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ABSTRACT: The State of Texas has initiated the development of a
Total Maximum Daily Load program in the Bosque River Water-
shed, where point and nonpoint sources of pollution are a concern.
Soil Water Assessment Tool (SWAT) was validated for flow, sedi-
ment, and nutrients in the watershed to evaluate alternative man-
agement scenarios and estimate their effects in controlling
pollution. This paper discusses the calibration and validation at
two locations, Hico and Valley Mills, along the North Bosque River.
Calibration for flow was performed from 1960 through 1998. Sedi-
ment and nutrient calibration was done from 1993 through 1997 at
Hico and from 1996 through 1997 at Valley Mills. Model validation
was performed for 1998. Time series plots and statistical measures
were used to verify model predictions. Predicted values generally
matched well with the observed values during calibration and vali-
dation (R2 > 0.6 and Nash-Suttcliffe Efficiency > 0.5, in most
instances) except for some underprediction of nitrogen during cali-
bration at both locations and sediment and organic nutrients dur-
ing validation at Valley Mills. This study showed that SWAT was
able to predict flow, sediment, and nutrients successfully and can
be used to study the effects of alternative management scenarios.
(KEY TERMS: watershed management; total maximum daily load;
erosion; sedimentation; phosphorus loading; dairy manure manage-
ment.)

INTRODUCTION

The United States Environmental Protection Agen-
cy (USEPA) reported nutrient enrichment as the
major cause for impairment of lakes and other water
bodies in the United States (USEPA, 1994). USEPA’s
water quality inventory report of 1996 indicated that
40 percent of the surveyed rivers, lakes, and estuaries
were polluted relative to their designated uses

(USEPA, 1998). To restore the quality of these water
bodies, the Total Maximum Daily Load (TMDL) pro-
cess was established by section 303(d) of the Clean
Water Act (CWA). A TMDL quantifies pollutant
sources and maximum allowable loads to the con-
tributing point and nonpoint sources so that the
water quality standards are attained to protect drink-
ing water, aquatic life, and other water uses (USEPA,
1998). Once the necessary pollutant reduction levels
are identified through establishment of TMDLs, con-
trol measures such as best management practices
(BMPs) are to be implemented.

The Texas Natural Resource Conservation Com-
mission (TNRCC) is implementing TMDL projects in
Texas in cooperation with the Texas State Soil and
Water and Conservation Board (TSSWCB). Of the 386
classified water bodies, 147 have been listed on the
1998 303(d) list. One of these projects is in the Bosque
River Watershed in North Central Texas, where
phosphorus from confined animal-feeding operations
is a concern (TNRCC, 1999). Runoff from cropland
and urban areas (nonpoint sources) and effluent from
wastewater treatment plants (WWTPs) (point
sources) are other pollution sources in this watershed.

Water quality simulation models can assist with
TMDL development through simulating loads to
receiving water bodies under various BMPs. Models
in combination with observational data from histori-
cal and current monitoring programs will provide the
information for TMDIL waste/load allocations and
implementation strategies. In this study, the hydro-
logic/water quality model, Soil Water Assessment Tool
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(SWAT) was used to study the effect of different BMPs
in reducing the pollution. The objective of this paper
is to describe the calibration and validation of the
SWAT model for flow, sediment, organic, and mineral
nutrients in the Bosque River Watershed. The model
was then used to study the impact of different BMPs
on the Bosque River Watershed and identify suitable
BMPs for achieving water quality targets (Santhi et
al., 2000).

MATERIALS AND METHODS
SWAT Model Description

SWAT is a hydrologic/water quality model devel-
oped by United States Department of Agriculture -
Agricultural Research Service (USDA-ARS) (Arnold
et al., 1998). It is a continuous time model that oper-
ates on a daily time step. The objective in model
development was to predict the impact of manage-
ment on water, sediment, and agricultural chemical
yields in large ungaged basins. To satisfy the objec-
tive, the model (a) is physically based (calibration is
not possible on ungaged basins); (b) uses readily
available inputs; (¢) is computationally efficient to
operate on large basins in a reasonable time; and
(d) is continuous in time and capable of simulating
long periods for computing the effects of management
changes. SWAT uses a command structure for routing
runoff and chemicals through a watershed. Com-
mands are included for routing flows through streams
and reservoirs, adding flows, and inputting measured
data from wastewater treatment plants. The sub-
basin/subwatershed components of SWAT can be
placed into eight major components — hydrology,
weather, erosion/sedimentation, soil temperature,
plant growth, nutrients, pesticides, and land manage-
ment. Erosion and sediment yield are estimated for
each subbasin with the Modified Universal Soil Loss
Equation (MUSLE) (Williams, 1975). The channel
sediment routing equation uses a modification of Bag-
nold’s sediment transport equation (Bagnold, 1977)
that estimates the transport concentration capacity as
a function of velocity.

CY, = SPCON*VSPEXP (D

where, CY, is sediment transport concentration
capacity in g/m3; SPCON is the concentration capaci-
ty in g/m3 at a velocity of 1 m/s; V is flow velocity in
m/s; and SPEXP is a constant in Bagnold’s equation.
The model either deposits excess sediment or re-
entrains sediment through channel erosion depending
on the sediment load entering the channel.
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The nitrogen processes modeled by SWAT and the
various pools of nitrogen in the soil are shown in Fig-
ure 1 (Arnold et al., 1998; USDA-ARS, 1999). Plant
use of nitrogen is estimated using the supply and
demand approach (Williams et al., 1984). Daily plant
demand is a function of plant biomass and biomass N
concentration. Available nitrogen in the soil (root
depth) is supplied to the plant. When demand exceeds
supply, there is a nutrient stress. Masses of NO3-N
contained in runoff, lateral flow and percolation are
estimated as products of the volume of water and the
average concentration of nitrate (NO3-N) in the soil
layer. Organic N transport with sediment is calculat-
ed with a loading function developed by McElroy et
al. (1976) and modified by Williams and Hann (1978)
for application to individual runoff events. The load-
ing function estimates daily organic N runoff loss
based on the concentration of organic N in the top soil
layer, the sediment yield, and an enrichment ratio
(that is, the ratio of organic N in sediment to organic
N in soil and typically ranging from two to four). The
phosphorus processes modeled by SWAT and the vari-
ous pools of phosphorus in the soil are depicted in Fig-
ure 2 (USDA-ARS, 1999). Plant use of phosphorus is
estimated using the supply and demand approach
similar to nitrogen. The loss of dissolved phosphorus
in surface runoff is based on the concept of partition-
ing pesticides into solution and sediment phases as
described by Leonard and Wauchope (1980). The
amount of soluble P removed in runoff is predicted
using labile P concentration in the top 10 mm of the
soil, the runoff volume and a phosphorus soil parti-
tioning factor (that is, the ratio of P attached to sedi-
ment to P dissolved in soil water and typical values
range from 100 to 175 depending on the soil). Sedi-
ment transport of P is simulated with a loading func-
tion as described in organic N transport.

Instream nutrient dynamics have been incorporat-
ed into SWAT (Ramanarayanan et al., 1996) using the
kinetic routines from an instream water quality
model, QUAL2E (Brown and Barnwell, 1987). Howev-
er, the QUAL2E routines were not explicitly used in
this study. The North Bosque River is a phosphorus
limited system and dominated by large amounts of
attached algae (periphyton) as opposed to suspended
algae. The in-stream kinetics formulation for SWAT
does not include a periphyton component, a common
limitation of many in-stream water quality models. In
addition, inadequate monitoring information exists to
quantify the periphyton biomass distribution in the
river. To overcome these limitations, a first-order
decay kinetic function was developed for the nutrient
of concern in the study (phosphorus) and to character-
ize the microbial transformation of in-stream soluble
P to organic P rather than the more traditional
approach involving algae growth and phosphorus
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Figure 1. Nitrogen Processes Modeled in SWAT (USDA-ARS, 1999).
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Figure 2. Phosphorus Processes Modeled in SWAT (USDA-ARS, 1999).

uptake and cycling. The transformation is particular- ASP = SP; - SP,
ly important during low flow periods because
extremely low stream velocities create long travel OP, = OP; + ASP

times. Equations for phosphorus are given below:

(3)
4)

where, PC; and PC, are reach soluble P inflow and
PC, = PC; *exp-alchVq) (2) outflow concentrations in g/m3; a is the degradation
coefficient; chl is the channel length in km; q is the

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION 1171 JAWRA



Santhi, Arnold, Williams, Dugas, Srinivasan, and Hauck

flow rate in mm/day; SP; and SP, are the inflow and
outflow soluble P loads in kg; and OP; and OP, are
the inflow and outflow organic P loads in kg. Similar
equations were developed for nitrogen.

SWAT has been extensively validated across the
U.S. for stream flow and sediment yields (Arnold et
al., 1999). Limited validation of the SWAT nutrient
simulation has been attempted (Engel et al., 1993;
Jacobson et al., 1995; Alexander et al., 2000; Saleh et
al., 2000). Saleh et al. (2000) applied SWAT to subwa-
tersheds in the Bosque River basin upstream of Hico.
However, in that project, dairy waste application
areas were simulated by a multi-field scale model,

Agricultural Policy Environmental eXtender (APEX)
and input to SWAT. In this project, dairy management

practices were directly input to and simulated by
SWAT.

Watershed Description

The SWAT model was applied to the 4277 km?2
Bosque River Watershed that flows into Lake Waco
(Figure 3) which is the source of drinking water to the
city of Waco, Texas. Landuses in this watershed is
mostly range and pasture in the upper portion while

Erath Co.

ille

iComanche Co.

Hamilton Co.

McLennan Co.
ake \,
OCo

Waccx

0
=
| = ) | ) §
—t—
Kilometers

Figure 3. Bosque River Watershed in Texas.
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TABLE 1. Percentage of Major Landuses in Bosque River Watershed.

Row and Dairy Waste
Range/ Non-Row Application
Location Pasture Forest Crops Urban Fields
Upstream of Hico 154 69.2 6.5 1.7 7.2
Upstream of Valley Mills 13.6 73.0 8.9 14 31
Entire Watershed 15.0 64.0 17.0 2.0 2.0

cropland is wide spread in the southern portion near
Middle Bosque River (Table 1). Major soil series are
Windthorst (sandy loam, deep, hydrologic group C),
Purves (clay, fine, shallow, hydrologic group D), Den-
ton (silty clay, fine, deep, hydrologic group D), Brack-
ett (clay loamy, gravel, deep, hydrologic group C),
Crawford (silty clay, fine, deep, hydrologic group C),
Eckrant (clay, fine, shallow, hydrologic group D), and
Aledo (clay loam, gravel, shallow, hydrologic group C).
The percentages of shallow soils above Hico, above
Valley Mills, and in the entire watershed are about
5.5, 22.5 and 28.0, respectively.

There are about 100 dairies with 40,450 cows in
this watershed mainly located upstream of Hico.
Dairy manure is applied over an area of about 9,450
ha. Application of manure to pasture or cropland may
contribute to the nonpoint source pollution. The Texas
Institute for Applied Environmental Research
(TTAER) has monitored stream runoff, sediment, and
nutrients for several areas in the watershed since
the early 1990s (McFarland and Hauck, 1995). In
the validation process, the model is operated with
input parameters set during the calibration process
without any change and the results are compared to
the remaining observational data. There is a strong

positive correlation between elevated levels of phos-
phorus, the number of cows and the total acreage of
manure application fields (McFarland and Hauck,
1997; McFarland and Hauck, 1999). Other sources of
pollution include runoff from cropland and urban
areas and effluent from WWTPs.

Model Inputs for Bosque River Watershed

A Geographic Resource Analysis Support System-
Geographic Information System (GRASS-GIS) inter-
face (Srinivasan and Arnold, 1994) was used to
develop SWAT input files for the watershed (Table 2).
Initially, the watershed was delineated into subbasins
using the digital elevation map. The delineated sub-
basin map, landuse, soils and waste application field
maps were overlaid to identify the manure-applica-
tion and nonapplication areas in each subbasin.
SWAT simulates different landuses in each subbasin.

The following crops were used on the manure/
waste application area: summer pasture/bermuda
grass (40 percent of the area); summer pasture grass
with winter wheat in rotation (30 percent); sorghum

TABLE 2. Model Input Data Sources for Bosque River Watershed.

Data Type Scale Source Data Description/Properties

Topography 1:24,000 USGS Elevation, overland, and channel slopes, lengths

Soils 1:24,000 USDA-NRCS  Soil physical properties like bulk density, texture, saturated
conductivity, etc.

Landuse 1:24,000 USGS Landuse classifications

Manure Application Field Map 1:24,000 TIAER Location and area of the waste application fields

Weather 12 stations NWS Daily precipitation and temperature

Waste Water Treatment Plant Information 8 plants TIAER Daily outflow, sediment, organic and mineral nutrients

Land Management Information - TIAER Fertilizer and manure application rates and timing, tillage,
planting, and harvesting dates for different crops
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hay (5 percent); and sorghum hay-winter wheat in
rotation (25 percent). Four to five hay cuttings per
year were simulated. For waste application area, the
annual manure application rate was determined
based on the number of animals and the annual
amount of manure generated per animal (ASAE,
1988). Manure nutrient concentrations were taken
from experimental studies (Gassman, 1997).

Nonwaste application pasture was modeled as
improved pasture, with typical nutrient application
rate and four grass cuttings per year. Corn, winter
wheat, and grain sorghum were the major crops on
cropland. Urban land inputs had pervious (to repre-
sent lawn/garden) and impervious (street sweeping)
land management. Other typical management inputs
on tillage operations, irrigation, fertilizer application
dates and amounts were used wherever applicable.

Water quality data from WWTPs of the eight towns
in the watershed were input into the SWAT-GIS inter-
face as point sources (Figure 3).

Evaluation of Model Prediction

Mean, standard deviation, coefficient of determina-
tion (R?), Nash-Suttcliffe simulation efficiency (Exg)
(Nash and Suttcliffe, 1970) and sorted efficiency or
prediction efficiency (Pg) were used to evaluate model
prediction. The R2 value is an indicator of strength of
relationship between the observed and simulated val-
ues. Nash-Suttcliffe simulation efficiency (Eyg) indi-
cates how well the plot of observed versus simulated
value fits the 1:1 line. The prediction efficiency (Pg)
indicates the model’s ability to describe the probabili-
ty distribution of the observed results. If the R2, Eyg,
and Py values are less than or very close to zero, the
model prediction is considered “unacceptable or poor.”
If the values are one, then the model prediction is
“perfect.” However, there are no explicit standards
specified for assessing the model prediction using
these statistics.

Model Calibration

The SWAT model was built with state-of-the-art
components with an attempt to simulate the process-
es physically and realistically. Most of the model
inputs are physically based (that is, based on readily
available information). It is important to understand
that SWAT is not a “parametric model” with a formal
optimization procedure (as part of the calibration
process) to fit any data. Instead, a few important
variables that are not well defined physically such as
runoff curve number and Universal Soil Loss
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Equation’s cover and management factor, or C factor,
may be adjusted to provide a better fit.

Water quality data from TIAER monitoring sta-
tions (McFarland and Hauck, 1997) were used to cali-
brate and validate SWAT for the Bosque River
Watershed. Both long-term (wherever measured data
available) and short-term simulation results were
compared with measured data at six locations in the
watershed. The results of the two most important
gaging stations (Hico and Valley Mills on the North
Bosque River) are discussed in this paper. Hico is
located immediately below the majority of the dairy
industry and the largest WWTP (Stephenville). Val-
leys Mills is the last monitoring station along the
North Bosque River near Lake Waco. Watershed
areas above Hico and Valley Mills are 926 and 2,997
km?2, respectively.

Calibration Procedure. The procedure for cali-
brating the SWAT model for flow, sediment and nutri-
ents is shown in Figure 4. Initially, base flow was
separated from surface flow for both observed and
simulated stream flows using an automated digital
filter technique (Nathan and McMahon, 1990; Arnold
and Allen, 1999). Calibration parameters for various
model outputs were constrained within the ranges
shown in Table 3. Model outputs were calibrated to
fall within a percentage of average measured values
and then monthly regression statistics (R2 and Eng)
were evaluated. If measured and simulated means
met the calibration criteria and monthly R2 and Eyg
did not, then additional checking was performed to
ensure that rainfall variability and plant growing sea-
sons were properly simulated over time. If all param-
eters were pushed to the limit of their ranges for a
model output (i.e., flow or sediment or nutrient) and
the calibration criteria were still not met, then cali-
bration was stopped for that output.

Stream flow was the first output calibrated (Figure
4). Surface runoff was calibrated until average mea-
sured and simulated surface runoff was within 15
percent and monthly R2 > 0.6 and Eyg > 0.5. The
same criteria were applied to base flow, and surface
runoff was continually rechecked as the base flow cal-
ibration variables also effect surface runoff. Sediment
was calibrated after flow calibration and continued
until average measured and simulated sediment loads
were within 20 percent. Organic and mineral nitrogen
and phosphorus were calibrated to within 25 percent
after flow and sediment calibration were completed
(Figure 4).

There are numerous potential errors that can occur
in the measured input data and data used for calibra-
tion, including: (1) spatial variability errors in rain-
fall, soils and land use; (2) errors in measuring flow;
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Figure 4. Calibration Procedure for Flow, Sediment, and Nutrients in the SWAT Model.
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TABLE 3. Inputs Used in Model Calibration.

Variable Model Model Actual Value/
Name Processes Description* Range Change Used
CN2 Flow Curve number +10% + 10%
REVAPC Flow Ground water revap coefficient 0.00 to 1.00 0.03
ESCO Flow Soil evaporation compensation factor 0.00 to 1.00 0.60
EPCO Flow Plant uptake compensation factor 0.00 to 1.00 0.10
C FACTOR Sediment Cover or management factor 0.003 to 0.45 Pasture: 0.006
Range: 0.10
Cropland: 0.20
SPCON Sediment Linear factor for channel sediment routing 0.0001 to 0.01 0.0008
SPEXP Sediment Exponential factor for channel sediment routing 10to 15 1.00
SOL_ORGN  Organic N Initial organic N concentration in the upper soil Manure Area: 5000 ppm
layer for a particular land use Pasture/Range: 850 ppm
Cropland: 1100 ppm
Urban: 2000 ppm
SOL_ORGP Organic P Initial organic P concentration in the upper soil Manure Area: 700 ppm
layer for a particular land use Pasture/Range: 150 ppm
Cropland: 200 ppm
Urban: 400 ppm
NPERCO Mineral N Nitrogen percolation coefficient 0210086 0.5
SOL_MINP Mineral P Initial mineral P concentration in the upper soil Manure Area: 250 ppm
layer for a particular land use Pasture/Range: 5 ppm
Cropland: 20 ppm
Urban: 5 ppm
PPERCO Mineral P Phosphorus percolation coefficient 10.0 to 17.5 10
PHOSKD Mineral P Phosphorus soil partitioning coefficient 100-175 100
BIOMIX Sediment, Organic, and Biological mixing efficient 0.2t0 0.5 0.40
Mineral Nutrients
RSDCO Sediment, Organic, and Residue decomposition coefficient 0.01 to 0.05 0.05

Mineral Nutrients

*Detailed descriptions are available at http://www.bre.tamus.edwswat/manual (USDA-ARS, 1999).

and (3) errors caused by sampling strategies. Winter
(1981) suggests errors in annual estimates of precipi-
tation, stream flow, and evaporation ranged from 2 to
15 percent whereas monthly rates could range from 2
to 30 percent. Errors in sampling strategies can also
be significant. Walling and Webb (1988) determined
that using continuous turbidity and daily flow data
resulted in errors of 23 to 83 percent when calculating
annual sediment loads. Robertson and Roerish (1999)
found median absolute errors in annual phosphorus
loads up to 30 percent depending on sampling strate-
gies. The calibration criteria for this study evolved
based on these potential errors shown in literature.

Flow. Stream flows from the United States Geolog-
ical Survey’s (USGS) stations, and SWAT simulation
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were calibrated (Figure 4) for the period from 1960
through 1997 at Hico and Valley Mills. For flow cali-
bration, the runoff curve numbers (CN2) were adjust-
ed within 10 percent from the tabulated curve
numbers (Mockus, 1969) to reflect conservation tillage
practices and soil residue cover conditions of the
watershed (Table 3). Other flow related model param-
eters such as re-evaporation coefficient for ground
water [REVAPC represents the water that moves
from the shallow aquifer back to the soil profile/root
zone and plant uptake from deep roots (Arnold et al.,

1993)], soil evaporation compensation factor (ESCO),
and plant evaporation compensation factor (EPCO)
were adjusted from SWAT initial estimates to match
the simulated and observed flows (Table 3). However,
long-term calibration for sediment and nutrients
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could not be done, as observed data were not avail-
able.

The model was then run from 1990 through 1998
for calibrating sediment and nutrients as per avail-
ability of the monitored data. Calibration of sediment
and nutrient loads (kg/ha) were conducted for Hico
from 1993 through 1997 and for Valley Mills from
1996 through 1997 on a monthly basis. The simula-
tion was started from 1990 to reduce errors in initial
estimates of state variables such as soil water content
and surface residue.

Sediment. The cover, or C factor, of the Universal
Soil Loss Equation for range and pasture was adjust-
ed to match observed and simulated sediment loads
(Figure 4). The C factor was adjusted (Table 3) to rep-
resent the surface cover better in the range and pas-
ture lands. Channel sediment routing variables such
as the linear factor for calculating the maximum
amount of sediment reentrained during channel sedi-
ment routing (SPCON) and the exponential factor for
calculating the sediment reentrained in the channel
sediment routing (SPEXP) were also adjusted (Table
3) during the sediment calibration. These two vari-
ables were adjusted to represent the cohesive nature
of the channels in this watershed (Allen et al., 1999).

Organic Nutrients. Initial concentrations of
organic nitrogen and phosphorus in the soil upper lay-
ers (SOL_ORGN and SOL_ORGP) for different lan-
duses are available in the soil database table
(USDA-ARS, 1999). However, these values were
refined/modified to suit each landuse condition in this
watershed (Table 3 and Figure 4).

Mineral Nutrients. SWAT estimates the initial
concentration for mineral N (Min N) based on the soil
properties at individual subbasins. Therefore, no
adjustments were made to initial concentration of min
N. Nitrogen percolation coefficient (NPERCO) was
adjusted from initial value of SWAT to match this
watershed condition (Table 3 and Figure 4). Initial
concentration for mineral P (min P) in the soil upper
layer (SOL_MINP) for different landuse was set at
appropriate levels based on available literature
(Gassman, 1997; A. N. Sharpley, USDA-ARS, Durant,
Oklahoma, and L. M. Hauck, TIAER, Stephenville,
Texas, personal communication, 1998). Other min P
related coefficients such as phosphorus percolation
coefficient (PPERCOQO) and phosphorus soil partition-
ing coefficient (PHOSKD) were initialized at accept-
able levels (Table 3 and Figure 4) to suit the
conditions of the watershed (L. M. Hauck, TIAER,
Stephenville, Texas, personal communication, 1998).
The residue decomposition coefficient (RSDCO) and
biological mixing efficiency (BIOMIX) were also
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adjusted (Table 3). The initial values of most of these
variables are already set at default values in the
SWAT model. They were refined during the calibra-
tion to suit the Bosque River Watershed conditions.

Model Validation

In the validation process, the model is operated
with input parameters set during the calibration pro-
cess without any change and the results are compared
to the remaining observational data to evaluate the
model prediction. Measurements for January through
December 1998 were used to validate the model for
Hico and Valley Mills. The same statistical measures
were used to assess the model prediction.

Best Management Practices

The calibrated model was used to study the long-
term effects of various BMPs related to dairy manure
management and municipal wastewater treatment
plant loads in this watershed. Among several scenar-
ios studied, four scenarios are discussed in this paper.
Detailed description of the BMPs can be found in San-
thi et al. (2000). The existing condition scenario simu-
lates the watershed under existing conditions such as
present dairy herd size, present waste application
fields (WAF) areas, average manure application rate
(13 t/ha/yr), present discharge volumes from WWTPs
with current median concentrations for nutrients, and
present urban and cropland areas (Table 4). The
future condition scenario reflects the projected condi-
tions of the watershed in year 2020 such as projected
dairy herd size (67,000), manure application in WAFs
at the crop nitrogen requirement rate (N rate at 46
t/ha/yr), WAF area calculated at N rate requirement,
maximum permitted discharge volumes from WWTPs
using nutrient concentrations defined by current
median values, urban area increased by 30 percent to
reflect the projected population growth in 2020, and
cropland area at current levels (due to no increase in
cropland over last two decades) (Table 4). Three addi-
tional WWTPs with 1 mg/l concentration of total P
were input into the model as point sources along the
North Bosque River to account for possible industrial
future growth outside existing communities.

Several management practices on dairy manure
and WWTP effluents were simulated to study the
impact in reducing the min P loadings. Dairy manage-
ment practices such as hauling of the solid manure
from watershed, application of manure at crop P
requirement rate (P rate) at 6.3 t/ha/yr (as N rate
allows excess application of P than crop required),
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TABLE 4. Assumptions of BMP Scenarios.

Dairy
Manure

WWTP Flow WWTP Application Reduced Manure
Scenario Period P Limit Rate P in Diet Haul Off
Existing 1997-1998 (actual) Median Concentration Btw N&P Rate No No
Future 2020 (permitted) Median Concentration N Rate No No
Scenario E 1997-1998 All WWTPs at Median Concentration P Rate Yes Yes

and Stephenville WWTP — 1 mg/l

Scenario F 2020 All WWTPs with Loads Equal to P Rate Yes Yes

Scenario E and Stephenville WWTP
— With load equal to 1 mg/l of future

and reduction of the dairy diet P to 0.4 percent
(results in reducing the dairy manure P content by 29
percent as suggested by Keplinger, 1999) were
imposed. The concentrations of total P in WWTP
effluents were reduced to 1 mg/l.

Scenario E was a modification of the existing con-
dition scenario with additional conditions imposed on
manure application rate (P rate), hauling off 38 per-
cent of the manure, P diet reduction in animal feed,
and 1 mg/l limits of P in WWTPs (Table 4). Scenario F
was a modification over the future scenario with
manure applied at P rate, hauling off 38 percent of
the manure, P diet reduction, and 1 mg/l P limits on
all WWTPs.

RESULTS AND DISCUSSION
Model Calibration

Flow. Measured and simulated annual flows at
Hico and Valley Mills matched well (Figures 5a and
5b). Monthly simulated and observed flows during the
nutrient calibration at the two locations matched well
(Figures 6a and 7a). Means and standard deviations
of the observed and simulated flows for long-term and
short-term at Hico and Valley Mills were within a dif-
ference of 10 percent (Tables 5 and 6). Further agree-
ment between observed and simulated flows at Hico
and Valley Mills are shown by the coefficient of deter-
minations greater than 0.6, Exyg and Pg values
greater than 0.72 (Tables 5 and 6). The estimated pro-
portions of base flow from the observed flows at Hico
and Valley Mills were 30 percent and 34 percent from
the filter technique. They were 28 percent and 27 per-
cent for the same locations for SWAT simulated flows.
These results for surface runoff and base flow for
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observed and simulated flows reveal that hydrologic
processes in SWAT are modeled realistically and the
concentrations at all flow regimes are realistic.

Sediment. The temporal variations of sediment
loading at Hico and Valley Mills are represented in
Figures 6b ad 7b. There is a significant R2 relation-
ship between observed and simulated sediments both
at Hico and Valley Mills (R2 > 0.81). The values of
Eng for Hico and Valley Mills above 0.69 indicate that
the simulated sediment is closer to the observed sedi-
ment. The Py values at Hico and Valley Mills indicate
that model explained the probability distribution of
the observed sediments well (Tables 5 and 6).

Organic Nutrients. Monthly loadings of organic
nitrogen and phosphorus (Org N and org P) for Hico
and Valley Mills are shown in Figures 6c¢, 6d, 7c and
7d. Mean and standard deviation for observed and
simulated org N are within 10 percent of difference at
Hico (Table 5). The R2 value indicated that observed
and simulated values were closer and Eyg indicated
that the observed versus simulated plot was close to
1:1. There were under prediction of loads during a few
months in early 1993 and middle of 1997 (Figure 6c¢).
At Valley Mills, simulated org N was much closer to
observed org N (Table 6). At Hico and Valley Mills,
the values of simulated and observed org P were clos-
er (Tables 5 and 6). The deviations of the simulated
values were closer to their mean compared to the
observed values.

Mineral Nutrients. The temporal patterns of
observed and simulated min N and P for Hico
(Figures 6e and 6f) and statistics indicated that pre-
dictions of Min N and P at Hico corresponded well
with the observed values (Table 5). However, the
model overpredicted the min N at Valley Mills during
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Figure 5. Observed and Simulated Annual Flows at (a) Hico and (b) Valley Mills.

February 1997 (Figure 7e) and as a result the Eyng
and prediction efficiency showed poor correspondence
of observed versus simulated values, even though the
R2 value of 0.72 (Table 6) indicated the strong linear
relationship between the observed and simulated
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loadings. The trends for min P were relatively closer
to the observed values at Valley Mills (Figure 7f) and
statistics indicated that the prediction of min P was
reasonable (Table 6).
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Figure 6. Observed and Simulated Monthly Flow and Sediment and Nutrient Loadings at Hico During Calibration Period.
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TABLE 5. Monthly Calibration Results at Hico for the Period 1993 to 1997.

Variable Mean Standard Deviation

(units) Observed Simulated Observed Simulated R2 Ens Pg
Flow Volume (mm)* 64.460 72.090 62.280 52.970 0.88 0.86 0.92
Flow Volume (mm) 12.110 11.790 15.060 14.820 0.80 0.79 0.99
Sediment (t/ha) 0.045 0.038 0.092 0.077 0.81 0.80 0.94
Organic N (kg/ha) 0.213 0.161 0.322 0.260 0.61 0.58 0.87
Organic P (kg/ha) 0.036 0.031 0.057 0.049 0.71 0.70 0.93
Mineral N (kg/ha) 0.090 0.065 0.105 0.073 0.64 0.59 0.82
Mineral P (kg/ha) 0.026 0.021 0.042 0.030 0.60 0.59 0.83

*Annual flow between 1962 and 1997.

TABLE 6. Monthly Calibration Results at Valley Mills for the Period 1993 to 1997.

Variable Mean Standard Deviation

(units) Observed Simulated Observed Simulated R2 Ens Pg
Flow Volume (mm)* 86.500 92.310 77.050 53.230 0.66 0.72 0.89
Flow Volume (mm) 15.220 14.800 25.340 17.420 0.89 0.83 0.85
Sediment (t/ha) 0.086 0.069 0.214 0.112 0.87 0.69 0.72
Organic N (kg/ha) 0.236 0.308 0.522 0.418 0.60 0.57 0.70
Organic P (kg/ha) 0.045 0.048 0.104 0.065 0.61 0.59 0.67
Mineral N (kg/ha) 0.081 0.117 0.130 0.222 0.72 -0.08 0.03
Mineral P (kg/ha) 0.017 0.014 0.042 0.019 0.66 0.53 0.64

*Annual flow between 1960 and 1997.

Model Validation simulated loading for both nutrients at Hico corre-

sponded reasonably well (Table 7), while results indi-
cate that the model underpredicted these nutrients at

Flow. Observed and simulated flows at Hico Valley Mills (Table 8).

matched well (Figure 8a and Table 7). The model
underpredicted the flow in the month of March 1998
and slightly overpredicted in late 1998 at Valley Mills
(Figure 9a). The difference might be due to the spatial
variability of precipitation. However, the prediction
statistics were high at both locations (Tables 7 and 8).

Mineral Nutrients. Observed and simulated min
N and P at Hico and Valley Mills showed similar
trends (Figures 8e, 8f, 9¢, and 9f). Predicted and
observed min N and P at Hico and Valley Mills
matched fairly well except for a slight overprediction
of min P in early 1998 at Hico and at the end of 1998
at both locations. Statistics show simulated and
observed min N and P at both locations were closer
(Tables 7 and 8).

Sediment. Observed and simulated sediment load-
ing at Hico matched well except for March 1998 when
the flow was also underpredicted by the model (Fig-
ure 8b). Again, statistics show prediction at Hico was
satisfactory (Table 7). Predicted sediment was very
low for March 1998 at Valley Mills (Figure 9b) and
statistical parameters (Table 8) show poor agreement
between observed and simulated results.

BMP Analysis

Min P loadings are displayed as probability

Organic Nutrients. The time series plots for
organic N and P at Hico and Valley Mills (Figures
8¢, 8d, 9¢, and 9d) show model underprediction in
March 1998. Being sediment bound nutrients,
they follow the trends of sediment. Observed and

JAWRA

exceedance plots to analyze the effectiveness of BMPs.
In these exceedance plots, annual min P loadings
(y-axis) for the simulation period (1960 through 1998)
were ordered and plotted with their associated
exceedance probability values (x-axis) for Hico and
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Figure 8. Observed and Simulated Monthly Flow and Sediment and Nutrient Loadings at Hico During Validation Period.
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Figure 9. Observed and Simulated Monthly Flow and Sediment and Nutrient Loadings at Valley Mills During Validation Period.
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TABLE 7. Monthly Validation Results at Hico for the Period 1998.

Variable Mean Standard Deviation
(units) Observed Simulated Observed Simulated R2 Ens Pg
Flow Volume (mm) 11.580 9.000 13.120 11.290 0.92 0.87 0.91
Sediment (t/ha) 0.045 0.025 0.114 0.056 0.98 0.70 0.70
Organic N (kg/ha) 0.194 0.114 0.296 0.191 0.92 0.73 0.79
Organic P (kg/ha) 0.043 0.023 0.074 0.042 0.95 0.72 0.73
Mineral N (kg/ha) 0.060 0.046 0.089 0.054 0.89 0.75 0.81
Mineral P (kg/ha) 0.024 0.012 0.033 0.017 0.83 0.53 0.62
TABLE 8. Monthly Validation Results at Valley Mills for the Period 1998.
Variable Mean Standard Deviation
(units) Observed Simulated Observed Simulated R2 Ens Pg
Flow Volume (mm) 9.760 10.980 20.150 9.470 0.80 0.62 0.63
Sediment (t/ha) 0.132 0.039 0.386 0.064 0.95 0.23 0.23
Organic N (kg/ha) 0.257 0.211 0.715 0.224 0.71 0.43 0.44
Organic P (kg/ha) 0.055 0.034 0.144 0.039 0.80 0.39 0.41
Mineral N (kg/ha) 0.050 0.068 0.097 0.063 0.72 0.64 0.73
Mineral P (kg/ha) 0.006 0.008 0.016 0.010 0.93 0.81 0.83
Valley Mills (Figure 10). These plots provide informa- CONCLUSIONS

tion on the probability of achieving a particular load
of min P through a BMP at a particular location. Min
P loading curves for the various scenarios varied from
10,000 kg to 40,000 kg at 10 percent probability at
Hico, whereas it varied from 20,000 kg to 80,000 kg at
Valley Mills. These curves showed loadings within
10,000 kg at Hico at 90 percent probability and they
showed loadings within 20,000 kg at Valley mills for
the same probability. In general, the loading curves
were wider at lower probabilities and they become
closer as they reach higher probabilities. The min P
loadings were increased by about 27 percent at Hico
and 29 percent at Valley Mills in the future condition
scenario as compared to the existing condition sce-
nario. These increases were predominantly caused by
projected conditions for dairy and WWTPs in the
future scenario (Table 4). Scenario E showed reduc-
tion in min P loadings of about 67 percent at Hico and
57 percent at Valley Mills from the future scenario.
Scenario F showed reduction in min P loadings of
about 54 percent at Hico and 48 percent at Valley
Mills from the future scenario. Scenario E indicated
that at existing conditions implementation of the
BMPs (Table 4) would come closer in achieving the
desired water quality goals. However, with year 2020
growth (future) conditions, more stringent controls
are required to meet the water quality goals.
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The objective of this study was to calibrate and val-
idate the SWAT model for flow, sediment, and nutri-
ents for a watershed where water quality problems
exist that involve dairy manure application fields,
wastewater treatment plants, croplands, and urban
areas. Monthly simulated flow, sediment, and nutri-
ent (organic and mineral) loadings were compared
with observed values at Hico and Valley Mills gauging
stations for the calibration and validation period.

In most instances, simulated flow, sediment, and
nutrients were closer to the measured values during
the calibration period. Model validation was done for
one year, 1998. In general, simulated flow and nutri-
ents were closer to the measured values during the
validation except for some underprediction of
simulated sediment and organic nutrients in March
1998 at Valley Mills. These underpredictions caused
significant degradation in model prediction statistics
in validation. SWAT predictions were acceptable,
especially given the approximations and spatial vari-
ability involved in simulating a large complex system
or watershed.

The calibrated model was used to study the effects
of various BMPs on nutrients (Santhi et al., 2000).
Scenario E, a scenario with added BMP conditions
over the existing scenario, showed higher percentage
reductions in min P loadings. SWAT is integrated into
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Figure 10. Exceedance Probability of Mineral P Loadings for BMP Scenarios at Hico and Valley Mills.
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the USEPA’s watershed modeling framework, called
BASINS and is expected to be used by many state and
federal agencies. The SWAT calibration and valida-
tion procedures presented in this paper will be useful
to researchers and engineers involved in studying
water quality problems.
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