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ABSTRACT: This paper describes the application of a continuous
daily water balance model called SWAT (Soil and Water Assess-
ment Tool) for the conterminous U.S. The local water balance
is represented by four control volumes; (1) snow, (2) soil profile,
(3) shallow aquifer, and (4) deep aquifer. The components of the
water balance are simulated using “storage” models and readily
available input parameters. All the required databases (soils, lan-
duse, and topography) were assembled for the conterminous U.S. at
1:250,000 scale. A GIS interface was utilized to automate the
assembly of the model input files from map layers and relational
databases. The hydrologic balance for each soil association polygon
(78,863 nationwide) was simulated without calibration for 20 years
using dominant soil and land use properties. The model was vali-
dated by comparing simulated average annual runoff with long
term average annual runoff from USGS stream gage records.
Results indicate over 45 percent of the modeled U.S. are within 50
mm of measured, and 18 percent are within 10 mm without calibra-
tion. The model tended to underpredict runoff in mountain areas
due to lack of climate stations at high elevations. Given the limita-
tions of the study, (i.e., spatial resolution of the data bases and
model simplicity), the results show that the large scale hydrologic
balance can be realistically simulated using a continuous water bal-
ance model.

(KEY TERMS: surface water hydrology; modeling/statistics; evapo-
transpiration; plant growth; geographic information systems.)

INTRODUCTION

The renewable water resources for the contermi-
nous United States are derived from an average
annual precipitation of 760 mm. Seventy percent of
this rainfall is consumed through evaporation and
transpiration. The remaining 30 percent of precipita-
tion constitutes an average annual runoff of about

230 mm (WRC, 1978). Management and utilization of
these resources depends upon the spatial distribution
of rainfall, location of reservoirs, evapotranspiration
(ET) potential, soil and groundwater storage, and
water quality. All of these factors vary from basin to
basin. Continental scale maps representing some of
the above components have been prepared such as
annual runoff (Langbein, 1980) and precipitation-
evaporation (Winter, 1990). While important in illus-
trating regional trends, these studies do little toward
assessing the potential interaction of the components
of the water balance. Basin scale assessments have
been made to determine the adequacy of water supply
regions (WRC, 1968, 1978; Hirsch et al., 1990) and
make projections based on estimates of population
and land use, but again are not designed to account
for interactions between the components of the sys-
tem. Projections are made by predicting average val-
ues into the future without regard to potential
thresholds or feedback loops within the system.

Water balance models attempt to predict the parti-
tioning of water among the various pathways inher-
ent to the hydrologic cycle (Dooge, 1992). Early
models developed in the 1940s are essentially book-
keeping procedures which estimate the balance
between inflow (precipitation and snowmelt) and out-
flow (ET, streamflow, and groundwater) (Alley, 1984).
While generalized global water balance maps have
been prepared, they often lack the necessary scale
to be useful in even the simplest modeling efforts
(UNESCO, 1978). More advanced water balance
models have been used to assess the effects of land
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management, seasonal irrigation demands, prediction
of streamflow and lake levels, recharge to the ground-
water system, groundwater storage, and as a means
of assessing the impact of vegetation on water yield
(runoff, soil flow, and groundwater flow) and sediment
yield (Chiew and McMahon, 1990; Winter, 1981;
Essery, 1992; Thomas et al., 1983; Bultot et al., 1990;
Arnold et al., 1993). Robbins Church ef al. (1995)
developed a simple water balance equation using
measured precipitation and runoff to compute ET and
runoff precipitation ratios for the northeast United
States. More recently, general circulation models
(GCMs) have linked atmospheric models to land-sur-
face water balance models and emphasized the impor-
tance of the land based hydrologic cycle to global
energy fluxes (Wood et al., 1992), and conversely, the
effects of atmospheric contaminants (COs), on land
surface runoff (Miller and Russell, 1992). Recent
research on the land based component of the water
balance using simplified inputs of potential evapo-
transpiration and soil water holding capacity (0.5
degree resolution) have shown the importance of soil
storage control in the regional water balance (Milly,
1994). Liang et al. (1994) used a simple two layer soil
storage model with a vegetation component to model
surface water and energy fluxes for GCMs.

The SWAT model (Arnold et al., 1998) provides the
modeling capabilities of the HUMUS (Hydrologic Unit
Model of the United States) project (Srinivasan et al.,
1993). The major components of the HUMUS project
are: (1) SWAT to simulate surface and subsurface
water quality and quantity; (2) a Geographic Informa-
tion System (GIS) to collect, manage, analyze, and
display the spatial and temporal inputs and outputs
(Srinivasan and Arnold, 1994); and (3) relational data
bases required to manage the non-spatial data (Fig-
ure 1). HUMUS simulates the hydrologic budget, sed-
iment and nutrient movement for approximately
2,100 8-digit hydrologic unit areas as delineated by
the USGS. Findings of the project are being used in
the Resource Conservation Act (RCA) Assessment
conducted by the Natural Resources Conservation
Service. Planning scenarios include agricultural and
municipal water use, tillage and cropping system
trends, and fertilizer/manure management.

The purpose of this study is to present findings of
the HUMUS continental scale modeling effort of all
the major river basins of the conterminous United
States as they relate to regional runoff and water sup-
ply. This modeling effort has been validated against
average annual runoff using all existing gaging
stations of the USGS. The modeled results allow
assessment of spatial variations in runoff of the con-
terminous United States. If runoff can be simulated
with reasonable accuracy, the model can then be vali-
dated for sediment and nutrient yields for further
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NRCS national agricultural policy scenarios. Results
should also allow for more accurate assessments of
the effects of land use changes and water manage-
ment initiatives as well as provide a tool for parame-
terization of GCMs.

THEORETICAL FRAMEWQRK
Qverview

The overriding objective of this study is to develop
the most realistic physical representation of the water
balance possible while utilizing data that is readily
available for large regions of the U.S. This requires
that model input parameters are physically based and
that calibration is not attempted. Most model input
parameters are physically defined such as topography
(slopes and flow lengths), soil properties (texture,
bulk density, saturated conductivity, etc.) and plant
characteristics (biomass to energy conversions, maxi-
mum height and rooting depth, etc.). Some of the rela-
tionships used in the model, such as the curve
number, are based on physical properties such as soil
type and land use and do not require calibration (i.e.,
measured stream flow and ET are not required). How-
ever, there is often considerable uncertainty in model
inputs due to spatial variability and measurement
errors. In most watershed studies, inputs are allowed
to vary within a realistic uncertainty range for cali-
bration and validation then is performed on another
period of data. In this study, the model was only vali-
dated using average annual runoff.

The other main objective of this study is to develop
the ability to simulate the impact of climate and land
use changes on the water balance. Climate change
scenarios include projected annual and seasonal
changes in precipitation, temperature, and COy. Land
use scenarios include vegetative changes (i.e., forest
to agricultural land) and cropping system changes.
This requires the ability to simulate tillage systems
and nutrient/pesticide application scenarios.

Spatial and Temporal Variability

A common approach in simulating the water bal-
ance of large areas is to subdivide the area into homo-
geneous modeling subareas. Although there are
numerous discretization schemes that are possible,
we chose to use soil associations as the basis for mod-
eling subareas. The dominant (by area) soil series,
and the corresponding physical properties, for each
soil association polygon were used. While, there is
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SYSTEM

AVAILABLE MAPS

Topography
HCU Boundaries
Stream Lines
Land Uses

Soil Types
Surficial Geology

AVAILA| T,

Daily Precipitation
Daily Maximum and Minimum
Temperatures
Crop Acreages
Crop Tillage Practices
Fertilizer, Manure, and
Pesticide Applications
Reservoir Sizes and
Locations
Soils Properties, including:
Infiltration
Permeability
Water Holding Capacity
Bulk Density
Texture
Organic Matter Content
Etc.
Point Source Pollution
Non-Ag Water Uses

IMPUTED DATA

Solar Radiation

Wind Speed and Direction
Plant Growth Processes
Leaf Area Indexes

Nutrient Content of Biomass
and Harvested Products
Stream channel dimensions

Base Flow Recession Rates
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PROCESSES IN THE T MODEL

Water Cycle:

Precipitation as rain, snow, or snowmelt

Intercepted rain and snow

Infiltration

Surface runoff

Percolation through layers in the root zone

Percolation into ground water

Lateral flow in the root zone

Transpiration by plants

Evaporation from soils, with associated upward water flow

Stream water sources from runoff, lateral flow, and shallow ground water
Routing of all water flows from watersheds through ponds, reservoirs,
lakes, streams, and rivers.

Net sediment losses from land areas
Detachment, suspension, settlement, and transport in and through ponds,
lakes, reservoirs, and rivers

Nitrogen Cycle

Deposition in precipitation

Application in fertilizers and manures
Fixation associated with legumes
Assimilation by plants and roots

Harvested with produce

Decomposition of residues

Denitrification (Volatilization)

Transport with lateral flow

Transport with shallow ground water
Transport with organic matter in sediments
Transport, assimilation, and volatilization in freshwater systems

Phosphorous Nutrients

Application in fertilizers and manures
Assimilation by plants and roots

Harvested with produce

Runoff of labile compounds

Runoff of organic compounds with sediments
Assimilation in freshwater aquatic systems
Build up in, or extraction from soils

Pesticid
The transport and fate of several common insecticides and herbicides, and
their potential for infiltration into groundwater

Carbon Cycle

Not in SWAT yet, but could be linked to the Nitrogen Cycle to account for
depletion or sequestration

» - >0 - Ccw-+HCO
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SOME NEW MAPS,
CHARTS, AND/OR
DATA

Water Uses by All Crops and
Natural Vegetation

Total Water Uses Compared to
Locally Available Supplies

Changes in Available Water
Supplies With Possible Changes
in Vegetation and Water Use
Practices.

Sediment Delivery Rates and
Loads

e

Organic Nitrogen Nutrient
Delivery Rates and Loads

Dissolved Nitrogen Nutrient
Delivery Rates and Loads

Total Nitrogen Nutrient Delivery
Rates and Loads

Susceptibility of Occurrence of
Nitrates in Ground Water

Organic Phosphorous Nutrient
Delivery Rates and Loads

Dissolved Phosphorous Nutrient
Delivery Rates and Loads

Total Phosphorous Nutrient
Delivery Rates and Loads

Figure 1. The HUMUS Project System.
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considerable variability in soil hydraulic properties
even at relatively small scales (Warrick and Nelson,
1980), some lumping of soil properties must be made
since available regional-scale data bases do not
include sufficient spatial detail.

Vertical variability within the polygon is modeled
by dividing the water balance into three control vol-
umes; the soil profile, shallow aquifer, and deep
aquifer. The soil profile can be subdivided further to
account for soil horizons that may have a significant
impact on percolation, surface runoff, and root
growth. The shallow aquifer is directly below the soil
profile and is assumed to (1) actively circulate
groundwater and respond rapidly to changes in dis-
charge and recharge, (2) have relatively short travel
times, and (3) supply a large percentage of baseflow to
the stream (Moody, 1990). Seepage from the shallow
aquifer recharges the deep aquifer. The deep aquifer
does not contribute to streamflow in the model.

To represent temporal variability, the model contin-
uously updates the water balance on a finite time step
(one day). Thus, the model can run continuously for
many years and describe annual and seasonal vari-
ability. A long-term regional database of weather data
at sub-daily time steps is not currently available at

Precipitation

Typical
Depth

Evaporation
ROOT ZONE Surface

Lateral Runoff

Flow

Percolate/Recharge

similar spatial resolution as daily weather data. Also,
a monthly time step cannot account for the variation
in individual surface runoff events within the month.
Daily weather data is readily available and daily
stochastic weather generators (for a point) have been
parameterized and such an approach has been in use
for many years (Richardson, 1981).

Description of Algorithms

Water storage is divided into four distinct compo-
nents as shown in Figure 2: (1) snow profile (above
the ground surface), (2) soil profile (0-2 m), (3) shallow
aquifer (2-50 m), and (4) deep aquifer (> 50 m). Equa-
tions and detailed descriptions are found in Arnold et
al. (1998).

Snow Cover. The control volume for snow cover is
bounded above by the snow-atmosphere interface and
below by the snow-soil interface. The mass balance of
water in the snow control volume consists of snow
fall, snow melt and sublimation.

Irrigation

H

Transpiration T

Soil Moisture
Redistribution

Soil Layers
(up to 10)

e

SHALLOW
AQUIFER

N —

DEEP AQUIFER

—_—
Return Flow e
R Transmission Losses

Percolation from Shallow/Recharge to Deep

\_Ji»\i,/—x

Figure 2. Schematic of Subbasin Hydrologic Balance.
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Continental Scale Simulation of the Hyclrologié Balance

Soil Profile. The upper boundary of the soil profile
is the soil-atmosphere (or soil-snow if snow is present)
interface. The lower boundary corresponds to the
average rooting depth of the vegetation. This normal-
ly coincides with the depth that the soils have been
characterized in soil surveys and is less than two
meters. Since a modeling subarea is considered homo-
geneous, the horizontal extent of the soil control vol-
ume is irrelevant (soil heterogeneity and topographic
effects are neglected). However, it should be noted
that horizontal water flux between subareas is not
considered. Processes simulated include: surface
runoff, lateral soil flow, percolation, evapotranspira-
tion, soil temperature, plant growth, and manage-
ment (irrigation, fertilization and residue manage-
ment).

Shallow Aquifer. Ground water flow systems can
be classified into three types of depth and proximity
to surface drainage features: (1) shallow, (2) interme-
diate, and (3) regional flow systems (Toth, 1963). The
shallow flow systems: (1) actively circulate ground
water and respond rapidly to changes in discharge
and recharge, (2) have relatively short travel times,
and (3) supply a large percentage of base flow to the
stream (Cannon, 1989). The shallow ground water
flow component in SWAT is intended for general use
where extensive field work to obtain inputs (pump
tests, etc.) is not feasible and thus the model must
use readily available inputs. For more detailed, site-
specific studies, Sophocleous et al. (1999) have linked
SWAT to MODFLOW, a two-dimensional ground
water flow model.

The shallow aquifer control volume is bounded
above by the soil-shallow aquifer interface and below
by the interface with the deep aquifer. Typical depth
of the shallow aquifer is 2-25 m and processes simu-
lated include return flow, plant water uptake, perco-
late to the deep aquifer, and water withdrawals. A
complete description of the ground water flow compo-
nent is found in Arnold ef al. (1993).

Deep Aquifer. It is assumed that there is no inter-
action between the deep aquifer and the stream. Also,
no underflow is allowed to occur from one modeling
subarea to another. Processes simulated in the deep
aquifer are percolate from the shallow aquifer and
water withdrawals.

PREVIOUS MODEL VALIDATION

Ideally, we would like to validate all simulated
components of the hydrologic balance (surface runoff,
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groundwater flow, ET, recharge, etc.) with measured
estimates for the entire U.S. Unfortunately, measured
estimates of the individual components of the hydro-
logic balance are not generally available. However,
the SWAT model has been compared against mea-
sured components of the hydrologic balance at several
locations throughout the U.S. Table 1 shows the loca-
tion, reference, basin area, and validated components
for each location. These locations represent a wide
range of soils, land use, climate, and topography. The
most comprehensive testing was performed for three
basins in Illinois (Arnold and Allen, 1996). Schicht
and Walton (1961) used precipitation, streamflow, and
groundwater level data to ascertain groundwater
recharge, runoff, and ET for all three basins. This
data was then compared against SWAT simulated
results with reasonable agreement.

A component of the model that has had limited
testing is ET. Monthly simulated ET was compared
against measured ET from lysimeters growing corn
and bluegrass. The impact of irrigation on annual ET
and corn yields at Bushland, Texas, was simulated by
the model illustrating corn yield response to increas-
ing volumes of irrigation water (Arnold and Williams,
1985). Arnold and Stockle (1991) demonstrated the
models ability to simulate dryland wheat yields under
extreme differences in climate and soil conditions.
While the runoff validation in this study only com-
pares average annual values, it is important to note
that the model has been validated against monthly
time series and is capable of simulating seasonal vari-
ability, Numerous studies (Table 1) confirm that this
modeling approach is capable of simulating realistic
monthly time series of runoff, and several other com-
ponents of the hydrologic balance across the U.S.

APPLICATION

The model presented in the section entitled “Theo-
retical Framework” was tested for its ability to repro-
duce components of the annual water balance. The
test region is the entire coterminous United States.
The first part of this section describes how the
input variables were estimated. All the required
databases (soils, land use and DEM) were assembled
at 1:250,000 scale. A GIS interface (Srinivasan and
Arnold, 1994) was utilized to automate the assembly
of the model input files from map layers and relation-
al databases. The hydrologic balance for each soil
association polygon (78,863 nationwide) was simulat-
ed for 20 years using dominant soil and land use
properties. Channel and impoundment routing were
not simulated and thus inputs were not developed.
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TABLE 1. Model Validation Studies.

Drainage Water
Area Yield/ Soil Surface Base Soil GW GW Plant
Location Reference (km?2) Streamflow Water Runoff Flow ET ET Recharge Biomass
1. Middle Bosque Arnold et al. 471 X X X b6
River, Texas (1993)
2. Coshocton, Arnold and lysimeter X
Ohio Williams (1985)
3. Bushland, Arnold and field plot X X
Texas Williams (1985)
4. Riesel, Texas Savabi et al. (1989) 1.3 X X X
Sonora, Texas Savabi et al. (1989) 4.1 X X
5. Seco Creek, Srinivasan and 114 X
Texas Arnold (1994)
6. Neches River King et al. (1999) 25,032 X
Basin, Texas
7. Colorado River King et al. (1999) 40,407 X
Basin, Texas
8. Lower Colorado, Rosenthal ef al. 8,927 X
Texas
9. White Rock Arnold and 257 X
Lake, Texas Williams (1987)
10. North Carolina Jacobson et al. 4.6 X X
(1995)
11. Goose Creek, Arnold and 246 X X X X X X X
Illinois Allen (1996)
12. Hadley Creek, Arnold and 122 X X X X X X X
Illinois Allen (1996)
13. Panther Creek, Arnold and 188 X X X X X X X
Iinois Allen (1996)
14. Goodwin Creek Binger et al. 21.3 X
Watershed, (1996)
Mississippi
15. Watersheds in: Arnold and 9.0-538 X
Oklahoma, Ohio, Williams (1987)
Georgia, Idaho,
Mississippi,
Vermont,
Arizona
16. Bushland, Texas  Arnold and field plot X
Logan, Utah Stockle (1991)
Temple, Texas
JAWRA 1042 JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION
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The remainder of the section compares the modeled
annual runoff with measured estimates and presents
results of other selected validation studies.

Estimation of Inputs

Digital Elevation Model (DEM) Attributes —
Overland slope and slope length for each subbasin
was estimated using the 3-arc second DEM. Overland
slope was estimated using the neighborhood tech-
nique (Srinivasan and Engel, 1991) for each cell and
calculating an average slope for the entire subbasin.

Land Use Attributes — The USGS-LUDA (land
use/land cover) data (USGS, 1990) were used to devel-
op plant inputs to the model. The dominant land use
was used for each subbasin and a plant parameter
database was used to characterize each crop. The
broad classification used in the LUDA was urban,
agriculture/pasture, range, forest, wetland, and water
as categories. A heat unit scheduling algorithm was
used to find probable planting dates of a land use
based on location (latitude and longitude) of a sub-
basin, monthly mean temperature, and land use type.
Due to lack of information about specific crops from
the LUDA database, this study used corn as the agri-
cultural crop across the U.S., which was thought to be
appropriate since corn is the major crop grown in
many parts of the U.S. and since it will have a similar
impact on the water balance as other summer crops.

Soils Attributes — The STATSGO-soil association
map (USDA,1992) was used for selection of soil
attributes for each subbasin. Each polygon contains
multiple soil series, and the areal percentage of each
is given (without regard to spatial location). The dom-
inant soil series (largest area) was selected by the GIS
interface. Once the soil series was selected, the inter-
face extracted the properties for the model from a
relational database. Soil physical properties include
texture, bulk density, saturated conductivity, avail-
able water capacity, and organic carbon. The curve
number (CN) was assigned to each subbasin, based on
land use and the hydrologic soil group of the domi-
nant soil series.

Irrigation Attributes — This study used the
STATSGO database to identify locations using irriga-
tion due to lack of spatial irrigation databases show-
ing irrigated agricultural areas. STATSGO reports
irrigated crop yield for any crop in this table, and if
the land use (from the USGS-LUDA) was agriculture,
the entire subbasin was assigned as irrigated agricul-
ture. Figure 3 shows the location of irrigated agricul-
ture identified through above process. Using this
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irrigation layer the input interface created input
parameters for automated irrigation application for
each subbasin. The model automatically irrigates a
subbasin and replenished soil moisture to field capaci-
ty when the crop stress reaches a user defined level.

Weather Attributes — The model utilized monthly
weather generator parameters from approximately
1130 weather stations to simulate daily precipitation,
maximum and minimum temperatures, solar radia-
tion, wind speed, and relative humidity. The GIS
interface selected the nearest weather station for each
subbasin. (Figure 4). The interface also extracted and
stored the monthly weather parameters in a model
input file for each subbasin.

Comparisons With Observed Runoff for Entire U.S.

The model was run for 20 years to obtain average
annual values of runoff to compare against observed
runoff. Observed runoff was determined by Gebert et
al. (1987) from measured streamflow from 5951 gag-
ing stations that were unaffected by reservoirs, diver-
sions or return flow. This analysis covered the entire
U. S. for the period 1951-1980. Modeled runoff is
defined as the sum of surface, lateral flow from the
soil profile, and groundwater flow from the shallow
aquifer which corresponds to observed runoff deter-
mined by Gebert et al. (1987). The model assumes
that groundwater flow returns within the subbasin
and that there is no net groundwater inflow or out-
flow. No calibration was performed and model inputs
were taken without modification from the existing
databases. Streamflow and potential ET were not
used in developing model inputs. The modeled and
observed annual runoff estimates are shown in Fig-
ures 5a and 5b. The large-scale features of the
observed runoff are apparent in the simulated runoff.
High values of runoff are observed from the Northeast
States through the Appalachian mountains down to
the northern coast of the Gulf of Mexico. Runoff
decreases from east to west between the Mississippi
River and the Rocky Mountains. The high runoff of
the Pacific Northwest rainforest is also simulated by
the model.

The difference between observed and simulated
runoff is shown in Figure 6. Negative values identify
areas where the model overpredicts while positive
numbers signify model underprediction. The model
has a general tendency to underpredict runoff in
mountain areas. This is evident in Figure 6 in the
Appalachian Mountains and the western U.S. This is
attributed to the lack of weather data in higher eleva-
tions. Typically, weather stations in the western U.S.
are located in the valleys which generally have lower
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Average Annual Irrigation Applied by STATSGO Polygdﬁ

D < 13mm
B 13-00mm
£ 180-370mm
El s10-960mm

. 90-180mm
O 370-s10mm
B 960-+mm

SCALE: 1:25965257

3194000
REGION: -2362214 2254418
294800

Figure 3. Location and Amount of Annual Irrigation Water Applied.

precipitation. There was not attempt in this study to
correct precipitation and temperature for elevation.
The model tends to overpredict runoff in areas that
are irrigated (see Figure 3). This may be due to the
previous assumption used in the model where irriga-
tion was applied to the entire subbasin when the
database reports that cropland within that subbasin
may be irrigated. This is a limitation of the irrigation
data base as well as using only the dominant soil and
land use for each subbasin. It should be noted that
the spatial resolution of the simulated runoff (Figure
5b) is considerably finer than the observed runoff
(Figure 5a). Some discrepancies in the two maps actu-
ally may be due to lack of resolution in the observed
runoff, fewer stations and more smoothing of the data
set.

Summation of runoff error shows that over 45 per-
cent of the runoff difference between modeled and
observed falls within 50 mm and 18 percent fall with-
in 10 mm. This compares well considering input
uncertainty and the fact that no calibration was per-
formed. It also compares favorably with others stud-
ies (Milly, 1994). The simple water balance model of
Liang et al. (1994) produced major errors in peak
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runoff. However, the purpose of the evaluation was to
provide evidence that the model is producing a rea-
sonable soil water balance to GCMs. For that purpose,
the runoff simulations of Liang et al. (1994) were
judged adequate.

Regression analysis was performed by state (Figure
7) and by soil association polygon (Figure 8). Average
runoff by state compares well with a regression slope
of 0.95 and an R2 of 0.78. The R2 determined by com-
paring measured and simulated runoff for each of the
78,863 soil association polygons was lower at 0.66.
The model displayed a general tendency to underpre-
dict subareas with high runoff. This is again attribut-
ed to both the use of only the dominant soil in each
polygon and the lack of a more precise irrigation
database.

Figure 9 shows simulated potential and actual ET.
Although validation was not performed, expected
large-scale features were evident and potential ET
compares favorably to the method of Thornwaite
(Legates and Willmott, 1990).
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Figure 4. Location of Weather Generator Parameter Sites.

-Limitations and Implications for Future Studies

Databases. There are several limitations of the
databases used in this study. Soil properties for each
series are reported as a range and the midpoint was
selected for model input. Within each soil association
polygon only areal percentages of soil series are given
without regard to spatial position within the polygon.
Selecting the dominate soil to represent the entire
polygon can cause runoff errors of 30 percent or more
(Arnold, 1992). Using the dominant land use for each
subbasin can similarly impact model output as the
runoff is a function of soil and land use combinations.

Another database limitation involves the location
of the weather stations. Elevation and orographic
effects are not considered since the vast majority of
the weather stations in the coterminous U.S. are
located near airports or in valleys next to cities and
not distributed in the higher elevations. This can sig-
nificantly affect the hydrologic balance and is the
probable reason for the discrepancies between mea-
sured and predicted runoff in the western mountain
areas.
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Model Algorithms. Selection of a rainfall runoff
model is a compromise between model complexity and
available input data. While more complex models may
better represent the physical processes, the assump-
tion that they lead to more reliable results has been
questioned (Loague and Freeze, 1985). They have
shown that the simpler, less data intensive models
provided as good or better prediction than the physi-
cally based models. An empirical model is a represen-
tation of data and has no real theoretical basis. A
physically based model is one that has a theoretical
basis and whose parameters and variables are mea-
surable in the field (Beven, 1983). In reality, many
empirical relationships are used for parameter esti-
mation by the “physically based” models (Wilcox et.
al., 1990). The SCS runoff equation is basically an
empirical model which came into common use in the
1950s is the product of more than 20 years of studies
of rainfall runoff relationships from small rural
watersheds. The model was developed to provide a
consistent basis for estimating the amounts of runoff
under varying landuse and soil types (Rallison and
Miller, 1981). No other rainfall-runoff model has been
used as successfully or as often on ungaged rangeland
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Figure 5. (a) Observed Average Annual Runoff for U. 8. from USGS Streamflow Records (top);
and (b) Simulated Average Annual Runoff for the U.S. (bottom).
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Figure 7. Regression of Observed and
Simulated Runoff by State.
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catchments as the CNM (Graf, 1988). A major limita-
tion of the curve number method is that rainfall
intensity and duration are not considered, only total
rainfall volume. Time based physical models such as
Green Ampt are thought to better mimic the impacts
of land use on runoff because infiltration parameter
can be directly related to catchment characteristics
(Wilcox et. al., 1990). However, such models require
disaggregated daily precipitation, which are only
available in select areas of the country. Even though
the Green Ampt equation has a physical basis, much
may be lost or diluted by the regression equations
needed to parameterize the model (Wilcox et. al.,

1990). In a study of 585 storm events on 36 water-
sheds in six physiographic provinces of the Central
and Eastern U.S., Bales and Betson (1981) concluded
that the curve number appears to be a good numeric
index of land use and is potentially a useful basin
characteristic for use in hydrologic model regionaliza-
tion. Studies by Wilcox ef. al. (1990) on six small
catchments in Idaho, Arizona, Texas, Oklahoma, and
Nebraska showed that the CNM gave similar results
to those obtained by the Green Ampt model. So while
the CNM is conceptually simple, it is regarded as an
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Figure 8. Regression of Observed and Simulated Runoff by Soil Association Polygons.

adequate procedure to use in regional estimates of
runoff.

Other model components (snow melt, soil water
routing, and shallow aquifer storage) are also rather
simplistic and may not be representative of the actual
flow system. However, inputs are readily available for
large regions and the algorithms have provided rea-
sonable results without calibration. It also has been
assumed that there is no deep flow from one subbasin
to another. While this assumption is incorrect, it is
not believed to cause major error in the overall model
output due to the small percentage of the overall
water budget involved in recharging the deep aquifer
system.

Summary

This paper describes the application and validation
of a model of continuous daily water balance. The
local water balance was represented by four control
volumes; (1) snow, (2) soil profile, (3) shallow aquifer,
and to a lesser extent (4) deep aquifer and the compo-
nents of the water balance were simulated using

JAWRA

“storage” models and readily available input parame-
ters. The model operates on a daily time step and is
able to predict seasonal variations, which are impor-
tant for water resources planning. The control vol-
umes have been found to be critical in timing of flows,
surface runoff occurs in hour to days, soil lateral flow
in days to weeks, shallow aquifer in months to years,
and deep aquifer flow (not simulated) in years to
decades.

It is also important to simulate management/land
use and climate scenarios since the model is being
used by NRCS in national agricultural policy plan-
ning and by EPA in TMDL (Total Maximum Daily
Load) analysis. Algorithms are included to simulate
plant growth including the impact of various land use
and cropping systems on the hydrologic balance. The
impact of climate is also considered including precipi-
tation, temperature which directly effects plant
growth (indirectly ET), snow fall and melt, and soil
temperature. Carbon dioxide concentration directly
impacts ET and plant biomass growth.

The model was validated by comparing simulated
average annual runoff (20 year model simulation)
with long-term average annual runoff from USGS
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Figure 9. (a) Average Annual Simulated Potential ET for U.S. (top); and (b) Average Annual Simulated Actual ET for U.S. (bottom).
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stream gage records. Comparisons show that over 45
percent of the conterminous U.S. within 50 mm of
measured, and 18 percent within 10 mm. This was
accomplished without calibration. Given the errors
associated with model inputs (spatial variability, mea-
surement errors, etc.), these results appear realistic.
In this study, at the continental scale, only average
annual runoff was validated. Examples of previous
model validation at numerous sites across the U.S.
were used to show that the model was capable of sim-
ulating other components of the hydrologic balance
(surface runoff, groundwater flow, and ET) and of pro-
ducing monthly and daily time series of runoff.
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