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Abstract

Bedforms perpetually adjust to spatially non-unifoend temporally unsteady flow conditions, with keat

changes in flow causing hysteresis-effects in lesponse. The rates and styles of adjustment aky li& differ

depending on the relative magnitudes of changester surface slope, and thus bed shear stresdloandepth.

Slope and depth are likely to be temporally disemted during the passage of flood waves, but atsyg in

spatially in their magnitude, for instance betwdbe thalweg and shallower parts of the channels Haper
describes the first of a series of experimentsupeto identify the relative roles of slope and floepth for the
morphodynamic adjustments of dunes under a randgeans$ient flow conditions. Initial results suggésat the
morphodynamics of dune growth and decay are cdettddy four key factors: i) the bedform stabilignge, ii)

spatial variability in bedform stability, iii) bedfm kinematics, iv) the relative magnitudes of waterface slope
and depth. Bed morphology was most sensitive togbsin water depth. In particular, the developnodritains

of superimposed bedforms on the stoss of largeesiwas observed following an increase in watertdapd not
in decreasing water depths. This association stg¢jeat an abundance of superimposed bedformg isnigue to
dune decay by cannibalisation, but related to eqdigibrium between dune geometry and the flow dierstoss
slope. Fuller understanding of the causes for,camdtraints on, dune adaptation to changing flegsires robust
quantification of the flow field over out-of-equblium dunes.

1. INTRODUCTION the passage of a flood wave (Figure 1). Water-
surface slope commonly increases during the

Bedforms in river channels perpetually adjust taarrival of a flood wave, such that the maximum
non-uniform and unsteady flow conditions, withbed shear stress precedes the maximum water level
marked changes in flow causing hysteresis-effectior a given flood (Van Rijn, 1994). In contrast,

in bed roughness, sediment transport rates arwlater surface slope and bed shear stress decline
morphodynamic  adjustments. Recent workprior to absolute flow depth during falling stage
indicates that the reduction in dune size througlgFigure 1). The separation of water surface slope
cannibalization (e.g. Kleinhans, 2002) by smallerand depth supports a separationtafe hysteresis
superimposed dunes differs fundamentally fromof different bedform growth and decay processes
bedform amalgamation during dune growth(Martin and Jerolmack, 2013)rate-dependent
(Coleman and Melville 1994; Raudkivi and Witte, hysteresisrelated to the time needed for bedform
1990). Such differences are consistent withadaptation to reach an equilibrium form (Paarlberg
changes in water-surface slope and absolute floet al, 2010; McElroy and Mohrig, 2007), and
depth being out-of-phase with one another duringhaturally variability’ in dune geometries (Parsons

215



Marine and River Dune Dynamics — MARID IV — 15 &Alfril 2013 - Bruges, Belgium

et al, 2005; Rubin and McCulloch, 1980). The section at repeat intervals of 7.5 and 300 s
shape of flood waves and the phase-relatiothroughout the 120 hrs of experiments using a
between water surface slope and water deptmulti-frequency (1, 2 and 4 MHz) acoustic
varies between floods from highly asymmetricalbackscatter profiler that measured bed elevation
flash-floods to monthly changes in base-flow. Intogether with suspended sediment concentration.
addition to such temporal variability related toVertical resolution of the bed elevation
flood waves, the magnitudes of changes in flonmeasurements was 2.5 mm and horizontal
depth and water surface slope differ i) within aresolution was 5 mm.

river channel between the deeper areas, such as the
thalweg, and shallower areas such as bar toj

L
where depth increases are much larger, and i o Leak o .
along a the course of a river from steep anc 5|~ .
shallow tributaries to a comparatively deep anc 2 —
low-gradient river mouth. In order to understand B
the morphodynamic response of river beds tc © £ Fioed wave peak
transient flows, it is necessary to identify the 3 ﬁ
mechanisms of erosion and deposition associate & Base-line warer surface
with adaptions to changing water depths and wate = ——————>
surface slopes. C

3

=]
This paper presents preliminary results from ¢ @ Maximum water !
series of laboratory experiments in which bedforrr E surface slope .

response was measured for different magnitudes -
changes in water depth and discharge (flov
velocity).

2. METHODS T
A recirculating flume 16m long, 2m wide and
0.5m deep was constructed in the Tota
Environment Simulator in The Deep at the
University of Hull, UK. The flume contained a
sand bed with a § of 239um. The experimental
runs covered a range of transient conditions, whetr
the magnitudes and rates of change in discharg
(and hence flow velocity) and depth were carefully Water surface slope
controlled and systematically increased andFigure 1. The passage of a flood wave at a locatian
decreased. In this paper, we present data from: fijne (A) and at a time over a downstream distame (
an increase water depth for a fixed discharge; 2) laoth result in a water surface slope (C) that isafu
decrease in water depth for a fixed dischargen3) ahase with water depth at a location (A). This Hept
increase in d|Scharge for a fixed water depth, analope aSSOCiation-aﬂ:eCtS the nature of alluviahedu
4) a decrease in discharge for a fixed water depti§rowth and decay in unsteady flows (D).
Water-depth and water surface slope were
measured along the flume at 2Hz using 7 wave 3. RESULTS
height probes. Flow velocity was measured at 25

Hz with 4 ADV's set at 40% of the water depth atrOUr Step-wise changes in flow conditions (Figure
4 locations in the test section to provide a ) are described herein to illustrate differenaes i

approximation of the depth average flow velocity.&dform adaptation that were observed during the
Froude numbers were calculated using the deptfgXPeriments for:

averaged flow velocity measured with the 4 ADVs. 1) anincrease in flow depth

Bed elevation was measured over a 5 m test 2) adecreasein flow depth

Wiaterdepth

Maximum water
surfoce siope

Minimum water
surfoce siope

Dunedecay
Dune growth

fow
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3) adecrease in discharge (flow velocity) 0.175 m caused an increase in water surface slope

4) anincrease in discharge (flow velocity)  from -1.4 + 0.5 *1G to -2.1 + 0.8 *10 and an
The flow was kept within the limits of the stahjlit increase in the Froude number from 0.49 to 0.53.
range of dunes. The effects on the morphology of
these changes in flow are then compared below. 3.4.Decrease in discharge (flow velocity)

A decrease in flow velocity was followed by a

3.1. Increase in flow depth decrease in dune migration rate and an increase in
An increase in water depth was followed by athe number superimposed bedforms (Figure 2D,
decrease in dune migration rate, a decrease lbels 1-2). The development of a train of
trough scour, and the development of trains osuperimposed bedforms occurred in an area where
superimposed bedforms on the stoss slopes of twibe crest-to-crest distance had increased following
dunes (Figure 2A, Label 2). The presence of thesdée merger of bedforms upstream. The decrease in
two new clusters of smaller superimposeddischarge presented here, from 2.2 to 2.0'ratsa
bedforms was also linked to preceding merger ofixed water depth of 0.175 m caused a decrease in
bedforms upstream (Figure 2A, Label 1). Thewater surface slope from -1.6 + 0.8 S -1.4 +
superimposed bedforms gradually decreased if.7 *10° and a change in the Froude number from
number and increased in height and length until the.56 to 0.52.
dune-bed had re-established itself at a new
condition. Dune trough scour decreased following 4. DISCUSSION
the increase in flow depth (Figure 2A, Label 3).

The depth increase presented here was a 30% 4 1. Bedform adaptation and bedform
increase in flow depth, from 0.175 to 0.225m. This stability in spatially variable flow

increase in flow depth caused a decrease in watg§,o ausal association of bedform response to
sursface slope from 19 £0.6*100-1.2+0.4* changes in flow is complicated by naturally
10° and a decrease in the Froude number frochcurring variability in bed morphology af
0.59 10 0.50. different locations in the stability range of dunes
) (Van den Berg and Van Gelder, 1993) and dune
3.2. Decrease in flow depth kinematics (Gabel, 1993; Leclair and Bridge;
A decrease in water depth was followed by arppp2). For example, the distinct increase in
increase in trough scour (Figure 2B, Label 4) and guperimposed bedforms (Figure 2, Label 2)
lengthening of the dunes (Figure 2B, Label 5)occurred following decreases in dimensionless bed
Trains of superimposed bedforms remained abseghear stress and hence the bed becoming nearer to
during the decrease, and merger of bedforms wage stability range of ripple-covered beds. Under
not followed by the development of superimposedhese conditions, closer to the stability range of
bedforms on the downstream bedforms. Thejpple-covered beds, flow can be hydraulically
decrease in flow depth presented here was &mnooth locally on dune stoss slopes even though
reversal in flow depth from 0.175 back to 0.225m¢jime- and space-averaged flow remains
This decrease in water depth caused an increaserpdraulically rough (Bridge, 2003; Reesink and
water surface slope from -1.6 + 0.5 ¥ -2.3 + Bridge, 2009). Such localised hydraulically
0.8 *10% and an increase in the Froude numbegmooth flow allows ripples to develop, and
from 0.46 to 0.58. potentially even persist, outside their stabiligid
if the separated flow in their lee is sufficiently
3.3. Increase in discharge (flow velocity)  erosive. Thus, dune adaptation is likely to vary
An increase in flow velocity was followed by an depending on bedform stability, which varies
increase in dune migration rate, an increase iBpatially over bedforms that are sufficiently large
scour depth (Figure 2C, Label 4) and crest heighih size.
of the dunes (Figure 2C, Label 6), and a reduction
in the number and size of superimposed bedforms. 4.2 Bedform adaptation, local flow

The increase in discharge (velocity) presented conditions and dune kinematics
here, from 1.8 to 0.2 ni'sat a fixed water depth of

217



Marine and River Dune Dynamics — MARID IV — 15 &Alfril 2013 - Bruges, Belgium

In addition to differences in bedform stabilityeth 4.4, Separate effects of water depth and
development of trains of superimposed bedforms water surface slope?
was associated with preceding merger of duneghe magnitudes of adaptation effects (increased
upstream from the newly developed bedformsyperimposition, trough scour, increase in crest
(Figure 2, Label 1). The merger of two bedformSheight, bedform lengthening) were more
generates a gap in the crest-to-crest spacingeof thyronounced for the changes in water depth
primary bedforms. Trains of superimposedcompared to the changes in discharge/velocity
bedforms form preferentially in such enlarged(Figure 2), even though all the investigated
areas of flow deceleration. Thus, the resultghanges represented significant steps within the
indicate that antecedent bed morphology andtapility range of dunes. Flow velocity and water
kinematics affect the location and frequency ofdepth have different effects on the geometry and
processes such as cannibalisation of large dunes Byength of the separated flow and re-establishing
smaller bedforms. boundary layer (Balachandat al, 2007), and
such differences may explain the differences in
4.3.Superimposition as an adaptationbed response to changing flow. Further research is
mechanism needed to improve our understanding of out-of-
Superimposition of bedforms, like other changes irequilibrium flow over dunes, in particular the
bedform geometry, is non-unique and occursature of the separated flow and re-establishing
naturally in any dune population. However,boundary layer on the stoss of downstream
increased superimposition of smaller bedforms otedforms (Unsworth et al., this volume) and its
dunes has been described as a mechanism fasle in initiating and sustaining, or supressing,
growth by amalgamation (Raudkivi and Witte, superimposed bedforms.
1990), as a mechanism for decay by
cannibalisation (Kleinhans, 2002; Martin and 5 CONCLUSIONS

Jerolmack, 2013), and as a characteristic of the 1§ apsoiyte and relative magnitudes of water
eStag.)“Shm% boundaﬁry hlayer on the stoss SIOggurface slope and water depth differ spatially glon

(Rubin and McCulloch, 1980). Superimposedyer channels and temporally between different
Sfood waves. These temporal changes are known to

through modification and interactions of COheremexhibit significant out-of-phase behaviour in which

flow fle(ljds O\ferzogzdforms . of hvgrl_ous scales maximum water surface slope precedes maximum
(Fernandezt al, )- Despite their importance, \ ater depth. In the experiments presented herein,

the . hydroc(ijyrtl)a?ic Conérolsl thag aII_ow the morphodynamics of dune growth and decay are
superimposed bedforms to develop and persist Olyyinted to four factors: i) the bedform stalilit
dune stoss slopes are poorly constralned._ In theg nge, ii) spatial variability in bedform stability
experiments, the development of superimposeg “oqform  kinematics, and iv) the relative

.emagnitudes of water surface slope and depth.
. r]\/Iorphology was more sensitive to changes in
areas where the crest-to-crest distance Wagaier depth than flow velocity. In particular, the

relatively - high. ~ Overall ~ dune  dimensions yo,/e|0oment of trains of superimposed bedforms
.ultlmately. increased as a consequence of thSn the stoss of larger dunes was observed
increase in flow depth (Figure 2A). Conversel.)/’following an increase in water depth as opposed to

:jn't'al mt(:jref?se dm gune length obse_rveg N5 decrease in discharge, and was associated with
ecreased flow depths were not assoclated Witho o f fiow deceleration that were enlarged by

increased bedform su_perimposition. Thus, th receding merger of dunesThis association
results of the experiments - suggest th_at a uggests that an abundance of superimposed
abyndance of superimposed be_dfo_rms. IS NYedforms is not uniqgue to dune decay by
unique to dune decay by cannibalisation, bup,nnibajisation, but related to a disequilibrium
related to a disequilibrium between primary dune, nveen primary dune geometry and flow over the
geometry and flow over the stoss slope. stoss slope. Fuller understanding of the causes for
and constraints on, dune adaptation to changing
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flows awaits quantification of the flow field over Reesink, A.J.H. & Bridge, J.S., 2009, Influence of

out-of-equilibrium dunes. bedform superimposition and flow unsteadiness on
the formation of cross strata in dunes and unis bar
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Figure 2. Plots of consecutive bed elevation peefibver time: A) an increase in water depth, Beerehse in water
depth, C) an increase in discharge, and D) a dsereadischarge. The background-colour represerdsetevation.
Arrows indicate the point of change, and labelsdai® the effects of this change on the morpholddydune
merger, 2) increased superimposition of bedformsdé&creased trough scour, 4) increased trough scgur
lengthening of dunes, and 6) increased dune height.
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