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Streamflow Simulations and Percolation Estimates Using
the Soil and Water Assessment Tool for Selected Basins in
North-Central Nebraska, 1940-2005

By Kellan R. Strauch and Joshua I. Linard

Abstract

The U.S. Geological Survey, in cooperation with the
Upper Elkhorn, Lower Elkhorn, Upper Loup, Lower Loup,
Middle Niobrara, Lower Niobrara, Lewis and Clark, and
Lower Platte North Natural Resources Districts, used the Soil
and Water Assessment Tool to simulate streamflow and esti-
mate percolation in north-central Nebraska to aid development
of long-term strategies for management of hydrologically
connected ground and surface water. Although groundwater
models adequately simulate subsurface hydrologic processes,
they often are not designed to simulate the hydrologically
complex processes occurring at or near the land surface. The
use of watershed models such as the Soil and Water Assess-
ment Tool, which are designed specifically to simulate surface
and near-subsurface processes, can provide helpful insight into
the effects of surface-water hydrology on the groundwater sys-
tem. The Soil and Water Assessment Tool was calibrated for
five stream basins in the Elkhorn-Loup Groundwater Model
study area in north-central Nebraska to obtain spatially vari-
able estimates of percolation.

Six watershed models were calibrated to recorded
streamflow in each subbasin by modifying the adjustment
parameters. The calibrated parameter sets were then used to
simulate a validation period; the validation period was half of
the total streamflow period of record with a minimum require-
ment of 10 years. If the statistical and water-balance results for
the validation period were similar to those for the calibration
period, a model was considered satisfactory. Statistical mea-
sures of each watershed model’s performance were variable.
These objective measures included the Nash-Sutcliffe measure
of efficiency, the ratio of the root-mean-square error to the
standard deviation of the measured data, and an estimate of
bias. The model met performance criteria for the bias statistic,
but failed to meet statistical adequacy criteria for the other two
performance measures when evaluated at a monthly time step.
A primary cause of the poor model validation results was the
inability of the model to reproduce the sustained base flow and
streamflow response to precipitation that was observed in the
Sand Hills region.

The watershed models also were evaluated based on how
well they conformed to the annual mass balance (precipitation
equals the sum of evapotranspiration, streamflow/runoff, and
deep percolation). The model was able to adequately simulate
annual values of evapotranspiration, runoff, and precipitation
in comparison to reported values, which indicates the model
may provide reasonable estimates of annual percolation. Mean
annual percolation estimated by the model as basin averages
varied within the study area from a maximum of 12.9 inches
in the Loup River Basin to a minimum of 1.5 inches in the
Shell Creek Basin. Percolation also varied within the studied
basins; basin headwaters tended to have greater percolation
rates than downstream areas. This variance in percolation rates
was mainly was because of the predominance of sandy, highly
permeable soils in the upstream areas of the modeled basins.

Introduction

In central and eastern Nebraska, the Elkhorn and Loup
Rivers are important sources of water for irrigation, recreation,
aquatic habitat, and hydropower production. As the primary
sources of streamflow to the lower Platte River, the Elkhorn
and Loup Rivers support in-stream flow appropriations, off-
stream hydroelectric production, and municipal water systems
for the Omaha and Lincoln metropolitan areas. Understanding
these water resources is essential because of newly adopted
state legislation that requires a sustainable balance between
long-term water supplies and uses for surface- and groundwa-
ter in Nebraska (Nebraska Department of Natural Resources,
2007a). As part of the effort to identify the sustainable balance
the U.S. Geological Survey (USGS), the Upper Elkhorn, the
Lower Elkhorn, the Upper Loup, the Lower Loup, the Middle
Niobrara, the Lower Niobrara, the Lewis and Clark, and the
Lower Platte North Natural Resources Districts (NRDs) (col-
lectively referred to as Elkhorn-Loup Groundwater Model
(ELM) NRDs), agreed to cooperatively study the water
resources in the Elkhorn and Loup Basins. The information is
needed to aid the ELM NRDs in developing long-term strate-
gies for management of hydrologically connected waters.
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A primary component of the cooperative study is the
development of a regional-scale groundwater model. The
ELM study area covers approximately 30,800 square miles
(mi?), and extends from the Niobrara River in the north to
the Platte River in the south (fig. 1). The western bound-
ary coincides with the western boundary of the Upper Loup
NRD, and the eastern boundary coincides approximately with
the westernmost extent of glacial till in eastern Nebraska.
Although groundwater models may adequately simulate
subsurface hydrologic processes, they often are not designed
to simulate the hydrologically complex processes occurring
at or near the land surface. The use of watershed hydrologic
models, designed specifically to simulate surface and near-
surface processes, can provide helpful insight into the effects
of surface-water hydrology on the groundwater system. The
Soil and Water Assessment Tool (SWAT) was used to simulate
streamflow and produce estimates of percolation. The data and
information resulting from SWAT simulations can be used to
improve input to, or as quality assurance for, a groundwater
model developed for the underlying aquifer system.

Purpose and Scope

The purpose of this report is to describe streamflow simu-
lations of surface-water percolation estimates using SWAT in
the ELM study area. Six watershed models were constructed,
one for each of five subbasins within the ELM study area, and
one watershed model for the lower Loup River Basin to better
model the hydrologic processes in the downstream part of the
larger Loup River drainage basin. The construction, calibra-
tion, and validation of the six watershed models are presented.
The model simulation period was from October 1939 through
September 2005 for each basin.

Study Area

The ELM study area encompasses 30,800 mi? in North-
Central Nebraska. About one-half of the study area is within
a physiographic region known as the Sand Hills (fig. 1). The
Sand Hills region in Nebraska is the largest sand dune field
in the western hemisphere (Bleed and Flowerday, 1998), and
dunes are stabilized by vegetation. The study area includes
five stream basins: Loup River, Elkhorn River, Shell Creek,
Long Pine Creek, and Plum Creek. Mean annual evapotrans-
piration (ET) in the study area ranges from 19 inches (in.) per
year in the eastern part of the study area to 16 in. in the west-
ern part (Dugan and Zelt, 2000). Mean annual precipitation
also varies spatially in the study area. Records from precipita-
tion gages in and around the study area, from October 1940 to
September 2005 (National Oceanic and Atmospheric Admin-
istration, 2006), indicate mean annual precipitation increases
from west to east from 17 to 27 in. Much of the study area is
undeveloped with most of that land classified as pasture or
rangeland. Agriculture is an important land use in the eastern
and southern parts of the study area where the soils are less

sandy. Irrigation from groundwater is common. The disparity
between precipitation and runoff volumes in the ELM study
area implies that most of the precipitation infiltrates the soil
rather than immediately contributing to streamflow (fig. 2).
This mostly is because the sandy soils of the Sand Hills, which
compose approximately 50 percent of the study area, have
permeability rates exceeding 10 in./hour (hr). (Dugan and oth-
ers, 1990).

Loup River Basin

The physical characteristics of the Loup River Basin
are spatially variable. The soils in the headwaters of the
Loup River Basin are associated with the Sand Hills and are
characterized by excessively drained, highly permeable soils,
consisting mainly of fine sand (Dugan and others, 1990). Soils
in the downstream part of the basin generally consist of silty
loam with moderate permeability, and are well-drained (Dugan
and others, 1990). The dominant land uses in the Loup River
Basin are row crops and pasture/rangeland. Land use in the
headwaters of the basin is pasture, with agricultural land use
along the river bottoms predominated by corn and soybeans.
In the downstream part of the basin corn and soybean agricul-
ture is the dominant land use. Mean annual precipitation in the
Loup River Basin, calculated from NOAA records, is 21.3 in.
(National Oceanic and Atmospheric Administration, 2006);
mean annual ET is approximately 18 in. (Dugan and Zelt,
2000); and mean annual runoff is approximately 2.4 in. at the
basin’s most downstream stream gage.

Elkhorn River Basin

Elkhorn River Basin soils are composed of fine sand and
loamy fine sand. The soils in the upstream part of the Elkhorn
River Basin are dominated by fine sand and loamy fine sand
that are moderately to excessively drained and have high per-
meability (Dugan and others, 1990). Soils in the downstream
part of the basin are composed of loamy fine sand and have
high permeability soils (Dugan and others, 1990). Land use in
the basin consists of pasture/rangeland and row-crop agricul-
ture. The land use in the upstream part of the basin mainly is
pasture/rangeland; the downstream part consists mainly of
agricultural uses in the form of soybeans and corn being the
principal crops. The mean annual precipitation in the basin is
25.6 in. (National Oceanic and Atmospheric Administration,
2006), reported mean annual ET is 18 in. (Dugan and Zelt,
2000), and mean annual runoff is 2.7 in. at the most down-
stream stream gage.

Shell Creek Basin

Soils in the Shell Creek Basin are dominated by silty
loam and silty clay loam. Most of the basin consists of silty
loam that has moderate permeability (Dugan and others,
1990). Land use in the Shell Creek Basin mostly is row-crop
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agriculture and pasture/rangeland. Headwater land use mainly  silty loam soils exist, is row-crop agriculture. Mean annual
consists of row-crop agriculture, but pasture/rangelands also precipitation for the basin is 22.4 in. (National Oceanic and
are present. Land use in the downstream part of the basin is Atmospheric Administration, 2006), mean annual ET is 17 in.
uniformly corn and soybean agriculture. Mean annual precipi-  (Dugan and Zelt, 2000), and mean annual runoff is 4.8 in. at
tation in the Shell Creek Basin is 25 in. (National Oceanic and  the most downstream stream gage.

Atmospheric Administration, 2006), reported mean annual ET
is 18 in. (Dugan and Zelt, 2000), and mean annual runoff is

2.1 in. at the most downstream stream gage. Plum Creek Basin

Soils in the Plum Creek Basin mainly consist of fine
Long Pine Creek Basin sand and fine sandy loam. Most of the soils in the basin are
composed of fine sand, with the exception of areas along the

Soils in the Long Pine Creek Basin mainly are composed  stream bottoms in the downstream part of the basin, which
of fine sand and silty loam that are well-drained and have high  mainly consist of fine sandy loam. Both soil types are exces-
permeabilities (Dugan and others, 1990). The fine sand mainly  sively drained, and have high permeability. Land use in the
is located in the headwaters of the basin and in a small section ~ basin is dominated by pasture/rangeland, although there is
near the outlet. Silty loam soils mainly are located in the lower  some row-crop agriculture on the eastern edge of the basin.
one-half of the basin, but are absent at the outlet. Land use in The mean annual precipitation in the basin is 22 in. (National

the Long Pine Creek Basin mainly consists of pasture/range- Oceanic and Atmospheric Administration, 2006), ET is 17 in.
land and row crop agriculture. The subbasins in the headwa- (Dugan and Zelt, 2000), and runoff at the most downstream
ters and near the outlet are predominately pasture/rangeland. stream gage is 3.1 in.

The primary land use in the middle part of the basin, where
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EXPLANATION

RUNOFF, IN INCHES

PRECIPITATION, IN INCHES

o

06/06/1970

12/06/1970 |~
06/06/1971 |-
12/06/1971 |-
06/06/1972 -
12/06/1972 |-
06/06/1973 |-
12/06/1973 |-
06/06/1974 |-
12/06/1974 |-
06/06/1975 |-
12/06/1975 |-
06/06/1976 -
12/06/1976 |-
06/06/1977 -
12/06/1977 |-
06/06/1978 [~
12/06/1978 |-
06/06/1979 -
12/06/1979 |-
06/06/1980 [~
12/06/1980 |-
06/06/1981 |-
12/06/1981 |
06/06/1982 |-
12/06/1982 |-
06/06/1983 [~
12/06/1983 |-
06/06/1984 |-
12/06/1984 |-
06/06/1985 |-

—o— Runoff calculated from recorded streamflow of North
Loup River at Taylor (station 06786000)

— Recorded precipitation at Comstock precipitation gage

Recorded precipitation at Anselmo precipitation gage

Figure 2. Lack of correspondence in the Elkhorn-Loup Groundwater Model study area between recorded precipitation and streamflow.



Methods

Numerous commercially available surface-water runoff
simulation models exist. The Soil and Water Assessment Tool
(SWAT) was chosen for this study because of its common
use in the agricultural research community (http.//www.brc.
tamus.edu/swat/). SWAT is a surface-water hydrologic model
designed to specifically simulate the hydrologic response of
relatively flat areas of land, with patches of distinct crops, to
precipitation.

Model Description

SWAT (version SWAT2005) (Neitsch and others, 2005)
uses the Soil Conservation Service (SCS) Curve Number
(CN) method to partition precipitation into either infiltra-
tion (water seeping into the soil profile) or to direct surface
runoff (the sum of surface runoff and interflow), which is
routed directly to the stream (Soil Conservation Service,
1986). Larger CNs result in more precipitation apportioned
to direct runoff. Because the CN method is used to model
runoff, the model does not simulate infiltration processes.

To determine the amount of infiltration, the amount of direct
runoff is subtracted from the amount of precipitation. Water
will infiltrate unsaturated soil at a certain rate depending on
the type of soil. Infiltration rates gradually decline as the soil
becomes more saturated until the infiltration rate is at a steady
rate. This saturated infiltration rate is an approximation of

the saturated hydraulic conductivity of the soil (Neitsch and
others, 2005). Infiltrated water may be held in the soil profile
and later be evapotranspired, or can reach a stream or lake
through shallow lateral subsurface flow or through tile drains.
Evapotranspiration, or the movement of water near the earth’s
surface from the liquid phase to vapor phase, is calculated

by the model using the Penman-Monteith method (Monteith,
1965). Infiltrated water that is not evapotranspired becomes
either shallow lateral subsurface flow or deep percolation.
Lateral subsurface flow is that which contributes to streamflow
and is located between the saturated zone and the land surface.
Lateral subsurface flow is modeled by a kinematic storage
model that accounts for soil-water content, slope, and soil
hydraulic conductivity (Neitsch and others, 2005), and is used
to determine how water moves in each soil layer. Lateral flow
is calculated concurrently with redistribution. Redistribution
is the constant vertical movement of water in the soil profile
after precipitation or irrigation has ceased. In the model, water
content differences govern water redistribution; if the water
content in the soil is uniform, redistribution is discontinued.
Water percolating from the soil profile to the saturated zone
can travel to the stream as shallow lateral flow or be lost to

a deeper, regional groundwater system. Percolation rates are
controlled by the saturated hydraulic conductivity of the soil
layer. For irrigation, SWAT can draw water from several pos-
sible resources, but will use only enough water to alleviate the
soil-moisture deficit. SWAT can simulate on a daily, monthly,
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or yearly time step. For the purposes of this study SWAT was
used to simulate on a monthly time step because that was the
desired time step for the existing groundwater model. Assump-
tions for the SWAT model are that flows in streams and
reservoirs are one-dimensional and that the SCS CN approach
is appropriate for the area being modeled.

Model Inputs

The model inputs used by SWAT for each subbasin in this
study were topography, land use, soils, and daily precipitation.
AVSWAT-X (DiLuzio and others, 2002) was used to pre-pro-
cess the default parameter file sets determined for the inputs
for initial simulations using SWAT for each subbasin. The spa-
tial data required a digital elevation model (DEM), a land-use
categorical grid, and a categorical grid of soil map units.

A 32.8-foot (ft) resolution DEM was used as the topo-
graphic representation (http://seamless.usgs.gov). Land use
was represented by a 98.4-ft-resolution grid of the National
Agricultural Statistics Service’s (NASS) 1:100,000-scale 2005
cropland data layer (U.S. Department of Agriculture, 2006).
No attempt was made to simulate changes in land use through
time; the NASS grid was used for all simulated periods. Soils
were represented by the State Soil Geographic (STATSGO)
Database as a 98.4-ft-resolution grid (Schwarz and Alexan-
der, 1995) and were used to assign soil properties to each
subbasin. Precipitation inputs were daily data obtained from
NOAA weather stations (National Oceanic and Atmospheric
Administration, 2006). This was done because several NOAA
weather stations were made available to SWAT, and the model
will select the weather station closest to a subbasin center and
use the precipitation data from that closest weather station as
model input for each subbasin. Other climatic data such as
air temperature and solar radiation, and missing data in the
observed precipitation record, were simulated using a weather
generator module of SWAT (Neitsch and others, 2005).

For quality assurance purposes, the precipitation val-
ues used by the model were compared to data obtained from
NOAA weather stations in and around the study area from
October 1, 1939 through September 30, 2005 (National Oce-
anic and Atmospheric Administration, 2006). Mean annual
values were calculated from NOAA weather stations used in
the model to obtain a basin-wide mean precipitation value
that was compared to the basin-wide mean precipitation value
from the model. Because precipitation is spatially variable and
the distribution of precipitation gages is uneven throughout the
study area, the sum of SWAT precipitation for a subbasin may
differ from that of the recorded precipitation.

Subbasin Delineation

Six SWAT watershed models were constructed in the
ELM study area. The watershed models were constructed in
the following basins:
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» The Loup River watershed model—the entire Loup
River drainage basin upstream from the stream gage
Loup River at Columbus;

* The Lower Loup River watershed model—the down-
stream half of the Loup River drainage basin from the
stream gages Calamus River near Burwell, North Loup
River at Taylor, and Middle Loup River at Walworth to
the stream gage Loup River at Columbus;

* Elkhorn River watershed model—the drainage basin
upstream from the stream gages Elkhorn River at Nor-
folk and North Fork Elkhorn River near Pierce;

* Shell Creek watershed model—the drainage basin
upstream from the stream gage Shell Creek near
Columbus;

» Long Pine Creek watershed model—the drainage basin
upstream from the stream gage Long Pine Creek near
Riverview;

* Plum Creek watershed model—the drainage basin
upstream from the stream gage Plum Creek at Mead-
ville;

Two watershed models were developed in the Loup River
Basin because of the watershed size and variance in soil types
in the Loup River Basin. The Lower Loup River watershed
model was built to isolate the hydrologic response of the lower
subbasins, which are more responsive to precipitation, from
those in the Sand Hills, which are less responsive.

Each of the watershed models were divided into subba-
sins. Subbasin delineation provides greater spatial resolution
of hydrologic simulation for subbasins with different land uses
and soils (Neitsch and others, 2005). The GIS interface for
SWAT2000 (AVSWAT-X) was used to delineate basins and
subbasins (DiLuzio and others, 2002) from DEM data. For
some subbasins the AVSWAT-X preprocessor was unable to
delineate the 32.8-ft resolution. In such cases the DEM was
resampled to 98.4 ft or 328.1 ft, depending on the size of the
basin being modeled.

Subbasins were further subdivided into Hydrologic
Response Units (HRUs) based on crop coverage and soil
types. Multiple HRUs within a subbasin were created where a
land use within a subbasin occupied more than 15 percent of
the subbasin area, and where a soil type composed at least 15
percent of the subbasin area. These threshold values were used
because the excessive multiplication of minor HRUs could
hinder model computational efficiency (Fitzhugh and Mackay,
2000). The delineated subbasins and stream gages used for
calibration and validation are illustrated in figure 3; the stream
gage names and period of records are given in table 1.

Model Calibration and Validation

The watershed models were calibrated and validated to
ensure that the watershed model properly predicts the correct

response for periods separate from the calibration period.

To determine the calibration and validation periods, the total
number of years in the streamflow record was divided in half;
The first half of the record was the calibration period, and

the second half was the validation period. During calibration,
model adjustment parameters are modified to obtain the set of
parameters that accurately simulates the recorded streamflow.
The validation period is an independent data set from the cali-
bration period and is used to verify that the model’s calibrated
parameter set accurately represents the models condition. The
watershed models were evaluated statistically and visually

by comparing the simulated streamflow to recorded stream-
flow after each simulation. Additionally, simulated values of
runoff and evapotranspiration for each subbasin are compared
to reported values after each simulation. Mean annual runoff
values were calculated using USGS and NDNR stream-gage
data (U.S. Geological Survey, 2007; Nebraska Department

of Natural Resources, 2007b) from October 1, 1939 through
September 30, 2005.

At each stream gage the calibration and validation pro-
cess was performed. Calibration started at the most upstream
stream gage in each basin and continued downstream to the
basin outlet. Basin outlet stream gages, time periods, and basin
characteristics are shown in table 2. During calibration at the
most upstream stream gage all subbasins that contribute flow
to that stream gage were calibrated through manual parameter
adjustment. After calibration at a stream gage the next down-
stream gage was calibrated. At this gage only the subbasins
that contribute flow between the previous stream gage and
the current gage are calibrated. This process continued until
the stream gage at the outlet of the basin was calibrated. The
primary parameters that were adjusted as determined by previ-
ous model calibration experience were the curve number, soil
available-water capacity, soil evaporation-compensation factor
(Neitsch and others, 2005), groundwater revaporation coef-
ficient (water being drawn up from the saturated zone to the
unsaturated zone) (Neitsch and others, 2005), the minimum, or
threshold, depth for revaporation occurrence (Neitsch and oth-
ers, 2005), the depth of water in the shallow aquifer required
for base flow to occur, base flow alpha factor (a constant in
the base flow recession function), and crack volume or other
preferential routing of water into the soil profile. Calibration
began by adjusting the surface-runoff parameters including the
curve number, soil-available water capacity, and soil evapo-
ration-compensation factor. When the simulated streamflow
peaks were similar to the recorded streamflow, the authors
considered the surface flow calibrated. Subsurface flow was
then calibrated by adjusting the groundwater revaporation
coefficient, the minimum depth for revaporation to occur, the
depth of water in the shallow aquifer required for base flow to
occur, base flow alpha, and crack volume. After each model
simulation, the simulated streamflow was compared visually
and statistically to the recorded streamflow, and simulated
basin-wide mean annual values of the water balance were also
compared to recorded mean annual values for each watershed
model. After this comparison model parameters were adjusted,
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8 Streamflow Simulations and Percolation Estimates Using the Soil and Water Assessment Tool for Selected Basins

Table 1. Calibration/validation stream gages and period of record.

[All stations are located in Nebraska; period of record is for streamflow; ID, identifier]

Stream gage num-

ber (fig. 3) Station name Station ID Period of record
Loup River Basin
1 Middle Loup River at Dunning 06775500 10/01/1945-09/30/2004
2 Dismal River near Thedford 06775900 10/01/1966-09/30/2004
3 Dismal River at Dunning 06776500 10/01/1945-09/30/1995
4 Middle Loup River at Walworth 06777500 10/01/1940-09/30/1960
5 Middle Loup River at Arcadia 06779000 07/01/1937-09/30/1994
6 Middle Loup River at Loup City 06779500 01/01/1937-09/30/1956
7 Middle Loup River at Rockville 06780000 10/01/1955-10/01/1975
8 South Loup River at Ravenna 06782500 10/01/1940-09/30/1975
9 South Loup River at St. Michael 06784000 10/01/1943-09/30/2004
10 Turkey Creek near Dannebrog 06784800 05/01/1966-09/30/1994
11 Middle Loup River at St. Paul 06785000 09/01/1928-09/30/2004
12 North Loup River at Taylor 06786000 12/01/1936-09/30/2004
13 Calamus River near Burwell 06787500 10/01/1940-09/30/1995
14 North Loup River at Ord 06788500 07/01/1952-09/30/1994
15 North Loup River at Scotia 06789000 12/01/1936-01/31/1970
16 North Loup River near St. Paul 06790500 09/01/1928-09/30/2004
17 Cedar River near Spalding 06791500 10/01/1944-09/30/1994
18 Cedar River near Fullteron 06792000 10/01/1940-09/30/1995
19 Loup River Power Canal near Genoa 06792500 01/01/1937-09/30/2004
20 Loup River near Genoa 06793000 04/01/1929-09/30/2004
21 Beaver Creek at Loretto 06793500 10/01/1944-09/30/1991
22 Beaver Creek at Genoa 06794000 10/01/1940-09/30/2004
23 Loup River at Columbus 06794500 04/01/1934-09/30/2004
Elkhorn River Basin
24 Elkhorn River at Ewing 06797500 08/01/1947-09/30/2004
25 South Fork Elkhorn River near Ewing 06798000 08/01/1947-09/30/1991
26 Elkhorn River at Neligh 06798500 10/01/1930-09/30/1993
27 North Fork Elkhorn River near Pierce 06799100 08/01/1960-09/30/2004
28 Elkhorn River at Norfolk 06799000 08/01/1896-09/30/2004
Long Pine Creek Basin
29 Long Pine Creek near Riverview 06463500 05/01/1948-09/30/2005
Plum Creek Basin
30 Plum Creek at Meadville 06462500 01/01/1948-09/30/1994

Shell Creek Basin
31 Shell Creek near Columbus 06795500 09/01/1947-10/24/2005
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and another model simulation was performed. This process
of parameter adjustment was continued until the model was

deemed calibrated, that is, when additional parameter changes 2 = = 5N = SN
did not result in improved model performance in regards to 2 ;é g é E l;r‘ :s; ll:‘ ?3 :‘ 5
both visual, statistical, and water-balance evaluations. S |28 228 2¢ 2%
The corresponding parameter set was then used to simu- g _“E ié _“E ‘% _“E ‘% _“E % _"E ‘%
late the validation period, which ranged in length from 23 to s Z2n 2w 2w £v £
29 years. If the performance of the model for the validation © © © © ©
period was similar to that of the calibration period with respect g B § § S g N
to visual and statistical comparisons to streamflow and ET, the 5 8 AT LT Y 4T LT
model was deemed satisfactory; if the model did not perform ”é H § -Og § —Q-é 5 —é’ 5_: é E é
similarly to the calibration period the process of calibration g kS 82 82 g 2 E 2 2
was repeated. When the model was deemed satisfactory, the = % x84 84 2w § A
percolation values for each subbasin could be extracted. Initial & © o o o o =
and calibrated model parameter values are listed in table 3. For = - o
five of the six models, the calibration period included years % § . ) . g .
in the early part of the period of record, and the validation - ° 4 = E 2 e =
period included years in the later part of the period of record % @ —é Eo g % = E‘) g § —§ %
(table 2). For the Shell Creek watershed model, however, the ) é "'% g o0 é o0 Lg @ g o § °h
calibration (October 1976—September 2005) and validation 5 =) 2 | = g 5 % 2 % 8 2 = %
(October 1947-September 1976) were switched relative to the E P S § 5 é 5 § 1S (5:, 2 § 8
other models to determine if a more acceptable model could TE Z § ~ é g § 3 § £ 8 O §
be developed by using the drier conditions in the early part of = 2 & % 5 £5 E, ) %ﬂ 5 § )
the record. i éig — ) 2 — A~
After the model was calibrated/validated, the percola- =
tion from the output files were examined for how percolation £©
responded to precipitation and for the effects of soil texture, TE § % § § § § §
land use, and ET. To analyze the response of percolation, s 3| 2 E % S 8 g
basin-wide annual mean values for the time period from 2 é & 8 S L L S
1940-2005 of both precipitation and simulated percolation 5 &
were compared. 10-year moving average plots were used to E % g
help visualize the results. S =l s
To compare the effects of soil texture, land use, and ET 3 § E Sl o - - %
on percolation the STATSGO (Schwarz and Alexander, 1995) % £l § < Ele & ~— 9 o |2
and the NASS (U.S. Department of Agriculture, 2006) cover- = %“ S s g
ages were used to determine the percentages of land use and s 8 3
soil texture that composed the area of the watershed model. g T; "E " i
The soils and landuses were generalized into the most preva- ‘g’ } 282 |» o ~ " " 5
lent categories in each basin. Soils were grouped into the soil g s E = 'ni
textures: silty loam, silty clay loam, fine sandy loam, loamy e = 2
fine sand, and fine sand. Land use categories were: medium 5 4| 52 g
density urban, range-shrubland, hay, alfalfa, soybean.s, corn, £ % 3 g S o S a o é
and pasture. These values were then compared graphically 3 8 E = 5
with basin-wide mean annual simulated values from 1940— g 2 =@ 2
2005 of ET and percolation to illustrate the effects. The error g ‘g §
bars on the graphs are one standard deviation above and below £ g e < « “ o o« g
the mean (Helsel and Hirsch, 2002). I E I 2 2 2 =& 2
B2 8= | © 8
5 = @ =
Model Error Assessment El E
Statistics used to evaluate model performance included S - - § o 5 - g
the Nash-Sutcliffe measure of efficiency (NSE), the ratio ¥ 7 2 [ 8 2 & g
of the root-mean-square error of simulated streamflow to @ g @ ‘i g ° % (é =
the standard deviation of the measured data (RSR), and the % = 3 = e g = ¢
percent bias (PBIAS) of simulated streamflow to recorded == - - z - =
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streamflow (Moriasi and others, 2007). Each model also was
evaluated on the basis of how well the model simulations

of runoff, ET, and percolation conformed to a water bal-

ance equation. As groundwater is the main source of water to
streams in most of the simulated basins, an effort was made to
calibrate to base-flow conditions. The watershed models were
evaluated on a monthly time step.

The NSE assesses the ability of a model to correctly
simulate streamflow during periods when recorded streamflow
deviates largely from the measured mean monthly streamflow
and is calculated as:

. . (1)
NSE=1- |:z (Yiobs _ Yisim)z/ Z (Yiobs _Ymean)zi|
where i=l i=l
Yobs
is the measured streamflow for the ithl time
step,
YiSi‘“ is the simulated streamflow at the ith time
step, and
Y mean is the measured mean monthly streamflow.

The total number of time steps is indicated by n. As
defined, NSE ranges from minus infinity to 1.0, a perfect
model would produce an NSE of 1; however, Moriasi and
others (2007) suggest that the performance of a model is con-
sidered to be “good” if the NSE is between 0.65 and 0.75 and
“satisfactory” when the NSE is above 0.5.

The RSR statistic evaluates the error associated with
model performance and is determined from the root-mean-
square error (RMSE) and standard deviation (STDEV) in the
simulated data compared to the measured data:

|: i(yiolz.\',yi.\'im)z}
rsp - _RMSE N5 @

STDEVObs |: Z(Yiobs — Ymean)zj|
i=l

where the factors are as defined in equation 1. A model per-
forming with no error would produce an RSR of 0.0. The cri-
teria presented by Moriasi and others (2007) would designate
model performance as “good” if the RSR is between 0.5 to 0.6
and “unsatisfactory” if the RSR was more than 0.7.

To evaluate the ability of a model to produce an unbiased
estimate of the streamflow component of the mass balance
for an entire simulation, the PBIAS statistic was used and is
calculated as:

i ( }/iobs_ Yisim)
PBIAS = =
Z( Yiub.v)
i=1

* 100 3)

where the factors are as defined in equation 1. The PBIAS
statistic can be positive or negative. The closer to zero the
PBIAS value is, the more equally balanced are the overpredic-
tions and the underpredictions of streamflow for the period

Streamflow Simulation Results 11

being evaluated. A positive PBIAS value indicates on aver-
age a model is underpredicting streamflow, whereas negative
values indicate overprediction. PBIAS values between 0 and
+/-10 percent indicate a “very good” model simulation, values
between +/-10 and +/-15 percent indicate a “good” model
simulation, whereas values greater than +/-25 percent indicate
an “unsatisfactory” model (Moriasi and others, 2007).

To evaluate how well a model estimated percolation from
each of the basins, each model was evaluated on how well it
conformed to the water balance equation:

Precipitation (in.) = ET (in.) + Runoff (in.) +/- Change in Storage (in.)
4)

Because of the small number of surface reservoirs in the ELM
study area, it was assumed that any changes in storage would
occur in the subsurface. Soil moisture not lost to ET was
assumed to percolate past the root zone to the saturated zone
where it could contribute to groundwater storage or ground-
water discharge to streamflow. Therefore substituting percola-
tion in equation 4 for the change in storage and rearranging
equation 4:

Percolation (in.) = Precipitation (in.) - ET (in.) - Runoff (in.) ~ (5)

If simulated runoff was similar to measured runoff, and simu-
lated ET was similar to reported ET (Dugan and Zelt, 2000),
the authors assumed that the simulated values for percola-
tion were reasonable. Equation 5 was not used to calculate
percolation; the SWAT model simulates percolation, and the
water balance was used to check the simulated components
with recorded values. With this in mind, an effort was made to
calibrate the models to base-flow conditions to ensure that the
simulated groundwater contribution was reasonable through
visually comparing hydrographs of simulated and measured
streamflow.

Streamflow Simulation Results

When the recorded streamflow and precipitation in the
study area were examined it was apparent that most pre-
cipitation infiltrates the soil rather than directly contributing
to streamflow. This observation was more apparent when
examining streamflow in headwater areas that are underlain
by sandy soils such as those in the Sand Hills region. Peaks
evident in the recorded hydrographs indicate that infiltrat-
ing water may reach streams through preferential flow paths
before contacting the saturated zone. With this in mind, the
parameter sets were adjusted to simulate the hypothesized
processes. Even with the parameter adjustments the model was
unable to simulate the correct response of the hydrologic sys-
tem to precipitation that was observed in the headwater areas.

Visual comparison of the simulated and recorded stream-
flow indicates that the watershed models adequately simu-
lated the base-flow conditions of the stream, but was unable
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Table 4. Statistical validation results for performance of

the Soil and Water Assessment Tool model simulations of
streamflow.

[NSE: Nash-Sutcliffe coefficient of efficiency, RSR: ratio of the root-mean-

square error to the standard deviation of the measured data, PBIAS: percent
bias.]

Watershed model NSE RSR PBIAS
Loup River -1.13 1.46 21.11
Lower Loup River 22 .88 1.09
Elkhorn River 35 81 -13.22
Shell Creek 24 .88 -6.00
Long Pine Creek .38 .79 6.48
Plum Creek .08 .96 2.21

to consistently reproduce the peaks produced in response to
precipitation (fig. 4). This resulted in poor statistical results
when the simulated streamflow was evaluated for model
performance.

Statistical Validation Results

For the watershed models performance to be considered
satisfactory, the simulated mass balance needed to conform to
reported values and to satisfy objective statistical criteria for
acceptable performance (satisfactory or better) of an effective
model (NSE>0.5; RSR < 0.7; and PBIAS < +/-25 percent).
The statistical validation results determined by comparing
simulated and recorded streamflow values, generally, were
not within the satisfactory ranges (table 4). For the Loup
River watershed model, it seems likely that the most impor-
tant processes were not being simulated correctly because the
model did not accurately simulate the streamflow response to
precipitation that was observed in the recorded streamflow.
Through visual comparison of the simulated and recorded
streamflow hydrographs from the Loup and Lower Loup
models, it is apparent that the Lower Loup model more accu-
rately simulated the recorded streamflow, and that the impor-
tant hydrologic processes were more accurately represented.
The Lower Loup model also performed better as indicated
by the statistical metrics. Although the Lower Loup River
model performed better both visually and statistically than the
Loup River model, it still failed to meet the objective criteria
described in this report. All of the watershed models failed to
meet the criteria for the NSE and RSR, but most performed in
the acceptable range for the PBIAS statistic. Even though the
NSE values were unsatisfactory, the positive values indicate
that the simulated streamflow was a more effective predictor
of streamflow than the mean monthly streamflow. The attain-
ment of acceptable values for the PBIAS statistic indicated
that models under- or over-estimated streamflow are almost an
equivalent cumulative balance.

Mass Balance Results

Without confidence in the simulated streamflow statisti-
cal results it was unlikely that the simulated percolation values
would be useful. To determine the ability of the watershed
models to estimate percolation, the water balance was used
(eq. 5). Components of the cumulative basin-level water
balances for the six models for 1940-2005 were similar to
those recorded or reported (table 5) except for ET in the Loup
River, Shell Creek, and Plum Creek watershed models. The
large water imbalance in the Loup River Basin model was
caused by the large differences between the reported and
simulated ET values. The ET value in the Loup River model
(12.8 in.) was 24.7 percent lower than the reported value (17
in.). ET from the Loup River watershed model was lower than
expected because up to 70 percent of precipitation was prefer-
entially routed to the shallow aquifer in the Sand Hills region
to maintain base flow, which limited the amount of water
available for ET. The Lower Loup River mass balance more
effectively represented the reported values of ET, because the
model did not have to reproduce the strong groundwater effect
on streamflow that was needed in the upstream subbasins of
the Loup River model; therefore, less water was preferentially
routed to the shallow aquifer, and infiltrated precipitation
had a longer residence time in the soil profile. As a result,
groundwater contributed less to simulated streamflow than in
the model of the Loup River Basin. The increased residence
time also resulted in simulated ET (16.3 in.) that was higher
and more similar to the value of 18 in. estimated for the lower
Loup River Basin from the map presented by Dugan and Zelt
(2000) but still undersimulated the reported value by 9.4 per-
cent. The Shell and Plum Creek basin-level models simulated
mass balances varied from the reported mass balances because
the simulated ET was respectively 7.8 and 8.8 percent higher
than the reported ET. Model precipitation in these areas did
not percolate as rapidly, creating a longer residence time in the
soil and greater ET rates in these basins.

Model Limitations and Future Model
Improvements

Some model limitations that hindered model performance
are the limited time period that SWAT can simulate, land use
that didn’t change through time, and how SWAT distributes
precipitation. Currently the 2005 Soil and Water Assessment
Tool can simulate only periods from the year 1900, which may
not be enough time to develop a representative groundwater
system in equilibrium. The model simulations for this study
also did not take into account changes in land use through
time which may drastically alter runoff calculations. Another
limitation is the way SWAT inputs precipitation. Precipitation
is used as direct input to subbasins from the closest precipita-
tion gage, instead of applying a gradient. Because gages can
be distributed unevenly throughout the basin this may cause a
bias in the precipitation data.
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Some possible means of model improvement are to

calibrate and validate at a daily time step, and allow the model B QL
a longer period of time to develop and equilibrate the ground- é k5 k- % 5
water system. At a daily time step, the role of surface and 3 = 'E 2 S MmN noa e
near-surface runoff could be examined more thoroughly. With gn E g s E
a longer period of development, theoretically it might be easier 3 = s
to produce a responsive groundwater system while maintain- i
ing base flows. Also changing land use through time may =} E § s 258888
resolve the difficulties of simulating the streamflow to match 8 e § g S g o ¥ ¥
measured values. Admittedly, these are not absolute solutions gﬂ = & E = '
to the problems of simulating the streamflow in the study area. 2 §
A model specifically designed to estimate percolation, such as % g =5
the USGS Modular Modeling System Deep Percolation Model z § E 3 IR
(Vaccaro, 2007), may be more suited to obtaining spatially Z Z ©» 3
variable estimates of percolation. 2 £
ES| B
23 8 [335a5%4
. . @ g o =
Percolation Estimates F 1
- . . , TE BB |s oo oo oo
stimated percolation in the study area varied spatially = =8 B $ & xd %
within the individual basins and within the entire study area. 8 2§ 8§ (87" 7=
Mean annual estimated percolation by subbasin varied from 8| g 3 S8
west to east within the study area. Estimated percolation E % Té =
ranged from a maximum of 12.9 inches per year (in/yr) in the - < § 2 % e <+ o
Loup River Basin to a minimum of 1.5 in/yr in the Shell Creek S EC E i ol 8 % o %
Basin (fig. 5). Higher percolation values in the Loup River g 3 § 7
Basin were attributed to the permeable sandy soils that are =R
prevalent in the headwaters and to lower ET rates, which made % % g E — ©c oo oo o
more water available for percolation, whereas the silty loam s 3 § ag; W ExeExz
of the Shell Creek Basin is less permeable and had higher gz p: e«
ET rates. The intermediate values in the Elkhorn River, Plum 5] a g Lo
Creek, and L(?ng Pine Creek Basins were attrlbgted to less §_ s E = = S
permeable soils and larger ET rates in these basins, there- @ E< ; S 3% xR &
fore leaving less water in the soil profile to percolate to the 2 “: % 88 E v eaae
groundwater. Results for the subbasins within each watershed - 25 &6
model indicated that percolation in the headwaters of the % °§’ ;L';; -
basins generally was higher than percolation in downstream E @ 3 g_ S
sections. This trend was the result of the permeable sandy soils g % gl 3 g R
located in the headwater basins. With less permeable soils in w 55 B8 e e d
the downstream sections, agriculture also is more prevalent § 8 § ==
in the lower lying areas. Greater extent of agricultural land = ES| 5.
also increases ET, which then decreases the amount of water 2 § § g ‘g e | v © v < o
available for deep percolation. The high percolation values £ z § 882 |8 & 43 a3
that were estimated for a downstream part of the Lower Loup é % & € 5
River, resulted from a low ET that was needed to match mea- 3 § TE .
sured streamflow. £ 2 s § o
Simulated percolation values were compared to published § 0 E _ T § _
values to see how well the SWAT simulated percolation was = _2:3 5 = ‘; g § S 2 d g
modeled. Published simulated percolation values from the £ = g SE gl - \[é &; S &T
map in figure 37 on page 54 of Dugan and Zelt (2000, fig. 37, £ 3 g 2 E 2 E’ 23 % N
p. 54) (table 6) were compared. The simulated values compare 4 é g E g |2 ‘i 5 = 8 -’
favorably for all of the watershed models except the Loup =2 gl 28 |8 3 = e 3
River and Long Pine Creek Basins. The simulated percolation 8 E Z E I = T*; g § £ &
in these two basins overpredicted the previously published = Z§ = % £ 5 3T %D E
values; one possible reason for this is that during calibration 28 = ARy A
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Table 6. Mean annual model-simulated percolation and
previously published values.

[Basin-wide SWAT simulated percolation mean annual values for 1940—
2005; in inches; --, no value in publication; published simulated percolation
values from Dugan and Zelt, 2000; published estimated percolation values
from Gutentag and others, 1984]

Model-  Published simu- ©  Chished
. . . estimated
Basin simulated lated percolation ercola-
percolation for 1951-1980 pert
tion
Loup River 9.8 2-5 5.0
Lower Loup River 6.4 3-5 --
Elkhorn River 5.6 4-6 5.0
Shell Creek 3.0 34 --
Long Pine Creek 54 3 --
Plum Creek 42 3 --

to best match the recorded streamflow, a large part of the
precipitation was preferentially routed to the shallow aquifer.
Published, estimated percolation values for the Sand Hill por-
tions of the Loup River and Elkhorn River Basins (Gutentag
and others, 1984) were also compared to the SWAT simulated
percolation values. The simulated percolation in the Loup
River Basin again was greater than the published percolation,
but simulated percolation in the Elkhorn River Basin was
within 0.6 inch of the published values.

To analyze how percolation responded to precipitation,
simulated percolation values obtained from each model were
averaged for each model area and examined at a yearly time
step by 10-year moving averages (figs. 6 and 7). Simulated
percolation in all of the watershed models responded to dry
or wet periods, in which percolation gradually declined or
increased, respectively. The watershed models that are pre-
dominately in the Sand Hills (Long Pine Creek, Plum Creek,
Loup River) tended to show quicker and greater change in
simulated percolation in response to precipitation. This rapid
response was expected because the soils of these basins have
high hydraulic conductivities and permeability rates. The
watershed models that are not in the Sand Hills (Elkhorn
River, Shell Creek, Lower Loup River) still showed a rapid
response to precipitation, but the response was not quite as
distinct. This less distinct response to precipitation was antici-
pated because these watershed models tend to have lower soil
hydraulic conductivities and slower permeability rates than the
watershed models located primarily in the Sand Hills.

Soil texture, ET, and land use all were compared to evalu-
ate the combined effects on percolation rates (figs. 8 and 9).
Error bars show one standard deviation above and below the
mean on figures 8 and 9, and differences in the range in error
is related to differences in the number of subbasins (table 2)
and in annual results for each watershed model. Percolation
was expected to be higher in the basins that have a higher
percentage of fine sand and loamy fine sand. This was true for
all of the watershed models except for Loup River and Lower
Loup River watershed models. In these two models water was

preferentially routed to the aquifer to match runoff values
in the water balance. When this was done the percolation in
these basins increased and ET decreased relative to the other
four models. In the remaining four watershed models, per-
colation increased or decreased with the increase or decrease
in percentages of fine sand and loamy fine sand in the basins
except for in the Plum Creek watershed model, where sand
percentage increased but percolation decreased. This decrease
in percolation was a result of the increase in ET, leaving less
water in the soil profile to percolate past the root zone.

When land use, percolation, and ET were compared,
a correlation between the prevalence of pasture land and
simulated percolation was observed; where pasture land was
less extensive mean annual percolation was less (fig. 9). This
difference in estimated percolation is not only affected by land
use, but also soil type and ET. On the less permeable soils,
corn and soybeans production is more common, whereas on
the more permeable sandy soils, pasture is the dominant land
use. The basins that have large simulated ET values also had
large areal percentages of corn and soybeans, which require
more water than a pasture and as a result, transpire more water
(Klocke and others, 1990). In the basins of the Loup River and
Lower Loup River watershed models this does not hold true
and is also explained by the preferential routing of water past
the root zone.

Summary and Conclusions

Six watershed models were constructed and calibrated
using the Soil and Water Assessment Tool for five stream
basins in the Elkhorn-Loup Groundwater Model study area
in North-Central Nebraska to obtain spatially variable esti-
mates of mean annual percolation. The study was performed
by the U.S. Geological Survey in cooperation with the Upper
Elkhorn, Lower Elkhorn, Upper Loup, Lower Loup, Middle
Niobrara, Lower Niobrara, Lewis and Clark, and Lower Platte
North Natural Resources Districts to help aid development of
long-term strategies for management of hydrologically con-
nected groundwater and surface water. Six watershed models
were calibrated by adjusting parameters to iteratively improve
the match between the simulated and the recorded streamflow
in each subbasin. The adjustment parameter most effective for
calibrating these models to streamflow were the curve number,
soil available-water capacity, soil evaporation-compensation
factor, groundwater revaporation coefficient (water being
drawn up from the saturated zone to the unsaturated zone),
the minimum depth for revaporation occurrence, the depth of
water in the shallow aquifer required for base flow to occur,
base flow alpha factor (a constant in the base-flow recession
function), and crack volume or other preferential routing of
water into the soil profile. When the final parameter sets were
determined the calibrated models were used to simulate a
validation period that ranged in length from 23 to 29 years. If
the validation period statistical metrics results were similar to
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simulated percolation for the Elkhorn River, Shell Creek, and Lower Loup River watershed models.
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the calibration period, a model was deemed satisfactory. The
resulting simulated percolation values can be used as quality
assurance for, or input to, developed groundwater models.

The models failed to meet objective satisfactory perfor-
mance criteria for effective simulation of streamflow; how-
ever, the failure derived primarily from the inability of the
model to adequately simulate the response of the hydrologic
system in the Sand Hills to precipitation. Most of the precipi-
tation falling on the predominantly sandy study area infiltrates
to the groundwater system. With this in mind, it is reasonable
to assume that, even though the streamflow simulated by the
model did not correspond well to recorded streamflow, the
percolation of all non-transpired soil water from the root zone
to the shallow aquifer is more representative of actual condi-
tions assuming that the simulated water balance components
represented the recorded and reported values for each water-
shed model and study area.

Simulated percolation from the watershed models was
compared to published values in the ELM study area. The
simulated percolation compared favorable to published values
in all of the basins except for the Loup River and Long Pine
Creek Basins, where it was greatly overpredicted when com-
paring mean annual values from 1940-2005. Percolation was
also analyzed for how it responded to precipitation. Moving
10-year annual average values of percolation and precipita-
tion were compared for 1940-2005 to examine how percola-
tion in the basin responded to precipitation. The watershed
models that were located mainly in the Sand Hills (Long Pine
Creek, Plum Creek, Loup River) had more pronounced and
greater responses to precipitation, whereas watershed models
that were not located in the Sand Hills (Elkhorn River, Shell
Creek, Lower Loup River) showed a less distinct response to
precipitation. Soil texture, land use, and ET where examined
to see the combined effects on percolation. If the simulated
water balance components of the watershed matched recorded/
published values, the percolation in the basins tended to be
higher in the basin in which the soil texture contained larger
percentages of fine and loamy fine sand. Percolation was also
higher in basins that have a larger percentage of pasture/range-
lands, but this is due largely in part because most of pasture/
rangelands are located on sandy soil textures.

Future model changes that may achieve statistically
valid streamflow are to calibrate and validate at a daily time
step, and allow the model a longer period of time to develop
and equilibrate its groundwater system. With a longer period
of development, theoretically it might be easier to produce a
responsive groundwater system while maintaining base flows.
Another method that could provide more accurate and valid
percolation results is to use a model specifically designed to
estimate percolation, such as the USGS Modular Modeling
System Deep Percolation Model.
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