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ABSTRACT:  Alluvial fans are dynamic landforms, the evolution of which is controlled by both external environmental forcing
(climate, tectonics and base level change) and internal process-form feedbacks. The latter include changes in flow configuration
(between sheetflow and channelized flow states), driven by aggradation and degradation, which may in turn promote changes in
sediment transport capacity. Recent numerical modelling indicates that such feedbacks may lead to dramatic and persistent fan
entrenchment in the absence of external forcing. However, the parameterization of flow width within such models is untested to
date and is subject to considerable uncertainty. This paper presents results from an experimental study of flow width dynamics on
an aggrading fan in which spatial and temporal patterns of fan inundation are monitored continuously using analysis of digital
vertical photography. Observed flow widths are compared with results from a simple theoretical model developed for non-
equilibrium (aggradational) conditions. Results demonstrate that the theoretical model is capable of capturing the first-order
characteristics of width adjustment over the course of the experiment, and indicate that flow width is a function of fan
aggradation rate. This illustrates that models of alluvial flow width derived for equilibrium conditions may have limited utility in
non-equilibrium situations, despite their widespread use to date. Copyright © 2009 John Wiley & Sons, Ltd.
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Introduction

The relative importance of autogenic and allogenic controls
on landscape evolution is a topic of ongoing debate in fluvial
geomorphology and has received much recent attention (Francis,
2006; Muto and Swenson, 2006; Kim and Muto, 2007; Nicholas
and Quine, 2007; Stouthamer and Berendsen, 2007; Kim and
Jerolmack, 2008). However, in field settings, where records of
past environmental change are fragmentory and understanding
of geomorphic processes is incomplete, disentangling the
effects of environmental forcing (e.g. climate, tectonics and
base level change) from internally-driven process-form feedbacks
is often problematic. Previous studies of alluvial fans have
demonstrated that these landforms afford considerable potential
to contribute to this debate, not least because their limited

Figure 1. Entrenched tributary fan in the Avoca Valley, South Island,

extent (length) may promote relatively rapid and complex
response to both internal and external perturbations (Hooke
and Dorn, 1992; Harvey, 2002a; Viseras et al., 2003). Field-
based interpretation of fan morphology and stratigraphy has
often emphasized the role of external environmental forcing
(Ritter et al., 1995; Whipple and Trayler, 1996, Harvey, 2002b;
Hartley et al., 2005; Harvey, 2005). For example, Figure 1
shows a heavily entrenched tributary fan in the Avoca Valley,
South Island, New Zealand, which could be interpreted to
reflect a para-glacial decline in sediment supply (cf. Church
and Ryder, 1972) and an associated drop in base level
resulting from vertical or lateral erosion within the main
valley floor to which the fan is coupled.

New Zealand. Fan length is c. 1-1 km. Fan apex elevations for
extensive high early post-glacial surface and contemporary channel
are c. 90 m and 40 m, respectively.

Numerical and physical modelling has shown that
autogenic mechanisms may drive complex fluvial responses
to external forcing (Schumm and Parker, 1973; Humphrey
and Heller, 1995; Coulthard et al., 2002), and promote short-
term, localized erosion and sedimentation on fans (Schumm
et al., 1987; Whipple et al., 1998). More recently, Nicholas and
Quine (2007) have shown that internal dynamics associated
with a transition from sheetflow dominated conditions to
channelized flow might drive dramatic and persistent fan
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Figure 2. Alluvial fan morphology simulated by the numerical
model of Nicholas and Quine (2007). In this 18 000 year simulation,
a period of fan progradation and stabilization (at the level of the
upper surface shown in this diagram) is followed by large-scale fan
entrenchment that is a product of internally-driven feedbacks between
fan size, aggradation rate, flow width and sediment transport capacity.
Superimposed on this long-term degradational trend, short-term (decadal
to centennial scale) fluctuations in water and sediment supply promote
the formation of a complex sequence of unpaired terraces.

entrenchment as a natural consequence of declining aggradation
rates associated with fan growth. Figure 2 shows results from
a simulation of the case where tributary fan progradation is
limited by coupling to a larger fluvial system in the main trunk
valley. Declining aggradation rates result from increasing
fan area during progradation and, following coupling to the
main valley floor, lack of accommodation space. This in turn
promotes a reduction in total flow width on the fan and an
increase in sediment transport capacity that initiates incision,
leading to the entrenchment seen in Figure 2. The resulting
flow narrowing (channelization) and associated degradation
is distinct (in both magnitude and longevity) from the short-
term, small-scale cyclicity evident in past physical modelling
studies (Schumm et al., 1987; Whipple et al,, 1998) and
might promote fan entrenchment in natural environments in
the absence of either climatic or tectonic forcing. However, at
present this possibility remains an untested hypothesis that
hinges on dynamic changes in flow configuration during fan
evolution, and more specifically in the model formulation
presented by Nicholas and Quine (2007), on the relationship
between active flow width and rate of fan aggradation.
Unfortunately, understanding of the controls on the width
and configuration of flow in rivers and on fans under non-
equilibrium conditions remains incomplete. Consequently,
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Figure 3.

existing quantitative models typically represent alluvial flow
width using hydraulic geometry relationships (Clevis et al., 2003),
equilibrium theory (Parker et al., 1998), or as a prescribed
boundary condition (Kim and Jerolmack, 2008). Here we present
preliminary results from an experimental study designed to
quantify spatial and temporal changes in flow configuration
during alluvial fan construction, and compare these data with the
non-equilibrium flow width model of Nicholas and Quine (2007).

Theoretical Modelling of Flow Width on
Alluvial Fans

Flow width is an important variable in any model of geomorphic
processes, in part because it is a key control on sediment
transport rate. Consequently, changes in flow width, due to
aggradation or degradation, may promote feedbacks by either
enhancing or suppressing sediment transport. Relatively little
attention has been given to the problem of modelling (predicting)
flow width on alluvial fans for either equilibrium or non-
equilibrium conditions. Parker et al. (1998) present two
alternative models for representing flow width on fans under
conditions of equilibrium aggradation (where fan aggradation
is balanced by basin subsidence). The first model applies to
the case of sheetflow dominated fans and assumes that flow
occupies a constant fraction of the fan as one moves downfan
(referred to as the expanding sheetflow model). The second
model applies to the case of channelized flow (for both single
and multi-thread channel systems) and is based on the assump-
tion that the dimensionless shear stress within the channel will
equal a constant multiple (c. 1-4) of the critical dimensionless
shear stress (Parker, 1978). This well known width closure model
for alluvial channels is supported by considerable empirical
evidence (cf. Parker et al., 1998). When combined with appro-
priate equations representing mass continuity, flow resistance
(e.g. a Manning-Strickler law) and sediment transport (e.g. a
Meyer-Peter and Muller relation) it implies that flow width
is proportional to sediment transport rate. In the case of fans
experiencing equilibrium aggradation (defined earlier) this
implies a reduction in flow width downfan driven by the
declining sediment transport rate that results from upfan
aggradation (Parker et al., 1998). Typical relationships between
fractional flow width (flow width divided by fan width) and
distance downfan for these two models are shown in Figure 3(a).
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Relationships between fractional flow width (flow width divided by fan width) and fractional distance downfan (distance divided by

fan length) for a range of simple theoretical models. (a) Dashed and solid lines represent, respectively, the expanding sheetflow model and
channelized flow model of Parker et al. (1998). Channelized flow solutions are shown for fan aggradation rates that increase from bottom to top
by two-orders of magnitude (i.e. in relative terms these solutions represent aggradation rates of 1, 10 and 100). (b) Relationships derived using
Equations 1 to 5 presented in this article. Solutions are shown for discharges that increase from bottom to top (in relative terms these solutions

represent water discharges of 1, 4 and 16).

Copyright © 2009 John Wiley & Sons, Ltd.
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Nicholas and Quine (2007) present an alternative model
for representing (predicting) flow width on alluvial fans,
motivated by the need to examine non-equilibrium conditions,
and so to represent spatial and temporal transitions between
sheetflow and channelized flow configurations. This model
defines separate widths for the cases of channelized flow and
sheetflow and calculates the rate of sediment transport under
each flow regime. It also determines the fraction of time spent
in sheetflow and channelized states (see later), based on
which a time-averaged sediment transport rate is determined
(as the weighted sum of channelized and sheetflow transport
rates). A single effective (time-averaged) flow width is then
determined as that required to transport sediment at the time-
averaged rate.

In order to implement this approach a single equation is
used to determine the width of both channelized flow and
sheetflow for conditions of known (given) effective (dominant)
discharge (Q, in m*s™), sediment supply rate (Qs, in m*s™)
and sediment calibre (D, in metres). Combining the mass
continuity equation with a Manning-Strickler resistance law
yields Equation 1:

Q= JW K SV2 D=V h(y)53dy (M

0

where K; is a constant with a value of approximately 10-25
(m” ™), S is downfan gradient and h is flow depth (in
metres), which varies as a function of lateral distance across
the fan (y, in metres). To predict flow width (W, in metres)
using Equation 1 it is necessary to define the flow depth
distribution across the fan. This is achieved using the statistical
model of Ferguson (2003), which itself must be constrained
by the mean flow depth and a measure of flow variability.
Although this assumption might be relaxed in future, here we
assume that both channelized and sheetflow states are
characterized by the same degree of flow variability (defined
using the parameterization given by Ferguson for alluvial
channels). In the case of channelized flow we implement
Parker’s (1978) hypothesis to constrain the mean flow depth
(h) as a simple multiple of the fan sediment size (D) and
gradient (S)

R =K,D/S 2)

where K, is a dimensionless constant that takes a value
between approximately 0-1 and 0-5 depending upon the
value taken for the critical dimensionless shear stress and on
the degree of bank cohesion.

In the case of sheetflow we hypothesize that mean flow
depth when the fan is just fully inundated (h) is set by
the height of low-relief bedforms that are characteristic of
fan aggradation under non-channelized flows (Blair and
McPherson, 1994; Whipple et al., 1998). Data from alluvial
fans in the Avoca Valley, New Zealand suggest that this
height is a linear function of surface sediment size

Py = K,D 3)

where K; is a dimensionless constant that takes values of
approximately 4-10. Widths are further constrained by noting
that flow width must be equal to or less than fan width, and
channelized flow width must be equal to or less than
sheetflow width.

Having determined flow width for both channelized and
sheetflow states, the total volumetric sediment transport rate
for each state is determined using a Meyer-Peter and Muller
type relation:

Copyright © 2009 John Wiley & Sons, Ltd.

Q, = LW K,D3? [T(y)* - rg]w dy @)

where K, is a constant with a value of approximately 10-100
(m®%s7), 7* is the dimensionless shear stress (related to the
flow depth by applying a normal flow approximation) and 7*.
is the critical dimensionless shear stress at which sediment is
entrained. Equation 4 is applied separately to channelized
and sheetflow states, and a time-averaged sediment transport
rate is then derived by weighting each transport rate by the
fractional time spent in the corresponding state. Nicholas
and Quine (2007) proposed that these times are a function
of the rate of fan aggradation (for constructional fans). They
represent this effect by expressing the proportion of time (P)
spent in a channelized state as:

P=et (5)

where A is the cross-sectional area of the flow in a
channelized state, T is a characteristic time scale (in seconds)
that is related to the periodicity of cut-fill cycles, and ¢ is the
areal rate of aggradation (in m? s™') at the point down the fan
in question (averaged over time period T).

Application of Equations 1 to 5 allows the time-averaged
sediment transport rate (Qs) to be calculated for given values
of Q, D, S, K, K,, Ky, K, and T. Where Qs is known but S is
unknown this approach can be implemented iteratively to
determine the fan slope required to convey a given sediment
supply rate. By applying these equations at a series of points
down the fan the average shape of the fan radial profile can
be determined. Typical relationships between fractional flow
width and distance down fan for this model are shown in
Figure 3(b). Comparison of this model with the expanding
sheetflow and channelized flow models of Parker et al. (1998)
yields two important observations. First, the patterns of fractional
flow width shown in Figure 3(b) are indicative of a transition
from channel-dominated flow on the upper portions of the fan
to sheetflow-dominated conditions at the fan toe (compare
with separate trends for sheetflow and channelized flow in
Figure 3a). This transition is a product of the downfan increase
in areal fan aggradation rate (A) that results from the increase
in fan width (assuming a spatially-uniform rate of vertical
aggradation). Second, flow width modelled using Equations 1
to 5 is strongly dependent on discharge, whereas in the
channelized flow model of Parker et al. (1998) width is
dependent upon sediment transport rate and independent
of discharge. The strong dependence of width on sediment
transport rate in the Parker channelized flow model results
from the assumption of constant dimensionless Shields stress,
which sets the unit sediment transport rate and thus determines
the flow width needed to convey a given sediment load. In
this model, changes in imposed discharge are accommodated
by changes in equilibrium slope rather than flow width. In
contrast, the sheetflow component of the model of Nicholas
and Quine (2007) incorporates a simple relationship linking
flow width to flow depth (Equation 3), such that flow width is
dependent upon both sediment load and discharge.

Experimental Setup

This study aims to test the simple theoretical model presented
earlier using data from an experimental investigation of changes
in the width and configuration of flow during alluvial fan
construction. Experimental work was conducted at the University
of Exeter Sediment Research Facility in a custom built alluvial
fan simulation basin. This consists of a three metre square

Earth Surf. Process. Landforms (2009)
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Figure 4. Experimental set-up used for physical modelling of fan evolution.

basin with controlled sediment and water supply fed through
an inlet channel to the fan apex (see Figure 4). A variable
speed gravity-fed sediment hopper supplies the sediment at a
constant rate (25 g s™) to the inlet channel where it mixes with
the water, being fed at a constant discharge (0-1 I's™') from a
regulated pressure tank, before reaching the entrance to the
basin. The sediment used in this experiment was a unimodal
sand with particle sizes in the range 0-15 mm to 1-0 mm and
a median diameter of 0-6 mm. The fan area is enclosed on two
sides by clear Perspex 0-7 metres high, with an opening at the
apex where the inlet channel is positioned, restricting the
angle of the fan to 90°. The surface of the basin is constructed
from concrete with a curved drainage channel cut into it to
assist the removal of water and sediment from the basin
once the fan reaches its maximum extent. At the start of the
experiment the basin is empty and as the experiment proceeds
a fan develops at the apex and progrades across the basin
until it reaches the drainage channel. Continuous flushing of
this channel prevents further growth of the fan. Near-continuous
patterns of evolving fan morphology and flow characteristics
were recorded using an array of four overhead digital SLR
cameras taking photographs of the basin surface at a temporal
resolution of c. 10 minutes. Adequate illumination of the
experimental basin was provided by specialist stage lighting.
Potassium permanganate was used as a dye, added to the water
shortly before each photograph was taken, to assist with the
identification of wet and dry areas of the fan. Photographs
were analysed using ERDAS Imagine Spatial Modeller to derive
binary wet/dry images. Wet regions were extracted using
values of the ratio of red to green image bands (to remove the
influence of variable illumination on the experimental basin).
Threshold ratio values were determined separated for each photo-
graph and wet/dry images were then checked independently
to ensure that areas had not been misclassified. For each image,
individual wet pixels were binned into classes at intervals
down the fan in order to calculate the mean fractional flow
width as a function of downfan distance. Although the results

Copyright © 2009 John Wiley & Sons, Ltd.

presented in this article relate to a single experimental setup,
subsequent experiments confirm that the spatial and temporal
changes in flow width and configuration during fan construction
reported in this article are characteristic of a wide range of
water and sediment feed rates (Clarke, 2009).

Results

Figure 5 shows the change in the mean fan length and vertical
rate of aggradation on the fan over the duration of the laboratory
experiment (c. 700 minutes). Progradation of the fan from the
basin inlet was associated with a progressive increase in fan
area and length over the first 500 minutes of the experiment,
but at a rate that declined through time. Changes in fan extent
after c. 500 minutes were apparent although minor. Flushing
of sediment from the drainage channel became necessary
after c. 370 minutes, indicating that before this time 100% of
sediment fed to the basin went into storage on the fan. After
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Figure 5. Changes in mean fan length (pluses) and fan aggradation
rate (squares) over the course of the laboratory experiment.
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Figure 6. Photographs showing temporal changes in fan size and flow configuration at four points in time during the laboratory experiment.

700 minutes, the majority of sediment supplied to the basin was
transported off the fan, indicating that the fan had stabilized.
The mean vertical aggradation rate on the fan declined through
time (see Figure 5) as a result of the progressive increase in
fan area. In the absence of continuous measurements of the
volume of sediment flushed from the drainage channel,
aggradation rates shown in Figure 5 for the period after 370
minutes have been estimated by assuming a linear decline
though time in the fraction of sediment going into storage on
the fan between 370 and 700 minutes. This assumption has a
limited influence on the trend shown in Figure 5 because the
bulk of the reduction in aggradation rate over the course of
the experiment is associated with the increase in fan area.
Spatial and temporal patterns of fan building and flow
configuration were complex, with the number of channels and
their geometry adjusting continuously while the fan developed
(see Figure 6). Sediment deposition was associated with both
sheetflow and with channel formation, migration and abandon-
ment. Channels were observed to form on all parts of the
fan throughout the course of the experiment, although as in
previous studies, the deepest flows occurred at the fan apex
(Schumm et al., 1987; Whipple et al., 1998). In the earliest
stages of the experiment sheetflow dominated the fan, with
over half the fan surface covered with water and no clear
channels being present. As the fan prograded, the flow
alternated between sheetflow and channelized states, with

Copyright © 2009 John Wiley & Sons, Ltd.

the latter being typically both unstable and braided. Similarly,
after the initial stages of the experiment, continuous regions
of water (termed here sheetflow) were characterized by small-
scale variability in flow depth, giving the appearance of intricate
braided networks. As the experiment progressed, channels
became more pronounced and typically reduced in number
until, after c. 600 minutes, the fan became dominated by a
single channel. This channel became entrenched at the apex,
and was periodically associated with terrace formation in the
upper fan, although it continued to avulse and migrate in the mid
and lower fan regions. During the latter stages of the experiment,
the rate of movement of this channel declined and sediment
deposition was limited to the fan toe.

Figure 7 shows spatial patterns of fractional flow width for
two windows in time over the course of the experiment (60—
80 minutes and 570-590 minutes). Although flow configurations
were highly variable in time and space, the patterns evident
in these diagrams are indicative of the broad trends over the
duration of the experiment. During the early stages of fan
progradation, flow width was typically greater and more
temporally-variable (fractional widths varied between 0-3 and
1 over periods of a few minutes). As the experiment progressed,
flow widths typically declined and, although remaining highly
temporally-variable, the time period between major reorganiza-
tions of flow pathways (and hence changes in flow width)
tended to increase. Throughout the course of the experiment,

Earth Surf. Process. Landforms (2009)
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Figure 7. Relationships between fractional flow width and fractional distance downfan for two time periods during the laboratory experiment:
(@) 60-80 minutes; (b) 570-590 minutes. Solid lines represent the mean flow width derived from three wet/dry images obtained during each
period. Dashed lines represent the maximum and minimum flow widths derived from these images.

patterns of fractional flow width were often characterized
by two distinct regions on the fan: an upper region in which
fractional widths declined sharply in a downfan direction,
and a lower region of relatively uniform fractional widths.
After c. 250 minutes this lower region was also frequently
characterized by a small increase in fractional widths at the
toe of the fan. Periodically, the upper portion of the fan was
inundated by sheetflow and the region of sharply declining
fraction widths advanced down the fan, before subsequently
retreating as channelized flow was re-established.

Direct comparison between the experimental data and theore-
tical model is problematic because, while the experimental
data provide information about instantaneous patterns of flow
width, the model simulates the time-averaged width on the
fan. As a result, experimental data reflect short-term fluctuations
between channelized and sheetflow states that are parame-
terized (and hence not represented explicitly) by Equation 5.
Furthermore, the model presented earlier includes a number
of parameters that cannot be measured and must instead by
calibrated against the experimental data. Consequently, rather
than attempting to make direct comparisons with the observed
fractional flow widths, we focus here on the potential for the
model to reproduce the key trends in spatial and temporal
patterns of fractional flow width that are apparent in the
experimental data. To do this we apply the model to predict
the spatial patterns of fractional flow width on the fan for the
known water and sediment supply rates and the calculated
rates of fan aggradation and mean fan length (Figure 5). We
use a parameter set that is physically plausible (K; =15, K, =
03, Ky=4, K, =75, T=0-1 hours) and which yields width
predictions that are consistent with the experimental data.
Furthermore, these parameters yield a mean predicted fan
slope of c. 0-09 once the fan reaches its maximum extent,
which is consistent with the observed mean slope of c. 0-089.
It should also be noted that while the choice of parameter
values influences the width predictions in absolute terms,
the relative downfan patterns of fractional width and their
temporal evolution over the course of the experiment are largely
independent of the choice of parameter values. Furthermore,
implementation of the model using an alternative formulation
of Equation 1 based on a Chezy resistance law yielded spatial
and temporal patterns of fractional flow width consistent with
those reported here. In this sense the model output presented
here should be considered robust.

Figure 8 shows patterns of modelled fractional flow width
at eight points in time during the experiment. These patterns

Copyright © 2009 John Wiley & Sons, Ltd.
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Figure 8. Modelled relationships between fractional flow width and
fractional distance downfan at eight points in time over the course of
the laboratory experiment. Labels indicate the fan extent at each point
in time. The relationship labelled ‘final’ represents the modelled flow
width when the fan has ceased to aggrade.

share many of the characteristics that are evident in the
experimental data. For example, fractional widths decline
sharply with distance downfan in the upper region of the fan
and are relatively uniform in the lower region. Furthermore,
fractional widths undergo a significant reduction over the course
of the experiment as the rate of aggradation on the fan declines.
There is also a marked reduction in flow width between the
time that the fan approaches its maximum extent (c. 2:77 m)
and when sediment accumulation on the fan ceases completely
(marked “final” on Figure 8). Although these patterns have been
generated for a particular set of model parameter values, the
spatial and temporal trends in fractional flow width described
earlier are consistent with a much wider range of parameter
values.

In order to make a more direct comparison of the modelled
and observed relationships between aggradation rate and
fractional flow width, experimental data and model results
were used to calculate the mean rate of change of flow width
over the course of the experiment. In the case of the experi-
mental data, this was achieved by fitting a linear relationship
to the fractional flow width time series at each point down
the experimental basin. The gradient of these relationships
indicates the mean rate of flow width narrowing over the
experiment. For both model output and experimental data these

Earth Surf. Process. Landforms (2009)
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using Equations 1 to 5 with those of previous models of flow
width on alluvial fans indicates that, in some respects, these
alternative models produce consistent results. For example, under
conditions of spatially-uniform vertical aggradation rate, Equation
5 dictates that the associated downfan increase in areal
aggradation rate will promote a transition from channelized
flow to sheetflow conditions. The resulting fractional flow width
curves (Figures 3b and 8) are consistent with a transition from

—0.004 7 + Observed ¢ the channelized flow model of Parker et al. (1998) in the
-0.005  —— Modelled ? upper portion of the fan to the expanding sheetflow model at
-0.01 - the fan toe (e.g. in Figure 3a). In contrast, predicted changes

%! in flow width resulting from a reduction in fan aggradation

-01 T T T T T T T T T *
0 01 02 03 04 05 06 07 08 09 1

Fractional distance down basin

rate (associated with an increase in fan length under conditions
of constant sediment supply) differ significantly between equili-
brium and non-equilibrium models. For example, Figure 9

Mean rate of change of flow width (m min~")

Figure 9. Modelled and observed relationships between the temporal illustrates that for any location within the experimental basin,
rate of change of flow width and fractional distance down the the non-equilibrium model presented in this article predicts
experimental basin. that flow width declines through time (because declining

vertical aggradation rates reduce the fraction of time spent in
a sheetflow state). In contrast, under conditions of constant

relationships were determined over the time period between sediment supply and spatially-uniform, but temporally-declining,
the point at which the fan prograded to that part of the basin vertical aggradation rate (e.g. due to increasing fan length) the
and the end of the experiment. Modelled and observed channelized flow model of Parker et al. (1998) predicts that
relationships are consistent with one another (see Figure 9) flow width at any point within the basin will increase as the
and are indicative of a progressive increase in the rate of flow fan lengthens. This occurs because flow width is proportional
narrowing with distance down the experimental basin. This to sediment transport rate in this model, and the total sediment
trend reflects both the greater reduction in absolute flow width transport rate at any fixed distance from the fan apex increases
towards the end of the basin and the shorter time period over as the fan lengthens. Comparisons with the expanding flow
which narrowing of the flow occurs. The former is a product model of Parker et al. (1998) are not possible because it does not
of the tendency for flow width to increase towards the lower relate the fractional flow width to the physical characteristics
end of the fan during the period of fan construction, which is of the system.

itself a result of the downfan increase in areal aggradation rate. As noted previously, although the absolute flow widths

derived using Equations 1 to 5 are dependent on a number of
parameter values, the spatial and temporal trends described

Discussion earlier are unchanged across a wide range of parameterizations.

Of these parameters, it is the characteristic time-scale (T) in
The results outlined earlier demonstrate that the theoretical Equation 5 that is central to the representation of the relationship
model presented here captures both the key spatial and between aggradation rate and the transition between sheetflow
temporal trends in observed time-averaged flow width during and channelized flow conditions. Figure 10(a) illustrates the
the experiment. Furthermore, these trends can be explained sensitivity of predicted flow widths to variations in T. As
in terms of spatial and temporal changes in aggradation rate would be expected, an increase in T leads to a larger fraction
during fan construction and stabilization, thus highlighting of time spent in a sheetflow state and thus an increase in
the significance of non-equilibrium conditions as a control on time-averaged fractional flow width. Logic dictates that this
flow width and indicating that models based on equilibrium parameter should scale with the periodicty of cut-fill cycles
concepts may have important limitations in such situations. or the average life-time of individual channels, hence for the
Despite this observation, comparison of the results obtained current experimental setup T is on the order of minutes to
a) b)

e e
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Figure 10. Modelled relationships between fractional flow width and fractional distance downfan for fans with lengths equal to 50% and 100%
of their maximum extent during the experiment. Results are shown for: (a) three values of the characteristic time-scale (T): T = 0-05 hours (lower,
dashed curves), T = 0-1 hours (middle, bold curves), and T = 0-2 hours (upper, dashed curves); (b) three values of Ferguson’s flow variability index
(b): b =0-3 (upper, dashed curves), b = 0-55 (middle, bold curves), and b = 0-8 hours (lower, dashed curves).
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tens of minutes. However, on this basis one might also expect
T to vary through time as the fan progrades and stabilizes (and
possibly with distance down the fan). Furthermore, T may
itself be a function of fan aggradation rate. While the current
use of a constant value of T has the advantage of simplicity, the
physical basis of the parameterization provided by Equation 5
and the potential for applying this to a wider range of boundary
conditions without the need for arbitrary calilbration may be
improved by attempting a more precise and physically-based
definition of T.

Sediment transport rates on the fan, and hence flow widths,
are also likely to be sensistive to variability in flow depth and
shear stress, represented here by integrating sediment transport
calculations over a stress distribution defined using the approach
of Ferguson (2003). We adopt a distribution consistent with
observations made in alluvial channels (b = 0-55, see Ferguson
2003: p. 6) and apply this measure of flow variability uniformly
in space and time. Consequently, this approach does not account
for differences in flow variability between sheetflow and
channelized flow conditions. We incorporate flow variability
in our model because it reduces model sensitivity to variations
in mean flow depth close to the threshold of sediment motion.
Differences in flow variability between sheetflow and channelized
flow are neglected here because we lack the data needed
to parameterize these relationships reliably. As with other
parameters, altering the value of b used to represent flow
variability will alter the absolute values of modelled flow
widths, fan slopes and sediment transport rates (increasing
flow variability has the same effect as increasing the value of
K,). However, altering b has little or no influence on the relative
downfan patterns of fractional width and their temporal
evolution over the course of the experiment (see Figure 10b),
because it is assigned a value that is uniform in space and
time. In order to evaluate the scope for improving the physical
basis of model representations of both flow variability (b) and
cut-ill periodicity (T) we are currently carrying out time-series
analysis of flow width data obtained for a series of experiments
conducted for varying water and sediment supply conditions.

Summary

Autogenic feedbacks between geomorphic processes and
landforms have the potential to promote complex behaviour
during landscape evolution. However, at present we are ill-
equipped to interpret the evidence for such behaviour in the
past, or predict its occurrence in the future, due to our limited
understanding of process-form interactions under non-
equilibrium conditions. This article has addressed this issue
for the particular case of alluvial fan construction, by presenting
results from an experimental study of spatial and temporal
changes in flow width and configuration during fan progradation
and stabilization. Comparison of experimental data with a
new model of flow width under non-equilibrium conditions
demonstrates that the model captures the observed spatial and
temporal patterns of time-averaged flow width adjustment on
the fan, and that these trends can be explained in terms of
spatial and temporal changes in rates of vertical aggradation
and fan geometry. Comparison of the non-equilibrium width
model with existing models of flow width for fans experiencing
equilibrium aggradation illustrates that the new approach provides
an improved capability to represent spatial patterns of flow
width associated with a transition from channelized to sheetflow
states. Perhaps more significantly, temporal patterns of flow
width adjustment predicted by the new approach (associated
with increasing fan length during progradation) are consistent
with experimental observations, and the reverse of those derived

Copyright © 2009 John Wiley & Sons, Ltd.

by applying a channelized flow approximation alone. These
results have implications for modelling fluvial environments
more generally, and suggest that alluvial flow width models
derived for equilibrium conditions may have limited utility in
non-equilibrium situations, despite their widespread use to date.
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