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ABSTRACT
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vation Planning With the Revised Universal Soil Loss Equation (RUSLE).
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The Revised Universal Soil Loss Equation (RUSLE) is an erosion model
predicting longtime average annual soil loss (A) resulting from raindrop
splash and runoff from specific field slopes in specified cropping and
management systems and from rangeland. Widespread use has substantiated
the RUSLE’s usefulness and validity. RUSLE retains the six factors of
Agriculture Handbook No. 537 to calculate A from a hillslope. Technology
for evaluating these factor values has been changed and new data added. The
technology has been computerized to assist calculation. Thus soil-loss
evaluations can be made for conditions not included in the previous handbook
using fundamental information available in three data bases: CITY, which
includes monthly precipitation and temperature, front-free period, annual
rainfall erosivity (R) and twice monthly distributions of storm erosivity (E);
CROP, including below-ground biomass, canopy cover, and canopy height at
15-day intervals as well as information on crop characteristics; and
OPERATION, reflecting soil and cover disturbances that are associated with
typical farming operations.
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SYMBOLS

a, 4

average annual soil loss (ton- acre™!- yr'!)

coefficient used to describe the shape of the residue
decomposition response to temperature (°C) (ch. 5)

winter soil loss from rills alone (ton- acre™ - yr')

- coefficient used in unit rainfall energy relation
(ch. 2)

- location-dependent constant (ch. 3)

- coefficient dependent on residue characteristics
and climate variables (ch. 5)

- coefficient dependent on contour ridge height
(ch. 6)

coefficients used in determination of the discharge rate when
deposition ends within a strip

amount of deposition considered to benefit the long-term
maintenance of the soil resource

(ton- acre!« yr!)

above-ground biomass (Ib- acre™)

below-ground root biomass (Ib- acre™!)

weight of residue on the surface (Ib- acre™)

weight of a particular type of residue (Ib- abre")

mass density of live and dead roots in the upper layer of soil
(Ib- acre!- in! )

- mass density of incorporated surface residue in the upper

layer of soil (Ib- acre™- h)

vii



CC

cuf

ur

us

- coefficient used in unit rainfall energy relation
(ch. 2) '

- location dependent constant (ch. 3)

- coefficient describing effectiveness of surface
cover (dimensionless) (ch. 5)

- coefficient dependent on contour ridge height
(ch. 6)

cover-management factor (dimensionless)
canopy-cover subfactor (dimensionless)

coefficient representing the relative effectiveness of the total
subsurface biomass in controlling erosion (dimensionless)

surface-soil-consolidation factor (dimensionless)

- location-dependent constant (ch. 3)
- coefficient dependent on contour ridge height
(ch. 6)

consolidation factor dependent on a decay parameter and time
since the soil was disturbed (dimensionless)

coefficient representing the impact of soil consolidation on
the effectiveness of incorporated surface residue
(dimensionless)

coefficient describing the effectiveness of live and dead root
mass in controlling erosion (acre- in- Ib™')

coefficient describing the effectiveness of incorporated
surface residue in controlling erosion (acre- in- Ibh

- period length (d) (ch. 5) ‘
- if > 0, erosion rate at a point (mass- area’'- time™) (ch. 6)
- if <0, deposition rate (mass- area'- time’!) (ch. 6)

minimum value of detachment as it decreases over time after
consolidation relative to the detachment immediately after
disturbance (dimensionless)
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EIl

(EDyg

El,

EJ,

- equivalent roughness decay coefficient
(dimensionless) (ch. 5)

- sediment produced on the slope by detachment
(ton- acre™« yr'!) (ch. 6)

mean geometric particle diameter (mm)

net erosion (ton* acre™ - yr')

roughness decay coefficient (dimensionless)

sediment transported from slope (ton* acre™ - yr')

coefficient dependent on contour ridge height (ch. 6)

decay parameter (d™')

storm energy (ft* tonf* acre™!)

storm erosivity (ft* tonf* in* acre™ h'!, or hundreds of
ft- tonf* in- acre’'* h'!). Also a percentage of annual R

storm erosivity of single storm with 10-yr return frequency
(hundreds of ft* tonf* in- acre™'- h'')

storm erosivity, interchangeable with EI (hundreds of
ft- tonf* in- acre’!- h'')

total storm erosivity since the most recent complete tillage
operation; adjusted proportionately for operations disturbing
less than 100% of the surface (hundreds of

ft- tonf* in* acre’+ h'')

rainfall kinetic energy per unit of rainfall

(ft- tonf* acre!- in")

rainfall kinetic energy (metric) (MJ- ha'+ mm™)

a maximum unit energy as intensity approaches infinity
(ft: tonf acre’!- in)

coefficient dependent on temperature characteristics and shape
of the residue decomposition response to temperature
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Eab

gde

fraction of land surface covered by canopy (dimensionless)
fraction of the soil surface disturbed by a field operation
fraction of the soil surface undisturbed by a field operation
function of ()

primary particle size fraction (%)

runoff reduction factor (dimensionless)

initial runoff reduction factor (dimensionless)

soil loss for a slope length (ton- ft'+ yr)

sediment load (ton- ft!- yr')

sediment load at location where deposition begins within strip
(ton- ft'!- yr'!)

sediment load at location where deposition ends within strip
(ton: ft'- yr'!)

sediment load at the end of the slope that would occur if the
strips caused no deposition
(ton- ft'!- yr'!)

.sediment load at the end of the slope (ton- ft!- yr')

distance raindrops fall after striking the crop canopy (ft)
precipitation intensity (in* h™')
maximum 30-min intensity (in* h'")

- rainfall intensity (in- h)
- subscript indicating a particular segment or strip

rainfall intensity (metric) (mm- h''")

soil erodibility factor (ton- acre h* [hundreds of
acre-ft- tonf* in] ™)




av

I<min

Koom

(LS)

EI weighted average annual soil-erodibility value
(ton- acre* h+ [hundreds of acre-ft tonf* in] D)

saturated hydraulic conductivity of the soil with rock
fragments (in* h'")

saturated hydraulic conductivity of the fine soil
(< 2 mm) fraction (in* h'')

soil erodibility factor at any time, t; (in calendar days)
(ton- acre* h- [hundreds of acre-ft- tonf" in] )

maximum value of soil erodibility for a given soil
(ton- acre* h- [hundreds of acre-ft- tonf* in] ")

minimum value of soil erodibility for a given soil
(ton- acre* h- [hundreds of acre-ft- tonf* in] 1

soil erodibility as determined from the nomograph
(ton- acre* h- [hundreds of acre-ft* tonf- in] )

ratio of average seasonal (monthly) K-factor value over the
average annual K value (dimensionless)

rill soil erodibility for winter period (ton* acre* h+ [hundreds
of acre-ft- tonf* in] ')

sediment transport coefficient (ton* ft*- yr')
slope length factor (dimensionless)

rill slope length and steepness relationship for winter period
(dimensionless)

- product of primary particle size fractions
(dimensionless) (ch. 3)

- amount of deposition on a strip (ton- acre’* yr'h)
(ch. 6)

average residue mass during a time period
(Ib- acre™)
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residue mass at beginning of a time period
(Ib- acre™)

residue mass at end of a time period (Ib- acre™)
slope length exponent (dimensionless) (ch. 4 and 6)

arithmetic mean of particle size limits of particular particle
size (mm)

- number of residue types (ch. 5)
- runoff index (dimensionless) (ch. 6)

- number of slope segments (ch. 4)
- number of time periods used in summation (ch. 5)
- number of strips (ch. 6)

ratio of root mass in the upper 4 in of soil to the total below-
ground root biomass (dimensionless)

Manning’s n

organic matter (%)

support practice factor (dimensionless)

annual precipitation (in)

prior land use subfactor (dimensionless)

base value of the P factor for contouring (dimensionless)
effective P-factor value for irregular slopes (dimensionless)
off-grade contouring P factor (dimensionless)

minimum P-factor value (dimensionless)

minimum P-factor value for a given ridge height with base
conditions (dimensionless)

on-grade contouring P factor (dimensionless)

P-factor value for stripcropping (dimensionless)
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Qge

Nl &

€q

Regdwr

total rainfall since most recent field operation (in)
winter conservation practice factor (dimensionless)

sediment delivery ratio of a slope under stripcropping or
terracing (dimensionless) '

calculated values of climate variable for first half-month
period within a month

calculated values of élimate variable for second half-month
period within a month

- code for soil permeability (ch. 3)
- coefficient dependent on residue characteristics
(ch. 5)

runoff amount from the 10-yr storm EI (in)

computed runoff amount for the soil and cover-management
condition indicated by subscript k (in)

runoff discharge rate (ft*- sec’- ft')
runoff discharge rate for condition where sediment load
equals transport capacity and deposition within strip ends

(ft: sec’!- ft')

average annual erosivity factor
(hundreds of ft- tonf* in* acre’!- yr'!)

rainfall in the 15-d period (in)
roughness after biomass adjustment (in)

rainfall erosivity adjustment factor
(hundreds of ft- tonf* in- acre!* yr'') (ch. 2)

equivalent average annual erosivity factor
(hundreds of ft- tonf* in- acre™+ yr')

equivalent R factor of rills for winter period
(hundreds of ft- tonf* in- acre’'* yr')

Xiii



Regdwt

max

min

nat

SC

SLR

total equivalent R factor for winter period
(hundreds of ft- tonf* in* acre™- yr')

calculated initial roughness immediately following the
previous field operation (in)

maximum surface random roughness; caused by protruding

roots, rocks, and other effects of the long-term climate
vegetative community when the soil is fully reconsolidated

(in)

minimum surface random roughness; caused by rainfall-
induced decay of tillage clods (in)

for the current time period, the calculated surface random
roughness caused by the factors creating r,,, (in)

minimum average 15-day rainfall required for optimum
decomposition (in)

net roughness following a field operation (in)
net roughness following the previous field operation (in)

roughness of surface before disturbance and roughness of the

"undisturbed portion of surface (in)

volume of rock fragments > 2 mm (%)

random roughness after most recent field operation (in)
weight of rock fragments > 2 mm (%)

excess rainfall depth (in)

roughness factor

roughness index

slope steepness factor (dimensionless)

surface-cover subfactor (dimensionless)

soil-loss ratio (dimensionless)
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(SLR),, winter soil-loss ratio for rilling (dimensionless)

SM soil-moisture subfactor (dimensionless)

Sp land area covered by surface cover (%)

SR surface-roughness subfactor (dimensionless)
] - code for soil structure (ch. 3)

- slope steepness (%) (ch. 4 and 6)
- slope steepness (sine of slope angle) (ch. 6)

Se slope steepness for which a value of P, is desired (sine of
slope angle)

Se slope steepness above which contouring is ineffective (sine of
slope angle)

Seb slope steepness for a given ridge height on base conditions at
which contouring loses its effectiveness (sine of slope angle)

S¢ slope steepness along the furrows (sine of slope angle)
S| steepness of the land (sine of slope angle)
Sm ' slope steepness at which contouring is most effective (sine of

slope angle)

T - soil-loss tolerance (ton- acre™)
- transport capacity of runoff (ton- ft!- yr)

T, average temperature in 15-day decomposition period (°F)
T, average daily air temperature (°F)

T, optimum temperature in 15-day decomposition period (°F)
t mean monthly temperature (°F)

t, time for 95% of disturbance effect to disappear by

consolidation (yr)

XV



‘amount of time required for the soil to fully reconsolidate

following disturbance (yr)
time since soil was disturbed (yr)
any time (calendar days)

time of year when the soil erodibility factor is at a maximum
(calendar days)

time of year when the soil erodibility factor is at a minimum
(calendar days)

ratio of root mass to above-ground biomass (dimensionless)
fall velocity of sediment (ft- sec™!)
rainfall amount (in)

ratio of the rainfall in a 15-d period to the minimum average
15-d rainfall required for optimum residue decomposition

- length of each slope segment (ft) (ch. 4)

- relative distance from top of the slope to the lower
edge of a strip (absolute distance/slope length)
(dimensionless) (ch. 6)

distance along slope length where contouring is assumed to

be fully effective (ft)

location where deposition within strip ends (ft)
normalized distance along slope length (dimensionless)
unstable aggregate size fraction less than 0.250 mm (%)

product of modified silt fraction (0.002 to 0.1 mm) and
modified sand fraction (0.1 to 2 mm)

base saturation (dimensionless)
silt fraction (0.002 to 0.050 mm) (%)

sand fraction (0.1 to 2 mm) (%)

XVi




aggregation index (dimensionless)

montmorillonite in soil (%)

bulk density of the 50- to 125-mm depth (g- cm)
dispersion ratio (dimensionless)

parameter M (product of primary particle size fractions)
(dimensionless)

citrate-dithionite-bicarbonate extractable percentage of Al,O,
plus Fe,0, (%)

ratio of the area covered by a piece of residue to the mass of
that residue (acre Ib")

ratio of rill to interrill erosion (dimensionless)

-length of frost-free period or growing period (calendar days)

constant with value of either 0 or 1
transport capacity factor (ton- ft'!+ yr'')
slope angle (degrees)

slope length (ft)

critical slope length (ft)

erosion factor (ton* acre™« yr'')

excess rainfall rate (length- time™)

ratio of sediment fall velocity to excess runoff rate
(dimensionless)
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PREFACE

The Revised Universal Soil Loss Equation (RUSLE) is an update of
Agriculture Handbook No. 537, containing a computer program to facilitate
the calculations. RUSLE also includes the analysis of research data that were
unavailable when Agriculture Handbook No. 537 was completed. Although
the original Universal Soil Loss Equation (USLE) has been retained in
RUSLE, the technology for factor evaluation has been altered and new data
have been introduced with which to evaluate the terms for specified
conditions.

The rainfall-runoff erosivity factor (R) database has been expanded in the
western United States, and a correction has been developed for the portion of
rain falling on ponded water. The soil erodibility factor (K) has been made
time varying to reflect freeze-thaw conditions and consolidation caused by
moisture extraction of a growing crop, an alternative regression equation was
developed for volcanic tropical soils, and a correction was developed for rock
fragments in the soil profile. The topographic factors, slope length and
steepness (LS), have been revised and algorithms developed to reflect the
ratio of rill to interrill erosion. The cover-management factor (C) has been
altered from the seasonal soil-loss ratios to a continuous function that is the
product of four subfactors representing prior land use (PLU), surface cover
(SC), crop canopy (CC), surface roughness (SR), and (for cropland in the
Northwestern Wheat and Range Region) soil moisture (SM). These subfactors
include consideration of the root mass in the upper 4 in of the soil profile, as
well as changes in crop cover and root mass with time, tillage, and residue
decomposition. Climatic data that include monthly precipitation and
temperature, the frost-free period, rainfall-runoff erosivity, and twice monthly
distributions for the EI (product of kinetic energy and maximum 30-min
precipitation intensity) are used for consideration of the seasonal variations in
K, C, and the support practice factor (P). P has been expanded to consider
conditions for rangelands, contouring, stripcropping, and terracing.

The calculations in RUSLE are more involved than those in USLE and are
facilitated with a computer program.

Xix
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Introduction and History

PURPOSE OF HANDBOOK

Scientific planning for soil conservation and water management requires
knowledge of the relations among those factors that cause loss of soil and
water and those that help to reduce such losses. Controlled studies on field
plots and small watersheds have supplied much valuable information on these
complex interrelations of factors. But the maximum benefits from such
research can be realized only when the findings are applied as sound practices
on the farms, ranches, and other erosion-prone areas throughout the United
States. Specific guidelines are needed for the selection of the control
practices best suited to the particular needs of each site.

Such guidelines are provided by the procedure for soil-loss prediction
presented in this handbook. The procedure methodically combines research
information from many sources to develop design data for each conservation
plan. Widespread field experience for more than four decades has proved that
this technology is valuable as a conservation-planning guide.

The procedure is founded on the empirical Universal Soil Loss Equation
(USLE) (described in handbooks by Wischmeier and Smith 1965, 1978) that
is believed to be applicable wherever numerical values of its factors are
available. Research has supplied information from which at least approximate
values of the equation’s factors can be obtained for specific farm or ranch
fields or other small land areas throughout most of the United States. Tables
and charts or the personal-computer program presented in this handbook
makes information readily available for field use.

The Revised Universal Soil Loss Equation (RUSLE) includes analyses of
data not available when the previous handbooks were prepared. The analyses
are documented so that users can review, evaluate, and repeat them in the
process of making local analyses. Debate on this revision of USLE is
important. Any such debate should be focused on the data, theory, and
concepts described in the chapters.. Many reviewers have helped with the
debate. Their reviews were essential, and they should help to establish the
credibility of this revision.

Judgments were necessary during the revision because some data were limited
and inconclusive, and a few were conflicting. The decisions were made by
the use of the collective knowledge of a number of erosion scientists.
Furthermore, the technology was revised to permit the addressing of problems
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not included or inadequately addressed in earlier versions of USLE. The
current revision is intended to provide the most accurate estimates of soil loss
without regard to how the new values compare with the old values.

This revision updates the content of the earlier handbooks (Wischmeier and
Smith 1965, 1978) and incorporates new material that has been available
informally or in scattered research reports and professional journals. Some of
the original charts and tables have been revised to conform with additional
research findings, and new charts and tables have been developed to extend
the usefulness of RUSLE. In some instances, expanding a table, chart, or
computer program sufficiently to meet the needs for widespread field
application required the projection of empirical factor relationships
appreciably beyond the physical limits of the data from which the
relationships were derived. Estimates obtained in this manner are the best
information available for the conditions they represent. These instances are
identified in the chapter discussions of the specific erosion factors, tables,
charts, and computer program.

The background material for each RUSLE factor value is presented in the text
that helps the user select correct values of individual factor parameters. This
revision, with its background chapters, user’s guide, and associated computer
program, will provide erosion technology for use in addressing problems
being proposed in the last decade of the 20th century or until new technology
becomes available, such as that from USDA’s Water Erosion Prediction
Project (WEPP) (Foster and Lane 1987, Lane and Nearing 1989).




Introduction and History

HISTORY OF EROSION-PREDICTION EQUATIONS

Efforts to mathematically predict soil erosion by water started only about a
half century ago. The development of erosion-prediction technology began
with analyses such as those by Cook (1936) to identify the major variables
that affect soil erosion by water. Cook listed three major factors:
susceptibility of soil to erosion, potential erosivity of rainfall and runoff, and
soil protection afforded by plant cover. A few years later, Zingg (1940)
published the first equation for calculating field soil loss. That equation
described mathematically the effects of slope steepness and slope length on
erosion. Smith (1941) added factors for a cropping system and support
practices to the equation. He also added the concept of a specific annual soil-
loss limit, and he used the resulting equation to develop a graphic method for
selecting conservation practices for certain soil conditions in the midwestern
United States.

Progress continued on methods to predict erosion during World War 1I, but
publication of the research was delayed until after the war. Browning and
associates (1947) added soil erodibility and management factors to the Smith
(1941) equation and prepared more extensive tables of relative factor values
for different soils, crop rotations, and slope lengths. This approach
emphasized the evaluation of slope-length limits for different cropping
systems on specific soils and slope steepness with and without contouring,
terracing, or stripcropping. Smith and Whitt (1947) presented a method for
estimating soil losses from fields of claypan soils. Soil-loss ratios at different
slopes were given for contour farming, stripcropping, and terracing.
Recommended limits for slope length were presented for contour farming.
Relative erosion rates for a wide range of crop rotations were also given.
Then Smith and Whitt (1948) presented a "rational" erosion-estimating
equation, A = C+ S- L- K- P, which broadened the application to principal
soils of Missouri. The C factor was the average annual soil loss from claypan
soils for a specific rotation, slope length, slope steepness, and row direction.
The other factors for slope steepness (S), slope length (L), soil erodibility (K),
and support practice (P) were dimensionless multipliers used to adjust the
value of C to other conditions. P-factor values were discussed in detail.
Smith and Whitt acknowledged the need for a rainfall factor to make this
equation applicable over several states.
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The Milwaukee, Wisconsin, regional office of USDA’s Soil Conservation
Service (SCS) recognized the value of a soil-loss equation for farm planning
and teamed with researchers in that region to develop a system for regional
application. The result was the slope-practice method of estimating soil loss
for use in the Corn Belt. To adapt the Corn Belt equation for use in other
regions, a workshop for erosion specialists from throughout the United States
was held in Ohio in 1946. Workshop participants reviewed soil-loss data
from all over the United States, reappraised the factors previously used, and
added a rainfall factor. The resulting so-called Musgrave equation included
factors for rainfall, flow characteristics of surface runoff as affected by slope
steepness and slope length, soil characteristics, and vegetal cover effects
(Musgrave 1947).

Graphs to solve the Musgrave equation were prepared by Lloyd and Eley
(1952). They tabulated values for many major conditions in the northeastern
states. Van Doren and Bartelli (1956) proposed an erosion equation for
Illinois soils and cropping conditions that estimated annual soil loss as a func-
tion of nine factors. One of the factors was soil loss as measured on research
plots; soil loss was adjusted to site conditions by several factors used by
previous researchers and also factors for prior erosion and management levels.

The state and regional erosion-prediction equations were so useful that soil
conservation leaders recommended that an effort be initiated to develop a
national equation. As a result, the Agricultural Research Service (ARS)
established the National Runoff and Soil Loss Data Center at Purdue
University (West Lafayette, Indiana) in 1954. The Data Center was given the
responsibility of locating, assembling, and consolidating all available data
from runoff and erosion studies throughout the United States for further
analyses (Wischmeier 1955). During subsequent years, Federal-state
cooperative research projects at 49 U.S. locations contributed more than
10,000 plot-years of basic runoff and soil-loss data to this Center for
summarizing and overall statistical analyses.

To hasten the development of a national equation, joint conferences of key
researchers and users were held at Purdue University in February and July of
1956. The participants concentrated their efforts on reconciling the
differences among existing soil-loss equations and on extending the
technology to regions where no measurements of erosion by rainstorms had
been made. The equation that resulted had seven factors; they were for crop
rotation, management, slope steepness, slope length, conservation practice, soil
erodibility, and previous erosion. The group established the maximum
permissible loss for any soil as 5 ton- acre™ yr'! but set lower limits for
many soils. Workshop participants concluded that insufficient data were
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available to justify adding a rainfall factor; subsequent analyses at the Data
Center led to a rainfall factor for the states east of the Rocky Mountains.
Subsequent study also showed that the equation’s crop rotation and
management factors could be combined into one factor (Wischmeier et al.
1958).

Using the data assembled at the Data Center along with conclusions from
deliberations at the 1956 conferences and subsequent analyses, Wischmeier,
Smith, and others developed USLE as described in earlier handbooks
(Wischmeier and Smith 1965, 1978). USLE quantifies soil erosion as the
product of six factors representing rainfall and runoff erosiveness, soil
erodibility, slope length, slope steepness, cover-management practices, and
support conservation practices.

USLE was designed to provide a convenient working tool for conservationists.
A relatively simple technique was needed for predicting the most likely
average annual soil loss in specific situations. A goal for the equation was
that each factor (1) could be represented by a single number; (2) could be
predicted from meteorological, soil, or erosion research data for each location;
and (3) must be free from any geographically oriented base. The term
"Universal" in USLE distinguishes this prediction model from the regionally
based models that preceded it. However, the use of USLE should be limited
to situations in which its factors can be accurately evaluated and to conditions
for which it can be reliably applied (Wischmeier 1976).

USLE overcame many of the deficiencies of its predecessors. The form of
USLE is similar to that of previous equations, but the concepts, relationships,
and procedures underlying the definitions and evaluations of the erosion
factors are distinctly different. Major changes include (1) more complete
separation of factor effects so that results of a change in the level of one or
several factors can be more accurately predicted; (2) an erosion index that
provides a more accurate, localized estimate of the erosive potential of rainfall
and associated runoff; (3) a quantitative soil-erodibility factor that is evaluated
directly from research data without reference to any common benchmark; (4)
an equation and nomograph that are capable of computing the erodibility
factor for numerous soils from soil survey data; (5) a method of including the
effects of interactions between cropping and management parameters; and (6)
a method of incorporating the effects of local rainfall patterns throughout the
year and specific cropping conditions in the cover and management factor
(Wischmeier 1972).

Regression analysis of the assembled data determined the mathematical
relationship between each USLE factor and soil loss. Effects of slope length
and steepness, crop sequence, and soil- and crop-management practices were
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most accurately described as percentage increases or decreases in soil loss. A
multiplicative model was selected for the equation. It uses four dimensionless
factors to modify soil loss as described by dimensioned rainfall and soil
factors.

USLE was introduced at a series of regional workshops on soil-loss prediction
in 1959-62 and by a U.S. Department of Agriculture special report (USDA
1961). Several years of trial use by SCS and others plus extensive interaction
between the developers and users resulted in improved factor values and the
evaluation of additional conditions. Finally, USLE was presented in
Agriculture Handbook No. 282 (Wischmeier and Smith 1965).

Widespread acceptance of USLE took time but came progressively as more
regions and groups began to use this equation. During the same period,
important improvements in USLE expanded its usefulness by providing
techniques for estimating site values of its factors for additional land uses,
climatic conditions, and management practices. These include a soil-
erodibility nomograph for farmland and construction areas, topographic factors
for irregular slopes, cover factors for range and woodland, effects of tillage
practices on cover and management, prediction of erosion in construction
areas, estimated erosion index values for the western states and Hawaii, soil
erodibility factors for benchmark Hawaiian soils, and improved design and
evaluation of erosion-control-support practices. These improvements were
incorporated in an updated version of USLE, published as Agriculture
Handbook No. 537 (Wischmeier and Smith 1978).

The erosion-research history that led to the development of USLE (Smith and
Wischmeier 1962, Meyer 1984, Meyer and Moldenhauer 1985) shows that
USLE was the logical culmination of several decades of innovative effort by
scientists having unusual expertise and dedication. Since its introduction,
USLE has had a tremendous impact and has become the major soil
conservation planning tool in the United States and abroad.

Since the publication of Agriculture Handbook No. 537, additional research
and experience have resulted in improvements in USLE. These include new
and (in some instances) revised isoerodent maps; a time-varying approach to
reflect freeze-thaw conditions and consolidation caused by extraction of
moisture by a growing crop for the soil erodibility factor (K); a subfactor
approach for evaluating the cover-management factor (C) for cropland,
rangeland, and disturbed areas; a new equation to reflect slope length and
steepness (LS) (the new terms also reflect the ratio of rill to interrill erosion);
and new conservation-practice values (P) for both cropland and rangeland
practices. Finally, the computations are now implemented using a personal
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computer. These changes are detailed in this revision in the chapters for each
RUSLE factor.

The revision of USLE described in this handbook incorporates the latest
information available for using this erosion-prediction approach. Research on
the principles and processes of erosion and sedimentation by water is
continuing in order to improve the methods of predicting and controlling
erosion. Knowledge from such research has been used in developing
physically based models such as the erosion and sedimentation components of
CREAMS (Knisel 1980, Foster et al. 1981a). Development of a new
generation of technology for predicting water erosion is under way by a
USDA team in WEPP working with other agencies and academic institutions
(Foster and Lane 1987). The goal of this WEPP effort is a process-oriented
model or family of models that are conceptually superior to the lumped-model
RUSLE and are more versatile as to the conditions that can be evaluated.

The WEPP technology is expected to replace RUSLE sometime in the future.

11
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SOIL-LOSS TOLERANCE

A major purpose of the soil-loss equation is to guide the making of methodi-
cal decisions in conservation planning. The equation enables the planner to
predict the average rate of soil erosion for each of various alternative
combinations of cropping systems, management techniques, and erosion-
control practices on any particular site. The term "soil-loss tolerance" (T)
denotes the maximum rate of soil erosion that can occur and still permit crop
productivity to be sustained economically. The term considers the loss of
productivity due to erosion but also considers rate of soil formation from
parent material, role of topsoil formation, loss of nutrients and the cost to
replace them, erosion rate at which gully erosion might be expected to begin,
and erosion-control practices that farmers might reasonably be able to
implement. When predicted soil losses are compared with the value for soil-
loss tolerance at that site, RUSLE provides specific guidelines for bringing
about erosion control within the specified limits. Any combination of
cropping, ranching, and management for which the predicted erosion rate is
less than the rate for soil-loss tolerance may be expected to provide
satisfactory control of erosion. Of the satisfactory alternatives offered by this
procedure, the alternative(s) best suited to a particular farm or other enterprise
may then be selected.

Values of soil-loss tolerance ranging from 1 to 5 ton- acre- yr' for the soils
of the United States were derived by soil scientists/conservationists,
agronomists, engineers, geologists, and Federal and state researchers at six
regional workshops between 1959 and 1962. Factors considered in defining
these limits include soil depth, physical properties and other characteristics
affecting root development, gully prevention, on-field sediment problems,
seeding losses, reduction of soil organic matter, and loss of plant nutrients.
Since the early discussions, several reports have been produced in which soil-
loss tolerance is discussed (Schmidt et al. 1982, Johnson 1987). The passage
of Public Law 95-192 and the 1977 Soil and Water Resources Conservation
Act (RCA) prompted considerable interest in the effect of soil erosion on crop
productivity. New experimental research and computer simulation models
have furthered the interest in soil-loss tolerances. Two symposia proceedings
of note that resulted from this activity are "Erosion and Soil Productivity"
(ASAE 1985) and "Soil Erosion and Crop Productivity" (Follett and Stewart
1985). Needless to say, many issues about soil-loss tolerance remain
unresolved.

12
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A deep, medium-textured, moderately permeable soil that has subsoil
characteristics favorable for plant growth has a greater tolerable soil-loss rate
than do soils with shallow root zones or high percentages of shale at the
surface. Widespread experience has shown that the concept of soil-loss
tolerance may be feasible and generally adequate for indefinitely sustaining
productivity levels.

Soil-loss limits are sometimes established to prevent or reduce damage to
offsite water quality. The criteria for defining the tolerance limits of field
soil-loss tolerance limits for this purpose are not the same as those for
tolerances designed to preserve cropland productivity. Soil depth is not
relevant for offsite sediment control, and uniform limits on erosion rates still
allow a range in the amount of sediment per unit area that is delivered to a
stream. Soil material eroded from a field slope may be deposited along field
boundaries, in terrace channels, in depressional areas, or on flat or vegetated
areas traversed by overland flow before it reaches a watercourse. Erosion
damages the cropland on which it occurs, but sediment deposited near its
place of origin does not directly affect water quality.

If the soil-loss tolerance established for sustained cropland productivity fails
to attain the desired water-quality standard, other limits that consider other
factors should be established rather than altering the value for soil-loss
tolerance. Other factors may include distance of the field from a major
waterway, sediment-transport characteristics of the intervening area, sediment
composition, needs of the particular body of water being protected, and the
probable magnitude of fluctuations in sediment loads (Stewart et al. 1975).
Placing limits on sediment yield might provide more uniform water-quality
control than would lowering the limits on soil movement from field slopes.
The sediment-yield criteria would also require fewer restrictions on the
selection of crop system for fields in which only small percentages of eroded
soil become off-farm sediment.

As currently used in conservation-planning activities, T values are often an
issue of policy. We recommend that T values remain as originally defined
and intended: namely, the erosion rate that can occur and yet permit crop
productivity to be sustained economically. If issues of water quality,
economics, and policy are to be addressed for erosion control, we recommend
that they be designated Ty, (soil loss for water-quality concerns), Tgp (soil
loss for economic planning), and Tpo; (soil loss for policy concerns).

13
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SOIL-LOSS EQUATION

The erosion rate for a given site results from the combination of many
physical and management variables. Actual measurements of soil loss would
not be feasible for each level of these factors that occurs under field
conditions. Soil-loss equations were developed to enable conservation
planners, environmental scientists, and others concerned with soil erosion to
extrapolate limited erosion data to the many localities and conditions that have
not been directly represented in the research.

Erosion and sedimentation by water involve the processes of detachment,
transport, and deposition of soil particles (Foster 1982). The major forces are
from the impact of raindrops and from water flowing over the land surface.
Erosion may be unnoticed on exposed soil surfaces even though raindrops are
eroding large quantities of sediment, but erosion can be dramatic where con-
centrated flow creates extensive rill and gully systems. Factors affecting
erosion can be expressed in an equation of the form (Renard and Foster 1983)

E=f(,S,T,SS, M) [1-1]
where
E = erosion,
f = function of (),
C = climate,

S = soil properties,

T = topography,
SS = soil surface conditions, and
M = human activities.

Sediment yield should not be confused with erosion; the terms are not
interchangeable. Sediment yield is the amount of eroded soil that is delivered
to a point in the watershed that is remote from the origin of the detached soil
particles. In a watershed, sediment yield includes the erosion from slopes,
channels, and mass wasting, minus the sediment that is deposited after it is
eroded but before it reaches the point of interest (fig. 1-1). USLE and
RUSLE do not estimate sediment yield.

14
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USLE is essentially an expression of the functional relationship shown in
equation [1-1] (Wischmeier and Smith 1965, 1978). Both USLE and RUSLE
compute the average annual erosion expected on field slopes as

A=R-K:-L:-S-C-P [1-2]

where

computed spatial average soil loss and temporal average soil loss
per unit of area, expressed in the units selected for K and for the
period selected for R. In practlce these are usually selected so
that A is expressed in ton acre’!- yr'!, but other units can be
selected (that is, t- ha™'- yr'h).

rainfall-runoff erosivity factor—the rainfall erosion index plus a
factor for any significant runoff from snowmelt.

soil erodibility factor—the soil-loss rate per erosion index unit for
a specified soil as measured on a standard plot, which is defined
as a 72.6-ft (22.1-m) length of uniform 9% slope in continuous
clean-tilled fallow.

slope length factor—the ratio of soil loss from the field slope
length to soil loss from a 72.6-ft length under identical conditions.
slope steepness factor—the ratio of soil loss from the field slope
gradient to soil loss from a 9% slope under otherwise identical
conditions.

cover-management factor—the ratio of soil loss from an area with
specified cover and management to soil loss from an identical area
in tilled continuous fallow.

support practice factor—the ratio of soil loss-with a support
practice like contouring, stripcropping, or terracing to soil loss
with straight-row farming up and down the slope.

RUSLE is an erosion model designed to predict the longtime average annual
soil loss (A) carried by runoff from specific field slopes in specified cropping
and management systems as well as from rangeland. Widespread use has
substantiated the usefulness and validity of RUSLE for this purpose. It is also
applicable to nonagricultural conditions such as construction sites.

RUSLE users need to be aware that A (in addition to being a longtime
average annual soil loss) is the average loss over a field slope and that the
losses at various points on the slope may differ greatly from one another. On
a long uniform slope, the loss from the top part of the slope is much lower
than the slope average, and the loss near the bottom of the slope is
considerably higher. For instance, a 360-ft uniform slope that averages 20
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ton- acre”’ will have an average of less than 7 ton- acre loss on the first 40

ft but over 29 ton- acre™ loss on the last 40 ft. If the slope steepness changes
within that length, the variation can be even greater. This suggests that even
if a field soil loss is held to "T," soil loss on some portion of the slope may
reach or exceed 2T, even when the ephemeral gully and other types of erosion
that are not estimated by RUSLE are ignored. These higher-than-average
rates generally occur at the same locations year after year, so excessive
erosion on any part of the field may be damaging the soil resource.

With appropriate selection of its factor values, RUSLE will compute the
average soil loss for a multicrop system, for a particular crop year in a
rotation, or for a particular crop stage period within a crop year. Erosion
variables change considerably from storm to storm about their means. But the
effects of the random fluctuations such as those associated with annual or
storm variability in R and the seasonal variability of the C tend to average out
over extended periods. Because of the unpredictable short-time fluctuations in
the levels of influential variables, however, present soil-loss equations are
substantially less accurate for the prediction of specific events than for the
prediction of longtime averages.

USLE has also been used for estimating soil loss from disturbed forested
conditions. RUSLE does not address this particular application. Users of
such technology are referred to Dissmeyer and Foster (1980, 1981).

Some recent research addresses the application of USLE technology to mine
spoils and reconstructed topsoil (Barfield et al. 1988). The effects of
compaction on erosion are significant in such instances and are treated as an
integral part of the subfactor for calculating C (see ch. 5). Furthermore, slope
steepness effects on soil loss from disturbed lands (Mclsaac et al. 1987a) are
treated specifically in chapter 4 with the application of an LS table (see table
4-3). Other RUSLE terms remain unchanged by massive land disturbance
such as that associated with construction. It is important to realize that the
amount of research on effects of land disturbance on RUSLE technology is
not as extensive as that associated with most other applications.

The soil-loss equation was initially developed in U.S. customary units. The
factor definitions are interdependent, and the direct conversion of acres, tons,
inches, and feet to metric units produces integers that are best suited for
expressing equations in that system. Only U.S. customary units are used in
the equation and factor-evaluation materials, but the metric equivalents are
given in appendix A.
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Numerical values for each of the six factors were derived from analyses of
research data and from National Weather Service precipitation records. For
most conditions in the United States, the approximate values of the factors for
any particular site may be obtained from charts and tables in this handbook or
by use of the computer program developed to assist with the RUSLE
evaluation. Users in localities or countries where the rainfall characteristics,
soil types, topographic features, or farm practices are substantially beyond the
range of present U.S. data will find these charts, tables, and computer
program incomplete and perhaps inaccurate for their conditions. However,
RUSLE provides guidelines that can reduce the amount of local research
needed to develop appropriate technology for their conditions.

The RUSLE User Guide (ch. 7) illustrates how to select factor values either
with the computer program or by use of data from the tables and charts.
Users who have no experience with the soil-loss equation may wish to read
chapter 7 next. After users have referred to the computer program and have
located the values used therein, they may readily move to the intervening
chapters (ch. 2-6), which define the technical details associated with the
factors. The soil-loss-prediction procedure is more valuable as a guide for the
selection of practices if the user has general knowledge of the principles on
which the equation is based. Therefore, the significance of each factor is
discussed before the introduction of the computer program and before the
reference table or chart from which local values may be obtained. Limitations
of the data available for evaluation of some of the factors are also discussed.

Chapters 2-6 are written as background for the development of the technology
to permit evaluation of the individual RUSLE factors. Although liberal use is
made of material from previous versions of USLE (Agriculture Handbooks
No. 282 in 1965 and No. 537 in 1978), direct quotes from that material are
not always noted. The computer program, intended to assist the user of this
technology, is a new development that was not a part of earlier versions.

The authors acknowledge the efforts of Laura J. Yohnka for processing the
many drafts prior to completion and E. Sue Anderson for finishing work on
the final copy.
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Charmel
[
‘_ }
Slope length
Deposition area N

Figure 1-1. Schematic slope profile for RUSLE applications for interrill and rill erosion. A is the
RUSLE slope length (to the point where deposition occurs). Sediment yield is the sediment transported
out of the channel section summed for time periods such as a storm event, month, crop stage, or year.
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The rainfall and runoff factor (R) of the Universal Soil Loss Equation (USLE)
was derived (Wischmeier 1959, Wischmeier and Smith 1958) from research
data from many sources. The data indicate that when factors other than
rainfall are held constant, soil losses from cultivated fields are directly
proportional to a rainstorm parameter: the total storm energy (E) times the
maximum 30-min intensity (I,).

Rills and sediment deposits observed after an unusually intense storm have
sometimes led to the conclusion that significant erosion is associated with
only a few severe storms--that significant erosion is solely a function of peak
intensities. However, more than 30 yr of measurements in many states have
shown that this is not the case (Wischmeier 1962). The data show that a
rainfall factor used to estimate average annual soil loss must include the
cumulative effects of the many moderate-sized storms as well as the effects of
the occasional severe ones.

The numerical value used for R in USLE and in RUSLE must quantify the
effect of raindrop impact and must also reflect the amount and rate of runoff
likely to be associated with the rain. The erosion index (R) derived by
Wischmeier appears to meet these requirements better than any of the many
other rainfall parameters and groups of parameters tested against the plot data.
The local value of this index may be obtained directly from maps. However,
the index does not include the erosive forces of runoff from snowmelt, rain on
frozen soil, or irrigation. A procedure for evaluating R for locations where
this type of runoff is significant is given in this chapter under "R Equivalent
(R,y) for Cropland in the Northwestern Wheat and Range Region."

In RUSLE, the computational scheme is identical to that used in USLE, with
a few exceptions (as noted later).
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ElI PARAMETER

The value of EI for a given rainstorm equals the product of total storm energy
(E) times the maximum 30-min intensity (I5;), where E is in hundreds - ft-
tonf - acre’!, and I,yis in in - b, EI is an abbreviation for energy times
intensity, and the term should not be considered simply an energy parameter.
Data show that rainfall energy itself is not a good indicator of erosive
potential. The storm energy indicates the volume of rainfall and runoff, but a
long, slow rain may have the same E value as a shorter rain at much higher
intensity. Raindrop erosion increases with intensity. The I,, component
reflects the prolonged peak rates of detachment and runoff. The product term
El is a statistical interaction term that reflects how total energy and peak
intensity are combined in each particular storm. Technically, the term
indicates how particle detachment is combined with transport capacity.
Appendix B illustrates how the calculations are made from recording-raingage
data.

The relation of soil loss to the EI parameter is assumed to be linear, and the
parameter’s individual storm values are directly additive. The sum of the
storm EI values for a given period is a numerical measure of the erosive
potential of the rainfall within that period. The average annual total of the
storm EI values in a particular locality is the rainfall erosion index (R) for
that locality. Because of apparent cyclical patterns in rainfall data, early
published values for rainfall erosion indices (for example, in Agriculture
Handbook No. 537) were based on 22-yr station rainfall records. Longer
records are advisable, especially when the coefficient of variation of annual
precipitation is large.

Rain showers of less than 0.5 in were omitted from the erosion index
computations, unless at least 0.25 in of rain fell in 15 min. Furthermore, a
storm period with less than 0.05 in over 6 h was used to divide a longer
storm period into two storms. Exploratory analyses showed that erosion from
these light rains is usually too small for practical significance and that,
collectively, they have little effect on the distribution of the annual EI or
erosion. The cost of abstracting and analyzing 4,000 location-years of

* rainfall-intensity data used to develop the initial R-factor map was greatly
reduced by adopting the threshold value of 0.5 in.

The energy of a rainstorm is a function of the amount of rain and of all the
storm’s component intensities. The median raindrop size generally increases
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with greater rain intensity (Wischmeier and Smith 1958), and the terminal
velocities of free-falling waterdrops increase with larger drop size (Gunn and
Kinzer 1949). Since the energy of a given mass in motion is proportional to
velocity squared, rainfall energy is directly related to rain intensity. The
relationship, based on the data of Laws and Parsons (1943), is expressed by
the equation

[¢]
1]

916 + 331 log,, i, i<3in-h’ [2-1]

1074 i>3in-h! [2-2]

(¢}
Il

where e is kinetic energy in ft- tonf « acre’! - in’!, and i is intensity in in- h''
(Wischmeier and Smith 1958). A limit of 3 in - h! is imposed on i because
median drop size does not continue to increase when intensities exceed

3 in - h™! (Carter et al. 1974).

The corresponding SI metric-unit version of the equations are (Foster et al.
1981b, app. A)

e, = 0.119 +0.0873 log,(i,) i, <76 mm -h~' (2-3]

e =0.283 i >76 mm -h [2-4]

where e_ has units of megajoule per hectare per millimeter of rainfall (MJ -
ha™! -mm™).

Other investigators have also presented algorithms for computing the kinetic
energy for drop distributions in other geographic areas of the continental
United States [for example, McGregor and Mutchler (1977) in Mississippi,
Carter et al. (1974) in the South Central United States, Tracy et al. (1984) in
southeastern Arizona, and Rosewell (1983, 1986) in Australia].
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Brown and Foster (1987) used a unit energy relationship of the form

e =e_ [l-aexp (b [2-5]
where
€nx = 4@ maximum unit energy as intensity approaches infinity, and
aandb = -coefficients.

Kinnell (1981, 1987) showed that this distribution described unit energy-
intensity relationships in Zimbabwe and Florida. Additional work by
Rosewell (1983, 1986) showed that the relationship also fit data in Australia,
the McGregor and Mutchler (1977) data, and the Laws and Parsons (1943)
data. Unfortunately, these applications showed some variability in the a and b
coefficients. Brown and Foster stated in their analysis that they recommended

e, =029 [1 - 0.72 exp (-0.05i, )] [2-6]

for calculating unit energy, where e has units of MJ - ha! - mm™ of rain
and i_ has units of mm - h"'. Brown and Foster also stated that this equation
is a superior analytical form by having a finite positive value at zero intensity
as data show and approaching an asymptote at high intensities as a continuous
function. The U.S. customary units equivalent of equation [2-6] is

e = 1099[1-0.72 exp (-1.27 i) [2-7]

where i has units of in - h'! and e has units of ft- tonf - acre™ - in..

Then

J
2, (Bh), [2-8]

R=12___

N

where (Ely); = El, for storm i, j = number of storms in an N year period.
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These equations were used for developing the isoerodent maps of figures 2-1
to 2-4.

The isoerodent maps of figures 2-1 and 2-9 were developed from equations
[2-1] and [2-2]. We recommend that all future calculations be made using
equation [2-6] or equation [2-7], especially in other countries where RUSLE
technology is being developed.

Sample calculations of El,, are given in appendix B.
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ISOERODENT MAPS

Local values of the rainfall erosion index may be taken directly from
isoerodent maps or from the CITY database in the computer program as
explained in chapter 7. The plotted lines on the maps are called isoerodents
because they connect points of equal rainfall erosivity. Erosion index values
for locations between the lines can be obtained by linear interpolation.

The original isoerodent map (Wischmeier and Smith 1965) was developed
from 22-yr station rainfall records by computing the EI value for each storm
that met the previously defined threshold criteria. Isoerodents were then
located between these point values with the help of published rainfall
intensity-frequency data (U.S. Weather Bureau 1958) and topographic maps.
The 11 western states were omitted from the initial map because sufficient
long-term recording-raingage records were not available for establishing lines
of equal erosion index values.

The isoerodent map was extended with an estimation procedure to the Pacific
Coast in 1976 and was printed in Agriculture Handbook No. 537. Results of
investigations at the USDA-ARS National Soil Erosion Research Laboratory
at Purdue University showed that the known erosion index values in the
Western Plains States and the North Central States are approximated with
reasonable accuracy by the equation R = 27.38P*!” where P is the 2-yr
frequency, 6-h rainfall amount (Wischmeier 1974). Although the isoerodents
developed were compatible with the few point values that had been
established in the western United States, the isoerodents were not sufficiently
accurate to reflect the known spatial variability of the mountain and valley
topography of the region.

In an agreement between Oregon State University, U.S. Department of
Agriculture’s Soil Conservation Service (SCS) and Agricultural Research
Service (ARS), and the National Weather Service, 713 stations were used to
determine relationships between values of EI calculated on a 15-min
measurement interval basis and on values of EI calculated for the same storm
on a 60-min measurement interval basis. In contrast to the calculations in the
eastern United States, all storms were included to calculate EI. Of these
stations, 225 had record periods of 12 yr or longer and precipitation
measurement resolutions of 0.01 in. Values of coefficient of determination
() in excess of 0.8 were obtained by use of the model (EI),5= b[ (El), |-
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R Values for Flat
Slopes

Values of the regression parameter b ranged from 1.08 to 3.16, varying
widely from one climatic zone to the next. .

To supplement this work, 1,082 stations were used to calculate (EI)¢,. Of
these stations, 790 had 20-yr record lengths or longer. These data values
were adjusted to a 15-min measurement interval using the correction cited
above. Computed values of (El)q, for each 60-min station were muitiplied by
the average regression parameter b (computed for all 15-min stations in the
climatic zone containing the 60-min station) to obtain equivalent 15-min
values, (EI);s. These values were then adjusted to an equivalent breakpoint
basis by use of R = 1.0667 (R);s (Weiss 1964). The resulting isoerodent map
(R) was prepared by hand contouring the adjusted R values for stations with
record periods of at least 20 yr. The resulting isoerodent maps for the West
is a significant improvement over that available in Agriculture Handbook No.
537 (Wischmeier and Smith 1978). Seasonal EI distributions were developed
for 84 climate zones in the western States. The maximum storm 10-yr-
frequency EI values were calculated as part of the project. In this analysis,
for areas where winter precipitation is predominantly snowfall, the snowfall
months were excluded from the EI development. Thus, in the CITY database,
the winter months show zero percent EI.

In Hawaii, isoerodent maps of figure 2-5 were computed by the use of
class-A weather stations to compute R and by relating these values to National
Weather Service intensity-frequency data for Hawaii. EI distribution data
were also calculated for select Hawaiian stations to use in the calculation of
seasonally weighted K values (ch. 3) and C values (ch. 5).

If the soil and topography were exactly the same everywhere, average annual
soil losses from plots maintained in continuous fallow would be in direct
proportion to these erosion index values.

Although the R factor is assumed to be independent of slope in the structure
of RUSLE, splash erosion is less on low slopes. On flat surfaces, raindrops
tend to be more buffered by water ponded on the soil surface than on steep
slopes. Higher rainfall intensities that are correlated with higher R factors
also tend to increase the depth of ponded surface water, which in turn protects
the soil from rainfall impact (Mutchler 1970). To account for this soil
protection by a ponded water layer on low slopes under high rainfall rates, the
R factor should be adjusted using a relationship having the form (modified
from Mutchler and Murphree 1985)
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R =f(LS) =f®, S [2-9]

where

rainfall erosivity adjustment factor,
function of (),

precipitation intensity,

slope steepness, and

RUSLE rainfall erosivity term.

WWHH,GW
il

To compute R, assume that the 10-yr-frequency storm EI value provides an
indication of storm intensity and therefore the amount of water ponded on the
land surface. In this procedure, the 10-yr EI value of a CITY database is
used with a runoff index (a constant CN = 78 was used) and Manning’s
equation to compute a flow depth ratio, y. This flow depth ratio is then used
in the equation R, = exp(-0.49 - [y-1]). Figure 2-6 is the result of such
calculations for a variety of land slopes. For further discussion, refer to
chapter 6.
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EI DISTRIBUTION USED IN CALCULATION OF K FACTOR AND
C FACTOR

To calculate the seasonal or average annual soil erodibility factor (K) and the
seasonal or average annual cover-management factor (C), the distribution of
El is needed. In RUSLE, the EI distribution (as a percentage of the annual
value) is used for twenty-four 15-d periods, corresponding with the 1st and
16th days of the month.

Figure 2-7 shows the 120 homogeneous climatic zones in the contiguous
United States used in RUSLE. The EI distribution values for each of these
zones have been determined and are available in the computer code. Table
2-1 shows the EI distributions for the 120 zones and 19 Hawaiian zones, as
well as the equivalent EI distribution for the frozen soil area of the
Northwestern Wheat and Range Region.

Most of the climatic zones in figure 2-7 also have a single station containing
information on precipitation and temperature (by month), the frost-free period,
and the annual R. For example, about 140 climate stations (including 19 in
Hawaii) are in the computer files. A user of the computer files may want to
enter additional climate data for a zone. In other instances, a user may have
to enter a climate station into the program before making soil-loss estimates in
that region. The climate zones of figure 2-7 represent uniform EI
distributions rather than uniform precipitation data or temperature data or
both. Thus, in the western United States, orographic trends may pose
problems within many of the zones and the user may need to input the
additional data to reflect the orographic differences.

Although 19 stations are included in the Hawaiian climatic data files, the
tremendous variability in precipitation, R, and temperature are only partially
included. Therefore, caution must be used when making soil-loss estimates
with RUSLE in Hawaii. '
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EI DATA FOR 10-YR-FREQUENCY STORMS

In the P-factor calculation for contour farming (ch. 6), the 10-yr-frequency
storm EI value is required. These 10-yr EI data are used to credit the effect
of contour practices on the support practice value. The values were obtained
from the data originally calculated for Agriculture Handbook No. 537
(Wischmeier and Smith 1978) involving 181 stations in the eastern United
States and from about 1,000 stations used to develop the isoerodent values in
the western United States. The maps of these isoerodent values are given in
figures 2-9 to 2-12 for the eastern and western United States.

Site-specific data can be obtained by interpolation from these figures. In the
RUSLE computer program (see ch. 7 for the subroutine CITY), these values
are given for most stations or they can be obtained by interpolation using the
figures.
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R EQUIVALENT (R,) FOR CROPLAND IN THE NORTHWESTERN
WHEAT AND RANGE REGION

In the dryfarmed cropland areas of the Northwestern Wheat and Range
Region (Austin 1981) shown in figure 2-8, the effect of melting snow, rain on
snow, and/or rain on thawing soil poses unique problems. Generally,
measured soil-loss values in the regions devoted to winter wheat, spring
wheat, spring barley, peas, and lentils are much greater than the value that
might be expected from R values calculated with the conventional kinetic
energy times maximum 30-min intensity (EI). Observations indicate that
much of the soil loss occurs by rilling phenomena when the surface part of
the soil profile thaws and snowmelt or rain occurs on the still partially frozen
soil. To more accurately predict soil losses for this condition, an R, value
has been calculated using the following procedures:

A :
= hid 2-10
(Req)Wf K, @LS),, (SLR), P [ ]

where

(Rewr = equivalent R factor for winter rilling,
A,, = soil loss over winter in rills alone (measured),
K,, = rill soil erodibility for winter period (estimated),

(LS),, = LS relationship,

(SLR),, = soil loss ratio for rilling in winter period (estimated for field
condition), and

P, = supporting practices factor.

The soil loss from rills (A,,) was measured after the winter erosion season
from strips on selected fields along a 45- to 50-mi transect across eastern
Washington and northern Idaho for a period of 10 yr. This area was
subsequently divided into four zones for presentation and interpretation.
Similar soil-loss measurements were made in five counties in north-central
Oregon for 5 yr (although data were not collected for each county every
year). Soil-loss measurements in southeastern Idaho were made for 4 yr.
Thus, the rill soil-loss measurements represent a potential of 10 data points.

The winter erodibility value might be obtained by use of the variable K
procedure (ch. 3) and by use of the average value of K for the winter period.
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However, in RUSLE, K,, (EI-weighted average annual K value) is used
throughout the entire year; there is no provision for use of an average K value
for a particular portion of the year. Therefore, for consistency, K, was used
to calculate (Reo)yr -

The Northwestern Wheat and Range Region LS relationships in RUSLE (ch.
4) were developed from only the Palouse transect data (eastern Washington
and northern Idaho). The following LS relationships were used for (Reg)ur
calculation:

0.5
Ls). = [ | (10.8 sin 6 + 0.03) s < %% [2-11]
2.6 .
0.5 . 0.6
ws). = [ _sin 6 $ > 9% [2-12]
e T TG 0.0896

Values of (LS),, were calculated for each segment of the measured slope
based on the contributing area above the segment and the segment steepness.

The soil-loss ratio (SLR),,, was calculated from the following factors:

)] The rotation was assigned a soil-moisture factor using (see ch. 5)
ww/p = 0.88, ww/sf = 1.0, wr = 0.5, and ww/sb = 0.72.

2) Surface residue effect was calculated from a residue effectiveness
curve [exp (-0.05 - % cover)].

3) Growing cover effect was obtained from [1 - fraction of land surface
covered by canopy]. Growing cover was generally less than 10% and
often less than 5%.

@) Surface roughness effect was assigned values from 0.7 to 1.2 based on
field observations. Most values used were about 1.1.

%) Incorporated residue effect was obtained from [exp (-0.00045 - Ib
acre’! residue incorporated at a shallow depth)]. Shallow incorporated
residue was assumed to be half of the residue incorporated less
decomposition.
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Adjustment for
Interrill and Non-
Winter Seil Leoss

The soil-loss ratio (SLR),, was then computed as the product of these five
factors.

The winter support practices factor (P,,) was assumed to be unity. Thus,
(Reg)w: Was calculated for each year for each zone or county by averaging all
segment values.

The individual zone (R,,),, Was averaged over the years of record to obtain a
zonal average value. The data points were reduced from 10 to 7 based on the
number of segments and strips in a zone or county in a given year and on the
number of years of data in a zone or county. The three points deleted were
all from north-central Oregon. These average values were subsequently
correlated against published annual precipitation for corresponding zones to
obtain

(Req)wr = -110.3 + 10.78 P
r? =0.98

[2-13]

where P = annual precipitation (in).

Measurements of the rill to interrill ratio soil loss in the Northwestern Wheat
and Range Region vary greatly. For example, rill-erosion measurements near
the Columbia Plateau Conservation Research Center near Pendleton, Oregon,
indicate about a 95% rill soil loss. A rule of thumb based on the old Pullman
Conservation Field Station (PCFS) plots near Pullman, Washington, was that
75% of the soil loss came from rill erosion. Recent measurements over a 4-yr
period from continuous fallow plots at the PCFS indicate that 85-90% of the
soil loss came from rill erosion. In other instances (and varying with
treatments), the attempts to separate interrill losses from total soil loss have
been essentially unsuccessful. Thus, a somewhat arbitrary ratio of 90% rill
loss and 10% interrill soil loss was assumed to adjust the (R,,),, to estimate
the total winter equivalent R, (R.o),, -

Then

100
(Req)wt - (Req)w, ) "‘9—0‘ [2-14]
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The nonwinter component of soil loss was estimated in two ways, each of
which gives a ratio of roughly 5% of the annual R, occurring during the
nonwinter periods. Thus, we estimate total annual soil loss as

~ 100 100 i
R R [2-15]
and finally

R = -129.0 + 12.61P [2-16]

€q

For lower precipitation areas of the Northwest Wheat and Range Region with
a frozen soil erosion problem, the following relationship will provide a
smooth transition from the R, to the non-R,, zone:

R,, = 1.602 exp(0.2418 P) 75 <P <15.0 (2-17]

‘Equation 2-17 should be used for P < 15.0.

The P and R,, maps for the cultivated areas farmed with winter wheat, spring
wheat, spring barley, peas, or lentils in the Northwestern Wheat and Range
Region are shown in figures 2-13 to 2-16. The small-grain areas include
higher elevation forest and grazing land as well as the cultivated valleys and
lower slopes. In general, winter wheat is not grown where P is greater than
about 35 in. Thus, no R, values greater than 320 (P = 35.6 in) are plotted in
figures 2-15 and 2-16.

It was necessary to distribute the R, throughout the year. The nonwinter
component (5% of the total) was distributed uniformly from April 1 through
September 30. The winter component (95% of the total) was distributed from
October 1 through March 31. Based on historical soil-loss data from PCFS,
the period of major erosivity was assigned to late January and early February.
Erosivity then tapered gradually to October 1 and more steeply to March 31
(see Pullman, WA, CITY database for the R, distribution data).
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RAINFALL EROSIVITY IN A COLD MOUNTAINOUS CLIMATE

Data analysis from the precipitation network in southwestern Idaho indicate
major problems in assessing the erosivity index. The problems are not
uniquely different from those in the Northwestern Wheat and Range Region
(area of winter wheat, spring barley, peas, and lentils). RUSLE (and also its
predecessor USLE) was designed to account for the effects of raindrop impact
and subsequent overland flow on soil erosion (Cooley et al. 1988). In much
of the western United States, precipitation occurring as snow should also be
accounted for if representative EI estimates are to be produced.

Cooley et al. (1988) found that snowfall accounted for only a minor portion
(4%) of EI based on annual precipitation values at low-elevation valley sites.
However, at high elevation sites, snowfall accounted for most (up to 71%) of
the annual precipitation. Therefore, it is important to use only the rainfall
portion of annual precipitation when determining EI in areas where snowfall
is significant, rather than using total annual precipitation.

Elevation was observed to have a relatively minor influence on summer (rain)
EI values. Summer storms are mainly produced by air-mass thunderstorms
and tend to be more random in location and smaller in areal extent than are

- frontal storms.

The consideration of all storms in estimating EI, rather than only storms that
result in more than 0.5 in rainfall [per Wischmeier and Smith (1978)
procedure], increased EI by 28-59% on the Reynolds Creek watershed.
However, runoff and erosion data for evaluating the significance of these
increases were not available.

Cooley et al. (1988) also tested several methods of computing average annual
R involving 2-yr-frequency, 6-h-duration precipitation for comparison with
long-term breakpoint-data R values (table 2-2). In mountain and range
topography like that of southwestern Idaho, caution must be exercised in
selecting storm values because snow events can affect the value. Cooley et al.
(1988) observed that the storm value decreased by 5-34% when snowfall was
eliminated from the annual data set. R decreased by 4-42% when snowfall
was removed, that is, summer values were used instead of annual values.
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SOUTHWESTERN AIR-MASS THUNDERSTORM

Precipitation gages operated by ARS in Arizona and New Mexico were used
to compute EI data for areas dominated by air-mass thunderstorms. Of
particular interest is the fact that EI during the summer period amounted to
85-93% of the annual total, which was 50-81 hundreds - ft- tonf -

(acre - in - yr)"' (Renard and Simanton 1975).

In still other efforts, Simanton and Renard (1982) calculated the EI for a
storm on the 57.7-sq-mi Walnut Gulch Experimental watershed in
southeastern Arizona. Figure 2-17 shows the isohyetal values of precipitation
determined for the 100 recording raingages for the event of July 22, 1964,
and the corresponding isoerodent map. It should be noted that the isoerodent
lines have little correlation with the isohyetal lines. An intense air-mass
thunderstorm near the upper end of the area caused nearly 100 units of EI
whereas only a short distance away (about 5 mi), the EI was less than 50% of
the storm maximum.

Figure 2-18 illustrates the annual isohyetal map and the annual isoerodent (R)
map, including the data of figure 2-17 plus the other storms occurring during
the year. The highly variable rainfall illustrated in figures 2-17 and 2-18 is
very typical of air-mass-thunderstorm country as shown on the isoerodent
map. The 1.9 ratio of maximum to minimum annual precipitation and the 4.0
ratio of maximum to minimum R are normal occurrences.

The significance of these illustrations is that a single raingage and the EI
calculations from it may be inadequate indicators of the soil loss at any
specific point unless the precipitation record is collected at that site.
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LIMITATIONS IN WINTER R FACTORS

Agriculture Handbook No. 537 suggests that the rainfall erosivity value (R)
might be adjusted by multiplying the precipitation falling in the form of snow
by 1.5 and then adding the product to EI, the kinetic energy times maximum
30-min intensity. This calculation has been used in the past at some
locations, but we currently do not support this approach in RUSLE. The
redistribution of snow by drifting, sublimation, and reduced sediment
concentrations in snowmelt confuses the problem tremendously. But data are
not presently available to support this approximation. Therefore, the
developers of RUSLE recognized the weakness of ignoring the problem
(except in the cropland areas of the Northwestern Wheat and Range Region
where the R, data are being used).
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Chapter 2.

Figure 2-2. Isoerodent map of western United
States. Units are hundreds ft-tonf-in(ac-h-yr)".
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Rainfall-Runoff Erosivity Factor (R)

Figure 2-3. Isoerodent map of California. Units are
hundreds ft-tonf*in(ac-h-yr)™.
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Chapter 2.

Figure 2-4. Isoerodent map of Oregon and
Washington. Units are hundreds ft-tonf in(ac-h-yr)™".
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Figure 2-6. Corrections for R factor for flat slopes and large R values

to reflect amount of rainfall on ponded water
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Figure 2-8. Location map of the cropland area of Northwestern
Wheat and Range Region (adapted from Austin 1981)

54



Rainfall-Runoff Erosivity Factor (R)

" .(4-0”)ul-JUO}. 3y SPaIpUNY IE S)IU() SIS PIAIU[)
UIS)SES JOJ XOpUl UOISOId wio)s-9[3uls Aouonbay-14-uay, “6-g 231

%%,
v
-’ ooow..(

55



Chapter 2.

Figure 2-10. Ten-yr-frequency single-storm erosion index for western
United States. Units are hundreds ft-tonf-in(ac-h)™.
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Figure 2-11. Ten-yr-frequency single-storm erosion index for California.
Units are hundreds ft-tonf-in(ac- h).
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Figure 2-12. Ten-yr-frequency single-storm
erosion index for Oregon and Washington.
Units are hundreds ft-tonf-in(ac-h)™.
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Figure 2-13. Precipitation map (inches) used to calculate R, in
Washington, Oregon, and northern Idaho for small-grain areas of
Northwestern Wheat and Range Region. Precipitation units are inches.

59



Chapter 2.

ENLARGED
COUNTY AREA
BOUNDARIES
\ EN
IDAHO
3
1§ 140 25
N SMALL
%o 28\ A 29 GrRAN
3 >y a Ad AREAS
. s
10 4 Teee $15
1 15 ] 30 0
.... e __25 : 5 .... 25
X } e > 0}25
S fovoy K '\5
o . 2 )
| 10] 15 o :
et &)
2 * . 20
15 20
10 5F¢ 20 215
25 & 20 0
30 V1%t ¢
10 15 * 10
Y * /15
. 20 —
0 50 50 0
e 15<AN.
SCALE IN MILES
20 .
30
S
15 % J20
/ RIS
UTAH °

Figure 2-14. Precipitation map (inches) used to calculate R, in
southern Idaho and Utah for small-grain areas of Northwestern Wheat
and Range Region. Precipitation units are inches.
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Figure 2-15. R, for cropland areds of Washington, Oregon, and northern Idaho in and
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Figure 2-16.

for cropland areas of southern Idaho and Utah in and adjacent to Northwestern
Wheat and Range Region (Note: Some irregular contour intervals are used to
preserve clarity). R, units are hundreds ft-tonf-in(ac-h)™.
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Soil erodibility is a complex property and is thought of as the ease with which
soil is detached by splash during rainfall or by surface flow or both. From a
fundamental standpoint, however, soil erodibility should be viewed as the
change in the soil per unit of applied external force or energy. Just as in
USLE, RUSLE uses a restrictive and applied definition of soil erodibility.

Soil erodibility is related to the integrated effect of rainfall, runoff, and
infiltration on soil loss and is commonly called the soil-erodibility factor (K).
The soil-erodibility factor (K) in RUSLE accounts for the influence of soil
properties on soil loss during storm events on upland areas. In this chapter,
the current state of knowledge of K-factor measurements and prediction
technology is summarized. Background information is given to facilitate the
estimation of K values for soils for which no direct K-value measurements are
available. Specific areas of concern in evaluations of soil-erodibility factor
are discussed, including seasonal variation of soil-erodibility factors
(especially of soils subjected to freezing and thawing) and the evaluation of
the soil-erodibility factor for soils with rock fragments.
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DEFINITION AND EXPERIMENTAL GUIDELINES

The soil-erodibility factor (K) is the rate of soil loss per rainfall erosion index
unit [ton- acre- h(hundreds of acre- ft-tonf* in) ! ] as measured on a unit

plot. The unit plot is 72.6 ft (22.1 m) long, has a 9% slope, and is
continuously in a clean-tilled fallow condition with tillage performed upslope
- and downslope (Wischmeier and Smith 1978). Recommended minimum plot
width is 6 ft (1.83 m). Guidelines for preparation and maintenance of natural
runoff plots in the United States were issued in 1961 by D.D. Smith
(Rémkens 1985). They are as follows: "Plow to normal depth and smooth
immediately by disking and cultivating two or more times, except for areas
where wind erosion during the winter poses a serious hazard. In the latter
case, disking or cultivating should be delayed until spring. Plowing shall be
each year at the time continuous row crop plots are plowed. Cultivation shall
be at new crop planting, routine cultivating times, and when necessary to
eliminate serious crust formations. Chemical weed control may be used, if
cultivation does not control weed-growth. Plowing and cultivation should be
upslope and downslope and should not be on an excessively wet soil."!

1 Administrative communication from D.D. Smith to runoff plot managers
(January 1, 1961), "Instructions for establishment and maintenance of cultivated fallow
plots."”
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PRACTICAL INTERPRETATION

In practical terms, the soil-erodibility factor is the average long-term soil and
soil-profile response to the erosive powers of rainstorms; that is, the soil-
erodibility factor is a lumped parameter that represents an integrated average
annual value of the total soil and soil profile reaction to a large number of
erosion and hydrologic processes. These processes consist of soil detachment
and transport by raindrop impact and surface flow, localized deposition due to
topography and tillage-induced roughness, and rainwater infiltration into the
soil profile.
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INTERACTIONS WITH OTHER SOIL-LOSS FACTORS

The soil-erodibility factor (K) represents the effect of soil properties and soil
profile characteristics on soil loss. Some interdependency exists between the
K factor and other RUSLE factors. For instance, the traditional topographic
relationships for slope length and steepness factors (LS) (Wischmeier and
Smith 1978) were derived from soil-loss measurements on mostly
medium-textured, poorly aggregated surface soils. It is to be expected that
errors and shortcomings in the relationships for topographic effects will carry
over into K values if these relationships are used to determine K values.

Similar problems exist for the rainfall-erosivity factor (R). Storm energy may
vary substantially among storms due to variations in drop size and due to
updraft or downdraft of wind. Some of these variations occur in areas where
certain storm types prevail for part of the year (heavy thunderstorms versus
gentle rains). Calculations of rainfall energy from rainfall breakpoint data for
natural runoff plots using a relationship of specific intensity versus energy
(Wischmeier and Smith 1978) may lead to "errors" in the computed K.
Seasonal K values may offer some compensation for errors in R values
computed from rainfall breakpoint data.

Interactions with the cover-management factor (C) are primarily due to the
effect of organic matter or organic carbon on soil loss. The organic-carbon
content of soils depends on the annual additions of surface and subsurface
crop residue and manure and on their decomposition rate. No sharp
delineation can be made where the effects of crop residue cease to be part of
a C factor and instead become part of the K factor. Moreover, the processes
of organic conversions are related to environmental factors (temperature,
wetness, and so on) and thus vary among physiographic regions. A discussion
of these processes is beyond the scope of this chapter. Short-term effects
such as from the protective cover of mulch or from the mechanical constraints
such as disturbance of surface and subsurface residues are related to the C
factor, whereas long-term effects such as soil changes or soil structural
alterations by organic compounds should be considered part of the K factor.
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Natural Runoff
Plots

DETERMINATION OF K FACTOR

Soil-erodibility factors are best obtained from direct measurements on natural
runoff plots. Rainfall simulation studies are less accurate, and predictive
relationships are the least accurate (Romkens 1985). In each of these methods
of determination, requirements for soil and plot conditions as well as methods
of evaluation have to be met. These requirements are designed to eliminate
the influence of variations in antecedent soil-water and soil-surface conditions
and of variations in the rainstorm regimes on the soil-erodibility factor. Only
inherent soil properties are considered determinants of the erodibility factor.

The major requirement in a study using a natural runoff plot is a database that
is large enough and that was obtained over a sufficiently long period. Very
few studies exist for which long-term observations are available. For the
eastern United States, this period is assumed to be 20-22 yr (Wischmeier
1976). Time and economic factors have limited the establishment of long-
term runoff plots and therefore have promoted the development of plot
research with simulated rainfall. However, simulated-rainfall procedures often
fall short of the requirement of a sufficiently long fallow condition. Table
3-1 lists the soils in the United States on which natural runoff plots for
K-factor determinations were established. Note that the observation period on
all of these soils fell considerably short of the stated period of 20-22 yr.
However, K values of many soils were obtained from long-term runoff data
on cropped plots that had been adjusted for the C factor.

The second requirement for soil-erodibility-factor determinations on natural
runoff plots is a fallow, tilled surface immediately before and during the
observation period. This requirement stipulates the removal or natural
degradation of all surface and subsurface plant residue that remained after
cropping. The adequacy of this observation period should be determined
relative to the climatic conditions in the United States but is usually taken to
be 2 yr.
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Rainfall-
Simulation
Plots

The third requirement for reliable K-value determinations is uniformity of soil
and topography within the plot and also adherence to plot-size standards.
Topographic uniformity is essential to avoid soil deposition or accelerated soil
erosion in localized areas. The selection of plots having a standard length and
steepness is important to avoid errors in soil-loss adjustments with
topographic factors. Many soils do not occur with slopes of 9%, but
standards, once formulated, must be adhered to in order to avoid ambiguities.
Actually, the 9%-slope steepness is not rationally based, but was selected as
being an average gradient of runoff plots on which early erosion studies in the
United States were conducted. Similarly, the 72.6-ft (22.1-m) plot length was
the result of the selection of a 1/100-acre (1/250-ha) plot area, given a
two-row or 6-ft (1.83-m) plot width.

K-factor determinations in simulated-rainfall studies require plot standards that
are the same as those for natural runoff plots with respect to size, slope, and
preparation. However, the usually very short timespan allowed between
cropping and rainfall-simulation runs is insufficient for the adequate
degradation of surface or subsurface organic residue. Therefore, in the
simulation, surface residue is often removed mechanically or manually before
tillage, and corrections for subsurface-crop-residue effects are made through
the C factor. Errors may be introduced in K-factor determinations for soils
with incomplete removal or degradation of surface and subsurface residues or
for soils with incorrect C-factor adjustments.

A second difficulty with the use of rainfall simulation in K-factor evaluations
is the selection of weighting factors for soil losses on different antecedent
soil-water conditions. Roémkens (1985) and Barnett et al. (1965) observed
that K values for different antecedent moisture levels need to be weighted in
proportion to the occurrence of runoff and erosion in different climates to
determine the average annual K value.
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RELATIONSHIPS OF K FACTOR AND SOIL PROPERTIES

The physical, chemical, and mineralogical soil properties and their interactions
that affect K values are many and varied. Moreover, several erosion
mechanisms are operating at the same time, each one relating differently to a
specific soil property. It is therefore unlikely that a relatively few soil
characteristics will accurately describe K values for each soil. Yet several
attempts have been made to relate measured K values to soil properties.

Table 3-2 lists the principal studies in the United States and a summary of the
results.

Of these studies, the most widely used and frequently cited relationship is the
soil-erodibility nomograph (Wischmeier et al. 1971). The nomograph, shown
in figure 3-1, comprises five soil and soil-profile parameters: percent
modified silt (0.002-0.1 mm), percent modified sand (0.1-2 mm), percent
organic matter (OM), and classes for structure (s) and permeability (p). The
structure and permeability classes and groups of classes were taken from the
Soil Survey Manual (USDA 1951). A useful algebraic approximation
(Wischmeier and Smith 1978) of the nomograph for those cases where the silt
fraction does not exceed 70% is

K= [2.1 - 10412-0M) M1-14+3.25(s—2)+2.5(p~3)] / 100 [3-1]

where M is the product of the primary particle size fractions: (% modified silt
or the 0.002-0.1 mm size fraction) - (% silt + % sand). K is expressed as
ton- acre’! per erosion index unit with U.S. customary units of ton- acre- h
(hundreds of acre- ft-tonf - in)!. Division of the right side of this and
subsequent K-factor equations with the factor 7.59 will yield K values
expressed in SI units of t- ha- h- ha - MJ1-mm .

The nomograph relationship is derived from rainfall-simulation data from 55
midwestern, mostly (81%) medium-textured, surface soils. More than 60% of

these soils had an aggregation index smaller than 0.3 (Mannering 1967). The

nomograph is well suited for the less aggregated, medium-textured surface
soils of the Midwest. Attempts by other investigators to apply the nomograph
to other classes of soils have met with limited success. Figure 3-2 shows the
relationship between the observed and nomograph-predicted soil-erodibility
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factors for the nomograph database and selected U.S. data sets of other soil
classes. In most of these studies, aggregate sizes or aggregation indices were
the most significant parameters. For details of the relationship between the
soil-erodibility factor and soil properties, the reader is referred to the original
publications (see table 3-2) or to a review paper by Romkens (1985).

Regression equations for specific classes of soils in the United States are those
listed in table 3-2. Unfortunately, substantial intercorrelations exist among
many of these variables, thereby affecting the true significance of each
property in predicting K values. The relationship for volcanic soils in Hawaii
(El-Swaify and Dangler 1976) is given by the expression

K = -0.03970 + 0.00311x, + 0.00043x,

3-2
+ 0.00185x, + 0.00258x, - 0.00823x; 13-2]

where X, is the unstable aggregate size fraction in percent less than 0.250 mm,
X, is the product of % modified silt (0.002-0.1 mm) and % modified sand
(0.1-2 mm), x, is the % base saturation, x, is the silt fraction (0.002-0.050
mm) in percent, and X is the modified sand fraction (0.1-2 mm) in percent.
The applicability of equation [3-2] has not been demonstrated for all tropical
soils of volcanic origin. Equation [3-2] should be considered for only those
soils that are similar to soils found in Hawaii.

For soils in the upper Midwest, the following relationship was developed
(Young and Mutchler 1977):

K = -0.204 +0.385x, - 0.013x, + 0.247x,

(3-3]
+0.003x, - 0.005x,

where X is an aggregation index, x, is the percentage montmorillonite in the
soil, xg is the bulk density of the 50-125 mm depth in g- cm™, and Xg is the
dispersion ratio. The presence of the montmorillonite term suggests that this
clay mineral significantly impacted the aggregation and granulation
characteristics of these soils--the latter by facilitating detachment during
drying and transport in subsequent storm events.

For clay subsoils in the Midwest, the following relationship may be useful
(Rémkens et al. 1977):
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K =0.004 +0.00023x,, - 0.108x,, [3-4]

where X, is the parameter M (Wischmeier et al. 1971) and x,; is the
citrate-dithionite-bicarbonate (= CDB) extractable percentage of Al,O; plus
Fe,05. This relationship again suggests the importance of the particle size
between 0.002 and 0.1 mm in soil-erodibility-factor evaluations for subsoils.
The importance of the CDB-extractable amount of the hydrous oxides of iron
and aluminum as a predictor for the soil-erodibility factor should be tempered,
in view of the small amounts (<3.76%) of these substances present in the soils
tested. For highly weathered or cemented soils, equation [3-4] has not been
tested and presumably needs modification.

Recently, all available published global data (225 soils) of measured K values,
obtained from both natural- and simulated-rainfall studies, were pooled and
grouped into textural classes. Only soils with less than 10% of rock
fragments by weight (>2 mm) were considered. The mean values of the soil-
erodibility factor for soils within these size classes were then related to the
mean geometric particle diameter of that class. The resulting relationship,
shown in figure 3-3A, can be expressed as

2 [3-5]
K = 7.504) 0.0034+40.0405exp | —. | 1o8(De)*+1.659
2 0.7101
where
Dg(mm) = exp ( 0.01 3 In m; ) with r? = 0.983 [3-6]
and

Dg = geometric mean particle diameter.

Here, f; is the primary particle size fraction in percent, and my is the
arithmetic mean of the particle size limits of that size (Shirazi and Boersma
1984). A similar relationship, shown in figure 3-3B with > = 0.945, was
derived for 138 U.S. soils only. This relationship is
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2 [3-7]
K = 7.594)0.0017+0.0494exp | -L [ 108(D8)+1.675
2|~ 0.6986

Figure 3-3 also indicates the variability in K values for each particle size
class.

Relationships [3-5] and [3-7] are very useful for predicting K values of soils
for which (1) data are limited (for instance, no information about the very-
fine-sand fraction or organic-matter content) and (2) the textural composition
is given in a different classification system. Also, equations [3-5] and [3-7]
are useful for predicting K values of classes of soils other than those on
which the nomograph was based, such as soils of textural extremes and well-
aggregated soils. Of course, prediction equations [3-5] and [3-7] give an
estimate of the K factor based on limited data and therefore yield less
accurate values than those obtained from direct measurements or indirectly
from regression data for soil types similar to those indicated in table 3-2.
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CONSIDERATIONS IN SELECTION OF K VALUES

Several methods can be used to obtain estimates of the average annual value
of the soil-erodibility factor. For medium-textured soils—certainly for the
poorly aggregated ones of the temperate zones—the nomograph appears to be
the best predictive relationship. For tropical soils of volcanic origin,
relationship [3-2] may be helpful. For soils or subsoils that contain clay
minerals with 2:1 expanding lattices, relationships [3-3] or [3-4] can be used.
If K values are to be obtained for soils that do not readily fit any of these
categories or for soils with incomplete information (that is, particle-size
distribution and organic matter content), the broadly based relationships [3-5]
and [3-7] can be selected.
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Rill and Interrill

Erodibility

Soils With Rock
Fragments

SPECIFIC PROBLEM AREAS

Physically based models are being developed to explain the dynamic
relationships of the erosion process (detachment, transport, deposition), and
the models provide a great opportunity to improve the estimation of erosion.
These models are incompatible with the empirically based RUSLE, which
predicts long-term average values (effects of subprocesses are lumped). Thus,
improved soil-erodibility estimates using soil properties and relating them to
erosion processes are not included in this revision (Romkens et al. 1986).

In NRCS’s map unit use file (MUUF), 15.6% of land area in the continental
United States consists of soils with rock fragments on or in the soil surface
(Miller and Guthrie 1984). These rock fragments, when present on the soil
surface, significantly reduce soil detachment by rainfall. When present in a
coarse-textured-soil profile (having sand and loamy sand textures), the
fragments can appreciably reduce infiltration.

To account for these effects, one view has been to include the effect of rock
fragments on soil loss solely in the C factor (Box and Meyer 1984, Romkens
1985), and another practice has been to include the effects solely in the K
factor. Surface cover by rock fragments varies from site to site on otherwise
identical soils. The fragments act as a surface mulch by protecting the soil
surface from raindrop impact in a manner similar to that of surface mulches
of straw and chopped stalks. Rock fragments are usually not moved by water
from interrill areas but remain behind on the soil surface and act as an
"armor" (Jennings and Jarrett 1985).

Subsurface rock fragments affect infiltration and thus runoff in a manner
similar to that of subsurface residue by reducing the soil void space and soil
hydraulic conductivity in coarse-textured soils. Moreover, because soil-
mechanical-analysis procedures are based on particle-size fractions smaller
than 2 mm, rock fragments larger than 2 mm are usually excluded when
estimating K-factor values. However, rock fragments are part of a continuum
of particle sizes in the mineral phase of the soil and therefore can be
considered as part of the soil-erodibility factor.
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This Agriculture Handbook separates the influence of rock fragments on soil
loss into two components: (1) a surface cover component that represents the
surface-protecting effect of rock fragments and that is accounted for in the C
factor in a manner similar to that of crop residue and vegetative mulch, and
(2) a subsurface component for sand and loamy-sand textures that represents
the soil-loss increase due to the reduction in water infiltration. This latter
effect is accounted for in the K factor through adjustments of the permeability
class. It is shown below, however, that the subsurface effect of rock
fragments can be relatively minor compared to the surface effect. Soil-profile
descriptions with permeability classes that include the effect of rock fragments
on permeability should not receive such an adjustment.

The hydraulic-conductivity-reducing effect of rock fragments can be
determined from the relationship of the saturated hydraulic conductivity and -
permeability class given in the National Soils Handbook No. 430 (USDA
1983). Some clarification? is needed concerning the terminology and tables in
that handbook. Rawls et al. (1982) proposed a relationship between the
permeability class and the saturated hydraulic conductivity for different soil
textures (table 3-3). Many factors other than texture determine the
permeability class: for instance, structure, mineralogy, fragipans, sodium, and
salinity. However, this relationship provides an estimate for relating changes
in the effective hydraulic conductivity due to the presence of rock fragments
to changes in the permeability class.

The rate of reduction in the saturated hydraulic conductivity with the presence
of increasing amounts of coarse fragments in the soil profile was theoretically
derived by Peck and Watson (unpublished data) and later verified for sand
columns with inclusions of glass spheres and gravel by Dunn and Mehuys
(1984). The relationship is.

K, / K¢ =2(1R)) / 2+R)) [3-8]

2Permeability class as defined in the Soil Survey Manual of 1951 and in
the USDA-SCS National Soils Handbook No. 430 is actually a hydraulic
conductivity class. The relationship between permeability K, (an intrinsic soil
matrix property with dimensions L?) and the saturated hydraulic conductivity
K, (a property that includes fluid properties of dimensions L - T 1 is K, =
K, pg p -1, where p is fluid viscosity, p is fluid density, and g is
gravitational acceleration.
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Seasonal K Values

where K, is saturated hydraulic conductivity of the soil with rock fragments,
Ky is saturated hydraulic conductivity of the fine soil fraction (<2 mm), and
R, is percent by volume of rock fragments >2 mm.

Brakensiek et al. (1986) simplified equation [3-8] to show that K, of soil
containing rock fragments can be reasonably related to K; by using only the
weight percent of rock fragments >2 mm. This relationship is

Ky/K; = (1-R) [3-9]

where R, is percent by weight of rock fragments >2 mm. Using equation
[3-9], a given percentage weight of rock fragments in a soil profile will result
in an equal percentage reduction in the saturated hydraulic conductivity of the
soil. Hence, the corresponding change in the permeability class can be
estimated from table 3-3.

For example, a 40% volume of rock fragments in a severely eroding medium-
textured soil (K = 0.50) will cause at best a change of one step in the
permeability class or a maximum increase of 0.025 units in the soil-erodibility
factor. This represents a 5% increase in soil loss. On the other hand, a 40%
surface cover with rock fragments causes a reduction in soil loss of about
65% (Box 1981). For a less erodible soil (K = 0.10), a 40% volume of rock
fragments represents a maximum increase of 25% in soil loss as reflected
through the K value.

K values are difficult to estimate mainly because of antecedent soil-water and
soil-surface conditions and because of seasonal variations in soil properties.
Because the value of these conditions and properties tends to be consistent for
a season, it is thought that seasonal K values can reduce errors in soil-loss
estimates. Based on this reasoning, Mutchler and Carter (1983) in the United
States and Zanchi (1983) in Italy computed monthly K values. They
independently proposed a periodic function of the type

K, = 1+ a cos(bt—) [3-10]

where K| is the ratio of the average seasonal (monthly) K value over the
average annual K value; t is the mean monthly temperature; and a, b, and c
are location-dependent constants. Similar reasoning by El-Swaify and
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Dangler (1976) and Hosoyamada (1986) led to the introduction of wet/dry K
values in Hawaii and cold/warm K values in Japan, respectively.

Variations in K through the seasons seem to be primarily related to three
factors: soil freezing, soil texture, and soil water. Of these, the soil-freezing
effect is probably the most difficult to evaluate. The effects of all three are
now included in the average annual value.

The ability to more accurately predict the soil-erodibility factor for soils that
are subjected to freeze-thaw cycles has been hampered by the limited
understanding of the processes and temporary changes occurring in soil
properties and in the soil profile during the cycles. Although no relationships
have been developed, studies have shown that soil freezing and thawing can
change properties that affect soil erodibility. These properties include soil
structure, hydraulic conductivity, bulk density, aggregate stability, and soil
strength (Benoit 1973, Benoit et al. 1986, Sillanpaa and Webber 1961,
Formanek et al. 1984, Van Klaveren 1987, Kok and McCool 1990). It has
been shown that the soil-water content at the time of initial freezing, the rate
of soil freezing, and the number of freeze-thaw cycles can significantly affect
soil aggregation and aggregate stability in spring at the time of thawing
(Mostaghimi et al. 1988). Freeze-thaw cycling generally leads to low bulk
density of the surface soil (Pall et al. 1982). Conditions of low density and
high soil water provide a soil surface that is very susceptible to soil
detachment and transport. Differences in soil density may persist even after
frost layers have thawed. This, combined with intense spring rains, often
results in large soil losses. Thus, freezing and thawing tend to increase the
soil-erodibility factor.

High soil-water content can lead to the formation of concrete frost that is
generally impermeable. Soil erodibility is then at a minimum, due to the
soil’s frozen conditions. When soil with a concrete frost layer thaws from the
surface, drainage is almost nonexistent. Although the soil is not apt to be
exposed to many freeze-thaw cycles in these areas, the spring melt period of 3
days to a month or more may still affect soil erodibility. During this period,
a thawed surface layer of soil underlaid by a frost lens may exist, thereby
impeding infiltration and water movement. Soil-erosion resistance is at a
minimum immediately after the soil has thawed and tends to increase with
time after thawing (Formanek et al. 1984). The greater the number of

freeze-thaw cycles, the longer the erosion resistance of a soil is at a minimum.

Because soil during the thawing period is extremely susceptible to erosion

caused by snowmelt and rainfall, the soil loss is more likely to occur in that
period. In regions where winter soil temperatures hover around the freezing
point (such as in much of the Northwest Wheat and Range Region), the soil
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surface is apt to undergo many freeze-thaw cycles throughout the winter,
which tends to keep erosion rates high during this period. Reductions in
surface-shear strength of 50% have been measured in a Palouse silt loam -
immediately after one freeze-thaw cycle, resulting in increased soil
detachability in rills (Formanek et al. 1984).

In the portions of the United States where frozen soil is not a problem, the
value for soil erodibility gradually decreases over the course of the growing
season until it reaches a minimum sometime near the end of the growing
season. Then the erodibility value gradually increases until it again reaches
the maximum value. This pattern generally follows the rainfall pattern for
many areas. Although the actual length of the growing season varies in
warmer areas, a value of 6 mo (183 d) appears to be a reasonable
approximation of the time between maximum and minimum values of soil
erodibility for many soils in the United States. In areas where the growing
season or wet-dry periods are significantly different from 6 mo, the values
must be adjusted accordingly.

An approach to modifying K values for a given soil based on seasonal
variation in erodibility is to assume an exponential decay function for the rate
of decrease in erodibility as the growing season progresses. The rate of
change in soil erodibility would vary with different types of soil or soil
textures (Kirby and Mehuys 1987). The relationship of soil erodibility to soil
texture is adequately determined from the soil-erodibility nomograph
(Wischmeier et al. 1971) and has already been determined for most of the
significant soil series of the United States. By letting the ratio of K ,, (the
maximum value of soil erodibility for a given soil) to K, (soil erodibility as
determined from the nomograph) be constant for a given soil texture, the
magnitude of K, also becomes a function of soil texture.

The time span between K, and K, (minimum value of soil erodibility)
varies with location and soil. The limited available data suggest that in the
North, maximum values of soil erodibility generally occur at or near the
beginning of the frost-free growing season and gradually decline to a
minimum value at the end of the frost-free growing season. Data also
indicate that t_, (time of year at which the soil-erodibility factor is at a
maximum) occurs progressively earlier from north to south, whereas t,;, (time
of minimum erodibility) occurs progressively later. This is especially true
where frost conditions exist during the winter months. In frost-free areas or
areas with only minor frost activity, the time from maximum to minimum soil
erodibilities corresponds more closely with periods of high and low rainfall,
but seldom exceeds 6 mo.
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The magnitude of the range of soil erodibility appears to vary, at least
partially, with the soil water at the time of a rainfall event. The probability of
the soil being wet at any time is a function of the timing and amount of
annual precipitation which, for much of the United States, is reflected in the
distribution of annual R values (Wischmeier and Smith 1978). Where average
R values are low and monthly R values are less uniformly distributed (as in
the northern United States), the range between K., and K, is usually wide
(>7). Where R values are high and monthly values are more uniformly
distributed (as in the southern United States), the range is usually narrower
(<3). Where R values exceed 400, the range approaches unity. Data from
long-term natural runoff plots at Morris, Minnesota, and Holly Springs,
Mississippi, indicate that in northern Mississippi, K, ,, occurs in about
mid-December and K, /K . is approximately 3.7, whereas in central
Minnesota, K., occurs in about mid-April and K ,,./K .., is approximately
7.6.

Using data from one eastern Canadian province and from seven states in the
midwestern and eastern United States, the following relationships were
derived:

Case 1: t__ <t

max "min

Ift <t < tnins then

max

i o)/ 3-11
K; = Koy i Ko~ B-11]

where K; = soil-erodibility factor at any time (t; in calendar days), K,,, and
K o = soil-erodibility factors at times t,,, and t_; . respectively; At = length
of frost-free period or growing period (<183 d); and T,, = average daily air
temperature.

If t; <t OF > tyu, then for T,, > 27°F,

K, =K ;exp ‘[0.009 t +3656)] [3-12]

i _tmin

with & = 1 if (-

~t )< 0 and & = 0 if (-t
Kmin'

)>0 and for T,, < 27°F, K, =

min
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Case 2: t . >t .

If t,, >t >t

ma min®

then for T,, > 27°F,
K, =K . exp [0.009 t - tmin)] [3-13]

and for T,, < 27°F, K;=K_;.

av —

Ift; >t ort; <t .. then

min?

-t 43658) / 3-14
Ki = Kmax (K*min /Kmax)(tl—tm“ ) A [ ]

with 6 = 1 if (-t ) <0 and § = 0 if (-t ,) > O.
However, if equation [3-11], [3-12], [3-13], or [3-14] yields
K; >K a0 then put K, = K., or if K; <K ;., then put K; = K, .
The constant 0.009 of equations [3-12] and [3-13] was obtained upon fitting
this relationship to the database. Based on data from four southern, four

midwestern, and four northern soils, the ratios of K, /K,;, and K_, /K
and the value of t__for areas where R does not exceed 400 are as follows:

K, o/Kin = 8-6-0.019R, [3-15]
K. ./Kom = 3.0-0.005R, and [3-16]
ta = 154-0.44R. [3-17]

Ift,..<O0,thent =t + 365

These values, plotted against the distribution of annual-erosivity values, are
shown in figure 3-4. Using this method, the average annual value of
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erodibility (K,,) will normally differ slightly from K, and can be estimated
from the relationship

K, = Y [ELK; /100 [3-18]

The annual EI distribution for any location in the United States can be found
using figure 2-7 and table 2-1. The data from which the above relationships
were derived were from the central and eastern United States and Canada.
These are areas where isoerodent lines are approximated with reasonable
accuracy and generally parallel each other as shown in figure 2-1 of chapter
2. There were no erodibility data available from the western states to include
in the analysis. In the western United States there is a great deal more spatial
variability of rainfall due to orographic effects caused by the mountain and
valley topography, combined with the Pacific maritime influence. Erosivity
values calculated from rainfall amount and intensity in most of the cropland
areas of the western United States are lower than the ones in the central and
eastern United States and Canada, where the variable K relationships were
developed. Also in the western states, topography and orographic influences
result in large fluctuations in local average air temperatures and length of
growing season which are difficult to quantify. More research is needed on
the effect of R values and fluctuations in temperature and growing season
length on seasonal variation of K values in the western states. Thus it is
recommended that K values for the region west of the line shown in figure
3-5 be estimated much as they have been in the past, from either the soil-
erodibility nomograph or soil properties and the relationship shown in
equation [3-1].

Data from volcanic soils in Hawaii suggest a somewhat different soil
erodibility relationship than the one discussed above. There is little seasonal
variation of K for these soils since they are not normally subject to freeze-
thaw cycles. Thus, for volcanic soils in tropical areas, it is recommended that
K values be estimated based on soil properties and the relationship shown in
equation [3-2].

Following is an example of calculations for K; and K, for a Barnes loam
(Udic Haploboroll) near Morris in west-central Minnesota with an annual EI
of 90 and K, of 0.28. The frost-free period, or timespan between K, and
K, in West-central Minnesota is slightly less than 5 mo, or about 140 d
(U.S. Department of Commerce 1968).
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From figure 3-4 we arrive at
tx = 154-0.44(90)=114 days (4/24) t, = 114+140=254 days (9/11)

K_. /K = 3.00-0.005(90)=2.55 K ., = 2.55(0.28)=0.714

max nom max

K pax/Kmin = 8.60-0.019(90)=6.89 Knin = 0.714/6.89=0.104
Then, for the period from November 16 through March 15, when T,,
<27°F (see fig. 3-5), K; = 0.104; from March 16 through April 15 and
September 1 through November 15 (t; <t and t;>ty;)), K; = 0.104exp
[0.009(t;-254+3658)]; and from April 15 through August 31 (tp,, <t;<typ),

K, = 0.714 (0.146)¢ W14 190

From figure 3-5

K,, =Y, (ELK, /100 = 28.507 /100 = 0.285

Calculation of K,, by use of this method provides an annual average value
for soil erodibility closely resembling the nomograph value (0.28) but
reflecting a more realistic representation of seasonal fluctuations in the value
of K. This value is similar to an average annual value of 0.24 for Barnes
soil measured from long-term natural runoff plots at Morris (Mutchler et al.
1976).

Figure 3-6 shows a plot of K versus time of year for a Barnes loam from the
example shown above and for a Loring silty-clay-loam soil (Glossic
Fragiudalf) near Holly Springs, Mississippi (using EI distribution values from
Memphis, Tennessee). Calculated values for figure 3-6 are shown in figures
3-7 and 3-8. Figure 3-6 indicates a slight increase in soil erodibility for a
Barnes loam in early November. This behavior is due to the fact that once K
reaches its minimum value at about the end of the growing season (sometime
in early September), erodibility begins to increase again until complete soil
freezing occurs (usually in November). Once the soil is frozen, erodibility
goes back to a minimum value and remains at that value until spring thawing
occurs. The Loring silty-clay-loam soil from Mississippi does not reflect this
behavior because complete soil freezing does not occur in that area of the
country.
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Table 3-1.

K values obtained from natural fallow runoff plots

Soil type! Location Family Period Slope  Length K Source?
(%) ()
ton
acre-eros.index
Bath sil. Amot, NY Typic Fragiochrept 1938-45 19 72.6 0.05 (a)
Ontario 1. Geneva, NY Glossoboric 1939-46 8 72.6 27 (a)
Hapludalf
Cecil sl. Clemson, SC Typic Hapludult ~ 1940-42 7 180.7 28 (a)
Honeoye sil. Marcellus, NY Glossoboric 1939-41 18 72.6 28 (a)
Hapludalf
Hagerstown State College, Typic Hapludalf ’NA NA NA 31 (b)
sicl. PA
Fayette sil. LaCrosse, WI Typic Hapludalf 1933-38 16 72.6 38 (a)
Dunkirk sil. Geneva, NY Glossoboric 1939-46 5 72.6 .69 (a)
Hapludalf
Shelby 1. Bethany, MO Typic Arguidoll 1931-40 8 72.6 .53 (a)
Loring Holly Springs, Typic Fraguidalf  1963-68 5 72.6 49 (<)
sicl. MS
Lexington Holly Springs, Typic Paleudalf 1963-68 5 72.6 44 (c)
sicl. MS
Marshall sil. Clarinda, 1A Typic Hapludoll 1933-39 9 72.6 A3 (d)
Tifton Is. Tifton, GA Plinthic Paleudult 1962-66 3 83.1 “n.c. (d)
Caribou grav. l.  Presque Isle, Alfic Haplorthod  1962-69 8 72.6 n.c. d
ME
Barnes 1. Morris, MN Udic Haploboroll  1962-70 6 72.6 23 (e)
Ida sil. Castana, IA Typic Udorthent 1960-70 14 72.6 27 (d)
Kenyon sil. Independence, Typic Hapludoll 1962-67 4.5 72.6 n.c. (d)
1A
Grundy sicl. Beaconsfield, Aquic Arguidoll 1960-69 45 72.6 n.c (d)
1A :

Isi 1. = silt loam, I. = loam, sl. = sandy loam, sicl. = silty clay loam, Is. = loamy sand, grav. I. = gravelly loam

2(a) = Olson and Wischmeier 1963
(b) = Wischmeier and Smith 1978

(c) = McGregor et al. 1969

(d) = Lombardi 1979

(e) = Mutchler et al. 1976
3NA = Not available.

4n.c. = Not calculated. However, soil-loss data for K-value computations are available from National Soil Erosion
Laboratory, West Lafayette, Indiana.

89



Chapter 3.

Table 3-2.
Regression data of K values on soil properties
Study! Number Variables Variableé in Coefficient of Most Dominant
of tested regression  determination  significant soil
Soils equation variable texture
1 17 34 8 0.87 Slope Sand
2 55 24 24 0.98 Clay Silt loam
ratio/OM
3 13 10 5 0.90 Agg. Loam
4 55  NA® 5 NA M Silt loam
5 7 35 2 0.95 M Clay
6 10 20 5 0.97 0-0.25mm Clay

' 1 = Barnett and Rogers 1966;

2 = Wischmeier and Mannering 1969;
3 = Young and Mutchler 1977,

4 = Wischmeier et al. 1971;

5 = Roémkens et al. 1977;
6 = El-Swaify and Dangler 1976.

2 Clay ratio = % clay/(% silt + % sand); OM = organic
matter; Agg. = an aggregation index; M = (% modified
silt) (% silt + % sand), where modified silt is the

particle size fraction between 0.002 and 0.100 mm (Wischmeier

et al. 1971)

’NA = Not available.
Source: Romkens (1985).
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Table 3-3.

Soil-water data for major USDA soil textural classes

Saturated hydraulic

Permeability conductivity? Hydrologic soil
Texture code! (in/hr) group’
Silty clay, clay 6 <0.04 D
Silty clay loam, sand 5 0.04-0.08 C-D
clay
Sandy clay loam, clay 4 0.08-0.2 C
loam
Loam, silt loam* 3 0.2-0.8 B
Loamy sand, sandy 2 0.8-2.4 A
loam
Sand 1 >2.4 A+

IPermeability codes used in figure 3-1. See National Soils Handbook No. 430 (USDA 1983)

for permeability classes.
2Rawls et al. (1982)

3See National Engineering Handbook (USDA 1972).
“Note: Although silt texture is missing because of inadequate data, this should be in

permeability class 3.
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0 IS 8 { i 1 T L]
;I @ NOMOGRAPH DATA
| O MINNESOTA SOILS i
O HAWAII SOILS ®
+ MIDWEST SUBSOIL DATA
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Figure 3-2. Relationship between observed and nomograph-predicted soil-erodibility factor
values of several U.S. data sets (@ Wischmeier et al. 1971; o Young and Mutchler 1977;
0O El-Swaify and Dangler 1976; + Romkens et al. 1975). K, and K., have units of
ton - acre * h (hundreds of acre-ft - tonf - in)1.
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Figure 3-3. Soil-erodibility factor (K) as a function of the mean geometric particle diameter
(Dg) (in mm). Values are given in SI units and should be multiplied by 7.59 to obtain U.S.
customary units. Figure 3-3A represents global soil data, and figure 3-3B represents only U.S.
data. Solid line was computed for averages of Dg classes with normal distribution. Vertical
lines represent K values in each Dg class plus or minus 1 standard deviation. Numbers in
parentheses represent number of observations and standard deviations for each Dg class.

94



Soil Erodibility Factor (K)

12.0- "IIIIIIIIIIYI""I'IIIIIlll'll""lll"-12t0
11.0 | 4 Kpaxy / Knijn = 8.6-0.019R{11.0
10.0 | r = -0.7186 410.0
g eof n = 12 1e0 &
8 8o " Kmax / Knom= 3.0-0.005R{4y O
A - A r = —0.510 {1
< 7.0 | n = 12 7.0 {4
¥ 6.0 46.0 T}
d 5.0 | 15.0 o
,ﬁ 4.0f 140 E
3.0 f {3.0 M
2.0 | {2.0
1.0 "~ 1.0
0.0 14,.1...,1...11....1,...|....|..1.|...,'°_°
0 50 100 150 200 250 300 350 400
R
~ 300 T T
2 270 F tmax =154—0.44R
o 240 b r = —6.93 .
210 . n=28 .
; 180 | if t ey 00 tmax = tmax+365 -
-2150_
© oot
o [
o 60
9 !
Y
E_30 [
"""_60'....1....|...,1,...1....|....|....|..4l'
0 50 100 150 200 250 300 350 400
R

Figure 3-4. K. /K i Kiax/Knom> a0d tra, relationships as a function of R for computing
seasonal K-values. R is given in U.S. customary units.
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Figure 3-5. Map showing areas for which time-varying K should not be applied. Do not use
time-varying K west of the dark line.
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Figure 3-6. Relationship of K; to calendar days for a Barnes loam soil near Morris,
Minnesota, and a Loring silty clay loam soil near Holly Springs, Mississippi. K is given in
U.S. customary units.
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File Exit Help Screen
< Seasonally Variable K Factor SWCS1.02
city code: 23003 MORRIS MN estimated K: 0.28
hyd. group: 1 % surface covered by rock fragments: 0
soil series: Barnes surface texture: 1
DATE %EI K- DATE $EI K
1/1-1/15 0.0 0.104 7/1-7/15 13.0 0.254
1/16-1/31 0.0 0.104 7/16-7/31 14.0 0.206
2/1-2/15 0.0 0.104 8/1-8/15 14.0 0.166
2/16-2/28 0.0 0.104 8/16-8/31 13.0 0.135
3/1-3/15 0.0 0.104 9/1-9/15 5.0 0.108
3/16-3/31 1.0 0.589 9/16-9/30 3.0 0.115
4/1-4/15 1.0 0.68 10/1-10/15 1.0 0.132
4/16-4/30 1.0 0.714 10/16-10/31 1.0 0.151
5/1-5/15 3.0 0.589 11/1-11/15 0.0 0.175
5/16-5/31 5.0 0.479 11/16-11/30 0.0 0.104
6/1-6/15 12.0 0.384 12/1-12/15 0.0 0.104
6/16-6/30 13.0 0.312 12/16-12/31 0.0 0.104
EI DIST.: 86 FREEZE-FREE DAYS: 140 AVERAGE ANNUAL K: 0.262
R VALUE: 90 Kmin = 0.104 on 9/11 Kmax = 0.714 on 4/24
Esc exits >
Tab Esc Fl F2 F3 F4 Fé F9
FUNC esc help clr cont call list info
File Exit Help Screen
Create/Edit City Database Set SWCS1.02
city code: 23003 city: MORRIS state: MN
total P: 23.9" EI curve #: 86 Freeze-Free days/year: 140
elevation: 0 10 yr EI: 80 R factor: 90
————Mean P-——————Tav {(deg. F) %EI %EI
1: 0.69 1: 10 1: 0 13: 36
2: 0.72 2: 15 2: 0 14: 49
3: 1.15 3: 26.5 3: 0 15: 63
4: 2.45 4: 40 4: 0 16: 77
5: 2.91 5: 57 5: 0 17: S0
6: 3.91 6: 66 6: 0 18: 95
7: 3.29 7: 72 7: 1 19: 98
8: 3.13 8: 71 8: 2 20: 99
9: 1.91 9: 60 9: 3 21: 100
10: 1.85 10: S0 10: 6 22: 100
11: 1.13 11: 30 11: 11 23: 100
12: 0.74 12: 17 12: 23 24: 100
F7 Saves, Esc Returns to CITY Main Menu

Tab Esc F1 F2 F7 F9 Del
FUNC esc help clr save info del

Figure 3-7. Computer screen showing calculated semimonthly K values for a Barnes loam
soil near Morris, Minnesota (R = 90, K == 0.28, freeze-free days = 140, At = 140).
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File Exit Help Screen
Seasonally Variable K Factor SWCS1.02 >
city code: 42003 MEMPHIS N estimated K: 0.498
hyd. group: 1 % surface covered by rock fragments: 0
soil series: Loring surface texture: Sicl
‘DATE %EI K DATE $EI K
1/1-1/15 3.0 0.747 7/1-7/15 6.0 0.281
1/16-1/31 3.0 0.738 7/16-7/31 6.0 0.258
2/1-2/15 3.0 0.673 = 8/1-8/15 4.0 0.297
2/16-2/28 4.0 0.617 ° 8/16-8/31 4.0 0.34
3/1-3/15 4.0 0.572 ° 9/1-9/15 3.0 0.393
3/16-3/31 4.0 0.524 ° 9/16-9/30 3.0 0.45
4/1-4/15 6.0 0.477 ° 10/1-10/15 3.0 0.515
4/16-4/30 6.0 0.437 ° 10/16-10/31 2.0 0.59
5/1-5/15 5.0 0.401 ° 11/1-11/15 4.0 0.681
5/16-5/31 6.0 0.367 ° 11/16-11/30 4.0 0.747
6/1-6/15 5.0 0.335 ° 12/1-12/15 3.0 0.747
6/16-6/30 6.0 0.307 ° 12/16-12/31 3.0 0.747
EI DIST.: 106 FREEZE-FREE DAYS: 237 AVERAGE ANNUAL K: 0.478
R VALUE: 300 Kmin = 0.258 on 7/23 Kmax = 0.747 on 1/21
< Esc exits >
Tab Esc F1 F2 F3 F4 F6 F9

FUNC esc help clr cont call list info

File Exit Help Screen
< Create/Edit City Database Set SWCS1.02 >
city code: 42003 city: MEMPHIS state: TN
total P: 51.6" EI curve #: 106 Freeze-Free days/year: 237
elevation: 263 10 yr EI: 90 R factor: 300
Mean P Tav (deg. F) %EI %EI
1l: 4.61 1: 41.6 1: 0 13: 55
2: 4.33 2: 44.5 2: 3 14: 61
3: 5.44 3: 52 3: 6 15: 67
4. 5.77 4: 61.75 4: 9 16: 71
5: 5.06 5: 70.05 5: 13 17: 75
6: 3.58 6: 78.3 6: 17 18: 78
7: 4.03 7: B81.2 7: 21 19: 81
8: 3.74 8: 80.25 8: 27 20: 84
9: 3.62 9: 74.25 9: 33 21: 86
10: 2.37 10: 63.55 10: 38 22: 90
11: 4.17 11: 50.6 11: 44 23: 94
12: 4.85 12: 43.25 12: 49 24: 97
< F7 Saves, Esc Returns to CITY Main Menu >
Tab Esc F1l F2 F7 F9 Del

FUNC esc help clr save info del

Figure 3-8. Computer screen showing calculated semimonthly K values for a Loring silty
clay loam soil near Holly Springs, Mississippi (R = 300, K, = 0.50, freeze-free days = 237,

At = 183). Nearby Memphis climate data used in Holly Springs.
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The effect of topography on erosion in RUSLE is accounted for by the LS
factor. Erosion increases as slope length increases, and is considered by the
slope length factor (L). Slope length is defined as the horizontal distance from
the origin of overland flow to the point where either (1) the slope gradient
decreases enough that deposition begins or (2) runoff becomes concentrated in a
defined channel (Wischmeier and Smith 1978). Surface runoff will usually
concentrate in less than 400 ft, which is a practical slope-length limit in many
situations, although longer slope lengths of up to 1,000 ft are occasionally found.
Unless the surface has been carefully graded into ridges and furrows that
maintain flow for long distances, few slope lengths as long as 1,000 ft should be
used in RUSLE. Slope length is best determined by pacing or measuring in the
field. For steep slopes, these lengths should be converted to horizontal distance
for use in RUSLE. Slope lengths estimated from contour maps are usually too
long because most maps do not have the detail to indicate all concentrated flow
areas that end RUSLE slope lengths. Figure 4-1 illustrates some typical slope
lengths. Hints and guidelines for choosing slope lengths are given in a
following section.

The slope steepness factor (S) reflects the influence of slope gradient on erosion.
Slope is estimated in the field by use of an inclinometer, Abney level, or similar

device. Slope may be estimated from contour maps having 2-ft contour intervals
if considerable care is used.

Both slope length and steepness substantially affect sheet and rill erosion
estimated by RUSLE. The effects of these factors have been evaluated
separately in research using uniform-gradient plots. However, in erosion
prediction, the factors L and S are usually evaluated together, and values can be
selected from tables 4-1, 4-2, 4-3, or 4-4 for uniform slopes. The following
sections give the relationships used to develop these tables. Also, a section
explains how to apply RUSLE to nonuniform slopes.
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SLOPE LENGTH FACTOR (L)

Plot data used to derive the slope length factor (L) have shown that average
erosion for the slope length A (in ft) varies as

L = (AM72.6)" [4-1]

where 72.6 = the RUSLE unit plot length in ft and m = a variable slope-length
exponent (Wischmeier and Smith 1978). The slope length A is the horizontal
projection, not distance parallel to the soil surface.

The slope-length exponent m is related to the ratio B of rill erosion (caused by
flow) to interrill erosion (principally caused by raindrop impact) by the
following equation (Foster et al. 1977):

m = /(1 + P) [4-2]

Values for the ratio B of rill to interrill erosion for conditions when the soil is

moderately susceptible to both rill and interrill erosion were computed from
(McCool et al. 1989)

B = (sin 6/0.0896) / [3.0(sin 6% + 0.56] [4-3]

where 0 = slope angle. Given a value for B, a value for the slope-length
exponent m is calculated from equation [4-2].

The middle column in table 4-5, calculated from equations [4-3] and [4-2], gives
values for m that are typical of agricultural fields in seedbed condition. When
runoff, soil, cover, and management conditions indicate that the soil is highly
susceptible to rill erosion, the exponent m should be increased as shown in the
right column of table 4-5. This condition is most likely to occur on steep,
freshly prepared construction slopes. These values for m were determined by
doubling the B values from equation [4-3] before applying equation [4-2].
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Conversely, when the conditions favor less rill erosion than interrill erosion, m
should be decreased as shown in the left column of table 4-5. Values for m and
LS for rangelands are usually taken from tables for the low ratio of rill to
interrill erosion; those values were computed by halving the B values from
equation [4-3] before applying equation [4-2]. Values in table 4-5 are based on
an analysis by McCool et al. (1989).

When deposition occurs in furrows between ridges and in depressions, soil loss
is independent of slope length; therefore the slope-length exponent is zero.
Chapter 6 on the RUSLE P factor describes how to apply RUSLE to these
conditions.

The slope-length exponent for the erosion of thawing, cultivated soils by surface
flow (common in the Northwestern Wheat and Range Region described in ch. 2)
differs from the values given in table 4-5. For the erosion of thawing soil by
surface flow alone (McCool et al. 1989, 1993), a constant value of 0.5 should be
used for the slope length exponent m, and LS values from table 4-4 should be
used. When runoff on thawing soils is accompanied by rainfall sufficient to
cause significant interrill erosion, values from table 4-5 for the low ratio of rill to
interrill erosion should be used for the slope-length exponent m, and LS values
from table 4-1 should be used.
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SLOPE STEEPNESS FACTOR (S)

Soil loss increases more rapidly with slope steepness than it does with slope
length. The slope steepness factor (S) is evaluated from (McCool et al. 1987)

S = 10.8 sin 6 + 0.03 s < 9% [4-4]

S =16.8 sin O - 0.50 s > 9% [4-5]

Equation [4-5] is baséd on the assumption that runoff is not a function of slope
steepness, which is strongly supported by experimental data for steepness
greater than about 9%. The extent of the effect of slope on runoff is highly
variable on cultivated soils. Runoff is assumed to be unaffected by slope
steepness on rangelands not recently treated with mechanical practices such as
ripping. The effect of slope on runoff and erosion as a result of mechanical
disturbance is considered in the support practices factor (P) (ch. 6).

Mclsaac et al. (1987a) examined soil-loss data from several experiments on
disturbed lands at slopes of up to 84%. They recommended an equation of a
form similar to that of equations [4-4] and [4-5]. Their coefficient of sin 6 was a
range that encompassed equations [4-4] and [4-5]. Thus these equations should
also be valid for disturbed-land applications.

Equations [4-4] and [4-5] are not applicable to slopes shorter than 15 ft. For

those slopes, the following equation should be used to evaluate S (McCool et al.
1987):

S = 3.0 (sin 8% + 0.56 [4-6]

This equation applies to conditions where water drains freely from the end of the
slope.
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For the slope steepness factor given by equation [4-6], it is assumed that rill
erosion is insignificant on slopes shorter than 15 ft and that interrill erosion is
independent of slope length. Therefore, equation [4-6] should not be applied
to slopes where rill erosion is expected to occur. Rill erosion is assumed to
begin with a slope length of 15 ft, although it will occur on shorter slopes that
are especially susceptible. Conversely, rill erosion will not begin until longer
slope lengths are reached on soils that are consolidated and resistant to
detachment by flow.

When recently tilled soil is thawing, in a weakened state, and subjected
primarily to surface flow, the following equations for S of McCool et al.
(1987, 1993) should be used:

S =10.8 sin 6 + 0.03 s < 9% [4-7]

S = (sin 6 / 0.0896)%° s > 9% [4-8]

Equations [4-7] and [4-8] were used to construct table 4-4.
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LS Factor Values
for Uniform Slopes

TOPOGRAPHIC FACTOR (LS)

The combined LS factor in RUSLE represents the ratio of soil loss on a given
slope length and steepness to soil loss from a slope that has a length of 72.6 ft
and a steepness of 9%, where all other conditions are the same. LS values
are not absolute values but are referenced to a value of 1.0 at a 72.6-ft slope
length and 9% steepness.

Procedures are developed in this section for predicting soil loss on uniform
slopes, where steepness is the same over their entire length; on irregular or
nonuniform slopes that may be concave, convex, or complex; and on a
particular segment of a slope.

Tables 4-1, 4-2, 4-3, and 4-4 give LS values for uniform slopes. These

tables should be used for RUSLE-type slopes with a fairly uniform surface.
Table 4-1 is used for rangeland and pasture where the ratio of rill to interrill
erosion is low. Table 4-2 is used for cropland where the ratio of rill to
interrill erosion is moderate. Table 4-3 is used for construction sites where
the ratio of rill to interrill erosion is high and the soil has a strong tendency to
rill. Table 4-4 is used for thawing soil where most of the erosion is caused
by surface flow.

In tables 4-1, 4-2, and 4-3 for slopes longer than 15 ft, S is calculated from
equations [4-4] and [4-5]. For slope lengths of 3-15 ft and steepness greater
than or equal to 9%, LS values were calculated for the 3-ft slope length using
the short-slope equation [4-6] for S and equations [4-3], [4-2], and [4-1] with
A =15 ft for L. Then for a given slope length of 3-15 ft and a given
steepness, a linear relationship (based on the logarithm of length) was used to
interpolate between the logarithm of LS at 3 ft and the logarithm of LS at 15
ft to provide intermediate LS values. For slopes of less than 9%, equation [4-
4] was used for S, and equations [4-3], [4-2], and [4-1] with A = 15 ft were
used for L. The short-slope equation [4-6] was not used because for very low
slopes, the criterion of free draining would not be met. The inapplicability of
equation [4-6] is illustrated by the fact that for very low slopes, the use of
equation [4-6] indicates a'larger LS value at 3 ft than does the use of equation
[4-4] at 20 ft.

The range of LS values for slope lengths of 15-1,000 ft is much greater in
table 4-3 than in table 4-1, indicating that the range in L is smaller when
interrill erosion is dominant than when rill erosion is dominant. Use of the
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Irregular and
Segmented Slopes

72.6-ft slope length and 9% steepness as unit conditions in RUSLE leads to
the unexpected result that LS values on short slopes for highly erodible
conditions (table 4-3) are smaller than those for less erodible conditions (table
4-1). The difference in overall soil loss is accounted for in the K and C
factors. Conditions where soil loss varies little with slope length generally
have relatively low C-factor values: less than 0.15. Conditions where soil loss
varies greatly with slope length typically have high C-factor values. No LS
values for slopes shorter than 15 ft are given in table 4-4. At this time, there

- are no data to use to develop relationships for short slopes under thawing soil

conditions.

The shape of a slope affects the average soil loss and the soil loss along the
slope. For example, the average soil loss from a convex slope can easily be
30% greater than that for a uniform slope with the same steepness as the
average steepness of the convex slope. The difference in soil loss is much
greater for maximum erosion on the slopes. The average erosion on a
concave slope that does not flatten enough to cause deposition is less than that
on a uniform slope that is equivalent to the average concave-slope steepness.
Maximum erosion along a concave slope, which occurs about one-third of the
way along the slope, may nearly equal the maximum erosion on a uniform
slope. Therefore, when the slope shape is significantly curved, use of the
procedure for an irregularly shaped slope (outlined below) should be
considered (Foster and Wischmeier 1974).

If a nonuniform slope of unit width is broken into a number of segments,
each with similar characteristics, an equation for sediment yield from the ith
segment is (Foster and Wischmeier 1974)

[4-9]

| i I A |

E, = RK,CP;S, (;;“*‘ - x;‘il*l) / (72.6)™

where

E, = sediment yield from ith segment from top of slope,
R = rainfall and runoff factor,

K, = soil erodibility for ith segment,

C; = cover-management factor for ith segment,

P, = support practice factor for ith segment,

S; = slope steepness factor for ith segment, and

L. = length (ft) from top of slope to lower end of ith segment.

1
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The soil loss per unit area, A;, for the ith segment is then the sediment yield
from that segment divided by the segment length, as follows:

A, RKCPS(A"‘” A’“*‘) (A -A, )(72.6)"' [4-10]

| D U S A )

The term S, ()»mﬂ )Lmﬂ) (k -A, ) (72.6)™ in equation [4-10] is the effective
LS for the segment.

These relationships are applicable to any slope that meets the criteria for the
application of RUSLE. The slope segments can be of unequal length.
Computations with unequal slope lengths are most easily handled with a digital
computer, for example, by use of the RUSLE computer program. However, to
illustrate application of the method, slopes of equal segment length will be used.
The term for effective segment LS becomes

LS. =S {ix)" "' -[G-1)x[""} / [ix-(G-1)x] (72.6)"
=sx ™ [i”-G-1)™""]/ (72.6)"

[4-11]
where

LS, = effective LS for ith segment, and
x = length in ft of each segment.

An additional relationship that proves useful is the soil loss per unit area, A,
from any segment of a uniform slope, as follows:

A,=RK CPS{ix)" " -[(-1)x]™"'} / (72.6)™ x [4-12]

11 11

The total soil loss per unit area from a uniform slope of n segments of length x is

A =RKCPS(nx)™ / (72.6)™ [4-13]
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If equal RKCP values along the slope are assumed, the ratio of soil loss from
any segment to soil loss from the total slope is

A /A ={ [ -G@-Dom] 1 (72.6)" «}H72.6)"(axy™}
= [i=1-a-n=1]/ @™ [4-14]

Values of A;/A for a range of values of m appear in table 4-6.

The simplest irregular-slope case is for soil and cover to be constant along the
slope. To apply the irregular-slope procedure, the convex, concave, or complex
slope is divided into equal-length segments and the segments are listed in the
order in which they occur on the slope, beginning at the upper end (as shown in
table 4-7). The number of segments depends on how many are required to treat
each segment as uniform for practical purposes. In many situations, three
segments are sufficient, and more than five are seldom needed.

The segments and their slopes are listed in order from the top of the slope,
columns 1 and 2 of table 4-7. Then the LS values for the entire slope length at
the segment slopes are selected from tables 4-1, 4-2, 4-3, or 4-4 and are listed in
column 3. In this example, a moderate ratio of rill to interrill erosion is
assumed; thus table 4-2 is used. The ratio of soil loss from the segment to total
soil loss is selected from table 4-6, based on the m value from table 4-5, and
listed in column 4. Interpolation may be required. (If the evaluation is from a
thawing soil, an m value of 0.5 is used.) Column 5 is the product of columns 3
and 4 divided by the number of segments. The total of the values in column 5 is
the LS value for the entire slope. The segment LS is given in column 6 as the
product of columns 3 and 4. This value will predict average soil loss in a given
segment.

In this example, the LS value that gives the average soil loss for the convex
slope is 3.76 versus a value of 2.84 for a 400-ft-long uniform slope with a
gradient of 10%, the average steepness of the convex slope. Average soil loss
on the convex slope is about 32% greater than that on the uniform slope.

The maximum erosion in this example occurs at the end of both the uniform and
convex slopes. From table 4-7, the maximum segment LS is 7.58 for the convex
slope and (2.84 x 1.38 =) 3.92 for the uniform slope (enter table 4-6 with an
exponent value of 0.52 for segment 3). That is, soil loss over the lower third of
the convex slope is almost double that for the lower third of the uniform slope.
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For a concave slope of the same length with the segments in reverse order, the
values in column 3 would be listed in reverse order. The data for a concave
slope are given in table 4-8. The weighted average LS for the concave slope is
about 15% smaller than that for an equivalent uniform slope. The maximum soil
loss for a segment, as indicated by the segment LS values in column 6, is
greatest from the middle segment of the slope. Maximum erosion on this
segment is about 76% of maximum erosion on the lower length of the uniform
slope. Average soil loss on the concave slope is about 85% of that on the
uniform slope.
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CHANGES IN SOIL TYPE OR COVER ALONG THE SLOPE

The procedure for irregular slopes can include the evaluation of changes in soil
type along a slope. The values in column 5 of table 4-7 or 4-8 are multiplied by
the respective values of the soil erodibility factor (K) before summing. The
procedure is illustrated in table 4-9. In the example, by use of the data from
table 4-7, the erosion on the last segment is seen to be 14 times that on the first
segment, whereas it was only 10 times that when K was uniform along the

“convex slope. This example illustrates how erosion can be great if an erodible

soil occurs on the lower end of a convex slope. Average soil loss for the convex
slope, based on the sum of values in column 6, is 45% greater than that
estimated for the average K (0.32) on an equivalent uniform slope.

Within limits, the procedure can be further extended to account for changes in
the C and P factors along the slope by adding a column of segment C and P
values. The procedure applies to the segments experiencing net erosion but not
to the segments experiencing net deposition. The amount of deposition cannot
be estimated by RUSLE.

The soil loss from any segment of a slope can be estimated by the irregular-slope
procedure previously presented (column 6 in tables 4-7 and 4-8 is the segment
LS). This value can be used with the pertinent RKCP value for the slope to
estimate average soil loss from the particular segment. Similarly, column 7 in
table 4-9 is the segment KLS and can be used with the RCP value for the slope
to estimate average soil loss from the particular segment.
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ALTERNATIVE METHOD FOR ESTIMATING LS FOR A SEGMENT

One application of the irregular-slope procedure is to estimate soil loss on a
slope segment and compare that against a soil-loss-tolerance value. The
irregular-slope procedure was illustrated previously to show how average
erosion for segments along a slope can be computed.

A modification of the procedure can also be used. The slope is divided into
equal-length segments like the three segments for the convex slope in table 4-7.
Assume that a soil-loss estimate is needed for segment 3. Find the LS value
from table 4-2 for a uniform slope having the steepness of the segment and total
slope length to the lower end of the segment (400 ft). In this example, this LS
value is 5.34. Multiply this value by the soil loss factor, 1.42, in table 4-6 using
the value for the third segment in a three-segment slope. The product is 7.58,
which is the LS value to use for computing erosion for the segment.

Computation of LS for the second segment requires obtaining the LS value for
the uniform slope based on the segment steepness and the length to the lower
end of the particular segment (267 ft). The LS value is 2.29 in this example.
The third segment has no effect on what happens on the upslope segments; when
the user is working on the second segment with this approach, the problem
becomes a two-segment slope. Therefore, the factor value, 1.30, chosen from
table 4-6 is for the end segment of a two-segment slope. The LS for the second
segment is (2.29 x 1.30 =) 2.98, which is the same value obtained earlier in table
4-7.
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RELATION OF SOIL-LOSS-TOLERANCE VALUES TO SEGMENT
EROSION

Soil-loss-tolerance values given in soil surveys are based on average soil loss
along a uniform slope (Schertz 1983). Even on a uniform slope, soil loss on the
lowest segment of the slope may be as much as 70% greater than the average
value for the slope. Slope-average soil-loss-tolerance values must first be
adjusted before soil-loss values for segments along an irregular slope are
compared to them. This adjustment takes into account the position on the slope
and is made by multiplying the slope-average soil-loss-tolerance value by soil-
loss-factor values from table 4-6. The procedure is illustrated for a uniform
slope on cropland where RKCP = 1.0 is assumed and the soil-loss- tolerance
value, T, is 2.0 ton- acre’l- yr’l. The adjusted soil-loss-tolerance values for three
segments along a 10% uniform slope of 400-ft length are 2.0 x 0.57 = 1.14 ton -
acre’l- yr'l for segment 1,2.0 x 1.05=2.10 ton- acre™!- yr'! for segment 2, and
2.0 x 1.38 = 2.76 ton- acre’l- yr'! for segment 3. The soil-loss-adjustment factor
for each segment is determined by entering table 4-5 with the appropriate slope
and rill to interrill ratio, obtaining an m value (0.52 for a 10% slope and
moderate rill/interrill ratio), and then selecting the appropriate factor for each
segment from table 4-5. In this example, interpolation is required. The average
soil loss for this slope is the product of (LS)(RKCP) or (2.84)(1.0) = 2.84 ton -
acre’l- yr'l. Soil-loss values along the slope are found by multiplying this value
by the same factor values from table 4-6 that are used to adjust T values for
position on the slope. These products give the values of 1.62, 2.98, and 3.92
ton- acre’l+ yr'! for segments 1, 2, and 3, respectively. The soil-loss values are
now uniform with respect to the adjusted soil-loss-tolerance values along the
slope.

For the convex slope in table 4-7, the initial adjusted T values are 1.28, 2.10, and -
2.84 ton- acre’l- yr'! for segments 1, 2, and 3, respectively. The mean of these
initial segment values is 2.07 ton- acre’l- yr'l, greater than the tolerance for a
uniform slope of steepness equal to the average of the segment steepness.
Therefore, the user’should multiply each segment adjusted T value by the ratio

of 2.00/2.07 = 0.96 to produce an average slope tolerance of 2.0 ton- acre’l- yr'l.
The final segment adjusted tolerance values are then 1.23, 2.03, and 2.74 ton-
acre’l- yr'l for segments 1, 2, and 3, respectively, whereas the soil-loss values

for the segments are 0.72, 2.98, and 7.58 ton- acre’l- yr'l. The user should note
that soil loss on the upper segment is much less than the adjusted T value;
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therefore, erosion on the first segment is considered to be within allowable
limits. However, the soil loss on the last segment is much greater than the
adjusted T value, so soil loss is judged to be excessive on the last segment of the
convex slope.

For the concave slope in table 4-8, the initial adjusted T values are 1.06, 2.10,
and 2.60 ton- acre™l- yr'! for segments 1, 2, and 3, respectively. The mean of
these initial segment values is 1.92 ton- acre’!» yr'l, less than the tolerance for a
uniform slope of steepness equal to the average of the segment steepness.
Therefore, the user should multiply each initial segment adjusted T value by the
ratio of 2.00/1.92 = 1.04 to produce an average slope tolerance of 2.00 ton
acre’l- yr'l. The final segment adjusted tolerance values are then 1.10, 2.19, and
2.71 ton- acre’l- yr'! for segments 1, 2, and 3, respectively, whereas the soil
losses along the slope are 2.83, 2.98, and 1.47 ton- acre’l- yr'l. The soil-loss
values for the upper two segments exceed the adjusted T value, and management
practices are chosen to reduce these values to the adjusted T value.
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GUIDES FOR CHOOSING SLOPE LENGTHS

In training sessions, more questions are asked about slope length than about any
other RUSLE factor. Slope length is the factor that involves the most judgment,
and length determinations made by users vary greatly. Figure 4-1 illustrates the
major slope-length situations that are found in the field. However, additional
guides are useful, especially for rangelands and forest lands.

Actually, an infinite number of slope lengths exist in the field. To apply
RUSLE, erosion can be calculated for several of them and the results averaged
according to the area represented by each slope length. Sometimes a particular
position on the landscape is chosen as the location for a slope length. To
establish the ends of the slope length, the user walks upslope from that position,
moving perpendicular to the contour, until the origin of overland flow is
reached. Often this point is not at the top of the hill but at a divide down the
nose of a ridge (illustrated in fig. 4-2).

The lower end of the slope length is located by walking downslope
perpendicular to the contour until a broad area of deposition or a natural or
constructed waterway is reached. These waterways are not necessarily eroded or
incised channels, and this lack of channels can make it difficult to determine the
end of slope. One aid is to visualize the locations on the landscape where eroded
channels or gullies would naturally form. Figure 4-2 illustrates one area where
such waterways are located.

If a slope flattens enough near its end, deposition may occur. When erosion and
deposition rates are low and erosion has not recently occurred, deposition begins
at the point where slope has decreased to about 5%. Deposition does not
necessarily occur everywhere a slope flattens.

Sometimes slope decreases as shown in figure 4-3. On those slopes, deposition
can end and erosion can occur on the lower end of the slope. To approximate
where deposition efds, the user should do the following: First calculate the ratio
of the slope steepness at the end to the slope steepness where deposition begins.
Subtract that ratio from 1.0, multiply that difference by the distance from where
deposition begins to the end of the slope, and add that product to the distance
where deposition begins. To illustrate, assume a 400-ft-long slope with a 2%
slope at the end. Assume that deposition begins at 250 ft, where the slope is 5%.
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The ratio of the slope steepness is 0.40, and the distance from where deposition
begins to the end of the slope is 150 ft. The location where deposition ends is
250+(1.0-0.40)(150) = 340 ft. This procedure, an approximation to results of
CREAMS simulations, is for gently curving slopes. When the change of slope is
very abrupt, deposition may occur over only a 20- to 40-ft distance.

In the case just described, the water is assumed to flow uniformly as broad sheet
flow over the depositional area and onto the downslope eroding area, or from a
relatively flat area at the top of the slope onto a steep area. The distance to the
origin of flow must be considered in computing soil loss. To compute average
erosion for the slope, only the segments experiencing erosion are used in the
computations. In this case, RUSLE does not compute sediment yield for the
slope. Of course, a diversion ditch across the slope would end the slope length
and a new one would begin immediately below the ditch. Also, broad sheet flow
does not occur in natural riparian vegetation.

All the situations discussed previously have been simplified. A few specific
examples may help the user visualize field slope length. Figure 4-4 is a photo of
rill erosion on a steep small-grain field in the Pacific Northwest. Although the
small watershed is concave, a relatively straight, closely spaced rill pattern has
resulted on most of the slope. The pattern is from the top to the bottom of the
slope or to the flow concentration at the bottom of the swale. For these
particular conditions alone, slope length can be obtained fairly accurately from
U.S. Geological Survey (USGS) 7'-min contour maps with a 20-ft contour
interval.

Figure 4-5A shows a row cropped watershed after a series of storms during the
early stages of crop growth. The concentrated flow channels are spaced rather
closely together, leading to fairly short slope lengths for RUSLE computation.
Even with the 1-ft contour interval map in figure 4-5B, realistic slope lengths are
difficult to estimate without the aerial photograph for guidance.

The effect of different crop managements on the upper and lower portions of a
slope is illustrated in figure 4-6. The boundary between the two managements
occurs at about the middle of the slope. Presence of the snow drift on the upper
part of the slope causes measured slope length to be a poor predictor of soil loss;
the distance to the fop of the ridge does not provide a realistic estimate of the
length that actually provides the snowmelt. Other than the area where a drill
wheel track diverts the runoff and creates a flow concentration, the rill pattern is
fairly straight and closely spaced. The bottom of the slope where the runoff
collects into a larger channel, or deposits sediment at the toe of the slope, is not
shown.
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Determination of slope lengths on rangeland and forested watersheds is
generally more difficult than determination of slope lengths on cropland because
of the permanent vegetation and the frequently irregular topography of the
former. Three selected small watersheds from the Lydle Gulch and Blacks
Creek drainages east of Boise, Idaho, are shown on a portion of the 7%2-min
USGS quad sheet for Indian Creek Reservoir in figure 4-7. Figure 4-8 is an
example of a steep rangeland watershed with little shrubby permanent
vegetation. Because of the steepness of the watershed, there are few
depositional areas. However, the hillslopes are rough and the ridgetops rounded,
slightly complicating the determination of slope length. Even for this simple
case, the determination of slope lengths by inspecting a 72-min quad sheet with
a 20-ft contour interval would lead to slope lengths longer than those determined
in the field or from a low-level aerial photograph. The slopes of the transects are
irregular, but to conserve space in this publication, LS in figure 4-8 was
calculated from the total horizontal slope length and total fall.

Figure 4-9 is a photograph of a more complex rangeland watershed. The slope
is flatter than that on the area in figure 4-8, and numerous large mounds make
the topography very uneven. The drainage channels are rather broad, vegetated,
and poorly defined, and the watershed boundaries are difficult to delineate. The
shrubby permanent vegetation is more prevalent than that on figure 4-8,
obscuring the flow paths on aerial or oblique photographs. Slope lengths are
best determined by field inspection. The use of maps with even a 2-ft contour

interval will lead to slope lengths much longer than those determined in the
field.

The complex and irregular rangeland watershed that appears on figure 4-10
exemplifies conditions frequently found in the field. The watershed is of low
slope, has undulating topography with numerous hummocks or mounds, and has
shrubby permanent vegetation that masks the drainages. The determination of
slope lengths even by field inspection is difficult, particularly when the grass
cover is at its maximum and not yet reduced by grazing.

Figure 4-10 shows a complicated flow system where shrubs, grass clumps, and
litter are isolated in hummocks scattered over rangeland, and in effect where
water flows down a local slope to a locally concentrated flow area. This flow
system may be tredted as follows: If flow patterns around and among the
hummocks are basically parallel, do not treat the flow concentrations as the end
of a short slope length. Choose slope lengths by visualizing the surface as being
smooth without the hummocks. If, however, major deposition occurs upstream
of the hummocks and/or the flow pattern meanders without a direction, treat the
slope lengths as short. Note that on figure 4-10, some of the transects pass
through clumps of shrubby vegetation.

120



Slope Length and Steepness Factors (LS)

ACKNOWLEDGMENT

The assistance of Clifton W. Johnson (retired), hydraulic engineer, USDA-ARS,
Northwest Watershed Research Center, Boise, ID, in obtaining photographs and
field documentation is gratefully acknowledged.

121



Chapter 4.

"(ueoyiubls aue UOIS0JD |IU pue [IUBIUL YIog aJayMm [1os Buimeyy o) a|qedlidde) JaA0D Ljim SUOHIPUOD |I0S PaIepI|oSU0D Jaylo pue puejabuel Joj se yong,

LLve 89°0¢  L1°92 26°02 oLl €9l 9zl 9Lzl L6 628 £9'9 ¢Sy iye 98¢ 62'¢ 9L L1670 009
[A4: 14 GG'6Z 89°1T 65°LL 90°GL g9'¢cl gL Letol €e'8 14 W vL's g6't  00¢ ¥5°¢ 90'¢ 4" 16°0 005
Wee 966 61°L) e'el 66°11 16°0L 16 Le'8 8L'9 ¥8'G gLy og'e  ese LT 6.1 ge'L G680 oor
996l L' R4 I 1 42 66'6 89'8 ¥6'L bl 8L'9 206 ov'y 09'¢ L6¢ 00T 6L} 8yl 9l'L L0 0oe
9zt yO'LL 596 L6°L 96'9 6€'9 9L'G €06 o'y €9t 00¢ AN VA 1ot 11> S0'L  €L0 0'se
$6°'8 oi's L g6 ve's 54 8e'y S9°€ e ¥8'c LEC LA 1 T Ll €6°0 890 002
6€'9 28'G LIS L&y 88t 09t 8zt 16'¢ 9r'e 8¢ g8l ge'l 2L vO'L ¥6°0\ ¢80 S90 09l
8L's |74 €Ty 09'¢ Ie’e 66°¢ €L2 ¥¥e 80'¢C gg'l 8G°L 0C’L 860 <260 G8'0 9.0 €90 oyl
[444 0L'e (4% g8'e 96°¢ 6€'C 0ze 61 694 gL et L0’k €80 080 SL0 0L'0 19°0 0¢l
€6'2 LL'e S¥'e 4 ¥4 a6’ 08 L9°L 1g' et 6¢} €0’} 180 890 990 $9°0 €90 090 0ol
S0°C 167l 174 €6°1 o'l [4>" 1 TAN 2Ll 660 060 6.0 ¥9'0  ¥50 ¥S°0 ¥5°0 $5°0  ¥5°0 0’8
ov'L el 12484 80°L 00°L S6'0 060 €80 ¥L0 890 190 050 ¥¥0 ¥¥O 124} ¥WOo  v¥0 09
oL Yo'l L6°0 480 18°0 8L0 €0 89°0 290 L8°0 250 ¥r0 880 8E0 8¢0 8€’0  8g0 0's
(44 840 vL0 490 €90 190 850 ¥$°0 050 o¥'0 1340 9’0 €e'0  €€0 €€'0 €60 €80 o'y
L5°0 gg'0 250 8y 0 9¥°0 124" ev'0 o¥'0 8€0 98¢0 £€°0 620 920 920 92’0 9z'0 920 oe
ge'o $e°0 £€0 1€°0 0€'0 620 8¢'0 20 92’0 ST°0 A 20 020 o020 0z'0 [STALV T 0¢
L0 L1°0 91’0 9l'0 S0 G0 GL'o GL0 1424 {0 €0 €0 2’0 2o cLo [A% A ot
60°0 600 600 60°0 60°0 600 600 60°0 600 800 800 80'0 800 800 80'0 800 800 g0
S0°0 S0°0 S0°0 S00 S0'0 G0'0 §0°0 S0°0 S0'0 S0°0 G00 §0°0 S00 S00 $0°0 §00 S0°0 (4]

- (%)
000l 008 009 0o¥ 00¢ 052 002 0sl 00l GL 0S 14 Gl cl 6 9 €> adolg

() wiBus; adojs jejUOZUOH

3

"U0IS0Ia [|LIBJU] 0 ||U JO OBJ MO] 10§ ‘T “Jojoe)2iydesBodoy} Joj sanjep

‘¥ olqel

122



Slope Length and Steepness Factors (LS)

(10s Bupmeyy o} s|qeoidde jou) JBAOD 3}BJSPOLW-O}-3}}i| YIIM SUO

U09 |10 PalEp|oSU0D A|9}elapow Jayje pue jeinynoube paddoso-mol Jo} se yong,

0L2 96 €99 G¥IZ  9ETT  ¥96L  9L9L  GUEL €20,  €€8  ¥T9 18e  §9Z  €zZ 8Lt 0€L  9L0 009
0¥y G9LE  8L0E  LL'€Z  ve'BL L99L  9TvL  99'LL 8.8 VL Oo¥S  zee LT L6L eS8l 120 005
8r¥e 0967  2ZEVZ  E€¥8L  pL'SL  LEEL L¥LL €¥6 vLL 186 S¥y LT S6L - 8L geL  G0'L §9°0 0°0¥
le'¥Z 6602 L8lL  OCEL L0'LL 96 £r'g 869 vE'S ¥y 68C 17 €L vEL . €L 680 650 0'0€
cL'6L 86'9L  08€EL  G90L 998 88°L £8'9 69'G 6CY 9t 28T 18 0EL 9L 00b 080 950 0'se
66'€L 022  €TO0L  L6L 89°9 166 12§ 9g'y or'e 68z 2ZZT S¥L  90L 960  §8°0 LL0 IS0 00z
2001 6.8 e 98'g 56 Sy 06'€ oce 09 0z €41 GLL  §80  BLO  TL0, €90 6¥0 09l
N TN 10'9 AR 60 69°¢ A 9L'T 6L 98’k  8¥L  00L S0  0L0 G690  8S0 8¥O o'yl
82’9 99 SLy 19'E 9z'¢ $6'2 192 €22 6.1 €5L €Tl ¥80 Y90 190 850 €S0 L¥O 02l
95y  90'¥ 0s°¢ ¥8e e XA 86'L A 8ce’l 64 L60  L90 2ZE0 IS0 0S50  8¥0  9¥0 00l
SLI'e €8¢ e €02 Ll Z9'1 Sv'l 9z'1 v0'L 160  ¥L0 €50 Z¥O0  Z¥0  T¥0  Z¥0  Z¥O 0’8
Lz 16l 69'L g TAl! 9Ll 501 £6°0 8.0 690 850 E€¥0  ¥EO  ¥ED  ¥EO0  VED  vEO 09
€9l 67}, ee'} AN 101 £6'0 g8°0 9.0 §9°0 860  6¥0  LE0 080 00 00  0€0 0€0 0's
611 0L) 660 980 L0 L0 L9°0 090 250 Ly 0¥0 Llg'0  9Z0 8Z0 90 90 920 o'y
080 SL0 890 09°0 §6°0 250 8y'0 v¥0 €0 9e0 €0 §T0 TO 20 0 20 2O 0¢
LF0  v¥0 Lo L£0 6¢'0 £€°0 LE'0 620 120 §Z0 ZZ0  6V0 L0 L0 LD L0 1O 0z
0Z0 020 610 810 L1'0 10 910 510 v1°0 T2 TR > o B A RN A T B o B A AN IR ) 0’4
010 010 0L'0 0L'o 600 600 600 600 600 800 800 800 00 200 L0000 .00 §0
900 900 90°0 $0°0 §0°0 500 500 500 500 00 600 G000 GO0 