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ABSTRACT

MODELING SEDIMENT AND PHOSPHORUS LOADING IN
A SMALL AGRICULTURAL WATERSHED

By

Da Ouyang

Agricultural nonpoint source pollution is considered the leading cause for water
pollution in the United States. Sediment and phosphorus are two major pollutants that are
responsible for water pollutions. While soil erosion degrades soil productivity, it causes
water quality problem through sediment and nutrients. Excessive fertilization,
particularly from phosphorus, leads to eutrophication which deteriorates surface water
quality. Efforts have been made to minimize agricultural nonpoint source pollution by,
for example, implementing best management practices. Controlling agricultural nonpoint
source pollution requires good information and knowledge on identifying the source
areas and quantifying the pollutant loadings. A water monitoring program is helpful but
costly. A scientifically based model can provide an alternative approach to provide a
quantitative estimation on soil erosion, sediment and nutrient loadings, and to help
identify the source areas.

The goal of this research is to investigate various agricultural nonpoint source
pollution models, and develop a GIS based and spatially distributed approach to better
estimate soil erosion, sediment and phosphorus loading in an agricultural watershed

context.



A small agricultural watershed, Marshall Drain Watershed, was selected as the
study area. This watershed is approximately 400 acres with 90 percent agricultural land
use. It is a subwatershed of the Sycamore Creek watershed, located in Ingham county,
Michigan. Agricultural nonpoint source pollution, particularly sediments, has been
identified as the major cause of water pollution in the watershed. A multi-year water
quality and land use/tillage management monitoring program has been conducted in the
watershed from 1990-1997. Data from this monitoring program are used in this study.

A Spatially Explicit Sediment Delivery Model (SEDMOD) and the modified
Revised Universal Soil Loss Equation (MRUSLE) are used in this study. These two
models are integrated into Sediment and Phosphorus Loading Model (SPLM). It is GIS
based and capable of calculating soil erosion, sediment yield and phosphorus loading.
The results showed SPLM estimated sediment and phosphorus loading with an improved
accuracy compared to other models. Input data required to run the model are minimum
and readily available. The results of this research demonstrate the benefits of using a
spatially explicit model combined with GIS technology. SPLM allows users to identify
the source areas and estimate NPS loadings which may lead to a cost-effective watershed

planning and management for minimizing agricultural nonpoint source pollution.
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CHAPTER ONE

INTRODUCTION

1.1 Overview

1.1.1 Problem Statement

Since the 1970s, following the passage of the Clean Water Act (CWA), great progress
has been made in controlling point source pollution, especially from industrial facilities
and municipal discharges. Nonpoint source (NPS) pollution has now become the leading
cause of surface water degradation in the United States. Nonpoint source pollution is
generally referred to the pollution resulting from diffuse sources. The single major
nonpoint source pollution comes from agricultural cropland. According to the U. S.
Environmental Protection Agency’s (USEPA) National Water Quality Inventory reported
to Congress, agricultural nonpoint source pollution is responsible for the impairment of
60 percent of the impaired river miles and 50 percent of lake acres in the United States
(USEPA 1994). Although progress has been made over the past few years, agricultural
nonpoint source pollution has been continuously considered as the No. 1 source for water
pollution in rivers and lakes according to a series of EPA’s 1994, 1996 and 1998 reports
for the National Water Quality Inventory (USEPA 1994, 1996, 1998, 2000).

The primary water quality problems from agricultural nonpoint source pollution are
sediment and nutrients. Soil erosion not only degrades agricultural productivity,
sediment-bound pollutants such as phosphorus also cause the major pollution concemn in

surface waters. Contribution of nonpoint source pollution from agricultural land use has



been estimated at 64% of total suspended sediment and 76% of total phosphorus (Duda
and Johnson, 1985). Overenrichment of nutrients in freshwater stimulates algal and
rooted aquatic plant growth, and results in oxygen depletion, fish kills, odor problem and
consequently eutrophication (Lee, 1971). Eutrophication impairs the use of surface
waters for recreation, fisheries, industry and drinking (Sharpley and Meyer, 1994,
Sharpley et al. 1994). Environmental and economic impacts for controlling agricultural
nonpoint source pollution are tremendous. It is estimated that the economic damage to
surface water quality caused by sediment and nutrients from agricultural cropland ranges
from 2.2 to 7 billion dollars each year in the United States (Lovejoy et al., 1997).

Soil erosion and sediment delivery are the key processes controlling NPS pollution in
agricultural watersheds. Not all soil erosion will be delivered to waterways due to
deposition. Actually, only a portion of soil loss from agricultural land is transported to a
river. The process of soil erosion involves three steps: detachment of soil particles,
transport, and deposition. Soil erosion by water can be categorized into sheet, rill, gully
or channel, and stream bank erosion. When raindrops fall on soil surface and detach soil
particles, the water runs over the soil surface and removes particles in a thin layer, which
causes sheet erosion. Rill erosion occurs where water concentrates to form small channels.
Erosion from large channels due to large water concentration causes gully erosion (Foster
1986). Sheet and rill erosion are the main sources of erosion from agricultural land.
Widely used soil erosion model, Universal Soil Loss Equation (USLE), was developed
primarily for predicting sheet and rill erosion.

Phosphorus is one of the major pollutants from agricultural nonpoint sources.

Although there are many forms of phosphorus, the particulate phosphorus or sediment



attached phosphorus is the most common form in which phosphorus components move
with eroded soil particles. Previous studies suggest that high phosphorus losses from
croplands are associated with intensive row crop agriculture, fertilizer additions and

tillage, etc. (Nelson, and Logan 1983).

1.1.2 Research Needs

Because of the diffuse nature of NPS pollution, challenges remain in identifying,
assessing and controlling NPS pollution. The processes of NPS pollution and
effectiveness of various NPS control technologies are not fully understood. While
numerous models have been developed in the past three decades, few has been evolved as
national standardized procedure for NPS pollution assessment. Among the U.S.
government agencies, for example, USEPA and the U.S. Department of Agriculture
(USDA) use their own different models/ approaches/ procedures for nonpoint source
pollution assessment. Most of nonpoint source pollution models either require extensive
input data, or lack of integration of new technologies available today such as geographic
information system (GIS) which helps spatial analysis, or lack of necessary accuracy in
assessing sedimentation. Especially, for estimating sediment delivery ratio and sediment
load, most models are spatially lumped models, which lack capabilities to identify source
areas or high risk areas. Developing a spatially distributed approach to better estimate soil
erosion and sediment/phosphorus loading with minimum and readily available data sets is
needed.

A single storm event loading model for estimating nonpoint source pollution is

essential to determine the allocation of pollutant loadings among point and nonpoint



sources to meet the Total Maximum Daily Load (TMDL) standard. The federal
regulations require the states to identify the waters that require TMDL and rank/prioritize
those impaired waters (USEPA 1999). The so-called 303(d) list is the list of impaired
waters (stream segments and lakes) that are submitted to USEPA by the states under
Section 303(d) of the Clean Water Act. Development of spatially distributed model with
an ability to estimate sediment load for single storm events will help to better identify and
prioritize the areas with impaired waters.

Some NPS models have been developed for assessing nonpoint source pollution
such as Agricultural Nonpoint Source Pollution Model (AGNPS) (Young, et al. 1978),
Soil and Water Assessment Tool (SWAT) (Amold et al. 1996), among others. These
models can estimate NPS pollution such as soil loss, sediment, nutrient, and pesticide
losses. The major drawbacks for using these models include extensive input data
requirement and lack of accuracy for quantitative estimation of nonpoint source pollution
in agricultural watersheds. Studies from Michigan Department of Environmental Quality
(MDEQ) showed that estimated average annual sediment loading using AGNPS was 88%
- 94% higher than the monitored data in their study watershed (Suppnick 1999). In
addition, Needham (1999) has concluded from his study that Annualized AGNPS (ANN-
AGNPS) is incapable of accurately estimating NPS loadings. Further research is clearly
needed to improve the applicability and the accuracy of the modeling approaches.

Walling (1983) pointed out that two major problems existed in the current
sediment delivery and soil erosion models: temporal lumping and spatial lumping.
Temporal lumping models aggregate the individual storms and attempt to average out the

variations among them. Spatial lumping models, on the other hand, provide a single value



for the entire watershed without considering the variations on local conditions. In this
study, spatially explicit sediment delivery ratio model is integrated with the modified
Revised Universal Soil Loss Equation for estimating sediment and phosphorus load,

which takes into account the temporal and spatial variations in the watershed.

1.2 Research Objectives

The goal of this research was to investigate various agricultural nonpoint source
pollution models, and develop a GIS based and spatially distributed approach to better
estimate soil erosion, sediment and phosphorus loading on a watershed basis.

Objectives of this study are (1) to investigate the various NPS models for soil
erosion and sediment delivery calculations; (2) to modify the Revised Universal Soil Loss
Equation (RUSLE) so that it is suitable to estimate soil erosion for single storm events; (3)
integrate the Modified RUSLE (MRUSLE) and Spatially Explicit Sediment Delivery
MODel (SEDMOD) for estimating sediment yield and phosphorus loading; and (4)
compare and evaluate this integrated spatial modeling approach with other selected
models using monitoring data available in the study watershed.

This study provides an alternative modeling approach for assessing NPS pollution
and identifying its source areas in agricultural watersheds using existing data. The
outcomes of this study may help watershed planners, resource managers and local
governmental and federal agencies and field staff to prioritize the critical areas needing
technical assistance, and implement best management practices to minimize soil erosion,

sediment and nutrient loading and its impacts on water quality.



1.3 Thesis Organization

This thesis is divided into five chapters. Chapter one gives an overview of nonpoint
source pollution problems that exist today, research needs and objectives. Chapter two
presents the literature review regarding various NSP models including major agricultural
NPS models, soil erosion models, sediment delivery ratio models, and sediment yield and
phosphorus loading estimation methods. Chapter three describes the methods and data
used in this study, including description of the study watershed, data source, and data
processing for soil erosion, sediment delivery and phosphorus loading calculations.
Chapter four provides the research results as well as discussion on the significance of
these results including comparison of results from several different models with the water
monitoring data in the study watershed. Chapter five provides with conclusions drawn

from this study and commendations for future study.



CHAPTER TWO

LITERATURE REVIEW

A number of models have been developed to calculate the sediment delivery ratio
and sediment yield. Many nonpoint source pollution models provide more comprehensive
simulations on hydrology, sedimentation, and biological and chemical processes. They
can generally be grouped into two catalogs. One is called statistical or empirical models
such as the Universal Soil Loss Equation (USLE). These kinds of models are statistically
established based on observed data, and are usually easier to use and computationally
efficient. The other kinds of models can be called parametric, deterministic, or physically
based models, such as Water Erosion Prediction Project (WEPP). These models are
developed based on the fundamental hydrological and sedimentological processes. They
may provide detailed simulation with many different sub-components, but usually require
extensive data input and are not easy to use. The following sections will describe a few
agricultural nonpoint source pollution models including both empirically and physically
based models. The soil erosion and sediment delivery components used in the NPS

models are also reviewed.

2.1 Soil Erosion Models
2.1.1 USLE - Universal Soil Loss Equation

Research on soil erosion and its effect on agricultural productivity started in
1930s. During 1940s and 1950s, research scientists began to develop a quantitative

procedure for estimating soil loss in the Corn Belt in the United States. Several factors



were introduced to an early soil loss equation, in which slope and practice were primarily
considered. A rainfall factor was later added in the erosion equation (Wischmeier and
Smith 1978). In 1954, the U.S. Department of Agriculture, Agricultural Research Service
(ARS) established the National Runoff and Soil Loss Data Center at Purdue University to
locate, assemble, and consolidate all available data throughout the United States. More
than 10,000 plot-years of basic runoff and soil loss data were then collected from U.S.
federal-state cooperative research projects in 49 U.S. locations. Based on the data
assembled at the Data Center and studies conducted by other soil scientists, Wischmeier,
Smith, and others developed the Universal Soil Loss Equation (USLE) using six factors.
An agriculture handbook describing USLE was published in 1965 (Agriculture Handbook
282) and revised in 1978 (Agriculture Handbook 537) (Wischmeier and Smith 1978).
USLE has been widely used as the major conservation planning tool in the United States
and other countries in the world.

After undergoing several changes in the form of soil loss equations, Wischmeier
and Smith (1978) have established a general format of Universal Soil Loss Equation
(USLE) which is the product of six factors:

A=R*K*LS*C*P [2.1.1]
Where A = estimated average soil loss in tons per acre per year

R = rainfall-runoff erosivity factor

K = soil erodibility factor

L = slope length factor

S = slope steepness factor

C = cover-management factor



P = support practice factor

2.1.1.1 R factor in USLE

R is the rainfall-runoff erosivity factor, which is a measure of the erosive force of
rainfall with a consideration of runoff effect. The energy of a storm is relative to both
volume and intensity of rainfall and runoff. R factor for a given time is a sum of the
energy-intensity (EI) values from all storms in that time period. The value of EI equals
the product of total storm energy (E) times the maximum 30-minute intensity (I3o). Rain
showers of less than 0.5 in. are omitted from the erosion index computation, unless at
least 0.25 in. of rain fell in 15 minutes (Wischmeier and Smith 1978). Average annual
values of EI computed from 22-year station rainfall records were used to plot an
isoerodent map for R factor in USLE. The isoerodents connect points with equal rainfall
erosivity.

Total storm energy (E) used to compute R factor in USLE was calculated from the
following equation:

E=916 +331logoI I<=3in/hr. [2.1.2]

E = 1074 I> 3 in/hr. [2.1.3]
Where E = kinetic energy in foot-tons per acre-inch

I = intensity in inches per hour
Energy-Intensity (EI) for a storm is then computed as follows:

EI=E * I3 [2.1.4]
Where EI = Energy-Intensity in foot-tons per acre per hour.

I3o = maximum 30-min intensity in inches per hour.



2.1.1.2 K factorin USLE

K is the soil erodibility factor, a rate of soil loss per rainfall erosion index unit as
measured on a unit plot which is 72.6 ft. long with a uniform slope of 9 slope, in
continuous fallow, tilled up and down the slope (Wischmeier and Smith 1978). K
represents the effect of soil properties and soil profile characteristics on soil loss. Some
soils are more erodible than others. Soil erodibility factor is affected by several factors
including soil texture, organic matter, and permeability. It is also interrelated with other
factors such as the rainfall-runoff factor and the cover-management factor. Organic
matter reduces soil erodibility through increased infiltration (reduced runoff) which
reduces the susceptibility of soil to detachment (Grigar and Davis 1995). Different soils
have different K values. For example, clay soils have low K values because they are
resistant to detachment. Sandy soils are easily detached, but usually have low runoff, and
thus may have low K values. Soils with high contents of silt have high K values because
they are easily detached and also produce high rates of runoff.

In USLE application, a simple way to determine K factor is to find the value from
soil erodibility nomograph developed by Wischmeier and others in 1971. The nomograph
represents the influence of five soil and soil-profile parameters on K value: percent
modified silt (0.002-0.1 mm), percent modified sand (0.1-2 mm), percent organic matter
(OM), and classes for structure and permeability. For soils that have less than 70 percent
silt faction, the following equation can be used to approximate the nomograph:

K=[2.1*10"(12-OM)""* +3.25 (s —2) + 2.5 (p—3)]/ 100 [2.1.5)

Where K = soil erodibility factor in ton * acre * h (hundreds of acre ¢ ft-tonf ¢ in) -1

10




M = product of percent modified silt (0.002-0.1 mm) * (% silt + % sand)
OM = percent organic matter

s = soil structure code used in soil classification, and

p = profile-permeability class.

The nomograph is suited particularly well when used for soils with less

aggregated and medium-textures surface in the Midwest (Renard, et al 1997).

2.1.1.3 I..S.factor in USLE
L is the slope length factor and S is the slope steepness factor. L factor and S
factor are usually considered together as LS factor to reflect the influence of topography
on erosion. L is defined as the horizontal distance from the origin of overland flow to the
point where either (1) the slope gradient decreases enough that deposition begins or (2)
runoff becomes concentrated in a defined channel (Wischmeier and Smith 1978). Slope
length can be measured by pacing or measuring in the field. L factor represents the ratio
of soil loss in a particular field to that from the standard plot. It can be expressed as:
L=@A/72.6)" [2.1.6]
Where L = slope length factor
A = slope length in ft.
m = variable slope-length exponent.
The value of m varies with percent slope. m equals 0.5 for percent slope >=5; 0.4
for slopes between 3.5 to 4.5 percent; 0.3 for slopes of 1 to 3 percent; and 0.2 for slopes

less than 1 percent (Wischmeier and Smith 1978).
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S factor reflects the influence of slope gradient on erosion. Slope can be estimated
in the field by use of a clinometer or similar device, or from contour maps. The LS factor
is a ratio of soil loss per unit area from an actual field slope to that from the standard unit
plot with 72.6-ft long and 9% slope. Values of LS factor can be found in the LS factor
tables. For agricultural landuse, a LS factor table has been developed and is provided in
Agricultural handbook 537 for row-cropped agricultural and other moderately
consolidated soil conditions with little-to-moderate cover. LS factor in USLE was derived
from the equation:

LS =(A/72.6)™ (65.41 sin’0 + 4.56 sin 6 + 0.065) [2.1.7]

Where 6 = angle of slope. A and m are defined as above.

2.1.14 Cfactorin USLE

C is the cover-management factor. The C factor is used to reflect the effect of
cropping and management practices on erosion rates. It is a ratio of soil loss under a
specific condition to that from conditions defined in USLE plot, i.e. clean-tilled,
continuous fallow. It indicates that how much soil loss can be reduced by different
conditions such as land cover, crop sequence, and management practices. C factor is
considered the one that can be adjusted by implementing conservation tillage to reduce
the overall soil erosion. The soil loss ratios used in USLE to determine C factor was
derived from analysis of about 250,000 plot soil loss data. USLE provides a guideline
with tabulated data for determining C factor. Tabulated data contain soil loss ratios for
various cropping system and management at different crop stages. Because effectiveness

of surface cover on soil loss is different over time, six crop-stage periods are used: Period
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F (rough fallow); Period SB (seedbed); Period 1 (establishment); Period 2 (development);
Period 3 (maturing crop); and Period 4 (residue or stubble). Erosion-index distribution
data were also considered to determine C factor for individual crop-stage periods since it

affects the effectiveness of management practices on soil erosion (Wischmeier and Smith

1978).

2.1.1.5 P factor in USLE

P factor is the support practice factor, a ratio of soil loss with a specific support
practice such as contouring, stripcropping and terracing to that with straight row farming
up-and-down slope. P factor considers practices that modify the flow pattern, grade, or
direction of surface runoff and reduce the amount and rate of runoff. It does not consider
improved tillage practices such as no-till and other conservation tillage, which are
considered in C factor (Foster et al., 1997). The following table lists the P values with

various slope-length conditions for contouring.

Table 2.1.1 P values and slope-length limits for contouring

Land slope percent P value Maximum length (ft.)

' 1-2 0.60 400

3-5 0.50 300

6-8 0.50 300

9-12 0.60 120
13-16 0.70 80
17-20 0.80 60
21-25 0.90 50

(from Agriculture Handbook 537, Wischmeier and Smith, 1978)
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2.1.2 RUSLE - Revised Universal Soil Loss Equation

Recent research, computing technology and new information have led to the
development of a revised Universal Soil Loss Equation, namely RUSLE. The revised
USLE or RUSLE has retained the same form of the equation with same six factors.
However, procedures for calculating these factors have been refined. The key changes in
RUSLE include deriving some of the main factors such as C and R from sub-factors with
15-day intervals, which better reflects the impact of temporal variations in climate,
surface conditions and management practices. K factor in RUSLE also takes into account
subsurface rock fragment effects on infiltration, and seasonal variation, which .reﬂccts the
influence of freeze-thaw process. Complex slope segments are considered in RUSLE and
better guideline for determining slope length (L) was provided. RUSLE also gives a
detail and better description of conservation practices to calculate P factor. The following

sections describe some details for computing the six factors used in RUSLE.

2.1.2.1 R factor in RUSLE

Similar to R factor used in USLE, R factor in RUSLE is also calculated from the

sum of energy intensity value (EI). However, a different formula was used to compute E,

the kinetic energy.

e=emax [ 1 -aexp(-bi)] [2.1.8]

where e = the kinetic energy

€max = a Maximum unit energy as intensity approaches infinity;

i = total storm rainfall intensity;

a, b = coefficients.
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Brown and Foster (1987) recommended that parameters in the question can be
applied as the following equation based on their analysis.

e=1099[1-0.72exp (-1.271) ] [2.1.9]
where e = kinetic energy in ft * tonf * acre™ * in™

i = total storm rainfall intensity in in * h™!

An average rainfall erosivity R value over a long-term period of time can be

calculated:

R=[t (El); 1/ N [2.1.10]

i=l
Where (Elsg); = El5 for storm i,
j = number of storms,

N = year period.

2.1.2.2 K factorin RUSLE

RUSLE has considered the effect of rock fragments and seasonal variations in K
values. Effects of rock fragments include the rocks’ surface coverage that reduces soil
erosion, and subsurface component that increases soil erosion due to reduction in water
infiltration. Surface cover is counted for in the C factor as surface cover similar to crop
residue. The subsurface effect on K value is considered by adjusting permeability classes.

Soil erodibility factor is affected by freeze-thaw cycles. Soils are most susceptible
to erosion during thawing periods while soil erodibility gradually decreases during the
growing season. The K value at any given date can be calculated based on maximum and
minimum K values which need to be first computed from the nomograph and rainfall-

runoff erosivity factor R:
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Kmnax = (3.0 - 0.005 R) Kom [2.1.11]

Kmin = Kmax / (8.6 - 0.019 R) [2.1.12]
Where Kmax, Kmin = maximum and minimum K values respectively;

Kaom = K value from nomograph;

R = rainfall-runoff erosivity factor.

The time when maximum and minimum K values occur can be determined from
the following relationships:

tmax = 154 - 0.44 R [2.1.13]

tmin = tmax + FF [2.1.14]
where tpax, tmin = julien dates for maximum and minimum K;

R = rainfall-runoff erosivity factor;

FF = frost-free ;;eriod or growing season in days.

Seasonal K values (Kj) can be calculated from the following relationships which
represent two scenarios:

Scenario 1: tmax < tmin
When tmax < ti < tmin

Ki = Kmax (Kmin / Kmax) * ((ti — tmax) / At) [2.1.15]
When t; < tmax O t; > tpi, When average temperature T,y > 27° F:

Ki = Kmax €xp [0.009 (i - tmin + 3656 )] [2.1.16]
Where 6 =1 if (t; - tmin ) <0; 8 =0if (t; - tymn ) > 0 and for T,y <27° F, K; = Knin.
Scenario 2: tmax > tmin
When tmax > ti > tmin ,

For average temperature T,, > 27° F:
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Ki = Kpmax €xp [0.009 (ti - tmin )] [2.1.17]
For average temperature T,y <27 F: K; = Kpin.

When t; > tyax OF ti < tmin ,
Ki = Kinax (Kmin / Kmax) * ((Ti — Trmax + 365 8) / At) [2.1.18]

Where 8= 1if (& - tmin ) <0; 8= 0 if (& - tmin ) >O.

2.1.2.3 LS factor in RUSLE

The topographic LS in RUSLE can be computed for both simple slopes similar to
USLE as well as for complex hillsides with a number of slope segments (Renard et al.
1997; McCool et al. 1991). Slope steepness is calculated from slope angles as:

S=10.8sin 0 +0.03 S<9% [2.1.19]

S =16.8 sin 6 - 0.50 S>9% [2.1.20]
For slopes that are shorter than 15ft., the following equation is used:

S =3.0 (sin 6)*® + 0.56 [2.1.21]
Where S = slope steepness factor,

0 = slope angle.

Foster and Wischmeier (1974) suggested that a complex or irregular slope can be
broken into a number of segments with similar characteristics. An effective segment of
topographic factor LS can be computed from the following equation:

LSi=Six"[i™ -G-1)™'1/(726)™ [2.1.22]
Where LS; = effective LS for ith segment,

m = slope-length exponent (usually assumed equal to 0.5)

x = length in ft. of each segment.
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2.1.2.4 C factorin RUSLE

While USLE calculates the Soil Loss Ratio (SLR) on various crop stages for C
factor, RUSLE computes the SLR on a 15-day time step. When a management event
occurs during the half-month period, the SLR can be calculated at smaller time segments
(Yoder et al. 1997). Soil Loss Ratio (SLR) is calculated based on five subfactors which
contain cropping and management variables affecting soil erosion:

SLR=PLU *CC * SC * SR * SM [2.1.23]
Where SLR = soil loss ratio

PLU = prior-land-use subfactor,

CC = canopy-cover subfactor,

SC = surface-cover subfactor,

SR = surface-roughness subfactor, and

SM = soil-moisture subfactor.

Prior-land-use subfactor (PLU) represents the effects of crop residual from prior
crops and prior tillage practices on soil erosion. It is calculated as:

PLU = C¢ * Cp * exp[(-Cuc * Bur) + (Cus * Bus / Cr &N [2.1.24]
Where C; = surface-soil-consolidation factor,

C, =relative effectiveness of subsurface residue in consolidation,

By = mass density of live and dead roots incorporated surface residue in the
upper inch of soil (Ib/acre-in.),

B.s = mass density of incorporated surface residue in the upper inch of soil

(Ib/acre-in),
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C.s = impact of soil consolidation on the effectiveness of incorporated residue,

cur and ¢, are calibration coefficients indicating the impacts of the subsurface
residues.

Canopy cover subfactor (CC) represents the effects of energy reduction from
interception of vegetative canopy. The effect is estimated as:

CC=1-F.*exp(-0.1 *H) [2.1.25]
Where CC = canopy cover subfactor (0 — 1),

F. = fraction of land surface covered by canopy, and

H = distance that raindrops fall after striking the canopy.

Subsurface cover subfactor (SC) is an important subfactor in determining SLR
which represents the effects of subsurface cover such as crop residues, rocks and other
materials that reduce the transportation capacity of runoff water (Foster 1982). It can be
computed as:

SC=exp[-b* S, *(0.24/R,) 0.08] [2.1.26]
Where b = empirical coefficient,

Sp = percentage of land area covered by surface cover, and

R, = surface roughness.

Surface roughness subfactor (SR) represents the effects of roughness and
disturbance of the surface on soil erosion by reducing the flow velocity, and trapping
water and sediments. This subfactor is computed as:

SR =exp [ -0.66 (R, — 0.24)] [2.1.27]

Soil moisture subfactor (SM) considers the influence of antecedent soil moisture

on the infiltration and runoff. SM is equal to 1 when the soil profile is close to the field
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capacity. Since soil moisture is usually high during the crop season in most of the

continental United States, the soil moisture does not need to adjusted in those regions.
After the Soil-Loss Ratio (SLR) is calculated, the C factor is then obtained by

summing SLRs for each time interval which is weighted by EI distribution for that tifne

period over the annual EI:

c= (3 SLR*ElL)/EL [2.1.28]

i=1

Where C = C factor in RUSLE,
SLR; = Soil Loss Ratio for the time period i,
EJ; = percentage of annual EI for the time period i,
n = number of time periods, and

El = sum of the EI percentage for the entire time period.

2.1.2.5 P factor in RUSLE

Support practice factor P in RUSLE represents the effect of specific support
practices such as contouring, stripcropping and terracing on soil erosion. It is the ratio of
soil loss under those support practices to that with traditional upslope and downslope
tillage. Improved tillage practices such as no-till are not taken into account in P factor
since they are already considered in C factor (Foster et al. 1997).

For contouring practice, the P factor is calculated by considering ridge height and

storm erosivity. The base value of P factor can be calculated as follows:

Py =2a (Sm—Sc)° + P Sc < Sm [2.1.29]
Pp=c (Sc—Sm)® + Pmp S¢> Sm [2.1.30]
Pp=1 Sc > Se [2.1.31]
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Where P, = base values of the P factor for contouring,

sm = slope at which contouring has its greatest effectiveness,

sc = slope for which a value of P, is desired,

s. = slope steepness above which contouring is ineffective,

Pmy = minimum P value for a given ridge height.

The P factor for contouring is then computed as:

P=1-(1-Pp) (1-Pr)/(1- Pmp) [2.1.32]

P factor for stripping practices is calculated from empirical erosion-deposition
model (Renard and Foster 1983). It is computed based on the following relationship:

P,=1-B/gp [2.1.33]
Where P; = value of P factor for contouring,

B = credit for deposition, and

gp = sediment load at the end of slope that would occur if the strips caused no
deposition.

Similarly, P factor for terracing is determined as

P=1-B(1-Py) [2.1.34]
Where P = value of P factor for conservation planning,

B = credit for deposition, and

Py = sediment delivery factor.

2.1.3 MUSLE - Modified Universal Soil Loss Equation
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USLE was initially designed to predict soil loss for a long-term annual average
soil loss. It is generally not recommended for a short period of time or a single storm
event (Wischmeier 1976). In many cases, however, it is important to know the soil loss
and sediment delivery in a specific time or a storm event. Several researchers have
conducted studies to modify USLE to add its capability to predict sediment yield and soil
loss for a single storm event (Foster et al 1977; and Williams and Berndt, 1977). One of
the modified versions was developed by Williams and Berndt in 1977 by substituting the
rainfall erosivity factor R with a runoff effect term, which can be used to predict sediment
yield for a single event:

Y=11.8(Q*qy) **KCPLS [2.1.35]
Where Y = sediment yield from an individual storm in metric ton,

Q = storm runoff volume in m’,

gp = peak runoff rate in m*/sec,

K = soil-erodibility factor,

LS = slope length and gradient factor,

C = crop management factor, and

P = erosion-control-practice factor.

The model developers suggested that Q represents the energy for the detachment
process and qp defines sediment transport in this modified USLE (MUSLE). And thus
introducing storm runoff volume (Q) and the peak runoff rate (qp) in the model eliminates
the need to calculate the sediment delivery ratio in order to estimate sediment yield.

Q and g are computed from runoff model from SCS equation:

Q=(R-0.25)*/ (R +0.8s) [2.1.36]
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gp=b1*Q" [2.1.37]

Where Q = daily runoff,
. R = daily rainfall,

s = retention parameter, and

bl, b2 = constants determined from plotting peak and volume values on log paper.

MUSLE was tested on 26 watersheds in Texas using monthly and annually
sediment data. It was shown that the accuracy of MUSLE generally increases as
watershed area decrease. The model can not be used to determine where deposition
occurs since it does not have sediment routing function (Williams and Berndt 1977).

Almost at the same time, Onstad, Foster and Meyer have proposed another
version of modification on USLE to predict soil erosion for single storm events (Onstad
and Foster 1974; Foster et al. 1977). They also focused on modifying the rainfall
erosivity term R factor in USLE. They took into account both storm rainfall factor and
storm runoff (runoff volume and peak rate) in erosivity factor. The energy term is given
as a function of rainfall and runoff energy:

W=05R.+15Qq, " [2.1.38]
Where W = energy term which substitutes R factor,

R, = storm rainfall factor, EI units,

Q = storm runoff volume, in.

gp = storm peak runoff rate, in. per hour.

It was assumed that detachment is evenly divided by rainfall and runoff. It
considers the detachment and transport capacities for each compartment (calculating unit)

of the watersheds.
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Foster et al. (1977) proposed a similar form of erosivity term based on runoff
erosivity and runoff ersovity:

Rn=0.5Rq+05aV,0, " [2.1.39]
Where R, = modified R factor,

R = storm energy (Elo),

a = coefficient,

V. = runoff volume,

O pu = peak runoff rate

The study showed that the modified USLE improved the soil loss estimation for
specific storms compared to USLE. They split USLE into two separate terms to reflect
different sources: rill erosion and interrill erosion, which also contributed to improvement
of accuracy. They suggested that research is needed to define a better relationship to
computer runoff erosivity than the one they suggested (Foster et al. 1977).

Young et al. (1987) used another modified version of USLE in Agricultural
Nonpoint Source Pollution Model (AGNPS) which is a model for a single storm event.
The modified USLE takes slope shape into consideration and introduced a slope shape
factor (SSF). The slope shape factors represent the difference of concave and convex
slopes, and were determined from the chart developed by Wischmeier and Smith (1978).
Soil erosion from single storm events is calculated from the following equation which is
used in AGNPS.

E=EI*K;* L¢* C; * P¢* SSF [2.1.40]
Where E = soil loss in tons/acre;

EI = rainfall energy-intensity in hundred foot-ton inch/acre hour;

24

-



K = soil erodibility factor in ton-acre hour/hundred-acre foot-ton inches;

L¢ = slope-length factor;

L = slope-steepness factor;

C¢ = cover and management factor;

P¢ = support practice factor, and

SSF = a calculated factor to adjust for slope shape.

Variables in this equation EIl, K;, L¢, Cy, and P¢ are defined as same as USLE. The
slope shape factors were calculated based on gradients for the upper third, the middle
third, and the lower third segments on a 75-foot slope.

Because a different shape of a slope affects the erosion/deposition process, a slope
shape factor is introduced in this equation. An upwardly concave slope may trap runoff
water and sediment, which transports less sediment than upwardly convex slope (Figure

2.1.1).

N I\

Concave Convex Uniform

Figure 2.1.1 Examples of three typical slope shapes

In this modified USLE, slope shape factor has a multiplication factor of 1.00, 1.30,

and 0.88 for uniform, convex and concave slope respectively.

2.14 WEPP - Water Erosion Prediction Project
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Different from USLE and RUSLE which are empirical models, the Water Erosion
Prediction Project (WEPP) is a continuous simulation computer program which predicts
soil loss and sediment deposition from overland flow on hillslope, soil loss and sediment
deposition from concentrated flow in small channels, and sediment deposition in
impoundments (USDA 1995). WEPP not only has a component to calculate soil erosion,
it also contains several other components including stochastic weather generator, a
hydrology component, a daily water balance component, a plant growth and residue
decomposition component, and an irrigation component.

WEPP can be used for different scales: hillslope profiles (tens of meters) and
small watersheds (hundreds of meters). For hillslope profiles, WEPP predicts the soil
particle detachment by raindrop impact and transport by sheet flow on interrill areas, and
soil particle detachment, transport and deposition by concentrated flow in rill areas. As an
extension of the WEEP hillslope model, the WEPP watershed model is capable of
identifying zones of sediment deposition and detachment within constructed channels and
representing the effects of agricultural management practices on erosion and deposition
processes.

Erosion model used for hillslope in WEPP is a steady-state sediment continuity
equation which represents the movement of sediment in a rill:

dG

—=Ds+D: 2.1.41

— =D [ ]
where x = distance downslope in meters,

G = sediment load in kg - s'-m’!

D¢ =rill erosion rate inkg - s™ - m™

D; = interrill sediment delivery to the rill inkg - s - m?
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A positive value of rill erosion D¢ represents detachment while a negative value
represents deposition. The soil loss computed from this equation is expressed in soil loss
per unit land area. Sediment load and sediment transport capacity are calculated on a unit
rill width basis. Sediment transport capacity is calculated using the following equation:

Te=ke 1 [2.1.42]
Where T, = transport capacity,

k = transport coefficient (m 05, g2 -kg'o‘5 ), and

1¢ = hydraulic shear acting on the soil (Pa).

Sediment load is calculated as the load per unit time:

G=G+ T [W/R;] [2.1.43]
Where G = sediment load in kg - s! per unit width,

G. = sediment load that is normalized to the transport capacity at the end of the
uniform slope,

T.. = transport capacity at the end of the uniform slope,

w = rill width in meters,

R, = spacing of the rill in meters.

The total sediment load for the entire storm event is the product of sediment load
per unit time (G) and effective storm runoff duration.

WEPP is written in ANSI FORTRAN 77 and running under MS-DOS operating

system. The windows version is currently under beta test.

2.2 Soil Erosion Modules in Agricultural NPS Models

2.2.1 AGNPS - Agricultural Nonpoint Source Pollution Model
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Agricultural Nonpoint Source Pollution Model (AGNPS) developed by Young et
al. (1987) is a process-based single event model, used to simulate sediment and nutrient
transport from agricultural watersheds. This model uses a distributed approach which
divides a watershed into uniform square areas or cells. Input data of approximately 22
parameters are required for each cell. Outputs from AGNPS include volume and peak
runoff, sediment yield, sediment-attached and soluble nitrogen and phosphorus, COD
(soluble chemical oxygen demand yield). Results are provided in a summarized report
and detailed information for each cell. Sediment and nutrient transport are broken down
into five particle size classes: clay, silt, small aggregates, large aggregates, and sand.

AGNPS has four basic components: hydrology; erosion; sediment transport; and
transport of nitrogen, phosphorus, and chemical oxygen demand. The model can be used
to compare the effects of various management practices such as cropping system, and
fertilizer application method and timing on water quality within a watershed. As
described in the previous section, a modified USLE was used to simulate the soil erosion
for a single event. Methods described in Technical Release 55 (TR-55) published by the
Soil Conservation Service (SCS, 1986) is used in the hydrology module to calculate
overland runoff and peak flow.

Sediment routing through the watershed is modeled on a per-cell and per particle
size basis from the headwaters to its outlet. Simulation of sediment transportation and

deposition is derived from the steady state continuity equation:
Q () =Q.(0) + QuAx/L,- [D(x) W dx [2.2.1]
0

Where Q; (x) = sediment discharge at the downstream end of the channel reach in

pounds per second,
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Q; (0) = sediment discharge at the upstream end of the channel reach in pounds
per second,

Qs = lateral sediment inflow rate in pounds per secound,

x = downslope distance in feet,

Lr = reach length in feet,

D(x) = sediment deposition rate at point x in pounds per second-square foot, and

W = channel width in feet.

Deposition is computed as:

D(@)=Vs/[q*(qs-gs)] [2.2.2]
Where D (i) = sediment deposition rate at point i between points x and 0 in pounds per
second-square foot,

Vs = particle fall velocity in feet per second,

Q = runoff rate in cubic feet per second-foot,

gs = sediment flow rate in pounds per second-foot, and

gs= effective sediment transport capacity in pounds per second-foot.

Effective sediment transport capacity (g;) is calculated from the modified stream
power equation (Young et al., 1987):

B=p*K* T VIV [2.2.3]
where 1) = effective transport factor,

x = transport capacity factor,

T = shear stress in pounds per square foot, and

V. = average channel velocity in feet per second.
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Sediment discharge is calculated for the period when eroded sediment moves
from the upland to the channel, and the period when sediment moves within the channel.

Sediment attached nutrient load is calculated from a submodel used in CREAMS
(The Chemical, Runoff, and Erosion from Agricultural Management Systems) (Frere et
al., 1980):

SED’ = SOIL * SED * ER * 0.892 [2.2.4]
Where SED’ = N or P transported by the sediment in pounds per acre,

SOIL = N or P concentration in the soil,

SED = sediment yield in kilograms per hectare, and

ER = enrichment ratio for N or P.

The current version of AGNPS program is v5.0 which is written in FORTRAN
running on DOS operating system. In order to run the program, the following parameters
for each cell are required: cell number, cell division, receiving cell number, receiving cell
division, flow direction, SCS curve number, land slope (%), slope shape, slope length
(ft.), overland Manning’s n, USLE K factor, C factor, P factor, surface condition constant,
COD factor, soil texture, fertilizer indicator, pesticide indicator, point source indicator,

additional erosion source, and impoundment indicator.

2.2.2 Ann-AGNPS - Annualized Agricultural Nonpoint Source Pollution Model
Annualized Agricultural Nonpoint Source Pollution model (Ann-AGNPS) is an

extension of AGNPS from simulating a single storm event to a yearly basis. It is a batch-

process, and continuous simulation model for surface runoff pollutant loading. Ann-

AGNPS is capable of simulating amounts of water, sediment, chemicals (nutrients and
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pesticides) leaving from one area (cell) and their movement to another location within the
watershed on a daily basis.

The Revised Universal Soil Loss Equation (RUSLE) replaced the USLE in Ann-
AGNPS for soil erosion module. Upstream runoff volume and weighted rainfall including
rainfall, snowmelt, and irrigation are used to calculate runoff curve number. Sediment
loads are calculated for within bank flow and out of bank flow from three sediment
sources: sheet and rill erosion, gully erosion, and bed and bank erosion. Similar to
AGNi’S, the sediment is routed by five particle classes: clay, silt, small aggregate, large
aggregate, and sand. Sediment attached and soluble compounds for nitrogen, phosphorus,
and organic carbon are also modeled. A decay function is used based on the reach travel
time, and water temperature.

Ann-AGNPS is still under development. Few studies using Ann-AGNPS have
been reported or published. Needham (1994) used Ann-AGNPS with a geographic
information system (GIS) interface. He concluded that the Ann-AGNPS model can not
accurately predict quantitative contributions for NSP pollutions. It is only capable of

providing qualitative assessment in identifying and ranking the contributing areas.

2.2.3 SWAT - Soil and Water Assessment Tool
Soil and Water Assessment Tool (SWAT) developed by the USDA and Texas A
& M University (Arnold et al., 1996) is a physically based and continuous time model

that provides daily simulation on impacts of management on water, sediment and
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agricultural chemicals. SWAT has five major components: hydrology, weather,
sedimentation, crop growth model, and nutrients.

SWAT uses a weather generator which simulates daily precipitation, daily
maximum and minimum air temperature, solar radiation, wind speed, and relative
humidity. Hydrology module simulates surface runoff, percolation, lateral surface flow,
groundwater flow, evapotranspiration, and snow melt. The hydrology model is based on

the water balance model:

SW,;=SW + i (R, - Qi -ET;-P; - QR,) [225]

i=1
Where SW = soil water content — 15-bar water content,

t = time in days,

R = daily precipitation (mm),

Q = daily runoff (mm),

ET = daily evapotranspiration (mm),

P = daily percolation (mm), and

QR = return flow (mm).

Runoff volume is calculated using the SCS curve number equation (USDA-SCS,
1972) and peak runoff rate is calculated from the modified Rational formula or the SCS
TR-55 method (USDA-SCS 1986). The Modified Universal Soil Loss Equation
developed by Williams and Berndt (1977) is used to calculate sediment yield for each
sub-basin. This equation is described in previous section.

Nitrogen (organic N) transported with sediment is calculated using a loading
function developed by McElroy et al. (1976) and modified by Williams and Hann (1978):

YON =0.001 (Y) (CON) (ER) [2.2.6]
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Where YON = organic N runoff at the sub-basin outlet in kg/ha,

CON = concentration of organic N in the top soil layer in g/t,

Y = sediment yield in t/ha, and

ER = enrichment ratio.

Similarly, phosphorus (P) transport by sediment is calculated a loading function:

YP =0.01 (Y) (Cp) (ER) [2.2.7]
Where YP = sediment phase of P loss in runoff in kg/ha,

Cp = concentration of P in the top soil layer in g/t,

Y = sediment yield in t/ha, and

ER = the enrichment ratio.

A GIS interface in Geographic Resources Analysis Support System (GRASS) has
been developed for SWAT input and output. The program is run in the Unix operating
system. Windows version of SWAT has also been developed. Like other physically based
models, SWAT requires tremendous input data sets to run the model, including crop,
nutrient, pesticide, irrigation data as well as lake water quality data, and information

about ponds and reservoirs.

2.2.4 EPIC - Erosion-Productivity Impact Calculator

Erosion-Productivity Impact Calculator (EPIC) developed in 1980s (Williams et
al., 1984) is a continuous simulation model that can be used to assess the impact of
management practices on agricultural production, and soil and water resources. There are

10 major components in EPIC model: weather simulation, hydrology, erosion-
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sedimentation, nutrient cycling, pesticide fate, plant growth, soil temperature, tillage,
economics, and plant environment control. EPIC model can be used for a field-size area,
up to 100 hectares in which weather, soils, and management systems are assumed to be
homogeneous.

Erosion model used in EPIC simulates the erosion caused by rainfall, runoff, and
irrigation. It provides three versions of soil loss equations: original Universal Soil Loss
Equation (Wischmeier and Smith 1978) using energy-intensity term (EI) substitutes R
factor for single events, modified USLE developed by Williams (1975), and by Onstad
and Foster (1975).

Among many equations used in the model, rainfall energy (in metric units) is
calculated using the following equation:

RE = AR (12.1 + 8.9 log (AR /At )) [2.2.8]
Where RE = rainfall energy, and

AR = rainfall amount in mm during a time At interval in hours.

The USLE rainfall energy factor EI is then computed by multiplying the energy
term by the maximum 0.5-hour rainfall intensity:

EI=R [12.1 + 8.9 (log rp — 0.434)] (r0.5) / 1000 [2.2.9]
Where EI = energy-intensity,

R = daily rainfall amount in mm,

1, = peak rainfall rate in mm/h, and

ro.s = maximum 0.5-hour rainfall intensity in mm/h.
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EPIC model requires users to have considerable amount of technical knowledge
to install and maintain the model. In addition, extensive data collection and conversion to

EPIC format may be required in order to run the model.

2.3 Sediment Delivery Ratios (SDR)

By definition, sediment delivery ratio (SDR) is the ratio of the amount of
sediment that actually leaves an area to the total soil loss in that area. The expression for
computing sediment delivery ratio can be written in the following form:

SDR=SY/E [2.3.1]
where SDR = sediment delivery ratio

SY = sediment yield

E = gross erosion per unit area above a measuring point.

Water quality monitoring including sediment measurement is expensive and time
consuming. In most cases, sediment yield is not measured, but estimated from soil
erosion and sediment delivery ratio. The following sections describe some

models/approaches used to estimate sediment delivery ratios.

2.3.1 Drainage area and SDR (SDR curves):

Relationships between SDR and other factors have been established as curves.
Watersheds with large drainage area and fields with long distances to streams have low
sediment delivery ratios. This is because large areas have more chances to trap soil
particles, thus the chance of soil particles reaching the water channel system is low.

Some researchers suggested that SDR is closely related to the power of -0.2 to the

35



drainage area or the distance to the stream, others suggested the power of -0.1 and -0.3 in
the function (Gianessi et al., 1986; and Roehl 1962). Figure 2.3.1 shows that a
relationship can be established between sediment delivery ratio and drainage area while
Figure 2.3.2 shows another relationship between sediment delivery ratio and distance

from field boundary to a stream.
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The relationships have been generalized as curves called SDR curves. The SDR
curves include SDR vs. drainage area and SDR vs. distance. The drainage area method is
most often and widely used in estimating the sediment delivery ratios in previous
research.

Renfro (1975) developed an equation relating SDR with drainage area. It is based
on Maner’s (1962) equation and the sediment yields observed in 14 watersheds in the
Blackland Prairie Area in Texas. The model shows a good relationship between SDR
and drainage area (R 2= 0.92). The model can be written as follows:

log(SDR) = 1.7935 - 0.14191 log (A) [2.3.2]
where A = drainage area in km *

Vanoni (1975) used data from 300 watersheds throughout the world to develop a
model by the power function. This model is considered a more generalized one to
estimate sediment delivery ratio.

SDR =0.42 A %'¥ [2.3.3]
where A = drainage area in square miles.

The USDA SCS (1979) developed a SDR model based on the data from
Blackland Prairie, Texas. A power function was derived from the graphed data points:

SDR =0.51 A %! [2.3.4]
where A = drainage area in square miles.

Haith and Tubbs (1981) suggested a similar equation for sediment delivery ratio
based on watershed area:

TS, =0.47 A %1% [2.3.5]
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Where TSy = transport factor, or sediment delivery ratio, and

A = watershed area in square kilometers.

2.3.2 Rainfall-runoff and SDR

Water is the vehicle for sediment transport. Rainfall and runoff are the driving
forces of sediment delivery. A humid watershed usually has a higher SDR due to more
rainfall. SDR is also associated with rainfall pattern. A longer duration rainfall event
with less intensity has a lower SDR than a short rainfall event with higher intensity. Land
use/land cover is another factor affecting SDR. A watershed with good vegetation cover
has a low SDR because vegetation slows down the ruﬁoff rate and allows the eroded soil
particles to deposit. The rainfall factor of the USLE reflects the energy used in soil
detachment while the runoff factor used in the Modified USLE (MUSLE) reflects the
energy used in both sediment transport and detachment.

A SDR model which is used in the Soil and Water Assessment Tool (SWAT)
(Arnold et al., 1996) takes runoff factor into account. The primary form of the SDR
model is

SDR=(qp/re)**® [2.3.6]
where q , = peak runoff rate in mm/hr.

Tep = peak rainfall excess rate in mm/hr

= peak rainfall rate(r)- the average infiltration rate(f).
The average infiltration rate in mm/hr can be estimated by the following equation
f=(R-Q)/DUR [2.3.7]

where R = rainfall in mm.
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Q = runoff volume in mm.
DUR = duration of a rainfall event in hr.
=4.605 (R/rp)

Therefore, SWAT-SDR model can be re-written as follows:

SDR = ((qp / rp)/ (0.782845 +0.217155 Q /R )) ** [2.3.8]

This model is developed for estimating sediment delivery for a single event. The
factors gp and rp are peak runoff and peak rainfall in mmv/hr for an event, respectively.
Factors Q and R are runoff and rainfall volumes in mm for an event, respectively. Other
units such as in/hr and inch(es) can be used, and can be canceled if used consistently. In
this study, this model was used to estimate SDR based on long-term average rainfall and

runoff data.

2.3.3 Drainage Area-Runoff and SDR
Dency and Bolten (1976) suggested general watershed sediment yield equations

relating deposits in 800 reservoirs to drainage area size and mean annual runoff. The

equations are
S=1280Q 046 (1.43-0.26 log A) for areas where runoff is less than 2 in. [2.3.9]
S=1958 ¢ 9 Q(1.43-0.26 log A) for other areas. [2.3.10]

where S = sediment yield (tons per square mile per year)
Q = runoff (in.),

A = watershed area (square miles).
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2.3.4 Slope, gradient, and relief-length ratio and SDR:

SDR is affected by topographic features of the watershed. A watershed with short
and steep slopes will deliver more sediment to a channel than a watershed with a long and
flat landscape. Shape of a watershed also affects SDR. A narrow watershed may have a
high SDR. The feature of watershed shape can be expressed by relief-length ratio. Relief
of a watershed is defined as the difference of the elevations in the watershed divide and
outlet. Watershed length is the distance of the two points measured parallel to the main
stem drainage from the watershed divide to the point of sediment yield measurement
(SCS, 1971). Relief-length ratio is used as a physiographic characteristic which affects
sediment delivery ratio.

Williams and Berndt (1972) used slope of the main stream channel to predict
sediment delivery ratio. The model is written as:

SDR = 0.627 SLP *4® [2.3.11]
Where SLP = % slope of main stream channel.

Maner’s studies (1958) suggested that SDR was better correlated with relief and
maximum léngth of a watershed expressed as relief-length ratio (R/L) than with other
factors. Renfro 1975 modified the model (R? = 0.97) as follows:

log (SDR) = 2.94259 + 0.82362 log (R/L) [2.3.12]
where R = relief of a watershed, defined as the difference in elevation between the
average elevation of the watershed divide and the watershed outlet.

L = maximum length of a watershed, measured approximately parallel to mainstream

drainage.
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Williams (1977) found the sediment delivery ratio is correlated with drainage area,
relief-length ratio, and runoff curve numbers. He developed a model based on sediment
yield data for 15 Texas basins. The model is expressed as follows:

SDR =1.366 x 10 "' (DA) *®** (zL) *%% (CN) >4 [2.3.13]
where DA = drainage area in km?,

ZL = relief-length ratio in m/km,

CN = long-term average SCS curve number.

2.3.5 Particle size and SDR

SDR is also affected by texture of the sediment materials. Texture of the eroded
materials is associated with sources of erosion. Coarse materials are usually produced by
streambank and gully erosion, while fine materials are often from sheet and rill erosion.
Less energy is needed to transport fine particles (i.e. silt and clay) than coarse materials
(i.e. sands). Thus, sands are more likely deposited in the transport process, while eroded
silt and clay particles are more easily transported downstream. As a result, sediment
containing high clay content will have a high delivery ratio.

Walling (1983) suggested that sediment delivery ratio may be calculated from
proportions of clay in the sediment and in the soil.

SDR (%) = C soit (%) | C seq (%) [2.3.14]
where C i (%) = content of clay in the soil (%).

C sed (%) = content of clay in sediment (%).
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2.3.6 Loading Coefficients and SDR
A more simplistic approach to estimate sediment delivery ratio as well as nutrient
loading is to use a loading coefficient based on the type of land use. Delwiche and Haith
(1983) have established a loading function for predicting runoff, sediment, and nutrient
losses from complex watersheds. The function was based on input data including
watershed landuse, soil information, daily precipitation and temperature records and
rainfall erosivities. They proposed several separate models for different types of land uses:
urban, cropland, forest, and barnyard. These models provide predicted runoff, sediment
load, and nutrient load for each runoff event and for each source in a watershed. The
model for cropland runoff was given as follows:
LSy = 0.001 Csyg Xy TSk Ax [2.3.15]
Where LSy = solid compound of nutrient export from area k on day t,
Csu = nutrient concentration in sediment in mg/kg,
Xk = soil loss in tons/ha,
TSk = solid phase transport factor or delivery ratio,
Ay = area of source k, and
0.001 = conversion factor.
The term for soil loss (X, ) is computed using USLE modified by Haith and
Tubbs (1981) for single storm events. The transport factor or sediment delivery ratio is
defined by the equation described in the previous section.
Based on Wisconsin watershed data, Novotny and Chesters (1989) estimated

sediment delivery ratios for various land uses (Table 2.3.1).



Table 2.3.1 Estimated sediment delivery ratios for various land uses

Land use Impervious Area | Sediment Delivery

(%) Ratio (%)

Agriculture <5 1-30

Developing construction <35 20-50

Low density residential, <20 <10

unsewered

Parks <10 <3

Medium density residential, 30-50 30-70

partially sewered

Medium density residential, 30-50 70-100

sewered

Commercial high density > 50 100

residential, sewered

As variations may exist even in the same type of land use, it needs to refine the
sediment delivery ratio for a specific watershed. The above table shows that the sediment
delivery ratio from agricultural land range 1% to 30%. This range may be too great to
apply to a specific watershed to estimate sediment delivery ratio quantitatively. However,
it may provide a general comparison between different land uses.

Rast and Lee (1983) did an extensive literature review regarding nutrient export
coefficients for nonpoint source loading to the lakes. They collected data for generalizing
nutrient export coefficients from various previous studies and government research
documents. It is reported that phosphorus export coefficient is from 0.03 to 0.07 (g P/

m? - yr) from agricultural and rural areas.

2.3.7 Spatially Distributed SDR
Most empirical models for sediment delivery ratios are spatially lumped models.
That is, one single value of sediment delivery ratio is applied to the entire watershed.

Spatial diversity on local topographic, land use, and soil conditions are not taken into
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consideration in the most SDR models. Variations on those factors are assumed to be
averaged out within the watershed. On the other hand, spatially distributed sediment
delivery ratio models take into account the local conditions that affect sediment delivery
process. Spatially Explicit Delivery MODel (SEDMOD) is one of few spatially
distributed SDR models available today. This model was newly developed in late 1990s
and has not been widely tested for many different watersheds.

SEDMOD is implemented with Arc/Info GIS and can be used to calculate a site-
specific delivery ratio for nonpoint source pollutants (Fraser, et al., 1998; Fraser, 1999). It
takes into account six important parameters that affect sediment transport. These six
parameters are flow-path slope gradient, flow-path slope shape, flow-path hydraulic
roughness, stream proximity, soil texture, and overland flow. SEDMOD uses a cell-based
model with GRID in Arc/Info GIS. A raster GIS layer or a grid is first created for each of
six parameters to represent their effects on sediment transport process. A linear weighting
model] was used to estimate the delivery potential which created a composite raster GIS
layer. The delivery potential (DP) is expressed as a percentage.

DP = SG; SGy, + SS,SSy, + SR, SRy, + SP; SPy, + ST STy, + OF; OF,, [2.3.16]

Where DP = Delivery Potential
SG = Flow-Path Slope Gradient,
SS = Flow-Path Slope Shape,
SR = Flow-Path Surface Roughness,
SP = Stream Proximity,
ST = Soil Texture,

OF = Overland Flow Index, and
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for the subscript letter r and w:
XX, = Normalized rating for parameter XX, ranging from 0 — 100, and
XXy = Relative weight of parameter XX, ranging from 0 - 1.
The weights assigned to these six parameters are normalized so they sum to 1.
The composite layer for delivery potential has a range of 0 — 100. The composite layer is
then scaled to have a mean value same as that predicted using a spatially lumped
sediment delivery model proposed by American Society of Civil Engineers (ASCE,
1975). ASCE suggested that sediment delivery ratio varies approximately with —1/8 th
power of drainage area, i.e.
DR,=cA"’ [2.3.17]
Where DR, = Delivery Ratio in percentage,
c = A constant for a “small watershed” as a “point erosion source” with 100%
delivery ratio,
A = Drainage area in square miles, and
b = A constant, -1/8
SEDMOD assumed that an average sized 22 meters long plot, usually designed
for Universal Soil Loss Equation (USLE), as a “point erosion source.” Average
percentage delivery ratio for a watershed is calculated as follows:
DR =DP + (DR, - w(DP)) [2.3.18]
Where DR = Final delivery ratio layer, expressed in percentage,
DP = Delivery potential from composite layer,
DR, = Spatially lumped delivery ratio,

I(DP) = Mean value of delivery potential
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The delivery ratios for individual cells in this adjusted layer have values
distributed around the average delivery ratio, which reflects the magnitude of the six
delivery parameters. It gives a spatially distributed delivery ratio index for a watershed,
instead of one delivery ratio for the entire watershed if using spatially lumped model
alone.

A number of parameters are required to run SEDMOD. These parameters include

local topographic and soil conditions which are described below.

2.3.7.1 Slope Gradient

Digital Elevation Model (DEM) and a stream network grid were used to derive
this parameter. SEDMOD calculates slope gradient averaged over each cell’s unique
flow-path to the stream. Mean flow-path gradient was used in a power function to

calculate SEDMOD slope parameter.

2.3.7.2 Slope Shape

A convex slope with decreasing slope (divergence) has a greater sediment
delivery ratio than uniform slope and concave slope. A concave slope with increasing
slope (convergence) has greater deposition than convex slope. SEDMOD uses DEM data
to derive the slope shape parameter from the profile curvature, which is derived from the
coefficients of a 3x3 cell polynomial surface. Flow-path curvature values were

normalized from O for extremely concave to 100 for extremely convex.
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2.3.7.3 Stream Proximity
Due to the deposition process, sediments are less likely transported to a water
body from sites far away from a stream than from sites near the stream. SEDMOD uses
an exponential decay function to estimate the stream proximity parameter. The decay
function is based on a 50 percent sediment reduction for every 100 meters distance.
Proximity factor = e ~-0%>°P [2.3.19]

Where D = distance to a stream, in meters

2.3.7.4 Overland Flow

SEDMOD uses a topographically based moisture index (Beven and Kirkby, 1979)
to derive the overland flow parameter. It provides a relative measure of soil saturation for
each cell that may be subject to overland flow conditions. The index was computed as
follows in Arc/Info GRID:

MI =Ln[A/(C T; tan a)] [2.3.20]
Where MI = Moisture Index,

A = Contributing area,

C = Grid cell length,

T;i = Local depth integrated soil hydraulic conductivity, and

tan a = Local slope gradient.

The index shows that sites with large contributing area, low soil transmissivity,

small slope gradient are more likely to become saturated and generate overland flow.
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2.3.7.5 Soil Texture

Clay content (%) in the upper soil horizon was used as a factor in the SEDMOD
to represent differences in transport of soil particles with different size. Compared to
sandy soils, clay and silt soil particles are more easily detached and transported by
moving water. Fine textured soil particles may also carry higher concentration of
nutrients such as phosphorus than course particles (Nelson and Logan, 1983). An
enrichment ratio is used to calculate the percentage of soil fraction in transported

sediment to that in parent soil.

2.3.7.6 Surface Roughness

Surface coverage (vegetation/residues) can reduce surface runoff and sediment
delivery. The surface roughness is determined as a hydraulic roughness coefficient or
Manning’s n that reflects the effect of surface conditions on the erosion and transport of

sediment.

2.4 Soil Erosion, Sediment Yield and Phosphorus Loading

Sediment yield is different from soil erosion in that sediment yield is only a
portion of gross soil erosion, that is, erosion minus deposition. Soil erosion calculated
from the Universal Soil Loss Equation or Revised USLE does not consider deposition
and only for soil loss from sheet and rill erosion. Sediment yield can be estimated from
soil erosion and sediment delivery ratio:

SY =A *SDR [2.4.1]

Where SY = sediment yield,
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A = soil loss, and

SDR = sediment delivery ratio in percent.

SDR can be calculated from various models described in previous sections. Soil
loss can be calculated from USLE or RULSE. Modified USLE (MUSLE) developed by
Williams (1977) was attempted to eliminate the need to calculate sediment. delivery ratio
and can be used to estimate sediment yield directly for single storms.

Two sediment delivery ratio models including SEDMOD, a spatially distributed
sediment delivery ratio model is used for estimate sediment delivery ratios. Four soil
erosion models including the use of modified RUSLE which considers temporal variation
with 15-day time intervals for single storm events are used for soil erosion. Together,
sediment delivery ratio and soil erosion are used to calculate sediment yield. The results
are compared with ground truth monitoring data.

Phosphorus loading is calculated based on sediment yield and phosphorus content
in sediment (PC). The phosphorus load is calculated as:

PL=SY *PC [2.4.2]
Where PL = phosphorus load,

SY = sediment yield, and

PC = phosphorus content in sediment.

Phosphorus content in sediment can be determined from the monitored sediment

and phosphorus loading data.

2.5 Phosphorus Index
In addition to the method for estimating phosphorus loading based on sediment

and phosphorus content, some other methods have been developed in previous studies for
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assessing phosphorus losses from agricultural runoff. USDA-NRCS has developed a
phosphorus indexing tool to assess phosphorus loss from agricultural land (Lemunyon
and Gilbert, 1993; Stevens et al., 1993). Phosphorus Index uses a number of parameters
including soil, hydrology, and land management that affect phosphorus availability,
retention, management, movement, and uptake. A weighting factor is assigned to each

site characteristic parameters to determine the site vulnerability for phosphorus loss:

Table 2.5.1  Site characteristics and weighting factors used in Phosphorus Index

Site characteristics Weighting factors
Soil erosion 1.5
Irrigation erosion 1.5
Runoff class 0.5
Soil P test 1.0
P fertilizer application rate 0.75
P fertilizer application method 0.5
Organic P source application rate 1.0
Organic P source application method 1.0

A phosphorus loss rating value is given to each site characteristic. It reflects the
level of the severity with each site characteristic for phosphorus loss. Five levels are used
in the ratings: none, low, medium, high, and very high with a value of 0, 1, 2, 4, 8,

respectively. For example, the following ratings are used for Soil Erosion:

Table 2.5.2  Phosphorus loss ratings for soil erosion used in Phosphorus Index

Soil Erosion Phosphorus Loss Rating
None (0) 0
Low ( < 5 tons/acre) 1
Medium (5 -10 tons/acre) 2
High (10 -15 tons/acre) 4
Very High (> 15 tons/acre) 8
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The site vulnerability for phosphorus loss is calculated by multiplying the
weighting factor and rating values to get the weighted value for each site characteristic,
and then summing the weighted values. Site vulnerability is assessed by comparing the

weighted value with site vulnerability chart provided below:

Table 2.5.3  Site Vulnerability for Phosphorus Loss

Total of weighted rating values Site vulnerability
<8 Low
814 Medium
15-32 High
> 32 Very High

This phosphorus assessment tool (Phosphorus Index) provides an easy-to-use
method for assessing agricultural phosphorus loss. However, cautions must be used when
applying it on specific sites as the weighting factors and ratings are arbitrarily assigned
although they are based on professional judgment. Furthermore, phosphorus index does
not provide a quantitative estimate for phosphorus loading. It may provide the first tier

analysis for phosphorus loss assessment.
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Description of Study Watershed

A small agricultural watershed, Marshall Drain Watershed, was selected as the
study area (Figure 3.1.1). Note that most images in this dissertation are presented in
color. Marshall Drain is a sub-watershed of Sycamore Creek watershed. It is located in
Vevay township, south of Mason, Ingham County, Michigan. Marshall Drain
subwatershed drains to Sycamore Creek which is a tributary to the Red Cedar River
flowing into the Grand River, and discharges eventually into Lake Michigan. The
drainage area for the Marshall Drain watershed is approximately 400 acres with 90%
agricultural lands. Total acreage of the entire Sycamore Creek watershed is 67,740 acres,
of which about 70% are agricultural landuse (Suppnick 1999). Problems identified in the
Sycamore Creek Watershed from previous studies (USDA 1990) are sediment from soil
erosion, phosphorus, nitrate and pesticides, which cause sedimentation and turbidity
problems, nuisance algae growth, and groundwater contamination. Sycamore Creek
watershed was on the 303(d) list due to low dissolved oxygen problem, and was required
to develop a Total Maximum Daily Load (TMDL) to reduce the sediment load by one
half (Suppnick 1999).

Sycamore Creek watershed has been selected as a Section 319 project in
Michigan. Section 319 of the Clean Water Act was enacted by Congress in 1987, as a
national program specifically aimed at controlling NPS pollution. USEPA developed the

Section 319 National Monitoring Program which funded 22 projects in 18 states for
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consistently monitoring water quality and land management for 6 to 10 years. Sycamore
Creek watershed is one of the watersheds for water quality monitoring program funded
by Section 319 grants. Water quality and land management monitoring data collected in
Sycamore Creek watershed during 1990-1997 were used in this study.

In an earlier study conducted in Sycamore Creek watershed, it was estimated that
about 75% of the cropland is considered as critical soil erosion areas (within a one-half
mile distance of a stream or drain). Approximately 1,800 acres exceed 12 tons/acre and
13,000 acres range from 8 to 10 tons/acre of soil loss per year (USDA 1990). Prior
analysis of water samples from the stream indicated that concentration of suspended
solids, total phosphorus and nitrate increased dramatically during runoff events.
Phosphorus concentrations during wet weather ranged from 0.04-0.71 mg/L in Sycamore
Creek (USDA, 1990). It is considered that phosphorus levels in surface waters greater
than 0.01 mg/L (10 ug/l) have been associated with increased algae growth in streams
and rivers (Foth and Ellis 1997). The pollutants including sediments and phosphorus are
primarily from agricultural land and thus agricultural nonpoint source pollution is a major
concern in the watershed. In a TMDL case study conducted in Sycamore Creek
watershed, it was further identified that among the pollutants, sediments are most
responsible to water quality degradation (USEPA 1992).

The reasons Marshall Drain sub-watershed in Sycamore Creek Watershed was chosen
as the study area include:
1. The watershed is predominated by agriculture with 90% of agricultural land use. This
is an ideal watershed for studying nonpoint source pollutions in an agricultural

watershed context.
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2. Water quality is an environmental concem in the watershed. Because of water quality
problem, this watershed is on the 303(d) list which requires the development of Total
Maximum Daily Load (TMDL) for pollution reduction.

3. Nonpoint source pollution, particularly sediment, is the major cause of impaired
water quality. No point source discharge and no bank erosion occurs in the watershed.
Therefore, this avoids the complication of multiple discharges for assessing
agricultural nonpoint source pollution.

4. The Water Quality Monitoring project has conducted intensive water quality
measurements since 1990 by the Michigan Department of Environmental Quality
(MDEQ). Land use and tillage management monitoring data have also been collected
by the Natural Resources Conservation Service (NRCS), U.S. Department of
Agriculture (USDA) during the same period of time. This provides an excellent data

set for agricultural NPS modeling.
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Ingham County, MI Vevay township in Ingham County, MI

Figure 3.1.1  Study area — Marshall Drain Watershed in south of Mason,
Ingham County, Michigan
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3.2 Data Collection
3.2.1 GIS Data Layers

Most agricultural NPS models require extensive data inputs. Even with an aid of
Geographical Information System (GIS), there are quite a few data layers that need to be
created before the model can be run. Fortunately, using Sediment and Phosphorus
Loading Model (SPLM) which is built on SEDMOD and the modified RUSLE requires
minimum data sets. All GIS data layers used in this study are readily available or can be
easily created. Digital base maps used include roads, streams, county boundary and soils.
The data were obtained from Michigan Resource Information System (MIRIS). Soil clay
content and soil erodibility factor K obtained from USDA-NRCS were added to soil data
layer by joining the tabular data with the GIS coverage. Soil data layer was calibrated by
Center for Remote Sensing, Michigan State University.

Digital Elevation Model (DEM) data with 30-meter resolution was obtained from
the U.S. Geological Survey (USGS). These data were used to generate watershed
boundary using Arc/Info command WATERSHED which creates a watershed boundary
similar to that manually drawn from USGS topographic map. DEM was also used to
calculate the slope steepness and slope length, both of which are needed for estimating
soil erosion.

For land use and tillage management, a GIS coverage file with cells of
approximately 10 acres in size was created using Arc/Info commands GENERATE and
FISHNET. Land use and tillage management data were added to this data layer according

to the monitoring data in Table 3.2 4.
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Figure 3.2.1  10-acre grid cells in Marshall Drain Watershed
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Figure 3.2.2  Soils in Marshall Drain Watershed



Figure 3.2.3 Digital Elevation in Marshall Drain Watershed
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3.2.2 Monitoring Data

This study used data collected from previous projects conducted in Sycamore
Creek Watershed. From 1990 to 1997, the Michigan Department of Environmental
Quality, Surface Water Quality Division conducted a multi-year water quality monitoring
program in Sycamore Creek watershed. Pollutant loadings, land use and land cover, and
rainfall intensity had been measured and recorded for the spring season from after snow

melt until crop canopy (Suppnick, 1999).

3.2.2.1 Spring Storm Monitoring

Spring storms were monitored using automatic samplers, bubbler flow meters and
recording rain gages in the three subwatersheds. Automatic samplers were used to collect
samples during runoff events. Sampling began each year from March or April when frost
was out of the ground and freezing weather was minimal to July or August when crop
canopy had a complete ground coverage. Samples were collected every 30 minutes to 6
hours after a 1-2 inch increase in stage. More samples were collected during the first part

of the storm than the end of the storm.

3.2.2.2 Spring Grab Sampling

Grab samples were also collected during the spring storm sampling period from
March/April to July/August each year (1990-1997). Grab samples were collected on a
regular basis every week except that the first three years grab samples were collected

occasionally during non-runoff conditions.
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3.2.2.3 Sample Analysis

Because of laboratory expenses, not all collected samples were used for
laboratory analysis. About 8 samples (some up to 22 samples) for each storm were kept
for analysis. |

At least one sample was used for the rising limb of the hydrograph and near the
hydrograph peak, and at least two samples for the descending limb of the hydrograph.
More samples were used for periods with higher suspended solid loads. Samples were
submitted to laboratory for analysis within 24-48 hours after storm events. Samples were
analyzed by the Michigan Department of Environmental Quality Laboratory in Lansing,
Michigan. Chemical analysis included suspended solids, total phosphorus, ortho-
phosphorus, Kjeldahl nitrogen, ammonia nitrogen, nitrite, nitrite plus nitrate, chemical
oxygen demand (COD) and turbidity.

Total pollutant load for each storm was estimated from the interval method
(Richards and Holloway, 1987) as follows. Bedload was not included in the calculation.

L=Xci*q*t*k [3.2.1]
Where L = storm load (kg);

¢ = pollutant concentration (mg/l);

q = instantaneous flow associated with the sample (I/sec);

t = time increment for the interval (minutes);

k = unit conversion constant; and

i = individual sample
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Table 3.2.1

Monitored runoff, sediment and phosphorus data in Marshall Drain

Watershed

Date Peak Flow Runoff Runoff Suspended Total

(mm/dd/yy) (CFS) Volume Volume Solids Phosphorus
(in) (Cubic ft.) (ton) (kg)

4/20/90 2.28 0.05 69317 0.000 0.000
5/4/90 0.45 0.01 8711 0.002 0.018
5/17/90 2.28 0.05 75287 0.082 0.378
3/27/91 3.82 0.08 125730 1.280 3.180
4/4/91 0.53 0.00 6000 0.000 0.000
4/9/91 2.76 0.05 72220 0.562 1.420
4/15/91 2.64 0.04 56865 0.144 0.490
4/19/91 2.98 0.06 88749 0.292 1.090
4/23/91 1.52 0.02 23589 0.043 0.199
4/24/92 9.3 0.26 405000 3.940 10.100
7/14/92 1 0.03 41300 0.050 0.220
4/19/93 16 0.32 488508 13.073 28
5/4/93 0.64 0.00 5637 0.016 0.060
6/7/93 2.1 0.06 84710 0.138 0.580
6/14/93 0.47 0.00 5499 0.012 0.050
6/19/93 11.4 0.18 273000 5.654 12.750
4/12/94 493 0.08 116225 0.035 0.220
4/30/94 1.05 0.01 8202 0.027 0.150
7/20/94 0.49 0.00 2688 0.114 0.240
4/26/95 1.28 0.01 20427 0.054 0.220
7/4/95 0.48 0.01 14418 0.005 0.050
5/10/96 4.07 0.06 86039 0.647 2.400
5/21/96 3.63 0.02 32168 0.179 1
6/18/96 26.5 0.44 670000 10.846 219
4/5/97 3.75 0.06 96123 0.051 0.460
5/5/97 1.27 0.01 16124 0.034 0.150
5/19/97 2.89 0.03 39436 0.051 0.270
6/23/97 1.69 0.02 31462 0.032 0.190




3.2.2.4 Rainfall Monitoring

To get more accurate rainfall data in the watershed, a Belfort rain gauge was
installed in the watershed. The rain gauge was calibrated and checked to determine that it
operated appropriately. Recorded rainfall data were used to calculate rainfall intensity,
and EI (Energy-Intensity), one factor to calculate soil erosion. Monitored rainfall and

intensity in Marshall Drain Watershed are listed in Table 3.2.2.

Table 3.2.2 Monitored rainfall and intensity, and EI in Marshall Drain Watershed

Date Total rainfall Max. 30-min. intensity EI

(mm/dd/yy) (in) (in/30 min.)

4/20/90 0.65 0.08 0.58
5/4/90 0.50 0.13 0.76
5/17/90 0.78 0.20 1.93
3/27/91 0.85 0.47 6.20
4/4/91 0.35 0.05 0.18
4/9/91 0.82 0.45 6.18
4/15/91 0.72 0.14 1.67
4/19/91 0.83 0.10 0.94
4/23/91 0.40 0.24 1.26
4/24/92 1.60 0.39 5.90
7/14/92 1.15 0.35 6.00
4/19/93 1.6 0.17 3.593
5/4/93 0.37 0.24 1.524
6/7/93 1.61 0.30 6.337
6/14/93 0.45 0.30 2.254
6/19/93 2.14 0.65 17.60
4/12/94 0.90 0.18 1.89
4/30/94 0.48 0.07 0.347
7/20/94 0.97 0.22 8.69
4/26/95 0.64 0.075 0.50
7/4/95 0.83 0.10 10.50
5/10/96 1.14 0.70 4.98
5/21/96 0.9 0.25 3.35
6/18/96 3.18 0.34 14.7
4/5/97 0.50 0.07 0.40
5/5/97 0.56 0.13 0.86
5/19/97 0.61 0.25 2.07
6/23/97 0.57 0.30 2.72
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3.2.2.5 Landuse and Tillage Management Data

Landuse and tillage management practices were recorded by staff of the Natural

Resources Conservation Service of the U.S. Department of Agriculture. The data cover

the same period for water monitoring from 1990-1997. The 10-acre grids were created in

the watershed to reflect the landuse and tillage practices used in those years (Figure 3.2.4).

The monitoring data are listed in the following tables (Table 3.2.3 and Table 3.2.4).

Table 3.2.3 Land Use and Tillage Monitoring Results (in acres) for Marshall Drain
watershed (1990-1997)

Landuse/Tillage | 1990 | 1991 | 1992 | 1993 | 1994 | 1995 | 1996 | 1997
management

B 0 0 190 0 0 0 0 10
C 140 210 20 150 110 0 0 0
NB 0 0 40 0 180 110 170 110
NC 0 0 0 30 0 150 130 20
NwW 0 0 110 0 30 20 170
P 170 80 90 80 80 80 60 50
WH 70 80 30 0 0 0 0 0
WO 20 20 20 20 20 20 0 0
R 10 30
G 0 10 10 10 10 10 10 10

P=established Pasture, meadow, hay, alfalfa

C=Conventional till corn

NC= No-till com
WH= Wheat

NW = No-till Wheat
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G= Active gravel mining

NB = No-till Soybeans

R=Low Density Residential development
B= Conventional till Soybeans



Table 3.2.4 Monitored land use and tillage practices by 10-acre grid cells

Cell # Land Use and Tillage Practices

1990 1991 1992 1993 1994 1995 1996 1997
1 P G G G G G G G
2 P G G G G G G G
3 P P P P P P P P
4 P P P P P P P P
5 P P P P P P P P
6 P G G G G G G G
7 P G G G G G G G
8 P P P P P P P P
9 P P P P P P P P
10 P P P P P P P P
11 P P P P P P P P
12 P P P P P P P P
13 P P P P P P P P
14 P P P P P P P P
15 Wh C B C NB NC NB NWh
16 Wh C B C NB NC NB NWh
17 P P P P P P NB NWh
18 P Wh NB C NB NC NB NWh
19 P Wh NB C NB NC NB NWh
20 Wh C B C NB NC NB NWh
21 Wh C B C NB NC NB NWh
22 P P B P P P NB NWh
23 P Wh B C NB NC NB NWh
24 P Wh B C NB NC NB NWh
25 P Wh B C NB NC NB NWh
26 Wh C B C NB NC NB NWh
27 Wh C B C NB NC NB NWh
28 Wh C B C NB NC NB NWh
29 P Wh B C NB NC NB NWh
30 P Wh B C NB NC NB NWh
31 Wh C P C NB NC NB NWh
32 Wh C P C NB NC NB NWh
33 Wh C P C NB NC NB NWh
34 P Wh NB C NB NC NB NWh
35 P Wh NB C NB NC NB NWh
36 P Wh NB C NB NC NB NWh
37 Wo Wo Wo Wo Wo Wo NWh R
38 Wo Wo Wo Wo Wo Wo NWh R
39 Wo Wo Wo Wo Wo Wo R R
40 C C B NWh C NB NC NC
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41 C C B NWh C NB NC R
42 P P P P P P P B
43 P P P P P P P B
44 C C B NWh C NB NWH NC
45 C C B NWh C NB NWH NC
46 C C WH NC NB NWH NC NB
47 C C B NWh C NB NC NB
48 C C B NWh C NB NC NB
49 C C C NWh C NB NC NB
50 C C C NWh C NB NC NB
51 C C C NWh C NB NC NB
52 C C NB C NC B WH NC
53 C C WH NC NB NWH NC NB
34 C C B NWh C NB NC NB
55 C C C NWh C NB NC NB
56 C C C NWh C NB NC NB
57 C C C NWh C NB NC NB
58 C C C NWh C NB NC NB
P=established Pasture, meadow, hay, alfalfa Wo= Woods

C=Conventional till comn G= Active gravel mining

NC= No-till com

WH= Wheat

NWH= No-till Wheat

NA= No-till Alfalfa (year of planting)
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R= Low Density Residential development
B= Conventional till Soybeans

NB = No-till Soybeans




3.3 SEDMOD Model

Basic GIS data layers required by SEDMOD are generally readily available. Basic
data layers include clay content, DEM, and land use/land cover. Optional data layers
include streams which can be derived from DEM if not available, and saturated soil
transmissivity in inches per hr. A number of secondary data layers are derived from the
basic data layers.

Vegetation roughness is derived from land cover. The roughness layer is created
by reclassifying the landuse/land cover layer using Manning’s roughness obtained from
literature. Table 3.3.1 lists the roughness coefficients for some field conditions. More
detail data about Manning’s roughness values are included in the appendix. DEM is used
to derive a number of data layers including slope and slope shape, and cell travel distance.
Soil moisture index is derived from DEM and soils.

When the secondary data layers are generated, raster data layers for the six
parameters used in SEDMOD are then created in Arc/Info GRID to compute the
sediment delivery ratio layer in the watershed. The calculations are based on data
processing with GRID, which uses an algorithm for cell-based raster data layers. GRID is
a powerful tool used for spatial modeling.

Soil clay content data layer is created using ArcView GIS by joining the soil clay
content in tabular data (Table 3.3.2) with the digital soil coverage file. Percentage of clay
in the upper soil horizon is used as a factor to represent the differences in particle size

transport (Fraser 1999).
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Table 3.3.1 Manning’s roughness values for various field conditions (Engman, 1985)

Field condition Manning’s Roughness value

Fallow Smooth, rain packed 0.01-0.03
Medium, freshly disked 0.1-0.3
Rough tumn plowed 0.4-0.7

Cropped Grass and pasture 0.05-0.15

Clover 0.08-0.25
Small grain 0.1-04

Row crops 0.07-0.2

Table 3.3.2 Percent of soils and clay content in Marshall Drain Watershed

Soil Name Percent (%) of land Clay (%)
(Soil Symbol)
Colwood (Co) 45 5-26
Marlette (Ma) 38 10-18
Capacn (Ca) 5 10-18
Aubbeenaubbee (An) 4 8-15
Owosso (Ow) 3 5-18
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34 Modified RUSLE (MRUSLE)

Inherited from USLE, RUSLE was designed to estimate the average annual soil
loss. However, it can be modified to estimate soil loss for single events (Onstad and
Foster, 1974; Foster, 2000). Modification of RUSLE is similar to that for USLE made by
Onstad and Foster (1974) which modified the USLE’s R factor by accounting for both
rainfall and runoff effects on erosion. The modified RUSLE can be expressed as follows:

ERO=(ED, *K*LS *SLR *P [3.4.1]
Where ERO = loss erosion for a single storm event, tons/acre,

(EDm = Modified Erosion Index term with consideration of rainfall and runoff
effects,

K = soil erodibility factor,

LS = slope length-steepness factor,

SLR = soil loss ratio, and

P = support practice factor.

The modified Erosion Index term is calculated using the following equation:

(EDm=a*EI+b*Q*qp [3.4.2]
where (EI)n = energy term with consideration of rainfall and runoff effects,

EI = Energy-Intensity,

Q = storm runoff volume, in.

gp = storm peak runoff rate, cubic ft. per second (CFS), and

a, b = coefficients. (a = 0.0475 and b = 0.825 were used in the study watershed)

71



In addition to the modified RUSLE, other forms of modification are also
calculated for comparison purpose. They include equation [2.1.38] proposed by Onstad
and Foster (1974) which accounts for both rainfall and runoff effects, and equation
[2.1.40] developed by Young et al. (1978) which is used in AGNPS and adjusted by a
slope shape factor. The original USLE’s EI term without modification is also used in soil

erosion calculations and used to compare with other models.

3.4.1 Slope Shape Factor

The slope shape factor (SSF) in AGNPS’ modified USLE is used to reflect the
difference of slope shapes affecting net erosion/deposition at a specific location. Average
empirical multiplier coefficients are used in AGNPS’ modified USLE equation: 1.30 for
convex slopes meaning the erosion is 30% more than the uniform slopes; and 0.8 for
concave slopes meaning that erosion is 20% less than the uniform slopes due to the
deposition that may occur in that type of slopes. Concave and convex slopes are
determined using a command of Arc/Info GIS called CURVATURE with the digital
elevation model data (DEM). Slope curvature is calculated as the second derivative of the
surface, i.e. the change of rate in the slope gradient or the slope of the slope. It affects the
acceleration/deceleration of water flow, which influences erosion/deposition process
(Moore et al. 1991; Zeverbergan and Thorne 1987).

Running CURVATURE command on DEM data will get a new grid with the
information of slope curvature. A positive value indicates a convex slope and a negative
value indicates a concave slope while the zero value means no change on slope, i.e. an

uniform slope. After the curvature layer is created, a slope shape factor layer is generated
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by assigning the slope shape factor multiplier to grid cells. Then the slope shape factor

layer is used to adjust USLE for estimating soil loss.

3.4.2 LS factor calculation

L factor and S factor are usually considered together to combine the effect of
slope-steepness and slope-length, which basically reflects the terrain on a given site. For
this study, a model developed by Moore and Burch (1985) is used to compute LS factor.
They developed an equation to compute length-slope factor:

LS = (As/22.13)™ (sin $/0.0896)" [3.4.3]
where: m=04-06andn=1.2-123.

LS = computed LS factor.

As = specific catchment area, i.e. the upslope contributing area per unit width of
contour (or rill), in m?/ m. It is calculated in Arc/Info using the function called
FLOWACCUMULATION multiplied by the squared cell size and divided by the cell
size.

For 30 meter resolution DEM grids, As can be calculated as:

As = calculated flowaccumulation * 30 * 30/30 (for cell size = 30 m) [3.4.4]

B = slope angle in degrees. It is calculated in Arc/Info using the function called
SLOPE with option PERCENTRISE which is 100 times Tan B. Then B is calculated
using “Atan” function in Arc/Info.

Tan P = slope (in percentrise) / 100 [3.4.5]

B = Atan (Tan B)
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LS factor is calculated with Arc/Info GIS which creates a separate LS factor data

layer for the modified RUSLE.

3.4.3 Other factors in Modified RUSLE

The following table lists the main soils in the watershed with soil name, soil
symbol, K factor and soil loss tolerance level T. According to the official definition of
soil loss tolerable level, T value is defined as the maximum amount of soil loss in tons
per acre per year, which can be tolerated and still permit a high level of crop productivity
to be sustained economically and indefinitely (Wischmeier and Smith, 1978; Renard, et al.

1997).

Table 3.4.1 K and T values for soils in Marshall Drain Watershed

Soil Name K T

(Soil Symbol)
Colwood (Co) 0.28 5
Marlette (Ma) 0.24 5
Capacn (Ca) 0.32 5
Aubbeenaubbee (An) 0.24 5
Owosso (Ow) 0.24 5

RUSLE computerized program is used to calculate the soil loss ratio (SLR) sub-
factor. The option “Time varying scenario” was chosen. So that it is computed for the soil
loss ratio sub-factor in half-month time period. The SLR values for the half-month period
when the storm event occurred are used. SLR is calculated for each crop rotation in the
study watershed. An example of the output of SLR is listed in the following table for the

two-year crop rotation with Corn-Soybean. More results are listed in the appendix.
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SLR is calculated using the equation [2.1.23] based on the five sub-factors: the
prior-land-use subfactor (PLU), the canopy-cover subfactor (CC), the surface-cover
subfactor (SC), the surface-roughness subfactor (SR), and the soil-moisture subfactor
(SM). After the SLR is calculated for the all crop rotations, it is then joined with the GIS
coverage to create a new data layer for C factor in the watershed. Since different crops
were grown in the watershed each year, a separate C factor data layer is created for each

year for each 10-acre grid cells.

75



Table 3.4.2 An example for calculated SLR in half-month intervals for Corn-Soybean
rotation with the prior year condition

Dates % PLU CC SC SR SM | SLR | % EI
Residue
Cover
10/15/1 25 0.643 1 0.463 | 0.536 1 0.159 | 0.2
10/16 - 10/31/1 24 0.654 1 0.478 | 0.555 1 0.173 2
11/1 - 11/15/1 22 0.672 1 0.503 | 0.593 1 0.201 2
11/16 - 11/30/1 21 0.682 1 0.519 | 0.632 1 0.224 1
12/1 - 12/15/1 20 0.686 1 0.525 | 0.666 1 0.24 1
12/16 - 12/31/1 20 0.686 1 0.527 | 0.694 1 0.251 0
1/1 - 1/15/2 20 0.684 1 0.527 | 0.714 1 0.258 0
1/16 - 1/31/2 20 0.682 1 0.526 | 0.73 1 0.262 1
2/1 - 2/15/2 20 0.68 1 0.526 | 0.744 1 0.266 1
2/16 — 2/28/2 20 0.678 1 0.526 | 0.756 1 0.27 1
3/1 - 3/15/2 20 0.677 1 0.529 | 0.77 1 0.276 1
3/16 — 3/31/2 19 0.681 1 054 | 0.79 1 0.291 2
4/1 - 4/15/2 18 0.69 1 0.559 | 0.812 1 0.313 2
4/16 — 4/30/2 16 0.704 1 0.588 | 0.834 1 0.345 3
5/1 - 5/4/2 15 0.715 1 0.613 | 0.847 1 0.371 1.1
5/5 - 5/14/2 6 0.74 | 0983 | 0.814 | 0.883 1 0.523 2.7
5/15/2 2 0.733 | 0.967 | 0.925 | 0.889 1 0.582 | 0.3
5/16 — 5/31/2 2 0.732 | 0.938 | 0.933 | 0.897 1 0.574 7
6/1 - 6/4/2 2 0.719 | 0.908 | 0.942 | 0.906 1 0.557 | 24
6/5 - 6/15/2 1 0.693 | 0.761 | 0.969 | 0.889 1 0454 | 6.6
6/16 — 6/30/2 1 0.625 | 0.51 | 0.974 | 0.904 1 0.281 9
7/1 - 7/15/2 1 0.538 | 0.35 | 0.98 | 0918 1 0.17 9
7/16 —7/31/2 0 0.505 | 0.267 | 0.984 | 0.93 1 0.124 10
8/1 - 8/15/2 0 0.512 | 0.267 | 0.987 | 0.941 1 0.127 10
8/16 — 8/31/2 0 0.518 1 0.297 | 0.99 | 0.95 1 0.144 9
9/1 - 9/15/2 0 0.522 | 0.399 | 0.992 | 0.958 1 0.198 7
9/16 — 9/30/2 0 0.524 | 0.487 | 0.994 | 0.965 1 0.245 6
10/1 - 10/14/2 0 0.524 | 0.487 | 0.994 | 0.969 1 0246 | 2.8
10/15/2 93 0.527 1 0.04 | 0.971 1 0.021 0.2
10/16 - 10/31/2 92 0.534 1 0.041 | 0.973 1 0.021 2
11/1 - 11/15/2 54 0.44 1 0.195 | 0.457 1 0.039 2
11/16 - 11/30/2 53 0.452 1 0.2 | 0.502 1 0.045 1
12/1 - 12/15/2 52 0.457 1 0.202 | 0.544 1 0.05 1
12/16 - 12/31/2 52 0.459 1 0.201 | 0.578 1 0.053 0
1/1 - 1/15/3 51 0.458 1 0.2 | 0.604 1 0.055 0
1/16 — 1/31/3 51 0.457 1 0.2 | 0.624 1 0.057 1
2/1 - 2/15/3 51 0.456 1 0.199 | 0.641 1 0.058 1
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2/16 — 2/28/3 51 0.455 1 0.198 [ 0.657 1 | 0.059 1
3/1 - 3/15/3 51 0.455 1 0.199 | 0.676 1 0.061 1
3/16 — 3/31/3 50 0.462 1 0.203 | 0.702 1 ] 0.066 2
4/1 - 4/15/3 48 0.474 1 0.211 | 0.732 1 10.073 2
4/16 — 4/30/3 46 0.493 1 0.226 | 0.762 1 0.085 3
S5/1 - 5/14/3 43 0.519 1 0.247 | 0.788 1 0.101 3.7
5/15/3 28 0.515 1 0.399 | 0.824 1 0.169 | 0.3
5/16 — 5/31/3 26 0.536 | 0.97 | 0.423 | 0.837 1 10.184 7
6/1 - 6/14/3 23 0.572 | 0.862 | 0.468 | 0.859 1 10198 | 84
6/15/3 17 0.573 | 0.791 | 0.57 | 0.825 1 10213 ] 0.6
6/16 — 6/30/3 16 0.59 ]0.692 | 0.595 | 0.84 1 0.204 9
7/1 - 7/15/3 14 0.606 | 0.466 | 0.637 | 0.864 1 ]0.155 9
7/16 — 7/31/3 12 0.59 | 0.205 | 0.674 | 0.883 1 _|0.072 10
8/1 - 8/15/3 12 0.597 | 0.144 | 0.672 | 0.901 1 _]0.052 10
8/16 — 8/31/3 24 0.621 | 0.215 | 044 | 0916 1 | 0.054 9
9/1 - 9/15/3 43 0.642 | 0.486 | 0.228 | 093 | 1 | 0.066 7
9/16 — 9/30/3 45 0.656 | 0.67 | 0.214 | 0.942 1 0.089 6
10/1 - 10/9/3 41 0.662 | 0.703 | 0.249 | 0.948 1 0.11 1.8
10/10 - 10/14/3 70 0.671 1 0.089 | 0.951 1 [0.057 1

Note:

SLR=PLU * CC * SC * SR * SM

SLR = Soil loss ratio; PLU = the prior-land-use subfactor;
CC = the canopy-cover subfactor;
SR = the surface-roughness subfactor, and SM = the soil-moisture subfactor.

SC = the surface-cover subfactor;
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3.5 Integration of SEDMOD and Modified RUSLE

The spatially explicit sediment delivery model SEDMOD has its own menu
driven interface written in Arc Marco Language (AML) which is run in Arc/Info
environment. Because this model only calculates the sediment delivery, a soil erosion
model with the modified Revised Universal Soil Loss Equation is added. This integrated
model (Sediment and Phosphorus Loading Model — SPLM) is capable of computing
sediment delivery ratio, soil erosion for single storm events, sediment yield and
phosphorus loading if the phosphorus content in sediment is known. Results from this
integrated model are compared with other combinations of sediment delivery ratio model
and soil erosion models in the next chapter.

The integrated model SPLM is built on SEDMOD and the modified RUSLE. Data
required to run SEMOD and the modified RUSLE are then required to run SPLM. The
data layers and structure of SPLM are shown in Figure 3.5.1. Some factors such as C
factor in soil erosion model are computed using the RUSLE program. A GIS data layer
for C factor is then created by joining the tabular data with a coverage file for the
watershed. Slope length and slope steepness factor (LS) is computed from DEM data
layer directly.

Because SPLM is run under Arc/Info GIS, input data sets in common data format
such as DEM and soils which are readily available can be used. The results can be used
for a variety of spatial analysis and representation. The integration for SPLM is also

written in AML and can be run in Arc/Info environment.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1  Sediment Delivery Ratios

Two models were used to estimate sediment delivery ratio in Marshall Drain
Watershed. One is the newly developed spatially distributed model SEDMOD; the
second was the spatially lumped empirical model equation [2.3.4]. The reason for
choosing equation [2.3.4] for comparison is that it was found in a pervious study
conducted in Saginaw Bay watershed of Michigan, that this model provides more
accurate results than other spatially lumped statistical models that were tested in the study
watershed (Ouyang and Bartholic 1997).

Sediment delivery ratios were calculated for 1991 — 1997 using SEDMOD, which
reflected the spatial variations and year-to-year different land uses. Table 4.1.1 lists the
maximum, minimum and mean sediment delivery ratios over the grid cells in the
watershed. Although these statistical data for sediment delivery ratio are similar over the
years, there are some spatial variations of sediment delivery ratios in watershed due to the
changes in land use. Figure 4.1.1 shows that sediment delivery ratios in the study
watershed based on 1993 and 1996 data. The spatial distribution of sediment delivery
ratios are slightly different from year to year due to land use change. Higher delivery
ratios give indications of areas that have potential to contribute more sediment.

Sediment delivery ratios were also calculated using an empirical model with
drainage-area-based SDR [2.3.4] which is a spatially and temporally lumped model.

According to the equation, the calculated sediment delivery ratio is about 0.537 which is
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relatively high due to the small size of the watershed in which sediments have a short

distance to travel to water systems.

Table 4.1.1 The Maximum/Minimum/Mean values of sediment delivery ratios over
Marshall Drain Watershed area (1991-1997)

1991 1992 1993 1994 1995 1996 1997
Min. 0.23 0.25 0.25 0.24 0.22 0.21 0.21
Max. 1.00 1.00 1.00 1.00 1.00 1.00 0.99
Mean 0.365 0.364 0.364 0.364 0.365 0.365 0.365

4.2. Soil Erosion

Four models were used to calculate soil erosion. They are the original form of
USLE with EI term substituting R factor for the single events (equation [2.1.1]); modified
USLE used in AGNPS (equation [2.1.40]); modified USLE by Onstad and Foster (1974)
with a modified energy term W (equation [2.1.38]); and modified RUSLE (MRUSLE),
equation [3.3.1]. Soil erosion estimated from these four models for 25 storm events are
listed in Table 4.2.1.

The results show the original USLE gave a higher estimate for soil erosion than
the other three models, followed by AGNPS which is adjusted by a slope shape factor
(SSF). The Onstad-Foster model and MRULSE estimated soil erosion with an average of
8.5 tons per acre per storm and 4 tons per acre per storm, respectively. The original
USLE predicts soil erosion ranging from 0.43 to 68.24 tons per acre for storm events with
an average of 14.39 tons per acre per storm, while AGNPS estimates soil erosion with an
average soil loss of 13.28 tons per acre per storm.

Because no direct measurements were made for soil erosion from the fields in the

Marshall Drain watershed, soil erosions estimated from these four models were carried
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into the comparisons made for sediment yield which the monitored data is available.

Figure 4.2.1 shows the soil erosion in two major storms occurring in 1993 and 1996.
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Table 4.2.1 Estimated soil erosion from four single event models

Date MRUSLE | Onstad-Foster AGNPS USLE
(tons) (tons) (tons) (tons)
3/27/91 1.106 6.710 11.439 12.394
4/4/91 0.025 0.231 0.398 0.431
4/9/91 0.960 7.715 13.657 14.798
4/15/91 0.383 2.245 3.691 3.999
4/19/91 0.616 2.097 2.856 3.098
4/23/91 0.261 2.193 3.829 4.152
4/24/92 5.650 9.936 13.333 14.438
7/14/92 0.731 7.266 13.103 14.276
4/19/93 42.082 32.677 31.657 34.528
5/4/93 0.839 8.669 16.756 17.194
6/7/93 3.178 26.511 46.516 50.765
6/14/93 0.869 9.072 16.545 18.054
6/19/93 9.740 37.225 62.571 68.240
4/12/94 0.413 1.247 1.811 1.959
4/30/94 0.036 0.315 0.548 0.592
7/20/94 0.281 2.953 5.456 5.903
4/26/95 0.105 0.771 1.273 1.383
7/4/95 0.854 8.947 16.419 17.844
5/10/96 1.209 7.587 13.110 14.154
5/21/96 0.750 5.872 10.462 11.309
6/18/96 29.156 28.281 38.701 41.770
4/5/97 0.389 0.721 0.675 0.730
5/5/97 0.089 0.775 1.374 1.473
5/19/97 0.247 1.715 3.000 3.204
6/23/97 0.175 1.566 2.830 3.023
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Figure 4.1.1 Estimated Sediment Delivery Ratios in Marshall Drain Watershed
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43  Sediment Yield

Sediment yield was calculated using the form of equation [2.4.1], i.e. the product
of soil erosion and sediment delivery ratio. The results are generated from a combination
of using two sediment delivery ratio models and four soil erosion models, which produce
8 estimates for sediment yield for each storm event. The integrated model, Sediment and
Phosphorus Loading Model (SPLM) is based on spatially explicit sediment delivery ratio
mode SEDMOD and the Modified RUSLE (MRUSLE). The outcomes of SPLM are
compared with results from other 7 combinations of sediment delivery ratio models and
soil erosion models.

Table 4.3.3 lists the monitored sediment yield and its estimation based on four
soil erosion models and spatially distributed SDR model (SEDMOD). Table 4.3.4 lists
the results from the four soil erosion models and an empirical SDR model [2.3.4].

The model results and monitoring data are plotted on Figure 4.3.1- 4.3.3. The line
shown on the figure is 1:1, or a perfect fitting line. Points above the 1:1 line indicate that
the model overestimated sediment yield while below the line means the model
underestimated the sediment yield. Statistical data for the correlation between the
measured sediment yield and estimated sediment yield from these 6 models are included

in Table 4.3.2 and Table 4.3.3.
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Figure 4.3.1 Monitoring sediment load and estimated sediment load from the modified
RUSLE with SEDMOD (SPLM) and SDR Model [2.3.4]
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Figure 4.3.2 Measured sediment load and estimated from SEDMOD for delivery ratio,
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Figure 4.3.3 Measured sediment load and estimated from Equation [2.3.4] for delivery
ratio, and three soil erosion models.
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Figure 4.3.1 shows the results using the modified RUSLE for soil erosion, and
SEDMOD and Equation [2.3.4] for sediment delivery ratios. Statistical data in Table
4.3.1 show that the modified RUSLE with SEDMOD (i.e. SPLM) has the best results
with the highest R square (0.95) and the lowest standard error (0.85). With the modified
RULSE, empirical sediment delivery ratio model [2.3.4] also has a fairly good fit with
monitoring data with a R square of 0.95, but has a higher standard error (2.87). Onstad-
Foster version of modified USLE model has R square of 0.62 with SEDMOD which is
similar to that with Equation [2.3.4]. AGNPS version of modified USLE which takes into
account a slope shape factor does not make much difference with the original USLE, both
of which have a poor correlation between the monitoring data and modeling results. They
have generally overestimated the sediment yield with both sediment delivery ratio models
(Figure 4.3.2 — 4.3.3). It indicates these models have systematic errors.

From the results in this watershed, it is shown that SPLM (the modified RUSLE
combined with SEDMOD) provides the most accurate estimates.

To compare the model results and monitoring data, we also used one of the most
useful methods to evaluate the modeling results, which is called Model Efficiency (ME).
Model efficiency was first used by Nash and Sutchliffe (1970) and later used by many
researchers in water related modeling (Green and Stephenson, 1986; Risse et al. 1993;
and Rapp et al. 2001). The model efficiency is defined as follows:

Y (Qni~ Q)2

ME=1- & [4.3.1]
D (Qni = On)*2

i=1

Where ME = model efficiency,
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Qmi = measured value of event i,

Q.i = computed valued of event i,

é: = mean of the measured values, and

n = number of events.

The higher the ME value, the better results a model provides. A model provides

perfect results when ME is 1. The ME values for the four soil erosion models with two

sediment delivery ratio models are listed in Table 4.3.2.

Table 4.3.1 Model Efficiencies (ME)

SEDMOD Eq. [2.3.4]
MRULSE | Onstad- | AGNPS | USLE | MRULSE | Onstad- | AGNPS | USLE
Foster Foster
ME 0.93 -0.05 -1.98 -2.77 0.58 -1.03 -5.97 -1.47

The model efficiency for SPLM is highest (ME=0.93) when SEDMOD is used
with the modified RUSLE (MRUSLE). It is better than Eq. [2.3.4] when it is used with
the modified RUSLE (ME = 0.58) and also better than other models. This is consistent
with statistical analysis data that SPLM (using SEDMOD with the modified RUSLE) has
the highest correlation coefficient (R2 =0.95) and the lowest standard error (SE = 0.85).

Figure 4.3.4 shows the sediment yield on cell-by-cell basis for two major storms
in 1993 and 1996. The results are from SPLM (i.e. SEDMOD and the modified RUSLE).
The output map illustrates the high sediment contributing areas in the watershed. By
identifying the high contributing areas, it helps prioritize the implementation of Best
Management Practices (BMPs) to reduce soil erosion. Equation [2.3.4] is a spatially

lumped model and does not have the capability to provide spatial representation of
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sedimentation. SPLM by integrating SEDMOD, a spatially distributed sediment delivery
ratio model, with the modified RUSLE, provides a new alternative modeling approach

which is able to identify the risk areas with an improved accuracy.
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Table 4.3.2

Monitored sediment yield and its estimation based on spatially distributed
SDR model (SEDMOD) and four soil erosion models

Date Monitored SPLM Onstad-Foster AGNPS USLE
Sediment (tons) (tons) (tons) (tons)
Yield
(tons)

3/27/91 1.280 0.385 2.573 3.961 4311
4/4/91 0 0.009 0.088 0.138 0.150
4/9/91 0.562 0.334 2.957 4727 5.145
4/15/91 0.144 0.133 0.860 1.277 1.390
4/19/91 0.292 0.219 0.820 1.006 1.099
4/23/91 0.043 0.093 0.858 1.348 1.473
4/24/92 3.940 2.190 4.247 5.102 ~5.597
7/14/92 0.050 0.276 3.022 4.885 5.385
4/19/93 13.073 16.140 13.818 11.961 13.242
5/4/93 0.016 0.322 3.672 5.962 6.606
6/7/93 0.138 1.215 11.176 17.522 19.406
6/14/93 0.012 0.332 3.824 6.232 6.903
6/19/93 5.654 3.708 15.624 23.480 25.979
4/12/94 0.035 0.156 0.518 0.676 0.738
4/30/94 0.027 0.013 0.124 0.195 0.212
7/20/94 0.114 0.104 1.210 2.007 2.193
4/26/95 0.054 0.042 0.339 0.502 0.551
7/4/95 0.005 0.332 3.835 6.314 6.937
5/10/96 0.647 0.462 3.200 4981 5.415
5/21/96 0.179 0.289 2.499 4.007 4.365
6/18/96 10.846 11.423 12.216 15.056 16.364
4/5/97 0.051 0.161 0.328 0.276 0.301
5/5/97 0.034 0.030 0.286 0.456 0.493
5/19/97 0.051 0.076 0.581 0.921 0.985
6/23/97 0.032 0.055 0.537 0.879 0.940

R* 0.95 0.62 0.37 0.37

Standard Error 0.85 2.87 4.86 5.38
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Table 4.3.3

Monitored sediment yield and its estimation based on spatially lumped
SDR model (equation [2.3.4]) and four soil erosion models.

Date Monitored | Modified Onstad- AGNPS USLE
Sediment RUSLE Foster (tons) (tons)
Yield (tons) (tons)
(tons)

3/27/1991 1.280 0.594 3.603 6.143 6.656
4/4/1991 0 0.013 0.124 0.214 0.231
4/9/1991 0.562 0.516 4.143 7.334 7.947
4/15/1991 0.144 0.206 1.206 1.982 2.147
4/19/1991 0.292 0.331 1.126 1.534 1.664
4/23/1991 0.043 0.140 1.178 2.056 2.230
4/24/1992 3.940 3.034 5.336 7.160 7.753
7/14/1992 0.050 0.393 3.902 7.036 7.666
4/19/1993 13.073 22.598 17.548 17.000 18.542
5/4/1993 0.016 0.451 4.655 8.998 9.233
6/7/1993 0.138 1.707 14.236 24.979 27.261
6/14/1993 0.012 0.467 4.872 8.885 9.695
6/19/1993 5.654 5.230 19.990 33.601 36.645
4/12/1994 0.035 0.222 0.670 0.973 1.052
4/30/1994 0.027 0.019 0.169 0.294 0.318
7/20/1994 0.114 0.151 1.586 2.930 3.170
4/26/1995 0.054 0.056 0414 0.684 0.743
7/4/1995 0.005 0.459 4.805 8.817 9.582
5/10/1996 0.647 0.649 4.074 7.040 7.601
5/21/1996 0.179 0.403 3.153 5.618 6.073
6/18/1996 10.846 15.657 15.187 20.782 22.430
4/5/1997 0.051 0.209 0.387 0.362 0.392
5/5/1997 0.034 0.048 0.416 0.738 0.791
5/19/1997 0.051 0.133 0.921 1.611 1.721
6/23/1997 0.032 0.094 0.841 1.520 1.623

R’ 0.95 0.61 0.36 0.36

Standard Error 1.20 3.66 6.94 7.56
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4.4  Phosphorus Loading

Once the sediment yield was calculated, one could estimate phosphorus loading
based on sediment load and phosphorus-to-sediment ratio or phosphorus content in
sediment. A previous study has shown that sediment attached phosphorus is the major
form in phosphorus loading (Nelson and Logan, 1983). Figure 4.4.1 shows the sediment
load and total phosphorus load from the monitoring data in the study watershed. It is
illustrated that a good linear relationship exists between phosphorus loading and sediment
loading (R? = 0.99). Thus, the phosphorus content in sediment, or a phosphorus-to-
sediment ratio can be obtained from the slope of the line. Based on the monitoring data in
the study watershed, the phosphorus-to-sediment ratio is about 2.13 kg phosphorus per
ton sediment. The results of phosphorus loading estimated from this method (equation
[2.4.2]) are listed in Table 4.4.1 and Table 4.4.2.

Since phosphorus loading is based on the sediment yield and phosphorus content
in sediment, its accuracy relies on the accuracy from both factors. Similar to the model
efficiency for estimating sediment yield, SPLM has the highest model efficiency (ME =
0.91), followed by the case when the modified RUSLE is used with Eq. [2.3.4] which has
the model efficiency of 0.54.

Figure 4.4.2 shows that monitoring phosphorus loading and estimated phosphorus
loading along with the 1:1 line. Points are distributed in the both sides of the 1:1 line,
indicating that the model does not systematically overestimate or underestimate the
phosphorus loading. The correlation coefficient for SPLM is 0.936 with the standard

error of 2.12. It is better than the modified RUSLE with Eq. [2.3.4] which has a
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correlation efficient of 0.935 and standard error of 2.95. Results from other models are
plotted on Figures 4.3.3 and 4.3.4, which show the similar trends as sediment loads.

The advantage of using SPLM based on SEDMOD with the modified RUSLE is
that not only can it provide more accurate results, it also provides the spatial
representation for helping identify the high contributing areas. This information can help
prioritize the efforts for more efficient nonpoint source pollution control.

Similarly to results of sediment yield, SPLM based on SEDMOD with the
modified RUSLE provides more accurate results than other models tested in this study.
Figure 4.4.5 shows phosphorus loading in two major storms in 1993 and 1996. The
output map helps identify the potential high phosphorus contributing areas in the
watershed.

The fact that phosphorus load is highly correlated with sediment load suggests
that management practices that are used to control sediment may control phosphorus

loading as well.
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Table 4.4.1 Monitored phosphorus load and its estimation based on sediment
phosphorus content, spatially distributed SDR model (SEDMOD) and four soil erosion
models

Date Monitored SPLM Onstad-Foster AGNPS USLE
Phosphorus (kg) (kg) (kg) (kg)
Load
(kg)

3/27/91 3.18 0.822 5.492 8.454 9.201
4/4/91 0 0.019 0.188 0.295 0.320
4/9/91 1.42 0.713 6.311 10.089 10.981
4/15/91 0.49 0.284 1.835 2.726 2.967
4/19/91 1.09 0.467 1.750 2.147 2.346
4/23/91 0.199 0.198 1.831 2.877 3.144
4/24/92 10.1 4.674 9.064 10.889 11.946
7/14/92 0.22 0.589 6.450 10.426 11.493
4/19/93 28 34.448 29.492 25.528 28.262
5/4/93 0.06 0.687 7.837 12.725 14.099
6/7/93 0.58 2.593 23.853 37.397 41.418
6/14/93 0.05 0.709 8.162 13.301 14.733
6/19/93 12.75 7914 33.346 50.113 55.447
4/12/94 0.22 0.333 1.106 1.443 1.575
4/30/94 0.15 0.028 0.265 0.416 0.452
7/20/94 0.24 0.222 2.583 4284 4.681
4/26/95 0.22 0.090 0.724 1.071 1.176
7/4/95 0.05 0.709 8.185 13.476 14.806
5/10/96 2.4 0.986 6.830 10.631 11.557
5/21/96 1 0.617 5.334 8.552 9.316
6/18/96 21.9 24.380 26.073 32.134 34.926
4/5/97 0.46 0.344 0.700 0.589 0.642
5/5/97 0.15 0.064 0.610 0.973 1.052
5/19/97 0.27 0.162 1.240 1.966 2.102
6/23/97 0.19 0.117 1.146 1.876 2.006

R® 0.94 0.62 0.38 0.38

Standard Error 2.12 6.09 10.34 11.45
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Table 4.4.2

phosphorus content, spatially lumped SDR model (equation [2.3.4]) and four soil erosion

Monitored phosphorus load and its estimation based on sediment

models.
Date Monitored Modified Onstad- AGNPS USLE
Phosphorus RUSLE Foster (kg) (kg)
Load (kg) (kg)
(kg)
3/27/1991 3.18 1.268 7.690 13.111 14.206
4/4/1991 0 0.028 0.265 0.457 0.493
4/9/1991 1.42 1.101 8.842 15.653 16.961
4/15/1991 0.49 0.440 2.574 4.230 4.582
4/19/1991 1.09 0.706 2.403 3.274 3.551
4/23/1991 0.199 0.299 2514 4.388 4.759
4/24/1992 10.1 6.475 11.389 15.282 16.547
7/14/1992 0.22 0.839 8.328 15.017 16.362
4/19/1993 28 48.231 37.453 36.283 39.574
5/4/1993 0.06 0.963 9.935 19.204 19.706
6/7/1993 0.58 3.643 30.384 53.313 58.183
6/14/1993 0.05 0.997 10.398 18.963 20.692
6/19/1993 12.75 11.162 42.665 71.715 78.211
4/12/1994 0.22 0.474 1.430 2.077 2.245
4/30/1994 0.15 0.041 0.361 0.627 0.679
7/20/1994 0.24 0.322 3.385 6.253 6.766
4/26/1995 0.22 0.120 0.884 1.460 1.586
7/4/1995 0.05 0.980 10.255 18.818 20.451
5/10/1996 24 1.385 8.695 15.025 16.223
5/21/1996 1 0.860 6.729 11.990 12.962
6/18/1996 219 33.417 32414 44 355 47.872
4/5/1997 0.46 0.446 0.826 0.773 0.837
5/5/1997 0.15 0.102 0.888 1.575 1.688
5/19/1997 0.27 0.284 1.966 3.438 3.673
6/23/1997 0.19 0.201 1.795 3.244 3.464
R’ 0.94 0.62 0.37 0.37
Standard Error 2.95 7.76 14.75 16.07
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4.5 Assessing Annual Sediment and Phosphorus Loading

The Revised Universal Soil Loss Equation (RUSLE) was used to predict average
annual soil loss. The modified RUSLE (MRUSLE) was used to estimate soil loss for
single events. Sediment and Phosphorus Loading Model (SPLM) is developed based on
SEDMOD and MRUSLE, which is a single event model for estimating sediment and
phosphorus loads. When the original RUSLE was used, in place of the modified RUSLE,
SPLM can be used to estimate annual sediment and phosphorus loads. Unfortunately,
there were no data available in the study watershed to verify sediment and phosphorus
loading on an annual basis. SPLM for annual sediment and phosphorus loading
assessment needs to be tested in the future in other watersheds where annual data are

available or collected.
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CHAPTER FIVE

CONCLUSIONS

Although great progress has been made in controlling point source pollution in the
past three decades, nonpoint source pollution, particularly from agriculture, is considered
the leading cause for water pollution in the United States. Sediment and phosphorus are
two major pollutants that are responsible for water pollution. Soil erosion degrades soil
productivity and causes water quality problems through sediments and nutrients.
Excessive fertilization, particularly from phosphorus, causes surface water deterioration.
Efforts have been made to minimize agricultural nonpoint source pollution such as
implementing the best management practices. Controlling agricultural nonpoint source
pollution requires the information and knowledge on identifying the source areas and
quantifying the loading. Water monitoring program is helpful but costly. Science based
modeling provides an alternative to provide a quantitative estimation on soil erosion,
sediment and nutrient loadings, and helps identify the source areas.

The goal of this research is to investigate various agricultural nonpoint source
pollution modeling options, and develop a GIS based and spatially distributed approach
for estimating soil erosion, sediment and phosphorus loading in agricultural watershed
context.

Spatially lumped and temporally lumped models that are often used in soil erosion
and sediment delivery generally can not provide good site-specific and event-specific

estimation for the varying conditions. Most agricultural NPS models generally require
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extensive data inputs which are often not readily available in many cases. This
dissertation has investigated and evaluated various commonly used models with ground
truth water monitoring data. A spatially explicit sediment delivery model (SEDMOD) has
been integrated with the modified Revised Universal Soil Loss Equation (MRUSLE).
This integrated model led to the development of Sediment and Phosphorus Loading
Model - SPLM which is capable of calculating soil erosion, sediment delivery ratios,
sediment yield and phosphorus loading. Because it is also integrated with Geographic
Information System, it has automated spatial data processing and provided spatial
representation of NPS pollution in the watershed context. From the output maps of the
model, high risk areas can be identified to help prioritize and/or initialize the best
management practice implementation.

In this study watershed, the spatially explicit sediment delivery model not only
provides information for spatial analysis, but also improves the accuracy of modeling
compared to the spatially lumped model. The new model shows less systemic errors than
spatially lumped models which most often overestimated the sediment. The integrated
model SPLM requires only a few data layers (i.e. soils, DEM, streams, surface
roughness) which are readily available or can be easily created.

For the soil erosion sub-model used in SPLM, both rainfall and runoff effects on
soil erosion have been taken into account in energy term. The accuracy of the modified
Revised Universal Soil Loss Equation (MRUSLE) model is improved compared to the
original equation which primarily considers the rainfall energy. When the energy term is

modified, the Revised Universal Soil Loss Equation is capable of estimating soil erosion
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for single storm events although the model was initially designed for predicting long term
average annual soil loss.

Phosphorus loading is calculated based on sediment yield and phosphorus-
sediment ratio in SPLM. The water quality monitoring data showed that sediment
attached phosphorus is the major form of phosphorus that is transported to stream system.
Phosphorus loading is found to be directly related to sediment yield. In this watershed,
total phosphorus is highly correlated with sediment yield (R?=0.99). This suggests that
management practices that are used to control sediment may control phosphorus loading
as well.

Among the combined uses; of several sediment delivery ratio models and soil
erosion models, the integrated model with SEMOD and the modified RUSLE (i.e.
SPLM) has been proven to provide the most accurate estimation on sediment yield and
phosphorus loading in the study watershed. SPLM has a user-friendly menu driven
interface and requires a minimum input data set.

In summary, the development of Sediment and Phosphorus Loading Model
(SPLM) based the spatially explicit sediment delivery model and the modified RUSLE,
provides an easy-to-use tool for agricultural nonpoint source pollution assessment.
Compared to other models used in the study watershed, SPLM estimates soil erosion,
sediment delivery ratio, and sediment and phosphorus loading on a watershed basis with
an improved accuracy. It has demonstrated the benefits of using spatially explicit model
combined with GIS teéhnology. This allows users to identify the source areas and
estimate NPS loadings which may lead to a cost-effective watershed management

planning for minimizing agricultural nonpoint source pollution.
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5.1 Recommendations for Future Study

Although SPLM was used to estimate soil erosion, sediment load, and phosphorus
load for a single storm, it could be used to estimate annual average soil erosion, sediment
load, and phosphorus by simply using Revised Universal Soil Loss Equation (RUSLE) to
replace the modified RUSLE. Because RULSE can predict annual average soil erosion,
when used with SEDMOD, it will provide an estimation of annual average sediment load
and phosphorus load. This has yet to be tested in other watersheds where annual data are
available.

Like spatially explicit sediment delivery model (SEDMOD), Sediment and
Phosphorus Loading Model (SPLM) is a newly developed model and has not been widely
tested on other watersheds. Further calibrations and verifications may be needed for its

application in other watersheds with different conditions.
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Appendix A  Estimates of Manning’s n for overland flow and soil covers based on
n=0.01 for smooth bare soil (Engman, 1985)

Treatment Manning’s n
Cornstalk residue applied to 1 ton/acre 0.020
fallow surface 2 tons/acre 0.040
4 tons/acre 0.070
Cornstalk residue disk- 1 ton/acre 0.012
harrow incorporated 2 tons/acre 0.020
4 tons/acre 0.023
Wheat straw mulch 0.25 ton/acre 0.015
0.5 ton/acre 0.018
1 ton/acre 0.032
2 tons/acre 0.070
4 tons/acre 0.074
Grass Sparse 0.015
Poor 0.023
Fair 0.032
Good 0.046
Excellent 0.074
Dense 0.150
Very dense 0.400
Small grain (20% to full maturity)
Across slope Poor stand 0.018
Moderate stand 0.023
Good stand 0.032
Dense 0.046
Upslope and downslope Poor stand 0.012
Moderate stand 0.015
Good stand 0.023
Dense 0.032
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Appendx B The program code to calculate soil erosion and sediment yield based on
results from SEDMOD and Modified RULSE

/****************************************************************

/* File name: erosion_sediment.aml *
/* *
/* Purpose: *
/* This program to calculate the soil erosion and *
/* sediment yield based on the sediment delivery ratio *
/* computed from SEDMOD and the modified Revised Soil *
/* Loss Equation. *
/* *
/* Usage: under Arc/Info prompt, *
/* Arc: &run erosion_sediment.aml input.data output.file *
/* *
/* Written by Da Ouyang *
/* Date: August 2000 *
/* *

*

/***************************************************************

&args input_file output_file

&if [null %$input_file%] or [null %$output_file%] &then
&return &warning Specify the file names. - Usage: PORG.aml
IN_file OUT_file

/****************************************************************

/* open the input file to read - outside of the loop - open one
/*

/****************************************************************

&s my_in := [open %input_file% openstat -r]

&if %openstat% ne 0 &then
&return &error The input data file can not open to read

/****************************************************************
/* read the records from the input file, skip the first two lines
/* outside of the loop

/*

/****************************************************************

&s linel := [read $my_in% readstat]
&s line2 [read $my_in% readstat]

/* open the file to write records - outside of the loop
/* open once
&s my_out := [open %output_file% openstat -w]

&if %openstat% ne 0 &then
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&return &error The file can not open to write

/* open the file to read the monitoring data for comparsion
&s monitoring = marshall.data
&s my_data := [open $monitoring% openstat -r]
&if %openstat$ ne 0 &then
&return &error The monitoring data file can not open to read

&s count = 1

/* check if it reaches the end of file, which returns 102
&do &while %readstat$% ne 102

/* After read 25 storms, there is a sperator
&1if %count% eqg 26 &then &do

&s terms := [read $my_in% readstat]

&s count = 0
&end

&if %count% ne 0 &then &do

&do I := 1 &to 4
&s record%I% := [read $my_in% readstat]
&end

/* To save the records, the file has to be closed before return
&if %readstat% eq 102 &then &do
&s writestat = [write $my_ out$% [quote %terms$%]])

/* &s writestat = [write %my_out$ ------—-------——- ]
&s closestat := [close -all]
/* &system perl out.cgi

&return &inform It has reached the END OF FILE - DONE
&end

/* read the monitoring data
&s measured_data := [read $my_data% readstat]

/* To read again, the file has to be closed then open again
to read
&if %$readstat% eq 102 &then &do

&s writestat = [write $my_out$% [quote $terms%]]
/* &s writestat = [write $my_out% -------——--—--—-——- ]

&s closestat := [close $my_data%]

&s my_data := [open $monitoring% openstat -r]

&s measured_data := [read %$my_data% readstat]
&end
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/***********************************************************

/* Erosion calculation for marsahll watershed

/*

/* &if [exists soil_loss -GRID] &then kill soil_loss
/* &sv wshed = [response 'Enter watershed name ‘]
/*

/***********************************************************

&sv wshed = Marshall

/* &sv yearl = [response ’'Enter the year YY ‘]

/* &sv monthl [response ’'Enter the month MM ‘]
/* &sv datel [response ’'Enter the date DD ’ ]
/* &sv ei [response ’‘Enter the EI value ‘]

&sv yearl = $%$recordl$
&sv monthl = %record2$%
&sv datel = %record3%
&sv ei = $record4$
&type
&type ---> Erosion calculation for %wshed% watershed
$yearl¥¥monthl%$%datel® <---
&type
&if %datel® < 16 &then
&sv date2 =1
&if %datel% > 15 &then
&sv date2 = 2

/*************************************************************

/* define the data file path
/*

/*************************************************************

&sv ls = /home/mydata/ls/%wshed%_1ls

&sv sdr = /home/mydata/sdr/%$wshed%/sdr%yearl%/del_ratio
&sv k = /home/mydata/k/k$monthl%%date2$%

&sv ¢ = /home/mydata/c/c%$yearl%$smonthl$sdate2%

&if %:program% <> GRID &then grid

&messages &on

/*************************************************************

/* soil_loss = E * K * C * LS * P ( in tons / acre / storm)
/*

/* where E = energy term

/*

/*************************************************************
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/*************************************************************
/*

/* define a name for different storms

/*

/*************************************************************

&sv erosion = er%yearl%$imonthl%%datel%
&sv sediment sy$yearl$smonthl%%datel%
&sv erosion2 = e%yearl%$monthl%datel$
&sv sediment2 = s%yearl%$smonthl%$%datel$%
&sv sum_er = te%yearl%smonthl%sdatel$
&sv sum_sy = ts%yearl%¥monthl%%datel$

&if [exists %erosion% -GRID] &then kill %$erosion$
$erosion% = %$ei% * %k% * %c% * %1ls% * 1

describe %erosion%

/*********************************************************

/* convert short ton to kg, convert square meters to acre
/*

/*********************************************************

&if [exists %erosion2% -GRID] &then kill %erosion2%
$erosion2% = 907 * $erosion% * %grd$dx$ * %grd$dys / 4047

DOCELL

$sum_er$ += %erosion2$%
END
&s resultl = [show $sum_er%]

&type The total soil loss is %$resultl% Kg from this storm event

/**************************************************************

/* write a record in the output file
/* single quote is needed if the record contains a space
/*

/**************************************************************

&s sperator = <---%yearl%$$monthl%$%datel%$--->

1

&s writestat [write %my_out% [quote $%sperator$%]]

1]

&s writestat [write %my_out% [quote %resultl%]]
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/**************************************************************

/* calculate sediment yield based on soil erosion

/*

/* sediment delivery ratio needs to be divided by 100
/*

/**************************************************************

&if [exists %$sediment%$ -GRID] &then kill %$sediment$%
$sediment% = %erosion% * (float(%sdr%) / 100)

describe %$sediment$
/* converted a ton to kilograms, converted square memters to acre
&if [exists %sediment2% -GRID] &then kill $sediment2%
$sediment2% = 907 * %$sediment$ * %grd$dx% * %grdsdys / 4047
DOCELL

$sum_sy% += $sediment2$
END

&s result2 = [show %$sum_sy%]

&type The total sediment yield is %result2% Kg from this storm
event

/* Write a record in the output file
&s delta = %$result2% - $measured_data%
&if %measured_data% eq 0 &then
&s delta2 = NA
&else
&s delta2 = %$delta% / $measured_data$

&s writestat = [write %my_out% [quote %result2%, $%$measured_data%,
gdelta%, %delta2%]]

/* delete variables
&dv $sum_sy% %sum_er% %resultl% %result2% %delta% %$delta2%

kill %erosion$% all

kill %$erosion2% all

kill $sediment$% all

kill %$sediment2% all

&end /* end of &if %count% eq 0 &then &do

&s count = %count$% + 1
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/********************************************************

/* End the loop of reading input file
/*

/********************************************************

&end /* end of &do &while

/* close the output file
&s closestat := [close -all]

&return
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Appendix C Monitoring data from grab samples from Marshall Drain watershed

DATE TIME | Flow | COD O-P T-P Residue
(cfs) | (mg/M) | (mg/l) | (mg/) | (mg/)
5/2/1990 15:45 | 0.07 8 0.03 4
5/9/1990 11:25 | 0.02 8 0.029 5
5/14/1990 14:48 | 0.02 7 0.023 4
6/5/1990 15:33 | 0.2 7 0.032 4
6/19/1990 11:55 | 0.07 6 0.04 4
1/30/1991 13:23 5 0.004 | 0.053 9
5/29/1991 10:30 | 0.3 13 0.011 | 0.041 8
4/7/1992 8:15 0.4 10 0.002 | 0.014 4
4/27/1992 14:00 1 17 0.066 7
4/30/1992 13:10 | 0.6 16 0.01 0.025 4
5/11/1992 9:00 0.3 5 0.012 | 0.017 4
5/24/1992 8:15 0.2 10 0.013 0.03 4
7/13/1992 13:55 | 0.07 5 0.022 | 0.046 10
04/26/93 13:00 | 0.39 12 0.060 21
05/03/93 11:40 | 0.41 6 0.012 | 0.028 4
05/10/93 08:20 | 0.3 11 0.011 | 0.021 4
05/17/93 08:45 | 0.18 7 0.010 | 0.023 4
05/24/93 13:40 | 0.15 10 0.019 | 0.041 5
06/02/93 13:50 | 0.15 6 0.005 | 0.030 4
06/14/93 12:57 | 0.45 16 0.012 | 0.075 6
06/21/93 14:00 | 3.8 22 0.112 4
06/28/93 09:48 | 0.32 14 0.037 | 0.074 11
07/06/93 12:20 | 0.28 11 0.028 | 0.042 7
07/13/93 11:35 | 0.32 12 0.020 | 0.036 4
07/19/93 16:10 | 0.26 9 0.200 | 0.032 4
07/29/93 13:30 | 0.25 6 0.019 | 0.033 4
04/08/94 12:00 6 0.008 | 0.016 4
04/14/94 12:00 | 0.5 18 0.012 | 0.032 4
04/19/94 12:00 | 0.05 12 0.01 0.03 4
04/26/94 12:00 | 0.26 13 0.006 | 0.029 4
05/03/94 12:00 | 0.45 5 0.01 0.023 4
05/10/94 12:00 | 0.34 20 0.01 0.018 4
05/17/94 12:00 | 0.23 8 0.06 0.02 4
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05/24/94 12:00 | 0.2 11 0.014 | 0.05 S5
/01/94 12:00 | 0.16 6 0.024 | 0.045 6
06/07/94 12:00 | 0.13 11 0.032 | 0.058 8
06/14/94 12:00 | 0.12 11 0.036 | 0.064 9
06/21/94 12:00 | 0.07 5 048 [ 0.074 8
06/28/94 12:00 [ 0.36 15 0.035 | 0.062 4
07/05/94 12:00 | 0.24 28 0.001 | 0.105 6
07/12/94 12:00 | 0.12 10 0.027 | 0.041 6
07/19/94 12:00 | 0.11 7 0.027 | 0.039 7
07/26/94 12:00 | 0.23 11 0.03 | 0.041 9
08/02/94 12:00 7 0.027 | 0.049 4
08/09/94 12:00 11 0.022 | 0.038 5
08/16/94 12:00 23 0.077 | 0.105 4
08/26/94 12:00 12 0.027 | 0.039 4
08/30/94 12:00 8 0.02 | 0.025 5
04/04/95 12:00 8 0.007 | 0.032 4
04/12/95 09:57 22 0.029 | 0.086 4
04/17/95 16:10 8 0.009 | 0.022 5
04/26/95 10:05 | 04 9 0.006 | 0.016 4
05/01/95 08:26 | 0.35 13 0.005 | 0.014 4
05/08/95 12:30 | 0.31 8 0.006 | 0.019 4
05/18/95 15:39 | 0.23 8 0.011 | 0.032 4
05/24/95 09:50 | 0.36 29 0.079 | 0.16 29
06/01/95 11:45 | 0.18 11 0.027 | 0.048 6
06/08/95 09:25 | 0.16 11 0.027 | 0.054 6
06/15/95 10:00 | 0.12 S5 0.021 | 0.052 6
06/21/95 10:00 | 0.11 24 0.03 0.46 7
06/28/95 09:52 | 0.13 10 0.032 | 0.127 49
07/06/95 12:30 | 0.28 11 0.026 | 0.047 4
07/13/95 09:30 | 0.18 15 0.028 | 0.077 24
07/20/95 09:30 | 0.22 5 0.033 | 0.072 8
07/27/95 09:20 | 0.28 14 0.035 | 0.06 4
08/11/95 09:00 0.038 | 0.063 6
08/18/95 11:00 0.046 | 0.07 4
08/28/95 09:15 S5 0.035 | 0.07 6
4/4/1996 8:50 | 0.45 18 0.011 | 0.021 4
4/9/1996 9:16 | 0.34 10 0.01 0.026 4
4/18/1996 12:00 | 0.38 8 0.053 | 0.041 4
4/23/1996 9:30 | 041 5 0.011 | 0.028 4
4/30/1996 8:41 | 0.38 24 0.032 | 0.08 13
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5/7/1996 9:45 | 0.38 10 0.011 | 0.021 4
5/14/1996 11:30 | 0.49 26 0.023 | 0.065 4
5/22/1996 10:27 | 1.02 21 0.016 | 0.061 13
5/30/1996 9:30 | 045 13 0.013 | 0.056 4
6/4/1996 9:20 | 0.38 6 0.013 | 0.026 4
6/11/1996 10:30 | 0.41 10 0.011 | 0.035 4
6/20/1996 21:07 | 1.48 23 0.074 | 0.123 8
6/25/1996 11:00 | 0.72 12 0.028 | 0.046 4
(7/2/1996 11:00 | 0.49 15 0.016 | 0.047 4
7/10/1996 10:00 | 0.41 12 0.017 | 0.034 4
7/16/1996 10:00 | 041 10 0.016 | 0.036 S5
(71/24/1996 11:20 { 0.30 10 0.019 | 0.042 7
(7/31/1996 7:50 ] 0.38 15 0.02 | 0.043 11
8/6/1996 13:00 | 041 6 0.023 | 0.038 15
8/13/1996 10:30 | 0.30 5 0.012 | 0.037 8
4/1/1997 10:50 | 0.85 9 0.011 | 0.017 4
4/7/1997 13:06 | 0.80 18 0.006 | 0.018 4
4/13/1997 12:00 | 0.60 16 0.004 | 0.015 4
4/22/1997 13:50 | 045 5 0.007 | 0.015 4
4/29/1997 12:00 | 0.35 5 0.004 | 0.02 4
5/13/1997 12:51 | 0.48 16 0.002 | 0.021 7
5/28/1997 9:20 | 0.25 21 0.006 | 0.092 6
6/4/1997 9:20 | 0.23 18 0.02 | 0.039 4
6/10/1997 9:11 | 0.10 24 0.008 0.1 5
6/17/1997 840 | 0.20 17 0.013 | 0.029 4
6/30/1997 9:21 | 0.30 15 0.016 | 0.049 12
7/8/1997 14:45 | 0.30 19 0.029 | 0.045 7
7/15/1997 15:00 | 0.30 12 0.021 | 0.038 4
7/22/1997 10:30 | 0.28 14 0.025 | 0.045 4
7/29/1997 10:30 | 0.20 7 0.029 | 0.043 10
8/5/1997 9:44 | 0.23 8 0.023 | 0.037 7
8/11/1997 11:07 | 0.18 10 0.024 | 0.046 4
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Appendix D Calculated soil-loss ratio (SLR) from Revised Universal Soil Loss
Equation

RUSLE Version: SWCS1.0S5pre_d Input File: 1CC

corn grain following corn grain

spring cult.
row cult. 1x
125 bu. yield
zone 102b

- Inputs for C-Factor -

city code: 22002 GRAND RAPIDS MI
adjust for soil moisture depletion: NO
% surface covered by rock fragments: 0
surface cover function; B-value code: (1) normal conditions

1/2 crop: corn;125bu 90day 30" senescence code: NO

---Date-------- Field Operation----- Res. Add. (#/A)-------- New Growth Set------
4/20/2 cult;prim-swp 6-12 N

5/5/2 planter;dbl.dsk.op N

5/15/2 anhyd applic; disk N

6/5/2 cult; row-mult sweepN

10/15/2 harvest 7000

2/2 crop: corn;1l25bu 90day 30" senescence code: NO

---Date-------- Field Operation----- Res. Add. (#/A)-------- New Growth Set------
4/20/3 cult;prim-swp 6-12 N

5/5/3 planter;dbl.dsk.op N

5/15/3 anhyd applic; disk N

6/5/3 cult; row-mult sweepN

10/15/3 harvest 7000

- Results By Crops -

C
crop start date end date $SEI factor
corn;125bu 90day 30" 4/20/2 4/20/3 100.0 0.08
corn;125bu 90day 30" 4/20/3 4/20/4 100.0 0.08
------------------------------------------- Rotation C Factor = 0.08 -----

- Results By Operations -

crop # 1/2: corn;125bu 90day 30" previous crop: corn;1l25bu 90day 30"

$ res. cover op. date

operation after op. date next op. SLR $EI
cult;prim-swp 6-12 N 53 4/20/2 5/5/2 0.054 3.3
planter;dbl.dsk.op N 44 5/5/2 5/15/2 0.072 2.7
anhyd applic; disk N 28 5/15/2 6/5/2 0.123 9.7
cult;row-mult sweepN 19 6/5/2 10/15/2 0.088 69.4
harvest 93 10/15/2 4/20/3 0.02 15.0

------------ Rotation C Factor = 0.08 ------- Crop C Factor = 0.08 ---------
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crop # 2/2: corn;125bu 90day 30" previous crop: corn;125bu 90day 30°"

$ res. cover op. date
operation after op. date next op. SLR $EI
cult;prim-swp 6-12 N 53 4/20/3 5/5/3 0.054 3.3
planter;dbl.dsk.op N 44 5/5/3 5/15/3 0.072 2.7
anhyd applic; disk N 28 5/15/3 6/5/3 0.123 9.7
cult; row-mult sweepN 19 6/5/3 10/15/3 0.088 69.4
harvest 93 10/15/3 4/20/4 0.02 15.0
------------ Rotation C Factor = 0.08 ------- Crop C Factor = 0.08 ---------
- Results By 15-Day Period - Page 1
$ res.
cover plu * cc * sc * sr * sm = SLR $SEI
4/20/2 corn;125bu 90day 30" cult;prim-swp 6-12 N
4/20 - 4/30/2 51 0.358 1 0.189 0.774 1 0.052 2.2
5/1 - 5/4/2 50 0.374 1 0.198 0.788 1 0.058 1.1
5/5/2 corn;125bu 90day 30" planter;dbl.dsk.op N
5/5 - 5/14/2 43 0.371 0.983 0.241 0.815 1 0.072 2.7
5/15/2 corn;125bu 90day 30" anhyd applic; disk N
5/15/2 28 0.341 0.967 0.404 0.819 1 0.109 0.3
5/16 - 5/31/2 26 0.359 0.938 0.428 0.832 1 0.12 7.0
6/1 - 6/4/2 24 0.375 0.908 0.458 0.847 1 0.132 2.4
6/5/2 corn;125bu 90day 30" cult;row-mult sweepN
6/5 - 6/15/2 18 0.362 0.761 0.562 0.791 1 0.122 6.6
6/16 - 6/30/2 16 0.353 0.51 0.601 0.819 1 0.088 9.0
7/1 - 7/15/2 13 0.328 0.35 0.642 0.845 1 0.062 9.0
7/16 - 7/31/2 12 0.329 0.267 0.679 0.867 1 0.052 10.0
8/1 - 8/15/2 10 0.353 0.267 0.714 0.887 1 0.06 10.0
8/16 - 8/31/2 9 0.377 0.297 0.749 0.905 1 0.076 9.0
9/1 - 9/15/2 7 0.399 0.399 0.783 0.92 1 0.115 7.0
9/16 - 9/30/2 6 0.414 0.487 0.807 0.933 1 0.152 6.0
10/1 - 10/14/2 6 0.424 0.487 0.824 0.942 1 0.16 2.8
10/15/2 corn; 125bu 90day 30" harvest
10/15/2 93 0.431 1 0.041 0.945 1 0.017 0.2
10/16 - 10/31/2 93 0.44 1 0.042 0.948 1 0.017 2.0
11/1 - 11/15/2 91 0.456 1 0.043 0.954 1 0.019 2.0
11/16 - 11/30/2 91 0.465 1 0.044 0.959 1 0.02 1.0
12/1 - 12/15/2 90 0.468 1 0.045 0.963 1 0.02 1.0
12/16 - 12/31/2 90 0.468 1 0.045 0.967 1 0.02 0.0
1/1 - 1/15/3 90 0.465 1 0.045 0.969 1 0.02 0.0
1/16 - 1/31/3 90 0.463 1 0.045 0.971 1 0.02 1.0
2/1 - 2/15/3 90 0.46 1 0.045 0.972 1 0.02 1.0
2/16 - 2/28/3 90 0.458 1 0.045 0.974 1 0.02 1.0
3/1 - 3/15/3 90 0.457 1 0.045 0.975 1 0.02 1.0
3/16 - 3/31/3 89 0.462 1 0.046 0.978 1 0.021 2.0
4/1 - 4/15/3 88 0.471 1 0.048 0.98 1 0.022 2.0
4/16 - 4/19/3 87 0.477 1 0.049 0.981 1 0.023 0.8
4/20/3 corn;125bu 90day 30" cult;prim-swp 6-12 N
4/20 - 4/30/3 51 0.358 1 0.189 0.774 1 0.052 2.2
5/1 - 5/4/3 50 0.374 1 0.198 0.788 1 0.058 1.1
5/5/3 corn;125bu 90day 30" planter;dbl.dsk.op N
5/5 - 5/14/3 43 0.371 0.983 0.241 0.815 1 0.072 2.7
5/15/3 corn; 125bu 90day 30* anhyd applic; disk N
5/15/3 28 0.341 0.967 0.404 0.819 1 0.109 0.3
5/16 - 5/31/3 26 0.359 0.938 0.428 0.832 1 0.12 7.0
6/1 - 6/4/3 24 0.374 0.908 0.458 0.847 1 0.132 2.4
6/5/3 corn;125bu 90day 30" cult;row-mult sweepN
6/5 - 6/15/3 18 0.361 0.761 0.562 0.791 1 0.122 6.6
6/16 - 6/30/3 16 0.353 0.51 0.601 0.819 1 0.088 9.0
7/1 - 7/15/3 13 0.328 0.35 0.642 0.845 1 0.062 9.0
7/16 - 7/31/3 12 0.329 0.267 0.679 0.867 1 0.052 10.0
8/1 - 8/15/3 10 0.353 0.267 0.714 0.887 1 0.06 10.0
8/16 - 8/31/3 9 0.377 0.297 0.749 0.905 1 0.076 9.0
9/1 - 9/15/3 7 0.399 0.399 0.783 0.92 1 0.115 7.0
9/16 - 9/30/3 6 0.414 0.487 0.807 0.933 1 0.152 6.0




- Results By 15-Day Period - Page 2

% res.

cover plu * ¢cc * sc * sr * sm = SLR $EI
10/15/3 corn;125bu 90day 30* harvest
10/15/3 93 0.431 1 0.041 0.945 1 0.017 0.2
10/16 - 10/31/3 93 0.44 1 0.042 0.948 1 0.017 2.0
11/1 - 11/15/3 91 0.456 1 0.043 0.954 1 0.019 2.0
11/16 - 11/30/3 91 0.465 1 0.044 0.959 1 0.02 1.0
12/1 - 12/15/3 90 0.468 1 0.045 0.963 1 0.02 1.0
12/16 - 12/31/3 90 0.467 1 0.045 0.967 1 0.02 0.0
1/1 - 1/15/4 90 0.465 1 0.045 0.969 1 0.02 0.0
1/16 - 1/31/4 90 0.463 1 0.045 0.971 1 0.02 1.0
2/1 - 2/15/4 90 0.46 1 0.045 0.972 1 0.02 1.0
2/16 - 2/28/4 90 0.458 1 0.045 0.974 1 0.02 1.0
3/1 - 3/15/4 90 0.457 1 0.045 0.975 1 0.02 1.0
3716 - 3/31/4 89 0.462 1 0.046 0.978 1 0.021 2.0
4/1 - 4/15/4 88 0.471 1 0.048 0.98 1 0.022 2.0
4/16 - 4/19/4 87 0.476 1 0.049 0.981 1 0.023 0.8
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RUSLE Version: SWCS1.05pre_d Input File: 1CNB

corn -> Notill SOYbean
fall chisel, twisted

field cult 1x, row cult 1lx
125 bu, 35 bu

zone 102b

- Inputs for C-Factor -

city code: 22002 GRAND RAPIDS MI
adjust for soil moisture depletion: NO
% surface covered by rock fragments: 0
surface cover function; B-value code: (1) normal conditions

1/2 crop: corn;125bu 90day 30" senescence code: NO

---Date---=---- Field Operation----- Res. Add. (#/A)-------- New Growth Set------
10/15/1 chisel;twisted pts.F

5/5/2 cult;secdry-sw6-12 F

5/5/2 planter;dbl.dsk.op F

5/15/2 anhyd applic; disk F

6/5/2 cult;row-mult sweepF

10/15/2 harvest 7000

2/2 crop: soybean; 30" 35bu mw senescence code: YES

---Date-------- Field Operation----- Res. Add. (#/A)-==-=—=-- New Growth Set------
10/16/2 no operation

5/15/3 drill;NT-f.res. f1 F

10/10/3 harvest 2625

- Results By Crops -

C
crop start date end date SEI factor
corn;125bu 90day 30" 10/15/1 10/16/2 100.2 0.259
soybean; 30" 35bu mw 10/16/2 10/15/3 99.8 0.064

------------------------------------------- Rotation C Factor = 0.162 -----

- Results By Operations -

crop # 1/2: corn;125bu 90day 30" previous crop: soybean; 30" 35bu mw

% res. cover op. date

operation after op. date next op. SLR $SEI
chisel; twisted pts.F 27 10/15/1 5/5/2 0.261 18.3
cult;secdry-sw6-12 F 9 5/5/2 5/5/2 0 0.0
planter;dbl.dsk.op F 7 5/5/2 5/15/2 0.513 2.7
anhyd applic; disk F 3 5/15/2 6/5/2 0.564 9.7
cult; row-mult sweepF 1 6/5/2 10/15/2 0.206 69.4
harvest 93 10/15/2 10/16/2 0.021 0.2

------------ Rotation C Factor = 0.162 ------- Crop C Factor = 0.259 ---------

crop # 2/2: soybean; 30" 35bu mw previous crop: corn;125bu 90day 30"

$ res. cover op. date
operation after op. date next op. SLR $SEI
no operation 93 10/16/2 5/15/3 0.026 20.7
drill;NT-f.res. f1 F 41 5/15/3 10/10/3 0.075 178.1
harvest 73 10/10/3 10/15/3 0.048 1.0
------------ Rotation C Factor = 0.162 ------- Crop C Factor = 0.064 ---------
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- Results By 15-Day Period - Page 1

% res.

cover plu cc * sc * sr * sm SLR SEI
10/15/1 corn;125bu 90day 30" chisel;twisted pts.F
10/15/1 26 0.643 1 0.443 0.537 1 0.153 0.2
10/16 - 10/31/1 25 0.654 1 0.458 0.555 1 0.166 2.0
11/1 - 11/15/1 23 0.672 1 0.483 0.593 1 0.193 2.0
11/16 - 11/30/1 22 0.683 1 0.498 0.632 1 0.215 1.0
12/1 - 12/15/1 22 0.686 1 0.504 0.666 1 0.23 1.0
12/16 - 12/31/1 21 0.686 1 0.506 0.6%94 1 0.241 0.0
1/1 - 1/15/2 21 0.685 1 0.506 0.714 1 0.247 0.0
1/16 - 1/31/2 21 0.682 1 0.505 0.73 1 0.252 1.0
2/1 - 2/15/2 21 0.68 1 0.505 0.744 1 0.255 1.0
2/16 - 2/28/2 21 0.678 1 0.505 0.756 1 0.259 1.0
3/1 - 3/15/2 21 0.677 1 0.508 0.77 1 0.265 1.0
3/16 - 3/31/2 20 0.682 1 0.519 0.79 1 0.279 2.0
4/1 - 4/15/2 19 0.69 1 0.537 0.812 1 0.301 2.0
4/16 - 4/30/2 17 0.704 1 0.566 0.834 1 0.332 3.0
5/1 - 5/4/2 16 0.715 1 0.591 0.847 1 0.358 1.1
5/5/2 corn;125bu 90day 30" cult;secdry-sw6-12 F
5/5/2 corn;125bu 90day 30" planter;dbl.dsk.op F
5/5 - 5/14/2 7 0.739 0.983 0.801 0.882 1 0.513 2.7
5/15/2 corn;125bu 90day 30" anhyd applic; disk F
5/15/2 3 0.73 0.967 0.919 0.888 1 0.576 0.3
5/16 - 5/31/2 2 0.729 0.938 0.927 0.896 1 0.568 7.0
6/1 - 6/4/2 2 0.717 0.908 0.936 0.905 1 0.552 2.4
6/5/2 corn;125bu 90day 30" cult;row-mult sweepF
6/5 - 6/15/2 1 0.691 0.761 0.966 0.887 1 0.45 6.6
6/16 - 6/30/2 1 0.624 0.51 0.972 0.903 1 0.279 9.0
7/1 - 7/15/2 1 0.537 0.35 0.977 0.917 1 0.169 9.0
7/16 - 7/31/2 1 0.504 0.267 0.982 0.929 1 0.123 10.0
8/1 - 8/15/2 0 0.511 0.267 0.985 0.94 1 0.127 10.0
8/16 - 8/31/2 0 0.517 0.297 0.988 0.949 1 0.144 9.0
9/1 - 9/15/2 0 0.522 0.399 0.991 0.958 1 0.198 7.0
9/16 - 9/30/2 0 0.523 0.487 0.992 0.965 1 0.244 6.0
10/1 - 10/14/2 0 0.524 0.487 0.994 0.969 1 0.246 2.8
10/15/2 corn;125bu 90day 30" harvest
10/15/2 93 0.526 1 0.04 0.971 1 0.021 0.2
10/16/2 soybean; 30" 35bu mw no operation
10/16 - 10/31/2 92 0.534 1 0.041 0.972 1 0.021 2.0
11/1 - 11/15/2 91 0.548 1 0.043 0.975 1 0.023 2.0
11/16 - 11/30/2 90 0.555 1 0.044 0.978 1 0.024 1.0
12/1 - 12/15/2 90 0.557 1 0.044 0.98 1 0.024 1.0
12/16 - 12/31/2 89 0.556 1 0.045 0.982 1 0.024 0.0
1/1 - 1/15/3 89 0.553 1 0.045 0.983 1 0.024 0.0
1/16 - 1/31/3 89 0.55 1 0.045 0.984 1 0.024 1.0
2/1 - 2/15/3 89 0.547 1 0.045 0.985 1 0.024 1.0
2/16 - 2/28/3 89 0.544 1 0.045 0.985 1 0.024 1.0
3/1 - 3/15/3 89 0.542 1 0.045 0.986 1 0.024 1.0
3/16 - 3/31/3 88 0.546 1 0.046 0.987 1 0.025 2.0
4/1 - 4/15/3 87 0.552 1 0.048 0.989 1 0.026 2.0
4/16 - 4/30/3 85 0.565 1 0.051 0.99 1 0.029 3.0
5/1 - 5/14/3 82 0.581 1 0.056 0.991 1 0.032 3.7
5/15/3 soybean; 30" 35bu mw drill;NT-f.res. fl1 F
5/15/3 40 0.393 1 0.252 0.94 1 0.093 0.3
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- Results By 15-Day Period - Page 2

% res

cover plu * cc * sc * sr * sm = SLR $EI
6/1 - 6/15/3 34 0.455 0.862 0.316 0.953 1 0.118 9.0
6/16 - 6/30/3 29 0.491 0.692 0.364 0.96 1 0.119 9.0
7/1 - 7/15/3 26 0.513 0.466 0.413 0.966 1 0.095 9.0
7/16 - 7/31/3 22 0.504 0.205 0.46 0.971 1 0.046 10.0
8/1 - 8/15/3 21 0.515 0.144 0.483 0.975 1 0.035 10.0
8/16 - 8/31/3 31 0.541 0.215 0.341 0.979 1 0.039 9.0
9/1 - 9/15/3 48 0.564 0.486 0.191 0.982 1 0.051 7.0
9/16 - 9/30/3 49 0.579 0.67 0.184 0.985 1 0.07 6.0
10/1 - 10/9/3 44 0.586 0.703 0.215 0.986 1 0.087 1.8
10/10/3 soybean; 30" 35bu mw harvest
10/10 - 10/14/3 72 0.595 1 0.081 0.987 1 0.048 1.0
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RUSLE Version: SWCS1.05pre_d Input File: 1NBNWH

SOYBEANS AFTER WHEAT

NO TILL SB AND WHEAT

35 bu soys, 50 bu wheat
zone 102b

- Inputs for C-Factor -

city code: 22002 GRAND RAPIDS MI
adjust for soil moisture depletion: NO
% surface covered by rock fragments: 0
surface cover function; B-value code: (1) normal conditions

1/2 crop: soybean; 30" 35bu mw senescence code: YES

---Date-------- Field Operation----- Res. Add. (#/A)-------- New Growth Set------
7/16/0 no operation

5/15/1 plantr;NT-fluted ¢ N

10/10/1 harvest 2625

2/2 crop: wheat; winter 50bu senescence code: NO
---Date--~--~---~ Field Operation----- Res. Add. (#/A)-------- New Growth Set------
10/15/1 drill;NT-f.res. f1 F

7/15/2 harvest 5100

- Results By Crops -

C
crop start date end date $SEI factor
soybean; 30" 35bu mw 7/16/0 10/15/1 144.8 0.017
wheat; winter S50bu 10/15/1 7/16/2 55.2 0.026

——————————————————————————————————————————— Rotation C Factor = 0.019 -----

- Results By Operations -

crop # 1/2: soybean; 30" 35bu mw previous crop: wheat; winter 50bu
$ res. cover op. date
operation after op. date next op. SLR $EI
no operation 96 7/16/0 5/15/1 0.013 65.7
plantr;NT-fluted ¢ N 68 5/15/1 10/10/1 0.02 78.1
harvest 82 10/10/1 10/15/1 0.02 1.0
------------ Rotation C Factor = 0.019 ------- Crop C Factor = 0.017 ---------
crop # 2/2: wheat; winter 50bu previous crop: soybean; 30* 35bu mw
$ res. cover op. date
operation after op. date next op. SLR SEI
drill;NT-f.res. f1 F 47 10/15/1 7/15/2 0.027 54.6
harvest 96 7/15/2 7/16/2 0.008 0.6
———————————— Rotation C Factor = 0.019 ------- Crop C Factor = 0.026 ---------
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- Results By 15-Day Period - Page 1

$ res.

cover plu * ¢cc * sc * sr * sm = SLR SEI
7/16/0 soybean; 30" 35bu mw no operation
7/16 - 7/31/0 95 0.252 1 0.036 0.992 1 0.009 10.0
8/1 - 8/15/0 94 0.269 1 0.037 0.993 1 0.01 10.0
8/16 - 8/31/0 93 0.288 1 0.039 0.993 1 0.011 9.0
9/1 - 9/15/0 91 0.306 1 0.042 0.994 1 0.013 7.0
9/16 - 9/30/0 89 0.319 1 0.044 0.995 1 0.014 6.0
10/1 - 10/15/0 88 0.328 1 0.047 0.995 1 0.015 3.0
10/16 - 10/31/0 86 0.335 1 0.049 0.995 1 0.016 2.0
11/1 - 11/15/0 86 0.338 1 0.05 0.996 1 0.017 2.0
11/16 - 11/30/0 85 0.339 1 0.051 0.996 1 0.017 1.0
12/1 - 12/15/0 85 0.338 1 0.051 0.996 1 0.017 1.0
12/16 - 12/31/0 85 0.336 1 0.052 0.996 1 0.017 0.0
1/1 - 1/15/1 85 0.333 1 0.052 0.996 1 0.017 0.0
1/16 - 1/31/1 85 0.331 1 0.052 0.996 1 0.017 1.0
2/1 - 2/15/1 85 0.328 1 0.052 0.996 1 0.017 1.0
2/16 - 2/28/1 85 0.326 1 0.052 0.996 1 0.017 1.0
3/1 - 3/15/1 84 0.324 1 0.052 0.997 1 0.017 1.0
3/16 - 3/31/1 84 0.324 1 0.053 0.997 1 0.017 2.0
4/1 - 4/15/1 83 0.326 1 0.054 0.997 1 0.018 2.0
4/16 - 4/30/1 82 0.33 1 0.056 0.997 1 0.019 3.0
5/1 - 5/14/1 81 0.336 1 0.059 0.997 1 0.02 3.7
5/15/1 soybean; 30" 35bu mw plantr;NT-fluted ¢ N
5/15/1 68 0.334 1 0.094 0.985 1 0.031 0.3
5/16 - 5/31/1 67 0.339 0.97 0.099 0.986 1 0.032 7.0
6/1 - 6/15/1 64 0.347 0.862 0.109 0.988 1 0.032 9.0
6/16 - 6/30/1 61 0.353 0.692 0.121 0.99 1 0.029 9.0
7/1 - 7/15/1 58 0.35 0.466 0.134 0.991 1 0.022 9.0
7/16 - 7/31/1 55 0.329 0.205 0.147 0.992 1 0.01 10.0
8/1 - 8/15/1 53 0.326 0.144 0.157 0.993 1 0.007 10.0
8/16 - 8/31/1 58 0.335 0.215 0.132 0.994 1 0.009 9.0
9/1 - 9/15/1 67 0.343 0.486 0.096 0.994 1 0.016 7.0
9/16 - 9/30/1 67 0.346 0.67 0.096 0.995 1 0.022 6.0
10/1 - 10/9/1 64 0.347 0.703 0.108 0.995 1 0.026 1.8
10/10/1 soybean; 30" 35bu mw harvest
10/10 - 10/14/1 82 0.352 1 0.057 0.995 1 0.02 1.0
10/15/1 wheat; winter 50bu drill;NT-f.res. f1 F
10/15/1 ) 47 0.339 1 0.199 0.943 1 0.063 0.2
10/16 - 10/31/1 46 0.344 0.97 0.208 0.946 1 0.066 2.0
11/1 - 11/15/1 44 0.345 0.862 0.224 0.952 1 0.063 2.0
11/16 - 11/30/1 42 0.323 0.716 0.235 0.957 1 0.052 1.0
12/1 - 12/15/1 42 0.309 0.657 0.239 0.962 1 0.047 1.0
12/16 - 12/31/1 41 0.308 0.657 0.242 0.965 1 0.047 0.0
1/1 - 1/15/2 41 0.306 0.657 0.242 0.968 1 0.047 0.0
1/16 - 1/31/2 41 0.304 0.657 0.242 0.97 1 0.047 1.0
2/1 - 2/15/2 41 0.301 0.657 0.242 0.971 1 0.047 1.0
2/16 - 2/28/2 41 0.3 0.657 0.243 0.973 1 0.047 1.0
3/1 - 3/15/2 41 0.299 0.657 0.246 0.975 1 0.047 1.0
3/16 - 3/31/2 40 0.302 0.657 0.254 0.977 1 0.049 2.0
4/1 - 4/15/2 38 0.307 0.632 0.267 0.979 1 0.051 2.0
4/16 - 4/30/2 36 0.309 0.48 0.288 0.982 1 0.042 3.0
5/1 - 5/15/2 33 0.287 0.249 0.318 0.984 1 0.022 4.0
5/16 -~ 5/31/2 30 0.247 0.151 0.358 0.985 1 0.013 7.0
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- Results By 15-Day Period - Page 2

$ res.

cover plu * cc * sc * sr * sm = SLR $EI
6/16 - 6/30/2 23 0.229 0.144 0.456 0.989 1 0.015 9.0
7/1 - 7/14/2 20 0.238 0.144 0.5 0.99 1 0.017 8.4
7/15/2 wheat; winter 50bu harvest
7/15/2 96 0.243 1 0.035 0.991 1 0.008 0.6
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RUSLE Version: SWCS1l.05pre_d

Input File:

1BC

Soybean -> Corn

- Inputs for C-Factor -

adjust for soil moisture depletion: NO
% surface covered by rock fragments: 0

surface cover function;

1/2 crop:

5/15/2
5/15/2
6/15/2
10/10/2

2/2 crop:
10/15/2
5/5/3

5/5/3
5/15/3
6/5/3
10/15/3

soybean; 30" 35bu mw
corn;125bu 90day 30"

soybean;

--Field Operation-----
chisel;twisted pts.N
cult;secdry-sw6-12 N
planter;dbl.dsk.op N
cult; row-mult sweepN

harvest

corn;125bu 90day 30"
--Field Operation-----

chisel;twisted pts.F
cult;secdry-swé6-12 F
planter;dbl.dsk.op F
anhyd applic; disk F
cult;row-mult sweepF

harvest

city code: 22002 GRAND RAPIDS MI
B-value code: (1) normal conditions
30" 35bu mw senescence code: NO
Res. Add. (#/A)-------- New Growth Set------
2625
senescence code: NO
Res. Add. (#/A)-------- New Growth Set------
7000
- Results By Crops -
C
start date end date SEI factor
11/1/1 10/15/2 97.8 0.355
10/15/2 11/1/4 202.2 0.184
Rotation C Factor = 0.24 -----

crop # 1/2:

soybean;

operation

chisel;twisted pts.N
cult;secdry-sw6-12 N
planter;dbl.dsk.op N
cult;row-mult sweepN

harvest

- Results By Operations -

30" 35bu mw

% res. cover
after op.

79

Rotation C Factor = 0.

crop # 2/2: corn;125bu 90day 30"

operation

chisel;twisted pts.F
cult;secdry-sw6-12 F
planter;dbl.dsk.op F
anhyd applic; disk F
cult;row-mult sweepF

harvest

$ res. cover
after op.

1
93

Rotation C Factor = 0.

previous crop: corn;125bu 90day 30"

op.
date

11/1/1
5/15/2
5/15/2
6/15/2
10/10/2

previous crop:

op.
date

10/15/2
5/5/3
5/5/3
5/15/3
6/5/3
10/15/3

date

next op.

5/15/2
5/15/2
6/15/2
10/10/2
10/15/2

Crop C Factor

date

next op.

soybean;

SLR $SEI
0.447 18.7
0 0.0
0.587 15.7
0.274 62.4
0.05 1.0
0.355 -==---=---
30" 35bu mw
SLR SEI
0.284 18.3
0 0.0
0.552 2.7
0.603 9.7
0.215 69.4
0.096 102.2
0.184 ---------



- Results By 15-Day Period - Page 1

% res.
cover plu * cc * sc * sr * sm = SLR SEI

11/1/1 soybean; 30" 35bu mw chisel;twisted pts.N

11/1 - 11/15/1 17 0.863 1 0.583 0.729 1 0.367 2.0
11/16 - 11/30/1 16 0.865 1 0.593 0.757 1 0.388 1.0
12/1 - 12/15/1 16 0.865 1 0.596 0.782 1 0.403 1.0
12/16 - 12/31/1 16 0.864 1 0.597 0.802 1 0.413 0.0
1/1 - 1/15/2 16 0.861 1 0.596 0.816 1 0.419 0.0
1716 - 1/31/2 16 0.859 1 0.596 0.827 1 0.423 1.0
2/1 - 2/15/2 16 0.856 1 0.596 0.836 1 0.426 1.0
2/16 - 2/28/2 16 0.853 1 0.596 0.844 1 0.429 1.0
3/1 - 3/15/2 16 0.85 1 0.597 0.853 1 0.433 1.0
3716 - 3/31/2 15 0.849 1 0.604 0.867 1 0.444 2.0
4/1 - 4/15/2 15 0.848 1 0.615 0.881 1 0.46 2.0
4/16 - 4/30/2 14 0.849 1 0.633 0.895 1 0.481 3.0
5/1 - 5/14/2 12 0.851 1 0.657 0.9%08 1 0.507 3.7
5/15/2 soybean; 30" 35bu mw cult;secdry-sw6-12 N

5/15/2 soybean; 30" 35bu mw planter;dbl.dsk.op N

5/15/2 8 0.875 1 0.762 0.921 1 0.614 0.3
5/16 - 5/31/2 7 0.875 0.97 0.777 0.927 1 0.611 7.0
6/1 - 6/14/2 6 0.871 0.862 0.803 0.937 1 0.565 8.4
6/15/2 soybean; 30" 35bu mw cult;row-mult sweepN

6/15/2 5 0.864 0.791 0.851 0.918 1 0.534 0.6
6/16 - 6/30/2 4 0.859 0.692 0.862 0.925 1 0.474 9.0
7/1 - 7/15/2 4 0.835 0.466 0.88 0.936 1 0.321 9.0
7/16 - 7/31/2 3 0.776 0.205 0.896 0.946 1 0.135 10.0
8/1 - 8/15/2 3 0.756 0.144 0.909 0.954 1 0.094 10.0
8/16 - 8/31/2 2 0.758 0.215 0.923 0.961 1 0.144 9.0
9/1 - 9/15/2 2 0.759 0.486 0.934 0.967 1 0.333 7.0
9/16 - 9/30/2 2 0.759 0.67 0.943 0.973 1 0.466 6.0
10/1 - 10/9/2 2 0.757 0.703 0.947 0.976 1 0.492 1.8
10/10/2 soybean; 30" 35bu mw harvest

10/10 - 10/14/2 78 0.762 1 0.068 0.977 1 0.05 1.0
10/15/2 corn;125bu 90day 30" chisel;twisted pts.F

10/15/2 27 0.698 1 0.434 0.564 1 0.171 0.2
10/16 - 10/31/2 26 0.708 1 0.449 0.583 1 0.185 2.0
11/1 - 11/15/2 24 0.726 1 0.476 0.619 1 0.214 2.0
11/16 - 11/30/2 22 0.735 1 0.492 0.656 1 0.237 1.0
12/1 - 12/15/2 22 0.738 1 0.498 0.689 1 0.253 1.0
12/16 - 12/31/2 22 0.738 1 0.5 0.715 1 0.264 0.0
1/1 - 1/15/3 22 0.736 1 0.5 0.734 1 0.27 0.0
1/16 - 1/31/3 22 0.734 1 0.5 0.749 1 0.275 1.0
2/1 - 2/15/3 22 0.731 1 0.499 0.762 1 0.278 1.0
2/16 - 2/28/3 21 0.729 1 0.5 0.773 1 0.282 1.0
3/1 - 3/15/3 21 0.727 1 0.503 0.786 1 0.288 1.0
3/16 - 3/31/3 20 0.731 1 0.514 0.805 1 0.303 2.0
4/1 - 4/15/3 19 0.739 1 0.534 0.826 1 0.326 2.0
4/16 - 4/30/3 17 0.751 1 0.564 0.846 1 0.358 3.0
5/1 - 5/4/3 16 0.76 1 0.591 0.858 1 0.385 1.1
5/5/3 corn;125bu 90day 30" cult;secdry-sw6-12 F

5/5/3 corn;125bu 90day 30" planter;dbl.dsk.op F

5/5 - 5/14/3 7 0.784 0.983 0.803 0.893 1 0.552 7
5/15/3 corn;125bu 90day 30" anhyd applic; disk F

5/15/3 2 0.774 0.967 0.92 0.898 1 0.618 0.3
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- Results By 15-Day Period - Page 2

% res
cover Plu * cc * sc * sr * sm = SLR SEI

6/1 - 6/4/3 2 0.754 0.908 0.938 0.914 1 0.587 2.4
6/5/3 corn;125bu 90day 30® cult;row-mult sweepF

6/5 - 6/15/3 1 0.724 0.761 0.967 0.898 1 0.479 6.6
6/16 - 6/30/3 1 0.651 0.51 0.973 0.912 1 0.294 9.0
7/1 - 7/15/3 1 0.557 0.35 0.979 0.925 1 0.177 9.0
7/16 - 7/31/3 0 0.521 0.267 0.983 0.936 1 0.128 10.0
8/1 - 8/15/3 0 0.526 0.267 0.987 0.946 1 0.131 10.0
8/16 - 8/31/3 0 0.53 0.297 0.99 0.954 1 0.148 9.0
9/1 - 9/15/3 0 0.532 0.399 0.992 0.962 1 0.203 7.0
9/16 - 9/30/3 0 0.533 0.487 0.994 0.968 1 0.25 6.0
10/1 - 10/14/3 0 0.532 0.487 0.995 0.972 1 0.251 2.8
10/15/3 corn;125bu 90day 30" harvest

10/15/3 93 0.534 1 0.04 0.973 1 0.021 0.2
10/16 - 10/31/3 92 0.542 1 0.041 0.975 1 0.022 2.0
11/1 - 11/15/3 91 0.556 1 0.043 0.977 1 0.023 2.0
11/16 - 11/30/3 90 0.563 1 0.044 0.98 1 0.024 1.0
12/1 - 12/15/3 90 0.564 1 0.044 0.982 1 0.025 1.0
12716 - 12/31/3 89 0.563 1 0.045 0.983 1 0.025 0.0
1/1 - 1/15/4 89 0.56 1 0.045 0.984 1 0.025 0.0
1/16 - 1/31/4 89 0.557 1 0.045 0.985 1 0.025 1.0
2/1 - 2/15/4 89 0.554 1 0.045 0.986 1 0.024 1.0
2/16 - 2/28/4 89 0.551 1 0.045 0.987 1 0.024 1.0
3/1 - 3/15/4 89 0.55 1 0.045 0.987 1 0.024 1.0
3716 - 3/31/4 88 0.553 1 0.046 0.988 1 0.025 2.0
4/1 - 4/15/4 87 0.559 1 0.048 0.989 1 0.027 2.0
4/16 - 4/30/4 85 0.571 1 0.051 0.99 1 0.029 3.0
5/1 - 5/15/4 82 0.587 1 0.056 0.991 1 0.033 4.0
5/16 - 5/31/4 78 0.608 1 0.065 0.992 1 0.039 7.0
6/1 - 6/15/4 73 0.631 1 0.078 0.993 1 0.049 9.0
6/16 - 6/30/4 67 0.652 1 0.096 0.994 1 0.062 9.0
7/1 - 7/15/4 61 0.67 1 0.118 0.994 1 0.078 9.0
7/16 - 7/31/4 56 0.684 1 0.143 0.995 1 0.097 10.0
8/1 - 8/15/4 50 0.696 1 0.173 0.995 1 0.12 10.0
8/16 - 8/31/4 45 0.708 1 0.21 0.996 1 0.148 9.0
9/1 - 9/15/4 39 0.718 1 0.255 0.996 1 0.183 7.0
9/16 - 9/30/4 35 0.724 1 0.295 0.996 1 0.213 6.0
10/1 - 10/15/4 32 0.727 1 0.329 0.996 1 0.238 3.0
10/16 - 10/31/4 30 0.727 1 0.356 0.997 1 0.258 2.0
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Appendix E  Modeling outputs for the calculated soil erosion and sediment load from
SEDMOD and four soil erosion models

Data format:

<---yymmdd--->

soil erosion (kg)

sediment yield (kg), monitored sediment yeild (kg), A, A%

Modeling outputs from the modified USLE used in AGNPS

<---910327--->

11439.05567648

3961.045283163, 1280, 2681.045283163, 2.094566627471
<---910404--->

397.7837936115

137.6865029824, 1, 136.6865029824, 136.6865029824
<---910409--->

13657.24359272

4727.236602181, 562, 4165.236602181, 7.411453028792
<---910415--->

3690.549639578

1277.424776283, 144, 1133.424776283, 7.871005390854
<---910419--->

2856.456249893

1005.610212734, 292, 713.610212734, 2.443870591555
<---910423--->

3828.866885747

1347.945605986, 43.4, 1304.545605986, 30.05865451581
<---920424--->

13333.07687242

5102.232105448, 3940, 1162.232105448, 0.2949827678802
<---920714--->

13103.34612345

4885.011000413, 50, 4835.011000413, 96.70022000826
<---930419--->

31657.03399741

11961.15303369, 13073, -1111.84696631, -0.0850491062732
<---930504--->

15756.00579978

5962.04516176, 16, 5946.04516176, 371.62782261
<---930607--->

46516.29578424

17521.8477963, 138, 17383.8477963, 125.9699115674
<---930614--->

16545.32598142

6232.325240302, 12, 6220.325240302, 518.3604366918

131



<---930619--->

62571.43449568

23480.01069774, 5654, 17826.01069774, 3.152814060442
<--940412--->

1810.949202128

675.6269852903, 35, 640.6269852903, 18.30362815115
<—-940430--->

548.2294178137

194.8990468269, 27, 167.8990468269, 6.218483215811
<---940720--->

5456.434383847

2007.442610518, 114, 1893.442610518, 16.6091457063
<---950426--->

1273.156196689

501.5537998959, 53.5, 448.0537998959, 8.374837381232
<---950704--->

16418.76396908

6314.389190491, 4.9, 6309.489190491, 1287.650855202
<---960510--->

13110.29895763

4980.984184057, 647, 4333.984184057, 6.698584519408
<---960521--->

10461.81561377

4006.994025422, 179, 3827.994025422, 21.3854414828
<---960618--->

38700.51541314

15056.45406947, 10846, 4210.45406947, 0.3882033993611
<---970405--->

675.1987597818

275.9753927593, 50.5, 225.4753927593, 4.46485926256
<---970505--->

1373.720587761

457.5880910959, 34.4, 423.1880910959, 12.30197939232
<---970519-->

2999.589094702

920.7470092525, 51.3, 869.4470092525, 16.94828478075
<---970623--->

2830.47597479

878.5299220054, 32.3, 846.2299220054, 26.19906879274
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Modeling outputs from USLE which use EI substitutes R factor in the equation to
calculate the soil erosion for the single events

<---910327--->

12394.45481192

4311.051069357, 1280, 3031.051069357, 2.368008647935
<---910404--->

431.0204419598

149.8585100469, 1, 148.8585100469, 148.8585100469
<---910409--->

14798.36839036

5145.142188963, 562, 4583.142188963, 8.155057275735
<---910415--->

3998.911853768

1390.353941733, 144, 1246.353941733, 8.655235706479
<---910419--->

3097.509980671

1098.773039628, 292, 806.773039628, 2.762921368589
<---910423--->

4151.98145326

1472.82341607, 43.4, 1429.42341607, 32.93602341175
<--920424--->

14438.34597615

5597.346348065, 3940, 1657.346348065, 0.4206462812348
<---920714--->

14275.96995005

5384.937040796, 50, 5334.937040796, 106.6987408159
<---930419--->

34528.45716662

13242.87461312, 13073, 169.87461312, 0.0129943098845
<---930504--->

17193.61909081

6605.785895208, 16, 6589.785895208, 411.8616184505
<---930607--->

50756.48625545

19406.27336638, 138, 19268.27336638, 139.6251693216
<---930614--->

18053.51431794

6902.594333566, 12, 6890.594333566, 574.2161944638
<---930619--->

68239.70719787

25978.53284957, 5654, 20324.53284957, 3.594717518495
<---940412--->

1958.655496504

738.1618954916, 35, 703.1618954916, 20.09033987119
<---940430--->
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592.1368510351

212.2461024822, 27, 185.2461024822, 6.8609667586
<---940720--->

5902.507023853

2193.174006692, 114, 2079.174006692, 18.23836847975
<---950426--->

1382.83492977

551.2059321604, 53.5, 497.7059321604, 9.302914619821
<-—-950704--->

17844.42345586

6936.717129256, 4.9, 6931.817129256, 1414.656556991
<---960510--->

14154.32294194

5415.044079757, 647, 4768.044079757, 7.369465347383
<---960521-—->

11309.2822362

4365.156190516, 179, 4186.156190516, 23.38634743305
<---960618--->

41769.57425904

16364.5521291, 10846, 5518.5521291, 0.5088098957311
<---970405--->

730.2719118173

301.3180090148, 50.5, 250.8180090148, 4.966693247818
<---970505--->

1472.827916507

492.8410132475, 34.4, 458.4410132475, 13.32677364092
<---970519--->

3204.167073403

984.8523571166, 51.3, 933.5523571166, 18.19790169818
<---970623--->

3023.296773304

940.161430407, 32.3, 907.861430407, 28.10716502808
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Modeling outputs from the modified USLE by Onstad and Foster (1974)

<---910327--->

6709.69988835

2573.069686516, 1280, 1293.069686516, 1.010210692591
<---910404--->

230.6158326291

88.40266888092, 1, 87.40266888092, 87.40266888092
<---910409--->

7715.218012783

2957.497989202, 562, 2395.497989202, 4.262451938082
<---910415--->

2244.733540664

860.4805431196, 144, 716.4805431196, 4.975559327219
<--910419--->

2097.21123236

820.2196503933, 292, 528.2196503933, 1.808971405457
<---910423--->

2192.570728816
857.5147573833,43.4,814.1147573833, 18.758404548
<---920424--->

9936.214459173

4246.962303721, 3940, 306.962303721, 0.0779092141424
<---920714--->

7266.360630277

3021.931841241, 50, 2971.931841241, 59.43863682482
<---930419--->

32677.33351274

13817.97546976, 13073, 744.97546976, 0.0569858081359
<---930504--->

8668.70586123

3672.012710608, 16, 3656.012710608, 228.500794413
<---930607--->

26511.41708352

11175.7389252, 138, 11037.7389252, 79.9836154
<---930614--->

9071.568015766

3824.068547789, 12, 3812.068547789, 317.6723789824
<---930619--->

37224.74264214

15624.34716169, 5654, 9970.34716169, 1.763414779216
<---940412--->

1246.702628833

518.0231354514, 35, 483.0231354514, 13.8006610129
<---940430--->

314.7841627771
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124.4008143085, 27, 97.4008143085, 3.607437566981
<---940720--->

2953.180097887

1209.815717702, 114, 1095.815717702, 9.612418576333
<---950426--->

771.2201390432

338.9335932869, 53.5, 285.4335932869, 5.335207351157
<---950704--->

8947.212832221

3834.704874395, 4.9, 3829.804874395, 781.5928315092
<---960510--->

7586.557489669

3200.002818362, 647, 2553.002818362, 3.945908529153
<---960521--->

5872.273248573

2498.985365716, 179, 2319.985365716, 12.96081209897
<---960618--->

28281.29836904

12216.19993011, 10846, 1370.19993011, 0.1263322819574
<---970405--->

720.9320858499

327.9650456622, 50.5, 277.4650456622, 5.494357339846
<---970505--->

775.3251074916

286.0430468115, 34.4,251.6430468115, 7.315204849172
<—-970519--->

1715.277021559

581.2767604599, 51.3, 529.9767604599, 10.33093100312
<---970623--->

1565.875513989

536.8730398674, 32.3, 504.5730398674, 15.62145634264
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Modeling outputs from the modified RULSE

<---910327--->

1105.981497918

384.6835361282, 1280, -895.3164638718, -0.6994659873998
<-—--910404--->

24.55685068063

8.538001213879, 1, 7.538001213879, 7.538001213879
<---910409--->

959.730942924

333.6822004465, 562, -228.3177995535, -0.4062594298105
<-—--910415--->

383.4376978423

133.3147951838, 144, -10.6852048162, -0.0742028112236
<---910419--->

616.1973782154

218.5823666417, 292, -73.4176333583, -0.2514302512271
<—--910423--->

260.8551558487

92.53258633428, 43.4, 49.13258633428, 1.132087242725
<---920424--->

5650.18729969

2190.420935845, 3940, -1749.579064155, -0.4440556000393
<---920714--->

731.1081103026

275.7760880646, 50, 225.7760880646, 4.515521761292
<---930419--->

42081.62896873

16139.78087313, 13073, 3066.78087313, 0.2345889140312
<---930504--->

838.7372333714

322.2427199467, 16, 306.2427199467, 19.14016999667
<---930607--->

3178.30559278

1215.195768535, 138, 1077.195768535, 7.805766438659
<---930614--->

868.7224534947

332.1479989383, 12, 320.1479989383, 26.67899991153
<---930619--->

9739.554836428

3707.802302276, 5654, -1946.197697724, -0.344216076711
<---940412--->

412.95429705

155.630802694, 35, 120.630802694, 3.446594362686
<---940430--->

36.10882937206
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12.94288359402, 27, -14.05711640598, -0.5206339409622
<---940720--->

280.8633249569

104.3594086209, 114, -9.6405913791, -0.0845665910447
<---950426--->

104.5279387141

41.66543574203, 53.5, -11.83456425797, -0.2212068085602
<---950704--->

853.9362219818

331.9532296641, 4.9, 327.0532296641, 66.74555707431
<---960510--->

1208.675579283

462.4051314673, 647, -184.5948685327, -0.2853089158156
<---960521--->

749.5007385397

289.2922575565, 179, 110.2922575565, 0.6161578634441
<---960618--->

29156.03666817

11422.799712, 10846, 576.799712, 0.0531808696294
<---970405--->

389.3946767272

160.6684118481, 50.5, 110.1684118481, 2.181552709863
<---970505--->

88.80017782228

29.71451663846, 34.4, -4.68548336154, -0.1362059116727
<---970519--->

247.046273248

75.93365087837, 51.3, 24.63365087837, 0.480188126284
<---970623--->

175.3758050177

54.5370103492, 32.3, 22.2370103492, 0.6884523327926
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