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Abstract

Knickpoints often form in bedrock rivers in response to base level lowering. These
knickpoints can migrate upstream without dissipating. In the case of alluvial rivers, an
impulsive lowering of base level due to, for example, a fault associated with an earth-
quake or dam removal commonly produces smooth, upstream-progressing degrada-
tion. The knickpoint associated with suddenly lowered base level quickly dissipates.
Here, however, we use experiments to demonstrate that, under conditions of Froude-
supercritical flow over an alluvial bed, suddenly lowered base level can lead to the
formation of upstream-migrating knickpoints that do not dissipate. The base level fall
can generate a single knickpoint or multiple knickpoints. Multiple knickpoints take the
form of cyclic steps (i.e., trains of upstream-migrating bedforms, each bounded by a
hydraulic jump upstream and downstream). In our experiments, trains of knickpoints
were transient, eventually migrating out of the alluvial reach as the bed evolved to a
new equilibrium state regulated with lowered base level. Thus the allogenic perturba-
tion of lowered base level can trigger the autogenic generation of multiple knickpoints,
which are sustained until the alluvial reach recovers a graded state.

1 Introduction

Knickpoints are zones of locally steepened bed slope in the long profiles of rivers. They
are most commonly observed in rivers incising into bedrock (e.g., Crosby and Whipple,
2006) or a cohesive substrate (e.g., Papanicolaou et al., 2008). When sufficiently sharp,
they take the form of waterfalls or headcuts (e.g., Hayakawa and Matsukura, 2003;
Bennett and Alonso, 2006). They may also be manifested, however, as less steep
knick zones (Hayakawa and Oguchi, 2006). Although the position of a knickpoint can
stabilize in some cases (e.g., Bennett et al., 2006), a migrating knickpoint invariably
recedes upstream (e.g., the analysis of 236 knickpoints in Crosby and Whipple, 2006).
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Knickpoint formation and migration has been modeled successfully in laboratory ex-
periments using a model bedrock or cohesive material. Knickpoints are usually initiated
by emplacing an initial knick zone along a channel, making a step elevation drop at the
downstream end or impulsively lowering base level at some point during the exper-
iment. Gardner (1983) found that knickpoints in homogeneous model bedrock gen-
erated by successive base level drops tended to decay as they migrated upstream.
Numerous studies, however, have shown that in cases with heterogeneous model
bedrock (e.g., alternating cohesive and noncohesive layers), knickpoints can evolve
to an approximately self-preserving state as they migrate upstream (e.g., Holland and
Pickup, 1976; Stein and LaTray, 2002). Hasbargen and Paola (2000) observed the au-
togenic formation and regression of successive knickpoints in a homogeneous model
bedrock as base level was lowered at a constant rate. These knickpoints seem likely
due to mechanism of incisional cyclic steps studied theoretically by Parker and Izumi
(2000), observed experimentally in a homogeneous model bedrock by Brooks (2000)
and formed by turbidity currents by Toniolo and Cantelli (2007).

Experiments that aim to produce knickpoints or knick zones have also been per-
formed in noncohesive sediment. Brush and Wolman (1960) found that an oversteep-
ened reach dissipated under such conditions. Lee and Hwang (1994), supporting this
notion, further found that an initially vertical face created by base level lowering tended
to decay rapidly in time as the bed degraded, so that a knickpoint was not formed. Can-
telli et al. (2004, 2008) verified this result in the course of experimental and numerical
studies of dam removal.

Under the right conditions of Froude-supercritical flow, multiple knickpoints can form
under quasi-equilibrium conditions (Winterwerp et al, 1992; Taki et al., 2005; Yokokawa
et al., 2011). These knickpoints take the form of cyclic steps (i.e., trains of upstream-
migrating bedforms, each bounded by hydraulic jumps) and can form under conditions
of constant stationary base level, with new steps forming at the downstream end of
the reach as previously formed steps migrate out of the reach. Muto et al. (2012) have
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observed similar quasi-equilibrium trains of cyclic steps on the alluvial top set of pro-
grading deltas.

Here we document experiments demonstrating the autogenic formation of transient
trains of upstream-migrating knickpoints in noncohesive alluvium, triggered by an im-
pulsive lowering of base level. That is, multiple knickpoints, in the form of cyclic steps,
can be autogenically generated in response to the perturbation of sudden base level
drop. Such autogenic knickpoints eventually disappear as the alluvial reach regrades
to lowered base level.

2 Experimental setup and procedures

Physical experiments to explore the autogenic response of alluvial rivers to a discrete
drop in base level were performed with experimental facilities at Nagasaki University.
An alluvial river was built within a narrow, transparent acrylic flume with a length of
4.3 m and a width of 2.0 cm. The bed of the flume had a slope of 0.218 (7.1°); it defined
the basement on top of which an alluvial reach with a lower slope formed. The flume
was suspended inside a larger glass-walled tank with a length of 4.5m, a depth of
1.3m and a width of 1.0m (Fig. 1a). The flow in the flume was subaerial, with water
draining into ponded water in the tank over a free overfall created by a weir.

This weir was located 2.8 m downstream of the upstream end of the flume. It was
composed of two essential parts: the 15cm high lower portion that was fixed to the
flume floor, and the removable upper portion that was 2.5¢cm, 5.0cm, 7.5¢cm, 10.0cm
or 15.0cm in height. Removal of this upper portion was a simulation of an instanta-
neous base level fall that varied runs.

Prior to the onset of each run, the alluvial river upstream of the weir aggraded with
sediment and water supplied at constant rates from the upstream end of the flume.
This was done until the alluvial river became graded (i.e., a perfect sediment-bypass
system associated with no net erosion and no net deposition). This experimental al-
luvial configuration was similar, but not identical, to that used by Muto and Swenson
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(2006), who used the same tank facilities to build a graded river in a deltaic system. In
the experiments reported here, base level was maintained by weir as a free overfall,
whereas in the experiments of Muto and Swenson (2006), water surface functioned as
base level and was continuously lowered at a constant rate. In the latter experiments,
a graded state was attained in a moving-boundary system, in which sediment feed to
the alluvial top set of the model river allowed continued delta progradation.

The alluvial deposit always had a slope that was significantly lower than the base-
ment. Because of this, the upstream end of the alluvial reach was characterized by a
relatively sharp alluvial-basement transition (Fig. 1a; Muto, 2001). This transition mi-
grated either upstream or downstream during the approach to grade, but stabilized
when grade was attained. This inherent behavior of the alluvial-basement transition
was recognized in the experiments of Muto and Swenson (2005a, 2006) where alluvial
grade was sustained in a deltaic, moving-boundary system.

In each run of the present experiments, after grade was attained, the upper portion of
the weir was removed so as to cause sudden base level drop, and force the generation
of a knickpoint at the downstream end of the alluvial reach. Water and sediment feed
rates were kept constant at particular values during the entire run (i.e., both before and
after weir removal). Each run was continued until the alluvial river recovered a graded
configuration that was regulated with the top of the new, lower weir. The recovery of
grade was judged by the standstill of alluvial-basement transition and the straightness
of the river profile (Muto and Swenson, 2005b).

The behavior of the knickpoint so generated in each experiment was recorded in
digital images that were taken every five seconds. These images were later analyzed
using digital processing tools available in Matlab. More specifically, artificial light was
allocated to each pixel of the image so as to enhance the color contrast between the
flowing water and the bed. The numeric matrix of each pixel color was filtered with a
threshold chosen to transform the layer of flowing water to white and the remainder of
the image to black (Fig. 1b).
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The image was then rotated by an angle equal to the initial delta top set slope in
order to highlight the elevation drop across a knickpoint (Fig. 1d). A close-up image of
the knickpoint highlights the spatial change in water depth (Fig. 1e). Due to the small
scale of the experiment, no direct flow measurements were performed. However, flow
depths detected by digital image analysis were found to be within the range of 1-4 mm.

All runs were performed using sediments with a density of 2.65¢g cm™ and a median
size Dy, of 0.2 mm. Sediment discharge Q, was kept constant at 0.90g s™'. Eight runs
were conducted using different drops in weir height and different water discharges
Q,,- In four of these (Runs 1 to 4), the drop in weir height AH was held constant at
5.0cm, but Q,, was varied. In the other four (Runs 5-8), Q,, was held constant, but the
drop in weir height was varied. Table 1 summarizes the combinations of experimental
conditions.

Due to the narrowness of the flume, the alluvial bed was always completely inundated
by water.

3 Results of the experiments

In all eight experiments, a single perturbation caused by the sudden removal of the
top portion of the weir generated multiple knickpoints. A common pattern of knickpoint
formation and subsequent upstream migration is well represented by Run 3 (Fig. 2).
At time t = 30s, significant erosion without a definable knickpoint occurs in the prox-
imity of the weir right after removal of the top weir (Fig. 2a). This event represents
the initiation of knickpoint formation. At t = 220 s (Fig. 2b) erosion and lowering of the
alluvial bed propagates upstream, but the alluvial slopes are still gentle overall, with
no sharp knickpoint. By t = 370s (Fig. 2c), a knickpoint with a sharp face develops,
and by t = 450s (Fig. 2d), the knickpoint is well-defined. It continues to propagate up-
stream until it reaches the alluvial-basement transition, as documented in Fig. 2e—g
(t=520s,670s, 760s). The arrival of this first knickpoint at the alluvial-basement tran-
sition, however, does not correspond to the attainment of a new graded state of the
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river. Instead, it is followed by intermittent arrival of multiple knickpoints, with the river
eventually recovering grade only after the last knickpoint has migrated out of the reach.

Substantially, the same process of multiple knickpoint formation and migration was
observed in Runs 2, 4, 5, 6 and 7. In Runs 1 and 8, where only a single knickpoint was
created by the removal of the upper weir, the bed slope first rotated to become steeper,
and then rotated to become gentler again to re-approach grade. While the reason for
this different behavior is not clear, it is worth noting that (a) Run 1 was conducted with
a very low value of Q,, and (b) Run 8 was conducted with the highest value of weir
height lowering AH (i.e., 15cm), causing the loss of a very large volume of sediment
as soon as the weir was removed.

Figure 3 shows the geomorphic evolution of the alluvial reach observed in Run 2. In
the figure, change in elevation relative to the initial alluvial plane is expressed in terms
of index color. The coordinate system has been rotated to be parallel to the initial
alluvial graded profile in order to highlight the elevation difference at each knickpoint.
For the purposes of plotting, the datum of the coordinate system has been arbitrarily
placed 0.98 m downward normal below the initial bed profile. Thus an “elevation” of, for
example, 0.94 m corresponds to 4 cm downward normal from the initial bed profile. The
bottom axis shows time, the left vertical axis distance downstream of the feed point, and
the color bar next to the right axis documents “elevation” above the arbitrary datum. The
plot includes a time interval of 120 s before t = 0, when the weir was lowered by 5cm to
an “elevation” of 0.93 m. This has been done to show a graded profile prevailing before
the lowering of the weir. A series of five prominent knickpoints, along with two weaker
knickpoints, can be seen to be migrating upstream.

Figure 3 shows that the first knickpoint (knickpoint 1) took 370 s to migrate upstream
over the entire alluvial reach (2.3 m long) to the alluvial-basement transition. The av-
erage rate of migration was thus 6 mm s, Immediately after the knickpoint reached
the alluvial-basement transition, the alluvial reach was modestly reduced in length to
2.20m.
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Four more prominent knickpoints formed: knickpoint 2 at t = 250 s, knickpoint 3 at
t =510s, knickpoint 4 at t = 1125 s and knickpoint 5 at t = 1810 s. The migration rate of
these knickpoints varied between 5 and 7.5 mm s~'. Two weak knickpoints, which were
generated between knickpoints 3 and 4 (Fig. 3), are labeled as knickpoints 3a and 4a.
These were accompanied by a relatively insignificant change in elevation. They formed
in the middle of the alluvial reach rather than at the downstream weir, and had a higher
migration velocity of about 10 mm s,

The elevation and length of the alluvial reach decreased during this process, and
then gradually returned to the values characteristic of the graded state. The time in-
terval and distance between knickpoint occurrences increased in time, as illustrated in
Fig. 3 with black arrows.

Table 2 summarizes our observations of the knickpoints. The headings have the fol-
lowing meanings. In most cases, “start time” is the time when the knickpoint was initi-
ated at the weir. Some knickpoints, however, formed upstream of the weir. “End time” is
the time when the knickpoint vanished; this usually but not always corresponds to the
time when the knickpoint reached the alluvial-basement transition. “Runout” denotes
the distance the knickpoint traveled. “Volume” denotes the total volume of sediment
removed from the initial graded state to the final graded state.

The numbers of knickpoints that formed are as follows. Run 1: 1, Run 2: 5 strong
and 2 weak, Run 3: 2, Run 4: 2, Run 5: 1, Run 6: 6, Run 7: 2 and Run 8: 1. Thus
multiple knickpoints formed in most of the runs. The column “Alluvial length” in Table 2
documents how the alluvial reach shortened as knickpoints formed and migrated up-
stream. The alluvial length at the final grade is shorter than that at antecedent grade
because for the same bed slope, a decrease in weir height results in a shorter distance
from weir to the intersection with the basement. Otherwise, there was no significant
difference between the final and antecedent graded states of the river.

Runs 1—4 were conducted with the same weir height lowering (5 cm), but with differ-
ent water discharges Q,, (raging from 3.74 to 15.34 mL s~ in order of run). As noted
above, the alluvial reach must be shorter at final equilibrium than antecedent equilib-

490

Jaded uoissnosiq

Jaded uoissnosiq

| J1adeq uoissnosiq

Jaded uoissnosiq

ESURFD
1, 483-501, 2013

Multiple knickpoints
in an alluvial river

A. Cantelli and T. Muto

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®


http://www.earth-surf-dynam-discuss.net
http://www.earth-surf-dynam-discuss.net/1/483/2013/esurfd-1-483-2013-print.pdf
http://www.earth-surf-dynam-discuss.net/1/483/2013/esurfd-1-483-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

rium, because a lower weir height at the same alluvial bed slope causes the alluviated
reach to intersect the steeper basement farther downstream. In the absence of knick-
points, it might be thought that the alluvial length would decrease continuously in time.
Figure 4 shows that this was indeed the case for Run 8, for which only one weak knick-
point formed, and later dissipated before reaching the alluvial-bedrock transition (see
Table 2). In all the other runs, however, the decrease of alluvial length was sharply
discontinuous in time, with a sudden drop corresponding to the arrival time of a step at
the alluvial-basement transition.

4 Discussion and conclusions

Although detailed measurements of flow were not conducted during the experiments,
the flow was manifestly Froude-supercritical, both at the graded and transient states.
Froude-supercritical flow can generate a variety of bed states in alluvium, including
plane beds, upstream- or downstream-migrating antidunes and cyclic steps. For a
phase diagram of these bedforms, see Muto et al. (2012). Under the right conditions,
upstream-migrating cyclic steps of permanent (rather than transient) form can manifest
themselves in terms of trains of sharp knickpoints (Taki and Parker, 2005; Yokokawa et
al., 2011).

In our experiments, the graded state was in the plane-bed regime. The transient
trains of knickpoints caused by sudden base level drop, however, also manifested
themselves as sharp cyclic steps, each bounded by hydraulic jumps that were readily
evident with the naked eye. We thus demonstrate for the first time that a single, sud-
den lowering of base level can generate a transient series of knickpoints. Although our
experiments were in the Froude-supercritical range, they were evidently outside the
range for the formation of permanent trains of knickpoints. The allogenic perturbation
of impulsive base level lowering, however, triggered an autogenic, transient response
in terms of multiple knickpoints, taking the form of cyclic steps.
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In the experiments reported here, an alluvial reach of a model river was bounded
upstream by a transition to a steeper basement platform, and downstream by a weir.
We first formed a graded channel with constant water and sediment feed rates, and
then impulsively reduced the height of the weir. The model river eventually evolved
to exactly the same graded state as the antecedent one, the only difference between
the initial and final states of the river being a shortening of the alluvial reach. This
shortening was mediated by lower base level; the same slope profile originating from a
lower base level intersects the steeper basement platform farther downstream.

In two out of eight experiments, the evolution to the new equilibrium was mediated
by the upstream migration of a single knickpoint. In one of these two experiments,
the knickpoint was weak, and dissipated before reaching the alluvial-basement transi-
tion; in the second of these, the knickpoint reached the alluvial-basement transition. In
the rest (i.e., six runs), transient evolution of the alluvial reach was mediated by two
to six consecutively forming knickpoints, all of which eventually reached the alluvial-
basement transition.

When multiple steps formed, the process by which equilibrium was restored at lower
base level did not consist of a continuous shortening of the alluvial reach, but instead
was characterized by a series of discrete reductions, each associated with the arrival
of a step at the alluvial-basement transition. Thus there can be at least three modes
of response of an alluvial river to impulsively lowered base level: bed degradation with-
out knickpoints (Gardner, 1983), degradation mediated by a single transient knickpoint
(Gardner, 1983, and also the present experiment illustrated with Runs 1 and 8), and
bed degradation mediated by a train of transient knickpoints (as illustrated with Runs 2—
7).
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Table 1. List of the experimental conditions.

Upstream

Sediment water Mean grain Drop of base Graded

feed rate  discharge size level Slope

Q (gs™) Qu(gs™) Q/Q, Ds(mm)  AH(em) %
Run1 0.90 3.74 0.24 0.2 5.0 7.5
Run2 0.90 6.34 0.14 0.2 5.0 7.2
Run3 0.90 7.42 0.12 0.2 5.0 6.1
Run4 0.90 15.34 0.06 0.2 5.0 4.0
Run5 0.90 7.25 0.12 0.2 25 6.2
Run6 0.90 7.19 0.13 0.2 7.5 5.7
Run?7 0.90 7.30 0.12 0.2 10.0 5.3
Run8 0.90 7.14 0.13 0.2 15.0 5.3
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Table 2. Characteristics of the knickpoints.

ESURFD
1, 483-501, 2013

Alluvial  Velocity of
Knickpoint # Starttime Endtime Runout length  migration Weir height Volume  Note
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Alluvial basement
transition

Fixed Weir
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-ﬂ 200M Water Surface

o »
= i _,__af Bedauie

Fig. 1. (a) Experimental setup showing the flume, the deposit and the weir; (b) cropped image
used for data imaging elaboration; (c¢) digital image obtained by applying the color threshold
to the original image, showing the contrast between white and black that allowed extraction of
water depth; (d) the same image, rotated to be parallel to the top set before weir removal; (e)
magnified image of the knickpoint area; some extraneous spots are present due to reflections
from the glass of the flume wall.
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Fig. 3. Geomorphic evolution of the alluvial reach in Run 2. Plot illustrating the upstream mi-
gration of five prominent knickpoints, and two weak knickpoints, in response to the lowering of
the weir by 5cm at £ = 0. The run in question is Fig. 2. The bottom axis is time-elapsed after
the removal of the upper weir. For the 120 s preceding t = 0, the entire alluvial river was graded
(i.e., antecedent graded profile). Color index bar to the right documents relative bed elevation.
See text for further explanation.
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Fig. 4. Plots of the time variation of alluvial length for each experiment.
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