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Background | :
The Geomorphological Watershed Analysis project was developed by TFW to conduct

research on watershed processes with goal of developing tools for watershed analysis and
developing understanding of watershed processes. This project was conceived as a multi-
biennium project, with the goals originally laid out in our proposal [TFW-SH10-91-002]
providing guidance for a continuing research program. Qur project aims to provide a rigorous
foundation for watershed analysis by applying state-of-the-art approaches to
geomorphological problems within a watershed context.

The overall goal of the Geomorphological Watershed Analysis project is to improve
the scientific basis for predicting the response of hillslopes and channel systems in forested
mountains to both long-term a-;rerage conditions [climate, geology, topography, vegetation] and
short-term perturbations [fire, extreme storm events, and timber harvest]. Our approach is
oriented toward developing objecﬁve, physically-based procedures for assessing and
interpreting the current condition of channels and hillslopes, and for predicting response to
watershed perturbations, such as those that accompany timber harvesting. Conceptually, we
view potential hillslope and channel responses as linked through the processes controlling
sediment mobilization, routing, and storage within a watershed. While maintaining this
watershed context, we have divided our project into three distinct components: shallow
sediment sources, deep-seated landslides, and channel condition and response. Project objectives
include development of an interactive team of researchers working on problems in watershed
processes and analysis, and specific research goals in each of the three project components.

The format of this report reflects this organization. In the following sections, we
review .project goals and summarize progress to date. Specific research results are presented in a
series of appendices consisting of published, submitted, and draft research papers, and

summaries of other technical results from ongoing studies.

I ive Team of B ;
The first goal of the Geomorphological Watershed Analysis project is the creation of
an interactive team of researchers studying watershed processes and developing methods of
watershed analysis. This was accomplished through both direct hiring, student support, and
collaborative projects undertaken with scientists not supported by TFW. Personnel directly




funded by the project include one of the PI's [Montgomery] and at various times five graduate
students [Abbe, Bauer, Buffington, Schmidt, and Stock] working on aspects of our project. Two
part-time computer programmers [Greenberg and Reiss] were partially supported by TFW
funding. Two additional programmers were employed intermittently on an hourly basis. A
staff geologist [Miller] was funded for portions of the academic year '92-'93 on the deep-seated
mass wasting component of the project.

Several non-funded collaborators worked on tasks directly relating to project goals. Dr.
Weihua Zhang, a University of Washington postdoctoral researcher funded from federal
sources, collaborated with Dr. Montgomery to examine the effect of digital elevation model
(DEM) resolution on simulations of surface and hydrologic processes (Appendix 4). Dr. Efi
Foufoula {Univ. of Minnesota) collaborated with Dr. Montgomery to investigate methods to
delineate the extent of channel networks from DEM's (Appendix 3}. Dr. Montgomery also has
been coordinating research efforts on channel assessment and response with Dr. Lee MacDonald
at Colorado State University with the goal of standardizing data collection procedures so as to
maximize the usefulness of data collected by both groups. Dr. Cathy Wilson of CSIRO
(Australia) visited UW and arranged for project use of future versions of TOPOG currently under
development.

The Geomorphological Watershed Analysis Project provided input to other TFW
funded, or related, projects through consultations, collaboration, and loans of equipment. The
Ambient Monitoring Project approached us for advice on data collection methodologies and
analysis in October and November, 1991. Prior to the program'’s termination, we suggested
revisions to their field methods that would have increased the utility of their data for use in
our analyses and those of other resource management professionals. We also suggested revisions
in their analysis procedures that they incorporated with productive results. A desired set of
data for collection in any future efforts was transmitted to the Ambient Monitoring Committee
through Jeff Light and Kate Sullivan. We also provided input to Ed Rashin's project on BMP
evaluation at Washington State Department of Ecology, JoAnne Metzler's peak discharge
channel damage assessment methodology, and Phil Peterson's response thresholds review.

In an effort to stimulate collaboration between fisheries biologists and
geomorphologists we have worked on field measurements with, and loaned equipment to, Phil
Peterson of the TFW "Big Fish" project for his study on channel scour and bed modifications at
Kennedy Creek. Further collaborative efforts with Phil Peterson and Tom Quinn should result
in at least two manuscripts on linkages between channel processes and salmonids: one paper
focusing on the effect of channel armoring by spawning activity on strearmn bed mobilization
{Appendix 5) and the other on the role of channel processes in controlling the spatial
_distribution and timing of salmonid spawning.




The Geomorphological Watershed Analysis Project also has been involved with other
programs working on watershed process issues. We co-hosted a NCASI workshop on methods
for channel assessment methodologies held at the Quaternary Research Center on April 8-9,
1993, Participants from research organizations, private companies, and the U.S. Forest Service
attended the workshop, which produced useful discussions between researchers and resource
professionals charged with implementing assessment methodologies. In addition, Dr.
Montgomery served on the Federal Ecosystem Management Assessment Team (FEMAT) convened
in Portland after the Forest Summit in the spring of 1993. He contributed to the development of
a watershed analysis orientation to the recommendations for future management of Federal
lands. Many of the goals of the federal program parallel those of TFW.

In summary, we have established an active research group studying watershed
processes. This group extends well beyond the size of our TFW-funded personnel and we are
involved in projects that broaden the impact of TFW support significantly beyond the scope of
our original proposal. |

Shallow Sediment Sources -

Progress toward the objectives of the shallow sediment source component outlined in our
proposal is summarized below.

1) Develop a method for determining how well digital elevation data represent actual

watershed topography to the degree necessary for locating sediment sources.

We developed two methods for examining the quality of landscape representation in
digital elevation models. One of these methods was presented in a draft manuseript included
as Appendix 1 of our 1991-1992 annual report [Bauer, submitted]. This method is based on
calculating the signal-to-noise ratio of a digital elevation surface, providing a method for
determining the quality with which an object of a given size (a hillslope or a debris flow source
area, for example) is represented in a DEM. The approach developed by Zhang and
Montgomery [Appendix 4} examines the effect of DEM grid size on the distribution of the
topographic parameters that influence both runoff generation and surface process models and on
hydrologic simulations based on these models. We analyzed landscape representation for two
small watersheds where high-resolution DEM data were available and found that a grid size
of 10 m provided a reasonably accurate portrayal of the ground surface; standard 30 m and 90 m
grid size data involved significant compromises in landscape representation, Both of these
studies have fundamental implications for the use of DEM's in surface process models and point




to the need to use a DEM scale that is appropriate for resolving landscape features and
processes of interest.

2) Test the use of a steady state shallow subsurface runoff model to predict spatial

distribution of ground saturation in steep, realistically complex terrain.

We published two TFW-supported papers on predicting the spatial pattern of runoff
production and erosion mechanisms using the steady-state shallow subsurface runoff model
TOPOG (Appendix 3). These papers discuss the partitioning of landscapes into process regimes
on the basis of slope, contributing drainage area, and threshold process theories. We also
conducted steady-state sprinkler experiments on a small catchment in Coos Bay, Oregon, from
May 26 to June 14, 1992, in part to provide a data set against which to test the predictions of
steady-state shallow subsurface runoff models. These experiments are also supported by the
National Science Foundation and the Weyerhaeuser Company. Preliminary data analyses
suggest that TOPOG predicts the general pattern of soil saturation, but that flow
characteristics of near-surface bedrock control specific patterns of soil saturation and strongly
influence locations of debris-flow initiation. These results are currently being written into a
draft research paper and will provide the basis for a planned field test of the model for
predicting areas prone to shallow mass-wasting by conducting a field-scale experiment at our
instrumented site in Coos Bay, Oregon. ‘

3) Develop @ method for predicting areas prone to shallow landsliding in a watershed

through the use of topographic analysis software.

We have developed a DEﬁ-based method for predicting relative potential for shallow
landsliding in a catchment. Our paper describing the model and our tests of its predictions has
been accepted pending revision for publication in Water Resources Research (Appendix 3). A
final version of the paper will be forwarded to TFW when revisions are complete. We tested
the model in three catchments: one in Marin County, California, one in the Oregon Coast Range
near Coos Bay, and one on the Olympic Peninsula, Washington. Model results indicate that
this method provides a viable tool for predicting spatial patterns of slopes potentially subject
to shallow landsliding. We are exploring development of a grid-based analysis to facilitate
interfacing results with GIS systems, such as ARC/INFO. Once we have developed the
method, we intend to test it on larger watersheds in the Cascades and the Olympic Peninsula.




4) Develop and test DEM-based predictions of channels most likely to be affected by

debris flows.

In the shallow slope instability, manuscript we outline a method for identifying
channels subject to potential debris flow scour. To date, the method has been applied to three
small catchments and the debris-flow run out algorithm has not been adequately tested. We
anticipate expanding this aspect of our study in conjunction with further predictions of debris-
flow run out paths in other catchments where we can test model predictions against
observations. Funding restrictions prevented further progress on this goal, which has been
deferred until the '93-'95 biennium.

In summary, we have met the objectives of the shallow sediment source component of our
project and many of our results for have been accepted for publication in the scientific literature.
Further development, testing, and refinement of model predictions and investigations of the

effect of DEM scale on process models are anticipated to proceed in the upcoming biennium.

Deep-Seated Mass Failures

Progress toward the objectives of the deep-seated mass failure component outlined in
our proposal is summarized below.

1) Develop a method for systematic prediction of potential sites of deep-seated mass

failures in a watershed.

Kevin Schmidt conducted extensive field-surveys of large-scale mass wasting in the
Chuckanut formation in the northern Cascades. He compared empirical observations with
predictions of a one-dimensional slope stability model and found evidence for both topographic
and local structural and hydrologic controls on the size of stable hillslopes. A summary of his _
research to date is presented in Appendix 6.

Dan Miller, currently a Ph.D. candidate in Geological Sciences at UW, was employed
intermittently as a staff geologist on the deep-seated mass wasting component of the project to
develop DEM-based predictions of relative slope stability based on the approach developed by
Kevin Schmidt. Preliminary results are promising and are presented in Appendix 7.

2) Developing a method for predicting the alteration of stability as a result of changes in

hydrology due to natural weather fluctuations or to management.




Kevin Schinidt has incorporated groundwater pore pressures into his model for slope-
height control on deep-seated mass failures. Further exploration of land use effects on deep-
seated failures requires development of a model for the effect of timber harvest and road

construction on groundwater recharge.

3) Development of guidelines for field studies to refine predictions in areas that have
been flagged as potentially unstable.

Kevin Schmidt has developed a preliminary set of guidelines for field studies of deep-
seated bedrock landslides based on simple quantitative assessment of outcrop-scale factors

related to rock strength. These guidelines are presented in Appendix 8.
Assessment of Channel Condition and Response

In addition to the objectives listed below, we developed a process-based channel
classification for use in watershed analysis. This classification is presented in a separate
report [TFW-SH10-93-002] and was developed in response to a request from the SHAMW
committee when presented with our initial ideas on the subject. Version 1.01 of the Watershed
Analysis Manual adopted by the Forest Practice Board drew liberally from a draft manuscript
of this report.

Progress toward our other objectives in the channel assessment project is outlined below.

1) Test the ability of digital elevation data to resolve local channel slope with sufficient
accuracy to be useful for geomorphic modelling and habitat classification.

Field data collected during summer 1992 indicates that channel slopes derived from
topographic maps exhibit significant variance from reach;level slopes measured in the field,
but that map-derived and field slopes are in general agreement. The work on grid size effects
on DEMs reported in Appendix 4 shows that grid size effects are much less pronounced for
channels than for hillslopes. Our initial test of predicting channel types from DEM data is
discussed under itern 3. Our results indicate that good-quality DEM data is very useful for
modelling channel processes and morphology at the channel reach level, but our data also show
that DEM data is-too coarse to allow meaningful predictions at the channel unit level.
Habitat-level classification is not feasible from standard DEM's.




2) Produce a summary of existing data on channel properties from forested mountainous
watersheds that can be used fo test our threshold and transport controlled

characterization of channels.

john Buffington, a TFW-supported graduate student, has collected and analyzed much
of the available data pertinent to assessing our threshold channel model for predicting
sediment size from channel slope and bankfull depth. Much of the available data from
previous studies, however, is unsatisfactory because we either do not know exactly how it was
collected, or do not approve of the methods used dun‘hg data collection. John will be finishing
his thesis this fall.

3) Develop a method for prediction of channel attributes from a digital elevation model
(DEM) and field observations that test the predictions.

Our initial test of a DEM-based channel prediction method relying on channe] slope
predicted a pattern of channel types in close agreement with those surveyed in the field for the
Owl Mountain quadrangle in the Hoh River basin [see TFW-5H10-93-002].

4) Develop methods for predicting sediment flux through a channel network.

The channel dlassification outlined in TFW-SH10-93-002 provides a coarse model for
sediment routing and transport through channel networks. Development of other methods for
predicting sediment fiux through a channel network were severely impaired by budget cuts
early in the program. These cuts eliminated a post-doctoral position that was intended to focus
on this problem. '

Another aspect of this project that was completed was a study of road drainage
concentration as a factor in the extention of channels to road drainage locations (thus ensuring
delivery of fine sediment produced on the road sutface into the channel) and the association of
sites of landslide initiation with road drainage concentration [Appendix 4]). Our surveys show
that there is a limit to the road length that can be drained to a specific site without adverse
impacts. This critical road length decreases as the slope of the ground surface onto which road
drainage is concentrated increases. It also varies for channel extention and landslide initiation
and will be different in different areas. The form of the observed relations, however, conform
to the predictions of a simple theoretical model. This approach provides a method for

assessing appropriate road drainage criteria for inclusion in BMP's.




Other work accomplished to date toward this goal has been by Tim Abbe, a graduate
student. He is starting to study the interaction woody debris and sediment routing and storage
in forested drainage basins. Although many workers have studied aspects of this problem, this
interaction has not been studied systematically and we are developing a theoretical context
within which to view this interaction. Tim began graduate studies in the fall of 1992, and this
summer (1993) will be his first field season.

Dietrich and others (1989} proposed the dimensionless sediment transport ratio q* as an
indicator of channel sediment supply relative to transport capacity. John Buffington has
. developed a discussion of appropriate applications and potential problems in using this
method for channel condition assessments. This discussion is presented in Appendix 9.

Another control on sediment routing through channel networks is the spatial
distribution of sediment contributed across channel banks. Bill Dietrich is developing methods
for predicting the flux of sediment into channels from across channel banks. This is a ctucial
component of any spatially distributed sediment budget.

We also have substantial data on channels from field work during summer 1992 that we
need to supplement prior to final interpretation. This data provides empirical support to the
theoretical basis for the channel classification and response potential scheme presented in
TFW-5H10-93-002. Much of this data has been presented informally to SHAMW. Dr.
Montgomery hopes to write up these studies in the upcoming year.

Goals for '93-95 Bienni

We plan on achieving a number of goals in the '93-'95 biennium. Most of our planned
activity centers around the channel component of the project, with additional activity on the
shallow mass wasting component. The deep-seated mass wasting component was eliminated
from the project as a result of severe budget cuts. However, we have secured one-year of funding
for the deep-seated mass failure component of the project from the Washington Forest
Protection Association.

We have a number of goals for the channel component of the project. First, we intend to
explore further and test DEM-based channel classifications in several watersheds in the
Cascades and on the Olympic peninsula. Second, we plan on continuing our investigations of the
utility of our proposed channel classification as a tool for predicting potential channel
response. We plan on accomplishing this through case studies of watershed response, probably
using the Green River, Hoh River, and Finney Creek watersheds as examples. We also intend
to collect data on the influence of large woody debris on pool frequency in different channel
types to develop rational criteria for defining desired future channel conditions that reflect
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differences in channel processes through a channel network. Finally, Tim Abbe is developing a
study to document and model the interaction between LWD, sediment storage, and channel
morphology in a channel network context. Field work on this component of the project is
starting this summer. We anticipate that these projects will significantly advance the state of
our knowledge of channel processes in forested mountain drainage basins and that this
information will prove valuable for implementing watershed analyses both in the State of
Washington and elsewhere.

Plans for the shallow sediment source component of the project center on further
development and testing of our model for shallow mass wasting, downslope run out, and
deposition. A primary goa! is the development of an ARC/INFO compatible model to replace
the TOPOG based model that we developed during the '91-93 biennium. Conversion to this
format will greatly enhance the applicability of this model to watershed analyses. We also
intend to start developing more complicated models by adding root strength and soil depth to
the simulations. We particularly want to further develop and test our preliminary model for
debris flow routing and deposition.

Unfortunately, we also lost funding for the development of a GIS-based watershed
analysis model. While we have developed many of the pieces as part of this project (DEM-
based channel classification, shallow landsliding model, and our preliminary deep-seated
landsliding model), we currently lack the funds to develop and test an integrated model using
these components. Although we have no support for the GIS component of our project, we will
pursue opportunities as they arise. In summary, we have achieved more than the deliverables
outlined for the '91-'93 biennium and we intend to continue progress toward the long-term goals

outlined in our original proposal.
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Appendix 1




Channel Network Source Respresentation from Digital
Elevation Models

D R Montgomery (Department of Geological Sciences, University of
Washington, Seattle, WA 98195)

E Foufoula-Georgiou (St. Anthony Falls Hydraulic Laboratory,
Department of Civil and Mineral Engineering, University of
Minnesota, Minneapolis, MN 55414)

Methods for the identification of the size, or scale, of hillslopes
and the extent of channel networks from digital elevation models
(DEM's) are examined critically. Theoretically, a constant critical
support area, the method most commonly used at present for channel
network extraction from DEM's, is more appropriate for depicting the
hillslope/valley transition than for identifying channel heads. Analysis
of high-resolution DEM data confirms that a constant contributing area
per unit contour length depicts the extent of divergent topography, or
the hilislope scale, although there is considerable variance about the
average value. In steep topography, however, a DEM resolution finer
than the typical 30 m by 30 m grid size is required to accurately
resolve the hillslope/valley transition. Analysis of high-resolution
DEM data from catchments in which channels were mapped in the
field [Montgomery and Dietrich, 1989] indicates that the inflection in
the drainage area-slope relation reported by Tarboton et al. [1991] to
define the extent of the channel network occurs within the channel
network and probably reflects a transition from steep debris-flow-
dominated channels to lower-gradient alluvial channels. Field data
[Montgomery and Dietrich, 1988; 1989; 1992] indicate that for many
soil-mantled landscapes, a slope-dependent critical support area
defines the scale of channel initiation, and thus the extent of channel
networks. Several methods for estimating this relation from DEM
data are examined.
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A Digital Terrain Model for Predicting Debris Flow
Source Areas :

W E Dietrich (Department of Geology and Geophysics, University of
California, Berkeley, CA 94720)

D R Montgomery (Depariment of Geological Sciences and
Quaternary Research Center, University of Washington, Seatile,
WA 98195)

It is widely known that debris flows commonly originate in
topographic hollows, but they also occur in other topographic
Jocations. Digital terrain models provide an ideal format for
examining quantitatively whether such failures occur in
hydrologically similar locations. A digital terrain model for
prediciing topographic controls on the potential for debris flow
initiation throughout a cawchment is developed by coupling near-
surface throughflow and slope stability models. The hydrologic
model uses the program TOPOG (OLoughlin, 1986) to determine
the proportion of the soil thickness that is saturated in response to a
steady-state rainfall for topographic elements defined by the
intersection of contours and flow tube boundaries. The slope
stability component uses this relative soil saturation in the infinite
slope stability model to anaylze the stability of each topographic
element for the case of cohesionless soils. The coupled model allows
prediction of relative debris flow initiation potential through mapping
the steady-state rainfall necessary to generate slope instability for
each topographic element in a catchment. Model sensitivity is
examined with respcet to the physical parameters incorporated in the
model {soil thickness, conductivity, bulk density, and angle of
internal friction], as well as the simutated rainfall intensity. Patterns
of predicted debris flow initiation potential are consistent with spatial
pattems of observed debris flow scarps for three study catchments in
the western United States where detailed digital elevation data were
obtained [Tennessee Valley in Marin County, California; Mettman
Ridge in the Oregon Coast Range; and Split Creek in the Olypmic
Peninsula, Washington). Estimates of the steady-state rainfall
necessary to cause debris flows in these arcas constrain model
simulations that identify as unstable the locations of approximately
90% of the observed debris flow scarps in the study caichments.
Unfailed locations predicted to be unstable probably represent likely
locations for future instability. The model, however, does not
account for either spatial variations in soil properties or the influence
of bedrock flow on debris flow initiation. Such effects may
determine specific failure locations within areas potentially subject to
failure and may explain those debris flows occurring outside zones of
predicted instability.
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Effects of Hydraulic Roughness and Sediment Supply on
Bed Surface Textures in Gravel-bed Streams

J M Buffington and D R Montgomery (Department of Geological
Sciences and Quaternary Research Center, University of

Washington, Seattle, Wa. 98195)

The size of the material forming the bed of alluvial channels reflects
the channel depth and slope, energy dissipation due to in-channel
roughness elements, and the sediment supply of the channel. The
median surface grain size of the bed material (D50) can be predicied
from channel depth and slope, using a simple threshold channel
competence model in which armored conditions are assumed and
only grain roughness is considered. The model provides a reference
point from which to examine textural response to both increased
sediment supply and the introduction of other roughness elemens.
Stream beds respond to sediment supply changes by armoring when
deprived of sediment and fining when inundated with sediment
(Dietrich et al., 1989), allowing a range of grain roughness response
that may accommodate changes in sediment loading without
otherwise significantly altering channel morphology. However, other
roughness elements must also be considered in evaluations of
potential textural response to changes in sediment supply. Theoretical
considerations and field measurements indicate that roughness
associated with bedforms and large woody debris (LWD) resulis in
bed surface textures that are finer than model predictuons. Data from a
variety of sources indicate that threshold channel predictions are
inappropriate for both sand-bedded channels, in which regime
bedforms are the dominant roughness element, and steeper channel
morphologies, in which there may not be a single threshold for bed
mobility.

In order to partition the relative effects of different roughness
elements in gravel-bed channels, for which the threshold model
applies, three distinctly different channel types were identified: plane-
bed, pool-riffle with misimal LWD loading, znd pool-iifflc with
significant LWD loading. Detailed textural and topographic maps
were constructed for each channel type, and LWD dimensions and
orientations were mapped. Textural changes in response to ‘
roughness elements are clearly observed at tocal scales. When
extures are spatially averaged and on a reach level, the study
channels segregate by channel type into distinct zones of textural
response (relative to the theoretical armored D50 limit). Surface and
subsurface (bedload) grain size distributions were also measured for
each texture in order to determine the relative effects of sediment
loading. Preliminary results indicate that textural change due to
increased sediment supply can be of comparable magnitude to those
caused by in-channel roughness elements.

With this theoretical framework a comparison of surface and
subsurface D50's to the theoretical armored D50 enables assessment
of both channel condition and potential to convey increased sediment
Joads. This assumes that bed textures will fine 1o the subsurface
(bedload) limit in order to accommodate increased sediment supplics
before significant morphological change occurs. Channels in which
surface textural fining has already occurred, due to the presence in-
channel roughness elements, are hypothesized 10 be more sensitive to
perturbations in sediment supply.
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Mountain-Scale Strength Properties, Deep-Seated
Landsliding, and Limits to Local Relief

idt & D R Montgomery (Dcpa.mncnt of Geological
ggicgl?cs. AJ-20, University of Washington, Seattle, Wa.
195)

Controls on the size of mountains and the stability of bedrock
slopes are only poorly constrained, but , vide potentally important
limits to the development of local relicf. Determining the strength
propertics of 2 mountain is difficult, however, because such ¥
properties integrate both material and structural discontinuitics and
also may be time dependent. We hypothesize that in a threshold
landscape such integrated rock strength properties limit local relief 1. 1992 Fall Meeting
development and effectively determine the size of stable hillslopes for
mountain drainage basins in a given lithology, climate, and tectonic 2. 012034109 (AGU Number)
regime. The Culmann wedge stability model predicts a limiting
relation between hillstope gradient and ridge height. Assuming 3. (a) Kevin Schmidt

conditions for plane failure in this limit equilibrium analysis, this Dept. of Geological Sciences
model may be used to ascertain the properties of cohesion and Al-20

intemnal friction angle characteristic of the material as a whole, Univ. of Washington
including its discontinuities. These time-integrated properties differ Seattle, WA 98195

from laboratory-derived values in that they reflect all the destabilizing (b) Tel: 206-543-1996
influences experienced by the slope and thus represent the minimum (c) FAX: 206-543-3836

strength mobilized during its history.
4 H

Ridge gradients and heights were measured for slopes underlain
by the strongly bedded Eocene Chuckanut Formation, as well as for 5. (a) H14 Hillslope Processes
Quaternary glacio-fluvial deposits forming channel banks within the (b) 1824 Geomorphology
Nooksack River drainage in northern Washington state. Material
properties calculated from this procedure are lower than values 6. --
typically derived from laboratory measurements. This suggests two
alicrnative hypotheses. First, that strength properties derived from 7. 0%
the limits to loca! relief are lower than actual values and that the
landscape may be dissected further without inducing slope instability. 8. $40; for PO# 203576

Alternatively, these properties reflect the true strength of the material QRC AK-60
whiich, in tum, impart a limit to relief development. A high density of University of Washington
large, deep-seated bedrock landslides provides evidence for this limit Seattle, Wa. 98195

being reached, at least locally in the study area. We suspect that these

matcrial properties essentially represent the strength of the entire 9. C
formation including discontinuities, such as weak shale beds and clay

filled joints. 10, --

In addition, the regional geologic structure strongly influences 11. Yes
slope stability. Landslide sites situated well below the observed
maximum relief for a given hillslope gradient are predominantly dip
slope failures. Also, for a given ridge height, anti-dip slopes are
capable of sustaining steeper gradients than dip slopes. Remnant
glacial deposits forming benches in the valley bottoms also act as
Tocal buttresses, temporarily stabilizing portions of the mountain
front. As these deposits erode, the local relief increases and the slope
evolves closer to its maximum stable relief. The largest, steepest
stable slopes in the study arca are those with glacial material
buttressing their toe. Similar slopes where buttresses have been
eroded have failed. Defining the limit to relief development and the
l~cal modifiers to this limit provide a connection between the

;.. ¥ ig"t of mountains, presence of deep-seated landslides,
and the depth of incision in the intervening valleys.



Channel Classification and Prediction of Channel
Response in Mountain Drainage Basins

D R Montgomery, J M Buffington, and T Massong (Department of
Geological Sciences and Quaternary Research Center, University
of Washington, Seattle, WA 98195)

While a great deal of the geomorphic literature pertains to low-
gradient alluvial channels litle is known about the morphology and
dynamics of channels in mountain drainage basins.” An
understanding of the response of such channels to perturbation is
critical for assessing potential watershed impacts from changes in
either land management or natural processes. Furthermore, any
effort to understand interactions of alluvial processes and biological
systems requires a process-based scheme for classifying different
portions of a channel network. At present, the available channel
classification schemes are primarily descriptive and do not lead
directly to prediction of channel response or the importance of
biological processes on channel morphology. We propose a process-
based channel classification that allows identification of portions of a
channel network that will respond similarly to changes in discharge,
sediment supply, and large woody debris loading. This classification
is based on systematic variations in bed morphology that we
hypothesize represent different roughness configurations and modes
of energy dissipation controlled primarily by the channel slope and
local sediment supply. In this scheme, channels are classified as
regime, pool-riffle, plane bed, step-pool, and cascade based on the
configuration of roughness elements within the channel. Field
measurements from channels in several areas indicate that this suite
of channel types may be distinguished ¢n a plot of chaancl slope
versus relative roughness. Each of these channel morphologies
imposes different constraints on channel response. For exampie,
steep channel morphologies (step-pool, cascade-pool, and cascade)
have sufficient transport capacity to rapidly transmit increased
sediment loads to downslope channels. Lower gradient pool-riffle
channels, however, possess less transport capacity and may undergo
significant morphologic change (bed fining, pool filling, etc...) in
order w0 accommodate increased sediment loads, Plane bed channels,
on the other hand, are particularly susceptible to changes in large
woody debris loading, as pool formation in such channels depends
upon the presence of local flow obstructions. Valley confinement,
the influence of large woody debris on pool formation and sediment
storage, and the potential for debris flow impacts supplement the
morphologic classification. At the most general level, this
classification system allows for rapid identification of portions of the
channel network with an excess of sediment supply or transport
capacity. More specifically, it allows stratification of a channel
network based on channel processes and response potential.
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Erosion thresholds and land surface morphology '
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ABSTRACT

We propose a graphical technique fo analyze the entirety of land-
forms in & catchment to define quantitatively the spatial variation in
the dominance of different erosion processes. High-resolution digital
elevation data of a 1.2 km? hitly area where the channel network had
been mapped in the field were used in the digital terrain model,
TOPOG, to test threshold theories for erosion. The land surface was
divided into ~20 m? elements whose shapes were then classified as
convergenl, planar, or divergent. The entire’ landscape plotied on a
graph of area per unit contour length against surface gradient shows
each planform plotting as a separate field. A simple steady-state hydro-
logic model was used to predict zones of saturation and areas of high
pore pressure to mimic the extreme hydrologic events responsible for
erosive instability of the land surface. The field observation that satu-
ration overland flow is rare outside convergent zones provided a
significant constraint on the hydrologic parameter in the model, This
model was used in threshold theories 1o predict areas of slope instabil-
ity and areas subject to erosion by saturation overland flow, both of
which can contribute to channel initiation. The proportion of conver-
gent elements predicted to exceed the threshold varies greatly with
relatively small changes in surface resistance, demonstrating a high
sensilivity to land use such as catile grazing. Overall, the landscape
can be divided, using erosion threshold lines, into areas prone to
channel instability due to runoff and stable areas where diffusive
transport predominates.

INTRODUCTION

Although' numerical models can create realistic-looking landscapes
by gencrating ridge and valley topography (e.g., Ahnert, 1976; Kirkby,
1987; Howard, 1990; Willgoose et al,, 1991), the three-dimensional form
of real landscapes and the processes shaping them are, surprisingly, not
well quantified. The recent development of digital terrain models, how-
ever, permits quantitative analysis of actual landscapes and thus provides
an opportunity to examine the relation between sediment transpor proc-
esses and landscape form (¢.g., Moore et al., 1988a, 1988b; Vertessey et al.,
1990; Tarboton et al,, 1991).

Herein we propose a graphical technique for characlerizing real
landscapes using digital elevation data to examine the application of ero-
sion theories. We focus on a landscape where previous studies {(Mont-
gomery and Dietrich, 1988, 1989, 1992, Montgomery, 1991) have in-
dicated that there is good evidence that threshold-based erosion models
are appropriate. Field moniloring and mapping suggest (hat surface erc-
sion teading to channel initiation occurs where & resistance o saturation
overland flow (see Dunge, 1980), seepage erosion (see Dunne, 1990), or
shallow landsliding is exceeded. These processes predominate in valleys,
whereas oo ridges the shallow soil is currently transported primarily by
biogenic activity such as burrowing by gophers (Black and Montgomery,
1991), a process that perhaps can be treated as largely slope dependent.
Although our analysis focuses on current runoff and ercsion processes, our
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results give insight into how erosion would vary with land use and climate
change as well as what erosion laws appear appropriate for modeling
long-term landscape evotution.

THRESHOLD THEORIES

We use three simple threshold equations to explore the relation
between landform and current erosion processes. These equations predict
a threshold condition for ground saturation, a threshold to landslide insta-
bility of the ground due to high pore pressures, and & threshold of erasion
due 10 saturation overland flow. All three theories have been proposed in
various forms by others. Here we wnite them in a form useful for analysis
using a digital terrain model. Several simplifying assumptions are made to
reduce the parameters to those that can be crudely estimated from field
data and the proposed graphical analysis. These theories, however, are at
the same general level of simplicity as those in most numerical models of
landscape evolution. Specifically, we use a steady-state runoff model that
assumes that runoff oocurs as subsurface flow parallel to the ground sur-
face during significant hydrologic events and that saturated conductivity
and transmissivity of the soil mantle are spatially contant. (Despite large
differences in soil thickness between ridges and unchanneled valleys, the
saturated conductivity and, consequently, the transmissivity are dominated
by highly conductive near-surface soil [Wilson, 1988; Montgomery,
1991).) We propose that steady-state runoffl for an extreme event will
mimic the spatial varialion in surface saturation and overland flow that
would occur in natural transient storm events responsible for saturation
overland flow erosion and landsliding. We also assume that the vegetation
and soi! properties controlling surface resistance to erosion are spatially
constant.

For steady-state, shallow subsurface runoff parallel to the ground
surface, the ground will be saturated if the precipitation {minus evapora-
tion and deeper drainage), ¢, times the area of the upslope catchment, a,
equals or exceeds the maximum flux the surface layer ¢can conduct, com-
puted from the product of transmissivity, 7, surface slope, M, and unit
length of the contour across which the caichment is draining, b (O'Lough-
lin, 1986). Because of the steep slopes in the study area, M is calculated as
the more physically correct sine of the ground-surface inclination, 8, rather
than tan 8, as used by O'Loughlin (1986). The threshold of ground satura-
tion can be expressed as:

“STm )

b ¢
This simple hydrologic mode! has been used with good success to predict
salurated zones and runoff response in the computer model TOPOG by
O'Loughlin {1986) and by Moore et al. (19882, 1988b). It is essentially
the same model that underlies the widely used TOPMODEL by Beven
and Kirkby (1979).

All parts of the landscape where the area per unit contour length,
a/b, equals or exceeds the term on the right-hand side of equation 1 will
be saturated. Note that if measured values from 2 landscape of a/b are
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plotted against M, then equation | will be a straight line with a slope given
by the hydrologic parameters T/g, and all points above this line will be
saturated. This observation suggests that & useful analysis of digital eleva-
tion data is to divide the land surface into discrete small catchments for
which the physicai attributes a/b and M can be determined and plotied on
such a graph. Other threshold criteria can be expressed as functions of
these two physical characteristics,

A coupled hydrologic and slope stability model proposed by Dietrich
et al. (1986) and subsequently modified and tested by Montgomery and
Dietrich (1989) can be written as:

a tan\ T
Py 22(]--——mn¢)-q—M. (2)

Slope instability occurs where a/b equals or exceeds the term on the
right-hand side, which varies with the ratio of ground surface, tan 8, to
angle of internal friction, tan ¢. Note that the hydrologic component of
equation 2 is the same model as that which leads to equation 1 and that
equation 2 uses a form of the infinite slope model that ignores strength
contribution due to cohesion; i.e., at failure 1an @ = [(os - pum)/pd o,
where p, and p,, are the soil and water bulk densities and m is the
proportion of the soil that is saturated. Field data suggest that (p~p,,)/ o,
is ~0.5. The hydrologic model is hydrostatic; hence, excessive pore pres-
sures are nol predicted and all slopes less than 0.5 tan @ are stable even if
saturated.

Several authors have suggested that channel initiation by overland
flow can be estimated by assuming that incision occurs where some critical
boundary shear stress, e, OF some other measure of resistance is exceeded
(e.g., Horton, 1945; Schaefer, 1979; Moore et al., 1988b; Vertessey et al,,

1990; Montgomery, 1991). In the steady-state mode! used bere, saturation
averland flow discharge is simply equal 10 ga - TMD; iec., water that
cannot be carried as shallow subsurface flow must travel overland, This
equation can be solved for the discharge that attains sufficient depth for a
given slope to produce a boundary shear stress equal 1o the critical value
for the surface. Letting ga - TMb = udb, 7, = pogdM, u = (2gdM)®S ()5,
and /= Kv/ud, the foliowing threshold of erosion equation can be denved
in the desired form:

E > L + E M. . 3)

b oMt ¢
Here =2 107 7.3 K1 and 7, is the critical boundary shear stress, K is
the roughness intercept for the inverse relation between friction factor, f,
and Reynolds number (velocity, &, times depth, d, divided by the kine-
matic viscosity, v that typifies laminar-like flow in grasslands (Dunne and
Dietrich, 1980; Wilson, 1988; see review in Reid, 1989). Gravitational
acceleration is g, and the numerical constant is for 10 °C water and has
units of (em-s)3/g3.

DIGITAL TERRAIN MODEL ANALYSIS

We selected an area in the hilly grass and chaparral lands north of
San Francisco where extensive mapping and hydrotogic studies have been
conducted (Wilson and Dietrich, 1987; Montgomery and Dietrich, 1988,
1989; Black and Montgomery, 1991; Montgomery, 1991}, These studies
have shown that saturation overland flow is common in the lower-gradient
valleys, and most of the larger debris-flow scars originate at channel heads.
Digita! elevation data were obtained at & density of about every 10 m for
the 1.21 km?2 catchment from stereo digitization of low-leve! black and

Figure 1. Planform analysis of 1.2 km? catchment in
Marin County, Calliornia, studied by Montgomery
and Dietrich (1989, 1892). Topographic contours and
flow lines were generated by TOPOG {O'Loughlin,
1986), which in this case gives contour interval ofSm
and fiow lines ~ 20 m apart. Elament types are shown,
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white acrial photographs; several mapped ground features were used to
contro! the registration of digital coordinates. Taking advantage of the
clear ground visibility, we selecled data points to capture topographic
change rather than to lotlow a regular grid. The digitsl elevation model
component of TOPOG (O'Loughlin, 1986) was then .used to construct
digital surfaces. A second program in TOPOG divides the surface by
drawing the equivalent of flow lines across the contours from valiey bot-
toms to divides at & user-specified interval (see O'Loughlin, 1986, for
examples). The program draws flow lines starting at low elevations and
projects upslope, so contour length separating flow lines tend to narrow on
topographically divergent slopes. Individual elements defined by a pair of
conlour lines on the upslope and downslope sides of the element and a pair
of streamlines on the lateral boundaries (Fig. 1) are thus created.

For each element, the total contributing area, g, can be calculated and
the ratio a/b determined from the bottom contous length of the element.
The local slope between the two contour lines making up the element is
also determined. Each element shape was classified as convergent, planar,
or divergent, according to the difference in length of the upslope, 5, and
downslope contour length, b, of the element; ie., whether the ratio
(b2 - by)/ (b3 + by) exceeded a set percentage change. This percentage is some-
what arbitrary. We chose the smallest values estimated 10 be relatively free
of artifacts of the model (<—-0.10 is convergent, >0.10 is divergent, other-

5

wise planar). These values clearly delineated the convergent valley axes ip
the landscape (Fig. 1). [n addition, we used detailed ficld mapping of the
current extent of the channel network to classify those ciements (always
convergent) that contained a channel,

Figure 2 shows the data field for each element type as a function of
specific catchment (a/b) and local slope (12n ) for a 5 m contour interval
and 20 m intcrval between flow lines. For & given slope, the channel
elements drain the largest specific catchment, whereas the divergent ele-
ments drain the smallest. There is very little overlap between divergent and
convergent element data fields and essentially none between divergent and
channel elements. These differences are much larger than that which might
be created by the definition of element types. Comparison of the data fields
for different contour intervals and flow-line spacing shows that there are
some artifacts in Figure 2. The apparent log-lincar data in the divergent
elements are a portion of the triangular-shaped elements created at divides
by diverging flow lines. They have no physical relation 1o each other, and
although they are purely an artifact of the analysis, they still describe
aspects of the divergent topography and so were retzined. For planar
elements, the minimum size of the elements varies with slope as controlled
by the contour spacing (5 m in this case), hence a/b {minimum) = 5/1an 6,
and no points plot below this value in Figure 2. Reducing the contour
spacing and the flow-line spacing, however, had negligible effect on the
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general distribution of the data. Furthermore, we found that a grid-based
digital terrain model developed by one of us (Bauer) also produced very
similar resuits.

LANDFORM AND PROCESS THRESHOLDS

In order to apply the threshold equations 1-3, the parameters control-
ling their predictions must be estimated. This problem is more constrained
than may at first be apparent. We know from field work in this area during
major runoff events (Witson and Dietrich, 1987, Montgomery, 1991) that
cxtensive saturation overland flow does not occur on divergent and planar
slopes. We have seen exceptions, but they are of local extent only. This
allows us to vary the hydrologic ratio, 7/, and note where the line of
saturation crosses the various topographic elements (see thresholds box
and then comparison with data in other boxes; Fig. 2). Note that T/q of
350 m clips just the top of the divergent and planar elements, Conversely,
we would expect most of the channel elements to be saturated during an
exireme event, and, as expected, the line with 7/g of 350 m lies below
most of the elements; halving this value adds few more channel elements
but cuts deeply across the divergent element field. We have observed
saturation overland flow extend up to nearly the divide in this area in
common storms; it is therefore realistic to predict that nearly all of the
convergent elements will saturate in a major storm. On the basis of pre-
vious studies (Wilson, 1988), the transmissivity is largely controlled at
saturation by the high conductivity of the near-surface soils, apparently
differing little between nosc and hollow. We estimate this value to be 17
m?2/d, which indicates that for a 7/g of 350 m, the ¢ is equal to § cm/d of
precipitation or runoff. According to the analytical procedure of lida
{1984), it would take about 9 d for a 59-m-long planar slope to reach
steady state with this estimated transmissivity and rainfall; a storm of about
this magnitude (45 cm) and duration occurred here in 1986 (Wilson,
1988).

With T/4q defined, the only remaining parameter in equation 2 is the
angle of internal friction; previous studies indicate that this value may
commonly be as high as 457 (Reneau et al., 1984). This stability analysis
ignores the contribution of apparent cohesion from root strength. In Figure
2, the slope stability threshold line is plotted for values of ¢ equal to 35°
and 45°. The number of elements predicted to fail i greatly increased with
the diminished friction angle, including many divergent elements. This is
inconsistent with field observations in whick shallow soil landslides are
mostly in convergent zones. Decreasing 7/¢ tends to overpredict the
number of planar elements in which failure might be expected. Prelimi-
nary ficld mapping indicates that all L-at 5 of the 39 shallow landslide scars
currently visible in the study area lie above the predicted threshold line for
a T/q of 350 m and ¢ = 40°. Hence, the position of the slope stability
curve is reasontably well defined. This curve lies on the outer edge of the
data fiekds, sugpesting that this stability criterion imposes a physical limit
on hillslope morphology, as traditionally argued from simpler analyses
(i.., Strahler, 1950). The steeper channel and convergent elements lie
above the threshold line of slope stability; this is consisient with field
observations.

The saturation overland flow erosion threshold given in equation 3
requires estimates of X, 7., and ¢ for a specified T/g and water tempers-
ture (which sets the value of »). Measurements at times of significant
overland flow at a nearby grassland site document that X is about 10000
for well-vegetated surfaces {Wilson, 1988, p. 109) and that shear stresses
in excess of 200 dyne/cm? generated by this flow did not cause measur-
able incision into the vegetated areas. High runoff events, however, have
caused scour in the unvegetated tips of the channel networks. Reid (1989),
in a thorough review of critical shear stress values, showed that r. must
exceed 1000 dyne/cm? to incise 2 well-vegetated mat, whereas values of
250 10 SO0 dyne/cm? are sufficient to incisc the underlying soits, If 1,

678

were 1000 dyne/cm?2, for a threshold line defined by equation 3 to sepa-
rate channeled from unchanneled elements, ¢ would have 1o be 1.5 m/d,
clearly an impossibility. As argued by Reid (1989), channel initiation in
grasslands is likely 10 occur where local barren areas caused by fire,
trampling, or other effects reduce the critical shear stress to the underlying
value of the soil.

Figure 2 shows the position of threshold lines for a 7. of 160
dyne/cm? and 320 dyne/cm? for g of 5 cm/d (appropriate for T7¢ =
350 mand T= 17.5 m2/d). Given the observed roughness value, r.and ¢
are constrained by the threshold relation required lo separate channeled
from unchanneled elemests. The critical shear stress cannot be signifi-
cantly different from 160 to 320 dyne/cm? without requiring either 100
great or too small & precipitation rate. Note that, as indicated in equation 3,
a doubling of critical boundary shear stress is equivalent 1o decreasing pre-
cipitation or X by a factor of 8. Such a doubling greatly aliers the location
of this erosion threshold line and raises questions concerning the worth of
Irying to measure a parameler in the field, the value of which is so difficult
to &stimate but so greatly affects the pattern of channelization. This analy-
sis alo shows, however, how land use practices or climate change that
only modestly alter surface resistance (7,) could lead to a great expansion
of the channel network into previously unchanneled elements. Such an
expansion due to the introduction of cattle grazing and presumed reduc-
tion in surface resistance has been proposed for this grea by Montgomery
and Dietrich (1989) and Montgomery (1991). The inverse dependence of
the erosion threshold on precipitation is also consistent with the proposal
by Reneau et al. (1986) and Montgomery (1991) that drying and warming
of this area from the Pleistocene into the Holocene caused channel heads
to retreat downslope.

In Figure 3, stability fields generated by the combination of equations
1 through 3 are labeled with the dominant hydrologic and erosion proc-
esses. Simple field observations constrain the threshold of saturation and
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Figure 3. Definition of stability fields using threshold lines for case of
T/q=350m, ¢ = 35° K = 10000, critical shear strass = 160 dyne/cm?,
and g = 0.05 m/d. SOF is saturation overland fow and SOF erosion
means erosion by saturation overland flow. Shaded region it below
threshold of erosion by either saturation overiand flow or landsliiding.
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slope stability lincs and lead to the interpretation that a significant propor-
tion of the landscape, nearly all the divergent elements, most of the planar,
and some of the convergent ones, are currently stable or resistant to surface
erosion due to runoff. In this region below the erosion threshold lines
{shaded region in Fig. 3), surface transport is currently dominated by the
slope-driven (diffusive) processes of soil creep, rain splash, and biogenic
disturbance. The area labeled “SOF Without Ercsion™ mostly includes
elements lying in unchanneled valleys currently coltecting colluvium (but
which in the long term undergo periodic erosion, apparently driven by
climatic change [Rencau et al,, 1986]). Hence, this graph shows a new way
to analyze the entirety of landscapes to define quantitatively the spatial
variation in the dominance of different erosion processes in a catchment.
An analysis of this kind should also be a useful tool in constructing
sediment budgets for catchments, when the spatial distribution of domi-
nant transport processes must be ascertained (i.e., Dietrich and Dunne,
1978; Dietrich et al., 1982, Reid, 1989).

CONCLUSIONS

The plotting of discrete elements of landscapes separated by planform
on a graph of the two topographic variables that controt runoff and erosion
(area per unit contour width and surface gradient) provides a powerful
means (o evaluate hydrologic and erosional hypotheses about real land-
scapes. This analysis and the parallel study reported by Montgomery and
Dietrich {1992) on the relation between position of the channel head and
landscape scale add considerable support to the Horton hypathesis of a
threshold control on surface instability lezding to channe! development
(Horton, 1945). The simple, steady-state, hydrologic models employed
here could be made more realistic by using & tramsient model, but this
introduces more parameters, and at least for the problem of examining the
relations between form and erosion thresholds, it is not clear that the
transient model is essential to the outcome. The threshold theories are
similar to those used to model landscape evolution; the analysis performed
here suggests a procedure to evaluate transport laws used in numerical
models, The plotting of threshold lines on & dats field of a/b vs. M is an
instructive procedure for examining the possible effects of land use and

climatic change.
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Analysis of Erosion Thresholds, Channel Networks, and Landscape
Morphology Using a Digital Terrain Model!

William E. Dietrich, Cathy |. Wilson®, David R. Montgomery>, and James McKean
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ABSTRACT

To investigate the linkage between erosion process and channel network extent, we develop two simple erosion
threshold theories driven by a steady state runoff modei that are used in the digital terrain model TOPOG to predict
the pattern of channelization. TOPOG divides the land surface into elements defined by topographic contours and
flow lines, which can be classified as divergent, convergent and planar elements. The calibration parameter for the
runoff model is determined using empirical evidence that the divergent elements which comprise the ridges in our
study area do not experience saturation overland flow, where as the convergent elements in the valleys do during
significant runoff events. A threshold theory for shallow landsliding predicts a pattern of instability consistent with
the distribution of landslide scars in our 1.2 km? study site and confirms the interpretation, based on field observa-
tions, that indicate the steeper channel heads to be at least partially concrolled by siope instability. Most sites of
predicted and observed slope instability do not, however, support a channel head, hence landslide instability alone
is not sufficient for channelization. In contrast, most elements predicted to be eroded by saturation overland flow
coincide with the observed location of the channel network. In addition, arcas of predicted downslope decrease in
relative sediment transport capacity were found to correspond to locations where channels became discontinuous.
The topographic threshold given by the saturation overland flow erosion theory varies with the third power of critical
boundary shear stress, suggesting that critical shear stress, although difficult to quantify with much precision in the
field, is a dominant control on the extent of the channel network where saturation overland flow is significant.
Current extent of the channel network in our field site, for example, may best be explained as resulting from
grazing-induced reduction in surface resistance.

Introduction

Landscape dissection is controlled by the tendency  there appears to be a threshold of erosion resis-
for runoff to channelize into avenues of concen-  tance which sets the location of a channel head at a
trated erosion (e.g., Horton 1945; Smith and Breth-  specific drainage area and local slope, and therefore
erton 1972). Field studies have revealed that the  determines the extent of the channel network in
upslope extent of the channel network may be well  a watershed. This concept has been explored in a
defined by an inverse relationship between drain-  landscape evolution model by Willgoose et al.
age area and slope {Montgomery and Dietrich 1988,  {1991).
1989, 1992}, These studies have also shown that at Acquisition of high-resolution digital elevation
the channel head, there is typically a process  data allows a2 comparison between the location of
change, upslope of which mass wasting and diffu-  channel networks mapped in the field and net-
sive processes predominate and downslope of  works predicted by process-based theories. Other
which runoff-driven incision occurs {e.g., Dietrich  than the comparison between predicted and ob-
and Dunne 1993}. Hence, in a given catchment, served ephemeral gullies in an agricultural field by
Moore et al. [1988a), however, we know of no such
studies. Numerical models can convert the eleva-
! Manuscript received October 19, 1992; accepted December tion data into a digital surface upon which water

1, 1992, :
' ime; n be routed. At prese wever
? Australian Center for Catchment Hydrology, CSIRO, Can- and sedim mf ca ted. At p . nt, ho .
berra. ACT 2601, Australia, digital elevation data, even at very high resolution
3 Department of Geological Sciences, University of Wash- {say 1 m grid spacing) are too sparse to capture the
ington, Seattle, WA 98195. local topography around typical small channel
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heads, which often are only decimeters in size at
their tips. Process-based madels for channel net-
works, then, are best thought of as attempting to
define where in the landscape there would be a
tendency for erosion to channelize, rather than as
attempting to predict the size and downstream top-
ographic evolution of discrete channels that collect
to form the network.

In this paper we build upon a recent study |Die-
trich et al. 1992} to propose two simple threshold
of erosion models that, based on field observations,
appear appropriate for explaining channel initia-
tion in a small watershed where the full extent of
the channel network has been mapped. We develop
these theories in a form which can be easily tested
using digital elevation data and a simple hydro-
logic routing model. Our analysis suggests that
both the upslope extent and discontinuous nature
of the channel network in our field area in Marin
County, California, can be explained primarily by
saturation overland flow erosion. Shallow landslid-
ing, while active at many of the steeper channel
heads, also occurs in areas that do not have suffi-
cient nunoff to maintain a downslope channel.
Hence landsliding does not uniquely define chan-
nel-head locations. The mechanistic analysis pro-
posed here, although crude, does strongly suggest
how the channel network in our study area has
responded to climatic change and landuse. It also
leads to further testable hypotheses regarding ero-
sion thresholds.

Theory

Three simple theories for predicting runoff, slope
instability, and erosion by saturation overiand
flow. Although these theories were reported by
Dietrich et al. (1992}, their derivations were not
given. These theories are developed here in a form
to take advantage of two topographic attributes
easily determined from digital elevation data:
drainage area per unit contour length, and local
ground slope.

Runoff Model. In well-vegetated semi-arid to
humid landscapes where precipitation intensity
does not exceed the soil infiltration capacity, run-
off occurs by subsurface and saturation overland
flow {e.g., Dunne 1978). Erosion thresholds will be
crossed during precipitation events that elevate
pore pressures associated with subsurface flow to
the point of mass failure of the ground or where
subsurface flow returns to the surface and com-
bines with incoming precipitation to generate satu-
ration overland flow of sufficient depth to cause
surface incision of the ground. On exposed cuts

such as in channel heads, seepage erosion may re-
quire a critical hydraulic gradient to displace sur-
face materials {Dunne 1990; Montgomery 1991),
but this process will not be considered here.

Although erosion events are clearly driven by
storms of varying intensity and duration that occur
on watersheds of seasonally varying antecedent
conditions, the modeling of such unsteady rainfall-
runoff processes introduces considerable complex-
ity and several calibration parameters for which
spatial and temporal variability is difficult to de-
fine. Given that we can only ask whether a particu-
lar place in a landscape is likely to experience hy-
drologic conditions favorable for a threshold of
erosion to be exceeded, rather than make specific
predictions about the size and dynamics of individ-
ual channels, it seems appropriate to keep the hy-
drologic driving function as simple as possibie,
while still retaining the essential physics. Here we
use a steady-state runoff model that can be inter-
preted as mimicking the topographic dependence
of runoff during transient storm events. This
makes evaluation of the predicted storm runoff dif-
ficult, but we suggest that the landscape topogra-
phy itself places some constraint on the magnitude
of the saturated flow response. We will also as-
sume that transmissivity, saturated conductivity,
and the ground resistance to runoff and erosion are
spatially constant.

Following the formulation proposed by O'Lough-
lin {1986) for subsurface flow, we can write the
conservation of mass for steady-state, shallow sub-
surface flow and saturation overland flow as
follows:

qa — TMb = udb. {1})

As shown in figure 1, a is the catchment draining
across a contour of length, b. The total runoff per
unit area, g, is equal to the precipitation, p, minus
the evaporation, ¢, minus deep drainage, 1, i.e., {q
= p — e — r). As O'Loughlin {1986} correctly
points out, even in the steady-state case, p, ¢, and
r need not be spatially constant, although we as-
sume so here. The shallow subsurface flow mod-
eled here is assumed to flow parallel to the ground
surface and at saturation is equal to the transmis-
sivity, T, times the surface slope, M, times the con-
tour length, b. Here M equals sinf. Runoff that
cannot be transmitted in the subsurface must
travel overland, and does so with a mean velocity
of u for a depth, d, across the contour length, b.
Hence, equation {1) simply states that the differ-
ence between the total runoff and the saturated
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Figure 1. Plan view and cross section of area draining
across the contour length, b. as defined by "“flow lines”
generated by the program TOPOG (O’Loughlin 1986}
In the cross section, the heavy line depicts the ground
surface. The stippled area is the shallow subsurface flow
and saturation overland flow with discharge of Tmb and
udb. respectively. Here g equals precipitation, p, minus
evaporation, e, and deep drainage, 1; g is drainage area,
h, z. and d {measured normal to the ground surface), are
the thickness of the subsurface saturated flow, thickness
of the potentially unstable mass, and thickness of the
saturation overland flow, and u is the mean overland
flow velocity parallel to the ground surface. T is the
transmissivity and M is sin 6.

subsurtace flow is the overland flow at steady-state
conditions.

According to equation (1], the ground will satu-
rate everywhere that these conditions hold:

a_ T

Equation {2) can be rearranged to state that where
the topographic ratio, a/|bM), is greater than or
equal to the hydrologic ratio, T/q. the ground will
saturate. In essence, a/{bM)} is the topographic
term that expresses the tendency for flow conver-
gence (high a/b) and for the flow to travel quickly
as shallow subsurface flow {large M) rather than
as saturation overland flow (small M). Large areas
draining to gentle slopes (i.e., where this ratio is
large) are prone to saturation. The hydrologic ratio,
T/q, can be thought of as the abilicy of the subsur-
face to transmit flow relative to the applied runoff.
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Hence, where this ratio is small, the ground tends
to saturate.

If the hydrologic parameter, T/g, is roughly spa-
tially constant for a given storm, then a survey of
the upsiope extent of saturation at points through-
out a watershed should find these points having
the same value of a/{bM) |e:g., Kirkby 1978; Beven
and Kirkby 1979). Equation {2], when used in com-
bination with knowledge of the landscape form de-
rived from a digital elevation model, will also
prove useful in establishing the value of T/q, as
discussed later.

Slope Stability Threshold. Shallow landsliding
occurs when pore water pressure reduces the fric-
tional strength of the soil to the point where the
shear stress due to the downslope weight of the
soil exceeds the strength. We assume that the zone
of shallow surface storm runoff is confined to a
cohesionless (at failure) soil overlying a less con-
ductive, but stronger bedrock. Hence, in figure 1,
z defines not only the maximum thickness of shal-
low surface flow, but also the thickness of the shal-
low, potentially unstable surface layer. The ground
does not have to be saturated for failure to occur;
hence the local thickness of saturated flow, h, can
be less than or equal to z. If T = Kz cos 8, in which
K is the saturated conductivity, then for subsurface
flows equal to or less than saturated, the ratio of
the actual runoff to maximum subsurface flow is:

qa =Ksin8hcose=l_1
bTM Ksin6zcos® =z

{3)

Because our hydrologic model assumes flow paral-
lel to the ground surface, excessive pore pressure
associated with exfiltrating gradients cannot be
modeled. The thickness of the saturated zone re-
quired to convey the imposed runoff varies from a
small value up to z, the thickness of the conduct-
ing layer; hence h/z varies from nearly zero to 1.0.

For cohesionless material, the infinite slope sta-,
bility model can be written as:

p;z2tan@ = {p,z — p, hjtan &

and with substitution of equation {3) for h/z this
becomes:

a_ ps _tané I
Eapw(l tan¢)qM' 4

This states that instability will occur when the
area per unit contour length is greater than or equal
to the product of four terms: the bulk density ratio
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of wet soil {p,) to water (p,,), the ratio of the tangent
of the ground surface to the angle of internal fric-
tion (tan ¢}, the hydrologic ratio (7/4}, and the
ground slope (sin 8). Although it would be more
realistic to include a cohesion term in equation
(4), this requires additional information about soil
depth, or at least the depth of rooting. Again, for
simplicity, here the contribution of cohesion is ne-
glected. Because of the condition of flow parailel
to the ground surface, slopes greater than or equal
to the friction angle are chronically unstable and
would be in areas where bedrock is exposed. Also,
for slopes with tan 0 < |(p,z — p,h}/[p.2)] - tan ¢,
the ground is stable even if saturated.

Threshold of Erosion by Saturation Overland
Flow. In general, we can write the conservation of
mass equation for erosion due to sediment trans-
port as:

v gs = —p;s %

in which g, is the sediment transport vector, p, is
the dry bulk density of the soil surface, t is time,
and z is the local elevation of the ground surface.
Sediment transport by running water varies in pro-
portion to boundary shear stress {e.g., Slattery and
Bryan 1992; Dunne 1991}; therefore divergence of
the boundary shear stress (in excess of some criti-
cal value} will induce erosion. The threshold of
erosion by overland flow, however, is not necessar-
ily equivalent to the threshold of channel incision
by that flow. This was clearly the case in rill inci-
sion on both an unvegetated surface [i.e., Slattery
and Bryan 1992}, and on poorly vegetated surfaces
{Dunne and Aubrey 1986). Dunne {1980} has ar-
gued that one reason for this stability, at least in
coarser sediments, is the diffusive behavior of rain-
splash transport in shallow sheet flow, which
would tend to damp the tendency for the flow to
incise. Based on flume experiments in somewhat
cohesive materials, there is evidence that although
the lateral instability of the flow develops, it does
not cut a channel {or rill} until the flow has become
approximately supercritical and causes the forma-
tion of an upslope propagating knickpoint (Slattery
and Bryan 1992).

Because of the high resistance to surface erosion
in the well-vegetated areas where saturation over-
land flow occurs and the resulting significant flow
depth needed to generate boundary shear stress to
cause sediment transport, we will assume that
once a critical boundary shear stress {7} is ex-
ceeded, the flow will incise and form a channel.
This is particularly true where the surface, due to

roots, stems and decayed organic matter, is consid-
erably more resistant than the immediate subsur-
face. As long as the actual relationship between
boundary shear stress (1,) and sediment transport
rate is strongly non-linear, as might be expected
in this case, the characterization of the surface as
having a threshold boundary shear stress is reason-
able. If we also assume that sediment transport, g,
is proportional to an excess boundary shear stress,
as is usually shown for sand and coarser material
{e.g., Yalin 1972), then

qsah’b - Tc}n

and channels would be expected to form when (7,
= 1,] and tend to thin and disappear if [(o{r, —
7.)")/ax} < 0. On poor- to well-vegetated surfaces,
the availability of sediment for transport is lim-
ited, so the actual transport rate wiil be well below
the transport capacity estimated from an excess
boundary shear stress equation. Nonetheless, we
propose that the tendency for scour or deposition
will still respond to spatial change in excess of
shear stress.

Boundary shear stress in nonaccelerating flows
can be written as:

7, = pu8gdM. (5)

Gravitational acceleration, g, and fluid density, p,,,
are known, and the local slope can be determined
from a sufficiently high-resolution digital eleva-
tion model. The flow depth must be calculated
based on runoff rate and surface roughness. Rewrit-
ing equation (1) to solve for flow depth,

d = —(ga ~ TMb),

L
ub
multiplying each side by p,2M, and substituting

into (5}, gives

w&M
ub

Ty =

{ga — TMb). (6)

To eliminate the velocity term in (6], we use a form
of the Darcy-Weisbach equation often employed in
overland flow studies (e.g., Dunne and Dietrich

1980},

For turbulent flow the friction factor, f, is constant
but for laminar flow the friction factor varies in-
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versely with Reynolds number, i.e., f = Kv/ud in
which v is the kinematic viscosity and K is a con-
stant for a given roughness condition. Using the
frictional relationship given in equation (7], the
boundary shear stress for turbulent flow is

Tp = pulMg)” (é)m (q% - TM)M. (8)

whereas for laminar flow

173

Ty = P iMgh’? (%)”3 (q% - TM) )

Setting equations (8} and {9} equal to the critical
shear stress and solving for the topographic condi-
tion where the critical shear stress is equaled or
exceeded gives

141737 7
Lo~ _4+2M 10
b pdgMflq «q (1o}
for turbulent flow and
b plKvgiMiq q

for laminar flow.

This analysis shows that if channel initiation by
saturation overland flow can be characterized as
occurring once a critical boundary shear stress is
exceeded, then the area per unit contour length up-
slope of the channel varies with critical shear
stress and inversely with roughness, precipitation
and, if critical shear stress is sufficiently large, in-
versely with ground slope. If the critical shear
stress is very small, then equations {10} and (11)
reduce to equation (2), that is, channel initiation is
equivalent to ground saturation. Montgomery
({1991} has suggested that in some instances ground
saturation may be the appropriate criteria for chan-
nel head advance by seepage erosion. In this case,
channel incision might result from saturation
overland flow draining a large area, but once inci-
sion has occurred, seepage erosion advances the
channel head upslope to the point where the
ground does not saturate.

Field Site

To test the application of the runoff and erosion
thresholds, we selected a field site where extensive
mapping and process studies have been conducted
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(figure 2). The general area, known as Tennessee
Valley, lies north of San Francisco in Marin
County, California, and is underlain by intensely
deformed greywacke, chert, and greenstone {Wahr-
haftig 1984). The ground is mostly soil-mantled,
with the graveliy soil typically thin (<1 m) on side
slopes and ridge tops and thickening to several me-
ters in the colluvial fills in the valley axes. Local
bedrock outcrops occur on some ridges and on
steep slopes. The climate is Mediterranean with
an average annual precipitation of about 760 mm
(Rantz 1968). Vegetation varies with topographic
position and aspect, with native and European
grasses covering many of the ridgetops and gentler
side slopes, and dense stands of coyote brush
mixed with locally impenetrable poison oak oc-
curring in many of the hollows and the steep side
slopes in narrow canyons. The area was grazed by
cattle from the early 1800s until about 1981; this
grazing apparently increased the area of grass rela-
tive to brush and, when it was most heavily grazed
in the late 19th century, the grass cover was proba-
bly greatly reduced relative to the present condi-
tion {Montgomery 1991).

The channel network mapped in the field
{Montgomery and Dietrich 1989} is shown in figure
2. Channels extend up to and often through con-
vergent areas of thick colluvial deposits. The chan-
nels in the steep canyons have bedrock floors. In
the main valley the channel is incised into a broad,
several meter thick deposit of alluvium and collu-
vium. Radiocarbon dating in this area (Montgom-
ery 1991}, and elsewhere in the Bay area (Reneau
et al. 1990 indicates that the aggradation of collu-
vium and alluvium here took place during the Ho-
locene. A variety of direct and indirect evidence,
gathered from historical accounts, recovered arti-
facts, and aerial photographs indicates that the
channel in the main valley cut down and formed a
terrace about 100 yrs ago during the period of most
intense grazing and that many of the tributary
channels were either formed or extended into the
upslope colluvium at this time (Montgomery
1991).

As reported by Montgomery and Dietrich {1988,
1989, 1992), the drainage area to the mapped chan-
nel heads systematically decreases with increasing
local slope (figure 3). For any particular slope, con-
tributing area to the observed channeled heads
ranges about one order of magnitude. The data for
channeled and unchanneled valleys below and
above the channel head suggest that the channe}
heads lie at a topographic threshold (figure 3}, as
might be expected from the threshold theories pre-
sented above.
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Contour inzerval « 40 f1

Figure 2. Map of the channel network {heavy solid lines), areas of thick colluvium (stippled area) and thick valley
floor deposits of colluvium and alluvium {shaded area) in the Tennessee Valley study area of Marin County, California

{modified from Montgomery and Dietrich 1989).

Field work in this area (Montgomery 1991) and
a nearby site with similar topography, geology and
vegetation (Wilson and Dietrich 1987; Wilson
1988} has demonstrated that shallow subsurface
flow and saturation overland flow are the principal
runoff mechanisms in response to rainstorms. By
mid-winter when the ground has become suffi-
ciently moist, storms delivering about 70 mm in
about two days can cause extensive zones of satu-
ration overland flow to form in the unchanneled
and small channeled valleys. In the past few years,
despite severe drought conditions, we have ob-
served saturation overland flow extend over 100
m above the present channel heads in the lower
gradient valleys. When this occurs, the water
above the head typically runs very clear, carrying

little or no sediment. In the channels just down-
stream, however, we have observed freshly scoured
banks and local levee deposits on the grass where
the small channels {<20 cm wide} have shoaled,
causing water to spill onto the surrounding sur-
face. One intensively monitored abrupt channel
head a few meters high has migrated upslope at
about 20—40 cm per year for at least the past 3 yrs
(Montgomery 1991). Both seepage erosion, which
leads to undermining and wall collapse, and satura-
tion overland flow, which removes collapsed mate-
rial once it falls over the head cut, are responsible
for erosion.

In 1986, during monitoring of runoff at an un-
channeled valley north of this site, 40 cm of rain
fell in 11 days, producing saturation overland flow
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Figure 3, Drainage area and local ground slope for chan-
nels {triangles), channel heads (solid circies), and un-
channeled surfaces (open circles) in the study area shown
m figure 2 {modified from Montgomery and Dietrich
1992}

over 100 m in length {essentially to the divide).-

The grass was bent down by the flow and, locally
at the upslope tip of the small channel and the
downslope end of the valley, the overland flow had
a Froude number >1.0, although no obvious sur-
face erosion occurred. Measurements of the runoff
produced during this storm revealed that it had
roughness properties compatible with a laminar
flow description, i.e., the calculated roughness var-
ied inversely with Reynolds number, vielding a K
(as defined above) of about 10,000 (Wilson 1988, p.
109). Despite this large Reynolds number, the data
gave no indication of reaching a constant
roughness. We suspect that the flow was indeed
turbulent, but the momentum defect caused by the
vegetation resulted in a turbulent eddy diffusion
coefficient that did not vary with height above the
bed, giving a laminar-like flow resistance rela-
tionship.

As saturation overland flow is largely confined
to convergent zones along valley axes, erosion on
the surrounding hillslopes is primarily due to pro-
cesses not involving surface runoff, i.e., mass-
wasting processes. Shallow landslides involving
just the soil-mantle are common in this area. Due
to the dense brush in the steep canyon areas, it is
difficult to map all the scars, even in the field.
Some of these scars are probably several decades
old based on the vegetation cover and sharpness of
the edges, and in other cases, where bedrock is near
the surface, it is difficult to define a discreet failure
area. The scars are commonly only 5 to 10 m across

- and about twice as long. Using aerial photographs
and field inspection, we mapped 39 landslide scars
in the 1.2 km? larger catchment of the two shown
in figure 2. The scars are most commonly found
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on the steeper footslopes and at the downstream
end of small steep, unchanneled valleys. Given the
uncertainty in mapping these subtle features when
we compare the observed and predicted pattern of
landsliding, we will interpret the mapped scars as
indicating areas of mass instability, rather than as
discrete points of failure. ~

On the gentler hillslopes and on the ridges, sedi-
ment transport occurs primarily by biogenic trans-
port associated with the burrowing activity of ani-
mals (Reneau et al. 1988; Black and Montgomery
1991}. Given the minor role of water in trans-
porting soil, downslope transport by this biogenic
activity is probably largely slope dependent. Per-
haps the well-defined hilltop convexities in this
area, as would be expected from a slope dependent
transport law {Gilbert 1909), attest to this process.

Topographic Analysis

Prediction of the full extent of the channel net-
work in a landscape using the above threshold the-
ories requires digital elevation data of sufficiently
high resolution that the finest scale source-area ba-
sins can be quantitatively analyzed. At least for
our field area (but probably in general), the digital
elevation model (DEM) from the United States
Geological Survey 7.5’ quadrangle was useless. Al-
though elevations were digitized every 25 m along
north-south lines in this DEM, the individual pro-
files were 150 m apart, and the data were interpo-
lated to a rectangular array of data points spaced
30 m apart (Bauer and Anderson unpub. data). As
shown by Bauer and Anderson and clearly visible
by inspection of a topographic map generated from
the data, this DEM {made available for the first
time in January 1992} cannot resolve valleys with
wavelengths <1000 m with much accuracy. Given
the general tendency for channel networks to ex-
tend into fine-scale valleys in steep terrain {Mont-
gomery and Dietrich 1988, 1989; Dietrich and
Dunne 1993} we question whether analyses based
on USGS DEM’s can be used to infer channel net-
works or the transition from hillslope to channel-
driven erosion processes.

As an alternative, we took advantage of specially
flown, low-elevation high resolution black and
white photographs to generate our own DEM. Sev-
eral mapped ground features were used to control
registration of the digital coordinates. Elevation
data were obtained at a density of about every 10
m for the 1.21 km? catchment from stereo digitiza-
tion of the photographs. The low canopy cover per-
mitted clear ground visibility, and we selected data
points to capture topographic change rather than to
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follow a regular grid. Elevation error for individual
points we estimate to be *0.5 m; horizontal error
is about =3 m.

For the simple steady-state threshold of erosion
theories described above, any digital terrain model
that enables one to compute local a/b and M with
reasonable accuracy should be sufficient. As many
have found, however, grid-based analyses so far
tend to produce undesirable artifacts {e.g., Fairfield
and Leymarie 1991). To avoid this problem and to
analyze landscape morphology in a manner
strongly tied to its hydrologic response, we have
relied on the digital terrain model, TOPOG
{O’Loughlin 1986, Moore et al. 1988b; Vertessy
et al. 1990).

TOPOG grids the data points, smooths the data
to remove sinks, draws contours and then lines
roughly normal to the contours (minimum dis-
tance lines) that extend up from low elevations to
ridges. These lines are approximately the flow
lines for shallow subsurface and overland flow, and
the combination of two adjacent flow lines inter-
secting two successive contours divides the land
surface into distinctly shaped elements. For each
element, the total contributing area, a, can be cal-
culated and the ratio a/b from the bottom contour
length of the element. The local slope, M, is the

Figure 4. Spatial pattern of conver-
gent, planar, and divergent topo-
graphic elements in the larger, 1.2
km? catchment in figure 2 [modified
from Dietrich et al. 1992).

sine of the gradient from the contour interval di-
vided by the average length of the flow lines join-
ing them in an element.

In order to link runoff and erosion processes to
Jandscape morphology, we took advantage of the
element shape created by TOPOG to classify each
element into divergent, planar, and convergent
morphology. We used the simple criterion that if
(b2 — b1)/{b2 + bl) exceeded a set percentage
change, the element fell into one of the three cate-
gories. Here bl and b2 are the contour length of
the upslope and downslope sides of the element,
respectively. This percentage change is somewhat
arbitrary. We chose the smallest values estimated
to be relatively free of artifacts of the model
(< —-0.10 is convergent, >0.10 is divergent, other-
wise planar] to resolve the fine-scale topography.
Figure 4 shows the spatial distribution of the three
element types for our map representation of our
site with 5 m contour intervals and average spacing
between the “flow lines” of about 20 m. This com-
bination of element size and criterion for shape dis-
tinction successfully shows the valley axes as con-
vergent and the ridge lines as divergent. The
relative distribution of divergent and planar ele-
ments is, however, clearly dependent on flow line
spacing and contour interval relative to the crite-

Element Shape
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rion. If the percentage change requirement is held
constant, then with decreasing spacing between
the flow lines and resultant narrowing of the ele-
ments, the planar elements spread upslope at the
expense of divergent ones, leaving just the triangu-
lar elements where the flow lines terminate along
the ridge line. The extent of the convergent ele-
ments is much less sensitive to the size of the el-
ement.

Land surface morphology classified in this man-
ner captures an aspect of both the form of the sur-
face and its likely hydrologic behavior. The con-
tour lines create a smoothed representation of the
surface, and in combination with the relatively
broadly spaced flow lines this tends to emphasize
the relative hydrologic convergence as compared
to the local detailed shape of the ground surface.
We will use element classification to guide evalua-
tion of T/q, as shown below.

In order to make comparisons with our channel
initiation theory, we have also classified conver-
gent elements as channeled or unchanneled. Chan-
neled elements were identified by tracing the ob-
served channel network (figure 2} onto a
computer-generated map of the catchment. We
found that nearly all of the “channeled” elements
fell within the observed range of topographic
threshold for channel heads of {(a/b}S? = 200 m
to (a/b}S? = 25 m reported by Montgomery and
Dietrich {1992) (figure 5) {here § is the tan ). This
excellent agreement between field-determined val-
ues of a/b and tan 6 and that calculated from the
DEM for channeled portions of the landscape
strongly supports the use of the DEM as an accu-
rate representation of the actual ground surface.
Only where the threshold relations are projected
to steep slopes where channels do not occuy in the
field do the planar and unchanneled elements also
fall within this range. We will discuss this later.

Further evidence of the reliability of the data
comes from comparing the computed a/b and
slope data using TOPOG with that from a com-
pletely different grid-based digital terrain model
developed by Bauer (pers. comm. 1992). For all ele-
ments, the average of the logarithm of a/b is 58.9
m using TOPOG and 59.0 using Bauer’s model.
The average slope of the elements is 23.4° using
TOPOG, whereas the average slope using Bauer’s
model is 22.5° In both cases the standard devia-
tions were essentially identical. This suggests that
artifacts peculiar to a particular digital terrain
model are minimum.

Building upon the characteristic form concept
popularized by Kirkby {1971), Willgoose (1989) has
suggested that in a slope-area analysis of the kind
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Figure 5. Comparison of the area per unit contour
length versus ground slope data generated from the digi-
tal terrain model, TOPOG, with the upper and lower
limit {solid lines) of channel head data given in figure
3. A total of 5632 elements were classified by shape.,
Channeled convergent elements were identified using
the network map in figure 2. Symbols represent the aver-
age of the log values of a/b for uniform log classes of
ground slope. Individual data points are shown in Die-
trich et al, (1992}

in figures 2 and 5, hillslopes should show a system-
atic increase in contributing area with increasing
siope (a convex profile}, because hillslope form is
presumably set by slope-dominated transport pro-
cesses. Channeled portions of the landscape should
show a systematic decrease in slope with increas-
ing drainage area because of the importance of wa-
ter runoff as well as slope in the transport process
(a concave profile}, and the length of the hillslope
would be reflected in a distinctive inflection point
on a area-slope or slape-area graph of clements de-
rived from a digital terrain model. Tarboton et al.
(1991) have subsequently claimed to observe this
inflection point in their analysis of digital eleva-
tion data, but this may be an artifact of their analy-
sis of low resolution USGS DEM’s. Furthermore,
an innovative theoretical analysis based on stabil-
ity theory by Loewenherz (19914, 1991b]} suggests
that the channel head may extend upslope of the
inflection point. While there is a clear change in
the contributing area-slope relation associated
with the transition from divergent to convergent
elements |figure 5), there is no simple inflection in
our data.
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Threshold Analysis

The thresholds of saturation (equation 2}, slope sta-
bility (equation 4], and erosion by saturation over-
land flow (equations 10 and 11| are functions of a/
b and M; hence the derived threshold equations
can be readily compared with the observed distri-
bution of element types. This comparison can
place significant constraints on the appropriate-
ness of the threshold and, in effect, permits a ratio-
nal approach for evaluating the parameters in each
of the threshold theories. In fact, given the assump-
tion of steady-state runoff, such a comparison may
be the only reasonable way to parameterize fully
these theories.

Threshold of Saturation. All three thresholds are
controlled at least partly by the ratio of transmis-
sivity to runoff rate (T/q). In the threshold of satu-
ration (equation 2} T/q is the slope of the line re-
lating a/b to M. There are at least three ways to
assess (T/q). Field measurements, such as pump
tests on piezometers, can provide estimates of T,
and g can be selected from precipitation records.
Given the high spatial variability of T and the un-
certainty of what exactly g is {because of the
steady-state assumption), this method of assessing
T/q cannot be used. Based on an intensive hydro-
logic study near our field site {Wilson 1988), we
estimate the transmissivity to be about 17 m2/d
and, surprisingly, not to vary significantly with
topographic position (hollow versus ridge) because
of the dominance of the high conductivity of the
surface soil. This estimate must still be considered
extremely crude, but without some other con-
straint, we have no rational way of choosing a sig-
nificant steady-state g to drive the erosion
thresholds.

Another method, which at least would help
evaluate the general validity of the model, would
be to map in a watershed the farthest upslope ex-
tent of saturated areas developed from a large pre-
cipitation event and determine whether this posi-
tion has a similar value of a/{bM) throughout the
basin, as expected from equation (2). We have at-
tempted to do this, but because of an extended
drought in California, we have had very little op-
portunity to make observations. it is also difficult
to locate field observations with the precision nec-
essary to identify which element it belongs to in
the digital terrain model. The last significant over-
land flow event was in March of 1989 after a
roughly 0.08 m rainfall. For six different hollows,
it appears the a/{bM) value for the farthest upslope
extent of surface saturation ranged from 200 to at
least 2000 m, with four of the points apparently

falling between 500 to 1000 m. If T is roughly 17
m?/d, then g in this case would be 0.034 to 0.068
m/d. No landslides occurred during this event, but
some of the smallest upsiope channel tips did
scour, and a carefully monitored channel head ad-
vanced about 0.4 m upslope.

A third method to estimate T/q, and one that
seems most appropriate for a general threshold of
erosion investigation, is to use the landscape mor-
phology to place constraints on the possible value
of T/g. Based on both field observations and what
we would expect from simple physical intuition,
we would not expect the divergent elements,
which are almost exclusively found on the ridges,
to experience saturation. Furthermore, the lower
gradient convergent elements making up chan-
neled and unchanneled valleys ought to become
saturated during events large enough to cause land-
sliding or channelization by saturation overland
flow. Figure 6 shows the saturation threshold line
for three values of T/g plotted against the various
element types. Clearly, a value of about 350 m for
T{g causes nearly all divergent elements to be un-
saturated while nearly all of the convergent and
channeled ones are saturated (figure 6} (see Die-
trich et 2l. [1992] for comparison with individual
data points). The vast majority of the planar ele-
ments are also predicted to be unsaturated, which
seems reasonable. This value of T/q would require
a g of 0.05 m/d if Tis 17 m*/d. To judge whether
an 0.05 m/d roughly steady-state runoff is possible,
we used the simple analytical model of lida [1984)
to estimate that it would take roughly 9 days fora
59 m long planar slope (approximate mean slope
length here) to reach steady-state with a transmis-
sivity of 17 m?/d and rainfall of 0.05 m/d. A storm
about this magnitude (0.40 m} and duration oc-
curred near here in 1986 {Wilson 1988). The maxi-
mum precipitation recorded in 10 days at a rain
gage in this general area is 1.1 m (California Dept.
Water Resources 1981). Figure 7 shows the extent
of ground water saturation for steady-state runoff
and a T/q of 350 m. The saturated region, with few
exceptions, is confined to the valley network of
channeled and unchanneled convergent topogra-
phy. Some of the long triangular saturated patches
along the divide are clearly artifacts of the model,
but otherwise the predicted saturated topography
appears consistent with field observations.

Although we cannot conclude that we know
with any precision an appropriate value of T/g, the
above analyses place significant constraint on it.
The estimated value of 350 m is not unreasonable,
based on field observations. in the analysis to fol-
low, we will take T/g as fixed and evaluate the
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Figure 6. Comparison of threshold theories with digital terrain data of the Tennessee Valley catchment {modified

from Dietrich et al. 1992).

other parameters in the two erosion threshold the-
ories.

Slope Stability Threshold. Given the assignment
of T/q to a value of 350 m, the slope stability
threshold (equation 4} has two remaining parame-
ters. The ratio of wet soil bulk density to water
density is about 2, based on bulk density measure-
ments by Reneau (1988) in nearby areas. Previous
studies {Reneau et al. 1984; Reneau and Dietrich
1987; Reneau 1988} in the Bay area suggest that for
the coarse-textured soils in the field area, the angle
of internal friction ¢ can be as high as 45° and is
likely to lie between 40 and 45°. These soils are

generally cohesionless although the roots of the
grass and coyote brush would add a slight apparent
cohesion. This strength contribution has been ig-
nored here. In figure 6, we show the position of the
slope stability threshold for the possible range of ¢
from 35° to 45°. The lower bound of the angle of
internal friction predicts many divergent elements
and a large number of planar elements to be unsta-
ble, a prediction not consistent with our field ob-
servations, in which most of the current landslide
scars are found in convergent areas, some in planar,
and none in divergent ones. Hence, this lower
bound appears to be too low. Very few elements
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Figure 7. Predicted pattern of
ground saturation (black area) for
the T/gq value of 350 m during
steady state runoff.
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are steeper than 45°, perhaps because of the chronic
instability at this gradient; hence a ¢ of 45° is prob-
ably too high.

Figure 8 shows the pattern of predicted areas of
instability and observed landslide scars for a ¢ of
40°. Nearly all of the mapped landslide scars (35 of
39 scars) fall within the area of predicted instabil-
ity. Many of the sites predicted to be unstable are
actually places of bedrock outcrop, where the
mode! does not strictly apply. Bedrock outcrop
would, nonetheless, be expected where landslide
frequency exceeds soil production rate, so this pre-
diction is not inconsistent, Evaluation of this land-
slide model is more extensively carried out else-
where (Montgomery and Dietrich unpub. data). It
seems fair to conclude that there is reasonable sup-
port for the slope stability threshold at this site
and that the parameters in the model are fairly well
constrained.

Threshold of FErosion by Saturation Overland
Flow. The threshold of erosion (and presumably
channelization} by saturation overland flow {equa-
tions 10 and 11} has three additional parameters,
the roughness (K) or friction factor (f), the critical
boundary shear stress (r.} and the runoff {q) (as
compared to T/g). Field observations indicate that

even at Reynolds numbers as high as 20,000 the
roughness varies inversely with Reynolds number
{Wilson 1988, p. 109); hence equation {11} is more
appropriate to use here. Measurements by Wilson
(1988) on typical grass cover not subject to cattle
grazing in this area gives a roughness coefficient of
about 10,000. The value of K would have been
lower during the period of heaving grazing in the
last century.

The magnitude of the critical boundary shear
stress is much more difficult to define. Wilson
(1988) observed shear stresses in excess of 200
dyne/cm?® without noticeable incision into the
grass turf, although active scour and sediment
transport did occur in the channels just down-
stream of their points of inception. We can use the
observed crude separation of channeled and un-
channeled convergent elements as a guide for pa-
rameter selection. Reid (1989) summarized avail-
able literature on critical boundary shear stresses
in overland flow and concluded that a well-
vegetated mat would have a value in excess of 1000
dynes/cm?. Given a K of 10,000, if equation (11)
is plotted to separate unchanneled from channeled
elements, then g would have to be about 1.5 m/d
for this high critical boundary shear stress. This
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Figure 8. Predicted and observed pattern of shallow
landslides for a T/q of 350 m, and an angle of internal
friction of 40°.

value of runoff is absurd and points to the necessity
that the critical boundary shear stress be lower, as
K may not be significantly larger and the second
term in equation {11) involving T/q is not signifi-
cant. We assume, as have Reid {1989) and many
others, that channel instability occurs when eriti-
cal boundary shear stress is reduced due to vegeta-
tion disturbance by grazing, fire, trampling or some
other effect.

If weuse T/qg = 350 m, g = 0.05m/d, and K =
10,000 then according to the available data in fig-
ure 6, the critical boundary shear stress would be
about 160 to 320 dyne/cm?, reasonable values for
disturbed, poorly vegetated surfaces {Reid 1989).
The two threshold lines are nearly identical to the
lines defining the upper and lower limit to the
channel head locations {figure 5). The value of criti-
cal shear stress is reasonably well constrained be-
cause the term involving T/g for most of the range
of interest is insignificant and because the value of
K and g are probably known to within an order of
magnitude. This uncertainty in K or ¢ is equiva-
lent to slightly more than a factor of 2 uncertainty
in the critical boundary shear stress because a/b
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varies with (7.)®. This finding is testable by field
experiments directed toward evaluating critical
boundary shear stress.

it has been observed by some that rill initiation
is associated with supercritical flows. We have ob-
served supercritical saturation overland flow at
channel heads in our study area and perhaps the
altered resistance and flow velocity under super-
critical conditions is important to channel initia-
tion as well. Using equations (6} and {9), we find
that the Froude number is 1.0 for laminar overland
flow when

a’h = (T/qQM + Kv/2gM. (12)

For the range of slopes 0.1 to 1.0, equation (12)
plots close to but mostly above the line labelled 7,
= 320 dyne/cm?® in figure 6, when K in equation
{12} is assumed equal to 1000 (a value that may be
typical of grazed grass, Dunne and Dietrich 1980).
This implies that X would have to be at least 10
times smaller for a significant number of the chan-
nel heads to experience flows at or above supercrit-
ical conditions. If K were 1000 and critical bound-
ary shear stress were 149 dyne/cm?, the threshold
line of equation [11) would be identical to that
shown for X = 10,000 and 7, = 320 dyne/cm?,
Reduction of vegetation cover, which decreases K
and 7. may increase the tendency for overland
flow to incise both because the critical boundary
shear stress is more likely to be exceeded and be-
cause the flow will tend to become supercritical.
It is worth noting that for K = 1000 to correspond
to the lower line in figure 6, which lies below the
channel heads, . would have to equal only 74
dyne/cm?, and channel head erosion woulid not be
affected by supercritical conditions. This low value
of critical shear stress seems unlikely, however,
even under intense grazing.

Channel Network Analysis

Figure 9A shows the field-mapped channel net-
work and the distribution of (a/b]§? for our study
site, revealing a strong correspondence between
the extent of the mapped network and the observed
range of 25 m < (a/b}$? = 200 m for channel heads.
Not a single channel head extends below this
range, suggesting not only a strong topographic
threshold to channel initiation but also excellent
agreement between field data and the results of the
digital terrain analysis.

Four other attributes of this comparison warrant
attention. Nine of the first-order tributaries do not
connect to the higher order channels. This observa-
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Figure 9. Comparison of observed
channel network with: {A) the em-
pirical topographic threshold based
on field observations at the channel
head {modified from Montgomery
and Dietrich 1992); |B) the pattern
of areas predicted to be subject to
shallow landsliding.
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tion strongly suggests that the tributary channels
are not driven by instability originating at the junc-
tion with a higher order channel junction. A
threshold theory for channel initiation should pre-
sumably also explain why channels are discontinu-
ous. The second feature we note is that only the

elements in the narrow bedrock canyons of the
steeper tributaries have (2/b)S? values in excess
of the channel head threshold range. Why don’t
higher-order channels well downslope from the
channel head also have such high values? Is this
an artifact of the insensitivity of the analysis? Field
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observations suggest otherwise. As shown in figure
2, the lower gradient valleys in the field area con-
tain thick deposits of alluvium and colluvium,
whereas the narrow bedrock canyons show little
or no evidence of stored sediment. Analysis of
landuse and landscape change in this area {Mont-
gomery 1991) indicates that the main low gradient
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Figure 9. (Continued) |[C) the pat-
tern of relative sediment transport
capacity by overland flow calculated

1000 from g, = |1, — 7.)'5 with 1, equal

to 160 dyne/cm?; and (D) spatial
pattern of dominant erosion pro-
cEesSses.

(C)

Dominant arosion process

Il Shallow landsliding and SOF eroslon
Il Seturated overand flow (SOF) erasion
Bl shaliow ianasiiding

[ Diftusive sediment transport

(D)

channel network into which the steeper upliands
drain only entrenched into its floodplain after in-
troduction of intensive cattle grazing. Based on ob-
servations nearby in one of the only watersheds
never subject to cattle grazing, it is reasonable to
suggest that the low gradient channels may not
have been continuous before disturbance. Our abil-
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ity to analyze this problem is limited because the
elements in the low gradient valleys are quite large
and the local hydraulics within an element associ-
ated with a channel are likely to be quite different
than that estimated from the element as a whole.
Nonetheless, the field observations and topo-
graphic analysis suggest a tendency for the low gra-
dient valleys to aggrade with poorly defined chan-
nels when unaltered by landuse.

The third and fourth features of figure 9A have
to do with the unchanneled elements within or
near the threshold range of channel initiation.
While none of the channel heads extend below the
{a/b}S* of 25 m, many elements lying above this
value are unchanneled. Most of these elements
form distinct linear patches on the steep side
slopes of the bedrock canyons and lie in subtle hol-
lows. Empirically we would argue that these ele-
ments lie in areas prone to channelization, but ei-
ther because of local variations in such properties
as saturated conductivity and friction angle or, and
more likely, because of a tendency for diffusive
sediment transport to fill in channels here the sites
lack mappable channels. If these elements lie
above the erosion threshold, the latter interpreta-
tion seems most plausible. The fourth feature, and
one that Montgomery and Dietrich {1992) empha-
sized, is the tendency for elements with the value
of (a/b} 5% just below 25 m to lie at the topographic
transition from valley to ridge. Montgomery and
Dietrich {1992} argue that this strongly suggests
that ridge and valley development and ultimately
their spacing is influenced by the threshold of
channel initiation. To be consistent, the erosion
theories described above should not predict surface
instability upslope of these elements.

Figure 9B shows the pattern of elements pre-
dicted to be unstable for a T/q of 350 m and a ¢ of
40° and their relationship to the channel network.
As discussed above, these parameters are reason-
ably well constrained by topographic analysis and
cbservations; nonetheless, there remains signifi-
cant uncertainty about the full extent of the poten-
tially unstable ground. The comparison with the
channel network shows that nearly half of the
channel heads lie in or just below areas predicted
to be above the slope stability threshold. The vast
majority of the unstable elements, however, do not
drain directly to a channel head nor lie on the path
of a channel. Hence, while landsliding can contrib-
ute to channel head advance upslope, the tendency
for landsliding alone is not sufficient to maintain
a channel. On the other hand, many of these un-
channeled, but unstable elements do correspond to
the elements either within the channeled range of

{a/b)§?* or just below it (compare with figure 9A).
These observations indicate that the linear patches
of unchanneled elements within the channel head
range shown in figure 9A correspond to unstable
areas that just lack sufficient runoff to maintain a
channel.

In figure 9C, the pattern ‘of relative sediment
transport capacity {r, - 7.}'® is mapped and com-
pared with the observed channel network. Al-
though channel incision is expected to occur once
a critical boundary shear stress is exceeded (and
possibly supercritical flow occurs), if the diver-
gence of the boundary shear stress and thereby sed-
iment transport field is negative downslope, aggra-
dation and smothering of any channelization
tendency is likely. In comparing the excess relative
sediment transport capacity with the observed
channel network it is worth remembering how ap-
proximate the parameters are in the boundary
shear stress model and the large scale of the ele-
ment relative to the size of the channel. Nonethe-
less, the similarity throughout the basin of results
for 35 different tributaries for a single set of param-
eters supports the mechanistic interpretation pro-
posed here.

In most of the tributaries, the channel head lies
slightly downslope of the point where the bound-
ary shear stress exceeds the critical value for satu-
ration overland flow erosion. The other channel
heads generally correspond to sites where landslid-
ing predominates. Relative sediment transport in-
creases downstream along the channel network,
but for all nine discontinuous tributaries, the
downstream end of the channel corresponds to the
reach where the relative sediment transport de-
clines downslope. A decline in the downslope di-
rection also occurs along the network where the
channels ieave the narrow canyons and enter the
broad valley, in agreement with the historical ten-
dency for deposition to occur in the lower valley
and possibly have only a poorly formed channel.
This seems to provide strong support for the gen-
eral structure of our model.

Most of the unchanneled elements that lie
within the channel head range of (a/b}S? and along
the valley axes are predicted to be unstable due to
saturation overland flow erosion (compare 9C, A).
Although this is good correspondence between the
threshold theory and the observed topographic
threshold, it does not explain why these elements
remained unchanneled. One simpie answer, which
presumes the model to be reasonably accurate, is
that the assumed critical boundary shear stress and
roughness are slightly incorrect for application of
this model to the field observations. Figure 10
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shows the effect of changing the critical boundary
shear stress by only a factor of two. Because of the
third power dependency on critical boundary shear
stress in the threshold model, a huge difference in
the extent of channel network {elements above the
critical boundary shear stress} is predicted with
small changes in 7. This implies that the differ-
ence between observed and predicted channel net-
work in figure 9C is explicable by a small modifi-
cation of the 7. Unfortunately, for the purposes of
field verification of this erosion threshold model,
this result suggests that critical boundary shear
stress is an important parameter which is virtually
unknowable at the level necessary to test model
predictions. While it will be useful to determine
whether 7, is 1000 or 100 dyne/cm? from field ex-
periments, we will likely not be able to character-
ize it for an entire basin to within 50%. Hence,
like saturated conductivity or transmissivity, criti-
cal boundary shear stress, even though it has a
smaller range of values, may not be a parameter
that can be sufficiently well-known from just field
observations and an “effective” value must be esti-
mated from response of the system as a whole,

If we accept the general validity of the satura-
tion overland flow erosion threshold model, then
our model results clearly demonstrate that changes
in land use or climate that alter the surface resis-
tance to erosion should have a dramatic effect on
the stability of the channel network. Cattle grazing
in this area reduced the critical boundary shear
stress and caused significant expansion of the
channel network (figure 10).

Figure 9D summarizes the spatial significance
of different erosion processes predicted from the
threshold theories. It shows the ridge lines domi-
nated by diffusive (slope-dependent) sediment
transport processes that feed sediment to landslide-
prone planar and subtle convergent slopes border-
ing the ridges and valley sides. Surface runoff in the
larger valleys then conveys the sediment further
downstream. Mapping of process dominance, as
shown in figure 9D, should prove useful in catch-
ment sediment budget studies. A more formidable
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task is the develaopment of sediment transport laws -

supported with field observations that permit rout-
ing of sediment down hillslopes and along the
channel network,

Conclusions

With the development of digital terrain models ca-
pable of analyzing large sets of digital elevations,
it is now possible both to quantify the detailed
topography of landscapes and to explore process-
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based models in explaining mappable features. One
of the most useful features to map is the channel
network. We have shown that it can be used to
place significant constraint on erosion theories. Pa-
rameterization of such theories may be quite diffi-
cult because of the high spatial variability of the
controlling parameters and the sensitivity of the
model outcome to their values. Instead of relying
on field observations alone for evaluation of the
parameters, the topography and the extent of the
observed channel network itself can be used to de-
termine the parameters. But once such a calibra-
tion is done, application elsewhere is needed to
validate the model.

Despite this limitation, the comparison be-
tween the threshold theory of saturation, erosion
by saturation overland flow, and threshold of slope
instability and the observed topography and extent
of the channel network in our field area suggests
several conclusions. The upslope extent of the
channel network is controlled by a combination of
slope instability and erosion by saturation overland
flow. These two thresholds have very different a/
b to M relationships and should not be represented
by a single function, as some may choose when
examining the empirical data. Although seepage
erosion may also be important, our analysis sug-
gests that it is not required. While slope instability
contributes to channel head advance, it alone does
not control the tendency for channelization: over-
land flow appears to be required. Hence, there are
many steep areas bordering the channeled valleys
that cross the topographic threshold for channel-
ization, but remain unchanneled because omnly
shallow landsliding occurs. In other, steeper envi-
ronments with greater relief, perhaps debris flow
scour from landsliding can act to cut channel-like
features, thus reducing the importance of overland
flow. Application of our model to locations in Ore-
gon and Washington support this interpretation.

The threshold of erosion by saturation overland
flow varies as the third power of critical boundary
shear stress, Conseguently, the extent of the chan-
nel network incised by erosive overland flow varies
dramatically with changes in surface resistance.
This helps explain the widespread gullying in the
grazing land surrounding the San Francisco Bay
and probably many other areas where overland
flow is important in channel incision.

Application of the models proposed here to
other landscapes with similar erosion processes
will require high resolution digital elevation mod-
els to capture the topographic control on runoff
and erosion mechanisms. The models proposed
here should be quite general to landscapes where




IIIIIIIIIIIIIIIIIIIIII

10. Area predicted to be
eroded by saturation overland flow A) - oy
for a critical boundary shear stress / szTc
of {4) 320 dyne/cm? and (B) 160 : T <T
dyne/cm?. This pattern corresponds W e b
Eo the two threshold lines shown in j RS .&_._:__;_\f
gure 6. >>>> "e‘:.'_.}’—-"-:::—wb\_ \f
) W= B
N i
\ %

-

S
=

S s
M=




Journal of Geology

shallow subsurface and saturation overland flow
runoff mechanisms predominate. For model evalu-
ation, detailed mapping of the channel network
and location of landslide scars is essential. Such
data are rarely available at present.
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ABSTRACT

Methods for the identification of the size, or scale, of hillslopes and the
extent of channel networks from digital elevation models (DEM's) are
examined critically. Theoretically, a constant critical support area, the method
most commonly used at present for channel network extraction from DEM's,
is more appropriate for depicting the hillslope/valley transition than for
identifying channel heads. Analysis of high-resolution DEMs confirms that a
constant contributing area per unit contour length defines the extent of
divergent topography, or the hillslope scale, although there is considerable
variance about the average value. In even moderately-steep topography,
however, a DEM resolution finer than the typical 30 m by 30 m grid size is
required to accurately resolve the hillslope/valley transition. For many soil-
mantled landscapes, a slope-dependent critical support area is both
theoretically and empirically more appropriate for defining the extent of
channel networks. Implementing this method for overland flow erosion
requires knowledge of an appropriate proportionality constant for the
drainage area-slope threshold controlling channel initiation. Several
methods for estimating this constant from DEM data are examined, but
acquisition of even limited field data is recommended. Finally, the
hypothesis is proposed that an inflection in the drainage area-slope relation
for mountain drainage basins reflects a transition from steep debris-flow-
dominated channels to lower-gradient alluvial channels.
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INTRODUCTION

The problem of identifying the actual extent of the channel network
from digital elevation models (DEMs) is of considerable geomorphic and
hydrologic importance, given the widespread use of DEMs in simulation
models. Physically-based models of hydrologic and erosional processes
require differentiation between the runoff generation and erosion
mechanisms that operate on hillslopes and in channels. For example,
channel network extent directly affects the simulated hydrologic response of a
catchment because it determines both hillslope travel distances and network
link lengths and thus hydrologic response functions [e.g., Rodriquez-Iturbe
and Valdes, 1979; Gupta et al., 1980]. Consequently, accurate estimation of
network source locations is important for accurate runoff prediction using
these methods. Identification of network sources is thus of fundamental
importance in landscape-scale geomorphic and hydrologic analyses.

A variety of methods exist for automatically extracting channel
networks from DEMs [e.g., Mark, 1983; 1988; O'Callaghan and Mark, 1984;
Band, 1986; Morris and Heerdegen, 1988; Smith et al., 1990], but little attention
has been paid to the accuracy of network source representation. The most
common method of extracting channel networks from DEMs is to specify a
critical support area that defines the minimum drainage area required to
initiate a channel [e.g., Band, 1986; 1989; Zevenberger and Thorne, 1987;
Morris and Heerdegen, 1988; Tarboton et al., 1988; Lammers and Band, 1990;
Gardner et al., 1991]. In practice, this threshold value often is selected on the
basis of visual similarity between the extracted network and the blue lines
depicted on topographic maps. However, Morisawa [1957], and later Coffman
and others [1972], demonstrated that blue line networks provide only a poor
representation of channel networks observed in the field because they do not
depict first-order channels, as well as many second and third-order channels.
Other methods used to simulate network source locations include the degree
of contour indentation, or crenulation [e.g., Strahler, 1952; Morisawa, 1957;
Lublowe, 1964; Smart and Surkan, 1967; Howard, 1971; Abrahams, 1980], and
a minimum slope [e.g., Shreve, 1974]. Two general methods have been used
to simulate network sources in digital terrain models: a constant threshold
area [e.g., O'Callaghan and Mark, 1984; Band, 1986; Mark, 1988; Tarboton et al.,
1991] and a slope-dependent critical support area [e.g., Dietrich et al., 1992;
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1993]. This paper criticalIy examines these approaches and suggests
modifications to existing procedures and interpretations.

THEORETICAL BASIS FOR ESTIMATING CRITICAL SUPPORT AREAS

Models that predict either constant or slope-dependent thresholds
assume different criteria for channel initiation. Assuming that channel
heads represent a transition in the dominant sediment transport process
implies a constant critical support area, whereas assuming that channel heads
represent an erosional threshold leads to a slope-dependent critical support
area. These models and their development are discussed in greater detail
elsewhere [Dietrich and Dunne, 1993; Montgomery and Dietrich, in press].
Below we outline key assumptions and briefly discuss model development
and application to the problem of predicting network source locations from
digital elevation data.

Constant Threshold

The logic behind a constant critical support area descends from ideas
originally developed by Gilbert [1877; 1909]). Essentially, the hypothesis holds
that slope-dependent sediment transport on hillslopes gives rise to convex
slopes, whereas discharge- and slope-dependent sediment transport in
channels gives rise to concave slope profiles. A series of workers developed
this hypothesis into the proposition that channel heads correspond to the
transition from convex to concave slope profiles [e.g., Kirkby, 1971; 1980; 1986;
Smith and Bretherton, 1972; Tarboton et al., 1992].

These models. are based on coupling the continuity equation with
distinct sediment transport laws for hillslope and fluvial processes. In
general, sediment transport may be considered to reflect the availability of
sediment for transport and the competence of the transporting medium.
Thus in most cases, the sediment transport rate (qs) will be a function of the
slope (s), discharge (q), and, if transport capacity exceeds sediment supply, the
production rate of transportable material (p):

qs= f (s,q,p) (1)
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For soil-mantled landscapes, many workers exclude p from (1) and formulate
a general sediment transport equation as

gs= kqgnsm ' . 2)

where k, n, and m are constants [e.g., Kirkby, 1971; 1980; 1986; Ahnert, 1976;
1987; 1988; Tarboton et al., 1992].

In most landscape evolution models, sediment transport by hillslope
and fluvial processes involve different parameter values. Models for
hillslope sediment transport [e.g., Davison, 1889; Gilbert, 1909; Culling, 1963;
Kirkby, 1971] generally assume that n=0, and the most widely used
formulation for geomorphic modeling is the linear diffusion model (m=1):

qs = k] S (3)

where k; is an erosional diffusivity. Fluvial sediment transport is a function
of both discharge and slope, and most workers assume that n>1 and m=2 for
“channel processes.

A number of workers have shown that equilibrium slope profiles for a
slope-dependent transport law are convex, which requires that slope increases
with either distance from the drainage divide, or drainage area [e.g., Davison,
1889; Gilbert, 1909; Culling, 1963; Kirkby, 1971; 1980; 1986]. Transport laws
with both slope and discharge dependency, on the other hand, resuit in
concave equilibrium slope profiles [e.g., Gilbert, 1877; Kirkby, 1971; 1980; 1986;
Smith and Bretherton, 1972]). Smith and Bretherton [1972} further showed
that concave slope profiles occur where

dqs/0q > qs/q ' (4),

and that convex slope profiles result when the opposite inequality is satisfied.
They then showed that concave surfaces are unstable to lateral perturbation,
whereas convex surfaces are stable. Smith and Bretherton [1972] also
proposed a general sediment transport law for both fluvial and hillslope
processes where
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gs = kl s+ 1_(2 qr sm (n>1; kq ,kz >0) 5

and argued that channel heads correspond to the transition from convex to
concave slopes. Kirkby [1980; 1986] substituted contributing area per unit
contour length (a) for discharge in equation (4) and also suggested that the
channel head was coincident with a transition from convex slopes where
dqs/da > gs/a to concave slopes where 9qs/da < qs/a. Tarboton and others
[1992] further proposed that the channel head corresponds to a transition
from hillslopes where ds/da > 0 to channels where ds/da < 0. However, the
transition from convex to concave slope profiles commonly coincides with
the transition from divergent to convergent topography, suggesting that these
models are more appropriate for representing controls on valley
development than for channel initiation [Dietrich and Dunne, 1993;
Montgomery and Dietrich, in press] (Figure 1). No data are presently
available, however, with which to directly test this hypothesis.

Slope-Dependent Threshold ,

' Models for a slope-dependent critical support area assume that the
channel head represents an erosional threshold, an assumption similar to
Horton's [1945] hypothesis for drainage network evolution. This assumption
requires that the channel head represents a change in sediment transport
processes, rather than a spatial transition in process dominance. Another key
assumption in this approach is that the channel head is associated with
erosion initiation, an expectation that will not be met, for example, in
landscapes where sheetwash erosion occurs. Field observations in humid,
soil-mantled landscapes, however, generally support the association of
channel heads with a change in sediment transport processes [Dietrich and
Dunne, 1993; Montgomery and Dietrich, in press].

A general model for sediment transport with a threshold control on
channelization is given by

Qs = k1 5 a< acr (6a)

gs = ky s+ ky gns™m az2acr (6b)
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where a; is the critical contributing area for channel initiation [Dietrich and
Dunne, 1993; Montgomery and Dietrich, in press]. Essentially, this
formulation argues that sediment transport occurs by slope-dependent
processes upslope of a critical contributing area per unit contour length,
whereas discharge-dependent processes also transport sediment downslope of
the channel head.

The critical contributing area per unit contour length required to
initiate a channel may be estimated from simple models of channel initiation
processes. Field observations and measurements suggest that these processes
include overland flow, seepage, piping, and landsliding [e.g., Kirkby and
Chorley, 1967; Dunne, 1980; Jones, 1987; Montgomery and Dietrich, 1988; 1989;
in press; Dietrich and Dunne, 1993). Models for channel initiation by
overland flow and shallow landsliding predict inverse relations between
critical support area and local slope.

Channel initiation by overland flow may be assumed to occur where
the basal shear stress of the flow (1) exceeds the critical shear stress of the
ground surface (tor). For a steady-state rainfall intensity (qr) a laminar flow
model predicts that the critical contributing area required for T, >Tr is given

by

acr C / (tan6)? C=fdqhH @
where @ is the local slope [Dietrich et al., 1992; 1993; Montgomery and
Dietrich, in press). Thus, smaller drainage areas are needed to initiate
channels on steeper slopes. Rearranging equation (7), channels may be
defined using the criterion of a(tan8)2 2 C. The absolute value of the
proportionality constant C depends on both ground surface (t¢r) and climatic
(qr) properties.

An analogous model for channel initiation by shallow landsliding is
derived from combining a model for shallow throughfiow and the infinite-
slope stability model. This simple hybrid model for cohesionless soils
predicts that

ax = (T/qp) sind (pg/pw) [1- (tand/tand)] (8)
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where T is the soil transniissivity, ps and pw are the bulk density of the soil
and water, and ¢ is the friction angle of the soil [Montgomery and Dietrich, in
press]. This relation predicts a non-loglinear relation between the critical
support area and local slope and is only valid for steep slopes where tanf 2
[(ps-pw)/ ps] tang. | |

The available field data on channel head locations in landscapes where
overland flow and landsliding are the dominant channel-initiation processes
support the general form of equations (7) and (8) [Montgomery and Dietrich,
in press]. In mountainous landscapes, the transition from landslide to
overland-flow-dominated channel initiation occurs at tan8 =~ 0.5. However,
for most of this paper we will consider only channel initiation by overland
flow, as expressed by (7). The reader interested in channel initiation in
steeper landscapes is referred to discussions presented elsewhere [Dietrich et
al., 1986; 1987; Montgomery and Dietrich, 1989; in press; Dietrich and Dunne,
1993]. Identification of an appropriate value for C is a major impediment to
implementing the overland flow model! for channel network extraction from
DEMs, as this parameter should vary with both rainfall and critical shear
stress of the ground surface, the latter reflecting both soil properties and the
type and density of vegetation cover. |

APPLICATION OF METHODS

Each of the preceding hypotheses may be correct under different
circumstances and over different time scales. In landscapes where rainsplash
and sheetflow occur, for example, channel heads may indeed coincide with a
spatial transition in process dominance. In many soil-mantled landscapes,
however, a threshold model for channel initiation is more appropriate.
Montgomery and Dietrich [in press] proposed that a continuity based
approach, like that employed to argue for a constant acy, is most appropriate
for modeling valley development over geologic time (e.g., 104 - 106 yr)
whereas a threshold-based approach is most appropriate for modeling
channel head locations over shorter, geomorphic time scales (e.g., 102 - 103 yr).
Thus, these hypotheses need not be viewed as competing ideas, rather they
are complementary. Below we examine methods for implementing these
criteria and test their appropriateness for locating channel network sources
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against high-resolution DEM data from an area in which the channel
network has been mapped in the field.

The effect of spatial variability of slope on channel network extent is
one primary difference between channel networks defined by constant and
slope-dependent thresholds. Using a slope-dependent threshold, drainage
density is greater in steeper portions of a catchment, as is found in natural
landscapes. For the case of a catchment with little spatial variability in slope,
the constant and slope-dependent threshold methods converge and predict
similar channel networks. In relatively small, or homogeneous basins the
channel networks defined by these methods may not differ significantly.
Differences between the two methods should increase with basin size and
geologic complexity.

Constant Threshold

The theory equating a channel head with the transition from slope-
dependent hillslope transport to slope and discharge-dependent fluvial
transport [e.g., Smith and Bretherton, 1972; Kirkby, 1980; Willgoose, 1989;
Tarboton et al., 1992] predicts that the channel head is associated with a
change in the relation between local slope and drainage area (or discharge).
Tarboton and others [1991; 1992] developed this criterion into a method for
determining network source locations from digital elevation data. We show
below that, as proposed, their method is inconsistent with the theory and
predicts anomalously large hillslope sizes. We also show that a similar
approach, reformulated in more appropriate terms, provides a reasonable
estimate of the scale of the transition from convergent to divergent
topography, or the hillslope/valley transition.

The method proposed by Tarboton and others [1991; 1992] consists of
the following operations. First, a critical support area is assumed and a
channel network is extracted from a DEM. This is then repeated for a number
of support areas. Next, one generates a plot of link slope (the average channel
slope between two confluences) versus the drainage area at the downstream
end of the link for each link in the extracted channel networks. Finally, the
individual link values are averaged and the “appropriate” critical support
area is determined from an inflection in the composite drainage area-slope
relation for the averaged data.
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Each of these steps presents either conceptual or procedural problems.
* First, the method identifies an inflection in the drainage area-slope relation,
rather than the reversal from a positive to inverse relation predicted by the
theory. Although a reversal is seen in some data sets, the drainage area at
which it occurs depends upon the support area initially assumed to extract the
channel network (see Figure 9 of Tarboton and others [1991]). Consequently,
Tarboton and others [1991} chose instead to relate an inflection observed in
some data sets to the scale of channel initiation and offered an argument to
explain that this inflection represented the relation expected from "noisy"
DEM data.

The use of the link slope presents further problems. First, it requires
that a channel network be extracted from the DEM. In other words, the search
- for an appropriate support area is constrained to be within a previoﬁsly
defined channel network. Furthermore, link slopes introduce systematic
biases into the data. This occurs because the link slope is defined as the
elevation difference between the upper and lower confluences bounding the
link divided by the length of the link. For a slope profile on which the
gradient is not constant, the average slope of a channel link is a function of
the length of the link. However, the length of individual links within a
catchment depends upon the threshold area used to define the channel
network. Link slopes then depend on the threshold used to extract the
channel network, which probably explains the threshold size control on the
reversal in the drainage area-link slope relation. .

Another problem with the proposed method is a consequence of
common flow-routing algorithms in grid-based digital terrain models. The
traditional method of directing flow from one grid cell, or pixel, into one of
its eight neighbors does not allow for the representation of divergent flow
[e.g., Moore et al., 1988; Freeman, 1991]. In essence, flow is allowed to
converge into valleys, but not to diverge on hillslopes, resulting in
preferential flow partitioning along the cardinal and diagonal directions of
the grid matrix in divergent topography [e.g., Freeman, 1991; Fairfield and
Leymarie, 1991]. This artefact makes it difficult to represent, let alone
distinguish, the transition from convergent to divergent topography. A
number of newer algorithms for representing divergent flow have been
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developed [Freeman, 1991; Quinn et al., 1991; Cabral and Burges, 1992], but are’
not yet widely implemented.

This artefact of representing hillslopes with linear, rather than
divergent, flow allows a simple check on the hillslope lengths implied by the
method of Tarboton and others [1991; 1992]. The drainage area contributing to
a pixel at the base of a divergent hillslope will be equal to the width of the
pixel multiplied by the upslope distance to the drainage divide. Conversely,
the hillslope length will equal the drainage area at the hillslope/valley
transition divided by the pixel width. The inflection in the link slope plots of
Tarboton and others [1991; 1992] occurs at drainage areas of 105 to 106 m2. For
a pixel size of 30 m, this implies hillslope lengths on the order of 3.3 to 33 km.
Field surveys indicate that typical hillslope lengths are on the order of 10's to
100's of meters, but in low-gradient semi-arid landscapes hillslope lengths
may approach 1 km [T. Dunne, unpublished data]. Thus, the drainage area-
slope relation noted by Tarboton and others [1991; 1992] is related to
something other than the hillslope/valley transition.

In order to be more consistent with the theory outlined above, we
formulate our analyses in terms of local slopes, which in a grid-based DEM
may be best approximated by the slopes for individual grid elements, or
pixels. Figure 2 shows plots of drainage area versus local slope for two
U.5.G.S. 30 m DEMs. Prior to averaging, there is tremendous scatter apparent
in the data, but the averaged plot for the South Fork Smith River, California,
(Figure 2A) reveals an inflection at a drainage area of approximately 1 kma2.
Plots constructed with the link-averaging technique also show this inflection.
The Smith River is in rugged mountainous terrain and a typical T km?2
watershed in this area is shown in Figure 3. The drainage area associated
with the inflection in the drainage area-slope relation (the "hillslope"” scale of
Tarboton and others [1991;1992]) roughly corresponds to the outlet of this
basin, which contains a magnitude 17 valley network. The reversal predicted
by the theory is not readily apparent in Figure 2A, but could be reflected in the
two smallest data points at a drainage area of about 2 x 103 km2, which would
imply a hillslope length of 67 m. Extensive field experience in the coastal
mountains of southern Oregon and northern California provides the basis for
concluding that this provides a reasonable estimate of hillslope lengths in
this area.
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A similar plot of drainage area versus local slope for the Schoharie
Creek catchment reveals a reversal at an area of 6 x 10-3 km2, but no inflection
at larger areas (Figure 2B). The pixel width of 30 m thus implies a hillslope
length of 200 m. The Schoharie Creek watershed is a low-gradient area and,
although we have no field experience in this region, this estimate of the
hillslope length seems reasonable.

It appears then that we must explain two distinct changes in the
drainage area-slope data derived from digital elevation models; a reversal at
very small drainage areas, and an inflection in the relation at local slopes of
about 0.2 to 0.3. We chose to examine this question with high-resolution (2 m
grid) DEMs of areas in which the channel network previously was mapped in
the field [Montgomery and Dietrich, 1989; 1992]. The DEM of the Tennessee
Valley area near San Francisco, California, was generated from low-altitude
stereo aerial photographs for use in geomorphic process modeling [Dietrich et
al., 1992; 1993). Consequently, the DEM was generated at a resolution
sufficient to capture the divergent form of the hillslopes in this catchment. In
order to allow comparison with more typical resolution data, we also
examine results obtained using the U.S.G.S. 30 m grid size DEM for a larger
area that contains the catchment covered by high-resolution data. For both
data sets, drainage areas and local slopes were calculated using the eight
neighbor method for flow partitioning.

The plot of the averaged drainage areas versus local slope for the 30 m
data (Figure 4A) exhibits an inflection at a drainage area of about 10-1 km2 and
a reversal suggested by the averaged values for individual pixels at a drainage
area of about 3 x 10-3 km2, The hillslope length implied from the inflection is
6.6 km; that implied by the reversal is 100 m. For comparison, the length of
the entire watershed covered by the high-resolution data is about 1 km. A
similar plot from the high-resolution DEM also exhibits a pronounced
inflection at a drainage area of about 10-1 km?2 (Figure 4B). In this case,
however, a well-defined reversal in the trend of the averaged data occurs at
104 km?2, corresponding to a hillslope length of 50 m.

We used a digital terrain model capable of representing topographic
divergence to test whether the transition from divergent to convergent
topography coincides with the reversal apparent in the drainage area-slope
relation. The digital terrain model TOPOG [O'Loughlin, 1981; 1986] was used
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to divide the catchment into a series of topographic elements defined by the
intersection of contours and orthogonal flow lines and to calculate the slope
and contributing area per unit contour length for each element. In a
modification of the criteria used by Dietrich and others [1992], we divided
elements into divergent and convergent classes based on the ratio of the
length of the lower and upper contours bounding the element. The lower
contour is longer for divergent elements and shorter for convergent
elements. Plots of drainage area versus slope for elements in both the
Tennessee Valley area and similar high-resolution data from Mettman Ridge
in coastal Oregon [Montgomery and Dietrich, in press] both reveal a general
reversal from a positive to a negative relation coincident with the transition
from divergent to convergent slopes (Figure 5). In both cases, there is
tremendous data scatter and most of the data cluster around the
hillslope/valley transition. The transition from divergent to convergent
elements for both data sets occurs at a contributing area per unit contour
length of 30 - 50 m, essentially equal to the hillslope length suggested by
analysis of the high-resolution grid-based DEM. Field mapping of channel
networks and surveyed slope profiles in both of these areas [Montgomery and
Dietrich, 1988; 1989; 1992] confirms that these values provide reasonable
estimates of hillslope lengths, indicating that when used with sufficient |
resolution, a constant support area is appropriate for defining the

hillslope/valley transition.

Slope Dependent Threshold

The available field data from arid to temperate environments indicate
that the drainage area required to initiate a channel is a function of the local
slope, except in locations where bedrock properties control channel head
locations [Montgomery and Dietrich, in press]. Channel heads in Tennessee
Valley define a slope-dependent transition from unchanneled to channeled
valleys (Figure 6), implying that the channel network could be defined given
the appropriate threshold. Although landsliding dominates channel
initiation on the steepest slopes in this area, the regression of drainage area
(Acr) against local slope for data from channel heads yields

Acr =1,790 tang -1.84 (r2 = 0.68) 9)
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where A is in square meters. This relation similar to that predicted by
equation (7) [Montgomery, 1991].

The field-mapped channel network greatly exceeds the network
defined by blue lines on the U.S.G.S. 7.5' quadrangle (Figure 7), as the blue
line network depicts only two first-order channels in this magnitude 36
watershed. In contrast, the channel network defined by C2 2000 m2
reasonably approximates the field-mapped channel network, indicating that
equation (7) may be used to delineate the channel network, given appropriate
constraints on C.

Based on field data from three study areas in California and Oregon,
Montgomery [1991] reported that

C = 106 / Ra (10

where C is in square meters and R, is mean annual rainfall in millimeters. -
Although this relation suggests a convenient method for estimating an
appropriate value of C, it is important to recognize that the critical shear stress
is also a major determinant of C. For example, field data from an arid,
dissected alluvial fan in Nevada [Repka, unpublished data] indicate
significantly smaller source areas than in any of the semi-arid to humid study
areas mapped by Montgomery and Dietrich [1988; 1992], documenting that
changes in the critical shear stress due to variations in ground cover may
dominate the value of C. Thus, simple correlation of C with mean annual
rainfall, as in equation (10), is unjustified. Unfortunately, there is no theory
for predicting the value of C directly from either drainage area or slope, the
primary topographic attributes that may be derived from a DEM.

Dietrich and others [1993] presented a method for approximating C that
involves estimating 1.y and calibrating g, against observed hydrologic
response. For the Tennessee Valley area, the steady-state rainfall required to
saturate convergent areas of the landscape provides a reasonable estimate of
qr [Dietrich et al., 1993]. Given that C is a function of the 3rd power of ., the
predicted extent of the channel network is extremely sensitive to the assumed
value of 1 [Dietrich et al., 1993]. When t¢r and gy may be estimated with
some confidence, then this technique may be used to simulate channel
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network source locations. In many potential applications, however,
appropriate values of these parameters will be unknown.

Several other approaches allow estimation of channel network extent
using a slope-dependent threshold. Montgomery and Dietrich [1992]
presented evidence that, in a landscape where channel head locations may
reflect a long-term average position, the variance in channel head locations
effectively defines the limit to convergent topography, and thus the hillslope
size. They showed that portions of the landscape where a(tan8)? was just less
than necessary to sustain a channel essentially surround the valley network.
Thus, if channel networks are defined using smaller and smaller thresholds,
then eventually numerous channels should branch from the sides of
channels and generate a "feathering" of channels extending into planar or
divergent hillslopes (Figure 8). Consequently, one criterion for defining the
extent of the channel network is to use the smallest value of C that does not
result in development of significant feathering along the low-order channels
in a basin's headwaters.

We calculated interior-link, exterior-link and source-basin lengths and
areas for channel networks extracted from the Schoharie Creek and
Tennessee Valley data using different thresholds to examine whether
statistical properties of channel networks are useful for estimating C.
Abrahams [1984] reviewed previous network studies and concluded that the
ratio of the mean interior to mean exterior link length (L;/L.) was
approximately equal to unity in natural channel networks. Analyses of ratios
of interior and exterior link lengths from networks defined with differing
threshold areas indicate that these properties do not change systematically
with the imposed threshold (Figure 9A). Although this ratio varies, it
remains generally close to unity. This reflects the inter-dependence of the
number and lengths of network links. A smaller source area results in an
almost equal increase in the number of interior and exterior links and
decreases the mean length of both populations. Consequently, this ratio is
rather insensitive to the source area used to define the network and,
therefore, does not provide useful constraints on network extent.

Link area ratios (Ag/As and Aj/ Ag), on the other hand, may be more
useful. Montgomery [1991] found that for channel networks in small basins
mapped in the field mean exterior-link drainage area was just less than twice
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the mean source area (Ae/Ag = 2). The mean exterior and interior link areas
for the Schoharie Creek catchment converge to the empirical values of twice
the source-area size at C = 8,000 to 16,000 m2 (Figure 9B). For the Tennessee
Valley catchment, this occurs at C = 500 m? (Figure 9B). Probability
distribution functions (PDF's) of interior-link, exterior-link, and source-basin
lengths and areas vary with the threshold used to define the channel
network. For the C values examined, the PDF's for source and network
properties in the Schoharie Creek catchment appear most similar for C =
16,000 m2 and the analogous PDF's for networks extracted from the high-
resolution Tennessee Valley DEM appear most similar at C = 1,000 to 2,000
m2. Although there is no unique value of C predicted by examination of
network statistical properties, such procedures may provide rough estimates
of appropriate values to use for channel network extraction from DEMs.

The approaches discussed above entail the implicit assumption that the
channel network is in long-term equilibrium with the land surface upon
which it is developed. In reality, channels at any given time could start
anywhere within the valley network. In badland landscapes, for example,
channels may extend onto hillsides in a manner resembling the feathering
discussed earlier. In some landscapes extensive dry valleys record significant
climatic variations. Furthermore, previous land-sculpting processes, such as
glaciation, may control channel network architecture. Realistically, if the
objective is an accurate description of the contemporary channel network
extent, then there is no proven substitute for collecting some field data on
channel head locations. A threshold of the form ac(tan6)2 could be fit to
even minimal field data and then used to extrapolate the channel network
extent in similar areas.

DISCUSSION

While a reversal in the drainage area-slope relation correlates with the
hillslope/valley transition, what controls the inflection observed in the
averaged drainage area-slope relation for some data sets? Where it is present,
the inflection in the drainage area-slope plots of Figures 2 and 4 occurs at
gradients between 20 and 30%. Each of the inflections identified in the figures
presented in Tarboton and others [1991] occur in this same gradient range. In
the Tennessee Valley study basin, the inflection also is apparent in the
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analysis of high-resolution DEMs (Figure 4), indicating that it is not a
consequence of poor fine-scale resolution of commercially-available DEMs.
The drainage area at which this inflection occurs (=10-1 km?2) correlates well
with the transition from either colluvium-floored channels, or those with a
discontinuous veneer of alluvium overlying bedrock, to lower-éradient
channels within alluviated valleys. Field mapping of channels in mountain
drainage basins in Oregon and Washington indicates that a transition from
debris-flow-dominated to alluvial channels occurs in this gradient range
[Montgomery, unpublished data] and corresponds to a change in the drainage
area-slope relation observed within the channel network. Seidl and Dietrich
[1992] report a change in the drainage area-slope properties of tributary
junctions derived from topographic maps of the Oregon Coast Range at
gradients of about 20% and argue that this transition reflects a change in the
dominant erosional mechanism from debris-flow to fluvial processes. We
suggest that the inflection observed in the drainage area-slope relation
derived from DEMs reflects this transition in valley-incision processes.

The results presented above suggest a schematic illustration of
landscape partitioning into drainage area and slope regimes that define
hillslopes, unchanneled valleys, and debris-flow-dominated and alluvial
channels (Figure 10). Hillslopes are defined by topographic divergence and
hillslope size may be approximated by a constant drainage area. Unchanneled
valleys occupy the lowest gradients for a given drainage area. The boundary
between unchanneled valleys and fluvial channels is defined by a slope-
dependent threshold that reflects both critical shear stress and climate. The
data available at present suggest that channels on slopes in excess of 20 to 30%
are debris-flow dominated. Thus, we would not expect to see this inflection
in the averaged drainage area-slope relation for low to moderate-gradient
landscapes. This model for landscape partitioning suggests that boundaries
between debris-flow-dominated and alluvial channels and between hillslopes
and valleys can be estimated from DEMs, but that the extent of the channel
network cannot. Other considerations, such as those developed above, are
necessary to approximate the locations of channel heads from DEMs.
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CONCLUSIONS

Theories for valley development and channel initiation respectively
predict constant and slope-dependent critical support areas. Both theories are
supported by field data. The extent of topographically-divergent hillslopes,
and thus the extent of the valley network, corresponds to a change in sign of
the relation between local slope and contributing area per unit contour
length. This transition is readily derivable from digital elevation data, but a
higher resolution grid size may be required than the 30 m data commonly
available. The extent of debris-flow-dominated channels also can be
determined from an inflection in the drainage area-slope relations derived
from a DEM. In contrast, the extent of the contemporary channel network
cannot be directly determined from drainage area-slope relations extracted
from DEMs. Field data, even if limited, on the drainage area-slope relation
for channel heads is the best method for determining appropriate values of
parameters defining channel network extent.
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FIGURE CAPTIONS

1 Schematic topographic map illustrating distinctions between hillslopes,
valleys, and channels. Hillslopes are areas of topographic divergence;
valleys are areas of topographic convergence. Dashed lines indicate
transition from hillslopes to valleys. A channel (thick black line) is a
morphologic feature defined by sediment transport concentrated
within definable banks. Channels typically begin some distance down
valley axes from drainage divides. '

2 °  Plots of local slope versus drainage area for averaged data from all
pixels for US.G.S. 30 m DEM's of A) South Fork Smith River,
California, and B) Schoharie Creek, New York.

3 Portion of U.S.G.S. Ship Mountain 7.5' topographic quadrangle
showing a typical 1 km?2 watershed in the South Fork Smith River
drainage basin. Solid lines indicate valley network defined by areas of
‘convergent topography.

4 Plots of drainage area versus local slope for averaged data from the
Tennessee Valley area of Marin County, California, for A) a portion of
U.S.G.S. Point Bonita 7.5' quadrangle DEM data and B) high-resolution
data for a sub-basin of the area covered by the U.S.G.S. data. '

5 ° Plots of local slope versus contributing area per unit contour length for
each topographic element generated by TOPOG [O'Loughlin, 1986] from
high-resolution DEM data from A) Mettman Ridge, Oregon, and B)
Tennessee Valley, California. Data from divergent elements are shown
as crosses, data from convergent elements are shown as circles. Linear
band of data in Figure 5B is an artefact of flow tube architecture and has
no physical significance.

6 Plot of drainage area versus local slope for data from field mapping in
the Tennessee Valley catchment. Triangles are from channels, solid
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circles are from channel heads, and open circles are from unchanneled
valleys. Data from Montgomery and Dietrich [1992].

Comparison of channel networks determined for the Tennessee Valley
watershed by field mapping (top), blue lines depicted on U.S.G.S. Point
Bonita 7.5’ quadrangle (middle), and A (tan®)? = 2,000 m2 (bottom).

Maps of the Schoharie Creek channel network defined using A)
Aq(tan)? = 64,000 m2, B) Aq(tand)2 = 16,000 m2, C) Ac(tan6)? = 4,000
m2, and D) A (tan6)2 = 2,000 m2. Note the "feathering" along low-
order channel in the lower (steeper) portions of the catchment in C and
D.

A) Ratio of mean interior to exterior link lenth versus C [A(tan®)?] for
Schoharie Creek (open circles) and Tennessee Valley (solid circles). B)
Ratio of mean link area to mean source area for exterior (solid) and
interior (open) links from Schoharie Creek (squares) and Tennessee
Valley (circles).

Schematic illustration of relations between drainage area and local
slope depicting hillslope/valley transition and channel initiation
criteria. Note that the trend of the averaged data [wide shaded line] for
a catchment will vary between landscapes and watersheds.
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ABSTRACT

High-resolution digital elevation data from two small catchments
in the western United States are used to examine the effect 6f digital
elevation model (DEM) grid size on the portrayal of the land surface
and hydrologic simulations. Elevation data were gridded at 2, 4, 10,
30, and 90 m scales to generate a series of simulated landscapes.
Frequency distributions of slope (tanB), upslope drainage area per
unit contour length (a), and the topographic index (a/tanB) were
calculated for each grid size model. Frequency distributions of
a/tanB were then used in O'Loughlin's [1986] criterion for predicting
zones of surface saturation for a given catchment wetness and in
TOPMODEL [Beven and Kirkby, 1979] for simulating hydrographs in
response to 4-hr storms of various intensities and initial baseflows.
For both catchments, DEM grid size significantly affects computed
topographic parameters and hydrographs. While channel routing
dominates hydrograph characteristics for large catchments, grid-size
effects are important for physically-based models of runcff generation
and surface processes. When interpreting models of hydrologic and
geomorphic processes, it is imperative to recognize limitations.

imposed by both the original data and imposed grid size. For the




moderately- to steep-gradient topography of our study areas, a 10 m
grid size provides a substantial improvement over 30 m and 90 m data,
but 2 m or 4 m data provide only marginal additional improvement. For
many landscapes, a 10 m grid size presents a rational compromise
between increasing resolution and data volume for simulating

geomorphic and hydrological processes.

INTRODUCTION

Predicting spatial patterns and rates of runoff generation and
many geomorphic processes requires both a hydrologic model and
characterization of the land surface. Most physically-based models of
hydrologic and geomorphic processes rely on either spatially-
distributed or lumped characterizations of local slope and the upslope
drainage area per unit contour length [e.g., Beven and Kirkby, 1979;
O'Loughlin, 1986; Famiglietti and Wood, 1990; Vertessy et al., 1990;
Dietrich et al., 1992, 1993] and digital elevation models (DEMs)
commonly are used for such characterization in a wide variety of
scientific, engineering, and planning applications. Although the
increasing availability of DEMs allows rapid analysis of topographic
attributes over even large drainage basins, the degree to whicthEM
grid size affects the representation of the land surface and
hydrological modeling has not been examined systematically.

Digital elevation data are stored in one of several fofmats: as
point elevation data on either a regular grid or triangular integrated
network, or as vectorized contours stored in a digital line graph.
Each of these formats offers advantages for certain applications, but

the grid format is used most widely. Several recent studies explored



the effect of DEM grid size on landscape representation [Hutchinson
and Dowling, 1991; Jenson, 1991; Panuska et al., 1991; Quinn et al.,
1991]. These studies showed that distributions of topographic |
attributes derived from a DEM depends to some degree on grid size
across a range of scales. None of these studies, however,
.systematically analyzed the effect of grid size on either the
statistical characterization of the land surface, or simulated
hydrologic response using topographically-driven models. In this
paper, we assess how grid size affects topographic representation,
derived topographic attributes, and hydrological simulations for two
small catchments using high-resolution digital elevation data. 1In
contrast to previous étudies, we grid the same elevation data at
several different scales in order to isolate the effect of grid size

on landscape representation.

STUDY AREAS

The study catchments are located at Mettman Ridge near Coos Bay,
Oregon, and Tennessee Valley in Marin Couhty, California (Figure 1).
Previous field investigations determined the nature and distribution
of geomorphic and hydrologic processes in each catchment. High-
resolution digital elevation data were genefated for testing DEM-based
process models in these catchments ([Dietrich et al., 1992; 1993].
Field mapping in each catchment reveals that the high resolution data

provides a reasonably-accurate portrayal of the land surface.

Mettman Ridge




The Mettman Ridge catchment occupies 0.3 km2 of an area in which
previous field mapping documented the extent of the channel network
and land surface dissection [Montgomery, 1991; Montgomery and
Dietrich, 1992]. Channel head locations in this area are controlled
primarily by shallow debris flows from small unchanneled valleys
[Montgomery and Dietrich, 1988). The catchment is highly dissected
with hillslope lengths on the order of 30 m. Slopes of 30* - 40°' are
common and there are a substantial number of slopes that locally
exceed 45°.

A 1:4,800 scale topographic basemap derived from low-altitude
aerial photographs taken prior to timber clearing was used as the
source of digital elevation data. The basemap was scanned and
vectorized using an automated routine to reproduce contours identical
to those on the original topographic map. Although several
discrepancies were noted between this map and the ground surface, here
we assume that this data provides an accurate portrayal of the land

surface {(Figure 2a).

Tennessee Valley

The Tennessee Valley catchment occupies 1.2 km2 in which previous
field mapping also documented the extent of the channel network and
landscape dissection [Montgomery and Dietrich, 198%; 1992]. Shallow
landsliding dominates sediment transport in steep hollows and side
slopes, diffusive transport dominates on divergent noses, and
saturation overland flow and channel processes dominate sediment
transport in lower-gradient valleys [Dietrich et al., 1993]. The

catchment is rhythmically dissected, with hillslope lengths on the




order of 50 m. The topography of the Tennessee Valley catchment is
less steep than that of the Mettman Ridge catchment; slopes of 20°* -
30°* are common and slopes in excess of 40° are rares

Digital elevation data were obtained from low-altitude aerial
photographs using a stereo digitizer at a density about every 10 m
(Dietrich et al., 1992]. The spot elevations were gridded to generate
a 5 m contour interval map of the catchment (Figure 2b). Field
inspection reveals that the data provide an excellent portrayal of the

land surface.

METHODS

Spot elevation data for the Mettman Ridge and Tennessee Valley
catchments were gridded at scales of 2, 4, 10, 30, and 90 meters using
the érid module of Arc/Info, with gridded elevations recorded to the
nearest centimeter. Cumulative frequency distributions of three
topographic attributes, local slope (tanB), upslope drainage area per
unit contour length (a), and the topographic index ln(a/tanB), were
calculated for each DEM of the two study catchments using the model of
Jenson and Domingue [1988). Their model defines the downslope flow
direction for each celi corresponding to the orientation of the
neighboring cell of lowest elevation. The local slope of the cell is
then calculated based on the elevation difference between cells.
Definition of the spatial distribution of flow directions allows
determination of the total number of the cells that direct flow to
each cell, and thus upslope drainage areas. The upslope drainage area
per unit contour length is the upslope drainage'area divided by the

grid cell dimension calculated for the center of the cell. ILocal




slope and upslope drainage area per unit‘contour length were used to
calculate ln{a/tanB) for each grid cell. Although the assignment of
all flow to a single downslope grid cell distorts flow paths in both
divergent topography and for slopes oriented at angles other than the
eight cardinal directions [Quinn et al., 1991), the algorithm has been
widely used in many topographic models [e.g., Marks et al., 1984;
Band, 1986; Jenson, 1%91). Several workers [e.g., Quinn et al., 1991;
Cabral and Burges, 1992; Lea, 1992] recently proposed algorithms for
multiple-downslope-fiow directions that are more suitable for
representing flow on divergent hillslopes. While we are eager to
explore these newer algorithms, this study does not examine their
influence on topographic representation.

Hydrologic simulations employed the steady-state model TOPOG
(O'Loughlin, 1986] to examine patterns of surface saturation and
TOPMODEL [Beven and Kirkby, 1979] to predict runoff production to
short-duration storms. The soil hydraulic parameters used .in the
simulations were estimated from field measurements [Montgomery, 19917].
Model simulations explored the effect of DEM grid size on simulated

hydrologic response.

LANDSCAPE REPRESENTATION
The cumulative frequency distributions of slope, upslope drainage
area per unit contoﬁr length, and ln(a/tanB) were determined for each
grid size model. These distributions reflect changes in both the mean
and local values of these topographic attributes. Comparison of these
distributions allows direct assessment of the influence of grid size

on landscape representation.



Slope

Cunmulative slope distributions are sensitive to DEM grid size
(Figure 3), but are more so for the steeper Mettman Ridge catchment
than for the moderate-gradient Tennessee Valley catchment. For both
study areas, the percent of the catchment steeper than a given slope
systematically decreases as the DEM grid size increases, and the
largest effect is for the steepest portions of the catchments.

The effect of grid size on the cumulative slope distribution is
much larger for the Mettman Ridge catchment. For this case, the mean
slope reduces from 0.65 for the 2 m grid size model to 0.41 for the 90
m grid size model.(Figure 3a). While this result is consi§tent with
those of previous studies [Jenson, 1991; Panuska et al., 1991], the
effect of DEM grid size in this case is more pronounced. Grid size
influence on slope distributions is less pronounced for the Tennessee
Valley catchment (Figure 3b). The mean slope is 0.34 for the 2 m grid
model, and reduces to 0.29 for the 90 m grid size»ﬁodel, For both
study areas, these distributions suggest that grid sizes smaller thah
10 m yield only marginal improvement in slope representation. Since
the slope of a grid cell represents an average slope for the area
covered by th? cell, increasing DEM grid size should result in
decreasing ability to resolve the slope characteristics of the
landscapes, especially for highly-dissected landscapes with short,
steep hillslope. Thus, one would expect that the effect of DEM grid
size on slope is greater for steeper and more dissected topography, as

illustrated by our analysis of the studyAcatchments.




The cumulative slope distribution for the 10 m and 30 m grid size
models of the Mettman Ridge catchment are stepped, while distributions
for both largest grid size and smallest grid sizes are smoother. We
suspect that this reflects two things: the relation between the grid
size and the hillslope length scale and the small number of grid cells
in this catchment using a large grid size. If the sampling grid size
is on the order of the hillslope.length, then any slopes that are in
phase with the. topography may be repeatedly sampled while other
intermediate slopes are filtered out. Such a sampling bias would
introduce steps intc the cumulative distribution curves. The observed
steps occur using 10 and 30 m grid sizes that are on the order of the
hillslope length. The number of samples may also affect the
smoothness of the distribution curve, as fewer samples should result
in a more discontinuous cumulative distribution. For the Tennessee
Valley catchment, the hillslope 1ength is larger and the number of
samples is greater. Therefore, we should expect the Tennessee Valley
catchment distributions to be smoother than the Mettman Ridge

catchment distributions.

Upslope drainage area per unit contour length

Cumulative distributions of upslope drainage area per unit
contour length derived from a DEM are sensitive to grid size (Figuré
4). Larger grid sizes bias in favor of larger contributing areas,
with comparable effects in both catchments. For the Mettman Ridge
catchment, the méan upslope drainage area per unit contour length
increases from 20 m for a 2 m grid size to 102 m for a 90 m grid size.

In the Tennessee Valley catchment, the mean upslope drainage area per



unit contour length increases from 19 m for a 2 m grid size to 120 n
for a 90 m grid size. |

For each grid size, a single pixel defines the. smallest possible
value of the upslope drainage area per unit contour length. The
algorithm used to compute the upslope drainage area per unit contour
length determines this minimum value. Thus, the grid size defines
where the cumulative frequency distributions of this topogfaphic
parameter reach 100% of the catchment area. While it is intuitive
that larger grid size limits the resolution of fine-scale topographic
features, the effect on both the mean and local specific catchment
areas is significant for topographically-driven hydrologic and surface

process models.

Topographic-Index

The topographic-index ln(a/tanB) is an important component of
many physically-based geomorphic and hydrologic models, as it reflects
the spatial distribution of soil moisture, surface saturation, and
runoff generation processes [e.g., Beven and Kirkby, 1979; O'Loughlin,
1986; Moore et al., 1986). Derivation of frequency distributions of
In(a/tanB) is the first step for hydrological simulations in most
topographically-driven hydrologic modelsf

' Grid size significantly affects the cumulative frequency
distributions of ln(a/tanB) (Figure 5). Decreasing grid size shifts
the cumulative distribution toward lower values of ln(a/tanB), with
the greatest effect on smaller values. Again, computed frequency
distributions systematically converge toward that of the finest grid

size, with a systematic decrease in the mean ln(a/tanB) with




decreasing grid size. For the Mettman Ridge catchment, the mean
ln(a/tanB) increases from 3.4 m for a 2 m grid size to 5.6 m for a 90
m grid size. 1In the Tennessee Valley catchment, the mean 1ln(a/tanB)
increases from 4.0 for a 2lm grid size to 6.2 for a 90 m grid si:ze.
The influence of grid size on both mean and local values of 1ln(a/tanB)
demonstrates the potential for affecting topographically-based
hydrologic models based on this parameter.

The effect of grid size on spatial patterns of ln{a/tanB) is even
more striking (Figure 6). Detailed features that appear on finer-grid
DEMs are obscured on coarser-grid DEMs, with a progressive loss of
resolution for both the drainage network defined by the higher values
of 1ln(a/tanB) and hillslopes associated with the lower values of
ln(a/tanB). Degradation of these important geomorphic features

affects the simulation of runoff production and geomorphic processes

in topographically~driven models.

HYDROLOGIC SIMULATIONS
We used the models TOPOG (O'Loughlin, 1986) and TOPMODEL [Beven
and Kirkby, 1979] to investigate the effect of grid size on hydrologic
simulations. We examined both representation of saturated areas
within a catchment using TOPOG and the influence on hydrographs
calculated using TOPMODEL for a range of reasonable rainfall

intensities and baseflows for the study catchnents.

Surface Saturation

Many hydrological, geomorpholecgical and ecological phenomena are

closely related to the behavior of the variable saturation area within

10




a catchment. Field experiments document that accurate prediction of
zones of surface saturation is important for understanding and
modeling runoff generation [e.g., Dunne and Black, -1970a, b; Anderson
and Burt, 1977; Wilson and Dietrich, 1987). The sufficient condition
for the development of local surface saturation in a catchment is that
the accumulated water flux from upslope drainage exceeds the capacity
of the soil profile to transmit the flux. By assuming a steady state
drainage condition, O'Loughlin (1981, 1956] expressed the condition

for surface saturation at any location in a catchment as

a ZTAt

anB~ Q,

(N

where T is the mean soil transmissivity of the catchment, A, is the
total catchment area, and Qo is the runoff rate from the catchment.
The term on the right hand side of the equation is the ratio of the
transmissivity of the saturated soil column to the drainage flux per
unit area. O'Loughlin [1986]) defined this ratio as the average wetness
state of a catchment (W). The total saturated area for a given
catchment wetness is simply the sum of all the local areas which have
values of a/tanB > W.

Following the criterion for surface saturation defined by (1),
the effect of DEM grid size on the computed saturation area can be
directly examined using the cumulative distribution of ln(a/tanB). For
a given wetness condition, predicted saturation areas for both
catchments increase with increasing grid size. For example, in the
Mettman Ridge Catchment, a wetness condition of W = 180 m predicts a

saturated area equal to about 13% of the total catchment area for a 2

o
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m grid spacing; 32% for a 30 m grid spacing; and 50% for a 90 m grid
spacing. The Tennessee Valley catchment exhibits a similar, although
less pronounced, relation between grid size and saturated area for a

.given wetness condition.

Catchment Response During a Storm Event

We used TOPMODEL [Beven and Kirkby, 1979; Beven 1986] to explore
the effect of DEM grid size on the simulated hydrologic response of
each catchment to a simple short-duration rainfall event. The model
predicts the distribution of soil moisture and‘the associated runoff
processes on the Basis of surface topography and soil properties. A
critical assumption of the model is that locations with similar
topography and soil properties, defined by (a/T tanB) where T is the
local soil transmissivity, will respond in a hydrologically identical
way to fhe same input. By assuming a spatially-uniform recharge rate
and a quasi-steady subsurface response; Beven and Kirkby [1979)]
‘derived a function relating local soil moisture storage to the

topographic~-index of a catchment as
S=S+m{i-In(a/tanB)-m(5 - In(T)} @

where S is the local soil moisture deficit, S is the meaﬁ soil
moisfure of the basin, m is a parameter that characterizes the
decrease in soil conductivity with soil depth, and Aand$ are the mean
values of 1ln(a/tanB) and 1ln(T) for the catchment. For locations where

S > 0, the soil moisture store is not filled, and therefore, there is

12



no surface saturation. For locations with s < 0, the soil moisture
capacity is full, and surface saturation occurs.

The model computes both the relative amount of "subsurface runoff
and saturation overland runoff, as well as the spatial distribution of
these runoff processes. During a model simulation{ the mean soil
moisture deficit of a catchment at time t, Si, is calculated using the

following moisture-accounting equation:

Sp =811+ (G- — r) At 3)

where g is the total catchment runoff at time t-1 divided by the
catchment area, r is the net recharge rate into the soil column, and
At is the computation time step. The updated S at all points in the
catchment are then computed using equation (2). Any area with a soil
moisture deficit larger than the incremental precipitation in a unit
time step will only produce subsurface runoff, while those aréas with
a soil moisture deficit smaller than the incremental precipitation in
a unit time step, or those saturated at the previous time step will
produée both subsurface and saturation excess runoff. The subsurface

flow rate q of the catchment is calculated by

ap ze—(k-—ﬁ)e-S!m _ @

The saturation excess runoff d, is the sum of excess soil moisture and
direct precipitation that falls on the saturated areas. This is
expressed as

1 -S '
-~ - dA 5
b= As{m“} )
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where At is the total catchment area and A, is the area of the
catchment with surface saturation (i.e., 8 £ 0). Total runoff, q, at
any time step is the sum of subsurface and surface runoff. The
topographic index ln(a/tanB) determines both the flow rates and
spatial distribution of subsurface and surface runoff. While the
equation for saturation excess flow is related to both the
distribution form and mean, A, the equation for subsurface flow is
only related to the mean. Therefore, the response of equations (4)
and (5) differs in their sensitivity to DEM grid-size influence on the
distribution of the 1ln{a/tanB).

We first examine the simulated subsurface hydrologic response
using equation (4) without considering either surface flow, or
interactions between surféce and subsurface flow paths. This
illustrative example may approximate conditions of small initial
baseflow and rainfall in steep catchments. For this case, it is shown
that by adjusting the initial values of the mean soil deficit, S, the
model will produce the same runoff hydrographs with different
distributions of 1ln(a/tanB).

Given any two mean values of topographic indexes, A1 and Ay, we

have the following baseflow equations
qpy=¢ (M178)S1/m ©

—(A7 —5)e—§2 /m

Qpz =€ {7)

The necessary condition for dpy < 9p5 requires that §1 be related to

§2 according to the following function
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(55 -§;)=m (A2~ 1) (8)

Once the initial values of mean soil moisture deficit is set according
to the functional relation given by equation (8), tﬁe relation will
hold for all time steps during a storm, leading to an identical
hydrograph. In other words, DEM grid size does not affect the
computed hydrographs using only the subsurface flow equation. This

| demonstrates that the subsurface flow component of TOPMODEL depends
only on the mean values of ln{(a/tanB)..

In the following, we examine the effect of DEM grid size on
simulated hydrologic response considering both subsurface and
saturation excess flow. In our simulations, soil parameters were
assumed spatially uniform so that the effect of topography is
- isolated. We used values of 70 mm and 360 mm/hr for the parameter m
and surface hydraulic conductivity, respectively. For simplicity, we
only calculated runoff production and ignored flow routing in
channels. Simulations were conducted with four rainfall intensities
(5, 10, 50 and 100 mm/hr) and five initial baseflow conditions (1,
2.5, 3.5, 4.5 and 9.5 mm/day) for total of twenty model runs. The
lowest simulated rainfall inteﬁsity (5. mm/hr) occurs frequently in
these areas and the highest simulated rainfall intensity (100 mm/hr)
represents a hypothetical extreme event. At most tiﬁes, the
antecedent base flow rates for the study areas is less than 4 mm/day.

Grid size significantly affects computed hydrographs (Figure 7).
To quantitatively examine these results, we normalized peak gischarges
computed with different grid size models by the corresponding peak

discharges computed from the 90 m DEM. A plot of normalized peak
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discharge verses grid size for a 4-hr duration and 10 mm/hr rainfall
at varioué antecedent base flow rates (Figure 8) illustrates the
effect of DEM grid scale on the computed peak discharge. For both
catchments, peak discharges computed with a 2 m grid size range from
roughly 5 - 40% of those computed with a 90 m grid size.

In general, the computed peak discharge increases with increasing
grid size. However, there are some deviations from this trend,
especially for the Mettman Ridge catchment. Further examination
reveals that the deviationé in Figure 8a reflect the non-systematic
variation with the grid size of the back-calculated mean initial soil
moisture deficit . For a given initial baseflow, the mean soil
moisture deficit generally decreases as the grid size increases, but
there is a deviation from this trend at a 30 m grid size, where the
initial mean soil moisture deficit is larger than that of 10 m grid
size. With a larger moisture deficit and therefore, a smaller
saturated area, the runoff production rate will be smaller. For the
Tennessee Valley catchment, both the computed initial mean soil
moisture deficit and peak discharge vary much more systematically with
grid size.

The grid size effect on simulated peak discharge also varies with
the initial EaSeflow and rainfall intensity. As the initial baseflow
increases, the effect of grid size on the computed peak discharge
decreases (Figure 8). The effect of rainfall intensity is more
complex (Figure 9). Within a rainfall intensity range of 5 to 10 mm/hr
for the Mettman Ridge catchment and 5 to 50 mm/hr for the Tennessee
Valley catchment, the difference between the peak discharge from grid

sizes smaller than 90 m and that from a 90 m grid increases with the
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rainfall intensity. hs rainfall intensity further increases, however,
the difference between peak discharges for the grid sizes less 90 m
and those of 90 m grid reduces. This result is expected considering
that in extreme cases of 1) no surface saturation under a very small
rainfall intensity and 2) a complete surface saturation under a very
large rainfall intensity; peak discharge should be the same for all
grid size models. The cufves in Figure 9 should converge at very high
and low rainfall intensities.

Within a range of reasonable rainfall intensities (e.g., less
than 50 mm/hr), differences between peak discharges computed with some
grid sizes are small. The results for all the cases show that peak
discharge differences are less than 5% for grid sizes smaller than 30
m for the Tennessee Valley catchment, while for the Mettman Ridge
catchment the difference is less than 8% for grid sizes smaller than
10 m. Figure 9 are results simulated with an, initial baseflow of 2.5
mm/day. This suggests that there is a DEM grid size beyond which
computed hydrologic response is insensitive to grid size, and that
this grid size is approximately 10 m for Tennessee Valley catchment

and 4 m for the Mettman Ridge catchment.

DISCUSSION
The analyses presented above are based on the single-direction
flow-partitioning algorithm. This glgorithm does not resolve
hillslope divergence, introducing artifacts that influence cumulative
frequency distributions of a and tanB. Quinn et al. [1991] showed
that for the same grid size the single-direction algorithm yields

higher values of local slope, and therefore lower 1ln(a/tanB), than a
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multiple-direction algorithm. This effect was most pronounced for
steeper hillslope areas. Quinn et al. [1991] also illustrated that
DEM grid size influences the distribution of 1n(a/tanB) for multiple-
direction algorithms, with the percent of area having larger
ln(a/tanB} increasing with grid size. Thus, the flow-partitioning
algorithm also affects topographic representation, in addition to the

grid size dependence documented in this paper.

Implications for modeling surface processes

The effect of DEM size on the distribution of derived slopes has
important implications for geomorphic ﬁodeling and land management
decisions based on such models. Consider the problem of predicting
areas prone to shallow landsliding. Models of slope instability
invelve relations between the ground surface slope, relative soil
profile saturation, and properties of the soil. The results presented
earlier (Figure 3) indicate that the total area predicted to be
unstable will decrease with increasing grid size, as modeled slopes
will be progressively less steep and, therefore, more stable. Thus,
it is important to use a DEM with a grid size appropriate for both the
landscape and the process being modeled.

This has implications for interpreting process-based geomorphic
models. In particular, the effect of grid size on the representation
of slope and contributing areas will affect models using slope or
area-dependent sediment transport laws. For a slope-dependent
transport law, the lower slopes reflected in a 90 m DEM require
commensurate increases in the diffusivity. Similar calibration would

be required for area and slope-dependent transport laws. While a
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coarse-grid DEM may be most practical for modeling large-scale
Ageomorphic processes, the coefficients incorporated in transport laws

at such scales are not analogous to those measured in field studies.

Implications for Hydrologic Simulations

These results also have important implications for
topographically-driven hydrologic simulations. For example, simulated
zones of surface saturation for wetland delineation using steady-state
models, such as TOPOG, reflect DEM resolution; coarser-resolution DEMs
predict more extensive saturated areas for the same catchment wetness.
This effect will also affect prediction of the spatial distribution of
runoff processes, and the associated material transport processes over
a land surface.

Our results also highlight other problems for hydrologic
modelihg. Although the topography of natural landscapes varies across
scales from mountain ranges to micro-scale perturbations on the order
of centimeters, near-surface {(subsurface and surface) runoff processes
are governed by neither the finest-, nor the coarsest-scale topography
within a landscape. Rather they are governed by processes acting over
intermediate scales. If the DEM grid size is too large, then many
topographic features, such as hollows, low-order channels, and the
surrounding hillslopes may not be resclved. We suggest that the most
appropriate DEM grid size for topographically-driven hydrologic models
is somewhat finer than the hillslope scale.

Another implication is for flood forecasting in a drainage basin.
For this case, the crucial variables are the peak discharge and runoff

volume. Our results indicate that with the same values for soil
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parameters, but different DEM grid sizes the magnitude of the peak
runoff rate, and therefore the runoff volume, predicted in response to
a given storm may differ significantly. However, these results are
only for runoff production and hydrographs at the basin mouth also
willlreflect the routing of flow through the basin channel network.
The effect of grid size should be smaller for a large drainage basin
where runoff hydrographs are dominated by channel routing. Even so,
the influence of 5EM grid size on predicted runoff production is an
important consideration for interpreting hydrological simulations
using a‘topographically-driven model.

A particularly intriguing implication is for calibration_and
validation of dynamic physically-based hydrologic meodels. All
hydrological models make simplifying assumptions, and only approximate
real hydrologic systems. In practice, calibration is required to
obtain acceptable correspondence between field results and model
simulations. Calibrated parameters for a particular qatchment are
then used for hydrological forecasting either for the same catchment,
or for a different catchment with similar physical properties.
However, our results show that DEM grid size, rainfall intensity, and
initial baseflow all affect simulated hydrographs computed with the
same set of parameter values. Consequently, TOPMODEL, at least, is

inherently unvalidatable and model calibrations are grid size

specific.

Appropriate Grid Size
The results of our study invite the gquestion of what defines an

appropriate grid size for simulations of geomorphic and hydrologic
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processes using topographically-driven models. This question is best
examined in two parts; the relation between land surface and the spot
elevation data used to create a DEM and that between grid size and the
original spot elevation data.

The data used to create a DEM are a filtered representation of
landscape sampled at some regular or irreqular interval to build a
coilectibn of elevation data. The spacing of the original data used
to construct a DEM effectively limits fhe resolution of the DEM.
Construction of a grid finer than the spacing of the original data
involves interpolation between data points. Any additional
topographic information obtained in this manner essentially reflects
the interpclation algorithm. The relation of the original elevation
data to the land surface is a crucial, but often neglected,
characteristic of a DEM. This is a problem with many commercially-
available DEMs. While there are data collection strategies that could
optimize landscape representation (e.g., dense topographic sampling in
areas of complex topography and sparse sampling in areas with simple
topography)}, the average spacing of the data used to derive a DEM
provides a guide to the grid size that would take full advantage of
the original spot elevation data, and thus provide the most faithful
léndSCape representation.

We have shown that grid size significantly influences
'representation of a land surface. We suggest that the length scale of
the primary landscape features of interest provides a natural guide to
an appropriate grid size. The most basic attribute of many landscapes
is the division into topographically divergent hillslopes and

convergent valleys. Resolution of hillslopes and valleys is important
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for modeling many surface processes and the average hillslope length
reflects differences in geology, climate conditions, and landscape-
forming processes. A grid size smaller than the hillslope length is
necessary to adequately simulate processes controlled by land form.
The most appropriate grid size for simulation models is best scaled in
reference to the process being modeled. For example, a coarser (e.dq.,
90 m) grid size may be most appropriate for modeling orogenic
processes over large areas and long time scales. 1In 1ow-§radient,
low~-roughness topography, where hillslopes are the order of 100's
meters, a coarse grid size (i.e., 30 - 90 m) may provide a reasonable
representation of land form .

Our results imply that it is unreasonable to use a 30 m or 90 m
grid size to model hillslope or runoff generation processes in
moderately- to steep-gradient topography without some modification of
the process model. A 10 m grid is a significant improvement over 30 m
and 90 m grid sizes. However, finer grid sizes provide comparatively
little additional resclution. For modeling surface processes in many
landscapes, a 10 m grid size presents a rational compromise between
increasing spatial resolution and data handling requirements. The
results presented above document that it is essential to consider the
effects of DEM grid size when interpreting DEM-based simulations of

surface processes.

CONCLUSIONS
The grid size of a DEM significantly affects both the
representation of the land surface and hydrologic simulations based on

this representation. As grid size decreases, landscape features are
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more accurately resolved, but faithful representation of a land
surface by a DEM depends on both grid size and the accuracy and
distribution of.the original survey data from which the DEM was
constructed. If grid size decreases beyond the resolution of the
original survey data, then the accuracy of the land surface
representation of the DEM not pnly does not increase, but
interpolation errors may be introduced. These results have important
implications for simulations of hydrologic and geomorphic processes in
natural landscapes. In particular, we suggest that agencies creating
DEMS adopt higher standards to make their products useful to emerging
applications. Soon, our ability to model surface processes will be
limited primarily by data quality and the variability of natural
processes, rather than our modeling ability or computer capabilities.
We suggest that a grid size of 10 m would suffice for most

applications of geomorphic and hydrelegic modeling.
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Figure Captions:

1.

Location map of the study catchments.

Contour map of the a) Mettman Ridge and b) Tennessee Valley
catchments.

Cumulative frequency distributions of slope derived for different
DEM grid sizes. a) Mettman Ridge; b) Tennessee Valley.

Cumulative frequency distributions of the upslope drainage area
per unit contour length for different DEM grid sizes. a) Mettman
Ridge; b) Tennessee Valley.

Cumulative frequency distributions of the topographic index,
ln(a/tanB), for different DEM grid sizes. a) Mettman Ridge; b)
Tennessee Valley.

Maps showing the spatial distribution of the topographic index
ln(a/tanB) for four different DEM grid sizes: 4 m, 10 m, 30 m and
90 m. Darker shades represent larger ln{a/tanB). a) Mettman
Ridge; b) Tennessee Valley.

Runoff hydrographs for different DEM grid sizes under different
rainfall and initial baseflow conditions. a) Mettman Ridge
catchment under 5 mm/hr rainfall and 3.5 mm/day initial baseflow;
b) Mettman Ridge catchment under 100 mﬁ/hr rainfall and 3.5
mm/day initial baseflow; c¢) Tennessee Valley catchment under 5
mm/hx rainfall and 3.5 mm/day initial baseflow; d) Tennessee
Valley catchment under 100 mm/hr rainfall and 3.5 mm/day initial
baseflow.

Combuted peak discharge vs. DEM grid size for a given rainfall
intensity (10 mm/hr) and different initial baseflows. The peak
discharges are normalized to those of the 90 m grid size.

a) Mettman Ridge; b) Tennessee Valley.
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Computed peak discharge vs. DEM grid size for a given initial
baseflow (2.5 mm/dayj and different rainfall intensities. Peak
discharges are normalized to those of the 90 m-grid size.

a) Mettman ﬁidge; b) Tennessee Valley.
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ABSTRACT

Simple models for contributing area-ground slope thresholds for channel
initiation by landsliding and overland flow are fitted to data from field surveys of
road drainage concentration in three study areas in the western United States. Fitted
threshold models predict the general form of the boundary on a plot of drainage
area versus local ground slope between data fields for locations where road drainage
is associated with either landsliding, channel extension to the road, or no observable
geomorphic affect. Landsliding occurs at the greatest drainage areas on steep slopes;
locations with no observable geomorphic effect have the smallest drainage areas for
.a given slope. Comparison-with data from previous studies in these areas indicates
that the drainage area required to support a channel head is smaller for road-related
runoff than for undisturbed slopes, reflecting the lower infiltration capacity and
thus greater runoff production per unit area on road surfaces. In each of these study
areas, road drainage concentration increases the effective length of the channel
network and strongly influences the distribution of erosional processes. Drainage
concentration from ridgetop roads also may cause both landsliding and integration
of the channel and road networks. Calibration of threshold theories for road
drainage-induced erosion through limited field reconnaissance provides criteria fof

road design that would minimize direct impacts on downstream channel systems.
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INTRODUCTION

Road building results in a wide variety of environmental impacts. Although
virtually all road surfaces alter both drainage patterns and runoff generation, the
geomorphic impact of road construction has received little attention in a
quantitative theoretical framework. Significant road-related environmental
impacts include destabilization of side-cast material and downslope hillslopes
(Figure 1), gullying and channei network expansion, as well as increased
downstream sediment loads, altered streamflow and channel adjustments [see
Furniss et al. (1991) for a recent review]. For example, many previous workers
established that erosion rates from road surfaces and road-related landslides are
many times greater than from undisturbed areas [e.g., Megahan and Kidd, 1972;
Swanson and Dyrness, 1975; Beschta, 1978; Rice et al., 1979; McCashian and Rice,
1983; Reid and Dunne, 1984; Schroeder and Brown, 1984; Amaranthus et al., 1985;
Anderson and Potts, 1987]. Each of these impacts can result from the concentration
of runoff generated on road surfaces and rerouting of intercepted subsurface
discharge.

Differences in runoff generation from road surfaces and natural slopes are
well known. Road surfaces are less permeable and act as a source of rapid runoff,
increasing both rates and volumes of runoff [Megahan, 1972]. Road runoff thus
effectively generates greater peak discharges than an equivalent natural drainage
area. Road surfaces concentrate and deliver runoff to specific locations; ditches on
the in-board side of roads intercept both surface and shallow subsurface runoff from
upslope areas and route road drainage to culverts or other drainage locations {e.g.,
Megahan, 1972; Burroughs et al., 1972]. These drainage alterations and diversions
may alter channel network pattern, extent, and processes.

Concentration of road drainage can have several direct geomorphic effects; 1)

increased discharge may be insufficient to modify sediment transport, and thus have
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no identifiable geomorphic impact, 2) the discharge increase may be sufficient to
initiate or enlarge a channel and 3) the concentrated discharge may contribute to
slope instability on steep slopes below the drainage outfall. Sediment transport,
channel initiation, and shallow slope instability are each strongly influenced by local
slope and surface or subsurface discharge. This paper compares models for erosion
initiation by shallow landsliding and overland flow with data from field surveys of
road drainage concentration in three study areas in the western United States. The
methodology outlined provides a process-based framework for assessing the impact

of road systems on channel extension and landsliding.

THEORY

Threshold theories for channel initiation and slope stability [e.g., Horton,
1945; Schaefer, 1979; Dietrich et al., 1986; 1992; Montgomery and Dietrich, 1989; 1994;
Willgoose et al., 1991] provide a context within which to analyze erosional impacts
of drainage modification. The essential principle underlying these theories is that
erosion occurs once sufficient surface or subsurface discharge accumulates on a steep
enough slope to overcome the erosional resistance of the ground. Many factors
influence the specific timing and location of erosion by these processes including the
intensity and duration of rainfall and temporal variations in the contribution of
vegetation to soil strength. Howéver, threshold models for the spatial distribution
of erosion by these processes may be developed in terms of drainage area (as a
surrogate for discharge), ground slope, and soil properties (e.g., critical shear stress,
bulk density, and friction angle). More detailed derivations of these models and
discussions of their assumptions and limitations are presented elsewhere
[Montgomery and Dietrich, 1989; 1994; in press; Dietrich et al., 1992; 1993].

The overland flow model considers a critical shear stress to control channel

initiation. The critical shear stress, 1, is given by
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T = Pwg(Dsinber (1)

where py is the density of water, g is gravitational acceleration, D is the flow depth,
and 6 is the ground slope. Following Montgomery and Dietrich (1994), the discharge
per unit contour length for Horton overland flow (precipitation in excess of the

infiltration capacity of the soil) in response to a steady-state rainfall is given by
q = (R-T)a = uD - (2)

where R is the rainfall rate, I is the infiltration capacity of the ground surface, a is the
upslope contributing area per unit contour length, and u is the flow velocity. The
flow velocity also is related to slope and surface roughness. For laminar flow, this

may be expressed as
u = (2gDsindq/ kv)1/2 (3)

where k is a dimensionless surface roughness coefficient and v is the kinematic
viscosity. For turbulent flow, the flow velocity may be related to flow depth and

slope by the well known Manning equation
u = (1/n) D2/3 sing1/2 (4)

where n is a roughness coefficient. The critical drainage area, ac,, required to initiate
erosion (and thus, we assume, a channel) can be derived from equations (1-4) and is

given by
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Tcrs

ey —_ ()]
(R-1) sing2
for laminar flow and
Tcrs/ 3
aer o= -_ (6)

(R-1) sing7/6

for turbulent flow. Each of these equations predicts an inverse critical area-slope
relation; a greater drainage area is required to initiate a channel on a gentler slope.
Since road construction generates a topographic surface with a decreased infiltration
capacity, equations (5) and (6) predict that channel initiation by runoff generated on
road surfaces requires smaller drainage areas than for undisturbed ground.
Analogous topographic controls on shallow landsliding may be developed
through coupling simple hydrologic and slope-stability models (see Montgoxﬁery
and Dietrich [1989; 1994, in press] and Dietrich and others [1992; 1993]). The coupled
model essentially relies on an expression for the convergence of shailow
throughflow to predict the depth of saturation, which is then input into the infinite-
slope stability model. Following Dietrich and others [1993], the model assumes
infiltration of steady-state rainfall and runoff by shallow subsurface flow through
cohesionless soil overlying less conductive bedrock. The ratio of subsurface flow to

that which would occur at soil saturation is
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R a = h 7)

T sin6 z

where b is the contour length across which the subsurface flow drains, T is the soil
transmissivity at soil profile saturation, h is the local thickness of saturated flow,
and z is the soil thickness. The infinite slope stability model for cohesionless soils

can be expressed as

h/z = (ps/pw) [ 1- (tanb/tang)] - ®

Substitution of (6) into (7) yields an expression for the critical drainage area per unit

contour length required to initiate a shallow landslide:

acr (T/R) sinb (ps/pw } [1 - (tanB/tand)] 9)
This equation is only valid for steep slopes where tanf 2 [(ps-pw)/ps]} tand, which
generally can be approximated by tan® > 0.5 [Montgomery and Dietrich, 1994].
Equation (9) predicts a steeper, non-loglinear inverse critical area-slope relation than
models for channel initiation by overland flow. Increased volumes or rates of water
delivery to unchanneled valleys would decrease the critical area for debris-flow
initiation by effectively increasing the steady-state rainfall.

Equations (5), (6), and (9) predict different drainage area-slope relations for
channel or landslide initiation. Comparison of field mapped channel networks in
natural landscapes (i.e., no road drainage influence) with topographic thresholds
defined using digital elevation models indicate that such thresholds can be used to

define drainage area-slope relations below which channels do not develop
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[Montgomery and Dietrich, 1992]. These relations provide testable hypotheses for
examining the effect of road drainage concentration on the stability of natural
landscapes.

| STUDY AREAS AND METHODS

Road alignments and drainage patterns in each of the stﬁdy areas were
mapped onto topographic basemaps in three study areas in the western United
States; an area near Oiler Peak in the southern Sierra Nevada, California, Mettman
Ridge in the Orégon Coast Range, and Huelsdonk Ridge on the Olympic Peninsula,
Washington (Figure 2). Previous field mapping of channel network extent in
portions of the Southern Sierra’'and Mettman Ridge study areas that are
uninfluenced by road drainage documented drainage area-slope thresholds defining
channeled and unchanneled portions of the landscape {Montgomery and Dietrich,
£ 1988; 1992]. Additional field mapping reveals similar relations for channeled and
unchanneled locations in the Huelsdonk Ridge study area. The pattern of drainage
diversion in the southern Sierra study area was used to estimate upslope
contributing areas for discharge points both with and without drainage
modifications. Field maps were used to determine contributing drainage areas for
the Hueldsonk Ridge study areas. In the Mettman Ridge study area, the drainage
area contributing to discharge concentration points and the ground slope
immediately downslope were measured using. a tape measure, stadia rod, and hand
level. In each study area, ground slopes were measured in the field at every point
where road drainage was concentrated.

Mapping road drainage and determining contributing areas for discharge
points is subject -to-considerable inaccuracy because of uncertainty associated with
partitioning road surface runoff to different potential discharge points. Reid [pers.
comm.], for example, estimated that surface mapping of road drainage was accurate

to about + 30 % of the actual contributing area when conducted at times when
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runoff was not occurring. She also found that mapping road surface drainage
patterns during or immediately after runoff-producing events improved the
accurracy of contributing area estimates to about + 10 %. I concur and estimate that
the drainage area data for road surfaces collected in this study should be considered

to have an accuracy of roughly + 10-30 %.

Southern Sierra Nevada, California

The drainage system associated with a paved two-lane highway near Oiler
Peak provides an example of the effects of road drainage diversions on gully
development and channel network expansion. The area is underlain by deeply
weathered granitic rocks with thick colluvial soils developed in topographic
hollows. Slopes are gentle and vegetation consists of open oak forest and grassiands.
The road system is located significantly downslope from the drainage divide. Road
cuts truncate colluvial fills in topographic hollows and weathered bedrock in noses
and divert both surface and subsurface flow into an inboard ditch system that drains
through culverts into natural drainage courses.

Culvert locations and drainage diversions were mapped along a 2 km stretch
of road. Drainage areas both prior and subsequent to road construction were
determined froﬂ‘n the mapped pattern of drainage diversions, which significantly
altered the channel network in the mapped area. For example, at one mappeci
location a deeply-incised gully begins downslope of a culvert outfall that receives
drainage from upslope diversions. The natural channel head is a gradual incision
located 200 m down valley and that has been stranded and effectively abandoned by
gully incision. |

Incision of previously unchanneled valley bottoms resulting from road
drainage concentration has integrated the road and channel networks, allowing the

road surface to act as an extension of the channel network. Within the area shown
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in Figure 3, four hollows (A,C,E, & G) lost drainage area through road drainage
diversions. In each of these cases, the channel be_gins significantly downslope of the
road. In contrast, three hollows (B,D, & F) receive additional drainage from the road
system and the channels begin at or immediately downslope of culverts. In the area
shown, integration of these channels with the road drainage network increased the
total channel length by about 570 m, which increased the effective drainage density
(here used in the sense of the channel density of Montgomery and Dietrich [1994])
from 5.2 km-1 to 8.7 km-1 (170% of the natural drainage density). For the whole 1.2
km2 basin in which the extent of the channel network was mapped, integration of
the road and channel networks increased the drainage density from 2.8 km-1to 4.4 |
km-1 (160% of the natural drainage density). These estimates do not include the
length of new channels incised between culverts and previous channel heads.
Larger charinels in this area are entrenched in colluvial/alluvial valley fills, with a
series of three terraces preserved along the main channel. Cultural artifacts
recovered from within these alluvial terraces indicate that the entrenchment is
historic. Downstream channel entrenchment in this area may further reflect the
effects of historic grazing activity, which caused channel entrenchment in other
parts of California (see Cooke and Reeves [1976] and Montgomery [1991)).

Road drainage also influences the threshold for channel initiation in this
area. The transition from channeled to unchanneled slopes exhibits the same
inverse form for both natural and road-altered drainage (Figures 4A&B),- but less
drainage area appears to be required to initiate a channel for hollows receiving road
drainage (Figure 4C). A test for the equivalence of regression models for the log-
transformed data for channeled locations [Berenson et al., 1983] allows rejection of
the hypothesis that the two population models are coincident (0=.05). These results

imply that road drainage has not altered channel initiation mechanisms (in this case
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overland flow) and support the hypothesis that the impervious paved road surface
generates runoff equivalent to that of a larger natural area.
Huelsdonk Ridge, Washington

Recently-constructed logging roads on Huelsdonk Ridge provide an example
of the effect of ridgetop road drainage on channel network extension and slope
stability. Steep clearcut slopes drain to narrow tributary channels that empty into a
wide alluviated valley along the South Fork Hoh River. These steep slopes are
divided into rhythmically-spaced hollows and noses. Most of the landslides in this
area originate in topographic hollows and landslide inventories from historical
aerial photographs indicate that the rate of landslide initiation increased
dramatically following road construction and clear-cutting [Schlichte, 1991].

A 7.8 km stretch of the gravel road system along Huelsdonk Ridge was
mapped onto a 1:4800 scale topographic basemap. Road drainage divides, culverts,
and other locations where road drainage discharged onto the slopes were mapped.
Road surface widths measured in the field consistently were 5.6 m. As is typical
throughout the Pacific Northwest (Figure 5), ridgetop road drainage generally is
foc;ised into the heads of topographic hollows. Drainage areas contributing to each
discharge point were calculated as the product of the contributing road length and
the road width. The local slope immediately downslope of the discharge point was
measured from the topographic basemap. Each discharge point was classified as
either not influencing erosion, causing channel formation immediately downslope
of the road margin, or associated with a debris-flow scar.

Data from these classes appear to define distinct fields on a plot of drainage
area versus slope (Figure 6). Data from locations where road drainage does not
influence downslope erosion (unchanneled) plot at the lowest drainage areas and
slopes. Data from locations where road drainage initiates a channel (channeled) plot

at higher drainage areas. Road drainage-associated landslides plot at the highest
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drainage areas and steepest slopes. Although the sample sizes are small, the
significance of this interpretation is supported by Komolgorov-Smirnov tests
[Sprent, 1989] of the null hypothesis that each of the variables (drainage area and
slope) for each of the samples (unchanneled, channeled, and landslide) are drawn
from populations with identical distributions. The slope distributions for
channeled and landslide data differ (=.05), whereas the null hypothesis cannot be
rejected (o=.05) for comparison of unchanneled and either channeled or landslide
data. Drainage area distributions differ significantly (a=.05) for comparison of
unchanneled and either channeled or landslide data, but are not signifiéantly
different (a=.05) for comparison of channeled and landslide data. These tests allow
us to conclude that unchanneled sites have significantly smaller drainage areas than
either channeled or landslide sites, and that landslide sites are steeper than
channeled sites.

- These data also are consistent with the form of relations predicted by
equations (6) and (9), as fitted relations essentially define boundaries between data

fields (Figure 6). Channeled and unchanneled data are reasonably segregated by
A =400 / sin8 (10)

a relation close to the form predicted for channel initiation by turbulent overland
flow, such as might be expected where road drainage is discharged onto natural
slopes. Landsliding sites only occur on slopes where tanf > 0.5 and the lower bound
to the data for sites of observed landsliding is well fit by adjusting the steady-state
rainfall in equation (9) using estimates of T = 65 m2/day, ps = 1800 kg/m3, and ¢ = 45°
cierived from field measuremen-ts (see Montgomery and Dietrich (in press] for
further discussion). These observations suggest that adverse erosional impacts

associated with ridgetop road construction could be minimized by a drainage system .

Montgomery 11 ' 10/2/93



designed to keep the contributing area at discharge locations below the range for the

channeled data in Figure 6.

Mettman Ridge, Oregon

The forest road system on Mettman Ridge provides another example of the
effect of ridgetop road drainage on erosionél processes. The gravel road system is
located on narrow ridge crests separating steep slopes, which are divided by
regularly-spaced hollows that indent ridgetop drainage divides. Consequently, road
drainage commonly is discharged into the heads of topographic hollows. Road
surface widths measured in the field consistently were 3.5 m. Landslides are a major
channel initiation mechanism in this area [Montgomery and Dietrich, 1988] and
landslide-related sediment transport accelerated dramatically after road building and
forest clearance, with most of the increase coming from failures associatea with road
drainage concentration or logging landings [Montgomery, 1991].

A total of 3.2 km of the gravel road system was mapped onto 1:4800 scale
topographic basemaps (Figure 7). Road drainage flow directions, drainage divides,
culverts, and other points of drainage concentration were mapped immediately after
rainfall observed to produce copious runoff from road surfaces. In many cases,
distinct channels on either side of the road crown drained to opposite sides of a
ridge. Moreover, flow down the road surface sometimes bipassed culverts. Road
surface area was allocated to each discharge point based on field measurements,
mapping, and estimates. Again each discharge point along surveyed road segments
was classified according to the association of the discharge point with either no
apparent geomorphic effect, channel extension to the drainage outfall, or debris-flow
scars. Integration of the ridgetop road network with the channel network in the
three Mettman Ridge basins mapped in the previous studies would increase the

drainage density from 9.9 km-1 to 12.2 km-1 (123% of the original drainage density).
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Dafa from Mettman Ridge exhibit general relations similar to the Huelsdonk
Ridge data (Figure 8). Locations where drainage concentration has no observable
geomorphic effect plot at the smallest drainage areas and slopes. Lecations where
road drainage initiates a channel plot at higher drainage areas and slopes, while
those locations where road drainage is associated with landsliding plot at the highest
drainage areas and are restricted to steep slopes (i.e., tan8 > 0.5). Again sample sizes
are small, but thése interpretations are supported by Komolgorov-Smirnov tests
[Sprent, 1989] of the null hypothesis that each of the variables are drawn from
populations with identical distributions. In this case, the distributions of drainage
area data for unchanneled locations differ (¢=.05) from both channeled and
unchanneled data, while the null hypothesis cannot be rejected (a=.05) for
cémparison of channeled and landslide data. Slope distributions differ significantly
(0=.05) for comparison of landslide and either channeled or unchanneled data, but
are not significantly different (a=.05) for cdrhparison of channeled and unchanneled
data. These tests allow us to conclude that unchanneled sites have smaller dfainage
areas than channeled or landslide sites, and that the population of landslide sites is
steeper than those for both channeled and unchanneled sites. |

Equations (6) and (9) also provide reasonable predictions of the boundaries to
unchanneled, channeled, and landslide data from the Mettman Ridge road drainage
survey (Figure 8). The lower bound to the data from channeled road drainage

locations along Mettman Ridge can be approximated by
A = 100 / sin@ (11)

This is significantly lower than for the Huelsdonk Ridge data, presumably reflecting
differences in climate (rainfall intensity and duration) and soil properties

(infiltration capacity and critical shear strength) between these study areas. This
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difference illustrates that a single relation is not applicable to all landscapes.
Appropriate relations need to be developed for application in different areas. Again,
equation (9), fitted by adjusting the rainfall rate and using field derived estimates of
T = 65 m2/day, ps = 1800 kg/ m3, and ¢ = 45°, provides a reasonable lower bound to
data from sites of observed landsliding (Figure 8).

Comparison of data from road drainage surveys with data generated from a
field survey of channel head locations in this area of Mettman Ridge [Montgomery
and Dietrich, 1992] reveals that overland flow-initiated channel heads assdciated
with road drainage plot at lower drainage areas than undisturbed channel heads
{Figure 9). This presumably reflects the lower infiltration capacity for road surfaces
than for natural slopes. Many steep channel heads in this area are associated with
small landslide scars {Montgomery and Dietrich, 1988; 1992]. Contributing areas for
road-related landsliding plot within the range of natural data. The mechanism for
initiating landsliding involves infiltration of runoff and lateral subsurface flow
convergence, which should decrease hydrologic differences between road-related
and natural contributing areas of similar size. The small sample size of the -

available data preclude greater exploration of this issue.

DISCUSSION

The lower-limit to the data for channel initiation by overland flow and
landsliding from road drainage concentration is consistent with the general forms
predicted by equations (6} and (9). The relations reported above apply only to‘
geomorphic¢ impacts on locations immediately downslope of roads; they do not
consider a wide array of other road-related impacts that warrant further research.
These include more detailed assessments of the integration of road and channel
networks, the attendent effects on downstream hydrologic and geomorphic

response, and the influence of sediment eroded from road surfaces on substrate sizes
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in downstream channels. Each of these effects depends on the integration of the
channel and road networks, which itself depends on continuing incision downslope
to existing channels. Such integration is to be expected for the cases of landsliding or
drainage to existing channel crossings. In contrast, overland flow delivered from a
road to a previously unincised slbpe may cause incision, but subsequently
reinfiltrate into colluvial deposits. However, the resulting increase in the
downslope subsurface discharge may destabilize the channel head and cause

channel extension. Integration of the road and channel networks thus may reflect
an interplay of these mechanisms.

The data reported here have important implications for assessing current
road designs. Ridgetop roads are presently recommended as a means to avoid direct
road connection to channels and construction of potentially unstable fill berms
across low-order channels [e.g., Furniss et al., 1991]. Ridgetops, however, are
generally indented at the heads of valleys and thus ridgetop road drainage typically
is focused into and, as the data presented here show, may destabilize unchanneled
valleys. While recent improvements in road construction practices (e.g., end-
hauling) should decrease some road-related impacts, road drainage concentration
‘may still trigger slope instability and integrate channel and road networks.

The survey results reported here suggest that incorporation of empirical
drainage area-slope thresholds into road drainage designs would help to minimize
adverse affects of road drainage concentration. This requires determination of the
relation appropriate for the area of interest from field surveys. Fortunately, such
surveys are simple and are not time consuming. For example, collection of the data
from Heulsdonk Ridge required two people for one day; acquisition of the Mettman
Ridge data required two people for two days. Collection of the necessary aata entails
a fraction of either the cost of repairing a single landslide, or the value associated

with resource loss.
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For a road of constant width, the drainage area-slope threshold defines a
réiation between the maximum road length, L, and the gradient of the‘ slope onto
which road drainage is discharged. Equations (5), (6), and (9) indicate that the
specific relations should reflect the road surface material (infiltration capacity),
rainfall characteristics, and soil properties (critical shear stress, friction angle, bulk
density, and transmissivity). For the Huelsdonk Ridge data, the empirical relation is

approximated by

L =70/ sind (12)
and for the Mettman Ridge data by

L =30/ sind - (13)

(Figure 10). These relations highlight the need to include in evaluations of road-
related environmental impacts both the frequency along a road that drainage is
discharged and the gradient of the slope onto which it is discharged. At present,
management regulations generally prescribe culvert spacing based either on
delivery of road runoff to natural drainages or a design culvert spacing that varies
with the road gradient (e.g., Washington Administrative Code 222-24-025). Road
designs or codes that do not take both drainage frequency and ground slope into
consideration do not adequately address the potential for downslope geomorphic

impacts from road drainage concentration.

CONCLUSIONS
Road construction fundamentally alters the hydrologic and erosional

processes operating in a drainage basin. Sufficient concentration of road drainage is
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associated with expansion of the channel network (and integration of the channel
and road networks) and landsliding in steep terrain. Many existing road designs,
including ridgetop roads, inadequately address geomorphic ilmpacts-of road
construction, but simple changes in road design that would prevent drainage
concentration could minimize road-related adverse impacts on slope stability and
downslope stream channels. Collection of field data to calibrate theoretical
threshblds for erosion initiation could be used to generate empirical relations for

allowable drainage concentration that could reduce road drainage-related impacts.
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FIGURE CAPTIONS

1 Road-related landsliding in the central Washington Cascades.
2 Location map for the study areas.

3 Map of a portion of the Southern Sierra Nevada study site showing effect of
road drainage diversions on the extent of the channel network; channels
represented by black lines, colluvial deposits in topographic hollows by gray

shading, and road drainage by arrows. Contour interval is in feet. -

4 Plot of drainage area versus local slope for channeled (solid circles) and
unchanneled locations (open circles) in the Southern Sierra Nevada study
site for A) natural drainage and B) road-related drainage diversions. C)
Similar plot showing channeled data for natural (open triangles) and road-

related drainage (solid triangles).

5 A) Landslide on the Olympic Peninsula, Washington, associated with
drainage concentration along a ridgetop road. B) Schematic illustration of
ridgetop road drainage concentration into topographic hollows. Landslides
represented by gray shading: channels by black lines. Modified from a sketch
by W. E. Dietrich.

6 Contributing road drainage area vs. slope at the discharge point for the
ridgetop road system on Huelsdonk Ridge. Locations immediately
downslope of the discharge point were either unchanneled (open circles),

channeled (solid circles), or a debris-flow scar (triangles). Lines indicate fitted.
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preditions of the models for turbulent overland flow (inclined line) and for
landsliding (curve); dashed vertical line indicates lower limit to applicability

of landslide model.

7 Map of a portion of the Mettman Ridge study area showing road drainage
patterns, landsliding (black shading), channels (black lines), and colluvial

deposits (gray shading). Contour interval is in feet.

8 Plot of contributing road drainage area versus local slope at discharge points
for the Mettman Ridge study area for unchanneled locations (open circles),
channels extending to the drainage outfall (solid circles), and landslides
immediately downslope of the drainage outfall (triangles). Lines indicate
fitted preditions of the models for turbulent overland flow (inclined line) and
for landsliding (curve); dashed vertical line indicates lower limit to

applicability of landslide model.

9 Plot of contributing area versus local slope for channeled data for natural
channel heads (open triangles) and for both road drainage-related landslides

(solid triangles) and channel extention (solid circles).

10  Plot of contributing road length vs. ground slope at the point of drainage
concentration for A) Huelsdonk Ridge and B) Mettman Ridge. Solid lines
represent equations (12) and (13); data are for unchanneled locations (open
circles), channels extending to the drainage outfall (solid circles), and

landslides immediately downslope of the drainage outfall (triangles).
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Feedback Mechanism for Population Stability

David R. Montgomery1, N. Phil Peterson?,
John M. Buffington1, David Schuett-Hames3, and Thomas P. Quinn2

1 Dept. of Geological Sciences and Quaternary Research Center, University of
Washington, Seattle, WA 98195

2 School of Fisheries, University of Washington, Seattle, WA 98195

3 Northwest Indian Fisheries Commission, 6730 Martin Way E., Olympia, WA
98506 |

Rapidly declining salmon populations are forcing
reexamination of fisheries and land management in the Pacific
Northwest and are propelling proposals for. widespread habitat
restoration. We present evidence suggesting a feedback
mechanism for population decline of mass-spawning species
whereby reduced spawning activity decreases the shear stress
necessary for bed mobilization, which, in turn, increases scour and
decreases embryo survival. This feedback mechanism implies that
it may become increasingly difficult to maintain or rehabilitate a

declining population.

Dramatic declines of Pacific salmon (Oncorhynchus spp.) in the
northwestern United States have led to the application of the Endangered
Species Act to certain populations (1) and concern that 'many other populations

are also in jeopardy or are already extinct (2). While these declines reflect the
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combined influences of dam construction, overfishing, and habitat degradation,
isolating these influences has proven extremely difficult, in part because it is
difficult to link habitat change to population-leve!l response (3). Recent
proposals for extensive habitat restoration programs (4) assume that the
availability of high-quality habitat is the factor limiting populations.

Although habitat degradation may lead to population decline in salmon
and other organisms, the response to habitat restoration efforts is more
complex. One complication is that animals may piay an active role in the
creation and maintenance of their own habitat. Beaver dams are probably the
most widely recognized example of this phenomena (5), but burrowing activity
(6) and grazing (7) provide additional examples. Although the sorting of stream
gravels during spawning and the construction of gravel redds and egg pockets
is well-known (8), neither fisheries biologists nor geomorphologists have
explored how spawning activity changes channel processes (9). We present
evidence of a feedback between digging behavior associated with salmon
spawning and channe! bed mobility. This feedback could make it increasingly
difficult to reverse accelerating salmon population declines because decreased
spawning activity makes the channel bed more éusceptible to scour, in turn
leading to higher embryo mortality.

Anadromous salmon are spawned in freshwater, migrate to sea after a
variable period of freshwater residence, spend several years at sea, 'then return
and spawn either in their natal or a nearby stream. Each female constructs a
redd consisting of several egg pockets in the channel bed by turning on her
side and rapidly undulating her tail and body. After eggs are released and
fertilized, the female buries them while simultaneously excavating another egg
pocket immediately upstream (10). This action coarsens the channel bed by

sweeping the finer particles into the water column where they are transported
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downstream. Females defend these nests from encroachment, but under high
densities some may superimpose their nests on those of earlier spawners.
Such supetimposition is widely accepted as a major cause of density-
dependent mortality (11) and fisheries managers generally attempt to prevent
overly high densities of saimon from reaching spawning areas by manipulating
fishing pressure. In the absence of superimposition, most embryo mortality is
thought to occur from poor water circulation associated with fine sediment filling
inter-gravel pore spaces (8) and scour from high flow events (12). Contrary to
the assumption that high saimon densities are undesirable for the status of the
population, cbservations collected during a two-year study indicate that mass-
spawning activity alters channel morphology in ways that may reduce the
probability of bed mobility and thus the vulnerability of the eggs to scour.
Kennedy Creek is a gravel-bed pool-riffle type channel (13) flowing into
the south end of Puget Sound, Washington (Figure 1) that supports a run of
chum salmon (O. keta). The stream reach discussed here has a bankfull width
and depth of approximately 10.8 m and 0.42 m, respectively, and a reach-
average slope of 0.0047. Observations during fall 1990 indicated that
spawning occurred across the entire bed surface, coarsening the bed material,
filling pools, and excavating bar margins. The following year, similar effects of
spawning on channel morphology were documented through repeated
surveying immediately prior to and after spawning and through pebble counts
during spawning activity. Surveys were conducted using a digital theodolite
and pebble counts were conducted using Wolman's standard methodology
(14). | |
. Pebble counts conducted during spawning activity documented the
magnitude of channel bed surface coarsening. Measurements were collected

at unspawned locations in the channel, and immediately downstream of egg
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pockets in locations observed to be representative of the channel bed in
general after mass spawning activity. Spawning activity increased the median
grain size (dse) of material on the channel bed from 22 mm to 30 mm (Figure 2).
The coarse énd of both the spawned and unspawned grain size distributions is
similar; bed coarsening occurred by the selective removal of fine particles,

producing better sorted gravels.
The critical boundary shear stress required to mobilize the surface grains
of a gravel-bed channel {tpe) can be estimated from the bed surface dsg. This

critical shear stress for general bed mobility (15) is given by
The = Te50 (Ps-Pw) 9 d50 (1)

(16), where t* . is the dimensionless critical shear stress for the median grain
size, ps and py are the densities of sediment and water. respectively, and g is

gravitational acceleration. Expressing b in terms of the average depth-slope

product

Tbc=pwgDS (2)

where D is the flow depth and S is the water surface slope, the critical depth of
flow necessary to mobilize the bed can be calculated from (1) and (2). There is

little consensus among investigators, however, regarding values of t* g for

heterogeneous gravel beds (17).
The Shields shear stress (0.056) (16) provides a maximum estimate of

T* 50, bt is likely to be an overestimate, as it characterizes homogeneous beds

which have higher critical shear stress values due to greater friction angles (18).

A second estimate of t* s, (0.054) can be made from (1) and (2) by assuming

Montgomery et al.



that in a self-formed channel the unspawned bed grain sizes are adjusted to
bankfull conditions of depth (0.42 m) and slope (0.0047). However, this second
T* .50 value is also likely to be an overestimate. In a forested channel the
undisturbed bed grain sizes may reflect the additional influences of other
roughness elements such as bedforms and large woody debris (19), which

when included along with grain roughness in (1) effectively lower the above

T+ .50 €stimate. Based on empirical data from similar channels in Western
Washington (19) we estimate that t* 5 is 0.040 and that the other in-channel
roughness elements have an "equivalent grain roughness” of 8 mm. This value
of T+.5q and an "equivalent grain roughness" together with (1) and (2) predicts
that the spawning-related increase in median grain size from 22 mm to 30 mm
increased the critical flow depth for general bed mobilization from 100% (0.42
m) to 126% (0.53 m) of the bankfull flow depth (Figure 3). The duration of bed
coarsening is uncertain and likely site specific, depending on the subsequent
degree of fine particle distrainment and entrapment over the relatively rough
spawned surfaces. Field observations at the study site suggest that the bed
surface gradually fines during low-flow periods. |

Spawning success is predicated on the depth of scour being less than
the depth to which eggs are buried (20). Depth of scour in gravel-béd channels
is related to the rate of bedload transport (21), which is in turn a function of both
the peak fiow depth and the duration of flow in excess of that required for bed
mobility. Long-term records of discharge and scour depths are unavailable for
Kennedy Creek, but the bankfull flow depth is generally considered to represent
a condition of roughly annual to biennial bed mobilization in gravel-bed
channels (22). Thus the increase in the critical flow depth indicates that

spawning activity of salmon in Kennedy Creek should decrease the average
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annual depth of scour, altering the channel in a way that increases the liklihood
of their offspring surviving.

While we cannot yet rigorously assess the influence of this feedback
mechanism on salmonid reproduction, additional data from Kennedy Creek
.suggest that it may be significant. Peak discharge in Kennedy Creek from
November, 1991, to February, 1992, was approximately coincident with bankfull
stage. Scour depths recorded by 104 scour chains ranged from O to 60 cm, with
a mean of 13.4 ¢cm. Forty egg-pockets measured during spawning activity
ranged in depth from 9.8 to 48.9 cm, with a mean of 22.6 cm. While only a small
proportion of the channe! bed scoured to egg-pocket depths during this
approximately bankfull event (Figure 4}, the scour and egg pocket burial depth
distributions indicate that even a minor increase in scour depths could have a
major impact on the integrity of egg-pockets.

Our observations document that mass spawning increases channel bed
stability through bed surface coarsening, which, in turn, may protect underlying
egg pockets. Consequently, once a population declines, the bed may be more
frequently scoured, decreasing the probability of embryo survival and leading to
further population decline. Such a feedback would make it increasingly difficult
to reverse a declining populaﬁon trend, especially if the decline coincided with
changes in land use that lead to more frequent or higher discharges or to bed
surface fining (23). Based on these implications, we suggest that fishery
managers prever{t population decline before critical feedback levels are
reached, and we recommend re-analysis of the conventional wisdom that
compensatory biological processes will allow mass-spawning salmon
populations to febound from low levels. More fundamentally, these results

illustrate the importance of feedback between physical processes and
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biological activity in the maintenance of stream habitats and the successful

proliferation of anadromous fishes.
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FIGURE CAPTIONS

1

Map showing the location of Kennedy Creek in western Washington.

Cumulative size distributions of bed surface sediment for spawned (open
circles) and unspawned (solid circles) locations sampled in Kennedy
Creek on October 28, 1992. Distributions shown are composites of two
pebble counts of 100 grains each. Unpaired T-tests (¢=.05) 1) show that
the means of the two unspawned samples are similar, 2) the means of
the two spawned samples are similar and 3) the means of any
combination of spawned and unspawned samples are significantly
different. Simple averages and ranges are given for the median grain
size {(dsg) and the absolute value of the sorting parameter (|o]) defined in

terms of the phi grain size scale (24).

Cross-section of the study reach. Black area indicates the change in the
calculated critical flow depth for bed mobility before and after spawning.

No vertical exaggération.

Normalized histographs of a) scour and b) egg burial depths for
Kennedy Creek in 1991-92. Scour depths (n = 104) were determined
from scour chains monitored through the winter seasen. Note. that five
percent of the scour chains recorded scour to greater than 50 cm depth.

Egg burial depths (n = 40) were measured during spawning activity.
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Mountain-Scale Strength Properties, Deep-Seated Landsliding, and
Limits to Local Relief

Kevin M. Schmidt and David R. Montgomery
Depariment of Geological Sciences, A]-20
University of Washington

Seattle, WA. 98195

ABSTRACT

Controls on the size of mountains and the stability of bedrock slopes are only
poorly constrained, but provide potentially important limits to the development of local
relief. Large-scale mass wasting provides the most obvious limit to relief development.
Simple models of slope stability indicate that susceptibility to mass wasting is a function
of local relief, slope gradient, degree of saturation, zind the sirength of the material
Natural slopes, however, rarely atiain heights close to the theoretical maximum
predicted by intact rock sirengilhs because of pervasive discontinuities such as faults,
foints, and bedding planes. Thus, determining representative strength properties of a
mountain or hillsiope is difficult because such properties integrate both material and
structural discontinuities, and may also be time dependent. While laboratory-derived
strength properties may be applied on a site specific basis, alternative methods are
necessary 1o describe representative geotechnical parameters over large spatial scales.
We hvypothesize that such integrated rock sirength properties limit local relief
development and effectively bound the size of stable hillslopes for mountain drainage
basins in a given lithologic, climatic, and tectonic regime. Here we investigate this

assumption using theory and field work for a study area in the northern Cascades.

STABILITY ANALYSIS

Simple force balances in a two-dimensional, limit equilibrium slope stability
mode| can be applied to back-calculate the geotechnical properities implied by observed
topographic relief. The sliding-wedge method of slope stability analysis (Culmann,
1866) predicts a limiting relation between hillslope gradient and ridge height by
approiimating a failure block as a wedge with a planar failure surface. The maiimum

stressed surface is then a plane passing through the toe of the slope (Spangier, 1960).




The force balance of shear stress and shear resistance for this geometric configuration

leads to an equation for mazimum slope height

4c| sinBcos¢
H== : (13
7 |[1-cos(B- 9)]
where,

¢ = cohesive shear strength of rock
¥ = unit weight of rock

B = hillslope angle measured with respect 10 horizontal

¢ = internal friction angle

This technique has been applied to friable loess deposits in Iowa by Lohnes and Handy
(1968), to loess-derived alluvium in Tennessee by Simon (1989), and to coastal bluffs
composed of glacial deposits bs./ McGreal (1979) but not in larger-scale bedrock
landscapes. Other studies recognizing a slope/height limit to stable slopes include that
of Skempton (1953) for clay strata in England ana the work of Grant-Taylor (1964) on

weathered greywacke in New Zealand.

Expanding on the simple relationship of the Culmann method, a more rigorous
approach including the effects of ground water conditions, cleft and uplift pressures, is
presented here in Figure 1 after Hoek and Bray (1977). The analyses discussed here
utilize this more detailed approach 1o back-calculate cohesion and friction angle values
from observed topographic development. Development of topographic relief is a
complex process controlled by erosional processes and the strength of material over
long time scales. Thus. it is thought that the back-calculated strength parameters
characterize jn-situ sirength properties representative of geologic formations over

large spatial and temporal scales.

STUDY AREA

We measured the horizontal length and vertical height of slopes underlain by
the strongly-bedded Eocene Chuckanut Formation, the Quaternary glacio-fluvial
deposits forming channel banks in river valleys in northwestern Washington state,
and the Darringion Phyllite. This area in the north Cascades was chosen because of
numerous recognized bedrock landsiides up 1o 1000 m in height as well as pronounced

mass wasting along incised channel banks. Widespread landsliding argues for the



mobilization of peak strength vajues and thus the maximum relief development
attributable to a unit. Landscapes with numerous large-scale landslides have developed
their mazimum strenglh. and thus back-calculated sirength parameters are considered

to reflect minimum values.

The Chuckanut Formation, a 6000 m thick package of subaerialiy-deposited
sediments, is well suited for this study because of its wide extent as well as its propensity
towards large-scale landsliding. Classified as one of thickest fluvial sequences in North
America (Johnson, 1982) this interbedded, well-cemented sandstone, shale and
conglomerate extends from the low-relief topography around Bellingham, Washington
east to the high-relief mountains just west of Mt. Baker in the Cascade Range (Figure 2).
These Eocene rocks have been deformed into broad, northwesti-plunging folds often
truncated by local faults. Previous landslide identification by Fiksdal and Brunengo
(1981) was supplemented with stereoscopic mapping of deep-seated landslides from

color infrared aerial photographs ontoc 1:24,000 scale topographic maps.

Deeply-incised glacial deposits up 1o 150 m in thickness are ubiquitous along the
mountain fronts in the northern Cascades. Thev jocally form wide benches in the river
valleys that are usually llat-topped. As with the Chuckanut Formation, we consider the
sediments of the glacial benches as a homogeneous unit, even though it is composed of
a varied sequence inciuding stiff, laminated lacuslrine clay. siit/sand outwash, and
boulder till. Although slopg failures in the glacial sediments are much smaller than
those in the Chuckanut Formation, theyv represent a large source of sediment entering
the adjacent channels (Kelsey, 1988). These slopes were field surveved in the drainage
basins of the Middle Fork of the Nooksack River, Clearwater Creek, Rocky Creek, and

Boulder River.

RESULTS

CHUCKANUT FORMATION

Of the 204 measurements extending from ridge top to valley botiom in areas
underlain by the Chuckanut Formation, 40 represent large-scale landslides. A plot of
slope vs. height for these transects, including all deep-seated, bedrock landslide sites
identified from aerial photograph analysis, suggests an arcuale upper bound (Figure 3).

This limit to the local relief, assumed to be the maximum attainable based on the




widespread instability of the area, constrains back-calculated strength parameters. The
geotechnical properties implied by fitting a threshold curve (¢=21° ¢c=150 kPa with

Y=25 kN/m3) to the upper limit of the observed data are interpreted to approximate

long-term effective values for the Chuckanut Formation as a whole.

Even under the extreme-assumption of fully saturated conditions, many of the
landslide sites lie below the predicted threshold of instabitity (Figure 3). This variance
does not result solely the from the decrease in slope gradient due to downslope
movement of a landslide toe. Rather it reflects the treatment of the entire formation as
one entity without considering the destabilizing effects of the geologic structure. A
separation of the transects into the three structural categories of anti-dip slopes, dip
siopes, and slopes trending parallel 1o fold axes results in 2 segregation of the data.

Figure 4 reveals that the anti-dip slopes conitrol the maximum relief development
attained by the formation with threshold strength values of ¢=21° ¢=165 kPa. In

contrast, the dip slopes define lower threshold strength values of ¢=17", ¢c=120 kPa
(Figure 5). The remaining sites. representing the specific condition of slopes trending

parallel to fold axes, are even farther removed from the dip slope relief limit.

The present stability of some hillslopes above 750 m in height is partially
explained by the buttressing of the lower slope profile with glacio-fluvial deposits. In
these high-relief areas, much of the valley floor and lower portions of the adjacent
hilislopes are covered with up to 150 m of glacial deposits. This added mass decreases
the overall hillslope gradient and provides a downward force on the jower portion of
the hillslope, thus increasing the relative stability of the underlying rock. While only
37% of the recognized landslide sites above 750 m are butiressed with glacial sediments,
80% of the currently stable sites have thick benches of glacial sediments butiressing
their lower slopes. In addition, modeling carried out with the method-of-slices
computer program “XSTABL" suggests that the presence of the glacial valley [ills
increase the relative factor of safety by aboutl 30%. Therefore, these butlresses may

allow higher ridges 1o be stable than would otherwise be possible.

GLACIAL DEPOSITS

A total of 178 transects were surveyed along four channels incised into glacio-
fluvial deposits. Stable sites were defined by the presence of mature vegetation, i.e.

moss, ferns, and conifers. Landslides were classified as slump failures only if the



landslide block, often wilth back-rotated trees, was still recognizable. The present, post-
failure topographic profiles of slumps were measured. When possible, estimation of the
pre-failure profiles also was obtained. On Figure 6. pre- and post-failure conditidns are
linked by tie-lines for those profiles where such reconstruction was possible. Exposed
cliffs, lacking soil development, vegetalion, an arcuate headscarp, a;id a defined fajlure
block, were classified as inferred topple failures. The back-calculaied threshold
envelope vields strength values of ¢=29" and ¢=20 kPa with ¥Y=20 kN/m’3 for the
stratigraphic package treated as a single unit. Because the mode! assumes hydrostatic
conditions at saturation, the remaining failure sites positioned below the threshold for
saturated conditions may be the result of excess pore pressures or seepage forces,
Figure 7 shows a schematic representation of the effects of these forces and reiative

decrease in stability.

From field observations il appears as If shallow, topple failures become critical
earlier in the downcutting phase followed later by an activation of slump failures. For
example, only those reaches that have been over-steepened in meander bends produce
well-developed slumps. Topple failures are commonly located at the beginning and end
of meander bends while slumps are found at the apex of the bend, the location of
maximum present undercutting and removal of failed material. It is inferred then that
in high sinuosity reaches the full strength of the material composing the banks and

locally the valley walls is mobitized.

The large number of failures with near-vertical slip surfaces can be explained
by the state of equilibrium in an active Rankine siate and the Navier-Coulomb criterion
(Terzaghi, 1943). The state of tension adjacent to a free face such as a channel bank
extends down to a critical depth depending on the cohesion. friction angle, and unit

weight of the material. The maximum depth of tension is predicted by the relation:

2c.
—C—tan(45+%). Using the sirength parameters back-calculated from the threshold
Y

curves, the predicted mazimum depth of tension is 34 m. The observed maximum

height of a vertical channel bank classified as a topple failure is 3.5 m.

Unstable, deeply incised reaches have high potentiai for impacting channels
through rapid introduction of large volumes of sediment from bank failure (Kelsey,
1988). Recent work relaied to rain-on-snow events (Megahan, 1983; Harr, 1986; Berris

and Harr, 1987) suggest that removal of timber in the transient snow zone can




significantly alter the hvdrologic response of a basin. We caution that sites situated
above the saturated threshold in Figure 6 may be considered potentially sensitive to

changes in the hydrologic regime.

DARRINGTON PHYLLITE

The Darrington Phyllite, a relatively weak pre-Tertiary metamor phic rock.
exhibits varying degrees of sirength depending on its extent of weathering. Analysis
of the strongly-bedded Chuckanut Formation revealed that stability is highly dependent
on the underlying geologic structure. Similarly, examination of slopes underlain by
Darrington Phyllite suggests that maturity of weathering, most developed in the inner
gorges, dramatically alters material strength. Figure 8 depicts the relief development
of weathered phvllite in the inner gorge of the Middle Fork of the Nooksack River
downstream of the diversion dam and relatively unweathered rock above the inner
gorge. The rock in the inner gorge is subjected to enhanced fracture intensity
through mechanical weathering induced by the local topographic stress field (Miller,
1992). An increase in fracture density allows for increased hydraulic permeability and
thus intensified chemical weathering. Consequently, rock comprising the inner gorge
fails at much lower heights, for a given hillslope gradient, than the same unweathered
rock (Figure 8) above the ground water flow field. Thus, rock strength will predictably
differ through the landscape wit_h the inner gorges identified as sites possessing

weathered, weak rock.

COMPARISON OF BACK-CALCULATED AND
LABORATORY-DERIVED PARAMETERS

Material properties oblained through analysis of bedrock slopes are lower than
values typically derived from laboratory measurements on similar materials (Table 1}
This discrepancy is rooted in problems of scale and the fact that rock masses are
discontinua. Bienjawski and Van Heerden (1975) have shown thatl the sirength of iron
ore. diorite, and coal decrease considerably with increasing specimen size. A
laboratory sample shears over a failure plane thal is many orders-of-magnitude
smaller in surface area than a natural hillslope. Smaller samples contain fewer
discontinuities, and hence are stronger. Where few discontinuities are present, failure
is forced to involve new crack growth. Therefore, small samples tested in the

laboratory do not yield strength parameters directly applicable to the rock mass from
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which the samples were taken. While back-calculated friction angle values are only
slightly lower than those from laboratory tests, the cohesion values are substantially
diminished. This relation is supported by the results of Cripps and Taylor {(1981) which
reports that the weathering of mudrocks is characterized by a several order-of-
magnitude reduction of cohesjon with a lesser reduction in fricti'é:n angle. Cohesjon
decreases dramatically as the structural integrity of a rock s destroyed through
weathering and fracturing into smaller pieces (Mencl, 1965). Therefore, high cchesion
vaiues are 10 be expected in intact rock samples, whe;eas in heterogeneous materials
the aggregale properties may he expecled 1o reflect those of the weakest link in the
mass. Also, the strain rate is many orders of magnitude less in a laboratory ezperiment.
Taylor (1948) and Terzaghi (1955) have shown that the shear strength of clays
decreases with increasing time of applied shear. Furthermore, back-calculatled
properties differ from laboratorv-derived wvalues in that they reflect all the
destabilizing influences experienced by the slope, such as large magnitude

earthquakes.

Back-calculated glacial deposit strength parameters are closer 1o those reported
from laboratory experiments. This mav reflect the hypothesized time-dependence of
strength properties. The cohesion of these glacial deposits prior Lo weathering is low
because they are nonlithified. Thus, the decrease in cchesion upon weathering will be

minor relative 10 bedrock slopes.

WORK IN PROGRESS

Ongoing work includes incorporation of seismic accelerations into the wedge
failure model. Paleo-seismic evidence and strong motion modeling (Heaton and
Hartzell, 1989) indicate that the Puget Sound and Western Washington eiperience large
magnitude earthgquakes. Horizontal accelerations greater than 0.3g on rbck for a
return interval of about 2,500 vears are estimated in the region of lhe study area
(Perkins et al, 1980). Therefore, the hillslopes in the area studied have recorded
several such events since the retreat of the continental ice sheetl. Efforts 10 date some
of the large-scale failures in the Chuckanut Formation may help to determine their
triggering mechanism. For example, if dates of the sites studied match with previously
recognized vears of large magnitude earthquakes for the Puget Sound, a strong motion

causal mechanism may be invoked.




A regional application of the limit-equilibrium stability model described here
may be used to recognize and predict the locations of landslides over large spatial
scales. The interpretation of a landscape with respect to the properties of topographic
relief development and geologic structure lends itself well to a geographic information
system (GIS) analysis. The next section, written by Dan Miller, describes the

application of this approach in a GIS format.
SUMMARY

e The large-scale strength properties of bedrock slopes provide a limit to relief
development that links the maximum stable height of mountains, deep-seated

landsliding, and incision of the intervening vallevs.

e Back-calculaled strength paramelers in areas where field observations indicate
mobilization of the full strength of the material provide estimates of fn-situ
strength properties that incorporate the effects of material discontinuities and

transient forces (e.g. seepage forces and seismic accelerations).

e The geomorphic problem of defining limits to local relief development and
traditional engineering methods of determining material sirength paramelers

operate at drastically different spatial and temporal scales.

CHUCKANUT FORMATION
e Structural control greatly influences local relief and the degree of instability.
Dip slopes and slopes trending parallel 1o the trend of fold axes lie significantly

below the threshold of maximum relief development indicated by anti-dip slopes.

e Buttressing of the lower siopes of mountain fronts by glacial benches may allow

higher ridges above 750 m in relief to be stable than might otherwise be possible.

GLACIAL DEPOSITS
e The highest degree of instabitity is found in the apexX of meander pends where

ithe banks are over-steepened and fajled material is actively removed.

e The predicted depth of tension in a vertical bank, 3.4 m, is in excellent

agreement with the value of 3.5 m observed in the field.



» Those sites situated above the saturated threshold are most susceplible 1o

changes in hydrologic response resulting from land management.

DARRINGTON PHYLLITE
¢ The extent of weathering greatly influences local relief and the degree of

instability. Our observations suggest that certain predictable locations of the

landscape, such as inner gorges, experience heightened strength degradation due to

a high degree of chemical weathering, ground water focusing, and mechanical

'weathering arising from topographic stresses.
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FIGURE CAPTIONS

Figure !. Graphical representation and input parameters of plane failure
stability model adapted from Hoek and Bray (1977). Because the geomelry and thus the
weight of the potential failure block is dependent on the position of the verlical tension
crack, two versions are presented. Case A) with the headscarp in the upper slope
surface is characteristic of failures in glacial material while case B) with the headscarp

in the slope face is characteristic of bedrock faijures in the Chuckanut Formation.

Figure 2. Index map showing location of Chuckanut Formation and surrounding
pre-Tertiary rock, inciuding the Darrington Phyllite, after Johnson {(1982). The upper
haif of the figure is a schematic geologic map of the rectangular shaded area in the

lower portion. B is Bellingham. G is Clacier, S is Seattle, and Vi is Victoria.

Figure 3. All site transects (204 total) for the Chuckanut Formation plotted with

respect to local topograhpic reliel: 'heigm (m) vs. hillslope gradient (degrees).




Thresholds for both dry and completely saturated conditions are shown. Values reporied
to the right of threshold refer to friction angle in degrees and cohesion in kPa, ie. (¢ in

degrees, ¢ in kPa).

Figure 4. Anti-dip slope transects for the Chuckanut Formation plotied with
respect 1o local topograhpic relief: height {m) Vs. hillslope gradient (degrees). Values
reported to the right of threshold refer 1o friction angle, ¢ =21° and cohesion, ¢ =150

kPa.

Figure 5. Dip slope transects for the Chuckanut Formation plotted with respecl 1o

local topograhpic relief: height (m) vs. hillslope gradient (degrees}). Values reported Lo
the right of threshold refer to friction angle, ¢ =17 and cohesion, ¢ =120 kPa.

Figure 6. Transects for glacial deposits surveyed with hand level, stadia rod, and-
1ape plotted with respect to local topograhpic relief: height (m) vs. hillslope gradient
(degrees). Values reported 10 the right of threshold refer to friction angle, ¢ =29° and

cohesion, ¢ =20 kPa.

Figure 7. Schematic of figure 6 showing the spatial distribution of hillslope
processes in context of topographic relief development. Sites located above the saturated
threshold defined by \he limit of topographic development may be highly susceptible 10

hydrologic changes within the watershed.

Figure 8 Transects for the Darrington Phyllite depicting both weathered and
unweathered rock. The wethered phyllite in the inner gorge of the Middlefork of the
Nooksack River is unstable at relatively low relief. Dashed line, at 180 m, represenis

maximum relief attained by weathered phyllite.

12



e Table 1

Comparison of Laboratory and Back-Calculated Strength Parameters

Friction
Material Angle. ¢_ (degrees) C_lee_s__o_.Q_L_al Source
Hard sedimentary
rock, ie. sandstone 35 - 45 10,000 - 30,000 Values
' Derived
Soft sedimentary From
rock, ie. shale or coal 25 - 35 1,000 - 20,000 Laboratory
' Experiments
Stiff glacial ' (from Hoek and
clay 30 - 32 70 - 150 Bray, 1977)
Soft, slightly .
organic clay _ 22 -27 20 - 50
Dense sand
uniform size 32 - 40 0
Chuckanut Formation '
Anti-dip slope 21 150 Values
Derived
Chuckanut Formation _ From
Dip slope 17 - 120 Empirical
Relations
Glacial Sediments ‘ 29 20 (this study)




Headscarp in Upper Slope Surface:

Tension crack in upper
slope surface

Factor of salety, F, is the ratio given by the total force resisting sliding to the total force tending to induce sliding.

F= =4 -
Wsina + Vcoso where,
A = (H - 2) coseca (strip of unit thickness over which cohesion acts}
U = 1/2 yw2w(H - 2) coseca {uplift force due to water presssure on the sliding surface)
V= 172 ywzw? {clell pressure, uplift force due to water pressure in the tension crack)

For the lension crack in the Iupper slope surface,
W = 1/2yH2 {[1 - (zH)2 |cote - cotp } (weight of the sliding block)
Headscarp in Slope Face
Tension crack in

slope face
slope face l

fallure surface
A
The weight of the sliding block becomes,
W = 12yH2 [(1 - zH)2¢cole(cota tanf - 1)) (weight of the shding block)

whare,

¢ = cohesive shear strength of rock

¢ = internal friction angle

v = unit weight of rock

Tw = unit weight of water

p = hillslope angle measured with respect to horizontal

o = failure plane angle measured with respect lo horizontal
H = height of hilislope '

Z = depth Irom top of hillsiope 1o botiom of tension crack
Zw = depth of water in tension crack

FIGURE 1. Graphical representation and input parameiers of plane failure stability mode] adapted from Hoek and Bray (1977).
Becavse the geometry and thus the weight of the potential fajlure block is dependent on the position of the vertical
tension crack, two versions are presented. Case A) with the headscarp in the upper slope surface is characteristic of
failures in glacial material while case B) with the headscarp in the slope face is characteristic of bedrock failures in
the Chuckanut Formation.
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BigDirt: Deep-Seated Mass Wasting Project Report

Decp-seated mass failures can mobilize huge volumes of material and often comprise the
major source of sediment in a watershed (Kelsey, 1988; Eide, 1989). As a me¢hanism for moving
material from hillslopes, deep-seated failures form an important geomorphic component of many
landscapes and are the source of expensive and often unanticipated engineering and environmen-
tal problems. With this project we are developing a method for identifying the locations of exist-
ing and potential deep-seated mass wasting occurrences and for anticipating the response of deep-
seated failures to changes in the basin, e.g., changes in precipitation or in landuse. This method
involves the coupling of models describing the physical mechanisms of deep- seated mass wast-
ing with a geographical information system (GIS). The physical models are based on a theoretical
framework reflecting observations of geomorphic processes occurring in a region. The GIS
serves as a data base for organizing all pertinent information about a drainage basin in a form
accessible as input to physical models of geomorphic processes. The method we are developing
1s modular, so that it is readily upgraded as the models on which it is based are tested and
improved, and as additional information about the basin becomes available.

Identification of i ites; Calculation of Sl ili

To date we have successfully used the GIS as a data base for two- dimensional, limit equi-
librium slope stability calculations, The result of such an analysis, illustrated with Figure 4 in the
accompanying example, is a map of relative slope stability based on calculations performed for
multiple transects through the slopes of interest. This method works well for large failures; the
resolution of topographic data presently available (digital elevation models with a 30 meter grid
spacing), however, precludes detection of features spanning less than several hundred meters.
Unfortunately, failures of smaller size, typically occurring in glacial sediments composing many
river terraces through this region, comprise a major source of sediment to many stream channels.
One can devise strategies to make the most of the information available (see the accompanying
example), but ultimatély, detailed analyses require topographic data at a resolution greater than
that presently available.

T ic Info ion T -Water Flow M i

Efforts to date have dealt with only a single landscape attribute: the topography. The
geology also imposes a primary control on hillslope processes. We are working to incorporate
geologic information, e.g., lithology, stratigraphy, structure, and geotechnical properties, into the
GIS database. The slope- stability analyses done so far also have dealt only with static conditons
and identification of sites susceptible to failure. To anticipate the effect of perturbations to a basin
we must characterize the relationships connecting changeable attributes of the landscape to pro-
cesses of mass wasting. This connection occurs primarily through the ground-water flow field.
We are working to use the GIS in models of regional ground-water flow. Results of the regional




model provide water table elevations and water flux estimates to use in slope models which cou-
ple gravitational stresses with seepage induced stresses and pore pressures. We will complete
addition of these two components, the geology and the ground-water flow field, to the slope sta-
bility analysis over the course of the coming year. Success here will provide a method for predict-
ing the effects of hydrologic perturbations to the basin and the potential for predicting the
occurrence of failures enhanced by seepage erosion.

Tests of the Method

The success of our approach for anticipating deep-seated failures in any region can be
evaluated only through comparison of the predictions made to field observations. Kevin
- Schmidt’s field work east of Bellingham provides the first test; indeed Kevin’s results highlight
the need for geologic information. Landslide mapping done by Dave Parks (1992), by Fiksdal
and Brunengo (1981), and perhaps that being done in upcoming Watershed Analyses, provide
additional sites with which to test and refine this method for locating sites susceptible to deep-
seated mass wasting.

The following examples illustrate the steps involved in the method of slope stability analysis
being developed with this project.
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The Problem

Numerous large, deep-seated landslides exist throughout portions of the North Cascades
and have been mapped in detail in several basins, including the Middle Fork of the Nooksack
River (Fiksdal and Brunengo, 1981; Schmidt, 1992). These slides present a diverse array of mass
wasting types and processes (Thorsen, 1989a). To anticipate the occurrence and behavior of mul-
tiple landslide types in a regional analysis, we must seek similarities in the underlying mecha-
nisms by which such slides are formed and by which motion on them occurs. The subsequent
paragraphs and figures suggest a theoretical mechanism for the widespread occurrence of mass
wasting movement spanning the length of mountain slopes, provide references to field observa-
tions in support of that theory, and present a simple slope stability model appropriate for the phys-
ical mechanisms that may be occurring.

The Model

Regional stresses within continental zones, including the Pacific Northwest, tend to be
predominantly compressional (Zoback, 1992). Interactions between compressional regionally
acting stresses, the force of gravity, and the ground-surface topography cause local stresses that
vary systematically through the landscape (Scheidegger, 1963; McTigue and Mei, 1981; Savage
et al., 1985; Savage and Swolfs, 1986). In regions of high regional compression, local compres-
sive stresses tend to form in valleys while local tensile stresses tend to form in ridges (Miller,
1993). This leads to a pattern of potential rock failure as shown in Figure 1 below. This figure
was made by comparing the rock strength predicted with a Coulomb failure criterion (Goodman,
1989) to the stress field calculated for a symmetric ridge under a regional tectonic compression
(Savage et al., 1985; Miller, 1993). These results are for shale, which is a very weak rock. Failure

Elevation (meters)
1000

B Tensile Failure
Shear Failure

0

-4000 -2000 0 * 2000 4000
Horizontal Distance (meters)

Figure 1. The pattern of failure predicted within a ridge under a regional horizontal compres-
sion of oy = 0.045z MPa where z is depth in meters. Failed zones are indicated by shading:
tensile failure is shown in black, shear failure in gray. Failure is predicted with the Coulomb
failure criterion using strength parameters for a shale: cohesion = 0.34 MPa, angle of internal
friction = 22 degrees (Goodman, 1989, page 83).




predicted for a stronger rock would be less extensive, but with a similar pattern. Likewise, the
extent of failure is dependent on the magnitude of the regional horizontal stress.

The interaction of gravitatonal and regional tectonic forces with ground-surface topogra-
phy in regions of high relief provides a potential mechanism for initiating regionally extensive
mass wasting at scales spanning entire mountain slopes. The distribution of stress induced within
a ridge suggests a pattern of fracturing characterized by steeply-dipping, tensional fractures along
ridge crests underlain by shear fractures at depth. Such patterns have been inferred from field
observations in many mountainous regions of the world, including the North Cascades (Thorsen,
1989b) and the Olympic Mountains (Tabor, 1971) in Washington state, the Coast Mountains of
British Columbia (Bovis, 1982), and the Rocky Mountains of the Western U.S. (Radbruch-Hall et
al., 1976, Savage and Varnes, 1987).

The pattern of fracturing induced by regional stresses sets the stage for a variety of mass
wasting processes. Fractured rock is mechanically weak and fractures provide potential failure
surfaces. Likewise, increased permeability accompanying fracture formation enhances chemical
weathering of the rock and influences the ground-water flow field. Although these processes can
lead to great complexity in the types of mass wasting that result, the pattern of fracturing illus-
trated in Figure 1 suggests a simple model with which to anticipate where gravity driven down
slope movement is likely to occur. This model is based on an analysis presented in Hoek and
Bray (1981) for wedge failures. The geometry is illustrated in Figure 2 below.

The stability of the wedge is determined by comparing the shear force acting over the
potential failure surface to the shear strength of the material. The shear strength can be estimated
with the Coulomb criterion. Values of cohesion and angle of internal friction appropriate for the
materials involved, keeping in mind that the rock is fractured, must be chosen. Such values can
be obtained from published compendia of geotechnical properties, e.g., Goodman (1989).

Tension crack
Wedge

Shear Failure Surface

Ground Surface

Figure 2. The geometry of the potential failure is approximated as a wedge bounded by a verti-
cal tension crack near the ridge crest and by a planar surface below. The volume of the failed
material is determined by the surface topography, the position and depth of the tension crack,
and the dip of the failure surface. With the volume, the bulk density of the material, and an
assumed pore pressure distribution, the normal (©) and shear (t) forces acting over the potential
failure surface can be calculated.




For a given set of material parameters (bulk density, cohesion, and friction angle), the sta-
bility of a slope is determined by the geometry of the wedge. I have written a computer program
to find the geometry of the least stable wedge having a specified horizontal extent (X) for a slope
of given surface topography. The potential for failure along the slope is then determined by calcu-
lating the minimum stability for wedges of varying size and position along thé entire length of the
slope. Each point along the slope is assigned the stability of the least stable wedge which con-
tained it. This model thus provides an estimate of relative stability as a function of position along
a slope. The next step is to use the GIS to provide the model with the topographic and geotechni-
cal information required.

Coupling of the Mode! and the GIS

The topographic information is stored in the GIS as a digital elevation model (DEM)
which consists of point values of elevation for a grid of points regularly spaced at 30 meter inter-
vals. Elevations between the gridded points can be interpolated and contour lines constructed as
shown in Figure 3 on the next page. Topographic profiles for slope transects can also be con-
structed from the DEM. The slope stability model uses a two-dimensional approximation of the
actual slope geometry, i.e., in the model it is assumed that the slope extends a distance along strike
large compared to its downslope length. To better approximate conditions assumed in the calcula-
tions, the topography of the slope can be averaged over a certain along-strike distance to produce
an average profile for a section of the slope. This is illustrated by the rectangular box surrounding
the transect line in Figure 3.

The profile is then used in the slope stability model to calculate a measure of stability, €.g.,
a factor of safety (Fs), for points along the profile. Transects are taken at regular intervals along
all slopes and stability calculations are made for every transect. These calculations provide stabil-
ity values for closely spaced points throughout the landscape. These stability values provide the
information needed to locate those areas susceptible to mass wasting; the next step is to portray
that information in an easily interpreted manner, i.e., as a map. The GIS serves this purpose as
well. With the GIS, stability values can be interpolated between the points at which calculations
were made and a map showing contours of slope stability, or polygons delineating areas of differ-
ing relative stability, can be made. Such a map is shown in Figure 4.

The model and the set of material parameters used with it are a description of how mass
wasting processes might work in this landscape. We know it is not a complete description,
because these calculations did not include many factors that might effect slope processes (e.g., the
strike and dip of the bedding planes relative to the aspect of the slope). We would like to find out,
however, just how good a description it is. To that end, the map provides a prediction to be tested.
As shown in Figure 4, this method for estimating slope stability did pick out those areas mapped
as landslide features. It also picked out many areas not mapped as landslides. It is possible that
mass wasting processes are occurring on these additional areas, but have not been mapped as
landslides, or that these areas are potentially unstable even though no landslides have yet
occurred, or that the model is overly sensitive - which is quite likely since local geological struc-




ture was not taken into account. These possibilities are testable with field observations. Failure
of the predictions to match what is observed provides guidance to improve the model, or the
parameter vaiues used in the model, or both. Likewise, as additional data are incorporated into
the GIS, such as the geology (including the dip of the beds, which Kevin has shown to be of great
importance to slope stability in this area), our description of mass wasting processes will improve.
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Figure 3. The topographic information used in the slope stability calculations is obtained
from a digital elevation model. The rectangular region delineated along the transect from A
to B signifies the extent of along-strike averaging of the topography used to construct the

topographic profile.
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Figure 4. Relative slope stability map. The shaded zone delineates the area in which
slope stability calculations were performed. For the calculations I used a cohesion of
0.34 MPa and an angle of internal friction of 22 degrees; values for a shale taken from
Goodman (1989). Bedrock of this area is primarily of the Chuckanut Formation, a
folded sequence of sandstones and shales (Johnson, 1982). The calculated stabilities
were divided into three categories: relatively stable (Fs > 1.5), less stable (1.5 > Fs >
1.2), and unstable (Fs < 1.2), as shown above. The heavy lines delineate landslides
mapped by Fiksdal and Brunengo (1981) and by Schmidt (1992).




Case Study 2

The Problem

The 30 meter grid spacing of presently available DEMs limits topographic resolution to
features spanning hundreds of meters in horizontal extent. Such resolution is sufficient for delin-
eation of large landscape features, as illustrated in the previous example. Unfortunately, slope
failures of smaller extent comprise a significant proportion of the sediment budget in many basins
(e.g., Raines, 1991; Parks, 1992). Locally, stream-side failures occurring in terraces composed of
glacial valley-train sediments can be extensive (e.g., Schmidt, 1992). As shown in the profiles in
Figure 5 below, the topographic signature of such failures is not resolved with a 30 meter DEM.
This highlights the need for higher resolution topographic data. The work of Zhang and Mont-
gomery (submitted, 1993) suggests that a 10 meter grid spacing is required to resolve the hydro-
logic characteristics of low-order basins; similar efforts are needed to determine the limits placed
on slope stability analysis by the resolution of the DEM. Lacking higher resolution topographic
data, we must devise methods to utilize the data available. Presented below is a model based on
observed modes of stream-side failure in valley-bottom, glacio-fluvial sediments. As this model
shows, the lack of data necessitates great generalization in our description of these mass wasting
processes.
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Figure 5. Comparison of topographic profiles across a slump complex in a terrace of gla-
cio-fluvial sediments taken from a 30 meter DEM and surveyed in the field.

The Model

Figure 6 below shows a set of profiles for slopes in glacio-fluvial sediments adjacent 10
the Middle Fork Nooksack River surveyed by Kevin Schmidt. Vegetated slopes showing no indi-
cation of ongoing mass wasting are labeled as stable; exposed slopes with fresh exposures of the
valley-bottom glacial sediments indicative of recent failure (typically, landslide blocks are still
present in the channel) are labeled as failed. These profiles suggest that stable and recently failed
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Figure 6. Surveyed profiles of slopes in glacio-fluvial sediments adjacent to the Middle
Fork Nooksack River. All distances are in meters.

slopes within these glacial sediments may be described with characteristic geometries. Stable
slopes are relatively straight with a gradient of 30 to 40 degrees extending from the channel edge
to the terrace top. Some stable slopes have a portion of the toe removed, suggestive of stream ero-
sion into the slope. Failed slopes have a straight section extending from the channel edge to the
base of a steep head scarp.

Field observations together with air photo analysis suggest that slope instabilities within
these sediments are typically initiated by steam erosion into the toe of the slope. We suggest the




following model for describing this process. Over time, processes of mass wasting produce rela-
tively straight, stable slopes near the angle of repose for unconsolidated sediments. Erosion of the
toe alters the geometry with a consequent redistribution of stresses within the slope. This change
in geometry thus changes the stability of the slope. Using the profiles of failed slopes shown in
Figure 6 as a guide, the potential failure is represented with the wedge geometry shown in Figure
7 below. Because the angles 6, and 05 (refer to Figure 7) vary little between slopes, the stability
of the wedge depends only upon the strength properties of the material, the relief of the terrace
(H), and the extent of toe erosion (X). For given material properties (e.g., bulk density, cohesion,
and angle of internal friction), the position of the headscarp and the slope of the failure surface
may be varied to find both the wedge having the lowest stability and, if the slope is unstable, the
largest volume that could fail.

In this simple model, the properties of the terrace sediments are assumed to be homoge-
neous. This is certainly not the case: a look at an exposure through a typical terrace reveals a
basal layer of lacustrine sediments, overiain by glacial outwash, with a till cap at many sites, typi-
cally topped with a thin veneer of fluvial floodplain deposits. Although the stratigraphy consists
of a layered sequence of differing materials, the stratigraphy itself is consistent throughout the
formerly glaciated basins in this region. Kevin (Schmidt, 1992) has suggested, with supporting
field evidence, that one may define a set of material parameters to represent the package of sedi-
ments as a whole. We progress with that assumption. :

Model Predictions

The calculations predict three distinct modes of failure, illustrated in Figure 8 on the next
page. Removal of a small portion of the toe, up to 7 meters for the material parameters used in
these calculations, has no effect on the slope. Removal of between 7 to 10 meters of the toe
causes failures that extend partially up the slope. Removal of greater than 10 meters of the toe ini-
date failures that extend to the crest of the slope. If toe erosion exceeds a certain limit, depending

Headscarp

— Terrace—
Groundwater Flow

— Flood Plain —

Glacio-Fluvial
Sediments
Bank . %
Erosion .-~ 1} g,

Failure Surtace
Figure 7. Stream-side failure in glacio-fluvial sediments; assumed failure geometry.
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Figure 8. The maximum volume of stream-side failures as a function of toe erosion (X)
and terrace relief (H). 1t is assumed that erosion of the toe is rapid, followed after some
time by development of a slope failure. Three modes of failure are predicted, illustrated
in the sketches above. The following parameter values were used for these calculations:
cohesion = 20 kPa, angle of internal friction = 29 degrees (cohesion and angle of internal
friction from Schmidt, 1992), bulk density = 2000kg/m3, 6, = 35 degrees, and B, =75
degrees. Fully saturated conditions were assumed.

on the total relief of the terrace, the failures extend into the terrace. These three modes of failure
involve progressively increasing volumes of material, as shown in the graphs above. For failures
extending to the top of the terrace, the volume of material mobilized by the failure is a function of
the total relief of the terrace, as shown in the graph to the right above.

‘This mode! provides easily tested predictions. Moreover, it ties sediment supply from the
hillslope directly to occurrences in the channel, i.e., to the extent of bank erosion. Use of the
model requires only a measurement of the total relief of the terrace, a quantity which can in some
cases be obtained with presently available topographic data.
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Deep-Seated Bedrock Landslides and Rock Mass Stfength
Analysis

Kevin M. Schmidt
Department of Geological Sciences, Al-20
University of Washingion
Seattle, WA. 98195

HIERARCHY OF LANDSLIDE HAZARD RECOGNITION

As a portion of the deep- seated mass wasting study, we are developing a multi-
level approach for identifying deep- seated landslide locations and estimating their
relative hazard. At the broadest level, this mecthod cntails aerial photograph,
topographic map, and geologic map investigation to characterize the material
properties and common modes of failure of the geologic units under study. This level
of analysis also denotes the portions of the landscape with high degrees of instability
that may be chronic sources of sediment (o the adjacent channels. For further details

see Schmidt -and Montgomery, this report.

The second leve! of analysis involves the coupling of a model describing the
mechanics of landslide failure with a geographic information system {GIS) (sec
Miller, this report). This level can be used not only to identify the locations of active
landslides in a regional context, but also to predict the potential locations of fulure
areas of instability. In addition, it can be used to anticipate the response of landslides
to hydrologic changes within the basin. Current efforts include the addition of
geologic parameters to the topographic base, a digital elevation model, in the GIS
database. Field studies have highlighted the importance of the geologic features that
lead 1o decreased hillslope strength (c.g. bedding plancs, joints, slope aspect, and

water content).

The third level involves the local characterization of rock strength at the
outcrop scale. Rock strength can be quantified through an approach termed rock
mass strength (Selby, 1980). The following parameters are inciuded in the
classification: intact rock strength; state of weathering of the rock; joint spacing;
orientation of joints with respect to the hillslope; width of joints, lateral or vertical
continuity of the joints; infilling of the joints; and movement of water out of the rock

mass. FEach parameter is assigned a rating and the sum of the ratings determines the




rock mass strength on a scale with a maximum rating of 100. Certain aspects of

Selby's classification system have becen tailored for use in slope stability evaluation.
APPLICATION TO STUDY AREA

Outcrops of the Chuckanut Formation were examined in areas of both stable
hillslopes and recognized landslide sites. Rock mass strengths were determined at the
outcrop scale using a modified version of Selby's method. Sites were chosen such that
the outcrops examined were located in areas of the landscape that were used to define
the limit to topographic relief development and ‘back-calculated strength values
described in the text and denoted in Figure 3 of Schmidt and Montgomery, this report.
A similar plot was generated depicting the rock mass strength characteristic of a
transect (Figure 1). Where multiple outcrop ratings were determined for one

topographic transect, the values were simply averaged.

If all valleys in a landscape were incised to the full relief supportable by the
bedrock strength, then Figure 1 would be stratified such that rock mass strengths
increase with height for a given slope, or with slope for a given height. However,
erosion does not proceed such that the relief potential of all the hillslopes is
synchronously maximized. Even so, Figure 1 reveals that the rock mass strength of
the landslide sites is consistently lower that the neighboring values for stable
hillslopes.  Furthermore, a partitioning of Figure 1 into the individual components of
relief (height) and hillslope gradient demonstrates that all hillslopes with rock mass
strengths greater than 69 are stabie (Figures 2 & 3). 1. appears.as if rock of the
Chuckanut Formation producing strength values over 69 is strong enough to retard
deep-seated landsliding under the present erosional regime. Therefore, once a
material strength is characterized, field studies of rock strength at the outcrop scale

may aid in future landslide prediction and evaluation.

This approach incorporatcs and quantifies the effects of geologic structure
such as the orientation and aspect of the weak links of shale in the strongly-bedded
Chuckanut Formation. In addition, it can account for varying percentages of
lithologies with different intact rock strengths. For example, failures have been
recognized in the Chuckanut Formation where the local broporlion of shale
dramatically increases. With respect to the Darringion Phyllite, the effects of
weathering also is reflected in the intact rock strength. In general, data is easily

collected by walking or driving roads and examining bedrock in roadcuts. Rock mass

2




strength characterization provides a simple method to refine and supplement both

the data available on geologic maps and -the predictions made by GIS analyses.

REFERENCES

Selby, M.J., 1980, A rock mass strength classification for -geomorphic purposes:

with tests from Antarctica and New Zealand: Zeitschrift fur Geomorphologie,
vol. 24, no. 1, p. 31-51.. ‘ :

FIGURE CAPTIONS

Figure 1. Plot of transects for Chuckanu! Formation showing characteristic
rock mass strength ratings with respect 10 topographic relief development.
Landslide sites, enclosed by open circle, typically have lower strengths than
neighboring stable hillslopes. '

Figure 2. Plot of rock mass strength rating vs. topographic height of hillslope
for Chuckanut Formation. Landslide sites are constrained below a rock mass strength
value of 69.

Figure 3. " Plot of rock mass strength rating vs. topographic gradient of
hillslope for Chuckanut Formation. Landslide sites are constrained below a rock mass
strength value of 69.
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Abstract
A discussion of the controls on bed surface texture is presented
in order to highlight potentially erroneous channel assessment
conclusions using the method proposed by Dietrich et al.
[1989]. It is emphasized that interpretation of surface textures
should not be made in isolation from other fluvial processes that
contribute to their formation.

Introduction

The size, sorting, and packing assemblage of bed grains determine a channel's
surface texture. Analysis of bed surface textures cﬁn provide valuable insight into stream
dynamics, because surface textures directly reflect the hydraulic processes and sediment
loading conditions of a channel, which together govern sediment trahsport rates. As such,
surface textural analysis can effectively be used as a surrogate for direct measures of
hydrologic and sedimentologic parameters. It has recently been suggested that surface-
grain analysis can be used to interpret channel condition in terms of sediment loading
[Dietrich et al., 1989; Kinerson, 1990; Dietrich et al., 1993]. Channel assessment of
this sort has direct application for evaluation of éxisting or potential stream degradation due
to land management practices {Dietrich et al. 1989; Dunne and Dietrich, 1991]. A
method for assessing channel condition in terms of sediment supply was proposed by
Dietrich et al. [1989] and subsequently implemented for watershed analyses in the state of
Washington [WFPB, 1992]. The purpose of this paper is to examine the controls on
surface textures in terms of fluvial processes and discuss qualifications concerning the

direct application of the method proposed by Dietrich et al. [1989].

Textural Response to Sediment Supply

Many previous studies have documented surface-grain response to changes in
sediment supply associated with dam construction [Leopold et al., 1964]. Stream beds
respond dynamically to changes m sediment supply. Channe! beds tend to coarsen (or

armor) when deprived of sediment and fine when inundated with sediment. Armoring
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occurs by selective transport or horizontal winnowing [Milhous, 1973] of finer exposed
grains in low sediment supply environments; vertical winnowing associated with
"kinematic sieving" due to dilatational bed shearing may also be an important mechanism
for surface coarsening [Pdrker and Klingeman, 1982; Jiang and Haff, 1 953]. Textural
fining in high sediment supply regimés occurs mainiy by particle distrainment [Drake,
1988, Buffington et al., 1992] of fines over rough bed surfaces, resulting in partial burial
of larger bed grains and general smoothing of the bed surface.

Dietrich et al. [1989] proposed that surface textural adjustments associated with
changes in sediment supply occur to accommodate imposed sediment loads. They
developed a dimensionless transport ratio, g*, that is the transport rate of the surface
material normalized by that of the load (approximated by the subsurface [Milhous, 1973;

Kuhnle, 19931) and is in effect an efficiency equation, defined as

* Tb"tcs)l‘s
q ={Tb'1c1 (1)

where Ty, is the basal shear stress and T and 1) are the critical shear stresses of the surface
and load respectively. Values of g* close to 1 represent efficient sediment-transporting
channels with high sediment loads and fine surface textures; q* values near O indicate
inefficient sediment transport over coarse bed surfaces in low sediment supply regimes.
The potential values of g* represent a range of textural response that can occur to
accommodate variations in sediment load without otherwise causing significant
morphologic changc. As such, g* is a valuable indicator of channel condition with regard
to sediment supply. However, a valid interpretation of surface textures requires an
undérstanding of all fluvial processes that contribute to an observed texture. The following
discussion details some aspects of sediment supply not explicitly considered in the q*

hypothesis.
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The flume data used to develop the g* hypothesis document textural response to
changes in the volume of a given mixture of supplied sediment, but do not provide any
information on bed surface response to changes in the size distribution of the sediment
input. Presumably transport of the same volume of a finer-sized supply could be
accommodated by an even coarser surface than the existing one. Conversely, a coarser-
sized supply of equal volume would require a finer bed surface in order to have a
comparable transport rate. Extreme changes in supply regime may result a substantial
reorganization of the channel morphology and roughness configuration [Montgomery and
Buffington, 1993], making simple textural responses insignificant in comparison.

The author interprets the g* hypothesis to assume that the bed is self-formed and
that all grain sizes are transportable; as an ideal efficiency equation g* cannot be less than
0, and at q* equal to O the entire bed is at the threshold for motion. Many river-beds are
not self-formed per se, but rather have large grain sizes imposed on them by confluences
of steep, highly competent, tributary channels or by mass wasting events. Often the
mainstem river is not competent enough to carry this imposed coarse load which then
accumulates as lag. If the slope does not increase concurrently with the coarse sediment
lag, then the rougher bed surface will cause a reduction in the sediment transport rate
[Iseya and Ikeda, 1987). Furthermore, if the bedload size distribution does not change in
response to the imposition of large immobile grains, then an apparently lower g* will
result, erroneously indicating a high capacity to convey increased sediment loads. Where
coarse-grained inputs change the mainstem slope, as in portions of the Colorado and
Snogualmie rivers, transport rates are likely to be increased. The bedload size distribution
in these channels and in channel morphologies such as step-pool and cascade channels [see
discussion in Montgomery and Buffington, 1993] is clearly finer than the surface
distribution, indicating a low g* and a high relative transport capacity; however,
quantification of g* using the surface grain sizes of these channels is not advised, because

the bed grain sizes may be adjusted to longer-term recurrence intervals than in lower-

DRAFT Do not duplicate without author's permission.



gradient channels [see discussion in Montgomery and Buffington, 1993), making it
difficult to evaluate different portions of the network on similar temporal scales of process.
Bankfull-equivalent evaluations of q* using such bed grain sizes may result in negative
values. Nevertheless, q* can be confidently applied in many lower-gradieﬂi channels.
Finally, in many channels bedload transport may be a function of both season and
antecedent discharge events [Nanson, 1974 Griffiths, 1980; Milhous, 1973; Sidle, 1988;
Reid et al., 1985], indicating that surface textures are highly variable during any given
year. Several investigators have noted changes in the degree of armoring between seasons
and hydrologic events [Milhous, 1973; Reid et al., 1985], as well as grosser textural
changes caused by seasonal pool-filling by fine material [Campbell and Sidle, 1985; Lisle
and Hilton 1992]. These observations demonstrate the potential for a large degree of
variability in the evaluation of channel condition for a particular stream or for comparisons

between channels.

Textural Response to Hydraulic Processes

Variations in texture can occur in a reach due to differential spatial patterns of shear
stress causéd by channel curvature and topographic steering [Dietrich and Smith, 1983;
1984a; 1984b; Dietrich and Whiting, 1989; Dietrich et al., 1979]. For example, in a
meander bend it is commonly observed that surface grains fine both downstream along the
point bar and cross-stream from the pool to the bar. These textural variations reflect the
shifting of the high velocity core across the bar toward the pool, causing flow convergence
in the pool and divergence downstream along the bar [Dietrich and Smith, 1983; 1984a;
1984b; Dietrich aﬁd Whiting, 1989; Dietrich et al., 1979). Other channel types also
exhibit spatial variability of textures due to basic channel morphology and roughness
configuration. For example, steep-gradient step-pool and cascade channels are composed

mainly of coarse-grained bed material, but finer textures may exist in low energy
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environments associated with pools formed by steps and boulder clusters and with velocity
shadows created by large grains [see Montgomery and Buffington, 1993].

Recent investigation of gravel- and cobble-bedded channels has documented
textural response to energy dissipation caused by in-channel roughness elerilents
[Buffington, 1992; Buffington and Montgomery, 1992; Buffington, thesis in prep.]. A
bankful] threshold channel model was used to predict median surface grain sizes and serve
as a reference point from which to examine textural response to various roughness
elements. Three different channel types showing increasing complexity of roughness were
examined in order to partition the relative effects of grain, bedform, and large woody debris
(LWD) roughness. Detailed textural and topographic mapping was conducted, as well as
subsurface grain size analysis. Results from the study of forty channels in coastal Alaska
and Washington show that textural response to roughness elements occurs at both local and
reach scales. Spatial averaging of textures on a reach scale results in segregation by
channel type into distinct zones of textural response (Figure 1), such that increasing
roughness due to barforms and LWD produces progressively finer surface textures.
Although streams with more in-channel roughness typically have more extensive patches of
finer textures, the results of Figure 1 are not simply an effect of the averaging-in of these
patches. The Study sites segregate in a similar fashion when the dominant (i.e. most
common) texture is plotted rather than the average texture, indicating that in-channel
roughness elements have a reach-wide effect on surface textures.

In terms of channel condition, Figure 1 shows that channels with abundant LWD
exhibit the strongest textural fining and are thus hypothesized to have the least capacity to
convey increased sediment loads by further textural fining. Analysis of field and laboratory
studies of textural response to sediment supply indicate that surface fining due to increased
sediment loads can be of comparable magnitude to the response caused by in-channel
roughness elements (Figure 2). The Figure 2 schematic is intended to show that surface

textures are a function of channel shear stress (proportional to the product of depth and
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slope), channel roughness features, and sediment load. It is surprising to note that the
segregation of textural response by channel type shown in Figure 1 is observed without
any consideration of sediment loading. This may indicate that unless changes in sediment
supply are pronounced and persistent, textural response is dominated by the presence of

roughness elements.

Conclusion

Surface textural analysis is a valuable tool for understanding channel dynamics and
assessing channel condition. However, in order to avoid erroneous conclusions, surface
textures must be interpreted in terms of a variety of fluvial processes that may contribute to
textural formation. Bed surface textures may be controlled by numerous factors and
processes, including: long-term and seasonal sediment supply (both volume and caliber) of
material that the channel can competently carry; supply of over-large lag material; energy
dissipation caused by the presence of in-channel roughness elements, which include the
stable roughness configuration for a given mqrphology (e.g. bars and pools), as well as
any imposed rouhgnesses (LWD, forced curvature, etc.); antecedent discharge events; and
spatial patterns of shear stress governed by channel morphology. Interpretation of channel
condition through use of assessment methods such as q* [Dietrich et al., 1989] should be
qualified by the above listed factors in order to separate other effects from that of the
volume of supplied sediment. However, partitioning of these relative effects is not a trivial
matter and deserves further investigation; the author [Buffington, thesis in prep.] is
currently addressing portions of this problem. Assessment of channels without significant
bedforms or high woody debris loading (i.e. plane-bed channels) may provide the most
unambiguous application of q*. Furthermore, it is important to recognize that even
properly interpreted q* analyses provide only a “snap-shot” of current sediment loading
conditions and must be evaluated in conjunction with other indicators of channel

assessment.
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