' the algorithms shown in Table 2.

- - —f 2 _ Table 2. Algorithms for relations between grain Ralgs num-
ecr Tor /[(ps p)gd] Ufcr Mi(s-1)gd (1) ber and the critical Shields' parameter as shovifign2.
. . Grain Reynolds Algorithm; 6., =
plotted against the grain the Reynolds number: number, R
<1.0 0.093 R%3
R =uf [d/v (2) 10-37 0.13271 - 0.04530 R0.00566 R
3.7-9.0 0.06261 - 0.00690 R 0.00038 R
wherer; = the critical bed shear stregsp = the 2930 006%%%%81\23%00145 R 0.000087 K-
subme(ged density of sargi_; the acce_leratlon _o!ue 30 - 70 0.02621 + 0.00049R 0.0000032 B
to gravity;d = the mean grain sizef,, = is the criti- > 70 0.045

cal friction velocity; s-1 = the dimensionless sub-
merged density of sand; amd = the kinematic vis- Such an unambiguous description of the curve is

cosity. S _ _ needed if - when dealing with sand sized material -
The curve for initiation of transport in uniform  |ess accurate readings of the empirical curveare t
material was first suggested by Shields (1936). be avoided. The algorithm f&<1 was suggested

Thereafter numerous other results have been pub- by Yalin and Karahan (1979) themselves. The values
lished culminating in the thorough and often cited  of g, anduf,, are in the following based on an itera-
work by Yalin & Karahan (1979). In Fig. 2 this tive procedure defining., as a function oR- with

curve has been plotted in a diagram also showing temperaturet] and mean grain sizel)(as independ-
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ent parameters, and controlled by the equations

stated in Table 2. The kinematic viscosity for olea As most flow conditions close to the bed over the
fresh water was found by dividing the viscosjty ( top of bedforms belong to the transitional regiree b
with the density/) - both adapted from values listed tween rough and smooth flow, the usual constant, 6,
in Weast (1972). The following two polynomial re- 54ged to the logarithmic term in the theoretical ve
gressions, both correlating V\_ntr? R1.00, describe locity equation, is in (10) replaced By2.5. The fig-
these parameters as a function of temperature: ure 2.5 is a constant stemming from integrating the

u =0.001769778702 - 5.232388614%1.0 logarithmic velocity digtributiqn, and. f0|f 1.8<70
6.787908282-10t2 (3) (R = ufiopkskin/v, wherev is the kinematic viscosity) B
can be expressed in form of 4 8egree polynomial
p =999.9121701+0.03591225099 t - approximation:
0.006491429877't (4)

B=452+1119log(R) - 783log(R))? + 15%log(R))?
2.3.The effective bed shear stress 9®) Aog(®) Alog(®)

The form-corrected bed shear stress due to skin frifor R>70,B = 8.5.

tion is calculated as the bed shear stress acting o

top of the dunes. It is based on the method sugdestThe local form-corrected dimensionless bed shear
by Bartholdy et al. (in prep. A) who rendered tlxe e stress due to skin friction acting on top of theelu
istence of a virtual horizontal boundary layer 6=D then becomes:

2H above the mean bed level, with H being the bed-

form height. Brop = Ufiop /((S-1) g 0) (11)
According to this method, water can be regarded as
entering the boundary layer at mean bed level mic
way between the trough and top with a mean veloc
ity, V', which - according to the logarithmic veitc
profile (e.g. Yalin 1977) - can be expressed as,

V'= (6+ 25In(2H /k,))uf (5)

whereuf = the overall friction velocity; ank = the
overall hydraulic roughness :

ks = Kekin + Keorm (6) Figure 3. lllustration of the sediment transport&loconcept.

the skin roughness is described according to Enge-
lund & Hansen (1967) as: % BED FORM MIGRATION MODEL

3.1.Formulation of the basic concept
If, over the top of a bedform (Fig. 3) the material

and the form roughness is described by Bartholdy &fntributing to bedform migration can be regarded

al. (in prep. A) as: as transported in Az thick layer with the bulk dry
density \b;, the volume of solid material per unit
Keorm = 0.57H (8) area of this layer isAzVb/ps. The frictional resis-

tance stress corresponding to a unit area of dys |

The flow accelerates towards the bedform top in th€'S Passage over the bed is therefore
narrowing layer where, for continuity reasons,at b
comes: Fi =(AzVy,/ ps)(ps — p)9a (12)

V' =V '(2/15) = 4/3V" (9) wherep = the density of wateps = the density of

the sedimenty = the acceleration due to gravity; and
o. = the frictional coefficient between the layer and
the bed. With a layer velocity &fy,, the correspond-
ing streampower is

as the layer thickness here is 1.5H.

From this, the local friction velocity at the bed-
form top is calculated on the basis of the logarnith
velocity profile withksn as roughness parameter:

yP S E, =(82V,,/ p,)(p, - P)gal,,

Ufy, =V /(B = 25+ 25IN(L5H (k) (10)

top —
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=ahb,, Vo(0, — )/ p,)ga (13) If Equation 19 is used to replagbyop in Equation
18, and the right-hand side of Equation 18 is multi
plied by the grain size, in both numerator and de-

whereqgbo,= Az Uy, is the transported volume of this Cpominator, the expression reads:

layer passing the bedform top per unit time an
width.

As this transport is driven by the bed shear stress
acting on top of the bedforngy, free of form drag, |, ; Vee _bdos T (uf

the corresponding power which keeps the layer mov- IDVOl V,a (ps—p)gd - uf)
ing is -

T
E =T U (14) HU, = OVo/5 §__ Tep (uf,, —uf,)

V02V01a (:05 - ,0) gd

Assuming a time-averaged steady state move=>
ment, the average values of &d E must balance gh,, = A6, (uf,, —uf.) (20)
each other out:

wherep is a dimensionless constant,

qhop(vm(ps_ p)/ps)ga’ = TtopU bq (15)

=> ﬁ _ bpS

qup = TtopU bq Vor(5— p)/ps)_lg_la_l (16) V.0

The sediment transport is zero if the friction oty For high values ofifi,p (Ufiop >> Ufc) the bed load

is equal to or below the critical friction velocityn-  transport over the bedform cresghte expressed in
der the assumption, that the velocity of the lager this way is directly proportional tuftope’ or 9t0p3’2.
proportional to the surplus friction velocity cofre Thus, Equation 20 corresponds to the well known
sponding to the bed shear stress acting on topeof t empirical bed load formula of Meyer Peter & Miiller
bedform, the velocity of the moving layer for vadue (1948), in which the bedload transport is propor-
of friction velocities larger than the critical gng:  tional to (¢' - 6) d)*2 However, the two models are

is not identical, and the model presented here prgvide
a simple and sound physical explanation for the pro
Ugp = b (Ukop-ufc) (17)  portionality factor,8, as well as linking the dynami-

cal parameters directly to bedform migration.
whereb is a dimensionless constant.

3.2 Calibration of the bedform migration model
Inserting the right-hand side of Equation 11Ugsin

Equation 16 gives The model, as expressed in Equation 20, has been
calibrated on the basis of 46 data sets from Gay. et
_ bps Ty (1966) with reported bedform migration rates. The
qh,, = Vol05—-p) g (Ufigp — Ufo) (18)  calculations were based on measured mean velocity

over depth, depth, bedform height, grain size and

The dry weight of the transported bedload matep_edform migration rate. The former two - with grain

rial (per unit time and width) over the bedform iep Si2€ and bedform height - were transformed ufto
gbwopVo1. As this, in accordance with the aim of theby means of the logarithmic velocity equation with
model, corresponds to the material contributing tdsfound from Equation 6, whereag,, was found
the bedform migration by deposition on the lee slop as described in Section 2.2, aufd by iteration us-

of the bedform, we can write ing the algorithms listed in Table 2. As shown in

Fig. 4,p is in this way calibrated to a value of 27.0
qBopVo1= gBeeVoz = H Up Vo2 which gives Equation 20 the following final appear-
=> ance:
bop = gbeeVoo/ Vo= H UpVoo/ Vo1 (19)

qbee = 27d9top(Uftop - Ufc) (ZOI)
whereVy, = the dry bulk dry density of the material
building up the bedformtJb is the bedform migra- The calibrated equation correlates with the meas-

tion rate; andjbec is the volume of natural packed ured values oHU,, with R*= 0.79. If in accordance

sediment per unit time and width participatinglie t with numerous studies (e.g. Bartholdy et al., 1991;

bedform migration (equal td Ub). Carling, 2000; Fredsge & Daigaard, 1992) the value
of Vo2 is regarded as being approximately 1700 kg
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m ando (from the angle of repose) is put to tarf 27 bedforms without reference to possible superim-

= 0.51 the dimensionless constant, b, linkinfg{ posed smaller dunes. Ev_en if the_large ones are

uf,) to the bedload transport velocityy, becomes ~ known to be compound, information about the
8.8 as a consequence of a calibration constarit.of 2 Smaller bedforms on their back is generally missing
Following the results of Luque (1975), Engelund & In order to evaluate th_e proposed model on an inde-
Fredsge (1976) suggestégh to be equal to 9.8- pendent data set at this stage, we use data from a

0.7ufc), uf* being their effective (grain related) fric-

tion velocity. Using the here suggested "calibratio :: 0.0003
result" of 8.8(fp-ufc), give values o)y, of less E
. Q.
than 20% below this fof,,>0.4. ) 1
£
5 &
2 0.0002 & *
5.0E-004 E : d\foq
R e'
4 5 &
> - R
’ o 00
40E-004 §_ \\(\
~N 7]
- - .ﬁk/ E 0.0001
() [ °
f:é 3.0E-004 ;,"5'\ .‘. g ‘
o ’ 6?/ g T
=2 7 o
[ vd 3
2 2oE004 7 3 0
5 / Eel T T T
[=2 ’ ©
- <] 0 0.0001 0.0002 0.0003
‘? ? 2 ) * = Measured bedload transport over the bedform top (m2s-1)
1.0E-004 1
| » * Figure 5. Measured versus modelled bedload oeebéluiform
top. Data from Iseya (1984) and Erntsen (2002).
0.0E+000 — T T T T T T

QOE+000  30E-006  GOE-006  SO0E006 128005  15E-005 flume study by Iseya (1984), and a yet unpublished
& Stop(Uftop-ufc) (m?s1) dataset from the river Gels A in western Denmark
(Ernstsen, 2002) based on one of the authors MSc-
Figure 4. Relation between bedload measured aotedhi-  thesis. We are currently interested in collectiddia
gration and the expression of Eq. 20 without thestantp for ~ tional suitable datasets, especially from the fialed
all runs from Guy et al. (1966) with the wide (®teflume and  hope to improve our collection through contacts at
reported dune migration. From this ppis calibrated to 27.0  the MARID meeting in Leeds.
which correlates with &= 0.79. The experiments of Iseya (1984) were conducted
o _ ~ina 4 m wide and 160 m long recirculating flume
Thus, if, in Equation 20 was based solely on in- ith sand having a median fall diameter of 0.57 10
dependent (from literature) estimates @f,\. and b;  m. The dune dimensions were measured by means of
an un-calibrated version of the equation would give sonic sounder depth profiles along both sides ef th
what can be considered to be as at least comparableentral 1/3 of the flume. The surface velocity over
results. It should here be kept in mind here thatt  the dunes was measured by means of floats. The
two different methods of estimatirudy, are based on speed of dune migration was obtained from succes-
different ways of estimating both the effective and Sive measurements of the position of dune brink-
the critical shear stress. points through a Plexiglas wall (20 m long) of the

The fact that is possible in this way to explaia th flume. The steady state dune migration was meas-

Lo . . ured in 5 runs with reported friction velocities-be
calibration constant in the proposed bedform m'gra't\fveen 0.062 m's and 0.096 m's
0

tion model based on known independent estimates of grpsisen (2002) reported measurements from the
well defined physical parameters, is regarded as @ central part of a small river about 12 m wide with

relatively strong argument for the applied approach water depths varying between 0.72 m and 0.83 m
and mean current velocities between 0.43 hasd

4 EVALUATION 0.58 m &. The bed material mean fall diameter of
. 0.42 10°m was translated from the sieve diameter by
Not many datasets on steady-state simple means of the method presented in Yin et al. (1999).

subaqueous dune-migration, as well as all the other Bedform migration was calculated from bed profiles
parameters necessary to run the model, are awailablrecorded successively by a single beam echo sounder
from the literature. Papers dealing with bedforms i moving on a 4.8 m long rail mounted on anchored
nature, often concentrate on the largest measurablepontoons. The bed profiles were measured at half an
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hour intervals (in principle 3 times a day) oveoab Bartholoma, A, ., Ernstsen, V.B., Flemming, B.Wida  Bar-

a month in the spring of 2001. The vertical pregisi :?:A%'o\:t. Sg&t Eiﬁfgrm)gé’”:&";% glndc ta,ﬂ mrzzd'g”em

of the measurements was +/-0.5 cm. An Aanderaa v -ebb ll ycle I Yo

RCM9 acoustic current meter mounted close to channel (Denmark), deter mined by _high-resolution
. multibeam echosoundingdanish Journal of Geography

0.4-D above the bed kept track with water tempera- vol. 104, No. 1, 45-55

ture and mean current velocity (at 5 min. interjals Bennett, S.J., Best, J. (1995). Mean flow and tlebti  struc-

The velocity data were adjusted to give the mean ve ture over fixed, two-dimensional dunes: Implicato for

locity by means of the logarithmic velocity disuib  Sediment ransport and bedform - stabilitySedimentology
tion. Only observations with dunes (defined a‘SBest, J Kostaschuk, R.A. (2002) An experimentaitudy of

L>0.60 m) were used. low-angle duneslournal of Geophysical research 107
Measured and modelled transport rates from these (C9), 3135-3154.

two datasets are shown in Fig. 5. The bedload tran&arling, P. A. (2000). The morphodynamics of flalvi  sand

. dunes in the River Rhine, near Mainz, GermanyHiidro-
ported over the top of the bedforms correlates with dynamics and sediment

R? = 0.96. The material is too thin in order to form transportSedimentology7, 253-278.
the basis of a proper statistical analysis. Orother ~ Chang, F.M., Simons, D.B., Richardson, E.V. (198 8al bed

gress, .LA.H.R., Vol, Fort Collins, Colorado.
model. Note that the modelled bedload tranSporE)uffy, G.P. & Hughes-Clarke, J.E. 2005. Applicatioispatial

here is that passing over the bedform top. In otler  cross correlation to detection of migration of salime
translate this into the total bedload transpomatii- dunes.J Geophys Rek10: F04S12.

; T : ~Einstein, H. A. (1950). The bed-load function farediment
ral packed sediment per unit time and width, it transport in open channel flows. Technical Bull. 1026,

should be multiplied with the bedform shape factor y.s. Department of Agri culture
which for triangles is equal to 0.5 and for naturalEngelund, F. A. Hansen, E. (1967). A monographeatiment

penhage62 pp.

Rijn, 1993). Engelund, F. A., Fredsge, J. (1982). "Sedimenplgs and
dunes."Annual Review of Fluid Mechan - itd, 13-37.
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