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ABSTRACT 

This paper reviews briefly the development of a wind erosion equation from 
approximately 30 years of research to delineate major causes of wind erosion. Soil loss in 
tons per acre per year i s  predicted as a function of field width, soil erodibility, soil rough- 
ness, climate, and vegetation. Soil erodibility decreases as percentage of nonerodible soil 
fractions exceeding 0.84 mm increases. Rough surfaces are less erodible than smooth 
ones. The climatic factor i s  an index of the influences of moisture content in the surface 
soil particles and the average windspeed on the rate soil i s  moved by wind. The rate at 
which soil moves increases with distance downfield until maximum flow is  reached. Fine- 
textured, standing residues reduce wind erosion more than do coarse-textured or flattened 
residues. 

The equation was designed to determine potential erosion from a particular field, 
and the field conditions of soil cloddiness, roughness, vegetative cover, and sheltering by 
barriers necessary to reduce potential erosion to a tolerable amount. The equation has 
been used widely for those purposes and several others. Some sources of error in using 
the equation are: 1) Variation of wind and precipitation from the average, 2) inac- 
curacies in converting from relative field erodibility to annual soil loss, 3) relationships 
among variables not defined for a l l  combinations of field and climatic conditions, 4) sea- 
sonal variation of field erodibility, and 5) inherent uncertainties in the empiricism of the 
equation development. Research that would further enhance the utility of the equation 
includes: 1) Determining the percentage of eroded material that enters suspension, 
2) converting from a deterministic to a stochastic model, 3) applying the equation to 
single windstorms, and 4) adjusting the equation to apply to large-scale, rather than 
single field sites. 

Wind erosion i s  severe in many areas of the United States and the world. 
It is  the dominant problem on about 30 million hectares of land in the 
U.S. On the average, about 2 million hectares are moderately to severely 
damaged each year, Some soil from damaged lands enters suspension 
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and becomes part of the atmospheric dustload. Hagen and Woodruff' 
estimated that eroding lands of the Great Plains contributed 244 and 
77 million tons of dust per year to the atmosphere in the 1950's and 
1960's, respectively. Since the dust bowl days of the "dirty thirties," 

. numerous studies to understand the mechanics of the wind erosion 
process, identify major factors influencing wind erosion, and develop 
wind erosion control methods have led to the development of a wind 
erosion equation? 

This paper presents the state-of-the-art and science of the wind 
erosion equation by tracing its development and identifying its applica- 
tions and limitations. 

ERODIBILITY INDEX . 
Soil erodibility (ease of detachment and transport by wind) was 

recognized early as a primary variable affecting wind erosion. From 
wind tunnel tests, ChepiP determined relative erodibilities of soils 
reasonably free from organic residues as a function of apparent specific 
gravity and proportions of dry soil aggregates in various sizes. Clods 
larger than 0.84 mm in diam were nonerodible in the tests. Since then, 
the nonerodible soil fraction greater than 0.84 mm, as determined by 
dry sieving, has been used to indicate erodibility of soil by wind. In an 
early version of the wind erosion equation'4 it was one of three major 
factors developed from results obtained principally with a portable 
wind t~nne1.516~7 

A dimensionless soil-erodibility index, 1,49 was based on the non- 
. . erodible fraction (percentage of clods exceeding 0.84 mm diam). The 

quantity of soil eroded in a tunnel i s  governed by the tunnel's length 
and other characteristics; therefore, erodibility was expressed on a 

,. dimensionless basis so that for a given soil and surface condition, the 
same relative erodibility value would be obtained regardless of wind 
tunnel characteristics.10 The soil erodibility index was expressed as 

where X, i s  the quantity eroded from soil containing 60 percent of clods 
exceeding 0.84 mm, and X, i s  the quantity eroded under the same set of 
conditions from soil containing any other proportion of clods exceeding 
0.84 mm. Soil erodibility index, I, gave a relative measure of erodibility, 
but actual soil loss by wind was not known. 

Therefore, during the severe wind erosion seasons of 1954-56, 69 
fields were studied from January 1 through April 1 in western Kansas 
and eastern Colorado to determine the quantity of soil loss (tons per 



acre per year) for any field erodibility as determined from various field 
conditions.10 The average depth of soil eroded usually was indicated by 
depth to which wheat crowns and roots were exposed. 

Seasonal loss was converted to annual soil loss, and relative field 
- . erodibility for each field was determined by procedures previously 

outlined.4~9~1 The relation between annual soil loss and relative field 
erodibility was 

* 

Y = axb  - l/cdX (2) 

where Y i s  annual soil loss (tons per acre), X i s  dimensionless relative 
field erodibility, and a, b, c, and d are constants equal to 140, 0.287, . 
0.01525, and 1.065, respectively. Chepillo recognized that inaccuracies 

e in measuring relatively small annual soil losses from depth of soil 
removal made conversion of relative field erodibility to annual soil loss 
by Eq. 2 highly approximate. 

When a field is  smooth, bare, wide, unsheltered, and noncrusted, 
its relative erodibility i s  equivalent to the soil erodibility index defined 
by Eq. 1. When I i s  substituted for X in Eq. 2, potential annual soil loss 
in tons per acre is  obtained. Eq. 2 was multipled by 1/3 to account for 
natural crusting of soils and then used to generate Woodruff and Siddo- 
way's table2 for erodibility of soils with different percentages of non- 
erodible fractions exceeding 0.84 mm. Soil erodibility index (I) i s  
multiplied by a factor to account for increased erodibility of knolls on 
windward slopes of less than 150 m. 

RIDGE ROUGHNESS FACTOR 

1 Chepil and Mihe," investigating the influence of surface rough- 
ness on intensity of drifting dune materials and cultivated soils, found 
that the initial intensity of drifting was always much less over a ridged 

1 surface. Ridging cultivated soils reduced the severity of drifting, but 
ridging highly erosive dune materials was less effective because the 

I 

ridges disappeared rapidly. The rate of flow varied inversely with sur- 
face roughness. 

Early versions of the wind erosion equation4~9~13 contained a ridge 
roughness equivalent as the product of residue and ridge roughness. 

Because it was difficult to determine surface roughness by measur- 
ing surface obstructions, Zingg and Woodruff' devised a method to 
determine surface roughness from pressure relationships in a wind- 
tunnel duct. The roughness was controlled by constructing ridges of 
nonerodible gravel. They varied the height of ridges progressively from 
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1.3 to 15.2 cm with a 1-to-4 ratio of ridge height to spacing. This cali- 
bration of a portable wind tunnel was used to  evaluate ridge roughness 
equivalent for many field surfaces.13 

As the wind erosion equation evolved, the influences of soil ridge 
- . roughness and vegetative cover were distinguished and treated inde- 

pendently in more detail. Armbrust, Chepil, and Siddowayl4 studied 
the effects of ridge roughness equivalent on total quantity of eroded 

- material from three simulated, cultivated soils exposed to different 
friction velocities. From their data, a curve can be constructed showing 
the relationship between relative quantity of eroded material and ridge 
roughness equivalent. Presumably, this was the origin of the chart 
(Fig. 4)2 showing a soil ridge-roughness factor as a function of soil ridge 
roughness so that a ridge roughness equivalent of 6 cm reduces wind 

. erosion 50%. As roughness increases to  about 11 cm, the soil ridge- 
roughness factor remains about constant; then, with additional rough- 
ness, the effectiveness of ridges gradually decreases. 

The Soil Conversion Service15 evaluates fields as either smooth, 
semiridged, or ridged, depending o n  equivalent ridge roughness, and 
then assigns 1.0, 0.75, and 0.50, respectively, as soil ridge-roughness 
factors. 

CLIMATIC FACTOR 

To determine average annual soil loss for climatic conditions other 
than those occurring when the reiationship between wind tunnel and 

- - 
field erodibility were obtained, Chepil, Siddoway, and Armbrust16 
proposed a climatic factor. It is  an index of the average rate of soil move- 
ment by wind as influenced by moisture content in surface soil 
particles and average windspeed. 

The soil moisture term of the climatic factor of the wind erosion 
equation was developed on the basis that erodibility of a soil varies 
inversely with the equivalent moisture in surface soil particles.17 Effec- 
tive moisture of the surface soil particles was assumed to  vary as indi- 
cated by the Thornthwaitels P-E index developed to evaluate 
precipitation effectiveness. The P-E index i s  the sum of 12 monthly 
precipitations divided by evaporation ratios. Its validity was checked 
by comparisons with plant growth. 

The windspeed term of the climatic factor i s  based on the rate of 
. soil movement being proportional to windspeed cubed. Several 

researcherslg-21 have reported that when windspeed exceeds that 
required barely to move the soil, the soil movement rate i s  directly 
proportional to friction velocity cubed. Over a specified surface, wind- 
speed and friction velocity are proportional. 



The long-term average windspeed and soil moisture index at 
Garden City, Kansas, i s  the reference for the climatic factor. It i s  
expressed as C = 100 u3/2.9 (P-E)2, where u i s  the corrected mean annual 
windspeed for a standard height of 30 feet, P-E is an index of equiva- 
lent moisture in surface soil particles, and 2.9 i s  the approximate average 
value of uj/(P-E)2 for Garden City, Kansas. 

Monthly windspeeds are used in lieu of annual windspeeds to  
determine monthly C values for calculating erosion when plant damage 
or certain periods of the year are the major interest.22 Climatic factor 
maps have been prepared for the major wind erosion areas of the 
United States.23 

FIELD WIDTH 

Chepil and M i l r ~ e ~ ~  reported that rate of soil movement began with 
zero on the windward side of fields or field strips and increased with 
distance downwind. Later ChepiP* found that the cumulative rate of 
soil movement with distance away from the windward edge of eroding 
fields was the main cause of steadily increasing amounts of erosive 
particles, increasing abrasion, and gradual decrease in surface rough- 
ness along the direction of wind. He called the increase in  rate of soil 
flow with distance downwind "avalanching." 

"Rate of soil flow increased with distance downwind across an 
eroding field until, if the field was large enough, it reached a maximum 
that a wind of a given velocity can carry. Beyond that point the rate of 
flow remained essentially constant."26 That maximum was about the 
same for soil of any texture-about 2 tons per rod width per hr for a 
40-mph wind at 50 ft. The rate of increase for various textured soils was 
the same as the order of erodibility of the soil textural classes. 

The distance required for soil flow to  reach the maximum that a 
wind of a given velocity can carry varies inversely with erodibility of a 
field surface. The more erodible the surface, the shorter the distance to 
reach maximum flow.11 Although Chepill l related relative wind erodi- 
bility to the distance required for soil flow to reach a maximum, he did 
not explain how he obtained the relationship. Presumable it was 
developed from his earlier work*+-26 in which he presented data for rate 
of soil movement as a function of distance from the windward edge of 
the field for soils that varied widely in erodibility. The relative surface 
erodibility based on four factors (soil cloddiness, crop residue, ridge 
roughness equivalent, and soil abradability) was converted to relative 
field erodibility based o n  additional factors (wind barrier, width of field, 
and wind direction).l These functional relationships between field 
erodibility and field width with the many associated factors gave rise to  
the field-length term of the wind erosion equation.2027 
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Since its publication, the wind erosion equation has had one modifi- 
cation incorporated into the field width term. Previously, field width 
was considered as the distance across a field in  the prevailing wind ero- 
sion direction. Sometimes almost as much wind occurs from one direc- 

. tion as from any other, and thus there i s  essentially n o  prevailing wind 
erosion direction. Therefore, preponderance of wind erosion forces in  
the prevailing wind erosion direction is used to  assess equivalent field 

- width.23J8 

VEGETATIVE FACTOR 

Value of crop residue for controlling wind erosion was recognized 
early, and quantitative relationships were reported.29 From wind tunnel 
tests on plots especially prepared to obtain a range of vegetative cover 
and soil structure, Englehorn et al.30 found the exponential relationship 
that best expressed their results. Subsequent studies4*9J3 expressed the 
relationship in the form X = a I / (RK)~,  where X i s  wind tunnel erodi- 
bility; I i s  soil erodibility index (percent of clods exceeding 0.84 mm); 
R is dry weight of crop residue in pounds per acre; K i s  ridge roughness 
equivalent; and a and b are constants. 

Amounts of wheat straw needed to protect most erodible dune sand 
and less erodible soils against strong winds were established.31l32 Stand- 
ing stubble is much more effective than flattened stubble.13 Standing 
sorghum stubble with rows perpendicular to wind direction controlled 
wind erosion much more effectively than rows parallel to  wind 
direction.30133 

Siddoway, Chepil, and Armbrust34 quantified the specific properties 
of vegetative covers influencing soil erodibility and developed regres- 
sion equations relating soil loss by wind to  selected amounts, kinds, and 
orientation of vegetative covers, wind velocity, and soil cloddiness. 
They found a complex relation between the relative effectiveness of 
different kinds and orientation of residue. The relative value of kinds 
and orientations of residue to control erosion must be qualified by soil, 
wind velocity, and variable characteristics of the residues. Generally 
they concluded that: 1) O n  a weight basis, fine-textured residues are 
more effective than coarse-textured residues, 2) any orientation of resi- 

.- due except flattened decreases wind erosion, and 3) fine-leafed crops, 
like grasses and cereals, provide a high degree of erosion control per 
unit weight. 

Those studies led to the relationship developed by Woodruff and 
Siddoway* showing the influence of an equivalent vegetative cover of 
small grain and sorghum stubble for various orientations (flat, standing, 
hcight), then relating soil loss to  equivalent vegetative cover. In  deter- 
mining the potcnt ial erosion from a pdrt icular field, one considers other 



variables affecting soil loss, i.e., soil erodibility, ridge roughness, cli- 
matic factor, and field length factor, before considering vegetative 
cover. 

Craig and Turelle35 presented equivalent vegetative cover for 
additional crops, including a figure for converting quantity of various 
crop residues (peanuts, soybeans, shredded cotton, guar, sesame, 
standing cotton stalks) to quantity of equivalent flat small grain 
residue. Hayes" suggests that if any residue is  not represented, a curve 
for a residue most like it can be used. Woodruff et a1.37 developed an 
equation for converting cattle feedlot manure to flat, small grain, wind- 
erosion-control equivalent. 

Recent research's indicates that if residue i s  standing and equi- 
distantly spaced, much less residue is needed to control wind erosion 
than had been previously reported. 

EQUATION A N D  APPLICATION 

As a result of all the investigations, a wind erosion equation2 
containing 5 equivalent variables was developed. The 5 were derived 
by grouping some and converting others of 11 primary variables 
known to govern wind erodibility. The general functional relationship 
between the dependent variable, E, (the potential average annual soil 
loss in tons per acre) and the equivalent variables is: E = f(l',Ct,K', 
Lf,V), where I' i s  a soil erodibility index; K' i s  a soil ridge roughness 
factor; C' i s  a climatic factor; L' i s  field length along the prevailing 
wind erosion direction; and V is  equivalent quantity of vegetative 

- cover. Relations among variables are complex, and a single equation 
that expresses E as a function of the dependent variables has not been 
devised. The equation was solved in a stepwise procedure involving 
graphical solutions. 

Because of the many tables and figures required to solve the 
functional relationships of the equation, manual solution i s  cumber- 
some. The need to simplify it was recognized, and a computer solution 
was developed.3g.40 Other efforts to implement the use and improve 
the accuracy of the wind erosion equation include: evaluating the 
monthly climatic factor;22J3 assessing wind erosion forces, prevailing 
wind erosion direction, and preponderance of wind erosion forces in 
prevailing wind erosion direction;23.28 evaluating the erodibility of 
organic soils (Woodruff and Dickerson);' correlating feedlot solids 
with other types of vegetative cover;33 improving trap-strip design; 
and evaluating the wind erosion equation in the design or evaluation 
procedu  re^.^' 

Wind Erosion Research Laboratory Annual Reports, 1971 and 1972. 
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The equation was designed as a tool to determine both the poten- 
tial erosion from a particular field and the field conditions (soil clod- 
diness, roughness, vegetative cover, sheltering by barriers, or width 
and orientation of field) necessary to reduce potential erosion to a 
tolerable amount? The information needed to assess potential soil 
loss from a field is: 1) Percentage of soil aggregates exceeding 
0.84 mm, 2) windward knoll slope, 3) ridge height and spacing, 
4) climatic factor, 5) angle of deviation of prevailing wind erosion 
direction from right angles to field strip, 6) preponderance of wind 
erosion forces in prevailing wind erosion direction, 7) height of wind 
barrier, if any, 8) field width, 9) quantity of vegetative cover, and 
10) type of vegetative cover. Items 4 and 6 can be obtained from the 
literature23 by month for many U.S. locations. Information for 
determining item 5 can be obtained from the same reference. To 
obtain the percentage of soil aggregates exceeding 0.84 mm (item I), 
dry sieving i s  best; however, in practice, this percentage is  often 
determined from wind erodibility groups, based on soil type or 
predominant soil textural class. Other factors can be measured in 
the field or estimated by comparing field conditions with similar 
field conditions for which the factors have been measured. 

The solution of the wind erosion equation gives the expected 
amount of erosion in tons per acre per year from a given agricul- 
tural field. The second application of the equation is  to specify the 
amount of erosion that can be tolerated and then solve the equation 
to determine conditions, i.e., amount of residue, field width, etc., 
to limit soil loss to the specified amount. The equation has been 
used widely for both of these applications.**23~40 The Soil Conservation 
Service has used the equation extensively to plan wind erosion control 
practices and to determine crop tolerance to wind erosion condi- 
tions.14J6J2 The equation also is a useful guide to wind erosion control 
principles.43-45 Other uses of the equation include: 1) Determining 
spacing for barriers in narrow strip-barrier systems;46 2) estimating 
fugitive dust emissions from agricultural and subdivision lands;47048 
3) predicting horizontal soil fluxes to compare with vertical aerosol 
fluxes;49 and 4) estimating effects of wind erosion on productivity.50 

LIMITATIONS A N D  ADDIT IONAL RESEARCH NEEDED 
Although the wind erosion equation i s  extremely useful and 

widely applicable, i t s  users are cautioned that the value obtained 
for E i s  an estimation of average annual potential soil loss. The 
actual soil loss may differ from the potential because of: 1) Varia- 
tion from the average of wind and precipitation, 2) inaccuracies in 
converting from relative field erodibility ta annual soil losses, 



3) relationships among variables not well defined for al l  combina- 
tions of field and climatic conditions, 4) seasonal variation of field 
erodibility, and 5) uncertainties inherent in the empiricism used in 
developing the equation. 

Research needs to improve the accuracy and applicability of 
the wind erosion equation include: 

1. Determining the percentage of eroding soil that can be 
suspended during erosion under a wide range of field conditions 
and the residence time and fate of the various sizes of particles 
suspended by wind erosion. 

2. Refining the soil moisture term of the climatic factor, C, in 
the wind erosion equation. (The current procedures assume that 
effective moisture of the surface soil particles varies with the P-E 
index, but surface moisture content is  transient.51-53 Although a 
method to measure water content of surface soil particles is being 
developed,51.54 drying rate and dryness of particles, as a function 
of hydraulic soil properties and climatic variables, need examining 
and then relating to the wind erosion process.) 

3. Possibly converting the wind erosion equation from a deter- 
ministic to a stochastic model by incorporating probability 
functions for some of the dynamic variables. 

4. Developing a more applicable flux equation to predict rates 
of soil erosion during single windstorms. Equations proposed for 
field soils involve many insufficiently defined parameters. Soil flux . . 
from fields that contain some nonerodible elements decreases with 
time, which suggests that a time function is needed in the pre- 
diction equation. 

5. Adjusting the present equation so that it is applicable on a 
large scale rather than only to a field site. 

ACKNOWLEDGMENTS 
, 

This paper covers research performed by the Agricultural 
Research Service, USDA, in cooperation with the Kansas Agricul- 
tural Experiment Station, Department of Agronomy Contribution 
No. 1452. 

REFERENCES 

1. L. j. Hagen and N. P. Woodruff, Air Pollution from Duststorms in the Great Plains, 
Atmos. Environ. 7: 323-332 (1973). 

2. N. P. Woodruff and F. H. Siddoway, A Wind Erosion Equation, Soil Sci. Soc. Akner. 
Proc. 29: 602-608 (1965). 



WIND EROSION EQUATION: DEVELOPMENT, APPLICATION, LIMITATIONS 46 1 

W. S. Chepil, Properties of Soil Which lnfluence Wind Erosion: II. Dry Aggregate 
Structure as an Index of Erodibility, Soil Sci. 69: 403-414 (1950) 
W. S. Chepil and N. P. Woodruff, Estimations of  Wind Erodibility o f  Field Surfaces, 
j .  Soil Water Conserv. 9: 257-265,285 (1954). 
A. W. Zingg, Evaluation of Erodibility of Field Surfaces With a Portable Wind 
Tunnel, Soil Sci. Soc. Amer. Proc. 15: 11-17 (1951a). 
A. W. Zingg, A Portable Wind Tunnel and Dust Collector Developed to  Evaluate 
the Erodibility of Field Surfaces, Agron. ). 43: 189-191 (1951 b). 
A. W. Zingg and N. P. Woodruff, Calibration of a Portable Wind Tunnel for the 
Simple Determination of Roughness and Drag o n  Field Surfaces, Agron. 1. 43: 
191-193 (1951). 
W. S. Chepil, Soil Conditions That lnfluence Wind Erosion, USDA Tech. Bul. No. 
1185, 1958. 
W. S. Chepil and N. P. Woodruff, Estimations of Wind Erodibility o f  Farm Fields, 
USDA Prod. Res. Rpt. No. 25,1959. 
W. S. Chepil, Conversion of Relative Field Erodibility to  Annual Soil Loss by Wind, 
Soil Sci. Soc. Amer. Proc. 24: 143-145 (1960). 
W. S. Chepil, Wind Erodibility of Farm Fields, j .  Soil Water Conserv. 14: 214-219 
(1959). 
W. S. Chepil and R. A. Milne, Wind Erosion of Soil in Relation to Roughness of 
Surface, Soil Sci. 52: 417-433 (1941a). 
W. S. Chepil, N. P. Woodruff, and A. W. Zingg, Field Study of Wind Erosion in  
Western Texas, USDA, SCS-TP-125, pp. 60, 1955. 
D. V. Armbrust, W. S. Chepil, and F. H. Siddoway, Effects of  Ridges on Erosion of 
Soil by Wind, Soil Sci. Soc. Amer. Proc., 28: 557-560 (1964). 
W. A. Hayes, Desigrling Wind Erosion Control Systems in the Midwest Region, 
RTSC-Technical Note-Agronomy-LI-9, 1972. 
W. S. Chepil, F. H. Siddoway, and D. V. Armbrust, Climatic Factor for Estimating 
Wind Erodibility of Farm Fields, j .  Soil Water Conserv. 17: 162-165 (1x2). 
W. S. Chepil, Influence of Moisture on Erodibility of Soil by Wind, Soil Sci. Soc. 
Amer. Proc. 20: 288-292 (1956). 
C. W. Thornthwaite, Climates of North America According t o  a New Clsssification, 
Ceog. Rev. 25: 633-655 (1931). 
R. A. Bagnold, The Physics o f  Blown Sand and Desert Dunes, William Morrow & 
Co., New York, NY, 1943. 
W. S. Chepil, Dynamics of Wind Erosion: I. Nature of Movement of Soil by Wind, 
Soil Sci. 60: 305-320 (1945). 
A. W. Zingg, Wind-tunnel Studies of the Movement of Sedimentary Materials, I n  
Proc. Fifth Hydraulic Conference, Iowa Institute of Hydraulics Res. Bul. 34, pp. 
111-135, John Wiley & Sons, New York, NY, 1953. 
N. P. Woodruff and D. V. Armbrust, A Monthly Climatic Factor for the Wind 
Erosion Equation, 1. Soil Water Conserv. 23: 103-104 (1968). 
E. L. Skidmore and N. P. Woodruff, Wind Erosion Forces in the United States and 
Their Use in Predicting Soil Loss, USDA, ARS, Agr. Handbook No. 346, 1968. 
W. S. Chepil and R. A. Milne, Wind Erosion of Soils in Relation to  Size and Nature 
of the Exposed Area, Sci. Agr. 21: 479-487 (1941b). 
W. S. Chepil, Dynamics of Wind Erosion: V. Cumulative Intensity of Soil Drifting 
Across Eroding Fields, Soil Sci. 61: 257-263 (1946). 
W. S. Chepil, Width of Field Strips to Control Wind Erosion, Kans. Agr. Expt. 
Sta. Tech. Bul. 92, 1957. 
W. S. Chepil and N. P. Woodruff, The Physics of Wind Erosion and Its Control, 
Advances in  Agron. 15: 21 1-302 (1963) 



E. L. Skidmore, Assessing Wind Erosion Forces: Directions and Relative Magni- 
tudes, Soil Sci. Soc. Amer. Proc. 29:(5): 587-590 (1965). 
W. S. Chepil, Utilization of Crop Residues for Wind Erosion Control, Sci. Agr. 
24: 307-319 (1944). 
C. L. Englehorn, A. W. Zingg, and N. P. Woodruff, The Effects of Plant Residue 
Cover and Clod Structure on Soil Losses by'wind, Soil ki. Soc. Amer. Proc. 
16: 29-33 (1952). 
W. S. Chepil, N. P. Woodruff, F. H. Siddoway, D. W. Fryrear, and D. V.Armbrust, 
Vegetative and Nonvegetative Materials to Control Wind and Water Erosion, 
Soil Sci. Soc. Amer. Proc. 27: 86-89 (1963). 
W. S. Chepil, N. P. Woodruff, F. H. Siddoway, and Leon Lyles, Anchoring Vegeta- 
tive Mulches, Agr. Engin. 41: 754-755,759 (1960). 
E. L. Skidmore, N. L. Nossaman, and N. P. Woodruff, Wind Erosion as Influenced 
by Row Spacing, Row Direction, and Grain Sorghum Population, Soil Sci. Soc. 
Amer. Proc. 30: 505-509 (1966). 
F. H. Siddoway, W. S. Chepil, and D. V. Armbrust, Effect of Kind, Amount, and 
Placement of Residue on Wind Erosion Control, Trans. Amer. Soc. Agr. Engin. 
8: 327-331 (1965). 
D. G. Craig and I .  W. Turelle, Guide for Wind Erosion Control on  Cropland in  the 
Great Plains States, USDA, SCS, Washington, D.C., pp. 104,1964. 
W. A. Hayes, Guide for Wind Erosion Control in the Northeastern States, USDA, 
SCS, 1966. 
N. P. Woodruff, Leon Lyles, I .  D. Dickerson, and D. V. Armbrust, Using Cattle 
Feedlot Manure to Control Wind Erosion,). Soil Water Conserv. 29: 127-129 (1974). 
Leon Lyles, R. L. Schrandt, and N. F. Schmeidler, How Aerodynamic Roughness 
Elements Control Sand Movement, Trans. Amer. Soc. Agr. Engin. 17:(1): 134-139 
(1 974). 
P. S. Fisher and E. L. Skidrnore, WEROS: A Fortran IV Program to Solve the Wind 
Erosion Equation, USDA, ARS 41-174, pp. 13, 1970. 
E. L. Skidmore, P. S. Fisher, and N. P. Woodruff, Wind Erosion Equation: Com- 
puter Solution and Application, Soil Sci. Soc. Amer. Proc. 34: 931-935 (1970). 
Leon Lyles, N. F. Schmeidler, and N. P. Woodruff, Stubble Requirements in Field 
Strips to Trap Windblown Soil, Kans. Agr. Expt. Sta. Res. Pub. 164, 1973. 
W. A. Hayes, Wind Erosion Equation Useful in Designing Northeastern Crop 
Protection, ). Soil Water Conserv. 20: 153-155 (1965). 
john R. Carreker, Wind Erosion in  the Southeast, ). Soil Water Conserv., 21: 
86-88 (1966). 
W. C. Moldenhauer and E. R. Duncan, Principles and Methods of Wind Erosion 
Control in lowa, Special Rpt. No. 62, lowa State Univ., 1969. 
N. P. Woodruff, Leon Lyles, F. H. Siddoway, and D. W. Fryrear, How to Control 
Wind Erosion, USDA, Agr. Inf. Bul. No. 354, 1972. 
L. J. Hagen, E. L. Skidmore, and j. D. Dickerson, Designing Narrow Strip Barrier 
Systems to Control Wind Erosion, 1. Soil Water Conserv. 27: 269-270 (1972). 
PEDCO-Environmental Specialists, Inc., Cincinnati, Ohio, Investigations of Fugi- 
tive Dust-sources, Emissions, and Control, Report prepared under Contract 
No. 68-02-0044, Task Order No. 9, U.S. Environmental Protection Agency, Office 
of Air Quality Planning and Standards, Research Triangle Park, NC, 1973. 
Lee Wilson, Application of the Wind Erosion Equation to Predict Fugitive Dust 
Emissions, 1. Soil Water Conserv., in review for publication. 
Dale A. Gillette, Irving H. Blifford, Jr., and Charles R. FenSter, Measurements of 
Aerosol Size Distribution and Vertical Fluxes of Aerosols on Land Subject to Wind 
Erosion, J. Appl. Meteorol. 11: 977-987 (1972). 



WIND EROSION EQUATION: DEVELOPMENT, APPLICATION, LIMITATIONS 463 

50. Leon Lyles, Speculation on the Effect of Wind Erosion on Productivity, Special 
Rpt. to USDA Task Force on Wind Erosion Damage Estimates, 1974. 

51. S. €3. Idso, R. D. jackson, R. I .  Reginato, 0. A. Kimball, and F. S. Nakayama, The 
Dependence of Bare Soil Albedo on Soil Water Content, Appl. Meteorol. Sub- 
mitted 1974. 

52. R. D. Jackson, Diurnal Changes in Soil Water Content During Drying, In Field 
soil water regime, R. R. Bruce (Ed.) Soil Sci. Soc. Amer. Proc. Special Pub. No. 5 
(1 973). 

53. R. D. Jackson, B. A. Kimball, R. J. Reginato, and F. S. Nakayama, Diurnal Soil-water 
Evaporation: Time-depth-flux Patterns, Soil Sci. Soc. Amer. Proc. 37: 505-509 
(1 973). 

54. E. L. Skidmore, J. D. Dickerson, and H. Schimmelpfennig, Evaluating Surface- 
soil Watcr Content by Measuring Reflectance, Sol1 Scl. Soc, Arner. Proc., 39r 
238-242 (1975), 

OPEN DISCUSSION 

ENG ELMANN : Have you any speculation or observations that 
would bear on the fate and transport of submicron plutonium oxide 
that is  "attached" to  host soil particles of multimicron size in  soil 
prior to resuspension? Specifically, is  the assumption that PuOz 
stays attached to  host soil particles a reasonable assumption? 

SKIDMORE: We have had n o  experience with PuOz; therefore 
we have no basis to judge how tenaciously Pu02 stays attached to  soil 
particles. 

ENGELM.ANN: I s  erosion from a particular field selective as to  
density and shape of particle? For instance, are humus particles or 
cubic particles removed or left selectively? 

SKIDMORE: Wind erosion may be selective. Threshold friction 
velocities are lower for fine (but greater than about 0.1 mm) and low- 
density particles. Since organic particles are low density, they would 
be removed before the mineral portion o f  the soil o f  similar size. 
Selective removal also tends to  remove silt and clay and leave sands 
and gravels behind. If friction velocity i s  great enough that the entire 
soil mass i s  eroded, sorting i s  not likely. Nonselective removal by 
wind is  associated primarily with loess which was already sorted and 
deposited from the atmosphere during past geologic ages. 

ENGELMANN: If  you haven't done so in your paper, would you 
list for the Proceedings. the few summary publications that you 
recommend to the newcomer to this field?. 

SKIDMORE: The following papers present two reviews, wind 
erosion equation, information helpful in  using wind erosion equation, 
use of a computer to solve wind erosion equation, and the last one 
gives a guide to  wind erosion control practices. 
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ONISHI: Since the wind erosion equation is similar to the Uni- 
versal Soil Loss Equation for soil loss due to runoff water, the wind 
erosion equation also has similar deficiencies: 1) This is  not based 
on a dynamic mechanics of soil loss, 2) this provides only total 
amount of soil loss and it i s  difficult to use this equation to solve the 
time variations of soil loss on the ground and in air together with a 
mathematical simulation method. Please comment on these points. 
These problems must be future topics to be investigated. 

SKIDMORE: The wind erosion equation is  used widely for esti- 
mating average annual soil loss from agricultural lands and deter- 
mining the field conditions necessary to limit average annual soil 
loss to a specified amount. But it does not answer a l l  the questions 
for which we would like answers. As you have recognized, we need to 
develop a flux equation to give time variation of soil loss as a function 
of the many variables affecting soil detachment and transport. 

SLINN: Two questions. First, did you use u or u-ut, where ut is 
the threshold velocity, to get your climatic factor? Second, in a recent 
paper by Gillette, et al., they quoted an analytical expression for the 
erosion rate (depending on I, V, R, L, T', etc., and referenced Chepil). 
I thought you used a similar expression in your Agr. Handbook publi- 
cation, yet I thought I heard you say that no analytical formula was 
available. Please resolve this for me. 

SKIDMORE: First question. u was used to determine climatic 
factoy. Second question: The expressions I have seen quoted by 
Gillette, et al. were for wind tunnel or field erodibility which were 
intermediate steps to the development of E = f(l', Kt, C', L', V) as 
given in the Agr. Handbook. The functional relationship of E = f(l', K', 
C', L', V) is nonanalytical in the sense that the expression cannot be 
solved simply by inserting values for the equivalent variables into the 
expression and turning the crank. Relations among some variables are 
complex and solution is obtained in a stepwise procedure involving 
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graphical soluc~ons with use of tables, chart with moveable scale and 
figures. 

HORST: I s  the soil loss accounted for in the wind erosion 
equation a net loss or only the outgoing flux? 

SKIDMORE: The net soil loss from a field was used in convert- 
ing from relative field erodibility to annual soil loss. 


