Abstract

The interactions and feedbacks among climate, tectonics and surface erosion are complex but fundamental
in geomorphological studies, and the mechanisms that control these processes are still not well understood.
This thesis uses numerical models to address the specific question of how spatial rainfall patterns impact
bedrock incision and the morphology of fluvial landscapes. This thesis includes three major chapters. In the
first major chapter, I perform a series of model experiments to explore the impact of orographic rainfall on
channel profile incision under different tectonic conditions. I find that the pattern of rainfall gradients may
be more clearly reflected in transient channel profiles than in steady-state profiles. I apply the model to
explore how rainfall patterns may lead to the convex upstream and concave downstream channel profiles
on the wet side of Kohala, Hawaii. I find that if rainfall gradients lead to a gradient in bedrock erodibility,
in addition to discharge variability, climate could explain the complex morphology of these channels. In the
second major chapter, I integrate a linear orographic precipitation module into the CHILD landscape
evolution model, providing a 2-D quantitative tool to explore the interactions between orographic rainfall
and landscape evolution. Using the coupled model, I find that spatial rainfall patterns can affect the channel
profile and planform morphologies, and when considered as a whole, the profiles of smaller channels with
relatively uniform rainfall may more clearly illustrate rainfall patterns than those of larger channels that
flow across rainfall gradients. I also observe a quantifiable change in network characteristics between
landscapes with uniform and non-uniform rainfall. In the third major chapter, I employ the CHILD
landscape evolution model to explore the mechanisms that control the characteristic length of hillslopes and
valley spacing of fluvial channels. I find that the characteristic length is a primary control on the valley
spacing of different order streams, and the valley spacing ratio is also well constrained by the
counterbalance between the characteristic length and the stream order of dominant channels. However,
factors such as initial topography and orographic precipitation likely impact network organization and the
valley spacing ratio.
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Chapter 1
Introduction

1. Overview
This PhD dissertation is motivated by the broad idea of exploring the geomorphic
response to climate spatial variability. Surface denudation is a dynamic process occurring
at the intersection of the atmosphere, lithosphere, hydrosphere and biosphere. Erosion
and landscape evolution are mainly driven by climate and tectonics, and hence the
topography likely reflects these driving forces and, further, feedbacks among the systems
may also lead to a topographic influence on climate and tectonics. Moreover, the forces
driving landscape evolution are not steady with time or uniform in space, leading to
temporal and spatial variability in surface processes. The interactions among climate,
tectonics and erosion have attracted much attention in the last couple decades, spurring
numerous studies in the fields of climatic and tectonic geomorphology (e.g., Willett, 1999;
Burbank et al., 2003; Roe, et al. 2008; Whipple, 2009; Colberg et al., 2013). This thesis
focuses on the specific topic of how spatial rainfall patterns, such as those driven by
orographic precipitation, impact bedrock incision and the morphology of fluvial
landscapes.

River channel profiles reach steady state when erosion rates are balanced by rock
uplift rates, and otherwise, channels are in a state of transient adjustment towards steady
state (e.g., Willgoose et al., 1991; Whipple and Tucker 1999). Channel profile
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morphology has been widely used to interpret temporal and spatial patterns in erosion
rate. For example, knickpoint formation and propagation through a landscape has been
used to interpret the local history of base level change (e.g., Whipple and Tucker, 1999 &
2002; Chatanatavet and Parker, 2006; Gasparini et al., 2007; Attal et al., 2008). Steadystate bedrock channel morphology has been used to indicate relative erosion rates or
uplift rates by comparing channel slopes normalized by drainage area (e.g., Snyder et al.,
2000; Wobus et al., 2006; Ouimet et al., 2009; Cyr et al., 2010; Dibiase et al., 2010).
Although there are a number of process models that describe steady-state channel profile
form resulting from different bedrock incision processes (Baumont et al., 1992; Howard
1994; Sklar and Dietrich, 1998; Whipple and Tucker, 1999; Sklar and Dietrich, 2004;
Lague et al., 2005), the fact that these different process models all predict the similar
steady-state form also means that there is a limit to the amount of information that can be
gleaned from the form of steady-state channels. In contrast, transient channels may
contain more clues about the evolution of a region, including information not only on the
tectonic and climatic boundary conditions, but also on the processes controlling bedrock
incision and the timescales of landscape response to perturbations (e.g., Whipple and
Tucker, 2002; Crosby and Whipple, 2006; Gasparini et al., 2007; Oskin and Burbank,
2007; Whittaker et al., 2008; Attal et al., 2011). Therefore, this thesis focuses on the
morphology of both transient and steady-state channel profiles in landscapes with spatial
rainfall patterns. We study the steady-state profile form because it sets the framework for
understanding and interpreting the morphology of transient profiles, and many questions
still remain about how climate affects steady-state profile form. We study transient
profiles because they may have a clearer signature of the impacts of climate on fluvial
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incision than steady-state profiles, but further, not all landscapes have reached steady
state.

In addition to profile form, network organization may also contain information
about landscape evolution and the processes driving it. For example, Shelef and Hilley
(2013) found that the configuration of natural networks is different from those generated
by random walks, and the plan-view organization of channel networks is related to
channel erosion processes and longitudinal profile concavity. Previous studies have used
Hack’s law, the width function, drainage density, valley spacing and the valley spacing
ratio to quantify and examine planform structure (e.g., Tucker and Bras, 1998; Willemin,
2000; Hancock and Willgoose, 2001; Hovius et al., 1996; Talling et al., 1997; Perron et
al., 2009). Some of these planform metrics, such as Hack’s law and drainage density,
have been shown to vary with climate (e.g., Willemin, 2000; Chadwick, 2013), but some
others, such as the valley spacing ratio, have been show to have little variation across the
globe (Hovius et al., 1996; Talling et al., 1997). The mechanisms that control these
planform structures are not well understood, and the role of climate patterns in network
organization is still not clear. Thus, in this thesis we explore how rainfall patterns may
impact channel planform morphology using a number of the previously mentioned
metrics.

This thesis includes three major chapters, and each chapter can be considered as
an individual scientific study although they are closely related. In Chapter 2, we perform
numerical experiments to explore the impact of orographic rainfall on channel profile
incision under different tectonic conditions (subsidence, uplift and constant baselevel).
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We apply our model to interpret how orographic rainfall may be affecting the evolution
of fluvial channels on the wet side of Kohala, Hawaii, which have a unique transient
knick-zone. In Chapter 3, we integrate a linear orographic precipitation module (Smith
and Barstad, 2004) into the Channel-Hillslope Integrated Landscape Development Model
(CHILD, Tucker et al., 2001), providing a 2-D quantitative tool to explore the effects of
orographic rainfall on runoff accumulation and landscape evolution. We use the coupled
model to test how precipitation gradients affect topography and landscape planform
morphology of steady-state landscapes, and identify several morphological descriptors
that may be used to interpret the influence of rainfall on landscape evolution in future
studies. In Chapter 4, we employ the CHILD landscape evolution model to explore the
mechanisms that control the characteristic length of hillslopes and valley spacing of
fluvial channels. Our data provide an explanation for why the valley spacing ratio,
defined as the mountain range half width divided by the valley spacing, is relatively
constant across diverse global settings.

2. Significance of Chapter 2
Chapter 2 is motivated by the Kohala peninsula on the northern tip of the Big
Island of Hawaii, which has a steep rainfall gradient as the result of orographic
precipitation, leading to a wet windward side and a dry leeward side. Because all of the
Hawaiian Islands are subsiding, the fluvial channels in the Kohala peninsula are transient.
Subsidence rates are thought to be relatively uniform (Moore et al., 1990; Ludwig et al.,
1991) and the rocks are all basalt (Spengler and Garcia, 1988; Sherrod et al., 2007). Thus,
Kohala provides a good natural laboratory to explore how rainfall gradients impact
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landscape evolution and whether rainfall gradients are recorded in transient profile form.
The channel profiles on the wet side of the Kohala peninsula show distinct convex
upstream and concave downstream patterns, which are markedly different from smooth,
concave-up, steady-state bedrock channel profiles. We hypothesize that rainfall patterns
are contributing to this unique profile shape and explore mechanisms in which the rainfall
patterns can lead to incision patterns that result in the unique observed morphology.

The spatial distribution of precipitation has been shown to modify steady-state
channel profiles and landscapes (e.g., Roe et al., 2002; Wu et al., 2006; Anders et al.,
2008), but these studies have not focused on transient channels and adjusting landscapes.
In this chapter we perform a series of numerical experiments, including 1-D and 2-D
simulations, and detachment-limited and transported-limited simulations, with different
spatial rainfall gradients and tectonic boundary conditions, to test whether and how
rainfall spatial patterns may affect spatial discharge and incision patterns, and potentially
be recorded in river profiles during transient landscape adjustment. We also use our
model to examine the role of rainfall gradients in the development of the unique convex
upstream and concave downstream channels on the wet side of the Kohala Peninsula.
Finally, we explore whether the influence of rainfall on river morphology may be
amplified or muted by other factors beyond discharge variability. We find that if bedrock
erodibility is correlated with precipitation gradients in Kohala, potentially through
gradients in the weathering rate, this could lead to the observed profile morphologies.

3. Significance of Chapter 3
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Chapter 3 is motivated by providing a quantitative modeling tool for research
focusing on the interactions between orographic precipitation and landscape evolution.
Many studies have suggested that spatial precipitation patterns should affect erosion
patterns across mountainous topography and subsequent landscape topography (e.g.,
Willett, 1999; Reiners et al., 2003; von Blanckenburg, 2005; Whipple, 2009; Moon et al.,
2011), and regional climate can also be strongly modified by the development of
mountainous terrain (e.g, Kutzbach et al., 1989; Roe, 2005). However, many numerical
modeling studies still assume and employ uniform precipitation as the driver of river
channel evolution, and coupled two-dimensional models of climate-landscape evolution
models in which both systems coevolve are relatively rare, and some of these focus
primarily on the effects of glacial erosion (Tomkin, 2009; Yanites and Ehlers, 2012). In
this chapter, we integrate a linear orographic precipitation model (Smith and Barstad,
2004) into the CHILD landscape evolution model, and use the coupled model to explore
and quantify how orographic precipitation affects landscape morphology in uplifting,
steady-state mountainous topography.

Previous studies of the impact of spatial rainfall patterns on fluvial topography
have focused on the morphology of channel profiles (e.g., Roe et al., 2002; Wu et al.,
2006; Wobus et al., 2010) or average topographic trends (e.g. Bookhagen et al., 2006;
Anders et al. 2009; Anders et al., 2006), with less focus on the planform morphology of
landscapes. In this study we focus on both the profile morphology and the river planform
morphology resulting from spatial rainfall patterns. We explore the profile morphology of
larger channels that flow across rainfall gradients and smaller channels in watersheds
with relatively uniform rainfall. We find that planform morphology and the profiles of
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smaller channels have a relatively clear imprint of rainfall patterns, and could be used as
potential indicators of the importance of climate in future studies.

4. Significance of Chapter 4
This chapter is motivated by exploring whether orographic precipitation can
impact one specific aspect of landscape planform morphology, valley spacing (the
distance separating trunk channels exiting the mountain front) and the valley spacing
ratio (the mountain half width divided by the average distance between channel outlets at
the mountain front).

Uniform spacing among fluvial channels arises as a result of

landscape self-organization (e.g., Hallet 1990), and leads to uniform drainage density and
regular network patterns across a landform. In a given setting, valley spacing has been
observed to be fairly uniform, regardless of whether the landscape is produced in nature,
from physical experiments, or numerical modeling studies (e.g., Hovius, 1996; Talling et
al., 1997; Izumi and Parker, 1995 & 2000; Perron et al., 2008 & 2009; Bonnet, 2009). In
contrast, valley spacing may vary among settings, depending on climate, erosion rates
and surface processes. However, the valley spacing ratio has been observed to be
relatively well constrained across landscapes with a wide range of tectonic and climatic
settings (Hovius, 1996; Talling et al., 1997), but the reasons for this are not well
understood. The characteristic wavelength of valley spacing contains information on the
processes shaping a landscape, and studies have found that the valley spacing of first
order channels is correlated with the characteristic length (distance from the divide where
hillslopes transition to fluvial channels) and the ratio of these two variables is relatively
constant (e.g., Simpson et al., 2003; Perron et al., 2009). However, due to the highly
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complex nature of river networks, previous studies have not addressed valley spacing of
second and higher order fluvial channels that play an important role in controlling the
valley spacing ratio.
In Chapter 4 we employ the CHILD landscape evolution model to explore spatial
patterns of higher order fluvial channels. We hypothesize that the characteristic length is
also the primary control on valley spacing in higher order fluvial channels and that the
valley spacing ratio remains relatively well constrained despite the fact that the
characteristic length varies, because the stream order of dominant channels also varies
among landscapes. We test these hypotheses by systematically varying the characteristic
length in landscapes of difference sizes, so that we can develop relationships between the
characteristic length and valley spacing in channels with different stream orders. We
explore changes in the valley spacing ratio in landscapes with different valley spacing.
Finally, we test whether other factors, such as rainfall patterns and initial topography, can
impact valley spacing and the spacing ratio, and apply our model results to interpret
valley spacing and the spacing ratio values in three real landscapes.



9

Chapter 2
Modeling the influence of rainfall gradients on discharge, bedrock
erodibility, and river profile evolution, with application to the Big
Island, Hawai'i
Abstract
Motivated by convex-concave bedrock river profiles developed across a climate gradient
on the wet side of the Kohala Peninsula of the Big Island of Hawai'i, we numerically
model how rainfall gradients may influence longitudinal fluvial incision patterns. First,
we model transient profile adjustment with two tectonic boundary conditions: subsidence
and uplift. In this generalized analysis, we assume that rainfall gradients only influence
incision by modifying the relation between upstream drainage area and local discharge.
Using a detachment-limited model, downstream increases in rainfall lead to profile
convexities during transient adjustment in both tectonic settings, and this is the opposite
of the predicted more concave profiles that would develop in steady-state uplifting
profiles. A transport-limited erosion model develops only concave channel profiles
without clear signatures of the rainfall pattern. Second, we model the development of
convex-concave transient profiles and incision patterns on Kohala using a detachmentlimited model. If rainfall gradients only influence incision through the local discharge,
reasonable rainfall gradients can only develop channel convexities that are much smaller
than those observed. Instead, we hypothesize that local bedrock erodibility is influenced
by rainfall-dependent chemical weathering. Scaling local erodibility with local rainfall
rate can produce convex-concave profiles similar to those observed in Kohala. Our
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results suggest that changes in local bedrock erodibility due to local climate-dependent
weathering provide a plausible but non-unique explanation for the evolution of observed
Kohala profiles.

Keywords: river profiles; orographic precipitation; bedrock weathering; landscape
evolution model; Hawai'i

1 Introduction
Climate is rarely uniform across mountain ranges. Precipitation gradients are
common because mountains force air masses up and down, leading to spatial patterns of
orographic precipitation. Topography results from the competition between the
emplacement of rock (through volcanic activity or rock uplift) and erosion by numerous
processes (e.g., hillslope, glacial, fluvial) that are impacted by climate. Given the breadth
of processes shaping the landscape and the fact that climate varies both temporally and
spatially, signatures of climate in topography may vary greatly among landscapes. In this
study we limit our investigation to the influence of rainfall gradients on the morphology
of transient fluvial channels. We use numerical experiments to explore potential causes of
the convex-concave channel morphology on the wet side of the Kohala Peninsula of the
Big Island of Hawai'i. Our motivations are to identify the imprint of rainfall gradients on
this landscape, and also to infer mechanisms by which rainfall gradients may impact
fluvial processes.
Most studies that have explored how rainfall variation affects river channel
evolution have focused on the impacts of rainfall on runoff and discharge accumulation.
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These studies have further reduced the problem to focus on either temporal variation in
rainfall without spatial variation [e.g. Tucker and Bras, 2000; Snyder et al., 2003; Tucker,
2004; Molnar et al., 2006; Lague et al., 2005; DiBiase and Whipple, 2011; Attal et al.,
2011] or spatial variation in rainfall without temporal variation [e.g., Willett, 1999;
Beaumont et al., 2001; Roe, et al., 2002; Roe et al., 2006; Stolar et al., 2006; Wu et al.,
2006; Anders et al., 2008; Whipple, 2009; Wobus et al., 2010]. In this study we focus on
spatial variation in rainfall without temporal variation, and we explore ways that rainfall
patterns may impact fluvial incision patterns beyond the link between rainfall and
discharge accumulation.
Previous studies have found that spatial rainfall patterns impact river profile
morphology. Using a detachment-limited one-dimensional numerical model to describe
river incision as a function of local discharge, Roe et al. [2002] found that steady-state
channel profiles had reduced concavity (relative to that expected from uniform rainfall)
when rainfall rates decreased downstream, and increased concavity when rainfall rates
increased downstream. Wu et al. [2006] used the geomorphoclimatic instantaneous unit
hydrograph to explore steady-state channel concavity and found similar patterns with
rainfall as Roe et al. [2002]. Following on these studies, Schlunegger et al., [2011]
proposed that a downstream increase and decrease in rainfall rates leads to convexconcave channels in the Bolivian Andes, although uplift patterns and transient profile
adjustment may also be responsible for the morphology of these channels [Gasparini and
Whipple, submitted].

Motivated by conditions on the Marsyandi River, in Nepal,

Craddock et al. [2007] used a detachment-limited numerical model to explore steadystate channel morphology, with uplift patterns, rainfall patterns, and drainage area
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accumulation based on the field area. They found that orographic rainfall patterns alone
lead to increased concavity and river slopes (normalized by drainage area) that are
approximately two times smaller than would be predicted without accounting for the
rainfall patterns. They emphasize the fact that in locations where the rainfall maximum
occurs downstream of the channel headwaters, orographic rainfall patterns may
significantly impact profile form.
On the wet side of the Kohala Peninsula, Hawai'i, the maximum rainfall rate
occurs downstream of the channel headwaters. As previously shown by Menking et al.,
[2013], transient channels incising into the shield volcano exhibit a convex-concave form.
We hypothesize that rainfall patterns may be responsible for this morphology. Other
recent studies in Hawai'i have also suggested that this landscape is influenced by the
orographic rainfall gradients. Based on a comparison of channels in different climate
zones on the island of Kaua'i, Ferrier et al. [2013] suggested that the erosion rate at a
given drainage area increases with mean annual rainfall rate. Ward and Galewsky [2012]
showed that local valley incision increases dramatically on the flank of Mauna Kea, on
the island of Hawai'i, at low elevations where convective rainfall is restricted due to the
Pacific Trade-Wind Inversion. Their work illustrated how landscape subsidence moves
channels down through a zone of maximum rainfall, and suggested a threshold rainfall
rate below which incision into relatively young (~300-11 ka) basalt flows is minimal.
Menking et al. [2013] compared channel profiles and local valley relief across somewhat
older (~500-120 ka) basalt flows north of Mauna Kea on the Kohala Peninsula, and
inferred a rainfall-incision threshold at ~1300 to 1750 mm/yr of rainfall, below which
incision is relatively limited. This threshold is consistent with a rainfall threshold of
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~1400 mm/yr for significant chemical weathering of basalt found in previous work on the
dry side of Kohala [Chadwick et al., 2003, Porder et al., 2007].
To our knowledge, the effects of spatial rainfall patterns on fluvial erodibility due
to bedrock weathering have not been explored in previous modeling studies of channel
and landscape evolution. Moon and Jayawardane [2004] show that chemical weathering
metrics and strength characteristics are inversely correlated along a deep weathering
profile in a New Zealand basalt. Bedrock weathering can also influence local hillslope
and channel morphology [e.g., Mudd and Furbish, 2004; Hancock et al., 2011]. Menking
et al. [2013] inferred that bedrock weathering and weakening may be a key climatic
control on incision of the Kohala Peninsula, but this hypothesis has not been tested and
we explore this idea here.
The organization of the paper mirrors two overall goals. First, we want to
understand how rainfall gradient-controlled variations in discharge may be expressed in
channel profiles during transient landscape evolution rather than at steady state. Second,
we explore whether rainfall-controlled discharge variations are sufficient to explain
convex-concave channel profile morphologies developed on the wet side of the Kohala
Peninsula, Hawai'i. We primarily employ the unit stream power model [e.g., Whipple and
Tucker, 1999], arguably the simplest incision model that has been shown to recreate
patterns of incision in bedrock landscapes. Using this idealized numerical model we
explore a range of parameter space that is broader than the Hawaiian field site so that we
are able to better understand what variables control our model results. In addition to
climatic effects on local discharge, we expand the previous application of detachmentlimited models to include climatic controls on local erodibility. We vary the incision law
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exponents to explore whether channel width variations and extreme events may influence
profile form in the Kohala channels. We also employ a 2-D landscape evolution model,
CHILD [e.g., Tucker et al., 2001], to explore the role of network structure on channel
profile evolution in both detachment- and transport-limited rivers. Based on all of our
numerical experiments, we find that channels evolving from an initially straight profile
may develop transient convex-concave profiles regardless of the tectonic setting, and
discharge patterns alone may result in convex-concave transient profile morphology.
However, given constraints on rainfall and basin geometry from our study area, we find
that rainfall-induced discharge variations are not sufficient to replicate the observed
amplitude of profile convexities. Instead, we find that similar profiles can develop when
local bedrock erodibility is assumed to scale with the local rainfall rate.

2 Study Area
Subsiding volcanic bedrock channels on the wet side of the Kohala Peninsula,
Hawai'i Island (the Big Island, 2.1A) provide a natural laboratory to examine fluvial
processes and river morphology under transient conditions. The peninsula was formed by
eruptions from Kohala Mountain (Figure 2.1A), the oldest of the Big Island’s five major
volcanic mountains. The peninsula consists of two basalt formations, the older shieldbuilding Pololǌ series (450-260 ka) and the younger HawƯ series (260-120 ka)
[McDougall and Swanson, 1972; Spengler and Garcia, 1988; Sherrod et al., 2007]. The
HawƯ series overlies the Pololǌ series in some parts of Kohala Mountain, and draped and
at least partially filled some pre-existing river valleys cut into Pololǌ basalts [Sherrod et
al., 2007]. Kohala Mountain has been subsiding at an average rate of 2.5-2.7 mm/yr
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based on radiometric ages of drowned coral reefs [Szabo and Moore, 1986; Moore et.al.,
1990; Ludwig et.al., 1991].
Kohala Mountain deflects the easterly trade winds that carry a large amount of
moisture from the sea. As a result, there is a dramatic rainfall gradient across the
peninsula. The maximum rainfall rate (over 4 m/yr) is located partway up the windward
side, below the peak elevation of the ridge. The Trade Wind Inversion, a significant
factor impacting the rainfall distribution across the Hawaiian island chain, results in peak
rainfall rates below the crest of the mountain but does not completely block moisture
from reaching Kohala ridge due to its relatively low elevation compared with other
higher mountains [e.g., Yang et al., 2008]. On the leeward side some areas receive less
than 0.25 m/yr of rainfall. Figure 2.1E is generated using data from the 2012 Rainfall
Atlas of Hawai’i [Giambelluca et al., 2012] in the 8.5 km wide rectangle shown in Figure
2.1A. The maximum, mean, and minimum values are calculated as a function of distance
from the northeastern edge of the rectangle that roughly parallels the coast (data from
over the ocean are not considered). The rainfall atlas was formed by combining rain
gauge data, the PRISM rainfall data [Daly et al., 2006], NEXRAD radar rainfall
observations,

numerical

model

data

from

MM5

simulations

(http://www.mmm.ucar.edu/mm5/), and inferences from vegetation patterns. Figures
2.1C and 2.1D illustrate 1400 m wide elevation swaths around Wainaia and Puwaiole
gulches, derived from National Elevation Dataset (NED), 10 m DEM data [Gesch, 2007].
The elevation swaths following the gulches show a convex-concave form (especially for
Wainaia), similar to the patterns in the channel profiles (Figure 2.2) [Menking et al.,
2013].
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We focus on 10 channels on the wet side of the Kohala Peninsula (Figure 2.1A).
River channels on the wetter windward side are more deeply incised than those on the
drier leeward side [Menking et al., 2013]. The profiles of dry-side channels are generally
straight (neither convex nor concave). Shallow dry-side valleys, and the preservation of
basalt flow lobes, indicate that straight channels reflect the initial morphology of the
shield volcano. We make the assumption in our analysis that the wet side initially had a
similar morphology. Channel profiles of all wet-side study rivers have consistent convex
upstream and concave downstream morphologies, apparent in both profiles and slopearea data (Figures 2.1A, 2.2). Figure 2.1C and D indicate that the convex-concave form
extends beyond channels to hillslopes as well. We cannot completely discount the
possibility that the initial wet-side morphology was convex-concave due to the contrast in
lava flows. However, we interpret that enhanced hillslope evolution and erosion at
present-day lower elevations has enhanced the form seen in 1C and 1D.
Although most study channels are incised into the composite basaltic surface
(HawƯ and Pololǌ basalts), and the location of the transition from convex to concave
often occurs near the contact of these two units, this is not exclusively the case. The
northwest-most channel, Waikaulapala, only incises into the Pololǌ basalt and has a
convex-concave morphology. Similarly, the transition from convex to concave in the
southeastern-most channels occurs well upstream from the HawƯ-Pololǌ contact.
Therefore, the contact of the two basalt formations cannot be solely responsible for the
convex upstream and concave downstream profile patterns. Furthermore, Waikaulapala
suggests that the two formations are not required for this morphology to develop.
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Based on field observations, we interpret that local heterogeneities including
basalt flow boundaries and cooling fractures likely influence the size and spacing of the
many small present-day knickpoints [Menking et al., 2013]. These knickpoints contribute
to the overall convex form in the upper reaches of the wet-side channels. However, in the
present work we use continuum models, and do not address the role that lithologic
heterogeneities at meter to ~10 meter scale might play in influencing landscape form at
larger scales.
Key benefits of the Kohala field site for deciphering the influence of rainfall
gradients on this landscape include (a) a single lithology, basalt, that weathers relatively
easily [e.g., Chadwick et al., 2003; Porder et al., 2007], (b) a pronounced and nonmonotonic precipitation gradient (Figure 2.1), (c) precipitation that falls as rain only,
without a transition to snow, (d) base level controlled by sea level, allowing different
channels to be consistently compared, and (e) no internal tectonic deformation within this
portion of the landscape. The channels we study are all northwest of the Pololǌ slump
(Figure 2.1A), a large landslide that occurred ~250,000 ka and likely led to knickpoint
propagation and the formation of the very high relief valleys in southeast Kohala [Lamb
et al., 2007]. Base level of the channels we study was not affected by the Pololǌ slump.
While rock uplift occurs in many actively eroding mountain ranges, Kohala Peninsula is
experiencing subsidence, which means that a long-term steady state form cannot be
reached in these channels.

3 Theory
3.1 Incision Equations
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We consider two fluvial end-member models for channel profile evolution:
detachment- and transport-limited river incision. These models have been widely used in
channel and landscape evolution studies, providing context for our work [e.g., Willgoose,
1991; Howard, 1994; Rosenbloom and Anderson, 1994; Tucker and Slingerland, 1997;
Crosby et al., 2007; Gasparini and Brandon 2011; Attal et al., 2011]. Previous studies
have suggested that detachment-limited models may be most applicable in cases where
rock is strong and alluvial cover scarce [e.g., Howard, 1980; Howard et al., 1994;
Whipple and Tucker, 1999, 2002]. Transport-limited models, in which local incision rate
depends on the divergence of the sediment flux, should perhaps apply where bedrock is
weak and sediment supply abundant. As these models are empirically calibrated
idealizations of complex processes, it is often not possible to independently determine
(from channel morphology for example) how well either end-member model can describe
channel incision in a given eroding landscape.
We model detachment-limited channels using the unit stream power or shear
stress incision rule [e.g., Howard, 1980], and calculate fluvial downcutting as a powerlaw function of slope S and river discharge Q:

E d KQm S n ,

(1)

where Ed is the detachment-limited incision rate, K is a dimensional coefficient of erodibility with
higher values corresponding to more erodible conditions, and m and n are positive constants. For
most simulations we use m=0.5 and n=1, the values derived for the unit stream power model [e.g.
Whipple and Tucker, 1999]. Ferrier et al. [2013] similarly used a best-fit m=0.59 and assumed
n=1 in their application of equation (1) to infer climatic controls on topography in Kauai, Hawai'i.
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In the section below in which we compare modeled profiles to Kohala profiles,
we also employ two other m and n values. Previous studies have found that when extreme
events play an important role in landscape evolution, the apparent relationship between
incision rate and shear stress may be approximated with a highly non-linear model [e.g.
Snyder et al., 2000; Snyder et al., 2003]. To explore whether extreme rainfall events and
thresholds for sediment entrainment and bedrock erosion affect profile evolution in this
location, we employ m=1 and n=2 [e.g. Lague, 2014]. The last set of values that we
explore is m=5/8 and n=19/16, which incorporates a possible control that slope may have
on channel width (steeper channels are narrower, and local shear stresses higher, for a
given discharge value) [Finnegan et al., 2005].
In a transport-limited river, the bed-lowering rate is limited by the sediment
transport capacity, rather than depending directly on shear stress or stream power. The
sediment transport rate is modeled by a power-law function of shear stress [Willgoose et
al., 1991; Tucker and Bras, 1998]. We use a simple slope-discharge power law to model
the volumetric transport capacity, Qc:

Qc

K t Q mt S nt ,

(2)

where Kt is a dimensional transport coefficient, and mt and nt are positive exponents. For
transport-limited channels, the incision rate Et analogous to (1) is calculated as the
downstream divergence of the sediment transport capacity:

Et

1 d § Qc ·
¨ ¸
1  O p dx © W ¹ ,

(3)
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where Ȝp is the porosity of sediment, and W is the channel width. Although not the only
justification for using a transport-limited model, one could think of this model as
applying when K in equation 1 is extremely large (bedrock is easily detached from the
bed). In our modeling we assume the porosity is uniform, and this term is included in the
value of Kt.
The rate of change in elevation, dz/dt, is modeled as the difference of uplift rate U
(U>0 for rock uplift, U<0 for rock subsidence) and the incision rate E (which could either
be Ed or Et, depending on which model is being applied):
dz/dt=U-E .

(4)

Discharge in equations (1) or (2) is a function of both drainage area and rainfall.
In 2-D models, drainage area is the accumulated area of every upstream cell. In 1-D
models, drainage area scales with distance downstream, x, using Hack’s law [Hack, 1957]:
A=kaxh,

(5)

where ka and h vary among watersheds and depend on the shape of the watershed. The
exponent, h, is less than 2 and typically around 1.67 [e.g., Hack, 1957], and is easily
calibrated from watershed geometry.
The spatial pattern in rainfall affects the downstream accumulation of discharge
and is modeled as:
j

Qj

¦ Pa

(6)

i i

i 1

,
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where Qj is the discharge at location j in the channel; Pi is the rainfall rate at location i in
the channel network; ai is the node area at location i in the channel; and i includes all
upstream points. For simplicity, this relationship assumes that all rainfall is converted
into surface water runoff. Roe et al. [2002 & 2003] used the same assumption in their 1D modeling study of orography and channel profile evolution.

3.2 Profile Concavity and Incision Patterns
Profile concavity, which is the scaling of channel gradient with drainage area, can
be determined by fitting actual river profiles with a power-law relationship
S=ksA-ș .

(7)

ș is defined as the concavity index and represents the curvature of the channel profile. A
positive value of ș implies a concave-up channel, and a negative value of ș implies a
convex-up channel. ks is the steepness index. At steady state, uniformly eroding rivers
without variation in rainfall rate or lithology should develop uniform concavity [e.g.,
Whipple, 2004; Kirby and Whipple, 2012]. In natural channels, non-uniform profile
concavity could be caused by a variety of factors including non-uniform lithology,
rainfall gradients, and spatial and temporal variations in incision rate [e.g., Kirby and
Whipple, 2001; Roe et al., 2002; Craddock et al., 2007; Schlunegger et al., 2011]. As a
result, profile concavity may be used to interpret incision patterns along a channel.
For detachment-limited channels, concavity has a causal relationship with spatial
incision patterns that can be derived from equations (1) and (4). To do this, we define
discharge by assuming an empirical relationship for basin hydrology:
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Q=kqAc,

(8)

where parameters kq and c are a function of climate and may vary spatially [e.g., Whipple
and Tucker, 1999; Roe et al., 2002 & 2003]. In subsequent models we do not employ
equation (8); it is only used in this section to calculate a theoretical relation between
erosion patterns and concavity. The value of c is generally between 0.7 and 1.0 [e.g.,
Dunne and Leopold, 1978], and is frequently set to 1 implying spatially uniform rainfall
and runoff production [e.g, Snyder et al., 2000]. Note that kq is often thought to be the
effective rainfall rate, or that portion of rainfall that contributes to surface runoff.
Combining equations (8) and (1) and rearranging leads to a prediction for the
parameters in equation (7):
1/ n

ks

§ E ·
¨
¸
¨ k mK ¸
© q
¹

(9)
,

and
ș=cm/n.

(10)

If c equals 1, and assuming all other variables are uniform, the concavity index is
constant and equal to m/n. Measured ș values for natural mountain rivers typically have
significant variability but average to approximately 0.5, consistent with theoretical
predictions [e.g., Tucker and Whipple, 2002]. If c1 or varies along the channel due to
patterns in the rainfall rate, the concavity index ș could be greater or smaller than the
ratio of m and n, and could vary spatially. If kq varies spatially, empirically measured
concavity values could also differ from that predicted by equation (10).
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Applying equation (7), the concavity index can be calculated from the slope of the
relationship between channel gradient and drainage area data plotted in log-log space. In
some cases, such as when there is a strong rainfall gradient or heterogeneity in channel
erodibility, the concavity index could vary along the channel, and may reflect the local
conditions controlling incision. Here, we derive a relationship between the local
concavity index and local incision rate to help us interpret the channel profile patterns
produced with the numerical model. Using Hack’s Law (equation 5), the local concavity
index at distance x can be expressed as:

T ( x) 

d log S
A dS
k x h dS
 
 a 
d log A
S dA
S dka x h



x dS

hS dx

x d 2z

(11)
hS dx2 .

Derived from equation (11), the local concavity index of location x at time t is:

T ( x) t

x d 2 zt

hSt dx 2

x d 2 ( zinitial  'z t )

hSt
dx 2

x
hSt

§ d 2 zinitial d 2 ('zt ) ·
¸
 ¨¨

(12)
2
dx 2 ¸¹
© dx

,

where zinitial is the initial elevation; zt is the elevation at time t; ¨zt is the change in
elevation over time t; h is a positive constant (from Hack’s law, equation 5); and x/St is
always positive if we assume that the channel elevation always decreases downstream.
The sign of the concavity ș along the final channel profile is determined by the sum of
d2zinitial/dx2 and d2(¨zt)/dx2. In other words, concavity at a given time depends on both
patterns of erosion and on the concavity of the initial profile. We next assume that the
initial channel profile is straight, so that slope is constant and curvature is zero. This
simplifying assumption is consistent with our assumption about the initial topography of
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Kohala, and is consistent with the morphology produced by thin basalt flows. As a result,
the concavity of the profile at time t is:

T ( x) t



x d 2 ( 'z t )

hS t
dx 2

(13)
,

and the sign of ș(x)t is determined by the sign of d2(¨zt)/dx2. This term, d2(¨zt)/dx2, is the
second derivative of the change in elevation ¨zt with the change in distance. In other
words, assuming uplift is uniform, the spatial pattern in incision rates along a channel
controls the channel concavity, or

T ( x)t v


d 2E
(14)
dx 2 .

Hence the location of concave and convex segments in a channel profile, zt, should
depend on the second spatial derivative of the incision rate across the profile, assuming a
linear initial profile. We use equations 13 and 14 to help interpret concavity changes in
the modeled profiles, which are caused by relationships between incision rates and
patterns in rainfall.

4 Profile Simulations with Varying Boundary Conditions
In this section we explore the effects of idealized rainfall patterns on the form of
transient bedrock river profiles, and in particular on the development of convexities. In
order to provide generalized results applicable to a range of conditions, and also to test
how the effects of rainfall gradients may be masked or enhanced by the tectonic boundary
conditions, we model both uplift and subsidence. In all of the numerical experiments the
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uplift or subsidence rate is spatially uniform and temporally constant. Our study focuses
on transient profile adjustment, and in the subsiding cases steady state can never be
reached.
We implement two types of models for bedrock channel evolution: a onedimensional detachment-limited-erosion numerical model, and the two-dimensional
CHILD landscape evolution model [e.g., Tucker et al., 2001]. 1-D and 2-D models each
have advantages. Trends produced in 1-D models are often clearer than in 2-D models,
making it easier to infer causality between environmental forcing and landscape form.
This is because our 1-D models have gradually varying changes in drainage area and
discharge (equations 5) rather than explicit channel networks with discrete tributary
junctions. However, transport-limited rivers are difficult to accurately simulate in 1-D
because the local erosion rate depends on transient sediment fluxes from all upstream
sub-catchments. We first evolve detachment-limited channels using a 1-D model. We
compare these results to 2-D detachment- and transport-limited channels evolved using
CHILD, and explore how network structure influences the morphological patterns that we
observe.

4.1 1-D Model Experimental Design
In all 1-D simulations in this section, incision is governed by the unit stream
power rule (equation 1, m=0.5, n=1). Drainage area and discharge are calculated using
equations 5 and 6. Table 2.1 summarizes model parameters and the initial and boundary
conditions.
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For both tectonic boundary conditions (uplift, U, and subsidence, S), we model
the effects of three rainfall scenarios (Figure 2.3A): (Puni) spatially uniform rainfall rate;
(Pinc) increasing rainfall rate from upstream to the midpoint of the profile, and uniform
rainfall rate from the midpoint to the downstream end; (Pdec) decreasing rainfall rate from
upstream to the midpoint of the profile, and uniform rainfall from the midpoint to the
downstream end. While idealized, Puni and Pinc were chosen to be incrementally more
complex than just a uniform rainfall gradient across the landscape. The results are used to
help interpret the morphology of a transient channel segment in which the rainfall rate is
increasing or decreasing downstream. Both the absolute discharge and changes in
discharge vary depending on the rainfall scenario (Figure 2.3B).
We use an initially straight profile for this modeling, based on the assumption
described above that the wet side of Kohala was close in initial form to the straight dry
side [Menking et al., 2013]. In experiment groups 1 and 2 (Table 2.1), the initial upstream
elevation is 1.2 km and the length is 25.5 km (Figure 2.4). The horizontal resolution is
255 m. In the subsiding case, the length of the channel decreases through time. Once a
location has subsided below sea level (a negative elevation), it is no longer considered in
the analysis.
In rainfall cases Pinc and Pdec, the location of the inflection point where the rainfall
rate transitions from uniform to varying is always in the horizontal center of the subaerial profile (Figures 2.3, 2.4). As the horizontal length of the channel decreases in
simulations with subsidence, the location of the rainfall inflection point also changes. To
crudely account for the influence of changing topography on rainfall patterns, we keep
the inflection point in rainfall at the horizontal midpoint of the topography. This causes
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the inflection point to migrate upstream along the channel in the subsiding topography.
Ward and Galewsky [2012] showed that as Mauna Kea channels subside down through a
spatial rainfall rate peak, the rainfall peak essentially moves upslope. As the length of the
modeled profile decreases due to erosion and/or subsidence, the magnitude of the rainfall
gradient increases simply because the maximum and minimum rates stay the same but the
distance between them is decreased, and the elevation of the peak rainfall decreases due
to the lower topographic barrier.
In general, the illustrated representative profiles (Figures 2.5-2.8) from each
experiment are chosen so that all the experiments have similar amounts of total erosion,
which requires similar but not identical model durations because erosion rates vary for
the different rainfall and tectonic scenarios (Table 2.1). Our model simulations were run
for longer than the snapshots in time presented in Figures 2.5-2.8. In the subsidence case,
we ran the simulations until the channels eroded or sank below sea level. In the rock
uplift case, we ran the simulation until the profile reached steady state. The dominant
transient profile form is similar throughout the transient evolution in each individual
scenario, and the profile at only one representative time (Table 2.1) is illustrated in the
figures in this section (Figures 2.5 – 2.8). Multiple time steps of the transient profile
evolution are illustrated in the supplementary materials. Finally, we note that there is an
inverse relationship between the parameters K and model years, and similar profile forms
will result if one parameter value is increased (e.g. K) and the other decreased (e.g. model
years).

4.2 1-D Model Results
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Convex-concave profiles develop for the scenario in which rainfall increases
downstream in the upper half of the profile (Pinc, Figure 2.3A), regardless of the tectonic
boundary condition (solid lines Figures 2.4 –2. 6). The upstream convexity is subtle in
most simulations, and can best be identified in the slope-area plots (Figures 2.5C, 2.6C)
where slope increases with increasing drainage area. The downstream concavity is also
subtle in the case with subsidence (Figures 2.4A and solid lines in 2.5). The downstream
concavity is prominent in the uplift case, although this reflects the adjustment of the
downstream portion of the profile to its steady-state form (Figures 2.4B and solid lines in
2.6).
Regardless of the tectonic boundary conditions, the scenario in which rainfall
decreases downstream in the upper reaches (Pdec) results in channels that are concave
throughout (i.e., slope monotonically decreases with increasing drainage area). However,
concavities are not uniform (i.e., log-transformed slope-area data do not follow a straight
line) (dotted lines in Figures 2.5C, 2.6C). The upper portions of the profiles are nearly
straight in the simulations with uniform rainfall (Puni), although they would eventually
evolve to concave in the uplifting case if given enough time (see supplemental Figure
2.2). In all cases modeled, regardless of the tectonic boundary conditions or the rainfall
scenario, the lower portions of the profiles are concave.
Because our modeled channel profiles are straight initially, concavity is controlled
by downstream changes in the incision rate (equations 13, 14). In the subsiding
simulation with uniform rainfall, the incision rate increases smoothly from the top of the
profile to a location close to the mouth, and the concavity is essentially uniform over this
distance (simulation S_ Puni, Table 2.1, dashed line Figure 2.5). In the subsiding
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simulation with increasing downstream rainfall rates in the upper half of the channel
(simulation S_ Pinc), the rate of increase in discharge downstream is faster than the rate of
increase in drainage area, resulting in an increasing downstream gradient in incision rate
and a corresponding convexity in the upper portion of the profile, as predicted by
equation 14 (solid lines in Figure 2.5). In simulation S_Pdec, discharge increases
downstream more slowly than drainage area. As a result, the gradient of incision rate
decreases downstream, even though overall incision rate increases downstream (dotted
line in Figure 2.5B). Consequently, the upper portion of the profile is more concave
above the rainfall inflection than it is just below it (as suggested by equation 14). In
simulations S_Pinc and S_Pdec, even though the rainfall gradients differ, the inflection
points in rainfall correspond to changes in profile concavity (Figure 2.5).
Overall, these results show how rainfall patterns may be recorded in longitudinal
profiles with different base level change scenarios (Figures 2.4-2.6). Based on our
simulations, different rainfall gradients can contribute to diverse channel profile patterns
in transient adjustment. Moreover, the observed imprint of the rainfall pattern in the
upper portion of the channel is not sensitive to the base level change scenario. The details
of the profile form in the lower half of the channel do differ with the tectonic boundary
condition, but in all cases the lowermost portion of the channel is concave.

4.3 2-D Model Experimental Design
We perform a detachment-limited (simulation 2D_det) and transport-limited
(simulation 2D_trans) numerical experiment with the CHILD model, both with rainfall
increasing downstream in the upper portion of the landscape. The aim of the detachment-
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limited scenario is to explore whether there are significant differences between the 1-D
and 2-D numerical experiments resulting from a complete drainage network with discrete
tributary junctions. The transient transport-limited channel profiles explore how the
details of the fluvial incision model and routing of sediment through a drainage network
affect channel profile form.
Both of the 2-D scenarios have the same initial and boundary conditions. The
initial domain is 16 km by 16 km, and the mean distance between grid nodes is 200 m.
The initial surface has a uniform slope of 0.08 (2km/16km), which is higher than the
initial slope (0.047) used in the 1-D model. One side of the rectangular model domain is
open, and water and sediment can flow across this side only (Figure 2.7A). The side with
the open boundary has an initial elevation of zero. In both simulations the landscape
uniformly subsides at 2 mm/yr. Consistent with the 1-D models, rainfall gradients shift
spatially as the landscape subsides, and the inflection point in rainfall remains at the
midpoint of the subaerial model domain.

4.4 2-D Model Results
Channel profiles produced using the 2-D model with detachment-limited channels
and increasing downstream rainfall rates in the upper half of the landscape are similar to
those using the 1-D model, although the convex-concave patterns are more subtle in the
2-D models (compare Figures 2.7 and 2.5). Tributary junctions produce locally steeper
slopes upstream of junctions during transient incision (Figure 2.7c). With a step increase
in discharge the channel cuts down more rapidly at and below the tributary junction,
steepening the upstream reach.
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Although the rainfall pattern remains the same (Pinc), the transport-limited 2-D
model (2D_trans) develops channel profiles that are quite different from the detachmentlimited 2-D model (2D_det) (Figure 2.8). Sediment deposition near the outlets of the
rivers counteracts the subsidence, and the coast does not retrogress as it does with
detachment-limited channels. All of the trunk channels in this simulation are consistently
concave. In contrast, the detachment-limited rivers formed upstream convexities under
the same rainfall gradient.

5 Model Application to Kohala, Hawai’i
5.1 Description of Kohala Profile Simulations
We next explore different scenarios using the 1-D detachment-limited model,
with the goal of reproducing channel profiles similar to those observed on the wet side of
the Kohala Peninsula and in Wainaia Gulch in particular (Figure 2.2). Our approach is to
start with a simple model to evaluate whether certain controls (discharge accumulation,
bedrock erodibility changes) are plausible explanations for observed forms, although
other factors that are not included may also influence profile form in similar ways.
Most of the parameter values used in the model application (Table 2.1) are
empirically chosen to match the conditions in Kohala. Based on regression of data from
the Wainaia watershed, we find that ka=16.03 m0.574, and h=1.43 in Hack’s law (equation
5, Table 2.1). h is at the low end of globally observed values, indicating that the
watershed is relatively narrow. For a given increment of channel length, the increase in
drainage area is less than for the 1-D experiments described above using a standard basin
aspect ratio (h=1.67). We use a uniform initial slope of 0.066 that is the same as the
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average current slope of the entire Wainaia Gulch channel, and the initial relief (1.12
km/17 km) is the current relief from head of the channel to sea level in Wainaia Gulch
plus the total subsidence since the HawƯ formation (2.6 mm/yr × 150 kyr). The horizontal
resolution in the model is 170 m.
In the model results described above, we only incorporate the unit stream power
model into our simulations, with m = 0.5 and n =1 (similar to Ferrier et al., [2013]).
However, when applying our model to Kohala, we consider other variability that may
affect the exponents in the power-law incision equation (1). Even though bedrock is
exposed regularly throughout the channel, including in the downstream most reaches,
parts of the channel are covered with cobbles and boulders [Menking et al., 2013] that
must require a high threshold shear stress to be surpassed before entrainment. Sediment
movement has been observed only during large events, based on our discussions with
local landowners and our own observations from tagged rocks in the channel. The large
number of knickpoints in the channel and local variations in slope may also influence
channel width, and the channel may narrow in the vicinity of over-steepened zones [e.g.
Finnegan et al., 2005; Yanites et al., 2010; Whittaker, et al., 2007; Turowski et al., 2009],
although we do not have independent data to support a particular relationship between
width and channel slope in these channels. To explore whether thresholds for entrainment
of large sediment or channel width variation play an important role in the channel
evolution in our setting, we vary the model parameters m and n to potentially capture
these behaviors. To capture the stochastic distribution of floods and the impact of erosion
thresholds, we use m=1 and n=2 in equation 1 [e.g., Snyder et al., 2003; Lague, 2014]. To
capture the control of local slope on the channel width, we use m=5/8 and n=19/16 in
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equation 1 [Finnegan et al., 2005]. While these values were developed in other studies
for settings in which rainfall gradients were not considered, we hypothesize that if they
are able to produce morphologies similar to those observed in the Kohala channels, then
the process represented in the model (stochastic storms and/or width deviations away
from standard hydraulic geometry) may be important for setting the first-order
morphology of our study channels. The K values used in these two model simulations are
uniform and constant but vary between the simulations (Table 2.1). The K values are
chosen to evolve the channel in a similar period as the unit stream power simulations
(Table 2.1), and they are orders of magnitude lower than the unit stream power
simulations, due to the relatively higher m and n values.
We explore two different rainfall scenarios both with broadly similar forms as the
mean rainfall profile generated from 2012 Rainfall Atlas of Hawai'i (Figure 2.1E), but
with different peak rainfall values (Figure 2.9A). The “real” rainfall scenario (Pr) has a
modeled peak rainfall rate similar to the peak rate in this part of Kohala (thick line in
figure 2.1E, 2.5 m/yr), whereas the “high” rainfall scenario (Ph) has a peak annual rainfall
rate (15 m/yr) that is ~ 6 times higher than is actually observed. As shown below, the
magnitude of the "high" rainfall gradient is chosen to produce a morphology that better
matches the observed field profiles using discharge variations alone. The corresponding
discharge produced in the “real” rainfall scenario increases relatively steadily over the
entire profile (as a result of the relatively small rainfall gradients), whereas the gradient in
discharge produced in the “high” rainfall scenario is more variable along the channel - it
increases quickly downstream in the upper half but more slowly in lower half (Figure
2.9C).

34

In addition to discharge, we also hypothesize that spatial variation in bedrock
erodibility (K, equation 1) is an important factor controlling incision patterns across the
climate gradient. Previous work on other parts of Kohala demonstrated that different
rainfall rates lead to different bedrock chemical weathering rates, soil depths and
vegetation cover on hillslopes [e.g., Chadwick et al., 2003; Porder et al., 2007]. The
degree of chemical weathering may impact the strength of bedrock and the efficiency of
incision processes, which is expressed in our model by K. Using field and laboratory data,
Murphy et al. [2013] found that mechanical rock strength in channels on the dry side of
Kohala has a negative relationship with rainfall rate, and K is thought to be inversely
proportional to rock strength [Whipple and Tucker, 1999]. Moreover, all the channels in
our research area have ephemeral flow and Montgomery [2004] proposed that cycles of
wetting and drying can enhance weathering of the channel bed. Although his study was
not of basalt rocks, the same concept may apply here.
Using the unit stream power model, we simulate two erodibility scenarios:
uniform K, and K varying spatially with rainfall rate (Figure 2.9B). We are aware of no
theory to independently predict the dependence of K on rainfall rate, and so we simply
assume a positive linear relationship, while keeping the range of K values of the same
order of magnitude as the uniform K unit stream power simulations (Table 2.1). We do
not illustrate them here, but we explored different K scenarios by varying both the
maximum and minimum K values, but in all cases we assumed that K varied linearly with
local rainfall rate. We visually compared the modeled profiles with the real profile to find
the scenario that best matched Wainaia gulch and we only present that scenario here.
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As the landscape subsides and the location of the rainfall peak shifts upstream,
local K values also shift. The channel bed does not retain a "history" of past local
erodibility in the underlying bedrock, consistent with the interpretation that weathering
will be greatest right at the rock surface and will drop off rapidly with depth. Because the
combination of subsidence and erosion moves the rainfall peak very slowly, the K value
at a given location changes slowly in these simulations, and needs more than 10,000
model years to change 25% from its original value. This is explored further in the next
section. Future modeling efforts could also incorporate temporal variations in K as
initially fresh bedrock weathers.
In order to compare our results beyond the profile and slope-area trends, we also
compare valley depth measurements between Wainaia Gulch and the model scenario with
the closest profile form. In the 1-D simulations, there is no actual valley, but we
approximate valley depth as the total depth of incision over the model run. Menking et al.
[2013], Ferrier et al. [2013], and Ward and Galewsky [2012] all have recently used an
assumed initial geometry of uneroded volcanic edifices, or similarly the current relief
between valley and ridge, to constrain incision for volcanic units of known ages. In this
study the valley depth of Wainaia Gulch is calculated from the difference between the
average elevation of the adjacent ridge top and the base of the channel, extracted from a
DEM transect perpendicular to the downstream channel path (see details in Figure 2.4
from Menking et al. [2013]). In Kohala, the topography of the upper section of the
landscape has relatively flat surfaces between sharply incised river valleys, suggesting
minimal ridge lowering. In contrast, lower elevations in the landscape have ridges that
are narrower and more rounded, and channels are more deeply incised, suggesting that

36

valley depth in the portions of Kohala is a minimal estimation of the total depth of
incision (see swath topography data in Figure 2.1C).

5.2 Results of Kohala Profile Simulations
The "real" rainfall scenarios with constant and uniform K (simulations H_Pr_n1,
H_Pr_n2, H_Pr_n19/16; Table 2.1) provide a poor match to field profiles and slope-area
data (Figure 2.10), regardless of the fluvial processes considered, or in other words, m
and n exponent values. These models develop a roughly straight profile without clear
convex and concave patterns (Figure 2.10A), which are similar to the profile produced in
the boundary condition experiments with uniform rainfall (dashed line in Figure 2.5A).
The “high” rainfall gradient with constant and uniform K (simulation H_Ph_n1,
Table 2.1) produces a clearly convex upstream and concave downstream profile (dashed
line in Figure 2.11A). The modeled and field profiles diverge at the head and mouth, but
slope-area data follow the same overall trend. Although this model captures the general
convex-concave trends, the natural rainfall gradient is highly exaggerated. Within the
context of a simple detachment-limited model, these four simulations (H_Pr_n1, H_Pr_n2,
H_Pr_n19/16, H_Ph_n1) suggest that if climate affects bedrock incision solely through
the link between upstream-integrated rainfall and local discharge, the current rainfall
conditions in Kohala are unlikely to be responsible for the observed profile morphology.
Finally, the simulation with spatially varying K and the "real" rainfall gradient
(simulation H_Pr_Kvary, Table 2.1) provides a better match to the Wainaia profile and
slope-area data than any of the models with rainfall gradients only (solid line in Figure
2.11). In this simulation, the convex upstream and concave downstream parts of the
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channel profile are more pronounced than in the other four Kohala simulations, and are
produced without a “high” rainfall gradient. Local variation in K has a much greater
impact on channel morphology than the integrated effects of rainfall through discharge.
We note again that the range of K is adjusted to provide a reasonable match and is not
independently constrained.
The longitudinal modeled valley depth profile in the simulation with varying K
(H_Pr_Kvary) broadly follows the patterns of the valley depth along Wainaia Gulch
(Figure 2.12A). The maximum valley depth of Wainaia Gulch is ~ 1 km downstream of
the location where rainfall rates start to decrease downstream. The peak valley depth in
the simulation with varying K (H_Pr_Kvary) occurs at the location which has the highest
time integrated rainfall (solid line Figure 2.12B) and has K values at 75% or higher of the
peak value for the longest duration of time (dotted line in Figure 2.12B). This shows that
although K is changing through time, in the location where valley incision is the greatest,
K values remain high for most or all of the simulation. In contrast, the simulations
without variable K (H_Pr_n1, H_Ph_n1), the most incision occurs at the mouth of the
channel, where the discharge is highest (solid and dash-dot lines in Figure 2.12A).
Although not shown, normalized valley depth also monotonically increases downstream
in the two other simulations with constant and uniform K and the “real” precipitation
gradient (H_Pr_n2, H_Pr_n19/16).

6 Discussion
6.1 Spatial Rainfall Gradients, Weathering Gradients, and Profile
Evolution
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6.1.1 Erodibility (K) as Function of Rainfall in Detachment-limited Channels

Our modeling results suggest that spatial variations in bedrock erodibility K
provide a plausible although non-unique explanation for the observed convex-concave
profile form (Figure 2.11). With the assumed rainfall-discharge relationship (equation 6),
the “real” rainfall scenario, and any of the power-law incision models that we explore,
regardless of the m and n values, discharge patterns alone cannot provide a comparable fit
to the observed profiles (Figure 2.10). To approach the amplitude of the convexity and
concavity along the profile, the rainfall rate peak and gradient need to be increased far
beyond what is observed or physically reasonable in this landscape (dashed lines in
Figure 2.9A). A uniformly weaker rock (i.e., higher uniform K across the landscape) may
exaggerate the convex-concave form in the “real” rainfall gradient scenario, because
overall incision rates are higher, leading to higher gradients and curvatures of incision
rate, and thus larger concavity values (equation 14). However, a higher K also results in
higher incision rates and lower channel slopes that are inconsistent with the existing
landscape (simulations not shown).
We hypothesize that K values vary in space because rainfall gradients drive
gradients in chemical weathering and rock erodibility. Evaluating whether bedrock
strength varies monotonically with local rainfall rate and bedrock weathering is a goal for
future fieldwork across Kohala. However, preliminary data presented by Murphy et al.,
[2013] showed that rock strength decreases with increasing precipitation rate on the dry
side of Kohala. Nonetheless, the lumped, empirical nature of the coefficient K means that
weathering or rock strength metrics do not provide a direct measure of K. Previous
studies in Kaua’i, Hawai'i have empirically determined values of K that vary by orders of

39

magnitude [Stock and Montgomery, 1999; Ferrier et al., 2013]. We cannot directly
compare our results with these studies because they were derived using different values
of m and n, however these studies do support that K varies spatially. Further, Ferrier et
al., [2013] found that empirically derived K values varied with upstream average rainfall,
so in some sense they included discharge variations into K (e.g. combining equations 1
and 6) although variable weathering may also influence their result.
Rainfall-controlled gradients in K have a stronger effect on profile evolution than
do rainfall-controlled gradients in discharge because K scales with local climate while
discharge at a given location reflects the integrated upstream climate. Interestingly, this
idea appears consistent with data from Reiners et al. [2003], who showed that long-term
erosion rates (averaged over ~ 1 my) were correlated to modern precipitation rates, but
not with modern discharge. Large differences in local rainfall rate do not necessarily
correspond to large differences in local time-averaged discharge (e.g., Figure 2.3). In the
Hawaiian modeling example, the influence of discharge patterns on incision patterns
using the “real” rainfall scenario is minimal. If the model is run with the same K patterns
as used in simulation H_Pr_Kvary, but with discharge generated from uniform
precipitation, the results are almost exactly the same as simulation H_Pr_Kvary (results
not shown). Given that the simulation with uniform K and the “real” rainfall/discharge
pattern had a nearly straight profile, it is not surprising that removing the
rainfall/discharge pattern has little effect on the profile morphology.
6.1.2 Rainfall Patterns in Detachment-limited Channels
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In spite of our interpretation that weathering may be more important than
discharge patterns in forming the observed convexities in Kohala channels, our boundary
condition simulations in which rainfall gradients only influenced discharge suggests that
discharge patterns can influence transient channel evolution. In both uplifting and
subsiding landscapes downstream increasing rainfall rates (solid line in Figure 2.3)
always result in similar incision patterns that can form a transient profile convexity if the
spatial gradient in incision rate is high enough (Figures 2.5 and 2.6, simulations S_Pinc,
U_Pinc). In contrast, downstream decreasing rainfall rates (dotted line in Figure 2.3)
create more concave upstream reaches during transient adjustment (Figures 2.5 and 2.6,
simulations S_Pdec, U_Pdec).
Convexities in the Kohala simulations do not form in the discharge-only models
that use the "real scenario" approximation of the actual rainfall gradient (Figure 2.10),
because the downstream changes in discharge alone are not large enough to cause spatial
patterns in the fluvial incision rate to form a convexity (equation 14). These results from
the Kohala simulations are different from the initial 1-D boundary condition experiments
in which precipitation increased downstream (S_Pinc, U_Pinc, C_Pinc). In these
experiments, discharge patterns alone lead to spatial differences in fluvial incision
resulting in convex-concave profiles. There are three reasons for these differences. First,
the difference between the maximum and minimum rainfall rate in the boundary
condition experiments is greater than that in the Kohala experiments. Second, the
watersheds on the wet side of Kohala are narrow and have a lower Hack’s law exponent
than the idealized Hack’s law exponent used in the 1-D boundary condition experiments.
As a result, even if the rainfall gradient were the same in the Kohala simulations, the
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discharge gradient for a given length of stream in the Kohala simulations will always be
less than that produced in the “wider” watersheds used in the boundary condition
experiments. The discharge patterns in the Kohala simulations without varying K and
with the “real” rainfall pattern lead to a smaller curvature in the incision rate pattern (not
shown) and smaller changes in profile concavity along the channel (equation 14). Third,
the 1-D boundary condition experiments have both a higher initial slope and a higher K
value, which result not just in higher incision rates, but higher curvatures in incision rate,
which control concavity (equation 14).
The effects of differing base level controls are most notable at the downstream
end of the channels. In the uplifting case, the lower parts of the channel reach a steadystate slope and there is no longer any slope adjustment even though the channel is still
actively incising (Figure 2.4B). In the subsiding (Figure 2.4A) and zero uplift cases,
steady state is never reached, and the slope in the lowermost portions of the channel is
continually declining until those portions subside below sea level. This could contribute
to highly concave channels in the lowermost parts of the profile.
In our models as well as the field site, the particular transient adjustment of
channels is influenced by the fact that the initial topography is not adjusted to a steady
state form with respect to either the initial base level or the rainfall pattern. The rainfallcontrolled discharge pattern influences incision everywhere immediately from the start of
the simulation, while base level initially affects only the downstream end of the model
domain. We show that, for both tectonic boundary conditions during transient adjustment,
the upstream reaches are similar to one another because the rainfall and discharge
patterns still control local profile form (Figures 2.5 and 2.6). The upstream portions of the
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channels with the same rainfall scenario but different tectonic boundary conditions will
evolve in a consistent manner until the affects of the tectonic boundary condition – either
attainment of the steady-state slope (uplift case) or relaxation of the slope (subsidence
cases) – have swept upstream. Whipple and Tucker [2002] observed similar results in
transient uplifting channels with uniform rainfall.
The impact of the rainfall gradient on channel patterns can be very different
between transient and steady-state conditions. At steady state under uniform uplift, the
incision rate is by definition the same everywhere along the profile. Where rainfall rates
decrease downstream, the channel concavity will be lower in comparison with locations
where the rainfall is uniform, because the channel must maintain steeper slopes
downstream in order to incise at the same rate with less discharge [Roe et al., 2002; Wu et
al., 2006; Wobus et al., 2010]. Exactly the opposite trend is observed in our modeling of
transient conditions with rainfall rates decreasing downstream. During the transient,
decreasing rainfall downstream leads to a declining gradient in the incision rate
downstream, leading to increased concavity (equations 13 and 14).
Many natural eroding landscapes have not reached steady state, including the
subsiding Hawaiian Islands. Because the same forcing can result in different channel
morphologies before and after reaching steady state, the results highlight possible
limitations of applying steady-state analyses and intuition to interpreting transient
landscape behavior. This discrepancy highlights that caution should be used when
applying steady-state analyses and intuition to interpreting transient landscape behavior.
6.1.3 Rainfall Patterns in Transport-limited Channels
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We find that spatial rainfall patterns are expressed differently in the profiles of
modeled subsiding, transient transport-limited and detachment-limited channels. The
same rainfall pattern results in detachment-limited trunk channels that have slightly
convex upstream and concave downstream profiles (Figure 2.7), but the transport-limited
trunk channels are concave across the entire profile (Figure 2.8). Abrupt slope changes
did not develop in our transport-limited transient channels, consistent with previous
modeling studies of transport-limited transient channels [e.g. Whipple and Tucker, 2002;
Crosby et al., 2007; Attal et al., 2011]. The wet side Kohala channels show convex
upstream and concave downstream patterns with migrating slope breaks that are more
consistent with our detachment-limited models, and appear inconsistent with a simple
transport-limited model applied over the entire channel length.
It is possible that downstream channel reaches could be reasonably described by a
transport-limited model, with detachment-limited conditions appropriate for the convexconcave form upstream. Field observations indicate that cobbles and boulders cover most
of the downstream bed [Menking et al., 2013], but occasional bedrock exposure
downstream nonetheless suggests that the veneer of coarse alluvium is relatively thin.
The slope of incising bedrock channels can be moderated by the size distribution and
transport rate of coarse sediment [e.g., Johnson et al., 2009]. Upstream reaches also
contain boulders and cobbles, but also much greater exposure of bedrock. Chatanantavet
and Parker [2006] show that a sediment flux-dependent model can plausibly create
convex-concave profiles. The detachment-limited model is an approximation to the
underconstrained variables (sediment supply, size distribution, etc) that would be needed
to apply more complicated model, such as one with explicit sediment supply dependence
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[e.g., Sklar and Dietrich, 2004; Gasparini et al., 2007; Chatanantavet and Parker, 2009].
Another possible reason that a detachment-limited model may be sufficient to reproduce
observed forms is that balance of detachment- and transport-limited dominance has likely
changed through time with an increasing effect of cover in the downstream, due to
decreasing channel slopes and increasing sediment supply from collapse of the valley
walls.

6.2 Impact of Tributaries on Trunk Channel Concavity in Transient
Conditions
In nature, local trunk channel incision rates are influenced by water and sediment
inputs from tributary channels. Faster incision rates on trunk streams can form hanging
valleys and knickpoints on tributaries near confluences [Wobus et al., 2006; Crosby et al.,
2007]. In our 1-D modeling, discrete tributary inputs are not present because drainage
area follows Hack’s law (equation 5) and discharge increases smoothly along the channel.
However, in our 2-D detachment-limited simulations, discrete discharge increases at
junctions cause trunk channels to incise down to lower slopes downstream of the junction,
resulting in steeper slopes just upstream of the junction. This can result in a convexity in
the main channel upstream of large tributaries, with a corresponding increase in
concavity (due to the transition to lower slopes) just downstream (Figure 2.7). It is
important to note that a tributary-caused convexity of this nature could only occur during
transient conditions, because it depends on spatially variable local incision rates to form
the convexity.
It is possible that tributary water inputs contribute to local trunk stream slope
decreases in some Kohala channels. In Wainaia gulch at the trunk channel inflection
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point between convex upstream and concave downstream there is an increase in drainage
area due to the input of a large tributary (Figures 2.1 and 2.2D). However, other Kohala
channels and our modeling results suggest that tributaries are not necessary for the
transition from convex to concave channels. For example, Waikaulapala channel (Figures
2.1 and 2.2C) has no large tributaries but also exhibits convex-concave channel profile
form.

6.3 Alternative Explanations and Uncertainties in Field Comparison
We suggest that rainfall-dependent erodibility and discharge patterns are plausible
explanations for convex-concave profile development on the wet side of the Kohala
Peninsula. Our interpretation is non-unique, and alternate explanations may be equally
likely. Chatanantavet and Parker [2006] interpreted that convex-concave longitudinal
profiles on the much older Hawaiian island of Kaua'i can develop if one applies a
sediment flux-dependent incision model [e.g., Sklar and Dietrich, 2004; Chatanantavet
and Parker, 2009]. Similar models have been interpreted to explain convexities and
knickpoints observed in other field settings [e.g., Crosby et. al, 2007]. Application of
such a model to Kohala channels would benefit from field data on bedrock strength,
bedrock exposure along channels and sediment grain size distributions.
As described above, it is plausible that the younger, more resistant Hawi basalts
flows form a more resistant cap on the older Pololǌ basalt that is expressed as a convexity.
While the contact between flows is near the inflection point between convex and concave
reaches in many wet-side channels, others have similar convex-concave forms but do not
have a corresponding contact between units. One of these channels only incises into the
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older Pololǌ basalt (Waikaulapala in the northwest) and in others in the southeast, the
convex-concave transition occurs well upstream of the HawƯ-Pololǌ [Menking et al.,
2013].
Uncertainty in the discharge distribution

We make a number of simplifying assumptions about discharge. The ratio of
rainfall converted into discharge at each location is unknown and assumed to be unity for
simplicity. Infiltration, evapotranspiration and runoff are affected by vegetation types,
which vary across the landscape and have been highly impacted by humans. However,
we assume that their effects on spatial patterns of runoff are minimal compared with the
large rainfall gradient across Kohala, and that recent land-use changes do not affect
profiles developed over timescales of 105 years.
We neglect groundwater flow in our simulations, although groundwater-fed base
flow could modify local discharge, bedrock weathering and erodibility. Groundwater
flow is common through the fractured bedrock of the Hawaiian Islands, and groundwater
can discharge into the streamflow and also accelerate weathering and facilitate incision at
the base of knickpoints [Kochel and Piper., 1986; Stock et al., 2003; Oki, 2004; Menking
et al., 2013]. It is plausible that enhanced upstream infiltration and downstream
emergence of groundwater enhance both discharge and weathering of the more deeply
incised downstream reaches. However, the channels we study do not receive constant
base flow discharge from ground water since they do not intersect the water table, which
is close to sea level in the Hawaiian Islands [Kochel and Piper., 1986; Oki, 1997]. Based
on our field observations, seepage from perched ground water is found in some channels,
but it is not common and only flows over a short distance along the channel before it
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infiltrates back into the bedrock. Therefore, we do not think that subsurface flow should
have a large impact on the discharge gradients in our channels, especially during large
flow events.
The role of subsurface flow in the evolution of other Kohala channels is debated.
However, in our study area all the channels would be classified as runoff valleys, as
described by Kochel and Piper [1986] who interpreted that there are two types of valleys
in Kohala: runoff valleys like ours which are not quite as big and result from surface
water incision; and sapping valleys, like some of the big valleys draining towards the
Pololǌ Slump and Kohala Sea cliffs (Figure 2.1A), which are deep and dominated by
incision from ground water seepage. However, Oki [2003] and Lamb et al. [2007]
showed that ground water discharge is a small fraction of the total flow even in the big
channels behind the Pololǌ Slump. Lamb et al. [2007] interpreted that the surface water
processes dominate incision and headwall retreat in the region draining to the Pololǌ
Slump.
Global eustatic sea-level change

Many incised valleys and knickpoints across the globe are observed and
correlated to the sea-level drop during last glacial maximum. However, global eustatic
sea-level change may not be a major contributor to the formation of the convex zone in
our study channels on the wet side of Kohala Peninsula. Firstly, Ludwig et al. [1991]
constructed the present elevation of past sea-level stands by correlating the subsidence
history of coral reefs with the global eustatic sea-level changes derived from oxygenisotope record, and their result suggested that the relative sea-level for the peninsula has
been generally increasing in the past 600 k.y. due to the high subsiding rate of Kohala

48

Mountain. Secondly, the bathymetric data of our study area shows that there is no
significant gradient change above and below the sea level around the current coastal area
(http://ccma.nos.noaa.gov/products/biogeography/mapping/dems/), and short periods of
relative sea-level drop may not produce convexity for channels profiles due to the lack of
knickpoints. Pazzaglia and Brandon [2002] also found the lack of incision at the mouth
of the Clearwater River during significant lowstands due to the approximately constant
gradients in the lower reach and across the inner continental shelf. Thirdly, even if there
were knickpoints forming in the past sea-level lowstands, their migration rate may not
catch up with the high landscape subsiding rate. There is a considerable relative sea-level
drop of the Kohala Peninsula from 120 ka to 110 ka after HawƯ formation. If we consider
that the relative sea-level drop was 50 m during that period and subsiding rate was 2.6
mm/yr constantly, then the sea-level stand of 110 ka is about 340 m lower than the
current location. The average slope of Wainaia Gulch, which is modeled in our study, is
0.066. If we use this value as the slope of the past wet side of Kohala Mountain, then the
coast line of 110 ka is about 5 km offshore. Based on the exposure ages of abandoned
surfaces, Mackey et al. [2014] suggests the migration rate of a waterfall in Kaulaula,
Kaua’i, is 33 mm/yr on average. Assuming a knickpoint was forming in the period of the
relative sea-level drop from 110 ka and its migration rate was 33 mm/yr, the total length
of this knickpoint migration is 3.6 km in the past 110 k.y., which is less than 5 km. This
suggests the migration of knickpoint could not follow the high subsiding rate of Kohala
Mountain or leave its relic in the channels above the current sea-level.
History of rainfall patterns
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Gavenda [1992] and Hotchkiss et al. [2000] found that the relative spatial pattern
of high rainfall on the windward side likely has remained consistent through time,
although the average rainfall rate across the Hawaiian Islands could have varied between
glacial and interglacial periods. Hotchkiss et al. [2000] demonstrated that both subsidence
and incision can impact the rainfall rate, based on modeling results. The Big Island is
subsiding, and the initial relief of the Kohala Peninsula was higher than the current relief.
This could have driven a more intense orographic rainfall gradient at times in the past,
which could have affected the spatial distribution of runoff.
Our simulations impose spatially variable but temporally constant rainfall patterns.
To crudely account for the influence of changing topography on rainfall patterns, we keep
the inflection point in rainfall at the horizontal midpoint of the topography. In effect, this
causes the inflection location to migrate upstream along the channel in the subsiding case.
Ward and Galewsky [2012] present a similar framework in which the lower reaches of
Mauna Kea channels are subsiding down through a spatial rainfall rate peak. Because of a
lack of quantitative constraints, we held the peak and minimum rainfall rates constant in
our simulations. Although in actuality precipitation rates likely changed throughout the
evolution of Kohala due to both climate change and subsidence. However, the movement
of the peak rainfall rate up the mountain and maintenance of orographic rainfall patterns
through time appear to be realistic.

7 Conclusions
We explore whether rainfall gradients can lead to convex-concave channel
profiles on an incising volcanic topography. We simulate transient channel evolution
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from an initial straight profile using a detachment-limited stream power incision model.
We find that, regardless of the tectonic boundary condition, spatial patterns in fluvial
discharge driven by patterns in rainfall can result in convex-concave transient channel
profiles.

However, once steady state is reached in modeling scenarios with uplift,

channel profiles are concave throughout. During transient adjustment, the signatures of
climate gradients in channel profiles may be opposite to those at steady state.
The modeled detachment-limited channel networks illustrate that local
convexities can form upstream of tributary junctions, and convexities are also observed
upstream of tributaries in the wet side Kohala channels. However, convexities are also
present in the Kohala channels without major tributaries, suggesting that if tributary
inputs are affecting profile form in Kohala, they are not the sole driver of the observed
convex-concave profile form. We find that transport-limited conditions do not result in
convex-concave channel profiles, suggesting that deposition of material is not solely
responsible for the convex-concave profile form observed in the Kohala channels.
Overall, the influence of rainfall gradients on discharge patterns may become
expressed in landscapes through subtle changes in concavity and slope-area scaling along
profiles. These concavity patterns will likely be more pronounced in channels from
broader networks that accumulate more drainage area for a given downstream distance.
In the Kohala setting, we find that alternative exponents from those used in the unitstream power model on slope and drainage area that are meant to capture the influence of
channel slope on channel width or stochastic storms and incision thresholds do not
strongly influence the transient form of the channels.
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Climate gradients may be expressed more strongly in landscape form through
bedrock weathering leading to increased local bedrock erodibility than through spatial
variations in discharge. This is because weathering is likely dependent on local climate,
while local discharge integrates rainfall from the entire upstream drainage area. We find
that spatial patterns in discharge alone are likely not extreme enough to lead to the
observed convex-concave profile form observed in the wet side Kohala channels.
However, a gradient in rock strength with rainfall rate, resulting from a gradient in
weathering rate with rainfall rate, could drive incision patterns resulting in a convexconcave channel morphology very similar to that observed in Kohala. Additional work
would be required to determine if weathering and erodibility, or other factors not
considered in our detachment-limited model, are dominant climatic controls on the
morphology of this landscape.
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Chapter 3
The imprint of orographic rainfall gradients on the morphology of
steady-state numerical landscapes

Abstract
In this study we incorporate a 2-D orographic precipitation module into the numerical
CHILD landscape evolution model to provide a quantitative tool for exploring the
coevolution of rainfall patterns and fluvial topography, focusing on the imprint of rainfall
spatial patterns on channel profile morphology and planform network organization in
steady state landscapes with uniform rock uplift. Our results suggest that channel profiles
record rainfall patterns in both the channel concavity (ș, downstream changes in slope)
and the channel steepness index (ksn, local slope normalized for drainage area). Small
tributaries that flow in a direction perpendicular to the rainfall gradient, such that the
rainfall rate does not change dramatically within the tributary, have a relatively clear
relationship between ksn and local precipitation. Beyond profile characteristics, a number
of morphological indices that describe network organization and the topography across a
watershed also appear to be influenced by rainfall gradients. The hypsometric integral
(HI), which increases with the amount of topography that is at relatively high elevations
within a watershed, has a moderately negative relationship with the profile concavity of
the trunk channel, and high precipitation rates at the ridge top leads to a increase in HI.
We find that rainfall gradients produce narrower watersheds, as evidenced by smaller
values of the exponent on distance in Hack’s law and a less peaked width function, which
describes the distribution of points in a network at a given length from the outlet.
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Narrower watersheds also lead to an increase in the valley spacing ratio (mean mountain
half width over spacing between different valleys). In addition, the main channels follow
a more direct path to the mountain foot when there is a strong orographic rainfall gradient
because the rivers show a tendency to flow along the rainfall gradient.

Keywords: river profile; river planform; orographic precipitation; landscape evolution
model

1 Introduction
Quantifying the impacts of climate on surface processes and landscape evolution
has been widely explored theoretically (e.g., Molnar, 2001; Molnar, 2004; Lague et al.,
2005; DiBiase and Whipple, 2011), in natural landscapes (e.g., Riebe et al., 2001; Dadson
et al., 2003; Reiners et al., 2003; von Blanckenburg, 2005; Finnegan et al, 2008; Dixon et
al., 2009; Moon et al., 2011; Schlunegger et al., 2011; Goswami et al., 2012), and in
numerical landscapes (e.g., Tucker and Slingerland, 1997; Whipple et al, 1999; Roe et al.,
2002; Solyom and Tucker, 2004; Tucker, 2004; Anders et al., 2008; Gasparini et al.,
2008). Among the many impacts that climate may have on surface processes is the
influence of precipitation gradients on patterns in fluvial discharge, which may drive
complex patterns of fluvial erosion, either in the transient or at steady state, and
ultimately influence patterns in channel slope and relief across a landscape (e.g. Roe et al,
2003). However, studies exploring the imprint of precipitation patterns on erosion
patterns have reached mixed results. For example, in the Greater Himalaya, Burbank et al.
(2003) found no pattern in erosion rates averaged over million year timescales in a region
in which precipitation rates vary by a factor of five. Similarly, in the Bolivian Andes,
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Aalto et al., (2006) found that modern sediment yields were not significantly correlated
with runoff. In contrast, in the southern Central Andes, Bookhagen and Strecker (2012)
found that patterns in millennial scale erosion rates, rainfall, and stream power were
correlated, suggesting that climate strongly influences landscape evolution. Ultimately,
erosion patterns are driven by rock uplift patterns. However if high precipitation rates can
drive high erosion rates leading to high rock uplift rates, such as in the proposed tectonic
aneurysm model in the syntaxes of the Himalaya (Zeitler et al 2001), precipitation rates,
erosion rates, and rock uplift rates may all be linked.
Even if erosion patterns are independent of precipitation patterns, landscape
morphology may still reflect spatially variable climate. For example, numerical modeling
of one-dimensional steady-state channel profiles with uniform uplift suggests that
orographic precipitation patterns impact landscape relief and channel concavity through
changes in river discharge (Roe et al., 2002 & 2003; Wu et al, 2006; Wobus et al., 2010).
Roe et al. (2002 & 2003) found that if the rainfall rate increased with the elevation, the
relief and concavity of the river channel will be lower than predicted with uniform
rainfall at steady state. In contrast, if the rainfall rate decreased with the elevation, the
relief and concavity of the steady-state channel will be higher than predicted with
uniform rainfall. Although our new modeling presented below only considers a steadystate balance between uplift and landscape-averaged incision, it is worth noting that these
relations may not hold during transient adjustment of landscapes. Han et al. (submitted)
explored the evolution of channel incising into a shield volcano and found that during
transient incision, if the rainfall rate decreased with elevation, the channel concavity was
lower than predicted at steady state. Rainfall patterns may affect transient profile
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evolution resulting in trends that are opposite to those predicted for an uplifting steady
state profile with a uniform erosion rate.
While appealing in their simplicity, 1-D models cannot simulate complex rainfall
patterns across an entire watershed, which could potentially limit or enhance the effects
of rainfall patterns on fluvial morphology. More sophisticated 2-D or quasi 3-D
landscape evolution models coupled with an orographic rainfall model include feedbacks
between topography and rainfall rate, and can capture the network wide influence of
rainfall patterns. For example, Anders et al. (2008) coupled the Smith and Barstad (2004)
linear orographic precipitation model with the CASCADE landscape evolution model
(Braun and Sambridge, 1997). They found that in a steady-state mountain range, trunk
channels are more deeply incised on the windward side than on the leeward side, and the
main drainage divide is displaced from the center of the domain to the leeward side. This
model result is consistent with physical laboratory results and field observations in the
Sierra Aconquija, northwestern Argentina (Bonnet, 2009).
The goal of this study is to explore whether rainfall patterns influence landscape
morphology in the simplest case of a steady-state landscape with uniform rock uplift and
lithology. We acknowledge that this idealized setting likely rarely occurs in nature.
However, we suggest that if we cannot isolate the impact of rainfall patterns on landscape
form in such a simple setting, it will be even more difficult to isolate its impact from
other variables in more complex settings. Our simulations are meant to be a guide for
identifying what landscape metrics are most sensitive to spatial patterns in rainfall, and
such metrics may be helpful for identifying whether spatial patterns of rainfall have
greatly impacted a landscape throughout its evolution.
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We couple the CHILD 2-D landscape evolution model (Tucker et al., 2001) with
an orographic precipitation model (Smith and Barstad, 2004) and quantify geomorphic
metrics in the simulated landscapes. We explore the impact of orographic precipitation on
both river profile form and planform morphology over different spatial scales. We first
present the theory behind the rainfall and erosion models. We then discuss the different
metrics that we calculate and their meaning. We find that some of these metrics do not
identify clear differences between landscapes driven by uniform and non-uniform rainfall.
Most notably, our simulations suggest that planform metrics may be more sensitive to
rainfall patterns than topographic metrics measured over large spatial scales.

2 Methods
2.1 Landscape Evolution Model
The growing arsenal of quantitative equations, or geomorphic transport laws (e.g.
Dietrich et al., 2003), for both erosion and sediment transport processes along with the
quantification of other processes, such as orographic precipitation, that influence surface
processes has prompted the development of integrated landscape evolution models
(Tucker and Hancock, 2010). In this study we use the CHILD landscape evolution model
(e.g., Tucker et al., 2001), updated to include the orographic precipitation model
developed by Smith and Barstad (2004). This version of CHILD is available through the
Community

Surface

Dynamics

(http://csdms.colorado.edu/wiki/Main_Page).
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We model detachment-limited channels, and use the unit stream power or shear
stress erosion rule (e.g., Howard and Kerby, 1983) in CHILD, which calculates the
channel incision rate E as a power-law function of slope S and river discharge Q:
E=KQmSn,

(1)

where K is a dimensional coefficient that is directly proportional to rock erodibility; and
m and n are positive constants.
The rate of change in elevation, dz/dt, is modeled as the difference between the surface
uplift rate, U, and the incision rate, E:
dz/dt=U-E .

(2)

The accumulation of fluvial discharge, Q, is impacted by the spatial pattern of orographic
precipitation:
j

Qj

¦ Pa

(3)

i i

i 1

,

where Qj is the discharge at location j in the channel; Pi is the precipitation at location i in
the channel network; ai is the cell area at location i in the channel; and i includes the local
cell and all upstream cells. This relationship assumes that all precipitation is converted
into surface water runoff. Note that equation 3 expresses how discharge is calculated in
the model, but it reduces to

Q PA ,



(4)
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where A is the upstream drainage area and P is the precipitation rate spatially averaged
over A.

2.2 Linear orographic precipitation model
The Smith & Barstad (2004) linear orographic precipitation model includes two
main processes: (1) condensation of rising air potentially leading to the formation of
small cloud droplets; (2) conversion of small cloud droplets into large particles and
hydrometeors. Once hydrometeors have formed, they will fall to the ground as
precipitation. In this study, all precipitation is in the form of rainfall. Precipitation
generation is driven by the following two equations:
dqc
dt

V  q c

dqs
dt

V  qs

s ( x, y ) 
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Oc



qc
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(5)

(6)
,

where s(x,y) is the source of condensed water arising from the forced ascent of an air
mass over a mountain (kg m-2 s-1), qc is the cloud water column density (kg m-2) and qs is
the hydrometeor column density (kg m-2), Ȝc is the time constant for conversion from
cloud water to hydrometeors (s), and Ȝf is the time constant for hydrometeor fallout (s).
qs/Ȝf is the column density rainfall rate (kg m-2 s-1), and this rate is converted to m yr-1 for
the incision processes in the model. V is the wind velocity (m s-1).
This model is controlled by a single nondimensional parameter, the delay time, Ȝ*, which
is defined as:
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Ȝ*=VȜ/W,

(7)

where Ȝ is the sum of Ȝc and Ȝf , and W is the mountain half width (m) (Anders et al.,
2008). A long delay time means that the air mass loses water (precipitation) more slowly,
so rainfall is advected into the range. A short delay time means that the air mass quickly
loses its water, or in other words, there is more rainfall at the foot of the range.

2.3 Integrated model and experiment description
For this study we use the Smith and Barstad (2004) linear orographic precipitation
module to generate a precipitation field that drives runoff in CHILD (equation 3). In
experiments using this model, the precipitation pattern co-evolves with the topography.
All experiments have a uniform rock uplift rate (2 mm/yr). When the landscapes reach
steady state (erosion balanced by uplift at all locations on the landscape), the precipitation
pattern remains steady. We consider only steady-state landscapes.
In order to compare and quantify how channel profiles and planform morphology
are affected by precipitation patterns, we perform four different model experiments
(EX_UNI1, SDT, LDT, UNI2, Table 3.1). In three of the numerical experiments, we
model both the front (windward) and back (leeward) sides of the mountain range, and the
landscape has two open boundaries. One of these experiments has uniform precipitation
and the other two include the orographic precipitation model, with two contrasting delay
time values (long and short delay times, Ȝ* in Equation 7). We choose the parameters in
the rainfall model so that the relief of the entire landscape at steady state is approximately
equal. In all numerical experiments with orographic precipitation, a mass of moistureladen air enters the landscape across the bottom, open boundary of the landscape. Since
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the experiment with a short delay time results in a much higher precipitation rate close to
the open boundary, it includes a larger mass of moisture in the boundary air mass than the
experiment with a long delay time. The wind velocity is 8 m/s in both experiments. The
first three model scenarios are similar to those in the study of Anders et al. (2008), but in
contrast to their study, we focus on the morphology of river profiles and the organization
of river networks. In the final experiment (EX_UNI2), we model only one side of a
mountain with uniform precipitation. The aim of this experiment is to contrast planform
morphology in a landscape with uniform precipitation with that on the windward side of a
landscape with an orographic precipitation pattern (EX_SDT with short delay time). In
order to do this, we fix the width of the mountain range in the final uniform precipitation
simulation (EX_UNI2) to be the same width as the windward side in the short delay time
coupled simulation (EX_SDT). If the precipitation rate is uniform, the divide between the
two sides of the mountain will always be in the middle of the landscape and the
morphology of the front and back sides is the same (as will be illustrated with EX_UNI1).
As a result, in our last simulation with uniform precipitation (EX_UNI2), we model only
one side of the range. Further, this modeled landscape is longer so that more watersheds
are generated.

2.4 Morphological descriptors
We calculate the parameters in a number of established morphological and
process relationships in our modeled landscapes in order to explore how precipitation
patterns affect fluvial discharge and whether precipitation patterns have a quantifiable
affect on landscape morphology.
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2.4.1 Empirical Discharge Relationship
To quantify the impact of orographic precipitation on fluvial discharge, we fit an
empirical relation for basin hydrology to individual mainstem channels:
Q=kqAc,

(8)

where Q is discharge, A is drainage area, and constants kq and c are two parameters
reflecting watershed properties and climate impacts (e.g., Whipple and Tucker, 1999).
The value of c should theoretically be less than one and is generally between 0.7 and 1.0
(e.g., Dunne and Leopold, 1978). kq is often thought of as the portion of precipitation that
contributes to surface runoff, sometimes termed the effective precipitation. If
precipitation and runoff production are uniform, c is frequently set to 1 (e.g, Snyder et.al.,
2000), and otherwise c and kq may vary spatially, such as when discharge is affected by
orographic precipitation (Roe et.al., 2002 & 2003).
2.4.2 Channel Concavity and Normalized channel Steepness Index
Channel profile morphology is often described by the channel concavity (e.g.,
Wobus et al., 2006). We fit an empirical relationship between channel slope S, and
contributing drainage area A:
S=ksA-ș,

(9)

where the concavity, ș, is positive when the channel is concave up and usually around 0.5
(e.g., Tucker and Whipple, 2002), and ks is steepness index. By fitting equation 9, we can
explore the effect that precipitation patterns may have on channel concavity. As shown
by Roe et.al., (2002 & 2003), the concavity of channels at steady state with uniform uplift
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rates is lower when the precipitation rate decreases downstream and is higher when the
precipitation rate increases downstream. Combining and rearranging equations 1 and 4, a
relationship for slope as a function of drainage area is obtained which predicts how
concavity is affected by spatially variable rainfall:
1/ n
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Equation 10 describes a linear relationship between slope and drainage area in log-log
space assuming that m, n, E, K and P are uniform and constant. Comparison of equations
1/ n

§ E ·
¸
9 and 10 shows that T corresponds to m/n and ks corresponds to ¨¨
m ¸
© KP ¹

. However, if

P decreases downstream, as could result from orographic precipitation patterns, the
slope will not decreases as rapidly downstream as it would under conditions of uniform
precipitation. When fitting equation 9 over a length of channel in which P decreases, this
results in a lower value of T (lower concavity) than would be expected under uniform
precipitation, even though the values of m and n are constant. Similarly, if P increases
downstream, T is higher in that length of stream (higher concavity). Following Roe et al.
(2002 & 2003), we calculate T on mainstem channels to quantify the effects of
precipitation patterns on profile form.
Gasparini and Whipple (accepted) proposed that the imprint of rainfall patterns on
channel morphology is easier to identify in tributary channels that drain areas with
different spatially averaged rainfall rates. They used the normalized channel steepness
index to quantify the effects of rainfall on morphology. The normalized channel
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steepness index, ksn, is calculated by fixing the concavity in equation 9 with a reference
value ( T ref ):

S

ksn A

T ref

.

(11)

The normalized channel steepness index is highly sensitive to the reference concavity
value, and therefore in order to compare ksn values among different channels, the
reference concavity value must be fixed (Wobus et al, 2006; Kirby and Whipple, 2012).
We set

T ref equal to 0.5 (m/n), which is the concavity of our modeled channels under

uniform precipitation. We calculate representative ksn values across channel lengths in the
mainstem channels, tributaries to the mainstem channels and smaller channels, as well as
locally at every point in the landscape.

ksn v P
used.)

m n

According to equation 10, we expect that

. (ksn is the term in parentheses in equation 10 when the reference value of T

We only use tributary and small channels (referred to collectively as small

channels herein) with seven points or more, and we chose channels that are spread in P
values.
2.4.3 Hypsometry
The hypsometric curve represents the fraction of watershed area above a given
height (some studies use the fraction of watershed area below a given height, but the
result is the same), which describes the distribution of elevation over the watershed area.
We calculate the hypsometric integral (HI), or an approximation of the area under the
hypsometric curve, to distinguish differences in the elevation distribution among different
watersheds (e.g., Brocklehurst and Whipple, 2004; Cohen et al., 2008):
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HI

H mean  H min
,
H max  H min

(12)

where Hmax is the maximum elevation of the watershed, Hmean is the average elevation
and Hmin is the minimum elevation. Studies have found that basins dominated by glacial
erosion (Brocklehurst and Whipple, 2004) or diffusive erosion (Willgoose and Hancock,
1998) have higher HI values than basins dominated by fluvial erosion, and in this study
we explore the relationship between HI values and precipitation spatial patterns.
Moreover, we also estimate a local HI for each point on the landscape that has a drainage
area larger than 4 km2, following the method proposed by Cohen et al. (2008). The local
HI is calculated with equation 12 based on the local upstream watershed.
2.4.4 Hack’s Law
We use Hack’s law (Hack, 1957), which describes the relationship between the
drainage area, A, and distance downstream, l, to quantify differences in the shape of the
modeled watersheds:
A=kalh,

(13)

where ka and h are constant parameters that vary among watersheds and depend on the
shape of the watershed (note that Hack (1957) initially proposed distance, l, expressed by
drainage area, A, to the reciprocal of h). When the exponent h is smaller (assuming a
fixed ka), an incremental change in distance downstream leads to a smaller increase in
drainage area, indicating that the watershed is relatively narrow. In contrast, larger
values of h result in larger increases in drainage area for the same incremental change in
distance downstream, as would result from a wider, more distributed network. h is less



65

than 2, and typically around 1.67 for many natural watersheds (e.g., Hack, 1957,
Willemin, 2000).
2.4.5 Width Function
The width function of a river network describes the number of channels at a given
distance from the watershed outlet (Naden, 1992). It has a strong correlation with the
instantaneous unit hydrograph, and therefore is a good measure of network organization
and hydrologic response (Hancock and Willgoose, 2001). As illustrated in Figure 3.1,
although networks 1 and 2 have the same total stream length, the width function of
network 1, which has a more branching network, is very different from that of network 2,
which, on the contrary, is narrower, longer, and has no sub-tributaries. Therefore, the
width function is a good way to illustrate the structure of networks with distance.
2.4.6 Valley spacing ratio
We use the valley spacing ratio as another metric to quantify differences in
network organization in the different simulations. The spacing ratio is generally defined
as the ratio between the mean half width of a mountain and the valley spacing calculated
as the distance separating trunk channels exiting the mountain front. Studies have found
the spacing ratio to be fairly constant globally across a wide range of landscapes and
landforms of different sizes (e.g., Hovius et al., 1996; Talling et al., 1997). In this study
we calculate the average spacing ratio, R, for a give mountain range as:
R W /( D / N ) .



(14)
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where W is the mean distance between the open boundary and the divide between the
front and back sides of the mountain, or the mean mountain half width. D is the length of
the mountain’s open boundary and N is the number of trunk channels flowing out along
the boundary. Thus, D/N approximates the mean distance between trunk channel outlets.
Here a trunk channel is the main channel in a watershed that reaches the divide between
the front and back of the mountain range.
The spacing ratio is related to both Hack’s law and the width function. When the
half width of the mountain range is fixed, if a watershed is narrow, the valley spacing
between two adjacent channels should be small and the consequent spacing ratio (mean
half mountain width / valley spacing) should be high, and vice versa.
2.4.7 Sinuosity
We use a measurement of river sinuosity to explore whether precipitation
gradients drive a channel to follow a straight path down a mountain as opposed to take a
more indirect path. River sinuosity is usually calculated as the ratio of the distance
measured between two points along the stream to the straight-line distance between these
two points. The sinuosity can be calculated over various length scales (e.g., Howard and
Hemberger, 1991; Lancaster and Bras, 2002). Because we are interested in the large-scale
path of the river, we calculate sinuosity (SI) over the entire mountain width:
SI

L /W ,

(15)

where L is the length of a trunk channel and W is the mean mountain half width. Since
the model does not incorporate hillslope processes, the major trunk channels reach to the
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main drainage divide and we use the mountain half width because this is the minimum
possible length of a channel. Our measure of sinuosity is not the same as the commonly
used measurement in which the denominator is the straight-line path between end points,
and as such, the values cannot be compared with sinuosity measurements reported in the
literature that represent how much a river meanders. For example, with our measurement,
a channel that has a straight path from its source to the outlet, but that approaches the
open boundary at an angle of 45 degrees, will have a sinuosity of 1.4, and not 1 as would
be measured with other methods. Similarly to the valley spacing ratio, a wider network
most likely has a main channel that does not take a straight, perpendicular path to the
open boundary. As a result, this measure of sinuosity is also related to Hack’s law and the
width function.

3 Model results
The results of the first three experiments demonstrate that topography and channel
morphology are influenced by the different rainfall patterns (Figures 3.2-3.4). In the
uniform precipitation scenario (EX_UNI1, Figure 3.2), the mountain is evenly developed
on both sides, and the channels on each side are sinuous and long. However, in
orographic precipitation experiments (EX_SDT and EX_LDT), the wind and rainfall
patterns lead to channels that appear less sinuous, following a path parallel with the wind
direction which is perpendicular to the open boundary (Figures 3.3 and 3.4). With the
short delay time (EX_SDT, Figure 3.3), the peak rainfall rate occurs close to the open
boundary on the windward side, and the rainfall rate is higher on the windward side than
on the leeward side. These rainfall patterns are similar to the conditions observed in
nature, such as the southern Himalayan topographic front (e.g., Anders et al., 2006;
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Bookhagen et al., 2006) and eastern flank of the South American Andes (Bookhagen et
al., 2008). In contrast, with long delay time, the rainfall rate is lower near the mountain
front and higher along the main divide and ridges. This pattern is also observed in the
nature, such as the rain and snowfall patterns along the Matheny Ridge of the Olympic
Mountains (Anders, et al., 2007).
The average elevation and the average precipitation in the direction perpendicular
to the wind direction is illustrated in Figures 3.5 A and B, respectively. The main
drainage divide is displaced from the center of the domain toward the leeward side and
this shift is more apparent in the short delay time experiment (EX_SDT). Anders et al.
(2008) performed similar modeling experiments with the CASCADE model (Braun and
Sambridge, 1997), and their orogen cross-sections are consistent with those shown in
Figure 3.5. Laboratory experiments also show that orographic precipitation can drive the
migration of the main divide (Bonnet, 2009).

3.1 Channel profile morphology in response to orographic precipitation
In Figures 3.3 and 3.4 we present normalized channel steepness data calculated
along smaller channels and locally at every point on the landscape, and hypsometric
integrals of sub-watersheds. Hypsometry lets us compare the elevation attributes with the
channel profile properties. Trunk channels integrate the entire precipitation pattern on one
side of the range and influence morphology of the entire watershed. In the trunk channels
we focus on the discharge relationship (equation 8), the concavity (equation 9), the
normalized channel steepness index (equation 11) and the hypsometric integral (equation
12). Because climate signals may be more apparent in smaller channels (Gasparini and
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Whipple, accepted), we also explore channel steepness indices and hypsometric integral
at smaller scales than trunk channels in the orographic precipitation experiments
(EX_SDT and EX_LDT).
3.1.1 Uniform Precipitation (EX_UNI1)
In the uniform precipitation case, most quantitative metrics can be predicted
directly from theory. In the fit discharge relationship (equation 8) kq equals 0.9 m/yr,
which is the input uniform precipitation rate, and c equals 1 (Figure 3.6C). Therefore,
equation 8 can be simplified to Q=P*A, where P is the uniform precipitation rate.
Concavity (ș) of trunk channels is 0.5, which is equal to m/n, with no spatial variation
(Figure 3.6D). The normalized channel steepness index is equal to 301, which is as
predicted given the erosion rate, K value and precipitation rate (equation 11). The
hypsometric integral varies from 0.41 to 0.50 among the different networks, and averages
to 0.46 (Table 3.2).
3.1.2 Orographic Precipitation with Short Delay Time (EX_SDT)
Results from orographic precipitation experiments with a short delay time are
shown in Figure 3.7. Since more rain falls at the range front, discharge increases
downstream on the windward side at a faster rate than it does in the uniform precipitation
experiment. As a result c is slightly greater than 1 (equation 8; Figure 3.7C). In contrast,
rainfall rate decreases downstream on the leeward side, and c < 1. kq co-varyies with c
and is higher on the leeward side, although precipitation rates are lower. c is indicative of
precipitation trends (at least in this idealized hydrologic setting) whereas kq is only
indicative of the precipitation rate in the uniform case.
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The concavity (ș) of the trunk channels is greater than 0.5 on the windward side
due to increased mountain front rainfall and erosion, but less than 0.5 on the leeward side
because of relatively higher rainfall on the ridge top than the downstream end of leeward
drainage basins (Figure 3.7D). Roe et al. (2002) also showed a similar relationship
between concavity ș and rainfall rate. The range of ș produced here is well within the
range observed in nature (e.g. Tucker and Whipple, 2002).
The hypsometric integral (HI) of major watersheds is lower on the windward side
than the leeward side, and HI on the leeward side channels is generally higher than in the
uniform precipitation (EX_UNI1) trunk channels (Figure 3.7B). The hypsometric integral
map (Figure 3.3C) shows similar trends to HI calculated across the watershed.
As illustrated in the map of local ksn (Figure 3.3D), channel steepness values are
similar to but do not directly follow the patterns in local precipitation rate (Figure 3.3B).
Although the local ksn and precipitation patterns are similar, the most noticeable
exceptions are in the large channels, which have higher ksn values in comparison with the
surrounding smaller channels with a more local drainage area. This is especially apparent
in the large channels on the windward side, which appear as light blue cells (higher ksn)
among the surround darker blue (lower ksn) cells. This suggests the local ksn is more
related to the upstream averaged precipitation rate than the local precipitation rate, which
is especially important for the large channels across the precipitation gradient integrating
the precipitation signal. In contrast to the relationship between local precipitation rate and
ksn, a map of upstream averaged precipitation rate (not shown) tracks exactly the patterns
in the local ksn map.
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In this experiment we also explored ksn values in 40 smaller channels (locations
shown in black in Figures 3.3B and 3.3D). There is a much wider range of ksn values in
the smaller channel data (Figure 3.8) in contrast with the range of values calculated in the
mainstem channels (Figure 3.7D). The tributary ksn data follow the predicted trend with

P (equations 10 and 11).
3.1.3 Orographic Precipitation with Long Delay Time (EX_LDT)
Figure 3.9 shows the results using the orographic precipitation model with a long
delay time. Precipitation slightly decreases downstream on both the windward side and
leeward side, and therefore c (equation 8) is 1 or slightly less on both sides, and kq is a
little higher than that in EX_UNI1 with uniform precipitation. Concavity (ș) of trunk
channels is less than 0.5 on both sides, since high rainfall rates are found at the top of the
range, reducing slopes upstream. Channel profiles and hypsometry are similar on both
sides, and so is the hypsometric integral map (Figure 3.4C). In general, the hypsometric
integral of major watersheds is higher than in EX_UNI1, resulting from a higher
precipitation near the highest elevations.
In addition, the model results (EX_UNI1, SDT and LDT) show a moderate
negative relationship between trunk channel concavity and watershed hypsometric
integral (Figure 3.10), which suggests that precipitation gradients may impact both
channel profile concavity and watershed hypsometric integral but in the opposite
directions.
Local ksn values (Figure 3.4D) do not vary in this experiment as much as they did
in the experiment with a short delay time (EX_SDT, Figure 3.3D). The maximum ksn
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value is the same in the two experiments because the minimum precipitation value at
channel heads is the same in the two experiments. The minimum ksn value is higher in
EX_LDT in comparison with EX_SDT because the maximum precipitation rate in
EX_LDT is lower than in EX_SDT. However, similarly to EX_SDT, the pattern in local
ksn roughly mimics the precipitation pattern, with the notable exception that the mainstem
channels have lower ksn values in the downstream reaches in comparison with the
surrounding tributaries and small channels.

3.2 Channel planform morphology in response to orographic
precipitation
To quantify the impact of orographic precipitation on the channel planform
morphology, we contrast the windward side of EX_SDT, which has the largest
precipitation gradient of all our model results (Figure 3.3), with the entire domain of
EX_UNI2, which has uniform precipitation (Figure 3.11). By design, EX_UNI2 has the
same half width as the windward side of EX_SDT, eliminating one variable between the
two landscapes.
3.2.1 Hack’s Law
Our results suggest that orographic precipitation leads to narrower watersheds.
The exponent h in Hack’s law (equation 13, Table 3.3), which is more indicative of
watershed shapes than parameter ka, is almost always smaller in EX_SDT (with
orographic precipitation) than in EX_UNI2 (without orographic precipitation). In each
experiment, we calculate Hack’s law in only those watersheds that extend to the divide of
the mountain range. There are five major watersheds on the windward side of EX_SDT,
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whereas there are seven in EX_UNI2 with uniform precipitation (Figure 3.11). The
exponent h ranges from 1.34 to 1.47 for the five watersheds in EX_SDT, but from 1.43 to
1.68 for the seven watersheds in EX_UNI2. We include h values from the watersheds
next to the two side closed boundaries because we have a small sample. However,
without these watersheds, the range of h is 1.34 to 1.40 in EX_SDT and still 1.43 to 1.68
in EX_UNI2, suggesting that these watersheds are not biasing our results. Both the values
of h and Figure 3.11 suggest that watersheds are much narrower with than without the
orographic precipitation.
3.2.2 Width function
We also find that orographic precipitation affects the width function of a
watershed (Figure 3.12). Under uniform precipitation, the width function of EX_UNI2
generally increases from the mouth to a peak at ~ 0.75 (normalized length, or distance
divided by maximum stream length in a network) and then decreases further into the
network. This demonstrates that the watershed persistently broadens from the mouth to a
location that is ~ 75% of the distance to the drainage divide. In contrast, the width
function in watersheds on the windward side of EX_SDT does not have an obvious peak
and remains flat at its highest value from ~ 0.4 to 0.9 of the normalized length. This
suggests that the orographic precipitation gradient leads to watersheds that are relatively
narrow and the number of channels at a given length is generally uniform across most of
the watershed area. Thus, watersheds evolved with uniform precipitation have a width
function similar to that of network 1 in Figure 3.1, whereas watersheds influenced by
orographic precipitation tend to develop networks similar to type 2 in Figure 3.1.
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3.2.3 Spacing ratio
Orographic precipitation appears to contribute to an increase in the spacing ratio,
because the watersheds become narrower and the valley spacing declines. As shown in
the Figure 3.11, there are five trunk channels on the windward side of EX_SDT but only
seven in EX_UNI2, although EX_UNI2 is three times longer than EX_SDT. Thus, based
on equation 14 (remember that the spacing ratio is inversely proportional to the valley
spacing), the average spacing ratio, R, is 2.97 for the windward side of EX_SDT and is
1.39 for EX_UNI2.
3.2.4 Sinuosity and trunk channel length
Finally, our modeling simulations also show that the patterns of orographic
precipitation can impact the sinuosity and the length of trunk channels. The average
length of the five largest trunk channels on the windward side of EX_SDT is 43.2 km,
and the average sinuosity is 1.14 (equation 15). However, the average length of the seven
largest trunk channels of EX_UNI2 is much longer, 60.1 km, and the average sinuosity is
1.58. This result is in agreement with the general appearance of the network; trunk
channels in EX_UNI2 appear more sinuous and longer than those in EX_SDT (Figure
3.11). Similarly, when comparing Figures 3.2 (EX_UNI1, uniform precipitation) and 2
(EX_SDT), channels Ch1 and Ch2 in EX_UNI1 appear more sinuous than ChW1 and ChW2
on the windward side of EX_SDT. In both EX_UNI1 and EX_UNI2, because the trunk
channels are more sinuous and do not follow a perpendicular path to the mountain front
or modeled open boundary, their watersheds are much wider and occupy a large area,
leaving less room for other watersheds to develop (less major watersheds in EX_UNI1
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than in EX_SDT). This results in higher h values in Hack’s law and a smaller spacing
ratio. Thus, our modeling results suggest orographic precipitation can lead to more linear
channels and that flow along the wind direction.

4 Discussion
4.1 Topographic variation with spatially variable precipitation
Our 2-D model results show that spatial precipitation patterns can impact the
morphology of steady-state channel longitudinal profiles, which is in agreement with
previous numerical modeling studies (Roe et al., 2002&2003; Wu et al, 2006; Wobus et
al, 2010; Anders et al, 2008; Han et al, submitted). If the peak precipitation rate locates
close to the top of a mountain (long delay time), erosion is more efficient around the
mountain ridge and slopes are lower, hindering the formation of steep channel heads in
the landscape and resulting in slightly less concave trunk channel profiles (Figure 3.9).
However, in EX_SDT which has orographic precipitation with a short delay time,
because of rainfall rates are highest near the mountain front on the windward side,
channel slopes are lower near the mountain front (erosion is more efficient) and trunk
channel profiles on the windward side are more concave. In contrast, trunk channels on
the leeward side of EX_SDT have similar profile patterns as those with long-delay-time
orographic precipitation due to the similar pattern in precipitation rates (Figure 3.7). We
also find that the trunk channel profile concavity (ș) has a moderate negative correlation
with the corresponding watershed hypsometric integral (HI), and orographic precipitation
can affect their values in the opposite directions.
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curvature and hypsometric integral is also found by Cohen et al. (2008), although in
which orographic precipitation is not considered. For example, in EX_SDT the
hypsometric integral of major watersheds is lower on the windward side than the leeward
side, which is opposite to the trend of profile concavity. This suggests that high
precipitation at the mountain front can result in a large area of reduced slopes at the
mountain front and smaller areas of the steep channel heads, whereas high precipitation
on the top might hinder the steep channel heads. Similarly, Colberg and Anders (2013)
using CASCADE landscape evolution model coupled with elevation-dependent
precipitation found that the maximum precipitation locating at the crest could decrease
the elevation and the slope of passive margin escarpments, and on the contrary, high
slope and elevation escarpments could be preserved if high precipitation is focused at low
elevation area.
Although the impact of precipitation patterns on steady-state channel profiles can
be quantified, it is not very pronounced in the large channels. The different precipitation
gradients do produce diverse discharge relationships (Figures 3.6C, 3.7C, and 3.9C);
however, the differences do not appear to be great enough to result in greatly contrasting
hypsometric integrals and channel profile concavities in comparison with the uniform
precipitation case. For example, in the spatially varying precipitation experiments
(EX_SDT, Figure 3.7; EX_LDT, Figure 3.9) the trunk channel profile concavity values
are greater or less than the uniform precipitation value of 0.5, but the concavity is
generally close to 0.5. There is one channel on the leeward side of this simulated
landscape that has a concavity value of 0.33, but the mean concavity is 0.4 on the leeward
side. This indicates to us that there may be some outliers in the main channels, but
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generally precipitation patterns do not greatly impact the channel concavity, especially
when considering the range of observed concavity values observed in nature.

For

example, Tucker and Whipple (2002) report concavity values in real channels that range
from 0.11 to 1.13. They do not provide precipitation patterns along with the concavity
values, however given this large observed range, it is safe to say that relatively small
deviations from 0.5 resulting from orographic precipitation may be drowned out by other
variables that influence channel concavity, such as patterns in uplift rate (e.g., Kirby and
Whipple, 2001), process differences (e.g., alluvial vs. bedrock channels; Sklar and
Dietrich, 1998; Whipple and Tucker, 2002), grain size changes (e.g., Snow and
Slingerland, 1987; Gasparini et al., 2004), and sediment cover changes (Sklar and
Dietrich 2001, Gasparini et al., 2007). Thus, we propose that the subtle trend of climate
information hidden in the channel profile morphology may be easily magnified or muted
by other factors beyond the trend in discharge accumulation. This may also be one reason
why some previous studies found the correlation between climate and erosion rate (e.g.,
Bookhagen and Strecker, 2012), but some did not (e.g., Burbank et al., 2003).
Our results do illustrate a robust negative relationship between the local
normalized channel steepness index (ksn) and the spatially averaged upstream
precipitation rate (Figure 3.8). However, because ksn integrates the precipitation rate
across the entire upstream drainage area (equation 10), ksn variations in large channels do
not directly reflect local variations in rainfall rate. Therefore the gradient in precipitation
rate is not apparent in the ksn pattern of large channels that flow across precipitation
gradients (Figures 3.3D and 3.4D). However, as suggested by Gasparini and Whipple
(accepted), smaller channels with relatively uniform but diverse precipitation rates
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illustrate the impact of precipitation on channel steepness more clearly (Figures 3.3D,
3.4D and 3.8). These results suggest that the impact of climate on landscape evolution is
more apparent in the channel steepness values in smaller channels, assuming that rock
uplift patterns or other factors do not greatly affect ksn.
Our study is highly simplified in that it considers only the impact of precipitation
patterns on fluvial discharge and erosion rates. However, climate influences other
processes that impact landscape evolution, including bedrock and soil weathering and
hillslope processes. For example, Han et al. (submitted) found that in the wet-side
channels of Kohala Peninsula, Hawaii, except for discharge accumulation, the spatial
variability of weathering rate and bedrock erodibility which may be driven by orographic
precipitation patterns, could lead to a more profound impact on the profile form.
Orographic precipitation may also impact spatial denudation patterns by triggering
landslides at locations of intense rainfall rates, as suggested by Moon et al. (2011) in the
Cascade Mountains, Washington State. If so, channel profile form and fluvial erosion
rates may be greatly influenced by the large, but non-uniform, sediment load delivered to
the fluvial system. Thus, climate information may also be recorded in the channel profile
morphology not through upstream-integrated discharge accumulation but by processes
that depend more directly on local precipitation rate.

4.2 Planform sensitivity to spatially variable precipitation
Channel planform morphology is clearly impacted by orographic precipitation.
The shape of a watershed and its network structure are closely correlated, and in our
models both of these appear to be greatly impacted by precipitation gradients, and are
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reflected by the changes in Hack’s law, the width function, spacing ratio and trunk
channel sinuosity. Network organization may contain information about landscape
evolution and the processes driving it. For example, Shelef and Hilley (2013) found that
the configuration of natural networks is different from those generated by random walks,
and the plan-view organization of channel networks is related to channel erosion
processes and longitudinal profile concavity.
Firstly the regression values of the exponent h in Hack’s law (equation 13, values
in Table 3.3) are generally smaller in EX_SDT (with orographic precipitation, h ranges
from 1.34 to 1.47) than in EX_UNI2 (with uniform precipitation, h ranges from 1.43 to
1.68), which suggests that the major watersheds in EX_SDT are generally narrower than
those in EX_UNI2. Willemin (2000) discussed the possible reasons for elongation of
watersheds. He found that Hack’s law does not change with the size of watersheds,
therefore elongation should not be a scale issue, although we have attempted to control
for that by setting the half-width of EX_UNI2 to equal that of the windward side of
EX_SDT. Rather, he suggested that geometric factors, such as channel sinuosity, can
impact watershed shape and Hack’s law. Our measurement of sinuosity agrees with this
idea (Table 3.3). EX_SDT (orographic precipitation, lower values of h) has sinuosity
values that range from 1.08 to 1.18, in contrast with the sinuosity values in EX_UNI2
(uniform precipitation, higher h values) that range from 1.29 to 1.97. Our results suggest
that orographic precipitation may be one of the external forces influencing the trunk
channels’ sinuosity, altering watersheds’ network organization, and driving the
elongation of watersheds.
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Differences in network organization, visible in Figure 3.11, are the major reason
why Hack’s exponents change with different spatial precipitation patterns. Note that there
are no hillslopes, and hence no differences in hillslope lengths, in these landscapes.
Network organization differences are illustrated by the width function (Figure 3.12). If a
watershed is evolved with uniform precipitation, its network structure is more branching,
illustrated by the width functions with distinct peaks (Figure 3.12B, similar to theoretical
network 1 in Figure 3.1). In contrast, orographic precipitation appears to lead to more
linear, less branching, networks, as suggested by the relatively flat width function (Figure
3.12A, similar to network 2 in Figure 3.1). These differences are indicative of the fact
that channels tend to develop along the wind direction and the precipitation gradient in
the orographic rainfall experiment. However, in the case with uniform precipitation
(EX_UNI2, Figure 3.11B) the main channel and its tributaries may flow in a direction
parallel to the open boundary, or even away from it. We note that all experiments begin
from an initial white noise topographic surface, and therefore the initial condition is not
responsible for the differences between these networks. Moreover, these network
differences also contribute to the differences in Hack’s law between EX_SDT and
EX_UNI2.
Because watersheds tend to narrow under the influence of orographic
precipitation, the distance between two adjacent trunk channels decreases and
consequently, the spacing ratio (equation 14) of mountain ranges should increase. Our
modeled landscape with orographic precipitation has a higher spacing ratio (2.97,
inversely related to the distance between channels) than the landscape with uniform
precipitation (1.39). Although several studies (Hovius et al., 1996; Talling et al., 1997)
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found that the spacing ratio is fairly uniform globally, the range of this ratio can be
relatively large. Talling et al. (1997) found a range of 1.18 to 4.06 in their study. In some
cases, the reported spacing ratio values vary on different sides of the same range, and
certainly some of these differences are due to tectonics. However, rainfall gradients may
also contribute to these differences.

4.3 Applications to real landscapes
We specifically chose to model a highly idealized setting in order to highlight the
impacts of rainfall patterns on landscape morphology. As a result, many of the trends we
observed here will likely be impacted – either muted or heightened – by other variables in
natural landscapes, such as variable lithology, tectonics, and fluvial processes, among
others. Even given these complicating factors, our morphological metrics indicate that
precipitation patterns can imprint on landscapes. We summarize our results and suggest
the best morphological indicators for identifying whether or not precipitation gradients
have impacted fluvial bedrock incision and landscape evolution.
1. As suggested by Gasparini and Whipple (accepted), the channel steepness index
of large channels that flow across precipitation gradients is indicative of the mean
upstream precipitation rate and not the gradient in precipitation rate (Figure 3.3,
3.4 and 3.8). As such, the imprint of precipitation gradients is muted in these large
channels.

In contrast, smaller tributaries that drain diverse areas with more

uniform precipitation better highlight the impact of precipitation gradients on the
channel steepness index.
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2. We find that channel concavity is impacted by rainfall gradients, and concavity
patterns may help identify the influence of rainfall gradients on landscape
evolution (Figure 3.6, 3.7 and 3.9). However, we note that because concavity
values are known to be sensitive to many other variables, and the impact of
rainfall gradients on concavity is not very large compared to the observed
variability in concavity in natural channels, we suggest that the influence of
rainfall patterns on concavity may be difficult to detect in real channels.
3. The hypsometric integral may be helpful for quantifying the impacts of
orographic precipitation on landscape evolution. The hypsometric integral of a
given watershed has a moderate negative relationship with the profile concavity
of the trunk channel (Figure 3.10). However, similar to concavity, it will likely be
affected by other variables and it does not appear to be greatly sensitive to rainfall
patterns.
4. Network organization appears to be more strongly influenced by rainfall patterns
than topographic indices (Figure 3.11 and 3.12). Our results suggest that rainfall
gradients will lead to differences in Hack’s law, the width function, the valley
spacing ratio, and large-scale channel sinuosity. Again, these indices may be
impacted by other natural variation, but because these metrics more clearly
discern between landscapes with and without orographic precipitation, we suggest
that planform morphology may be the best way to identify the imprint of
precipitation patterns on fluvial landscape evolution.

5. Conclusions
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We integrate a 2-D linear orographic precipitation module into the CHILD
landscape evolution model, which provides a quantitative tool to study the co-evolution
among precipitation patterns, surface processes, and topography. Our quantitative
analysis of the topography resulting from the coupled model results suggests that
precipitation gradients can impact both the elevation distribution and network patterns in
a landscape. When orographic precipitation results in peak precipitation rates close to the
mountain ridge, the concavity of trunk channels may be less than with uniform
precipitation, and the hypsometric integral of the watershed may be greater than with
uniform precipitation. In contrast, if the peak precipitation is located near the mountain
foot, the concavity and hypsometric integral may show the opposite trend. Moreover, the
normalized channel steepness index is negatively correlated with the mean upstream
precipitation rate, and smaller tributaries with more uniform precipitation may better
highlight this climate imprint on the channel steepness index.
Channel planform morphology may show a more signature of spatial precipitation
patterns than profile morphology. Considering landscapes with the same approximate
total relief, orographic precipitation leads to narrower watersheds than are produces with
uniform precipitation. Therefore, rainfall gradients lead to lower values of the exponent h
on distance in Hack’s law, a flatter shape of the width function (less peaked hydrographs),
and larger valley spacing ratios (mean half mountain width divided by the spacing
between different valleys). Moreover, large channel sinuosity tends to flow along the
precipitation gradient, leading to shorter mainstem channels (for a given mountain half
width).
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Chapter 4
Relationships among hillslope length, valley spacing and stream order
and their influence on the valley spacing ratio

Abstract
Across a wide range of landscapes the ratio between the half width of a mountain and the
distance separating the dominant trunk channels exiting the mountain front (generally
termed the spacing ratio) has been observed to be fairly consistent, but the reasons for its
uniformity are not well understood. We propose that the characteristic length, or distance
from the divide to the location where hillslopes transition to fluvial channels, is a primary
control on the valley spacing of first order channels and higher, and that these
relationships result in the observed constraints on the spacing ratio. We explore the
relationships among characteristic length, valley spacing, stream order and spacing ratio
using the CHILD numerical landscape evolution model. We find that valley spacing has a
linear relationship with characteristic length in the given order channels, which
demonstrates that the competition between hillslope and fluvial processes influences
landscape morphology at all scales. Moreover, we also find that the ratio between valley
spacing and characteristic length for a given order channel is fairly robust and does not
appear to be impacted by model initial conditions (such as initial topography) and rainfall
patterns (such as those produced by orographic precipitation).

85

Although the characteristic length may vary for a fixed domain in our model, the spacing
ratio remains in the range observed in real landscapes. The ratio of mountain half width
to valley spacing remains constant because the order of trunk channels varies with the
characteristic length. In other words, for a given domain size (or mountain half width), a
larger characteristic length can produce lower order trunk channels but with the same
spacing value as higher order trunk channels with a smaller characteristic length. This
competition between channel order and characteristic length may be one of the reasons
why the spacing ratio is relatively constant across diverse natural settings. However, our
model results also show that initial and boundary conditions may affect the network
organization and maximum stream order in a domain, even though they do not affect
valley spacing for a given stream order. For example, we find that more pronounced
orographic rainfall patterns, or much steeper initial surfaces, can lead to more linear
streams with less tributary branching and lower order trunk channels. In this case, the
ratio between valley spacing and characteristic length remains the same, whereas the ratio
between mountain half width and valley spacing increases, but still remains within the
observed range in natural landscapes. Finally, analysis of DEM data from three study
areas appears consistent with our modeling results.

Keywords: characteristic length; stream order; valley spacing; spacing ratio; landscape
evolution model

1 Introduction
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Despite the diversity of rock types, climates and tectonic settings across the globe,
similar landform patterns are widely observed. These patterns arise as a result of
landscape self-organization; a review paper by Hallet (1990) illustrated this selforganization with landform examples across diverse length scales, from small-scale
features of ripples and dunes to large-scale mountainous topography. Among these
fundamental landscape features is locally uniform spacing among fluvial channels,
leading to uniform drainage density across a landform. While drainage density and valley
spacing may vary significantly among settings, locally this regularity has been observed
in real landscapes, physical experiments, and numerical modeling studies (e.g., Perron et
al., 2008 & 2009; Hovius, 1996; Talling et al., 1997; Izumi and Parker, 1995 & 2000;
Chapter 3; Bonnet, 2009). Variations in drainage density between landscapes have been
linked to differences in climate, which likely influence the dominant processes shaping
the landscape and result in variable valley spacing (e.g., Collins and Bras, 2010;
Chadwick et al., 2013; Moglen et al., 1998; Abrahams and Ponczynksi, 1984). Thus, the
characteristic wavelength of valley spacing contains information about both the details of
the local surface processes and the variables that control them.
In fluvially dominated landscapes, the extent of valley dissection results from the
competition between hillslope processes (e.g., soil creep, rain splash and landsliding) and
fluvial incision. Hillslope processes are generally thought to be diffusive, leading to a
smoothing of the land surface (e.g. Culling, 1963; Fernandez and Dietrich, 1997; Roering
et al., 1999, 2001; Roering 2008), and in contrast, fluvial processes are concentrative and
commence where there is enough water discharge to sustain river incision, outpacing the
smoothing processes (e.g., Davis, 1892; Gilbert, 1909; Tucker and Bras, 1998). The
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transition between processes is often identified as the location in the landscape where
straight or convex hillslopes become concave valleys (e.g., Gilbert, 1909), and is
illustrative of a geomorphic threshold (Tucker and Bras, 1998), such as the threshold for
hillslope stability (e.g., Montgomery and dietrich, 1989, Roering et al., 2001), the
threshold for runoff generation (e.g., Kirkby, 1980; Dietrich et al., 1993), or the threshold
for runoff erosion (e.g., Willgoose et al., 1991; Tucker and Slingerland, 1997). All of
these studies demonstrate that the details of surface processes are a first order control on
the characteristic hillslope length (or the maximum length of hillslopes, Lc), which in turn
controls valley spacing and the drainage density of a watershed. However, although many
studies discuss the relevance between the characteristic hillslope length and the drainage
density of a watershed, seldom do studies explore or give a clear quantitative relation
between the characteristic length and another common landscape dissection parameter,
valley spacing, which is also closely related to drainage density.
Studies of the controls on valley spacing have often focused on particular surface
processes. For example, several related studies have investigated the incipient
development of erosional rills under free-surface water flow (e.g., Smith and Bretherton,
1972; Izumi and Parker, 1995 & 2000). However, since these studies are time-dependent,
and focus on small perturbations in the land surface caused by sheet flow, they are
difficult to apply to the spacing of relatively large valleys at the mountain range or fault
block scale. Simpson et al. (2003) used a numerical landscape evolution model to explore
the relative importance of dispersive, diffusion dominated, hillslope processes and
concentrative fluvial processes. They quantified differences in landscapes using a
nondimensional parameter De, which is similar to the Peclet number that quantifies the
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relative dominance of advective and diffusive processes. Further, they correlated De with
the cross-over length scale lc, a parameter that statistically reflects valley spacing. They
found that a large De (river incision dominates) produced a highly incised topography and
a densely branched channel network with relatively small valley spacing. In contrast, a
relatively low De (hillsope creep dominates) produced a smoother topography with
greater valley spacing. This study did not provide a direct quantitative relationship
between De and valley spacing. Perron et al. (2008 & 2009) employed the Peclet number
(Pe) to define the characteristic length (Lc) where the erosion rate due to stream incision
and linear diffusive hillslope processes are equal (Pe=1). They found that the valley
spacing of first order channels was proportional to the characteristic length in simulated
landscapes and in five field sites. Their studies concentrated on first order channels and
very small length scales (hillslope lengths were ~ 1-100 m), but uniformly distributed
valleys have been observed in much higher order channels and over larger spatial scales
(Hovius, 1996; Talling et al., 1997; Chapter 3 of this thesis). This study explores possible
controls on valley spacing, focusing primarily on higher order channels.
The valley spacing ratio, or simply spacing ratio, is the ratio between the
mountain half width and the spacing of large channels that drain to a mountain divide. It
describes another striking pattern in landscapes that is linked to the valley spacing of
higher order channels. Previous studies have found that the spacing ratio is relatively
constant across a wide range of tectonic and climatic settings (Hovius, 1996; Talling et al.,
1997). Using an experimental landscape, Bonnet (2009) found that a change in rainfall
patterns can drive both a change in valley spacing and migration of the drainage divide
(which changes the mountain half width) leading to a relatively constant spacing ratio

89

once the landscape has adjusted to the climatic perturbation. Giachetta et al. (submitted)
used a numerical model and also found that the spacing ratio remained constant once a
landscape reaches steady state after a rainfall perturbation, although they found that a
different process was responsible for the change in valley spacing after divide migration.
Why the spacing ratio is well-constrained globally, or even after a relatively
simple climatic perturbation, is not well-understood. We address this question using a 2D numerical landscape evolution model, CHILD (e.g., Tucker et al., 2001). We begin our
study by quantifying the relationship between the characteristic length and the valley
spacing of first and higher order fluvial channels. Next, we test whether this relationship
is affected by factors such as rainfall patterns or landscape initial conditions. We then
explore why valleys of different stream orders are evenly distributed across a mountain
front, and relate this to the spacing ratio. We hypothesize that the spacing ratio is
relatively uniform for different settings because as mountain half width and local settings
change, so too does the stream order, leading to an adjustment in valley spacing. Finally,
we test our hypothesis on several real landscapes.

2 Background and Method
2.1 Landscape evolution model
In this study, we employ the two-dimensional Channel-Hillslope Integrated
Landscape Development Model (CHILD) to explore the controls on valley spacing and
the spacing ratio. CHILD operates on a triangulated irregular network (TIN) and
simulates the evolution of a topographic surface, including the competition between
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hillslope and the fluvial processes, based on a set of erosion and transport equations, with
prescribed initial and boundary conditions (e.g., Tucker et al., 2001).
We model only detachment-limited fluvial channels in this study. We use a power
law function of slope, S



dz
, and river discharge, Q, to calculate the rate of river
dx

downcutting (e.g., Howard, 1994; Whipple and Tucker, 1999):
I

KQ m S n ,

(1)

where I is the detachment-limited incision rate, K is a dimensional coefficient of
erodibility with higher values corresponding to more erodible bedrock, and m and n are
positive constants, here set to 0.5 and 1, respectively, as appropriate for the unit stream
power model (e.g., Whipple and Tucker, 1999).
We employ a nonlinear diffusion equation to model hillslope processes (e.g.,
Roering et al., 2001):

qs

DS
,
1  (S / S c ) 2

(2)

where qs is the sediment mass flux (m2/yr), D is the dimensional diffusive coefficient
(m2/yr), and Sc is the critical slope. At low slopes (relative to the critical slope), equation
2 is similar to a linear diffusion model (e.g. Culling, 1963, Tucker and Bras, 1998).
However, when the slope approaches the critical slope, sediment transport rates increase
non-linearly, approximating fast hillslope processes, such as slope failure. In our models,
we set Sc = 0.5574, the equivalent of a 30˚ critical angle.
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In our simulations, both hillslope and advective fluvial processes are calculated at
every location in the landscape, and topographic evolution proceeds as a competition
between surface processes and rock uplift:
wz
wt

q s  I  U ,

(3)

where z is elevation, t is time, and U is the rock uplift rate.
The fluvial discharge, Q, in equation (1) is calculated as the cumulative flow from
upstream:
j

Qj

¦ Pa

(4)

i i

i 1

,

where Qj is the discharge at location j in the channel; Pi is the precipitation at location i in
the channel network; ai is the cell area at location i in the channel; and i includes the local
cell and all upstream cells. This relationship assumes that all precipitation is converted
into surface water runoff.

2.2 Characteristic length
The characteristic length Lc marks the topographic transition from dominantly
hillslope erosion to dominantly fluvial incision. Although there are several different
methods for estimating Lc (Howard, 1997; Willgoose et al., 1992; Perron et al., 2008), in
a real landscape, it is difficult to identify this transition exactly regardless of the method.
Although Lc is usually fairly uniform across a single watershed, there is always spatial
variability, which can make identification of a single Lc value challenging. Further, noise
in DEM data, multiple processes acting in a single landscape, and non-steady hillslope
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lengths contribute to the challenge. In this study, we identify the characteristic length
from the relationship between slope and contributing area (Figures 4.1 I-L). The
characteristic turnover in the slope-area relationship reflects the transition from convex or
liner hillslopes to concave valleys (e.g., Montgomery and Foufoula-Georgiou et al., 1993;
Willgoose, 1994; Tucker and Bras, 1998; Sklar and Dietrich, 1998). We use the square
root of the drainage area at which this transition occurs as the critical length. The
transition occurs over a range of drainage area values, and hence characteristic lengths,
and we use the mean value of the characteristic length extremes (illustrated by the grey
shaded area in Figures 4.1 I – L) as the representative characteristic length. We use this
method to quantify the characteristic length in both numerically modeled, steady-state
landscapes and in three real landscapes.

2.3 Valley spacing and the spacing ratio
We explore valley spacing and the spacing ratio in both numerically modeled,
steady-state landscapes and in three real landscapes. We use the same methods to
measure valley spacing and the spacing ratio in both real and simulated landscapes.
The spacing of fluvial channels often refers to the distance between adjacent
drainage outlets along a mountain front (e.g., Hovius, 1996; Talling et al., 1997; Perron et
al., 2008 & 2009). Perron et al. (2008, 2009) only considered landscapes with first order
channels, and in their studies all outlets along the mountain front were considered.
Hovius (1996) and Talling et al. (1997) considered larger spatial scales, and both studies
considered only major outlets, or outlets of channels that drained a minimum critical
percentage of the mountain half width (e.g., 70% in the study of Talling et al. 1997). All
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of the identified major outlets were treated the same, regardless of whether the channels
had the same stream order.
In this study, we calculate valley spacing between streams of the same order. We
define the valley spacing as the distance along the mountain front between two outlets of
adjacent channels of the same stream order. We only measure valley spacing between
adjacent channels that do not have another stream of the same or higher order between
them. For example, in Figure 4.1F, the distance between outlets (a) and (b) is a valid
valley spacing measurement for order 4 streams and in this case the measured valley
spacing is V1. The distance between outlets (b) and (c) is not a valid measurement
because there is an outlet of higher order between (b) and (c). Similarly, the distance
between outlets (c) and (d) is not a valid measurement because there is an outlet of the
same order between (c) and (d).
The valley spacing ratio, or spacing ratio, is defined as the ratio between the
topographic half width and the valley spacing. Counterintuitively, a larger spacing ratio
implies that channels are more closely spaced. The topographic half width is the distance
from the mountain front to the drainage divide, in the direction perpendicular to the
mountain front (Hovius, 1996; Talling et al., 1997). In this study, we calculate spacing
ratio in two ways, for channels that drain a given distance into the mountain (distance
threshold method) or for channels of a given stream order. The spacing ratio using the
distance threshold method is similar to that used in other studies, and we only consider
channels that drain 70% or greater of the mountain half width. In contrast, the spacing
ratio for a given steam order is calculated from the mean valley spacing of channels of a
single stream order, regardless of the channel lengths. For example, in Figure 4.1F,
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W1/V1 is one value of spacing ratio for order 4 channels. In this way, spacing ratio is
measured between two basins of the same order, rather than the same approximate length,
along the entire mountain front. We calculate the average spacing ratio, R, using the
mean half width, W , and the mean valley spacing, V :

R

W
V

(5).

We do not present any data from a single spacing ratio calculation between two
individual basins. R is calculated using the mean valley spacing based on channels
identified from the distance threshold method or the stream order method in different
parts of this study. If we do not specifically state spacing ratio is calculated for a given
stream order, spacing ratio is always calculated using channels that drain at least 70% of
the mountain half width, as in Talling et al. (1997). In the numerical landscapes, the half
width is uniform and set by the boundary conditions. In the real landscapes, we calculate
the mean half width across the study area based on a prescribed mountain front location,
as is discussed later.
We use the Strahler number to calculate the stream order in all of the landscapes
(Strahler, 1952). We wrote our own code to calculate stream order in the numerical
landscape and this code is available from the Community Surface Dynamics Modeling
System (http://csdms.colorado.edu/wiki/Main_Page). In the real landscapes, we use the
hydrology and stream order tools in ArcGIS to calculate the stream order.

2.4 Design of the numerical experiments
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In order to test the relationship between characteristic length and valley spacing,
we firstly perform four groups of landscape evolution simulations that have different
characteristic lengths and stream order values (groups 1-4 in Table 4.1). Each of the first
four experiment groups has a different characteristic length, and within the group, we are
able to capture a range of stream orders by varying the landscape width. For each group
of experiments, the characteristic length is held constant by fixing K (equation 1) and D
(equation 2). There are several simulations in each group, and only the mountain half
width varies among the simulations. Figure Appendix is an example, all the simulations
in group 1. We vary the topographic half width for two reasons: (1) as the topographic
half width increases, the maximum stream order of channels at the mountain front
increases; (2) for a given stream order, valley spacing may vary among different
topographic half widths. For example, in Figure 4.1 F, only two channels of stream order
five have formed and the valley spacing for fifth order channels is very large in
comparison with fourth order channels. However, if the landscape was only slightly
wider, some fourth order channels, such as (a) and (b), might merge to form an additional
fifth order channel. Thus, in order to sample a range of stream orders in a range of
conditions, we need to perform simulations with different topographic half widths.
In all of the simulations, we model only half of a mountain range, by setting three
sides of the rectangular domain as closed boundaries, and one as an open boundary across
which water and sediment can leave the system (the open boundary is the modeled
mountain front). All of the simulations are run to steady state and the erosion rate is
balanced by the uplift rate everywhere in the landscape. The precipitation rate and uplift
rate are uniform in all of the first four experiment groups.
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In order to test the robustness of the quantitative relationship between
characteristic length and valley spacing, we performed three more groups of modeling
experiments (groups 5-7, Table 4.1) with the same characteristic length as the group 2
experiments. In each of these three groups, we vary one aspect or parameter from the
group 2 experiments: in group 5 the initial surface is inclined, with a slope of 0.25 m/m,
as opposed to a flat initial surface in group 2; in group 6 orographic precipitation is
modeled (Chapter 3), as opposed to uniform precipitation in group 2; in group 7 both K
(equation 1) and D (equation 2) are changed in the model, but their ratio remains the
same, resulting in the same characteristic length as group 2. These three groups are also
used to test whether these different factors may impact valley spacing and the spacing
ratio .

2.5 Real landscapes used to test valley spacing and the spacing ratio
To test whether our model results of valley spacing and spacing ratio from
experiment groups 1-7 are similar to those observed in real landscapes, we explore these
relationships in three specific locations: the Humboldt Range in Nevada, the White
Mountains in California and the Kohala peninsula on the Big Island, Hawaii (Figures 4.2
and 4.3).
The Humboldt Range is located in the western Great Basin in northwestern
Nevada, and the White Mountains are on the border between California and Nevada.
Both of these settings are normal fault block mountain ranges resulting from tectonic
extension in the Basin and Range Province. The Humboldt Range is highly faulted and
the rock exposed at the surface is primarily limestone and rhyolite (Siberling and Wallace,

97

1967). The White Mountains are primarily granitic rocks (Crowder and Sheridan, 1972).
Moreover,

based

on

the

USGS

quaternary

faults

database

(http://earthquake.usgs.gov/hazards/qfaults/map/), the White Mountain is bounded by two
fault zones with age less than 15,000 years, whereas the west and east sides of Humboldt
Range are bounded by fault zones with ages less than 15,000 years and 1.6 million years
respectively. These two locations were also used in the spacing ratio study of Talling et al.
(1997). Both the Humboldt Range and the White Mountains have a relatively weak
orographic precipitation gradient (0.22-0.57 m/yr for Humboldt Range and 0.15-0.63
m/yr for White Mountains, Figures 4.2 A and B). Based on the results from our model
experiments with orographic rainfall (group 6), we hypothesize that precipitation does not
largely impact the ratio of D/K and the characteristic length in these two settings. We
choose ten watersheds from each location (five for the west and east side respectively)
and use the Stream Profiler Tool (http://www.geomorphtools.org/index.htm) to find the
characteristic length based on slope vs. drainage area plots derived from 30 m ASTER
DEM data (http://asterweb.jpl.nasa.gov/gdem.asp). This method is similar to the method
used in modeling experiments (Figure 4.1 I-L), except in this case we only look at data
along a single flow path in each watershed, and not the combined data from the entire
landscape as we did with the numerical experiments. We find that characteristic length is
well constrained in each landscape, and use the median characteristic length of the ten
watersheds for each location. Using the measured characteristic length, we calculate the
stream order in the networks of each landscape using the hydrology and stream order
tools in ArcGIS. We measure the valley spacing for each order of channels using the
same method as was used in the numerical experiment. Finally, we examine the
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relationship between characteristic length and valley spacing in the Humboldt Range and
White Mountains, and calculate the average spacing ratio (R in equation 5) using the
distance threshold method with channels that drain at least 70% of the mountain half
width.
The Kohala peninsula on the Big Island, Hawaii, has a very different setting from
the other two landscapes that we explore. The Kohala peninsula is sinking at a relatively
uniform rate (e.g., Ludwig, 1991). It has a steep orographic precipitation gradient
generated by the easterly trade winds (e.g., Yang et al., 2008) and relatively uniform
basalt bedrock (e.g., Spengler and Garcia, 1988; Sherrod et al., 2007). The windward side
of Kohala (east side) is very wet, and the peak precipitation is above 4 m/yr; whereas on
the leeward side (west side) some area receives less than 0.25 m/yr (Figure 4.3). Kohala
is a shield volcano and the initial morphology was likely an inclined slope, or close to it.
Thus, Kohala provides a contrasting landscape in which both orographic precipitation and
the initial topography may affect valley spacing and the spacing ratio. We follow similar
methods as we did for the Humboldt Range and White Mountains. However, we are not
able to identify the characteristic length in Kohala, as we will explain this in our result.
Furthermore, we do not include any channels from the southeastern side of the peninsula
(Figure 4.3), where there was a large landslide that significantly impacted landscape
evolution (Lamb et al., 2007).

3 Results
3.1 Relationship between valley spacing and characteristic length
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The characteristic length and valley spacing modeling results are summarized in
Table 4.2. For each group of experiments, stream order statistics are calculated using all
of the possible measurements for a particular stream order. There are not many simulated
channels of order 4 and higher, and the results may be biased because the number of
samples is small. In our analyses below, we focus on order 3 channels and smaller.
We find that the median and mean values of valley spacing are generally
comparable with each other, and their Pearson’s correlation coefficient (r) is 0.99
(columns V mean and V median in Table 2) in our model results. However, we consider
the median value to be a better statistical indicator than the mean value, since the mean
value can be biased by extreme values in our samples. For example, in group 6 the mean
valley spacing of order 3 channels is 616 m, larger than the mean valley spacing of order
4 channels (575 m), because there is an extreme order 3 valley spacing value of 2460 m.
In the analyses below, we consider only the mean and median values of valley spacing
from Table 4.2.
The relationship between valley spacing and characteristic length is
approximately linear for both first order channels (also found by Perron et al., 2009) and
higher order channels (Figure 4.4). For a given order, both the mean and median spacing
values increase with the characteristic length. This result suggests that the characteristic
length affects the valley spacing of channels higher than order 1.

3.2 Relationship between valley spacing ratio and stream order
The spacing ratio for each stream order from all of the experiments in group 1
(characteristic length is constant) is illustrated in Figure 4.5A. We calculate the spacing
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ratio for every order channel in each experiment from group 1. As the mountain half
width decreases among the experiments, so too does the maximum stream order. We find
that the spacing ratios of the largest order channels from a given landscape are similar
among the different experiments. These channels are labeled as the dominant channels in
Figure 4.5A. The spacing ratio of the largest order channels of each experiment is near 1,
and the spacing ratio of the second largest order channels of each experiment is near 3.
Hovius et al. (1996) and Talling et al. (1997) used channels above a given length to
calculate the spacing ratio (e.g., channels that reach into 70% of the range half width or
further). Most of these channels were likely the first and second largest order channels in
the domain, although stream order was not calculated in their studies. The average
spacing ratio calculated by Hovius et al. (1996) is ~ 2.1, and ~ 2.5 by Talling et al. (1997).
In our model results, the spacing ratio resulting from a combination of the first and
second largest order channels is 1.6, 1.7, 1.9, 1.8 and 2.1 respectively in experiments
1600-100 m of group 1. In the combination process, we choose and treat all the first and
second largest channels equally, and calculate the average valley spacing between
adjacent channels, which is finally used to infer the spacing ratio value. If mountain half
width changes but the order and number of dominant channels does not change, then the
spacing ratio (mountain half width/valley spacing) values, no matter based on stream
order or given distance threshold, should change as well. However, in the examples
illustrated in Figure 4.5, the characteristic length is uniform, so as mountain half width
increases, the maximum stream order increases and the valley spacing increases, resulting
in a relatively constant spacing ratio for the maximum stream order. Because the stream
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order changes with mountain half width, the spacing ratio (calculated using the distance
threshold method) remains relatively constant.
Although the results of group 1 and Figure 4.5A show that the spacing ratio of the
largest order channels is consistent for the same given characteristic length, it seems
possible that the spacing ratio could change with characteristic length, similarly to valley
spacing. Using the landscapes shown in Figures 4.1 E-H and the distance threshold
method for identifying the dominant channels, we can calculate the spacing ratio in these
four landscapes with different characteristic lengths. There are 7, 7, 8 and 7 dominant
channels, respectively, in the landscapes illustrated in Figures 4.1 E-H. Therefore,
although the characteristic length varies among these landscapes, as illustrated in Figures
4.1 I–L, the average valley spacing of the dominant channels remains relatively uniform,
and this is because the stream order of the dominant channels changes. Because these
four example landscapes all have the same mountain half width, the spacing ratio is also
well constrained. Moreover, although the landscapes in group 4 have a larger
characteristic length than in group 2, their spacing ratio of the first and second largest
order channels falls into a similar range as those in group 2 (Figure 4.5B), which suggests
the spacing ratio of the first and second largest order channels are relatively constant
regardless of the characteristic length.
These results suggest a mechanism for the development of relatively uniform
spacing ratios in diverse landscapes with different characteristic lengths. For
simplification, consider landscape dimensions to be fixed. Our data suggest that the
stream order of the dominant channel decreases with increasing characteristic length
(compare Figures 4.1 E-H and Figures 4.1 I-L). So if the characteristic length increases,
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for example due to a change in dominant processes, for the same size landscape, the
dominant stream order will be smaller and the valley spacing and spacing ratio can
remain the same. This may be why previous studies have observed a relatively constant
valley spacing ratio in very diverse settings.

3.3 Impact of variable environmental conditions on valley spacing and
the spacing ratio
We compare the results from experiment groups 5, 6 and 7 with those from group
2 to test whether the relationship between valley spacing and characteristic length
presented in section 3.1 (Figure 4.4) is affected by other factors. The data from these
experiments suggests that this relationship is relatively insensitive to the variable
conditions tested here (Figure 4.6). In all of the experiments the characteristic length is
held approximately constant, which is mainly determined by the value of D/K (derived
from Peclet number Pe=1; Perron et al., 2009) and this ratio is the same in experiment
groups 2, 5, 6 and 7. Rainfall gradients may impact the value of D/K spatially, but we
find that the characteristic length in experiment group 6 (with orographic rainfall) is not
greatly impacted. As illustrated in Figure 4.7, the impact of mild precipitation gradient is
that the fluvial parts of the slope vs. drainage area figure do not converge to a single line,
but the characteristic length of group 6 remains in the same range as group 2 (Figure 4.1
J). Figure 4.6 shows that as long as the characteristic length is set, the valley spacing of
each order channel is not significantly impacted by the initial slope, orographic rainfall or
different values of D and K (but D/K remains the same) and valley spacing increases
nonlinearly with stream order.
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The results from experiment groups 1-4 suggest that the spacing ratio is well
constrained regardless of the characteristic length, but other factors may contribute to
variation in the spacing ratio value. Figure 4.8 illustrates two example landscape, one
from group 5 (with an inclined initial slope) and one from group 6 (with the impact of
orographic precipitation), both of which have the same dimensions as the example of
group 2 illustrated in Figures 4.1 B and F. Although the landscapes in Figures 4.1B, 4.8A
and 4.8B have the same dimension and characteristic length, and even the same valley
spacing values for the same stream order channels (illustrated in Figure 4.6), their
spacing ratio values are different. The landscape with uniform precipitation and a flat
initial surface has 7 dominant channels using the distance threshold method (Figure 4.1F),
whereas the landscapes with an inclined initial surface and orographic precipitation have
19 (Figure 4.8C) and 17 (Figure 4.8D) dominant channels, respectively. The resulting
spacing ratios are 1.4, 3.8 and 3.4 for the landscapes in Figures 4.1B, 4.8A and 4.8B,
respectively. In real landscapes, variable conditions such as the ones highlighted here
likely play a role in influencing the spacing ratio. Overall, our model results suggest that
the spacing ratio is more sensitive than the valley spacing to changes in boundary and
initial conditions.

3.4 Real landscape examples
The valley spacing and spacing ratio results from the three real landscapes are
shown in Table 4.3. The characteristic length values of the Humboldt Range and White
Mountains are 550 m and 450 m respectively. The stream order patterns for each
landscape are shown in Figure 4.9. Figure 4.10 illustrates an example of the slope-area
data in Humboldt Range and White Mountains that was used to calculate the

104

characteristic length. Based on all of the slope area data (not shown), the mild rainfall
gradient (Figure 4.2) does not appear to impact the characteristic length across the two
ranges, similarly to the results from experiment group 6. However, in Kohala, Hawaii, the
characteristic length is no longer uniform due to the steep rainfall gradients (Figure 4.3).
In Kohala the fluvial erodibility, K, may be greatly affected by the rainfall gradient (Han
et al., submitted), and the ratio of D and K likely varies across the rainfall gradient.
Moreover, the channel profiles on the wet side of Kohala show convex upstream and
concave downstream patterns, and it is hard to distinguish the convex hillslope from the
convex fluvial channel based on DEM data, as illustrated in Figure 4.11. Thus, the
Kohala Peninsula does not have uniform characteristic length, and we do not test the
relationship between characteristic length and valley spacing in this area.
We find that the relationship between characteristic length and valley spacing in
the Humboldt Range and White Mountains generally follows the trend as the model
results (Figure 4.12). Although the valley spacing values of the first and second order
channels are slightly smaller than predicted by the regression lines produced from the
model data, the values from these two real landscapes are well within the magnitude
expected from the model data. Part of these differences could be related to the complexity
of measuring characteristic length in real landscapes.
We use the distance threshold method to calculate the spacing ratio in the three
landscapes (Table 4.3). The mean spacing ratio of the west side of Humboldt Range is ~
2.7, and the mean spacing ratio of the east side is ~ 1.3; for the White Mountains, the
mean spacing ratio of the west side is ~ 2.6, and the mean spacing ratio of the east side is
~ 2.3. Thus, the spacing ratio is relatively uniform on the two sides of White Mountains,
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but differs slightly between the two sides of Humboldt Range, although for both locations
their valley spacing values fall into the trend in Figure 4.12 and are within the range
observed in other studies (Hovius, 1996;, Talling, 1997). However, the spacing ratio in
Kohala is much higher than that of the other two field locations: the mean spacing ratio
on the east side (wet side) is 7.9; the mean spacing ratio of west side (dry side) is 5.6.
These spacing ratio values are also significantly higher than the model results in this
study. As measured by Talling et al., (1997), the spacing ratio in a number of ranges
across the globe was generally found to be less than 4, with only a few extreme examples
that were higher than 10.

4 Discussion
Although the characteristic length is an important scale that controls drainage
density and valley spacing, in practice it is difficult to measure in real landscapes because
the boundary between hillslopes and fluvial valleys may change through time and can be
difficult to identify. Different methods can be used to measure the characteristic length
and can result in different values for the same landscape. Our method is to calculate the
characteristic length as the square root of the critical area where fluvial processes begin to
dominate over fluvial processes, and this area is relatively easily identifiable from slopearea data, especially modeled data (Figures 4.1I - L). Previous studies have pointed out
this transition in slope-area space and used it for identifying channel heads (e.g.
Willgoose et al., 1992; Tucker and Bras 1998; Gasparini et al., 2007). However, this is
not the only way to measure the characteristic length. Perron et al (2009) used the Peclet
number, Pe, which is a measure of the ratio of the strength of advective and diffusive
processes, to identify the characteristic length:
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where L is a landscape horizontal length scale, and K and m are parameters in equation 1
and D is a parameters in equation 2, respectively. (Note that D usually refers to the
coefficient in the linear diffusion sediment transport equation, which is the same as
equation 2 when Sc is very large.) Where Pe =1, the erosion rates due to diffusive and
advective processes are equal, and this can be used to calculate the characteristic length,
Lc, from equation (6):
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Perron et al. (2008) stated that the characteristic length calculated using equation 7 is ~
1.1 to 3.1 times smaller than the characteristic length that would be measured from the
method that we employed. They also demonstrated that the characteristic length in a
study by Howard (1997) underestimates the root of critical area, as measured in this study,
by a factor of 1.3 to 7.3, and the characteristic length is predicted as:
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where E is the erosion rate, and m and n are parameters in equation 1.
The calculated characteristic length based on equation 7 or equation 8 is more
suitable for theoretical numerical modeling studies in which fluvial erosion coefficient K
and hillslope coefficient D are easy to be quantified and compared. However, in reality
the values of K and D can vary tremendously for different environmental settings.
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Lithology, vegetation, sediment and climate all can impact erosion processes and change
K and D values. Until now there is still no clear quantitative relationships of how these
factors can affect K and D in real landscapes. Thus, the measured characteristic length
based on transition in slope-area space has its advantage in real landscape studies, in
which we do not need to know K and D values. Therefore, we only use the measured
characteristic length from the slope-area space for both modeling and real landscapes in
this study, making the theoretical results comparable with the real examples.
Perron et al. (2009) focused on the relationship between valley spacing and
characteristic length in first order channels. When we compare their relationship with the
one derived from first order channels in this study (Figure 4.4), we find that the
relationship developed by Perron et al. (2009) predicts a much smaller characteristic
length for a given valley spacing in first order channels. In order to align the two data
sets, we would have to increase the characteristic length (for a given valley spacing) of
the Perron et al. (2009) data by five times (Figure 4.12). This difference in characteristic
length is much greater than the difference suggested by Perron et al. (2008) between the
two methods. However, both data sets suggest a linear trend in the relationship between
characteristic length and valley spacing. We suspect that the differences between the two
data sets are simply based on the measurement method for characteristic length and do
not represent a fundamental difference between the two sets of landscapes. For example,
in the group 1 experiments (Figure 4.1 I), if we used the minimum estimate of critical
drainage area, we would reduce the critical length by approximately a factor of two. This
does not entirely explain the difference between the two data sets, but it illustrates the
challenges in estimating the critical length. Even in relatively “clean” model data, there
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is not a single characteristic length, and this may be part of the reason that estimates may
differ among studies, including studies that use the same measurement method to
estimate the characteristic length.
Similarly, valley spacing is not uniform even when only considering the same
order channels in the same landscape. In experiment groups 1-4, the only noise is in the
initial surface. Otherwise, the forcings (rainfall and rock uplift) are uniform and the
parameters in the erosion equations are uniform. Despite this, the range in valley spacing
can be very large for a single order channel, and there is overlap in the valley spacing
values between different order channels. For example, consider the valley spacing values
for order 4 streams in experiment group 1, which range from 150 to 4930 m (Table 4.2).
This range overlaps with valley spacing values measured for all of the other order streams
(1 – 6). Real landscapes certainly have more variability than our modeled landscapes, and
therefore the variability in valley spacing values may be even larger. Although previous
studies have shown that valley spacing ratio may be relatively well constrained across a
landscape, these same studies have also shown large variations in valley spacing (e.g.,
Hovious, 1996; Talling, 1997). For example, Talling et al., (1997) found that the standard
deviation in valley spacing measured on a given fault block varied from 12% to 74% of
the mean spacing value. They measured similar standard deviations, as expressed in
percentage of the mean value, in other types of topographies. Thus, the variability in our
modeled valley spacing is not very different from that observed in real landscapes,
although as suggested in other studies, the mean and median appear to illustrate some of
the natural organization of river networks.
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Characteristic length, which determines the boundary between hillslope and
fluvial incision, is an important indicator of dominant processes across a landscape and
valuable for understanding landscape evolution. However, in reality the characteristic
length of a landscape is not easy to measure or estimate, although field observations and
high-resolution DEM data help. On the other hand, valley spacing is relatively easy to
measure. If the relationship between characteristic length and valley spacing is fairly
robust, it may provide a new way to estimate characteristic length in a landscape where
high resolution DEMs are not available. As shown in Figure 4.12, if the relationship
between characteristic length and valley spacing is relatively well constrained, as long as
the stream order is known and valley spacing can be measured, we may be able to
inversely calculate a reasonable estimate of characteristic length. Of course more data to
support the relationships in Figure 4.12 are required and estimating the stream order is
somewhat dependent on the characteristic length. However, the positive aspect of this
method is that it would be easy to execute, especially as a first order estimate of
characteristic length and drainage density. This method is based on mean or median
values, does require some data collection, and it may be useful when slope-area data are
messy and only limited data are available.
In this study the relationship between characteristic length and valley spacing is
based on the assumption that characteristic length is relatively uniform across the entire
study landscape, but, in reality, climate, lithology, soil and vegetation are not always
spatially uniform. For example, several studies have found that higher precipitation can
lead to higher weathering rates, and increased vegetation growth, infiltration rates and
bioturbation on a hillslope, consequently increasing hillslope erosion and the
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characteristic length of soil-mantled landscapes (Tucker and Bras, 1998; Perron, et al.,
2009; Chadwick et al., 2013). However, other studies also suggested that higher
precipitation can increase rates of fluvial erosion and lead to drainage network expansion
when water the supply is abundant and vegetation cover is not a limiting factor (e.g.,
Tucker and Bras, 1998; Instanbulluoglu et al., 2006). Thus, heterogeneity in these
parameters within a landscape can cause complex interactions among processes leading
to local differences in the dominant surface process, and variation in the characteristic
length within a single landscape.
Variable characteristic length across a landscape likely impacts valley spacing
which varies even in the simplest cases with uniform parameters and forcings, as shown
in experiment groups 1-5 and 7. A steep gradient in rainfall rates may lead to related
spatial patterns in the characteristic length, and as a result, the mean or median valley
spacing may no longer be meaningful. The group 6 experiments and field examples from
the Humboldt Range and White Mountains have a relatively small range in rainfall values
across the landscape, and we find that the variability in rainfall is too small to
significantly influence the characteristic length. In contrast, in areas where rainfall
gradients are steep, such as the Big Island, Hawaii, the characteristic length is likely
varying spatially across the landscape, and its relationship with valley spacing becomes
complex and hard to define. As illustrated in Figure 4.3, on the wet side of Kohala, where
the highest rainfall is located approximately halfway up the mountain, the stream order of
the trunk channels is usually two and sometimes one. In contrast, the stream order of the
trunk channels on the dry side is usually one but sometimes two. However, the valley
spacing of order one channels on the dry side is much wider than that of order two
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channels on the wet side, suggesting that the characteristic length on the dry side is much
longer than that on the wet side. In addition, based on our analysis of DEM data, it is
difficult to find a uniform characteristic length on the wet side of Kohala, we suggest that
this is due, at least in part, to the steep rainfall gradient.
Similarly to previous studies, we find that the spacing ratio is fairly well
constrained in most cases that we consider, but there are exceptions. In most cases we
find that as mountain half width and local settings that influence the characteristic length
value change, so too does the stream order, leading to an adjustment in valley spacing
and a relatively well-constrained spacing ratio. However, there appear to be situations in
which the characteristic length and the valley spacing for a given stream order remain the
same, but the stream order of the dominant channels changes (for a given mountain half
width), leading to a change in the spacing ratio. Our modeling results suggest that both
spatial rainfall patterns and initial landscape slope can greatly increase the spacing ratio
by decreasing the stream order of the dominant channels. In the two model examples, we
find that either an initial inclined slope (group 5, Figures 4.8 A and C) or and orographic
rainfall gradient (group 6, Figures 4.8 B and D) greatly changes the network organization,
leading to longer, linear networks with lower stream order than produced in the
experiments with an initial flat surface and uniform rainfall but the same characteristic
length (group 2, Figures 4.1 B and F). In group 2, the dominant channels in the 1600 m
wide topography are either order 4 or 5 (Figure 4.1 F), and in comparison, the dominant
channels are either order 3 or 4 in the 1600 m wide topographies produced in groups 5 or
6 (Figures 4.8 C and D, respectively). The lower order channels produced in experiment
groups 5 or 6 are not a result of longer characteristic length, but rather the network
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organization is very different. Because the dominant channels in experiment groups 5
and 6 are lower order than in group 2 but all three landscapes have the same characteristic
length, the spacing between dominant channels is smaller and the spacing ratio is larger,
3.8 and 3.4, in groups 5 and 6, respectively.
The spacing ratios on the west and east sides of the Kohala Peninsula are 5.6 and
7.9, respectively, even higher than those in the groups 5 and 6 modeled landscapes. We
hypothesize that these high spacing ratios are due to two main factors. Firstly, the Kohala
peninsula is an eroded shield volcano, and the initial morphology can likely be
approximated by a sloping surface, similar to the initial condition in the group 5
experiments. Secondly, the Kohala Peninsula is affected by a steep orographic rainfall
gradient (Figure 4.3). Based on experiment groups 5 and 6, both of these factors likely
lead to a higher spacing ratio, and their combined effects may be why the spacing ratio in
the Kohala peninsula is higher than that produced in experiment groups 5 and 6. Further,
the east side of the peninsula receives higher rainfall than the west side, which may lead
to shorter characteristic length, smaller valley spacing, and relatively higher order
channels on the east side, resulting in a higher valley spacing ratio.
The valley spacing values of Humboldt Range and White Mountains follow a
similar trend as predicted by our models (Figures 4.9 and 4.12), and the spacing ratios of
two locations are within the observed trends from other studies (Hovius, 1996; Talling,
1997). In both locations, the valley spacing of the dominant channels (using the distance
threshold method) on the east side of the landscapes is approximately two times of that
on the west side (Figure 4.9). In the White Mountains, the east side of the mountain is
approximately two times wider than the west side, resulting in almost the same spacing
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ratio of both sides of the mountain. In contrast, in the Humboldt Range, the east and west
sides have a similar mean half mountain width but different spacing values of dominated
channels, resulting in the spacing ratio that is two times smaller on the east side than the
west side (Table 4.3, Figure 4.9 A).

Although the gradient in rainfall rates across the

Humboldt range is not very steep (Figure 4.2 B), this setting does not have uniform
lithology and is highly faulted, and the west edge fault zone (less than 15,000 years) is
much younger than the east edge fault zone (less 1.6 million years), all of which may lead
to non-uniform erosion rates across the range. Potentially these factors lead to the
observed change in network organization between the west and east sides of the
Humboldt range (Figure 4.9 A) and the change in spacing ratio despite the relatively
uniform valley spacing for a given stream order. We find that these results are in
agreement with the results from our model experiments. In a location with a relatively
uniform characteristic length, the mean valley spacing increases in a relatively
predictable manner with stream order; whereas the spacing ratio can vary even when the
relationship between valley spacing and stream order is well behaved due to changes in
network organization.

5 Conclusions
Based on numerical model experiments and the analysis of three natural
landscapes, we make the following observations:
1. For a given stream order, the mean or median valley spacing in a landscape is
approximately linearly related to the characteristic length of hillslopes. We observe this
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relationship in both modeled landscapes and natural landscapes for valleys of channels
that are order 3 and below. This relationship appears to hold as long as the characteristic
length is relatively uniform across a landscape and does not systematically vary in space.
Moreover, this relationship may also be applied to valleys of channels with the stream
order higher than 3 which will be explored in our future study.
2. As long as the characteristic length remains relatively uniform across a
landscape, changes in network organization do not lead to a change in the relationship
between valley spacing and characteristic length for a given stream order. In this
experiment we explored the effects of orographic precipitation and the initial topography
on network organization, but we hypothesize that other variability that does not lead to
significant spatial variability in characteristic length or erosion rate will not affect the
relationship between valley spacing and characteristic length for a given stream order.
3. The valley spacing ratio, or ratio between the mountain half width and spacing
of dominant channels at the mountain front, can remain relatively constant despite a
change in characteristic length. A change in characteristic length leads to a change in
valley spacing for a given order channel, however, the stream order of dominant channels
can also adjust with characteristic length, resulting in the same spacing ratio despite a
change in characteristic length, or similarly, a change in drainage density.
4. There are cases in which the characteristic length is the same between two
landscapes, but the valley spacing ratio changes. Such cases likely result when local
conditions lead to a change in network organization. So although the valley spacing for a
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given stream order does not change, the dominant stream order can change depending on
the network organization, leading a change in the spacing ratio.
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Chapter 5
Summary and Future Work
Thesis Overview
This thesis is broadly focused on identifying how rainfall gradients affect
landscape evolution and morphology. Most of the results are from numerical model
simulations, although the numerical results are supplemented with field observations and
DEM analysis. I use both 1D and 2D models to compare and contrast landscape evolution
in settings with and without rainfall gradients. Among the significant contributions is the
addition of a linear orographic precipitation module to the CHILD landscape evolution
model (Chapter 3), providing a numerical tool for studying the co-evolution of
topography and rainfall.
Based on field observations, DEM analysis and model simulations, I find that
non-uniform rainfall can impact landscape morphology in both transient and steady-state
conditions. In some cases transient landscapes may show a much clearer climatic imprint
than steady-state landscapes, especially when only considering mainstem channel
longitudinal profiles. This is exemplified in Chapter 2, which explores transient channel
evolution on the Kohala Peninsula, the Big Island of Hawaii. Modeling results suggest
that during transient detachment-limited channel evolution starting from an initial straight
profile, spatial rainfall patterns can result in convex-concave transient channel profiles,
regardless of the tectonic boundary conditions. I identify three possible reasons for
convex-concave transient channel profile morphology: (1) spatial patterns in fluvial
discharge driven by orographic rainfall can lead to a spatial gradient in erosional
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efficiency across the landscape; (2) local convexities can form upstream of tributary
junctions due to an abrupt increasing in the discharge and erosion at the junctions; (3)
rainfall gradients may be expressed more strongly in profile form through bedrock
weathering leading to increased local bedrock erodibility, in addition to the impact from
spatial variations in discharge. The combination of discharge and erodibility gradients
driven by rainfall gradients may explain why the wet side channels in Kohala, Hawaii,
show convex upstream and concave downstream patterns in their profiles. Tributary
junctions may also contribute to the observed morphology of the Kohala channels,
however they are not a necessary condition for convex-concave morphology.
Results from the 2-D coupled rainfall and landscape evolution models suggest
that spatial rainfall gradients can impact the morphology of steady-state, uniformly
uplifting landscapes, including both the topographic and network patterns. When the
highest rainfall rates are located close to the mountain ridge, trunk channels tend to be
less concave than those with uniform rainfall, and the hypsometric integral of the
watershed may be greater than in a landscape with uniform rainfall. In contrast, the
concavity and hypsometric integral may show the opposite trend when the peak rainfall
rate is near the mountain foot. The normalized channel steepness index is negatively
correlated with the upstream spatially averaged rainfall rate. Contrasting values of the
channel steepness index from smaller tributaries with more uniform rainfall rates within a
watershed but differing rainfall rates among the watersheds may be more indicative of
spatial rainfall patterns. In addition, orographic rainfall may have a more significant
impact on the channel network organization and planform morphology than on certain
topographic metrics. Compared with landscapes evolved with uniform rainfall and the
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same approximate total relief, landscapes evolved with orographic rainfall have narrower
watersheds, which is reflected in lower values of the exponent h on channel distance in
Hack’s law and larger valley spacing ratios (mean mountain half width divided by the
spacing between adjacent valleys). Moreover, large channels tend to flow along the
rainfall gradient, resulting in shorter mainstem channels (for a given mountain half width)
and a flatter shape of the width function (less peaky hydrographs).
I further explore planform morphology by focusing on the controls on valley
spacing beyond orographic precipitation. I find that valley spacing for a given stream
order is approximately linearly related to the characteristic length of hillslopes, or the
distance from the divide to the channel head. This relationship is observed in both
modeled and natural landscapes for valleys of channels with stream orders 1-3. Moreover,
as long as the characteristic length remains relatively uniform across a landscape,
changes in network organization do not lead to a change in the relationship between
valley spacing and characteristic length for a given stream order. Modeling experiments
with orographic rainfall and different initial topographies illustrate that these variables
may affect network organization, but the valley spacing for a given stream order remains
relatively constant as long as these variables do not result in large changes in the
characteristic length across the entire landscape. The spacing ratio, which is the ratio
between the mountain half width and spacing of dominant channels at the mountain front,
can remain relatively constant among landscapes with different characteristic length. The
reason is that although the valley spacing for a given stream order channel changes with
the characteristic length, the stream order of dominant channels also adjust with
characteristic length, leading to the same spacing ratio among different landscapes.
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However, there are exceptions; the numerical experiments illustrate that the spacing ratio
can vary considerably in some settings. For example, factors such as orographic rainfall
or initial topography, do not appear to change the valley spacing for a given stream order
channel, but can lead to a change in network organization. As a result, the dominant
stream order can change depending on the details of network organization, leading a
change in the spacing ratio.
Future Studies
Applying modeling results to real landscapes is always a great challenge, because
diverse environmental factors may drive earth surface processes in similar ways. The
impact of rainfall spatial variability on landscapes may be buffered or obscured by other
factors such as non-uniform vegetation and tectonic forces. For example, a spatial
gradient in rock uplift may also produce similar channel profile and planform patterns as
those driven by orographic precipitation. In addition, quantifying the climatic conditions
throughout a landscape’s evolutionary history is challenging. For example, correlating
paleoelevation with paleoclimate is a challenge for interpreting the influence of climate
on landscape evolution. Previous studies have used isotopic ratios from paleorainfall to
interpret paleoelevation (e.g., Galewsky, 2009). Therefore, isotopic methods may be one
way in which to relate numerical modeling results with real landform evolution in my
future research. Moreover, laboratory experiments are another method to explore
landscape evolution (e.g., Bonnet, 2009) and these results can be used to as a tool to help
verify the numerical modeling results predicted in this dissertation. In future research, I
can use the results from laboratory experiments with spatial rainfall gradients to explore
whether river network organization shows similar patterns as predicted by numerical
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models. I can also test the relationship between valley spacing and the characteristic
hillslope length in the laboratory experiments with different rainfall rates and erosion
coefficients.
Despite the results presented in this dissertation, it is still unclear why the spacing
ratio is relatively uniform across the globe. Numerical results predict that valley spacing
for a given order channel has a linear relationship with the characteristic length and the
order of dominant channels can change with characteristic length, which suggest that
valley spacing should be uniform. However, I also find that some variables, such as
orographic precipitation and initial topography, can affect this ratio. Thus, I need test the
impact of different factors on spacing ratio in real settings. I will measure the spacing
ratio in real landscapes with contrasting conditions, such as different tectonic settings,
different rainfall gradients, or different lithologies, and quantify how these factors impact
the spacing ratio. Moreover, I hypothesize that the dimensions (e.g., length, width and
area) of a watershed of a given stream order have a positive relationship with
characteristic length. As the relationship between valley spacing and characteristic length
shown in Figure 4.12, length and width of watersheds for a given stream order may also
linearly increase with characteristic length. If so, then the ratio between watershed length
and width might remain constant for different characteristic length and even different
stream orders. The length of dominant watersheds is generally similar to the mean
mountain half width; the width of dominant watersheds may determine the valley spacing.
As a result, a constant ratio between length and width of dominant watersheds may lead
to the relatively uniform spacing ratio across the globe. However, the dimension and the
shape of a watershed could also vary with different settings such as orographic
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precipitation and rock uplift gradients, making the relationship of the watershed length
and width with the characteristic length change with these factors. This may explain why
the spacing ratio can fluctuate in a considerable range in Chapter 4. This hypothesis will
be tested in my future research.
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H_Pr_Kvary: varying (Fig.2.9)
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1×10 m

-0.5

yr

-0.5

-6

6.5×10 m

-0.5

yr

-0.5

-6

6.5×10 m

K

0.5

0.5

5/8

1

0.5

* 1.5

0.5

0.5

0.5

m

1

1

19/16

2

1

*1

1

1

1

n

1.43

-

-

1.67

1.67

h
0.33

0.574

16.0 m

-

-

0.33

6.69 m

6.69 m

ka

-2.6 mm/yr

-2 mm/yr

-2 mm/yr

2.6 mm/yr

-2.6 mm/yr

U

H_Pr_n1: real P gradient and constant and uniform
K (140 ky)
H_Pr_n2: real P gradient and constant and uniform
K (140 ky)
H_Pr_n19/16: real P gradient and constant and
uniform K (140 ky)
H_Ph_n1: high P gradient and constant and uniform
K (110 ky)
H_Pr_Kvary: real P gradient and varying K (150 ky)

2D_trans: increasing P downstream (20 ky)

2D_det: increasing P downstream (20 ky)

U_Puni: uniform P (120 ky);
U_Pinc: increasing P downstream (120 ky);
U_Pdec: decreasing P downstream(120 ky)

S_Puni: uniform P (120 ky);
S_Pinc: increasing P downstream (120 ky);
S_Pdec: decreasing P downstream (125 ky)

Simulation Label: Rainfall Description
(Total Run Time)

Table 2.1. Parameters for all the simulations, including the 1-D and 2-D boundary condition experiments and the 1-D application to Kohala,
Hawaii (see equations 1, 2, 4, and 5). In all model experiments the time step is 50 years. K and Kt are chosen to give reasonable incision rates and
evolve the channel in a time period similar to the age of the Kohala channels. Groups 1 and 2 use values of h and ka in Hack’s law [Hack, 1957]
that are similar to those commonly observed; in groups 3 and 4 the watersheds self-organize and h and ka are not fixed; in group 5, h and ka are the
values from Wainaia Gulch. The subsidence rate is comparable with that in Hawai’i. The values for Kt, mt and nt in group 4 are given in the K, m,
and n columns, respectively.

5. Application
to Kohala,
Hawai’i

4. 2-D
transportlimited
subsidence

3. 2-D
detachmentlimited
subsidence

2. 1-D uplift

1. 1-D
subsidence

Group
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experiment

landscape size
(km)

precipitation pattern
(see Figure 4B)

K
(m-0.5yr-0.5)

m

n

U
(mm/yr)

EX_UNI1

64 × 64

uniform

7×10-6

0.5

1

2

EX_SDT

64 × 64

orographic, short delay time

7×10-6

0.5

1

2

EX_LDT

64 × 64

orographic, long delay time

7×10-6

0.5

1

2

EX_UNI2

192 × 38

uniform

7×10-6

0.5

1

2

Table 3.1. Description of four experiments. The first three experiments (EX_UNI1, SDT, LDT) have
the same dimension and two open boundaries on opposite sides of the landscape. The fourth
experiment (EX_UNI2) only has one open boundary on the long side; its length is three times longer,
but width is the same as the mean width of the windward side of EX_SDT. All experiments are
detachment-limited and have reached steady state.


















side

lower
upper

windward
leeward

windward
leeward

experiment

EX_UNI1

EX_SDT

EX_LDT

5
5

5
6

2
3

number of
major
watersheds

0.49
0.47

0.52
0.40

0.50
0.50

mean

0.0037
0.0049

0.0077
0.016

0
0

0.50
0.49

0.55
0.43

0.50
0.50

concavity
(ș)
SE
max

0.48
0.46

0.50
0.33

0.50
0.50

min

292
303

264
339

301
301

3.6
6.3

3.3
5.1

0
0

302
324

275
357

301
301

283
291

255
325

301
301

normalized channel steepness
index (ksn)
mean
SE max
min

0.45
0.49

0.42
0.52

0.46
0.46

0.45 0.39
0.56 0.48

0.46 0.45
0.50 0.41

0.015 0.48 0.40
0.0097 0.53 0.47

0.011
0.014

0.005
0.025

hypsometric integral
(HI)
mean
SE
max min

Table 3.2. Indices of profile morphology and elevation distribution in the major watersheds in experiments EX_UNI1, SDT, LDT. Lower and
upper sides in EX_UNI1 are based on the locations in Figure 3.2, and they are consistent with the locations of the windward and leeward sides,
respectively, in Figures 3.3 and 3.4 of the experiments with orographic precipitation. SE is the standard error of mean.









124

windward

only one side

EX_SDT

EX_UNI2

7

5

number of
major watersheds

1.53

1.39
0.035

0.022
1.68

1.47

h in Hack's law
mean
SE
max

1.43

1.34

min

1.39

2.97

spacing ratio
(R)

1.58

1.14

0.11

0.018

1.97

1.18

sinuosity (SI)
mean
SE
max

1.29

1.08

min

Table 3.3. Indices describing planform morphology in the major watersheds in experiments EX_SDT and EX_UNI2. SE is the standard error of
mean. The p-value of two tail T test is 0.016 and 0.006 respectively for h and SI, which suggests that h and SI are statistically different between
two experiments.



side

experiment
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Variable

Description

Unit

E

incision rate

m/yr

K

fluvial incision coefficient

m-0.5yr-0.5

Q
S
m
n
z
t
U

discharge
slope
exponent constant of discharge
exponent constant of slope
elevation
time
uplift rate

m3/yr

Qj
Pi

discharge at location j

precipitation at location i

m3/yr
m/yr

ai
P

cell area at location i
spatial averaged precipitation

m2
m/yr

s(x,y)

source of condensed water

kg m-2 s-1

qc

cloud water column density

kg/m2

qs
Ȝc
Ȝf
V
Ȝ*
Ȝ
W

hydrometeor column density
time constant for conversion from water to hydrometeors
time constant for hydrometeor fallout
wind velocity
nondimensional delay time
sum of Ȝc and Ȝf
the mountain half width

kg/m2
s
s
m/s

kq
c
ș

coefficient in the law between discharge and drainage area
exponent in the law between discharge and drainage area
channel profile concavity

m3-2c/yr

ks
ksn
HI

channel steepness index
normalized channel steepness index
hypsometric integral

m2ș
m

ka
h
l
R
W
D
N
SI
L

coefficient in Hack's law
exponent in Hack's law
channel distance downstream
average spacing ratio

m2-h

mean half mountain width
length of the mountain's open boundary
number of trunk channels flowing out the boundary
sinuosity
length of trunk channel

m
m





Table 3.S1. Description of variables in the study.

m
yr
m/yr

s
m

m

m

0.5

0.5

0.5

0.5

0.5

0.5

0.8

1

2

3

4

5

6

7

0.00032

0.0002

0.0002

0.00002

0.0001

0.0002

0.002

K (m-0.5yr-0.5)

20

20

20

80

40

20

10

grid
spacing
(m)

55

55

55

230

85

55

22.5

Lc
(m)

7_1600, 7_800, 7_400, 7_200, 7_100

6_1600, 6_800, 6_400, 6_200, 6_100

5_1600, 5_800, 5_400, 5_200, 5_100

4_1600a, 4_1600b, 4_800, 4_400

3_1600, 3_800, 3_400, 3_200

2_1600, 2_800, 2_400, 2_200, 2_100

1_1600, 1_800, 1_400, 1_200, 1_100

experiment labels: group no._ mountain
half width (m)

flat with noise

flat with noise

inclined with noise

flat with noise

flat with noise

flat with noise

flat with noise

initial topography

uniform

orographic

uniform

uniform

uniform

uniform

uniform

rainfall

Table 4.1. Settings for all of the model simulations. Groups 1, 2, 5, 6, 7 include experiments with mountain half widths of 1600 m, 800 m, 400 m,
200 m and 100 m. Because of the longer Lc, group 3 only includes experiments with mountain half widths of 1600 m, 800 m, 400 m, and 200 m,
and group 4 only includes experiments with mountain half widths of 1600 m, 800 m, and 400 m. The landscape length in all the experiments is
8000 m, except that group 4 has an additional experiment (4_1600b) that is 16,000 m long and 1600 m wide, in order to produce more order three
channels for valley spacing statistics. The mean distance between grid nodes is not the same between different groups. Because computing time
will increase with hillslope length (Lc) non-linearly, we decrease the resolution from groups 1 to 4. Based on a model test experiments that are not
illustrated here, as long as the grid spacing is smaller than Lc, the observed channel patterns are not statistically impacted. Note that 1_1600 means
an experiment in group1 with width of 1600 m.

D (m2/yr)

Experiment
group
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group
NO.

stream
order

Lc

number of
V values

V
mean

V
s.d.

V
median

V
max

V
min

1

6
5
4
3
2
1

22.5
22.5
22.5
22.5
22.5
22.5

2
7
29
55
122
364

2200
900
568
190
83
30

962
465
868
134
35
18

2200
660
380
160
80
30

2880
1720
4930
950
280
242

1520
350
150
40
20
10

2

5
4
3
2
1

55
55
55
55
55

1
7
21
45
208

5400
774
530
236
92

N/A
215
292
148
86

5400
880
440
180
60

5400
980
1280
780
680

5400
480
260
40
20

3

4
3
2
1

85
85
85
85

3
15
24
151

960
587
320
101

629
211
116
43

840
560
320
120

1640
920
600
200

400
280
40
40

4

3
2
1

230
230
230

9
8
37

2062
1230
489

1253
1200
677

1520
920
320

3200
4080
3680

1440
400
80

5

4
3
2
1

55
55
55
55

6
25
70
171

1073
427
240
98

841
227
158
87

870
360
200
80

2700
1060
920
680

420
200
40
20

6

4
3
2
1

55
55
55
55

13
21
55
157

575
616
238
106

235
538
157
93

560
440
200
80

920
2460
840
680

180
220
60
20

7

5
55
2
1780
905
1780
2420
1140
4
55
7
1186
939
780
3080
400
3
55
21
466
266
380
1320
140
2
55
42
252
168
200
800
40
1
55
222
84
87
60
780
20
Table 4.2. Valley spacing results from all model experiments. Units of characteristic length, Lc,
and valley spacing, V, are in meters. The number of spacing values is from all of the experiments
within a group. Lc is the average value of characteristic length derived from the drainage area vs.
slope relationship (e.g., Figures 1 I-L). s.d. represents standard deviation.
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name

R on
west side

R on
east side

Humboldt
Range

2.7

1.3

White
Mountains

2.6

2.3

stream
order
3
2
1

Lc (m)

4
3
2
1

550
550
550

V median
(m)
3650
1055
570

number of V
values
6
16
15

450
450
450
450

5225
2631
840
348.5

5
13
10
18

Kohala
5.6
7.9
Table 4.3. Valley spacing ratio, characteristic length and valley spacing values of three real
landscapes. R is the average spacing ratio using the distance threshold method, considering
channels that drain no less than 70% of the mountain half width.

130

155°40´0¨W

155°50´0¨W

Geology

A
0
150

Sediment

Waikaulapala
Wainaia

study
area

Hawi Volcanics

Puwaiole

Pololu Volcanics

BI

BI

“Wet Side”

nt

0

ai

0
25

ou
n

5 km

0

2000

elevation (m)

M

0

N

30
0

0
350

la

“Dry Side”

25
0

4000

ha
0

600

Mean
Max
Min

400
200

C

0
800
600
400
200

D

0
3
rainfall (m/yr)

Ko

0
75

10
0

800
elevation (m)

Po
lol
uS
lum
p

500

20°10´0¨N

B

2.6
2.2

E

1.8
1.49

8 7 6 5 4 3 2 1 0
distance into the mountain (km)

Figure 2.1. (A) Map of study area. Contours illustrate isohyets and are derived from the Rainfall Atlas of Hawai’i
[Giambelluca et al., 2012]. Isohyet labels are mean annual rainfall (mm). The white lines are the river channels;
the dashed portions are convex, whereas the solid portions are concave [Menking et al., 2013]. (B) The location
of the study area shown in A within the Hawaiian Island chain. BI indicates the Big Island of Hawaii. (C)
Elevation data from 1400 m wide swath around Wainaia gulch, taken from USGS 10 m DEM. (D) Elevation data
from 1400 m wide swath around Puwaiole gulch, taken from USGS 10 m DEM. (E) Rainfall statistics using data
from the Rainfall Atlas of Hawai’i [Giambelluca et al., 2012] across the white rectangular area in A, and note that
the minimum rainfall value on the y axis is not zero. The rectangular areas used for the elevation swaths are not
shown in A, and they are much more narrow than the area used for the rainfall swath because the elevation
patterns from wider swaths are affected by the fact that the ridgeline and coastline are not parallel.
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Figure 2.2. A. The river profiles of three channels in the field area. Profiles trace the bottom of the channel
and are not taken from swath elevation data. Inset plots B, C, and D, illustrate slope and drainage area data
from each channel profile and the best fit line in the convex and concave portions of the channel. All three
channels show convex upstream and concave downstream patterns. In Puwaiole and Wainaia, the transition
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B
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Figure 2.3. (A) Three rainfall scenarios used in the model simulations: Puni,
uniform rainfall; Pinc, rainfall increases downstream in the upper half of the profile,
and then remains constant in the lower half; and Pdec, rainfall decreases downstream in the upper half, and then remains constant in the lower half. Each of these
rainfall scenarios is applied to a subsiding (Figure 2.5) or uplifting (Figure 2.6)
profile. (B) Discharge vs. distance relationship resulting from each of the three
rainfall scenarios in Figure A, calculated from equations 5 and 6 using h=1.67 and
ka=6.69 m0.33.
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Figure 2.4. Evolution of channel profiles, shown every 30 kyr. (A) Subsiding channel
profile with rainfall increasing downstream in the upper half and then remaining
uniform to the mouth (simulation S_ Pinc). (B) Uplifting channel profile with rainfall
increasing downstream in the upper half and then remaining uniform to the mouth
(simulation U_ Pinc). If the experiment with uplift were run beyond 120 kyr, it would
eventually reach the steady-state profile shown.
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Figure 2.5. Results of the 1-D, subsidence, boundary condition experiments.
(A) Channel profiles. (B) Spatial pattern in incision rate. Incision rates are
shown in this plot as increasing downwards so that the patterns are similar to
the profile form, as predicted by equation 14. (C) Slope-area data for each
scenario. The time shown in all the figures is at the end of the simulation (see
Table 2.1 for details on each model simulation). The rainfall scenarios used are
those shown in Figure 2.3.
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Figure 2.6. Results of the 1-D, uplift, boundary condition experiments. See
Figure 2.5 for details.
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Figure 2.7. (A) Drainage network and rainfall pattern (Pinc) for the 2D
detachment-limited simulation (2D_det). The plots only contain the domain
above sea level. The example watershed is shown with thick black lines, and
the arrows point to the junctions of large tributaries. Multiple reaches of the
network extend to the highest elevation of the landscape, and the one to the
furthest right is the trunk channel. (B) Elevation profile and incision pattern of
the trunk channel in the example watershed in A. Note that incision rate
increases downward on the y axis. (C) Slope and drainage area data from the
illustrated channel. The thick vertical gray lines divide channel into convex
and concave parts, although the convex trend is very subtle. We only illustrate
data from one modeled trunk stream, although all of the main channels across
the model domain developed similar patterns.

137

rainfall (m/yr)
1
5
3

16 km

A

0
−2000

0

2000

4000

6000

8000
10000
Open Boundary

12000

14000

16000

18000

16 km, open boundary
Elevation (m)

B

deposition
elevation
incision

1600

1200

0
5

800

10

400

15
20
18

0
Channel Slope (m/m)

-5

10

0

0

C

2

4

6
8
10 12 14
Distance Downstream (km)

16

Incision Rate (mm/yr)

2000

í

10

í

10 4
10

10

5

6

10
2
Drainage Area (m )

10

7

10

8

Figure 2.8. (A) Drainage network and rainfall pattern (Pinc) for the 2D transport-limited
simulation (2D_trans). The plots only contain the domain above sea level. The example
watershed is shown with thick black lines. The left-most reach of the highlighted network
is the trunk channel. (B) Elevation profile and incision pattern of the trunk channel. Note
that incision rate increases downward on the y axis. The gray area is where deposition
occurs. (C) Slope and drainage area data from the illustrated channel. The channel is
highly concave for most of its length.
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Figure 2.9. (A) Two rainfall patterns used for the different simulations. (B) Two
erodibility (K) patterns used for the different simulations. (C) Two discharge
patterns corresponding to rainfall patterns in A. Note that in the plot of the “real
P” scenario (A), the gradient in rainfall is difficult to discern in contrast with the
“high P” scenario, so the extreme values are labeled.
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Figure 2.10. (A) Wainaia elevation profile from DEM data and profile produced
from three different modeling scenarios. (B) Slope vs. drainage area data from
Wainaia gulch and the three modeling scenarios (same legend in A applies in B).
The dark area in B is where the real data show positive slope in log-log space of
slope vs. drainage area, representing the convex part of the profile. All simulations
in this figure use the “real”rainfall gradient and constant, uniform K value shown in
Figure 2.9.
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Figure 2.11. (A) Wainaia elevation profile from DEM data and profiles produced
from two different modeling scenarios. (B) Slope and.drainage area data from
Wainaia gulch and the two modeling scenarios (same legend in A applies in B).
The dark area in B is where the real data show positive slope in log-log space of
slope vs. drainage area, representing the convex part of the profile. All simulations in this figure use the unit stream power incision model. The details of the
experiments are given in Table 2.1.
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example from the Humboldt Range and the critical drainage area is estimated to be 3x105 m2; Figure B is
an example from the White Mountains and the critical drainage area is estimated to be 2x105 m2.
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Figure 4.11. Slope vs. drainage area data from Wainaia Gulch on the wet
side of the Kohala Peninsula. The figure illustrates data only from the
fluvial part of the landscape, which is both convex and concave in this
setting (Menking et al., 2013).
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Figure 4.12. Summary of all of the valley spacing and characteristic
length data discussed in this paper, including data from Perron et al.,
(2009). The model data presented in this paper are indicated with solid
black symbols, and the data from the two real landscapes are indicated
with gray symbols outlined in black. Note that the data from Perron et
al., (2009) have the same trend as that of our modeled first order
channels, but we multiply the characteristic length of the Perron et al.,
(2009) data by a factor because of different methods for calculating the
characteristic length. The data point with the largest characteristic length
from the Perron et al., (2009) data overlaps almost exactly a data point
from our numerical experiments.
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