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Appendix B
SWAT Model Description
2011-2016 NPS Pollution Management Plan
Introduction
The description that follows describes the conceptual Soil and Water Assessment Tool (SWAT) model version 2009 and how the model was implemented and calibrated for selected priority watersheds: Bayou Bartholomew, Beaver Reservoir (Upper White River), Illinois River Drainage Area in Arkansas (IRDAA), and Lake Conway Point Remove. 
The Conceptual Model

The SWAT model was developed by the U.S. Department of Agriculture – Agriculture Research Service (USDA-ARS). It is a conceptual model that functions on a continuous time step. Model components include weather, hydrology, erosion/sedimentation, plant growth, nutrients, pesticides, agricultural management, channel routing, and pond/reservoir routing. Agricultural components in the model include fertilizer, crops, tillage options, grazing, and the capability to include point source loads (Neitsch et al, 2009). The SWAT model predicts the influence of land management practices on constituent yields from a watershed. SWAT is the continuation of more than 30 years of development within the USDA-ARS. The CREAMS, GLEAMS, and EPIC models (Knisel, 1980; Leonard et al, 1987; Williams et al, 1984) have each contributed to the scaling up of past field-scale models to one which includes large river basins. SWAT is a public domain model that is actively supported by USDA-ARS at the Grassland, Soil, and Water Research Laboratory in Temple, Texas. At this time, there are more than 700 publications in peer-reviewed scientific journals that report development and applications of the SWAT model.
SWAT is a theoretical model that operates on a daily time step. In order to adequately simulate hydrologic processes, the watershed is divided into sub-watersheds through which streams are routed. The sub-units of the sub-watersheds are referred to as hydrologic response units (HRUs) which are the unique combination of soil, land use, and slope characteristics and are considered to be hydrologically homogeneous. Both sub-watersheds and HRUs are user defined, providing model users with some control over the resolution considered in the SWAT model (Neitsch et al, 2005). The model calculations are performed on a HRU basis and flow and water quality variables are routed from HRU to sub-watersheds and subsequently to the watershed outlet. The SWAT model simulates hydrology as a two-component system, composed of land hydrology and channel hydrology. The land portion of the hydrologic cycle is based on a water mass balance. Soil water balance is the primary considerations by the model in each HRU, which is represented as (Arnold et al, 1998):
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where SW is the soil water content, i is time in days for the simulation period t, and R, Q, ET, P, and QR respectively are the daily precipitation, runoff, evapotranspiration, percolation, and return flow. The hydrologic cycle simulation by SWAT is shown in Figure B.1. Water enters the SWAT model’s watershed system boundary predominantly in the form of precipitation. Precipitation inputs for hydrologic calculations can either be measured data or simulated with the weather generator available in the SWAT model. Precipitation is partitioned into different water pathways depending on system characteristics. The water balance of each HRU in the watershed contains four storage volumes: snow, the soil profile (0-2 m), the shallow aquifer (2-20 m), and the deep aquifer (>20 m). The soil profile can contain several layers. The soil-water processes include infiltration, percolation, evaporation, plant uptake, and lateral flow. Surface runoff is estimated using the SCS curve number or the Green-Ampt infiltration equation. Percolation is modeled with a layered storage routing technique combined with a crack flow model. Potential evaporation can be calculated using Hargreaves, Priestly-Taylor or Penman-Monteith method (Arnold et al, 1998).

Figure B.1: Hydrologic cycle considered by SWAT model (from Neitsch et al, 2005)
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Loadings of flow, sediment, nutrients, pesticides, and bacteria from the upland areas to the main channel are routed through the stream network of the watershed using a process similar to HYMO (Williams and Hann, 1972). The stream processes modeled by SWAT are shown in Figure B.2 and include channel sediment routing and nutrient and pesticide routing and transformation. The pond/reservoir routing allows for sediment settling and simplified nutrient and pesticide transformation routines. The command structure for routing runoff and chemicals through a watershed is similar to the structure for routing flows through streams and reservoirs. 
The SWAT watershed model also contains algorithms for simulating erosion from the watershed. Erosion is estimated using the Modified Universal Soil Loss Equation (MUSLE). MUSLE estimates sediment yield from the surface runoff volume, the peak runoff rate, the area of the HRU, the Universal Soil Loss Equation (USLE) soil erodibility factor, the USLE cover and management factor, the USLE support practice factor, the USLE topographic factor, and a coarse fragment factor. 
After the sediment yield is evaluated using the MUSLE equation, the SWAT model further corrects this value considering snow cover effect and sediment lag in surface runoff. The SWAT model also calculates the contribution of sediment to channel flow from lateral and groundwater sources. Eroded sediment that enters channel flow is simulated in the SWAT model to move downstream by deposition and degradation (Neitsch et al, 2005). 
Soil nitrogen (N) is also simulated in the SWAT model. Soil N is partitioned into five N pools with two being inorganic (ammonium-N (NH4-N) and nitrate-N (NO3-N)) and three being organic (active, stable, and fresh) (Figure B.3). The SWAT model simulates movement between N pools, such as mineralization, decomposition/immobilization, nitrification, denitrification, and ammonia volatilization. Other soil N processes such as N fixation by legumes and NO3-N movement in water are also included in the model. All soil N processes are simulated in the SWAT model using relationships described in the model’s theoretical documentation (Neitsch et al, 2005). 
Figure B.2: Instream processes considered by the SWAT model (From Neitsch et al, 2005)
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Once N enters channel flow, the SWAT model partitions N into four pools: organic N, NH4-N, nitrite-N (NO2-N), and NO3-N. The SWAT model simulates changes in N that results in movement of N between pools. The algorithms used to describe N transformations in channel flow were adapted from the QUAL2E model by SWAT model developers (Neitsch et al, 2005).

Large-area simulations are possible due to the advances in computer software and hardware, including speed and storage, GIS/spatial analysis and debugging tool software. SWAT model development primarily emphasizes (1) climate and management impacts, (2) water quality loadings and fate, (3) flexibility in basin discretization, (4) land use change impacts, and (5) evaluation of conservation practices (also called best management practices (BMPs) effectiveness. 
Figure B.3: Flowchart of the soil N cycle simulated in the SWAT model (Modified from Neitsch et al, 2005) 
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Another nutrient simulated in the soil profile of the SWAT model is phosphorus (P). Soil P is divided into six P pools. Three of the pools are characterized as mineral P and three are characterized as organic P (Figure B.4). Transformations of soil P between these six pools are regulated by algorithms that represent mineralization, decomposition, and immobilization. Other soil P processes included in the SWAT model are inorganic P sorption and leaching. The algorithms describing soil P dynamics are available in the SWAT model theoretical documentation (Neitsch et al, 2005). 
P that enters stream channels is evaluated in the SWAT model similar to N. Two pools of P are simulated for channel processes: organic P and inorganic/soluble P. The algorithms used in channel P calculations by the SWAT model were adapted from the QUAL2E model and are available in the SWAT model theoretical documentation (Neitsch et al, 2005). 
While the SWAT model provides algorithms for calculating different watershed constituent dynamics, the ability of the SWAT model to depict processes in a particular watershed is partially dependant on the quality of input data. The input data that describe the physical structure of a watershed are generally incorporated into the model using the ArcSWAT interface. ArcSWAT is an extension to the ArcGIS (ESRI Inc., Redlands, CA) geographical information system (GIS) software. Mandatory GIS input files for ArcSWAT include the Digital Elevation Map (DEM), land use, and soil layer. Other data that are not in GIS format are optional. Such additional data includes spatially referenced fertilizer, animal production, land management, weather, and point source data. 
Inputs entered into the SWAT model are organized to have spatial characteristics. The SWAT model provides three spatial levels: the watershed, the sub-watersheds, and the HRUs. Each level is characterized by a parameter set and input data. The largest spatial level, the watershed, refers to the entire area being represented by the model. 
Figure B.4: Flowchart of the soil P cycle simulated in the SWAT model (Modified from Neitsch et al, 2005)
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Although the SWAT model simulates on a daily time step, the user can print aggregated output at a daily, monthly, or annual time scale. Key output variables include flow volume, nutrient yields, sediment yield, and plant biomass yields. These variables are provided on the sub-watershed or HRU spatial level depending on the output time step selected. The output files generated by the SWAT model are created in text and database file formats.
Model Limitations

Overall, it’s a fact that watershed models are regarded as efficient and feasible because of the potential time and expense savings involved in assessing the impact of land management practices on water quality (Arnold et al, 1998). However, all models, including SWAT, are simplified representations of reality; therefore, model outputs reflect uncertainties in the available spatial and monitoring data sets. In most watershed modeling projects, model output is compared to corresponding measured data with the assumption that all error variance is contained within the predicted values and that observed values are error free (Moriasi et al, 2007). Though Willmott (1981) and ASCE (1993) recognize that measured data are not error free, due to the relative lack of data on measurement uncertainty, measurement error was not considered in their recommendations. Uncertainty estimates for measured streamflow and water quality data have recently become available (Harmel et al, 2006) and we recognize the importance of evaluating all related uncertainties in a modeling framework. Consequently, it is advisable that users of the model become aware of the causes of uncertainty which can broadly be classified into model uncertainty and data uncertainty. The quantification of uncertainty is an area of research and is desirable to understand the limits of model predictions. 
A major limitation to large area hydrologic modeling is the spatial detail required to correctly simulate environmental processes. For example, it is difficult to capture the spatial variability associated with precipitation within a watershed. Another limitation is the accuracy of hydrologic response units simulating field variations including conservation practices. SWAT is being altered to account for landscape spatial positioning so that conservation practices such as riparian buffers and vegetative filter strips can be adequately simulated. 
Data files can be difficult to manipulate and can contain several missing records. The model simulations can only be as accurate as the input data. SWAT does not simulate detailed event-based flood, and hence, may not adequately capture pollutant loading during episodic events. 
The user is encouraged to recognize both the promise and the limitations of watershed models and to constantly subject the modeling products to rigorous scrutiny. 
SWAT Model Input 
The latest version of the SWAT model – SWAT2009 – was used in this application, which was officially released in January 2010. Mandatory GIS input files needed for the SWAT model include the Digital Elevation Model (DEM), LULC, and soil layers. One of the useful features of the SWAT2009 model is that it can simulate LULC change. LULC change was input into the model using multi-year land cover image files. Mandatory GIS data used to develop the watershed models are listed in Table B.1 and Table B.2. Based on threshold specifications and the DEM, the SWAT ArcSWAT interface was used to delineate the watershed into sub-watersheds. Subsequently, sub-watersheds were divided into HRUs by the user specified land use, soil, and slope percentages (Neitsch et al, 2005). Certified 12-digit HUC boundaries were used to create sub-watersheds in each model. The point source data for each watershed was obtained from ADEQ.

Table B.1: Temporal and/or spatial resolution of mandatory input data for SWAT modeling

	Data Input
	Bayou Bartholomew
	Beaver Reservoir
	Illinois River
	Lake Conway Point Remove

	DEM*
	10 meter
	30 meter
	10 meter
	10 meter

	Land use land cover (LULC) #
	28.5 meter 1992, 1999, 2001, 2004, and 2006
	28.5 meter 1992, 1999, 2001, 2004, and 2006
	28.5 meter 1992, 1993, 1999, 2001, 2004, and 2006
	28.5 meter 1999, 2004, and 2006

	Soil
	1:24,000 SSURGO soils shape file
	1:24,000 SSURGO soils shape file
	1:24,000 SSURGO soils shape file
	1:24,000 SSURGO soils shape file


* 10 meter DEM were resampled from 5 meter DEM (CAST) due to SWAT database size constraints
# 1992 and 2001 layers were developed by National Land Cover Database (NLCD) while 1993, 1999, 2004, and 2006 were developed by the Center for Advanced Spatial Technology (CAST)
The ability of the SWAT model to include specific fertilizer types, fertilizer spreading, cattle grazing, and tillage operations adds to the model’s utility in representing a particular watershed (Neitsch et al, 2005, 2009). These nonpoint components were integrated into the model based on best available information. Animal production was simulated in the SWAT model at the HRU level. Production animals in the watershed included chickens, turkeys, pigs, and cows (beef and dairy). For each animal type, a fertilizer file was created in the SWAT model fertilizer database using standard manure compositions. Annual animal production rates for turkeys, pigs, and cows were obtained from National Agricultural Statistical Services (NASS). Animal production numbers were available from NASS on head-per-county basis. To accommodate for the county level animal production data, the animals were partitioned by county into watershed numbers using the following steps: 
1. determine the land area within each county that is designated as agriculture (CA); 
2. determine the land area of the watershed within each county that is designated as agriculture (WA); 
3. calculate a proportion (PR) within each county (WA/CA); and 

4. multiply PR by each animal production type to determine the number of animals in the watershed. Based on these calculations, chicken, turkey, and pig manures were simulated annually in the SWAT model at the HRU level as a mass per area. 
Urban lawn management operations were represented through fertilization, lawn mowing, and irrigation. Details for these operations including the dates and amount of mowing, fertilization, and irrigation were based on personal communications with extension agents/specialists and recommendations in University of Arkansas Division of Agriculture Cooperative Extension Service publications.
Weather data from multiple stations within the region were incorporated to provide the most representative precipitation and temperature data available. Precipitation estimates from the Next Generation Radar (NEXRAD) were incorporated, whenever available, because of its higher spatial resolution. Other meteorological data required by SWAT (solar radiation, wind speed, and relative humidity) were estimated using the SWAT weather generator.

Initial values that were not available for SWAT model inputs, such as soil chemical composition, were established by simulating the model for four years . This warm-up period allows the model to “stabilize” or calculate values that become initial values for the period of interest. Therefore, after the warm-up period, the model was considered to represent conditions in the watershed. Specific data sets were identified to perform calibration and validation of the SWAT model. Measured flow and water-quality data were acquired from available gauging stations within the watershed during the time period of interest. Whenever possible given the time constraints, the model was calibrated for flow, sediment, and nutrients data at annual and monthly time scales.

Table B.2: Sources of input data for SWAT modeling

	Name
	Input data for SWAT modeling
	Source

	Beaver Reservoir (Upper White)
	DEM map 
	http://www.geostor.arkansas.gov

	
	Soils data- SSURGO
	http://soildatamart.nrcs.usda.gov/

	
	Land Use/Land cover
	http://www.geostor.arkansas.gov

	
	Stream networks (high resolution NHD)
	http://nhd.usgs.gov/

	
	Weather data (Precipitation & Temperature)
	http://www.ncdc.noaa.gov/oa/ncdc.html

	
	Management data
	Local extension agents/literature review

	
	Watershed (HUC8) and Sub-watershed (HUC12)
	http://datagateway.nrcs.usda.gov/

	
	Point Source
	ADEQ and/or local authorities

	Illinois River
	DEM map
	http://www.geostor.arkansas.gov

	
	Soils data- SSURGO
	http://soildatamart.nrcs.usda.gov/

	
	Land Use/Land cover
	http://www.geostor.arkansas.gov

	
	Stream networks (high resolution NHD)
	http://nhd.usgs.gov/

	
	Weather data (Precipitation & Temperature)
	http://www.ncdc.noaa.gov/oa/ncdc.html

	
	Management data
	Local extension agents/literature review

	
	Watershed (HUC8) and Sub-watershed (HUC12)
	http://datagateway.nrcs.usda.gov/

	
	Point Source
	ADEQ and/or local authorities

	Lake Conway Point Remove
	DEM map
	http://www.geostor.arkansas.gov

	
	Soils data- SSURGO
	http://soildatamart.nrcs.usda.gov/

	
	Land Use/Land cover
	http://www.geostor.arkansas.gov

	
	Stream networks (high resolution NHD)
	http://nhd.usgs.gov/

	
	Weather data (Precipitation & Temperature)
	http://www.ncdc.noaa.gov/oa/ncdc.html

	
	Management data
	Local extension agents/literature review

	
	Watershed (HUC8) and Sub-watershed (HUC12)
	http://datagateway.nrcs.usda.gov/

	
	Point Source
	ADEQ and/or local authorities

	Bayou Bartholomew


	DEM map
	http://www.geostor.arkansas.gov

	
	Soils data- SSURGO
	http://soildatamart.nrcs.usda.gov/

	
	Land Use/Land cover
	http://www.geostor.arkansas.gov

	
	Stream networks (high resolution NHD)
	http://nhd.usgs.gov/

	
	Weather data (Precipitation & Temperature)
	http://www.ncdc.noaa.gov/oa/ncdc.html

	
	Management data
	Local extension agents/literature review

	
	Watershed (HUC8) and Sub-watershed (HUC12)
	http://datagateway.nrcs.usda.gov/

	
	Point Source
	ADEQ and/or local authorities
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