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Preface

The Wind Erosion Prediction System (WEPS) is a computer model designed to simulate
wind erosion processes on cultivated agricultural lands. WEPS incorporates nearly 70
years of wind erosion research by the U.S. Department of Agriculture (USDA) to provide
accurate and universal simulations of soil loss by wind and represents superior wind
erosion prediction technology over previous prediction methods. In addition to providing
improved estimates of soil loss, WEPS partitions loss, transport, and deposition into
coarse (creep + saltation) and fine (suspension) size classes to account for the unique
characteristics of each size to enable evaluations of their respective effects on the soil and
surrounding environment. It also provides the amounts of loss by direction for each size
class for offsite soil, air, and water quality assessments. WEPS models the field surface
state and wind erosion as physically based processes as much as possible. It operates on a
daily-time step to simulate soil surface erodibility as affected by soil, land management,
and stochastically simulated weather. The strongest utility of WEPS is its ability to apply
different “what-if” management scenarios to the land to develop alternatives for wind
erosion control.

WEPS is a critical component of the USDA strategy to reduce particulate emissions from
cultivated agricultural lands and was designed primarily for use by USDA Natural
Resources Conservation Service (NRCS) to (1) assist land managers in developing
farming systems to control wind erosion, (2) establish acceptable field-level conservation
plans, and (3) determine wind erosion susceptibility as part of the Conservation Reserve
Program (CRP) and other national programs. NRCS uses the model to evaluate erosion
potential on 14 million hectares (35 million acres) of land where conservation practices
are applied. Other users of WEPS include national, State, and local government agencies,
universities, scientists, managers of disturbed lands, and individual farmers. WEPS has
been applied in a variety of research studies including predicting the dispersion of fine
dust over large regions, development of control strategies for non-croplands, geographic
information system (GIS) regional applications, assessing sustainable removal of
residues, and predicting erosion from military training lands. In addition to the United
States, WEPS has been applied worldwide including in Argentina, Burkina Faso, Canada,
China, Germany, Mexico, Niger, and Sweden. The model erosion component has been
extensively validated in the literature with good agreement between measured and
predicted values. A list of WEPS-related peer-reviewed publications is included at the
end of this Handbook.

This USDA Agriculture Handbook is a technical reference that provides a complete
description of the wind erosion and other science contained within the WEPS model.
While the WEPS model is continually being improved and updated, this document is
written primarily for WEPS version 1.3.9 (often referred to as “WEPS 1.0” throughout
this Handbook). However, much of the science described herein will apply to future
versions of the model as well. The WEPS and the companion Single-event Wind Erosion
Evaluation Program (SWEEP) models, along with user manuals and other
documentation, are available as part of the WEPS download at:
https://www.ars.usda.gov/services/software/download.htm?softwareid=415.

WEPS represents a significant body of work by USDA Agricultural Research Service
(ARS) scientists and collaborators and it supports an overall ARS goal of increasing



agricultural productivity while reducing the environmental impacts of agriculture. As
such, WEPS potentially can make an impact to the sustainable food and fiber supply for
U.S. and world populations.

John Tatarko

Soil Scientist

USDA-ARS-Rangeland Resources and Systems Research Unit
Fort Collins, Colorado, USA
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Introduction to the Wind Erosion Prediction System (WEPS)
Contributors:

J. Tatarko
L.E. Wagner

Abstract

The Wind Erosion Prediction System (WEPS) was developed by a multidisciplinary team
of U.S. Department of Agriculture (USDA) scientists in collaboration with other agencies
and private cooperators in response to customer requests, primarily those of USDA
Natural Resources Conservation Service (NRCS), for improved wind erosion prediction
technology. WEPS is designed to provide estimates of soil loss by wind from cultivated,
agricultural fields and is intended to replace the predominately empirical Wind Erosion
Equation (WEQ) as a prediction tool for those who plan soil conservation systems,
conduct environmental planning, or assess offsite impacts of wind erosion. WEPS also
has capabilities for other land management situations in which wind-affected soil
movement is a problem. WEPS consists of the computer implementation of the WEPS
science model with a graphical user interface designed to provide an easy-to-use way to
enter inputs into the model and obtain output reports. WEPS is a process-based, daily
time-step wind erosion simulation model. As such, it simulates not only basic wind
erosion processes but also the processes that modify a soil's susceptibility to wind
erosion. The structure of WEPS is modular and consists of a user interface, a science
model including six submodels, two weather generators, and five databases. The user
interface allows users to create input files with information from user inputs and the
databases. WEPS supports an overall USDA Agricultural Research Service (ARS) goal
of increasing agricultural productivity while reducing the environmental impacts of
agriculture. As such, WEPS potentially can make an impact in the sustainable food and
fiber supply for U.S. and world populations.

Introduction

Soil erosion by wind is a serious problem in the United States and the rest of the world.
Wind erosion threatens agriculture and Earth’s natural resources because it renders soil
less productive by removing the most fertile part of the soil, namely, the clays and
organic matter. Removal of clays and organic matter also damages soil structure. In
addition to the soil, wind erosion can damage plants, primarily through the abrasive
action of saltating particles on seedlings and fruits. Eroded soil can be deposited into
waterways, degrading water quality and aquatic ecosystems. In addition, soil emitted into
the air damages air quality. By affecting these resources, wind erosion can also become a
health hazard to humans and animals. The ability to accurately simulate soil loss by wind
is essential, among other things, for conservation planning, natural resource inventories,
and reducing air and water pollution from windblown sources.

The Wind Erosion Equation (WEQ) was developed by the late W.S. Chepil and others
and was published in 1965 by Woodruff and Siddoway (1965). For years, WEQ has
represented the most comprehensive and widely used model in the world for estimating
soil loss by wind from agricultural fields. The functional form of WEQ is:



E=fUK,C,LYV) [1]

where

E = the average soil loss (tons acre™! year™),

I = the soil erodibility,

K = the soil ridge roughness,

C = the climatic factor,

L = the field length along the prevailing wind erosion direction, and
V = the vegetative factor.

WEQ is largely empirical in nature, derived from nearly 20 years of field and laboratory
studies by scientists at the ARS Wind Erosion Research Unit in Manhattan, KS
(Armbrust et al. 1964; Chepil 1958, 1959, 1960; Chepil and Woodruff 1959; Woodruff
and Siddoway 1965; Skidmore 1965; Skidmore et al. 1970). Many improvements were
made to WEQ over the next 30 years. Because of the limitations of adapting WEQ to
many problems, as well as advancements in wind erosion science and computer
technology, NRCS requested that ARS develop a replacement for WEQ (Hagen 1991).

Development of WEPS

Research in the 1980s (Cole et al. 1983, Cole 1984, Lyles et al. 1985) provided the initial
attempt to outline a process-based approach to simulating wind erosion that would
replace WEQ. Following this initial work, Hagen (1991) developed the modular structure
used in the current WEPS, and the experimental research needed to support that structure
was outlined. Numerous field and laboratory studies were conducted to develop
relationships between surface conditions and erosion. Field and laboratory experimental
data were collected to support the simulation of weather (Skidmore and Tatarko 1990;
van Donk et al. 2005), hydrology (Durar et al. 1995), crop growth (Retta and Armbrust
1995, Retta et al. 2000), residue decomposition (Schomberg et al. 1995), soil processes
(Lyles and Tatarko 1987; Potter 1990; Zobeck and Popham 1990, 1992; Layton et al.
1994), field management (Wagner et al. 1992, Wagner and Ding 1993, Wagner and
Nelson 1995), and erosion (Hagen 2004b; Hagen and Armbrust 1992, Hagen et al. 1999,
2010). Experiments were also conducted to validate that the erosion routines were
producing accurate and precise erosion estimates (Fryrear et. al. 1991; Feng and Sharratt
2007, 2009; Hagen 2004a).

A multidisciplinary team that included climate modelers, agronomists, agricultural
engineers, soil scientists, and crop modelers was assembled to develop WEPS. The
WEPS development project had a multi-agency commitment including ARS, NRCS, and
USDA-Forest Service, along with the U.S. Environmental Protection Agency (EPA), the
U.S. Army Corps of Engineers, and the Bureau of Land Management. In 2005, WEPS
was released to NRCS for testing and further development for field office conservation
planning. The first official release of WEPS for use by NRCS was in 2010.

User Requirements

Early in the WEPS development process, input was requested from potential users on the
needed capabilities of a new wind erosion simulation model. These user requirements
were summarized by Hagen (1991) and were the basis of WEPS, which was designed to
address the following needs:



1. Providing more accurate and more detailed estimates of soil loss by wind from
agricultural fields.

Results for WEQ were an annual average soil loss based essentially on average weather
and field conditions. Because erosion is often the result of extreme weather events (e.g.,
high wind or dry soil), an approach that accounts for such extreme conditions was needed
to simulate the extreme soil loss for these events. In addition, WEPS is capable of
simulating surface conditions and erosion loss on a relatively fine temporal scale (e.g.,
daily or even hourly); however, for practical purposes, the default time step for WEPS
output is 2 weeks. Such temporal detail, compared with the annual average of WEQ,
allows users to observe the periods of excessive erosion and the corresponding wind or
surface conditions that caused the soil loss (e.g., low vegetative cover). Consequently,
conditions can be addressed by altering management or through other control measures.

2. Developing more cost-effective erosion control methods.

WEPS is a valuable tool for testing various alternate management scenarios or control
methods through simulation because of the level of detail it provides in soil loss and field
conditions. Users can evaluate each scenario before changing farming practices and
observe and adjust surface conditions and management during periods of excessive loss
to minimize erosion.

3. Simulating the amount of soil loss by direction.

The capability of WEPS to provide the direction of soil loss is useful because of
increasing concern about offsite impacts of wind erosion on soil, water, and air quality.
For example, creep and saltation loss to a roadside ditch or waterway will affect water
quality, so users can focus attention on scenarios to control loss in that direction.
Similarly, WEPS can simulate suspension loss in the direction of highly populated areas
and control strategies. Depending on the direction and period of loss, control strategies
that take advantage of the directional nature of the loss, such as barriers, trap strips, strip
cropping, or directional tillage, can be employed.

4. Separating soil loss into creep + saltation, suspension, and PM10 components.
Each of these erosion components has specific characteristics and effects. Creep +
saltation-sized material is typically deposited locally, where the material can affect soil
and water quality, bury roads and irrigation ditches, or be deposited as dunes in fences or
windbreaks. Suspension-sized material is small enough to be lifted into the air and carried
over great distances. As such, it is a detriment to air quality, becomes a respiratory-health
hazard, reduces visibility along transportation systems, and can be deposited on
snowpack, affecting snow-melt and water quality. PM10 has been determined by the EPA
to be a hazard to air quality and a respiratory hazard in particular (U.S. EPA 1996).
Estimating soil loss of each of these components can aid in environmental assessments as
well as designing strategies for reducing emissions of each component.

Taking all user requirements into consideration, WEPS is designed to be an aid in (1)
planning soil conservation systems, (2) environmental assessment and planning, and (3)
determining offsite impacts of wind erosion. NRCS is currently using WEPS to (1) assist
land managers in developing farming systems to control wind erosion, (2) establish
acceptable field-level conservation plans, and (3) determine wind erosion susceptibility
as part of the Conservation Reserve Program (CRP) and other national programs.



WEPS Modeling Approach

WEPS is a process-based, daily time-step model that simulates weather, field conditions,
and erosion. As such, it simulates not only basic wind erosion processes but also the
processes that modify a soil’s susceptibility to wind erosion. The WEPS 1.0 model
release is designed to provide users with a simple tool for inputting initial field
conditions, calculating soil loss, and displaying either simple or detailed outputs for
designing erosion control systems.

WEPS 1.0 Geometries

To simplify inputs, WEPS 1.0 is designed to allow users to specify the simulation region
or field within specific geometric constraints (Figure 1). The simulation region is limited
to a rectangular area, but users can simulate other field shapes such as circles or half-
circles by defining a rectangle of the same area and general dimensions of the desired
field shape. Users also can rotate the simulation area to orient the field correctly on the
landscape to account for the effects of varying wind directions.

Barriers

Erosion calculations

made for Grid Areas

Figure 1. Diagram illustrating WEPS 1.0 simulation region geometries.

The model assumes a uniform simulation region surface in that only one soil type (soil
properties), crop type (biomass properties), and management are uniformly distributed
over the field. In reality, fields often are not uniform, so users can select the dominant-



critical (i.e., most erodible) soil or crop condition for a simulation. Users also can place
barriers on any or all field boundaries. Barriers reduce the wind speed in the sheltered
area on both the upwind and downwind sides. The Erosion submodel determines the
threshold friction velocity at which erosion can begin for each surface condition. And
when wind speeds exceed the threshold, the submodel calculates the loss/deposition over
a series of individual grid cells representing the field. The soil/loss deposition is divided
into components of creep + saltation and suspension, because each has unique transport
modes, as well as offsite effects. The field surface is updated periodically during erosion
events to simulate the changes caused by erosion. Surface updating during an erosion
event includes changes to aggregate size distribution of the surface as fine particles are
removed and smoothing of ridge roughness as ridges are eroded and furrows fill with
eroded materials.

WEPS 1.0 Model Implementation

The structure of WEPS 1.0 is modular and consists of (1) the science model, which
calculates the surface properties and changes due to management, weather, and erosion,
coded in FORTRAN 95; and (2) a graphical user interface, which is coded in JAVA, for
ease of entering inputs and observing results. The model also includes five databases, two
weather simulation models, and six submodels that calculate surface conditions and soil
loss (Figure 2).

USER INPUTS
[Cocation] [Field Geometries] [Soil Component ] [Management Operations]

DATABASES .
User

Interface

!

Input
Files Qutput
» (Run) 2

Reports

L

Science

j ]
Weather .| Hydrology |
Generators I T |

i [ Management | |
' ] | SUBMODELS
i | Soil | .
: § ;
'l Crop [ 1
| ) "
| [Decomposition | |

[ Erosion |

Figure 2. WEPS 1.0 model implementation scheme.



The user interface provides a means for users to enter initial conditions such as field
dimensions, orientation, barriers, location, management operations, and soil component
for the simulation region. Field dimensions are entered as a length and width, and
orientation is entered as an angle deviation from north. Users select the barrier type from
a list through the interface. For location, users can either select the State and county or
enter a latitude and longitude for simulation. The interface then selects the weather
stations for which historical weather parameters are used to simulate weather parameters.
The soil component is selected from a list of soils supplied by the NRCS Soil Survey
Geographic (SSURGO) database for the Soil Survey Area of the simulation region.
Management operations and dates are compiled in the Management Crop Rotation Editor
for WEPS (MCREW), a spreadsheet-type table editor.

Depending on the user-supplied inputs for the simulation, the interface accesses five
databases that include climate, soils, operations, barriers, and crop growth/residue
decomposition. These databases provide needed parameters for user-specified location
and conditions. The interface writes the information needed for a WEPS simulation,
obtained from the user and the databases, to input files. The interface also calls the
weather generator, which produces two weather files containing daily precipitation,
maximum and minimum temperatures, solar radiation, and dew-point temperature, as
well as a daily wind direction and sub-daily (e.g., hourly) wind speeds. These input files
for a given simulation are collectively known in WEPS as a “Run.” To reduce
computation time, a daily time-step is used in WEPS, except for selected subroutines in
the Hydrology and Erosion submodels, which may use hourly or sub-hourly time-steps
(e.g., 15 minutes). The science model reads the input run files and calls the Hydrology,
Soil, Plant Growth (Crop), and Decomposition submodels, which account for changes in
the soil surface erodibility as influenced by Management and Weather. If surface
conditions are such that erosion can occur for the maximum wind speed for the day,
Erosion submodel routines are called to calculate soil loss and deposition. Soil erosion by
wind is initiated when the wind speed exceeds the saltation threshold speed for a given
soil and biomass condition. After initiation, the duration and severity of an erosion event
depend on the wind speeds and the evolution of surface conditions. During a simulation
run, WEPS model outputs are written to various output files that are, in turn, summarized
and displayed within the WEPS interface.

WEPS Model Use

WEPS is a comprehensive wind erosion model with many options for inputs and outputs.
For basic simulations, however, WEPS 1.0 is simple to operate. Users enter only four
types of information on the main screen: (1) description of the simulation region
geometry by defining the field dimensions and field orientation, (2) geographic field
location to generate simulated weather, (3) soil for the simulation field, and (4) the
management operations and sequence. For U.S. simulations, the last three may be
selected from lists provided within the WEPS model. New input files will usually be
created using previous input files as templates and modified within the user interface. By
varying inputs such as field management, users can explore management alternatives to
control soil loss by wind. Interpreting the outputs of WEPS is an integral part of using
WEPS as a tool to develop conservation plans for controlling wind erosion. WEPS
provides options for viewing very detailed outputs by periods (default is 2 weeks),
including soil loss as creep + saltation, suspension, and PM10. Period output is also
available for weather parameters such as wind energy, as well as surface conditions such
as soil erodibility and biomass amounts. Graphical plots of outputs also are available.



Such information is useful in determining which period is resulting in severe erosion and
the conditions that are contributing to the loss. WEPS outputs also include amount of loss
for each direction, which helps users place barriers, strip cropping, or other directional
erosion control methods. WEPS also has a Multiple Run Management View option to
allow easy comparisons of run outputs from alternative run scenarios.

WEPS simulation of soil erosion has undergone extensive field and wind tunnel testing
and validation. Good agreement (i.e., R?s ranging from 0.87 to 0.98) was found in a
number of studies between measured and WEPS-simulated erosion (Buschiazzo and
Zobeck 2008, Funk et al. 2004, Liu et al. 2014). Soil loss measurements from 46 storm
events in 6 States were compared with predictions from the WEPS Erosion submodel by
Hagen (2004), who found that the measured and simulated erosion values were in
“reasonable agreement” (R*= 0.71). Pi et al. (2016) validated SWEEP in a desert-oasis
ecotone in China and found that the model appeared to adequately simulate total soil loss
according to the high index of agreement (d = 0.76). Feng and Sharratt (2009) tested the
WEPS Erosion submodel and concluded that the model underestimated soil loss by
overestimating the threshold friction velocity, but it should be noted that they studied
only small-intensity storms. Other researchers have also found WEPS to underestimate
the occurrence of small storms (Feng and Sharratt 2007, Funk et al. 2004). Hagen
(2004a) found a similar response for small storms, which he attributed to spatial
variability of the test sites having small inclusions of higher erodibility than the average
surface. The effects of field spatial variability on erodibility parameters and subsequent
wind erosion prediction were also cited by van Donk and Skidmore (2003) for WEPS
validations in eastern Colorado and Visser et al. (2005b) in Burkina Faso. Good
agreement was also found by Hagen et al. (2010) between predicted and measured
saltation (R*= 0.92) and suspension (R?= 0.99) for nine storms across five sites in the
United States.

WEPS has been applied in a variety of research studies, including predicting the
dispersion of fine dust over large regions (Diaz et al. 2010, Chung et al. 2013),
development of control strategies for non-croplands (Hagen et al. 2009, Li et al. 2014),
GIS applications (Gao et al. 2013), assessing sustainable removal of residues (Nelson et
al. 2015), and predicting erosion from military training lands (van Donk et al. 2003).
WEPS has been applied in Burkina Faso (Visser et al. 2005a, 2005b), Argentina
(Buschiazzo and Zobeck 2008), Canada (Coen et al. 2004), China (Chen et al. 2013, Jia
et al. 2014), Germany (Funk et al. 2004, Maurer and Gerke 2011), Mexico (Diaz et al.
2010), and Sweden (Qi et al. 2014).

More detailed features of WEPS and information on use of WEPS outside the United
States are included in the WEPS User Manual, which is available online from ARS as
part of the WEPS download at:
https://www.ars.usda.gov/services/software/download.htm?softwareid=415.

Conclusions

The Wind Erosion Prediction System is a process-based, daily time-step model that
simulates weather, field conditions, and erosion. WEPS was developed in response to
customer requests for improved wind erosion simulation technology, and it is intended to
replace the predominately empirical Wind Erosion Equation as a prediction tool for those
who plan soil conservation systems, conduct environmental planning, or assess offsite
impacts of wind erosion. The WEPS model is improved with periodic updates. WEPS



represents a significant body of work by ARS scientists and supports an overall ARS goal
of increasing agricultural productivity while reducing the environmental impacts of
agriculture. As such, WEPS potentially can make an impact in the sustainable food and
fiber supply for U.S. and world populations.
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Abstract

The Great Plains experienced an influx of settlers in the late 1850s to 1900. Periodic
drought was hard on both settlers and the soil, and severe wind erosion resulted. The
period from 1931 to 1939, known as the “Dirty Thirties” or the “Dust Bowl,” produced
many severe windstorms. The resulting dusty sky over Washington, DC, helped Hugh
Hammond Bennett gain political support for the Soil Conservation Act of 1937, which
established the U.S. Department of Agriculture (USDA), Soil Conservation Service
(SCS). Austin W. Zingg and William S. Chepil began wind erosion studies at a USDA
laboratory at Kansas State University in 1947. Neil P. Woodruff and Francis H.
Siddoway published the first widely used model for wind erosion in 1965, called the
“Wind Erosion Equation” (WEQ). WEQ was solved using a series of charts and lookup
tables. Subsequent improvements to WEQ included monthly magnitudes of the total
wind, a computer version of WEQ programmed in FORTRAN, small-grain equivalents
for range grasses, tillage systems, effects of residue management, crop row direction,
cloddiness, monthly climate factors, and the weather. The SCS and the USDA Natural
Resources Conservation Service (NRCS) produced several computer versions of WEQ
with the goal of standardizing and simplifying it for field personnel, including a
standalone version of WEQ developed in the late 1990s using Microsoft Excel. Although
WEQ was a great advancement to the science of prediction and control of wind erosion
on cropland, it had many limitations that prevented its use on many lands throughout the
United States and other parts of the world. In response to these limitations, the USDA
developed a process-based model known as the “Wind Erosion Prediction System”
(WEPS). The USDA Agricultural Research Service (ARS) has taken the lead in
developing science and technology for wind erosion prediction.

Introduction

Wind erosion has been an agricultural issue in the semi-arid central U.S. Great Plains
since settlers first plowed prairie grasslands to produce food and fiber. The years from
1931 to 1939 saw very low rainfall in the U.S High Plains region centered in Texas, New
Mexico, Colorado, Oklahoma, and Kansas. The resulting severe wind erosion caused
concern over the loss of our soil resources, and a national effort to quantify and control
the amount of wind erosion on our Nation’s farmland began. The U.S. Soil Erosion
Service, established in 1933, which became the Soil Conservation Service and most
recently the Natural Resources Conservation Service—along with the Agricultural
Research Service and land-grant universities—has been working for over 75 years to
advise growers on the care of wind-erodible land. Throughout this time, research has
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been conducted, and many soil loss prediction methods have been developed to better
understand and predict soil erosion. This publication summarizes the development of
wind erosion prediction models in USDA prior to the development of the current WEPS
model in the mid-1980s. The history and development of the WEPS model is described in
detail in a separate chapter by Wagner in this volume.

Early Observations of Wind Erosion

Farmers and ranchers settled the U.S. Great Plains region in the late 1800s. From 1850 to
1900, the population of the area increased from 300,000 to 7,000,000 (Anderson and Hill
2004) with a concurrent large increase in the land converted to cropland, most of which
was planted to wheat. Mechanization using tractors allowed farmers to cultivate
previously unplowed areas of the short grass prairie (Armburst 1999).

Early wind erosion literature focused on the scope of the problem and control measures.
The first scientific report of wind erosion on cultivated U.S. land was made by King
(1894) in Wisconsin. King recommended strip-cropping, green manure, roughening the
surface, and windbreaks to control wind erosion. Udden (1896) published some of the
first quantitative estimates of solid, suspended material in dust storms. He reported 160 to
126,000 tons per cubic mile of dust and indicated that an average of 850 million tons of
dust was being carried 1,440 miles each year in the Western United States. Free and
Westgate (1910) discussed four actions to control soil blowing: (1) increasing the water
content of the soil, (2) increasing the amount of humus (organic matter in soil), (3)
providing a cover of growing vegetation, and (4) leaving the stubble of the last crop
standing on the land until next planting. A comprehensive review of wind erosion science
from the perspective of aeolian geology was published by Free (1911) with additional
control methods to those mentioned by Free and Westgate (1910), including decreasing
summer fallow and planting trees in rows to slow the wind. Free was also one of the
earlier writers to describe wind erosion and windblown dust as an agent of soil formation
and modification. Several periods of dry conditions from the 1890s as well as the 1910s
caused severe wind erosion (Chepil 1957).

The Impacts of the Dust Bowl on Research and Modeling

Probably the most severe period of wind erosion occurred in the 1930s in the U.S. Great
Plains. Figure 1 shows the rainfall patterns for southwest Kansas that resulted in the
severe erosion of the 1930s. Starting in 1931, rainfall was below average for the
subsequent 9 years. Rainfall in 1937 was 208 mm (8 inches) below the average of 478
mm (18.8 inches), which resulted in consecutive years of winter wheat crop failure. At
that time, knowledge of wind erosion soil loss was limited. The Great Depression
compounded the difficult times brought on by the drought’s effects.
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Figure 1. Southwest Kansas rainfall, 1895 to 2014 (data from NOAA 2015). Note the
dry years of 1931 to 1940.

The severity of the drought resulted in large amounts of erosion throughout the Great
Plains of North America, with the most severe damage occurring in New Mexico,
Colorado, Kansas, Oklahoma, and Texas. Figure 2 is a typical photograph of the Dust
Bowl era. Even before the Dust Bowl, Hugh Hammond Bennett, a soil scientist at the
U.S. Bureau of Chemistry and Soils, thought much more could be done to manage natural
resources wisely. Bennett and Chapline (1928) made their case for soil conservation in
Soil Erosion: A National Menace. Later, in April 1935, Bennett used a big dust storm to
persuade Congress to address the problem (Brink 1951, Egan 2006). On a day he was
testifying before Congress in support of the Soil Conservation Act, Bennett was able to
prolong his presentation long enough for legislators to see a large storm settle dust over
the Capitol as the bill came to a vote. The Act that was, in part, intended to reduce the
Nation’s soil loss also established the Soil Conservation Service and was the first soil
conservation act in history (Brink 1951). Bennett served as the first chief of the SCS until
his retirement in 1951. Later, the SCS published several regional guides for wind erosion
control, including The Guide for Wind Erosion Control in the Northeastern States (Hayes
1966) and The Guide for Wind Erosion Control on Cropland in the Great Plains States
(Craig and Turelle 1964).
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Figure 2. Typical dust storm from the 1930s (USDA-NRCS, 2015).

As wind erosion research in the United States was beginning, R.A. Bagnold, Cambridge
University, M.A. in engineering, published The Physics of Blowing Sand and Desert
Dunes (1941). Bagnold (1941, p. xxi) departed from the traditional line of thinking when
he said, “The subject of sand movement lies far more in the realm of physics than of
geomorphology.” Some have called him the father of saltation. Lyles (1985, p. 209)
stated, “Although the ‘what’ of wind erosion might have been known during the 1930s,
the ‘how to’ or the “how much’ of control principles and practices for the widely diverse
soils, crops, and climate of the West were largely unknown.” He went on to say, “The
goal of erosion researchers has been the quantification of the need for protection and the
means to provide it, given those variables of soils, crops, and climate.”

Early Wind Erosion Research in the USDA

The Flannagan-Hope Bill, officially the Agricultural Marketing Act of 1946 (Public Law
733, 79th Congress), was passed in part “... to provide further research into basic laws
and principles relating to agriculture...” and was the source of much of the funding for
establishing the Wind Erosion Project in Manhattan, KS, which was administered by the
Research Division of SCS. A laboratory was established on the campus of Kansas State
Agriculture College in 1947. The management of this laboratory was transferred to ARS
in 1953 (Armbrust 1999).

Austin W. Zingg, a mechanical engineer, was the first supervisor of the facility, the High
Plains Wind Erosion Laboratory. William S. Chepil, a soil scientist, became project
leader in 1953 and remained in the position until his death in 1963. Initial work focused
on developing research equipment such as laboratory and portable wind tunnels and
procedures to characterize the soil surface response to wind erosion. Developing a
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fundamental understanding of the processes of wind erosion and soil properties that affect
wind erosion were also primary goals of the project. Chepil’s groundbreaking work
focused on five key factors that affect wind erosion (Chepil 1960, Chepil and Woodruff
1954, Chepil et al. 1962, Chepil and Woodruff 1963): (1) soil cloddiness, (2) ridge
roughness, (3) climate, (4) field length, and (5) vegetative material. The initial attempt by
Chepil to model soil loss by wind was based on wind tunnel experiments and consisted of
a simple equation relating soil loss to degree of cloddiness, roughness, and vegetation
(Chepil and Woodruff 1959, Woodruff and Siddoway 1965). This initial model had the
following relationship:

X=a(l/RK)") [

where

X = wind tunnel erodibility in tons acre™,

1= soil erodibility based on percent of soil fraction greater than 0.84 mm in diameter,

R = amount of crop residue in pounds acre™,

K =ridge roughness equivalence in inches compared to a standard height-spacing ratio of
1:4, and

a and b = constants that depend on past erosional history, type of residue and roughness,
and condition of surface crust.

The equation was continually improved as new research and data became available.

The Wind Erosion Equation

The first published comprehensive attempt to model wind erosion on agricultural fields
was based largely on the work of Chepil and published by Woodruff and Siddoway in
1965. The Wind Erosion Equation (WEQ) was an empirical model with the following
functional form:

E=fUK,C,LV) (2]

where

E = soil loss (mass area” yr'!),
1= soil erodibility,

K = ridge roughness,

C = climatic factor,

L = field length, and

V' = vegetative factor.

These factors were developed from wind tunnel and field research and are derived from
the interactions of 11 primary parameters. The soil erodibility factor (I) is a measure of
the potential soil loss from a wide, bare, smooth, unsheltered, and non-crusted surface
and can be adjusted to account for the presence of hills, knoll topography, and
mechanical stability of soil crust if necessary. Woodruff and Siddoway (1965), however,
recommend that crusts be disregarded because of their transience. The ridge roughness
factor (K) adjusts soil erodibility for soil surface roughness other than that caused by
clods or vegetation and is typically formed by farming implements (e.g., ridges and
furrows). The climatic factor (C) includes the effect of wind velocity and soil moisture,
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which is proportional to the Thornthwaite P-E Index (Thornthwaite 1931). The field
length factor (L) is the distance across the field along the prevailing wind erosion
direction. The rate of erosion is zero at the upwind field edge and increases with distance
across the field downwind. If the field is long enough, soil movement by wind reaches a
maximum for the given wind. If wind barriers are present, L is adjusted to account for the
shelter effect of the barriers. The vegetative factor (V) adjusts the soil loss given by the
other factors to account for any vegetative material on the soil surface. The V factor
accounts for the quantity, kind, and orientation of vegetative cover. The relationships
between these factors are complex, and interactions occur among them such that labor-
intensive graphical and tabular solutions were required.

Improvements to WEQ

The purpose of WEQ was twofold: (1) to serve as a tool for determining the potential
amount of wind erosion for a particular field under existing local conditions, and (2) to
serve as a guide for determining the conditions of cloddiness, roughness, vegetative
cover, sheltering from wind barriers, or width and orientation of field necessary to control
wind erosion (Chepil and Woodruff 1963). Woodruff and Siddoway (1965) cited several
shortcomings and limitations of WEQ, stating that variables that influence wind erosion
were lacking and the interaction of the combined factors was not well understood. They
listed specific details that were missing in WEQ. First, they argued that information was
needed on the influence of different implements on soil cloddiness, soil ridge roughness,
and vegetative cover. This information was deemed important in prescribing effective
methods of tillage to control erosion. Second, prevailing wind direction had been
determined only for the Great Plains and needed to be expanded to the rest of the United
States. Better information on surface soil moisture related to the climatic factor was also
needed. The Thornthwaite Index was considered only a rough estimate of moisture
conditions. Third, the climatic factor was needed on a monthly or seasonal basis to permit
better evaluation of short-term, highly erosive periods. Fourth, seasonal and annual soil
erodibility needed to be determined for various soil types. Fifth, information was needed
on the average distance of full and partial protection from wind erosion afforded by
barriers of various widths and spacing in various geographic locations and for various
soils. Sixth and lastly, the researchers argued that values of the vegetative cover factor
and orientation for crops other than those already investigated were also needed.
Research continued for the next 20 years and attempted to address these and other
deficiencies to improve WEQ.

Lyles and Allison (1975) modified WEQ equations so that the combined effect of stubble
and non-erodible aggregates could be considered. The ridge roughness factor was
expanded to include an adjustment for random roughness calculated as standard deviation
of soil surface elevation (USDA-NRCS 2011). Armbrust et al. (1982) determined the
effect of crop type and tillage on the number, size distribution, and stability of soil
aggregates. Researchers improved the soil ridge roughness factor by determining how
long ridges created by grain drills persist for several soil textures and rainfall regimes
(Lyles and Tatarko 1987). The soil erodibility index was also determined for the spring
and fall in seven North Central States that could be used to apply the WEQ for critical or
other periods of less than 1 year (Lyles and Tatarko 1988). The climatic factor was
expanded to include most of the United States (Skidmore 1965, Skidmore and Woodruff
1968), then the arid Southwest (Lyles 1983). Improvements were also made in
accounting for wind erosion direction and the preponderance of wind erosion forces
(Skidmore 1965, 1987). Methods of computing a monthly wind erosion climatic factor
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were devised (Woodruff and Armbrust 1968, Skidmore 1987). Bondy et al. (1980)
proposed a method of computing wind erosion by periods (greater or smaller than 1 year)
by partitioning wind-energy distributions. Skidmore (1986) developed a physically based
climatic factor for long- and short-term and event soil loss estimates that did not require
the use of the Thornthwaite P-E Index, which is highly sensitive to low precipitation and
underestimates the effects of humid climates in the climatic factor.

Several studies (Hagen and Skidmore 1971; Hagen et al. 1972, 1981; Skidmore and
Hagen 1977; Hagen 1976) determined relationships between wind reductions and
windbreak porosities, which facilitated better predictions of protection provided by
barriers downwind. The effectiveness of annual crops as wind barriers was also
considered (Fryrear 1963), and shelter effects were developed over 12 years of testing for
27 tree and shrub species in the Central Great Plains (Woodruff et al. 1976).

Studies were also conducted to improve estimations of the protection for erodible soil
particles provided by standing stubble based on the stubble’s height, size, spacing, and
orientation (Skidmore et al. 1966, Lyles et al. 1973, Lyles and Allison 1975). The
vegetative factor was also expanded to include other crops including corn, cotton, grain
sorghum, peanuts, and soybean (Lyles and Allison 1981, Armbrust and Lyles 1985,
Skidmore and Nelson 1992). Small-grain equivalents were determined for several non-
crop vegetation species such as range grasses and shrubs (Lyles and Allison 1980, Hagen
and Lyles 1988). Woodruff et al. (1974) derived curves for converting different amounts
of surface-applied and incorporated wet manure to flat, small-grain equivalents.

To improve the shortcomings in WEQ’s predictions of annual average soil loss, the
model was converted from an annual or period to daily prediction (Cole and Lyles 1984,
Skidmore and Williams 1991). This work allowed WEQ to be interfaced with the
computer program known as the Erosion Productivity Impact Calculator, or EPIC
(Williams et al. 1984). Two WEQ factors for this daily prediction in EPIC, soil
erodibility and climatic factor, remained constant for each day of the year. The other
variables were subject to daily variation as simulated by EPIC.

In addition to the research efforts mentioned above to improve the science behind WEQ),
ARS also attempted to make WEQ easier to use. The first attempt to computerize WEQ
was known as WEROS (short for Wind EROSion), a Fortran IV computer program that
implemented the original WEQ that determined soil loss on an annual basis (Skidmore, et
al. 1970, Fisher and Skidmore 1970). With WEROS, the user could replace the
cumbersome task of solving WEQ using tables and nomographs with a mainframe
computer. WEROS was later modified to generate lookup tables for SCS where, if the
user knew the soil erodibility, roughness, climatic factor, the field length along the
prevailing wind erosion direction, and the small-grain equivalent of the vegetation, the
soil loss could be found easily. Because many SCS field offices were not equipped with
computers at that time, a slide rule-type calculator was developed for solving WEQ
(Skidmore 1983). The calculator was used extensively by SCS field personnel for
estimating wind erosion and designing wind erosion control systems.

SCS/NRCS Improvements to WEQ

From 1965 to 1992, SCS/NRCS used WEQ to predict wind erosion on farmers’ land for
conservation programs. At first, WEQ was applied on an annual basis, but this approach
was quickly replaced by the Critical Period Method, through which erosion was predicted
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for the period of the year most susceptible to wind erosion. As ARS was able to
determine the average monthly winds, some areas used the Management Period Method,
which attempted to predict erosion for specific crop management periods to further
pinpoint where the management system needed improved conservation practices. This
allowed a conservation planner to offer small changes in tillage or crop rotation to reduce
erosion.

SCS/NRCS made several efforts to simplify WEQ for its use. Random roughness photos
with associated random roughness values, as well as random roughness associated with
various cropland field operations, were developed (USDA-NRCS 2011). Desktop
computers came to the SCS field offices in 1988, and the agency began attempting to
bundle WEQ into comprehensive software packages. These included a 1988 DOS
version, a 1989 Computer Assisted Management Planning System (CAMPS) version,
various 1994-1997 Field Office Computing Systems (FOCS) versions, and finally, in
1998, a Microsoft Excel spreadsheet version (Carlson et al. 1999). Sporcic and Nelson
(1999) developed a spreadsheet version of WEQ that used lookup tables and calculated
potential soil loss under the Management Period Method. The spreadsheet version of
WEQ was used nationally from 1998 to 2010 and significantly reduced the amount of
input time required to calculate the management period procedure by hand.

Limitations of WEQ

Despite the efforts cited above to improve the science and usability of WEQ,
shortcomings of the model persisted and have been recognized by wind erosion
researchers. These limitations have been outlined in a number of publications and are
summarized below.

Chepil’s method of relating short-term (minutes) soil loss data to annual average soil loss
and areas that are wide and long compared with a wind tunnel was inherently inaccurate.
The measurements in the wind tunnel were of such short duration, due to the limited
amount of erodible soil in the sample trays, that the soil flow rate could not be measured.
Instead, the mass of soil lost per unit area was measured and used in computing a
measure of relative erodibility (Cole et al. 1983).

Relationships among variables were not accounted for in all combinations of field and
climatic conditions (Hagen 1991). Difficulties in determining single values for factors
such as I, L, K, and V appear to have arisen because of the ambiguous methods suggested
for their determination (Cole 1983). Woodruff and Siddoway (1965, p. 606) stated, “The
equation actually evaluates the erodibility of a field having certain L, K, and V values in
terms of what it would have been during the severe soil blowing time.”

Variation of wind and precipitation from the average is not simulated in WEQ (Skidmore
1976). As a result, extreme weather conditions that in reality greatly influence wind
erosion are not easily simulated. Seasonal variation of field erodibility was also difficult
to account for in the model. For example, Chepil recognized that all of the factors he
defined could change with time. To cope with the wind angle fluctuations, for instance,
Chepil et al. (1964) defined a single prevailing wind direction angle for the simulation
(Cole 1983).

Inherent uncertainties also exist in the empiricism of the equation development. The
surface of the wind tunnel used to derive erodibility for WEQ does not represent the total
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field surface that is of interest. Thus, because of the small area of the soil sample tested,
soil abrasion is lacking, and the time duration of a wind tunnel test is too short, i.e.,
minutes, compared to hours on a field. A consequence of the small sample was a
difference in the measured dependent variable between tunnel and field (Cole 1984a).
Speaking of the limitations of WEQ, Hagen (1991, p. 106) said, “The current technology
represents a mature technology that is not easily adapted to untested conditions or
climates far different than that of the central Great Plains where the WEQ was
developed.” Facing the shortcomings of WEQ, researchers began exploring modeling
methods that would overcome the shortcomings of WEQ. Such a model should (1)
determine the percentage of eroded material that enters suspension, (2) convert from a
deterministic to a stochastic model, (3) allow modeling of single windstorms, and (4)
adjust the model to apply to large-scale rather than single field sites (Skidmore 1976). In
addition, a new model should (5) simultaneously simulate effects of a growing crop as
well as residues from previous crops and, most importantly, (6) compute soil losses for 1-
day rather than 1-year intervals (Cole and Lyles 1984).

Beyond WEQ

Research devoted to overcoming the shortcomings of WEQ led to an examination of new
science and more process-based ways to approach the simulation of soil loss by wind
(Cole et al. 1983, Cole 1984a,b). With these new published approaches to wind erosion
simulation as well as the advancement of the personal computing power that would allow
adoption by most users of the technology, a new process-based wind erosion simulation
model was proposed (Hagen 1988, 1991).

Early in 1986, USDA began a 20-plus-year effort to develop this next generation of wind
erosion prediction technology. NRCS began using WEPS in its field offices in 2010 to
assist land managers in controlling wind erosion, establishing acceptable field level
conservation plans, and determining wind erosion susceptibility as part of the
Conservation Reserve Program (CRP) and other national conservation program
enrollments. The model is a critical component of the USDA strategy to reduce
particulate emissions from cultivated agricultural lands. The history and development of
the WEPS model and the future of wind erosion modeling are described in detail in a
separate chapter by Wagner.

Summary and Conclusions

Wind erosion in the United States was recognized as early as 1807 by Zebulon Pike
(1966). The 1930s brought at least 5 years of severe drought that resulted in many dust
storms and severe soil damage to the Great Plains of the United States. This hardship was
compounded by the Great Depression. The massive wind erosion and dust storms of that
period brought attention to the importance of conserving our Nation’s natural resources,
and the Soil Erosion Service was established in response to these events.

The United States has had an active research program into wind erosion since 1947, when
the Wind Erosion Project was established at Kansas State Agricultural College in
Manhattan, KS. Many research tools and study methods were developed, and a
fundamental understanding of the causes and control of wind erosion was advanced. As a
result of this research, the Wind Erosion Equation (WEQ) was published in 1965 as a tool
to predict soil loss by wind and a means to develop control strategies. A considerable
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effort followed to improve and expand WEQ. Despite these efforts, it became clear that
WEQ should be replaced with newer wind erosion science and technology. In 1985, an
effort was started to develop the process-based Wind Erosion Prediction System.
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Abstract

Development of the Wind Erosion Prediction System (WEPS) was officially inaugurated
in 1985 by scientists at the U.S. Department of Agriculture (USDA), Agricultural
Research Service (ARS) in response to customer requests, particularly those coming from
the USDA, Soil Conservation Service (SCS), for improved wind erosion prediction
technology. WEPS was conceived to address deficiencies in the then-20-year-old,
predominately empirical Wind Erosion Equation (WEQ) widely used by SCS. This effort
sparked an endeavor that relied on novel laboratory wind tunnel research as well as
extensive field studies to adequately uncover the physical relationships between surface
properties and their susceptibility to and influence on wind erosion. The result is that
WEPS incorporates many process-based features and other capabilities not available in
any other wind erosion simulation model today. The USDA, Natural Resource
Conservation Service (NRCS) has now implemented WEPS as a replacement for WEQ
within their agency. However, the road to achieve that replacement required years of
close interaction between ARS and NRCS. NRCS had to ensure they had suitable
national-scale WEPS databases before implementation. User input simplifications were
required as well as modifications to the reports. Run-time concerns also arose during the
lengthy testing and evaluation process. Many of these were strictly non-wind erosion
science issues that had to be addressed before NRCS could officially implement and
begin using WEPS within their agency. The history of the development of WEPS, its
unique features, and its solutions to selected critical issues encountered by NRCS prior to
implementation are presented and discussed.

Introduction

Circa 1985, wind erosion modeling within the U.S. Department of Agriculture (USDA)
had reached a ceiling in the level of maturity attainable with the empirical Wind Erosion
Equation (WEQ) (Woodruff and Siddoway 1965). The many weaknesses and limitations
of the WEQ had already been recognized by wind erosion researchers and had been
outlined in a number of publications (Skidmore 1976; Cole 1983, 1984a) despite the
numerous enhancements obtained during its 20-year history (by 1985). Tatarko et al.
(2013) summarized the WEQ limitations while covering the early history of wind erosion
modeling within USDA. This manuscript completes the history of the Wind Erosion
Prediction System (WEPS) era of wind erosion modeling within USDA.

Due to the weaknesses of the WEQ, it became clear, at one point, to USDA wind erosion
researchers that a new wind erosion model, including a more process-based, modular
structure and a more extensive nature, would be needed to improve wind erosion
predictions. The development of WEPS was thus initiated within USDA by Agricultural
Research Service (ARS) scientists and in response to customer requests; that is, WEPS
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was developed principally from the then-USDA Soil Conservation Service (SCS) for an
improvement in wind erosion prediction technology. WEPS was conceived to address
deficiencies in the predominately empirical WEQ, which had been widely used at the
time by the SCS. WEPS incorporates improved models for computing soil losses by wind
from agricultural fields as well as for providing many new capabilities such as calculating
suspension loss, estimating PM 10 (particles with an aerodynamic diameter of 10 microns
or less) emissions, and specifying the direction in which soil leaves the field. WEPS was
thus intended to be the future prediction tool of choice for those who plan soil
conservation systems, who conduct environmental planning, or who assess offsite
impacts caused by wind erosion (Hagen 1991a). The official genesis of WEPS occurred
in October 1985 at an organizational meeting in Kansas City, MO, attended by ARS and
SCS employees as well as by other government agency representatives, to discuss a
replacement for the 20-year-old WEQ. Some noteworthy comments and observations
were made at the meeting, as personally recorded by E.L. Skidmore. Dick Amerman,
ARS National Program Leader, said, “Develop a physically based model to replace
WEQ...”; Klaus Flack, SCS Chief Scientist, stated, “We need erosion prediction,
conservation planning, a tool to document and justify conservation programs, allocate
resources ... put some good science into the effort.”; Rex Johnston, ARS Southern Plains
Area Director, commented, “Some of our basic concepts are faulty... let’s put some good
science into the effort.”; and the U.S. Environmental Protection Agency (EPA) requested
that the capability to predict PM10 be included in the new model.

An initial multidisciplinary core group was soon formed, composed primarily of ARS
and SCS scientists, to begin the development of a new Wind Erosion Model (WEM).
Soon afterwards, the term Wind Erosion Research Model (WERM) was used to describe
the developing research model. The envisioned complete model to be delivered to
customers, with national-scale databases and including a user interface, was to be called
the Wind Erosion Prediction System (WEPS). Eventually, WERM was also dropped
from the vocabulary in the model-related development documents, with WEPS being the
sole surviving acronym now used for all aspects of the project, from the developing
science model to the fully released model, which includes the interface and the databases.
The term WEPS will be used exclusively within this manuscript to describe the project
unless explicitly mentioned otherwise within the cited documents.

The primary ARS scientists constituting the original core team were George Cole, Leon
Lyles, Dean Armbrust, Larry Hagen, and Ed Skidmore, from the former ARS Wind
Erosion Research Unit (WERU) in Manhattan, KS, and Bill Fryrear, J.D. Bilbro, and Ted
Zobeck, from the Conservation and Production Systems Research Unit (CPSRU) in Big
Spring, TX. The additional ARS core team members later participating during the
development of WEPS were Larry Wagner, John Tatarko, D.J. Ding, Jeff Layton, Amare
Retta, Abdu Durar, Naser Mirzamostafa, Fred Fox, and Simon van Donk from WERU;
John Stout, Ali Saleh, and Scott van Pelt from CPSRU; Paul Unger, Jean Steiner, and
Harry Schomberg with the ARS Conservation and Production Research Laboratory
(CPRL) in Bushland, TX; Ken Potter from the ARS Grassland, Soil, and Water Research
Laboratory (GSWRL) in Temple, TX; and Keith Saxton, Larry Stetler, and David
Chandler with the Hydrology and Remote Sensing Laboratory (HRSL) in Pullman, WA.
Some prominent SCS, and later NRCS, employees who were involved with WEPS during
its development were Klaus Flach, Bob Grossman, Scott Argabright, Ray Sinclair,
Lorenz Sutherland, Henry Bogusch, Dave Lightle, Bruce Wight, Dave Schertz, Chuck
Landers, Mike Hubbs, Norm Widman, and, especially, NRCS’s appointed liaisons with
WERU such as Gary Tibke, Henry Bogusch, Arnold King, and Michael Sporcic.
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Numerous collaborators outside the principal ARS research units were also involved in
the field and laboratory research conducted for the development of WEPS. The
collaborators consisted of soil scientists, agricultural engineers, agronomists, and crop
scientists from the ARS research field stations (Steve Merrill and Mike Lindstrom), SCS
technical centers, and university researchers (John Lamb, Delbert Mokma, and Ronald
Yoder) with a variety of backgrounds and expertise. Hence, the WEPS project was a truly
multi-agency, multidisciplinary project. Some major milestones and events during the
developmental history of WEPS through the implementation of the model by NRCS are

listed in Table 1.

Table 1. Important dates and milestones for the WEPS project.

Dates

Milestone event

October, 1985

1985

17 December, 1985
August, 1986
April, 1991

August 26-29, 1991

August, 1995
September, 1999
4 April, 2005
2005

2006

2006

26 February, 2008

February, 2010
1 October, 2010

7 December, 2010

11 February, 2011

Organizational meeting in Kansas City, MO (genesis of WEPS)

Initial core team meeting (George Cole selected as WEPS
Project Leader)

First revision of WEPS User Requirements Specification (draft)
Larry Hagen appointed as WEPS Project Leader

Final revision of WEPS User Requirements (draft)

WEPS User Requirements meeting in Kansas City, MO

First WEPS Technical Document published (draft)

Larry Wagner appointed as WEPS Project Leader

WEPS formally delivered to NRCS for testing and evaluation

NRCS requested “yield calibration” and “fixed yield:biomass”
ratio features be added to WEPS

WEPS incorporates WEPP hydrology to meet NRCS runtime
constraints

Added irrigation monitoring processes to represent furrow,
sprinkler, and drip

WEPS formally delivered to NRCS for training and database
population

WEPS accepted by NRCS for implementation

WEPS installed on 15,000 computers and operational in 2200
NRCS field offices (version 1.1.16)

Official “Notice of Implementation” by NRCS of WEPS use for
soil erodibility system calculations in the Federal Registry
(Federal Register 2010)

Updated WEPS databases provided to NRCS field office
computers
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1 October, 2011 Updated WEPS pushed to NRCS field office computers (version

1.2.9)

5 July, 2012 Updated WEPS databases pushed to NRCS field office
computers

30 October, 2013 Updated WEPS released to NRCS for push to field offices

(version 1.3.9)

21 December, 2016 Updated WEPS released to NRCS for push to field offices
(version 1.5.52)

The early work on WEPS consisted of identifying core team members, assigning research
area leadership responsibilities, developing the initial framework for the model, and
outlining the extensive field sampling and numerous laboratory studies needed to obtain
the necessary data required for WEPS. Critical national funding was also pursued for
WEPS in concert with its sister project, the Water Erosion Prediction Program (WEPP)
(Lane and Nearing 1989).

George Cole was selected as the original WEPS program leader due to his background in
simulation modeling. Larry Hagen was assigned to lead the fundamental laboratory wind
tunnel research necessary for the development of the WEPS Erosion submodel. Ed
Skidmore led the field research to obtain the range of the temporal soil properties relevant
to wind erosion on Kansas soils, and Ted Zobeck coordinated the effort of many field
collaborators to obtain similar data over a range of soil types across the United States.
Bill Fryrear was charged with obtaining the field site data for validation of the eventual
WEPS Erosion submodel (Table 2). J.D. Bilbro and Dean Armbrust were assigned to
obtain the necessary physical plant characteristics relevant to wind erosion and to
parameterize that data into a process-based plant growth model. Later additions to the
core team assumed additional responsibilities: Abdu Durar — Hydrology submodel and
development of an approach to adequately simulate the near surface water content at the
air-soil interface; Amare Retta — Plant Growth submodel and plant database
development; Larry Wagner — Management submodel development and related field data
collection; and Jean Steiner and Harry Schomberg — Decomposition submodel and
associated field data collection.

Table 2. WEPS field validation sites.

Location (City, State) Study Period
Fresno, CA 1993-1995
Akron, CO 1988-1990
Eads, CO 1990-1992
Crown Point, IN 1990-1992
Elkhart, KS 1990-1993
Kennett, MO 1992-1994
Havre, MT 1992-1994
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Lindsey, MT 1991-1992

Scobey, MT 1988-1990
Sidney, NE 1988-1991
Mabton, WA 1991

Prosser, WA 1991-1994
Big Spring, TX 1989-1997

Additionally, work on the WEPS User Requirements document with the assistance of
SCS was initiated. Some core concepts identified in the first draft of that document by
George Cole in 1985 covered how WEPS would perform or achieve the following: (a) be
used, e.g., as a conservation planning tool as well as for inventory and assessment
purposes by user agencies; (b) have a modular design with core submodel components;
(c) include a list of required national databases; (d) observe conservation of mass
principles, be process-based, climate driven, deterministic, robust, and validated; (¢) be
casy to use; (f) reflect impacts of applied management practices on wind erosion
susceptibility; and (g) apply to all situations presently covered by WEQ. The concept of a
user interface for the model was added in later drafts as a requirement under the “ease of
use” directive (e).

One interesting requirement within the first draft was that the system would compute the
frequency distribution of wind erosion at the rate of one management practice per 10
minutes and no more than 30 minutes of user time (computer time can be longer) per
farm, is to be required in the office to prepare and assemble needed information before
going to the field. This was the estimated amount of time that it took a knowledgeable
SCS field office employee to apply the paper (non-computerized) version of WEQ at that
time. Later revisions of the user requirements document included additional constraints
on the computational time and even specified particular computer hardware, including the
use of a math coprocessor as a requirement, to meet the new runtimes. The final
documented requirements for the runtime in the last draft authored by Hagen in 1991
were “should compute ... annual soil loss values ... at the rate of two minutes for each
year of the crop rotation” and “no more than 30 minutes of office time should be required
to assemble the needed information before operating the program with a typical client.”
However, later discussions between WERU and the NRCS National Agronomist, circa
1993, resulted in a much tighter “5 minutes to obtain and select inputs” and “less than 30
seconds per rotation year for a simulation” requirement upon WEPS. The significance of
this one requirement had profound implications both during the development of WEPS
and on the final delivered model submitted to NRCS years later.

Multiple meetings with SCS were held over the coming years, with multiple updated
drafts produced as a result. The WEPS User Requirements document was never officially
signed off by SCS, nor formally published, due to a variety of external factors, although
Hagen did publish a manuscript that covered a partial list of those user requirements
(Hagen 1991a). Regardless, the WEPS User Requirements document contained the
blueprints faithfully followed throughout the development of WEPS. The last formal
meeting with SCS regarding the user requirements for WEPS was held August 26-29,
1991, in Kansas City, MO.
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Many other meetings, workshops, and training sessions were held, first by the core
researchers and the field research collaborators and later with much more direct NRCS
involvement, during the WEPS user interface and database development. A listing of
such meetings held over the years is shown in Table 3. These meetings covered the basic
laboratory and field research that had been conducted early on for WEPS during the core
team meetings and later during the many Quarterly ARS/NRCS Agreement meetings
(2002-2009) covering the specific modeling and user interface issues, NRCS WEPS
testing meetings (2005-2006) covering the following states (MO, KS, CO, NE, NM, ND,
SC, ID, MT, IA, NV, WA), the development and population of databases, and eventually
the NRCS “train the trainer” workshops (2007).

Table 3. WEPS core team, subgroup, NRCS/ARS agreement and NRCS WEPS testing

meetings as well as NRCS Train-the-Trainer workshops.

Dates Location Purpose

Oct., 1985 Kansas City, Meeting formalizing the WEPS
MO project

Nov. 3-5, 1987 Manhattan, KS ~ WEPS Core Team meeting

Apr. 13-15, 1988
Oct. 28-30, 1988
May 21-23, 1989

Sep. 19-21, 1989
Apr. 3-5, 1990

Apr. 18-21, 1991
Aug. 26-29, 1991

Nov. 19-21, 1991
Apr. 21-23, 1992

Oct. 28, 2002; Feb. 3, Apr. 24, Jul.
22,2003; Mar. 2, Jun. 3, Nov. 5,
2004; Apr. 5, Aug. 11, Dec. 13,
2005; May 2, Sep. 6, Nov. 30,
2006; Mar. 13, Jul. 19, Oct. 11,
2007; Oct. 23, 2008; Jul. 28, 2009

Mar. 29-31, Jun. 1-3, Aug. 23-25,
Dec. 29-30, 2005

Nov. 6-8, 2006, Jan. 22-24, Feb. 12-
14, Mar. 12-14, Apr. 9-11, 2007

Big Spring, TX
Morris, MN
Ft. Worth, TX

Lincoln, NE
Bushland, TX
Manbhattan, KS

Kansas City,
MO

Big Spring, TX
Manbhattan, KS

Manbhattan, KS

Various
locations

Various
locations

WEPS Core Team meeting
WEPS Core Team meeting
WEPS Core Team meeting

WEPS Core Team meeting
WEPS Core Team meeting
WEPS Core Team meeting

WEPS User Requirements
meeting

WEPS Core Team meeting
WEPS Core Team meeting

ARS/NRCS Agreement
meetings

NRCS WEPS Testing meetings

NRCS WEPS Train-the-Trainer
workshops
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It took approximately 10 years to conduct the basic research and field studies required for
the WEPS erosion routines and its supporting submodels, to develop the core science
model, and to validate the erosion code. Then there was a brief 2-year stint during which
the WEPS developers were requested to work on a Revised Wind Erosion Equation
(RWEQ) but were later asked to return to working on WEPS. The latter 10-year period
was primarily focused on developing the interface and expanding the necessary databases
for NRCS implementation. This does not mean that there were no ongoing
improvements, bug fixes, and enhancements being made to the science model during the
latter 10 years. Some specific major changes as identified in Table 1 during that
timeframe were the NRCS-requested yield calibration feature and a fixed yield:biomass
ratio for determining crop yields. In addition, the WEPP hydrology code was
incorporated to meet NRCS runtime constraints. The iterative process during the NRCS
testing stages was crucial to the refinement of the WEPS science model, to the maturation
of the usability of the interface, and to the ultimate successful conclusion of the
implementation of WEPS within NRCS.

Initial completion dates were underestimated at the beginning of the WEPS project. The
program interfaces changed rapidly during this time, starting with the text-based menu
systems and concluding with the highly graphical, mouse-based windowed systems. The
level of support required by NRCS to develop national-level databases was not
anticipated.

Model Description

WEPS was constructed to be modular, unlike most models of that era, e.g., the Erosion
Productivity Impact Calculator (EPIC) (Sharpley and Williams 1990). Hence, the
advantages of constructing a modular program were already evident. WEPS was also
built to incorporate the conservation of mass and momentum principles within the
derived relationships, where possible, and to have submodels capable of simulating
changes in the relevant properties important to wind erosion on a daily basis.

However, the concepts embodied in WEPS were not determined quickly. The previous
work by the ARS scientists formed the initial basis for WEPS: the conversion of WEQ to
a daily time step model for inclusion into EPIC (Cole 1983, Cole and Lyles 1984); the
concepts of outside influences changing the susceptibility of a surface to wind erosion,
e.g., crop growth, temporal soil surface properties modified by climate, changes in soil
aggregate status due to tillage, etc. (Lyles and Tatarko 1986); the derivations of the
mathematical basis for the physical processes required to compare the wind tunnel
relationships with the field-scale erosion rates (Cole 1984a); the expressions of the period
or interval for erosion loss (Cole 1984b); the introduction of the conservation of mass and
momentum principles into the wind erosion processes (Cole 1985); and the investigations
of the probability requirements for the erosion outputs (Cole and Higgins 1985).

WEPS now consists of several major components, which will be further referred to
collectively as WEPS 1.0: (a) the WEPS science model; (b) the WEPS interface; and (c)
the databases of soils, crop growth/residue decomposition, operations, wind barriers, and
climate. The science model is the core wind erosion model used to perform the
simulation. The WEPS interface obtains the required inputs from the user and then
packages them into the necessary science model input files, executes the science model,
and presents the output in a more user-friendly format than provided by the science
model itself. The science model, through its respective submodels, estimates the
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soil/vegetation surface state on a daily basis with respect to the erodibility of the surface.
If the wind speed is significant enough during the day to generate a friction velocity that
exceeds the static threshold friction velocity of that surface, then the Erosion submodel
will simulate the degree of wind erosion that occurs on a sub-daily time step for that day.
Figure 1 shows the basic structure of WEPS 1.0, including the interface user inputs, the
databases, and the submodels in the science code. The science model is coded in
FORTRAN, which was the programming language initially understood by the majority of
scientists at that time. The WEPS interface is coded in Java, as it is the only programming
language that has cross-platform capability, including the graphical display elements,
without requiring any modifications at the source code or binary level. The databases are
of three types: the text-based proprietary (unique to the program/database) formatting for
the older databases and records (CLIGEN, WINDGEN, soil, management, and wind
barriers), the XML-based for the crop and operation records accessed by the WEPS
interface, and the GIS shape file-based for the climate record selection.

Science Model

WEPS is unique as a wind erosion model because it seeks to determine the surface state
on a daily and sub-daily basis with respect to the surface’s susceptibility to wind erosion.
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Figure 1. WEPS 1.0 components, submodels, and databases.
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No other wind erosion model is capable of this. WEPS simulates many of the physical
processes known to occur as a result of wind erosion on cropland. The basic erodibility of
the bare soil is determined from the aggregate size distribution on the surface as well as
from the density and the dry stability of the aggregates. If the surface is either partially or
fully consolidated (e.g., if it is crusted), then the fraction of crusted surface is taken into
account along with the crust thickness, its dry stability, and the amount of loose, erodible
material on the crust. If the surface consists of non-erodible particles (rocks), then the
fraction of the surface that contains rocks discounts the surface’s susceptibility to erosion
(see Figure 2). The aerodynamic roughness is computed based on both the random
roughness and any oriented roughness and its row direction relative to the wind direction.
If vegetation exists, then the computed friction velocity is carried down through the plant
canopy to the surface (a unique attribute of the WEPS Erosion submodel).

tation of a Crusted Soil

Crust L ] Rock

o Aggregate \' 4 / Residue

#8% < 0.03 Inches Material

Figure 2. Schematic representation of a crusted soil (Zobeck 1991).

Hydrology

WEPS maintains the current state of the surface on a daily basis, with the modifications
to surface wetness maintained on an hourly basis. The user has the option of selecting one
of the two hydrology submodels—either (a) the original WEPS Hydrology submodel,
which performs a complete one-dimensional Darcy’s law simulation of the water
movement within the soil profile, including infiltration and evaporation or (b) the WEPP
hydrology submodel, which uses Green-Ampt infiltration, a tipping bucket approach to
water distribution within the soil profile, and an empirical evaporation withdrawal
function (Savabi et al. 1995). Both hydrology submodels also use independently
developed routines to simulate the soil freeze/thaw and the snow accumulation/melt. The
WEPP hydrology submodel uses a less computationally intensive approach. This
submodel is the default hydrology component used by NRCS, although the WEPS
hydrology component better simulates the diurnal cycling of the surface moisture and
more accurately influences the freeze/thaw and freeze/dry winter processes, all of which
impact the surface soil erodibility by wind. The WEPP hydrology submodel was added to
meet the NRCS runtime requirements, which WEPS had difficulty attaining at the time
(circa 2006) with the computer hardware available then. The Hydrology submodel
accounts for 80-90 percent of the total runtime for a typical WEPS simulation. A detailed
description of the Hydrology submodel in WEPS is provided in the WEPS Technical
documentation (i.e., chapter 6 of this document).

Plant Growth

The Plant Growth submodel (alternatively known as the Crop submodel) simulates the
growth of a plant (crops) under applied daily water and temperature stresses. It was
originally based on the Erosion Productivity Impact Calculator (EPIC) plant growth
model (Sharpley and Williams 1990), but it has been heavily modified to meet the WEPS
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requirements for vegetation influences on wind erosion. The leaf mass and the stem mass
interact differently with the wind; therefore, the plant biomass accumulation is divided
into the stem, leaf, and reproductive components. For better frost damage simulation, the
live leaf and dead leaf masses are tracked. To model perennial, winter annual and bi-
annual crops, a storage pool accumulates the mass and releases it for regrowth, assuming
that all leaf mass is removed. A maximum plant radius prevents one plant from
completely covering a large area and is used to divide the stem mass between standing
and flat. For crops whose maturity is not purely heat unit driven, the vernalization
parameters can also be set. Unlike EPIC, which grows the biomass based on a heat-unit-
driven Leaf Area Index (LAI) curve, WEPS grows biomass and divides it into the mass
pools and calculates the resulting LAI from the leaf mass. Similarly, the stem biomass is
used to calculate a stem area index. Additionally, due to NRCS requests, an individual
crop can also be configured such that the after-harvest residue is dependent on the yield,
and if need be, this functionality can be disabled for all crops via a command line option
to the WEPS science model. A detailed description of the Plant Growth submodel in
WEPS is provided in the WEPS Technical documentation (i.e., chapter 9 of this
document).

Decomposition

The residue decomposition is driven by temperature, the soil moisture (on the surface for
surface residue and within the soil for buried residue), and the decay rate, which is
dependent on the parent plant material and the component (Steiner et al. 1994,
Schomberg et al. 1996). The stem, leaf, chaff, and root components are tracked
separately. Multiple pools of the residue, based on the age, component, and location, are
maintained separately within WEPS. The critical residue parameters that impact wind
erosion are the leaf area index, the stem area index, the spatial density of the standing
stalks (population), and their average diameter and height, as well as the flat residue mass
and the cover fraction.

Soil

The Soil submodel simulates the daily changes to the soil and surface that occur due to
climatic factors. The ridge and dike height as well as the random roughness are decayed
due to cumulative rainfall. The surface crust is formed due to puddling on the surface
when the precipitation events exceed the infiltration rate, with the resulting crust stability
and thickness as well as the amount of loose erodible material on the crust all determined
by the parent soil type. Aggregates consolidate, increasing in size, and aggregate stability
increases also occur due to cumulative rainfall. Over time, the bulk density trends to a
settled bulk density value that depends on the soil type (Rawls 1983). The aggregate
stability and the size are decreased due to freeze/thaw, freeze/dry, and wet/dry cycles.
The de-aggregation and re-aggregation processes are reflected in the changes to the size
distribution of the aggregates within each soil layer, represented as a modified lognormal
distribution (Wagner and Ding 1994).

Management

The Management submodel addresses the variety of land management actions by
identifying the primary physical processes involved and by representing each individual
management operation as a sequential set of the relevant primary physical processes
(Wagner and Fox 2013). Those processes include the following: (1) surface modification
(creation or destruction of ridges and/or dikes that form oriented surface roughness,
changes in surface random roughness, and destruction of soil crust); (2) soil layer mass
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manipulation (changes in aggregate size distribution and soil porosity, mixing of soil and
residue among soil layers, and soil layer inversion); (3) biomass manipulation (burying
and resurfacing residue, clipping standing residue, flattening standing residue, killing live
crop biomass, and biomass removal); and (4) soil amendments (manure and residue
additions, planting, and irrigation). A complete list of management operation processes is
provided in Table 4.

Table 4. Management operation processes.

Action Process Description
Soil surface Crust Process of modifying the soil surface crust
manipulation characteristics
Roughen Process of modifying the random surface roughness
Ridge/Dike Process of creating or destroying ridges and/or dikes
(oriented surface roughness)
Soil mass Crush Process of applying forces to the soil that modifies the
manipulation aggregate structure by breaking down soil aggregates
Loosen Process of decreasing soil bulk density and increasing
porosity (incorporation of air), or the inverse process
of increasing the soil bulk density by removing air
from the soil (e.g., compaction)
Mix Process of blending soil layer properties, including
biomass
Invert Process of reversing the vertical order of occurrence
of the soil layers within the current specified tillage
zone
Biomass Flatten Process of converting standing biomass to flat
manipulation biomass
Bury Process of moving surface biomass into the soil
Re-surface Process of bringing buried biomass to the surface
Cut/Remove Process of cutting standing biomass to a prescribed
height and placing the cut material on the surface or,
optionally, removing (harvesting) the cut material
Thin Process of reducing number of standing biomass
population stems by a fraction of the total or to a specified
number per unit area and placing thinned material on
surface or, optionally, removing (harvesting) it
Kill/Defoliate ~ Process of killing or defoliating live (or dead)
biomass
Remove Process of removing biomass from the system

(harvest, grazing. and burning)
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End biomass Process that completes transfer of killed crop biomass
to residue decomposition pools. This WEPS-specific
function addresses a deficiency in current model
design that does not allow decomposition process to
occur automatically within model

Soil Plant Process of adding seeds/plants to the soil
amendments

Irrigate Process of adding water on or into the soil

Add biomass Process of adding biomass (residue, manure, wood
chips) to the surface and/or into the soil

In accordance with the WEPS design philosophy, the Management submodel simulates
these processes via a physical basis if possible, incorporates the conservation of mass
concepts, and employs the functional relationships developed from the field and
laboratory data, if available, using a minimum of parameters with the readily available
and/or attainable values. These processes are assumed to be dependent with respect to
each other and are simulated sequentially. Thus, each management operation is
represented by an appropriate ordered list of processes. The individual processes and
their order of simulation uniquely describe each specific operation effect on the soil,
surface, and vegetation present. The typical multi-tool and ganged multi-implement
operations also can be easily described in full by repeating the necessary processes for
each tool (tillage element), which exist as a component of such operations.

The list of management operations performed for a given management plan (crop
rotation/tillage sequence or cyclical list of cultural practices) is specified in a
management file. On the dates when operations are to be performed, the Management
submodel will execute the specified routines required to simulate the effects of those
operations listed in the management file. When the final operation is performed for that
particular management/crop rotation cycle, the sequence will then be repeated for the
subsequent year(s) until the end of the simulation.

Erosion
WEPS is unique in the detail and completeness that the erosion processes are modeled.
Thus, an overview of how erosion is modeled within WEPS is provided here.

In WEPS, the friction velocity was selected to drive erosion, but the meteorological input
parameter is the wind speed. However, for any given wind speed, under neutral
atmospheric conditions in the surface boundary layer, the friction velocity is proportional
to the natural logarithm of the surface aerodynamic roughness. Therefore, to obtain the
friction velocity, the aerodynamic roughness term of the log-law wind speed profile must
be determined.

For surfaces without standing biomass, the surface aerodynamic roughness is simply

controlled by the roughness of both the soil and the flat biomass cover. The controlling
(maximum) roughness, e.g., the random, oriented, or flat cover, is calculated, and the

39



appropriate relationship is selected for use in determining the aerodynamic roughness
length.

If standing plant biomass is present, additional calculations are performed to determine
the friction velocity at the surface. The effectiveness of leaves is significantly reduced
due to their tendency to orient parallel to the wind streamlines (Armbrust and Bilbro
1997). Therefore, an effective biomass drag coefficient is computed, and it discounts the
effect of the leaves relative to that of the stems on the wind in determining the
aerodynamic roughness length above the canopy surface. The under-canopy aerodynamic
roughness length is then calculated (Hagen and Armbrust 1994). Once the acrodynamic
roughness length is known, the friction velocity of the surface generated by a given wind
speed can then be determined.

To determine the static threshold friction velocity, the potential surface cover must be
accounted for and may consist of the following: (a) rocks, (b) crust, and (c) aggregates,
with flat and standing biomass above or on those surfaces. The static threshold friction
velocities for bare soil surfaces are estimated by equations fitted to wind tunnel data
(Hagen 1991b, Chepil and Woodruff 1963). If a flat biomass cover is present, the
increase in surface area protected from emission is accounted for (Hagen 1996).
Likewise, an increase in the static threshold friction velocity due to surface wetness is
also considered (Saleh and Fryrear 1995).

If the computed friction velocity generated by a given wind speed exceeds the computed
surface static threshold friction velocity, then erosion will occur and the Erosion
submodel will initiate the emission of soil and use a reduced static threshold friction
velocity (dynamic threshold friction velocity), which accounts for the fact that saltating
particles return additional energy to the stationary aggregates lying on the surface in the
saltation/creep transport capacity equations (Bagnold 1943).

The transport of soil during wind erosion occurs in three modes. Creep-size aggregates
(0.84-2.0 mm diameter) roll along the surface, saltation-size aggregates (0.10-0.84 mm
diameter) hop over the surface, and suspension-size aggregates (< 0.10 mm diameter)
move above the surface in the turbulent flow. Obviously, as wind speed increases,
turbulence, or sediment loads, change; the diameter of aggregates moving in the various
modes also may change slightly. However, in WEPS, these values are assumed constant.

In WEPS, it was assumed that the combined saltation/creep mode of transport has a
distinct transport capacity for each surface, based on the surface aerodynamic roughness
and wind speed. This assumption generally has been supported by both the field and wind
tunnel measurements of the saltation/creep discharge (Greeley and Iversen 1985). Other
properties, such as the soil texture, the quantity of loose erodible material on a crusted
surface, etc., may limit the supply of saltation/creep-size particles available for emission
(transport), especially on short fields. However, these properties do not impact the
carrying capacity of the wind (transport capacity) for these particles on a given surface. It
was also assumed that the suspension component does not reach a transport capacity on
most eroding fields. Thus, separate equations have been developed for saltation/creep,
suspension, and PM 10 discharge because each responds differently to both the wind
forces and the sediment load (Gillette et al. 1998). Separating these erosion components
is also useful because they have different potential offsite impacts.
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Wind erosion occurs over a wide range of surface conditions. To aid in delineating the
erosion rates among the various surfaces, several individual erosion processes were
identified in WEPS (Hagen et al. 1999). These processes include (a) the direct
entrainment (emission) of loose soil by wind and/or saltation impacts, (b) the abrasion of
soil from clods/crust by saltation impacts, and (c) the breakage of saltation/creep-size
aggregates into suspension-size particles. These processes were selected for individual
simulation because they differ from one another by approximately an order of magnitude
in their ability to supply new suspension or saltation/creep-size mass to the airstream in
response to a saltation impact (Mirzamostafa et al. 1998). When the saltation/creep
discharge exceeds the transport capacity over a region in a local area of the surface, the
deposition of saltation/creep occurs. It also was assumed that the coarse fraction of the
suspension component begins depositing when moving over areas in the simulation
region that are not actively eroding.

For both the saltation/creep and the suspension components, based on the conservation of
mass in a control volume, the one-dimensional, quasi-steady state equations for the
physical processes were developed (Hagen et al. 1999). They include the following
parameters: (a) emission, based on the surface roughness, biomass cover, and aggregate
size distribution; (b) abrasion of immobile soil clods and crust by saltation impacts
creating additional erodible aggregates (Hagen et al. 1992, Zobeck and Popham 1991
Mirzamostafa et al. 1998); (c) breakage during the transport of saltation-size aggregates
into suspension-size aggregates (Mirzamostafa 1996); (d) trapping due to changes in
surface conditions that cause a decrease in the threshold friction velocity and capacity;
and (e) interception of mobile particles due to the standing biomass.

In WEPS, the simulation region is gridded, with the erosion computed within each
uniform-sized rectangular cell. The cell size and shape are both variable, depending on
the size and shape of the simulation region. The minimum grid cell X and Y length
dimensions are 7 m. Currently, the maximum number of 29 x 29 (841) cells are used in a
typical field size simulation (greater than 200 m by 200 m). The cell size and number
were determined based on tradeoffs between the erosion computation accuracy and the
runtime considerations for typical U.S. cropland field sizes. The number of cells is more
than quadrupled to 59 % 59 (3,481) cells, if barriers are specified on the simulation
region. This was done to properly account for the barrier effects on larger field
simulations (that is, to maintain a small enough cell size to properly represent the regions
upwind and downwind influenced by the barrier). For each day that erosion occurs, all
cells begin with the same initial surface conditions. Likewise, the initial friction velocity
for each cell is the same, except within the influence zone of a wind barrier. The friction
velocity is then depressed, based on (a) the barrier porosity, (b) the barrier height, and (c)
the distance from the barrier for each cell within 15 and 5 times the barrier height
downwind and upwind, respectively. As the erosion process proceeds, the surface state is
updated dynamically within the Erosion submodel for each cell. The effects of the
erosion processes are all simulated within the Erosion submodel of WEPS. These include
(a) abrading through the surface crust, (b) deflating the erodible-size surface aggregates
and therefore increasing the non-erodible aggregates and rocks on the surface, and (c)
smoothing of both the oriented and random roughness due to the trapping and sheltering
of eroding particles. The updating of the surface occurs at different time intervals and is
dependent on the relative erosive wind energy (level of erosion) occurring at the most
erosive grid cell during the previous time step.
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Interface

NRCS would not have been able to implement WEPS without an interface or the national
databases that made it easy for the field office staff to select necessary inputs and view
the simulation results easily. Significant effort was expended on developing the interface,
iteratively revising it to better meet their needs and assisting them in populating the
necessary databases. Many resources were spent, at least time-wise, on the development
and expansion of the interface and databases as were spent on the development of the
WEPS science model. However, it is the author’s belief that WEPS would never have
been implemented within NRCS without these non-science components having been
addressed and completed as a part of WEPS 1.0.

The WEPS interface, written in Java to be as cross-platform as possible, obtains the
required inputs from the user. When a WEPS run is initiated, the interface creates the
necessary science model input files from those previously selected inputs, runs the
CLIGEN and WINDGEN generators to generate the climate and wind data files,
respectively, if configured to do so, and then executes the science model. Upon
completion, the interface presents the output in a more user-friendly format than provided
by the science model itself. Figure 3 shows the main WEPS interface screen.
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Figure 3. Main screen of WEPS User Interface.
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Inputs

Through the interface, there are only four main inputs required by WEPS: (a) location,
(b) field geometry, (c¢) soil component, and (d) management, as shown in Figure 1.

The location can be specified in a variety of ways by the user: (a) latitude/longitude
coordinates directly, (b) through a series of political boundary selections (e.g.,
State/county selections for the United States), or (c) by selecting a location from a map.
Once the location has been selected, the user will usually have the representative
CLIGEN and WINDGEN stations selected based on the criteria set within the
configuration of the user interface. The options include (a) the nearest station to the
specified latitude/longitude, (b) the specified station within a defined polygon region, (c)
the interpolated station (currently only available for WINDGEN stations), (d) the user
selected, and (e) the specified previously generated or historical data in the CLIGEN
and/or WINDGEN file formats. NRCS employs several of these methods, depending on
the region in which the model is being applied. For non-NRCS WEPS release
configurations, the default station selection is still the NRCS option, but the user is free to
select any of the other specific options available, e.g., (a) nearest station with sorted by
distance choice list override, (b) nearest station only, (c) file (usually historical data)
option, or (d) GIS maps for using the polygons. The WINDGEN station selection also
contains the additional interpolation option. The user also has the ability to select one of
these options as the default as a configuration setting through the configuration menu
setup available from the menu bar on the main WEPS screen. The actual WEPS inputs
from these two climate files are described in the next section on databases.

The field geometry is currently restricted to rectangular regions oriented relative to north
within the WEPS science model. The user can specify the X and Y lengths and the
orientation angle of the region directly from a common set of field shapes in which the
size (area) of the simulation region is then specified. Non-rectangular shapes, such as
circles, half-circles, and quarter-circles, are handled by internally converting the region to
a representative rectangle of the same area within the interface. This approach was added
to the interface in response to the WEPS testing conducted by NRCS. This testing
revealed problems with the representative field size to be used for non-rectangular fields.

The soil component consists of the intrinsic soil layer and the surface properties. The
temporal soil layer and surface properties are either initialized by the user manually or,
more commonly, are assigned default values based on a few select intrinsic soil property
values within the interface. There are 16 surface properties and 30 soil layer properties
required for a fully populated WEPS soil input file (Tables 5 and 6). The user has the
option to select a soil component in the following ways: (a) by going through a
State/County/Series/mapid/component selection process from either a Microsoft Access
format NRCS SSURGO database (Soil Survey Staff, n.d.) file or directly over the
Internet through a Simple Object Access Protocol (SOAP) interface, now called a Web
Map Service (WMS), connection with the NRCS Soil Data Access URL via
https://sdmdataaccess.nrcs.usda.gov/; (b) by selecting a WEPS-specific text formatted
file; or (¢) by manually filling in at least seven soil properties for each soil layer, which is
the minimum required to estimate the values for all the remaining properties if the user
does not know or does not want to manually populate all the properties. The NRCS users
connect to the NRCS Soil Data Access website by default.
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Table 5. List of intrinsic soil, layer, and surface properties used by WEPS.

Can estimate through

Property Units interface (Yes/No)
Slope m'm’! No
Number of soil layers unitless No
Organic matter kg-kg! No
Sand kg-kg! No
Silt kg-kg! Yes
Clay kg-kg! No
Rock fragments m*-m Yes
*Very coarse sand (fraction of < 2 kg-kg! Yes
mm portion of the soil)

*Coarse sand (fraction of <2 mm kg-kg! Yes
portion of the soil)

*Medium sand (fraction of <2 mm kg-kg! Yes
portion of the soil)

“Fine sand (fraction of <2 mm kg-kg! Yes
portion of the soil)

Very fine sand (fraction of <2 mm kg-kg! No
portion of the soil)

CB (power of Cambell’s model) unitless Yes
Air entry potential T'kg'! Yes
Saturated hydraulic conductivity m-s’! Yes
pH unitless Yes
CaCOs kg-kg! No
Cation exchange capacity meq (100 g)! Yes
Linear extensibility percent (mm-mm)-100 Yes

" Indicated sand fraction parameters are not currently used in WEPS but are required

in the soil input file.
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Table 6. List of temporal surface and soil layer properties initialized and used by WEPS.

Can estimate through

Property Units interface (Yes/No)
Crust thickness mm Yes
Crust density Mg-m? Yes
Crust stability In(J-kg™) Yes
Crust fraction m? m? Yes
Loose material on crust (mass) kg-m™ Yes
Loose material on crust (cover) m?m? Yes
Random roughness mm Yes
Oriented (ridge) roughness direction degrees Yes
Ridge height mm Yes
Ridge spacing mm Yes
Ridge width mm Yes
Soil dry albedo unitless Yes
Surface rock fragments m?m? Yes
Bedrock depth mm Yes
Restriction depth mm Yes
Layer thickness mm No
Bulk density (wet) Mg-m? No
Geometric mean diameter of aggregates mm Yes
Geometric standard deviation of aggregates mm Yes
Maximum aggregate size mm Yes
Minimum aggregate size mm Yes
Aggregate density Mg-m? Yes
Aggregate stability (dry) In(J-kg™) Yes
Water content (initial) mm?*-mm Yes
Water content (saturated) mm?®-mm Yes
Water content (field capacity — 1/3 bar) mm?*-mm Yes
Water content (wilting point — 15 bar) mm?*-mm Yes
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The management/crop rotation files consist of the list of operations that a land manager
has prescribed for a particular simulation. These typically include the planting and
harvesting operations as well as the tillage and any optional irrigation applied to the field
with their respective dates. The user can select from the following: (a) Crop Management
Zone (CMZ) template files originally created by NRCS for use by their field office staff
when using the 2nd Revised Universal Soil Loss Equation (RUSLE?2), (b) previously
constructed management files created and saved locally by the user, or (c¢) the creation of
a management/crop rotation file from scratch by opening up the Management/Crop
Rotation Editor (MCREW) within the interface. Of course, any previously selected file
can also be modified within MCREW. Figure 4 shows the MCREW panel with a list of
selected operations.
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Figure 4. Management/Crop Rotation Editor screens.

Databases

Several national-scale databases were developed by NRCS with assistance from ARS for
use with WEPS. The soil database (NASIS) and the CMZ management/crop rotation files
mentioned previously were developed by NRCS outside of WEPS. However, due to
underpopulated records, required WEPS parameters were originally not available in all
soil components to be used with WEPS in the soil database. To address this problem,
several directives from the NRCS National Soil Survey Center in Lincoln, NE, were sent
out to the State NRCS organizations informing them of the need to complete the
necessary data population process prior to WEPS implementation. ARS also developed a
conversion process to allow NRCS to transform the original RUSLE2-originated CMZ
files into WEPS-compatible CMZ files. This allowed NRCS to have over 25,000
template management files immediately available for use with WEPS during its
implementation within their agency. A translation file is provided with WEPS. It
describes the specific conversions required between RUSLE2 and WEPS management
operation process parameters, automatically handling the majority of differences between
the management rotations for the two models.
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Additionally, over 300 operations presently exist for simulating tillage, harvesting,
grazing, burning, irrigation, and spraying, as well as manure and residue applications, and
235 different crop records were developed to simulate the growing of all major
agricultural crops in the United States, including Hawaii and Alaska. NRCS required
significant technical assistance in obtaining the necessary parameters for developing
operation, crop growth, and decomposition records for WEPS. In addition, “How To”
guides were eventually developed and added to the WEPS User Manual to assist a
technical user in the process of populating new crop and operation records. Likewise,
NRCS (Gary Tibke, Michael Sporcic, Dave Lightle, and Bruce Wight) populated the
wind barrier database provided with WEPS 1.0 to include all typical species of plants
used for wind barriers listed in the NRCS practice standards.

NRCS runs WEPS exclusively using stochastic weather files generated by the CLIGEN
(Nicks et al. 1989) and WINDGEN (van Donk et al. 2005) generators. However,
historical weather data can be used if they are in the CLIGEN and WINDGEN generator
output file formats for non-NRCS releases of WEPS. The station records were expanded
for CLIGEN using the USDA Forest Service’s Rock:Clime Web-based tool
(https://forest.moscowfsl.wsu.edu/cgi-bin/fswepp/rc/rockclim.pl) to provide additional
coverage for selected agricultural cropping regions in the western United States (Elliot et
al. 1999). Sixty-eight additional CLIGEN stations were added to the original 2,658
stations that previously existed in the CLIGEN database. Climate parameters provided by
CLIGEN used in WEPS are (a) station elevation, which acts as default simulation site
elevation unless overridden by user; (b) observed monthly average maximum and
minimum temperatur