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Abstract

Landscapes evolve through a number of processes in response to a wide range of

forcing mechanisms. Many of the processes that drive landscape evolution occur

at the interface between fluid and sediment. Sediment transport leads to changes

in topography that, in turn, influence fluid flow. Feedback mechanisms between

topography and fluid flow can lead to the formation of patterns, such as sand ripples,

dune fields, parallel channel networks, and periodically spaced valleys. In many cases,

the development and evolution of patterns within landscapes are heavily influenced by

environmental conditions. Therefore, given relationships between landform features

and the underlying processes, present-day landscapes have the potential to be used

to infer a record of climatic conditions over the course of their development.

An inability to make direct observations over geologically relevant timescales

makes it difficult to study the processes that influence landscape evolution. Mathe-

matical models provide a means of quantitatively linking natural patterns and land-

scape features with physical processes. Patterns in landscapes also provide a sim-

ple means of testing quantitative representations of geomorphic processes. In this

work, we develop landscape evolution models to study the development of debris-

flow-dominated hillslopes, rill networks, and cinder cones. Through a combination

of theoretical modeling, analysis of experimental data, and remote sensing data, we

attempt to better understand each of these three systems. While each system is

interesting in isolation, these and similar studies add to our knowledge of the math-

ematical representations of processes that are used more generally within the study

of landscape evolution.
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Chapter 1

Introduction

Landscape evolution models provide a means of assessing the roles of geomorphic

processes in determining the morphology of resulting landforms. The association of

landform features with particular sediment transport processes can be used to infer

the presence or absence of those processes in different regions/environments. The

variability present in most natural landscapes makes it difficult to determine, with a

high degree of certainty, the conditions under which a model can be considered reli-

able. Rock type, tectonic history, and climate may all influence the presence/absence

of geomorphic processes as well as their relative importance. In many cases, it is

difficult to isolate the roles of each of these forcing mechanisms. As such, there is

motivation to study and quantitatively describe sediment transport processes in a

number of different settings. Although we would like to understand the roles and

interactions of all geomorphic processes operating continuously within a landscape,

studies that isolate individual components of this complex system still help to ad-

vance our understanding of landscape evolution in a broad sense. Natural patterns

in landscapes are particularly appealing because they are likely to be related in a

systematic way to the physics of the underlying processes.

We focus on the evolution of debris-flow-dominated slopes, rill networks, and

cinder cones, which all may be considered hillslope-scale phenomena. However, land-

scapes evolve continuously and descriptions of small-scale and short-time processes

are necessary for reliable descriptions over all time and spatial scales. A debris-

flow-dominated slope is one in which the majority of sediment transport is facilitated

through rapid mass wasting events, such as debris flows or dry granular flows. Debris-

flow-dominated slopes may evolve over a variety of time scales depending on the fre-
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quency of flow events as well as the size and stability of the source slope. Rills, small

(0.01 − 0.1 m) erosional incisions within the topsoil, are generated by the overland

flow of water and may form after only several hours of heavy rainfall (Figure 1.1).

Cinder cones are conical hillslopes formed from the debris that accumulates around

a volcanic vent following an eruption. Individual cones vary in initial size, but typ-

ically consist of several hundreds meters of relief, and may take as long as several

million years to completely degrade. In the following chapters, these three systems

are analyzed in more detail.

Figure 1.1. Evenly spaced rills on a steep slope near Tucson, AZ.

Recently, the increasing availability and quality of remote sensing data of other

planetary bodies, namely Mars and Titan, has provided additional insight into the

geomorphic processes that have shaped these surfaces. In particular, gullies carved

into crater walls on Mars have led to numerous questions about the evolution of these

slopes (Figure 1.2). Arguments for and against liquid water flows have been made, in

part, using interpretations of the morphology of Martian gullies and their associated
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debris fans. Rapid mass wasting processes, i.e. debris flows and/or dry granular flows,

may be a dominant sediment transport mechanism within this system.

Figure 1.2. Gullies on the interior of a crater rim on Mars from HiRISE image
PSP 003418 1335. The crater interior is located at the bottom of the image.

In the second chapter, we attempt to provide a firmer basis for (1) interpreting flow

constituents and/or rheology from debris-fan morphology on Mars and (2) modeling

debris-flow-dominated hillslopes on Earth by developing a mass-conservative numeri-

cal model that links the rheology of wet and dry granular flows on steep slopes to the

morphology of debris fans deposited at their base. Individual flows are routed from

initiation points on a slope to stopping points at the base of the hillslope. Model pre-

dictions for the shape and average slope of the fans depend on flow rheology. Model

results indicate that debris fans associated with dry granular flows may develop av-

erage slopes below the kinetic angle of friction. In both the dry and wet cases, the

model results suggest that fan morphology depends on the mean properties of the

flows involved in fan formation as well as the amount of variation in flow behavior

between individual mass movement events. These results provide an improved basis
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for interpreting the morphology of debris fans on both Earth and Mars.

The focus of the third chapter is the development and analysis of a numerical

model for the evolution of rill networks. While rill networks have been a focus of

study for many decades, we still lack a complete understanding of the variables that

control the spacing of rills and the geometry of rill networks (e.g. parallel or dendritic)

on hillslopes. We investigate controls on the geometry of rill networks using numeri-

cal modeling and comparison of the model results to terrestrial-laser-scanner-derived

topographic data from rill networks formed in physical experiments. The model ac-

counts for the transport of sediment due to rain splash and fluvial entrainment as

well as the deposition of sediment being advected by the overland flow. In order to

develop realistic rill networks in the model, we find that it is necessary to incorporate

the effects of raindrop impact within the fluvial sediment transport process. Model

results are only consistent with those of experiments when raindrop-aided fluvial sedi-

ment transport is accounted for. Dendritic networks are often predicted by the model

in cases of high initial topographic roughness and high rates of advective (fluvial)

sediment transport relative to diffusive (colluvial) transport. Parallel networks form

within numerical experiments in low-roughness cases under a wide range of relative

advective and diffusive transport rates as well as in high roughness cases in which

diffusive sediment transport is high relative to advective transport. The transition

from dendritic to parallel rill networks is shown to occur gradually rather than being

associated with a particular threshold. Finally, based on a balance between diffusive

and advective sediment transport processes, we predict that the mean spacing be-

tween parallel rills scales with the square root of the ratio of diffusivity to channel

erodibility.

Lastly, in the fourth chapter, we investigate feedback mechanisms that contribute

to the coevolution among topography, vegetation, and soil. It is widely recognized

that the vegetation, soils, and topography of hillslopes reflect coevolutionary feed-

backs among them driven by variations in climate and parent material. Yet, it is
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difficult to quantify these feedback mechanisms owing to the uncertainty in starting

conditions of most natural landforms. Cinder cones, however, are unusually well con-

strained and often begin with relatively uniform parent materials. In an attempt to

quantify the development of asymmetry in vegetation and topography with time as

a function of slope aspect, we analyzed 68 cinder cones in the San Francisco volcanic

field. Data demonstrate the development of asymmetries in cone morphology (i.e.

slope and drainage density) over time that can be attributed to slope-aspect-driven

influences on long-term sediment transport rates related to differences in vegetation

and water availability. Specifically, slopes on cinder cones less than ∼ 0.4 Ma in age

are independent of slope aspect, while north-facing slopes are significantly steeper

than south-facing slopes on older cones. Biomass increases linearly with northness on

cones old enough to have sufficient soil development to support vegetation. North-

facing slopes also have a higher average drainage density than south-facing slopes.

Drainage density is low on young cones, but increases rapidly after a critical age be-

fore decreasing on extremely old and degraded cones. We interpret these differences

via a conceptual model in which less solar radiation on north-facing slopes leads to

increased water availability, more biomass, a lower rate of vegetation turnover, lower

rates of colluvial transport, and higher rates of slopewash relative to south-facing

slopes.
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Chapter 2

Relationships between debris fan morphology

and flow rheology for wet and dry flows on

Earth and Mars: A numerical modeling

investigation

2.1 Introduction

The question of whether liquid water has flowed on the Martian surface in the Ama-

zonian Period (≈ 2500 m.a.-present) is hotly debated. Many arguments for [Mellon

and Phillips, 2001; Heldmann et al., 2005; McEwen et al., 2007] and against [Treiman,

2003; Shinbrot et al., 2004; Bart, 2007] the presence of liquid water focus on interpre-

tations of the morphology of Martian gullies and their associated debris fan deposits.

Gully systems on Mars generally consist of an alcove, channel, and depositional fan

(Figure 1.2) and appear to be restricted to areas poleward of 30◦ in both hemispheres

[Dickson et al., 2007; Heldmann et al., 2007]. Although gullies are often observed on

crater walls, they are known to form on a variety of surfaces including dunes, knobby

terrain, and valleys [Dickson et al., 2007; Heldmann et al., 2007] and are found on

a wide range of slopes between ≈ 10◦−40◦ [Heldmann and Mellon, 2004; Dickson et

al., 2007; Heldmann et al., 2007]. Alcoves, channels, and debris fans within gully

systems on Mars each tend to have horizontal lengths on the order of 100 m to 1000

m [Heldmann and Mellon, 2004; Heldmann et al., 2007].

Studies concluding that gully and debris fan morphologies are not uniquely con-

sistent with fluvial processes point out that dry granular flows may, under high rates

of shear, fluidize to yield deposits consistent with those of fluvial processes [Treiman,

2003; Shinbrot et al., 2004]. For instance, Treiman [2003] points out that snow

avalanches can create alcove-channel systems similar to those described on Mars, that
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pyroclastic volcanic flows can leave deposits with digitate toe lobes and distributary

channels, and that rock avalanche deposits may be leveed and have sharp margins.

Shinbrot et al. [2004] performed experiments suggesting that, in the presence of re-

duced gravity, dry flows may erode channels and leave cone and apron deposits that

match observations of Martian gully systems, including the presence of thin swales

within the deposition region.

Improvements in our ability to constrain flow constituents/rheologies using deposit

morphology require mathematical models that quantitatively link flow processes to

deposit morphologies. Martian gully systems are often thought to have formed within

the relatively recent past based upon their superposition on otherwise young surface

features [Malin and Edgett, 2000; 2001]. This makes application of model suggested

connections between the rheology of the mass movements and present day fan mor-

phology more promising. Even in the best of circumstances process-based mathe-

matical models can only approximate the rheology of flows using deposit morphology,

not their constituents (i.e. the presence/absence of liquid water) directly. However,

to the extent that flow constituents can be uniquely related to particular rheologies,

mathematical models have the potential to provide constraints on flow constituents

as well as rheology.

On Earth, the evolution of steep, soil-mantled hillslopes is often modeled using

a nonlinear-slope-dependent transport relationship following Andrews and Bucknam

(1985) and Roering et al. [1999]. This transport relationship, together with the

assumption that the change in elevation at a point is proportional to the divergence

of sediment flux at that point, provides an equation of evolution for the hillslope.

This approach has been used in a broad range of terrestrial [e.g. Roering and Gerber,

2005; Pelletier and Cline, 2007] and extraterrestrial [e.g. Richardson et al., 2004;

Luo and Howard, 2008] hillslope evolution studies. In some instances, much of the

transport on steep, soil-mantled hillslopes may occur by individual mass movements,

a process which is difficult to represent using existing continuum-based models. Mass
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movements can be characterized by an effective viscosity and/or a dynamic friction

angle. Dry granular flows, for example, are controlled by both a static and a dynamic

angle of friction, nominally 33◦ and 21◦, respectively (but dependent on grain size

and shape) [Jop et al., 2006]. Booth and Roering [2011] developed an earth-flow

sediment-flux model based on a non-Newtonian flow rheology and demonstrated its

ability to estimate long-term average sediment fluxes due to earthflows. However,

their approach is most appropriate for slower, continuously moving flows as opposed

to discrete, rapid mass movement events. Recent research has also called into question

the assumption that sediment flux can be related to local slope on steep slopes [Tucker

and Bradley, 2010]. This research suggests that a better understanding of individual

displacement events is needed to understand hillslope evolution and to identify the

limitations of existing continuum-based models.

Whipple and Dunne [1992], through analysis of debris fans in Owens Valley, Cal-

ifornia, argue that several characteristics of debris fans can be predicted from the

frequency distribution of debris flow properties. It is suggested that debris fans em-

placed solely by high sediment concentration flows are steeper and those formed by

low sediment concentration flows are more gentle [Whipple and Dunne, 1992]. A fan

formed by flows having sediment concentrations drawn from a bimodal distribution,

consisting of both high and low values of sediment concentration, are likely to be

characterized by a steep upper region, a break in slope, and a gentle lower region

[Whipple and Dunne, 1992]. Staley et al. [2006] studied 19 debris flow fans on the

eastern side of Death Valley and concluded that shallow and steep gradient fans ap-

pear to be formed by more fluid and more viscous debris flows respectively. Multiple

depositional zones are also observed to develop on debris fans. High shear strength

flows, typically associated with high sediment concentrations [O’brien and Pierre,

1988; Major and Pierson, 1992], tend to deposit on the upper reaches of the fan and

flows with lower shear strength (lower sediment concentration) often deposit on the

lower slopes near the base of the fan [Staley et al., 2006]. A mathematical model
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that is capable of describing a variety of flow types, ranging from dry granular flows

to high fluidized wet flows, may help quantify relationships between fan morphology

and emplacement processes.

Slopes containing gully-fan systems on Mars can be steep, with relief on the order

of hundreds of meters to kilometers over comparable horizontal distances. Pelletier

et al. (2008) suggest that the emplacement mechanism for a bright gully deposit

on Mars, formed between 2001 and 2005, is most consistent with dry flow and that

the maximum velocity of the flow may have reached ≈ 20 m s−1. Rockfalls on

Earth can far exceed this speed [Wieczorek et al., 2000]. The evolution of a hillslope

involving such energetic mass wasting processes is not well understood. On slopes

where the majority of transport occurs through the movements of individual clasts

rather than through large flows of material, debris fans with steep (greater than

≈ 30◦) average slopes and linear topographic profiles are often associated with the

dominance of dry mass wasting processes [Bones, 1973; Kirby and Statham, 1975;

Kotarba and Stromquist, 1984). Fans with lower average slopes and concave up profiles

are often associated with the dominance of fluvial processes [Bones, 1973; Kotarba

and Stromquist, 1984]. Dry flow is sometimes ruled out as a likely emplacement

mechanism in systems that develop debris fans with average slopes below ≈ 21◦, i.e.

the dynamic angle of friction for granular material [Perron et al., 2003]. Pelletier et

al. [2008], however, point out that the dynamic angle of friction is the angle at which

fast-moving flows begin to decelerate; it is not the lowest angle at which deposits may

occur.

The two-dimensional model presented in this paper attempts to describe discrete

flow events and their accumulation at the base of the slope in order to gain a better

understanding of the connection between process and form in these systems. In par-

ticular, to what extent can mean fan slope and topographic profile shape, which are

becoming increasingly available for Martian gully systems, be used to provide reli-

able insight into the fan emplacement process? In the interest of examining possible
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morphological signatures of fans emplaced by particular flow types, we focus on cases

in which fans are developed solely through dry or wet flow processes. Particularly on

Earth, we expect many debris-flow-dominated slopes to evolve through a combination

of wet and dry flow processes. Still, we view model results as being relevant to hill-

slope systems where it is reasonable to assume that either dry or wet flow processes

are likely to have been dominant. Although much of the motivation for this problem

is associated with gully systems on Mars, similar gully-fan systems have been studied

on Earth [Reiss et al., 2011] and the development of terrestrial debris fans is also of

significant interest [Whipple and Dunne, 1992; Staley et al., 2006]. Results provide

field-testable hypotheses for the influence of debris flow rheology on fan morphology

and are presented for both Terrestrial and Martian gravitational conditions.

2.2 Methods

In the present model, a hillslope is separated into an erosional, or source, region and

a depositional region. The boundary between the two regions is allowed to vary over

time as sediment aggrades at the base of the slope (Figure 2.1). The source region is

the portion of the initial hillslope that has a slope greater than the angle of stability

for the type of mass movement that is being modeled. When determining the extent

of the source region, slope is calculated over a 10 m scale so as to avoid the situation

where a small perturbation in slope influences this boundary location. The angle of

stability for a particular type of flow is calculated as the angle at which a uniform

block of flow material on an inclined plane would begin to move downslope. Points

in the source region are assigned an equal probability of being the initiation point of

a flow event. Once an initiation point has been selected, a flow of a specified mass

is modeled as a continuum from the initiation point to its location of deposition. In

order to conserve the mass of the entire hillslope system, the mass of the most recent

flow (now deposited at the base) is removed from the source region and contributes
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to slope retreat of the source region over multiple failure events. Many methods

have been proposed for the routing of dry and wet flows [e.g. Hungr, 1995; Glass

and Klimmek, 2001; Iverson and Denlinger, 2001; Armanini et al., 2009]. To our

knowledge, however, no previous studies have incorporated these methods into a

hillslope evolution model.

Figure 2.1. Conceptual diagram of the modeling process. (a) An initial hillslope
profile (solid line) is shown as well as the profile following one flow event (dashed
line). The source region has evolved through slope retreat and a single flow deposit
is at the base of the slope. (b) An initial hillslope profile (solid line) is shown along
with the profile after numerous flow events has led to the development of a debris fan
at the base. The smaller source region continues to evolve through slope retreat.

The main challenge in linking the kinematics of individual flow events to the

deposit geometry is the need to resolve individual flow events on debris fans that might

consist of numerous distinct flow deposits. The chosen methods must be efficient

enough to make the problem computationally tractable while still maintaining the

ability to adequately model the desired flow types, namely wet flows and dry granular

flows. In this study, we use the term wet flow to refer to a mixture of solid particles

immersed in an interstitial fluid, while we use the term dry flow to refer to a dense

mixture of solid particles and air, referring to the gases that would be present in the

atmosphere. We do not explicitly consider the presence of ice within either wet or dry

flows. Wet and dry flows are both modeled within a framework presented by Hungr
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[1995], which is briefly described below.

Within this model, an individual flow is approximated as consisting of a discrete

number of ‘blocks’, which are allowed to deform but are required to maintain fixed

volumes of flow material. The flow is thought of as having ‘mass blocks’ with constant

volume and narrow ‘boundary blocks’ which separate each mass block. The reference

frame chosen is a curvilinear coordinate system with x denoting the local downslope

direction. The depth-averaged conservation of momentum equation is applied to each

boundary block. Thus, as the distance between neighboring boundary blocks increases

(decreases), the mean depth of the intermediate mass block decreases (increases) in

order to conserve the overall mass of the flow. The net force acting on each boundary

block is the result of the downslope component of flow weight, the tangential internal

pressure resultant, P , and the resisting shear stress at the base of the flow, T . This

formulation leads to a Lagrangian finite difference scheme with a moving mesh that

is described in detail by Hungr [1995].

In both the dry and wet cases, the equation for the conservation of flow momentum

can be written in the form

dv

dt
=
ρbgh sin θ − P − T

ρbh
(2.2.1)

where t denotes time, v is the mean flow velocity, θ is the slope of the bed, h the bed-

normal flow thickness, ρb the bulk density of the flowing material, g the acceleration

due to gravity. Also, let λf and R denote the ratio of pore pressure to total normal

stress at the base of the flow and the radius of curvature of the bed respectively. The

pressure term is then given by [Hungr, 1995],

P = k0ρbg(1− λf )h

(
1 +

v2

gR

)
∂h

∂x
cos θ. (2.2.2)

The lateral pressure coefficient, k0, represents the ratio between the tangential and

normal stress. For an isotropic fluid, k0 = 1. It has also been shown that k0 = 1

is a reasonable approximation for dense granular flow [Pouliquen and Forterre, 2002;
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Weinhart et al., 2012]. Therefore, we assume k0 = 1 in both the dry and wet cases.

Note that the pressure force is modified by pore pressure (in the wet case) through

the term (1 − λf ) since the effective stress at the base of the flow is the sum of the

stress due to the weight of the water and the weight of the granular material minus

the pore pressure. The effects of a curved flow path are accounted for by multiplying

the effective normal stress by the factor (1 + v2/gR).

The general form of T can vary significantly depending on the assumptions made

about the rheology of the flow being modeled. Motivated by the depth-averaged

model of Iverson and Denlinger [2001], we compute the total basal shear stress as a

combination of the viscous resistance caused by the fluid phase of the flow and the

frictional resistance attributable to the granular phase of the flow. The interstitial

fluid is assumed to be laminar and Newtonian. Defining vs as the volume solid

fraction, the basal shear stress is given by

T =
3|v|ηf
h

(1− vs) + ρbghµ(1− λf )

(
cos θ +

v2

Rg

)
(2.2.3)

with µ, ηf , and d denoting the coefficient of friction for a dry flow, the viscosity of

the interstitial fluid, and the mean diameter of grains in the flow respectively. The

first term on the right hand side of 2.2.3 accounts for the resistance attributed to the

liquid phase of the flow while the second accounts for the resistance associated with

the granular phase. The coefficient of friction is a function of the inertial number,

I = γ̇d/
√
ρbgh/ρs, (2.2.4)

where γ̇ = 2v/h denotes the shear rate of the flow and ρs is the density of the granular

material. Jop et al. [2006] define µ as

µ = tan θs +
tan θ2 − tan θs
I0/I + 1

, (2.2.5)

where I0 = 0.279 is an experimentally determined constant, θs is the dynamic angle

of friction, the angle at which active flows begin to decelerate, and θ2 is the angle
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of repose. The numerical values of the dynamic and static angles of friction vary

depending on the shape and size distribution of the grains, but the chosen values of

θs = 21◦ and θ2 = 33◦ are typical of smooth, unimodal sand [Jop et al., 2006]. The

bulk density is given by

ρb = vsρs + (1− vs)ρw, (2.2.6)

with ρw = 1000 kg m−3 denoting the density of water and ρs = 2650 kg m−3. The

coefficient of friction takes on a minimum value of tan θs when γ̇ = 0 and then

increases to a maximum value of tan θ2 as γ̇ approaches infinity.

It has been shown that the probability density function of landslide size, or area,

can be represented as a double Pareto distribution [Stark and Hovius, 2001; Miller

and Burnett, 2007]. Data suggest that the frequency of small landslides decreases with

decreasing size and that the frequency of large landslides decreases with increasing size

[Stark and Hovius, 2001; Miller and Burnett, 2007]. Therefore, above a critical size,

Ac, the probability density function of landslide size is a decreasing function. However,

the use of a double Pareto distribution requires calibration of numerous parameters.

For simplicity, we set a minimum flow size, which can also be interpreted as Ac, and

choose the cross-sectional area, A, of each flow event at random from an exponential

distribution with an expected value denoted by Am. We choose the minimum flow

size to be small enough to make the assumption that flow events with areas less than

the minimum will not significantly influence the large-scale development of the fan.

It is generally expected that minimum and maximum landslide sizes can be specified

[Miller and Burnett, 2007] and such parameters are needed within the model. A

maximum flow size ensures that the debris fan consists of several deposits, as we are

interested in studying the combined effects of repeated depositional events and not

the geometry of individual deposits. A minimum flow size avoids numerical difficulties

that result from the fine grids needed to resolve such events. The initial mean depth
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of each flow is specified as

h = hm
√
A/Am, (2.2.7)

where hm is a prescribed value for the mean depth of a flow with cross-sectional area

Am. Here, hm = 2 m, Am = 50 m2 and values of A are restricted to be between 15

m2 and 200 m2.

The distribution of debris flow size is difficult to estimate and likely to depend

on local geology, including factors such as slope, the availability of regolith, and the

method through which the regolith is typically saturated (in the wet flow case). Glass

and Klimmek (2001) report data from 207 landslides known to have generated debris

flows as having length to thickness ratios that follow a lognormal distribution with

mean a of 16.9 and a standard deviation of 21.3. Assuming the depth of regolith is a

reasonable means of estimating initial debris flow thickness, a value of hm on the order

of 1 m is expected. The average cross sectional area of 50 m2, which is chosen to be

associated with hm = 2 m, results in a length to thickness ratio of 12.5. The chosen

values are consistent with dimensions of landslides reported by Glass and Klimmek

[2001], but one of the weaknesses of the general model presented here is the need to

prescribe distributions of flow characteristics that are not easily quantified.

The initial hillslope consists of an incline with 125 m of relief achieved through a

34◦ slope, followed by a short transition to a flat surface (Figure 2.2). Flow events

are initiated from the source region until the cross-sectional area of the fan exceeds

3500 m2. The initial conditions and maximum fan cross-sectional area are chosen

so that debris fans are well developed for the range of flow parameters explored. In

cases when the debris fan has developed to the point that there is less than 50 m

of horizontal distance between the start of the fan and the end of the incline, the

simulation is ended regardless of the total fan area. This additional stopping criteria

is needed to prevent the case where colluvium builds up to the divide and to ensure

that a flow is not initiated from a source region that is too small to account for the
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mass of the flow.
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Figure 2.2. Topographic profile of the initial hillslope used in numerical simulations.

Following each flow event, the depth of the most recent deposit is added to the

topography, which is represented on a fixed grid with a regular spacing of 1 m. A

five point moving average is then applied to the portion of the landscape affected by

the most recent deposit to obtain the topography encountered by the next flow event.

The smoothing of rough, fine scale features helps to reduce numerical instabilities

associated with subsequent flow routing and is not likely to influence the large-scale

features of the debris fans, such as profile shape and mean slope, that are the focus

of this study.

2.3 Results

To aid in the interpretation of fan shape, we partition each fan into twenty different

zones. The end points of the fan are considered to be the first spatial index where

the slope drops below the angle of stability and the point farthest from the source
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region where deposition has occurred. Each zone represents five percent of the total

horizontal distance that is covered by the fan, Df . For example, the zone covering

the first five percent of the fan extends a distance 0.05Df beyond the contact point

between the source region and the uppermost part of the fan. The zones are then

labeled from 5, being the highest five percent of the fan, to 100, corresponding to the

zone that covers the lowest five percent of the fan. Slope data for each zone can be

averaged over multiple model runs, which use identical initial conditions and model

parameters, to gain an understanding of what a typical slope value might be for that

zone. Simulations started from the same initial condition and with identical model

parameters give different solutions due to the random selection of flow initiation points

and flow cross sectional area for each flow event.

In the case of dry granular flow, the mean grain diameter is varied between values

consistent with gravel, d = 40 mm, and coarse sand, d = 1.25 mm. Model simulations

suggest that mean fan slope varies slightly with changes in mean grain diameter.

Calculated mean fan slopes with g = 3.73 m s−2 are 22◦, 17◦, and 16◦ when d = 40

mm, d = 5 mm, and d = 1.25 mm respectively. Similarly, with g = 9.81 m s−2, mean

fan slopes are 22◦, 17◦, and 16◦ when d = 40 mm, d = 5 mm, and d = 1.25 mm

respectively. Mean slopes are computed for each of the above cases from 20 simulated

debris fans. The standard deviation from the mean slope is approximately 1◦ in each

of the six cases.

Fans emplaced by dry, coarse-grained flows (d = 40 mm) tend to have a linear

topographic profile (Figure 2.3). Those emplaced by fine-grained flows have concave

up toes, indicated by the steady increase in slope between fractional distance zones

100 and 80 (Figure 2.3). Fine-grained flows also produce debris fans with a concave

down portion, appearing to occur near the region where the slope angle drops below

the dynamic angle of friction (Figure 2.3).

To study the effects resulting from variations in mean grain diameter between

individual flow events, a set of numerical trials were performed with grain size being
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Figure 2.3. Model predicted debris fans emplaced by dry flows on Mars (g = 3.73
m s−2) with three different values of mean grain diameter. Quartile plots of mean fan
slope by fractional distance zone for fans emplaced by dry flows with (a) d = 40 mm,
(c) d = 5 mm, and (e) d = 1.25 mm as well as associated topographic fan profiles
for the three cases: (b) d = 40 mm, (d) d = 5 mm, and (f) d = 1.25 mm. Twenty
numerical trials are performed for each of the three grain sizes. The abrupt change
in slope between fractional distance zones 25 and 50 seen in (c) and (e) is indicative
of a run-out zone where a relatively small amount of material is deposited.

randomly selected from a uniform distribution supported between values of d = 40

mm and d = 1.25 mm for each flow event (Figure 2.4; Figure 2.5). The topographic

profile of the fan is concave up, with slope tending to consistently increase from the

base of the fan to the source region. The mean slope of fans generated in this way are

intermediate to both coarse-grained and fine-grained flows, with the mean fan slope

being 19◦ ± 1◦ when g = 3.73 m s−2 and 19◦ ± 1◦ when g = 9.81 m s−2.
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Figure 2.4. Model predicted debris fans emplaced by wet or dry flows on Mars
(g = 3.73 m s−2). Flow properties between individual events on the hillslope are
varied randomly. Quartile plots of mean fan slope by fractional distance zone for fans
emplaced by (a) dry flows with a variable mean grain diameter (d) between d = 1.25
and d = 40 mm as well as (b) associated topographic fan profiles. Quartile plots of
mean fan slope by fractional distance zone for fans emplaced by (c) wet flows with λf
varying between 0.1−0.5, ηf between 10 and 50 Pa · s , and d between d = 1.25 and
d = 40 mm as well as (d) associated topographic fan profiles. Wet flow fans appear
to have toes with relatively low slopes that gradually increase as one moves from the
toe to the source region. Dry flow fans have a steep concave up toe that consists of
approximately the lowest 25% of the fan’s horizontal length.

In hillslope systems evolving through wet debris flow processes, fan morphology

appears more sensitive to flow parameters compared to the dry flow case. Mean

fan slope decreases with the viscosity of the interstitial fluid and the pore pressure

coefficient, but does not appear to be as sensitive to changes in vs (Table Figure 2.1).
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Grain size is held constant at d = 5 mm.

vs ηf (Pa·s) λf g (m s−2) Slope (deg.)
0.3 1 0.1 3.73 16± 1
0.3 10 0.1 3.73 18± 1
0.3 10 0.3 3.73 14± 1
0.3 10 0.5 3.73 9± 1
0.3 50 0.3 3.73 16± 1
0.3 50 0.5 3.73 15± 1
0.5 1 0.1 3.73 15± 1
0.5 10 0.1 3.73 17± 1
0.5 10 0.3 3.73 13± 1
0.5 10 0.5 3.73 8± 1
0.5 50 0.3 3.73 17± 1
0.5 50 0.5 3.73 12± 1
0.3 1 0.1 9.81 16± 1
0.3 10 0.1 9.81 19± 1
0.3 10 0.3 9.81 15± 1
0.3 10 0.5 9.81 10± 1
0.3 50 0.3 9.81 16± 1
0.3 50 0.5 9.81 15± 1
0.5 1 0.1 9.81 16± 1
0.5 10 0.1 9.81 18± 1
0.5 10 0.3 9.81 14± 1
0.5 10 0.5 9.81 9± 1
0.5 50 0.3 9.81 17± 1
0.5 50 0.5 9.81 14± 1

Table 2.1. Model predicted mean slope of fans emplaced by wet flows. Each fan
slope, reported with mean and standard deviation, is computed from 20 simulated
debris fans.

Fans with low pore pressure and low viscosity, i.e. when λf = 0.1 and ηf = 1 Pa·s,

are very similar to debris fans formed through dry flows and develop a concave down

region in the central portion of the fan as well as a concave up toe (Figure 2.6; Figure

2.8). Fans formed with higher values of λf (λf = 0.3, λf = 0.5) do not develop the flat

run-out zones common when λf = 0.1. Fans formed by flows with high pore pressure

(λf = 0.5) and low viscosity are characterized by very low gradients and relatively
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linear profiles (Figure 2.7; Figure 2.9). When the pore pressure and viscosity of the

flows take on intermediate values, fans have concave up toes with slightly higher

gradients. In all cases where flow properties (i.e. λf , ηf , vs) are held constant, the

fan profile is not adequately described as concave up, linear, or concave down. Mean

slope, in most cases, appears to be a non-monotonic function of fractional distance

zone (Figure 2.6; Figure 2.7; Figure 2.8; Figure 2.9).

To generate a debris fan from the repeated deposition of a variety of wet debris

flow types, numerical trials were performed with ηf , λf , and d being independently

chosen from uniform distributions supported between values of 10 Pa · s and 50 Pa · s,

0.1 and 0.5, and 1.25 and 40 mm respectively. The resulting fan profiles are concave up

with low gradient toes (Figure 2.4; Figure 2.5). Average fan slopes are intermediate

to those formed by high viscosity, low pore pressure flows and those formed by low

viscosity and high pore pressure flows. Mean fan slopes are 17◦ ± 2◦ when g = 9.81

m s−2 and 16◦ ± 1◦ when g = 3.73 m s−2.

Here, we consider basic morphological characteristics of fans emplaced by dry and

wet flows when flow properties are allowed to vary randomly between events. Debris

fans formed through dry and wet flows both develop concave up profiles with well

defined concave up toes. In the wet case, the concave up toe extends into the middle

portion of the fan and is characterized by a lower average slope (Figure 2.4; Figure

2.5). A t-test indicates that the mean slope of the lowest 25% of dry and wet debris

fans is significantly different at the 1% level. When g = 3.73 m s−2, the average slope

of the lowest 25% of the fan is approximately 9◦± 3◦ in the wet case while 15◦± 3◦ is

typical for the case of dry granular flows with variable mean grain size (Figure 2.4).

Similar results are obtained when g = 9.81 m s−2. The lowest 25% of fans emplaced

under this condition have an average slope of 15◦ ± 3◦ and 11◦ ± 4◦ in the dry and

wet cases respectively (Figure 2.5), with this difference in mean also being significant

at the 1% level.
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Figure 2.5. Model predicted debris fans emplaced by wet or dry flows on Earth
(g = 9.81 m s−2). Flow properties between individual events on the hillslope are
varied randomly. Quartile plots of mean fan slope by fractional distance zone for fans
emplaced by (a) dry flows with a variable mean grain diameter (d) between d = 1.25
and d = 40 mm as well as (b) associated topographic fan profiles. Quartile plots of
mean fan slope by fractional distance zone for fans emplaced by (c) wet flows with
λf varying between 0.1−0.5, ηf between 10 and 50 Pas, and d between d = 1.25 and
d = 40 mm as well as (d) associated topographic fan profiles. Wet flow fans appear
to have toes with relatively low slopes that gradually increase as one moves from the
toe to the source region. Dry flow fans have a steep concave up toe that consists of
approximately the lowest 25% of the fan’s horizontal length.

2.4 Discussion

A variety of fan profiles and a wide range of mean fan slopes are predicted by the model

depending on the properties of the mass movements responsible for their formation.
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Figure 2.6. Model predicted debris fans emplaced by wet flows on Mars (g = 3.73
m s−2). Quartile plots of mean fan slope by fractional distance zone for fans emplaced
by wet flows with (a) d = 5 mm, λf = 0.1, ηf = 1, vs = 0.3; (c) d = 5 mm, λf = 0.1,
ηf = 10, vs = 0.3; and (e) d = 5 mm, λf = 0.3, ηf = 10, vs = 0.3; as well as associated
topographic fan profiles (b, d, f). Twenty numerical trials are performed for each set
of parameter values. Fans formed from flows having low pore pressure values appear
to have distinct run-out zones that are similar to those that develop on dry flow fans.

In the dry flow case, differences in mean fan slope attributed to changes in grain size

are small and may not be useful in practice, especially considering the difficulty of

accurately determining the boundaries of debris fans from topographic data alone.

However, the observed trends in mean slope are not unexpected since a decrease in

grain size reduces the value of the coefficient of friction. An increase in g allows for

the potential of higher flow velocities for individual flows, but does not significantly
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Figure 2.7. Model predicted debris fans emplaced by wet flows on Mars (g = 3.73
m s−2). Quartile plots of mean fan slope by fractional distance zone for fans emplaced
by wet flows with (a) d = 5 mm, λf = 0.1, ηf = 1, vs = 0.5; (c) d = 5 mm, λf = 0.1,
ηf = 10, vs = 0.5; and (e) d = 5 mm, λf = 0.3, ηf = 10, vs = 0.5; as well as associated
topographic fan profiles (b, d, f). Twenty numerical trials are performed for each set
of parameter values. Fans formed from flows having low pore pressure values appear
to have distinct run-out zones that are similar to those that develop on dry flow fans.

alter the average slope of well developed model-predicted fans.

Model predictions suggest that fans emplaced by fine-grained dry flows develop

a flat region at the top of the fan, indicative of a run-out zone where flows are

decelerating but not depositing significant amounts of material. We use run-out

distance to refer to the horizontal distance measured between the center of mass of

the flow at its starting location and the frontal end of the final deposit. For high values
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Figure 2.8. Model predicted debris fans emplaced by wet flows on Mars (g = 3.73
m s−2). Quartile plots of mean fan slope by fractional distance zone for fans emplaced
by wet flows with (a) d = 5 mm, λf = 0.5, ηf = 10, vs = 0.3; (c) d = 5 mm, λf = 0.3,
ηf = 50, vs = 0.3; and (e) d = 5 mm, λf = 0.5, ηf = 50, vs = 0.3; as well as associated
topographic fan profiles (b, d, f). Twenty numerical trials are performed for each set
of parameter values.

of d, maximum flow velocities are lower and it is more likely for flows to deposit a

larger portion of material close to the source region. For small values of d, dry flows

often have run-out distances that are high enough to limit the deposition of material

near the break in slope between the upper portion of the fan and the source region.

This may be significant since these characteristics are not predicted in the wet flow

case. Thus, it suggests a possible morphological signature of fans emplaced by fine-

grained dry flows, which may be more easily misinterpreted as wet flow fans due to
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Figure 2.9. Model predicted debris fans emplaced by wet flows on Mars (g = 3.73
m s−2). Quartile plots of mean fan slope by fractional distance zone for fans emplaced
by wet flows with (a) d = 5 mm, λf = 0.5, ηf = 10, vs = 0.5; (c) d = 5 mm, λf = 0.3,
ηf = 50, vs = 0.5; and (e) d = 5 mm, λf = 0.5, ηf = 50, vs = 0.5; as well as associated
topographic fan profiles (b, d, f). Twenty numerical trials are performed for each set
of parameter values.

their ability to develop relatively low average slopes.

Fans emplaced by wet flows, however, can develop similar characteristics under

certain circumstances. Wet flows with low values of pore pressure and viscosity can

behave similar to dry flows. Low values of viscosity diminish the resistance attributed

to the liquid phase and the basal shear stress attributed to the granular phase, which

varies linearly with λf , has a higher relative importance. The mobility of different

types of wet flows can vary significantly, as demonstrated by the ability of wet flows
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to develop fans with a wide range of mean slopes when λf , ηf , and vs are varied

(Table 2.1).

Large differences in the run-out potential of various flow events could lead to a

profile that is entirely concave up, with more mobile flows creating a gently sloping toe

and less mobile flows creating the transition from the source region to the middle of

the fan. When flow properties are varied between individual flows, both dry and wet

flow fans can develop topographic profiles that are concave up (Figure 2.4; Figure

2.5). However, even when flow properties are held constant in the wet flow case,

fans do not develop the flat run-out zones characteristic of fans emplaced by fine-

grained dry flows (Figure 2.3). The basal shear stress attributed to the fluid phase

within wet flows is dependent upon the square of the flow thickness, which may

vary significantly between events based on the randomly assigned initial flow area.

Consequently, smaller flows may be more regularly deposited near the break in slope

between the fan and the source region. In addition, wet flows tend to thin and spread,

providing a means of filling in most depressions on the upper and middle portions

of the fan. To a certain extent, however, the general shape of the debris fan is also

determined by the initial shape of the hillslope. The slope and profile shape of the

lower portion of the fan may be less sensitive to changes in the initial shape of the

hillslope as this portion of the fan may tend to be emplaced on the relatively low

gradients found farther away from the source region.

In the dry case, flows with different properties still have relatively similar mobility,

causing the lower portion of the fan to be made up of the accumulation of multiple

deposits. Although the same is occasionally true in the wet case when λf and η

are held constant, shallow slopes can still be achieved at the toe of the fan due to

the thin nature of the deposits caused by reduction in basal shear stress due to high

pore pressure (Figure 2.7; Figure 2.9). It may be possible, if the amount of post-

emplacement modification is small, to gain insight into formation processes based on

the average slope of the frontal portion on the fan.
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Numerical simulations indicate that average fan slope is a poor indicator of the

emplacement process, suggesting that dry flow should not be immediately ruled out

as a major emplacement mechanism in hillslope systems that develop fans with an

average slope below the dynamic angle of friction. More generally, it is unclear at

what point mean fan slope becomes an indicator of the emplacement process. Due

to the ability of both flow types to form similar fans under particular assumptions,

we find no specific quantitative measure that can be used to prove or disprove either

the dry or wet flow model for debris fans on Mars. Mean fan slope and fan concavity

may generally be associated with particular types of emplacement mechanisms, but

it is suggested here that other debris fan features, such as the sinuosity of associated

gully channels, gully orientation and location, as well as finer scale surface features

of debris fans may be more robust indicators of the emplacement process.

Kirby and Statham [1975] propose that the concavity observed in some scree slopes

is a result of the probability distribution of stopping points for individual clast move-

ments and such concavity is not captured by models that consider only a mean particle

stopping distance. Rockfall dominated scree slopes have also been described to have

slightly convex upper portions and concave lower sections [Kotarba and Stromquist,

1984], with the concavity being attributed to the ability of larger rocks to be trans-

ported farther distances downslope. The model presented here is designed for mass

movements of material and not for the movements of individual clasts, but a similar

phenomenon is observed in our numerical results. When flow properties are varied

between flow events, model predicted fans develop concave up topographic profiles.

Numerical results support field observations and conceptual models indicating that

flow rheology can significantly influence fan morphology [Whipple and Dunne, 1992;

Staley et al., 2006].

In general, proper estimation of input parameters for rheological models requires a

detailed understanding of the constituents of the flow. Even when needed parameters

can be estimated from field data, rheological models are often limited by their inability
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to account for changing flow parameters, such as viscosity, sediment concentration,

particle size, and pore pressure, over the course of the flow path [Iverson, 2003].

Further, sediment concentration, pore pressure at the flow base, and the viscosity of

the interstitial fluid are likely related to each other in most cases, but the exact form

of such a relationship is not clear. Estimated viscosities for Terrestrial debris flows are

generally in the range of 1 to 10, 000 Pa · s [Mangold et al., 2003], with the viscosity of

cold, muddy water being approximately 0.1 Pa·s [Glass and Klimmek, 2001]. Formulas

used to estimate the viscosity of sediment and water mixtures can predict order of

magnitude changes in viscosity with small (less than ten percent) changes in sediment

concentration [Glass and Klimmek, 2001], but also tend to predict viscosities within

the range of 1 to 10, 000 Pa · s. For these reasons, we find it more meaningful within

the simple model used here to explore a variety of fixed parameter values that are

representative of different flow types including highly fluidized flows (wet flows with

vs = 0.3), flows characteristic of high sediment concentration debris flows (wet flows

with vs = 0.5), and completely dry flows. The effect of small changes in sediment

concentration on the viscosity of sediment and water mixtures, combined with the

sensitivity of the wet flow model to changes in viscosity, lends support to the idea

that the run-out potential of individual wet flow events may vary significantly in most

natural systems. Model predictions do not vary significantly with vs, but in nature

small changes in vs may lead to large changes in η [Major and Pierson, 1992] and λf ,

which do greatly influence model results.

The relative development of model-predicted fans also influences results since

quantities such as average fan slope are not constant in time. The initial condi-

tions and maximum fan cross-sectional area are chosen so that debris fans are well

developed for the range of flow parameters explored. The initial hillslopes chosen

for numerical simulations all have sections above the angle of repose for dry granular

material and are steep relative to the slopes on which many gully systems are found

on Mars [Heldmann and Mellon, 2004; Dickson et al., 2007; Heldmann et al., 2007].
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An initial hillslope profile with sections above θ2, however, allows for the examination

of fan development in situations where the initiation of both dry flows and wet flows

are possible within the chosen modeling framework.

Several hypothesis have been offered, including frosted granular flow (FGF), that

could explain the mobilization of material on slopes below θ2 without liquid water

[Hugenholtz, 2008]. Frosted granular flow, a process observed on Earth, refers to a

type of granular flow in which frost reduces dynamic inter-particle friction, either

through lubrication or smoothing of the clast surfaces, resulting in greater mobility

as compared to a flow of the same material without the presence of frost [Hugenholtz,

2008]. A quantitative description of FGFs or flows containing interstitial ice is lacking

and not included in this study, but the occurrence of such flows provides an example

of one way through which additional variations in flow mobility may be introduced

into a hillslope-fan system.

The behavior of dry and wet flows can be expected to differ from the idealized

model presented here, but results can be interpreted as suggesting that it is the

variability between flow events that determines the general shape of the fan. Such

variability appears more easily obtainable in the case of wet flows due to the fact that

small changes in sediment concentration can lead to order of magnitude changes in

flow viscosity in addition to influencing pore pressure. Under the assumption that

the behavior of dry flows is adequately described by the chosen model, it is more

difficult to produce significant variations in flow mobility between individual dry flow

events. Additionally, changes in flow size are sometimes sufficient in the wet case

to create significant variability in the run-out potential of different flows, even when

most other model parameters are fixed, making it rare for any portion of the fan

profile to develop a flat run-out zone (Figure 2.6; Figure 2.7; Figure 2.8; Figure 2.9).

The assumption of slope retreat may contribute to the observed flat regions in

simulated debris fans. Slope retreat is a good assumption on Mars where there is

little to no active tectonics, but may be less applicable to steep mountain fronts on
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Earth due to continual uplift. As the slope retreats in the model, a flat area is left

at the top of the depositional fan. The true relationship between a retreating source

region and a stationary deposition area is sure to vary from this idealized scenario.

The run-out zones suggested by the model in the dry flow case are likely attributable

to some combination of the slope retreat assumption and the inability of dry flows,

especially those dominated by fine-grained sediment, to regularly deposit close to the

source region (Figure 2.3). A model that accounts for sediment transfer between the

mobile flow and the bed may provide a mechanism by which additional material is

routinely deposited near the base of the source region. Additional transport mecha-

nisms, particularly those associated with creep processes, could lead to more regular

deposition of material near the break in slope between the source region and the

fan. The possibility of entrainment and deposition of material along the flow path, a

process not considered in the current model, is an additional source of uncertainty.

2.5 Conclusions

A simple, process-based model has been presented for use in hillslope systems where

rapid mass wasting is the primary erosion mechanism and the assumptions of diffusion-

based models begin to break down. The benefit of this type of modeling approach is

the opportunity to explore the effects of physical flow properties on debris fan devel-

opment, which can lead to new field-testable hypotheses on the relationship between

process and form within debris-flow-dominated hillslope systems. Model results sug-

gest that debris fans emplaced by dry flows can develop average slopes lower than

the dynamic angle of friction, given that they are reasonably modeled within the

presented framework. Numerical simulations suggest that wet flow fans can develop

a wide range of average slopes, with slopes dependent on the properties of the associ-

ated flows. Wet flows with low viscosity and high basal pore pressure values tend to

lead to the formation of fans with lower average slopes, while the opposite is true of
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high viscosity flows with lower values of pore pressure. Debris fans emplaced by wet

flows characterized by low pore pressure values, particularly those with low viscosity,

can develop topographic profiles that resemble those characteristic of dry flow fans.

Results suggest several important relationships between debris fan morphology

and emplacement processes. Variability between flow events appears to lead to the

formation of fans with concave up topographic profiles. Also, average slope at the

lower extent of the fan appears to be significantly higher in the dry case and lower

in the wet case. Mean fan slope, however, does not appear to be a reliable indicator

of the emplacement process. If the suggested morphological patterns are robust,

their diagnostic utility would depend on the amount of expected post-emplacement

modification.
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Chapter 3

Controls on the spacing and geometry of rill

networks on hillslopes: Rain splash

detachment, initial hillslope roughness, and

the competition between fluvial and colluvial

transport

3.1 Introduction

Feedback mechanisms between overland flow and sediment transport can lead to the

development of drainage patterns with remarkably uniform patterns [Perron et al.,

2008]. At the hillslope scale, the study of rills has attracted considerable attention

due to their pattern-forming nature [Favis-Mortlock et al., 2000] and their ability to

enhance sediment transport rates relative to undissected hillslopes. Rills are small,

erosional incisions (0.01-0.1 m) within the soil, commonly found on steep hillslopes

with little or no vegetation. The large number of possible sediment transport mecha-

nisms on hillslopes and their tendency to vary significantly in relative magnitude with

environmental factors have made it difficult to determine the controlling factors of rill

network geometry. A better understanding of the controls on rill network geometry

would improve our ability to more accurately model and predict erosion at the hill-

slope scale. In particular, relationships between surface roughness, mean slope, and

rill development can serve to improve parameterizations of rilling within larger-scale

landscape evolution models that are not capable of resolving features at such scales

(i.e. 0.01-1 m).

Previous studies [e.g. Smith and Bretherton, 1972; Loewenherz, 1991; Simpson

and Schlunegger, 2003; Simpson and Castelltort, 2006; Smith, 2010] have developed

mathematical models that account for the interaction between overland flow and sed-
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iment transport that lead to channel networks. Simpson and Schlunegger [2003], for

example, demonstrated that the geometries of channel networks formed on initially

undissected landscapes are influenced by the relative importance of fluvial sediment

transport and colluvial transport. The feedbacks between topography and overland

flow can lead to the development of valley networks, while colluvial sediment trans-

port, which has a diffusive effect on the land surface, can act to smooth the landscape.

Significant work has also been done using physical models to study the evolution of

rill networks on different initial surfaces [e.g. Gomez et al., 2003; Rieke-Zapp and

Nearing, 2005] and to establish the conditions for rill initiation [e.g. Gilley et al.,

1993; Yao et al., 2008]. Despite our ability to produce, model, and observe the pro-

cesses of rill initiation and development, it remains difficult to adequately identify

and quantitatively describe the controls on different rill network geometries.

Due to the coupling among topography, water flow, and erosion/deposition, it is

likely that any channel system will depend on the initial surface roughness because

that roughness sets the initial overland flow pathways. Micro-topographic roughness

contributes to the concentration of overland flow, which in turn leads to the initial

success of some incipient channels over others. The subsequent development of the

network also depends on the relative importance of different sediment transport mech-

anisms. Studies of large-scale channel systems (i.e. incised-valley drainage networks

rather than rill networks) often focus on either sediment transport mechanisms or

initial topographic roughness as the dominant controls on drainage network develop-

ment. Perron et al. [2008], for example, demonstrated the importance of a landscape

Peclet number, which quantifies the relative importance of advective and diffusive

sediment transport processes, in their study of the controls on the periodic spacing

of first-order valleys. Relationships have also been suggested between the structure

of river networks and regional slope [Castelltort et al., 2009; Jung et al., 2011]. Such

studies suggest a threshold value for the regional slope above which parallel networks

tend to occur more often than dendritic networks. On smaller scales, there is strong
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evidence that micro-topography influences rill network geometry by preferentially

routing runoff and localizing erosion in a positive feedback [Favis-Mortlock, 1998;

Favis-Mortlock et al., 2000]. Simpson and Schlunegger [2003] used a numerical model

to show that parallel networks tend to develop in cases where the relative magnitude

of initial roughness is small and that increases in roughness can lead to more den-

dritic patterns. These authors also considered the relative importance of two different

sediment transport mechanisms, namely fluvial and colluvial transport, on channel

formation and described a process in which the final channel network geometry is

dependent upon the timescale at which diffusive smoothing removes roughness ele-

ments from the initial surface. They suggested that rill-like features commonly form

on smaller spatial scales due to the fact that mean slope tends to dominate surface

roughness on the hillslope scale, whereas this is not as often the case on the scale at

which river networks form [Simpson and Schlunegger, 2003]. We build upon previous

studies by (1) demonstrating the importance of raindrop-aided sediment transport in

hillslope-scale erosion problems, (2) demonstrating the existence of a smooth transi-

tion from parallel to dendritic rill networks, and (3) developing a scaling relationship

to predict mean rill spacing within parallel networks.

Given that parameterizations of rates of sediment transport and erosion/deposition

are highly empirical and often the most poorly constrained aspect of this and similar

landscape evolution models, it is essential to test the predictions of hillslope-scale

landscape evolution models against data from physical experiments whenever possi-

ble. Gomez et al. [2003] performed a series of physical experiments where rill networks

were formed over a five hour period of generated rainfall on a 2 m by 4 m flume in-

clined at either a twenty or five percent slope. Experiments were carried out on three

different types of surfaces characterized by varying degrees of surface roughness: low,

medium, and high. Gomez et al. [2003] performed two replications for each slope and

surface treatment. Terrestrial-laser-scanner derived digital elevation models (DEM)

were created for the initial surface as well as the surface after each hour of simulated
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rainfall. Experimental data corresponding to the two replications performed on the

twenty percent slope with low surface roughness are chosen for comparison with the

numerical model, as they give rise to the most well developed and clearly defined rill

networks.

3.2 Conceptual Model

The landscape evolution equation we employ is designed to represent three processes:

the direct transport of material due to rain splash, the fluvial detachment and trans-

port of bed material disturbed by raindrop impact, and the deposition of sediment

being advected within overland flow. The impact of raindrops is directly responsible

for transporting bed material through rain splash. Rain splash is generally repre-

sented as a transport-limited process in which the sediment flux is proportional to

the land-surface gradient [Dunne et al., 2010]. Raindrop impact can also indirectly

influence rates of fluvial transport by detaching and disaggregating soil particles and

making them more transportable by overland flow [Nord and Esteves, 2005]. Exper-

iments have documented order of magnitude differences in sediment concentrations

when overland flow within small plots of cohesive soil is induced by rainfall as opposed

to flow from a ground level perforated pipe, suggesting that overland flow may be in-

effective at detaching sediment without raindrop impact [Gabet and Dunne, 2003].

Previous studies have introduced models that account for differences between un-

altered, in situ soil, and an overlying sediment layer that can develop through a

combination of rain splash detachment and redeposition [e.g. Hairsine and Rose

1991, 1992a, 1992b; Heng et al., 2011]. Hairsine and Rose [1992a] presented an

erosion model that explicitly accounts for the entrainment and re-entrainment of

sediment into the overland flow column due to raindrop impact, entrainment and

re-entrainment due to overland flow, deposition of sediment, and the difference in

erodibility between a redeposited layer of sediment and the original (usually more
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cohesive) bed material. Nord and Esteves [2005] modeled erosion as occurring in mul-

tiple phases. During the first phase, the flow has not yet overcome critical thresholds

necessary to transport material and the breakdown of aggregates, raindrop impact,

rain splash, and the resulting deposition contribute to the formation of a layer of

loose sediment. The land surface elevation does not change during this initial phase.

This sediment is then available for fluvial transport once an entrainment threshold

is reached. Once the layer of loose sediment is removed, the flow is capable of de-

taching unaltered bed material if a second, more stringent threshold is achieved. The

transport of unaltered soil, which is less erodible, is considered to be negligible in this

study.

The model presented in this study accounts for many of the same sediment trans-

port mechanisms as the model suggested by Hairsine and Rose [1991,1992a, 1992b].

Both models allow for the development of a layer of sediment overlying the in situ

soil, although here it is possible for this overlying layer to form without the deposi-

tion of previously entrained sediment. Here, raindrop impact converts the soil into a

more-easily detachable (damaged) layer of material at a rate dependent on overland

flow depth. The rate depends on overland flow depth because overland flows that are

sufficiently deep absorb momentum from the raindrops and protect the underlying

soil from impact [Dunne et al., 2010]. The deposition of previously entrained material

is thought to add directly to the damaged layer of sediment. Sediment within the

damaged layer is capable of being detached and transported by the flow at any time,

given that such material exists and any critical entrainment thresholds are exceeded.

In this way, raindrop impact acts as a limiting factor for the rate of fluvial detachment

of sediment. The direct transport of sediment through rain splash is accounted for

independently from fluvial transport. The interaction between shallow overland flow,

raindrop impact, and soil is a complex process dependent upon both raindrop size

and velocity as well as overland flow depth [Kinnell, 1991]. The model introduced

here is a simple way to account for the fact that fluvial sediment transport may still
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take place, but in a manner limited by the ability of raindrop impact to affect the soil,

even when overland flow itself is insufficient to entrain and transport unaltered bed

material. This is a reasonable assumption for the hillslope-scale, but on a larger scale

it is likely that valley-like features will begin to form once the typical stream power

(or shear stress) becomes sufficiently large to exceed the critical value necessary to

entrain unaltered soil.

3.3 Methods

A rainfall rate, R, in excess of infiltration results in overland flow with depth h, an x

component of velocity u, and a y component of velocity v. Material may be entrained

or deposited by the flow at rates of E and D respectively. The model equations used

to govern quasi-steady flow are given by [Simpson and Castelltort, 2006]

∂(hu)

∂x
+
∂(hv)

∂y
= R +

E −D
1− φ

(3.3.1)

∂

∂x

(
hu2 +

1

2
gh2
)

+
∂

∂y
(huv) = γx (3.3.2)

∂

∂x
(huv) +

∂

∂y

(
hv2 +

1

2
gh2
)

= γy (3.3.3)

∂(hcu)

∂x
+
∂(hcv)

∂y
= E −D (3.3.4)

Equations (3.3.1)-(3.3.3) represent conservation of water, conservation of momentum

in the x direction, and conservation of momentum in the y direction respectively.

Equation 3.3.4 enforces the conservation of sediment with c denoting sediment con-

centration. Bed sediment porosity and gravitational acceleration are denoted by φ

and g respectively. The forcing terms in the momentum equations are defined as,

γx = −gh∂z
∂x
− fu

√
u2 + v2

8
+ ε

(
∂2hu

∂x2
+
∂2hu

∂y2

)
(3.3.5)

−(ρs − ρw)gh2

2ρ

∂c

∂x
− (ρ0 − ρ)(E −D)u

ρ(1− φ)
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and

γy = −gh∂z
∂y
− fv

√
u2 + v2

8
+ ε

(
∂2hv

∂x2
+
∂2hv

∂y2

)
(3.3.6)

−(ρs − ρw)gh2

2ρ

∂c

∂y
− (ρ0 − ρ)(E −D)v

ρ(1− φ)
.

Here, f denotes the Darcy-Weisbach friction factor and ε ≈ 10−4 is the coefficient of

turbulent viscosity. From left to right, the forcing terms account for the effects of

topography, friction, turbulent dissipation, a spatially variable sediment concentra-

tion, and momentum transfer associated with sediment exchange between the flow

and the bed. The density of the sediment and water are defined as ρs = 2600 kg m−3

and ρw = 1000 kg m−3 respectively, while ρ0 = ρwφ + ρs(1− φ) is the density of the

saturated bed and ρ = ρw(1− c) + ρsc is the density of the sediment-water mixture.

An additional term of the form Rcu(ρs− ρw)/ρ is sometimes included within γx (and

a similar term within γy) [Li and Duffy, 2011], but is neglected here. Within rill

flow one can estimate c ≈ 0.01, u ≈ 0.1 m s−1, and R ≈ 10−5 m s−1, which implies

Rcu(ρs − ρw)/ρ ∼ 10−8 with smaller values being expected in interrill locations. The

smallest term included within the momentum equation is the term associated with

turbulent viscosity, which scales with εuh ∼ 10−7 when assuming a length scale on

the order of unity, u ≈ 0.1 m s−1, and h ≈ 0.01 m.

The friction factor, f , is sometimes defined as a function of the Reynolds number

within the laminar flow regime [Fiedler and Ramirez, 2000]. However, experiments

have lead to questions about the applicability of traditional, linear relationships be-

tween the Reynolds number and f , finding instead that f may be a non-monotonic

function of the Reynolds number [Abrahams et al., 1986; Abrahams et al., 1991]. It

has been suggested that the interaction of form roughness, which refers to macroscale

bed roughness elements such as gravel or soil clumps, with shallow overland flow

may be responsible for the non-monotonic relationships between f and the Reynolds

number that have been observed in experiments [Abrahams et al., 1986; Abrahams

et al., 1991; Lawrence, 1997]. Additionally, raindrop impact may induce turbulent
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flow even when the Reynolds number is less than 1000 [Dunne and Dietrich, 1980;

Gabet and Dunne, 2003]. Given these complications and the difficulties associated

with adequately constraining the additional parameters of a more complex frictional

resistance model, f is approximated here as a constant and is determined through

comparisons between model predictions and experimental data.

The temporal change in the land surface is defined by

∂z

∂t
= β∇2z +

D − E
1− φ

. (3.3.7)

The first term on the right hand side of (3.3.7) takes into account the diffusive effect

of rain splash with a constant diffusivity, β. The second term represents the fluvial

erosion and deposition of sediment. Note that a corresponding diffusive term is not

included as a source of sediment within equations (3.3.1) and (3.3.4). The sediment

transported directly through rain splash is never considered to be entrained within

overland flow and therefore does not contribute to changes in flow depth or sediment

concentration. The fluvial erosion rate, E, is formulated in terms of either stream

power, Ω, or shear stress, τ . The stream power erosion law is given by

E = κ (Ω− Ωc) , (3.3.8)

and the shear stress erosion law by

E = κs (τ − τc) . (3.3.9)

A critical entrainment threshold, denoted Ωc for the stream power model and τc for

the shear stress model, must be exceeded before fluvial erosion occurs. Therefore,

E = 0 when Ω < Ωc or τ < τc. Additionally, E may be limited by the availability of

entrainable sediment, which is described shortly. Here, κ and κs denote erodibility

coefficients for the damaged soil layer and Ω = |q||S| is proportional to the unit

stream power with

|q| =
√

(uh)2 + (vh)2 (3.3.10)
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|S| =
√

(∂z/∂x)2 + (∂z/∂y)2. (3.3.11)

Shear stress is proportional to τ = h sin θs, where θs denotes the bed slope. Deposition

is computed as D = cvse, where vse is the particle settling velocity. The depth of the

damaged soil layer, ν, is initially zero and evolves according to,

∂ν

∂t
= ξA(h, hc) +

D − E
1− φ

(3.3.12)

where ξ represents the maximum rate at which the bed is damaged by raindrop

impact, hc is a critical depth of overland flow over which the influence of raindrop

impact is assumed to decay, and the function A(h, hc) modifies the rate at which

raindrops damage the original bed material. We assume that the rate at which

raindrop impact damages the bed decays exponentially with the ratio of flow depth

to the critical depth, hc, as A(h, hc) = exp(−h/hc). The critical depth, hc, is likely

to scale with characteristic properties of the raindrops such as mean diameter and

velocity. In cases where ν > hc it is assumed that the underlying soil is sufficiently

shielded so that A(h, hc) = 0.

Through particular choices of the parameters ξ, hc, and vse, several different types

of erosional environments can be explored. By modeling multiple layers of soil (an

erodible and a non-erodible layer), one can study the effects of supply-limited entrain-

ment, where sufficient stream power does not exist to transport the original bed mate-

rial. We use the term ‘supply-limited’ to distinguish this erosional environment from

the traditional detachment-limited model, in which there is no dependance between

overland flow depth and the erodibility of the substrate. Also, equation (3.3.7) reduces

to the usual detachment-limited formulation of sediment transport when vse = 0 and

ξ and hc are sufficiently large so as to not limit sediment entrainment. The addition

of an independent deposition rate is useful for simulating erosional environments that

exist between the detachment-limited and transport-limited end-member models. A

better representation of the total sediment load could be obtained by considering

multiple particle size classes, but for this study a representative particle size is chosen
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for each simulation. For a given particle size, d, the settling velocity is calculated

using the formulation given by Dietrich [1982] for spherical particles.

Soil bulk densities measured in the Gomez et al. [2003] experiments vary slightly

with the surface treatment, but a sediment porosity, φ = 0.55, is chosen to be con-

sistent with the bulk density of the soil, approximately 1200 kg m−3, used within the

low roughness experiments [Gomez et al., 2003]. A value of hc = 3 mm, consistent

with the diameter of a medium-to-large raindrop, is assumed throughout all numerical

simulations. The chosen value of hc is motivated by experimental results suggesting

that the mass of sediment splashed by a raindrop decays exponentially with the ratio

of flow depth to raindrop diameter [Dunne et al., 2010]. In the absence of overland

flow, the analysis of Dunne et al. [2010] allows for an estimate of β ≈ 10−9 m2 s−1

when considering an un-vegetated surface with a characteristic raindrop diameter of

3 mm, a rainfall rate of 4 cm h−1, and soil bulk density of approximately 1200 kg

m−3. The coefficient of turbulent viscosity is estimated according to ε = αh
√
ghS,

where α ≈ 0.2 [Izumi and Parker, 1995]. Assuming values consistent with typical rill

flow within this study, h = 0.01 and S = 0.1, the coefficient of turbulent viscosity

takes a value of ε ≈ 10−4, which is fixed for the remainder of this analysis.

The rainfall rate and friction factor used within model simulations are chosen to

approximately match the discharge and velocity data given in Figure 13 of Gomez et

al. [2003]. Using the Digital Elevation Model (DEM) generated after the second hour

of rainfall for both the first and second replications, values of f and R are chosen

such that model-predicted discharge rates at the lower boundary of the computational

domain are generally on the order of 10−2 l s−1 with velocities between 0.1 m s−1 and

0.3 m s−1 within most areas of concentrated flow. This does not uniquely constrain

f and R, but the chosen values are consistent with experimental data (Figure 3.1).

When comparing model predictions to experimental data, β is varied within a small

range about the estimated value of β ≈ 10−9 given above and the soil erodibility

coefficient, κ, maximum rate of soil damage, ξ, particle settling velocity, vse, and
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critical entrainment threshold, Ωc, are treated as free parameters.
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Figure 3.1. Model predicted flow discharge versus flow velocity at rill locations
corresponding to hour 2 of the Gomez et al. [2003] experiments. A DEM correspond-
ing to the experimental surface at t = 2 h is used as the input topography to the
numerical model. Mean discharge and flow velocity are computed from the model
predicted steady state flow. Values of f = 0.4 and R = 4 cm h−1 are found to be
consistent with measurements taken during the experiments (see Figure 13 in Gomez
et al. [2003]).

3.4 Numerical Model

The numerical solution of the governing equations is simplified slightly by the fact

that the landscape evolution equations can be decoupled from the rest of the system.

This simplification is justified since erosion occurs on a time scale that is significantly

longer than changes in flow depth. Therefore, the general solution strategy is to

determine an approximate steady state solution to the overland flow equations and

then compute the change in the land surface using the conditions of the steady state

flow. This enables more efficient solution of the system over longer total simulation

times. The specifics of the numerical method used to solve the overland flow equations
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are given in detail by Simpson and Castelltort. [2006] and are only briefly outlined

below.

Given an initial topography, a solution to equations (3.3.1)-(3.3.4) is computed

by determining an approximate steady state solution to the time-dependent version

of the respective equations. The criteria used to determine an approximate steady

state is the requirement that, on average, the percentage change in fluid depth at each

node over a five second interval is less than one percent. During this phase of each

time step, there is no change to the land surface. Once an approximate steady-state

solution for overland flow is computed, equations (3.3.7) and (3.3.12) are solved based

on the properties of the solution for overland flow and the bed topography is modified.

A new steady state flow condition is then found using the modified topography as

input and the process is repeated.

The principal numerical challenge in the model is the integration of the shallow

water equations. Average depths of overland flow are generally small and can be

less than or on the same order of magnitude as the small perturbations on the land

surface. Shock-capturing schemes deal more naturally with the dry/wet interface

conditions that can be present in discontinuous shallow overland flow. For this reason,

we solve the shallow water equations using a Godunov-type finite volume scheme.

Equations (3.3.1)-(3.3.4) are solved using the HLLC (Harten-Lax-Van Leer-Contact)

approximate Reimann solver as described by Simpson and Castelltort [2006], with

explicit treatment of source terms. The topographic evolution equation, i.e. (3.3.7), is

then solved using a first-order forward difference in time and a second order, centered-

in-space, discretization of the Laplacian. Equation (3.3.12) is also solved with a

first-order forward difference in time.

All numerical results are computed on a square grid with a spacing of ∆x. Let

Qn
i,j denote the value of Q at the nth computational time step at a node with x and y

positions of i∆x and j∆x respectively. Defining ∆t as the computational time step

for the landscape evolution equations, values for z and ν at time step n+ 1 are given
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by,

νn+1
i,j = νni,j + ∆t

(
ξA(hni,j, hc) +

Dn
i,j − En

i,j

1− φ

)
(3.4.1)

zn+1
i,j = zni,j + ∆t

(
β
zni+1,j + zni,j+1 − 4zni,j + zni−1,j + zni,j−1

∆x2

)
(3.4.2)

+∆t

(
Dn

i,j − En
i,j

1− φ

)
with En

i,j, D
n
i,j, and A(hni,j, hc) being determined from the steady state values of h,

uh, vh, and c. However, while approximating a steady state solution to the overland

flow equations, the entrainment rate E is restricted so as to not result in a value of

ν < 0 following the subsequent land surface update. This measure enforces the fact

that only material within the damaged layer is capable of being entrained.

Both transmissive and solid boundary conditions are used while computing the

solution to equations (3.3.1)-(3.3.4). If overland flow at a boundary grid point is

described by [h uh vh c]T = [h∗ uh∗ vh∗ c∗]
T , then the unknown flow values on the

other side of the boundary are specified as [h uh vh c]TB = [h∗ uh∗ vh∗ c∗]
T to simulate

a transmissive boundary. A solid boundary is simulated by setting [h uh vh c]TB =

[h∗ − uh∗ vh∗ c∗]T .

High rates of entrainment and shallow flow on rough topography can occasion-

ally result in isolated pixels with a high sediment concentration. Since this occurs

infrequently and the motion of high sediment concentration flows are not adequately

modeled by the chosen governing equations, all sediment within the water column in

a pixel with c > 0.2 is removed from the water column and deposited on the bed.

3.5 Nondimensionalization

The landscape evolution equation (i.e. equation (3.3.7)) can be simplified in partic-

ular circumstances and written in non-dimensional form to elucidate several relevant

timescales. In situations where the effects of supply-limited entrainment, deposition
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of material in suspension, and critical entrainment thresholds can be neglected, the

topographic evolution equation can be written in non-dimensional form as

∂z′

∂t′
=
β′

κ′
∇′2z′ − |∇′z′|, (3.5.1)

where a prime denotes a dimensionless variable. Here, z′ = z/z0, t
′ = t/t0, ∇′ = L0∇,

β′ = β/L2
0, and κ′ = κR0, L0 is the horizontal distance in the along-slope direction, z0

is the elevation of the hillslope above a base level, R0 is a characteristic rainfall rate,

R0L0 is a characteristic discharge, and t0 = 1/κ′. One can then see that a timescale

associated with rill incision is tc = 1/κR0 and, more generally, the timescale for the

diffusion of a general feature of size λ is td = λ2/β. In this instance, a dimensionless

variable, θP = β′/κ′, similar to a landscape Peclet number can also be defined. Note

that θP is the ratio of an advection timescale to a diffusion timescale and can be used

as a measure of the relative importance of advective and diffusive sediment transport

mechanisms within the system.

In an effort to determine a length scale on which rilling is likely to occur, consider

an inclined plane superimposed with low-magnitude roughness elements. Such a sur-

face often develops a parallel drainage network [Simpson and Schlunegger, 2003]. On

surfaces with low relative roughness, flow paths are less likely to be diverted from the

path of steepest descent and the initial drainage pattern can be expected to consist of

parallel flow pathways. Only a portion of the flow pathways suggested by the initial

drainage, however, persist long enough to generate rills. Diffusive sediment transport

is the mechanism responsible for smoothing incipient rills. Diffusive smoothing op-

erates more effectively on higher-frequency features, such as those suggested by the

initial drainage pattern, but its effectiveness decreases as some micro-rills fail and

the lateral frequency of the remaining micro-rills decreases. Eventually, rill incision

occurs at a faster time scale than the time scale associated with the diffusion of the

developing rills. At this point, developing rills are likely to persist. Although rills

may develop at a faster rate at a different lateral frequency, this conceptual model
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predicts them to develop at the highest frequency at which they are able to form.

Namely, in cases where parallel rills form, they are expected to form when td ∼ tc.

Solving for λ yields a length scale for rill spacing,

λ ∼
(

β

κR0

)1/2

. (3.5.2)

3.6 Results

3.6.1 Comparisons with experimental data

In this section the utility of various subfamilies of the proposed erosion model are

tested by comparison with the experimental results of Gomez et al. [2003]. The

number of rills per cross-slope transect and the mean rill depth were chosen as a

means of comparison. In addition to being capable of producing a network with

reasonably accurate rill spacing (mean number of rills per transect) and mean rill

depth, the success of a particular subfamily of the model was also determined by its

ability to predict significant rilling within different portions of the slope at a time scale

similar to that observed during the experiments. Rills are identified in the output

of the numerical model by scanning along cross-slope transects and tagging pixels

with positive curvature above a critical value. Negative values of curvature must

then be found within 6 cm of either side of identified points. The average difference

between the elevations of the two points of negative curvature and the point of positive

curvature must be at least 5 mm in order for the location to be identified as a rill.

This identification algorithm leads to a natural means of assigning a depth to each rill

location, with the depth being taken as the maximum of the difference between the

points of positive and negative curvature. The values of these identification thresholds

are likely to vary with the magnitude and frequency of surface roughness elements

but we find that the chosen thresholds correctly identify rill locations for the types

of surfaces within this study.
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To quantify the ability of the model to accurately predict rill development within

different portions of the slope, a technique is used where the slope is partitioned into

four different zones. The zones are identified by their fractional distance downslope,

ranging from 25 to 100. The portion of the experimental plot consisting of the upper-

most 25% of the slope is denoted as fractional distance zone 25, while the lowest 25%

of the plot is assigned a fractional distance zone of 100. Rill depth and the number of

rills per transect can be averaged within each of the zones to quantify typical values

of these variables at different locations on the slope.

For reasons outlined in Gomez et al. [2003], the DEMs corresponding to the

experimental data do not cover the 0.1 m on either of the lateral sides of the flume or

the final 0.4 m of the flume. The computational domain within numerical experiments

covers the same region as the DEMs and has a downslope length of approximately

3.6 m and cross-slope length of approximately 1.8 m. A solid boundary is enforced at

the top of the slope while transmissive boundaries are imposed at both lateral sides

and the lower boundary. It is necessary to sub-sample the pre-rainfall DEM from a

resolution of 1.5 mm to 15 mm for computational reasons before it is input into the

numerical model. A grid spacing of 1.5 mm severely restricts the time step needed

for numerical stability.

In cases where ξ >> 1, hc >> 1, and vse=0, the model approximates a detachment-

limited erosional environment. It is typical for order of magnitude differences in dis-

charge (and stream power) values to exist between the top and bottom of the slope.

Shear stress may similarly vary by several orders of magnitude between areas near the

top of the slope, where there is very little flow concentration, and areas at the bottom

of the slope. Large spatial variations in stream power and shear stress between the

upper and lower portions of the plot are accentuated once channelization begins and

encourage scenarios where rills develop and deepen rapidly near the lower boundary

and at the same time are unable to form on upper portions of the slope (Figure 3.2).

Numerical results indicate that incision rates within rills significantly increase with



59

25 50 75 100
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

Fractional Distance Downslope

M
e
a

n
 R

ill
 D

e
p

th
 (

m
)

 

 

t=.8hr

t=1.6hr

t=2.4hr

t=3.2hr

25 50 75 100
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

Fractional Distance Downslope

M
e
a

n
 R

ill
 D

e
p

th
 (

m
)

 

 

t=.8hr

t=1.6hr

t=2.4hr

t=3.2hr

25 50 75 100
0

2

4

6

8

10

12

Fractional Distance Downslope

R
ill

s
 p

e
r 

c
ro

s
s
−

s
lo

p
e
 t
ra

n
s
e

c
t

 

 

25 50 75 100
0

0.01

0.02

0.03

0.04

0.05

Fractional Distance Downslope

M
e
a
n
 R

ill
 D

e
p
th

 (
m

)

 

 

t=1hr

t=2hr

t=3hr

t=4hr

t=5hr

25 50 75 100
0

0.01

0.02

0.03

0.04

0.05

Fractional Distance Downslope

M
e
a
n
 R

ill
 D

e
p
th

 (
m

)

 

 

t=1hr

t=2hr

t=3hr

t=4hr

t=5hr

25 50 75 100
0

2

4

6

8

10

12

Fractional Distance Downslope

R
ill

s
 p

e
r 

c
ro

s
s
−

s
lo

p
e
 t
ra

n
s
e
c
t

 

 

v
s
>0

v
s
=0

Experiment

v
s
>0

v
s
=0

Experiment

(d)

(a) (b) (c)

(f)(e)

Figure 3.2. Mean rill depth computed from model-predicted rill networks corre-
sponding to replication 1 of the low roughness Gomez et al. experiments [2003]. (a)
Results from using the stream power model with ξ = 100, hc = 100, vse = 0.002
cm s−1 (d ≈ 0.006 mm), κ = 0.0175, and β = 5 · 10−9. (b) Results from using the
stream power model with ξ = 100, hc = 100, vse = 0, κ = 0.0175, and β = 5 · 10−9.
(c) The stream power model (t=3.2 h) with ξ = 100 and hc = 100 predicts little
rill development in comparison to that seen during the experiments (t=3 h). (d)
Results from using the shear stress model with ξ = 100, hc = 100, vse = 0.002 cm/s,
κs = 3.5 · 10−3, and β = 5 · 10−9. (e) Results from using the shear stress model
with ξ = 100, hc = 100, vse = 0, κs = 3.1 · 10−3, and β = 5 · 10−9. (f) The shear
stress model (t=5 h) with ξ = 100 and hc = 100 predicts little rill development in
the middle and upper portions of the slope in comparison to that seen during the
experiments (t=5 h).

time, particularly in the lower portions of the slope (Figure 3.2), whereas experimental

data suggest that rills deepen, on average, at an approximately linear rate after their

initial formation (Figure 3.3; Figure 3.4). The shear stress model predicts less rapid

growth of rills near the base in comparison to the stream power model, but still fails
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Figure 3.3. Mean rill depth computed for different portions of the slope. Mean rill
depth is computed from DEMs of the Gomez et al. [2003] experiments for (a) repli-
cation 1 and (d) replication 2. Corresponding numerical model predictions with the
stream power erosion law are computed with ξ = 1/144000, hc = 0.003, vse = 0.0002
cm s−1 for (b) replication 1 and (e) replication 2. Corresponding numerical model
predictions with the shear stress erosion law are computed with (c) ξ = 1/130910,
hc = 0.003, vse = 0 for replication 1 and (f) ξ = 1/120000, hc = 0.003, vse = 0 for
replication 2. Note that experimental data for hours 1 and 4 are not included from
replications 1 and 2 respectively.

to qualitatively agree with experimental results (Figure 3.2). A purely detachment-

limited erosional environment appears to be insufficient to reasonably describe the

development of the experimentally produced rill networks.

Another possibility is to specify ξ >> 1, hc >> 1, and vse > 0 to account for an

erosional environment intermediate to both the detachment-limited and transport-

limited extremes. In this manner, the rapid growth of rills at the lower boundary
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Figure 3.4. Comparison between model-predicted rill networks and experimental
results of Gomez et al. [2003] at t = 5 h. (a) Mean number of rills per cross-slope
transect computed from DEMs of experimental results and model predictions with
ξ = 1/144000, hc = 0.003, and vse = 0.0002 cm s−1. (b) Mean rill depth computed
from DEMs of experimental results and model predictions with ξ = 1/144000, hc =
0.003, and vse = 0.0002 cm s−1.

may be impeded by the deposition of sediment as sediment concentrations tend to

be highest within the lower portions of the developing rill network. The inclusion

of the deposition term reduces overall rill depth, but it appears to be insufficient to

significantly alter the large discrepancy between rill growth rates within the upper

and lower portions of the plot (Figure 3.2).

Supply-limited entrainment can be modeled by choosing values of ξ and hc that

are small enough to have a non-trivial effect. Higher water depths shield the un-

derlying bed and decrease the rate at which material becomes available for fluvial

detachment and transport. Consequently, entrainment within rapidly developing rills

near the boundary tends to be supply-limited while erosion rates in the upper reaches

of the network are limited by available stream power (or shear stress). Numerical re-

sults obtained in such cases can contain rill networks that evolve, both temporally

and spatially, in a manner that is consistent with the results of the Gomez et al.
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Figure 3.5. Contour plots of DEMs from experiments of Gomez et al. [2003] . (a)
Replication 1 at t = 5 h. (b) Replication 2 at t = 5 h. Contour intervals are 5 mm.

[2003] experiments (Figure 3.3; Figure 3.4). Experimental results show rill networks

that extend farther up the slope than those suggested by numerical results with the

stream power model (Figure 3.5; Figure 3.6). The shear stress model appears to

better predicting rill development near the upper boundary of the plot, especially for

replication 2 (Figure 3.5; Figure 3.7).

The model, on average, predicts less interrill erosion than that observed in exper-

iments. The average amount of total erosion within interrill areas in replication 1

of the Gomez et al. [2003] experiments is approximately 2 cm, but model predicted

erosion in interrill areas is on the order of 0.01 cm and 0.1 cm when using the stream

power and shear stress erosion laws respectively. Model-predicted overland flow ve-

locities and flow depths tend to be low in these areas and raindrop impact may exert
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more control on erosion in such portions of the domain. There is a possible off-set

zero in the elevation data for replication 2 and therefore only data from replication

1 is presented. Although this would not influence other computed statistics, such as

rill depth or number of rills per cross-slope transect, an off-set zero would influence

the computed total erosion.
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Figure 3.6. Topographic contours of model-predicted rill networks, using the stream
power erosion law, at t = 5 h. Model predictions corresponding to (a) replication 1
and (b) replication 2 of the experiments performed by Gomez et al. (2003). Contour
intervals are 5 mm.

It is found that a spatially and temporally variable erodibility coefficient results

in model-predicted rill networks that contain more realistic small-scale sinuosity. In

reported results, a mean value of κ is chosen for the entire domain but the value of κ at

a particular pixel is drawn from a uniform distribution supported between values that
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Figure 3.7. Topographic contours of model-predicted rill networks, using the shear
stress erosion law, at t = 5 h. Model predictions corresponding to (a) replication 1
and (b) replication 2 of the experiments performed by Gomez et al. (2003). Contour
intervals are 5 mm.

are 30% lower and higher than the mean. The same procedure is applied to κs when

using the shear stress model, but the distribution of values only varies within a range

of 10% around the mean. Temporal changes in substrate erodibility are included

by updating κ at a pixel after every 5 mm of incision. Larger variability within

the erodibility coefficients results in the development of isolated ‘holes’ within the

topography that are not consistent with experiments while significantly less variability

in κ or κs results in no noticeable change in the rill network.
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3.6.2 Network geometry

In order to explore controls on rill network geometry and rill spacing, we performed

numerical experiments with an initially planar surface superimposed with a given

micro-topographic roughness and subjected to steady rainfall. The initial topography

is generated by taking the sum of a planar surface with slope S and a random surface,

defined by drawing numbers from a normal distribution with zero mean and variance

η. The distance between the randomly chosen elevations in both the x and y directions

is denoted by δ. In the results discussed below, we use the stream power erosion law

and fix the following parameter values: Ωc = 0, vse = 0, f = 0.4, ξ = 1/90000, and

hc = 0.01. The values for vse, ξ and hc are chosen to approximate a detachment-

limited environment, in which the scaling relationships developed earlier are valid.

There are many methods available for characterizing the geometry (e.g. parallel,

subparallel, dendritic, subdendritic) of large-scale drainage networks. A rill network,

consisting of many individual drainages with separate outlets, presents additional

difficulties. For instance, a network may contain three rills that reach the end of the

slope as first order channels as well as three rills that are fourth order channels at

the lower hillslope boundary. In such cases, it becomes difficult to assign a single

geometry (dendritic or parallel) to the network as a whole. Here, the ratio of rill

junctions within the network to the total number of rills, Jr, is taken as a measure

of the networks’ geometry. Although simple, this method clearly identifies when

a rill network consists entirely of parallel channels. The dendritic nature of the

network is assumed to increase with Jr. A junction is defined as a any pixel that

has two distinct rills that drain into it. The mean number of junctions per rill, is

calculated by first using a steepest descent flow routing algorithm to identify rills as

any pixel containing an upstream contributing area greater than a threshold value.

However, rills may be more than one pixel in width (cross-slope direction). A thinning

algorithm, based on the Rosenfeld-Kak algorithm [Krishnapuram and Chen, 1993],
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Figure 3.8. Model-predicted rill networks (black) formed on initially noisy, planar
surfaces. Parameter values: S = 0.15, η = 0.03 and (a) δ = 0.2, κ = 0.14, β = 10−6;
(b) δ = 0.2, κ = 0.03, β = 10−7; (c) δ = 0.05, κ = 0.03, β = 5 ·10−7 and; (d) δ = 0.05,
κ = 0.03, β = 10−7.

is applied to create a rill map where each rill is a single pixel in width. At this

point, junction locations within the network can be determined. This method is

used over the previously described rill identification algorithm because it generates

a more continuous rill network map, which is necessary for accurate identification

of all junctions within the network, rather than one in which a rill may become

discontinuous if its depth at a single pixel falls below the 5 mm threshold. Although
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Figure 3.9. Model-predicted rill networks (black) formed on initially noisy, planar
surfaces. Parameter values: S = 0.4, η = 0.001, δ = 0.05, κ = 0.09, β = 5 · 10−8,
hc = 0.003, ξ = 1/120000, and (a) R = 2cm h−1; (b) R = 4 cm h−1.

rill networks within this model are continually evolving in time, we compute final

statistics for the networks once the average number of rills per cross slope transect

within the lower third of the slope changes by less than 10% over a time period of

one hour, a timescale comparable to initial rill formation in many cases.

Rills often develop at the lower portions of the slope and extend upslope, deep-

ening with time. Even in the absence of a critical entrainment threshold, the lack

of sufficient stream power limits rill formation on the upper portions of the slope

(Figure 3.8; Figure 3.9; Figure 3.10). Occasionally rills develop only in the middle

portion of the slope, leaving both the upper and lower ends undissected. On the lower

portion of the slope, the presence of rills can be limited by the supply of entrainable

material. At points far enough down the slope, where the flow is sufficiently deep to

shield the substrate from raindrop impact, ν can be small and the flow is no longer

capable of generating incisions within the substrate (Figure 3.9). Rills then form in

an area where flow is sufficiently organized so as to be capable of providing differential

erosion, but terminate once the flow is deep enough to limit the ability of raindrop
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impact to aid in the fluvial transport process. In nature, rills that terminate at a given

distance downslope may indicate that typical overland flow events are incapable of

transporting material in the absence of other forcing mechanisms (such as rain splash

or bioturbation) that act to break down the soil into a more readily transportable

state.

Figure 3.10. Comparison between initial overland flow pathways and the resulting
parallel rill network. (a) Final rill network and (b) major flow pathways on the initial
surface.

Numerical results suggest that both regional slope and surface roughness as well

as the ratio of advective to diffusive sediment transport mechanisms are important in

determining network geometry (Figure 3.8; Figure 3.11; Figure 3.12). The drainage

pattern suggested by the initial flow pathways is dependent upon the slope and sur-

face roughness, with lower magnitudes of roughness tending to favor initially parallel

drainage patterns (Figure 3.13; Figure 3.14). Rill networks developing on such sur-

faces also tend to be parallel and can consist entirely of first order channels. When the

magnitude of the surface roughness is high, however, initial drainage patterns tend

to be more dendritic. In environments dominated by diffusive sediment transport,

the final networks are often parallel while they are dendritic, and more similar to the
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structure of the initial flow pathways, when advective sediment transport is dominant

(Figure 3.13; Figure 3.14).
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Figure 3.11. Mean rill spacing as determined from model-predicted networks.

Initial conditions with low magnitude surface roughness often have initial drainage

systems that are parallel (Figure 3.13). Rill networks that develop and persist on such

slopes are also parallel, but with a characteristic spacing that is much greater than

that suggested by the initial flow pathways (Figure 3.10). Numerical results suggest

that, within the regime of parallel rilling, mean rill spacing tends to occur on a length

scale such that the timescale for the diffusion of rill-like features is similar to the

timescale associated with rill incision (Figure 3.11; Figure 3.12).



70

Y (m)

X
 (

m
)

0 2 4 6 8 10

2

4

6

8

10

Y (m)

X
 (

m
)

0 2 4 6 8 10

2

4

6

8

10

Y (m)

X
 (

m
)

0 2 4 6 8 10

2

4

6

8

10

Y (m)

X
 (

m
)

0 2 4 6 8 10

2

4

6

8

10

(b)

(d)
(c)

(a)

Figure 3.12. Model-predicted rill networks formed on a rough surface. The initial
surface is the same in all cases cases, but rill spacing decreases as λ decreases. (a)
λ = 1.1. (b) λ = 0.9. (c) λ = 0.7. (d) λ = 0.4. Contour intervals are 1 cm.
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Figure 3.13. The transition between parallel and dendritic rill networks. (a) Jr
calculated from final rill networks formed on planar surfaces with low relative rough-
ness. (b) Jr calculated from the corresponding initial overland flow pathways. (c)
Jr calculated from final rill networks formed on planar surfaces with high relative
roughness. (d) Jr calculated from the corresponding initial overland flow pathways.

3.7 Discussion

Parallel rills appear to develop on a wider range of initial surfaces than dendritic

networks, whose formation requires that roughness elements be preserved for a long

enough time to continually divert flow into preferred pathways with a dendritic struc-

ture. Even the case of parallel rilling, sufficient noise is needed to ensure that overland

flow concentrates to some degree or the initial surface will erode uniformly. Parallel

rills can form on both low and high roughness initial surfaces, but for the idealized

surface roughness used in this study the length scale on which they develop appears

to depend mostly on the erosional environment in which they are created.

Often, a large number of periodically spaced flow pathways are present in the ini-

tial drainage but only some fraction of these develop into rills. When initial pathways
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Figure 3.14. Initial flow pathways and model-predicted rill networks formed on
a rough surface. (a) Major flow pathways on the initial surface. Model-predicted
rill networks formed on the same initial surface as in (a) when (b) θP = 0.44, (c)
θP = 0.22, and (d) θP = 0.03. Model-predicted rill networks transition from parallel
to dendritic as θP decreases. When θP is small, the final rill network resembles the
initial flow pathways.

of overland flow concentration are closely spaced, diffusive transport often dominates

any differential fluvial erosion within the resulting tightly spaced erosional features.

Less successful micro-rills fail and the mean spacing between the major flow path-

ways increases. Remaining micro-rills are less susceptible to diffusive infilling and

often inherit a larger percentage of the upstream contributing area. This process

continues until fluvial transport dominates diffusive transport within the developing

rills. This conceptual model indicates that the spacing of parallel rills is set by the

smallest spatial scale for which channel incision occurs faster than the timescale for

the diffusive smoothing of rill-like features. Rather than developing at a scale that is
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optimal, i.e. the scale at which rill-like features may incise the fastest, this suggests

that parallel rills form at the smallest spatial scale at which they are capable of being

preserved (Figure 3.11; Figure 3.12).

The applicability of this conceptual model for rill spacing is likely to depend on the

properties of the initial surface roughness. If high magnitude, large scale roughness

elements, which are not easily influenced by diffusive sediment transport, continually

route flow into the same parallel pathways, the resulting rill spacing may be constant

for a wide range of θP values. In general, the proposed scaling relationship is not

likely to be applicable in situations where the initial overland flow pathways are

widely spaced enough so that the timescale for the diffusion of the developing micro-

rills is longer than the timescale for rill incision. Additionally, more complex surfaces

may route overland flow more efficiently into fewer pathways, each having relatively

high stream power (shear stress), thus requiring smaller values of κ (κs), R0, and L0

to accomplish the differential erosion necessary for rill development. In this sense, the

rill incision timescale is dependent upon both the statistical properties of the initial

surface noise and the regional slope in a manner that is not understood. In numerical

simulations, η is chosen to be small relative to the regional slope and we consider only

a single frequency of noise, often encouraging flow to initially concentrate on a scale

that is sufficiently small such that the timescale for the diffusion of the developing

micro-rills is shorter than the timescale for rill incision.

An important relationship between network geometry and the time scale over

which the roughness elements diffuse was observed and discussed by Simpson and

Schlunegger [2003]. Changes between the geometry of the initial flow pathways and

the final network can be attributed to the ability, or lack thereof, of the surface

roughness elements to repeatedly influence flow patterns. Slopes with large rough-

ness elements have the potential to give rise to dendritic networks, as the roughness

elements are more likely to maintain sufficient magnitude so as to preserve initial flow

pathways over longer time periods. The roughness elements are capable of repeatedly
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altering the path of the flow into the same preferred micro-rills and generally only

lose this ability once the developing channels are themselves capable of pirating flow.

Although dendritic rill networks require surfaces with sufficient noise to generate an

initially dendritic drainage pattern, it is common for such surfaces to develop paral-

lel networks due to the dominance of diffusive transport on the scale at which the

noise is imposed (Figure 8; Figure 14b). Such observations suggest that the erosional

environment in which the system is formed may have as significant of an impact on

network geometry as the initial topography.

However, critical values of regional slope have been suggested at larger scales

that mark transitions between the dominance of parallel and dendritic network types

[Castelltort et al., 2009; Jung et al., 2011]. We suggest that in cases where the

initial flow pathways are dendritic, it is possible for the resulting rill network to

transition from dendritic to parallel in a gradual manner as the relative importance

of diffusive sediment transport is increased (Figure 3.13). This trend suggests that the

transition from dendritic to parallel rill networks in not associated with any particular

threshold value. On a larger scale, the typical size of roughness elements and the range

of realistic parameter values may not allow for an analogously smooth transition to

occur in such instances. In the study of rills, the magnitude of the roughness elements

may vary by several orders of magnitude and may be present at such a high frequency

that they are extremely susceptible to diffusive smoothing over short timescales, with

such changes making them either sufficiently smaller and/or larger than the typical

depth of overland flow. One may be able to determine a magnitude of roughness

(at a given frequency) that serves as a threshold below which parallel rill networks

are favored, but this would likely only include the one class of parallel networks that

form from initially parallel drainage patterns and not those which form from initially

dendritic patterns.

The landscape evolution equation is the most poorly constrained aspect of this

and similar models. The general form of the equations can vary considerably depend-
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ing on the dominance of particular transport processes. Through particular choices

of the parameters ξ, hc, and vse, several different types of erosional environments are

represented and two commonly used empirical relationships are used to model fluvial

erosion. We find that, when comparing numerical results to experimental data, a

detachment-limited erosion model leads to the formation of deeply incised rills in the

lower portion of the plot with no appreciable rilling on the middle and upper parts

of the slope. Including the deposition of sediment within the model has the effect of

reducing downcutting in areas with high sediment concentration, which often corre-

spond with rill locations. However, when comparing experimental data with model

predictions, including the deposition of suspended sediment does not qualitatively

change the results in a significant manner for the cases tested. The idealized ero-

sional environments that did not include rain splash as a limiting factor in fluvial

erosion rates were found to be inconsistent with experimental results within all tested

portions of the parameter space. The shear stress model performs slightly better than

the stream power model in cases where E is not supply-limited, but both models fail to

be consistent with experimental results. Shear stress and stream power models both

compare well with experimental data within supply-limited erosional environments.

Physical systems characterized by high rainfall rates, small spatial scales, and

shallow overland flow (such as the Gomez et al. [2003] experiments) are systems in

which one might expect raindrop impact to exert control over the fluvial detachment

and transport of sediment. High rates of rainfall combined with shallow (or discontin-

uous) overland flow provide the mechanism through which the soil can be repeatedly

impacted by raindrops. Numerical results are consistent with this hypothesis, demon-

strating that such an environment can be adequately modeled within a framework

where the only sediment available for fluvial transport lies within a damaged layer of

sediment created by the raindrop impact process.

Raindrop impact may have an additional role within the sediment transport pro-

cess that is not included within the current model. Raindrops can splash sediment
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into the water column where it may be subsequently transported. The importance

of this process is likely to depend on the depth of overland flow, which shelters the

underlying sediment from raindrop impact, as well as the distribution of raindrop size

and momentum. We expect that including such a process would result in only minor

changes within the context of this study by increasing erosion within interrill areas.

An approximate upper bound on the amount of erosion due to rain splash induced

entrainment of sediment can be found by estimating the mass splashed per unit area

per unit depth of rainfall, im. Let α0 and vt denote the takeoff angle and takeoff

velocity of a particle. Based on experiments, Dunne et al. [2010] define im for a

completely exposed soil surface as

im =
2πgarjd

v2t
√

2
√

1 + 2 cosα0 sinα0

, (3.7.1)

where a = 0.0104, j = 0.927, and α0 = 11◦ are constants determined from experimen-

tal data and rd is the raindrop diameter. Assuming a drop diameter of 3 mm, and

allowing vt to vary between 1 and 2 m s−1, consistent with reported takeoff velocities

for sand particles of varying grain size [Dunne et al., 2010], im can be estimated to be

of order one. With a rainfall rate of 4 cm h−1 and a soil bulk density of 1200 kg m−3,

this would imply a sediment detachment rate of order 10−6 m s−1. This is likely an

overestimate for several reasons. First, the presence of overland flow will shield the

underlying soil. Second, we implicitly assume that all splashed sediment is entrained

into the overland flow. In shallow interrill areas, τ and Ω are both small and splashed

particles may settle back on the bed. Still, erosion attributed to rain splash induced

sediment entrainment may be important for accurately predicting erosion within in-

terrill areas, especially over time scales longer than several hours. However, given

that erosion due to the direct entrainment of sediment from rain splash is estimated

to occur significantly slower than rill incision (approximately 10−5 m s−1), it is not

included in this study.

Sediment entrainment induced by rain splash may be an important process that
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contributes to the mean lowering of interrill areas. A more complex formulation of

frictional resistance may also be important in determining erosion rates in shallow

interrill areas. Typical overland flow depths in interrill areas may vary significantly

in comparison to the size of surface roughness elements, which may lead to changes

in the coefficient of friction in those areas [Lawrence, 1997]. The main focus of this

study is rill morphology, but including rain splash induced sediment entrainment and

a variable friction factor may lead to improved model predictions of interrill erosion.

Analysis of the Gomez et al. [2003] experiments indicates that rilling occurs at

the upper portions of the plot on a timescale that is surprisingly comparable to

rill development within the lower portions of the slope despite order of magnitude

differences in stream power (and shear stress) within the two regions (Figure 3.3).

Under the assumption that stream power and shear stress are good indicators of

the fluvial detachment rate of sediment, it is possible to attribute this effect to a

lack of readily transportable material. It is suggested from experiments [e.g. Gabet

and Dunne, 2003] that the interaction between raindrops and the substrate is either

responsible for directly detaching sediment or disturbing the bed in a manner that

makes sediment available for detachment by the flow. When it is assumed that

raindrop impact damages a layer of sediment, which can later be more easily eroded,

it has the effect of limiting erosion rates at the lower portions of the slope as well

as providing a means for material to be more easily transported by the flow in the

upslope portions of the plot (Figure 3.3). The mathematical representation of this

process within the model is simplified and the entrainment of undamaged bed material

is not accounted for. It is likely that a second critical threshold exists, particularly for

large scale hillslope erosion problems, after which the flow is capable of transporting

undamaged bed material.

One could compute E using friction slope in place of bed slope, which is commonly

used in many applications for simplicity. We find that the difference between bed

slope and friction slope for a range of rainfall rates and various stages of rill incision
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is minimal in most areas, with the two slope quantities varying by less than 15% in

more than 90% of pixels. Attempting to reproduce experimental results using a model

with ξ >> 1 is still not possible with a friction slope formulation of stream power.

When using the best fit parameters for replications 1 and 2, the model predicted

mean rill depth and mean number of rills per transect change by less than 15% when

using friction slope in place of bed slope.

In the nondimensionalization of the landscape evolution equation, the erosional en-

vironment is assumed to be detachment-limited. In numerical results of rill networks

on idealized surfaces, the erosional environment only approximates such conditions

as ν is finite. The values of ξ and hc were chosen to be small enough to prevent

rapid incision of well developed rills in the lower portions of the slope while still being

large enough to avoid the development of terminating rills (Figure 3.9), an occurrence

that might influence mean rill spacing but would not be predicted by the detachment

limited model.

3.8 Conclusions

A numerical model has been presented for a variably erodible surface subjected to

rainfall. The model accounts for three modes of sediment transport: the direct trans-

port of material due to rain splash, the fluvial detachment and transport of bed

material damaged by raindrop impact, and the deposition of suspended sediment. It

is found that the rate at which original bed material is damaged by raindrop im-

pact may serve as an important mechanism for limiting entrainment rates. Model

results agree well with experimental data when raindrop-aided sediment transport

is accounted for by allowing the substrate to develop a damaged layer of sediment

overlying the undamaged, non-erodible soil. A simplified version of the model us-

ing excess stream power or shear stress to determine entrainment rates, without any

limitations based on the availability of detachable sediment, is found to be incapable
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of qualitatively reproducing rill networks formed in physical experiments. Including

the deposition of suspended sediment within the model does not have a significant

qualitative effect on the ability of the model to match experimental data.

Rill network geometry is found to depend on the relative importance of diffusive

and advective sediment transport mechanisms, as quantified by a landscape Peclet

number, as well as the initial slope and magnitude of surface roughness. Numerical

results suggest that both parallel and dendritic networks can form on surfaces with

high magnitudes of initial roughness while parallel networks dominate over a wide

range of parameter values when the magnitude of surface roughness is small. Dendritic

networks tend to form when channelization occurs fast enough to develop the micro-

rills suggested by the initial flow pattern over a rough surface. Parallel networks

generally form when advective transport is small in comparison to diffusive transport

or when the initial surface roughness is small. We find no clear critical values of

regional slope and/or surface roughness that mark a transition from the prevalence

of dendritic to parallel networks. On many of the simple, random surfaces tested,

network type can transition from parallel to dendritic as advective sediment transport

becomes more dominant than diffusive sediment transport. A scaling relationship

for the mean spacing of parallel rills is developed based on a balance between the

timescales for the diffusion of rill-like features and fluvial erosion.
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Chapter 4

Aspect-driven feedbacks between topography,

vegetation, and soil: Insights from cinder cone

evolution in the San Francisco volcanic field,

Arizona

4.1 Introduction

Over geologic timescales, differences in vegetation and soil properties may influence

rates of sediment transport, leading to observable differences in topography. Vegeta-

tion has been shown to influence rates of colluvial sediment transport [Hughes et al.,

2009], which can change soil thickness and soil production, both of which contribute

to topographic evolution. Both topography and soil, in turn, affect vegetation growth.

The sensitivity of each of these processes to climate and the inability to study selected

interactions in isolation has made it difficult to quantitatively describe ecohydrgeo-

morphic feedback mechanisms on hillslopes.

North and south-facing slopes receive varying amounts of solar radiation, which

can lead to measurable ecologic and hydrologic differences between the two opposing

slopes [Guittiérrez-Jurado and Vivoni, 2012]. The study of hillslope asymmetry, dif-

ferences in the morphology of hillslopes with opposing slope aspects, has been used

to infer relationships between slope-aspect-driven ecohydrologic feedbacks and long

term sediment transport rates [e.g. Istanbulluoglu et al., 2008; Poulos et al., 2012]. In

cases where slope-aspect-driven microclimatic effects are sufficient to produce quan-

tifiable differences in vegetation or soil, studies of hillslope asymmetry can provide

insight into the feedback mechanisms between vegetation, soil, and topography.

Studies finding that north-facing slopes degrade slower than corresponding south-

facing slopes attribute this pattern to fewer freeze-thaw cycles [Russel, 1909; Pierce
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and Colman, 1986; Branson and Shown, 1990; Rech et al., 2011], lower soil erodibility

and greater soil stabilization compared to less vegetated south-facing slopes [Pierce

and Colman, 1986; Branson and Shown, 1990; Istanbulluoglu et al., 2008], or lower

rates of chemical weathering caused by cooler temperatures [Rech et al., 2011]. Bur-

nett et al. [2008], in a study of canyon slopes in northeastern Arizona, found a greater

prevalence of cliffs on south-facing slopes and relate higher slope values within non-cliff

areas on south-facing slopes to decreased weathering caused by lower soil moisture.

Poulos et al. [2012] examined data over regional and continental scales, showing that

aspect-control on mean slope varies with latitude. In North America, north-facing

slopes are steeper than south-facing slopes below ∼ 49◦N latitude while west-facing

slopes tend to be steeper than east-facing slopes [Poulos et al., 2012]. Mechanisms

that result in hillslope asymmetry are likely to vary with climate. For instance, in

water-limited environments, the cooler temperatures and higher soil moisture typical

of north-facing slopes tends to give rise to more vegetation than the relatively dry

south-facing slopes.

In large-scale studies of hillslope asymmetry [e.g. Poulos et al., 2012], variability in

climate, tectonic history, lithology, and structural control make it is difficult to isolate

the roles of the different variables and processes that may contribute to morphological

differences between opposing slopes. More localized studies may minimize some of

these concerns, but results are often interpreted within the idealized context of a

steady topographic denudation rate [e.g. Istanbulluoglu et al., 2008; Guittiérrez-

Jurado and Vivoni, 2008]. While these studies provide significant insight into the

relationships between climate, ecology, hydrology, and topography, there is incentive

to study hillslope asymmetry on landforms that minimize structural control and the

variability in lithology that is present in most natural landscapes.

Cinder cones are steep conical hills with an interior crater that are composed of

the debris that accumulates around a volcanic vent following an eruption. Cinder

cones are often emplaced within a day to several years [Wood, 1980a], are relatively
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homogeneous in terms of mineraologic composition and grain size, and can be dated

using a variety of radiometric [Conway et al., 1998] or morphologic [e.g. Hooper

and Sheridan, 1998] methods. These properties make cinder cones ideal landforms

for quantitative analysis of erosional evolution [Wood, 1980b; Dowrenwend et al.,

1986; Hooper and Sheridan, 1998; Rech et al., 2001] and for testing quantitative

representations of geomorphic processes [e.g Pelletier and Cline, 2007].

The San Francisco volcanic field (SFVF), located in northeastern Arizona near the

southern edge of the Colorado Plateau, contains over 600 volcanic vents, including

several hundred basalt cinder cones with a wide range of ages [Hooper and Sheridan,

1998] (Figure 4.1). The SFVF has been active for ∼ 6 million years [Settle, 1979;

Conway et al., 1998] with the last eruption producing a cinder cone at Sunset Crater

(Figure 4.1; Figure 4.2) at approximately 1120 ± 40 AD [Moore and Wolfe, 1987].

The climate in the SFVF can be classified as semi-arid. Mean annual precipitation

is approximately 580 mm in Flagstaff, AZ (2135 m a.s.l), but falls to 250 mm at

the eastern extreme of the SFVF [Wood, 1980b]. The mean base elevation over all

cinder cones included in this study is 2068 m a.s.l, with 1513 m and 2467 m being the

lowest and highest base elevations respectively. Typical vegetation at lower elevations

includes piñon and sagebrush while pine forests are found at the higher elevations

where precipitation totals tend to be higher [Hooper and Sheridan, 1998].

An ideal, young cinder cone is radially symmetric with slopes that are approx-

imately equal to the angle of repose for granular material. However, there is still

natural variability among cinder cones and there are often initial asymmetries in

the morphology of individual cones due to formation processes. Breaches, caused

by lava flows, may excavate large sections of the cone (Figure 4.2). Even recently

emplaced cinder cones, having no significant time to develop asymmetry attributable

to post-formation mechanisms, are not radially symmetric (Figure 4.2). Adjacent

vents may also influence the development of post-emplacement asymmetry (Figure

4.2). To minimize the effects of variability in initial cone morphology, we examine a
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Figure 4.1. The San Francisco volcanic field covers approximately 4700 km2 and
contains hundreds of volcanic vents.

large population of cinder cones within the San Francisco volcanic field (SFVF) as

a function of age. Cones are not included in the study if they are too small and/or

degraded to reasonably estimate cone boundaries or if there are breaches (Figure 4.2)

or adjacent cones (Figure 4.2) that interfere with the methods for computing slope

and drainage density statistics, which are described in the next section.

After formation, cinder cones are modified through a combination of mass wasting,

eolian deposition, creep processes (e.g. rainsplash, bioturbation, freeze-thaw), and

fluvial erosion. Early stages of cone degradation involve mass wasting and debris flow

[Segerstrom, 1950; Dowrenwend et al., 1986]. Initially, the cone surface consists of

coarse cinders, which promote rapid infiltration and provide minimal potential for

water storage [Pelletier and Cline, 2007; Hooper, 1994; Hooper and Sheridan, 1998].

In addition to mass wasting, degradation of youthful cones appears to be dominated
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Figure 4.2. The initial morphology of cinder cones can vary and not all are included
within the study. (A) Slope map of a cinder cone discarded from the study due to a
large breach. (B) Slope map of Sunset crater (1120± 40 ya), a young cone with steep
slopes and a well preserved interior crater and rim. (C) Slope map of cinder cones
discarded from the study due to the close proximity of the two vents. (D) Contour
plot of Sunset crater with lines demonstrating the process of obtaining transects in
the 4 cardinal directions. Transects extend from the crater rim to the base of the
cone, as estimated using the contour map.

by rainslpash and other creep processes [Hooper and Sheridan, 1998]. The gradual

addition of eolian deposits enables better water storage, which increases vegetation

growth, and furthers chemical and freeze-thaw weathering processes. Later stages

of degradation include bioturbation and fluvial erosion. Younger cones may develop

rills, but older cones can develop large gullies and regularly spaced valleys (Figure

4.3) [Dowrenwend et al., 1986; Hooper and Sheridan, 1998].

The large population of cones with varying ages, a number of which have been ra-

diometrically dated, and the success of previous studies that morphologically date

remaining cones [Wood, 1980b; Hooper and Sheridan, 1998], makes the SFVF a
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Figure 4.3. Stages of development in cinder cone evolution. (A) Orhoimage of
cinder cone 11646 (0.14 ± 0.004 Ma) showing development of vegetation and small
rills/gullies on the north-facing slope. (B) Orhtoimage of cinder cone 11959 (2.79 ±
0.007 Ma), which appears to have higher vegetation density on the north-facing slope.
(C) Orthoimage of cone 12029, which has well-developed, evenly spaced valleys. (D)
Topographic profile taken through cinder cone 11646. The interior crater and rim
are well-preserved. Maps of channel networks (black) extracted from cones 11959 (E)
and 12029 (F) using contour curvature as described by Pelletier [2013].

promising site to study the interactions among vegetation, soil, and topography as a

function of time/age and slope aspect. In section 4.2, we quantify trends in biomass,

cone slope, and drainage density as functions of slope aspect and time. A numerical

model is presented in section 4.3 and is used to evaluate different conceptual models

that might lead to the development of the observed spatial asymmetries in cinder

cone development.
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4.2 Analysis of Cinder Cone Degradation

Measures of slope, drainage density, and biomass were compiled for 68 cinder cones

within the SFVF as a function of age and aspect, or northness. Northness, denoted

ζ, is defined as the cosine of slope aspect multiplied by the sine of the slope angle

and ranges from −1 (south-facing) to 1 (north-facing). It is an alternative means of

quantifying the orientation of a slope.

Digital elevation models (DEMs) are obtained by projecting USGS 1/3 arc-second

elevation data onto a grid with a uniform spacing of 10 m. Slope is computed in each

of the four cardinal directions along selected transects. Transects are chosen to ensure

that the cone slope is computed from the crater rim, or the cone center if the rim

has been completely eroded, to the base of the cone (Figure 4.2). Slopes with an

aspect of 315◦−45◦ are considered to be north-facing while those between 45◦−135◦,

135◦ − 225◦, and 225◦ − 315◦ are considered to be east, south, and west-facing.

Only 17 of the 68 selected cones have assigned ages (Table 4.1; Table 4.2). Mean

cone slope, however, has been found to decrease systematically with cone age in

the SFVF [Hooper and Sheridan, 1998]. Given that multiple slope transects are

computed for every selected cone in this study, we use mean slope as a proxy for

cone age. Mean slope provides a simple means of visualizing variables as a function

of ‘time’ within the SFVF, but we do not assume that mean slope provides a good

indication of age for an individual cone. The angle of repose for granular material is

dependent on the properties of the grains and therefore not all cinder cones can be

assumed to have initially similar slopes. Cone size also influences the rate at which

cone slope decreases with time. Still, by considering drainage density and other

morphological characteristics as a function of slope, we can obtain an approximation

of these variables as a function of time. A numerical model is used in section 4.3 to

estimate the relationship between time and mean slope for an idealized cinder cone.

On young cinder cones (mean slope > 20◦), north, south, east, and west-facing
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slopes have means of 23±3, 23±4, 22±3, and 24±3 respectively. North, south, east,

and west-facing slopes have means of 17±4, 14±4, 16±3, and 16±4 respectively on

older cones (mean slope < 20◦). A t-test indicates that the mean slope on east and

west-facing sides of young cinder cones are different at the 5% level. No other pairings

of mean slope populations on young cones are found to be significantly different at

the 20% level. While the difference in mean between north and south-facing slopes is

not significant for young cones, it is significant on older cones at the 1% level. The

difference in mean slope between west-facing and south-facing slopes on older cones

is also significant at the 5% level, as is the difference between east and south-facing

slopes. No other pairings are found to be significantly different at the 5% level.

North, east, and west-facing slopes all appear to be greater than south-facing

slopes on older cones, but the difference is most extreme when comparing north

and south-facing slopes. For this reason and because differences in microclimate

are maximized on opposing north and south-facing slopes, we focus on differences

between north and south-facing slopes for the remainder of this study. To further

investigate possible differences between north and south-facing slopes, a histogram of

the slope values is computed from each transect. For north and south-facing slopes,

the histograms are averaged over all cones to further detail possible trends between

slope aspect and slope (Figure 4.4). On young cones, north-facing slopes and south-

facing slopes not only have similar means but also share a similar distribution of slope

values. The distribution of slope values on older cones appears different, however, with

north-facing slopes containing a higher percentage of pixels with steep slopes (greater

than ≈ 20◦).

Drainage density is computed for each cone as the sum of all channel lengths

divided by the total area. Valley heads and drainage networks are identified using

contour curvature as described by Pelletier [2013]. We then use a multiple direction

flow routing algorithm [Quinn et al., 1998] to determine channel locations downstream

of each valley head [Pelletier, 2013]. Finally, a thinning algorithm, based on the
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Figure 4.4. Histograms of slope values from the north and south-facing transects.
(A) On young cinder cones, slope values on north and south-facing sides have similar
distributions. (B) On older cones, the north-facing side of cones appears to maintain
a larger portion of the steep slopes that are present in young cones.

Rosenfeld-Kak algorithm [Krishnapuram and Chen, 1993], is applied to ensure that

a unique location exists for each valley head and that channel segments are one pixel

in width. Otherwise, two adjacent pixels may both be identified as a channel or

valley head when it is only desirable to have one. Although every DEM is cropped to

eliminate most of the space surrounding the cinder cone, an additional step is taken

to remove pixels from the final drainage density analysis that are not on the cone.

The mean slope of the cone is computed as the average of the north, south, east,

and west transects. If a pixel has a slope more than 50% lower than the calculated

average, then it is not considered to be part of the cone when final drainage density

statistics are computed.

Drainage density varies systematically with cone age and slope aspect. Two crit-

ical ages, corresponding to mean cone slopes of ∼ 20◦ and ∼ 13◦, appear to separate

three distinct regimes of fluvial dissection of cinder cones within the SFVF (Figure

4.6). When mean cone slope is greater than ∼ 20◦, there is no clear trend between

drainage density and slope. Between mean slopes of 20◦ and 13◦, drainage density
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Figure 4.5. Drainage density varies systematically with mean slope, a proxy for
cone age. (A) On cinder cones with mean slopes greater than ∼ 20◦, drainage density
is low and appears to be a constant function of mean slope. Results suggest that
significant channelization begins after a critical age, corresponding to the stage in
cone degradation where mean slope has decreased to ∼ 20◦. On extremely degraded
cones (mean slope less than ∼ 13◦) drainage density decreases with decreasing slope.
(B) On older cones (mean slope less than ∼ 20◦), drainage density tends to be higher
on north-facing slopes (ζ > 0).

increases with decreasing slope. After cones have degraded to the point where slope is

less than 13◦, drainage density decreases with decreasing slope. Furthermore, average

drainage density on north-facing (ζ > 0) and south-facing slopes (ζ < 0) are 1.6 km−1

and 1.2 km−1 respectively.

The contributing area corresponding to each identified valley head is also com-

puted using a multiple direction flow routing algorithm [Quinn et al., 1998]. The
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product of A/w and S at valley head locations appears to follow a log-normal dis-

tribution on both north and south-facing slopes (Figure 4.6). The most commonly

occurring value of AS/w is approximately 8 m in both cases.
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Figure 4.6. Product of slope and contributing area per unit channel width at
identified channel heads for (A) north-facing slopes (ζ > 0) and (B) south-facing
slopes (ζ < 0). Only channel heads on cinder cones with a mean slope less than 20◦

are included.

4.2.1 Estimates of Biomass

The Normalized Difference Vegetation Index (NDVI) is chosen as a measure of biomass.

NDVI, which is based on the fact that vegetated and non-vegetated surfaces have dif-
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ferent albedo characteristics, is commonly used to estimate vegetation cover [Stensrud,

2007]. Letting R and IR denote the spectral reflectance measured within the red and

near infrared regions respectively, NDVI = (IR−R)/(IR+R). NVDI is calculated by

extracting USGS high resolution (1 m) orthoimages for each cone. Slope and aspect

information, derived from the DEMs, is interpolated to match the location of pixels

on the corresponding orthoimages. Every orthoimage is cropped to eliminate most of

the space surrounding the cinder cone, but as described above, a slope threshold is

also used to more accurately identify locations that are on the cone. Analysis of 68

cinder cones within the SFVF (Table 4.1; Table 4.2) suggests that biomass increases

linearly with northness (Figure 4.7). Average NDVI is approximately 20% higher on

north-facing slopes (ζ > 0) than on south-facing slopes. Aspect-driven differences in

vegetation can also be seen in orthoimages (e.g. Figure 4.3).
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Figure 4.7. The normalized difference vegetation index (NDVI) is computed as
a function of northness for every selected cinder cone. The average over all cones
suggests that NDVI increases linearly with northness.
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4.3 Numerical Model

Colluvial and fluvial sediment transport processes both appear to contribute to the

evolution of cinder cones. Colluvial transport is modeled as a transport limited pro-

cess with a sediment flux, qs, that varies nonlinearly with slope [Roering et al., 1999].

Fluvial transport is modeled as a detachment-limited process, in which all eroded

material is deposited outside of the model domain. Enforcing the conservation of

mass allows for the rate of change of topography with time to be expressed as,

∂z

∂t
= ∇ · qs − ε, (4.3.1)

where z is elevation, t is time, and ε is the divergence of the fluvial sediment flux.

The colluvial sediment flux is given by [Roering et al., 1999],

qs = D

(
∇z

1− (|∇z|/Sc)2

)
, (4.3.2)

where D is a colluvial transport coefficient that may vary in both space and time.

Colluvial sediment flux increases nonlinearly as the slope approaches a critical value,

Sc = 1.25. Note that lim
Sc→+∞

qs = D∇z, which is the traditional, linear, slope-

dependent transport law. The divergence of the fluvial sediment flux, which is as-

sumed to equal the detachment rate, has the general form [Howard, 1994; Perron et

al., 2008; Pelletier, 2010]

ε =


k
((

A
w

)p |∇z|n − θc) (
A
w

)p |∇z|n > θc

0
(
A
w

)p |∇z|n ≤ θc

Here, k is an erodibility coefficient, A is the upstream contributing area, w is the width

of flow in the dominant fluvial pathway within the grid cell, n and p are dimensionless

constants, and θc is a critical entrainment threshold. Values of p = 1 and n = 1 are

associated with the commonly used stream power erosion law [Pelletier, 2010].

Equation (4.3.1) is solved using the Forward-Time-Centered-Space (FTCS) method.

All numerical simulations are performed on a square mesh with a grid spacing of 5
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m. Let zni,j denote the value of z at the cth computational time step and location

x = i∆x and y = j∆y = j∆x. The x and y components of the colluvial sediment

flux are computed as

qci+1/2,j = −1

2
(Di+1,j +Di,j)

zci+1,j − zci,j
∆x(1− (S/Sc)2)

(4.3.3)

and

qci,j+1/2 = −1

2
(Di,j+1 +Di,j)

zci,j+1 − zci,j
∆x(1− (S/Sc)2)

, (4.3.4)

where S is the local slope gradient. The fluvial detachment rate, ε, is computed

by determining A via the D∞ flow routing method [Tarboton, 1997]. Topographic

elevation at the next time step is then determined by,

zc+1
i,j = zci,j −

∆t

∆x

(
qci+1/2,j − qci−1/2,j

)
− ∆t

∆x

(
qci,j+1/2 − qci,j−1/2

)
−∆tε. (4.3.5)

The colluvial transport coefficient, D, can be estimated from landforms with

known ages and can vary considerably with climate. Hanks [2000] reports values of

D, consistent with the linear colluvial sediment flux law, of approximately 0.1 − 0.7

m2 kyr−1 in arid regions of Israel, 0.5− 2 m2 kyr−1 in several semi-arid to arid areas

of the western U.S., and 11−16 m2 kyr−1 in the more humid environments of coastal

California and Michigan. Hooper and Sheridan [1998] estimate D within the SFVF

for the linear colluvial sediment flux expression by comparing model predictions with

statistical properties of cinder cones.

The ratio of cinder cone height to width decreases in time within the SFVF from

approximately 0.178 for cones with an average age of ∼ 0.08 Ma to 0.77 for cones with

an average age of ∼ 3.74 Ma. We estimate D, using the nonlinear colluvial sediment

flux relationship, for the SFVF with an analogous method. Hooper and Sheridan

[1998] average data from 70 recently emplaced cinder cones (< 0.16 Ma) and use

these parameters to define an initial condition to be used in numerical simulations.

The same initial condition, a cone with an initial slope of 30◦, a basal diameter of

876 m, and an interior crater of diameter 292 m, is used here in the simulations to



94

estimate D. By solving a one-dimensional version of equation (4.3.1) with k = 0, the

temporal evolution of the model-predicted cone height to width ratio is compared to

the decay in the cone height to width ratio found by Hooper and Sheridan [1998].

Model predictions show that a value of D = 1.75 m2 kyr−1 is the most consistent

with available data (Figure 4.8). This analysis also allows us to associate ages of

approximately 0.4 Ma and 2.0 Ma with a typical cinder cone in the SFVF with mean

slopes of ∼ 20◦ and ∼ 13◦ respectively (Figure 4.8).
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Figure 4.8. Basic morphological properties of idealized cinder cones. (A) Model-
predicted cone height to diameter ratio (magenta) compared with data (black) col-
lected by Hooper and Sheridan [1998]. Model predictions are most consistent with
the data when using a value of D = 1.75 m2 kyr−1. (B) Model predicted mean slope
of an idealized cinder cone subject only to diffusive sediment transport.

However, the magnitude of diffusive transport may depend on slope aspect. The

combination of lower slopes and lower drainage density on south-facing slopes suggests

that diffusive sediment transport is of higher relative importance on south-facing

slopes. A greater magnitude of diffusive sediment transport will increase the rate at

which a slope degrades. An increase in the relative importance of diffusive sediment

transport mechanisms may also lead to an increase in the spacing of first order valleys

[Perron et al., 2008]. Assuming equivalent magnitudes of fluvial sediment transport



95

on north and south-facing slopes, an increase in the colluvial transport coefficient

explains gentler slopes and lower drainage density on south-facing sides of the cinder

cones.

Increases in vegetation are often associated with increased bioturbation [Hughes

et al., 2009] , which is generally modeled as a diffusive sediment transport process.

However, north-facing slopes with higher soil moisture may be more hospitable for

long-term plant colonization, especially in a semi-arid environment. South-facing

slopes may have less vegetation, on average, but vegetation turn-over may be greater

due to lower soil moisture. Root growth and decay has been proposed as one of the

major mechanisms that contributes to vegetation-driven downslope sediment trans-

port [Gabet et al., 2003]. A higher number of vegetation growth and death cycles

may facilitate more sediment transport through bioturbation than would be possible

through a greater long-term average of vegetation density. We test this conceptual

model by including the effects of vegetation on the colluvial sediment flux through

the equation

D = 1.75− dvζ, (4.3.6)

where dv is a constant that determines the amount of spatial variation in D.

4.3.1 Model Results

First, we test the effects of a colluvial transport coefficient that varies with northness

by using a one dimensional version of the numerical model with k = 0. Model-

predicted cinder cone profiles are shown in Figure 4.9. The cone degrades purely

through diffusive processes with D varying in time and space as described by equation

(4.3.6) (dv = 1.225). The hillslope evolves asymmetrically due to increased colluvial

transport on south-facing slopes. Differences in hillslope morphology are subtle, but

can be seen more clearly on the degrading crater rim. The difference between mean

slope on north and south-facing sides of the cone is consistent with observations,
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which suggest variations in mean slope of several degrees on older cones.

500 1000 1500 2000
920

940

960

980

1000

1020

1040

1060

1080

Distance (m)

El
ev

at
io

n 
(m

)

0 500 1000 1500 2000 2500

12

14

16

18

20

22

24

26

28

30

Time (kyr)

M
ea

n 
Sl

op
e 

(d
eg

.)

 

 

North facing
South facing

(A) (B)

Figure 4.9. (A) Model-predicted cinder cone profiles at t = 0, t = 1000 kyr., and
t = 3000 kyr.. The effects of a spatially variable colluvial transport coefficient can
be seen on the crater rim, which is better preserved on the north-facing side of the
slope. (B) Mean slope on the north and south-facing slopes of the model-predicted
cone. A larger value on D on south-facing slopes leads to differences in mean slope
of several degrees.

To investigate influences on channel spacing, we implement the full model with

both colluvial and fluvial transport. The presence of an interior crater conflicts with

the assumption of the D∞ algorithm that there are no internal pits [Tarboton, 1997].

Therefore, we use a radially symmetric cone with a slope of 30◦ and a basal diam-

eter of 600 m defined on a grid with a uniform spacing of 6 m. Fluvial erosion is

assumed to begin approximately at 200 kyr after emplacement. There is no defini-

tive timescale for the onset of fluvial erosion but a critical time of ≈ 200 kyr leads

to predictions of significant channelization after 400 kyr, which corresponds to the

timescale for channelization observed in the data. Figure 4.10 illustrates the typical

evolution of a cinder cone evolving under the influence of a spatially variable colluvial

transport coefficient. Again, a value of dv = 1.225 is chosen. Rills and small gullies

develop rapidly on the north-facing slope, where diffusive transport is relatively low,

while channelization is slower to occur on south-facing slopes. The north-facing slope
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maintains higher drainage density as gullies deepen and evolve into valleys (Figure

4.10).
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Figure 4.10. Model-predicted cinder cone evolution. Parameter values are θc = 5,
k = 0.001, D0 = 1.75, and Sc = 1.25. (A) The initial cone at t = 0. (B) At t = 600
kyr, small tightly spaced gullies develop, particularly on the north-facing side of the
cone. (C) By t = 1000 kyr gullies have deepened and developed on all sides of the
cone. (D) Fluvial dissection of the cone continues to form valleys by t = 2000 kyr,
with a higher drainage density on the north-facing slope.

4.4 Discussion

Data suggest that aspect-driven microclimatic effects have influenced cinder cone evo-

lution within the SFVF. Mean slope is greater on north-facing slopes than on south-

facing slopes despite the fact that vegetation density appears higher on north-facing

slopes. There are conflicting ideas about the role of vegetation within the sediment



98

transport process. A number of studies suggest that increased vegetation stabilizes

north-facing slopes, leading to increased sediment transport and lower slopes on the

opposing, less-vegetated south-facing slopes [Pierce and Colman, 1986; Branson and

Shown, 1990; Istanbulluoglu et al., 2008]. In contrast, Hughes et al. [2009] suggests

that a change from grass/shrub-dominated vegetation during the late Pleistocene to

forest colonization during the Holocene lead to significantly higher colluvial sediment

flux rates at their study site near the Charwell River, South Island, New Zealand.

This result is consistent with a series of studies that associate higher values of D with

forested ecosystems [Roering et al., 2002; Roering et al., 2004; Walther et al. 2009].

We test a conceptual model that accounts for a larger magnitude of diffusive sedi-

ment transport, attributed to more rapid vegetation turnover, on south-facing slopes.

Results suggest that the simple model described here may be capable of representing

the processes that lead to asymmetries in cinder cone degradation. The model pre-

dicts spatial asymmetries in drainage density and mean slope that are consistent with

observations of cinder cones at various stages in development. Another possibility is

that increases in vegetation serve to stabilize the soil on north-facing slopes, which

could lead to a decrease in slope failure and rapid mass wasting. While Roering et. al.

[1999] state that the nonlinear increase in qs within their model is associated purely

with biogenic processes, others use similar expressions for colluvial sediment flux as

a means of accounting for a change in process at higher slope angles [e.g. Howard,

1994; Howard, 1997]. Viewing Sc as being associated with a threshold for rapid mass

wasting and slope failure processes, increased soil stabilization on north-facing slopes

could result in a higher value of Sc relative to south-facing slopes. However, at slope

angles that are sufficiently low, there is little difference between the nonlinear and lin-

ear formulations for colluvial sediment flux. Given that differences in drainage density

persist even on cones with low slope angles (≈ 13◦−20◦), this particular mechanism

seems less likely to be a dominant effect.

Soil properties not only influence sediment transport rates through vegetation
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growth, but also effect fluvial erosion. On young cinder cones, the rapid infiltration

of water into the porous cinders limits runoff. Once enough dust accumulates near

the cone surface, runoff can be generated and drainage density increases. The rapid

increase in drainage density as cones degrade in slope from 20◦ to 13◦ (Figure 4.5)

suggests that significant fluvial erosion does not occur until a cone degrades to a mean

slope of ∼ 20◦. We associated this time period, roughly estimated to be 0.4 Ma, with

the time needed for eolian deposits to change the infiltration properties of the cone

surface. Once cones have degraded to the point where mean slope is less than ∼ 13◦,

i.e. after ≈ 2 Ma, runoff may not generate sufficient stream power to continue to

maintain previously developed channels.

The location of valley/channel heads on hillslopes are often associated with a tran-

sition from the dominance of diffusive sediment transport to the dominance of fluvial

transport processes. Here, valley heads are identified based on a method that uses

contour curvature. One benefit to this approach is that the identification of channel

heads does not depend on contributing area. Therefore, one can estimate the critical

product of slope and unit contributing area that is necessary for channel formation.

North-facing slopes are more heavily vegetated than south-facing slopes, but this does

not appear to influence the distribution of AS/w at channel head locations. Vege-

tation is often thought to increase θc. The similarity between the two distributions,

however, indicates that channel heads tend to form in similar locations on both slopes

and that differences in drainage density can be attributed to tighter spacing of major

channels on north-facing slopes. Still, since channel formation is associated with a

transition in the relative importance of advective and diffusive transport mechanisms

rather than the absence of advective transport, θc does not uniquely determine the

points downslope where channel formation occurs. Higher rates of diffusive transport

on south facing slopes suggests that channels may form in areas with higher values

of AS/w relative to north-facing slopes, but it is possible that differences in soil and

vegetation properties counteract this effect.
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4.5 Conclusions

Sixty-eight cinder cones in the San Francisco volcanic field are analyzed to assess the

influence of microclimate on landscape morphology. Aspect driven microclimatic ef-

fects result in quantitative differences in hillslope morphology on opposing north and

south-facing slopes. Biomass, estimated through NDVI, is found to be an increasing

function of northness. North-facing slopes are steeper than south-facing slopes on

cones greater than ≈ 0.4 Ma, but are similar on more youthful cones. Drainage is

higher on north-facing sides of cones. These post-emplacement asymmetries develop

as a result of changes in long-term sediment transport rates that result from micro-

climatic effects. Greater vegetation turn-over on less hospitable south-facing slopes

could lead to higher values of D with decreasing northness. While this is not the only

explanation for the observed trends, numerical modeling suggests that the asymme-

tries in cone morphology within the SFVF could develop as a result of an increase

in D on south-facing slopes. Our results provide a means of assessing the roles of

slope aspect and vegetation in determining long-term sediment transport rates in a

semi-arid environment and add to our understanding of cinder cone evolution. Given

the frequency of cinder cone formation in volcanic fields all over the world, a better

understanding of cinder cone evolution could provide a means through which to study

sediment transport mechanisms within a number of different environments.
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Cone ID Age Source Lat. Lon. Slope (deg.)
11907 - - 35.142 −111.907 22, 8, 15, 15
11750 1.61± 0.05 Ma Hooper [1994] 35.144 −111.750 18, 17, 18, 19
12094 - - 35.146 −112.094 18, 8, 14, 12
11317 - - 35.154 −111.317 16, 10, 14, 14
12182 - - 35.159 −112.182 24, 12, 13, 12
12158 2.84± 0.25 Ma Hooper [1994] 35.217 −112.158 14, 10, 14, 13
12097 - - 35.223 −112.097 13, 10, 15, 17
11889 - - 35.229 −111.889 12, 8, 17, 8
11512 - - 35.233 −111.512 20, 19, 20, 17
11516 - - 35.239 −111.512 20, 15, 20, 18
11894 - - 35.265 −111.894 17, 14, 14, 22
11785 0.44± 0.18 Ma Hooper [1994] 35.271 −111.785 23, 21, 21, 21
11356 - - 35.273 −111.356 14, 19, 17, 20
11900 0.69± 0.13 Ma Hooper [1994] 35.276 −111.900 12, 16, 18, 16
12160 - - 35.293 −111.160 13, 19, 13, 14
11959 2.79± 0.007 Ma Wolfe et al. [1987] 35.299 −111.959 26, 20, 22, 23
11359 - - 35.307 −111.359 21, 27, 19, 27
11983 1.15± 0.65 Ma Hooper [1994] 35.325 −111.983 20, 22, 23, 24
11482 - - 35.329 −111.482 23, 26, 20, 20
12144 - - 35.340 −112.144 21, 11, 17, 15
11469 - - 35.344 −111.469 19, 17, 12, 17
12156 - - 35.346 −112.156 19, 18, 20, 21
11498 - - 35.530 −111.498 20, 17, 14, 17
12056 - - 35.350 −112.056 20, 13, 14, 16
12195 - - 35.350 −112.195 18, 19, 15, 11
12189 - - 35.358 −112.189 14, 13, 14, 15
11529 - - 35.360 −111.529 17, 18, 16, 19
11756 0.42± 0.06 Ma Hooper [1994] 35.364 −111.756 21, 17, 16, 17
11567 - - 35.379 −111.567 21, 28, 23, 28
11577 - - 35.388 −111.577 22, 19, 21, 25
11733 2.01± 0.22 Ma Wolfe et al. [1987] 35.393 −111.733 20, 15, 23, 18
12156 - - 35.398 −112.156 18, 18, 17, 17

Table 4.1. Location and mean slope data for selected cinder cones. Slope data pre-
sented are from transects in North, South, East, and West directions respectively.
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Cone ID Age Source Lat. Lon. Slope (deg.)
11811 - - 35.417 −111.811 21, 18, 20, 22
11259 - - 35.426 −111.259 20, 19, 17, 20
12024 - - 35.456 −112.024 19, 21, 19, 22
11992 - - 35.465 −111.992 19, 19, 20, 18
11685 - - 35.476 −111.685 17, 10, 16, 14
11673 - - 35.480 −111.673 23, 22, 23, 24
11646 - - 35.484 −111.646 24, 16, 17, 22
12029 - - 35.489 −112.029 20, 11, 18, 18
11664 - - 35.490 −111.664 18, 19, 17, 20
12054 - - 35.514 −112.054 11, 7, 11, 11
11946 - - 35.544 −111.946 17, 20, 16, 19
11946 - - 35.558 −111.946 10, 8, 13, 10
11632 0.071± 0.04 Ma Ulrich and Bailey [1987] 35.582 −111.632 29, 32, 29, 27
12254 - - 35.596 −112.254 11, 10, 10, 7
12264 - - 35.601 −112.264 8, 10, 8, 10
11795 - - 35.622 −111.795 12, 12, 13, 15
11909 - - 35.643 −111.909 10, 8, 11, 5
11973 - - 35.646 −111.973 17, 12, 14, 11
11925 - - 35.650 −111.925 18, 16, 16, 17
11962 - - 35.670 −111.962 19, 12, 17, 14
11983 - - 35.725 −111.983 16, 9, 16, 13
11983 - - 35.733 −111.983 13, 9, 13, 10
11503 1120± 40 yr Moore and Wolfe [1987] 35.364 −111.503 28, 27, 25, 29
11256 - - 35.301 −111.256 21, 21, 21, 23
11378 0.49± 0.11 Ma Hooper [1994] 35.379 −111.378 21, 20, 21, 22
11288 0.15± 0.03 Ma Hooper [1994] 35.336 −111.288 26, 27, 26, 30
11396 - - 35.398 −111.396 22, 26, 21, 24
11399 - - 35.383 −111.399 17, 20, 14, 20
11407 - - 35.360 −111.407 22, 21, 20, 22
11734 < 0.016 Ma Conway et al. [1998] 35.438 −111.734 26, 17, 27, 28
11646 0.14± 0.04 Ma Conway et al. [1998] 35.485 −111.646 21, 14, 20, 21
11672 0.42± 0.17 Ma Conway et al. [1998] 35.455 −111.672 17, 12, 16, 20
11716 0.45± 0.03 Ma Conway et al. [1998] 35.523 −111.716 23, 21, 23, 17
11606 - - 35.559 −111.606 20, 19, 22, 18
11685 - - 35.550 −111.685 22, 24, 21, 22
11656 0.61± 0.21 Ma Conway et al. [1998] 35.543 −111.656 22, 24, 19, 25

Table 4.2. Location and mean slope data for selected cinder cones. Slope data presented
are from transects in North, South, East, and West directions respectively.



103

References

Abrahams, A. D., A. J. Parsons, and S. H. Luk (1986), Resistance to overland
flow on desert hillslopes, Journal of Hydrology, 88, 343-362.

Abrahams, A. D., and A. J. Parsons (1991), Resistance to overland flow on desert
pavements and its implications for sediment transport modeling, Water Resources
Research, 27 (8), 1827-1836.

Andrews, D.J., and R.C. Bucknam (1987), Fitting degradation of shoreline scarps
by a nonlinear diffusion model, Journal of Geophysical Research, 92, 12,85712,867.

Armanini, A., L. Fraccarollo, L., and G. Rosatti (2009). Two-dimensional simula-
tion of debris flows in erodible channels, Computers and Geosciences, 35, 993-1006.

Bart, G.D. (2007), Comparison of small lunar landslides and martian gullies
Icarus, 187, 417-421, doi: 10.1016/j.icarus.2006.11.004.

Bones, J.G. (1973), Process and Sediment Size Arrangement on High Arctic Talus,
Southwest Devon Island, N.W.T., Canada. Arctic and Alpine Research, 5 (1), 29-
40.

Booth, A. M., and J.J. Roering (2011), A 1-D mechanistic model for the evolu-
tion of earthflow-prone hillslopes. Journal of Geophysical Research, 116, F04021,
doi:10.1029/2011JF002024.

Branson, F.A., and Shown, L.M., 1990. Contrasts of vegetation, soils microcli-
mates, and geomorphic processes between north- and south-facing slopes on Green
Mountain near Denver, Colorado. USGS Water-resources Investigation Report 89-
4094.

Castelltort, S., G. Simpson, and A. Darrioulat (2009), Slope-control on the aspect
ratio of river basins, Terra Nova, 21 (4), 265-270.

Conway, F.M., C. B. Connor, B. E. Hill, C. D. Condit, K. Mullaney, and C. M.
Hall (1998). Recurrence rates of basaltic volcanism in SP cluster, San Francisco
volcanic field, Arizona, Geology, 26 (7), 655-658.

Dickson, J.L., J.W. Head, and M. Kreslavsky (2007), Martian gullies in the south-
ern mid-latitudes of Mars: Evidence for climate-controlled formation of young
fluvial features based upon local and global topography, Icarus, 188, 315-323.

Dietrich, W. E. (1982), Settling velocity of natural particles, Water Resources
Research, 18 (6), 1615-1626.



104

Dowrenwend J. C., S. G. Wells, B. D. Turrin (1986), Degradation of Quaternary
cinder cones in the Cima Volcanic field, Mojave Desert, California, Geological
Society of America Bulletin, 97, 421-427.

Dunne, T., D. V. Malmon, and S. M. Mudd (2010), A rain splash transport
equation assimilating field and laboratory measurements, Journal of Geophysical
Research, 115, F01001, doi:10.1029/2009JF001302.

Dunne, T., and Dietrich, W. E. (1980), Experimental investigation of horton
over-land flow on tropical hillslopes, 2. Hydraulic characteristics and hillslope
hydrographs, Z. Geomorphol. Suppl., 35, 60-80.

Favis-Mortlock, D. T., J. Boardman, A. J. Parsons, and B. Lascelles (2000), Emer-
gence and erosion: A model for rill initiation and development, Hydrological Pro-
cesses, 14, 2173-2205.

Favis-Mortlock, D. (1998), A self-organizing dynamic systems approach to the
simulation of rill initiation and development on hillslopes, Computers and Geo-
sciences, 24, 353-372.

Fiedler, F. R., and J. A. Ramirez (2000), A numerical method for simulating
discontinuous shallow flow over an infiltrating surface, International Journal for
Numerical Methods in Fluids, 32, 219-240.

Gabet, E. J., and T. Dunne (2003), Sediment detachment by rain power, Water
Resources Research, 39 (1), doi:10.1029/2001WR000656.

Gabet, E. J., Reichman, O. J., and Seabloom, E. W. (2003), The effects of bio-
turbation on soil processes and sediment transport,Annual Review of Earth and
Planetary Sciences, 31, 249273, doi: 10.1146/annurev.earth.31.100901.141314.

Gilley, J. E., W. J. Elliot, J. M. Laflen, and J. R. Simanton (1993), Critical shear
stress and critical flow rates for initiation of rilling, Journal of Hydrology, 142,
251-271.

Glass, C.E., and R. Klimmek (2001), Routing debris flows, Environmental and
Engineering Geoscience, 7 (2), 177-191.

Gomez, J. A., F. Darboux, and M. A. Nearing (2003), Development and evolution
of rill networks under simulated rainfall, Water Resources Research, 39 (6), 1148.

Gutiérrez-Jurado, H. A., and E. R. Vivoni (2011), Ecogeomorphic expressions of
an aspect-controlled semiarid basin: I. Topographic analyses with high resolution
data sets, Ecohydrology, doi: 10.1002/eco.280.



105

Gutiérrez-Jurado, H. A., and E. R. Vivoni (2012), Ecogeomorphic expressions of
an aspect-controlled semiarid basin: II. Topographic and vegetation controls on
solar irradiance, Ecohydrology, doi: 10.1002/eco.1263.

Hairsine, P. B., and C. W. Rose (1991), Rainfall detachment and deposition:
Sediment transport in the absence of flow-driven processes, Soil Science Society
of America Journal, 55 (2), 320-324.

Hairsine, P. B., and C. W. Rose (1992a), Modeling water erosion due to overland
flow using physical principles: 1. Sheet flow, Water Resources Research, 28 (1),
237-243.

Hairsine, P. B., and C. W. Rose (1992b), Modeling water erosion due to overland
flow using physical principles: 2. Rill flow, Water Resources Research, 28 (1),
245-250.

Hanks, T. C. (2000), The age of scarplike landforms from diffusion equation anal-
ysis, in Quaternary Geochronology: Methods and Applications, Ref. Shelf, vol.
4, edited by J. S. Noller, J. M. Sowers, and W. R. Lettis, pp. 313338, AGU,
Washington, D. C.

Heldmann, J.L., and M.T. Mellon(2004), Observations of martian gullies and
constraints on potential formation mechanisms Icarus, 168, 285304.

Heldmann, J.L., O.B. Toon, W.H. Pollard, M.T. Mellon, J. Pitlick, C.P. McKay,
and D.T. Andersen (2005), Formation of martian gullies by the action of liquid
water flowing under current martian environmental conditions, Journal of Geo-
physical Research, 110, E05004, doi:10.1029/2004JE002261.

Heldmann, J.L., E. Carlsson, H. Johansson, M.T. Mellon, and O.B. Toon. (2007).
Observations of martian gullies and constraints on potential formation mecha-
nisms II. The northern hemisphere, Icarus, 188, 324344.

Heng, B. C. P., G. C. Sander, A. Armstrong, J. N. Quinton, J. H. Chandler, and
C. F. Scott (2011), Modeling the dynamics of soil erosion and size-selective sed-
iment transport over nonuniform topography in flume-scale experiments, Water
Resources Research, 47, W02513, doi:10.1029/2010WR009375.

Howard, A. D (1994), A detachment-limited model of drainage basin evolution,
Water Resources Research, 30 (7), 2261-2285.

Howard, A. D (1997), Badland morphology and evolution: interpretation using a
simulation model, Earth Surface Processes and Landforms, 22, 211-227.



106

Hugenholtz, C.H. (2008), Frosted granular flow: A new hypothesis for mass wast-
ing in martian gullies, Icarus, 197, 65-72.

Hughes, M. P. Almond, and J. J. Roering (2009), Increased sediment transport
via bioturbation at the last glacial-interglacial transition, Geology, 37, 919-922,
doi:10.1130/G30159A.1.

Hungr, O. (1995), A model for the runout analysis of rapid flow slides, debris
flows, and avalanches, Can. Geotech. J., 32, 610-623.

Istanbulluoglu, E., O. Yetemen, E. R. Vivoni, H. A. Gutiérrez-Jurado, and R. L.
Bras (2008), Eco-geomorphic implications of hillslope aspect: Inferences from the
analysis of landscape morphology in central New Mexico., Geophysical Research
Letters, 35, L14403, doi:10.1029/ 2008GL034477.

Iverson, R.M., 2003, The debris-flow rheology myth. In: Rickenmann, D., Chen, C.
(Eds.), Debris Flow Hazards Mitigation: Mechanics, Prediction, and Assessment.
Millpress, Rotterdam, The Netherlands, pp. 303314.

Iverson, R.M., and R.P. Denlinger (2001), Flow of variably fluidized granular
masses across three-dimensional terrain 1. Coulomb mixture theory. Journal of
Geophysical Research, 106 (B1), 537-552.

Izumi, N., and G. Parker (1995), Inception of channelization and drainage basin
formation: upstream-driven theory, Journal of Fluid Mechanics, 283, 341-363.

Jop, P., Y. Forterre, and O. Pouliquen (2006), A constitutive law for dense gran-
ular flow, Nature, 441, 727-730.

Jung, K., J. D. Niemann, and X. Huang (2011), Under what conditions do parallel
river networks occur? Geomorphology, 132, 260-271.

Kinnell, P. I. A. (1991), The effect of flow depth on sediment transport induced
by raindrops impacting shallow flows, Transactions of the American Society of
Agricultural Engineers, 34 (1), 161-168.

Kirby, M.J., and I. Statham(1975), Surface stone movement and scree formation,
The Journal of Geology, 83 (7), 349-362.

Kotarba, A., and L. Stromquist (1984), Transport, sorting and deposition pro-
cesses of alpine debris slope deposits in the Polish Tatra Mountains. Geografiska
Annaler, 66A(4), 285-294.

Krishnapuram, R., and L. Chen (1993), Implementation of parallel thinning algo-
rithms using recurrent neural networks, IEEE Transactions on Neural Networks,
4 (1), 142-147.



107

Lawrence, D. S. L. (1997), Macroscale surface roughness and frictional resistance
in overland flow, Earth Surface Processes and Landforms, 22, 365-382.

Li, S. and C. J. Duffy (2011), Fully coupled approach to modeling shallow water
flow, sediment transport, and bed evolution in rivers, Water Resources Research,
47, W03508, doi:10.1029/2010WR009751

Loewenherz, D. S. (1991), Stability and the initiation of channelized surface
drainage: A reassessment of the short wavelength limit, Journal of Geophysical
Research, 96 (B5), 8453-8464.

Luo, W., and A.D. Howard (2008), Computer simulations of the role of groundwa-
ter seepage in forming Martian valley networks, Journal of Geophysical Research,
113, E05002, doi:10.1029/2007JE002981.

Major, J.J., and T.C. Pierson (1992), Debris flow rheology: Experimental analysis
of fine-grained slurries, Water Resources Research, 28 (3), 841-857.

Malin, M.C., and K.S. Edgett (2000), Evidence for recent groundwater seepage
and surface runoff on Mars, Science, 288, 2330-2335.

Malin, M.C., and K.S. Edgett (2001), Mars Global Surveyor Mars Orbiter Camera:
Interplanetary cruise through primary mission, Journal of Geophysical Research,
106, 23429-23570.

Mangold, N., F. Costard, and F. Forget (2003), Debris flows over sand dunes on
Mars: Evidence for liquid water, Journal of Geophysical Research, 108 (E4), 5027,
doi:10.1029/2002JE001958.

McEwen, A.S., and 31 others (2007), HiRISE observations of recent water-related
geologic activity on Mars, Science, 317, 1706-1709.

Mellon, M.T., and R.J. Phillips (2001), Recent gullies and the source of liquid
water Journal of Geophysical Research, 106, 23165- 23180.

Miller, D.J., and K.M. Burnett (2007), Effects of forest cover, topography, and
sampling extent on the measured density of shallow, translational landslides, Wa-
ter Resources Research, 43, W03433, doi:10.1029/2005WR004807.

Moore, R.B., and E. W. Wolfe (1987), Geologic map of the east part of the San
Francisco Volcanic Field, north-central Arizona: U.S. Geological Survey Miscella-
neous Field Studies Map MF1960, scale 1:50,000.

Nord, G., and M. Esteves (2005), PSEM 2D: A physically based model of
erosion processes at the plot scale, Water Resources Research, 41, W08407,
doi:10.1029/2004WR003690.



108

O’brien, J.S., and J.Y. Pierre (1988), Laboratory analysis of mudflow properties,
Journal of Hydraulic Engineering, 114, 877-887.

Pelletier, J.D. (2010), Minimizing the grid-resolution dependence of flow-routing
algorithms for geomorphic applications, Geomorphology, 122, 91-98.

Pelletier, J. D. (2013), A robust, two-parameter method for the extraction of
drainage networks from high-resolution digital elevation models (DEMs): Evalua-
tion using synthetic and real-world DEMs, Water Resources Research, 49, 75-89,
doi:10.1029/2012WR012452, 2013.

Pelletier, J.D., and M.L. Cline (2007). Nonlinear slope dependent sediment trans-
port in cinder cone evolution. Geology, 35, 1067-1070.

Pelletier, J.D., K.J. Kolb, A.S. McEwen, and R.L. Kirk (2008), Recent bright
gully deposits on Mars: Wet or dry flow?, Geology, 36 (3), 211-214.

Perron, J.T., W.E. Dietrich, and J.W. Kirchner (2008), Controls on the
spacing of first-order valleys, Journal of Geophysical Research, 113, F04016,
doi:10.1029/2007JF000977.

Perron, J.T., W.E. Dietrich, A.D. Howard, J.A. McKean, and J.R. Pettinga
(2003), Ice-driven creep on Martian debris slopes. Geophysical Research Letters,
30 (14), 1747, doi:10.1029/2003GL017603.

Pierce, K. L., and S.M. Colman (1986), Effect of height and orientation (microcli-
mate) on geomorphic degradation rates and processes, late-glacial terrace scarps
in central Idaho, Geological Society of America Bulletin, 97, 869-885.

Pouliquen, O., and Y. Foterre (2002), Friction law for dense granular flows: ap-
plication to the motion of a mass down a rough inclined plane. Journal of Fluid
Mechanics, 453, 133-151.

Poulos, M.J., J.L. Pierce, A.N. Flores, and S.G. Benner (2012), The influence
of slope aspect on soil weathering processes in the Springerville volcanic field,
Arizona, Geophysical Research Letters, 39, L06406, doi:10.1029/2012GL051283
49-62.

Quinn, P., K. Beven, P. Chevallier, and O. Planchon (1991), The prediction of
hillslope flow paths for distributed hydological modelling using digital terrain
models, Hydrologic Processes, 5, 59-79.

Rech, J. A., R. W. Reeves, and D. M. Hendricks (2001), The influence of slope
aspect on soil weathering processes in the Springerville volcanic field, Arizona,
Catena, 43, 49-62.



109

Reiss, D., E. Hauber, H. Hiesinger, R. Jaumann, F. Trauthan, F. Preusker, M.
Zanetti, M. Ulrich, A. Johnsson, L. Johansson, M. Olvmo, E. Carlsson, H. Johans-
son, and S. McDaniel (2011), Terrestrial gullies and debris-flow tracks on Svalbard
as planetary analogs for Mars. Geological Society of America Special Papers, 483,
165-175, doi: 10.1130/2011.2483(11).

Richardson, J.E., H.J. Melosh, and R. Greenberg (2004). Impact-Induced Seis-
mic Activity on Asteroid 433 Eros: A Surface Modification Process, Science,
306 (5701), 1526-1529.

Rieke-Zapp, D. H., and M. A. Nearing (2005), Slope shape effects on erosion: A
laboratory study, Soil Sci. Soc. Am. J., 69, 1463-1471.

Roering, J. J., P. Almond, and P. Tonkin (2004), Constraining climatic controls
on hillslope dynamics using a coupled model for the transport of soil and tracers:
Application to loess-mantled hillslopes, South Island, New Zealand, Journal of
Geophysical Research, 109, F01010, doi:10.1029/2003JF000034.

Roering, J. J., P. Almond, P. Tonkin, and J. McKean (2002), Soil transport driven
by biological processes over millennial time scales. Geology, 30, 11151118.

Roering, J. J., J. W. Kirchner, and W. E. Dietrich (1999), Evidence for non-
linear, diffusive sediment transport on hillslopes and implications for landscape
morphology, Water Resour. Res., 35 (3), 853870, doi:10.1029/1998WR900090.

Roering, J.J., and M. Gerber, M. (2005), Fire and the evolution of steep, soil-
mantled landscapes, Geology, 33, 349-352.

Segerstrom, K. (1950). Erosion studies at Paŕıcutin, State of Michoaćan, Mexico.
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