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AREAL MODELING OF EROSION FOR ENVIRONMENTAL 
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Mohammad Ahmed Al-Smadi 

Abstract 

Erosion and sediment delivery from upland areas to waterbodies is a major problem 
impacting water quality in the United States and elsewhere.  Measures to reduce these 
impacts are either targeted at reducing erosion on-site or at reducing delivery of sediment 
to waterbodies.  AMEENA (Areal Modeling of Erosion for Environmental Nonpoint 
Applications) is a spatially distributed model that estimates erosion and deposition on a 
watershed scale by predicting erosion and transport over the landscape surface.  Erosion 
is predicted based on the Revised Universal Soil Loss Equation (RUSLE), and sediment 
transport capacity is estimated as a function of upslope flow volume, local gradient, and 
land use.  Gross erosion is routed to edge-of-stream with a routing algorithm that 
iteratively compares available sediment with transport capacity on a cell by cell basis 
from ridge cells to stream cells.  The model is implemented completely within a raster 
GIS to facilitate use of the model as a tool to readily evaluate impact of land use practices 
on sediment delivery to streams. 
 
AMEENA was validated using field data of net erosion and sediment deposition from 
three field studies.  AMEENA predicted the spatial distribution of net erosion and 
deposition better than WaTEM/SEDEM which is a distributed parameter erosion model 
based on a similar modeling approach.  AMEENA’s suitability to simulate the impact of 
management practices such as filter strips and critical area planting was evaluated on plot 
(profile) scale and catchment scale simulations.  Results of plot scale simulations were 
intuitive and the model proved more reasonable for these scenarios than did RUSLE2 and 
WEPP.  The catchment scale study highlighted features of AMEENA that are not 
available in RUSLE2 and WEPP in terms of identifying erosion “hot spots” and the 
ability to utilize the explicit sediment flow path identification in locating best placement 
of off-site sediment control measures.  Since AMEENA does not account for in-stream 
erosion processes, it is not suitable for simulating areas dominated by channel or gully 
erosion. 
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Introduction 1 

Areal Modeling of Erosion for Environmental Nonpoint 
Applications (AMEENA) 

1 Introduction 

1.1 Problem Statement 

Soil erosion is defined as the process of detachment and transportation of soil 

materials by erosive agents (Foster and Meyer, 1972).  Soil erosion by water occurs either 

naturally as part of the geological evolution of landscape, or due to man’s intervention 

with nature.  Natural soil erosion is a process that the environment can tolerate without 

sever adverse impacts.  This is evident in pristine watersheds where there is minimal 

human activity.  In such watersheds, there is equilibrium between inflow of sediment 

from upland areas and the ability of streams to transfer those sediments downstream. 

Human activities can accelerate soil erosion in many ways, including agricultural 

practices and tillage, road and building construction, forest logging, urban development, 

mining, and grazing (Sundborg, 1982).  Such activities usually result in excess sediment 

being delivered to streams which can negatively impact aquatic life.  More sediment 

inflow from overland areas results in additional sediment deposition in reservoirs and 

estuaries, thereby diminishing their quality and water storage capacity.  In addition to 

sediment itself being a pollutant in waterbodies, it can also serve as a transfer medium for 

sediment-bound pollutants from agricultural and urban areas to receiving waters.  In 
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addition to those downstream impacts of soil erosion, on-site negative impacts are 

apparent as well.  Pimentel et al. (1995) estimated the annual loss in productivity due to 

erosion in cropland and pastureland in the United States at $27 billion. 

Soil erosion is a complex process that is influenced by numerous factors, 

including but not limited to, rainfall intensity, frequency, and amount, soil texture, 

structure, and cohesion, land cover, amount of residue on the surface or incorporated 

within the upper horizon, slope steepness, slope length, tillage type, and tillage direction.  

The complex process of erosion starts by the detachment of soil particles by the impact of 

raindrop or surface runoff.  A portion of detached particles are carried down slope by 

flow in a process known as sediment transport. 

Sediment can be transported downstream with sheet flow, or via more 

concentrated flow in rills and gullies.  Rills and gullies form as part of the erosion 

process.  Rills are channels small enough that they can be obliterated by tillage, while 

gullies are bigger and usually disrupt cropping practices when they form on agricultural 

lands.  During the transport process, sediment deposition occurs when the transport 

capacity of flow becomes less than the sediment load.  It is typical for eroded soil to be 

deposited near the source area in what are called “sinks”. 

Sediment deposition occurs primarily at bottom of hill slopes where the gradient 

of the land is reduced.  Flood plains and swales are also common sinks for sediment.  The 

portion of sediment that is not deposited reaches waterbodies.  Erosion that takes place 

within channels is classified as channel erosion.  All three erosion processes (detachment, 

transport, deposition) occur in channels as well. 
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Efforts are made by stakeholders to reduce erosion and sediment yield to 

waterbodies by reducing detachment and, as a second option, by reducing delivery to 

waterbodies.  When managing erosion, planners typically desire to compare multiple 

scenarios for reducing erosion and then to implement the scenario that achieves the goal 

with the least cost.  In the United States, this task is usually taken on by the Natural 

Resource Conservation Service (NRCS).  The NRCS staff uses a variety of models to 

help in the decision-making process regarding management practices.  The most widely 

used model is the Universal Soil Loss Equation (USLE) (Wischmeier and Smith, 1978) 

and more recently, the Revised Universal Soil Loss Equation 2, or RUSLE2 (Foster et al., 

2003). 

The USLE is an empirical erosion estimation formula and is intended for 

simulating long-term average annual gross soil erosion by water.  In its original form, the 

USLE does not account for sediment deposition.  The USLE estimates gross soil erosion 

as a function of rainfall errosivity, soil erodibility, slope steepness and slope length, 

cropping management, and supporting conservation practices.  The formula was later 

revised and computerized to cover more areas within the United States resulting in the 

Revised Universal Soil Loss Equation, or RUSLE (Renard et al., 1997) and RUSLE2.  

The USLE was also modified by (Williams, 1975) to estimate a storm’s sediment yield 

and was called the Modified Universal Soil Loss Equation, or MUSLE.  

Since the mid 1990s, however, there has been an effort by the NRCS to move 

towards a process-based model, WEPP (Watershed Erosion Prediction Project) (Flanagan 

and Nearing, 1995).  Unlike the USLE, which is an empirical formula, WEPP is a 

process-based model that is built on physical parameters and takes into account all three 
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phases of the erosion process.  Those efforts have not yet gained widespread adoption 

and application, and RUSLE2 remains the basic tool for evaluating erosion management 

practices by the NRCS. 

Interest in modeling soil erosion has also been taken up by another sector of 

government, specifically, state departments of environmental quality for the purposes of 

Total Daily Maximum Load (TMDL) development and implementation.  A TMDL 

represents the total pollutant load a waterbody can assimilate and still meet water quality 

standards.  For certain streams, monitoring data shows that benthic life in streams is 

negatively impacted without suggesting a reason for the impact.  At this stage, a benthic 

TMDL is developed and a process referred to as “stressor analysis” utilizes observed data 

and watershed studies to identify the pollutant impacting benthic life.  Sediment is often 

identified as the responsible stressor. 

At the time this report was written, the EPA has approved 154 TMDL reports for 

the Commonwealth of Virginia, out of which, 37 were sediment TMDLs (Virginia 

Department of Environmental Quality.  

http://gisweb.deq.virginia.gov/tmdlapp/tmdl_report_search.cfm Accessed 11 July, 2007).  

Once sediment is identified as the stressor to benthic life, a sediment TMDL must be 

developed.  At a later stage, reductions in sediment delivery to streams from various 

sources, as suggested by the TMDL must be implemented through what is known as 

Implementation Plan (IP). 

In the Commonwealth of Virginia, when a sediment TMDL is developed, gross 

soil erosion is typically estimated using the USLE incorporated within a model known as 

General Watershed Loading Function (GWLF) (Evans et al., 2001).  The GWLF model is 
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a lumped model in which each spatial parameter used is averaged over the entire 

watershed.  The specific locations of sources of sediment and the pathways to 

waterbodies are not considered.  Gross erosion estimates are transformed into sediment 

yield estimates by utilizing a watershed-wide sediment delivery ratio (SDR) that is 

estimated through the use of empirical relations as a function of watershed size. 

A watershed sediment delivery ratio is the ratio between the gross erosion 

estimated for the entire watershed to the sediment passing through the watershed outlet.  

Generally, the sediment delivery ratio decreases as the watershed size increases.  The 

logic behind this inverse relationship is that when the size of a watershed increases, the 

average slope decreases and larger watersheds provide more chances for sediment to 

settle before reaching waterbodies. 

Other modeling approaches use spatially distributed sediment delivery ratio in 

conjunction with gross erosion estimates (Fraser, 1999; Di Stefano et al., 2000).  While 

such modeling approaches are capable of reflecting the impact of a localized management 

practices on the overall sediment yield of a given area, they lack the ability to predict 

sediment deposition, and therefore, such models cannot be validated except at the point 

where the total sediment yield was observed. 

For an erosion model to be able to predict sediment delivery and deposition at 

various locations within the watershed, a representation of sediment transport capacity is 

required.  This feature is necessary since modeling deposition is, in a way, a byproduct of 

modeling sediment load and sediment transport capacity of flow where deposition occurs 

when sediment load exceeds the flow’s sediment transport capacity.  Modeling deposition 
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allows for validation of model results in overland areas, and not only at the watershed 

outlet, which is the case for lumped parameter models.   

For an erosion model to be useful for management purposes, the overland erosion 

component of the watershed should be modeled.  This need stems from the fact that 

upland erosion is a major contributor of sediment to waterbodies.  In addition, sediment 

from upland areas is more likely to carry other pollutants.  Examples of such models are 

WEPP, RUSLE2, and AGNPS (Young et al., 1987). 

The focus on modeling transport capacity has historically been on the in-stream 

component of sediment transport, and most erosion models that estimate sediment 

transport capacity for overland flow are using a modified version of one of the sediment 

transport capacity formulae that were derived originally for streamflow.  Niebling and 

Foster (1980) stated that even though extensive literature existed on sediment transport 

by streamflow, there was little information available at that time about sediment transport 

capacity of overland flow.  The authors concluded that a widely accepted method for 

estimating sediment transport capacity of overland flow did not exist.  Almost three 

decades later, their statement still stands true.   

An alternative to accounting for sediment transport capacity without using a 

process-based model lies in the use of erosion models with an empirical approach to 

modeling transport capacity.  An example of modeling approaches to sediment transport 

capacity, as related to overland flow, was the one by Van Rompaey et al. (2001).  The 

authors used a model that was applied on a grid-cell basis with two components. In the 

first component, gross erosion was estimated using RUSLE.  In the second component, 

sediment yield to streams was estimated using an empirical sediment transport capacity 
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equation.  Based on recommendations of Desmet and Govers (1995) and Van Oost et al. 

(2000), Van Rompaey et al. (2001) considered the mean annual transport capacity to be 

directly proportional to the potential rill and ephemeral gully erosion. 

The appealing aspect of the sediment transport capacity equation of VanRompaey 

et al. is the fact that it incorporates, to a certain degree, land use effects.  Upstream 

contributing area, local cell slope, soil erodibility, and rainfall erosivity were other factors 

considered.  The limitation of the equation, however, is that only two classes of land use 

were considered; arable, and non-eroding, resulting in the lack of ability of the model to 

represent the difference between the sediment transport capacities of different land uses 

within each major category.  Many land uses, with different hydraulic roughness, and 

hence, different sediment transport capacity, fall within each of the two major land use 

categories.  

Numerous studies have been conducted on the subject of comparative accuracy of 

erosion models.  Unfortunately, to date there is not a single model identified as superior 

for absolute predictions.  Foster et al. (2001) argued that it is much more important for an 

erosion model to provide good comparative and relative estimates than to attempt to 

provide accurate absolute estimates of erosion rates.  In addition to uncertainty in model 

predictions, there is also the uncertainty in observed data.  Nearing et al. (1999) showed 

that there was 14-150% variability between replicated plot pairs of field data for 2061 

storms, 797 annual values, and 53 multi-year erosion totals. 

Major advancements in computer software, hardware, and increasingly detailed 

spatial and temporal data are leading the trend of research towards distributed modeling 

of watershed processes.  The application of geographic information systems (GIS) in 
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modeling runoff, sediment, and other pollutants offers considerable potential (De Roo, 

1998).  Given the fact that the phenomena and characteristics affecting the hydrology and 

hydraulics of natural systems are distributed in space, it only makes sense to use a 

spatially distributed approach when trying to emulate such systems.  Therefore, 

incorporating sediment generation and transport models within GIS seems to be a natural 

development. 

Being able to represent the erosion and sediment delivery processes on a spatially 

detailed level is crucial since the spatially distributed approach has the ability to account 

for the along-the-flow-path interactions of those processes.  This approach provides an 

explicit connection between sources and destinations of sediment.  Having the erosion 

and sediment yield model built completely within GIS would provide a direct connection 

between data, analysis, and output.  Such connectivity would provide managers with the 

ability to compare alternative scenarios and study the impact of targeted management 

practices on the overall sediment yield of a study area. 

1.2 Objectives 

The goal of this research was to develop, evaluate, and demonstrated a distributed 

parameter model that simulates the impact of erosion and sediment delivery measures 

within the framework of integrated catchment management in contrast to currently 

available field scale and lumped erosion management tools.  The modeling environment 

provides a direct linkage between input, analysis, and output.  Gross erosion, sediment 
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transport capacity, delivery, deposition, and sediment yield estimation are all conducted 

within the same grid-based environment. 

Model implementation is designed to facilitate iterative application and evaluation 

of watershed management plans such that it will be useful as a tool for adaptive 

watershed management.  The model accounts for the effects of topography, land use and 

land cover, soil type, and management practices on erosion and sediment transport.  The 

model utilizes readily available data, is easy to implement, and reflects spatial position in 

the watershed.  The model was named Areal Modeling of Erosion for Environmental 

Nonpoint Applications (AMEENA). 

The model facilitates the process of identifying the location and magnitude of soil 

erosion from contributing source areas as well as modeling the impact of placing erosion 

management practices on reducing erosion and sediment yield from those source areas.  

Gross erosion is estimated based on the Revised Universal Soil Loss Equation (RUSLE).  

Sediment transport capacity was estimated as a function of land use, local cell slope, and 

contributing flow volume.  The eroded sediment is routed over the 3-dimensional land 

surface by comparing total erosion and sediment transport capacity on a cell by cell basis 

starting at ridge cells and iteratively progressing to edge of streams, covering the entire 

watershed. 

The advantage of such a tool over existing erosion management tools is the 

capability of considering the watershed as a whole, providing a basis for modeling 

alternative management practices with regard to their location in the watershed.  This 

attribute of the model enables managers to simulate the impact of different placement 

schemes of management scenarios on gross erosion and sediment delivery to streams 
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since the flow path of sediment is accounted for explicitly in the model.  Since the model 

tracks sediment from its origin to edge of streams, it allows for the identification and 

ranking of sites in the watershed where sediment enters streams and thus facilitates 

targeting, and improves cost-effectiveness of watershed management.  Another added 

advantage of the model is the prediction of deposition which allows the model to be 

verified at locations within the watershed, and not only at the watershed outlet. 

The overriding hypothesis of this research is that an alternative model can be 

produced that facilitates the integrated catchment approach to simulating the impact of 

erosion management practices on gross erosion and sediment delivery to waterbodies in 

comparison to currently used erosion management models in the U.S. such as RUSLE2 

and WEPP.  Specific objectives are: 

1. Develop an erosion and sediment routing algorithm implemented in a grid-

based GIS. 

2. Evaluate the suitability of AMEENA as a predictive tool by comparing 

model estimates with observed erosion and sediment transport and 

deposition data as well as with the predictions of another spatially 

distributed erosion model. 

3. Demonstrate the suitability of AMEENA to simulate the impact of 

management practices through the use of hypothetical field plots and 

comparison with predictions of widely used erosion models. 

4. Demonstrate the applicability and spatial responsiveness of AMEENA as 

a tool for simulating the impact of alternative management scenarios on 

erosion, deposition, and sediment delivery at an edge of stream scale. 
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1.3 Approach 

Objective 1 was met by implementing RUSLE within ArcView GIS Spatial 

Analyst and utilizing the built-in GIS functions to develop a sediment routing algorithm. 

Sediment routing was based on progressively comparing sediment load and sediment 

transport capacity on a cell by cell basis. The sediment transport capacity equation used 

was a function of inflow from upstream, local slope, and land use.  The model’s routing 

algorithm was tested to demonstrate the algorithm’s ability to account for converging and 

non-converging topography. 

A big hurdle in modeling dynamic processes within grid-based GIS is the need for 

numerous runs when small time step is used in dynamic models.  This issue was dealt 

with in AMEENA by implementing a transport capacity formula with a time frame that is 

equal to that of the gross erosion.  This was achieved by transforming a pulse transport 

capacity grid into a sediment transport capacity grid that produces a pre-determined 

sediment yield.  By doing so, the model has only one gross erosion grid and one sediment 

transport capacity grid that are compared to each other iteratively in space from ridge 

cells down to stream cells resulting in sediment delivery and deposition grids. 

Objective 2 was met by comparing model predictions with observed sediment 

erosion and deposition data from several field-scale erosion-deposition studies.  One 

study in Coshocton, Ohio, used rare earth element oxides as tracers.  Two other small 

watershed studies utilized Cesium-137 to estimate the accumulation and translation of 

soil over time. 

Objective 3 was addressed by comparing the modeled sediment yield from a 

hillslope before and after implementing individual management practices.  The 
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conceptual validity of the model was evaluated on a practice by practice basis by 

comparing predictions with those of WEPP and RUSLE2.  Management practices 

modeled were critical area planting, and filter strips. 

Objective 4 is achieved by implementing a combination of the management 

practices identified in Objective 3 to a watershed to evaluate the impact of management 

practice implementation on an edge of stream scale.  The watershed study illustrates the 

change in watershed response due to changes in the type of management practices used as 

well as changes due to the location of those practices. 
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2 Literature Review 

2.1 Introduction 

Various approaches to soil erosion modeling exist.  Those approaches vary in 

scale, both in time and space, amount of data required, processes modeled, mathematical 

representation of processes, and finally they also vary in the type of output. 

The most basic erosion models such as the Universal Soil Loss Equation (USLE) 

predict the gross erosion from a given area without indicating the portion of erosion 

leaving that area.  Sediment yield, which is the portion of erosion leaving the study area, 

is estimated in various ways.  Empirical sediment delivery ratio formulae are often 

combined with the USLE to estimate the sediment yield.  When a spatially variable 

sediment delivery ratio is combined with the USLE, the effects of localized changes in 

input parameters on the overall sediment yield can be modeled without having the ability 

to produce predictions of the convoluted interactions of sediment yield at any scale that is 

less than the entire modeled area.  This is due to the fact that sediment yield is modeled 

as the summation of the product of gross erosion per sub area and the sediment delivery 

ratio for that same area.  Sediment deposition in such models is not modeled explicitly.  

More complex models such as physically based models include mathematical 

relationships based on physical attributes of eroded material.  Such models describe the 

dynamics of detachment, transport and deposition and produce spatially varied estimates 

of detachment, deposition, and sediment yield.  
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Several models have been developed that incorporate the concept of spatially 

distributed watershed processes with various degrees of accuracy and complexity.  

Examples of distributed watershed models include Agricultural Nonpoint Source 

Pollution Model (AGNPS) which is an event-based distributed model in which physical 

or chemical constituents are routed from their origin within a cell to the stream network 

or the watershed outlet (Young et al., 1989).  Another distributed model is CASC2D 

which uses infiltration excess formulation.  CASC2D solves the equation of transport of 

mass, energy and momentum between cells using finite difference techniques.  This 

model is continuous and suits small-scale applications (Ogden et al., 2001).  Systeme 

Hydrologique Europeen (SHE) is a process-based spatially distributed (PBSD) system for 

modeling coupled surface and subsurface water flow and sediment transport in river 

basins (Ewen et al., 2000).  The model requires extensive input data and parameters.  

Two other distributed models stemmed from SHE; SHETRAN; and MIKE-SHE with the 

main difference between the two models being the way subsurface flow is modeled.  

SHETRAN can model 3D flow in variably saturated soils, whereas MIKE-SHE simulates 

only vertical flow in partially saturated soils (Ewen et al., 2000). 

A contributing factor to the revival of distributed hydrologic and erosion 

modeling is the increasing availability of spatial data in the form of geographic 

information systems (GIS) and remote sensing coverages.  Geographic information 

systems are increasingly used in distributed watershed modeling and their function varies 

in the degree of involvement.  A basic use of GIS modules is to analyze geospatial 

characteristics of watersheds for use in hydrologic models.  Another category of use of 

GIS utilizes the derived watershed characteristics to generate predictions of hydrologic 
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variables such as runoff, sediment, and contaminants.  Geographic information systems 

are used to prepare input data for hydrologic/water quality models including AGNPS, 

ANSWERS, CASC2D, HEC-1, TR-20, ILLUDAS, SWMM, HSPF, PSRM-QUAL, and 

VAST (Ogden et al. 2001).  Some hydrologic modeling has been done completely within 

GIS such as the work of Heatwole and Kilgore, (1997); Heatwole and Al-Smadi, (1998); 

Al-Smadi, (1998). 

One of the more recent applications that renewed the emphasis on a watershed-

scale approach to management of water quality was mandating the TMDL processes.  

TMDLs were mandated as part of the Federal Clean Water Plan through the regulations 

of the U.S. Environmental Protection Agency (EPA).  Through TMDLs, pollutant 

loadings to waterbodies, as well as load reductions needed to achieve state water quality 

standards, are identified.  The first step in developing a TMDL is for states to identify the 

waterbodies that violate the water quality standards.  Specific pollutants that are in 

violation are also identified at this stage.  A TMDL is then established in which the 

amounts of pollutants that need to be reduced are identified and different percentages of 

reduction are assigned to different sources of pollution. 

The EPA and the states are now including implementation as part of the TMDL 

process.  Implementation, by nature, requires site-specific information.  Lumped 

approaches to modeling continue to be the norm in sediment TMDLs in Virginia where a 

lumped model named Generalized Watershed Loading Function (GWLF) (Evans et al., 

2001) is used. This spatial lumping means that site-specific information is lost.  It is 

argued here that a spatially distributed approach to modeling will help alleviate the major 

limitation in using GWLF effectively as a tool for TMDL development and for TMDL 



 

Literature Review  16 

implementation planning by eliminating the spatial aggregation inherent in the model.  

The alternative offered in this research is in the form of spatially dynamic model built 

within a geographic information system (GIS) using the native GIS functions.  The 

proposed model will also offer an alternative to using field scale models such as RUSLE2 

at an age when the integrated catchment management is considered the more appropriate 

approach. 

2.2 Soil Erosion by Water 

Soil erosion by water is composed of the processes of detachment, transportation, 

and deposition of eroded particles.  Soil is detached by eroding forces including raindrop 

impact and shear stress of flowing water.  Runoff and detached particles are transported 

down slope via surface flow as well as concentrated flow in rills, gullies, and streams.  

While a portion of eroded particles may reach the ocean, the other part is deposited at the 

bottoms of hillslopes, in reservoirs, and in flood plains.  Some sediment is deposited only 

temporarily and is eventually reentrained during larger storm events. 

While some natural erosion is desired since it causes minerals to be carried with 

water and deposited towards the end of streams forming highly productive deltas, it is the 

erosion related to human intervention that is of concern.  Human activities causing 

erosion are many and include urbanization, agricultural activities, construction, grazing, 

and logging.  Erosion of soil by water is both costly and degrading to natural resources.  

The productivity of agricultural lands is reduced due to erosion and eroded sediment is a 

polluting factor and may also carry nutrients and chemicals from agricultural and urban 
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areas to waterbodies, degrading their quality.  When settled in various waterbodies 

(ponds, streams, canals, reservoirs, harbors), sediment reduces the capacity of those 

waterbodies and requires costly removal (Haan et al., 1982).  Moreover, sediments 

deposited in channels and rivers increase the potential for flooding since the volume of 

channel is reduced by those deposits and the channels ability to carry down water is 

reduced which causes overflow into floodplains.  Erosion from agricultural lands is of 

special importance due to the pollutants that could be carried away with eroded soil and 

deposited in waterbodies. 

2.2.1 Detachment 

Detachment of soil particles occurs in rills and in interrill areas where rills are 

defined as small erodible channels which can be obliterated by normal tillage 

(Hutchinson et al., 1976).  Detachment in interrill areas is caused mainly by raindrop 

impact and the degree of detachment is related to soil structure and texture, rainfall 

intensity (rainfall energy) and land cover.  Overland flow also causes detachment of soil 

particles when shear stress of flow exceeds the critical shear stress of soil.  Since raindrop 

impact plays a larger role in interrill erosion, interrill erosion is relatively independent of 

slope length (Haan et al. 1994).  The transport of interrill eroded materials occurs by the 

impact of overland flow and to a lesser degree by raindrop splash. 

Rill erosion, on the other hand, is mainly controlled by slope length and steepness 

since the mechanism causing rill erosion is detachment through shear stress of 

concentrated flow in rills.  Therefore, increasing slope increases flow velocity and 
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increasing slope length increases flow depth and both of these factors increase shearing 

forces of flow.  While erosion on interrill areas is independent of rill erosion, the opposite 

is not true.  Rill erosion is influenced by the concentration of sediment in overland flow 

entering rills.  Flow that has sediment concentration at transport capacity is not capable of 

detaching more sediment. 

2.2.2 Sediment Transport and Deposition 

Deposition occurs when the transport capacity of flowing water dips below the 

entrained sediment load being transported.  Transport capacity of flowing water is 

controlled by flow velocity and therefore is reduced by any factor that reduces velocity 

such as vegetative filter strips, terrace channels, and check dams (Haan et al. 1994).  

Typical places of deposition of sediment are toes of concave slopes and filter strips.  The 

three components of erosion interact along the slope length.  Flow that is at transport 

capacity does not detach any more soil unless an increase in velocity occurs.  Moreover, 

the amount of soil carried downslope is the smaller of transport capacity and soil 

available for transport (soil detached locally plus received from upslope). 
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2.2.3 Sediment Yield 

2.2.3.1 Background 

Not all sediment generated within the watershed finds its way to the outlet of that 

watershed.  As sediment generation increases in the upland areas, sediment yield is 

expected to increase also.  However, reducing the sediment generation in upland areas 

does not necessarily mean an immediate reduction in sediment yield.  Under this 

condition, the “cleaner” water coming from upland areas has the ability to erode more 

sediment from stream banks and entrain deposited sediment at the bottom of the 

streambed.  This behavior continues until equilibrium is reached (Haan et al., 1982). 

Novotny and Olem (1994) provided a good review of available methods of 

estimating sediment yield from a watershed.  One of the methods discussed was 

monitoring, which is expensive and time consuming.  This method results in a sediment-

flow relationship known as rating curve, which is a regression equation with sediment 

transport linearly increasing as flow increases.  The second method described was the 

reservoir sedimentation survey which is also expensive and time consuming.  In this 

method, if the sediment trapping efficiency of the reservoir is known, then the input 

sediment can be estimated by measuring the accumulated sediment in the reservoir.  

Another method used to estimate sediment yield is the sediment delivery ratio (DR) 

method.  In this method, the total upstream erosion is related to the sediment yield by an 

empirical or semi-empirical relationship that represent the loss (or gain) of sediment 

during overland and channel flow.  Delivery ratio for a point in space can be defined as 

the ratio between sediment passing by that point to the amount of eroded soil from the 
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area upstream of that point.  There is considerable uncertainty in the estimates obtained 

through this method since both upstream erosion and DR are hard to estimate.  The fourth 

type of method discussed is the bedload function methods.  Those methods are based on 

mathematical equations and are used in streams.  They assume that sediment transport is 

not limited by upstream supply and depends on transport capacity of the flow.  

2.2.3.2 Sediment Yield Modeling 

According to the spatial scale of modeling, sediment yield can be modeled either 

as a spatially lumped or a spatially distributed process.  The distributed approach has the 

advantage of being able to locate “critical source” areas which are the areas in the 

watershed that contribute the most to sediment yield downstream.  Those areas contribute 

the most to off-site water quality degradation.  Another advantage to the distributed 

approach is that it takes into consideration the detachment/transport/deposition 

interactions between the source area and the final destination of sediments.  This feature 

is especially important because it accounts for sediment traps and sinks on a much finer 

scale than the lumped process approach.  This feature enables the modeler to evaluate the 

influence of local management practices such as filter strips. 

2.2.3.2.1 Physically-Based Approach 

There are different approached to modeling sediment yield that have been utilized 

in soil erosion models.  Merritt et al. (2003) provided a review of erosion and sediment 
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transport models, describing three approaches used by physically-based models to 

estimate sediment transport processes.  The first approach utilizes the steady state 

sediment flux equation (e.g. Hairsine and Rose, 1992).  This approach is used in WEPP 

and CREAMS models.  The second approach uses the fundamental energy transport 

equation (Engelhund and Hansen, 1968, as sited in Merritt et al. (2003)), and the third 

approach uses the steady state continuity equation for rill and interrill 

detachment/deposition.  As noted by Merritt et al. (2003), all these approaches are based 

on the sediment transport capacity which was originally developed for fluvial systems 

and modified later to model shallow overland flow. 

2.2.3.2.2 Sediment Delivery Ratio Approach 

Another set of distributed erosion models relies on the concept of distributed 

sediment delivery ratio to estimate sediment yield (Fraser, 1999; Ferro and Porto, 2000; 

Di Stefano et al., 1999; Di Stefano and Ferro, 2001; Ferro, 1997; Ferro and Minacapilli, 

1995; Jain and Kothyari, 2000; Kothyari and Jain, 1997).  In case of Fraser (1999), each 

grid cell is assigned a sediment delivery ratio as a multiplier of six variables including 

flow-path slope gradient, flow-path slope shape, flow-path surface roughness, proximity 

to streams, soil texture, and overland flow index (a function of contributing area and local 

cell slope).   The overall watershed sediment delivery ratio was estimated as a function of 

the watershed drainage area.  The distributed sediment delivery ratios for individual cells 

were then scaled so that the average sediment delivery ratio corresponded to the overall 

watershed sediment delivery ratio.  For the rest of the models, distributed sediment 
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delivery ratio was estimated as an exponent function of the inverse of travel time to 

streams.  This approach is intuitive in the sense that the longer soil particles stay in 

suspension, the more chance they have to settle.  The limitation with both of those 

sediment yield approaches is that they do not provide estimates of overland deposition 

and therefore, cannot be validated on the spatial scale of overland areas. 

2.2.3.2.3 Simplified Sediment Yield Approach 

Prosser and Rustomji (2000) reviewed a number of sediment transport capacity 

approaches and noted that transport capacity relations usually take the form: 

 

γβ
Sqkqs =         (2-1) 

 

Where: 

q is flow discharge per unit width [m3 m-1], 

S is the local energy gradient, approximated as the surface gradient 

[dimensionless], 

k, β, and γ are empirically or theoretically derived constants. 

In their approach to modeling sediment transport capacity for RUSLE2, Foster et 

al. (2003) adopted a similar relation as follows: 

 

sqKT Tc ξ=        (2-2) 
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where: 

Tc is transport capacity [mass width-1 time-1], 

s is sine of the slope angle [dimensionless], 

q is overland flow (runoff) rate [volume width-1 time-1] where flow depth is 

assumed to be uniform across the slope, 

KT is a coefficient that reflects transportability of sediment, and, 

ξ reflects the change in sediment transport capacity as a function of hydraulic 

roughness. 

The transportability of sediment, KT was obtained by fitting RUSLE2 predictions 

to observed data of deposition on a concave slope.  This calibration process resulted in a 

constant value of KT of 250,000 based on the following set of units: Tc [lbm sec-1 ft-1)], q 

[ft3 sec-1 ft-1)], s [dimensionless]. 

The coefficient ξ was obtained empirically by fitting transport data for transport 

as a function of the Manning’s n (D.Yoder, personal communication, 23 January 2006).  

The resulting formula used was in the form: 

 

5.1
n

fc=ξ         (2-3) 

 

where: 

fc is a fit coefficient (0.0008), and 

n is the Manning’s roughness coefficient. 

Another approach to modeling sediment yield by estimating sediment transport 

capacity within a distributed framework was the approach suggested in a model called 
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Water and Tillage Model / SEdiment DElivery Model (WaTEM/SEDEM) (Van Oost et 

al., 2000; and Van Rompaey et al., 2001).  Sediment transport capacity was assumed to 

be directly proportional to potential rill erosion (Van Oost et al., 2000).  This approach 

places more emphasis on the spatial variation than the temporal variation when modeling 

sediment transport capacity. 

2.3 Existing Models for Estimating Soil Erosion and Sediment 
Yield 

Erosion and sediment yield modeling approaches vary in terms of simulated 

processes, spatial and temporal detail, and data requirements.  In the following sections, 

several existing models for erosion and sediment yield are reviewed in more details. 

2.3.1 USLE and its Modifications 

The universal soil loss equation was proposed by Wischmeier and Smith in 1978 

to estimate soil erosion and was not intended to predict sediment yield (Haan et al. 1994).  

The equation was initially developed to predict the long-term annual average soil erosion 

for field size areas.  The USLE has been widely used for planning purposes to predict the 

effects of land use changes on soil erosion.  Modifications have been made to use it to 

estimate shorter term averages as well as soil erosion from single storms.  Less prediction 

accuracy is expected when the USLE is used to predict erosion caused by a single event. 

The average soil loss (A) is predicted according to the following equation: 
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RKLSCPA =          (2-4) 
          

Where: 

R is rainfall erosivity factor [MJ mm ha-1 h-1 year-1], 

K is the soil erodibility factor [t ha h MJ-1 ha-1 mm-1], 

L is the slope length factor [dimensionless], 

S is the slope steepness factor [m m-1], 

C is the cover and management factor [dimensionless], and, 

P is the conservation practice factor [dimensionless]. 

Williams and Berndt (1977) replaced the rainfall energy factor (R) by runoff 

energy parameter that is proportional to (Q * q)0.56 in which Q is the total runoff volume 

and q is the maximum runoff rate.  This change resulted in the Modified Universal Soil 

Loss Equation (MUSLE) which gives the sediment yield for a single storm as follows: 

 

KLSCPQqbY 56.0)(=         (2-5) 

 

where b is a unit conversion factor and all other terms have been previously defined.  The 

delivery ratio (DR) for a storm event can be estimated by combining the MUSLE with 

the USLE as follows: 

 

RW

Qqb

RKLSCPW

KLSCPQqb
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Y
DR

56.056.0 )()(
===      (2-6) 

 

where W is the area of the watershed. 



 

Literature Review  26 

Tripathi et al. (2001) used GIS and MUSLE to estimate sediment yield from a 

small watershed.  They compared predicted and observed amounts of sediment yield for 

seven storms with variation ranging between –48% and 25%.  However, for six out of the 

seven storms modeled, the GIS-MULSE procedure underpredicted the sediment yield. 

The USLE was computerized and updated and called the Revised Universal Soil 

Loss Equation (RUSLE).  Data that were not available at the time of the inception of the 

USLE were used to improve estimates of different factors (Renard et al., 1997).  The 

newest member of the USLE family is a computerized version called the Revised 

Universal Soil Loss Equation 2 (RUSLE2) (Foster et al., 2003).  In RUSLE2, erosion 

estimation is done on a daily basis where many of the input parameters are allowed to 

change by day.  This is in contrast to older versions where the K factor for example had a 

constant value and the C factor value changed every two weeks for the simulation period. 

2.3.2 WEPP 

Water Erosion Prediction Project (WEPP) was developed to replace the USLE.  

The objective of WEPP was to develop a new generation of prediction technology to be 

used by various agencies such as the USDA-NRCS, USDA-Forest Service, Bureau of 

Land Management among others.  This model is a process based, continuous-simulation 

model.  WEPP models small watersheds and hillslope profiles within those watersheds 

(Flanagan and Nearing, 1995).  A schematic of a watershed which WEPP could be 

applied to is shown in Figure 2.1.  
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Figure 2.1. Schematic of a small watershed which WEPP could be applied to.  Individual hillslopes (1 

to 5) or the entire watershed including five hillslopes, two channel segments, and three 

impoundments (Flanagan and Nearing, 1995). 

The biggest advantage of WEPP is the ability to simulate erosion both in space 

and time.  It can simulate soil loss for the entire hillslope or at any point along the slope 

on a daily, monthly, or average annual basis.  WEPP represents various processes which 

are shown in Table 2.1. 

The model predicts soil erosion and deposition caused by overland flow on 

hillslopes as well as soil loss and deposition in concentrated flow and small channels.  It 

is also capable of simulating sediment entrapments in impoundments. 
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Table 2.1. Processes represented in WEPP and the methods used to simulate each process. 

Component Processes 

Hydrology Infiltration: Green-Ampt as modified by Mein and Larson (1973) 
 Surface Runoff:  analytical and approximate solutions to the kinematic 

wave equation 
 Percolation: storage routing technique 
 Evapotranspiration: Ritchie model 

Erosion Rill erosion: modified form of DuBoys channel scour equation, function 
of shear stress 

 Interrill erosion: function of interrill erodibility and rainfall intensity 
 Sediment transport:  simplified Yalin equation 
 Deposition: happens when sediment load is greater than sediment 

transport capacity 

 Soil consolidation: rainfall and weathering consolidated soil 

2.3.3 ANSWERS-2000 

The Areal Nonpoint Source Watershed Environmental Response Simulation 

(ANSWERS) is a cell-based distributed model of runoff and erosion from upland 

watersheds (Beasley and Huggins, 1981; Beasley, 1986).  While initially developed as an 

event-based model, more recent modifications to the model include incorporating more 

physically-based algorithms for sediment detachment (Dillaha et al., 1998).  The model 

can be used to evaluate the effectiveness of some BMPs in reducing sediment and 

nutrient losses from agricultural watersheds.  The model represents a given watershed by 

dividing it into square elements, each of which is assumed to be homogenous in its 

physical properties and processes are carried out on a cell by cell basis. 

ANSWERS-2000 includes a channel scour component that was not available in 

older versions (Dillaha et al., 1998).  Critical shear detachment subroutines were added to 

estimate rill and interrill erosion in similar ways to those implemented in WEPP.  Erosion 
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in channels is modeled in a similar way as rills using the critical shear stress theory.  

Transport of sediment is based on the Yalin equation and no further entrainment occurs 

when the transport capacity is met.  Settling occurs according to particle size when the 

transport capacity drops below the sediment load.  The total sediment load within a cell is 

the summation of the sediment load generated within the element plus the sediment load 

entering the cell from adjacent cells.  Table 2.2 lists some of the processes represented in 

ANSWERS-2000.  ANSWERS-2000 has not been adopted by erosion management 

agencies which may be due to demanding input data requirements. 

Table 2.2. Processes represented in ANSWERS-2000 and the methods used to simulate each process. 

Component Processes 

Hydrology Infiltration:  Green-Ampt equation 
 Interception:  function of crop type 
 Evapotranspiration: Ritchie method 
 Surface Runoff: Manning’s equation and finite difference solution of the 

continuity equation 
 Channel flow: similar to surface runoff 

Erosion Channel erosion:  using the critical shear stress theory 
 Rill erosion:  based on the critical shear stress theory 
 Deposition: occurs when sediment load is greater than sediment 

transport capacity 
 Sediment transport: based on Yalin equation (1963) for each particle 

size class 

2.3.4 AGNPS and AnnAGNPS 

Agricultural Nonpoint Source Pollution Model (AGNPS) was developed by the 

NRCS as a distributed watershed model.  The key components in the model are empirical 

with the curve number method used to estimate the volume of runoff from each cell and 

the USLE used to estimate erosion.  The transport capacity is based on the Bagnold 
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stream power equation.  A minimum of 22 input parameters must be specified for each 

cell in AGNPS, a task that has been simplified by coupling AGNPS with GIS. 

AnnAGNPS was introduced by modifying AGNPS to become a continuous 

simulation model with added components such as pesticides, frozen soils, and snow melt. 

AnnAGNPS is intended to be used to evaluate nonpoint source pollution from 

agricultural watersheds ranging in size up to 300,000 ha.  The watershed is subdivided 

into cells that are homogeneous in terms of soil type, land use, and land management.  

The erosion component in AnnAGNPS includes overland erosion, gully erosion and 

streambed and streambank erosion.  The overland erosion is simulated using RUSLE 

whereas gully erosion is estimated as a function of surface runoff volume and streambed 

and bank erosion are modeled by transport capacity.  Sediment transport is modeled using 

Einstein deposition equation with Bagnold transport capacity.  AGNPS is limited in the 

watershed size it can model since the number of input cells is capped.  This cap can result 

in a need to increase cell size to levels that would diminish the spatial variability 

representation.   

2.3.5 KINEROS 

Kinematic Runoff and Erosion Model (KINEROS) (Woolhiser et al., 1990) is a 

physically based event model that describes the processes of interception, infiltration, 

surface runoff and erosion from small agricultural and urban watersheds.  The model 

represents the watershed as a cascade of planes and channels and uses finite difference 

techniques to solve the partial differential equations describing overland flow, channel 
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flow, erosion and sediment transport.  The applications of KINEROS include assessing 

the effects of artificial features such as urban developments, small detention reservoirs 

and lined channels on flood hydrographs and sediment yield.  Since the model is not 

completely distributed (grid based), it can account for spatial variability to a limited 

extent.  Table 2.3 lists some of the hydrological processes modeled in KINEROS.   

Table 2.3. Hydrological processes represented in KINEROS and the methods used to simulate each 

process. 

Hydrology 

Component 

Description 

Infiltration dynamic representation as a function of Ks, soil moisture 
content, capillary deficit 

Interception function of crop type and percentage cover 

Surface runoff use the continuity equation with velocity estimated by 
Manning’s eq. 

Channel and rill flow use the continuity equation with velocity estimated by 
Manning’s equation 

2.3.6 EUROSEM 

The idea behind developing EUROSEM started after a meeting in Brussels for the 

European Community Workshop in 1986.  More than 40 scientists have been involved 

with the work in collaboration with the USDA Agricultural Engineering Research 

Service, Fort Collins, Colorado.  EUROSEM is built using modular structure with each 

module developed with as much details as the existing level of knowledge permits 

(Morgan et al., 1998). 

EUROSEM is a distributed model that can predict total runoff and soil loss, 

hydrographs and sediment graphs for each event.  The study area is divided into sub-units 
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each being homogeneous in terms of slope, soil and land cover.  The sub-units are 

arranged in sequence to generate a cascade through which runoff and sediment are routed 

from top to bottom of hillside and from upstream to downstream of the river channels 

based on the KINEROS model structure (Morgan et al., 1998).  Erosion computations in 

EUROSEM are based on the dynamic mass balance equation.  

EUROSEM has been linked to models such as KINEROS and MIKE-SHE.  Since 

EUROSEM and KINEROS operate on the same spatial blocks, the linkage between these 

two models seems to be more relevant.  In EUROSEM-KINEROS, the watershed is 

broken down into a series of units based on slope-soil-land use combinations.  Those 

units can be either channel segments or subdivisions of hillslopes and are further 

subdivided (for numerical solution use) into a series of computational nodes and the 

amounts of runoff and sediment are calculated at each node for each time step and routed 

over land surface and through channel segments to the watershed outlet.  A brief 

description of those processes is given in Table 2.4. 

Table 2.4. Erosion processes represented in EUROSEM and the methods used to simulate each 

process. 

Erosion 

Component 

Description 

Splash detachment a function of soil erodibility, total kinetic energy of rainfall, and 
surface water depth 

Flow detachment generalized erosion-deposition theory (Smith et al., 1995) 

Deposition generalized erosion-deposition theory (Smith et al., 1995) 

Sediment transport function of unit stream power and estimated for both rill and interrill 
cases 
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2.3.7 LISEM 

The Limburg Soil Erosion Model (LISEM) was developed in the Netherlands (De 

Roo et al., 1996) based on the request of the Province of Limburg as part of the effort to 

examine the amounts of overland flow, erosion, and deposition in the South Limburg 

region and to assess the effects of land use changes and conservation measures using 

simulation models (De Roo, 1996).  LISEM is an event based, physically based 

hydrologic and erosion model.  The model is essentially a research tool due to its 

complexity; however, it may be used as a planning and conservation tool.  The processes 

modeled in LISEM include rainfall, interception, infiltration, overland flow, channel 

flow, surface storage in micro-depressions, vertical movement of water in the soil, 

detachment by rainfall and flow, transport capacity, and the influence of compaction, 

surface sealing and small paved roads. 

Procedures used in LISEM are similar to those adapted in EUROSEM with the 

exception that LISEM is a grid-based model.  The model offers multiple methods to 

estimate infiltration and the choice of infiltration model to use is governed by the 

availability of data.  The detailed spatial input requirements in LISEM limit the use of the 

model to small catchments or large scale research projects (Merritt et al. 2003).  Table 2.5 

lists the processes modeled and the approach used to model each process. 
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Table 2.5. Processes represented in LISEM and the methods used to simulate each process. 

Component Processes 

Hydrology Infiltration: options for using Green-Ampt, Holtan, finite difference 
solution of the Richard eq. 

 Interception: by regarding the canopy as a simple storage, function of 
density and LAI 

 Storage in micro-depressions: calculated using the Maximum 
Depression Storage (MDS) 

 Surface Runoff: using finite difference solution of the kinematic wave 
equation together with Manning’s eq. 

 Channel flow: using finite difference solution of the kinematic wave 
equation together with Manning’s eq. 

Erosion Same as EUROSEM 

2.3.8 MIKE-SHE 

MIKE-SHE (Refsgaard and Storm, 1995) is a modified and expanded version of 

the Systeme Hydrologique Europeen (SHE) (Abbott et al., 1986).  MIKE-SHE is a 

distributed, physically-based continuous simulation hydrologic model that is capable of 

modeling a wide range of water resources problems in areas such as surface and 

groundwater management, pollutant loading, and soil erosion (Ward and Benaman, 

1999).  MIKE-SHE consists of sub-modules that cover various processes including the 

hydrologic/hydraulic components such as evapotranspiration (ET), saturated (SZ) and 

unsaturated (UZ) flow in soil, overland and channel flow (OZ), and irrigation (IR) in 

addition to several extensions covering solute transport (advection/dispersion, AD), 

particle tracking (PT), biological degradation (BM), geochemistry (GM), and 

adsorption/degradation (ADM) processes (Ward and Benaman, 1999). 

MIKE-SHE includes a Soil Erosion Module (SE), a version of EUROSEM 

(Morgan and Quinton, 1997) which utilizes parts of the overland flow component in the 
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MIKE SHE WM module. Erosion and sedimentation patterns are predicted in a spatially 

distributed manner over the catchment.  Detachment is simulated based on rain and flow.  

Flow detachment may occur in interrill areas, depressions or rills.  Sediment transport in 

channel includes both cohesive and non-cohesive sediment transport and is simulated 

with the sediment transport module in MIKE 11 model which uses an advection 

dispersion (AD) module that is based on the 1-D equation of conservation of mass of 

dissolved or suspended material (Yan and  Zhang, 2002). 

2.3.9 SEDMOD 

Fraser (1999) developed a conceptual model called Spatially Explicit Delivery 

Model (SEDMOD).  SEDMOD operates within ARC/INFO and uses AML coding 

language and GRID raster modeling package and calculates spatially distributed delivery 

ratio for sediments that can be used in conjunction with gross erosion models such as the 

USLE.  SEDMOD provides spatially varied estimates of the delivery ratio on a cell by 

cell basis as opposed to lumped delivery ratio estimate for the entire watershed.  The 

model utilizes readily available data including DEMs, soil and land cover data.  The 

proposed procedure introduces a method for estimating sediment yield that is more 

sophisticated than the simple lumped delivery ratio but less complex and less demanding 

of data than the physically based approach. 

The approach is based on estimating six parameters for each grid cell.  Each 

parameter value is scaled using either empirical relationships from the literature or a 

hypothesized relationship with delivery potential.  A composite layer is then created by 



 

Literature Review  36 

combining the variables using linear weighing (Fraser, 1999).  The variables used are: 

flow-path slope gradient; flow-path slope shape; flow-path hydraulic roughness; stream 

proximity; soil texture; and overland flow (soil saturation index).  The first four variables 

describe the flow-path characteristics whereas the last two factors describe the source 

characteristics.  The linear weighting is left up to the user to decide on what weight each 

variable gets and weights should add up to one.  The delivery ratio is then multiplied by 

the sediment loss estimates obtained through the application of the USLE for each cell 

and the sediment yield for the watershed is simply the summation of individual cell 

sediment yields.  

2.3.10 Jain-Kothyari method (J-K) 

Jain and Kothyari (2000) used a cumulative travel time based SDR approach 

along with the USLE to estimate sediment yield.  The authors distinguished between cells 

characterized by overland flow processes and those characterized by channel processes 

when estimating sediment delivery ratios (SDR).  They chose a threshold for channel 

initiation that resulted in a total stream length similar to that obtained from a 1:25000 

scale topographic map.  The method of estimating the SDR was based on the assumption 

that the SDR in a cell is a strong function of the travel time of overland flow within the 

cell which in turn is dependent on topographic and land cover conditions of the cell.  

They assumed the following empirical relationship 
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where ti is the overland flow travel time from the i-th cell to the nearest channel cell, 

γ is a constant coefficient for the catchment. 

The authors used a simple equation to estimate the flow velocity which was 

proposed by the US Soil Conservation Service (SCS, 1975) and is given by: 

 

5.0

iii Sav =          (2-8) 

 

where ai is a coefficient related to land use, 

Si is the slope. 

Taking into consideration that the travel time through each cell is obtained by 

dividing the distance of travel within the cell by the travel velocity, the SDR can then be 

obtained as follows: 
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where li is the flow length within the ith cell, 

m is the number of cells along the flow path to the nearest channel cell. 

The authors concluded that the results showed that the method is insensitive to the 

coefficient γ and therefore γ was assumed to be unity for simplicity. 
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2.3.11 SEDEM/WaTEM 

WaTEM/SEDEM is a spatially distributed erosion and sediment yield model that 

is intended to simulate the impact of erosion control measures at a catchment scale.  The 

model estimates gross erosion based on a two-dimensional application of the Revised 

Universal Soil Loss Equation (RUSLE-2D) (Desmet and Govers, 1996).  Sediment is 

routed to edge of streams.  Gross erosion and sediment routing are conducted at the grid-

cell level.  Sediment transport capacity was assumed to be directly proportional to 

potential rill erosion (Van Oost et al., 2000) and is estimated as follows: 

 

( )gTCC SLSRKKT 112.4−=      (2-10) 

 

where: 

Tc is transport capacity [kg m-1 yr-1]; 

KTC is the transport capacity coefficient [m]; 

R is the rainfall erosivity factor [MJ mm m-2 h-1 yr-1]; 

K is the soil erodibility factor [kg h MJ-1 mm-1]; 

L is the slope length factor [dimensionless]; 

S is the slope gradient factor [dimensionless]; and; 

Sg is the slope gradient [m m-1]. 

RUSLE-2D estimates gross soil erosion similarly to RUSLE with the exception of 

the method used to estimate the slope length factor (L).  Slope length factor in 

WaTEM/SEDEM is estimated based on an approach recommended by Desmet and 

Govers (1996) and is given in the following formula: 
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where: 

Li,j is the slope length factor for a grid  cell with coordinates of (i,j) 

Ai,j is the drainage area at the inlet of cell i,j [m2] 

D is the grid cell width (m) 

xi,j = sin (αi,j) + cos (αi,j), α is the aspect of cell i,j 

m is the slope length exponent and is obtained by: 

 

m = β/(1+ β)       (2-12) 

 

where β is the ratio of rill erosion to interrill erosion obtained by: 
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θ is the slope angle [radian]. 

Caution should be practiced when Equation 2.11 is applied:  When aspect value is 

between 181o and 360o, the term sin(aspect) + cos(aspect) results in negative values.  

When negative values are raised to a power, other than unity, the result is undefined and 

therefore, any further GIS operation on those cells (if left untreated) result in no values in 
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the corresponding cells.  A solution to this problem can be by adapting the 

recommendation of Kinnell (1995).  The author stated that the value of the variable x in 

Equation 2.11 is dependent on flow direction and has the value of one when flow within 

the cell is orthogonal (toward a side) and a value of √2 when flow within the cell is 

diagonal (toward a corner). 

WaTEM/SEDEM has been widely used in Europe where the model was applied 

in several countries including Italy, Spain, Belgium, The Netherlands, Chezque Republic, 

and Poland.  VanRompaey et al. (2000) applied the model to 24 catchments in Belgium 

and reported an average accuracy of 41% for predicting sediment yield.  Even though the 

model is advertised as a tool to simulate erosion control measures and land use changes 

on a catchment scale, the model only allows two transport capacity coefficients, one for 

arable lands and one for eroding lands. 

2.4 Summary 

Erosion processes important in watershed studies include detachment, sediment 

transport and deposition, and sediment yield.  Modeling approaches for sediment yield 

include physically-based approaches, a sediment delivery ratio approach, and a simplified 

approach for use with distributed erosion models.  A variety of specific erosion and 

sediment yield models have been developed. 

Clearly there are options for modeling erosion and sediment yield processes.  

However, there is still room for additional models that build on existing modeling 

approaches, and that improve usability through direct integration with a GIS.  Moreover, 



 

Literature Review  41 

for a new model to be adapted in erosion planning management in the U.S., it is 

important for such model to utilize readily available data that is less complicated and 

easier to obtain on a medium or large spatial scale.  Such readily available data is also 

more familiar to field agents already involved in this process. 
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3 Methods 

3.1 Model Development 

  All stages of this research are implemented within a grid-based GIS to develop a 

model that can be easy to use with no interfaces or external linkages to other models, 

aside from statistical analysis of results.  The model consists of three components.  The 

first component generates the annual average gross erosion for each grid cell based on 

RUSLE.  In the second component, sediment transport capacity is estimated and 

calibrated for use in conjunction with the gross erosion estimated in the first component.  

The sediment transport capacity is a function of land use / land cover, local cell slope, 

and incoming flow from the contributing area.  In the third component, gross erosion is 

routed over the landscape from all cells to sinks or edge of streams.  The routing 

algorithm utilizes two main inputs, the gross erosion estimates obtained from running the 

first component and the transport capacity grid obtained from the second component.  

Since AMEENA does not account for the in-stream erosion and deposition processes, 

only the overland component of sediment transport is considered in routing sediment 

from source areas to edge of streams.  To accomplish this task, a digital elevation model 

(DEM) is used to define the landscape. 

Validation of the model is accomplished through comparison with observed field 

data as well as with predictions of WEPP, RUSLE2 and WaTEM/SEDEM.  AMEENA’s 

ability to be used as an erosion and sediment yield management tool on a watershed scale 

is demonstrated by making changes in model parameters that reflect the application of 
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such practices.  The resulting change is compared with predictions of RUSLE2, WEPP, 

and WaTEM/SEDEM.  Parameters considered for change to reflect management 

practices are the NRCS curve number, the Manning’s roughness coefficient, and 

applicable RUSLE factors.  The model is able to account for any management practice 

that can be represented by changes in input parameters as those input parameters relate to 

changes in land use and supporting and management practices.  The changes in 

parameters to reflect the application of management practices are based on literature 

values reported for each management practice. 

Since AMEENA operates on a grid-based system, the size of watershed being 

studied is only limited by computing capabilities.  The grid cell size used in the analysis 

can vary and the user needs to be aware of computing capabilities since smaller size grid 

cells result in more analysis time requirements.  On the other hand, a coarse grid cell size 

may not be sufficient enough to capture the spatial variability in the watershed.  

Moreover, some of the management practices suggested in this research force some 

limitations of grid cell size used.  For example, when using a 10 m grid cell size, the user 

can evaluate different widths of filter strips and will have more flexibility to evaluate 

multiple widths than when a 30 m grid cell size is used since filter strips wider than 30 m 

are not common. 

Input data for AMEENA are readily available and include the following: 

• Elevation data that is in the form a digital elevation model (DEM), or can 

be converted into DEM such as observed point elevation data or LIght 

Detection and Ranging (LIDAR) point data.  Digital elevation data of 10 

m or 30 m grids can be obtained from the United States Geological Survey 
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(USGS) National Elevation Dataset (NED) at http://seamless.usgs.gov 

(accessed 4 November 2007). 

• Land use data are necessary to develop the RUSLE C factor, curve 

number, and the Manning’s roughness coefficient datasets.  Land use data 

can come from user-developed polygon data transformed into raster data 

with the same cell size as the elevation data.  If the user has no site 

specific land use data with better resolution than nationally available 

datasets, the Multi-Resolution Land Characteristics 2001 (MRLC 2001) or 

the National Land Cover Dataset 1992 (NLCD 1992) may be used.  Such 

data are available at http://seamless.usgs.gov/  (accessed 4 November 

2007). 

• Soils data are used to estimate runoff using the NRCS curve number 

method and are also needed to assign each grid cell a value for the RUSLE 

K factor.  Soils data can be obtained from the United States Department of 

Agriculture (USDA) Soil Survey Geographic Database (SSURGO).  

SSURGO database is available at 

http://www.ncgc.nrcs.usda.gov/products/datasets/ssurgo (accessed 4 

November 2007).  The on-line database contains soil polygons of many 

US counties in digital form with tables describing different soil properties.  

For counties with no spatial data available on-line, soil polygons can be 

digitized from hard copies of soil surveys.  The user can also use soil data 

collected for the purpose of any project covering the study area of interest.  
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Any polygon soil data should be rasterized with a grid-cell size matching 

those of the DEM and the land use data. 

As for model output, a total of five values for each grid cell may be generated 

using AMEENA including: 

1. Gross erosion. 

2. Transport capacity. 

3. Sediment delivery. 

4. Sediment deposition 

5. Net erosion. 

AMEENA includes a subroutine that allows the identification of the value in the 

downstream cell of any given grid.  This subroutine is valuable when identifying cells 

flowing into streams, for example.  If this routine is run twice, cells can be identified that 

are two grid cells away from streams and so on.  Since AMEENA does not account for 

the in-stream erosion and deposition processes, the watershed sediment yield may be 

estimated as the summation of the sediment delivery from all cells identified as flowing 

into stream cells.  Figure 3.1 shows a summary flow chart of the methods used in 

developing AMEENA.
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Figure 3.1.  Methods flow chart.
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3.1.1 Gross Erosion Estimation 

Gross erosion is estimated in AMEENA based on the Revised Universal Soil Loss 

Equation (RUSLE) technology (Renard et al., 1993).  The Universal Soil Loss Equation 

(USLE) was initially proposed to simulate soil erosion, not sediment yield (Haan et al., 

1994).  The equation was initially developed to predict the long-term annual average soil 

erosion for field size areas.  Modifications have been made to use the USLE to estimate 

shorter term averages as well as soil erosion from single storms.  Lower prediction 

accuracy is expected when the USLE is used to predict erosion caused by a single event. 

The USLE was computerized and updated; an effort that resulted in the Revised 

Universal Soil Loss Equation (RUSLE).  Data that were not available at the time the 

USLE was first introduced were used to improve estimates of different factors (Renard et 

al., 1993).  RUSLE2 is the newest improvement and is capable of producing daily erosion 

estimates. 

The USLE and its derivatives have been widely used for planning purposes to 

predict the effects of land use changes on soil erosion in the U.S. and across the world.  

The USLE and its derivatives are the basis for erosion planning and management adopted 

by the United States Natural Resources Conservation Service (NRCS).  For these reasons, 

and to base AMEENA on technology that is familiar to erosion control managers, 

RUSLE technology was adopted since it included more regions of the United States than 

the USLE.  RUSLE was selected over RUSLE2 since AMEENA does not utilize daily 

gross erosion values in the calculations.  The disadvantage of using RUSLE is that it is 

not a physically based model.  However, this disadvantage is offset by the readily 



 

Methods 48 

available input data and the familiarity of erosion control planners with RUSLE 

parameters when compared to physically based models that require input data which may 

not be available on large spatial scales. 

The average soil loss (A) is predicted in the RUSLE according to the following 

equation: 

RKLSCPA =        (3-1) 

 

where: 

R is rainfall erosivity factor [MJ mm ha-1 year-1], 

K is the soil erodibility factor [t ha MJ-1 mm-1], 

L is the slope length factor [dimensionless], 

S is the slope steepness factor [dimensionless], 

C is the cover and management factor [dimensionless], and, 

P is the conservation practice factor [dimensionless]. 

The USLE and RUSLE have both been implemented within GIS framework in 

many studies.  While the R, K, S, C, and P factors are typically applied in GIS based on 

the documented values in literature, the slope length factor (L) is estimated both using 

RUSLE documentation as described below as well as using the methodology of RUSLE-

2D for use within WaTEM/SEDEM.  Below is a description of how each of the RUSLE 

factors is implemented within AMEENA. 
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3.1.1.1 Rainfall Erosivity Factor, R 

The long term rainfall erosivity factor for the RULSE model is obtained by 

summing individual storm erosivities divided by the number of years.  For an individual 

storm, rainfall erosivity is a function of storm’s total rainfall energy and the storm’s 

maximum 30-minute rainfall intensity as shown in the equation below. 

Storm erosivity = EI30 

Where: 

I30 is storm’s maximum 30-minute rainfall intensity [mm hr-1] 

E is storm’s total rainfall energy [MJ ha-1] and is given by: 

 

∑
=
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m

j

jj VeE
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        (3-2) 

 

where: 

ej is energy per unit of rainfall [MJ ha-1 mm-1)], and is given by: 

 

[ ]i

j ee
05.072.0129.0 −−=       (3-3) 

 

 

i is rainfall intensity [mm h-1] within a given rainfall interval, 

∆Vj is rainfall amount during jth interval [mm], 

m is the number of rainfall intervals. 
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The average annual rainfall erosivity, R, is obtained according to the following 

formula: 
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       (3-4) 

 

Where: 

R is the rainfall erosivity (MJ mm ha-1 year-1) 

N is the number of years in the period 

l is the number of storms in the period. 

When not using observed detailed rainfall data, the RUSLE documentation 

contains look-up figures for estimating R based on regions within the United States.  The 

R-factor value may also be obtained by running RUSLE for the given site and then 

creating input grids for use within AMEENA. 

3.1.1.2 Soil Erodibility factor, K 

The soil erodibility factor is defined as the rate of soil loss per rainfall erosion 

index unit as measured on a “unit” plot (Wischmeier and Smith, 1978).  A “unit” plot is 

22.1 m long and has a 9% slope that is continuously in a clean-tilled fallow condition 

with tillage performed up and down the slope.  The soil erodibility factor represents the 

effect of soil texture, structure, and permeability on soil detachment.  Soil Surveys of the 

United States counties provide a value of the soil erodibility factor in the documentation 
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for all soils.  This value is listed as “Kw” or Soil Erodibility Factor Whole Soil and is 

used in this research.  The K-factor value may also be obtained by running RUSLE prior 

to running AMEENA with a grid input values obtained from RUSLE.  The advantage of 

using the Kw values when simulating a relatively large area is that a spatially varied 

erodibility factor is obtained as opposed to obtaining a single erodibility factor value in 

the case of running RUSLE. 

3.1.1.3 Slope Length Factor, L 

Slope length factor (L) is defined as the horizontal distance from the origin of 

overland flow to the point where either the slope gradient decreases enough to cause 

deposition, or, runoff becomes concentrated in defined channels.  Desmet and Govers 

(1996) argued that in a real two-dimensional setting, flow and soil erosion are a function 

of the contributing area rather than distance to the divide and that taking into 

consideration the contributing area allows modeling areas experiencing concentrated 

flow.  Such locations typically experience gully erosion and therefore, the two-

dimensional modeling of the slope length factor accounts for, to some extent, gully 

erosion.  This two-dimensional approach in calculating slope length factor is used within 

WaTEM/SEDEM.  The original approach to estimating the slope length factor is used in 

AMEENA since the focus of AMEENA is the overland areas, especially knowing that the 

gully erosion processes are more similar to channel erosion than to overland erosion.  For 

applications of the slope length factor within raster GIS, slope length factor is estimated 
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based on the RUSLE user’s manual for irregular and segmented slopes and is given in the 

following formula: 
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where: 

Li,j is the slope length factor for a grid  cell with coordinates of (i,j); 

λ(i,j) length from top of slope to lower end of (i,j)th grid cell; 

λ(i,j)-1 length from top of slope to upper end of (i,j)th grid cell; and; 

m is the slope length exponent and is obtained by: 

 

m = β/(1+ β)        (3-6) 

 

where β is the ratio of rill erosion to interrill erosion obtained by: 
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Where θ is the slope angle [radians]. 
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3.1.1.4 Slope Steepness Factor, S 

Slope steepness (S) reflects the effect of slope gradient on soil erosion.  RUSLE 

documentation provides estimates of the slope steepness factor as evaluated in McCool et 

al. (1987).  The RUSLE slope steepness factor, S, is defined as: 

 

03.0sin8.10 += θS    s < 9%   (3-8) 

 

5.0sin8.16 −= θS    s >= 9%  (3-9) 

 

Where: 

θ is the slope angle [radians] 

s is the slope percent [(m m-1)*100] 

3.1.1.5 Cover and Management Factor, C 

RUSLE estimates the cover and management factor (C) as a function of five 

subfactors.  For time-varying land uses such as croplands, all subfactors are multiplied to 

generate the soil loss ratio (SLR) for 15-day intervals.  The RUSLE C factor is obtained 

by multiplying the SLR by the rainfall and runoff erosivity (EI) during the corresponding 

time interval, and the summation of the product over the period of one year is divided by 

the annual rainfall erosivity as given below: 

 

SMSRSCCCPLUSLR ****=     (3-10) 
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Where: 

SLR is the soil loss ratio for the time interval 

PLU is the prior-land-use subfactor 

CC is the canopy-cover subfactor 

SC is the surface-cover subfactor 

SR is the surface-roughness subfactor 

SM is the soil-moisture subfactor 

The C factor is then obtained according to the formula: 
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      (3-11) 

 

Where C is the cover and management factor 

SLRi is the soil loss ratio for the time interval i 

EIi is the fraction of rainfall and runoff erosivity occurring during time interval i 

EIt is the total rainfall and runoff erosivity form i = 1 to total number of intervals, 

n. 

For situations where cover conditions can be assumed to be constant throughout 

the year, such as forest and pasture lands, the subfactors are assumed to be annual 

averages and the C factor is simply obtained by multiplying together those subfactor 

values.    Where a detailed land use management description is available, the C-factor is 

estimated for the given land use by running RUSLE.  For other land uses, the cover and 
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management factor is estimated based on reported values in the literature.  Such values 

are typically reported for long-term average annual factors. 

3.1.1.6 Support Practice Factor, P 

The support practice factor (P) reflects the effects of contouring (tillage and 

planting on or near the contours), stripcropping, terracing, and subsurface drainage.  

Support practices influence erosion by reducing the amount and rate of surface runoff by 

modifying flow pattern, grade, or direction (Renard and Foster, 1983).  For locations 

where enough information is available, the P-factor values are obtained by running 

RUSLE and then creating input grids for use within AMEENA.  Otherwise, the P-factors 

available in the literature are used. 

3.1.2 Transport Capacity Estimation 

AMEENA is intended to produce average annual estimates for erosion, 

deposition, and sediment yield.  However, the model may be run with shorter time scales.  

The shorter time scale can be a single storm or a time period that includes multiple 

storms.  The time frame of the transport capacity as represented in AMEENA is the same 

as the time frame used to obtain the gross erosion estimate.  It is important to keep in 

mind that AMEENA is not a dynamic model and does not produce results that are the 

collective outcome of short time step runs such as the case in ANSWERS. 
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The form of transport capacity relation implemented in AMEENA is similar to the 

one discussed by Prosser and Rustomji (2000) and given in Equation 2-1 with differences 

that are discussed below.  The transport capacity within AMEENA is estimated as a 

function of local cell slope, incoming flow volume, and land use / land cover as follows: 

 

βα sq
n

aTc 5.1

1
=       (3-12) 

 

where: 

Tc is the sediment transport capacity of flow [mass width-1 time-1], 

a is calibration coefficient [mass time-1 width-(1+2 α)], 

α, β are exponents, 

n is Manning’s roughness coefficient [dimensionless], 

s is cell slope [m m-1], 

q is surface runoff volume per unit width [m3 m-1] resulting from a 10 yr 24 hr 

design storm. 

The flow term in Equation 3-12 has traditionally been represented by flow rate at 

a given time step.  However, since AMEENA is not a dynamic model, flow rate is 

replaced with cumulative flow volume on a cell by cell basis.  The change from flow rate 

to flow volume is justified when considering that over a long term, areas within the 

watershed that experience higher flow rates also pass higher volumes of flow as well.  In 

developing a drainage basin peak discharge rating curve, Rogers and Singh (1988) found 

peak discharge to be linearly related to flow volume for multiple streams. 
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The spatial distribution of sediment transport capacity is very important in 

AMEENA since such distribution determines the rate of sediment deposition at various 

locations within the study area.  Moreover, both flow rate and total flow volume at a 

point in the upland areas of the watershed are both impacted by upstream land use and 

drainage area.  It is therefore expected that both flow rate and flow volume have similar 

spatial distribution at a watershed level. 

The calibration coefficient (a) in Equation 3.12 serves two functions.  First, it 

accounts for parameters that influence sediment transport capacity that are not directly 

represented in Equation 3.12.  According to Prosser and Rustomji (2000), the calibration 

coefficient represents the landscape characteristics that are not directly reflected in the 

transport capacity formula and have influence on the rate of sediment transport.  Such 

characteristics include rainfall intensity, particle characteristics and soil erodibility, and 

infiltration rate. 

The second function of the transport capacity coefficient (a) is to calibrate the 

watershed-wide sediment transport capacity in order to produce the desired total sediment 

yield, and hence, total deposition.  The transport capacity grid obtained using the design 

storm represents a pulse response that is scaled up or down by adjusting the calibration 

coefficient. 

Prosser and Rustomji (2000) reviewed several transport capacity equations that 

were derived for shallow overland flow where extensive work has been done to derive the 

α and β exponents.  Those two constants were derived theoretically in some of the 

presented formulas and empirically for others.  The α values ranged between 0.8 and 1.8 

and most β values ranged between 0.7 and 2.0 with a median value of both exponents of 
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about 1.4.  Prosser and Rustomji (2000) argued that using equal values of α and β results 

in a relatively even weighting of spatial patterns of q and s and that, increasing the 

magnitude of the exponents increases the strength of topographic variation in transport 

capacity.  Due to the degree of variation in the values of the α and β exponents, their 

values are estimated by calibration.  The values for α and β are used in further analysis 

with AMEENA. 

Flow volume in Equation 3.12 is estimated based on the NRCS curve number 

(CN) method.  The long-term average CN value for each grid-cell is used with 

precipitation from a design storm.  A 10-yr 24-hr design storm is used since storms with 

these characteristics are typically used with many soil conservation management 

practices.  The NRCS rainfall-runoff relationship is given by (SCS, 1972): 
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       (3-13) 

 
 

where:  

P is the rainfall depth resulting for a 10-yr 24-hr design storm [mm]; 

Q is the depth of excess rainfall [mm]; 

Ia is the initial abstractions [mm]; 

S is the volume of total potential storage [mm]. 

Storage includes both the initial abstractions and total infiltration. The initial 

abstraction is a function of land use, treatment and condition, interception, infiltration, 

detention storage, and antecedent soil moisture (Novotny and Olem, 1994). The initial 

abstraction and the total storage are related as follows: 
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SI a 2.0=         (3-14) 

 
 

Substituting Ia into the runoff equation yields: 
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The potential storage S (in millimeters) is obtained using the formula: 

 

254
25400

−=
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S        (3-16) 

 
 

Where CN is the curve number that can be obtained from standard tables for 

different combinations of land use and land cover, soil hydrologic group, treatment, and 

condition. 

The runoff depth for each grid cell is then accumulated downstream to generate 

inflow into each cell from its contributing area utilizing the “flowaccumulation” function 

in ArcView Spatial Analyst.  The “flowaccumulation” function uses the flow direction of 

each grid cell to route flow downstream with the weight grid being the excess rainfall.  

Slope percent is estimated from the digital elevation model (DEM) of the study area and 

Manning’s roughness coefficients are obtained from the literature. 
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3.1.3 Transport Capacity Calibration 

AMEENA is intended to be used as a tool that is easy to implement for the 

purpose of comparing different scenarios of management as opposed to producing 

absolute predictions of sediment yield.  Therefore, for a fixed gross erosion grid, the 

corresponding transport capacity grid is calibrated by adjusting the “a” factor.  This 

adjustment guarantees that the overall predicted sediment yield matches the observed or 

pre-determined sediment yield from the same area.  This adjustment allows the sediment 

transport capacity to vary spatially but at the same time result in an overall sediment yield 

that is in line with either observed sediment yield or estimated sediment yield using 

empirical formulas.  This procedure is similar to Fraser’s (1999) procedure discussed 

earlier where the grid cell SDRs were adjusted to obtain an overall SDR that was 

estimated for the entire watershed using a standard SDR formula. 

The transport capacity calibration coefficient (a) is adjusted based on the study 

area’s sediment delivery ratio as presented by Williams and Berndt (1977).  In the cases 

where observed sediment yield data are available, such data can be used to calibrate the 

sediment transport capacity.  The appealing aspect about the SDR relationship presented 

by Williams and Berndt is that it incorporates the curve number (and hence, land use) as 

one of the parameters used to estimate SDR.  This is in contrast to estimating the overall 

SDR as a function of drainage area only as was the case with Fraser’s SEDMOD model 

(Fraser, 1999).  The William and Berndt SDR formula is currently used in the NOAA’s 

Coastal Services Center in their Nonpoint Source Pollution and Erosion Comparison Tool 

(N-SPECT) and is given below: 
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( ) ( ) ( ) 444.53629.00998.01110366.1 CNZLDASDR
−−×=    (3-17) 

 

where: 

SDR is sediment delivery ratio [dimensionless] 

DA is the drainage area [km2] 

ZL is relief-length ratio [m km-1] 

CN is the long-term average NRCS curve number. 

Since this SDR formula was developed for certain range of watershed sizes and 

characteristics, the user can employ a more site specific SDR equation if such a 

relationship exists.  The current formula was developed using 35 basins with size ranging 

between 0.8 and 39.9 km2, average slope between 1.52% and 4.52%, and relief to length 

ratio of 4.28 m km-1 to 15.04 m km-1. 

3.1.4 Sediment Routing 

To be able to route sediment over the DEM surface, the flow path from each cell 

to the edge of streams is defined based on the raster flow direction function.  The routing 

algorithm is developed based on the ArcView Spatial Analyst “flowlength” function.  

Flow length defines flow travel distance and is estimated here from each cell to ridge 

cells by back tracking the flow direction grid. 

The flow direction utilizes the D8 concept where flow from each cell can go into 

only one of eight neighboring cells based on the maximum downward gradient.  Flow 

directions used in ArcView Spatial Analyst are shown in Figure 3.2.  The “flowlength” 
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function requires a weight grid to estimate the flow distance.  The weight grid for 

distance in AMEENA is the travel distance within each grid cell. 

32
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1
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4
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16

 
Figure 3.2. Flow direction values. 

The value of travel distance within a cell was estimated based on consideration of 

flow direction within each cell and the flow direction in the cell downstream.  For each 

grid cell, flow can either be orthogonal, diagonal, or a combination of both.  Cells with 

orthogonal flow direction (Flow Direction = 1, 4, 16, or 64) were assigned a flow length 

equal to the cell width.  On the other hand, cells with diagonal local flow direction (Flow 

Direction = 2, 8, 32, or 128) and flow continuing diagonally through the downstream cell, 

flow distance was the product of cell width and square root of 2 (Pythagorean Theorem).  

Finally, for those cells with local diagonal flow direction and orthogonal flow direction in 
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the cell downstream, local flow length is equal to ([0.5 + (√2)/2] * cell width).  Table 3.1 

gives the values for flow distance within a cell as a function of flow direction. 

Table 3.1. Travel distance within each cell as a function of local flow direction and flow direction of 

the downstream cell. 

 Travel Distance 

 Orthogonal Flow in 
Cell i 

Diagonal Flow Direction 
in Cell i 

Orthogonal Flow in Cell 
Downstream of Cell i 

cell width (0.5+(√2)/2) * cell width 

Diagonal Flow in Cell 
Downstream of Cell i 

(0.5+(√2)/2) * cell width √2 * cell width 

 

Once each grid cell is assigned a distance, slope angle is used to estimate 

horizontal distance since per the definition of slope length in the RUSLE equation, 

distance is horizontal.  Flow length function was run with the horizontal distance as 

weight grid.  For the purpose of creating flow length levels for the routing algorithm to 

loop through, an integer value of flow length was generated.  Each integer value of the 

flow length grid is called a “level” of flow length.  The level of flow length can be 

thought of as an index related to the length of a hillslope from the top of the hillslope to a 

point along the hillslope.  For non-converging flow where a cell receives flow from only 

one upstream cell, the level of flow length in the receiving cell must be larger than the 

level of flow length in the upstream cell.  For converging flow, where a cell is receiving 

flow from two or more inflowing cells, the level of flow length in the receiving cell is 

larger than the maximum level of flow length of the inflowing cells.  For example, a 

receiving cell of level 20 can be receiving flow from a cell with a flow length level of 19 
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and a flow length of 11.  This situation results when two hillslopes with different flow 

lengths converge at one location. 

A lookup function is run to identify all cells flowing into each level in the flow 

length grid.  This is a key point in the routing algorithm.  Knowing the flow length levels 

of all cells flowing into each level of flow length allows the routine to route sediment 

from cells possibly having varying levels of flow length but having a common feature in 

the fact that they all flow into the same level of flow length.  The routine loops through 

all levels of flow length where at each single loop, e.g. level 30, cells involved would be 

those having flow length level of 30 as well as cells having the downstream routing level 

of 30. 

The first step of the routing procedure is to look up the erosion and sediment yield 

in the ridge cells.  Ridge cells can be easily identified by querying the “flowlength” grid 

and identifying cells with flow length equal to zero, i.e. no cells are flowing into those 

cells.  Total erosion in those cells is estimated by multiplying the RUSLE estimate of soil 

erosion and the cell area in ha.  This number is then compared with sediment transport 

capacity on a cell by cell basis to generate deposition within, and delivery from the ridge 

cells.  The loop then continues to the next level of flow length integer grid, or level 1. 

At level 1, all cells that flow into a routing level of 1 are identified.  Also 

identified are cells with routing level of 1.  Total erosion in level 1 is then estimated as 

local erosion resulting from the RUSLE grid, plus delivery from the ridge cells.  This 

total erosion is compared with transport capacity of level 1 on a cell by cell basis.  If total 

sediment load is less than transport capacity, all sediment is routed to the downstream 

level, otherwise, only a sediment amount equaling the sediment transport capacity is 
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routed downstream and the rest is deposited within the level 1 cell.  This procedure is 

repeated until the final level of flow length is reached.  To save run time, the loop only 

goes through levels that do exist and skips levels in between.  The routing routine results 

in a deposition grid and a delivery grid.  Figure 3.3 shows a flow chart illustrating the 

routing algorithm processes.
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Figure 3.3.  Flow chart illustrating the processes of the routing algorithm as implemented within AMEENA.
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3.2 Model Evaluation 

AMEENA is evaluated on multiple scales including small watershed scale, field 

scale, and plot scale.  For the small watershed and field scales, AMEENA was calibrated 

for observed sediment yield to facilitate the comparison of the spatial distribution of 

erosion and deposition with observed sediment redistribution.  For the small watershed 

study, a small Ohio watershed was used in which sediment redistribution was measured 

by quantifying the redistribution of rare earth element oxides that bound to soil particles.  

For the field scale studies, two fields in Iowa are used where Cesium-137 was utilized as 

a tracer to estimate the accumulation and translation of soil over time. 

3.2.1 Small Watershed Scale - Coshocton Watershed 

3.2.1.1 Field Study Background 

A joint effort of three USDA-ARS offices (the National Soil Erosion Laboratory 

at Purdue University, the Southwest Watershed Research Center in Tucson, Arizona, and 

the North Appalachian Experimental Watershed in Coshocton, Ohio) conducted a study 

at the North Appalachian Experimental Watershed in Coshocton County, Ohio.  The 

watershed is about 15 km northeast of the city of Coshocton.  The study used multiple 

tracers to track erosion, translation, and deposition of sediment in the small watershed 

(Polyakov et al., 2004). 
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The watershed is 0.68 ha with a maximum length of 125 m and a range of relief of 

about 9 m with an average annual precipitation of 940 mm.  Three distinct geomorphic 

components exist in the watershed: shoulders with gradients less than 5o; backslopes with 

gradient between 5o and 12o; and finally, toeslopes with gradient between 1o and 3o.  

There are two distinctive channel systems in the watershed each draining about half of 

the total area separated by a nose slope near the center of the watershed.  Soils in the 

watershed fall within three soil series, Keene (silt loam at the top of the slope grades), 

Coshocton-Rayne (silt loam on the middle), and Clarksburg (silt loam at the toeslopes). 

Flow was monitored with an H flume.  Elevation was sampled at 154 points within the 

watershed using a transit. 

In terms of cropping operation, the watershed was disked using light equipment to 

about 8 cm depth once on April 30, once on May 1, twice on May 3, four times on May 

4, and once on May 10 of 2001.  The intensive disking was intended to smooth the 

surface soil before applying the tracers and to mix the top soil with the tracers after they 

were applied.  The watershed was planted with soybeans along the contours with spacing 

of 76 cm on May 11, 2001.  The crop was harvested on October 9, 2001. 

The watershed was subdivided into six morphological units considering flow 

accumulation, slope, aspect, existing rills and depositional areas.  This subdivision 

resulted in unique tracers being applied to toeslopes, shoulders, upper backslopes, lower 

backslopes, upper channels, and lower channels.  For the purpose of applying the earth 

element oxides, the watershed was subdivided into 12 polygons as shown in Figure 3.4.  

As illustrated in Figure 3.4, tracers were applied spatially in a manner ensuring that no 

area with a given tracer drained into another area with the same tracer.  The six earth 
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element oxides used were La2O3 (La), Pr6O11 (Pr), Sm2O3 (Sm), Gd2O3 (Gd), Nd2O3 

(Nd), and CeO2 (Ce).  Tracers were applied on May 2, 2001 using a calibrated lawn 

spreader. 

 
Figure 3.4.  Location of channels and morphological polygons labeled with the corresponding rare 

element name (La2O3 (La), Pr6O11 (La), Sm2O3 (Sm), Gd2O3 (Gd), Nd2O3 (Nd), and CeO2 

(Ce)). 

Soil surface samples were collected on June 17 and November 8, 2001 from 97 

sampling locations where samples were collected to a depth of 3 cm with a metal probe 

14.5 mm in diameter.  No two sampling points were closer to each other than 6 m and 30 

subsamples were taken randomly within 2 m from each sampling point.  Surface runoff 

was collected at the watershed outlet to calculate sediment yield from each rainfall event. 
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3.2.1.2 Observed Soil Redistribution 

Observed rare earth elements (REEs) concentrations were transformed into soil 

deposition estimates according to the following formula (Polyakov et al., 2004): 
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where Dx is soil deposition at a given location, x, within the watershed; 

Cmi is the measured tracer’s concentration at location x; 

Cbi is tracer’s background concentration; 

Cai is the application concentration; 

m is the mass of sample; and; 

A is the area of sample. 

Soil deposition at a given location is estimated based on the concentrations of 

REEs from upstream locations.  For example, only Gd concentrations are used to 

estimate soil deposition within La polygon areas (Figure 3.4).  Since Equation 3.18 

estimates soil deposition at a sampled location due to only one tracer, the application of 

this formula is repeated for each involved tracer and final deposition at any given location 

is considered a composite of deposition from all tracers. 

3.2.1.3 Comparison with AMEENA 

 The Coshocton watershed was modeled using AMEENA.  The elevation and 

coordinates of the 154 points measured within the watershed were imported into 

ArcView.  A digital elevation model of the watershed was created by interpolating the 
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point elevations into a 2 m raster using the regularized spline method.  Spline method was 

used since it results in smoother surface than Inverse Distance Weighted (IDW). 

Since the Polyakov et al. (2004) study estimated the observed gross erosion (as a 

sum of sediment yield and sediment deposition), the predicted gross erosion values 

obtained from AMEENA were calibrated to match this observed value.  This was 

accomplished by comparing the predicted summation of soil erosion from all grid cells 

and adjusting it to match the observed gross erosion.  Once the gross erosion grid was 

calibrated, the sediment transport capacity was also calibrated to obtain the desired 

sediment deposition.  This procedure ensured that deviation of the AMEENA estimated 

deposition from the observed deposition at the sampled locations was not due to total 

overall deposition as estimated by AMEENA being different from the total overall 

observed deposition.  Deposition at the sampled locations is also compared with the 

predictions of WaTEM/SEDEM. 

Several statistical procedures are used to compare the predicted and observed 

deposition values on a cell by cell basis for cells with observed and estimated values.  In 

addition to statistical comparison, the predicted deposition at the sampled locations is 

plotted against the observed values and is visually assessed for spread around the 1:1 line.  

The three-dimensional surfaces of observed and predicted erosion and deposition were 

visually compared.  The visual comparison provides a sense of how the model behaved 

spatially.  There are expected spatial patterns of erosion and deposition that a model 

providing good estimates should be able to produce.  For example, relatively high 

amounts of erosion are expected from areas of maximum slope.  Deposition, on the other 

hand, is expected at the lower ends of hillslopes where areas are flatter. 
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Statistical procedures used in the evaluation process includes root mean square 

error (RMSE) as follows: 
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where O and P are the observed and predicted deposition amounts at a given 

location, i, 

n is the number of sampled locations. 

The logarithmic mean arithmetic relative error LMARE is also calculated as: 

LMARE

rel error

n

i

n

= =

∑ log .10

1

                             (3-20) 

where rel.error is relative error in deposition and is given by: 
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where: 

PDi is the predicted deposition at sampling location i; 

ODi is the observed deposition at sampling location i; and; 

i is the ID of any given sampling location. 

 The LMARE places less importance on the extreme values and good predictions 

result in LMARE values that are negative. 
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Correlation between the predicted and observed estimates of sediment deposition 

at the sampled locations was also determined.  Correlation measures the strength of the 

relationship between two variables and is given by Ott (1993) as follows: 
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where i refers to the sampling location; 

n is the number of sampling locations; 

x and y are the predicted and observed values of sediment deposition at location i 

respectively; and; 

xmean and ymean are the predicted and observed average values of sediment 

deposition. 

When using linear regression, and for positively correlated variables such as the 

case of predicted and observed sediment deposition at various locations, it is desirable 

that the slope of the best fit straight line (β1) be as close to unity as possible.  A test 

statistic is available for evaluating the null hypothesis that β1 = 1 as follows: 

Ho: β1 = 1 

Ha: β1 ≠ 1 

Test Statistic: 
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where β1 is the slope of the best fit straight line and is given by: 
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and sε is a function of the sum of squares of error and is given by: 
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all variables in formulas 3.23 through 3.25 have been defined earlier. 

Another test statistic that looks at paired variables was also used.  Predicted and 

observed sediment deposition are considered paired since for each sampling location 

there exists a predicted and observed value of sediment deposition.  The test statistic 

selected here is the paired t-test as follows: 

Ho: µd = 0 

Ha: µd ≠ 0 

n

s

d
t

d

mean=        (3-26) 

Where µd is the mean of differences between predicted and observed sediment 

deposition represented here by the sample population mean of difference, dmean; 

sd is the standard deviation of the differences between predicted and observed 

sediment deposition at sampling locations; and; 

n is the number of sampling locations. 

Ideally, a model should have a frequency of under-prediction that is similar to the 

frequency of over-prediction.  Model estimates are evaluated for bias in terms of over-
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prediction or under-prediction tendencies.  This task is accomplished by calculating the 

ratio of over-prediction to under-prediction over the sampled locations. 

Another statistical parameter that is studied is the number of sampling locations 

that had a non-zero observed deposition as opposed to the number of sampling locations 

predicted by AMEENA to have the same criterion.  This statistic is valuable in the sense 

that one can have a predicted total amount of deposition similar to the observed amount 

but at having this amount spread over a smaller, or a larger region than what the observed 

sediment deposition is showing. 

3.2.2 Field Scale - Two Iowa Fields 

3.2.2.1 Field Study Background 

Cesium-137 was deposited on land surface during the 1950s and 1960s from the 

testing of nuclear weapons.  Cs-137 strongly adsorb to soil particles, and therefore, when 

soil particles move during erosion processes, Cs-137 moves in the same patterns which 

makes it a good tracer of erosion and deposition processes (Ritchie and McHenry, 1990).  

In theory, Cs-137 at an undisturbed location should reflect the background levels.  When 

those levels are compared with fields that have been under cultivation, increased or 

decreased amounts of Cs-137 indicate deposition and erosion, respectively. 

The current research uses two fields in Iowa where Cs-137 studies were 

conducted by the USDA-ARS staff.  Contributing offices to this study were the 

Hydrology and Remote Sensing Laboratory, Beltsville, MD, the Environmental Quality 
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Laboratory, Beltsville, MD, the Ohio Division of Geological Survey, Columbus, Ohio, 

and the National Soil Tilth Laboratory, Ames, IA.  The description below of the study is 

taken from Ritchie et al. (2005). 

The two Iowa farm fields (Baker and Finch fields) are located within Des Moines 

Lobe Till Plain in Central Iowa near Ames, Iowa, USA.  The areas are about 15 ha each 

with about 835 mm of annual average precipitation.  The soils in the fields are 

Hapludolls, Endoaquolls, and Calciaquolls (USDA, 1975).  Soil texture ranged from 

loam to clay loam.  The two fields are in corn/soybean rotation alternating each year. 

Transects were measured at about 5 m spacing with measurement accuracy of 

about 5 cm for location and elevation (Kasper et al., 2004; Venteris et al., 2004).  Soil 

was sampled on a 25-m grid in each field utilizing a 3.2 cm diameter push probe to the 

depth of 30 cm.  At sites of deposition, deeper soils samples were taken between 30 and 

50 cm.  Soil samples were taken at 5 cm increments at certain locations to measure the 

depth distribution of Cs-137.  Samples were collected from nearby locations were soil 

redistribution had not occurred to determine the baseline Cs-137.  More information on 

sample analysis is available in Ritchie et al. (2005). 

3.2.2.2 Observed Soil Redistribution 

The Cs-137 concentrations collected from the two Iowa fields were converted into 

net erosion estimates by the ARS staff using a mass balance model proposed by Walling 

et al. (2006). 



 

Methods 77 

3.2.2.3 Comparison with AMEENA 

Available data from the study includes elevation and net erosion (or deposition) 

for 134 and 231 points for Baker field and Finch field, respectively.  Digital elevation 

models for both fields were created at 10 m resolution using regularized spline 

interpolation.  Erosion and deposition estimates were conducted on a cell by cell basis 

according to methods presented in section 3.1. 

Similar statistical procedures are used for comparing AMEENA predictions of net 

erosion to the observed net erosion estimates as described in Section 3.2.1.3 of the 

Coshocton watershed with minor difference.  The differences reflect the fact that in 

comparing deposition predictions in the case of Coshocton watershed, no net erosion 

values were available at each sampling location.  For the Iowa fields however, the 

parameters compared are observed and predicted net erosion.  For instance, instead of 

comparing how many sampling locations were predicted to have a non-zero deposition, 

the number of sampling locations that are predicted to have more deposition than erosion 

is compared.  Moreover, the relative error is calculated for net erosion instead of 

deposition. 

3.2.3 Plot Scale - Comparison with RUSLE2 and WEPP 

In addition to validating AMEENA against observed watershed and field scale 

data, predictions are compared to those of two widely used erosion management models, 

namely, RUSLE2 and WEPP.  The goal in this section is to assess how the spatial 

distribution of erosion and deposition as predicted by AMEENA compares to the spatial 
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distribution predicted by the other models for different slope shapes, slope steepness, and 

slope length.  In running RUSLE2 and WEPP, profiles are created with various, slope 

steepness and shape, slope length, and management properties.  Detailed erosion and 

deposition data for various profile properties are not available and therefore, hypothetical 

profiles were created within the three models.  In addition, the same profiles are run with 

WaTEM/SEDEM.  Sediment yield as predicted by AMEENA and WaTEM/SEDEM was 

calibrated to WEPP and RUSLE2 sediment yields in order to be able to compare the 

spatial distribution of net erosion. 

One of the outputs generated from running WEPP is a plot or a text file describing 

the amount of erosion and deposition as function of distance from the top of the profile.  

To create identical profiles in RUSLE2, WaTEM/SEDEM, and AMEENA, data points 

describing the topography of the WEPP profile was exported where elevation is given as 

a function of distance from the most top point in the profile.  This information is used to 

create similar profiles in RUSLE2, AMEENA, and WaTEM/SEDEM.  This is 

accomplished in RUSLE2 by inserting more segments in the “Topography” input and 

assigning those segments slope and length properties that correspond to the WEPP 

profile.  As for AMEENA and WaTEM/SEDEM, DEMs were created from the point file 

exported from WEPP. 

Since deposition occurs only when slope is reduced enough to cause sediment 

transport capacity of flow to become less than sediment load, only slope shapes that have 

reduced slope towards the bottom of the slope profile were used when comparing net 

erosion.  Concave slopes and S-shape slopes fit this criterion as shown in Figure 3.5.  S-

shape slope consists of an upper convex part that experiences net erosion and a lower 
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concave part where deposition occurs.  For uniform and convex slopes, sediment yield is 

equal to gross erosion (Foster et al., 2003).  For concave and S-shape slopes, erosion and 

deposition are expected to vary along the profile. 

Three slope shapes including S-shape, concave, and uniform were evaluated.  For 

each slope shape, three levels of slope length and three levels of slope steepness were 

included in the analysis resulting in 9 combinations of steepness and length for each slope 

shape.  Erosion and deposition were compared at various locations along the profiles.  
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Figure 3.5. Various slope shapes including uniform, concave, convex, and S-shapes slopes. 
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3.3 Modeled Management Practices (Objective 3) 

AMEENA has the ability to represent management practices by adjusting the 

input parameters for either the gross erosion estimation relationship or the transport 

capacity relationship.  The input parameters that are controllable in the erosion and 

sediment transport capacity equations are support practice related or land use / land cover 

related. 

The Natural Resources Conservation Service (NRCS) provides a list of 

management practices dealing with soil erosion.  Each practice is described in a 

Conservation Practice Standard.  Table 3.2 provides a list of NRCS practices that can be 

modeled within the current framework, and description of these practices can be found at 

http://www.nrcs.usda.gov/technical/Standards/nhcp.html (accessed 11 July 2007).  The 

land use based practices can be implemented by adjusting the input parameters.  

All management practices shown in Table 3.2 can be implemented within 

AMEENA.  However, for the sake of illustrating the watershed response to spatially 

varied schemes of application of management practices, an on-site (critical area planting) 

and an off-site (filter strips) management practice are used here.  The selected 

management practices can be implemented with varying degrees of magnitude and 

location in order to assist in understanding the impact of such changes in location and 

magnitude on overall erosion and sediment yield. 
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Table 3.2 Management practices that can be implemented within AMEENA.  From http://www.nrcs.usda.gov/technical/Standards/nhcp.html (accessed 

11 July 2007). 

NRCS Management Practice 

Conservation 

Practice 

Standard 

Code Description (From NRCS standards) Modeling Approach 

Conservation Cover 327 

Establishing and maintaining permanent 
vegetative cover to protect soil and water 
resources. Adjust C, n, and CN 

Conservation Crop Rotation 328 

Growing crops in a recurring sequence on 
the same field. Adjust C, n, and CN 

Contour Buffer Strips 332 

Narrow strips of permanent, herbaceous 
vegetative cover established across the 
slope and alternated down the slope with 
parallel, wider cropped strips. Adjust C, P, n, and CN 

Contour Farming 330 

Tillage, planting, and other farming 
operations performed on or near the 
contour of the field slope. Adjust P 

Cover Crop 340 

Grasses, legumes, forbs, or other 
herbaceous plants established for seasonal 
cover and other conservation purposes. Adjust C, n, and CN 

Critical Area Planting 342 

Establishing permanent vegetation on 
sites that have or are expected to have 
high erosion rates, and on sites that have 
physical, chemical, or biological 
conditions that prevent the establishment 
of vegetation with normal practices. Adjust C, n, and CN 
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NRCS Management Practice 

Conservation 

Practice 

Standard 

Code Description (From NRCS standards) Modeling Approach 

Field Border 386 

A strip of permanent vegetation 
established at the edge or around the 
perimeter of a field. Adjust C, n, and CN 

Filter Strip 393 

A strip or area of herbaceous vegetation 
situated between cropland, grazingland, or 
disturbed land (including forestland) and 
environmentally sensitive areas. Adjust C, n, and CN 

Grassed Waterways 412 

A natural or constructed channel that is 
shaped or graded to required dimensions 
and established with suitable vegetation. Adjust C, n, and CN 

Pasture and Hay Planting 512 

Establishing native or introduced forage 
species. 

Adjust C, n, and CN 

Pond 378 

A water impoundment made by 
constructing an embankment or by 
excavating a pit or dugout. 

Assign a trapping 
efficiency 
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NRCS Management Practice 

Conservation 

Practice 

Standard 

Code Description (From NRCS standards) Modeling Approach 

In this standard, ponds constructed by the 
first method are referred to as 
embankment ponds, and those constructed 
by the second method are referred to as 
excavated ponds. Ponds constructed by 
both the excavation and the embankment 
methods are classified as embankment 
ponds if the depth of water impounded 
against the embankment at the auxiliary 
spillway elevation is three feet or more.  

Range Planting 550 

Establishment of adapted perennial 
vegetation such as grasses, forbs, 
legumes, shrubs, and trees. Adjust C, n, and CN 

Residue and Tillage 
Management 329 

Managing the amount, orientation, and 
distribution of crop and other plant 
residue on the soil surface year round 
while limiting soil-disturbing activities to 
only those necessary to place nutrients, 
condition residue, and plant crops. Adjust C, n, and CN 

Sediment Basin  350 

A basin constructed to collect and store 
debris or sediment. Assign a trapping 

efficiency 

Stripcropping 585 

Growing row crops, forages, small grains, 
or fallow in a systematic arrangement of 
equal width strips across a field. Adjust C, n, and CN 

Water and Sediment Control 638 
An earth embankment or a combination 

Assign a trapping 
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NRCS Management Practice 

Conservation 

Practice 

Standard 

Code Description (From NRCS standards) Modeling Approach 

Basin ridge and channel generally constructed 
across the slope and minor watercourses 
to form a sediment trap and water 
detention basin. 

efficiency 
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3.3.1 On-Site Management Practice, Critical Area Planting 

The purpose of critical area planting is to take out of production the cropland 

areas that are contributing the most to erosion or sediment yield.  Those areas are usually 

the ones that exceed a set threshold in terms of erosion production.  The implementation 

of this practice within GIS involves first determining a threshold of gross erosion rate or 

delivery rate.  Once such a threshold is determined, grid cells exceeding this threshold are 

converted from cropland production into another land use such as grass that is less 

erodible.  The effect on erosion and sediment yield can be assessed.  Input parameters 

within the model that reflect such change are adjusted and include Manning’s n and 

RUSLE C factor.  The changes in the hydrologic condition of the land allocated for 

permanent vegetative cover is modeled by adjusting the curve number. 

No erosion and sediment yield data are available for pre- and post-critical area 

planting for uses in the current research.  Therefore, the AMEENA response to such 

practice is evaluated by comparing the erosion and deposition predictions with estimates 

from WEPP and RUSLE2 as well as WaTEM/SEDEM using a set of hypothetical 

profiles.  Profile topographic characteristics are exported from WEPP similarly to 

procedures outlined in section 3.2.3.  Cells with the highest 10% of erosion rates are 

planted with grass.  Results of this comparison provide an understanding of how the 

magnitude of the relative change in gross erosion and sediment yield, as predicted by 

AMEENA, weighs against the relative change predicted by a similar spatially distributed 

model (WaTEM/SEDEM), and RUSLE2 and WEPP predictions. 
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3.3.2 Off-Site Management Practice, Filter Strips 

A filter strip is a buffer area around the stream where planted grass helps filter the 

sediment out of flowing water.  The hydraulic changes caused by filter strips are 

implemented within GIS by adjusting the Manning’s roughness coefficient for the cells 

allocated for the filter strip.  Increasing Manning’s roughness coefficient results in more 

hydraulic roughness and therefore, more impedance to flow.  Slower flow velocities 

within the filter strip result in reducing the sediment transport capacity and therefore, 

cause deposition.  In addition to changing Manning’s roughness coefficient, the curve 

number values are also changed to reflect the reduction in flow generating potential.  The 

third factor needing adjustment when changing a grid cell into a vegetative buffer cell is 

the USLE C factor. 

The response of AMEENA to such practice is evaluated by comparing the erosion 

and deposition predictions with estimates from WEPP and RUSLE2 as well as 

WaTEM/SEDEM for the same slope profile.  Profile topographic characteristics are 

exported from WEPP similarly to procedures outlined in section 3.2.3.  Filter strips with 

two different widths are placed at the bottom of the profile.  For each case, model 

estimates of erosion and deposition before and after the installation of filter strips are 

estimated.  Results of this comparison provide an understanding of how the magnitude 

and spatial variation of the relative change in gross erosion and sediment yield, as 

predicted by AMEENA, weighs against the relative change predicted by other models 

(WaTEM/SEDEM), RUSLE2 and WEPP). 
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3.4 Watershed Level Alternative Scenarios 

When soliciting farmers’ cooperation in the process of management practice 

implementation, a critical aspect that needs to be considered is the amount of land to be 

taken out of production.  Farmers are typically hesitant to implement a management 

practice if it means a loss of land or productivity.  Therefore, every effort should be made 

to minimize such impacts of management practices in order to maximize farmers’ 

involvement in the process. 

The routing capability within AMEENA enables the user to identify flow paths of 

sediment from source areas to stream.  This feature enables the modeler to place 

management practices either on-site, or at a location downstream of the source area (off-

site) and compare the erosion and sediment reductions resulting from the different 

scenarios.  This feature also allows the modeler to identify sediment tracks and 

experiment with placement of management practices along those tracks.  Scenarios of 

management practices selected earlier are simulated on a watershed level and the impact 

on both gross erosion and sediment yield to edge of streams are assessed. 

For filter strips, the model is capable of identifying grid cells flowing into streams 

and draining crop lands or any other type of land use.  This feature aids in targeting such 

areas and minimizing the land allocated for filter strips.  For the purpose of reducing 

sediment delivery to stream, one would not be interested in buffering streams at areas 

draining low sediment-producing land uses such as forest lands. 

A typical concern with placement of filter strips is that filter strips are much less 

effective when flow is concentrated instead of flowing over the filter strip as sheet flow.  

The model accounts for reduced trapping efficiency in the case of concentrated flow 
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since flow is used in estimating sediment transport capacity.  Therefore, higher flow 

within a cell translates into higher sediment transport capacity, resulting in less 

deposition within that cell and more delivery to streams.  This ensures that trapping 

efficiency is not exaggerated for those locations. 

The effect of filter strip width is also studied.  Two different widths are used 

including 10.29 m (1-cell wide buffer) and 20.58 m (2-cell wide buffer).  Widths up to 

about 20 m were selected to keep the maximum buffer width at a reasonable amount.  

Using different filter strip widths provides an insight into balancing the reduction in 

sediment yield with the amount of land lost to filter strips.  Another factor to be evaluated 

is the location of the filter strip with regard to the targeted field.  Filter strips are placed 

as field borders at the bottom of the fields or as filter strips at the edge of streams.  Three 

model runs are conducted for this part of the evaluation where all filter strips are placed 

at the edge of the fields in the first run and as stream buffers in the second run.  The third 

model run is a combination of the first two.  Lastly, the impact of the choice of grass type 

on sediment yield is assessed by varying Manning’s roughness coefficient of the filter 

strip.    

Critical area planting impacts on sediment yield are assessed by identifying the 

erosion potential in each grid cell and then changing the land cover into permanent grass 

cover for the highest 5% and 10% of erosion generating cells.  Both gross erosion and 

sediment yield resulting from those scenarios are compared.  In certain situations, areas 

producing the highest amounts of gross erosion may not necessarily be the same areas 

contributing the most sediment to streams due to deposition taking place in overland 
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areas.  For this reason, a run is conducted where areas contributing the most sediment to 

streams are identified and converted into permanent grass. 
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4 Results and Discussion 

The AMEENA model was built within ArcView Spatial Analyst as described in 

section 3.1 using AVENUE coding language.  The Revised Universal Soil Loss Equation 

is implemented with the model to estimate the gross erosion.  Sediment Transport 

capacity is estimated as a function of land use and land cover, local area slope, and 

incoming flow volume.  The sediment routing algorithm compares erosion and sediment 

transport capacity on a cell by cell basis progressively from the top most cells in the 

watershed down to the edge of streams.  This routing procedure results in delivery and 

deposition estimates for each grid cell. 

4.1 Gross Erosion Estimation 

Gross erosion was estimated based on the Revised Universal Soil Loss Equation 

(RUSLE) implemented within raster-based GIS as described in Section 3.1.1.  A 

description of the process of generating all factors used in RUSLE is described in each 

corresponding study including Finch field, Baker field, and Coshocton watershed. 

4.1.1 Field Scale – Finch Field, Iowa 

The point elevation data described in section 3.2.2.1 was used to create a 10 m 

DEM for the study area (Figure 4.1).  The surface was interpolated using the regularized 
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spline method with the default values of weight (0.1) and number of points (12 points).  

Figure 4.2 shows the drainage relationship between the area of interest of Finch field and 

the surrounding area.  It is evident from this figure that the Cs-137 sampling area of 

Finch field used in this study is an upland area, which is not receiving flow from other 

adjacent areas.   
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Figure 4.1. 10 m DEM of the Finch field study area generated from elevation points using regularized 

spline method. 
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Figure 4.2.  The relationship of Finch field to surrounding area along with sampling locations of Cs-

137 (aerial photo courtesy of the USDA-ARS National Soil Tilth Laboratory) . 
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A RUSLE rainfall erosivity factor of 150 hundreds of foot.tonf.inch/(acre.hour) 

was estimated from the isoerodent map of the eastern United States for Story County, 

Iowa and converted to SI units by multiplying it by 17.02 resulting in units of 

MJ.mm/(ha.h.yr) (Figure 4.3.a).  The soil erodibility factor, K, was extracted from the 

soils layer obtained from the Story County Soil Survey (SSURGO).  Soils and their 

corresponding K factor values are given in Table 4.1.  The values of K factor extracted 

from SSURGO were multiplied by 0.1317 to convert them into SI units of 

t.ha.h/(ha.MJ.mm) (Figure 4.3.b).  As for the support practice, factor, P, a value of 1 was 

used since no support practices were reported for the study area (Figure 4.3.c). 

Table 4.1.  K factor values for soils within the Finch Field, Story County, Iowa (SSURGO). 

Soil Series, map symbol K factor [ton.acre.hour / hundreds of acre.foot.tonf.inch] 

Okoboji, ponded, 6 0.32 
Nicollet, 55 0.24 

Harps, 95 0.24 

Webster, 107 0.24 

Clarion, 138B 0.24 

Clarion, moderately eroded, 
138C2 

0.28 

Canisteo, 507 0.24 

 

Since the entire area of interest in Finch field was under cultivation, only one 

RUSLE C factor value was used.  The long term C factor was estimated using RUSLE 

version 1.06c.  Management in this field changed around 1992.  Prior to 1992, the field 

was plowed with moldboard in the fall after corn and chisel plowed after soybean.  In the 

summer, 1 row of cultivation was done for corn and soybean.  During spring, 1 or 2 field 

cultivations were made to smooth the surface for bed preparation.  This management 

resulted in an average RUSLE C factor for the rotation of 0.291.  Post 1992, similar 
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management was done except for the fall moldboard that was replaced by deep chisel 

plowing.  This management resulted in an average RUSLE C factor of 0.244 for the 2-

year rotation.  Considering that there was about 40 years between the application of Cs-

137 and the Cs-137 sampling done in 2001, a time weighted average based on 

management was considered for the C factor which resulted in a long term average value 

for the RUSLE C factor of 0.28 (Figure 4.3.d).    

In addition to the above parameters, the slope steepness factor, S(Figure 4.3.e), 

and slope length factor, L (Figure 4.3.f) were estimated based on formulas given in 

Chapter 3 and a grid representing the average annual gross erosion [t ha-1 yr-1] was 

generated.  A separate value of slope length factor was estimated based on RUSLE-2D 

for use with WaTEM/SEDEM model.  The resulting gross erosion from the application of 

RUSLE resulted in an average annual value of 8.95 t ha-1 yr-1 (Figure 4.4). 
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Figure 4.3.  Finch field RUSLE parameters for grid cell size of 10 m. 
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The application of RUSLE-2D resulted in an average annual gross erosion of 8.55 

t ha-1 yr-1 (Figure 4.5).  To facilitate the validation of AMEENA in predicting the spatial 

patterns of net erosion, the gross erosion estimates from the application of RUSLE and 

RUSLE-2D were adjusted based on the interpolated grid of observed net erosion as 

estimated from the Cs-137 concentrations.  For the purpose of this calibration, the 

observed net erosion estimates for the Finch Field at the 148 points collected during the 

study of the ARS team were interpolated to a 10 m raster and average soil erosion from 

areas experiencing net erosion were compared with the RUSLE and RUSLE-2D 

estimates.  The observed average annual erosion in those areas was approximately twice 

the amount predicted by RUSLE and RUSLE-2D and therefore, the RUSLE and RUSLE-

2D estimates were calibrated upwards to match the observed estimates.  The goal for this 

adjustment is to facilitate the comparison of the spatial patterns of erosion and deposition 

as predicted by AMEENA and WaTEM/SEDEM, and the observed spatial patterns by 

minimizing the error resulting from errors in gross erosion estimation. 

Gross erosion produced by both RUSLE and RUSLE-2D behaves in an expected 

manner spatially.  Areas near the ridges where both slope steepness and slope length are 

small are experiencing smaller amounts of erosion (generally around 1 to 2 t ha-1 yr-1) 

while middle of slopes with high slope steepness and medium slope lengths are 

experiencing the highest erosion amount (generally higher than 20 t ha-1 yr-1).  Lower 

areas have low erosion rates, even with high slope length values (generally less than 1 t 

ha-1 yr-1).  This is due to the fact that those areas are flatter and the slope steepness is 

small as evident from Figure 4.3.e.  The white cells in the middle of those lower areas 

represent sinks. 
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Figure 4.4.  Average annual gross erosion [t ha

-1
 yr

-1
] for Finch Field based on RUSLE estimates. 
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Figure 4.5.  Average annual gross erosion [t ha

-1
 yr

-1
] for Finch Field based on RUSLE-2D estimates. 
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4.1.2 Field Scale – Baker Field, Iowa 

The point elevation data described in section 3.2.2.1 was used to create a 10 m 

DEM for the study area.  The surface was interpolated using the regularized spline 

method with the weight of 0.1 and 12 points (Figure 4.6).  Figure 4.7 shows a three 

dimensional layout of the Baker Field along with Cs-137 sampling locations on an aerial 

photo background of the field.  A depression in the center of the field is evident in this 

photo, which confirms the realization of Kaspar et al. (2004) that “surface water 

frequently accumulates and remains in closed depressions for several days after high 

intensity and/or high volume precipitation events”. 

  Unlike the Finch Field, the area under study in Baker Field receives flow from 

adjacent areas.  For this reason, the elevation of the outskirts of Baker Field that were not 

covered by the point elevation collected by the ARS team were obtained from the 

National Elevation Dataset (NED).  The process of combining the two elevations datasets 

involved adjusting the point elevation upward by adding 26m.  This was necessary since 

elevation at the observed points was consistently around 26m less than the elevation 

obtained from the NED for the same location due to different datums.  The only areas 

from outside the sampling region that were contributing direct overland flow to the study 

area were considered since concentrated flow is not the focus of the current research 

project. 
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Figure 4.6.  10 m DEM of the Baker field study area generated from elevation points using 

regularized spline method. 

 



 

Results and Discussion 102 

 
Figure 4.7.  A 3-dimensional layout of the Baker Field based on the interpolated 10 m elevation grid 

(aerial photo courtesy of the USDA-ARS National Soil Tilth Laboratory). 

A RUSLE rainfall erosivity factor of 150 hundreds of foot.tonf.inch/(acre.hour) 

was estimated from the isoerodent map of the eastern United States for Boone County, 

Iowa and converted to SI units by multiplying it by 17.02 resulting in units of 

MJ.mm/(ha.h.yr) (Figure 4.8.a).  Soil erodibility factor, K, was extracted from the soils 

layer obtained from the Boone County Soil Survey (SSURGO).  Soils and their 

corresponding K factor values are given in Table 4.2.  The values of K factor extracted 

from SSURGO were multiplied by 0.1317 to convert them into SI units of 

t.ha.h/(ha.MJ.mm) (Figure 4.8.b).  As for the support practice, factor, P, a value of 1 was 

used since no support practices were reported for the study area (Figure 4.8.c). 
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Table 4.2.  K factor values for soils within the Baker Field, Boone County, Iowa (SSURGO). 

Soil Series, map symbol K factor [ton.acre.hour / hundreds of 

acre.foot.tonf.inch] 

Nicollet, 55 0.24 
Harps, 95 0.24 

Webster, 107 0.24 

Clarion, 138B 0.24 

Clarion, moderately eroded, 0.28 

Canisteo, 507 0.24 

 

To develop the RUSLE cover management factor, C, the 30m grid National Land 

Cover Dataset 1992 (NLCD 1992) was used to identify land uses.  The study area of 

Baker field included several land uses and was predominantly occupied with row crops.  

The long term C factor was estimated using RUSLE version 1.06c.  Management in this 

field changed around 1981.  Prior to 1981, the field management consisted of fall 

moldboard plowing followed by disking and harrowing.  Since 1981, the field 

management consisted of fall chisel plowing or disking followed by harrowing before 

soybean planting from 1981 (Jaynes et al., 2003; Kaspar et al., 2004; Parkin and Kaspar, 

2003).  The pre-1981 management resulted in an average RUSLE C factor for the 

rotation of 0.282 while post 1981 management resulted in an average RUSLE C factor of 

0.255 for the 2-year rotation.  Considering that there was about 40 years between the 

application of Cs-137 and the Cs-137 sampling done in 2001, a time weighted average 

was considered for the C factor which resulted in a long term average value for the 

RUSLE C factor of 0.27.  The C factor values for all land uses within the study area are 

given in Table 4.3 and Figure 4.8.d shows the C factor for the Cs-137 sampled area of 

Baker field.  
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Table 4.3.  C factor values for land uses within the Baker Field, Boone County, Iowa. 

Land Use (MRLC code) RUSLE C 

factor 

Commercial/Industrial/Transportation (23) 0.0301 
Deciduous Forest (41) 0.0011 

Grasslands/Herbaceous (71) 0.0031 

Pasture/Hay (81) 0.0031 

Row Crops (82) 0.270 

Emergent Herbaceous Wetlands (92) 0.0011 

Woody Wetlands (91) 0.0011 

Emergent Herbaceous Wetlands (92) 0.0011 

 

In addition to the above parameters, the slope steepness factor, S (Figure 4.8.e), 

and slope length factor, L (Figure 4.8.f) were estimated based on formulas given in 

Chapter 3 and a grid representing the average annual gross erosion [t ha-1 yr-1] was 

generated.  This analysis resulted in two gross erosion grids, one based on RUSLE for 

use with AMEENA and the other based on RUSLE-2D for use with the 

WaTEM/SEDEM model.  Average annual gross erosion estimated using RUSLE was 

7.44 t ha-1 yr-1 (Figure 4.9). 
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Figure 4.8.  Baker field RUSLE parameters for grid cell size of 10 m. 
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The application of RUSLE-2D resulted in an average annual gross erosion of 7.19 

t ha-1 yr-1 (Figure 4.10).  To facilitate the validation of AMEENA in predicting the spatial 

patterns of net erosion, the gross erosion estimates from the application of RUSLE and 

RUSLE-2D were adjusted based on the interpolated grid of net erosion as estimated from 

the Cs-137 concentrations.  The comparison between the estimates of RUSLE and 

RUSLE-2D and the observed estimates were conducted within areas experiencing net 

erosion as determined by the Cs-137 values.  The observed net erosion estimates for the 

Baker Field at the 230 points collected during the study of the ARS team were 

interpolated to a 10 m raster and average soil erosion from areas experiencing net erosion 

were compared with the RUSLE and RUSLE-2D estimates.  The observed average 

annual erosion in those areas was approximately twice the amount predicted by RUSLE 

and RUSLE-2D and therefore, the RUSLE and RUSLE-2D estimates were calibrated 

upwards to match the observed estimates.  The goal for this adjustment is to facilitate the 

comparison of the spatial patterns of erosion and deposition as predicted by AMEENA 

and WaTEM/SEDEM and the observed spatial patterns by minimizing the error resulting 

from the gross erosion estimation. 

Gross erosion produced by both RUSLE and RUSLE-2D behave in an expected 

manner spatially.  Areas near the ridges where both slope steepness and slope length are 

small have lower rates of erosion (generally less than 4 t ha-1 yr-1) while in the middle of 

slopes with high steepness and medium slope lengths have the highest erosion rates 

(generally higher than 20 t ha-1 yr-1).  Lower areas have low erosion rates (generally less 

than 2 t ha-1 yr-1), even with high slope length values.  This is due to the fact that those 
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areas are flatter and the slope steepness is small as evident from Figure 4.8.e.  The white 

cells in the middle of those lower areas represent sinks. 
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Figure 4.9.  Average annual gross erosion [t ha

-1
 yr

-1
] for Baker Field based on RUSLE estimates. 
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Figure 4.10. Average annual gross erosion [t ha

-1
 yr

-1
] for Baker Field based on RUSLE-2D estimates. 
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4.1.3 Small Watershed Study – Coshocton Watershed 

The study of Coshocton watershed within the context of the current research 

involved implementing the watershed characteristics, crop management, and 

meteorological data with AMEENA.  Gross erosion was estimated as the summation of 

erosion resulting from multiple storm events that occurred between May 21, 2001 and 

August 31, 2001. 

Since the redistribution of the heavy metal tracers that were applied to Coshocton 

watershed at the start of this study was a direct result of those storms, those storms’ 

characteristics were used to estimate the rainfall erosivity.  Since a short time frame is 

used, less accuracy is expected in gross erosion estimates.  The total amount of gross 

erosion during the entire study period is estimated as the summation of gross erosion of 

all individual storms. 

The 154 elevation points with coordinates were imported into GIS and a 2 m 

DEM was produced by interpolating the point elevation data using a regularized spline 

method.  Figure 4.11 shows the resulting DEM. 
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Figure 4.11.  Coshocton watershed elevation with reference to watershed outlet. 

During the observation period of Polyakov study of Coshocton watershed, several 

storms occurred.  Storm depths ranged from about 8 mm to 90 mm and maximum 30-

minute intensity ranged from about 8 mm hr-1 to 99 mm hr-1.  Table 4.4 shows the 

timeline of each of the storms considered in the calculations. 

The RUSLE rainfall erosivity factor is estimated for each storm event according 

to Equation 3.2.  A storm occurred on May 22, 2001, for which detailed rainfall data are 

not available.  The rainfall erosivity factor for this storm was approximated based on the 

ratio of the June 2 storm which has a known R factor value and generated a sediment 

yield amount that was the closest to the observed sediment yield for the May 22 storm.  

The May 22 storm generated twice as much sediment yield as the June 2 storm, therefore, 
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the May 22 storm was assumed to have an R factor of twice that of the June 2 storm, i.e. 

11.8 MJ mm ha-1 year-1.  Similar land cover conditions are expected among those two 

storms since they are only 10 days apart. 

To estimate the RUSLE soil erodibility factor, a map of the soils available in the 

study area was digitized and rasterized to the same cell size as the digital elevation 

model.  The delineated soils map of the Coshocton watershed is shown in Figure 4.12.  

Table 4.5 shows the rainfall erosivity factors for all storms. 

 
Figure 4.12.  Soil series within Coshocton watershed. 
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Table 4.4.  Observed storms in Coshocton watershed during the study period in 2001. 

5/21/2001 6/2/2001 6/6/2001 6/15/2001 7/25/2001 8/9/2001 8/31/2001 

Time  

(hr:min) 

Cumulative 

 Depth 

(mm) 

Time  

(hr:min) 

Cumulative 

 Depth 

(mm) 

Time  

(hr:min) 

Cumulative 

 Depth 

(mm) 

Time  

(hr:min) 

Cumulative 

 Depth 

(mm) 

Time  

(hr:min) 

Cumulative 

 Depth 

(mm) 

Time  

(hr:min) 

Cumulative 

 Depth 

(mm) 

Time  

(hr:min) 

Cumulative 

 Depth 

(mm) 

17:40 0.00 16:50 0.00 2:06 0.00 22:30 0.00 6:20 0.00 18:35 0.00 10:30 0.00 

17:50 0.76 17:00 0.25 2:18 2.54 22:34 7.62 6:22 1.27 19:06 0.25 11:00 0.51 

17:54 1.27 17:06 0.51 2:30 3.30 22:38 12.95 6:28 8.89 19:09 8.89 11:03 2.54 

18:00 2.54 17:09 2.79 3:00 3.56 22:40 15.49 6:33 10.16 19:14 12.95 11:11 10.41 

18:02 3.81 17:13 5.08 3:24 3.81 22:48 16.00 6:39 16.76 19:20 16.26 11:20 15.24 

18:06 7.62 17:16 7.87 3:40 4.06 22:55 16.26 6:42 18.80 19:30 17.27 11:28 16.76 

18:13 12.19 17:18 9.14 3:48 4.06   7:04 18.80 20:00 17.53 11:30 16.76 

18:18 27.94 17:20 10.16 3:53 6.35   7:11 25.40 20:41 18.03 11:46 18.29 

18:21 27.94 17:31 10.67 4:20 6.86   7:13 27.94 20:43 19.05 12:03 19.30 

18:23 29.21 17:33 10.92 4:31 7.87   7:23 46.99 21:10 19.30 12:27 19.56 

18:50 29.46 17:40 11.68 5:00 8.13   7:28 53.34   12:54 20.57 

  17:45 12.19     7:30 56.90   13:12 22.10 

  17:50 12.45     7:32 59.94   13:30 23.11 

        7:38 69.85   13:54 23.37 

        7:48 75.44   14:10 23.88 

        7:55 76.20   14:20 24.13 

        8:10 80.01     

        8:18 82.04     

        8:30 83.06     

        8:41 87.38     

        9:09 88.90     

        9:30 89.41     

        10:05 89.66     

        10:30 90.17     
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Table 4.5.  Characteristics of all storms during the study period of Coshocton watershed. 

 Storm Date 

 5/21/01 5/22/01 6/2/01 6/6/01 6/15/01 7/25/01 8/9/01 8/31/01 other 

Observed 
Total 
Precipitation 
(mm) 

29.5 17.3 12.4 8.1 16.3 90.2 19.3 24.1 113.5 

Observed 
Peak 
Precipitation 
(mm/h) 

189 46 56 27 114 114 173 59  

Observed 
Total Runoff 
(mm) 

8.3 7.4 2.2 trace 0.1 44.9 0.1 0.1 -- 

Observed 
Peak Runoff 
(mm/h) 

54.8 9.8 5.2 0.0 0.7 102.4 0.6 1.2 -- 

Observed 
Sediment 
Yield (Kg) 

1290 60 30 -- -- 2760 -- -- -- 

R value 
[MJ mm (hr 
ha)-1] 

22.1 
11.8 

(approxi-
mated) 

5.9 1.1 17.7 235.3 21.0 16.6  

 

Soil erodibility factor, K, for the soil series in the study area was obtained using 

the SSURGO on-line documentation.  The values of K factors were considered to be the 

Soil Erodibility Factor Whole (Kw).  Table 4.6 lists K factor values for all soil series 

available in Coshocton watershed.  Graphical representation of K factor is given in Figure 

4.13. 

Table 4.6.  K factor values for Coshocton watershed soils. 

Soil Series 

K factor 

[ton acre hour (hundreds of acre 

foot tonf
-
 inch)

-1
] 

Clarcksburg 0.37 
Keene 0.43 
Coshocton-Rayne 0.33 
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Figure 4.13.  RUSLE K factor [ton acre hour (hundreds of acre foot tonf

-
 inch)

-1
] for Coshocton 

watershed. 

Since this study was conducted over the span of a growing season from planting 

to harvest, the RUSLE C factor was expected to change during the growing season due to 

changes in crop canopy.  Therefore, C factor estimates were needed for individual days 

when storms occurred.  This was accomplished by utilizing RUSLE2, which estimates 

the C factor on a daily basis.  The tillage and management described in section 3.2.1.1 as 

well as soils information were entered into RUSLE2.  Table 4.7 lists those values.  It is 

noticeable how the C factor values are high at the beginning of the growing season when 

soil is freshly tilled, decreasing to much lower values towards the end of the growing 

season. 
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Table 4.7.  C factors corresponding to days when storms occurred (from RUSLE2). 

 Storm Date 

 5/21/01 5/22/01 6/2/01 6/6/01 6/15/01 7/25/01 8/9/01 8/31/01 

C factor 0.91 0.91 0.78 0.72 0.62 0.14 0.17 0.19 

 

The entire watershed was planted with soybean along the contours.  This results in 

a support practice factor (P) value of 0.5.  The slope length and slope steepness factors (L 

factor and S factor) were estimated for the watershed using the approach outlined in 

sections 3.1.1.3 and 3.1.1.4, respectively.  Graphics representing slope length factor and 

slope steepness factor for Coshocton watershed are shown in Figures 4.14 and 4.15, 

respectively.  It can be observed from the slope length figure that the value of the slope 

length factor increases as distance from the divide increases with highest values observed 

in areas where flow becomes concentrated at the bottom of the watershed.  Figure 4.16 

shows the slope length factor as estimated by RUSLE-2D method.  It can be seen that by 

comparing the RUSLE-2D and RUSLE slope lengths map that in the case of RUSLE-2D 

slope length factor, concentrated flow cells have higher slope length factors than 

concentrated flow cells in RUSLE L map. 
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Figure 4.14.  RUSLE slope length factor, L, [dimensionless] of Coshocton watershed. 
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Figure 4.15.  Slope steepness factor, S, [dimensionless] of Coshocton watershed. 
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Figure 4.16.  RUSLE-2D slope length factor, L, [dimensionless] of Coshocton watershed. 

The total gross erosion during the simulation period is the summation of gross 

erosion from all individual storms reported between May 21, 2001 and August 31, 2001.  

This task can be accomplished by summing gross erosion from individual cells in the 

gross erosion grid generated by running the AVENUE script (Appendix C).  The 

predicted total gross erosion for the simulation period as predicted by AMEENA was 

estimated at 26,650.4 Kg.  Based on the soil budget calculated in Polyakov et al. (2001), 

the observed gross soil erosion for the same period of time was 8,484 Kg.  This results in 

a relative error in AMEENA prediction of 214.1%.  Gross erosion was also estimated 

using the RUSLE-2D approach (in order to be routed within WaTEM/SEDEM model) at 

30,954.2 Kg, a relative error of 264.9%. 
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To be able to better compare the spatial accuracy of AMEENA and 

WaTEM/SEDEM deposition predictions with observed data from the Coshocton 

watershed, the total amount of gross erosion was calibrated to meet the observed total 

gross erosion recorded at the Coshocton watershed for the same study period.  This was 

accomplished by multiplying the gross erosion estimated by AMEENA and 

WaTEM/SEDEM by the ratio of observed gross erosion to predicted gross erosion.    

Figures 4.17 and 4.18 show predicted gross soil erosion using RUSLE and RUSLE-2D, 

respectively. 

 
Figure 4.17.  Non-calibrated estimates of soil erosion within AMEENA using the RUSLE approach. 
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Figure 4.18.  Non-calibrated estimates of soil erosion within AMEENA using the RUSLE-2D 

approach. 

It can be seen from studying the gross erosion figures (Figures 4.17 and 4.18) 

along with the slope length and slope steepness figures (Figures 4.14 and 4.15) that 

maximum erosion happens at areas with higher values of both slope length and slope 

steepness.  It can also be seen that using the RUSLE-2D approach generates more erosion 

within the concentrated flow areas, which is in line with expectations when replacing the 

original RUSLE slope length factor with an upstream area-based slope length factor.  The 

ArcView script for generating gross erosion based on RUSLE and RUSLE-2D is 

included in Section C.1 in Appendix C. 
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4.1.4 Summary 

Gross erosion was estimated based on the Revised Universal Soil Loss Equation 

(RUSLE) implemented within raster-based GIS as described in Section 3.1.1 for Finch 

and Baker fields as well as Coshocton watershed.  While average annual gross erosion 

was estimated for the two Iowa fields, gross erosion for Coshocton watershed was 

estimated as the summation of erosion resulting from several storms in 2001.  Crop 

management practices as well as area topography, soils, and climatic conditions were 

utilized in gross erosion estimation.  Gross erosion estimates were calibrated to observed 

values.  The calibration of gross erosion was intended to allow for an objective 

comparison of the spatial distribution of observed and predicted net erosion and 

deposition. 
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4.2 Sediment Yield Estimation 

Sediment yield was modeled based on a routing algorithm that routes the gross 

erosion from the top most cells in the landscape (ridge cells) down to sinks or stream 

cells.  Starting at the ridge cells, the routing algorithm within AMEENA was used to 

compare the gross erosion to the sediment transport capacity such that sediment was 

routed to the cell immediately downstream if transport capacity were equal or larger than 

gross erosion.  In cases where there was not enough transport capacity to deliver all 

eroded sediment to the downstream cell, an amount equal to the transport capacity was 

delivered downstream and the difference was considered sediment deposition within the 

cell. 

The total erosion in the downstream cell was considered to be the summation of 

the local gross erosion as predicted by RUSLE and the sediment delivered from the 

upstream cell.  The comparison between this total erosion and the cell’s transport 

capacity was conducted at the level of all cells receiving flow from ridge cells resulting in 

a breakdown of the total erosion at that level in between delivery to cells downstream and 

deposition within the current level.  This process was repeated until a sink grid cell, a 

stream grid cell, or an outlet is reached.  The output of AMEENA is five grids 

representing gross erosion, transport capacity, deposition, delivery, and net erosion.  The 

net erosion grid is positive in areas with more deposition than erosion whereas negative 

net erosion grid cells represent areas experiencing more erosion than deposition. 
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Since there many values in the literature for the exponents of the slope and flow 

parameters used in the transport capacity formula (Equation 3.12), the observed data sets 

from Finch and Baker fields in addition to the Coshocton watershed data set were used to 

determine those exponents for use in AMEENA.  Sensitivity analysis was first conducted 

to illustrate the effects of changes in the slope and flow exponents on the overall 

sediment redistribution. The ArcView script for estimating sediment transport capacity is 

available in Section C.1 in Appendix C. 

4.2.1 Transport Capacity Input Parameters 

The transport capacity formula (Equation 3.12) includes several parameters, some 

of which are estimated based on topography, land use, and soils, and some of which are 

estimated by calibration.  Parameters estimated based on the study area’s characteristics 

are NRCS curve number, Manning’s roughness coefficient, grid cell slope, and incoming 

flow volume.  On the other hand, parameters left for the calibration process are the 

exponents of flow rate and slope, and the “a” factor.  The exponents values were 

determined by the calibration process during model development and are recommended 

for future AMEENA applications.  However, the “a” factor is determined based on site 

characteristics and varies based on the amount of sediment yield from a given site. 

For the Coshocton watershed, a Manning’s roughness coefficient of 0.135 was 

used (Novotny and Olem, 1994).  Two curve number values were assigned; 82 for group 

C and 78.5 for group B/C based on the values available in curve number tables for 
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contoured row crops (SCS, 1975). As for Finch and Baker fields, values used for 

Manning’s roughness coefficients and curve numbers are given in Table 4.8 

Table 4.8.  Manning’s roughness coefficient and curve number values for MRLC land uses in Finch 

and Baker fields. 

Curve Number for Hydrologic Soil 

Group Land Use (MRLC code) 

Effective 

Manning’s 

Roughness 

Coefficient A B C D 

Commercial/Industrial/Transportation (23) 0.0111 891 921 941 951 

Deciduous Forest (41) 0.6002 551 551 751 801 

Grasslands/Herbaceous (71) 0.1501 491 691 791 841 

Pasture/Hay (81) 0.4003 681 791 861 891 

Row Crops (82) 0.1703 721 811 881 911 

Woody Wetlands (91) 0.6003 851 851 901 921 

Emergent Herbaceous Wetlands (92) 0.6003 771 771 841 901 

1 KINEROS documentation 
2 Novotny and Olem (1994) 
3 USDA-ARS (2005)  

4.2.2 Verification of Routing Algorithm 

Before proceeding with the process of calibrating the flow and slope exponents, 

AMEENA was first validated for accuracy of the routing algorithm.  Validating the 

routing algorithm is presented here since the following sections are based on the 

assumption that the routing algorithm works properly in terms of accounting for all 

eroded sediment and delivering it to the proper downstream destination.  This illustration 

involves focusing on a small region of the Coshocton study area to illustrate how 

AMEENA’s routing component accounts for converging and non-converging flows.  In 
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order to ensure that AMEENA accurately compares total erosion with sediment transport 

capacity and routes the sediment downstream properly, a subset of 4 X 4 grid cells from 

Coshocton watershed was studied.  Below is an illustration of this study (Figure 4.19). 

The ArcView script for sediment routing algorithm is available in Section C.2 in 

Appendix C. 
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Figure 4.19.  Sample output for the routing algorithm showing cell numbers,, local cell erosion, sediment delivered from upstream cells, total erosion, 

transport capacity, and deposition. 
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The arrows in the cells shown in Figure 4.19 indicate the flow direction.  The 

example can be illustrated with a 3 x 3 window of cells (cells 1 through 9).  However, 

cells 10 through 16 are shown in the delivery sub-figure since sediment from those cells 

is routed into the 9 cells of interest. 

For the given example in Figure 4.19, the total erosion in any cell is the 

summation of local erosion generated within that cell and the incoming erosion delivered 

from all upstream cells.  This total shown is compared with the sediment transport 

capacity on a cell by cell basis.  If the transport capacity within a cell is large enough to 

transfer the total erosion within a given cell to the cell downstream, there will be no 

deposition within that cell and sediment delivery is equal to cell’s total erosion (e.g., cells 

number 2, 6, and 9).  However, if cell’s transport capacity is less than total cell erosion, 

an amount of sediment that is equal to the sediment transport capacity is delivered to the 

cell downstream and the remainder is deposited within that given cell. 

Two types of flow can be identified within the group of cells shown.  Non-

converging flow such as the flow from cell number 15 to 8, and in turn to 5.  The inflow 

into cell number 8 is coming from only one cell (number 15) and cell number 8 is the 

only cell flowing into cell 5.  This is in contrast to the flow regime consisting of cells 

number 5, 6 and 2 where cell number 6 and cell number 5 flow into cell number 2.  The 

total erosion in cell 2 in this regime is the summation of local erosion (2.357 kg) and 

delivery from the two upstream cells (28.11+38.03 = 66.16) resulting in 68.50 kg.  The 

sediment transport capacity of cell 2 is 70.33 kg/m which results in all sediment in cell 2 

being transported downstream with no local deposition happening since there is enough 

transport capacity to transport all sediment downstream.  For any sediment routing 
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algorithm to be successful, the algorithm should be able to handle both types of flow 

regimes and route sediment into the proper downstream cell.  The numbers shown inside 

the cells given in Figure 4.19 help verify AMEENA’s ability to route sediment in both 

flow regimes. 

4.2.3 Transport Capacity Slope and Flow Exponents 

Before selecting the exponents of flow and slope in the transport capacity 

formula, a sensitivity analysis was conducted with the two exponents ranging from 0.6 to 

2.0.  This analysis was conducted in order to study the impact of change in the flow and 

slope exponents on overall deposition. Based on the exponent ranges reported in Prosser 

and Rustomji (2000), the flow and slope exponents were varied from 0.6 to 2.0 at 0.2 

increments.  This variation of exponents resulted in 64 combinations ranging from q0.6 s0.6 

to q2.0 s2.0.  For each simulation, the model was run and the sediment deposition grid [t] 

was summed.  The results of this analysis are shown in Figures 4.20 and 4.21.  This 

analysis was conducted using AMEENA with gross erosion generated from RUSLE 

using a 10 m grid cell size. 

It is evident from Figure 4.20 that total deposition increases as the exponent of 

slope increases, while an opposite trend is noticed for the case of increasing flow 

exponent.  This can be attributed to the fact that average flow volume per cell width for 

the study area is 4.6 m3 m-1 while the average slope percent is 0.027 [dimensionless].  An 

increase in the exponent for the case of flow rate causes an increase in transport capacity, 

and hence a decrease in deposition.  An increase in the exponent of slope percent (being 
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less than one) causes a decrease in transport capacity, and hence, a larger amount of 

deposition. 
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Figure 4.20.  Total sediment deposition [t] vs. slope exponent within Finch field based on 10 m grid 

cell size. 
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Figure 4.21. Total sediment deposition [t] vs. flow exponent within Finch field based on 10 m grid cell 

size. 
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The Finch field is an upland field not impacted by adjacent areas, thus it was used 

to narrow down the possible set of combinations of exponents of slope and flow in the 

transport capacity formula.  This set of possible exponents was selected based on 

statistical and visual comparison of predicted vs. observed net erosion.  The narrow set of 

exponents was then applied to the Baker field and Coshocton watershed for the purpose 

of selecting one set that produces statistically and visually reasonable fit between 

observed data and predicted data from all three datasets.  For each location with an 

observed value, the measured value was compared with the estimated value for that 

particular grid cell. 

For each exponent combination, AMEENA was run with different “a” factors 

(Equation 3.12).  When the “a” factor is varied, the mean, as well as individual grid cells’ 

sediment transport capacity varies accordingly causing deposition and net erosion to vary 

as well.  The idea behind changing the “a” factor for the same exponent combination is to 

obtain the best fit between observed and predicted net erosion for that exponent 

combination.  This change in the “a” factor allows comparing the best matches from all 

studied combinations among one another.  For example, Figure 4.22 shows the impact of 

varying the “a” factor on prediction accuracy of net erosion using the exponent 

combination of q0.8s1.0.  The remaining exponent combination plots can be found in 

Appendix B. 
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Figure 4.22.  Predicted vs. observed net erosion for Finch field, using RUSLE and 10 m grid cell size 

using three different “a” factor values with the same slope and exponent combination. 

Statistical comparison between predicted and observed net erosion in Finch field 

included looking at the correlation between observed and predicted values, root mean 

square error, logarithmic mean arithmetic relative error, bias, number of sampling points 

experiencing net deposition, paired t-test p-value, and β1 = 1  t-test p-value.  In addition 

to statistical comparison, visual inspection of the results is also utilized.  Table 4.9 shows 

the results of statistical comparison for 75 combinations of flow exponent, slope 

exponent, and “a” factor. 

The bias reported in Table 4.9 represents the ratio of the number of sample 

locations where predicted net erosion was greater than observed net erosion to the 

number of sample locations where predicted net erosion was less than observed net 

erosion.  The second measure, the number of points experiencing net deposition is 

compared to and observed value of 49 sample points experiencing net deposition. 
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In reviewing information presented in Table 4.9, certain combinations of 

exponents and “a” factor were eliminated since they provided poor statistical 

correspondence with observed data.  An example of such combinations is q1.4s1.0 with 

“a” factor equals 0.7 (Figure 4.23) since this combination produced only 16 points with 

predicted net deposition, meaning that deposition was concentrated in only a small area 

compared to the observed distribution of deposition. Flow exponents of 1.6 and up 

resulted in very few points experiencing net deposition compared to the observed number 

of points as well as low correlation.  The upper left quadrant of the scatter plot of those 

combinations (Appendix B) contains minimum, if any, points.  Those combinations can 

be eliminated from further analysis as well. 

Out of the 75 combinations listed in Table 4.9, a set of eight combinations was 

selected that produced reasonable statistical correspondence with observed dataset and 

also a reasonable visual agreement with observed dataset (shown in bold font in Table 

4.9).  The model was run with the flow and slope exponents in these eight combinations 

for Coshocton and/or Baker field.  Results of this analysis are discussed below. 
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Table 4.9.  Correlation, RMSE, LMARE, correlation, bias, number of points experiencing net 

deposition, paired t-test p-value, and β1 = 1 t-test p-value for Finch field (Bold indicates 

combinations resulting in reasonable statistical and visual correspondence between 

predicted and observed net erosion and are used in further evaluation). 

Exponents and “a” 

factor  combination 

Bias # of points 

experiencing 

net 

deposition 

(observed 

count is 49) 

C
o

rr
el

a
ti

o
n

 

R
M

S
E

 

L
M

A
R

E
 

Paired t-

test p-

value 

β1 = 1 

 t-test      

p-value 

q^0.8s^0.8, “a” = 0.25 1.38 45 0.48 20.9 -0.098 0.01463 <0.00001 
q^0.8s^0.8, “a” = 0.4 1.11 38 0.46 26.9 -0.08 0.08871 0.00028 

q^0.8s^0.8, “a” = 0.5 0.98 34 0.43 32 -0.027 0.23998 0.02363 
q^0.8s^1.0, “a” = 0.8   1.3 41 0.5 25.1 -0.091 0.04128 0.00024 
q^0.8s^1.0, “a” = 1.0   1.08 37 0.46 30.2 -0.004 0.14985 0.02424 
q^0.8s^1.0, “a” = 1.2   0.98 33 0.45 33 0.007 0.16299 0.09536 
q^0.8s^1.2, “a” = 1.0   3.09 74 0.36 26 0.093 0 <0.00001 
q^0.8s^1.2, “a” = 1.5   1.34 48 0.51 24 -0.077 0.01994 0.00004 
q^0.8s^1.2, “a” = 1.75   1.11 44 0.49 27 -0.039 0.06105 0.00344 
q^0.8s^1.2, “a” = 2.0   1.08 40 0.49 28.9 -0.026 0.06803 0.02028 
q^0.8s^1.4, “a” = 1.0   2.12 55 0.5 19.3 -0.025 0.00071 <0.00001 
q^0.8s^1.4, “a” = 1.5   1.98 55 0.5 19.6 -0.054 0.0007 <0.00001 
q^0.8s^1.4, “a” = 2.5   1.34 49 0.5 22.4 -0.052 0.00526 <0.00001 
q^0.8s^1.4, “a” = 4.0   1.15 44 0.49 28.3 -0.015 0.03653 0.01193 
q^0.8s^1.6, “a” = 5.0   1.43 49 0.47 24 -0.036 0.0104 <0.00001 
q^0.8s^1.8, “a” = 10.0   1.34 52 0.44 25.9 -0.018 0.01617 <0.00001 
q^0.8s^1.8, “a” = 7.0   1.73 56 0.46 21.8 -0.056 0.00169 <0.00001 
q^1.0s^0.8, “a” = 0.1   1.47 36 0.39 20.3 -0.043 0.0103 <0.00001 
q^1.0s^0.8, “a” = 0.5   1.47 42 0.45 22.6 0.013 0.10333 <0.00001 
q^1.0s^1.0, “a” = 0.4   1.43 42 0.46 21.6 -0.104 0.02132 <0.00001 
q^1.0s^1.0, “a” = 0.7   1.02 37 0.44 29.7 -0.07 0.23446 0.00539 
q^1.0s^1.0, “a” = 1.0   0.93 30 0.4 38.4 -0.052 0.57407 0.18258 
q^1.0s^1.2, “a” = 1.0   1.3 45 0.5 22.1 -0.071 0.01842 <0.00001 

q^1.0s^1.2, “a” = 1.3   1.15 42 0.49 25.8 -0.084 0.0977 0.00045 
q^1.0s^1.2, “a” = 1.6   1.15 38 0.48 28.8 -0.021 0.19818 0.02028 
q^1.0s^1.4, “a” = 2.0   1.34 47 0.51 21.7 -0.068 0.01489 <0.00001 
q^1.0s^1.4, “a” = 3.0   1.18 43 0.5 26.4 -0.042 0.08749 0.00366 

q^1.0s^1.6, “a” = 5.0   1.26 46 0.49 25 -0.027 0.04217 0.00006 
q^1.2s^0.8, “a” = 0.05   1.38 24 0.27 21.6 -0.003 0.01465 <0.00001 
q^1.2s^0.8, “a” = 0.1   1.18 23 0.27 25.9 0.004 0.08106 <0.00001 
q^1.2s^0.8, “a” = 0.5   0.6 12 0.23 92.1 -0.003 0.78153 0.98407 
q^1.2s^1.2, “a” = 0.5   1.52 40 0.4 21.5 -0.07 0.01705 <0.00001 
q^1.2s^1.2, “a” = 1.0   1.02 36 0.42 29.4 -0.085 0.27894 0.00093 
q^1.2s^1.2, “a” = 1.5   0.9 31 0.39 40.1 -0.024 0.55782 0.19251 
q^1.2s^1.2, “a” = 2.0   0.66 22 0.34 49.8 0.033 0.78496 0.48518 
q^1.2s^1.4, “a” = 1.0   1.52 45 0.44 20.4 -0.02 0.00738 <0.00001 
q^1.2s^1.4, “a” = 2.0   1.08 39 0.47 25.6 -0.066 0.21161 0.00009 
q^1.2s^1.6, “a” = 1.0   1.79 47 0.44 19.9 -0.04 0.00253 <0.00001 
q^1.2s^1.6, “a” = 2.0   1.62 47 0.45 20.2 -0.029 0.00441 <0.00001 
q^1.2s^1.6, “a” = 4.0   1.22 44 0.49 24 -0.031 0.12258 0.00001 
q^1.2s^1.8, “a” = 2.0   1.79 49 0.44 20 -0.014 0.00184 <0.00001 
q^1.2s^1.8, “a” = 4.0   1.79 48 0.46 20.2 -0.028 0.00316 <0.00001 
q^1.2s^1.8, “a” = 6.0   1.47 46 0.47 22.4 -0.008 0.03673 <0.00001 
q^1.4s^0.8, “a” = 0.05   1.18 19 0.19 26.5 0.028 0.06804 <0.00001 
q^1.4s^0.8, “a” = 0.1   1.05 18 0.2 37.8 0.01 0.28752 <0.00001 
q^1.4s^0.8, “a” = 0.7   0.42 4 0.25 64 0.05 0.45733 0.36451 
q^1.4s^1.0, “a” = 0.1   1.18 26 0.23 24.1 0.004 0.03328 <0.00001 
q^1.4s^1.0, “a” = 0.4   0.98 21 0.23 59.4 -0.022 0.4925 0.15227 
q^1.4s^1.0, “a” = 0.7   0.75 16 0.22 97.4 -0.004 0.62695 0.96815 
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Table 4.9, Cont. 

Exponents and “a” 

factor  combination 

Bias # of points 

experiencing 

net 

deposition 

(observed 

count is 49) 

C
o

rr
el

a
ti

o
n

 

R
M

S
E

 

L
M

A
R

E
 

Paired t-

test p-

value 

Β1 = 1 

 t-test      

p-value 

q^1.4s^1.2, “a” = 0.5   1.18 30 0.3 30.2 -0.015 0.13723 <0.00001 
q^1.4s^1.2, “a” = 1.0   1.05 27 0.29 52.5 -0.054 0.53234 0.22467 
q^1.4s^1.4, “a” = 1.0   1.18 37 0.37 24.7 0.001 0.06365 <0.00001 
q^1.4s^1.4, “a” = 1.5   1.08 34 0.37 31.4 -0.009 0.30484 0.00052 
q^1.4s^1.4, “a” = 2.0 1.05 34 0.36 38.96 -0.06 0.409895 0.06515 
q^1.4s^1.6, “a” = 1.0   1.47 43 0.38 20.4 -0.037 0.00624 <0.00001 
q^1.4s^1.6, “a” = 2.0   1.3 41 0.43 21.8 -0.015 0.03217 <0.00001 
q^1.4s^1.6, “a” = 3.0   1.22 38 0.42 26.9 -0.025 0.25824 0.00003 
q^1.4s^1.6, “a” = 4.0   1.08 34 0.43 31.4 -0.024 0.31267 0.01161 
q^1.4s^1.8, “a” = 3.0   1.62 45 0.43 20.3 -0.005 0.00664 <0.00001 
q^1.4s^1.8, “a” = 5.0   1.47 42 0.45 22.6 0.013 0.10333 <0.00001 
q^1.6s^1.0, “a” = 0.1   1.11 20 0.18 31.6 0.027 0.12481 <0.00001 
q^1.6s^1.2, “a” = 0.25   1.18 26 0.21 32.5 0.028 0.11334 <0.00001 
q^1.6s^1.2, “a” = 0.5   1.05 25 0.22 53.7 -0.005 0.31568 0.03766 
q^1.6s^1.4, “a” = 0.5   1.22 31 0.25 26.6 0.025 0.06137 <0.00001 
q^1.6s^1.4, “a” = 1.0   1.15 29 0.27 41.5 0.016 0.22417 0.00425 
q^1.6s^1.4, “a” = 2.0   0.9 22 0.24 78.2 0.021 0.48594 0.75706 
q^1.8s^1.4, “a” = 0.5   1.15 28 0.2 41.8 0.034 0.14804 0.00021 
q^1.8s^1.4, “a” = 1.0   1.08 22 0.2 72.1 -0.01 0.39297 0.30027 
q^1.8s^1.6, “a” = 0.6   1.18 31 0.22 26.1 0.024 0.04448 <0.00001 
q^1.8s^1.6, “a” = 1.0   1.22 31 0.24 34.3 0.039 0.09198 <0.00001 
q^1.8s^1.6, “a” = 2.0   1.18 29 0.23 61 0.05 0.31772 0.19251 
q^1.8s^1.8, “a” = 1.0   1.3 37 0.26 22.2 -0.027 0.01787 <0.00001 
q^1.8s^1.8, “a” = 2.0   1.26 36 0.29 27 0.042 0.05447 <0.00001 
q^1.8s^1.8, “a” = 4.0   1.22 33 0.29 42.9 0.072 0.23402 0.02135 
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Figure 4.23.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q1.4s1.0 

and an “a” factor of 0.7. 

The methodology used by Polyakov et al. (2004) provides estimates of total 

deposition at 91 locations within Coshocton watershed.  To continue refining the 

selection process of exponents for the flow and slope in the transport capacity equation, 

AMEENA was run with the Coshocton watershed dataset.  A sediment deposition 

estimate was obtained for each of the 91 locations. 

Gross erosion as predicted by AMEENA utilizing RUSLE was adjusted to match 

the observed gross erosion calculated from the rare earth elements study as described in 

Section 4.1.3.  The adjusted gross erosion grid was used as an input to the routing 

algorithm in AMEENA and for each flow and slope exponent, the “a” factor was adjusted 

until the predicted total sediment deposition was equal to the observed value of sediment 

deposition.  This is slightly different from the application of AMEENA in Finch field 
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since for Coshocton watershed, the exact sediment yield is known, and therefore, a single 

“a” factor is sought for each flow and slope exponent combination.  Table 4.10 shows the 

statistical results obtained from this analysis.  Figures 4.24 Through 4.33 show plots of 

predicted vs. observed deposition within Coshocton watershed at the 91 sampled 

locations. 

It is evident from the statistical comparison in Table 4.10 and the plots in Figures 

4.24 through 4.33 for the first five are not suitable since they caused all sediment to be 

deposited towards the outlet of the watershed.  This resulted in minimum or no deposition 

in the rest of the watershed and hence, the zero number of points with deposition greater 

than zero for the sampled locations (Figures 4.24 and 4.25).  Two of the remaining 

combinations (q1.2s1.2, "a" = 0.03 and q1.2s1.4,"a" = 0.0555) also resulted in very few 

locations predicted to experience deposition.  For the remaining three combinations 

(q1.2s0.8, "a" = 0.009; q1.4s1.4, "a" = 0.025; and; q1.4s1.6, "a" = 0.043), there is not a clear cut 

advantage for one over the other two either statistically or visually.   

Table 4.10.  Correlation, RMSE, LMARE, correlation, bias, # of points experiencing net deposition, 

paired t-test p-value, and β1 = 1 t-test p-value for Coshocton watershed. 

Exponents and “a” 

factor  combination 
Bias 

Number of 

points with 

deposition 

> 0 

(observed 

count is 78) 

Correl

-ation 
RMSE LMARE 

Paired t-

test 

p-value 

β1 = 1 

t-test       

p-value 

q^0.8s^0.8, "a" = 0.055 0.00 0 N/A 12.13 0.0000 <0.00001 N/A 

q^0.8s^1.2, "a" = 0.2 0.00 0 N/A 12.13 0.0000 <0.00001 N/A 

q^1.0s^1.0, "a" = 0.041 0.01 4 0.42 10.97 -0.0009 <0.00001 <0.00001 

q^1.0s^1.2, "a" = 0.08 0.00 2 0.59 10.86 -0.0052 <0.00001 <0.00001 

q^1.0s^1.4, "a" = 0.15 0.00 1 0.45 11.25 -0.0045 <0.00001 <0.00001 

q^1.2s^0.8, "a" = 0.009 0.85 60 0.20 15.58 -0.0537 0.72250 0.00003 

q^1.2s^1.2, "a" = 0.03 0.41 33 0.26 18.23 -0.0358 0.47575 0.01148 

q^1.2s^1.4,"a" = 0.0555 0.26 26 0.37 15.09 0.0031 0.16989 0.01891 

q^1.4s^1.4, "a" = 0.025 1.29 68 0.15 16.92 -0.0000 0.36108 0.00557 

q^1.4s^1.6, "a" = 0.043 1.07 66 0.15 18.37 -0.0353 0.60125 0.00021 
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Figure 4.24.  Observed vs. predicted sediment deposition for Coshocton watershed using 2m grid cell 

size for q
0.8

s
0.8

 and an “a” factor of 0.055. 
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Figure 4.25.  Observed vs. predicted sediment deposition for Coshocton watershed using 2m grid cell 

size for q
0.8

s
1.2

 and an “a” factor of 0.2. 
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Figure 4.26.  Observed vs. predicted sediment deposition for Coshocton watershed using 2m grid cell 

size for q
1.0

s
1.0

 and an “a” factor of 0.041. 
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Figure 4.27.  Observed vs. predicted sediment deposition for Coshocton watershed using 2m grid cell 

size for q
1.0

s
1.2

 and an “a” factor of 0.08. 
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Figure 4.28.  Observed vs. predicted sediment deposition for Coshocton watershed using 2m grid cell 

size for q
1.0

s
1.4

 and an “a” factor of 0.15. 
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Figure 4.29.  Observed vs. predicted sediment deposition for Coshocton watershed using 2m grid cell 

size for q
1.2

s
0.8

 and an “a” factor of 0.009. 
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Figure 4.30.  Observed vs. predicted sediment deposition for Coshocton watershed using 2m grid cell 

size for q
1.2

s
1.2

 and an “a” factor of 0.03. 
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Figure 4.31.  Observed vs. predicted sediment deposition for Coshocton watershed using 2m grid cell 

size for q
1.2

s
1.4

 and an “a” factor of 0.0555. 
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Figure 4.32.  Observed vs. predicted sediment deposition for Coshocton watershed using 2m grid cell 

size for q
1.4

s
1.4

 and an “a” factor of 0.025. 
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Figure 4.33.  Observed vs. predicted sediment deposition for Coshocton watershed using 2m grid cell 

size for q
1.4

s
1.6

 and an “a” factor of 0.043. 
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AMEENA was applied to Baker field to assess the three combinations of flow and 

slope exponents that showed reasonable resemblance both statistically and visually to the 

observed data of Finch field and Coshocton watershed.  Those combinations were q1.2s0.8; 

q1.4s1.4; and; q1.4s1.6.  The application of AMEENA in the case of Baker field used a 10 m 

grid cell size with gross erosion estimated as described in Section 4.1.2.  Table 4.11 

shows the statistical comparison between predicted and observed net erosion at the 230 

sampled locations.  Visual display of the results are shown in Figures 4.34 through 4.36.  

The number of points estimated to have more deposition than erosion never went above 

50 even though the observed count for this statistic is 103 points.  This could be due to 

the fact that Baker field receives deposition from more upland areas than what was 

modeled through concentrated flow.  It is also noticeable that highly negative observed 

values of net erosion were not matched by either RUSLE or RUSLE-2D.  This could be 

due to higher erosion rates in reality being influenced by tillage translation, a feature not 

accounted for directly in AMEENA. 

Table 4.11.  Correlation, RMSE, LMARE, correlation, bias, # of points experiencing net deposition, 

paired t-test p-value, and β1 = 1 t-test p-value for Baker field. 

Exponents and “a” 

factor combination 
Bias 

# of points with 

deposition > 0 

(observed 

count is 103) 

Correlation RMSE LMARE 

Paired      

t-test 

p-value 

β1 = 1 

t-test       

p-value 

q^1.2s^0.8, "a" = 0.1 0.87 41 0.43 44.30 1.30 0.4331 <0.00001 
q^1.2s^0.8, "a" = 0.25 0.53 31 0.41 100.89 1.26 0.7111 0.07477 
q^1.2s^0.8, "a" = 0.45 0.33 13 0.37 180.16 7.29 0.7801 0.00225 
q^1.4s^1.4, "a" = 0.5 1.00 50 0.45 30.96 1.28 0.0673 <0.00001 
q^1.4s^1.4, "a" = 1.0 0.77 45 0.47 35.62 -0.38 0.0343 <0.00001 
q^1.4s^1.4, "a" = 3.0 0.37 22 0.44 86.73 5.08 0.3576 0.15407 
q^1.4s^1.6, "a" = 1.0 1.02 52 0.39 31.88 0.84 0.0639 <0.00001 
q^1.4s^1.6, "a" = 2.0 0.74 50 0.49 31.23 1.19 0.0108 <0.00001 
q^1.4s^1.6, "a" = 4.0 0.54 39 0.50 38.56 -0.02 0.0016 <0.00001 
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Figure 4.34.  Predicted vs. observed net erosion for Baker field, using RUSLE and 10 m grid cell size 

using three different “a” factor values for q
1.2

s
0.8

. 
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Figure 4.35.  Predicted vs. observed net erosion for Baker field, using RUSLE and 10 m grid cell size 

using three different “a” factor values for q
1.4

s
1.4

. 
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Figure 4.36.  Predicted vs. observed net erosion for Baker field, using RUSLE and 10 m grid cell size 

using three different “a” factor values for q
1.4

s
1.6

. 

Based on the statistical and visual comparison of the combinations in Table 4.11, 

two combinations (in bold) performed better than the remaining seven combinations.  

The q1.4s1.4 combination however has the backing of having exponents reported in the 

literature as being the median of flow and slope exponents of numerous transport 

capacity formulas available in this field.  Therefore, these two exponents were set as the 

optimum exponents to be used in AMEENA for further analysis. 

In summary, the process of calibrating for the exponents of flow and slope in the 

transport capacity formula involved applying AMEENA to all three study areas (two 

Iowa fields and Coshocton watershed).  AMEENA was first applied to Finch field where 

flow and slope exponents were varied from 0.8 to 1.8 at 0.2 increments.  For each flow 

and slope exponent combination, the “a” factor was varied to obtain the best possible fit 

between predicted and observed soil displacement data.  Based on several statistical 
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measures and based on visual comparison of the scatter plots of all model runs, a subset 

of flow and exponent combinations was selected for further analysis with Coshocton 

watershed data.  The calibration process for the Coshocton watershed resulted in further 

reduction of possible combinations of flow and slope exponents.  Those final possible 

combinations were run using the Baker field dataset. 

To illustrate the spatial layout of the transport capacity resulting from these two 

exponents, three figures (Figure 4.37 through 4.39) are shown here that represent the 

transport capacity grid resulting from q1.4s1.4 for all three study areas.  The resulting net 

erosion from using these exponents with the same study areas are shown in Figures 4.40 

through 4.42.  It can be seen from studying the transport capacity figure and the net 

erosion figure for the same study area that pixels experiencing higher values of transport 

capacity also experience negative net erosion (more erosion than deposition).  It can also 

be seen that the model routes sediment towards the low region of each study area.  

Transport capacity figures show low values for cells located at or near ridges and within 

lower areas at the bottom of slopes.  Higher values of transport capacity exist at areas of 

higher slopes in the middle of hillslopes, areas that experience medium flow values. 
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Figure 4.37.  Transport capacity for Finch field using 10 m grid cell size with q

1.4
s

1.4
 (arrows 

represent flow direction). 
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Figure 4.38.  Transport capacity for Baker field using 10 m grid cell size with q

1.4
s

1.4
 (arrows 

represent flow direction). 
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Figure 4.39.  Transport capacity for Coshocton watershed using 2 m grid cell size with q

1.4
s

1.4
 (arrows 

represent flow direction). 
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Figure 4.40.  Net erosion for Finch field using 10 m grid cell size with q

1.4
s

1.4
 (arrows represent flow 

direction). 
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Figure 4.41.  Net erosion for Baker field using 10 m grid cell size with q

1.4
s

1.4
 (arrows represent flow 

direction). 
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Figure 4.42.  Deposition for Coshocton watershed using 2m grid cell size (arrows represent flow 

direction). 
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4.2.4 Comparison of AMEENA and WaTEM/SEDEM for the Three 
Study Areas 

As part of the process of validating AMEENA prediction accuracy, the results 

obtained from the best fit using q1.4s1.4 were compared to results obtained using 

WaTEM/SEDEM model for the two Iowa fields and Coshocton watershed.  The only 

parameter in WaTEM/SEDEM that is open for calibration is the transport capacity 

coefficient (KTC).  In applying WaTEM/SEDEM, Van Rompaey et al. (2001) categorized 

all land uses under two classes when it came to KTC.  Those two categories were arable 

(KTC_A) and non-eroding (KTC_NE).  Van Rompaey et al. (2001) attributed this limited 

flexibility to allowing obtaining optimal values for this parameter that were 

“unequivocally determined”. 

In general, when the developers of WaTEM/SEDEM applied their model to 

various watersheds, the arable land transport capacity coefficient (KTC_A) was double that 

of non-eroding lands (KTC_NE).  This ratio was kept when calibrating WaTEM/SEDEM in 

its application to the current three study areas.  It should be kept in mind that in both 

Coshocton watershed and Finch field, only arable land use existed and therefore, only 

KTC_A was used.  No non-eroding areas exist within the area of interest in Coshocton 

watershed and Finch field.  This is in contrast to Baker field which included both arable 

and non-eroding land uses and therefore, both KTC_A and KTC_NE were used. 

In applying WaTEM/SEDEM to Finch and Baker fields, the same 10 m digital 

elevation model (DEM) that was used in AMEENA was employed.  Multiple runs where 

conducted to obtain the best visual fit between predicted and observed net erosion at the 

sampled locations.  The results of this analysis are shown in Tables 4.12 and 4.13 and 

Figures 4.43 and 4.44.  For Finch field, and considering both graphical and statistical 
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comparisons, using a KTC value of 400 produces closer match with observed net erosion.  

This entry is compared with AMEENA combination of q1.4 s1.4, and “a” factor of 2.0. 

It can be noticed from Figure 4.43 that both AMEENA and WaTEM/SEDEM 

under-predicted net erosion in the high range of negative observed net erosion.  It can 

also be noticed that WaTEM/SEDEM consistently over-predicted deposition in the range 

of 0 - 40 t ha-1 yr-1 while AMEENA predicted a more even spread around the 1:1 line in 

the positive net erosion region.  This behavior is reflected in the p-value of the t-test of β1 

= 1 in which AMEENA predicted the slope of the best fit line to not be statistically 

different than 1 at a level of confidence of 0.065.  The paired t-test was in favor of 

AMEENA as well.  AMEENA also predicted a better distribution for under prediction vs. 

over prediction where the model over-predicted net erosion a number of times about 

equal to the number of times the model under-predicted net erosion.  The LMARE for 

AMEENA prediction was also better than that of WaTEM/SEDEM 

WaTEM/SEDEM predicted more accurately the number of points with deposition 

greater than zero.  Correlation as predicted by WaTEM/SEDEM was slightly better than 

that predicted by AMEENA.  Finally, RMSE of WaTEM/SEDEM was also better than 

that of AMEENA. 

As for Baker field (Figure 4.44 and Table 4.13), most statistical measure showed 

that AMEENA predictions were better than those of WaTEM/SEDEM.  Visually, similar 

behavior was observed for both AMEENA and WaTEM/SEDEM in the range of high net 

erosion zone where both models under-predicted the observed values.  This behavior of 

models could be a result of models not accounting directly for tillage displacement which 

could be shifting soil (and hence Cs-137) down slope.  Similarly to the case of Finch 
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field, WaTEM/SEDEM over-predicted deposition in the range of 0-40 t ha-1 yr-1 and 

under-predicted deposition in the higher deposition range. 

Table 4.12.  Correlation, RMSE, LMARE, correlation, bias, number of points experiencing net 

deposition, paired t-test p-value, and β1 = 1 t-test p-value for Finch field resulting from 

WaTEM/SEDEM and AMEENA applications. 

Method Bias # of points 

experiencing 

net 

deposition 

(observed 

count is 49) 

Corre-

lation 

RMSE LMARE Paired      

t-test 

p-value 

β1 = 1 

 t-test 

p-

value 

WaTEM/SEDEM, KTC = 350 1.26 41 0.39 32.01 -0.02 0.60402 0.001
4 

WaTEM/SEDEM, KTC = 

400 

1.26 39 0.39 33.73 0.01 0.11010 0.008 

AMEENA, q1.4 s1.4, a = 2.0 1.05 34 0.36 38.96 -0.06 0.40990 0.065 

Table 4.13.  Correlation, RMSE, LMARE, correlation, bias, number of points experiencing net 

deposition, paired t-test p-value, and β1 = 1 t-test p-value for Baker field resulting from 

WaTEM/SEDEM and AMEENA applications. 

Method Bias # of points 

with 

deposition 

> 0 

(observed 

count is 

103) 

Correl- 

ation 

RMSE LMAR

E 

Paired      

t-test 

p-value 

β1 = 1 

 t-test p-

value 

WaTEM/SEDEM KTC = 350 
for Arable, 175 for Non-
eroding 

0.70 58 0.29 41.9 4.2 0.19552 <0.0001 

WaTEM/SEDEM KTC = 400 

for Arable, 200 for Non-

eroding 

0.66 55 0.30 43.1 4.0 0.18288 <0.0001 

AMEENA, q1.4 s1.4, a = 0.5 1.00 50 0.45 30.96 1.28 0.0673 <0.0001 
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Figure 4.43.  Predicted vs. observed net erosion for Finch field, using WaTEM/SEDEM and 

AMEENA with 10 m grid cell size. 
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Figure 4.44.  Predicted vs. observed net erosion for Baker field, using WaTEM/SEDEM and 

AMEENA with 10 m grid cell size. 
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WaTEM/SEDEM was also applied to Coshocton watershed using the same DEM 

and input parameters used in the exponent calibration process for AMEENA.  The results 

of this application of WaTEM/SEDEM and AMEENA are shown in Table 4.14 and 

Figure 4.45.  In Coshocton watershed, using WaTEM/SEDEM resulted in all deposition 

concentrated in very few grid cells which yielded a zero predicted deposition at all the 

locations that were sampled for the rare earth elements.  AMEENA has a clear advantage 

over WaTEM/SEDEM in modeling sediment deposition in Coshocton watershed both 

graphically and statistically (Table 4.10 and Figure 4.32). 

Table 4.14.  Correlation, RMSE, LMARE, correlation, bias, number of points experiencing net 

deposition, paired t-test p-value, and β1 = 1 t-test p-value for Coshocton watershed 

resulting from WaTEM/SEDEM application. 

KTC [m] 

Bias # of points 

with 

deposition > 

0 

(observed 

count is 78) 

Correl-

ation 
RMSE LMARE 

Paired      

t-test 

p-value 

β1 = 1 

t-test 

WaTEM/SEDEM KTC = 61 0.0 1 0.0 12.1 -0.00698 <0.0001 <0.0001 

AMEENA, q1.4 s1.4, a = 0.025 1.29 68 0.15 16.9 0.0000 0.6013 0.0002 
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Figure 4.45.  Predicted vs. observed deposition for Coshocton watershed, using WaTEM/SEDEM 

and AMEENA with 2 m grid cell size. 

To illustrate the comparison between AMEENA and WaTEM/SEDEM spatially, 

bar graphs representing net erosion in the cases of Finch and Baker fields were overlaid 

on top of the aerial photos (Figures 4.46 and 4.47) and bar graphs representing deposition 

were overlaid on the flow accumulation grid in the case of Coshocton watershed (Figure 

4.48).  Those bar graphs contain observed values as well as AMEENA and 

WaTEM/SEDEM predictions.  In the case of Figures 4.46 and 4.47, the bars going 

upwards from the base axis represent net deposition (positive) while those going 

downwards from the base axis represent net erosion (negative).  In the case of Coshocton 

watershed figure (Figure 4.48), all bars point only upwards since the variable represented 

in those bars is just deposition (always positive or zero). 
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In the cases of Finch and Baker fields, different accuracies are noticed by 

different location in space.  In the case of locations experiencing net erosion, AMEENA 

and WaTEM/SEDEM seem to behave similarly which is due to similarity in gross 

erosion routines in both models.  However, WaTEM/SEDEM tends to over-predict 

deposition more often than AMEENA in the areas experiencing net deposition and in 

many cases WaTEM/SEDEM predicted large amounts of deposition where observed 

deposition was small.  This is especially evident in the case of Baker field. 

For Coshocton watershed (Figure 4.48), no WaTEM/SEDEM predictions are 

visible in the bar chart since for all sampled locations, deposition was predicted to be zero 

(Table 4.14 and Figure 4.45 above).  It is evident from Figures 4.46 through 4.48 that 

while AMEENA grossly over-predicted net deposition in one location (the low spot in 

Finch field), WaTEM/SEDEM grossly over-predicted deposition in ten locations in both 

Finch field and Baker Field.  Figure 4.48 in particular illustrates the poor behavior of 

WaTEM/SEDEM in predicting the spatial distribution of deposition within the Coshocton 

watershed.   
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Figure 4.46.  Finch field point by point comparison of observed net erosion vs. predicted net erosion 

resulting from AMEENA and WaTEM/SEDEM using 10 m grid cell size. 
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Figure 4.47.  Baker field point by point comparison of observed net erosion vs. predicted net erosion 

resulting from AMEENA and WaTEM/SEDEM using 10 m grid cell size. 
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Figure 4.48.  Coshocton point by point comparison of observed net erosion vs. predicted net erosion 

resulting from AMEENA and WaTEM/SEDEM using 2m grid cell size. 

4.2.5 Grid Cell Size Analysis 

In order to examine the impact a change in grid cell size has on prediction 

accuracy, AMEENA was applied to Finch field using different grid cell sizes.  Cell sizes 

of 5m, 10 m, and 20m were utilized.  The 5m and 20m grid cell sizes were chosen since 

they are smaller and larger than the 10 m grid cell size used in the flow and slope 

exponent calibration process.  The 5m and 20m digital elevation models (DEM) were 

generated from the same elevation points used to generate the 10 m DEM.  Regularized 

Spline method with 0.1 weight and 12 points were used.  The exponents of flow and 

slope in the transport capacity formula were both set at 1.4 during this analysis.  
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Statistical and visual results of the grid cell size are shown in Table 4.15 and Figure 4.49, 

respectively.  Figure 4.49 shows the three bolded entries in Table 4.15 which produced 

the best statistical match between observed and predicted net erosion from all three cell 

sizes. 

There was not a great loss of accuracy when cell sized was increased from a 10 m 

to 20 m.  This has positive implications in the fact that for modeling larger areas, being 

able to increase the grid cell size is advantageous in the sense of lowering run time.  Most 

statistical measures were unfavorable of the results obtained using the 5 m grid.  It can 

also be seen from Figure 4.49 that fewer locations experienced net deposition when the 5 

m grid was used.  This could be due to the fact that having a finer DEM results in shifting 

of concentrated flow locations and this could lead into a change of status of a cell from an 

overland cell to a concentrated flow cell which leads to different transport capacity, and 

hence, different deposition amounts. 

Table 4.15.  Correlation, RMSE, LMARE, correlation, bias, number of points experiencing net 

deposition, paired t-test p-value, and β1 = 1 t-test p-value for Baker field using 5m, 10m 

and 20m grid cell sizes. 

Exponents and “a” factor 

combination 

Bias # of points 

with 

deposition 

> 0 

Correla-

tion 

RMSE LMARE Paired t-

test p-

value 

β1 = 1 

 t-test  

p-value 

5m q^1.4s^1.4, "a" = 0.5 1.43 22 0.30 24.46 0.03 0.03062 <0.0001 

5m q^1.4s^1.4, "a" = 1.0 1.30 20 0.37 29.59 -0.05 0.01427 0.0004 

5m q^1.4s^1.4, "a" = 3.0 1.30 6 0.35 30.45 0.03 0.01209 <0.0001 

        

10m q^1.4s^1.4, “a” = 1.0   1.18 37 0.37 24.7 0.001 0.06365 <0.0001 

10m q^1.4s^1.4, “a” = 1.5   1.08 34 0.37 31.4 -0.009 0.30484 0.00045 

10m q^1.4s^1.4, “a” = 2.0 1.05 34 0.36 38.96 -0.06 0.409895 0.06416 

        

20m q^1.4s^1.4, "a" = 1.0 1.30 30 0.34 20.53 -0.06 0.05753 <0.0001 

20m q^1.4s^1.4, "a" = 2.0 0.85 30 0.36 22.47 -0.01 0.01209 <0.0001 

20m q^1.4s^1.4, "a" = 3.0 0.39 29 0.37 26.42 0.03 0.95182 <0.0001 
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Figure 4.49.  Predicted vs. observed net erosion for Finch field, using AMEENA with grid cell sizes of  

5-, 10-, and 20 m. 

4.2.6 Sensitivity to Design Storm Magnitude 

The magnitude of the design storm used in the transport capacity equation to 

generate the q variable was varied and the implications on sediment displacement were 

studied using the Coshocton watershed at the 2 m grid cell size.  The Coshocton 

watershed was selected for this analysis since the sediment yield is known and therefore, 

having only one set of outputs per storm size makes the comparison process more straight 

forward.   

The storm sizes studies were 10yr 24hr which results in precipitation of 94 mm; 

10yr 1hr which results in precipitation of about half of that (47 mm); and 100yr 24hr 

which resulted in a precipitation amount of about 122 mm.  Each storm size resulted in a 

unique “a” factor.  Results of this change are shown in Figure 4.50.  It can be seen from 
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this figure that the storm size had minimum impact on the amount of estimated deposition 

at the sampling points.  Larger storms result in higher q amount. However, the net 

sediment transport capacity needed to generate a fixed amount of deposition is also fixed, 

resulting in a smaller “a” factor.  Therefore, higher q values are offset by smaller “a” 

factor value, and vice-versa. 
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Figure 4.50.  Deposition in Coshocton watershed as a function of changing design storm size. 

4.2.7 Sensitivity of Transport Capacity to Flow Volume versus Rate 

As discussed in Section 3.1.2, dynamic erosion models such as ANSWERS 

estimate sediment transport capacity as a function of the rate of flow on a small time step.  

On the other hand, AMEENA estimates sediment transport capacity as a function of flow 

volume resulting from a 10yr 24hr design storm.  The reasoning for this approach along 

with supporting literature was provided in Section 3.1.2. 
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Sediment transport capacity was first estimated as a function of total flow volume 

of a hypothetical 24 hr hydrograph.  This storm total sediment transport capacity was 

compared to the average of hourly sediment transport capacity for the same 24 hours.  A 

total of eight storms were used.  For the first four storms, the shape of the hydrograph 

was varied (Figure 5.51 a through 4.51 d).  For storms 5 through 8, the magnitude of the 

maximum flow rate was increased as compared to storms 1 through 4 (Figure 5.51 e 

through 5.51 h).  The maximum flow rate for storms 5 through 8 was three times as great 

as that of storms 1 through 4.  A slope of 0.01 and a Manning’s roughness coefficient of 

0.15 were the other two parameters in the sediment transport capacity equation.  A value 

of one was used for the “a” factor. 

For each storm, the total flow volume was estimated.  This flow volume was used 

as an input in the first estimate of sediment transport capacity.  In the second approach, a 

sediment transport capacity value was estimated for each hour.  An average hourly 

sediment transport capacity was then estimated.  The comparison between the transport 

capacities from the two approached were plotted in Figure 4.52.  The figure clearly shows 

a linear relationship between the two estimates of transport capacity.  It is also noticeable 

from Figure 4.52 that even though the relationship is linear, sediment transport capacity 

values obtained using the total flow volume were higher than those obtained by averaging 

the hourly sediment transport capacity.  This difference is due to the larger value of total 

flow volume. 
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(c) Storm 3
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(d) Storm 4
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Figure 4.51.  Hydrographs of the eight storms used in the analysis. 
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Figure 4.52.  Transport capacities obtained for the eight storms using the two different approaches. 

4.2.8 Summary 

In the Sediment Yield Estimation Section, several tasks were performed.  First, 

values of input parameters were estimated for the two Iowa fields and Coshocton 

watershed.  Those parameters included flow volume which was based on curve number 

method.  Input parameters also included Manning’s roughness coefficient, and local cell 

slope. 

Sediment routing algorithm was developed within raster based GIS.  Sediment 

routing started at the ridge cells were gross erosion in those cells is compared to sediment 

transport capacity.  Gross erosion in excess of transport capacity is deposited within the 

ridge cells and an amount equal to sediment transport capacity was routed to cells 
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immediately downstream of ridge cells.  The routing algorithm repeates this process with 

total erosion in the second level of routing equal to gross erosion plus sediment delivered 

from ridge cells.  The routing algorithm is run iteratively until all cells within the grid are 

processed. The ability of the routing algorithm to route sediment down the slope is 

verified on cell basis.  For the purpose of this verification, the routing algorithm is shown 

to properly compare gross erosion to sediment transport capacity on a cell by cell basis 

and route sediment downstream in converging and non-converging flow schemes.   

Another task of this section is identifying the most appropriate exponents for the 

flow and slope parameters in the sediment transport capacity equation.  This task is 

accomplished by estimating net erosion and deposition from the three study areas based 

on varying exponents of flow and slope.  Flow and slope exponents are varied from 0.8 to 

1.8.  For each combination of exponents, AMEENA is run and resulting net erosion and 

deposition are compared to observed values.  Finch field data set is used to narrow down 

the set of possible combinations based on several statistical measures and visual 

comparison of predicted and observed net erosion values.  This set of exponents is then 

applied to Coshocton watershed resulting in three combinations which are in turn applied 

to Baker field.  A final combination of flow and slope exponents of 1.4 is recommended. 

Net erosion and deposition estimates obtained using AMEENA are compared 

with estimates of WaTEM/SEDEM as applied to the two Iowa fields and Coshocton 

watershed.  Statistical measures indicate more even distribution of over- and under-

estimation of AMEENA’s predictions.  Overall, the observed spatial distribution of net 

erosion and deposition is more closely predicted using AMEENA than WaTEM/SEDEM.  

This attribute is most obvious in the case of Coshocton watershed where 
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WaTEM/SEDEM predicts deposition to occur in only a very small area near the outlet of 

the watershed.  The number of points predicted to have deposition by WaTEM/SEDEM 

is one as opposed to 78 points in the observed data set.  AMEENA on the other hand 

predicted 68 points to have net deposition. 

The impact of changing grid cell size on prediction accuracy is studied by 

applying AMEENA to Finch field with two additional grid cell sizes.  The grid cell sizes 

chosen are half and double that of the initial grid cell size of 10 m.  Accuracy of 

prediction is not improved with the finer grid cell size.  As for increasing the cell size 

from 10 m to 20 m, all statistical measured behave negatively except for root mean 

square error.  However, graphical representation of results indicates that even with the 20 

m cell size, net erosion still follows the expected trend of negative values of net erosion 

for location experiencing observed net erosion and positive values for areas experiencing 

net deposition. 

Coshocton watershed data set is used to assess the impact of using different sizes 

of design storm on resulting deposition.  Resulting deposition is not sensitive to design 

storm magnitude.  This is attributed to the fact that since sediment yield is fixed, 

sediment transport capacity needed to generate similar sediment yield is also fixed.  

Therefore, for a larger design storm, the “a” factor value needed to generate the same 

sediment yield is smaller, resulting in very similar spatial distribution of sediment 

transport capacity grid. 

Finally, the sediment transport capacity formula’s response to using flow volume 

in place of flow rate is assessed.  For the purpose of this evaluation, sediment transport 

capacity for a set of storms is calculated in two ways.  First, sediment transport capacity 
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is calculated with the flow parameter being total storm flow.  In the second method, 

sediment transport capacity is calculated on an hourly basis with the input flow parameter 

being flow rate for that given hour.  A plot of the total flow volume based sediment 

transport capacity and the average of the hourly sediment transport capacity values from 

the second method is constructed.  A clear linear relationship is observed.  This linearity, 

along with the reasoning given in Section 3.1.2 support the assumption that flow rate in 

the sediment transport capacity may be replaced by total storm flow volume. 
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4.3 Plot Scale Study 

The ability of AMEENA to predict gross erosion, deposition, and sediment yield 

total amounts as well as spatial distributions of these variable were compared with those 

of WEPP, RUSLE2, and WaTEM/SEDEM using hypothetical fields.  The filed profiles 

used had different slope length, slope steepness, and slope shape. 

The comparison included uniform fields, where slope is constant along the entire 

length of the field; S-shape slopes where the upper part of the field is flatter with 

increasing slope towards the middle part of the field and field flattens again towards the 

bottom part (composite of convex and concave slopes).  The third slope shape compared 

was the concave slope where slope constantly decreases from top to bottom of the field.  

Three horizontal lengths and three average slopes were used resulting in nine 

combinations for each slope shape. 

In all 27 combinations, and for all four models, all factors impacting erosion were 

kept the same except for topographic factors.  The RUSLE parameters were used to 

generate gross erosion in AMEENA, and WaTEM/SEDEM, while WEPP uses its own 

built in functions to estimate gross erosion as discussed in Section 2.3.2. 

Built in climatic factors of Boone County, Iowa were used in WEPP and 

RUSLE2. Clarion soil series was used for all model simulations.  The same management 

system was entered for all models and comprised of a simplified one year crop rotation 

with spring chisel corn.  Fields were assumed to be plowed with a 5 inch deep chisel with 

straight points on May 5th of the given year.  Medium production (120 bushels per acre) 
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corn was assumed to be planted using a double disk opener on May 10th of the same year.  

Harvest was assumed to occur on October 20th of the same year.  The net C factor from 

RUSLE2 (0.09) was used in AMEENA and WaTEM/SEDEM.  The support practice 

factor was set to one. 

Three levels of steepness were used, namely, 2%, 5%, and 8%.  Field lengths used 

were 40 m, 60 m, and 80 m.  Gross erosion estimates obtained from the combinations of 

slope shape, length, and steepness are presented Table 4.16 and Figures 4.53 through 

4.56. 

It can be observed from the results that the gross erosion predictions of AMEENA 

and WaTEM/SEDEM were closer to one another than the estimates of WEPP and 

RUSLE2.  As a matter of fact, for most combinations of shape, length, and average slope, 

AMEENA and WaTEM/SEDEM predictions of gross erosion were identical.  This could 

be attributed to the fact that in all the hypothetical fields studied here, flow was not 

converging and therefore, the slope length factor in AMEENA (function of slope length) 

and that of WaTEM/SEDEM (function of upslope area) were very similar.  It is evident 

from the results that AMEENA and WaTEM/SEDEM estimates were closer to those of 

RUSLE2 than those of WEPP.  This result is not surprising since those three models base 

gross erosion on similar factors. 

It can also be observed that for all models, gross erosion estimates increased with 

increasing slope steepness.  Gross erosion was also positively correlated with increase in 

slope length with the exception of WEPP for relatively small slopes (2% steepness in this 

case).  This was counter-intuitive on part of WEPP since erosion is expected to increase 

as the slope length increases due to increase in flow eroding forces.  This behavior of the 
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WEPP was persistent for all slope shapes at the small slope steepness.  This behavior of 

WEPP in terms of estimating less gross erosion for longer slopes of the same steepness 

was possibly attributed to a decrease in runoff and an increase in effective duration of 

runoff (D. Flanagan, personal communication, USDA – Agricultural Research Service, 

West Lafayette, Indiana, 11 July 2007).   

Gross erosion estimates from uniform fields were larger than those from concave 

fields with the same slope length and steepness.  This is in agreement with the discussion 

of McCool et al. (1997).  The fields with S-shapes profiles generated more erosion than 

fields with uniform profiles for the same field length and steepness.  
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Table 4.16.  Gross erosion estimates for the hypothetical fields using WEPP, RUSLE2, AMEENA, 

and WaTEM/SEDEM. 

Gross Erosion (t ha-1 yr-1) Slope  

Shape 

Slope  

length (m) 

Average Slope  

Steepness (%) WEPP RUSLE2 AMEENA WaTEM/SEDEM 

40 2 3.20 2.25 2.14 2.14 
40 5 4.31 5.19 5.54 5.54 
40 8 9.45 8.19 9.17 9.17 

60 2 2.91 2.36 2.34 2.34 
60 5 5.74 5.69 6.41 6.41 
60 8 13.23 9.21 10.94 10.95 

80 2 2.76 2.44 2.5 2.5 
80 5 7.29 6.07 7.13 7.13 

U
n

if
o

rm
 S

lo
p

e 

80 8 16.76 10.01 12.44 12.45 

       

40 2 2.83 2.23 2.18 2.18 
40 5 4.55 5.41 5.58 5.58 
40 8 10.19 9.42 10.03 10.04 

60 2 2.57 2.36 2.49 2.49 
60 5 6.08 6.01 6.88 6.88 
60 8 13.88 10.76 12.84 12.86 

80 2 2.43 2.53 2.69 2.69 
80 5 7.58 6.47 7.75 7.75 

S
-s

h
ap

e 
S

lo
p

e 

80 8 17.14 11.83 14.79 14.81 

       

40 2 2.60 2.05 1.92 1.92 
40 5 3.27 4.48 4.64 4.64 
40 8 4.58 7.36 7.99 8.01 

60 2 2.38 2.16 2.09 2.09 
60 5 3.14 4.93 5.32 5.32 
60 8 6.29 8.34 9.43 9.43 

80 2 2.24 2.24 2.22 2.22 
80 5 3.43 5.29 5.89 5.9 

C
o

n
ca

v
e 

S
lo

p
e 

80 8 8.06 9.12 10.62 10.65 
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Figure 4.53  Gross erosion estimates for nine combinations of uniform slope shape/length/steepness 

using WEPP, RUSLE2, AMEENA, and WaTEM/SEDEM. 
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Figure 4.54.  Gross erosion estimates for nine combinations of S-shape slope/length/steepness using 

WEPP, RUSLE2, AMEENA, and WaTEM/SEDEM. 
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Figure 4.55.  Gross erosion estimates for nine combinations of concave slope shape/length/steepness 

using WEPP, RUSLE2, AMEENA, and WaTEM/SEDEM. 
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Besides the total gross erosion comparison of the four models, the spatial 

variation of gross erosion rates was also compared at various distances along the field 

profile.  For the case of the uniform slope field, graphs representing the 80 m field with 

all three average slope levels are shown in Figures 4.56 through 4.58.  Since sediment 

yield is equal to gross erosion for uniform slopes, gross erosion was the plotted factor as 

a function of distance from top of the profile. 

For the small slope (2%) uniform slope shape, WEPP predicted a constant erosion 

rate along the entire profile.  This behavior can be explained if one considers that WEPP 

estimates interrill erosion independently from the distance down the slope.  For such 

small slope steepness, erosion rate along the profile is dominated by interrill erosion (D. 

Flanagan, personal communication, USDA – Agricultural Research Service, West 

Lafayette, Indiana, 11 July 2007).  For higher slopes, WEPP predicted constant erosion 

rate for the upper part of the field.  Erosion rate only started increasing at about 37 m for 

the case of 5% average slope and at about 22 m for the case of 8% average slope (Figures 

4.57 and 4.58).  This may be due to the fact that rill erosion as modeled in WEPP takes 

place only when hydraulic sheer stress exceeds critical sheer stress of the soil. 

AMEENA and WaTEM/SEDEM predicted very similar erosion rates (Figures 

4.56 through 4.58).  Erosion rates in those two models increased as the slope length 

increased.  RUSLE2 predicted erosion along the profiles that took a similar shape to that 

of AMEENA and WaTEM/SEDEM but with earlier plateau.  Generally, AMEENA and 

WaTEM/SEDEM predictions were between those of WEPP and RUSLE2.  Maximum 

erosion occurred at the bottom of each uniform field as expected for all models with 
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WEPP predicting considerably higher maximum erosion rate than the other three models 

for the medium and high slope steepness. 
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Figure 4.56.  Gross erosion for hypothetical uniform field of 80 m length and 2% average slope as 

modeled in RUSLE2, WEPP, AMEENA, and WaTEM/SEDEM. 
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Figure 4.57. Gross erosion for hypothetical uniform field of 80 m length and 5% average slope as 

modeled in RUSLE2, WEPP, AMEENA, and WaTEM/SEDEM. 
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Figure 4.58. Gross erosion for hypothetical uniform field of 80 m length and 8% average slope as 

modeled in RUSLE2, WEPP, AMEENA, and WaTEM/SEDEM.



 

Results and Discussion 182 

Since the S-shape and concave fields are expected to experience deposition along 

the profiles, net erosion was compared among the four models instead of just gross 

erosion.  The fields selected for this analysis were the 80 m, 8% average slope S-shape 

and concave fields. 

There was considerable difference between sediment yield from WEPP and 

RUSLE2 for the same profile for these two fields.  Table 4.17 summarizes gross erosion 

and sediment yield for these two fields as predicted by WEPP and RUSLE2. 

As can be seen from the sediment delivery ratio values for the same profile shape 

and characteristics, WEPP is predicting much higher sediment yield than RUSLE2.  

Based on this big difference, and for the sake of comparing AMEENA and 

WaTEM/SEDEM predictions of net erosion along the profiles with those of RUSLE2 and 

WEPP, AMEENA and WaTEM/SEDEM sediment delivery ratios were calibrated to both 

WEPP and RUSLE2 sediment delivery ratios by adjusting the “a” factor and the KTC 

factor, respectively.  This calibration process resulted in two sediment yield values for 

AMEENA and WaTEM/SEDEM for each profile, one corresponding to WEPP and one 

corresponding to RUSLE2 model.  The resulting “a” factors and the KTC factors are given 

in Table 4.17.  It is important to keep in mind that this calibration was not based on 

observed estimates but rather calibrating one model’s total output to another model’s total 

output in order to allow for a more objective comparison on a finer spatial detail. 
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Table 4.17.  Gross erosion, sediment yield and sediment delivery ratio for 80 m long concave and S-

shape fields with 8% average slope as predicted by WEPP and RUSLE2. 

 Gross 

Erosion 

(t/ha) 

Sediment 

Yield 

(t/ha) 

Sediment 

Delivery 

Ratio (%) 

AMEENA 

“a” factor 

WaTEM/ 

SEDEM 

KTC factor 

WEPP, Concave 80 m, 8% 8.06 6.621 82 2.6 600 

RUSLE2, Concave 80 m, 8% 9.12 0.68 7 0.25 57 

WEPP, S-shape 80 m, 8% 17.14 13.786 80 1.3 525 

RUSLE2, S-shape 80 m, 8% 11.83 1.15 10 0.155 60 

 

The resulting graph for the S-shape field is given in Figure 4.59 and the graph for 

the concave field is shown in Figure 4.60.  Those two graphs describe the net erosion 

predicted by all four models as a function of distance from top of fields.  As can be seen 

in those graphs, there are two curves representing AMEENA predictions and two curves 

representing WaTEM/SEDEM predictions as a result of calibrating those two models to 

both WEPP and RUSLE2. 

In Figure 4.59, it can be seen that all models predicted similar rates of gross 

erosion for the first two thirds of the length of the hillslope, and they also had maximum 

erosion rate around the same distance from the top of the profile around the middle point 

of the profile.  It can also be observed that for the S-shape slope, the general shapes of 

AMEENA and WaTEM/SEDEM curves were close to one another.  WEPP predicted 

constant erosion rate for the first 22 m of the profile. 

When calibrated to the SDR of RUSLE2, AMEENA and WaTEM/SEDEM 

predicted deposition (the negative range on the y-axis) to start occurring further 

downstream than RUSLE2 had predicted.  RUSLE2 predicted net deposition to occur in 

the lowest 22 m of the profile while AMEENA and WaTEM/SEDEM predicted net 

deposition to occur only in the lowest eight meters of the profile.  It can also be observed, 
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in the net deposition region that RUSLE2 deposition differed than those of AMEENA 

and WaTEM/SEDEM in the sense that RUSLE2 predicted slightly increasing deposition 

when moving further downstream from the point of the start of deposition while 

AMEENA and WaTEM/SEDEM predicted a considerable portion of the total deposition 

to occur in the first few meters after the starting point of deposition and then less 

deposition further downstream. 

In the case of AMEENA and WaTEM/SEDEM calibrated to WEPP sediment 

delivery ratio, AMEENA and WaTEM/SEDEM predicted net deposition to be 

experienced four meters further downstream than WEPP had predicted.  This could be 

due to gross erosion not calibrated to that of WEPP and therefore, less deposition was 

needed in the case of AMEENA and WaTEM/SEDEM to obtain the same SDR, and 

hence the later start of deposition. 

There was a much larger difference in models’ behavior in the case of the concave 

field.  As for the initial stage of the profile, all models but WEPP predicted a gradual 

increase from the onset of the profile.  WEPP predicted constant erosion rate for the first 

14 m of the profile.  Unlike the case of the S-shape profile, the maximum erosion 

occurred at different distances in different models.  RUSLE2 predicted maximum erosion 

about 13.3 m from the top of the field while WEPP predicted maximum erosion at about 

37 m down from the top of profile.  AMEENA and WaTEM/SEDEM predicted 

maximum erosion to occur at about 22 m downstream of the top of the profile.  

According to USDA (1997, pp 110), maximum erosion on concave slopes is expected to 

occur at about one third of the way along the slope, which translates into 26.7 m in the 

case of 80 m field.  Based on this observation, AMEENA and WaTEM/SEDEM 
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predicted maximum erosion to occur at a distance that is closer to the one third value than 

did RUSLE2 and WEPP. 

It can be noticed from Figure 4.60 that RUSLE2 predicted net deposition to start 

occurring at about 45 m from the top.  This distance seems to be too close to the high 

erosion region of the profile considering that the entire length of the profile is 80 m.  This 

behavior of RUSLE2 is similar to the case of the S-shape profile where RUSLE2 

predicted deposition to start occurring earlier than the prediction of all other models. 

AMEENA and WaTEM/SEDEM again predicted deposition to start occurring 

later than what WEPP predicted but maintained a similar shape of deposition curve to 

that of the WEPP in the sense of increasing deposition towards the end point of the 

profile.  AMEENA and WaTEM/SEDEM predicted very similar net erosion values along 

the profile when compared with WEPP.  This was not the case when compared to 

RUSLE2 model.  Both AMEENA and WaTEM/SEDEM predicted deposition to start 

occurring considerably downstream from where RUSLE2 predicted but they also differed 

in terms of the starting point of deposition among one another.  WaTEM/SEDEM 

predicted less, and earlier maximum deposition rate than AMEENA had predicted. 

The impact of the spatial distribution of transport capacity on the better agreement 

between AMEENA and WaTEM/SEDEM for the S-shape filed than for the concave field 

when calibrated to RUSLE2 estimates was assessed.  For this purpose, the calibrated 

transport capacity from both fields was plotted against the distance along the slope 

(Figure 4.61).  As can be seen from Figure 4.61, the transport capacity of AMEENA and 

WaTEM/SEDEM for the S-shape slope was in agreement during the deposition region 

(bottom of slope).  On the other hand, the transport capacity of AMEENA was higher 
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than that of WaTEM/SEDEM during the deposition region of the concave slope, allowing 

sediment to move further down before deposition started and causing a higher maximum 

deposition. 
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Figure 4.59.  Net erosion for hypothetical S-shape field of 80 m length and 8% average slope as modeled in RUSLE2, WEPP, AMEENA, and 

WaTEM/SEDEM. 



 

Results and Discussion 188 

-120

-100

-80

-60

-40

-20

0

20

0 10 20 30 40 50 60 70 80

Distance from Top of Field (m)

N
e

t 
E

ro
s
io

n
 R

a
te

 (
t/

(h
a

 y
r)

) RUSLE2 for concave 80m, 8%

WEPP for concave 80m, 8%

AMEENA for concave 80m, 8%,  "a" = 2.6, Tc calibrated to WEPP

AMEENA for concave 80m, 5%,  "a" = 0.25, Tc calibrated to RUSLE2

WaTEM/SEDEM for concave 80m, 8%,  Ktc = 57, Tc calibrated to RUSLE2

WaTEM/SEDEM for concave 80m, 8%,  Ktc = 600, Tc calibrated to WEPP

Field Profile

 
Figure 4.60.  Net erosion for hypothetical concave field of 80 m length and 8% average slope as modeled in RUSLE2, WEPP, AMEENA, and 

WaTEM/SEDEM. 
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Figure 4.61.  Transport capacity for concave and S-shape slopes as predicted by AMEENA and WaTEM/SEDEM and calibrated to estimates of 

RUSLE2. 
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Those same two profiles (concave and S-shape with 80 m long and 8% average 

slope) were used to study the models’ response to installing filter strips at the bottom of 

the hillslopes and also to planting the highest erosion generating areas.  The critical area 

planting was only conducted on the S-shape slope since for this shape field, the 

maximum erosion took place around the same area for all four models.  For the filter strip 

part of the study, two widths were tested for each profile, namely, 10 m and 20 m.  All 

filters and the critical area were planted with bluegrass. 

Figures 4.62 and 4.63 show the models’ response to installing filter strips on the 

S-shape profile with 10 m, and 20 m width, respectively.  The next two figures (Figures 

4.64 and 4.65) show the models’ response to installing filter strips on the concave profile 

with 10 m, and 20 m width, respectively.  Figure 4.66 shows the models’ response to 

planting the areas with the top 10% of erosion rate with bluegrass on the 80 m, 8% 

average slope S-shape hypothetical field.  Table 4.18 summarizes the results for all those 

five runs showing gross erosion on all profiles as predicted by all models before and after 

implementing erosion control measures; sediment yield before and after implanting 

erosion control measures; and sediment trapping efficiency (TE) for all implemented 

erosion control measures. 

All models responded differently to erosion control measures.  As for 

implementing filter strips, WEPP predicted the most uniform deposition rate along the 

entire length of the filter strip.  This may explain the sizable increase in trapping 

efficiency when filter strip width was doubled for both slope shapes as predicted by 

WEPP.  RUSLE2 on the other hand predicted much of the deposition to take place within 

the first few meters of the filter strip on the upstream side.  Due to this behavior of 



 

Results and Discussion 191 

RUSLE2, less increase in TE was attained when moving from a 10 m filter to a 20 m 

filter when compared to WEPP.  AMEENA and WaTEM/SEDEM responded to the filter 

strip placement in a manner more similar to RUSLE2 than WEPP.  When calibrated to 

the sediment yield of RUSLE2, AMEENA and WaTEM/SEDEM predicted a higher 

maximum deposition than RUSLE2 in all filters except for the case of 20 m filter on the 

S-shape slope (Figure 4.63).  Upon closer examination of the behavior of RUSLE2 for all 

four filter strips, it can be seen that this particular combination of slope shape and filter 

width resulted in the upstream edge of the filter being the closest to the point where 

RUSLE2 predicted deposition to start occurring before any filters were installed.  This 

leads to the conclusion that this in particular case, RUSLE2 had not yet deposited much 

of the sediment at that point and therefore, there was enough sediment to deposit and 

cause maximum deposition to exceed those of AMEENA and WaTEM/SEDEM.  For the 

other three filter strips, RUSLE2 had already started deposition upstream of the filters 

which resulted in maximum deposition at the upper edge of the filters, as predicted by 

RUSLE2 being less than those predicted by AMEENA and WaTEM/SEDEM. 

AMEENA predicted only a couple of percentage points increase in TE when 

moving from 10 m to 20 m filters for both slope shapes.  WaTEM/SEDEM on the other 

hand predicted the same TE for both filter sizes.  Even though both AMEENA and 

WaTEM/SEDEM predicted a decrease in gross erosion when increasing the width of 

filter, AMEENA predicted the same ratio of deposition to erosion for both widths while 

WaTEM/SEDEM predicted a slightly lower deposition to erosion ratio for the case of 20 

m buffer than the 10 m buffer, resulting in the same amount of sediment yield for both 

filter widths. 
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For both the S-Shape and the concave profiles, WEPP predicted an increase in 

gross erosion when filter strips were installed.  This behavior is due to two reasons.  First, 

when the profile is partitioned, the average slope increases causing more gross erosion.  

Secondly, WEPP estimates the rill channel width based on flow at the end of each 

segment.  Therefore, when partitioning the profile, the upper, tilled segment has less wide 

rills due to lower flow at the end of the upper segment than the original flow at the end of 

the entire profile.  The lower rill width causes higher sheer stress resulting in more 

detachment in the entire upper segment and higher maximum erosion rate (D. Flanagan, 

personal communication, USDA – Agricultural Research Service, West Lafayette, 

Indiana, 11 July 2007). 

For the case of the critical area planting (CAP) on the S-shape slope, all models 

predicted a decrease in erosion within the segment of the profile that was planted with a 

less eroding cover.  RUSLE2 was the only model to predict deposition at the upstream 

edge of the CAP.  All models predicted a decrease in gross erosion due to the placement 

of the CAP except WEPP.  WEPP predicted a higher erosion rate immediately below the 

CAP than the erosion rate just upstream of the CAP (Figure 4.65).  While flow coming 

out of the area planted with the less eroding cover is “cleaner” due to less erosion within 

the CAP and/or deposition within the CAP, flow rate and volume are expected to be less 

due to increased hydraulic roughness and increased infiltration.  As a matter of fact, 

WEPP also predicted higher gross erosion when filters were placed on the fields as 

compared to before implementing the filters.  This behavior is demonstrated graphically 

below.  While the issue of “cleaner” but lower flow is capable of eroding more sediment 

below the critical area planting can be debated, the fact that WEPP predicted an increase 
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in gross erosion when the entire profile is considered is unexpected and is possibly due to 

an error (Bug) in the WEPP program regarding critical area planting, and the matter is 

currently under review (D. Flanagan, personal communication, USDA – Agricultural 

Research Service, West Lafayette, Indiana, 11 July 2007). 

AMEENA and WaTEM/SEDEN responded somewhat similarly to the CAP 

measure.  The difference between the two responses occurred when the two models were 

calibrated to WEPP sediment yield.  WaTEM/SEDEM predicted the decrease in erosion 

to start two meters further downstream than other models.  The increase in erosion rate 

further downstream was also delayed by about the same distance.  WaTEM/SEDEM 

predicted no deposition at the bottom of the hillslope when calibrated to WEPP sediment 

yield (Figure 4.66).  

Overall, filter strips had more impact on sediment yield while CAP had more 

impact on gross erosion.  WEPP is not included in this statement due to its unexpected 

behavior. 

 



 

Results and Discussion 194 

-500

-400

-300

-200

-100

0

0 10 20 30 40 50 60 70 80

Distance from Top of Field (m)

N
e

t 
E

ro
s
io

n
 R

a
te

 (
t/
(h

a
 y

r)
)

RUSLE2 for s-shape 80m, 8%, 10m vfs

WEPP for s-shape 80m, 8%, 10m vfs

AMEENA for s-shape 80m, 8%, 10m vfs, "a" = 0.155, Tc calibrated to RUSLE2

AMEENA for s-shape 80m, 8%, 10m vfs, "a" = 1.3, Tc calibrated to WEPP

WaTEM/SEDEM for s-shape 80m, 8%, 10m vfs, ktc = 60&18, Tc calibrated to RUSLE2

WaTEM/SEDEM for s-shape 80m, 8%, 10m vfs, ktc = 525&157.5, Tc calibrated to WEPP

Field Profile

 
Figure 4.62.  Net erosion response by all four models to installing a 10 m filter strip on 80 m, 8% average slope S-shape hypothetical field. 
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Figure 4.63.  Net erosion response by all four models to installing a 20 m filter strip on 80 m, 8% average slope S-shape hypothetical field. 
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Figure 4.64.  Net erosion response by all four models to installing a 10 m filter strip on 80 m, 8% average slope concave hypothetical field. 
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Figure 4.65.  Net erosion response by all four models to installing a 20 m filter strip on 80 m, 8% average slope concave hypothetical field. 
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Figure 4.66.  Net erosion response by all four models to planting the area experiencing the top 10% of erosion with bluegrass for the 80 m, 8% average 

slope S-shape hypothetical field. 



 

Results and Discussion 199 

Table 4.18.  Summary of impact of management practices on gross erosion and sediment yield as predicted by WEPP, RUSLE2, AMEENA, and 

WaTEM/SEDEM. 
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To illustrate the response of WEPP to the placement of filter strips, Figure 4.67 

shows net erosion along the S-shape profile without any filter and with filters of two 

widths (10 m and 20 m).  As can be seen in Figure 4.67, erosion is impacted at distances 

well upstream of the filters, something you would not expect to see in the field.  The 

maximum rate of erosion at around 43 m increased when a 10 m filter was placed at the 

bottom of the hillslope and increased even further when a 20 m filter was installed.  Even 

though WEPP is built on a physically-based approach, the impact of partitioning field 

profiles does not seem to follow expected behavior due to the increased gross erosion 

when filter strips of critical area planting are implemented.  However, proper modeling 

procedures should not result in a change in erosion rate 30 or 40 m upstream of the filter 

strip.  A solution to this issue may lie in modeling the profile as partitioned segments of 

small lengths even when the user specifies a continuous, non partitioned slope profile.  

WEPP behavior can be tested by simply using the WEPP version that is available on line 

and can be found at http://milford.nserl.purdue.edu/wepp/weppV1.html (accessed 11 July 

2007).  This site gives an option to model a hillslope with a filter strip at the bottom.  

More issues that were uncovered with regard to WEPP response and elaborated on earlier 

can be tested here as well. 

Much of the difference between AMEENA and WaTEM/SEDEM response within 

the deposition regions with implementing erosion control measures can be explained by 

the differences in sediment transport capacity of the two models within that region.  For 

example, the difference between deposition as predicted by AMEENA and 

WaTEM/SEDEM for the 20 m filter strip on the S-shape slope when calibrated to 

RUSLE2 estimates (Figure 4.63) is due to transport capacity difference between the two 
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models (Figure 4.68).  It can be seen from this graph that WaTEM/SEDEM predicted a 

higher transport capacity within the deposition region causing the start of deposition to be 

delayed. 
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Figure 4.67.  WEPP net erosion for the 80 m, 8% average slope S-shape field before and after 

implementing filter strips. 
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Figure 4.68.  Transport capacity for S-shaped slopes as predicted by AMEENA and 

WaTEM/SEDEM and calibrated to estimates of RUSLE2 for 20 m filter (net erosion 

shown in Figure 4.63). 

4.3.1 Summary 

Gross erosion, deposition, and sediment yield estimates of AMEENA were 

compared to those of WaTEM/SEDEM, RUSLE2, and WEPP using a set of hypothetical 

profiles.  The goal is to assess the spatial responsiveness of AMEENA’s predictions as 

well as the model’s potential response to implementing management practices.  Three 

shapes of profiles were used in this study including uniform, S-shape, and concave 

profiles.  Slope length and steepness were varied with three levels of length (40, 60, and 

80 m) and three levels of slope steepness (2%, 5%, and 8%). 
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AMEENA and WaTEM/SEDEM predictions of gross erosion were similar to 

each other over the length of the hypothetical slopes.  Both models predicted an increase 

in gross erosion as slope length and slope steepness increased.  Similar behaviors of gross 

erosion were observed in the cases of RUSLE2 and WEPP with the exception that WEPP 

predicted less gross erosion for longer slope lengths at low slope steepness. 

  Sediment deposition, and in turn, net erosion, varied between AMEENA and 

WaTEM/SEDEM as a result of variation in sediment transport capacity equations.  The 

spatial distribution of net erosion varied considerably between RUSLE2 and WEPP 

models.  In particular, the location and magnitude of maximum erosion rate, the location 

at which deposition was predicted to start, and the deposition rate all varied considerably 

between the four models.  Variation was more pronounced in the case of the concave 

shape than for the S-shape field.  In general, RUSLE2 predicted deposition to start 

occurring at a distance too high up the slope.  WEPP predicted deposition rate to continue 

to increase towards the end of the slope.  On the other hand, AMEENA and 

WaTEM/SEDEM predicted higher deposition rates near the point of flattening for both 

slope shapes.  The rate of deposition decreased between that point and the downstream 

end of the fields.  AMEENA and WaTEM/SEDEM predicted the location of maximum 

rate of erosion better than RUSLE2 and WEPP. 

The variation in response to installing filter strips at the bottom of the fields as 

well as planting the areas experiencing highest erosion rates with less erodible land cover 

was studied in all four models.  The WEPP model was not appropriate to simulate such 

practices due to either errors in the model (in the case of critical area planting) or counter 

intuitive behavior (increased overall gross erosion when filters were installed at bottoms 
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of slope).  RUSLE2’s ability to simulate the spatial distribution of deposition is 

questionable since it predicted deposition to start occurring too close to the middle of the 

slope. 
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4.4 Watershed Scale Model Response 

The applicability and spatial responsiveness of AMEENA as a tool for evaluating 

the “what-if” scenarios was assessed by studying the response of AMEENA to various 

combinations of management practices. The effect that various combinations of 

hypothetical erosion control practices would have on erosion, deposition, and sediment 

delivery was evaluated at a watershed scale. 

A Rockingham County, Virginia, watershed was selected for the purpose of this 

analysis.  Veith (2002) used this same watershed in her erosion management practice 

placement.  The Lola Run watershed (an unofficial name created by Veith) is 1002 ha in 

size and drains into Muddy Creek located to the west of the City of Harrisonburg, 

Virginia.  Detailed land use provided by the Virginia Department of Conservation and 

Recreation was available for this watershed.  Land use was lumped into eight main 

categories (Table 4.19 and Figure 4.69).  The watershed is heavily agricultural with about 

38% cropland, 29% hay, and 9% pasture.  

Table 4.19.  Land use in Lola Run watershed. 

Land Use Percentage  

      (%)Cropland 37.7 
Farmstead 2.7 

Forest 18.7 

Hay 29.2 

Loafing lot 0.7 

Pasture 9.2 

Residential / Built-up 1.4 

Water 0.4 
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National Elevation Dataset (NED) 10.29 m DEM was used to represent the 

watershed elevation and landscape.  Average slope in the watershed is about 6 degrees, 

and the maximum and minimum elevations are about 718 m and 419 m, respectively.   
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Figure 4.69.  Land use in Lola Run watershed. 
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Soil in the watershed is mostly silt-loam and several of the soil series in the 

watershed include Lodi, Frederick, Guernsey, Laidig, Monongahela, Purdy, Sequoia, 

Shenval, and Timberville variant.  Based on the soil series information obtained from the 

Soil Survey Geographic Database (SSURGO) for Rockingham County, Virginia, the soil 

erodibility factor (Kw) map was developed (Figure 4.70).  Soil erodibility ranged from 

0.17 to 0.43 [ton acre hour hundreds of acre-1 foot-1 tonf--1 inch-1] and values were 

converted to SI units by multiplying by 0.1317.  A RUSLE rainfall erosivity factor of 140 

hundreds of foot tonf inch acre-1.hour-1 was estimated from the isoerodent map of the 

eastern United States for Rockingham County, Virginia and converted to SI units by 

multiplying by 17.02 resulting in units of MJ.mm ha-1 h-1 yr-1.  A value of one was 

assumed for the RUSLE P factor for all land uses.  The RUSLE crop management factor 

(C factor) values were obtained from literature and are reported in Table 4.20 and shown 

in Figure 4.71.  The crop management factor of 0.3 selected for this sensitivity analysis is 

an average of values reported by Veith (2002) for the same watershed. 

Table 4.20. RUSLE C factor values for land uses within Lola Run watershed. 

Land Use RUSLE C factor 

Cropland 0.31 

Farmstead 0.011 

Forest 0.0031 

Hay 0.011 

Loafing lot 0.052 

Pasture 0.0061 

Residential / Built-up 0.01333 

Water 0.0 
1 Veith (2002) 
2 Assumed five times that of farmstead 
3 V. Shanholtz, personal communication, MapTech, Inc., Blacksburg, Virginia, 4 August 2005 
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Figure 4.70.  RUSLE soil erodibility factor (Kw) in Lola Run watershed. 
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Figure 4.71.  RUSLE crop management factor (C) in Lola Run watershed. 
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RUSLE slope steepness factor was estimated based on equations given in Section 

3.1.1.4.  Spatial variation of slope length factor is shown in Figure 4.72.  Slope length 

factor was estimated based on RUSLE equations given in Section 3.1.1.3 (Figure 4.73).  

Cells draining more than 1.8 ha were considered channelized cells and were considered 

outlets, or destinations into which overland flow and sediment are transported.  The 

selection of this size drainage area is based on discussion in Kilgore (1997) where this 

area provides roughly a maximum overland flow length of about 100 m based on the 

recommendations of Huggins and Burney (1982). 

The resulting RUSLE gross erosion rate is given in Figure 4.74.  As can be seen 

from Figure 4.74, the highest erosion rates correspond spatially to cropland areas which 

had the highest crop management factor value among all other land uses.  Total annual 

gross erosion as predicted by RUSLE from Lola Run watershed was 22,589 t. 

To illustrate the impact of the spatial variability in RUSLE input parameters on 

gross erosion estimate, several methods were used and are given in Table 4.21.  The first 

approach is the spatially distributed RUSLE approach as implemented in AMEENA.  The 

second resembles the approach followed by GWLF.  In this approach, the USLE 

parameters are averaged within each land use category.  It can be seen that within the 

current watershed, the difference between gross erosion estimates is not considerable.  

This can be attributed to the fact that in GWLF, soil erosion parameters are averaged 

within each land use, allowing partial representation of the spatial variability in model 

parameters.  The degree of spatial parameters representation is controlled by the number 

of land use categories. 
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In the third approach, gross erosion was estimated based on watershed-wide 

averages of all RUSLE parameters.  Approach number 3 resulted in almost double the 

gross soil erosion prediction of the first two approaches.  Most of the difference between 

the gross erosion estimate obtained from the third approach and the first two approaches 

can be explained by the variation of the topographic (LS) factor.  Forested areas have a 

very high LS factor but small crop management factor.  When averaging all the RUSLE 

parameters over the entire watershed, the high LS factor for forested areas had more 

impact than the low crop management factor, and therefore, caused the prediction of 

gross erosion to be considerably higher than the distributed parameter approach. 

In the fourth and last approach in Table 4.21, land use within the watershed was 

reshuffled with maintaining approximately the same land use acreage distribution before 

and after reshuffling.  The difference was the spatial placement of the land use.  This 

approach resulted in considerably less gross erosion than the first three approaches.  This 

difference can also be attributed to the arrangements of RUSLE input parameters.  For 

example, the topographic factor for cropland after reshuffling was 1.320 as opposed to 

1.945 before reshuffling.  This brief analysis illustrates that the spatial placement of land 

use has an impact on the resulting gross erosion and therefore, capturing that variability is 

important. 

Table 4.21.  Gross erosion estimate as a function of approach. 

Approach Gross Erosion 

[t] 

RUSLE within GIS 22,589 

GWLF approach 23,499 

Watershed-wide average of RUSLE parameters 37,276 

Reshuffled land use 14,971 
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Figure 4.72.  RUSLE slope steepness factor (S) in Lola Run watershed. 
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Figure 4.73.  RUSLE slope length factor (L) in Lola Run watershed. 
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Figure 4.74.  RUSLE gross erosion rate [t ha

-1 
yr

-1
] in Lola Run watershed. 

Gross Erosion [t / (ha yr)] 
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Sediment transport capacity was estimated based on Equation 3.12.  The sediment 

transport capacity was calibrated by adjusting the “a” factor in Equation 3.12 to generate 

watershed-wide sediment yield based on the sediment delivery ratio estimated using 

Equation 3.17.  The application of Equation 3.17 resulted in a SDR of 0.763, resulting in 

a sediment deposition within the watershed of (1 – 0.763) * 22,689 t, or 5,377 t.  An “a” 

factor value of 1.047 resulted in this amount of deposition.  Manning’s roughness 

coefficient values for the watershed are reported in Tables 4.22 and Figure 4.75, and 

curve number values are given in Table 4.23 and Figure 4.76.  The resulting transport 

capacity grid for the watershed is shown in Figure 4.77.   

Table 4.22.  Manning’s roughness coefficient values for Lola Run watershed. 

Land Use 
Manning’s 

Roughness 

Coefficient 
Cropland 0.140f 

Farmstead 0.0252 

Forest 0.6002 

Hay 0.0352 

Loafing lot 0.0402 

Pasture 0.1002 

Residential / Built-up 0.0152 

Water 0.0802 
1 Novotny and Olem (1994) 
2 Al-Smadi (1998) 



 

Results and Discussion 217 

Table 4.23.  Curve number values for Lola Run watershed. 

Curve Number for Hydrologic Soil Group Land Use 

A B C D 

Cropland1 71 80 87 90 

Farmstead1 59 74 82 86 

Forest2 30 55 70 77 

Hay2 65 76 84 88 

Loafing lot2 89 92 94 95 

Pasture1 39 61 74 80 

Residential / Built-up1 51 68 79 84 

Water2 100 100 100 100 
1 SCS (1975) 
2 Al-Smadi (1998) 

 

Running the routing algorithm with gross erosion grid and transport capacity grid 

as inputs resulted in delivery and deposition grids shown in Figures 4.78 and 4.79, 

respectively.  Since the baseline watershed response in terms of gross erosion and 

sediment yield was established, several “what if” scenarios were run with changes to 

watershed land use that impacted gross erosion, sediment transport capacity, and 

sediment deposition and delivery. 

The scenarios were selected to demonstrate the watershed response to the extent 

and spatial placement of such changes in land use.  Management scenarios included 

placing vegetative filter strips, and planting critical areas contributing to erosion and 

sediment delivery to streams with less erodible land cover.  Discussion of those land use 

change scenarios is given below. 
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Figure 4.75.  Manning’s roughness coefficient values for Lola Run watershed. 
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Figure 4.76.  Curve number values for Lola Run watershed. 
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Figure 4.77.  Transport capacity [t/m] for Lola Run watershed. 
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Figure 4.78.  Sediment delivery [t] within Lola Run watershed. 
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Figure 4.79.  Sediment deposition [t] within Lola Run watershed. 
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The scenarios conducted for this part of the research are reported in Table 4.24 

which gives the following information for each scenario: scenario number and 

description; total gross erosion; total sediment deposition, total sediment delivery to 

streams; sediment delivery ratio (SDR); land size allocated to the management scenario; 

percent reduction in gross erosion compared to the original baseline scenario; and percent 

reduction in sediment delivery to streams compared to original baseline scenario. 

Scenario number 1 is the baseline scenario where gross erosion, deposition, and 

delivery to streams reflect the existing conditions before implementing any management 

practices.  Scenario 2 was conducted to illustrate the contribution of non-cropland areas 

by setting to zero the gross erosion from cropland.  This scenario shows that cropland 

areas are contributing the majority of gross erosion and sediment delivery to streams.  

This is expected since the rest of the watershed is occupied by low erosion-producing 

land uses such as forest, pasture, and hay. 

In the third and fourth scenarios, the areas contributing the highest rates of gross 

erosion were transformed into low erosion land use, which was assumed to be bluegrass 

in this case.   In the third scenario, approximately 13%, or about 48 ha, of cropland areas 

had erosion rate that was in the highest 5% watershed-wide, while double this area was 

experiencing erosion rates that were in the highest 10% watershed wide (Scenario 4).  

Both of those scenarios show a considerable reduction in gross erosion as well as 

sediment delivery to streams by excluding a relatively small portion of cropland areas 

from production.
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Table 4.24.  Scenario number and description, total gross erosion, total sediment deposition, total sediment delivery to streams, sediment delivery ratio 

(SDR), land size, in ha, allocated to the management scenario, percent reduction in gross erosion and sediment delivery to streams 

compared to the original baseline scenario. 

Manage-

ment 

Scenarios 

Scenario Description 

Total 

Gross 

Erosion 

[t yr
-1

] 

Total 

Deposition 

[t yr
-1

] 

Total 

Delivery 

to 

streams 

[t yr
-1

] 

SDR 

Land Size 

Allocated to 

Manage-

ment 

Practice 

[ha] 

% 

reduction 

in Gross 

Erosion 

% 

reduction 

in 

Delivery 

to 

Streams 

1 Baseline Scenario 22551.2 5335.8 17214.6 0.763 -- -- -- 

2 Contribution from non-cropland 
areas 

1324.7 35.7 1289.0 0.973 377.0 94.1% 92.5% 

3 Critical area planting of cells in 
the top 5% of gross erosion rate 

13990.1 4543.5 8748.8 0.625 48.1 38.0% 49.2% 

4 Critical area planting of areas in 
the top 10% of gross erosion 
rate 

9380.5 2138.5 7240.2 0.772 96.2 58.4% 57.9% 

5 Critical delivery planting of 
areas contributing to the top 1% 
of delivery to streams 

18140.1 8467.6 9670.6 0.533 47.2 19.6% 43.8% 

6 Critical delivery planting of 
areas contributing to the top 5% 
of delivery to streams 

11586.4 5090.2 6494.4 0.561 135.6 48.6% 62.3% 

7 10.29 m buffer around all 
streams 

21775.7 15061.3 6712.5 0.308 47.8 3.4% 61.0% 

8 10.29 m buffer around streams 
of cells draining cropland 

21848.6 15045.9 6800.9 0.311 20.5 3.1% 60.5% 

9 10.29 m buffer around streams 
of cells draining one or more 

acre of cropland 
22465.5 12804.9 9658.7 0.430 2.3 0.4% 43.9% 
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Manage-

ment 

Scenarios 

Scenario Description 

Total 

Gross 

Erosion 

[t yr
-1

] 

Total 

Deposition 

[t yr
-1

] 

Total 

Delivery 

to 

streams 

[t yr
-1

] 

SDR 

Land Size 

Allocated to 

Manage-

ment 

Practice 

[ha] 

% 

reduction 

in Gross 

Erosion 

% 

reduction 

in 

Delivery 

to 

Streams 

10 10.29 m cell buffer around 
streams of cells draining any size 
cropland with Manning’s 
roughness for buffer = 0.3 as 
opposed to 0.45 in scenario 8 

21848.6 13087.3 8759.4 0.401 20.5 3.1% 49.1% 

11 20.58 m buffer around streams 
of cells draining any size 
cropland 

20629.1 14489.9 6137.3 0.298 43.8 8.5% 64.3% 

12 planting the most downstream 
cells of all cropland fields 
 that drain into anything but 
channels (drain in any other land 
use besides crop) 

21867.7 11413.1 10452.8 0.478 12.5 3.0% 39.3% 

13 Scenario 12 plus scenario 8 
21200.2 14750.7 6447.6 0.304 31.8 6.0% 62.5% 

14 c factor halved for cropland 11937.97 1099.2 10837.4 0.908 -- 47.1% 37.0% 
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  Since connectivity of high erosion areas to streams is explicitly defined in 

AMEENA, a platform is provided to test another type of critical area planting; a 

management alternative called here critical delivery planting.  AMEENA helps identify 

those areas that contribute the most sediment to streams while not necessarily 

experiencing the highest gross erosion areas.  Such areas are more critical from the 

standpoint of water quality since remote areas experiencing high gross erosion rates that 

have their sediment deposited in overland areas before reaching streams do not impact 

water quality significantly. 

  In critical delivery planting feature, sediment delivery rates for all cells flowing 

into stream cells were identified.  A threshold was then set (highest 1% or 5% delivery 

rate, or any threshold the manager desires) to identify cells that drain areas contributing 

the highest sediment to streams.  Sub-watersheds were then generated for these cells 

adjacent to streams and cropland areas within all of those sub-watersheds were converted 

into bluegrass.  This feature of AMEENA was evaluated in scenarios 5 and 6 in which 

areas delivering the highest 1% and 5% sediment to streams, respectively, are identified. 

It can be seen that critical delivery planting has more reduction in sediment 

delivery to streams than reduction in gross erosion.  For instance, planting the cropland 

areas contributing to the highest 1% of delivery to streams resulted in about 20% 

reduction in gross erosion but more than double that percentage reduction in sediment 

delivery to streams.  Scenario 5 required allocating the same land size to the practice as 

did scenario 3 with the critical area planting.  The difference between the two scenarios 

however is that scenario 5 achieved only half the reductions in gross erosion but 

comparable reductions to sediment delivery to streams.  The comparable reduction in 
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sediment delivery to streams between scenarios 3 and 5 could be attributed to the fact that 

in this watershed, most highly erodible lands were also within close proximity to streams.  

Figure 4.80 shows the spatial distribution of areas of interest of scenarios 3 and 5. 
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Figure 4.80.  Sub-watersheds containing the highest 1% delivery to streams and cells experiencing 

the highest 5% gross erosion rates. 
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In addition to different options available in AMEENA for critical area planting, 

AMEENA also provides options for buffering streams (or lakes) and/or any other land 

uses.  Cells flowing into streams are easily identified by a lookup routine.  Additional 

levels of buffering can be implemented by identifying cells that are separated from 

streams by one, or more cells.  The lookup routine can also help identify the most 

downstream cells of crop fields that are flowing into a given land use. 

Along this line of analysis, scenario 7 gives the reduction in sediment delivery 

and gross erosion resulting from buffering all stream cells with a 10.29 m buffer (1 cell 

wide).  Such practice has a large impact in sediment delivery to streams but very little 

impact on gross erosion.  This is expected since cells adjacent to streams are not typically 

the highest erosion generating cells due to their distinctive shallow slopes.  This 

alternative scenario required allocating about 48 ha of land to the practice but resulted in 

over 60% reduction of sediment delivery to streams.  Scenario 8 is similar to scenario 7 

with the exception that buffers were only implemented around streams at areas draining 

croplands.  This scenario required less than half the land allocation as did scenario 7 but 

resulted in very similar reduction in sediment delivery to streams.  This type of behavior 

is expected since for this watershed, croplands were the areas generating the most erosion 

and therefore, cells flowing into streams at areas draining croplands are expected to carry 

the most sediment to streams. 

Scenario 9 is an extension of scenario 8 with an added threshold that limits the 

buffer around streams to areas draining at least one acre of cropland.  This threshold can 

be adjusted to be more or less than the threshold presented here but the scenario does 

illustrate the reduction in land allocation to the practice if conditions are placed on size of 
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drained cropland area.  This scenario required only 2.3 ha of land but resulted in about 

44% reduction in sediment delivery to streams. 

The impact of the selected grass to be planted in the buffer can also be evaluated 

by adjusting the Manning’s hydraulic roughness coefficient (in addition to adjusting the 

RUSLE C factor and the curve number).  For this purpose, scenario 10 was run with the 

same land allocation as scenario 8 but with a Manning’s roughness of 0.3 as opposed to 

0.45 used in scenario 8.  Scenario 10 resulted in about 11% less reduction in delivery to 

streams than did scenario 8. 

Scenario 11 is similar to scenario 8 with the exception that the buffer in scenario 

11 has double the width of that in scenario 8.  It can be seen here that doubling the width 

of the buffer resulted in a modest increase in reduction of sediment delivery to streams 

(64.3% reduction in the case of 20.58 m buffer as opposed to 60.5% in the case of the 

10.29 m buffer).  This behavior is expected if we consider that most sediment deposition 

caused by buffers takes place near the upstream edge of the buffer and therefore, 

increasing the width of the buffer may not always result in considerably higher trapping 

efficiency.  Scenario 11 required more than double the land allocated for scenario 8. 

In situations were the modeler is seeking a certain amount of reduction to 

sediment delivery to streams that is beyond what can be achieved by buffering streams 

alone, another alternative scenario can be added where lower edges of crop fields in areas 

not adjacent to streams can be buffered as well.  This management scenario is evaluated 

in scenario 12.  In scenario 12, lower edges of crop fields draining into other land uses 

were converted to filter strips.  No filter strips around streams were implemented in this 

scenario.  This scenario resulted in about 39% reduction of sediment delivery to streams 
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and required 12.5 ha of land.  When combining this management scenario with buffering 

streams in areas draining cropland (scenarios 8 and 12), a considerably higher reduction 

in sediment delivery to streams was achieved (about 63%) while allocating about 32 ha of 

land for the combined scenario (scenario 13). 

Finally, the model offers a platform to evaluate the impact of changing cropping 

practices on both gross erosion and sediment delivery to streams.  Such scenarios can be 

switching practices from conventional tillage to conservation tillage and are reflected in 

the model through changes to Manning’s roughness coefficient, RUSLE C factor, and 

curve number.  Scenario 14 considers reducing the cropland RUSLE C factor from 0.3 to 

0.15 (in practice, this could be a change in management).  This practice resulted in 

considerable reductions to both gross erosion (47.1%) and sediment delivery to streams 

(37%).  The appealing feature of such a scenario is that no land is taken out of production 

and therefore, productivity is not reduced while at the same time protecting water quality. 

4.4.1 Summary 

A 1002 ha Virginia watershed was selected for the watershed response component 

of this research.  The mixed-land use watershed was dominated by agricultural (38% 

cropland, 29% hay, and 9% pasture) land uses with forest making up approximately 19% 

of the watershed area. 

The goal was to demonstrate the ability and flexibility of AMEENA to simulate 

management practices on a watershed scale.  Specifically, watershed response in terms of 
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gross erosion, sediment deposition, and yield to streams as impacted by hypothetical 

erosion control measures was studied. 

An evaluation of the spatial variability of land use on gross erosion indicated that 

it is important for an erosion model to be able to account for the spatial location of land 

use.  This conclusion is based on the large degree of variability in the overall watershed 

gross erosion estimate when the location of land use was varied for four estimates of 

gross erosion.  The first estimate was based on spatially varied land use as estimated by 

AMEENA.  The second was based on input parameters averaged within each land use.  

The third estimate was based on input parameters averaged over the entire watershed, and 

finally, the fourth estimate was based on land use grid reshuffled and gross erosion 

estimated similarly to the first approach with the land use being reshuffled in comparison 

to the existing land use. 

The ability of AMEENA to represent different management practices was 

demonstrated.  These practices included filter strips of various widths, targeted filter 

strips to handle drainage areas of certain characteristics based on land use and/or rate of 

gross erosion.  The practices also included critical area planting, and modified crop 

management practices.  The criteria studied for such practices were their ability to reduce 

gross erosion and sediment yield, as well as the land size required for such practices.  The 

land size requirement is critical since for some practices, this land is taken out of 

production. 

While filter strips reduced sediment yield to streams considerably, they had little 

impact on gross erosion.  For example, buffering all streams with one cell-wide filter strip 

reduced sediment yield to streams by 61% while gross erosion was only reduced by 
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approximately 3%.  This practice required approximately 48 ha of land.  A prime 

example of weighing the benefits of filter strips against the size of land required for the 

practice was the case of converting areas around streams that are draining croplands.  

Two scenarios were selected for this analysis where in the first scenario; a 10.29 m wide 

filter strip was implemented while in the second scenario, this width was doubled.  The 

analysis showed a modest improvement in reducing sediment delivery to streams in the 

second scenario (64% reduction as opposed to 61% reduction in first scenario) at the 

expense of allocating more than double the land size for the second scenario (44 ha 

compared to 21 ha).  This type of targeted filter strips based on type of land use drained 

highlights an important characteristic of AMEENA, which is that the model accounts for 

the flow path from source to destination allowing for such targeting. 

Critical area planting analysis comprised of two approaches.  In the first approach, 

which is similar to the way critical area planting is typically modeled, areas experiencing 

the highest gross erosion rates were converted into less erodible land uses.  The second 

approach targeted areas that may not necessarily be generating the highest gross erosion 

rates, but rather are contributing the most sediment delivery to streams.  Critical area 

planting of areas experiencing the top 5% gross erosion rates required 48 ha of land, 

which was similar (47 ha) to the land size required for the critical delivery planting of 

areas contributing the highest 1% delivery rates to streams.  However, the impact of the 

two scenarios was different in their effect on gross erosion.  While the first scenario 

reduced gross erosion predictions by 38%, the second scenario reduced gross erosion by 

approximately 20%.  Sediment delivery to streams was reduced by 49% in the first 

scenario compared to approximately 44% by the second scenario. 
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The advantage of critical area planting can be attributed to two factors.  The first 

is that most areas experiencing high gross erosion rates were also very close to streams 

and thus, meeting both criteria.  The second factor is that in the critical delivery planting, 

entire subwatersheds were delineated and converted from cropland to less erodible land 

cover where the subwatershed outlet is the cell draining into streams and experiencing 

delivery rate within the threshold.  In the critical area planting, only individual cells 

experiencing the highest gross erosion rates were converted to less erodible land cover.  

Critical area planting can be easily modified within AMEENA to convert entire fields to 

less erodible land covers since a crop field is typically a single management unit.  This 

modification would involve ranking gross erosion rates by fields rather than individual 

grid cells. 

Improved cropping management practices were also considered.  For this part of 

the evaluation, the crop management factor was reduced resembling for example a move 

from conventional tillage to reduced tillage.  This scenario resulted in considerable 

reductions to gross erosion and sediment delivery to streams without any reduction to 

land size allocated for agriculture. 
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5 Summary, Conclusions, and Recommendations 

5.1 Summary and Conclusions 

The goal of this research was to develop, evaluate and demonstrate a distributed-

parameter erosion and sediment yield model that can provide spatially responsive 

predictions of erosion, deposition, and sediment yield on a watershed scale.  A further 

design goal is that the model utilizes readily available data and that it functions 

completely within a grid-based GIS.  The model developed, AMEENA, operates within 

the ArcView 3.x environment requiring elevation, soils, and land use data layers.  Model 

validation compared predictions against observed erosion and sediment yield data and 

through comparison with predictions of established erosion models such as RUSLE2, 

WEPP, and WaTEM/SEDEM (Van Oost et al., 2000; and Van Rompaey et al., 2001).  

RUSLE2 and WEPP were selected for comparison since they are currently used as 

erosion management evaluation tools in the United States and WaTEM/SEDEM was 

selected since it operates on similar platform as AMEENA and is widely used in Europe. 

The first objective of this research was to develop an erosion and sediment 

routing algorithm implemented in a grid-based GIS.   AMEENA’s three basic 

components include an algorithm to generate gross erosion based on the RUSLE model, a 

sediment transport capacity algorithm, and an algorithm to route eroded material from 

land-based grid cells to stream cells. 
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The time frame of the transport capacity formula used in AMEENA is the same as 

the timeframe of the rainfall erosivity factor used to generate gross erosion.  This feature 

enables AMEENA to be run on an average annual basis, a fixed time period basis, or a 

storm basis.  The transport capacity is estimated as a function of local slope, incoming 

flow, and land use. 

The spatial patterns of gross erosion and sediment transport capacity predicted by 

AMEENA follow expected trends where lower gross erosion and sediment transport 

capacity values were estimated to occur at or near ridges and flat areas at the bottom of 

hillslopes.  Higher values of gross erosion and sediment transport were predicted to occur 

near the middle of hillslopes where intermediate values of flow are combined with high 

gradient to maximize erosion and sediment transport capacity. 

Eroded sediment was routed over the three-dimensional land surface.  For each 

grid cell in the land surface being modeled, the routing algorithm identifies the upstream 

cell(s) and downstream cell.  In addition to determining upstream and downstream cells, 

the routing algorithm also assigns each cell a routing rank based on distance from the 

divide resulting in a finite number of routing levels.  The algorithm then progressively 

identifies each routing level and the routing level upstream.  Total erosion in a routing 

level was estimated on a cell by cell basis as the summation of local gross erosion and 

incoming sediment delivered from cell(s) in the upstream routing level.  The routing 

algorithm then compares total erosion, on a cell by cell basis, to sediment transport 

capacity where an amount equal to sediment transport capacity is delivered to the cell 

downstream and the remainder is deposited locally.  The routing algorithm loops through 

all levels of routing from ridge cells to stream cells.  The routing algorithm’s ability to 
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iteratively compare gross erosion and sediment transport capacity and deliver the 

difference to the cell immediately downstream, while depositing the remainder at the 

local grid cell.  The routing algorithm produces three grids including sediment deposition, 

sediment delivery, and net erosion. 

The routing algorithm suitability was verified by studying subsets of study areas 

where grids of erosion, sediment transport capacity, deposition, and delivery were 

examined, and all numbers matched those of manual calculations.  Moreover, the 

watershed response component (Table 4.24 in Section 4.4) showed that the summation of 

delivery to stream and deposition add up to an amount equal to gross erosion indicating 

no losses or gains due to errors in routing. 

The second specific objective was to evaluate the suitability of the model as a 

predictive tool by comparing model estimates with observed erosion and sediment 

transport and deposition data as well as with predictions of WaTEM/SEDEM.  The 

accuracy of the model was illustrated through a set of statistical and visual comparisons 

with observed overland estimates of net erosion and sediment deposition obtained from 

two Iowa fields with Cesium 137 and a small Ohio watershed with rare earth elements 

observations.  The Cesium 137 and rare earth elements concentrations served as a 

surrogate to erosion/deposition rates. 

Statistical and visual comparison showed that AMEENA more closely predicted 

observed values than did WaTEM/SEDEM.  WaTEM/SEDEM consistently over-

predicted deposition in the range of 0 – 40 t ha-1 yr-1 for the two Iowa fields.  While both 

models under-predicted net erosion in the high range of negative observed net erosion, 

AMEENA had a more even distribution around the 1:1 line in the positive net erosion 
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region, which was reflected by both scatter plots and statistical measures of slope of best 

fit line.  AMEENA generated deposition maps more closely resembling the distribution 

of deposition measured through field observations than did WaTEM/SEDEM.  This trend 

was most obvious in the case of Coshocton watershed (Figure 4.45).  Overall, 

WaTEM/SEDEM produced particularly poor results for the Coshocton watershed. 

The sensitivity of model outcome to change in cell size was assessed using the 

Finch field data set with 5, 10, and 20 m cell sizes.  Results of this analysis indicated that 

accuracy of prediction did not improve with the finer grid cell size. This could be 

attributed to the shift of the location of concentrated flow and ultimate shift of cells 

experiencing net erosion into net deposition or vice-versa when compared with observed 

measurements recorded at given coordinates.  Results were statistically worse when cell 

size was increased to 20 m.  However, graphical representation of results indicated that 

even with the 20 m cell size, net erosion still followed the expected trend of negative 

values of net erosion for locations experiencing observed net erosion and positive values 

for areas experiencing net deposition. 

Sensitivity analysis also showed that, for a fixed overall sediment yield from a 

given area, deposition was not sensitive to design storm magnitude used to generate the 

flow parameter in the transport capacity equation. The Coshocton watershed data set was 

used for this analysis.  This behavior is attributed to the fact that sediment transport 

capacity needed to generate a given sediment yield is fixed.  For instance, if the size of 

design storm is increased, the calibration coefficient value in the transport capacity 

equations will be lower, resulting in similar sediment transport capacity grid, and in turn, 

similar sediment yield. 



 

Summary, Conclusions, and Recommendations  239  

The Sediment transport capacity formula’s response to using flow volume in 

place of flow rate was assessed.  Sediment transport capacity as a function of total storm 

flow volume was linearly correlated to sediment transport capacity estimated as a 

function of average of hourly sediment transport capacity based on hourly flow rate.  This 

finding, in addition to: (1) model estimates for plot, field, and watershed scale studies, (2) 

supporting literature such as Rogers and Singh (1988), who found peak discharge to be 

linearly related to flow volume for multiple streams, and, (3) over a long term, areas 

within the watershed that experience higher flow rates also pass higher volumes of flow 

as well, validate the assumption that flow rate can be replaced by total flow volume in the 

transport capacity equation allowing a temporally non-dynamic application of the 

formula. 

In addition to model comparison with observed data, AMEENA’s ability to model 

gross erosion, sediment deposition, and sediment yield on a profile basis was also 

demonstrated in comparison with RUSLE2, WEPP, and WaTEM/SEDEM.  Results 

showed that AMEENA produced intuitive results for spatial variation of gross erosion 

and sediment deposition where gross erosion rates were increasing with increased slope 

length and slope steepness.  Moreover, AMEENA predicted sediment deposition to occur 

as expected towards the bottom of the profile where gradient is reduced.  In addition to 

producing intuitive results, the analysis also showed that AMEENA is capable of 

modeling erosion processes on a profile basis as good as, or better than the other three 

models.  AMEENA predicted the location of the maximum rate of erosion better than 

RUSLE2 and WEPP for concave fields.  RUSLE2 predicted deposition to start occurring 
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at a distance too high up the hillslope while WEPP predicted deposition to continue to 

increase towards the end of the field.  

The third specific objective was to demonstrate the suitability of AMEENA to 

model management practices through sensitivity analysis and comparison with 

predictions of widely used erosion models.  AMEENA’s ability to model land use related 

management practices was compared with application of the RUSLE2, WEPP, and 

WaTEM/SEDEM models using a set of hypothetical fields. Two examples of 

management practices were presented including filter strips representing off-site 

management practices and critical area planting as a representative of on-site 

management practices.  Filter strips were implemented within all models on both an S-

shape field and a concave field.  On the other hand, critical area planting was only 

applied to an S-shape field since all four models predicted the maximum erosion rate for 

this shape to occur around the same distance down slope. 

The WEPP model proved to be inappropriate to simulate such practices due to 

either errors in the model (in the case of critical area planting) or counter intuitive 

behavior (increased overall gross erosion when filters were installed at bottoms of slope 

and increased maximum erosion rate at considerable distance upslope when filter strips 

were installed at the bottom of the slope).  When critical area planting was implemented 

within WEPP, gross erosion increased by approximately 24%.  This result was attributed 

by the developers to errors in the model.  WEPP also predicted an increase in gross 

erosion when filter strips were implemented on concave and S-shape fields by 9% and 

8%, respectively.  AMEENA on the other hand predicted a decrease in gross erosion 

when critical area planting or filter strips were implemented. 
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Both WEPP and RUSLE2 predicted a considerable increase in trapping efficiency 

when filter strip width was increased from 10 m to 20 m.  This prediction contradicts 

field observations of the trapping mechanism in filter strips where most sediment 

deposited due to filter strips is concentrated at or near the upper edge of the filter strip.  

RUSLE2’s ability to model such practices is also questionable since it predicted 

deposition to start occurring too high upslope in the field.  WaTEM/SEDEM on the other 

hand predicted no increase in trapping efficiency when filter strip width was increased.  

AMEENA predicted a slight increase (approximately 2%) in trapping efficiency when 

filter strip width was increased. 

The fourth specific objective was to demonstrate the applicability and spatial 

responsiveness of AMEENA as a tool for evaluating the “what-if” scenarios of various 

combinations of hypothetical erosion control practices on erosion, deposition, and 

sediment delivery at an edge of stream scale. 

The first sub-component of the watershed response analysis showed that the 

spatial location of land use has a considerable impact on gross erosion estimates.  Total 

watershed gross erosion ranged from approximately 15,000 t to 37,000 t based on the 

distribution of land use.  This emphasizes the need for a model that accounts for such 

spatial variation when targeted integrated catchment management is considered. 

Several management practices were studied including filter strips of various 

widths, targeted filter strips to handle drainage areas of certain characteristics based on 

land use and/or rate of gross erosion, critical area planting, and modified crop 

management practices.  The criteria studied for such practices were their ability to reduce 

gross erosion and sediment yield, as well as the land size required for such practices.  The 
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land size requirement is critical since in many practices, this is land taken out of 

production. 

While filter strips reduced sediment yield to streams considerably, they had little 

impact on gross erosion.  Buffering all streams with one cell-wide filter strip reduced 

sediment delivery to streams by 61% and gross erosion by only 3%.  AMEENA allowed 

for comparing the extent of filter strips to the land size allocated to these filter strips.  For 

example, when filter strips were modeled only at cells around streams at areas that were 

draining cropland as opposed to all areas around streams, sediment delivery to streams 

was reduced by approximately the same percentage while land size allocated to the 

practice was cut by 57%.  This type of targeted filter strips based on type of land use 

drained highlights an important characteristic of AMEENA, which is that the model 

accounts for the flow path from source to destination allowing for such targeting.  The 

model also predicted a modest improvement in reducing sediment delivery to streams 

when the width of filter strip was doubled, and an additional 52% land was needed to 

gain only 3% more reduction of sediment delivery to streams. 

AMEENA’s ability to account for flow path of sediment from overland areas to 

streams provides an important tool for targeting critical areas.  In addition to the 

traditional critical area planting where areas predicted to experience proportionally high 

gross erosion rates are transformed into less erodible land uses, AMEENA is also able to 

identify areas experiencing the highest sediment delivery to streams.  This attribute is 

important since it allows allocating resources to areas with most impact on water quality 

while identifying areas that are disconnected from streams and are not expected to impact 

water quality, even if experiencing high gross erosion rates. 
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The watershed response analysis conducted here showed that targeting the areas 

experiencing the highest 5% of gross erosion rates required similar amount of land 

allocation as did targeting the areas contributing the highest 1% delivery to streams.  On 

the other hand, targeting areas experiencing high gross erosion resulted in almost double 

the reduction in gross erosion.  The similarity in reduction to delivery to streams is 

attributed to the fact that, for this particular watershed, areas experiencing high erosion 

rates were within close proximity to streams. 

Watershed-wide management practices applicable within AMEENA are: 

• Identifying grid cells flowing into streams and placing filter strips on all 

streams; 

• Identifying and targeting placement of different width filter strips around 

streams based on type and acreage of upstream land use; 

• Defining filter strips with different hydraulic roughness; 

• Changing tillage practices such as moving from conventional tillage to 

conservation tillage; 

• Identifying and planting the highest sediment generating areas with less 

eroding land cover; 

• Identifying and targeting areas contributing the highest amounts of 

sediment to streams by planting such areas with less eroding land covers; 

and; 

• Identifying and targeting lower field borders of cropland or any other land 

use for filter strip planting. 
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AMEENA’s response to the placement of management practices followed the 

expectations anticipated from such placement.  This was evident in the high impact of 

filter strips on delivery to streams with minimum impact on gross erosion.  It is also 

evident from the response to critical area planting in which planting areas experiencing 

high erosion rates and within close proximity to streams with less erodible land uses 

resulted in considerable reductions to both gross erosion and sediment delivery to 

streams.  Moreover, the selection of watershed-wide management practices identified 

here demonstrates the degree of flexibility offered by AMEENA that is not available in 

field scale or lumped erosion models. 

The main contributions of this research fall under two categories: development; 

and application.  In the development phase, two main contributions were offered.  First, 

this research demonstrated that it is feasible to adopt the traditional flow-rate dependent 

transport capacity equation used in temporally dynamic erosion models in a temporally 

non-dynamic form as a function of flow volume.  Second, it was demonstrated that the 

standard functions available in widely used commercial grid based GIS can be employed 

to develop an iterative routing algorithm; a function that up to date has only been 

available in dynamic erosion models.  This routing algorithm can potentially be used with 

applications other than sediment delivery modeling.  Such uses may include any 

application where an input grid is to be routed downstream provided that an identified 

impedance function is available. 

In the application phase, this research produced a tool that can be added to the set 

of models already at the disposal of erosion and sediment control managers in the U.S.  

This model is particularly more useful when integrated catchment management is 
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considered since it is spatially distributed and can be used on a catchment scale to 

estimate soil erosion rates and sediment delivery to waterbodies. 

 

5.2 Recommendations 

An important limitation of AMEENA is that it does not account for in-stream 

erosion processes, thus, it is not applicable in areas dominated by stream bank and gully 

erosion.  This limitation could be overcome by combining AMEENA with an in-stream 

erosion model, where the in-stream model would take the sediment output from land 

surfaces generated in AMEENA and route it downstream to a watershed outlet.  Another 

alternative would be to use an empirical stream erosion formula that utilizes watershed 

characteristics such as the one used in GWLF to come up with an estimate for stream 

generated-sediment. 

Another area that can be improved in AMEENA is breaking down the “a” factor 

used to calibrate the sediment transport capacity formula into sub-factors that can be 

estimated instead of calibrated.  Such sub-factors would relate to landscape 

characteristics that are not directly reflected in the transport capacity formula but do 

impact sediment transport including rainfall intensity, particle size, characteristics, soil 

erodibility, and infiltration rate. 

Another improvement to AMEENA would be create an interface where all 

routines can be automated and the user is prompted to locate input grids including 

RUSLE parameters, Manning’s roughness coefficient grid, and curve number grid.  The 
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user would also be prompted to select what management scenarios they would like to 

evaluate via modeling and the tool would summarize reductions in erosion and sediment 

yield as well as land area allocated for each scenario.
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Appendix A: Data 
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A.1. Coshocton watershed data set 

All data used in the Coshocton watershed study were obtained from Polyakov (2002). 
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A.2. Finch field data set 

Finch field data set was supplied by Dr. Kaspar with the USDA – ARS National Soil 
Tilth Laboratory, Ames, Iowa and are provided in the following table 
 

NUMBER LOCATION Easting Northing 
Net Erosion 

(t/ha) 

Elevation 

(m) 

1 A01 443794.1 4644886.0 21.922 312.1715 

2 B01 443793.5 4644861.0 20.980 312.2369 

3 C01 443793.0 4644836.0 3.614 312.5449 

4 D01 443792.8 4644811.0 -6.370 313.2621 

5 E01 443792.6 4644786.0 3.486 313.3663 

6 F01 443792.2 4644761.0 43.063 313.1391 

7 G01 443791.6 4644736.0 6.475 313.3664 

8 H01 443790.4 4644711.0 -34.019 314.0544 

9 A02 443768.7 4644886.0 -1.730 312.3947 

10 B02 443768.0 4644861.0 -13.070 312.6140 

11 C02 443767.9 4644837.0 -17.750 312.8136 

12 D02 443767.5 4644812.0 -12.920 313.0923 

13 E02 443767.1 4644787.0 -1.100 313.2523 

14 F02 443766.7 4644763.0 -19.890 313.4167 

15 G02 443766.2 4644737.0 -15.250 313.8114 

16 H02 443765.7 4644711.0 -38.939 314.1234 

17 A03 443744.3 4644885.0 -33.209 312.7348 

18 B03 443743.9 4644861.0 -21.660 312.6244 

19 C03 443743.9 4644837.0 -5.420 312.4283 

20 D03 443743.5 4644811.0 -6.860 312.6031 

21 E03 443743.0 4644787.0 -9.660 313.0417 

22 F03 443742.5 4644763.0 -35.019 313.2588 

23 G03 443742.1 4644738.0 -18.160 313.0086 

24 H03 443741.1 4644710.0 12.062 312.8336 

25 I03 443740.6 4644686.0 -19.260 313.0727 

26 A04 443719.3 4644886.0 11.433 312.5032 

27 B04 443718.8 4644862.0 -4.080 312.5415 

28 C04 443718.8 4644838.0 16.711 312.4123 

29 D04 443718.2 4644812.0 10.985 312.6338 

30 E04 443717.8 4644788.0 -6.260 313.0276 

31 F04 443717.0 4644765.0 3.064 312.7531 

32 G04 443716.5 4644739.0 -3.760 312.4138 

33 H04 443716.0 4644709.0 16.070 312.2991 

34 I04 443715.5 4644685.0 8.057 312.2928 

35 J04 443714.1 4644659.0 4.640 312.4234 

36 K04 443713.8 4644635.0 -13.620 312.8100 

37 A05 443693.7 4644887.0 -6.430 312.4250 

38 B05 443693.4 4644863.0 -22.060 312.6013 
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NUMBER LOCATION Easting Northing 
Net Erosion 

(t/ha) 

Elevation 

(m) 

39 C05 443693.4 4644840.0 -0.520 312.6193 

40 D05 443692.9 4644814.0 -18.890 312.6960 

41 E05 443692.7 4644789.0 -16.040 312.5804 

42 F05 443692.3 4644767.0 -10.400 312.2779 

43 G05 443691.5 4644741.0 18.300 312.0426 

44 H05 443690.9 4644710.0 20.766 311.9946 

45 I05 443690.2 4644685.0 7.350 312.0434 

46 J05 443689.6 4644662.0 -10.790 312.2861 

47 K05 443689.1 4644637.0 -16.670 312.6597 

48 A06 443668.7 4644887.0 -7.390 312.5957 

49 B06 443668.1 4644863.0 -13.490 313.0805 

50 C06 443667.7 4644840.0 -16.310 313.1366 

51 D06 443667.4 4644814.0 -14.090 312.6068 

52 E06 443667.1 4644790.0 0.302 312.2200 

53 F06 443666.5 4644768.0 22.770 312.0438 

54 G06 443666.1 4644742.0 58.058 311.9659 

55 H06 443666.0 4644710.0 38.093 311.9801 

56 I06 443664.7 4644686.0 4.574 312.1543 

57 J06 443664.0 4644663.0 16.158 312.3878 

58 K06 443663.5 4644637.0 2.338 312.8963 

59 A07 443643.7 4644887.0 3.524 312.4491 

60 B07 443643.8 4644863.0 -0.660 312.6329 

61 C07 443643.4 4644840.0 -13.670 312.6534 

62 D07 443643.2 4644815.0 0.136 312.3169 

63 E07 443642.8 4644791.0 20.928 312.0926 

64 F07 443642.0 4644769.0 27.118 312.0099 

65 G07 443641.6 4644743.0 34.398 312.0311 

66 H07 443641.0 4644711.0 12.532 312.2043 

67 I07 443640.2 4644686.0 10.881 312.4909 

68 J07 443639.4 4644663.0 -6.780 312.8743 

69 K07 443638.7 4644638.0 -11.570 313.4119 

70 A08 443619.2 4644885.0 7.162 312.4219 

71 B08 443619.0 4644861.0 -13.200 312.3379 

72 C08 443618.6 4644838.0 -1.780 312.1875 

73 D08 443618.3 4644813.0 24.027 312.0728 

74 E08 443617.8 4644789.0 43.278 312.0834 

75 F08 443617.3 4644767.0 35.471 312.0760 

76 G08 443616.8 4644741.0 6.277 312.1906 

77 H08 443665.3 4644710.0 -6.980 311.9858 

78 I08 443614.8 4644683.0 -5.700 313.0891 

79 J08 443614.3 4644660.0 -15.390 313.6176 

80 K08 443613.8 4644636.0 -36.499 314.5245 

81 A09 443594.1 4644885.0 -8.620 312.7436 

82 B09 443594.1 4644861.0 -5.780 312.5072 

83 C09 443593.8 4644839.0 -5.140 312.3127 

84 D09 443593.3 4644813.0 18.022 312.2303 

85 E09 443592.8 4644789.0 24.317 312.2287 

86 F09 443592.3 4644767.0 8.073 312.2998 
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NUMBER LOCATION Easting Northing 
Net Erosion 

(t/ha) 

Elevation 

(m) 

87 G09 443591.7 4644742.0 4.506 312.5463 

88 H09 443590.9 4644708.0 -16.280 313.1506 

89 I09 443589.9 4644684.0 -33.599 313.9168 

90 J09 443589.4 4644660.0 -46.568 314.8083 

91 K09 443589.0 4644637.0 -53.478 315.7937 

92 A10 443569.4 4644885.0 -7.350 313.3103 

93 B10 443569.1 4644862.0 -1.710 313.0408 

94 C10 443569.0 4644839.0 2.858 312.8033 

95 D10 443568.4 4644813.0 5.991 312.7036 

96 E10 443568.2 4644790.0 14.422 312.7531 

97 F10 443567.6 4644768.0 -2.380 312.9561 

98 G10 443567.0 4644742.0 -2.490 313.2542 

99 H10 443566.0 4644709.0 -16.740 314.0309 

100 I10 443565.3 4644685.0 -50.037 315.0597 

101 J10 443564.6 4644660.0 -31.580 315.9310 

102 K10 443564.0 4644637.0 -50.497 315.6805 

103 A11 443544.1 4644886.0 -27.540 314.0038 

104 B11 443543.9 4644862.0 -8.890 313.7011 

105 C11 443543.6 4644839.0 -17.440 313.7687 

106 D11 443543.1 4644813.0 -13.230 313.6086 

107 E11 443542.7 4644791.0 -6.460 313.7657 

108 F11 443542.1 4644768.0 -1.860 314.0001 

109 G11 443541.6 4644742.0 -32.599 314.6061 

110 H11 443541.0 4644708.0 -36.519 315.5102 

111 I11 443540.0 4644685.0 -40.228 315.5754 

112 A12 443519.2 4644886.0 -12.960 314.7796 

113 B12 443518.8 4644862.0 2.737 314.4398 

114 C12 443518.7 4644840.0 -2.270 314.5120 

115 D12 443518.1 4644813.0 -13.060 314.8530 

116 E12 443517.4 4644791.0 -11.150 315.2582 

117 F12 443516.8 4644768.0 -29.090 315.7879 

118 G12 443516.4 4644742.0 -20.450 315.8353 

119 H12 443516.0 4644708.0 -48.747 314.8337 

120 X01 443591.5 4644728.0 -25.010 312.7439 

121 X02 443590.4 4644697.0 -6.630 313.4635 

122 X03 443589.8 4644673.0 -38.999 314.3416 

123 X04 443589.2 4644648.0 -40.568 315.3078 

124 Y01 443528.9 4644742.0 -47.627 315.5791 

125 Y02 443553.9 4644742.0 -22.250 313.8055 

126 Y03 443578.9 4644742.0 -0.900 312.8771 

127 Y04 443603.9 4644742.0 9.187 312.3416 

128 Y05 443628.9 4644742.0 14.447 312.0564 

129 Y06 443653.9 4644742.0 36.591 312.0117 

130 Z01 443664.9 4644697.0 12.975 312.0672 

132 Z02 443665.6 4644725.0 57.990 311.9715 

134 Z03 443666.2 4644755.0 35.153 311.9898 

136 Z04 443666.8 4644779.0 2.022 312.1172 

138 Z05 443667.2 4644803.0 -5.440 312.3848 
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A.3. Baker field data set 

Baker field data set was supplied by Dr. Kaspar with the USDA – ARS National Soil 
Tilth Laboratory, Ames, Iowa and are provided in the following table 
 

Sample GIS ID Easting Northing 
Elevation 

(m) 

Net 

Erosion 

(t/ha) 

B-01 901 436972.0 4659121.6 293.4207 11.04 

B-02 886 436947.6 4659121.8 293.3775 2.47 

B-03 871 436923.2 4659122.0 293.1945 -3.44 

B-04 856 436898.8 4659122.2 292.9701 21.61 

B-05 841 436874.4 4659122.4 292.8723 20.78 

B-06 826 436850.0 4659122.7 293.2953 -6.71 

B-07 811 436825.6 4659122.9 293.9968 -17.91 

B-08 796 436801.2 4659123.1 294.9838 -33.64 

B-09 781 436776.8 4659123.3 296.2683 -57.56 

B-10 766 436752.4 4659123.5 295.2355 -38.06 

B-11 751 436728.0 4659123.7 294.029 -7.99 

B-12 736 436703.6 4659123.9 293.4134 23.75 

B-13 721 436679.2 4659124.1 293.2351 88.41 

B-14 706 436654.8 4659124.4 293.4911 -6.72 

B-15 691 436630.4 4659124.6 294.1041 -25.13 

C-01 900 436971.8 4659097.2 293.8647 14.60 

C-02 885 436947.4 4659097.4 294.1041 -4.25 

C-03 870 436923.0 4659097.6 294.156 -25.54 

C-04 855 436898.6 4659097.8 293.5682 -15.90 

C-05 840 436874.2 4659098.0 292.9091 61.69 

C-06 825 436849.8 4659098.3 293.4776 -11.46 

C-07 810 436825.4 4659098.5 294.4961 -31.35 

C-08 795 436801.0 4659098.7 296.1626 -41.34 

C-09 780 436776.6 4659098.9 296.5191 -85.13 

C-10 765 436752.2 4659099.1 295.022 -39.01 

C-11 750 436727.8 4659099.3 293.9608 -3.99 

C-12 735 436703.4 4659099.5 293.3217 30.80 

C-13 720 436679.0 4659099.7 293.4193 29.64 

C-13A 720 436679.0 4659099.7 293.4193 4.16 

C-14 705 436654.6 4659100.0 293.7807 -2.09 

C-15 690 436630.2 4659100.2 294.1582 -4.21 

D-01 899 436971.6 4659072.8 294.6982 -8.63 

D-02 884 436947.2 4659073.0 295.2581 -20.86 

D-03 869 436922.8 4659073.2 295.4951 -33.76 

D-04 854 436898.4 4659073.4 294.2761 -28.79 

D-05 839 436874.0 4659073.6 293.1977 -4.94 

D-06 824 436849.6 4659073.9 293.3187 -0.38 

D-07 809 436825.2 4659074.1 294.2338 -21.55 

D-08 794 436800.8 4659074.3 295.5927 -89.84 

D-09 779 436776.4 4659074.5 295.4964 -40.31 
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D-10 764 436752.0 4659074.7 294.2859 -11.70 

D-11 749 436727.6 4659074.9 293.5407 21.61 

D-12 734 436703.2 4659075.1 293.2318 34.63 

D-13 719 436678.8 4659075.3 293.8654 -8.50 

D-14 704 436654.4 4659075.6 294.4676 -0.23 

D-15 689 436630.0 4659075.8 294.3258 25.39 

E-01 898 436971.3 4659048.4 296.2112 -67.20 

E-02 883 436946.9 4659048.6 296.1381 -17.48 

E-03 868 436922.5 4659048.8 295.3421 -38.69 

E-04 853 436898.1 4659049.0 294.2567 -27.67 

E-05 838 436873.7 4659049.2 293.502 -14.97 

E-06 823 436849.3 4659049.5 293.031 27.75 

E-07 808 436824.9 4659049.7 293.5904 -31.37 

E-08 793 436800.5 4659049.9 294.3567 -20.11 

E-09 778 436776.1 4659050.1 294.3668 -37.96 

E-10 763 436751.8 4659050.3 293.5856 -17.96 

E-11 748 436727.4 4659050.5 293.1427 45.32 

E-12 733 436703.0 4659050.7 293.26 16.53 

E-13 718 436678.6 4659050.9 293.8475 -35.34 

E-14 703 436654.2 4659051.2 294.5546 -42.65 

E-15 688 436629.8 4659051.4 294.4957 15.03 

F-01 897 436971.1 4659024.0 296.309 -27.26 

F-02 882 436946.7 4659024.2 295.5703 -28.72 

F-03 867 436922.3 4659024.4 294.7778 -28.25 

F-04 852 436897.9 4659024.6 294.1064 -5.25 

F-05 837 436873.5 4659024.8 293.6499 -3.97 

F-06 822 436849.1 4659025.1 293.3018 22.90 

F-07 807 436824.7 4659025.3 293.108 1.21 

F-08 792 436800.3 4659025.5 293.4986 -10.79 

F-09 777 436775.9 4659025.7 293.5185 -17.35 

F-10 762 436751.5 4659025.9 293.0021 67.97 

F-11 747 436727.1 4659026.1 292.9635 126.61 

F-12 732 436702.7 4659026.3 293.0246 95.36 

F-13 717 436678.3 4659026.5 293.3749 2.35 

F-14 702 436653.9 4659026.8 293.8843 -11.50 

F-15 687 436629.5 4659027.0 294.3233 0.60 

G-01 896 436970.9 4658999.6 295.1253 -24.67 

G-02 881 436946.5 4658999.8 295.0317 -12.89 

G-03 866 436922.1 4659000.0 294.3784 5.39 

G-04 851 436897.7 4659000.2 294.0546 28.71 

G-05 836 436873.3 4659000.4 293.9334 -4.21 

G-06 821 436848.9 4659000.7 293.6696 -1.27 

G-07 806 436824.5 4659000.9 293.3383 15.51 

G-08 791 436800.1 4659001.1 293.1311 120.78 

G-09 776 436775.7 4659001.3 292.9939 58.56 

G-10 761 436751.3 4659001.5 292.8612 172.33 

G-11 746 436726.9 4659001.7 292.8452 172.63 

G-12 731 436702.5 4659001.9 292.9041 113.17 



 

Data 261 

G-13 716 436678.1 4659002.1 293.1805 38.19 

G-14 701 436653.7 4659002.4 293.5756 8.78 

G-15 686 436629.3 4659002.6 294.0226 2.31 

H-01 895 436970.7 4658975.2 293.9557 -37.17 

H-02 880 436946.3 4658975.4 294.2052 -39.72 

H-03 865 436921.9 4658975.6 294.2348 -13.20 

H-04 850 436897.5 4658975.8 294.1221 1.21 

H-05 835 436873.1 4658976.0 294.2312 -13.73 

H-06 820 436848.7 4658976.3 294.0791 -13.30 

H-07 805 436824.3 4658976.5 293.7005 -8.32 

H-08 790 436799.9 4658976.7 293.2617 16.51 

H-09 775 436775.5 4658976.9 292.9391 78.90 

H-10 760 436751.1 4658977.1 292.8869 98.22 

H-11 745 436726.7 4658977.3 292.8541 78.43 

H-12 730 436702.3 4658977.5 292.903 70.73 

H-13 715 436677.9 4658977.7 293.1302 34.59 

H-14 700 436653.5 4658978.0 293.4046 3.38 

H-15 685 436629.1 4658978.2 293.7052 -7.07 

I-01 894 436970.5 4658950.8 293.1572 19.92 

I-02 879 436946.1 4658951.0 293.3146 10.45 

I-02A 879 436946.1 4658951.0 293.3146 2.35 

I-03 864 436921.7 4658951.2 293.7442 -7.29 

I-04 849 436897.3 4658951.4 294.1445 -0.79 

I-05 834 436872.9 4658951.6 294.3092 -4.81 

I-06 819 436848.5 4658951.9 294.3754 -4.64 

I-07 804 436824.1 4658952.1 294.3346 -9.63 

I-08 789 436799.7 4658952.3 293.7149 -0.39 

I-09 774 436775.3 4658952.5 293.2233 28.61 

I-10 759 436750.9 4658952.7 292.9772 34.26 

I-11 744 436726.5 4658952.9 292.9273 47.65 

I-12 729 436702.1 4658953.1 293.0129 29.65 

I-13 714 436677.7 4658953.3 293.1604 0.24 

I-14 699 436653.3 4658953.6 293.3819 -1.60 

I-15 684 436628.9 4658953.8 293.7077 -8.55 

J-01 893 436970.3 4658926.4 292.8367 59.86 

J-02 878 436945.9 4658926.6 292.9395 12.38 

J-03 863 436921.5 4658926.8 293.239 -7.63 

J-03A 863 436921.5 4658926.8 293.239 -13.76 

J-04 848 436897.1 4658927.0 293.7475 -19.95 

J-05 833 436872.7 4658927.2 294.3083 -29.87 

J-06 818 436848.3 4658927.5 294.7825 -18.94 

J-07 803 436823.9 4658927.7 295.0035 -26.50 

J-08 788 436799.5 4658927.9 294.1768 -28.85 

J-09 773 436775.1 4658928.1 293.4772 -12.17 

J-10 758 436750.7 4658928.3 293.1534 44.25 

J-11 743 436726.3 4658928.5 293.0583 17.04 

J-12 728 436701.9 4658928.7 293.167 -4.98 

J-13 713 436677.5 4658928.9 293.2996 25.10 



 

Data 262 

J-13A 713 436677.5 4658928.9 293.2996 7.92 

J-14 698 436653.1 4658929.2 293.4141 0.36 

J-15 683 436628.7 4658929.4 293.7251 -1.35 

K-01 892 436970.1 4658902.0 292.7402 15.73 

K-02 877 436945.7 4658902.2 292.9005 2.46 

K-03 862 436921.3 4658902.4 293.0256 23.44 

K-04 847 436896.9 4658902.6 293.248 -0.58 

K-05 832 436872.5 4658902.8 293.6683 -19.81 

K-06 817 436848.1 4658903.1 294.3358 -22.18 

K-07 802 436823.7 4658903.3 294.9188 -26.63 

K-08 787 436799.3 4658903.5 294.4106 -14.22 

K-09 772 436774.9 4658903.7 293.7039 -6.73 

K-11 742 436726.1 4658904.1 293.2721 10.06 

K-12 727 436701.7 4658904.3 293.3702 15.19 

K-13 712 436677.3 4658904.6 293.4901 5.07 

K-14 697 436652.9 4658904.8 293.5884 4.36 

K-15 682 436628.5 4658905.0 293.7729 11.88 

L-01 891 436969.9 4658877.6 292.7018 42.56 

L-02 876 436945.5 4658877.8 292.8739 -3.40 

L-03 861 436921.1 4658878.0 293.0977 -6.29 

L-04 846 436896.7 4658878.2 293.218 5.58 

L-05 831 436872.3 4658878.4 293.3426 5.99 

L-06 816 436847.9 4658878.7 293.6863 -8.47 

L-07 801 436823.5 4658878.9 294.181 -16.25 

L-08 786 436799.1 4658879.1 294.4053 -12.27 

L-09 771 436774.7 4658879.3 293.9512 -1.96 

L-10 756 436750.3 4658879.5 293.5529 12.06 

L-11 741 436725.9 4658879.7 293.4291 16.41 

L-11A 741 436725.9 4658879.7 293.4291 16.65 

L-12 726 436701.5 4658879.9 293.5714 7.48 

L-13 711 436677.1 4658880.2 293.6609 3.99 

L-14 696 436652.7 4658880.4 293.8784 1.88 

L-15 681 436628.3 4658880.6 294.1954 -2.40 

M-01 890 436969.6 4658853.2 292.7024 31.12 

M-02 875 436945.2 4658853.4 292.8405 44.65 

M-03 860 436920.8 4658853.6 293.2398 -14.50 

M-04 845 436896.4 4658853.8 293.485 1.34 

M-05 830 436872.0 4658854.0 293.3883 41.80 

M-06 815 436847.6 4658854.3 293.4782 17.31 

M-07 800 436823.2 4658854.5 293.7622 7.97 

M-08 785 436798.8 4658854.7 294.1946 -1.12 

M-09 770 436774.4 4658854.9 294.2991 -8.53 

M-10 755 436750.0 4658855.1 293.9913 -5.33 

M-11 740 436725.6 4658855.3 293.7124 13.78 

M-12 725 436701.2 4658855.5 293.7361 20.55 

M-13 710 436676.8 4658855.8 293.8527 18.72 

M-14 695 436652.5 4658856.0 294.1471 -1.90 

M-15 680 436628.1 4658856.2 294.6693 -10.93 
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N-01 889 436969.4 4658828.8 292.8671 16.06 

N-02 874 436945.0 4658829.0 293.1189 8.57 

N-03 859 436920.6 4658829.2 293.4655 -1.72 

N-04 844 436896.2 4658829.4 293.972 -18.00 

N-05 829 436871.8 4658829.6 293.8008 -2.31 

N-06 814 436847.4 4658829.9 293.6119 30.56 

N-07 799 436823.0 4658830.1 293.6865 9.89 

N-08 784 436798.6 4658830.3 293.9678 7.85 

N-09 769 436774.2 4658830.5 294.4373 1.74 

N-10 754 436749.8 4658830.7 294.654 -7.77 

N-11 739 436725.4 4658830.9 294.2464 6.98 

N-12 724 436701.0 4658831.1 294.1427 13.52 

N-13 709 436676.6 4658831.4 294.1418 8.65 

N-14 694 436652.2 4658831.6 294.2512 26.03 

N-14A 694 436652.2 4658831.6 294.2512 11.79 

N-15 679 436627.8 4658831.8 294.8301 -9.40 

O-01 888 436969.2 4658804.4 293.1599 -1.69 

O-02 873 436944.8 4658804.6 293.5219 -18.46 

O-03 858 436920.4 4658804.8 293.7413 1.00 

O-04 843 436896.0 4658805.0 294.1721 -1.88 

O-05 828 436871.6 4658805.3 294.574 -20.56 

O-06 813 436847.2 4658805.5 294.1443 13.48 

O-07 798 436822.8 4658805.7 293.8631 -9.06 

O-08 783 436798.4 4658805.9 293.9206 19.17 

O-09 768 436774.0 4658806.1 294.5002 -20.64 

O-10 753 436749.6 4658806.3 295.2099 -12.99 

O-11 738 436725.2 4658806.5 295.1058 -8.38 

O-12 723 436700.8 4658806.7 295.1105 -3.88 

O-13 708 436676.4 4658807.0 294.8647 -12.68 

O-14 693 436652.0 4658807.2 294.4086 14.19 

O-15 678 436627.6 4658807.4 294.9272 -19.72 

P-01 887 436969.0 4658780.0 293.2925 -5.36 

P-02 872 436944.6 4658780.2 293.6115 1.04 

P-03 857 436920.2 4658780.4 293.9846 1.61 

P-04 842 436895.8 4658780.6 294.5957 -16.86 

P-05 827 436871.4 4658780.9 295.5128 -43.86 

P-06 812 436847.0 4658781.1 295.0015 -24.81 

P-07 797 436822.6 4658781.3 294.3082 -2.39 

P-08 782 436798.2 4658781.5 294.0934 20.57 

P-09 767 436773.8 4658781.7 294.3342 -9.60 

P-10 752 436749.4 4658781.9 294.7953 -11.43 

P-11 737 436725.0 4658782.1 295.2417 -23.04 

P-12 722 436700.6 4658782.3 295.6786 -13.88 

P-13 707 436676.2 4658782.6 295.5198 -23.27 

P-14 692 436651.8 4658782.8 294.9124 -15.31 

P-15 677 436627.4 4658783.0 294.7548 2.83 

 



 

Program Code 264 

Appendix B: Scatter plots of predicted vs. observed net 
erosion for Finch field, using RUSLE, 10 m grid cell size, 
as a function of flow and slope exponents and the “a” 
factors
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Figure B.1.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

0.8
s

0.8
 and 

multiple “a” factors. 
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Figure B.2.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

0.8
s

1.0
 and 

multiple “a” factors. 
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Figure B.3.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

0.8
s

1.2
 and 

multiple “a” factors. 
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Figure B.4.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

0.8
s

1.4
 and 

multiple “a” factors. 
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Figure B.5.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

0.8
s

1.6
 and 

multiple “a” factors. 
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Figure B.6.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

0.8
s

1.8
 and 

multiple “a” factors. 
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Figure B.7.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

1.0
s

0.8
 and 

multiple “a” factors. 
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Figure B.8.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

1.0
s

1.0
 and 

multiple “a” factors. 
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Figure B.9.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

1.0
s

1.2
 and 

multiple “a” factors. 
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Figure B.10.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

1.0
s

1.4
 

and multiple “a” factors. 
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Figure B.11.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

1.0
s

1.6
 

and multiple “a” factors. 
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Figure B.12.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

1.2
s

0.8
 

and multiple “a” factors. 
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Figure B.13.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

1.2
s

1.0
 

and multiple “a” factors. 
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Figure B.14.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

1.2
s

1.2
 

and multiple “a” factors. 
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Figure B.15.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

1.2
s

1.4
 

and multiple “a” factors. 
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Figure B.16.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

1.2
s

1.6
 

and multiple “a” factors. 
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Figure B.17.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

1.2
s

1.8
 

and multiple “a” factors. 
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Figure B.18.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

1.4
s

0.8
 

and multiple “a” factors. 
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Figure B.19a.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

1.4
s

1.0
 

and multiple “a” factors. 
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Figure B.19b.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

1.4
s

1.0
 

and multiple “a” factors. 
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Figure B.20.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

1.4
s

1.2
 

and multiple “a” factors. 
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Figure B.21.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

1.4
s

1.4
 

and multiple “a” factors. 
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Figure B.22.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q

1.4
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and multiple “a” factors. 
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Figure B.23.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q
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and multiple “a” factors. 
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Figure B.24.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q
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and multiple “a” factors. 
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Figure B.25a.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q
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and multiple “a” factors. 
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Figure B.25b.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q
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and multiple “a” factors. 
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Figure B.26a.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q
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and multiple “a” factors. 
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Figure B.26b.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q
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and multiple “a” factors. 
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Figure B.27.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q
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Figure B.28a.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q
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and multiple “a” factors. 
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Figure B.28b.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q
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and multiple “a” factors. 
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Figure B.29.  Observed vs. predicted net erosion for Finch field using 10 m grid cell size for q
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and multiple “a” factors.  


