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Abstract

Erosion prediction efforts are described to provide a synopsis of the USDA’s experience in
developing and applying soil erosion prediction technology in its research and development
activities and its soil conservation programs. For almost five decades, equations to predict
soil erosion by water have been useful in developing plans for controlling soil erosion and
sedimentation. The Universal Soil Loss Equation (USLE) is the most widely known and
used of the erosion prediction equations. The USLE presents a simply understood and
easily applied technology which has been of incalculable benefit to soil conservation and land
management. The Chemicals, Runoff, and Erosion from Agricultural Management Systems
Model (CREAMS) contains a sophisticated erosion component based, in part, on the USLE
and on flow hydraulics and the processes of sediment detachment, transport, and deposition.
In 1985, the USDA in cooperation with BLM and several universities initiated a national
project called the Water Erosion Prediction Project (WEPP) to develop a next generation
water erosion prediction technology. The Revised Universal Soil Loss Equation (RUSLE) is
an update of the USLE to improve erosion prediction in the interim before WEPP is adopted
and to provide and adjunct technology thereafter.
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Introduction

Soil erosion science is very new compared with most of the agricultural sciences.
Nearly all quantitative work has been done during the past half-century. New soil
erosion research techniques incorporate a variety of technological skills developed
during the past seventy years and have been aided by new scientific advances in
related fields. These include improved or new measurement apparatus, laboratory
procedures, electronics, mathematics, and the advent of computers and computer
modelling.

Equipment and techniques have been developed to measure the rate of flowing
water (runoff) from experimental plots and in streams in small watersheds. As
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soil is eroded, it is transported as sediment by flowing water. The sediment
concentration must be measured to determine sediment discharge rate. The
product of sediment concentration (mass per unit volume of water) and flow rate
(volume of water per unit time) gives sediment discharge rate in mass per unit
time. By integrating sediment discharge rates throughout the period of flow or
the duration of runoff, sediment yield is obtained from the experimental plot or
the area above the point of measurement for a small watershed. Sediment yield is
the net result of sediment detachment by impacting raindrops and flowing water,
sediment transportation by raindrop splash and flowing water, and sediment
deposition.

E'rosion Processes, Modelling and Erosion Prediction

Our increased ability to conduct carefully controlled experiments and rapidly
record data under a wide variety of soil, climate, and land use alternatives
has provided a stimulus for research to develop new and better methods of
interpreting, synthesizing, and generalizing data. These research efforts are needed
to better understand the physical processes controlling soil erosion. The need to
understand the processes and mechanisms governing erosion rates and amounts
has led in turn to a scientific need to develop a predictive capability.

The ability to predict soil erosion impacts of various land uses and management
practices before they are implemented allows land managers to select the most
suitable alternatives for preventing or reducing soil erosion. A predictive capability
is essential for erosion control and soil conservation because alternative management
practices are numerous, expensive, and the results of a particular practice may
take years or decades to exert a measurable influence on soil erosion. The
prediction technology can be used to screen feasible alternatives and to eliminate
those practices with the highest, unacceptable, erosion rates.

Scope and Purpose

Erosion prediction technologies discussed in this paper are limited to those used
in the United States and to those developed and used by United States Department
of Agriculture (USDA) agencies. The discussion is limited to soil erosion by
water, although wind erosion specialists have developed similar technologies.

This paper provides a synopsis of the USDA’s experience in developing and
applying soil erosion prediction technology in its research and development activities
and its soil conservation programs. Emphasis is on technology development with
some discussion on application of erosion prediction technology in soil conservation
planning.

Brief History

For almost five decades, equations to predict soil erosion by water have been
useful in developing plans for controlling soil erosion and sedimentation. The
Universal Soil Loss Equation (USLE) is the most widely known and used of the
erosion equations. The USLE represents a simply understood and easily applied
technology of incalculable benefit to soil conservation and land management.
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The basis of the USLE can be traced to the erosion equation for sheet and rill
erosion as affected by slope length and steepness (Zingg 1940) and subsequent
modifications for climate, cropping and management (Smith and Whitt 1957).
With this basis and a large body of experimental plot data, the USLE was
completed and documented in 1965 and updated in 1978 (Wischmeier and Smith
1965, 1978). The USLE has many strengths but it also has limitations. One of
the major limitation is the form of the equation—it is not process-based.

Erosion processes were described as early as the 1940’s (see e.g. Ellison
1947) and represented in the form of useful equations by the 1960’s (e.g. Meyer
and Wischmeier 1969). Subsequent advances in hydrology and erosion science
have provided the means of developing improved erosion prediction technology
based on infiltration theory, hydrodynamics of overland flow, and interrill and
rill erosion processes. The Chemical Runoff and Erosion from Agricultural
Management Systems model (CREAMS) (Knisel 1980) contains a sophisticated
erosion component based, in part, on the USLE and also on flow hydraulics and
the processes of sediment detachment, transport and deposition. The CREAMS
erosion component also calculates erosion by concentrated flow, the contributions
of ephemeral gullies, and deposition in backwater and impoundments.

In 1985 the United States Department of Agriculture, in cooperation with the
Bureau of Land Management and several universities, initiated a national project
called the USDA Water Erosion Prediction Project (WEPP) to develop a new
generation water erosion prediction technology (Foster 1987). As a practical,
operational version of WEPP was not anticipated until 1995, an effort to revise
the USLE was initiated at the same time (Renard et al. 1991).

The Institutional Basis of Erosion Prediction

The erosion prediction technology described above is designed to address
conservation activities for USDA enabling legislation such as the Soil and Water
Resource Conservation Act of 1977 (PL 95-192, commonly referred to as RCA),
the National Resource Inventory which is a component of RCA, the Forest and
Rangeland Renewable Resources Planning Act of 1974 (PL 93-378, commonly
called RPA), the Food Security Act of 1985 (PL 99-198), and the Renewable
Resources Extension Act of 1978 (PL 95-306, called RREA). These legislative
authorizations direct the activities of eight USDA agencies: Agricultural Research
Service (ARS), Agricultural Stabilization and Conservation Service (ASCS),
Cooperative State Research Service (CSRS), Economics Research Service (ERS),
Extension Service (ES), Farmers Home Administration (FmHA), Forest Service
(FS), and Soil Conservation Service (SCS). In addition, other agencies in other
departments of American federal and state governments are expected to use this
technology, as are consulting firms involved in environmental planning. Thus,
provision must be made to ensure that the technology is available to the extensive
list of users and that it is correctly applied and interpreted.

The soil loss tolerance concept is another important aspect of soil conservation
planning that may be replaced by modern erosion prediction technology such as
WEPP. This, in turn, may lead to new definitions of soil erodibility and highly
erodible lands, definitions that are the basis of many agency programs within
USDA. Hence, the importance of documenting the scientific basis, development,
implementation, and application of erosion prediction technology is evident.
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The Universal Soil Loss Equation (USLE)
Description and Scientific Basis

The statistically derived Universal Soil Loss Equation (Wischmeier and Smith
1978) is used to compute sheet and rill erosion as a function of factors representing
climate, soil, topography, and land use. The USLE is

A=RKLSCP, (1)

where A is the average annual soil loss, R is the erosivity factor, K is the soil
erodibility factor, L and S are slope length and steepness factors, respectively, C
is the cropping-management factor, and P is the supporting practices factor. The
erosivity factor R represents the effect of rainfall and runoff, the soil erodibility
factor K represents the effect of soil, the length and steepness factors L and §
represent the effect of topography, and the cropping-management and supporting
practices factors C and P represent the effect of land use and management.

The USLE was derived from more than 10000 plot-years of data. Typical
plots were 1-8 m wide and 22-1 m long (0-004 ha) and were located in all
regions of the United States east of the Rocky Mountains. A variety of slope
lengths and cropping and management practices were studied over a wide range of
climatic conditions. Bare plots were included at several locations to evaluate soil
erodibility. Supporting practices such as contouring, stripcropping, and terracing
were evaluated on small watersheds approximately 0-8 hectares in size. ‘

The USLE has two major components, the dimensional terms R and K and
the nondimensional terms L, S, C and P. The product RK computes soil loss
for the unit plot condition for a specific soil at a specific location. A unit plot
is defined as 22-1 m long on a 9% slope maintained in a continuous up and
down hill tillage condition. The L, S, C and P terms adjust the experimental
field plot soil loss to unit plot conditions. For example, a C-factor value of 0-34
means that a particular cropping-management system is 34% as erodible as the
unit plot condition.

Rainfall and runoff erosivity factor R

An erosivity map for the Eastern United States was developed from R values
calculated using weather data from 182 locations in the U.S. In the Western
United States, where rainfall is highly variable in space, values for R were
estimated using the 2-yr frequency, 6-h duration rainfall amount for a location.

Soil erodibility factor K

The soil erodibility factor K is the rate of soil loss per unit erosion index as
measured on a unit plot. Under unit plot conditions, with the LS, C and P
factors equal to 1.0, the value for the erodibility factor K is the slope of the
regression line, through the origin, between erosion index and soil loss.

Initially, the K-factor was evaluated for a series of benchmark soils (Wischmeier
and Smith 1978), and soil scientists assigned K-factor values to other soils by
comparing their properties to those of the benchmark soils. Later Wischmeier and
Mannering (1969) conducted field rainfall simulator experiments on approximately
55 soils to produce the data used to develop the USLE soil erodibility nomograph
which relates K to soil properties (Wischmeier et al. 1971).
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Topographic factors L and S

Variations of slope length and steepness in the field from the unit plot
conditions are accounted for in the L and S factors. The L and S factors vary
among storms, soils, slope lengths and cropping-management conditions, but a
single slope steepness relationship was chosen to represent the effect of steepness
(McCool et al. 1987).

The USLE originally applied only to uniform slopes. Later, Foster and
Wischmeier (1974) developed a method based on the sediment continuity equation
for applying the USLE to slopes nonuniform in shape, soil, and cover-management.
However, even with this method, the USLE does not apply to areas such as the
toe of a concave slope beyond where deposition occurs. Thus the USLE cannot
be used to compute sediment yield without applying a sediment delivery ratio
or substituting a runoff erosivity factor for the R-factor (Williams 1975).

Cover-management factor C

Crop stages were defined to consider the wide variation in erosion that results
from varying cover during a crop growth cycle. The principal USLE crop stages
are F, fallow; SB, seedbed; 1, early growth; 2, developing growth; 3, maturity;
and 4, after harvest. Factors influencing erosion include canopy development,
production of ground cover during harvest, loss of ground cover by tillage and
decomposition, production or reduction of surface roughness by tillage, change
in roughness by soil consolidation and rainfall, aggregate reduction by tillage,
- and variation of soil erodibility by season.

The soil loss ratio (SLR) is the ratio of soil loss during crop stage to soil loss
from the unit plot during the same period. Soil loss ratios also take into account
the residual effects of previous crops on soil erodibility. Because the USLE does
not include explicit infiltration and runoff terms, soil loss ratios partially account
for variation in infiltration and runoff among seasons and cover and management
conditions. Soil loss ratios also account for the variation of soil erodibility with
level of production since increased biomass affects erodibility.

Soil loss ratios for agricultural conditions were derived from a large, experimentally
obtained data base. However, a similar data base did not exist for uncultivated land
such as rangelands. In the absence of a data base, the subfactor method (Wischmeier
1975) was used to estimate soil loss ratios for uncultivated land. The subfactor
method represented three major effects of canopy, ground cover, and within soil.
Dissmeyer and Foster (1981) extended this approach to disturbed forest lands.

Values for C-factors can be computed ‘once and for all’ for specific cropping-
management practices on specific regions. Thus, tables of site-specific C-factor
values were produced to greatly facilitate application of the USLE.

Support practice factof P

The P-factor represents the effect of supporting structural conservation practices
such as contouring, terraces and stripcropping on erosion. The P-factor values were
obtained by comparing the sediment yield from small watersheds with supporting
practices to the sediment yield from watersheds or plots with up-and-down hill
tillage. In some of the watersheds studied, ephemeral gully erosion, which does
not occur on plots, was found to produce much sediment in addition to the
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contribution by sheet and rill erosion (Foster and Ferreira 1981). The computed
soil losses do not include gully or streambank erosion.

Applications

The USLE was initially developed as a tool to assist in conservation planing on
cropland. However, the USLE has been used and sometimes misused (Wischmeier
1976) for many other conditions including rangelands, disturbed forestlands,
construction sites, and surface mine reclamation sites. Typically, a soil loss is
computed for a set of proposed practices. Practices having computed soil loss
values less than a soil loss tolerance assigned to the specific soil or site are
considered acceptable.

Soil loss tolerance values are usually set by considering the soil factors of
texture, moisture holding capacity, depth, nutrient loss by erosion, soil formation
rates, off-site detrimental effects of sediment yield, and tendency for gullies to
develop (Soil Loss Tolerance Workshop 1956; McCormack and Young 1981).
Values are chosen so that long-term productivity and land value can be maintained
while allowing practical farming practices. Annual soil loss tolerance values for
cropland typically range from approximately 7 to 11 t ha~!. In contrast to the
USLE which has a large data base as its scientific basis, soil loss tolerance values
are largely based on judgment.

A major USLE application that emerged during the 1970’s was the inventory of
erosion rates. During the last 20 years, several national inventories on non-federal
U.S. lands were conducted to estimate sheet and rill erosion and other variables
that affect land quality (National Research Council 1986). One extensive survey
used the USLE to compute erosion at more than one million sample points.
Results from these inventories were used by Congress and other public agencies
to develop soil conservation policies. Generally, these policies have identified
lands that are highly susceptible to erosion and have targeted resources to these
lands, rather than distributing resources regardless of erosion rate.

Federal legislation in 1985 and again in 1990 required that farmers control
erosion below a certain level to be eligible to participate in certain farm programs
(Cohen et al. 1991). The USLE is being used to help farmers determine
acceptable practices and by agencies to determine if farmers have complied with
the legislation. Several states also have erosion and sediment control laws where
the USLE is used to implement the laws.

The Chemicals, Runoff, and Erosion from Agricultural Management Systems
Model (CREAMS)

Description and Scientific Basis

During the 1970’s, the impact of agricultural practices on off-site water quality
became a major concern. The CREAMS model (Knisel 1980) was developed as
a tool to evaluate the relative effects of agricultural practices on pollutants in
surface runoff and in soil water below the root zone. Because sediment is a
major pollutant and a carrier of contaminants, the CREAMS model included an
erosion component (Foster et al. 1981). The CREAMS model applies to field-sized
watersheds that are typically less than 40 ha but may be as large as about 400
ha. The watershed is assumed to be uniform in soil, topography, and land use.
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Because of the concern for off-site water quality, sediment yield and characteristics
of the sediment leaving the watershed are the main erosion-related variables
computed by CREAMS. The amount of sediment leaving a field is limited by
either transport capacity or detachment. Therefore, a process-based approach
was used in CREAMS rather than either the USLE (Wischmeier and Smith 1978)
or the Modified USLE (MUSLE) (Williams 1975). The erosion/sedimentation
component of CREAMS is used to compute soil loss on a storm-by-storm basis
to be compatible with the continuous simulation model chosen to compute the
movement of nutrient and pesticide chemicals. To minimize computer run time,
storm erosivity Elzp and peak runoff rate were used to compute an ‘average’
sediment concentration in the runoff for each storm. This approach was judged
adequate because CREAMS was intended to be used principally to evaluate
relative differences among practices.

Runoff concentrates in a few major channels before leaving most farm fields
(Foster 1986). The profile along these channels is often concave such that major
scour, termed ephemeral gully erosion, can cccur along the upper reach of these
channels and deposition may occur along the lower reach of the channels. This
erosion, not estimated by the USLE, can be as great as that produced by sheet
and rill erosion.

Many fields also have concave slopes that foster deposition and reduce
sediment yield, thereby increasing the fraction of fines in the remaining sediment.
Impoundment terraces and gradient terraces also can reduce sediment yield while
increasing the proportion of fines in the sediment. The USLE does not estimate
this deposition nor does it compute the enrichment of fines caused by deposition.

A hydrologic element approach was used in CREAMS to consider a variety
of topographies and management and structural practices. The three hydrologic
elements in CREAMS are overland flow, channel and impoundment. A ‘field-sized’
area is represented by choosing a collection of these elements.

The main equation governing both the overland flow and channel elements is
the steady-state continuity equation for sediment transport (Foster et al. 1981)

dG/dz = D¢ + D, @)

where G is the sediment load (mass/width-time), z is distance, D; is the
detachment or deposition rate by flow (mass/area-time), and D; is the rate that
sediment is added to the flow from lateral areas (mass/area-time). Equation (2)
accounts for sediment detachment, transport, deposition, and thus sediment yield.
The erosion component used for CREAMS was a major advance in expressing
soil erosion as a process-based phenomenon.

Overland flow

The overland flow hydrologic element in CREAMS represents the area where
sheet and rill ercsion occur. An overland flow element is described by distance
and steepness along a representative landscape profile. The shape of this profile
can be uniform, simple concave or convex, or complex, which is a combination
of convex-concave or concave-convex. The landscape profile can be short, such
as 0-5 m to represent the sideslope of a ridge-furrow system in a cotton field,
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or long, such as the flow path from the watershed divide to a concentrated flow
area, typically from 30 to 180 m.

A modification of the USLE (Foster et al. 1977) is used to compute interrill
erosion, primarily caused by raindrop impact, which is separate from rill erosion,
primarily caused by flowing water. Values for the various USLE factors are
chosen from standard USLE tables.

In situations such as decreasing slope steepness, sediment load can exceed
transport capacity even if no rill erosion occurs. Deposition occurs in such a
situation and is computed by (Einstein 1968)

D, =0-5W(T. - G), 3)

where Dy, is deposition rate (mass/area-time), T is transport capacity (mass/width-
time), and V¢ is the fall velocity of a particle class. The 0-5 factor accounts
for the tendency of raindrop impact to keep sediment suspended in shallow
flow (Renard and Foster 1983). A value of 1 is used for the channel element
because raindrop impact is assumed to have minimal effect in keeping sediment
suspended in the channel flow. Equation (3), which is solved by particle class,
is the principal means by which CREAMS computes enrichment of the sediment
in fines when deposition occurs.

The Yalin (1963) equation is used to compute transport capacity. This equation
was chosen because previous research and evaluations during the development
of CREAMS showed it to be the best equation available (Foster and Meyer
1972; Alonso et al. 1981). The Yalin equation was modified to consider up to
10 particle classes and to shift transport capacity among particles classes when
transport capacity for one class was greater than load for that class and load
exceeded transport capacity for another class (Foster 1982).

An important CREAMS development was to allow sediment to be aggregated.
Sediment eroded from most agricultural fields is a mixture of primary particles
and aggregates (Foster et al. 1985). The aggregates are often much larger than
the primary particles making up the aggregates. Aggregates are thus readily
deposited even though they may have a high clay content, although clay is not
easily deposited in a dispersed state. Because chemical pollution potential of
clay sediment is much higher than that for silt and sand, the composition of the
sediment and its enrichment by deposition is very important in computing the
contaminant load carried by sediment.

Channel element

Sediment is routed through the channel element using the same method as
in the overland flow element with two exceptions. Lateral inflow of sediment is
from the overland flow element or from another channel element if two channel
elements are in series. The other exception is that detachment by flow, Dy, is
computed from

D¢ = Kc(Ts - Tc) ) (4)

where K. is a soil erodibility factor for detachment by flow, 7, is shear stress
acting on the soil and 7. is critical shear stress of the soil. Parameter values
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were determined from rill erosion experiments and from the literature (Foster and
Lane 1983). Experiments showed that detachment by flow is strongly related to
the recency of tillage. Immediately after tillage, some soils are highly susceptible
to detachment by flow, but over a period of about four months, resistance to
erosion increases significantly.

Because untilled soil is generally much more resistant to rill erosion by flowing
water than is tilled soil, untilled soil immediately beneath the tilled surface layer
often acts as a less erodible layer (Foster and Lane 1983). When an eroding
channel scours to a resistant layer, channel widening dominates and erosion rate
decreases. If flow continues for a sufficiently long period of time, erosion may
almost cease. Thus, erosion in such a channel depends on the size of the storm
relative to the size of the channel eroded by previous storms. Equations were
derived to compute these phases. The equations for the initial phase before the
channel reaches the less erodible layer describe a channel geometry that is a
function of the flow hydraulics and the critical shear stress of the soil (Foster
and Lane 1983). In the second phase, the equations compute erosion at the
intersection of the channel sidewall and the less erodible layer. The general form
of the equation for ercsion rate as it decreases with time is an exponential decay
function (Foster and Lane 1983).

An important feature of CREAMS is the ability to analyse the effect of
backwater at the edge of a field. Restrictions such as culverts, ridges around
fields, and dense vegetation around fields retard runoff causing as much as 70%
of the sediment load to be deposited in these backwater areas within the field
(Foster 1986). The user specifies characteristics of the outlet control and, if
backwater exists, the model computes a reduced slope of the energy gradeline
for the flow, which reduces the transport capacity of the runoff at the edge of
the field.

Impoundment element

The impoundment element in CREAMS is used to compute the deposition
in impoundment terraces that drain through an underground tile. Discharge
from these terraces is controlled by an orifice in the standpipe that drains the
terrace. The impoundment component is based on analyses of output from
detailed simulations (Laflen et al. 1978) and on measured data from impoundment
terraces (Laflen et al. 1972).

Applications

The erosion component of CREAMS has principally been used to compute loss
of pollutants from field-sized agricultural areas. However, the CREAMS erosion
component can also be used as an erosion model on its own if estimates are
available on an ind.vidual storm basis for storm erosivity, volume of runoff, and
peak runoff rate.

A typical application for a field is to use the overland flow-channel element
sequence. The overland flow element is used to compute sheet and rill erosion and
the channel element is used to compute ephemeral gully erosion and deposition
in the backwater at the field outlet. The effectiveness of a grass waterway can
be analysed using the channel element in this application. The model can also
analyse a waterway having sections of differing covers.
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With the CREAMS erosion component, the user is able to identify where in
the field system major erosion and deposition rates are occurring. Thus, the user
is able to evaluate the effect of alternative practices on localized erosion and
deposition rates, sediment yield and sediment characteristics from each hydrologic
element used in the sequence describing a particular field system. The model
computes an enrichment ratio, which is the ratio of specific surface area of the
sediment to the specific surface area of the soil. Summation of the product of the
enrichment ratio and the sediment yield for each storm indicates the pollution
potential of the sediment itself and as a carrier of chemicals.

The Revised Universal Soil Loss Equation (RUSLE)
Description and Scientific Basis

The effort to upgrade the Universal Soil Loss Equation was precipitated by
recognition that the knowledge acquired since the 1978 update of the USLE needed
to be incorporated to improve erosion prediction. Thus, the Revised Universal
Soil Loss Equation effort was initiated in April 1985 and is now available to users.

Although the RUSLE maintains the basic six-factor product form of the
USLE, all equations used to arrive at the factor values have been modified. The
technology is computerized so it is possible to evaluate conditions not possible
with the USLE. For example, crops for which soil loss ratios were not available in
the USLE can now be simulated based on some fundamental crop measurements.

Rainfall and runoff erosivity factor R

The procedure used for extrapolating R-factor values for the Western U.S. by
using the 2-yr frequency, 6-h duration precipitation values has proven to provide
poor estimates.

The RUSLE incorporates hourly precipitation data collected from more than
1000 National Weather Service (NWS) rain gauges to calculate point values of
R. Available records varied from as short as 5 years to more than 20 years. A
linear correction was used to adjust the hourly recorded amounts to those which
might be obtained in a more conventional short-interval hyetograph. The new
method produced point estimates of R that are as much as seven times as large
as those in The USLE User’s Manual, Agricultural Handbook 537 (Wischmeier
and Smith 1978).

In the Pacific Northwest, where much of the erosion occurs from melting snow
on partially frozen soil, an equivalent R-factor value was calculated.

Some minor changes were also made in the Eastern U.S., for example, a
correction factor was developed to reduce R-factor values where flat slopes are
found in regions of long, intense thunderstorms. Ponded water on the soil reduces
the erosivity of raindrop impact.

Soil erodibility factor K

The RUSLE contains a soil erodibility nomograph for estimating K-factor
values. If the nomograph does not apply, an equation based on ‘average diameter’
of the soil particles can be used to estimate K. An algorithm that includes a
term for aggregate stability can be used to estimate K for volcanic soils such as
those found in Hawaii.



