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METRIC EQUIVALENTS

1 millimeter (mm)

1 centimeter (cm)

1 meter (m)

1 kilometer (km)

1 hectare (ha)

1 square kilometer (km?)

1 cubic meter (m)

1 cubic meter per meter (m*/m)

1 cubic meter per hectare (m*/ha)

1 kilogram (kg)

1 metric tonne (t)

1 tonne per hectare (t/ha)

1 tonne per square kilometer (t/km?)
1 tonne per cubic meter (t/m?)

1 liter per second (L/sec)

1 cubic meter per second (m?/sec)

1 dyne per square centimeter (dy/cm?)

=0.039 inches

=0.39 inches

= 1.09 yards

=0.62 miles

=2.47 acres

=0.39 square miles

= 1.31 cubic yards

= 1.20 cubic yards per yard
= (.53 cubic yard per acre
=2.20 pounds

= 1.10 English tons

= 0.45 ton per acre

= 2.82 tons per square mile
= (0.84 ton per cubic yard

= 0.035 cubic feet per second
= 35.3 cubic feet per second
= 1.45 x 107 pound weight per square inch



ABSTRACT

Swanson, Frederick J.; Janda, Richard J.; Dunne, Thomas; Swanston, Douglas N., tech. eds. Work-
shop on sediment budgets and routing in forested drainage basins: proceedings. Gen. Tech. Rep. PN'W-
141. Portland, OR: U.S. Department of Agriculture, Forest Service, Pacific Northwest Forest and Range

Experiment Station; 1982. 165 p.

Sediment budgets quantify the transport and storage of soil and sediment in drainage basins or smaller land-
scape units. Studies of sediment routing deal with the overall movement of soil and sediment through a se-
ries of landscape units. The 14 papers and 5 summaries from discussion groups in this volume report results
of sediment budget and routing studies conducted principally in forested drainage basins. Papers also deal
with sediment routing studies using computer models, physical models, and field observations in nonforest
environments.

This work emphasizes methods for judging the relative importance of sediment sources within a basin,
the many roles of biological factors in sediment transport and storage, and the importance of recognizing
changes of sediment storage within basins when interpreting sediment yield. Sediment budget and routing
studies are important tools for both research scientists and land managers.

Keywords: Sedimentation, watershed management, sediment budget, drainage basins, geomorphology.
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Geomorphologists have traditionally studied erosion of
landscapes by analysis of individual erosion processes,
measurement of sediment yield at one or more points along
a river system, and stratigraphic analysis of deposits. These
approaches, however, have rarely been used collectively to
provide a framework for under standing soil and sediment
movement through drainage basins. Many current problems
in basic and applied geomorphology and ecology can be bet-
ter addressed when placed in the broad, conceptual frame-
work provided by analysis of sediment budgets and routing.
Such analysis provides an understanding of geomorphic
systems, just as similar studies have been fruitful in analysis
of nutrient cycling, hydrology, and other complex systems.

Movement of soil and sediment through drainage basins
commences with sediment production from bedrock weath-
ering augmented by dust input from the atmosphere and
biological production of organic matter. The organic and
inorganic components of soil and sediment move down hill-
slopes by a great variety of processes, some operating more
or less continuously but others only seasonally or episodical-
ly. Movement may occur by a sequence of linked processes
or by several independent processes acting simultaneously.
Soil eventually enters stream channels where it is subject to
transport by fluvial processes. Between periods of move-
ment, soil and sediment are temporarily stored at a variety
of sites. They may undergo chemical and physical change
while in storage and during transport. Both movement and
storage are strongly influenced by live and dead vegetation.

A sediment budget is a quantitative description of this move-
ment of sediment through a single landscape unit. Here,
sediment refers to erodible materials at or near the earth’s
surface, including both organic and inorganic matter on hill-
slopes and in channels. A complete budget considers input
rate, storage volume, type of modification, and discharge
rate of sediment. The landscape unit may be an entire drain-
age basin, a hillslope segment, a first-order stream channel,
or other feature. For example, the sediment budget of a first-
order stream channel may include measurement of material
transport across the channel margins by hillslope processes,
changes in storage, and total sediment discharge from the
channel.

The term “sediment routing” is used both generally and
specifically. Many investigators, including most of those in
this volume, use the term in a nonquantitative sense to con-
vey the concept of sediment movement through a drainage
basin. Parallel to use of the term “flood routing,” sediment
routing, in a stricter sense, is the computation of the move-
ment of sediment through a series of landscape units and
of the modification of the sediment during its passage. The
computation is based on the continuity equation for sedi-
ment transport through successive landscape units along the
flow path. Output from one landscape unit becomes input
to the next unit downslope or downstream. Thus, if the
conveyance of sediment through a first-order channel is of
interest, the channel might be divided into increments, and

input, output, and change in storage of each size fraction

in each increment would be observed. Input would include
transport from upstream as well as transport across the
channel margins. How well a budget and routing procedure
characterizes and quantifies a geomorphic system depends
on how well transfers, storages, and linkages in the system
are understood; the precision and duration of field measure-
ments; and the scale of spatial and temporal segmentation of
the drainage basin under analysis.

Sediment transport and storage constrain development,
structure, and composition of terrestrial and aquatic eco-
systems. Conversely, vegetation and, to some extent, fauna
influence sediment routing in most landscapes by affecting
sediment transport and storage and by directly contributing
an important organic component to the total sediment load.

Several features distinguish sediment routing in forest en-
vironments from that in other vegetation types. Forest veg-
etation plays a prominent role in many phases of sediment
transport and storage. Transport of soil by windthrow of
trees, the binding of soil by tree roots, and other vegetative
factors affect soil movement in forests. Standing trees and
fallen logs on hillslopes and in channels trap and store sedi-
ment temporarily. Sediment-routing systems are influenced
by forestmanagememt activities, including road construc-
tion and removal of vegetation. Short-term studies of sedi-
ment routing in forested drainage basins should be put in the
context of vegetative succession on this time scale; changes
in forest plant communities that directly control sediment
routing typically occur over a period of several decades to a
century or more after severe disturbances. On a longer time
scale, evaluation of management impacts on sedimentation
should consider the frequency and erosional consequences
of disturbances of soil and vegetation by human activities,
as well as natural forest disturbances such as wildfire and
windthrow.

Sediment-routing studies and budgets have been used for

a variety of purposes. Early studies centered on the ba-

sic problem of how sediment moves through landscapes.
Even within these basic studies, different areas have been
emphasized. Dietrich and Dunne (1978), for example, were
particularly interested in changes in properties of soil and
sediment moving through drainage basins, and they ana-
lyzed sediment transport from the long-term perspective

of sedimentary petrology and steady-state geomorphology.
Rapp (1960) and Caine (1976)., on the other hand, were
more concerned with the relative importance of high mag-
nitude, episodic events and low magnitude, more frequent
or continuous processes. Leopold et al. (1966) measured
rates of slope and channel processes in a semiarid area to aid
analysis of arroyo filling and cutting. Swanson et al. (1982)
developed a sediment budget to analyze the relative impor-
tance of physical processes in the transport of organic and
inorganic matter through a steep, forested drainage basin
and compared this budget with one for a less steep drainage
basin forested with a younger stand.



Sediment-budget studies have also been useful in analyzing
effects of management practices on soil erosion, sediment
yield, and water quality. Kelsey (1977) and Lehre (1980)
observed that land use altered the relative importance of some
storage sites and transfer processes in sediment-routing sys-
tems in northern California. Fredriksen (1970), Janda (1978),
and others have analyzed partial sediment budgets with the
specific purpose of interpreting sediment contributions from
human-influenced sources in forest environments. Consid-
eration of sediment-routing concepts can also help manag-
ers design effective networks for monitoring management
impacts on soil, stream channels, and water quality.

The diversity of objectives, approaches, and professional
disciplines of those who conduct sediment-routing and budget
studies in forest environments has resulted in poor communi-
cation among scientists and land managers with this common
interest. To encourage communication and a useful common-
ality of approaches, we convened a workshop on Sediment
Budgets and Routing in Forest Drainage Basins on May 30
through June 2, 1979, at the Forestry Sciences Laboratory,
Corvallis, Oregon. The workshop was cosponsored by the
National Science Foundation and the Pacific Northwest Forest
and Range Experiment Station, USDA Forest Service. The
workshop format provided for roughly equal division between
formal talks and small group discussions. Participants were
encouraged to emphasize theory and to speculate on new ap-
proaches in study design and problem analysis.

This volume contains papers presented at the workshop and
summaries of some discussion groups. Some papers do not
deal explicitly with forest environments but are included
because they offer principles or techniques useful to sedi-
mentrouting and budget studies. The papers are grouped
into those dealing with general issues in sediment-routing
and budgets and those dealing with case studies of sediment
movement and storage on hilislopes and in channels. First,
Dietrich, Dunn, Humphrey, and Reid suggest basic rules for
developing a sediment budget with examples from forested
areas of the Pacific Northwest. Simons, Li, Ward, and Shiao
follow with a paper discussing computer-simulation model-
ing, as both a tool for understanding general characteristics
of sedimentrouting systems and for predicting impacts of
some management activities. Using examples from steep,
chaparral-covered basins, Rice examines difficulties in
modeling sediment routing in landscapes that are greatly
modified by randomly occurring, extreme, and infrequent
events. Vegetation-free sediment-routing systems of badland
environments and laboratory models provide opportunity to
examine some general, systematic patterns of sediment rout-
ing as described by Harvey and Bergstrom.

Two case studies deal primarily with slope processes. Lehre
presents a sediment budget that emphasizes slope processes
in a small drainage basin in the central California coast.
Hupp and Sigafoos describe use of dendrochronologic meth-
ods to assess slope processes on block fields in the Appala-
chian Mountains.

Papers by Kelsey, Madej, Taylor, and Smith and Hicks ad-
dress sediment transport along stream channels and inter-
pret transport characteristics in terms of sediment supply by
hillslope processes.

Two papers analyze the characteristics of large woody
debris in streams as they affect sediment storage. Megahan’s
studies of channel storage in small streams in the Idaho
Batholith concern the effects of forest-management practic-
es on channel stability and sediment yield. Likens and Bilby
use examples from the White Mountains in central New
Hampshire to describe the evolution of organic-debris dams
in relation to forest stand development.

In the final paper, Swanson and Fredriksen discuss applica-
tion of sediment-routing and budget concepts to analysis of
erosional consequences of forest management.

Five brief reports of discussion sections follow the formal
papers. Groups of 7 to 16 participants met in afternoon ses-
sions for informal discussions of identifying and mapping
sources and storage areas of sediment; tracing and dating
the movement and storage of sediment; the role of weather-
ing and soil formation in sediment routing; the influence of
magnitude, frequency, and persistence of various types of
disturbance on geomorphic form and process; and the use
of flowcharts in sediment-routing studies. These discussions
provided scientists of diverse backgrounds opportunity to
exchange ideas and concerns, to identify unresolved prob-
lems, and to focus on future research needs. These discus-
sions did not result in consensus or state-of-the-art state-
ments for each topic because of time limitations, the broad
scope of each topic, and our limited knowledge and tech-
niques for addressing the problems. Lack of common defini-
tions of processes and storages and common measurement
techniques frustrated some attempts to compare geomorphic
systems in different physiographic and ecologic settings.

Readers of this volume may become aware of several recur-
ring themes: interactions between vegetation and sedimenta-
tion systems are numerous and complex; forest vegetation
makes these environments highly retentive of sediment; and
sediment-routing studies provide a useful approach to holis-
tic analysis of drainage-basin function. These issues, along
with identified research needs, are discussed more fully in

a concluding statement. Analysis of sediment budgets and
routing offers great promise in study of drainage-basin
evolution and impacts of management practices on sedimen-
tation and on forest and stream ecosystems.
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ABSTRACT

A sediment budget for a drainage basin is a quantitative statement of the rates of production, transport, and discharge of detritus. To con-
struct a sediment budget for a drainage basin, one must integrate the temporal and spatial variations of transport and storage processes.
This requires: recognition and quantification of transport processes, recognition and quantification of storage elements, and identification
of linkages among transport processes and storage elements. To accomplish this task, it is necessary to know the detailed dynamics of
transport processes and storage sites, including such problems as defining the recurrence interval of each transport process at a place.
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94720; Thomas Dunne, Professor; Neil F. Humphrey, Gradu-

ate Student, Leslie M. Reid, Graduate Student, Department of
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INTRODUCTION



A sediment budget for a drainage basin is a conceptual
simplification of the interaction of processes that convey
debris from bedrock down hillslopes and channels and out
of the basin. Monitoring the creation and movement of all
particles in a drainage basin is impossible, and the recur-
rence and progress of many processes exceed the lifespan of
the researcher. These obstacles force us to develop concep-
tual models of sediment generation and transfer that can
guide field measurements. Such a framework is valuable in
decisions about where to take representative measurements,
about how to extrapolate data to unmonitored parts of a
basin, and about how to measure debris transport.

Definition of sediment budgets has been inhibited by a lack
of models for the mechanics of processes, by failure to de-
fine processes clearly, and by the great difficulty in measur-
ing rates of sediment transfer. We cannot propose a single
general method for construction of a budget. Instead we sug-
gest an essential list of elements that all sediment budgets
must have to be meaningful. We begin by proposing a defi-
nition of a sediment budget that leads to the requirements in
construction of a sediment budget. The rest of the paper is
devoted to an examination of these requirements, using as
illustrations problems we have encountered in our fieldwork
in the coastal mountains of Oregon and Washington. A
central theme of this paper is that, with a small, but essential
amount of fieldwork, an approximate sediment budget can
be constructed that satisfies our suggested requirements and
can be used as a guide for a monitoring program.

DEFINITION OF A SEDIMENT BUDGET

A sediment budget for a drainage basin is a quantitative state-
ment of the rates of production, transport, and discharge of
detritus. In most studies, measurement of sediment produc-
tion is assumed equivalent to quantification of sources of sedi-
ment discharged into channels. Sediment is also produced by
the chemical degradation and physical mixing of weathered
bedrock to form a soil, however, and material is transferred
between size fractions as a result of attrition during transport.
Also, the rate and nature of sediment production from the
bedrock by soil-forming processes may affect significantly
the rate of hillslope erosion and mode of fluvial debris trans-
port. In a sediment budget, the soil mantle should be treated
as a separate element of sediment storage having a defin-

able rate of inflow and outflow of detritus. Quantification of
debris transport requires not only defining rates of sediment
transfer between major storage elements-such as between soil
and stream channels--but also computing rates of movement
through these sediment reservoirs. The latter is particularly
difficult to do with present understanding of processes, but

it is from such a quantification that predictions can be made
about the change in size of storage elements and the rapidity
and magnitude of the response of sediment discharge from a
drainage basin after some disturbance. Discharge of detritus
is simply the rate of transport of sediment past a monitoring
station.

To construct a sediment budget for a drainage basin, the tem-
poral and spatial variations of transport and storage processes
must be integrated, and to do so, these requirements should be
fulfilled: (1) recognition and quantification of transport pro-
cesses, (2) recognition and quantification of storage elements,
and (3) identification of linkages among transport processes
and storage elements. To accomplish this task, it is necessary
to know the detailed dynamics of transport processes and
storage sites, including such-problems as defining the recur-
rence interval of each transport process at a place.

RECOGNITION AND QUANTIFICATION
OF TRANSPORT PROCESSES

A careful, long-term monitoring program designed to sam-
ple the spatial and temporal variations in elements of a sedi-
ment budget is an expensive venture. Such programs have
usually been undertaken to answer questions about rates of
landform evolution (Rapp 1960), effects of climatic change
(Leopold et al. 1966), and effects of land use (Fredriksen
1970, Janda et al. 1975, Swanson, et al. (1982). Yet, as il-
lustrated by Leopold and his associates, a careful examina-
tion of the processes is needed both to interpret the results of
measurements and to evaluate the effects of changes in the
major controls of processes. Construction of predictive sedi-
ment budgets is hindered by the lack of understanding of the
mechanics of processes. At present, no transport process is
sufficiently well understood that field data on major controls
can be used to predict transport rates. Until studies of such
processes as soil creep, landslides, sheetwash, and sediment
transport in river channels produce realistic mathematical
models, we must rely on extensive monitoring to provide
data on transport rates.

Before a monitoring program is begun, it is essential to rec-
ognize and quantify approximately the major processes that
generate and transport sediment. An initial field study should
be made to identify the distribution of dominant transport
processes and interrelationships among them. From such a
survey and from currently available theory for the physics of
transport processes, a program of monitoring can be estab-
lished to sample the range in values of major controls and the
spatial variation of processes as a function of these controls.
The only way to generalize from a few measurement sites to
a landscape is to develop predictive models of the relation of
each transport process to its controls.

An important step in the simplication of a sediment budget
to a form that can be examined in the field is the recogni-
tion of the dominant hillslope erosion processes. Striking
differences in dominant processes occur in forested areas
of different climate, geology, and land use. The dominance
of a process can also depend on stand history. A dramatic
example is the period of intense rain splash, sheetwash, and
dry ravel that occurs after a major burn in the chaparral of
Southern California (Rice, this volume). A central issue in
this case becomes the assessment of the transport of sedi-
ment (on hillslopes, into and along channels) after specific



burns, relative to the total transport evaluated over a period
sufficiently long to accommodate the spatial and temporal
variation in magnitude and intensity of burns. In this paper,
we refer to the recognition and measurement of only a few
processes that have been shown to be important in wet,
forested environments.

Slumps and Earthflows

In some landscapes underlain by mechanically weak rocks,
massive earthflows and slumps move large quantities of de-
bris to channel perimeters where shallow debris slides dis-
charge sediment into the channel (as described by Swanson
and Swanston 1977). These deep-seated movements involve
soil, saprolite, weathered bedrock, or fresh bedrock and can
extend to tens of meters below the soil surface. Engineering
geologists who have measured relatively slow rates of move-
ment in these deepseated features have referred to the move-
ment as creep (e.g., Wilson 1970, Swanston and Swanson
1976). This has clouded the distinction between earthflow
and creep. For clarity, here we will refer to slow mass move-
ment of just the soil mantle as soil creep. This distinction
matters: measured engineering “creep” tends to be much
faster than soil creep and to occur by a different process.

Slumps and earthflows can persist for thousands of years as
topographic features and occasional sources of sediment,
according to Swanston and Swanson (1976) and Gil and Ko-
tarba (1977), who have begun to investigate the conditions
under which this form of hillslope transport occurs. Kelsey
(1978) has emphasized that earthflows covering only a small
proportion of a basin may provide a major input of sediment
to the channel. Therefore, careful mapping of these features
is necessary at an early stage of budget studies. This is not
an easy task in densely forested regions where the surface
expression of the slump-earthflow may be subdued after
periods of relatively slow movement. Measurement of the
discharge of sediment from earthflows requires drilling and
the installation of flexible tubing anchored in a stable sub-
strate. Deformation of the tube is measured with an electri-
cal inclinometer (Kojan 1968, Swanston and Swanson 1976)
to provide a vertical profile of velocity. The difficulty and
cost of installation limits the number of measurement sites,
so that the velocity field is poorly defined. Inclinometer mea-
surements can be augmented by repeated survey of stakes
on the surface of the earthflow, however. Even without
inclinometer measurements, the discharge can sometimes
be adequately defined from data on depths of movement and
surface velocities (Gil and Kotarba 1977, Kelsey 1977).

Debris Slides

The importance of debris slides in forested mountains has
been emphasized by Swanston (1969, 1970), O’Loughlin
and Pearce (1976), and many others. Such failures typically
occur in at least three physiographic locations. On the foot-
slopes of hills, relatively small debris slides convey soil and
weathered bedrock into adjacent channels.

Much of the soil transported by these debris slides may
have been moved to the footslopes from further upslope by
soil creep and earthflows. The volume pnd frequency of
this transfer across the hillslope-channel interface must be
measured if this component of the sediment budget must

be isolated. In some budgets where only the total sedi-
ment flux is required, however, it may suffice to assess the
sediment transport by other processes on the hillside and to
ignore this last step in the transfer to channels (Dietrich and
Dunne 1978). Debris slides and avalanches also occur along
hillslope profiles and convey all or a portion of displaced
sediment to the channel. Again, it is necessary to obtain
volume, proportionn reaching the stream, the centroid dis-
placement of the remainder, and the frequency of transport.
This may be done through a combination of fieldwork and
aerial photographic interpretation (e.g., Simonette 1967).
The relatively short aerial photograph record can sometimes
be extended by using dendrochronology to date older land-
slides. Finally, debris slides and debris flows often originate
in topographic hollows at stream heads or in thick soils in
bedrock hollows, which Dietrich and Dunne(1978) have
called “wedges.” Their role in the sediment budget must be
defined in the same way as slides on planar hillsides.

Increased debris sliding caused by forest clearing and

road construction has been examined in many different
forests (see Gresswell et al. 1979, for a recent example and
for references). Typically, the frequency of debris-sliding
increases in the cut areas, and a fourth location for debris
slides--the road-affected region--is added to the landscape.
Here, distinguishing between debris slides from road fill, cut
bank, and channel crossing may be necessary because each
may have different volume, distance of travel, frequency of
occurrence, and sensitivity to predisturbance conditions and
management practices.

Soil Creep and Biogenic Transport

The term “soil creep” is generally used to refer to a group of
processes that result in relatively slow downhill movement
of the soil mantle (Young 1971, Carson and Kirkby 1972).
These processes include the mass flow of debris under
continuous shear stress imposed by the downslope compo-
nent of the soil weight; displacement of soil by expansion
and contraction from wetting and drying or freezing and
thawing; expansion, collapse, and settling of debris caused
by weathering (Young 1978); and downslope movement

by raveling and spalling of surface debris. The relative
importance of these processes in the sediment budgets of
forested drainage basins is generally unknown because few
measurements have been attempted, and no theory exists to
predict movement based on soil properties. In environments
in which slumping, earthflow, and midslope debris slides
are rare or nonexistent and rain splash and overland flow
are unimportant, however, the rate of supply of sediment to
channels must be controlled by soil creep and the equally
subtle processes associated with biogenic transport.



The difficulty of making field measurements of soil creep
has prevented quantification of its role in the sediment bud-
get and has impeded the development of predictive models
of the processes involved. A simple, accurate method for
monitoring soil creep and its controls, which allows rapid in-
stallation of a large number of monitoring sites, has not been
developed. Further, different processes require different
measurement techniques. A review of the various methods
that have been used can be found in Young (1971), Carson
and Kirkby (1972), and Anderson and Cox (1978). Con-
tinued work like the study by Fleming and Johnson (1975)
on soil creep in northern California would be valuable in
the context of a sediment-budget study. They used flexible
tubing to monitor the seasonal rate of creep as controlled by
moisture content of the soil. They successfully demonstrated
the importance of rate and process theory (Mitchell 1976)
to the understanding of the mechanics of soil experienc-
ing mass flow, although they were unable to use the theory
quantitatively in its present form. From field measurements
and mapping of soils and bedrock, they also examined the
geologic and topographic controls of soil movement.

Biogenic transport is the movement of debris as a result

of biological activity. Biological activity is the cause of

the transport rather than simply a control or influence and
can be divided into two categories according to rate. Such
processes as tree throw and animal burrowing cause local
catastrophic transport, but pervasive processes such as root
growth and wind stress on trees result in the slow transport
of debris. Biogenic transport has traditionally been sub-
sumed under the term soil creep; it is caused, however, by a
set of processes unlike those generating soil creep. Although
often mentioned as causes of downslope movement of
debris, biogenic transport processes have been the object of
only a few careful studies. These include studies of animal
burrowing by gophers (Thorn 1978, and articles referred to
therein), termites (Williams 1973), voles and moles (Imeson
1976), and by beetles (Pair 1976), as well as studies of tree
throw (Denny and Goodlett 1956, Kotarba 1970, and Swan-
son et al. (1982).

These studies have largely focused on the direct movement
of soil by the organism; the annual transport rate is calcu-
lated as the product of the volume of soil displaced, distance
it has moved, and annual frequency of disturbance on a hill-
side divided by the area of the hillslope. The distance moved
is simply the downslope distance between the centroids of
the soil mass in its original and displaced position. This
transport rate can only be computed from direct observation
of the volume, centroid displacement, and frequency. Tradi-
tional creep-monitoring techniques will not detect it.

Displacement of soil by animals is followed by filling of the
burrow or hole and the decay of the exposed mound, which
may both be caused by abiotic processes. Complete evalu-
ation of biogenic transport should include quantification

of these secondary processes. One such study by Imeson
(1977) suggests that rain splash of exposed soil mounds

formed by voles is an important contributor of sediment to
channels in the deciduous forests of Luxembourg.

Although Kirkby (1967) and others have generally consid-
ered biogenic transport to be unimportant, recent studies
cited above suggest that in some regions it may dominate
transport over much of the hillslope. In particular, in some
forested landscapes the importance of tree throw is clearly
expressed by the microtopography created by decaying tree-
throw mounds.

Estimates of tree-throw transport rate in terms of equivalent
rate of soil creep also suggest its importance. Denny and
Goodlett (1956) computed a transport rate equivalent to 1.5
mm/year in the central Appalachians. Kotarba (1970) found
that a single wind storm in the Tatra Mountains of Poland
caused transport approximately equivalent to 20 cm of soil
creep on some hillslopes (assuming average soil depth to
be 50 cm). The trees that fell were on the average about 135
years old, which would give an average soil creep rate of
roughly 2 mm/year over the lifespan of the tree as a result
of this single storm. In the Olympic Mountains of coastal
Washington, we have computed a tree-throw rate of 1.8
mm/year for a roughly 80-year period (Reid 1981). These
transport rates are comparable in magnitude to soil-creep
measurements in forested hillsides (Barr and Swanston
1970, Eyles and Ho 1970, Lewis 1976); if representative,
they strongly suggest the need to incorporate tree-throw
transport into hillslope sediment budgets.

Sheetwash and Rain Splash

Sheetwash and rain splash are relatively ineffective in
transporting sediment in undisturbed forested basins in

the Pacific Northwest. The high soil permeability and thick
humus layer confine such activity to areas of recent distur-
bance--such as landslide scars, rootwads, tree-throw scars,
and areas of bank erosion--all of which are soon revegetated.
In logged basins, however, these processes take on a new
significance. Not only is the area laid bare by landslides and
bank erosion increased, but new forms of disturbance such
as road building, log yarding, and slash-burning expose even
larger areas of mineral soil. On skid trails and slash-burn
surfaces, infiltration capacities often remain high enough
that overland flow does not occur; but gravel road surfaces
are well compacted, their permeabilities are lowered, and
sheetwash is frequency generated.

The contribution of sediment to streams from surface ero-
sion from roads can be added as a separate element to-the
sediment budget. For a sediment budget to be of value for
management decisions, it should include an evaluation of
the role of road design and usage on sediment yield. Un-
like for many of the processes described above, quantitative
predictions can now be made of rates of sediment transport
from roads based on simple field measurement of major
controls. For example, in a study of the effects of roads on
the sediment discharge into streams of the Clearwater basins
in western Washington, Reid (1981) developed a technique
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Figure 1—Effects of road-surface conditions on sediment-dis-
charge rating curves of drainage culverts for gravel-surfaced
logging roads in the Clearwater drainage basin of coastal Wash-
ington. A. Comparison between “heavy use” (16 to 32 logging
trucks/day) and “light use” (no loggin trucks in 3 to 60 days). B.
Summary diagram comparing different use conditions, including
“moderate” (1 to 2 trucks per day) and “temporary nonuse” (log-
ging trucks within past two days).

for computing sediment influx to streams in a drainage
basin that contains a variety of roads experiencing a range
of usage. She monitored culvert discharge from 10 road
segments of average length and gradient, taking care to
avoid segments with significant drainage from a back-cut or
hillslope. The roads represented six surface conditions: two
segments were paved, two were gravel-surfaced but aban-
doned, and the remaining six gravel-surfaced segments were
used with varying intensity, from heavy (more than eight
logging trucks per day) to light (without truck traffic for 3 to
60 days before measurement). Culvert discharge, sediment
concentration, and rainfall intensity were measured at each
culvertduring a series of storms and used to construct unit
hydrographs and sediment rating curves for each use-level
on each road (fig. 1). The unit hydrographs were then used
to generate a continuous record of runoff from a year’s con-
tinuous rainfall record measured in the basin. Applying the
sediment-rating curve to the generated runoff record, Reid
computed the annual sediment yield from the road segments
under different surface and road-use conditions.

IDENTIFICATION OF LINKAGES
AMONG PROCESSES AND STORAGE
ELEMENTS

Linkages among processes and storage elements estab-

lish the general form of a sediment budget, which can be
expressed in a flow diagram--such as figure 2. Identifica-
tion of causal linkages in the budget highlights the effects
of successive transfers on the characteristics and quantity
of sediment moved. For example, in drainage basins free of
extensive valley-floor deposits, the particle-size distribution
of alluvium is controlled by soil-formation processes and by
attrition and sorting during fluvial transport. In low-order
channels, stream transport has little opportunity to sort or
comminute sediment supplied by slope processes. Residence
time of sediment in small, steep tributaries in many areas

is probably 100 years or less (Dietrich and Dunne 1978),

so chemical weathering probably has little effect on par-
ticle hardness. In the long term, the relative proportions of
bedload-size and suspended-size particles discharged from
these channels must largely reflect the texture of the soil,
with the coarsest fraction being transported by debris flows
in some regions. Along the floors of higher order valleys,
the residence time of sediment in storage is much longer,

so that chemical weathering and fluvial transport can lead
to dramatic shifts in the particle-size distribution of the
load, as coarse particles break into finer sizes. The rate of
breakdown is greatly influenced by the degree of weather-
ing of debris in the parent soil. Dietrich and Dunne (1978, p.
200) have summarized field and laboratory evidence for this
breakdown, but quantitative applications of laboratory stud-
ies to the field setting are still lacking.



SED”:‘EN'I
I

TRIBUTARY
CHANNELS

SEDIMENT
IN MAIN
VALLEY

|
EROSION

CHANNEL

In a previous paper (Dietrich and Dunne 1978), we attempt-
ed to show the importance of breakdown of weathered sedi-
ment in the 16-km? Rock Creek basin of Oregon. Sediment
with settling velocities less than the shear velocity tends

to stay in suspension (e.g., Middleton 1976); and in steep
channels in our study area, the settling velocity of 2-mm-di-
ameter sediment (about 21 cm/second) is generally exceeded
at high flows by the local shear velocities estimated from
the downstream component of the weight of the fluid. About
43 percent of the soil mass discharged into stream channels
is less than 2 mm in diameter and would, therefore, travel
primarily as suspended load. In gravel-bedded streams

of the western United States, measured bedload transport
ranges from 4 to 10 percent of the total solid load (Rosgen,
D., USDA Forest Service, personal communication, based
on many measurements in the Rocky Mountains; Emmett
and Seitz 1973, 1974). Higher ratios have been estimated in
some small basins (Larson and Sidle 1980). If the ratio of
bedload discharge to total solid-load discharge is 10 per-
cent at the mouth of Rock Creek, about 82 percent of the
bedload-size material discharged from the soils must break
down to suspended load during transport to the basin outlet.
This calculation assumes that, over the long time scale, no
change occurs in the volume of coarse sediment in storage
in the basin. The presence of bedrock at or near the surface
throughout most of the Rock Creek drainage network points
to the lack of important storage.

The identification of linkages is critically important in
distinguishing those erosion processes that are separate ad-
ditive components of sediment discharge from the processes
that are carrying the same material along sequential por-
tions of its path through the basin. In forested mountainous
landscapes, a fundamental and yet unresolved problem is the
definition of the relation of the ubiquitous—but slow—pro-
cesses of soil creep and biogenic transport to the rapid
transport of sediment by landslides, so that the contribution
of each process to the sediment budget can be separated. To
investigate this problem for a drainage basin, it is necessary
to estimate the relative importance of types of hillslope-
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Figure 2—Sediment-budget model for the
Rock Creek basin, central coastal Oregon:
rectangles, storage sites; octagonals,
transfer processes; circles, outputs; solid
lines, transfer of sediment; and dotted
lines, migration of solutes (from Dietrich
and Dunne 1978).

transport processes and their distribution within the basin.
We have examined this problem in two regions of the low
coastal mountains of Oregon and Washington underlain by
volcanic and sedimentary rocks.

We first recognized two distinctive soil types. Thin, gravelly
soils cover most of the landscape and vary systematically
with hillslope angle (fig. 3). Thick, sandy and gravelly soils
in U-shaped bedrock depressions, which we have called

soil “wedges” (Dietrich and Dunne 1978), show no clear
variation with hillslope angle. The wedges (fig. 4), which
appear to be filled landslide scars, occur at the headwaters
of.most first-order tributaries and intersect 10 percent of the
perimeter of the first-order channels and up to 50 percent

of third- and fourth-order channels. We see no evidence

of water erosion in the basins represented in figure 3. In
both drainage basins, deep-seated landslides incorporating
significant amounts of saprolite or bedrock are rare. Instead,
most landslides involve just the soil mantle and commonly
emanate from wedges. Because the form of the bedrock
depression concentrates subsurface water into wedges, land-
sliding occurs more frequently there than in surrounding
thin soils. The shallow, coarse-textured soils overlie compe-
tent weathered bedrock, and we have seen no evidence for
active earthflows. In a previous paper (Dietrich and Dunne
1978), we suggested that the creep rate in soil wedges is four
times faster than in the surrounding thin soils. This proposal
was based on our misinterpretation of field measurements
by Swanston and Swanson (1976). Their data pertain only

to earthflows associated with large landslides rather than to
soil creep. At present, we know of no program of measure-
ments on the discharge from wedges by soil creep.

Soil creep, biogenic transport, and debris sliding are not
separate additive components to total discharge of soil into
channels. Soil that is finally discharged to the channel by
one process may have been carried along most of the slope
by other processes. Therefore, the total flux of sediment to
channels should not be computed by adding the discharge
from debris slides to an average soil-creep rate. This rela-
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Figure 3—A. Relationship of hillslope gradient to soil depth for
soils in the Rock Creek area of coastal Oregon. B. Clearwater
basin of the Olympic Peninsula of Washington. Measurements
were made along road cuts. Circles represent the average of depths
for 5-degree classes, and the bars are the standard deviations. The
crosses represent the depth for wedges and, there the total depth
was not exposed, an arrow was attached to the symbol.
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Figure 4—Soil wedge partially filling depression in sedimentary
bedrock, western Olympic Peninsula. Note the characteristic “U”
-shaped depression and the great soil depth compared to adjacent
areas.

tionship can be visualized, for example, by examining what
happens when a debris slide erupts from a soil wedge.

A debris slide may develop into a debris torrent and scour
the channel and footslopes of first- and second-order basins.
On the bed and walls of the slide scar, fresh and weathered
bedrock are exposed and near-vertical walls are left in the
surrounding soils (fig. 5a). After the slide, the bedrock
weathers rapidly along fractures and joints; and the vertical
soil face degrades through rain splash, raveling, sloughing,
and small-scale slumping of soil into the scar. Removal of
soil from the face and the steepening and destabilizing of
soil upslope also lead to accelerated tree-throw around the
margins of the scar and accelerated soil creep. The distance
over which accelerated soil movement extends upslope
depends on the time and amount of soil required to refill the
scar.

Soil initially discharged into the bare scar will be subject

to concentrated water flow, and only the coarsest particles
will remain in the depression as a gravel layer (fig. 5b).
Continued discharge of poorly sorted soil into the scar forms
a thickening wedge of partially reworked sediment from
which saturation overland flow (Dunne 1978) is generated
progressively less frequently. When saturation overland flow
can no longer be produced in the wedge, soil discharged

into the scar accumulates without reworking by water and
thus retains the textural characteristics of the surrounding
profile from which it is derived (fig. S5c). Figure 6a illustrates
the changes in texture of deposits with time, and figure 6b
portrays the rate of filling in hollows as estimated from
dendrochronology.

During the early phases of refilling, the scar will be a source
of high sediment discharge to the stream. Based on the
dendrochronology shown in figure 6b and the corresponding
change in sediment texture (fig. ba), we estimate that this
period will last about 100 years. By the end of this period,
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Figure 5—Evolution from a landslide scar in a bedrock
depression to a soil wedge. After the landslide, the exposed
bedorck surface forms an impermeable horizon shedding
rainwater and subsurface discharge into the depression as
overland flow. B. Sediment eroded from the over-steepened
soil perimeter into the depression is washed of its fine compo-
nent, leaving a gravel-lag deposit covering the rock surface.
C. Continued deposition leads to less frequent saturation
overland flow and less surface transport. Eventually, the lack
of surface wash causes the soil near the surface of the soil
wedge to become similar in texture to surrounding soil from
which it is derived.
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the texture of the upper layer of the wedge is similar to that
of the surrounding soil. As the scar fills, sediment discharge
from the wedge decreases. The scar may fill completely so
that no topographic expression remains, or it may fail during
a large storm that occurs as it is filling. During accumula-
tion, sediment discharge from the wedge must be less than
prefailure levels. When the filling is complete or when an
equilibrium depth is reached that balances the influx and
discharge of soil, the latter attains its prefailure rate (fig. 7).

The time required to refill a depression can be estimated

by computing a creep discharge rate into the slide scar
across its exposed perimeter. For example, a creep rate of 3
mm/year in a 50-cm-thick soil will refill a bedrock depres-
sion 5 m wide, 20 m long, and 2 m deep in 3,000 years. This
estimate represents a minimum because much of the initial
soil discharge into the exposed hollow will be washed out.
An increase in the frequency of failure because of a cli-
matic change or management activity would accelerate soil
movement towards the scar and thin the surrounding soil
over periods of hundreds to thousands of years. Debris-slide
scars then probably fill between 1,000 and 10,000 years
after initial failure. Although transport into the scar will be
accelerated by the sloughing of soil and gullying of exposed
soil, the ultimate transport rate into the scar will be limited
by the supply of soil and the rate of soil transport toward the
location of failure.
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Figure 6—A. Successive fining of material during
filling of hollows. The fraction greater than 22 mm
was measured by the pebble-count method of Wol-
man (1954), and the data were combined with sieve
analyses of the finer particles. The letters indicate
gravel (g) (greater than 22 mm), pebbles (p) (from
2 to 22 mm) and sand (s) (less than 2 mm). B. Rate
of filling of scoured hollows. Time of scour was
determine by ages of vegetationm on fills. (X) is
our best estimate, error bar represents the range of
uncertainty in our estimate. Vegetation consisted
of salmonberry and alder on more recently sourced
hollows, andlarge alder, hemlock, and Douglas-fir on
older, partially filled hollows.

500

On the short time scale for which a quantitative sediment
budget might be developed from a monitoring program,
debris-slide scars will generally be sources of high sedi-
ment discharge. That the period of increased erosion extends
for a long time after the slide occurs is well illustrated by
Tanaka’s (1976) measurements in the Tanzawa Mountains
of Japan. His repeated topographic surveys showed rates

of sediment discharge from 50-year-old debris scars to be
about 100 times greater than the estimated undisturbed rate
of sediment discharge from hillslopes. Lundgren (1978) has
also reported that in the subhumid mountains of Tanzania,
erosion during a 7-year period after formation of landslide
scars was as great as the initial loss from the landslides.

If debris slides lead to accelerated weathering of the under-
lying bedrock during exposure and burial, or if they cause
loss of debris from the weathered bedrock in the scar or its
surroundings, then a component of their discharge can be
defined as a contribution to the sediment budget separate
from creep and biogenic transport. Otherwise, debris slides
emanating from the soil mantle act more as periodic fluctua-
tions in the rate of discharge of sediment from the hillslope
by soil creep and biogenic transport.
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Figure 7—Chronologic variation of sediment dis-
charge into a stream channel as a result of failure of
a soil wedge and the eventual refilling of the bedrock
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DEFINITION OF RECURRENCE
INTERVALS

The degree to which one process affects another and the
importance of a transport process to the sediment budget are
both dependent on the magnitude and frequency of recur-
rence of the process at a place. Definition of the probability
distribution for some transport processes (e.g., sheetwash
from roads) is relatively easy. Definition of a recurrence
interval of landslides is a difficult problem in steep, forested
drainage basins, however. Frequency of landsliding depends
on the stochastic properties of external controls—such as
storm intensity, antecedent weather, and earthquakes. The
importance of these controls at a site will depend on specific
site conditions such as soil permeability, vegetation cover,
groundwater flow path, and soil strength. The frequency of
landsliding, then, needs to be specified at a site. In the Coast
Ranges of Oregon and Washington, landsliding occurs with
varying frequency from topographic hollows, filled bedrock
hollows, and planar slopes. A regional landslide frequency
cannot be applied to a specific site, unless all the failures
used to define the regional frequency originate from the
same type of site (e.g., filled bedrock depressions at the
heads of valleys). Then space can be substituted for time in
the calculation of recurrence interval.

Estimates of regional rates of landsliding can be obtained
from sequential aerial photographs and from dendrochronol-
ogy, but the occurrence of major storms confounds a simple
computation of long-term frequency of these events. No
simple correlation can be made between recurrence interval
of the hydrologic event and the recurrence of landsliding be-
cause of site-specific controls on the hydrologic events and
because of lag effects resulting from long recovery times
from previous landsliding. Similarly, landsliding caused

by earthquakes cannot be simply related to the frequency

of occurrence of the earthquakes, as done by Garwood et

al. (1979). Long periods of record and large samples wall
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depression. The annual sediment discharge for each
year was divided by the average annual sediment
discharge to normalize the curve.

eventually allow the definition of useful mean recurrence
intervals from each type of site, but—at present—the aerial
photographic record is too short for accurate determination
of recurrence intervals.

Definition of recurrence interval becomes particularly dif-
ficult when the landslide is not an instantaneous discharge
of soil into a channel but is a deep-seated failure that moves
episodically. Not only is relating the movement to the prob-
ability of occurrence of the specific site conditions and hy-
drologic events difficult, but to generalize the probability of
failure to similar sites is extremely difficult. This problem is
further complicated by the tendency for slumping to gener-
ate debris avalanches at the channel perimeter (Swanson and
Swanston 1977), creating an interdependency of frequency
and magnitude between different processes.

Landslide frequency is traditionally defined for a large area
from sequential aerial photographs without specification

of landslide site conditions. This frequency is assumed to
apply to basins of any size in the area. Not only does this
approach neglect effects of major storms, but it also ignores
the effect of basin size, which clearly influences the range
and frequency of site conditions. The effect of basin scale
is an important one and has been discussed by Wolman and
Gerson (1978) as it applies to stream morphology.

Quantitative definition of the role of landsliding in a sedi-
ment budget can be approached in several ways. For the
simplest case in which landsliding involves just the soil
mantle and essentially represents the last step in the trans-
port of soil to the stream channel, the problem of recurrence
interval can be ignored as long as some estimate can be
made of the rates of hillslope transport by other processes.
This is only appropriate, however, in a sediment budget for a
long period during which it can be assumed that the trans-
port processes are in equilibrium and major landforms are
not changing substantially.



Another approach would be to construct a sediment budget
for a specific interval only and not to develop a predictive
model of the transport processes. Only landslides generated
within the study basin would be considered. Similarly, only
measurements of other processes within the basin would

be used. The value of this procedure depends greatly on

the length of time over which measurements can be taken.
This method, however, allows semiquantitative examination
of the effects on landsliding of major differences in basic
controls such as geology, climate, or land use.

We have suggested above that a regional landslide frequency
analysis could be made for specific sites, particularly if the
time base can be expanded using dendrochronologic or other
dating techniques. The frequency of site types within a ba-
sin would then be used to construct a sediment budget. This
problem is also discussed by Kelsey in his Discussion Group
Summary for this workshop. Although confusing effects of
unequally distributed meteorologic events and stand history
would degrade the quantitative results, this procedure would
yield a meaningful, predictive sediment budget.

The most general approach in the long term would be to
develop models for hillslope instability. In the simple case
in which debris slides are caused primarily by adverse
combinations of soil strength and high pore-water pressure,
recurrence interval of landsliding at a site may eventually be
defined through a combination of a deterministic model of
hillslope stability, a deterministic model of pore-water pres-
sure generated by precipitation, and a stochastic expression
for precipitation occurrence. Included in this model would
be the change of soil depth with time as the site refilled from
the previous landslide. Regrettably, definition of recurrence
of landsliding is not an easy problem.

QUANTIFICATION OF STORAGE
ELEMENTS

Sediment storage elements in the landscape are the medium
through which transport processes act, and therefore their
quantification is of great importance in the construction of a
sediment budget. To discuss the characteristics of different
types of storage elements (or sediment reservoirs) in a drain-
age basin and to examine their interaction, we briefly define
a few essential terms used in reservoir theory as presented
most simply in Eriksson (1971) and Bolin and Rodhe (1973).
A variety of sediment reservoirs exist in a drainage basin,
ranging from vast quantities of debris stored in the soil
mantle on a hillslope to small accumulations in gravel bars.
Each accumulation can be characterized by the age distribu-
tion of sediment in the reservoir and the age distribution of
sediment leaving the reservoir. Age is used here to mean the
time (1) since the sediment entered the-reservoir. The first
distribution could be defined in the field by dating the de-
posits in a reservoir and by developing the cumulative curve
of mass M(7) in the reservoir, less than or equal to a certain
age (7) such that

lim M(7) = M,

T —

(1)
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where M, is the total mass of the reservoir. Everitt (1968),
for example, aged flood-plain deposits on the Little Missouri
River using dendrochronology. Taking the derivative of this
cumulative curve, with respect to the age of sediment, cre-
ates an age-distribution function ¥(t), where

dM(T)

dr

w(t) =
[+]

(2)

The average age of sediment in a reservoir, T, can be com-
puted by integrating the cumulative curve with respect to
mass and dividing by the total mass, which is equivalent to
computing a weighted mean age (Eriksson 1971):

1 o
Ta i /‘tdﬂ(‘!) (3)
0 o "o
e <]
= /o ¥(r)dr (4)

For many sediment reservoirs, the age-distribution function
will be impossible to define unless the reservoir contains
natural tracers, such as vegetation and tephra, or artificial
tracers, such as isotopic lead (Barnes et al. 1979), radioac-
tive fallout (Ritchie et al. 1975), painted rocks (e.g., Laronne
and Carson 1976), and anthropogenic debris (Costa 1975).
These tracers need to be distributed in time for periods of
centuries and in space for sites representing the range in age
in a reservoir to yield meaningful results about most sedi-
ment reservoirs. If sediments of different ages become well
mixed, however, quantitative evaluation of the age-distribu-
tion function will be difficult.

Reservoirs can also be characterized by the age distribu-
tion of sediment leaving the reservoir. If it were possible

to evaluate the time spent in storage for each particle that
leaves the reservoir, then for a particular time increment, a
cumulative curve of discharged mass of sediment leaving
the reservoir less than or equal to a certain age, F(t), could
be constructed. This curve is called a “transit time” function
because it gives the distribution of transit times through the
reservoir for the discharged sediment. As T becomes very
large, F(t) approaches the total flux per unit time out of the
reservoir:

lim F(r) = F,
(5)

As in equation 2, the derivative of the cumulative curve with
respect to age yields the distribution function of transit time:

T — WO

(6)

&)= _;__dl-‘('r)

dr



The average transit time of sediment discharged from the
reservoir, which is defined to be the residence time of the
sediment in the reservoir (Bolin and Rodhe 1973), is the
integral of the cumulative curve of transit times divided by
the total flux per unit time:

[+ o]
T, = 11.,— [ TdF(1) (7a)
o] (o]
[+ 0]
- Lﬂb(r)df (7b)

Characterization of transit times from field measurements of
sediment discharged from a reservoir is extremely difficult.
Most studies that attempted to define transit times have been
for fluvial transport processes and used painted rocks. These
studies have failed to recognize three important aspects of
sediment reservoirs, however, and as a result they have not
yielded useful information.

First, it is necessary to recognize that measurements of the
movement of marked particles is a transit-time study of a
particular reservoir or set of interacting reservoirs, and,
therefore, defining the various types of reservoirs in an area
and their boundaries is also necessary. In fluvial studies,

at least two types of reservoirs may be recognized: flood
plains, bars, and active streambed. The computed residence
time of particles in these reservoirs will depend partly on
the exchange rate between reservoirs and on the definition
of reservoir boundaries. Second, transit time of sediment
depends on where in a reservoir the marked particles are
placed. In stream channels, the particle-size distribution

of the bed material across the channel is a function of the
boundary shear-stress distribution. If the goal is to typify
the transit-time characteristics of the reservoir, introduced
marked particles must duplicate the particle-size distribu-
tion across the channel. Further, the particles must be placed
throughout the active depth of the channel sediment, not just
at the surface as is normally done. This consideration may
make a difference of greater than 20 times in the measured
transit times of particles (based on computations by Diet-
rich and Dunne 1978). Third, to compute transit times, all
particles must be recovered. Unfortunately, recovery rate

of marked particles is generally very low; following all
particles without seriously disturbing the reservoir would be
nearly impossible. Regrettably, this last problem is a major
constraint. We will address the problem again later. Further
discussion of the theory of tracers can be found in Eriksson
(1971) and Nir and Lewis (1975).
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Definition of the residence time of sediment in a reser-

voir from measurement of transit times is difficult. As an

alternative, residence time can sometimes be computed.from

the age distribution or estimated average age of sediment in

the reservoir. Eriksson (1971) has shown that under steady-

state conditions, as sediment of a particular age leaves the

reservoir, a corresponding aging of sediment remaining in

the reservoir must occur, such that

dM(t)
dt

(8a)
Fo = F(z) =

The left side of equation 8a gives the amount of sediment
greater than age t that leaves the reservoir per unit time. To
maintain a steadystate age distribution, the amount of sedi-
ment with an age greater than t that remains in the reservoir
must increase at a rate equal to this rate of efflux, as given
by the right side of the equation. The derivative with respect
to t of each side of the equation yields the transit-time den-
sity function,

dF(r) _ _ da%M(x)
dr (d't)2

(8b)

Although the transit-time function can be computed from
the age distribution of sediment in the reservoir from
equation 8b, the function is very sensitive to small errors
in definition of the age distribution and can only be done
practically for poorly mixed or unmixed reservoirs. Such a
reservoir might be a flood plain constructed predominantly
by lateral accretion of bedload on point bars. A simple
example, however, illustrates that even in a poorly mixed
reservoir such as a flood plain, the age distribution may be
time- and space-dependent.

Consider the simple case, illustrated in figure 8, of a stream
channel migrating uniformly across its flood plain at the rate
of one channel width per year. If the deposits were sampled
when the channel was in the three positions in figure 8a,

b, and c, the average age according to equation 3 would be
5.5, 8.0, and 6.4 years, respectively. This time dependency
may be overcome in the field by expanding the upstream and
downstream boundaries of the reservoir so that the channel
position ranges back and forth across the valley floor at any
time.

To examine the relation between residence time and aver-
age age, consider two steady-state models of a gravel bar
illustrated in figures 9a and b. This first is a piston model in
which gravel enters at one end of the reservoir and leaves
exactly 10 years later. Clearly, the residence time of the
gravel in the bar would be 10 years, and the average age of
the sediment would be 5 years. By contrast, in the second
model, although the annual discharge rate is the same, 60
percent of the gravel in any year enters and leaves the res-
ervoir, while the other 40 percent becomes deeply incor-
porated in the bar and takes 25 years to leave the reservoir.
The average transit time of sediment leaving the bar is (0 x
.6) + (25 x .4) = 10 years, the same as in the first model. But
the average age of sediment in the reservoir will be 13 years.
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Bolin and Rodhe (1973) have demonstrated that even in
steady-state reservoirs, average age of sediment may be less
than, equal to, or greater than the residence time. They also
showed mathematically that the turnover time of a reservoir
defined as the total mass in the reservoir (M,) divided by the
total flux rate (F ) equals the residence time of sediment in a
reservoir in the steady-state condition:

o (9

Where the reservoir can be treated as if in steady state, the
estimated residence time becomes a much more tractable
problem. In the short period of a few years, most storage ele-
ments in a landscape are probably very poorly represented
by the steady-state assumption. Over the long period, how-
ever, the average quantity of sediment in storage in some
reservoirs may be considered relatively constant. For exam-
ple, in small alluvial valleys with steep hillslope boundaries
in which the channel is close to bedrock, the assumption of
steady-state storage of sediment in the flood plain is prob-
ably reasonable over a period of a few decades, particularly
if the sediment flux into and out of the foodplain occurs
primarily by bank erosion and channel migration rather than
by episodic deposition or scour by debris torrents.

L F

Figure 8—A-C. Change in age
distribution of flood-plain sediment
reservoir resulting from uniform
lateral migration of the active channel
(darkened area) at one channel-width
per year. Numbers in columns give age

l in years for each increment of flood-
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Figure 9—A-B. Two models of transfer of sediment
through a gravel bar. Numbers are the age of the
sediment in particular parts of each reservoir. Total

is the same for both models but, in

output the second, 60 percent sediment entering the reser-
voir leaves immediately, and the remaining 40 percent
travels slowly through the entire reservoir.

i[:'>output

_1 40 % comes out of storage

A river-valley segment of the Little Missouri River of
western North Dakota which approximately meets these
requirements was intensively surveyed by Everitt (1968).

He mapped the age distribution of cottonwood trees on

a 34,000-m-long length of flood plain formed by a freely
meandering, 91-m-wide, sand-bedded river in a 900-m-wide
valley. At the time of the study, the channel had recently cut
off two large bends and was subject to ice jams that caused it
to shift rapidly across its flood plain. As a result, the density
function of flood-plain area occupied by sequential 25-year
age classes of sediment was negatively exponential. From
Everitt’s data on the area and elevation of sediment above
low water in various age classes, we have computed an ap-
proximate age-distribution function, M(t), for the volume of
sediment in the flood plain. The derivative of this function
is the right side of equation 8a; if one can assume that no
flood-plain sediment enters and leaves the reach in the same
year (i.e., F(t) = 0 when t = 0), equation 8a can be used to
obtain F, the flux rate of sediment through the reservoir.
Everitt fitted a power function to the height above low water
of flood-plain sediment of various ages and obtained results
similar to the following by a different technique. We used
the power function of height and the exponential function of
area to compute the age-distribution function, M(t), which
was integrated to obtain a total volume of sediment, M, of
1.08 x 107 m®. Differentiating M(t) with respect to t yields
the right side of equation 8a and, therefore, at t = 0, a flux
rate, F, of 1.08 x 10° m*/year. Substituting this value and M
into equation 9 leads to a residence time of 100 years.
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The transit-time function for Everitt’s data (obtained by
twice differentiating M(t), substituting into equation 8b, and
integrating the left side) suggests that most of the sediment
spends less than 1 year in the flood plain. This counterintui-
tive result may be an artifact of using a power function to
express the height of the flood plain above low water for a
given age because this combines with the exponential curve
for the area-distribution function to place the bulk of the
flood-plain sediment in a very young age-class.

Another reservoir that might be treated as having a constant
volume in storage over long periods is the debris fan. The
volume of a fan has generally been found to be a power
function of the drainage area of the basin contributing to

it (Bull 1964). We have also found this relationship for a
small drainage basin in coastal Oregon (fig. 10a). If the long-
term average annual discharge into or out of the fan can be
estimated from short-term measurements, then the average
residence time in a debris fan can be computed approxi-
mately from equation 9.

A third reservoir that might more commonly be in steady
state is the “active” channel sediment that comprises all

of the sediment in the channel bed, including gravel bars,
down to a rarely attained maximum scour depth and across
to channel boundaries marked either by a distinct bank or by
vegetation changes. “Active” sediment is not a meaningful
term in some low-order tributaries where sediment is moved
primarily by episodic debris torrents. Unless channel stor-
age is changing dramatically from modifications in channel
geometry in response to a significant change in sediment
load or flow characteristics, the “active” stored sediment in,
say, a length of channel of about 10 channel widths is rough-
ly constant, even in aggrading and degrading streams. If the
flux rate along the channel and into or out of the flood plain
can be estimated, then residence time can be computed.

The time scale that defines the period over which steady
state is to be assumed is proportional to the residence

time of sediment in the reservoir. If disturbances in flux
rate occur over the same time scale, then steady state is a
poor approximation. Also, many disturbances from forest
management occur on a time scale shorter than the period
over which steady state might be assumed. Nonsteady state
implies the sediment reservoir is not only characterized

by age distributions but also by absolute time. We know

of no simple general theory for dealing with the nonsteady
state although work has been done toward that end (Nir and
Lewis 1975, Lewis and Nir 1978).

In both the steady- and nonsteady-state cases, another ap-
proach to computing residence time and developing a sedi-
ment budget is to construct a transition probability matrix to
define the flux into and out of one reservoir and into another.
For example, consider the transport of sediment along an
alluvial valley floor. Two general sediment-storage elements,
the active channel (defined above) and all the other flood-
plain deposits, can be quantified by surveying; the amount
of sediment in storage can be related to distance along the
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Figure 10—A. Volume of debris fans as a function of tributary
drainage area along the main channel of the 16.2-km? Rock Creek
drainage basin, Oregon. Open circles are debris fans covered

by salmonberry and young alder trees. Dots are fans covered by
more mature trees. B. Volume of sediment in gravel bars (pluses),
“active” channel (crosses)., flood plain (dots), and total valley
sediment (open circles) along the main channel of Rock Creek.
Equations for least squares fit to the data in I0A and B are given by
Dietrich and Dunne (1978).



channel from headwaters (fig. 10b). The sediment in storage
per unit length of channel can be depicted by the column
matrix

where x and y are the volume of sediment in storage per unit
length of valley in the active channel and the flood-plain
deposits, respectively.

X

v
y '

The exchange between the two reservoirs caused by such
channel changes as migration, widening or narrowing, or
downcutting can be represented by the transition probability
matrix

ab

8 = cd

where the first row represents the proportion per unit time of
the total sediment in the active channel that either remains
in the active channel (a) or is transferred to the flood plain
(b). Similarly, (c) is the proportion of flood-plain sediment
eroded into the active channel, and (d) is the proportion that
remains. If the transpose of S is taken and this new matrix
ST is multiplied times V, a column matrix is formed by the
product expressing the amount of sediment in the two reser-
voirs as a result of the exchanges specified by S.

The input and output of sediment can be represented by
column matrices Q, and Q,, respectively,

Q'_—.

i and

i
3 % m

where i and j are the volumes per unit time added to the
active channel and flood plain; k and m are the volumes dis-
charged from each, per unit time. Values other than zero for
j and m occur as a result of overbank flow. The net increase
or decrease of sediment stored in each reservoir after a unit
time is given by the column matrix

r
s

AV =

The continuity of mass per unit length of channel can now
be written as

V-58Tv + Q4 = Qo + AV (10)
This is a general equation for any system of reservoirs in
steady or nonsteady state. In many sediment routing prob-
lems, each term can be quantified approximately from fairly
simple field measurements. A valuable way to use equation
10 would be to establish a series of surveyed cross sections
across the valley floor. Repeated survey at these sections,
recording of channel scour depths with scour chains, and
measuring of sediment transport both in the channel and
on the flood plain at the upstream and downstream end of
the channel length should allow computation of a sediment
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budget using equation 10. In this form, equation 10 has very
little predictive value. In the nonsteady-state problem par-
ticularly, it is best thought of as the basic mass balance into
which field measurements are placed to define the routing of
sediment.

At steady state, however, no change takes place in storage
(AV = 0); although (i + j) must equal (k +m), Q, need not
equal Q.. This inequality could occur by the deposition of
flood-plain sediment during overbank flow being compen-
sated for by bank erosion of flood-plain sediment into the
active channel. In other cases, equation 10 can be greatly
simplified if a steady state exists and Q, = Q,, such that

v-sly=0 (11)

Given that V is known, an infinite number of ST matrices
can solve equation 11, but the actual values of a, b, ¢, and d
are related by the simplification of the two linear equations
represented by the equation

xb = yc (12)

This simply states that volumes exchanged between the
flood plain and the active channel must be equal. Thus, in
the steady state described above, if the volume of sediment
stored in each reservoir is known and if a single term can be
defined in S, such as the annual rate of bank erosion, then
the other three terms can be computed. In the steadystate
case, the sediment budget can be defined from simple field
measurements and, according to equation 9, the residence
time for sediment in the active channel (T ) and in the flood
plain (T ) is

i ool
ra xb + 1 (332)
" e 1
Trf ye + 3 (13b)

These residence times are the average time a particle spends
in the reservoirs. If the question is how long on the average
sediment will take to move some distance along the valley,
however, flux rate must be defined in terms of transport
across the upstream and downstream ends of the reach,
including transport along the flood plain. Exchange between
the flood plain and the active channel has no effect on the
residence time in the valley floor. Channel migration influ-
ences residence time of sediment in the separate reservoirs,
but it does not affect the downstream transit time unless
downstream flux rates are dependent on rates of bank ero-
sion.

Consider three possible transport relationships for the two
major reservoirs defined above. In the first case, no ex-
change occurs between reservoirs. ST becomes the identity
matrix, and the residence time, which is equal to the average
travel time per unit length of the valley, is x/i and y/j for the
transport through the active channel and the flood plain,
respectively. In a more realistic case, some exchange rate
occurs between the two reservoirs, typically by channel mi-



gration, but the transport of sediment along the flood plain
occurs at an insignificant rate. Thus the residence time of
sediment in the valley floor (T, ) is

I ol &

% i

g (14)
because j = 0. The residence time for sediment in the flood
plain alone is given by equation 13b which simplifies to 1/c,
the inverse of the probability of transition from flood plain
to channel in S. The residence time of a particle in the active
channel alone is given by equation 13a.

Thus, the residence time in the active channel is always
much less than the residence time of sediment in the valley
floor. The residence time for sediment in the flood plain can
be greater than or less than residence time for the valley
floor because, in the present analysis, residence time in the
flood plain refers to the time since the previous transfer of a
particle into the flood plain, either from the channel or from
upstream. In many rivers, flood-plain sediment transport
and reservoir exchange are common. In this case, the aver-
age transit time becomes

Xty
Tewv =1 + 3

(15)
and the residence time in the flood plain decreases to that
given by equation 13b.

Sediment storage and sediment transport rate are functions
of distance downstream (fig. 10), and equation 14 can be
integrated to compute the average travel time between two
positions along a channel. The integrated equation is given
in Dietrich and Dunne (1978). Integration of equation 15
will yield a slightly more complicated form of equation 2 in
Dietrich and Dunne (1978).

These results also suggest a way of overcoming some  of the
problems associated with marked particle studies in stream
channels. If transit time between two positions along the
channel is computed for several years for a group of marked
particles, part of the transit-time function can be defined. Using
calculated average transit time from the integral forms of
equations 14 and 15, a function might be fitted to the data to ex-
tend it to the longer period needed for complete determination.
The transit-time function given by equation 6 probably has an
exponential form for most rivers and, therefore,
dF(T)
O(r) = 5 4o
L

“nTrT

= me (16)

20

where m and n are constants that can be determined experi-
mentally from successive years of measurement of the propor-
tion of total marked particles passing the downstream position.
Substitution into equation 7b and integration yields:

% Ty

” 17)

Equation 17 can then be used to improve estimates made
from short-term, marked-particle studies.

The transit time between two positions along a small chan-
nel in a narrow valley can be defined using marked particles
in the following manner. At two-or more sections along

the channel, oblique troughs across the bed of the stream
could be installed that trap all bedload and generate a vortex
current that transports the sediment across the channel to a
pit (vortex bed sampler, Milhous 1973). All particles in the
upstream pit would be painted, or otherwise marked, and
replaced in the channel downstream. Anew color code could
be used for each flood or season. Sediment returned to the
channel would subsequently be captured in the next down-
stream vortex sampler, yielding the transit time between
sections. All marked particles need not be followed because
only the marked particles that pass into the lower trough
must be counted. The form of the transit-time function
would depend on distance between sampling troughs, and
establishing more than two sections would permit examina-
tion of this dependency. Although such a monitoring scheme
would probably only work on small streams, the general
form of the transit-time function might be generalized to
larger streams.

Because transit-time functions for sediment transport in
river valleys are probably not normally distributed, the aver-
age transit time (residence time) may be a very poor indica-
tion of time spent in a reservoir for the bulk of sediment that
moves through a reservoir. For example, sediment passing
downstream along a valley floor may have a long residence
time because of a small exchange rate with a large flood
plain deposit, although most of the sediment leaving the
valley-floor section may have traveled quickly through the
reservoir along the surface of the channel bed. To quantify
the lag times between input of sediment and discharge from
a reservoir, and to examine such problems as quantifying
the period over which sediment experiences different chemi-
cal weathering environments, one must attempt to define the
transit-time distribution.



CONCLUSION

A sediment budget for a drainage basin provides a quantita-
tive accounting of the rates of production, transport, storage,
and discharge of detritus. Its construction requires: recogni-
tion and quantification of transport processes, recognition
and quantification of storage elements, and identification of
linkages. among transport processes and storage sites. To
accomplish this task, it is necessary to know the detailed
dynamics of transport processes and storage sites, including
such problems as defining the recurrence interval of each
transport process at a place.

Qualitative and semiquantitative fulfillment of these re-
quirements help in designing preliminary field studies and
determining the general form of a sediment budget for a
particular basin. This approximate budget can then be used
to design long-term studies. Much progress is still needed in
making useful field measurements and developing physi-
cally based models before complete, quantitative sediment
budgets can be constructed.
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Modeling of Water and Sediment Yields From Forested Drainage Basins
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ABSTRACT

Wise management of land and water resources in forested drainage basins requires knowledge of the interrelations within
the forest environment and the numerous controlling physical processes. One aspect of drainage-basin response to manage-
ment activities is changes in water and sediment yields. An important approach for predetermining these yields is through
use of water and sediment routing and yield models. Models based on the physical processes controlling erosion provide

a realistic simulation of natural and management influences on drainage-basin response. We discuss general concepts of
mathematical modeling with particular emphasis (including examples from forested drainage basins) on surface erosion
physicalprocess simulation models developed at Colorado State University.
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INTRODUCTION
Need for Modeling

Increases in development of land and water resources have
promoted beneficial and adverse activities in forest drainage
basins. One aspect of drainage-basin response is changes in
water and sediment yields brought about by different man-
agement activities. Drainage-basin sediment yield reflects
the change in land-surface erosion, which contributes much
of the fine sediments carried in larger rivers. Recent studies
have shown that, in addition to other impacts, fine sediment
is extremely important for transporting adsorbed substances
such as pesticides and other organic compounds.

Accurate methods for estimating changes in water and
sediment yields from forested lands are needed to help
evaluate related adverse impacts on aquatic and terrestrial
ecosystems. One approach is through use of mathematical
models that simulate the movement of water and sediment
from forested drainage basins. With such models, a forest
planner can estimate changes in water and sediment yields
brought about by different management activities. Insights
gained from model simulations can help the forest planner
in formulating development strategies that meet short- and
long-term goals.

Mathematical models also aid the conceptualization and or-
ganization of drainage-basin system processes. Developing
a model emphasizes the strong and weak links in our knowl-
edge of forested drainage basins. Recognition of the weak
links, such as subsurface flow, helps direct future research.

Although many computer models are available for pre-
dicting water yield, few models have been developed for
sediment routing and yield. Water routing is essential for
determining sediment movement and resultant aggradation,
degradation, and water quality; therefore, water routing and
yield are necessary for determining sediment routing and
yield.

Scope of Paper

This paper pesents general concepts of mathematical model-
ing of water and sediment yields from drainage basins with
emphasis on sediment yield from surface erosion of the
sheet-rill type. The three other major types, however-land-
slide, gully, and channel erosion—are discussed in their
context with the overall sediment yield of drainage basins.
Physical-process models have been singled out and devel-
oped in preference to other modeling approaches because
they are more representative of the system being simulated,
they require fewer sets of data to develop, they are not
specific to a particular site or period, and they more readily
reflect land-use changes or other activities in the drainage
basin. Selected physical-process models are presented with
applications to forested drainage basins.
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CONCEPTS OF MATHEMATICAL
MODELS

Model Types

Several types of mathematical models may be used by forest
hydrologists. These include “black box” or lumped parameter,
regression, stochastic, and physical-process types. A physical-
process approach is developed in this paper; however, certain
criteria are required for all types of mathematical models.

Criteria of Useful Mathematical Models

Mathematical models useful for predicting response of
drainage basins to natural or management changes should
meet the following criteria: (1) The temporal (time) reso-
lution should be adjustable to both short- and long-term
response of the drainage basin; (2) the spatial (space) resolu-
tion should be flexible from small to large drainage basins;
(3) the modeling approach should be transferrable between
drainage basins; (4) the model should correctly represent
the effects of management activities with selected input
variables; (5) uncertainties caused by variability of climate
and space should be considered in the model; (6) the model
should be usable within the constraints of reasonably avail-
able data; (7) the model should be usable by management
personnel and scientists; (8) the model should accommodate
different levels of accuracy and resolution in the simula-
tions, based on the accuracy and resolution of the input
variables; (9) model development should adopt a modular
approach that builds a coordinated nucleus of standardized
system components for use in a wide spectrum of drainage-
basin and river systems; and (10) the model should be well
documented so that it can be easily understood and correctly
applied. In addition to these attributes, model complexity
and resultant data needs should be considered.

Model Complexity and Data Needs

Potential users of a model are concerned that it may be too
complex to use, may not correctly reflect the controlling
processes in a drainage basin, or may require data that are
extremely difficult to obtain. The flexibility of physical-pro-
cess models provides a means for resolving these common
problems.

To gain precision, a model must simulate the physical
processes in the finest possible scale. This often leads to a
complex division of the drainage basin and rigorous math-
ematical treatment of the physical processes. Complex
mathematical treatments are not easily understood by many
users, who may reject it for a more comfortable but less
sophisticated approach. This need not happen if the model
is clearly stated and formulated so that the user can examine
each physical process. In many applications, a complex and
extremely detailed model is not necessary and simpler ver-
sions can be used. Model simplification, if the basic physical
processes are left intact, need not reduce the applicability of
the model.



If a model is organized as a group of modules or subrou-
tines, it can easily be modified to account for variations

in the controlling physical processes in a study area. For
example, in the Beaver Creek Watershed near Flagstaft,
Arizona, runoff processes are dominated by overland flow,
and subsurface flow is negligible. Thus, only overland

flow and channel flow modules are necessary for adequate
modeling of runoff. In contrast, runoff from the H. J. An-
drews Experimental Watershed is almost entirely a result of
subsurface flow. Surface runoff modules are minor and may
be removed, with subsurface-flow routines being substi-
tuted. An alternative to a modular-type approach would be
an all-purpose, generalized model, but this type of model
often requires inputs for routines that do not reflect the
controlling processes. Such “overkill” in modeling can lead
to user dissatisfaction, increased data preparation costs, and
erroneous results. The modular approach also lends itself
to efficient updating of a program. As applied research in
drainage-basin hydrology and hydraulics advances, new

or improved mathematical descriptions of the controlling
processes appear. If, for example, a better subsurface flow
routine is developed, then it can be substituted as needed
into the appropriate models. A modular-type model allows
the user to select the physical-process components that best
describe the controlling phenomena or update those pro-
cesses as needed.

Another criticism of many models concerns data require-
ments. Regression-type models, because of their simplicity
in form, are often composed of few variables. This makes
them attractive to potential users. The physical significance
of each variable, however, or—more important—its relation
to land-management activities is often questioned. Although
the input to physicalprocess models may be more extensive
than for other model types, each variable can be related

to measurable characteristics of the drainage basin, thus
avoiding many problems in interpreting the meaning of the
different model variables. Recently, Simons et al. (1979a)
have reported useful techniques for estimating input param-
eters from commonly gathered data. With such manuals, the
field user can relate drainage-basin information and model
parameters to provide the inputs needed to run models that
would otherwise appear complex. Although inputs may need
to be adjusted to reflect the judgment of the field user, model
results using this approach will usually be adequate for
planning. More detailed investigations will require a better
defined and more accurate data set.

Physical-process models can and do avoid many of the
concerns often expressed by potential users. If the model is
linked in a modular format, it can be upgraded or adjusted
to reflect the complexity or simplicity of the controlling
physical processes. In addition, input variables to physi-
calprocess models can be more readily related to drainage-
basin characteristics, and therefore management activities,
than can variables for other types of models. All of these
attributes make physical-process models more appealing for
general use in drainage-basin studies.

SEDIMENT SOURCES IN DRAINAGE
BASINS

Selection of an appropriate sediment-yield model is dependent
upon the sources of sediment in the drainage basin. Compo-
nents of the mathematical model must match the physical pro-
cesses controlling the movement of water and sediment from
the drainage basin. Four major sources of sediment in drainage
basins are sheet and rill erosion, gullies, landslides, and chan-
nels (Simons et al. 1979b). Each of these natural sources can

be modified by human activities. In addition, sediment sources
are created by agricultural tillage, grazing of domestic animals,
roadway construction and maintenance, timbering, mining,
urbanization, and development of recreational land. Sheet-rill
erosion and channel sources are probably best understood in
terms of modeling. Gullying has been described by regression
and physical-process models. Regression models usually relate
gully growth to drainage area, soils, and precipitation (such

as Thompson 1964). Physical-process approaches examine
gully growth using processes of mass wasting and hydraulic
transport (Bradford et al. 1973, Piest et al. 1975). Similarly,
landslide sources have been described throughout the literature,
but accurate, quantitative models are still lacking. Mathemati-
cal descriptions of landslide sediment sources have been made
by Ward (1976) and Simons et al. (1978a). More study is needed
to estimate delivery of landslide-produced sediment to stream
channels. Sediment in a drainage basin may be from a single
type of source or a combination of types. The contribution
from each source is often hard to identify without detailed

field surveys. Sheetrill and channel-erosion models will be the
primary physical-process models until better mathematical
descriptions of gullying and landsliding can be developed.

FORMULATION OF PHYSICAL-
PROCESS MATHEMATICAL MODELS

Segmenting the Drainage Basin

Drainage-basin characteristics must be subdivided and
digitized both spatially and temporally before they can be
mathematically analyzed. Drainagebasin segmentation is
spatial digitization (Simons et al. 1978b). Segmentation al-
lows a drainage basin to be represented by single or mul-
tiple planar surfaces for the overland part and straight-line
segments for the channel reaches (fig. 1). Segmenting the
drainage basin allows computation of slope and azimuth of
each planar surface and channel segment. The azimuth is
then used to define flow direction and sequence to be used
in flow computations. If data on vegetation type, soil type,
canopy cover, and ground cover are available, they can be
encoded at grid nodes to depict the spatial variation of these
important factors. Such information is necessary in comput-
ing variations in water and sediment yields. Segmentation of
the drainage basin can be as detailed~as deemed necessary
by the user. If information is required every 100 m, then the
grid should be of a corresponding size. Some small drainage
basins, however, may be represented by two planes and one
channel.
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Figure 1—Example of drainage-basin segmentation.

In addition to the above drainage-basin descriptors, channel
cross-sectional geometry is usually represented by power
relationships between parameters of wetted perimeter, flow
area, top width, and depth.

Temporal subdivision takes place when precipitation and
runoff are considered. Although rainfall and runoff are
continuous processes, they must be divided into workable
periods for analyses. This often depends on the size of
drainage basin and the purpose of the model. If a long-term
water balance is needed, periods of a day to a week may be
adequate. If storm runoff from a small drainage basin is de-
sired, rainfall and runoff periods from one to a few minutes
may be required. Each use of the model and each drainage
basin necessitate reevaluation of an appropriate time frame.
Along these same lines, physical-process models can be
used to estimate the response of drainage basins to rainfall
and help determine a realistic sampling period for gaging
installations and further model simulations.

Model Structure

Once drainage basin and other factors have been numeri-
cally defined by a segmentation procedure, the drainage
basin can be modeled. Simons et al. (1975) developed a
drainage-basin sediment model that is primarily applicable
for surface-erosion simulation (fig. 2). It simulates surface
flow and sediment production in small drainage basins. The
basic framework of this model has been subsequently used
to develop simplified and other models (e.g., Simons et al.
1977b, Simons et al. 1977d). The drainage basin is conceptu-
ally divided into the land-surface or overland-flow loop and
a channel-system loop, each with different physical process-
es. The overland-flow loop simulates processes of intercep-
tion, evaporation, infiltration, detachment of soil by impact
of raindrops, erosion by overland flow, and overland water
flow and sediment routing to the nearest channel. A chan-
nel-system loop determines water and sediment contributed
by overland flow, which are routed in the channel, and the
amount of channel erosion or sediment deposition through-
out the channel system.
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Figure 2—Flow chart for the drainage-basin sediment and routing
model.

Model Components

Rainfall excess is that amount of rainfall available for over-
land flow after all losses have been subtracted. Commonly
considered losses are interception, depression storage, infil-
tration, and evapotranspiration. In storm-runoff simulation,
losses from evapotranspiration are considered small and as-
sumed negligible during the storm. Losses from depression
storage can be combined into ground-cover interception.
The two remaining losses are interception and infiltration.



The amount of interception loss depends on the percentage
of the drainage-basin surface covered by canopy and ground
cover, their respective water-holding capacities, and their
initial moisture levels. The total intercepted volume can be
written as

Vi = CeVo + GoV,

g'g (B

in which V, is the total intercepted volume in depth, C_ is
the canopy-cover density (0 < C_< 1), V_is the potential
volume of canopy-cover interception in depth, C is the
ground-cover density (0 < Cg <1),and Vv, is the potential
volume of ground-cover interception in depth. The value of
V. is dependent on the type of vegetation, height of vegeta-
tion (related to leaf areas), and the initial moisture level. The
value of V_ is a function of forest litter, grass, and the initial
moisture level. Methods for estimating interception depths,
as well as other variables, have been presented by Simons et
al. (1979a).

As the model computations proceed through time, the rain-
fall is all intercepted until the potential volumes for ground
and canopy cover are satisfied. This would constitute a
series of net rainfall rates. Although interception losses are
continuous over the storm period, the losses are assumed to
occur during the beginning of the storm, and effective rain-
fall does not begin until the interception volume is satisfied.

The infiltration equation of Green and Ampt (1911) used in
the drainage-basin model is a simple, physically based, two-
parameter equation. It may be derived by direct application
of Darcy’s Law under the following assumptions: (1) a dis-
tinct piston wetting-front exists; (2) the hysteresis effects in
the soil properties are negligible; and (3) the pressure effect
of ponded water is negligible.

A Green-Ampt type equation may be written as

Kt

} - 4n (1 + gﬁ - (2)

in which F is the infiltrated volume, K is the hydraulic con-
ductivity of the soil in the wetted zone, t is the time, and J is
the potential head parameter and defined as

S (0, 90 Wovy 3)

in which 8 _ is the moisture content of the soil after wetting,
0. is the antecedent moisture content, and v, _ is the average
suction head across the wetting front.

If at any time, t, the infiltrated volume is F(t), then at some
later time t + At

F(t + At) = F(t) +AF (4)

in which AF is the change in infiltrated volume that oc-
curred during the time increment At. An expression for AF
is obtained from equation 4 as

AF = F(t + At) - F(t) (5)
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Li et al. (1976a) developed the following method of solving
for the infiltration rate. Their derivation yields

g-u ]

Equation 6 is implicit with respect to AF. The equation is
simplified, however, by expanding the logarithmic term in a
power series (Li et al. 1976¢)

K
= — At
&

d+ F(t) + AF

3+ F(O) ®)

24F
AF 5+ F
ﬂ.n(l+a+F)-£n1+2+_AF + ...(D)
&+ F

Truncating equation 7 after the second term and substituting
into equation 6 gives

AF

AF s5¥F | _«x

‘—8- 2 I2+ AF ]_Edt (8)
8+ F

Equation 8 is simplified into a quadratic with a solution of
(Li et al. 1976a)

(2F =X t)
2

[(2F - t)% + skac(s + 1))/ 2
2

(€))

AF = -

Only the positive root of equation 9 has any physical
significance. The average infiltration rate, f, is obtained by
dividing AF by At, or

= _ AF

f = —

At (10)
After subtracting the interception and infiltration losses,

the rainfall excess, ie, can be determined. A rainfall event

is commonly reported as an hyetograph, that is, a series of
net rainfall intensities, I, each lasting for a time increment,
At. Thus, if the net rainfall intensity is greater than the
infiltration rate, the infiltration rate is subtracted from the
net rainfall intensity to give the excess rainfall. If the net
rainfall intensity is less than the corresponding infiltration
rate, the infiltration rate equals the net rainfall intensity, and
there is no excess.

Water Routing

Water runoff can be described by the equation of continuity,
the equation of motion, and equations describing resistance
to flow.

Continuity Equation—The equation of continuity for water
is
29 4 SR

X at B

‘;‘qIE

in which Q is the discharge, x is the downslope distance, A
is the cross-sectional area of flow, t is time, and q, is lateral
inflow or outflow rate per unit length of channel. For over-
land flow, q, is rainfall excess, A is depth of flow, and Q is
the discharge per unit width of channel.



Momentum Equation—The momentum equation for a pris-
matic channel can be expressed as (Henderson 1966)
QZ

'A—)

gA 9t  gA ¥x (

(12)
in which S, is the friction slope, S is the channel bed slope,
y is the depth of flow, and g is the gravitational acceleration.

The assumption of the kinematic wave approximation is that
the friction slope is equal to the channel bed slope; that is,
the gradients resulting from local and convective accelera-
tions are assumed to be negligible, and the water-surface
slope is assumed to be equal to the bed slope. Then the
simplified momentum equation can be expressed as

(13)

in which f is the Darcy-Weisbach friction factor, and R is the
hydraulic radius. By definition

(14)

in which P is the wetted perimeter. Usually the wetted pe-
rimeter can be expressed as a power function of flow area

(15)

where a and bl are constants.

If Manning’s equation is used, the simplified momentum
equation is

(16)

in which n is Manning’s roughness coefficient.

Resistance Equations—In a natural drainage basin, form
resistance from ground cover is a very important component
of the resistance to flow. The dependence of flow resistance
on ground cover becomes further complicated depending on
whether or not the ground cover is submerged. Rarely is the
ground cover submerged in overland-flow units, and only
resistance caused by flow through ground cover is consid-
ered. In channel-flow units, the probability of submerging
the ground cover is larger. The resistance is then considered
as the resistance caused simultaneously by flow through and
flow over ground cover.

Resistance to flow for the overland-flow response units is
generally expressed as a function of surface-material type,
vegetation type, and density of vegetation. Palmer (1946),
Ree (1949), and Ree and Palmer (1949) conducted a series of
experiments in channels with various types of grasses. More
recently, Kouwen and Unny (1969), Phelps (1970), Wenzel
(1970), Li and Shen (1973), and Chen (1976) carried the
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experimental studies further. Results indicate a functional
relationship between the overal Darcy-Weisbach friction
factor and flow characteristics as

ZI Hﬂ

(17)
r
in which f is the overall Darcy-Weisbach friction coefficient,
N, is the flow Reynolds number, and K is a constant describ-
ing the overall resistance. According to Chen (1976), this
type of relationship can be used for a Reynolds number up
to 100,000. This would cover practically all of the possible
overland-flow conditions on natural surfaces.

The flow Reynolds number is defined as

= ®
r VA

in which v is the kinematic viscosity of water.

N (18)

Assuming that the factors describing resistance to flow are
independent, the overall resistance can be expressed as

(19)

in which £ is the Darcy-Weisbach friction factor for grain
resistance only, which is a function of grain size, flow Reynolds
number, and rainfall intensity, and f, is the Darcy-Weisbach
friction factor resulting from form drag resistance, which is a
function of ground-cover density, size of ground cover, drag
coefficient, depth of flow, and flow Reynolds number. In over-
land-flow cases, the value of fg can be further assumed as

=

f

20
g (20)

= £
N
T
in which K, is the parameter describing DarcyWeisbach
friction factor for grain resistance only. Laboratory experi-
ments show that Kg is between 30 and 60 (Chow 1959,
Woolhiser 1975). Kg is assumed to be about 45 to 50.

The overall overland-flow resistance can be assumed as a
function of ground-cover density as

K

5 (21)

2
=K + (K - K) C

in which K, is the parameter describing the minimum
resistance (Cg =0.0), and K, is the parameter describing the
maximum resistance (Cg =1.0).

In channel flow, the Darcy-Weisbach friction factor is often
considered as a constant. Sometimes, the Chezy or Man-
ning’s equations are used in evaluating the overall resistance
for overland flow and flow in rivers.



Relation of Discharge and Flow Area—In general, the
cross-sectional area of the flow can be expressed as a power
function of discharge

A = aQ? (22)

in which a and 8 are coefficients whose values depend on
the shape of the channel, the friction slope, and the rough-
ness of the wetted perimeter.

If the Darcy-Weisbach friction factor is used, the values of
a and B can be determined by substituting equations 13, 14,
15, 17, and 18 into equation 22. The solutions are

KtVai 1/(3-2b,)
a = _BgSf (23)
1
f= 5= (24)
3-2b,

For overland flows or flows in very wide channels, the
wetted perimeter is constant, so thatb, = 0 and 8 = 1/3. If
Manning’s and Chezy’s equations are used, the correspond-
ing o and B values can similarly be determined.

The problem of water routing requires solving equations

11 and 22. These two equations can be solved either by an
analytical method or a numerical method. The analytical so-
lutions of equations 11 and 22 are available for some special
cases (Eagleson 1970, Harley et al. 1970, Kibler and Wool-
hiser 1970, Li et al. 1975). They are not repeated here, but
more detail can be found in Li (1979). Analytical approaches
use the method of characteristics in x (distance) and t (time)
space to describe water flow with no upslope inflows, only
lateral inputs. Lateral inputs could be rainfall on planes or
planes discharging into a channel. An analytical solution is
desirable because no problem is encountered in computa-
tional stability and convergence. Unfortunately, the ana-
lytical solution is often restricted for practical applications
because of the formulation of kinematic “shock.” The shock
is represented by the intersections of characteristics in the
x-t plane. This produces an abrupt computational increase
in flow depth (Kibler and Woolhiser 1970). Li et al. (1976b)
give an indepth discussion of this limitation. For a small
drainage basin with simple geometry having two planes and
one channel, however, the above analytical procedure can
be used. Simons et al. (1977a) report a simple drainage-ba-
sin model using small programmable calculations based on
the two-planes and one-channel representation of drainage
basins.

For the numerical solution, a nonlinear scheme was devel-
oped using an iterative procedure to solve a four-point im-
plicit formulation of equations 11 and 22." A linear scheme
is used to obtain the initial estimate of the unknown

'Li, R. M., R. K. Simons, and D. B. Simons. A generalized kine-
matic wave approximation for floodrouting. Submitted to Am. Soc.
Civ. Eng. Hydraul. Div. for possible publication.
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discharge for the nonlinear scheme. The linear scheme may
be used with no iterations to solve for the unknown dis-
charge, providing the accuracy of the answer is satisfactory.

Sediment Routing

The sediment-routing portion of the model is similar to

the formulation used by Simons et al. (1975). The model is
further developed to consider the routing of sediment by
sizes, however. Increasing attention is being paid to routing
sediment by sizes because different sizes of sediment have
different uptake rates of other pollutants.

Movement of sediment from drainage basins is governed by
the equation of continuity for sediment and sediment-trans-
port equations. The amount of soil that could be transported
is described by equations of sediment supply, which are the
amount of soil detachment from raindrop impact and sur-
face runoff. The equations used in the model are described
below.

Continuity for Sediment—The equation of continuity for
sediment can be expressed as

le
s 9CA 9PZ
= et () S = g (22
in which
GS
C= T _(26)

and G_ is the total sediment-transport rate by volume per
unit time, C is the sediment concentration by volume, Z is
the depth of loose soil, A is the soil porosity, P is the wetted
perimeter, and g_is the lateral sediment inflow.

Sediment load can be subdivided into different sizes, and
the continuity equation can be solved for N parts as

BGsi 3CiA

Jx at
i=1, ... , N

BPZi
MR T

+ 27
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where 1 is the size-fraction index and N is the number of size
fractions. The other terms are related to the individual size
fractions as

G
si
Ci - '-'a‘— (28)
N
c= 2 C, (29)
i=1
and
N
zZ=2 2z (30)
i=1



Sediment-Transport Equations—Sediment-transport equa-
tions are used to determine transport capacity of a specific
flow condition. Different transport capacities can be ex-
pected for different sediment sizes. For each sediment size,
the transport rate includes the bedload-transport rate and the
suspended-load transport rate.

The Meyer-Peter, Miiller equation is a simple and commonly
used bedload-transport equation (U. S. Bureau of Reclama-
tion 1960). It is

0, = 12.85 (. == y1.5 (31)
. . P vs =
in which

T =8, (Y =Y 4, (32)

Here, q, is the bedload transport rate in volume per unit
width for a specific size of sediment, 7 is the boundary
shear stress acting on the grain, t_is the critical tractive
force, p is the density of water, y_is the specific weight of
sediment, v is the specific weight of water, d_is the size of
sediment, and §_is usually 0.047 for most flow conditions
(Gessler 1965). If rilling develops on the overland-flow sur-
face, the value of §_should be lower.

The Meyer-Peter, Miiller equation is not necessary, but an
equation should be chosen that is applicable to field condi-
tions. Other bedload-transport equations follow a form
similar to equation 31.

The flow discharge, Q, and flow area, A, are determined in
time and space by the water-routing procedure previously
described. The corresponding value of t is computed as fol-
lows. If the mean flow velocity is

= Q/A (33)

then the boundary shear stress acting on the grain (using
equation 20) is

(34)

A commonly used and theoretically sound method for
estimating suspended load was presented by Einstein (1950).
Other methods are available, but the Einstein method has
been found acceptable in many modeling applications.

The suspended-sediment concentration profile relating
sediment concentration with depth above the bed (Einstein
1950) can be written as

R-{ a
.

R-a' (3%

in which C‘C is the sediment concentration at the distance
from the bed, C, is the concentration at a distance a’ above
the bed, and w is a parameter defined as

v
‘_—_S
[41)

w (36)

31

where V_is the settling velocity of the sediment particles,
K is is the von Karman constant (assumed 0.4), and U, is
the shear velocity of the flow defined as

T, 1/2
U, = (3) (37)
Note that
T, = § £oV° (38)

where f is the overall Darcy-Weisbach resistance factor
previously described.

A logarithmic-velocity profile is commonly adopted to
describe the vertical velocity distribution in turbulent flows
such as

§

=B+ 2.5 in (—'T)
s

(39)

C.'lﬂ
e

*

in which u, is the point mean velocity at the distance { from
the bed, B is a constant dependent on roughness, and n_is
the roughness height.

The integral of suspended-sediment load above the a’ level
in the flow is obtained by combining equations 35 and 39 or

R R

- 1 wGal-Cu, T B2 En(-“)](—‘—*jv:;) ad (40)
substituting
_ 4
o== (41)
and
o B (42)
R
results in
q = CU,a' ! |[B+2 5 4n(; )]J’ 9%
8 a (I—G)"
1 l-g.w
+ 2.5 /1 tno(=H"o (43)
G

According to Einstein (1950), the concentration near the
“bed layer,” C , is related to the bedload transport rate, q,,

by the expression
qp = 11.6 CyUxa’ (44)

in which a’ is defined as the thickness of the bed layer or
twice the size of a representative sediment particle.



The average flow velocity, V, is defined by the equation

R
J ugdg
o ¢ (45)
V=~F
[ a8
0
Using equation 39
L g Y (46)
U* qS

Einstein (1950) defined the two integrals in equation 43 as

1, = | (DY do (47)
G
1 l-o.w 4
L; = é (=) %no do (48)

The integrals, I, and I, cannot be integrated in closed form
for most values of w, so a numerical integration is necessary.
An efficient numerical method of determining I, and I, in the
model was developed by Li (1974).

The substitution of equations 44, 46, 47, and 48 into equa-
tion 43 yields

qb Gwhl
1.6 (l—G)w

q

v
4 G+ 25T, 425 1,] (49)

1 *

The total bed-material transport per unit width of channel is

dt = 49p * 4s (50)
Equation 50 gives the total bed-material transport per unit
width of channel for a uniform size of sediment in the bed.
When transport by different sizes and the entire width of
channel are considered, the sediment-transport capacity of
the ith size fraction of a sediment mixture would be

Gei = P Faj q¢ (51)

in which G is the sediment-transport capacity for the ith
size, and F _ is the adjusted fraction of the ith size sediment,
which is determined in the next section.

Equations for Sediment Supply—The sediment-supply

rate is another determining factor in the actual sediment-
transport rate. Simons et al. (1975) stated that the sediment
supply depends on the initial depth of loose soil left from
previous storms, the amount of soil detachment by raindrop
impact, and the amount of soil detachment by flow.
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Soil Detachment by Raindrop Impact—Raindrop impact is a
primary source of kinetic energy for detaching soil from any

unprotected land surface. Ellison (1944) made a comprehensive
study of raindrop splash. Laws and Parson (1943), Mutchler
(1967), and Young and Wiersma (1973) contributed to the study
of detachment by raindrop impact. The conclusion drawn from
these studies is that soil detachment is a function of erosivity
of rainfall and the erodibility of the soil particles. The erosivity
is directly related to the energy produced by raindrop impact
and is generally formulated as a power function of, rainfall
intensity, size of droplet, cover condition, and terminal velocity
of the drop. Carter et al. (1974) reported that energy produced
by raindrop impact is also a function of air temperature, season
of the year, and storm duration. In the model, the potential rate
of soil detachment by raindrop impact in inches per hour is
assumed as a power function of rainfall intensity as given by
Meyer (1971)

b
= 351

Z

5 W
(1= En:) (I'Cg)(l'cc)

D

: (52)

in which I is the rainfall intensity, a, is a parameter depend-
ing on soil characteristics, and b, is a constant (b, = 2.0,
Meyer (1971)). The term Z, is the depth of water plus the
loose soil. The term Z_ is the maximum penetration depth of
raindrop splash. According to Mutchler and Young (1975),
Z_ can be equal to three times the median raindrop size. The
median raindrop size is often expressed as a power function
of rainfall intensity, I. Therefore, Z  can be written as

Zgp = 3(2.23 10.182) (53)

in which Z_ is in millimeters.

Equation 52 is valid when Z_ is less than Z . When the
depth of loose soils plus the water depth is greater than Z,_
D, is zero; that is,

Dp = 0, if Zy > 2y (54)

If trees are very tall, the drops from leaves can regain ter-
minal velocity and have the same erosive potential. Ground-
cover density under trees is usually very high, however,
thus protecting the surface. The canopy-cover density, Cg,
in equation 52 should be the portion that can protect the
surface effectively from raindrop impact.

The potential rate of loose-soil detachment, D , is expressed
in units of depth per unit time. Thus, the new amount of
loose soil available for transport is

Z =2 +F; D t 55
1New iOld &0 (33

where Z. is the amount of loose soil available and F. is the
original percentage of sediment in a given size fraction
designated by i.



The percentage in each size fraction on the surface changes
over time because of armoring. Water transports the smaller
sizes of sediment more easily and leaves larger sized frac-
tions behind. Thus, the percentages of surface material need
adjustment at each time step. If the total depth of loose soil
is greater than D, (the thickness of the armor layer), the
adjusted percentages, F_, can be written as

[}

i
Fai 7 (56)
If the total loose-soil depth, Z, is less than D, the adjusted
percentages must account for the layer of undisturbed soil
that is distributed according to the original percentages plus

the loose soil that covers it,

F (57)

1
TR i [Zi + Fi (D‘a = Z)]
The thickness of the armor layer can be determined as the
maximum size of particles in motion. The size of sediment
for which 84 percent of the sample is finer by weight, D, is
usually assumed to be representative of the armor layer.

Soil Detachment by Surface Runoff—The amount of soil
detachment by surface runoff is determined by comparing the
total sediment-transport capacity to the total available amount
of loose soil. The total sediment-transport capacity is

(58)

By substituting the total sediment-transport capacity, G,
into the transport rate in equation 25, the total potential
change in loose soil, ZF, can be determined as
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ot (59)

AzP

If AZ? > -Z (that is, positive aggradation or negative deg-
radation is less than Z), the loosesoil storage is enough for
transport and no detachment of soil by surface runoff is
expected. Soil is detached if AZ? <-Z, and the amount of
detachment is

D = -DfiAZP + Z] (60)

in which D is the total amount of detached soil and D, is de-
fined as a detachment coefficient with values ranging from
0.0 to 1.0 depending on soil erodibility. As an example, if
the flow were over a nonerodible surface such as gravel, the
value for D_would be zero. If the flow were in a river where
the riverbed is always loose and available for transport, the
value for D, would be unity.

The new amount of loose soil should be further modified as

2i
Total (61)

in which VA is calculated for each size fraction of sediment.

Numerical Procedure for Sediment Routing—Similar to the
water-routing scheme in its finite difference structure, the
numerical routing of sediment by sizes allows a constant
check on continuity at each time and space point. This con-
stant mass balance permits tracking of aggradation and deg-
radation on the land surface and in stream channels. Such
information defines lateral loadings to stream channels from
overland flow. Channel segments where storage or scour is
occurring can be delineated to help in defining the move-
ment of sediment. Segments with excessive aggradation or
degradation indicate areas where fisheries may be harmed.
The movement and storage of sediment is particularly useful
in relating land-use activities to sediment yields. Channel
storage will sometimes mask actual increases in sediment
production until a runoff event of significant magnitude
“flushes” the stored material. By numerical routing, storage
areas and the size of the “flushing” event can be determined.

APPLICATIONS OF METHODOLOGY

The methodology presented in the previous sections has
been used to develop numerous physical-process models
that estimate water and sediment yields from land surfaces,
roadways, and drainage basins. The abundance of models
precludes inclusion of all of them in this paper.

Instead, a single drainage-basin application is presented
with a description of the approach used in parameter estima-
tion and model adjustment. Two levels of models are used.
One is a complex geometry, finite-difference routing scheme
(Simons et al. 1975), and the other is a simplified geometry,
analytical routing scheme (Simons et al. 1977¢c). Watershed

" 17 in the Beaver Creek Experimental Forest near Flagstaff,
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Arizona, was chosen for application because of its relatively
good data base and because it is characterized by surface
runoff and erosion. The drainage basin is fairly flat, with
most slopes less than about 10 percent. Total area is 116.3
ha. Soils are stony clays, silt loams, and stony silt loams.
Saturated,hydraulic conductivities are about 1.3 mm/hour.
Ground cover is about 34 percent, and canopy cover is about
10 percent. Interception values as derived from Zinke (1965)
are estimated at 2.5 mm for ground cover and about 7.5 mm
for the canopy. The minimum-resistance parameter estimat-
ed for a gravel surface is 500 and the maximum estimated is
about 42,000. These values provide a reasonable calibrated
flow resistance for the ground-cover conditions in the area.
Manning’s n for the channel is estimated at about 0.05.
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Figure 3—Water hydrograph from Watershed 17 for the September
5, 1970 storm (after Simons et al. 1975).

Table 1—Errors in simulation

The model was calibrated with four parameters and one
storm on Watershed 17. The storm was on Labor Day, Sep-
tember 5, 1970. Initial moisture content was varied within
reasonable limits for field conditions to match runoff vol-
ume, and overlandflow resistance was varied to match tim-
ing of the peaks; the rainfall-detachment coefficient, a, and
overland-flow detachment coefficients, D, were adjusted to
account for the measured sediment yields. The a, coefficient
is closely related to and adjusted by considering the fine
fraction of the yield, and D, can be adjusted with respect to
the total yield. The results obtained by the water calibration,
using the initial moisture conditions and flow resistance,

are shown in figure 3. Simulated and measured hydrographs
match well. Simulated sediment yield for the storm was
within 15 percent of measured values.

The parameters from Watershed 17 were then used in
predicting the response of a nearby 127-ha drainage basin,
Watershed 1, to five rainfall storms. Watershed 1 is a little
steeper than Watershed 17 but had been clearcut so that
canopy cover was zero. Other parameters related to soils
and flow resistance are similar for both drainage basins.
The model was used to simulate outflow hydrographs and
sediment yields for five storms from Watershed 1. The

only variable that was adjusted between the storms was the
antecedent moisture. All other variables remained the same.
Table 1 lists the results of the simulations as compared to
the measured values for the water hydrographs. Only two
sediment-yield values were available, and both of those were
predicted within 25 percent.

Measured surface

Percentage difference between
simulated and measured values

Storm runoff Water yield Peak flow Time to peak
Millimeters
WATERSHED 17
Sept. 5, 1970
(calibration storm) 101 -14.6 +11.4 +2.1
WATERSHED 1
Sept. 5, 1970 41.7 +12.9 =0,2 =Ful
Sept. 6, 1967 0.76 +7.2 =7.7 +6.7
Nov. 22, 1965 2,79 +1u3 -0.4 +2.1
Nov. 24, 1965 2,03 =-23.7 +31.0 -7.7
Nov. 25, 1965 6.10 -23.2 +23.6 =6,3
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The good agreement between the predicted and measured
values obtained by only adjusting a single model parameter
indicates the transferability of this model from one drain-
age basin to another with a minimum of recalibration. This
occurs because the model adequately simulated the control-
ling physical processes of overland-flow and surface-erosion
characteristics of the drainage basin. If the physical process-
es had been different, the model would not be applicable.

Application of Simplified Water- and
Sediment-Yield Model to Watershed 17

In this example, the water- and sediment-yield model (SED-
WAT) developed by Simons et al. (1977c) is used to assess
changes in streamflow and sediment yield resulting from
different drainagebasin practices. In SEDWAT, drainage-ba-
sin geometry is represented by two planes and one channel,
and water is analytically routed. Simulated practices are
mechanical site preparation, timber harvesting, and grazing.
Watershed 17 is chosen for use in these hypothetical ex-
amples. The base event was the storm of September 5, 1970.
Peak recorded discharge was about 9.77 cm, and runoff
volume was about 101 mm. Sediment production was 0.67
t/ha. Using the same data base and similar calibation, model
simulations produced a peak of 10.27 cm, a water yield of
5.25 mm, and sediment yield was again 0.67 t/ha. All three
of these simulated values are quite good because the control-
ling processes are correctly incorporated in the simplified
model. Because the simulated and measured responses are
comparable, the simulated results will be used as initial or
baseline conditions.

To demonstrate the use of physical-process models for ana-
lyzing future management activities, four planning alterna-
tives were simulated.

Alternative 1. Mechanical Site Preparation

The major modification to the drainage basin is compaction
of the soil. The percent of area with ground and canopy re-
mains the same, but the hydraulic conductivity is reduced to
0.25 mm/hour over the entire drainage basin (table 2). The
simulated sediment yield is what would be expected after
the loose material has been flushed out of the system during
an earlier storm (table 3); that is, the sediment-detachment
coefficients have not been changed.

Alternative 2. Removal of Canopy Cover

Although economical, clearcutting may be accompanied
by high rates of erosion and subsequently higher yields of
sediment, depending on the field conditions. The increase
in sediment yield in this case is simulated by combining
the effects of mechanical site preparation from alternative 1
with removal of all canopy cover. The hydraulic conductiv-
ity is again 0.25 mm/hour, and the percent of area covered
by ground cover and canopy cover is set to zero (table 2). A
ground cover of zero is extreme and is used here for com-
parative purposes.
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Table 2--Parameters used in SEDWAT simulation of
management alternatives

Baseline and alternative parameters

Hydraulic Canopy Ground
Alternative conductivity cover cover
mm/ hour Percent
Baseline condition 1.27 10 34
1 « 23 10 34
2 «25 0 0
3 1.02 0 17
4 .76 10 0

Table 3--Simulated drainage-basin responses using
SEDWAT for four land-use alternatives. Baseline
conditions: peak discharge 10.27 mBIsecond,

water yield = 95.25 mm, sediment production
0.67 t/ha.

Ratio of simulated result te baseline condition

Peak Water Sediment
Alternative discharge yield production
1 1.17 1.21 1.06
2 1.17 1.21 3.25
3 1.13 1.04 1.62
4 1.15 1.09 2.79

Alternative 3. Removal of Trees with
Less Ground Disturbance

If care is taken to minimize the disturbance of ground
cover, the canopy can be removed with a considerably lower
sediment yield (table 3). This may be seen by reducing the
ground-cover percent to half the original and the hydraulic
conductivity to 1.02 mm/hour (table 2). The canopy is com-
pletely removed.

Alternative 4. Overgrazing

Livestock or large populations of native animals can often
cause severe damage to the ground cover by overgrazing.
The effects of overgrazing can be included in the model by
simulated removal of the ground cover and reduction of the
hydraulic conductivity through compaction caused by tram-
pling. In this example, the conductivity is reduced to 0.76
mm/hour and the ground cover is zero (table 2).

These alternatives are summarized in table 2. The results

of model simulation of the baseline condition and all four
alternatives are listed in table 3. Obviously, land-use alterna-
tive 2 creates conditions allowing the highest production

of sediment. In every alternative, the peak discharge was
increased, primarily because of a drop in hydraulic conduc-
tivity and partially from a decrease in flow resistance. Water
yield also increased in every alternative because of decreas-
es in interception and infiltration.



Table 4--Simulated sediment-water concentration for

four land-use alternatives

Alternative Concentration of sediment in mixture

Parts per million Ratio to baseline

Baseline conditions 706 1.00
1 619 .88
2 1897 2.69
3 1100 1.56
& 1808 2.56

The relative effects of each alternative can also be compared
in terms of average concentration of the sediment-water
mixture (table 4). These comparisons represent a key point
for assessing management alternatives. If increases in water
and sediment yields are primary criteria, alternative 2 would
be the worst; however, if sediment concentration is used,
alternative 4 is just as undesirable (table 4).

Note that the parameters chosen in all of these examples
reflect particular responses to land use. These numbers were
arbitrarily chosen and could reflect, in some instances, the
most severe impact. One of the strengths of using a physical-
process simulation model is that effects of different levels of
land use may be examined.

Numbers generated from the simulations can be compared
as relative ratios or marginal values. Effects of land-use
alternatives can then be discussed in terms of percentage
increase or decrease. Simultaneously, the absolute simulated
values can be checked to see if they are physically realistic
and, if so, useful as water-quality indicators.

Planning decisions based on state-of-the-science techniques
such as mathematical models have two other attributes.
First, they quantify drainagebasin response in a manner that
can be readily related to measurable drainage-basin char-
acteristics. Second, they are becoming accepted as the best
method for determining system response to drainage-basin
change. These two reasons alone indicate that mathematical
modeling will become, by necessity, a widely used tech-
nique in estimating water and sediment yields from forested
drainage basins.

SUMMARY AND CONCLUSIONS

Mathematical models based on physical processes govern-
ing runoff and sediment yield from, drainage basins can be
developed and used for a variety of purposes. The key is
correct simulation of the controlling processes in the chosen
drainage basin. If properly formulated and documented,
models can be a valuable aid to forest managers. When cor-
rectly applied, physical-process models can provide insights
into the movement of water and sediment within and from
drainage basins for initial and disturbed conditions. This
paper has attempted to bridge gaps between model builders
and field users to show the applicability and utility of physi-
cal-process models.
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Sedimentation in the Chaparral: How Do You Handle Unusual Events?

Raymond M. Rice

ABSTRACT

Processes of erosion and sedimentation in steep chaparral drainage basins of southern California are described. The word
“hyperschedastic” is coined to describe the sedimentation regime which is highly variable because of the interaction of mar-
ginally stable drainage basins, great variability in storm inputs, and the random occurrence of brush fires.

The difficulties and advantages of describing chaparral sedimentation using either empiric or process models are dicussed.

Modeling based on Monte Carlo simulation is suggested as a way of capturing many of the benefits of empiric and process
models.

Raymond M. Rice, Principal Hydrologist, Pacific Southwest For-
est and Range Experiment Station, Redwood Sciences Labora-
tory, Arcata, California 95521.
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INTRODUCTION

Processes of erosion and sedimentation in steep chaparral
drainage basins in southern California are described, as the
basis of a wider discussion of sediment budgets, sediment
routing, and drainage-basin modeling in general. A simula-
tion approach to sediment budgets and sediment routing

is proposed which incorporates some desirable features of
process models and empiric models.

THE CHAPARRAL ENVIRONMENT

Chaparral occurs in a wide variety of environments. This
discussion treats a narrower range of conditions occurring in
the steep “front country” drainage basins of the San Gabriel
and San Bernardino Mountains in the Transverse Range

in southern California. These drainage basins present the
greatest flood and management problems, and this limitation
in scope permits a sharper definition of relationships than
would be possible in a more general discussion.

Climate

Chaparral grows in a Mediterranean climate. In southern
California, most chaparral stands receive between 400 and
700 mm of rain annually with about three-quarters of the
precipitation falling during December through March. Rain-
fall varies greatly from year to year. In Glendora, rain in the
wettest year of a 97-year record was over seven times that in
the driest year (fig. 1).

Winter temperatures average 9°C. The summer months
average about 20°C and are normally without rain. Fire is
favored by severe heat waves, accompanied by humidities
of 15 to 20 percent, which occur several times each season.
Maximum temperatures during these heat waves are typi-
cally around 40°C. Another fire-promoting element of the
climate is the strong, desiccating, foehn winds that occur
most frequently from mid-September through December.
Chaparral vegetation has evolved in response to repeated
fire and great annual and seasonal variations in moisture
availability and evaporative stress.

Geology and Topography

The eastern portion of the Transverse Range is mainly
underlain by Precambrian to Cretaceous igneous and meta-
morphic rocks; to the west, Cenozoic sedimentary forma-
tions predominate (California Division of Mines and Geol-
ogy 1969). In both areas, poorly developed, coarse-textured,
erodible soils are the rule. Soil depths average about 60 cm,
but depth is of little hydrologic importance because the par-
ent material is typically so weathered or fractured that for
a depth of 1 to 3 m its ability to store and transmit water is
little different from the overlying soil (Krammes 1967). As
a consequence, chaparral drainage basins normally have a
thick, hydrologically active mantle.
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Figure 1—Annual rainfall in the West rain gage. Glendora, California.
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The mountains of the Transverse and Coast Ranges are
currently being uplifted at a rate of about 60 cm a century
(Scott and Williams 1974). This rapid uplift has rejuvenated
the drainage system, producing average channel gradients of
about 15 percent and average hillslope gradients of about 60
percent. The steep gradients cause the hillslopes to be very
efficient at delivering soil to the stream channels, and the
channels can also move large amounts of sediment if flows
are high enough.

Vegetation

Chaparral plants are adapted to the Mediterranean climate
and to the associated fires. Adaptations to drought, such

as leaf morphology and the accumulation of extractive
compounds in chaparral, contribute to high flammability.
Because the plant community is specialized for postfire
regeneration, the vegetative and hydrologic recovery of
chaparral drainage basins is rapid after fire. As a result of
rapid vegetative regrowth, Kittredge (1939) found that, 17
years after a fire, litter accumulation was 13 t/ha and, in an
area not burned for over 50 years, the accumulation was 37
t/ha. This litter accumulation protects the soil surface, in-
creases its roughness, and temporarily stores rain falling at
rates greater than the infiltration rate. These actions insure
that surface erosion and overland flow rarely occur.

Fire

Ecological evidence suggests that fire has played a promi-
nent role in chaparral communities for millions of years.
Keeley (1977) proposes that the existence of the genera
Arctostaphylos and Ceanothus, the majority of whose
species do not sprout, indicates that the interfire interval
formerly may have been longer than it is now. He calls this
the “Stochastic-Fire Hypothesis.” He argues that because
lightning fires in southern California occur mainly in sum-
mer and mainly at high elevations in the interior portions of
the mountain ranges, for most of the chaparral to be ignited
by lightning would be difficult. He suggests that relatively
few lightning fires would continue to burn long enough to be
swept downslope and coastward by the autumn foehn winds.
Aschmann (1977) believes that increased fire frequency
resulted both from accidental and purposeful burning on

the part of aborigines. Preliminary analyses of varved cores
taken from the Santa Barbara basin support this idea (Byrne
et al. 1977). That record indicated that very large fires may
have occured every 20 to 40 years. A 150-year core taken
from the 16th and 17th centuries showed considerably more
variability in charcoal concentrations than one spanning the
40 years between 1931 and 1970. This suggests the hypoth-
esis that the greater temporal and areal homogeneity of
modern fire occurrence is a result of the population increase.
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Figure 2—Dry-ravel deposits which had been blocking channel of
Monroe Canyon are eroded by storm of October 9—10, 1960.

EROSIONAL PROCESSES
Dry Ravel

Dry ravel is the most ubiquitous erosional process occurring
in the chaparral. This process, sometimes termed “dry creep”
(Krammes 1965), is the downslope movement by gravity of
individual grains or aggregates of soil. The slope threshold for
dry ravel is about 30 degrees. Kittredge (1939) estimated that
dry ravel occurred on about 17 percent of his study area. My
own inventory of the chaparral zone of southern California
indicates that about 25 percent of the area is subject to dry
ravel. The proportion of the front-country drainage basins that
are steep enough for dry ravel is higher. In Englewild Canyon
above Glendora, 40 percent of the slopes are steeper than 30
degrees. Englewild has gentler topography than the major-

ity of the front-country drainage basins. Therefore, about
two-thirds of the slopes of front-country drainage basins are
probably steep enough for dry ravel.

Dry ravel is initiated by many types of small disturbances.
Small sand runs can start when deer, small rodents, and
even birds walk on a slope. One of the principal triggers,
however, seems to be the movement of vegetation during
periods of strong foehn winds. Five years of monitoring the
Arroyo Seco drainage showed an average dry-season erosion
rate of 0.96 m3/ha, which was 55 percent of the total surface
erosion measured (Anderson et al. 1959). Later studies of
postfire erosion revealed that about half of the wet-season
erosion was actually dry ravel occurring between winter
rainstorms (Krammes and Osborne 1969). Consequently, I
believe that, with unburned chaparral, the dry-ravel rate is
about 1.4 m¥ha per year. In the autumn of 1959, a wild fire
swept over the Arroyo Seco study area resulting in about
39 m*/ha of dry-ravel erosion during the next 3 months.
The immediate effect of fire on dry ravel is to consume

the forest litter that has been serving as temporary barri-
ers to the downslope movement. Accelerated ravel occurs
within minutes of the passage of the fire and can produce
debris cones blocking stream channels within a few hours
(fig. 2). Fire also accelerates dry ravel by the creation of a
water-repellent layer (DeBano 1969). The water-repellent



layer traps precipitation in the surface soil where it is more
easily evaporated. In addition to reducing percolation, it
also prevents the capillary rise of water to the surface from
deeper soil strata. By inhibiting the vertical movement of
water, the water-repellent layer causes the soil surface to dry
more quickly between storms and, therefore, to be subject to
dry ravel for a greater portion of the wet season. Although
fire-related water repellency is detectable for a long time, it
ceases to affect runoff or erosion significantly within 2 or 3
years after a fire.

Surface Erosion by Flowing Water

Surface erosion is a rarity in unburned chaparral drainage
basins because litter usually protects the soil surface. Even
without that protection, the thick, hydrologically active
mantle can store and transmit large volumes of water. Fur-
thermore, rainfall intensities rarely exceed infiltration rates.
In none of the 300 largest storms during 24 years on the
San Dimas Experimental Forest did the rainfall rate exceed
the average hydraulic conductivity of the soil for 1 hour; in
only 1 percent of the storms was it exceeded for 30 minutes
(Reimann and Hamilton 1959). In all, only about 2.5 percent
of the precipitation fell at a rate higher than the infiltration
rate of the soil, and some of this rain was dispersed in time
so that it had little effect on runoff. Both Colman (1953)
and Troxell (1953) reported that almost no overland flow
occurred during the flood of 1938. During that storm, less
than 1 percent of the precipitation was measured as surface
runoff from research plots, even though the streamflow
from various drainage basins amounted to 16 to 38 percent
of storm precipitation. Surface erosion remains almost nil
without the transporting medium of overland flow, even
though some minor erosion may result from drop impact of
rainfall or throughfall.

The passage of a fire through chaparral usually greatly
increases surface erosion by altering hillslope hydrology.

A water-repellent layer is often created. This layer presents
a relatively impervious barrier to deeper percolation. As a
result, a drainage basin that might have a hydrologically ac-
tive mantle 2 m thick when unburned may have its effective
thickness reduced by fire to a few centimeters (Krammes
and Osborne 1969). A recently burned slope can become
“saturated” by just a few centimeters of precipitation.

Characteristically, dry ravel after fire accumulates during
summer and fall on the flatter portions of burned slopes and
in ephemeral channels. Overland flow the following winter
scours most of its sediment load from these erodible depos-
its. The scenario may be repeated several winters after the
fire as the rills formed during each runoff period are refilled
by dry ravel between storms and during summers.
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Landslides

Landslides were not considered as an important erosional
process in the chaparral until the past decade when they
were recognized as both an important erosional mechanism
(Bailey and Rice 1969) and as a serious threat to life and
property (Campbell 1975). They were probably ignored in
earlier years because of their infrequency. Campbell (1975)
placed the return period of the average landslide-producing
storm in the Santa Monica Mountains at between 10 and

25 years. The return period seems to be less than 10 years
for the front-country portions of the San Gabriel and San
Bernardino Mountains. After being alerted to the signifi-
cance of landslides by the storms of 1966 and 1969, I found
records of soil slips (as they were called) on the San Dimas
Experimental Forest in 1933, 1938, 1943, and 1965. These
landslides occurred during storms producing about 500 mm
of precipitation in a 5-day period, with 150 to 200 mm fall-
ing in 24 hours late in the storm. Campbell (1975) suggests
that about 250 mm of antecedent precipitation followed by a
period of rainfall in excess of 6 mm/hour constitute the con-
ditions necessary for soil slips and debris flows in the Santa
Monica Mountains. Bailey (1967) belives that the 12-day
(before the end of the landslide-producing storm) precipita-
tion amount is a good descriptor of the landslide-producing
capabilities of a storm.

Data from 1966 and 1969 storms on the San Dimas Experi-
mental Forest (Rice et al. 1969, Rice and Foggin 1971) give
some appreciation for the effect of storm size on landslide
erosion in the chaparral. These data may be affected, how-
ever, by the fact that the area burned in 1960. By Bailey’s
(1967) criterion, the 1966 and 1969 storms have return
periods of about 11 and 43 years, respectively. Based on

the 24-hour amount, the return periods would be 7 and 22
years. In the 1966 storm, 1.7 percent of the area produced
landslides; in 1969, landslides were found on 5.5 percent of
the area. In 1966, the erosion rate was 21.1 m*/ha; in 1969,
it was 298 m?/ha. In 1966, the gentlest slope upon which a
landslide was found was 40 degrees. In 1969, the thresh-
old had lowered to 31 degrees. Campbell (1975) identified

a range of 26 degrees to 45 degrees as the most common
slope for the occurrence of soil slips. Slips on the San Dimas
Experimental Forest were measured on slopes ranging from
31 to 48 degrees.

Channel Processes

Stream channels constituted a buffer in the routing of sedi-
ment from chaparral drainage basins. Virtually all dry-ravel
deposits stop there (fig. 2). They serve as magazines of
sediment which insure that most high flows occurring will
transport sediment from the drainage basin at near their
capacity. A good proportion of the landslide deposits will
also come to rest in the stream channel because much of the
material they transport is not readily carried by the stream.
Consequently, sediment tends to accumulate in the stream
channel and is flushed out infrequently by high flows, often
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Figure 3—Annual accumulate in Bell IV debris basin. (Hydro-
logic Year 1961 and 1962 record combined, sediment distributed
between them based on records from nearby basins. Hydrologic
Year 1978 is occular estimate, survey data not yet available.)

in the first postfire years. Observed postfire erosion rates
depend on the particular sequence of fire and winter rains.
For example, in the Bell IV drainage basin on the San Di-
mas Experimental Forest, about 108 m3/ha of sediment were
discharged in the first 2 postfire years (fig. 3). The first year
was very dry and the second had normal rainfall. In con-
trast, nearby Harrow Canyon--which burned in 1968—pro-
duced 438 m?/ha of sediment as the result of a storm having
a return period of about 35 years occurring the following

Table 1--Sources of postfire sediment

winter. These interactions between fires and storms tend
to cause erratic sediment delivery. Ninety-two percent of
the sediment yielded by Bell IV during its 41-year record
occurred in 5 years (fig. 3). The dependence on high flows
for sediment transport makes fire and soil-water repellency
important in chaparral drainage basins.

Sources of Sediment

Identifying the sources of sediment in the chaparral drain-
age basins is often difficult. During large storms, when most
of the sediment is produced, events that take place late in
the storm tend to obscure evidences of earlier erosion. The
sources of sediment from Harrow Canyon durng the 1969
flood are an exception. As part of a study after the 1968
burn in Harrow Canyon and Englewild Canyon (Rice and
Osborne 1970), I had extensively reconnoitered all of the
canyons in the vicinity a few weeks after they had burned.
Most of the channels were deeply filled with old alluvial and
colluvial sediments. Channel-stabilizing check dams had
been constructed on these deposits in some of the canyons.
In Englewild Canyon, the pipeline of a private water de-
velopment ran 600 m up one of the main forks lying on the
bank of the creek. After the flood, practically all the chan-
nels were scoured to bedrock, the check dams had vanished,
and remnants of the pipeline were found, in places, nearly

5 m above the new stream channel. Identifying sediment
sources after the flood would have been difficult had it not
been for the early reconnaissance and measurements of
other erosional mechanisms (column 1, table 1).

1/
Harrow Canyon 1969 Estimated

Erosional Observed Ad justed typical
processes erosion erosion pattern

Percent
Wind 2/ 1 1
Dry ravel 3/1 20 40
Landslides 4/ 2 1
Surface erosion 2722 27 18
Channel scour 5/74 50 40

1/Measurements and estimates cover the period from the fire (8/23/68) until the end of the

rainy season (5/9/69).

2/ Estimate .3 mm (based on deposits collected in Glendora).
3/ Measured by 10 erosion plots (each .004 ha, Rice and Osborne 1970).
4/Mapped from a helicopter and converted to volume using equation in Rice et al. (1969).

5/ Residual obtained by subtracting above estimates from the 438 m3/ha measured in debris

basin
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The Harrow Canyon measurements, however, probably
underestimated dry ravel because most of it would have
occurred before the installation of the plots. Surface erosion
is also probably underestimated because of the length of the
plots (14.4 m). Allowing for these assumed errors, half of the
sediment produced in 1969 came from channel deposits (col-
umn 2, table 1). Prefire conditions in Harrow Canyon were
unusual. Climatic and vegetative evidence indicated that the
winters after the previous fire (more than 70 years earlier)
were mild, permitting vegetation to become established

on postfire alluvial and colluvial deposits. This vegetation
was robust enough to stabilize the channel during the large
floods of 1938 and 1943 when many southern California
channels were cleaned out. Apparently, Harrow Canyon
channels were scoured in 1969 only because an exception-
ally large flood occurred on a freshly burned drainage basin.
More typically, erosion after a fire would come about 40
percent from the channel and an equal amount from dry
ravel (column 3, table 1).

The previous discussion related to immediate origin of
sediment in postfire runoff, not the original source of the
sediment. Data on the relative magnitude of various sources
of erosion on hillslopes is virtually nonexistent. I believe
that about 80 percent of the sediment leaving chaparral
drainage basins is initially eroded by gravitational processes
of dry ravel and landslides. Channel scour of bedrock (as
contrasted to remobilization of deposits) is a minor source of
new sediment.

THE STOCHASTIC PROPERTIES
OF SEDIMENT TRANSPORT IN
CHAPARRAL DRAINAGE BASINS

Fire Occurrence

Wind and humidity are importance determinants of fire oc-
currence. Humidity determines whether ignition takes place,
and wind is the primary meteorological control of the rate of
spread and ultimate size of the fire.

Topography plays a role in determining the ultimate con-
sequences of a fire. Fires starting low on the slopes usually
have a better chance of spreading and inflicting drainage
basin damage than those starting on ridges.

Another determinant of effects of fire is the condition of
the vegetation (Rothermal and Philpot 1973). The age of
vegetation affects both the fuel loading and the proportion
of the stand that is dead. Age also affects seasonal changes
in green-fuel moisture. These factors, in turn, interact with
wind velocities to change the rate of spread. As the result
of the interaction of these functions in a manner that is par-
tially random, partially deterministic, a source of ignition
may result in nothing—or in a conflagration. The chance
of a conflagration increases markedly about 20 years after
a fire because of accumulation of enough fuel to carry fire
readily (Rothermal and Philpot 1973).
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The Impact of Fire

What a fire does to the soil and vegetation depends both on
the characteristics of the fire and the conditions of the veg-
etation and soil. Impact on soil centers mainly on whether
or not a water-repellent layer is created. The degree of water
repellency is determined by the temperature and duration of
the fire and by the texture and water content of the surface
soil (DeBano et al. 1970). A coarse-textured soil with a low
moisture content which is subject to a hot (700°C) surface
temperature for a relativey short period (10 to 15 minutes)

is most likely to develop severe water repellency. The effect
of a fire on vegetation depends on its age and vigor (older

or weaker plants are less able to regenerate after fire). Less
seed survives fires in older stands which tend to burn hotter
than younger stands. Plant vigor depends both on the gen-
eral health and the physiologial stress to which the plant is
subject before the fire. Because of opposing seasonal trends
of burning condition and plant vigor, the likelihood of a fire
is positively correlated with the likelihood of damaging the
chaparral and creating soil-water repellency.

The responses of several front-country drainage basins to
the storms of 1969 indicate the magnitude of the effects of
fire. Average peak discharge from 11 burned drainage basins
was seven times greater than the average peak discharge
from four drainage basins which had not burned for 9 years
or more. Sediment yield from five unburned drainage basins
increased by a factor of 14 and for two burned drainage
basins by a factor of 120.

Storms

A storm, whatever its intensity, interacts with drainage basin
vulnerability. Vulnerability of a drainage basin to excessive
erosion and sedimentation is determined by its soil-water
status, density of its vegetation and litter, the degree of
soil-water repellancy, and recent storm history. The same
storm can have quite a different effect on different drain-
age basins. For example, during the 1969 storm, a drainage
basin that had not burned for 50 years produced landslide
erosion at a rate of 16 m*/ha. A similar drainage basin
burned the previous summer produced 10 m3(ha, and one
burned 9 years before produced 298 m¥/ha. In the first drain-
age basin, good infiltration, and perhaps some decadence in
the vegetation, may have led to reduced slope strength. The
root system of the former vegetation in the freshly burned
drainage basin had not decayed significantly, and the water-
repellent layer created by the fire minimized percolation of
water to potential failure surfaces. Most of the slides were
associated with stream channels and probably triggered by
undercutting. Although storm variability might account for
the differences in landsliding in these two drainage basins,
it is unlikely to be the explanation for the high erosion in
the 9-year-old drainage basin. More likely, enough time had
elapsed since its fire that infiltration had been restored suf-
ficiently to allow saturation above potential failure surfaces.
The regrowing vegetation, however, was not large enough



for its root system to restore slope strength. It also could not
transpire at a rate that depleted soil water to the same extent
as mature chaparral.

Hyperscedasticity

I would like to propose the term “hyperscedasticity” to
describe the sedimentation regime of chaparral drainage
basins. It is a regime in which a sensitive terrane reacts to
highly variable disturbances producing erratic outputs of
sediment. The climate is highly variable, with extremes of
rainfall and drought. Many slopes are steep and composed
of deeply weathered parent material. Consequently, they
are very sensitive to disturbances. Fire is a largely random
component playing a prominent role in the environment. So
prominent, in fact, that definition of the hydrologic and sedi-
mentologic processes of chaparral drainage basins hinges on
an understanding of the role of fire. In addition to the major
random components, many minor ones are related to fire
behavior, fire effects, vegetative recovery, seismic activity,
and channel stability. The sediment regime is further com-
plicated by the existence of thresholds in many important
processes, most notably fire and mass wasting. The condi-
tional and independent probabilities associated with these
processes and their linkages have resulted in a sediment
regime dominated by a few very large events, many insig-
nificant ones, and low predictability.

MODELING, SEDIMENT BUDGETS,
AND SEDIMENT ROUTING

Process Models

Process models, to even a greater extent than statistical
models, are creatures of the computer age. As computers
became larger and more economical to use, approximating
erosional processes in the memory of a machine became
possible. A three-dimensional array could describe the
physiography of the drainage basin to whatever detail was
deemed necessary. Based on physical laws or empiric data,
rules could be incorporated governing how water or sedi-
ment moved from node to node within the array. Such mod-
els have proved useful, especially in well-behaved cases.
They have the intuitive appeal of being similar in form to
the prototype system.

Just how strong is the similarity between actual conditions
and process modeling of erosion and sedimentation? From a
practical point of view, processes must be approximated by
lumping various components in time, space, and function.
After these comparisons are made, the model is then usually
“tuned” until it will reproduce a set of empiric data. Such

a procedure invalidates the claim of generality. Proponents
argue that process models are extrapolatable to different
areas because they are based on physical relationships, and
physics does not change with time and distance. This claim
of robustness has been compromised by the approximations
and by incorporating calibration procedures into process-
model building.
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The calibration of process models carries another risk.
Because their data requirements are exacting, the available
suitable data sets tend to be small. When a small sample is
drawn from a time series that produces significant effects
only infrequently, the sample is likely not to include such
an event. This attribute of the calibration of process models
tends to cause underestimation of the variance of the de-
pendent variable, which is particularly undesirable because
accurate reproduction of large events is critical to model
utility. If, on the other hand, the sample happens to include
a large event, the large variance computed may be misinter-
preted as “typical.”

Empiric Models

Multiple regression is the principal empiric model used.
Certainly, it has the longest history as a predictive tool in
hydrology and sedimentation. This discussion will, in the
main, be relevant to other statistical procedures as well.
When using such models, the hydrologist breathes a prayer:
“Dear Lord, let the world be linear and Gaussian.” He
desires linearity so that the structural form of the analysis is
correct and normality so that he can estimate the precision
of coefficients. The prayer is rarely answered. Nonetheless,
empiricists are forced to jam the world into the regression
straightjacket and hope that—even if their prayer is not an-
swered—the central-limit theorem will come to their rescue.
To make that rescue more likely, they are tempted to include
more and more observations of poorer and poorer quality in
their analyses so that n may more closely approach infinity.
Most modern computer utilities offer programs that as-

sist the analyst in selecting an optimum set of independent
variables. But, no resort to “heroic statistics ... offers a real
substitute for solid data” (Philip 1975).

Assuming that the previously mentioned problems have
been more or less satisfactorily resolved, the empiricist

still has only what could be charitably termed a pseudo-
physical model. His partial-regression coefficients express
the relation between each independent and the dependent
variable. The “independent” variables, however, are rarely
independent. Some are correlated (perhaps an artifact of the
data base), and others have functional relationships (such

as soil with slope, aspect, and elevation). This means that
the regression coefficients are only hinting at a functional
relationship. To their credit, regression analyses facilitate
the consideration of a much larger set of casual variables
than would be practical for most process models. They also
may have a slight advantage over process models in that if
extreme events are included in the data set, the least-squares
analysis will tend to cause them to dominate the form of the
resulting regression equation. They share the same sampling
problems that cause process models to be unlikely to include
important events, however.



Monte Carlo Models

Models based on Monte Carlo simulation may incorporate
desirable features of both process models and empiric mod-
els. Similar to process models, a Monte Carlo model would
form a chain of conditions or processes that feed one an-
other. The chain would begin with meteorological inputs and
terminate with the delivery of sediment. Unlike in a process
model, the nodes in the model would not have a spatial
relation to one another and would not form a grid in two or
three dimensions. Rather, the nodes would define a series of
relations linking inputs to the output of sediment. Both the
mean and variance of a function would be defined at most
nodes. In this fashion, both the estimate of the presumed
relation and the uncertainty associated with that estimate
enter into the simulation. Although conceiving these nodes
as bivariate relations is easiest, no inherent reason prevents
nodes representing multivariate relations.

Each time the flow of the program reaches one of the nodes,
it branches to a subroutine that generates random numbers.
The number so acquired is then applied to the probability
distribution of that function to determine the value of the
function to be used in that simulation. The uncertainty
related to various functional relationships is thus retained
explicitly in a model, which is otherwise deterministic. The
model could be cycled many times in the analysis of any
particular set of circumstances so as to yield a spectrum of
possible outputs. The analyst would have an estimate both
of the expected response to a particular situation and of the
probability of very beneficial or very disastrous consequenc-
es. Management decisions might hinge more on the extreme
outcomes than upon the expected outcomes.

A much-simplified case will be used to give a little further
appreciation for the functioning of a Monte Carlo model. It
treats mass wasting as a function of storm size and fire his-
tory. Sedimentation is handled by a delivery ratio, and none
of the interactions among sediment processes is considered.
The greatest simplification, however, is in treating the pro-
cess as an annual series rather than considering within-year
temporal variation in many of the functions.

In the example, the objective is to estimate mean long-term
production of sediment from mass movements. A further
assumption is that the functions shown in figure 4 have a
sound basis in theory and also in empiric data. The first step
in the simulation is to estimate the size of the largest storm
of the season by sampling from the probability distribu-
tion of maximum annual storm precipitation (fig. 4a). If

the storm size obtained from the samping is less than some
critical value (x), the remainder of the simulation is irrel-
evant and can be bypassed because the storm is so mall that
the probability of landslides is essentially zero regardless of
vegetative condition. In this case, the occurrence of the trial
would be recorded and a new drawing made from the storm
size distribution.
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If the drawing from the storm size distribution results in
the storm larger than the threshold size, the remainder of
the simulation comes into play. The next random drawing is
from the population distribution of possible ages of chapar-
ral (fig. 4b). Vegetation age—more correctly, its size and
vigor—largely determines drainage-basin response to the
storm.

The age is related to resistance to landslides in figure 4c.
Resistance is highest immediately after a fire because the
root system is still intact and reduced infiltration is likely
because of water repellency. Resistance declines in the next
few years as infiltration is restored and root decay sets in.
Then, after about 8 years, the slope becomes more resistant
as roots develop on sprouting plants and new seedlings.
Between 25 and 30 years, a slight decline takes place as the
pioneer species such as Ceanothus are crowded out by more
long-lived species. The decline soon levels out as the stand
enters senescence, with a gradual turnover of plants as indi-
viduals die and are replaced. The curve in figure 4c is pat-
terned after root biomass of redwood (Sequoia sempervirens
(D. Don) Endl.) in northwestern California (Ziemer, R. R.,
1700 Bayview Drive, Arcata, California, personal communi-
cation). It is also similar to curves developed for the uproot-
ing resistance of trees in Japan (Kitamura and Namba 1966).
I have assumed that the variance of this trend in landslide
resistance would increase markedly after a fire and then de-
cline. The basis of that assumption is that, in the early years,
recovery would be dependent on postfire weather, the age of
vegetation at the time of the previous burn, and the sever-
ity of the previous burn. As the stand gets older, it comes to
express the ecological potential of the site, regardless of the
point at which it began its recovery. Consequently, the vari-
ance in very old stands becomes rather small.

From the resistance obtained from the relationship of figure
4c, the expected volume of erosion from an average land-
slide-producing storm is computed using a function relating
landslide volume to resistance (fig. 4d). This mean response
is then increased or decreased according to storm size, us-
ing the relationships in figure 4e. In this case, the variance
results from the fact that storms that are nominally identi-
cal, in terms of figure 4a, actually have different capacity
to produce landslides because of the distribution of rainfall
intensity within the storm. Betweenstorm variability in ero-
sion is assumed to decline for larger storms.

The last step in this model is to estimate sedimentation
using a delivery ratio (fig. 4f). The mean response assumes
debris resulting from the landslides during small storms will
have low fluidity and, consequently, low delivery ratios. As
the debris increases, the delivery ratio increases to a maxi-
mum and then declines as landslide debris becomes so prev-
alent that it greatly exceeds the ability of the stream to carry
it from the drainage basin. The variance responds to those
same factors. In small storms, the delivery ratio depends on
the location of slides throughout the drainage basin and is,
therefore, highly variable. As storm size increases, deliv-



ery to the stream increases and the variance declines. With
large amounts of debris, the system becomes stream-power
dependent and the variance is correspondingly reduced.

The model could be run for a specified number of cycles or
halted when estimates of the mean and variance of sediment
production had stabilized. In addition to generating infor-
mation about the distribution of possible sediment outputs, a
Monte Carlo model could yield data concerning the stochas-
tic properties of the time series of sediment outputs. These
possibilities make the application of Monte Carlo simula-
tions to sediment outputs worthy of investigation. Bear in
mind, however, that although sampling from probabililty
distributions is frequent in the use of Monte Carlo models,
the accuracy and precision of the estimates of sediment

production are unknown. Even if all the variates used in
their development were normally distributed, no general or
exact way exists for computing the parameters of the output
distribution based on the estimates of the various inputs.
Usually a Monte Carlo model will rest on a more uncertain
foundation. Some functions will be well defined by empiric
data (figs. 4a, 4b), others will be built of sketchy information
and extrapolation (fig. 4c), and still others will reflect only
theory or hypothesis (figs. 4d, 4e, 4f). Therefore, in spite

of the intuitive appeal of Monte Carlo models, their results
have to be accepted on faith or calibrated with empiric data.

Some statistical problems are relevant to all types of models:
process, empiric, or Monte Carlo. Paramount among them
is the hyperscedastic nature of most of the phenomena,
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