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Simulation of Groundwater Flow, 1895–2010, and Effects 
of Additional Groundwater Withdrawals on Future Stream 
Base Flow in the Elkhorn and Loup River Basins, Central 
Nebraska—Phase Three

By Amanda T. Flynn and Jennifer S. Stanton

Abstract

The U.S. Geological Survey, in cooperation with the 
Lewis and Clark, Lower Elkhorn, Lower Loup, Lower Platte 
North, Lower Niobrara, Middle Niobrara, Upper Elkhorn, and 
the Upper Loup Natural Resources Districts, designed a study 
to refine the spatial and temporal discretization of a previously 
modeled area. This updated study focused on a 30,000-square-
mile area of the High Plains aquifer and constructed regional 
groundwater-flow models to evaluate the effects of groundwa-
ter withdrawal on stream base flow in the Elkhorn and Loup 
River Basins, Nebraska. The model was calibrated to match 
groundwater-level and base-flow data from the stream-aquifer 
system from pre-1940 through 2010 (including predevelop-
ment [pre-1895], early development [1895–1940], and histori-
cal development [1940 through 2010] conditions) using an 
automated parameter-estimation method. The calibrated model 
then was used to simulate hypothetical development condi-
tions (2011 through 2060). Predicted changes to stream base 
flow based on simulated changes to groundwater withdrawal 
will aid in developing strategies for management of hydrologi-
cally connected water supplies.

Additional wells were simulated throughout the model 
domain and pumped for 50 years to assess the effect of 
wells on aquifer depletions, including stream base flow. The 
percentage of withdrawal for each well after 50 years, which 
was compensated by aquifer reductions to stream base flow, 
storage, or evapotranspiration, was computed and mapped. 
These depletions are influenced by aquifer properties, time, 
and distance from the well. Stream base-flow depletion results 
showed that the closer the added well was to a stream, the 
greatest the effect on the stream base flow. Areas of stream 
base-flow depletion percentages greater than 80 percent were 
generally within 1 mile (mi) from the stream. The distance 
increased to 6 mi near the confluence of the Dismal and 
Middle Loup Rivers, and the North Loup and Calamus Rivers. 
The percentage of stream base-flow depletion decreased as 
the distance from the stream increased. Areas more than 10 mi 

from the stream generally had a stream base-flow depletion of 
10 percent or less. Evapotranspiration depletion was largest 
in areas closest to streams, specifically in the Elkhorn River 
watershed. It was also larger in areas of interdunal wetlands 
within the Sand Hills. Evapotranspiration depletion was negli-
gible in areas greater than 5 mi from a stream, with the excep-
tion of interdunal areas in Cherry, Grant, and Arthur Counties. 
The storage depletion percentage increased as the distance 
from a stream increased. Storage depletion was largest in areas 
between streams. Areas experiencing the smallest amount of 
storage depletion were adjacent to streams. Calibrated model 
outputs and streamflow depletion analysis are publicly avail-
able online.

Accuracy of the simulations is affected by input data 
limitations, system simplifications, assumptions, and resources 
available at the time of the simulation construction and cali-
bration. Most of the important limitations relate either to data 
used as simulation inputs or to data used to estimate simula-
tion inputs. Development of the regional simulations focused 
on generalized hydrogeologic characteristics within the study 
area and did not attempt to describe variations important to 
local-scale conditions. These simulations are most appropriate 
for analyzing groundwater-management scenarios for large 
areas and during long periods and are not suitable for analysis 
of small areas or short periods.

Introduction
Hydrologically connected groundwater and surface water 

of central Nebraska provide a vital resource for irrigation, 
recreation, hydropower production, aquatic life, rural drink-
ing-water wells, and large municipal water systems. Water-
resource managers would like to understand the current (2018) 
and future availability of groundwater, the effect of anthropo-
genic stresses on the availability and quality of groundwater, 
and the interaction of groundwater and surface water in the 
Elkhorn and Loup River Basins.
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In 2006, the U.S. Geological Survey (USGS), the 
Nebraska Department of Natural Resources; the University of 
Nebraska’s Conservation and Survey Division; and the Lewis 
and Clark, Lower Elkhorn, Lower Loup, Lower Niobrara, 
Lower Platte North, Middle Niobrara, Upper Elkhorn, and 
Upper Loup Natural Resources Districts (NRDs, collectively 
referred to hereinafter as “ELM NRDs”) agreed to coopera-
tively study the water resources of these basins to develop the 
Elkhorn-Loup Model (ELM) (fig. 1).

The first part of that study, hereinafter referred to as 
“phase one,” was a first step toward understanding long-term 
average stream-aquifer system conditions and developing 
strategies for managing hydrologically connected groundwater 
and surface-water resources in the study area (Peterson and 
others, 2008). Phase one mainly focused on using preexist-
ing data to develop a regional groundwater-flow model that 
simulated the effects of groundwater withdrawal from 1940 
to 2005 on stream base flow in the Elkhorn and Loup River 
Basins. The phase one report details the conceptual model and 
further hydrogeologic and study area information (Peterson 
and others, 2008).

The second part of that study, hereinafter referred to as 
“phase two,” updated the groundwater-flow model with newly 
collected data and supporting analyses completed in 2007–08, 
improved model calibration methods, and incorporated addi-
tional approaches for analyzing the effects of groundwater 
withdrawal for irrigation (Stanton and others, 2010). The newly 
collected data included revisions to the base-of-aquifer map 
using test-hole drilling and surface and borehole geophysics 
(McGuire and Peterson, 2009), synoptic base-flow measure-
ments along stream reaches (Peterson and Strauch, 2007), a 
runoff-recharge watershed model to estimate long-term pat-
terns of recharge (Strauch and Linard, 2009), and geophysical 
mapping of resistivity patterns in canals (Teeple and others, 
2009). Automated parameter-estimation techniques were used 
to improve calibration. Other enhancements to the model 
included refining the grid discretization using time-variable 
recharge from precipitation, time-variable base-flow estimates, 
improved estimates of groundwater withdrawals for irrigation, 
and refined delineation of active evapotranspiration grid cells.

Phase Three Study

A third phase of the study, by the USGS in cooperation 
with Lewis and Clark, Lower Elkhorn, Lower Loup, Lower 
Platte North, Lower Niobrara, Middle Niobrara, Upper Elk-
horn, and Upper Loup NRDs, was implemented to (1) inves-
tigate the sensitivity of the phase two model to a recently 
developed Soil-Water Balance (SWB) method for estimating 
aquifer recharge (Stanton and others, 2012); (2) improve 
understanding of aquifer properties and aquifer base eleva-
tions by drilling additional test holes and supplementing tradi-
tional test-hole drilling with borehole and surface geophysical 
data collection (Hobza and others, 2012; Stanton, 2013); and 
(3) refine the groundwater-flow model inputs spatially and 

temporally and use the refined model to predict changes to 
stream base flow that result from groundwater withdrawal. 
The phase three model is a linked transient model with mul-
tiple stress periods: a predevelopment (pre-1895) and early 
development (1895–1940) model and a historical develop-
ment (1940 through 2010) model. A separate future devel-
opment (2011–60) model was constructed using calibrated 
geophysical properties and water-level outputs from the 
1940–2010 model.

Previous models covering the area, including Peterson 
and others (2008 and 2016) and Stanton and others (2010), 
were single-layer models. In phase three, the model was 
refined and divided into two layers. Well logs from both 
the Nebraska Department of Natural Resources (2012) and 
the University of Nebraska Testhole Database (University 
of Nebraska, 2017) were studied to determine the contact 
between the Plio-Pleistocene and Tertiary sediments. This 
boundary became the bottom of layer 1 in the phase three 
model (Stanton, 2013). The well logs analyzed in determin-
ing the base then were used to estimate hydraulic conductivity 
and specific yield in the model layers. This process, also used 
in Peterson and others (2016), is described in the “Aquifer 
Properties” section.

Purpose and Scope

The purpose of this report is to present the refined phase 
three groundwater-flow models for the Elkhorn and Loup 
River Basins of central Nebraska (fig. 1), to describe the con-
struction and calibration of the simulations for the 1895–1940 
and 1940–2010 periods, and to develop a future model for 
the 2011–60 period to determine the effects of groundwater 
withdrawal. Effects of groundwater withdrawal by additional 
hypothetical wells were evaluated using the refined model to 
simulate the spatial distribution of the percentage of pumped 
water that causes base-flow, evapotranspiration, and storage 
depletion at the end of a 50-year period (2011–60).

Study Area Description

The ELM study area covers about 30,000 square miles 
(mi2) and extends from the Niobrara River in the north to 
the Platte River in the south (fig. 1). The western boundary 
roughly coincides with the western boundaries of the Upper 
Loup NRD, the Middle Niobrara NRD, and the Twin Platte 
NRD, and the eastern boundary roughly coincides with the 
approximate location of the westernmost extent of glacial 
till in eastern Nebraska (Conservation and Survey Division, 
University of Nebraska-Lincoln, 2005a). Quaternary-age loess 
and fine-grained sand; Quaternary-age alluvial silt, sand, and 
gravel; and Tertiary-age silt, sand, and gravel of the Ogal-
lala Group (Condra and Reed, 1943) constitute the principal 
hydrogeologic units of the High Plains aquifer in the study 
area.
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Groundwater in the ELM area generally flows from west 
to east and has an average water-table slope of about 10 feet 
per mile (ft/mi) (Conservation and Survey Division, 2003). 
The water-table gradient tends to be larger in the Sand Hills, 
averaging 14 ft/mi, and is less in the rest of the area, averaging 
8 to 9 ft/mi. Locally, such as near the Niobrara River, water-
table gradients can be in excess of 10 ft/mi and range from 20 
to 80 ft/mi because groundwater moves from an upper, gently 
eastward-sloping plateau toward deeply incised valleys of the 
Niobrara River and its tributaries (Peterson and others, 2008).

Major streams in the area are the Elkhorn River and its 
tributaries upstream from Norfolk, Nebr., and the Loup River 
and its tributaries upstream from Columbus, Nebr. (fig. 1). The 
Elkhorn River flows from west-northwest to east-southeast, 
draining wet meadows, plains, and marshy plains east of the 
Sand Hills (Peterson and others, 2008), and larger tributaries 
include the North Fork of the Elkhorn River. The Loup River 
Basin includes numerous large tributary streams that originate 
in or at the boundary of the Sand Hills, such as the Cedar 
River, Calamus River, Dismal River, Middle Loup River, 
North Loup River, and the South Loup River. Tributaries to 
the Loup River flow from northwest to southeast, draining the 
Sand Hills and dissected loess plains. The Loup River flows 
either east or east-northeast through the large river valley 
region shared with the Platte River to the south (Peterson 
and others, 2008). Additional streams within the model area 
are the Snake River, which drains into the Niobrara River in 
the northwest section of the ELM study area, and Birdwood 
Creek (and tributaries) and Wood River, which are tributaries 
to the Platte River. All streams originate within the study area, 
except the Platte and Niobrara Rivers. Detailed information on 
the climate, land use, water use and management, and hydro-
geology is included in Peterson and others (2008).

Conceptual Model

The conceptual model used for the third phase of the 
study, the “phase three model,” is identical to the phase one 
and two models. The external boundaries of the model consist 
of zero-flow, fixed water-level, general head, and stream cells 
(fig. 2). A zero-flow cell is an inactive cell and is assumed to 
have no groundwater flow into or out of the cell. Zero-flow 
cells are not shown on figure 2. Fixed water-level cells are 
cells along the edge of the model that have groundwater levels 
that do not change (Stanton and others, 2010). General-head 
cells have an assigned groundwater level throughout the 
simulation but also contain a conductance term incorporating 
thickness, area, and hydraulic conductivity of the bed sedi-
ments (Harbaugh, 2005). Stream cells simulate groundwater 
interaction with streams. Stream cells are controlled by physi-
cal characteristics of the streambed and the elevations of the 
stream stage and groundwater level; the amount of stream-
flow gain or loss is controlled by the magnitude of difference 
between stream stage and groundwater-level elevations and 
streambed characteristics (Niswonger and Prudic, 2005). The 

streambed represents the boundary between the stream and the 
underlying aquifer sediments (Stanton and others, 2010).

The lateral external boundaries of the simulation con-
sisted of either a stream boundary or zero-flow boundary 
along the northern boundary, combined zero-flow boundaries 
or fixed water-level boundaries for the eastern and western 
boundaries, and a fixed water-level boundary for most of 
the southern boundary to simulate the Platte River, except at 
the western end where, for some simulation periods, it is a 
general-head boundary (fig. 2). The bottom (vertical) boundary 
of the simulation is a zero-flow boundary representing the base 
of the water-table aquifer, and the upper vertical boundary is 
the water table. Areas that previously had been categorized as 
having no aquifer present or having a very thin aquifer were 
not included in the simulation (Peterson and others, 2008). 
Flow directions near these external boundaries were inter-
preted from a 1995 water-table contour map (Conservation 
and Survey Division, 2003).

Stream boundaries were used to simulate perennial 
reaches of most of the streams in the ELM area (Peterson and 
others, 2008) and can be an inflow and outflow component 
of the groundwater system. A general-head boundary was 
used to simulate reservoirs for their operation periods for the 
1940–2010 simulation and is usually an inflow component to 
the groundwater system. General-head boundaries are similar 
to fixed water-level boundaries, except that the interaction 
of the boundary with the simulated groundwater system is 
controlled by a conductance term. Simulated evapotrans-
piration was used to represent the sum of transpiration of 
groundwater by plants and evaporation of groundwater near 
or at land surface. Evapotranspiration is an outflow of the 
groundwater system. Recharge, defined as the amount of water 
that infiltrates land surface and moves downward below the 
root zone and eventually crosses the regional water table, was 
simulated for the entire surface of the model area as an inflow 
to the groundwater system. Additional recharge from canal 
seepage was applied to cells along canal paths. Recharge from 
canal seepage was first simulated in the pre-1940 period of the 
model, mimicking the development of surface-water irrigation 
across the area. Canal operations started in 1895 and continued 
to expand within the study area until 1992. Lastly, well with-
drawals were simulated for irrigation pumping and municipal 
water use and are an outflow of the groundwater system. These 
components are discussed in depth in the “Groundwater-Flow 
Model Construction” section.

Simulation of Groundwater Flow
The phase three model was developed to simulate 

groundwater flow, groundwater withdrawals, and stream-
aquifer interactions for the Elkhorn and Loup River Basins, 
Nebr. Hydrogeologic data from numerous sources were com-
piled as spatially referenced data layers within a geographic 
information system (GIS) and then assigned to the model at 
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6    Simulation of Groundwater Flow, 1895–2010, in the Elkhorn and Loup River Basins, Central Nebraska—Phase Three

discrete intervals in space and time. The model was built using 
modular three-dimensional finite-difference groundwater-flow 
model with Newton-Rhapson solver (MODFLOW-NWT) 
(Niswonger and others, 2011) with assistance from Ground-
water Vistas Version 6 software (Environmental Simulations, 
Inc., 2009).

Selected data groups were adjusted through calibration. 
The results from the pre-1940 and 1940 to 2010 simulation 
were compared to measured groundwater levels (U.S. Geo-
logical Survey, 2016a; Conservation and Survey Division, 
University of Nebraska-Lincoln, 2017; Flynn, 2018) and 
estimated groundwater discharge to streams (hereinafter 
referred to as “base flow”) (Nebraska Department of Natural 
Resources, 2017).

Groundwater-Flow Model Construction

This study modified the phase two model by adjusting 
the model grid and stress period discretization. The phase two 
model was constructed using the 2005 version of modular 
three-dimensional finite-difference groundwater-flow model 
software (MODFLOW-2005) (Harbaugh, 2005) and associated 
model packages; the phase three model was constructed using 
MODFLOW-NWT (Niswonger and others, 2011) and the 
associated model packages. This model was simulated using 
MODFLOW-NWT because it incorporates an improved ability 
to solve nonlinear unconfined aquifer simulations with wetting 
and drying of cells by applying the Newton-Rhapson linear-
ization approach to solving the flow equations (Niswonger and 
others, 2011). The aquifer is thin in some areas and, although 
cells in the model were not expected to desaturate during the 
simulation, the use of MODFLOW-NWT prevented removal 
of desaturated cells from the simulation. This section of the 
report discusses the construction of the phase three model and 
differences between the phase three and phase two models. 
A side-by-side comparison of phase two (Stanton and others, 
2010) and phase three model components is shown in table 1.

Spatial and Temporal Discretization

The phase three model was constructed by refining the 
spatial and temporal discretization of the phase two model. 
The phase two model was a single layer, consisting of 
30,772 active 1-mile (mi) by 1-mi grid cells. The phase three 
model is two layers of different thicknesses, consisting of 
235,643 active half-mile by half-mile grid cells. Phase three 
incorporated the Scientific Investigations Map generated by 
Stanton (2013), which defined the base of the Plio-Pleistocene 
sediments in the study area, creating two model layers. The 
inclusion of this boundary better represents the aquifer and the 
connectivity of the layers to one another. The model cells were 
further divided into half-mile cells to capture discrete changes 
in the geology and hydrogeologic properties. Additionally, 
more data, such as water levels, base-flow estimates, and canal 
seepage estimates, were gathered from data sources to allow 

the change from annual to monthly stress periods. The bound-
ary conditions of the phase two model are shown in figure 2 
of Stanton and others (2010), and the boundary conditions of 
phase three are shown in figure 2 of this report. A comparison 
between the two shows the difference in spatial discretization: 
one cell in the phase two model covers the same area as four 
cells in the phase three model. Additionally, the fixed water-
level cells in the phase three model cover the same spatial 
length as the those in the phase two model, but the fixed water-
level cells in the phase three model only cover one-half of the 
width because the fixed water-level values were only placed 
in the cells closest to the active model boundary. The values 
of the fixed water-level cells in phase three were the same as 
those used in phase two. The data for the phase three model 
are available in Flynn and Stanton (2018).

The phase three model was built to simulate the stream-
aquifer system from pre-1940 through 2010. As with phase 
two, the phase three model was split into three models: the 
pregroundwater development model, which covered pre-
1940 (pre-1895, approximated using a 1,000-year transient 
stress period) and early development (1895–1940, using two 
transient stress periods modeling the start of surface water 
canal diversions); historical groundwater development (1940 
through 2010, using monthly transient stress periods); and 
future hypothetical development (2011 through 2060, using 
a single stress period). The phase two 1940–2005 simula-
tion used annual stress periods for a total of 66 stress periods, 
whereas the phase three 1940–2010 simulation used monthly 
stress periods, which resulted in 852 stress periods (table 1).

Aquifer Properties
The aquifer properties horizontal hydraulic conductiv-

ity (Kh), specific yield, vertical hydraulic conductivity (Kv), 
and specific storage were estimated for the model area using 
the Upstream Weighting (UPW) package, an aquifer property 
package unique to MODFLOW-NWT (Niswonger and others, 
2011). Initially, Kh and specific yield were assigned by analyz-
ing well logs to determine specific properties for each model 
layer. The well logs (Stanton, 2013) were analyzed using the 
“GeoParm” macro for lithologic content based on the geo-
logic description and depth interval provided in the well log 
(Houston and others, 2013). The GeoParm macro was devel-
oped for use in the Cooperative Hydrologic Study model in 
Central Nebraska (Cannia and others, 2006) to read lithologic 
descriptions by geologists and drillers for depth intervals in 
wells and to assign a Kh and specific yield to the interval based 
on keywords in the description. The keywords in the lithologic 
descriptions were defined and assigned average hydraulic con-
ductivity values by E.C. Reed and R. Piskin, geohydrologists 
with the University of Nebraska Conservation Survey Division 
(Cannia and others, 2006). The lithologic sediments for the 
wells (Stanton, 2013) were assigned to layer 1 or layer 2 based 
on the base elevation of layer 1 (as defined in Stanton, 2013). 
The weighted-average Kh and specific yield values for the lith-
ologic intervals in the specified layers then were interpolated 
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Table 1.  Comparison of phase two and phase three model components, Elkhorn and Loup River Basins groundwater-flow model, 
central Nebraska.

[MODFLOW-2005, modular three-dimensional finite-difference groundwater-flow model software released in 2005; MODFLOW-NWT, modular three-
dimensional finite-difference groundwater-flow model with Newton-Rhapson solver; PEST, Parameter estimation; MODFLOW, modular three-dimensional 
finite-difference groundwater-flow model software; SFR2, streamflow routing package; GIS, geographic information system; SWB, soil-water balance; ET, 
evapotranspiration]

Phase two (Appendix 1, Stanton and others, 2010) Phase three

Software and computer 
code

Groundwater Vistas, MODFLOW-2005. Groundwater Vistas, MODFLOW-NWT, PEST.

Grid-cell size 1 mile on one side (total of 30,772 active cells). Half-mile on each side (total of 235,643 active 
cells).

Number of layers One. Two.

Simulation periods Pre-1895 (one transient stress period), 1895 to 1940 (two 
stress periods), 1940 through 2005 (66 annual stress 
periods), 2006 through 2055 (50 stress periods).

Pre-1895 (one transient stress period), 1895 to 
1940 (two stress periods), 1940 through 2010 
(852 monthly stress periods), 2011 through 
2060 (one stress period).

Streams All streams in the model represented using MODFLOW 
Streamflow Routing Package (SFR2).

All streams in the model represented using 
MODFLOW SFR2.

Streambed characteristics Streambed conductance was calculated separately for each 
stream cell using width, length, streambed hydraulic 
conductivity, and thickness terms. Width was determined 
from low-flow streamflow measurements. Length was 
calculated using GIS. Streambed hydraulic conductiv-
ity was assigned using aquifer hydraulic conductivity 
adjacent to simulated stream and then adjusted during the 
manual trial-and-error calibration to improve simulation 
results. Thickness was assumed to be 1 foot.

Streambed conductance was calculated 
separately for each stream cell using width, 
length, streambed hydraulic conductivity, 
and thickness terms. Width was determined 
from low-flow streamflow measurements. 
Length was calculated using GIS. Streambed 
hydraulic conductivity was an adjustable 
parameter based on stream location. Streams 
were categorized as tributaries or main stems, 
and further divided into Sand Hills, Elkhorn, 
Niobrara, or Platte locations. Streambed 
thickness was assumed to be 1 foot.

Recharge from precipita-
tion

Recharge zones correspond to simplified watershed model 
regions. Recharge in each zone changed over time.

Calculated in SWB code.

Additional recharge from 
canal seepage

Calculated from water mass balance when available. Other-
wise, estimated as 43 percent of the total water diverted.

Calculated from water mass balance when 
available. Otherwise, estimated as 43 percent 
of the total water diverted.

Additional recharge from 
irrigated cropland

Fixed 1.0 acre-inch/acre per year. Process simulated by SWB, in inch/month.

Additional recharge on  
nonirrigated acres

Fixed 0.5 acre-inch/acre per year. Process simulated by SWB, in inch/month.

Net irrigation pumpage Initially calculated as the crop irrigation requirement minus 
growing season effective precipitation and adjusted using 
measured pumping values for corn. Pumping for all crop 
types adjusted based on 323 measurements of pumping 
volume measurements for corn acres in 2005. Most of the 
measurements were collected from four counties (Ante-
lope, Holt, Nance, and Platte).

Calculated in SWB model.
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Table 1.  Comparison of phase two and phase three model components, Elkhorn and Loup River Basins groundwater-flow model, 
central Nebraska.—Continued

[MODFLOW-2005, modular three-dimensional finite-difference groundwater-flow model software released in 2005; MODFLOW-NWT, modular three-
dimensional finite-difference groundwater-flow model with Newton-Rhapson solver; PEST, Parameter estimation; MODFLOW, modular three-dimensional 
finite-difference groundwater-flow model software; SFR2, streamflow routing package; GIS, geographic information system; SWB, soil-water balance; ET, 
evapotranspiration]

Phase two (Appendix 1, Stanton and others, 2010) Phase three

Estimated fraction of mea-
sured pumpage (used to 
adjust crop irrigation re-
quirement) that returns 
to groundwater

20 percent of pumped water. Process simulated by SWB.

ET Active ET cells: determined from wetlands, open water bod-
ies, and riparian land-use categories of the CALMIT 2005 
land-cover map (Center for Advanced Land Management 
Information Technologies, 2007). Maximum ET rate: 
determined from lake-evaporation contours that were 
adjusted using measured ET at Odessa, Nebraska. Values 
were adjusted during manual trial-and-error calibration.

Active ET cells were determined from National 
Wetland Inventory (U.S. Fish and Wildlife 
Service, 2017). Maximum ET rate: described 
in the Northern High Plains modeling report 
(Peterson and others, 2016). Values not 
adjusted.

Horizontal hydraulic 
conductivity

Values assigned to 91 zones. Initial (precalibration) values 
within zones derived from test-hole data.

Generated initial values from a combination of 
phase two calibrated values and estimated 
hydraulic conductivity from test holes and 
well logs used in Stanton (2013). Initial 
values assigned to pilot points, which were 
used as a calibration tool in PEST. Calibrated 
hydraulic conductivity interpolated from 
calibrated pilot points.

Bedrock elevation Adjusted elevations from phase one simulation using data 
from additional test holes drilled to characterize bedrock 
elevation in areas with little or no previous information.

Base of layer one is from Stanton (2013). 
Base of layer 2 is the same as the base of 
phase two. 

Specific yield Interpolated from points and contours obtained from the 
Conservation and Survey Division of the University of 
Nebraska.

Calculated using GeoParm macro, as described 
in Peterson and others (2016) and Houston 
and others (2013).

Groundwater levels 506 measurements used for the pre-1940 period. A total of 1,467 measurements used for the pre-
1940 period, and 150,118 measurements used 
during the 1940 through 2010 period from 
USGS (2016a), the Conservation and Survey 
Division, University of Nebraska-Lincoln 
(2017), and individual NRDs (Flynn, 2018).

Groundwater-level 
changes

3,259 measurements used from 1940 through 2005. Not used in the phase three model.

Base flows to streams Pre-1940 period: 20 base-flow targets were estimated using 
the annual base-flow targets for the period of record. 
1940 through 2005 simulation: base-flow separation 
(Wahl and Wahl, 2007) provided 1,435 annual base-flow 
targets at 38 streamgages. Low-flow streamflow measure-
ments provided an additional 165 targets for 2005. 

Pre-1940, 38 base-flow targets were estimated 
using the annual base-flow targets for the 
first ten years of the record. 1940 through 
2010 simulation: base-flow separation (Wahl 
and Wahl, 2007) provided 22,169 monthly 
base-flow targets at 51 streamgages. Low-
flow streamflow measurements provided an 
additional 184 targets for 2006 (Peterson and 
Strauch, 2007).

Calibration method Manual trial-and-error combined with PEST. PEST (Doherty, 2016).
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between wells using the Gaussian method (variable search 
radius of 12 points; Johnston and others, 2001). The interpo-
lated values then were extracted to each model cell as the ini-
tial Kh or specific yield value. Specific yield ranged from 0.01 
to 0.23 and was not adjusted from the initial values estimated 
by the GeoParm macro. The Kh was assigned to pilot points in 
layers 1 and 2 and adjusted by parameter estimation, which is 
discussed in the “Horizontal Hydraulic Conductivity” section. 
Specific storage was assigned the same value as that used in 
Stanton and others (2010).

The Kv was defined as a fraction of the Kh and ranged 
from 5 to 20 feet per day (ft/d). Three areas within layer 1 of 
the model domain were identified as having thicker lower-
conductivity sections; that is, sections of layer 1 contained a 
thicker confining unit, which has led to isolated localized aqui-
fers within layer 1. Vertical conductivity in these areas was 
adjusted manually before automated parameter estimation. In 
the remaining parts of the model domain, Kv was not modified.

Flow Across Lateral Boundaries

Flow across lateral boundaries was simulated as fixed 
water-level cells in the basic modular three-dimensional finite-
difference groundwater-flow model software (MODFLOW) 
package (Harbaugh, 2005). The fixed water-level cells from 
phase two were resampled to populate the phase three model 
grid, as described in the “Spatial and Temporal Discretization” 
section. The fixed water-level cells were placed in layer 1 of 
the model. The conductivity between the two layers allowed 
for the heads in both layers to equilibrate, which negated the 
need for fixed water levels in layer 2. The zero-flow boundar-
ies in the phase three model were kept the same as those in 
Stanton and others (2010), with the base of layer 2 being the 
base of the aquifer and a zero-flow boundary.

Streams

The stream network in the phase three model was the 
same as used in Stanton and others (2010). The stream shape-
file from phase two was intersected with the phase three grid 
cells. Any cell that overlapped a stream segment by at least 
100 feet (ft) was designated as a stream cell. The stream prop-
erties width and thickness were retained from the phase two 
model and used to simulate the streams in the MODFLOW 
Streamflow Routing (SFR2) (Mehl and Hill, 2010) using the 
Streamflow Routing (SFR) mapping tool described in Peterson 
and others (2016). A total of 5,330 cells were designated as 
stream cells. The Niobrara River was simulated as a stream 
but was discontinuous through the study area because it inter-
sected areas without an aquifer. The Platte River was simu-
lated as fixed water-level cells, as it was in Stanton and others 
(2010). Initial streambed conductivity was the same as phase 
two; however, in phase three, streambed conductivity was 
designated as a parameter based on the stream system and will 
be discussed further in the “Calibration” section.

All streams originated within the study area, except 
the Platte and Niobrara Rivers. Because the Platte River is 
simulated using fixed water-level cells, an inflow value did 
not need to be provided for that river. The monthly SFR 
inflows to the Niobrara River were from monthly base-flow 
values estimated for the Niobrara River near Gordon (USGS 
streamgage 06457500; U.S. Geological Survey, 2016b) using 
the base-flow index (BFI) program (Wahl and Wahl, 2007). 
Streamflow data for this streamgage were missing for 1940–45 
and 1992–2010. For 1940–45, the average base flow for each 
month was computed for 1946–50, and that specified monthly 
average was applied as the SFR2 inflows to the Niobrara River 
for the corresponding months. For 1992–2010, the average 
base flow for each month was computed for 1982–91, and 
those averaged base flows were applied as the SFR2 inflows to 
the Niobrara River for the corresponding months.

Additionally, reservoir releases to streams (U.S. Bureau 
of Reclamation, 2017) were used as SFR2 inflows to the seg-
ment downstream from the reservoir. The average monthly 
BFI was calculated from the nearest downstream USGS 
streamgage using the BFI program (Wahl and Wahl, 2007). 
The BFI percentage was applied to the reservoir outflow to 
determine the approximate base-flow value of the reservoir 
outflows. This value then was used as the stream inflow. 
Before the reservoir was constructed, the SFR2 stream seg-
ments were connected to each other through the reservoir area. 
After the reservoir was constructed, the SFR2 stream segments 
were separated and the outflow from the upstream segment 
was routed out of the model.

Recharge
Recharge was separated into two components: recharge 

from precipitation and recharge from canal seepage. Recharge 
from precipitation was derived from the SWB code (West-
enbroek and others, 2010), which is described in the next 
section. The SWB code also calculates irrigation seepage 
applied to agricultural areas, which is included in the recharge 
from precipitation calculation. Recharge from canal seepage 
was estimated from canal diversion and delivery records. The 
process is described in the “Recharge from Canal Seepage” 
section. The resulting datasets were added together to create a 
single MODFLOW Recharge (RCH) file (Harbaugh, 2005).

Recharge from Precipitation Using the Soil-Water 
Balance Code

The amount of water entering the aquifer as recharge was 
estimated with SWB code that uses a modified Thornthwaite 
and Mather (1957) soil-water accounting method to track soil 
water in each grid cell with time (Westenbroek and others, 
2010; Stanton and others, 2012). The SWB code uses spatially 
distributed soil and landscape properties with daily weather 
data to calculate recharge, runoff, evapotranspiration from the 
soil profile, crop-water demand, and other components of the 
soil-water budget. Recharge is represented in the SWB code 



10    Simulation of Groundwater Flow, 1895–2010, in the Elkhorn and Loup River Basins, Central Nebraska—Phase Three

by deep percolation and is the amount of water in excess of 
the storage capacity of the soil. Recharge is calculated for each 
cell by subtracting the sum of the water outputs from the soil 
profile (surface runoff and evapotranspiration) from the water 
inputs to the soil profile (precipitation, snowmelt, irrigation 
water, and surface runoff from adjacent cells). Soil available-
water capacity (AWC), hydrologic soil group (Musgrave, 
1955), land use, and direction of surface-water runoff affect 
the movement of water on and within the soil. The SWB 
code provides a detailed spatial and temporal distribution of 
recharge that is based on physical processes.

The SWB code used the same discretization as the phase 
three groundwater-flow model. Each SWB cell was popu-
lated with daily weather data, land cover, soil properties, and 
direction of surface flow. Daily precipitation and temperature 
data for 1939 through 2010 were assembled from weather-
station data that were within 100 mi of the active model area 
(National Climatic Data Center, 2012) (fig. 3). Precipitation 
and temperature values between weather stations were inter-
polated using an inverse-distance weighted method (with a 
power of 3 and a variable search radius of 12 points; Johnston 
and others, 2001).

Hydrologic soil group and AWC were derived from 
the State Soil Geographic Database (U.S. Department of 
Agriculture, 2006). Land-use classes included agricultural, 
urban, forest, and grassland categories (Multi-Resolution 
Land Characteristics Consortium, 2001). Land-use data were 
obtained using the same methods that were used for Stanton 
and others (2010), but data were extended through 2010. Char-
acteristics assigned according to land use, such as the Natural 
Resources Conservation Service (NRCS) runoff-curve number 
for estimating the potential for surface runoff, plant-inter-
ception values, and root-zone depth, were obtained from the 
U.S. Department of Agriculture National Engineering Hand-
book (U.S. Department of Agriculture, 2004; Cronshey and 
others, 1986; Thornthwaite and Mather, 1957). Surface-water 
flow directions were derived from digital elevation models 
(DEMs) (Nebraska Department of Natural Resources, 1998) 
using the Flow Direction tool in ArcGIS (Esri, 2017).

The SWB code provided estimates of amounts of 
recharge for different land-use categories such as nonirrigated 
cropland and irrigated cropland, which were combined with 
precipitation to form the recharge applied to land surface. 
Simulated recharge in the phase two model consisted of 
recharge applied to land surface (from precipitation), addi-
tional recharge ascribed to irrigated and nonirrigated agricul-
tural lands, and canal seepage (Stanton and others, 2010).

Recharge from Canal Seepage

The SWB code did not simulate canal seepage (fig. 4, 
table 2), so that component of recharge was manually cal-
culated and added to the SWB recharge for the phase three 
model. Multiple agencies provided canal diversion and deliv-
ery data and physical canal properties to assist in determining 

the canal seepage recharge for the model. Canal operation data 
were collected by the Bureau of Reclamation and provided by 
NRDs for the Ainsworth and Twin Loups Irrigation Districts 
(fig. 4, table 2). The Ainsworth Irrigation District operates the 
Ainsworth Canal; the Twin Loups Irrigation District operates 
the Mirdan and Fullerton canals (fig. 4, table 2). These data 
included diversion data from the source, other inputs to the 
canal, canal waste and losses, and amount delivered to farms 
or laterals. Individual irrigation districts and NRDs provided 
diversion and delivery information for the other canals within 
the model area, including the Farwell, Middle Loup, North 
Loup, and Sargent canals (fig. 4, table 2). Canals operated 
along the Platte River, in particular, Gothenburg, Birdwood, 
Elm Creek, Cozad, Kearney, and Dawson, had diversion data 
available but no delivery data.

Canal seepage was calculated manually in a multistep 
process. First, the amount of seepage from each canal system 
was determined by subtracting canal and lateral losses, canal 
waste, and delivery from the total amount of water diverted 
into the canal. Canal systems lacking delivery data used 
diversion data for canals multiplied by a rate similar to the 
rates used in the Stanton and others (2010) model. If delivery 
data were available for only part of the record, an average 
seepage rate was determined with that delivery data, and that 
average seepage rate was applied to the rest of the record. 
This seepage amount was then applied to the corresponding 
canal model cells. The canal seepage then was added to the 
SWB recharge to generate a single recharge file for the MOD-
FLOW model.

Phase three model cells were defined as canal seepage 
cells by intersecting canal shapefile lines with the model grid. 
A model cell was designated a canal seepage cell if more than 
100 ft of the canal intersected the cell. Seepage rates were 
distributed equally along the canal cells as long as the canal 
lining was similar along the entire canal. An example of an 
exception is the Ainsworth Irrigation District, where a part of 
the canal system is lined with concrete. In this situation, only 
10 percent of the calculated seepage was applied to the canal 
cells where the canal was lined. The remaining 90 percent of 
seepage was applied to the unlined canal. Canal system infor-
mation is provided in table 2.

Well Withdrawal
Well withdrawal was estimated for municipal wells and 

irrigation wells in the phase three model. The municipal well 
locations, which were described by Stanton and others (2010), 
were used in the phase three model. The monthly withdrawal 
amounts for municipal wells for 1940 to 2005, which were 
assembled by Stanton and others (2010), were used without 
change in the phase three model, and were used as the monthly 
withdrawal amounts for 2006–10 in the phase three model. 
Municipal wells were simulated using the Multi-Node Well 
(MNW2) package (Konikow and others, 2009) so they could 
be simulated separately from irrigation wells.
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Irrigation well withdrawals were estimated using the 
SWB code. Well withdrawal determined using this method is 
an irrigation demand that is specific to crop type and is based 
on the distribution of irrigated acres and the amount of water 
available in the soil profile from nonirrigation sources. Crop 
types are used to assign specific properties related to their 
water demand throughout the growing season.

Irrigated acres for 1940 through 2002 were defined as 
irrigated by groundwater or surface water using data from 
Stanton and others (2010). Irrigated acres for 2003 through 
2010 were defined using additional spatial data, such as acre-
age reports provided by the NRDs, representing surface and 
groundwater irrigated acres that were developed by the NRDs 
from 2005 through 2010 (Stanton and others, 2011).

Crop-water use variables used for estimating irriga-
tion demand are unique to each crop or land cover type and 
include maximum crop coefficient, first-stage crop coefficient, 
and dates for the start and end of the irrigation season (West-
enbroek and others, 2010; Flynn and Stanton, 2018). These 
variables are used to determine the total water demand of each 
crop at various growth stages. Then, irrigation-water demand 
is calculated as the amount of water needed to maintain soil 
moisture in irrigated areas above the minimum level of soil 
moisture a crop requires during the growing season. For the 
purposes of this study, the minimum level of soil moisture in 
irrigated areas was required to be at least 65 percent of the 
AWC for the soil (Westenbroek and others, 2010). The volume 
of water necessary to maintain that minimum level of soil 
moisture was assumed to be the volume of water entering the 
soil profile from irrigation and was calculated as equal to the 
part of crop demand beyond that available from infiltrated pre-
cipitation plus stored soil water above the specified minimum 
level.

Irrigation-water demand was separated into ground-
water and surface-water sources for purposes of defining 
groundwater withdrawal in the phase three model and to, at 
least partially, account for general differences in the amount 
of irrigation-return flow associated with gravity- and center-
pivot-irrigation methods. Model grid cells in irrigated areas 
were defined as either 100 percent groundwater (representing 
center pivot irrigation) or 75 percent surface water and 25 per-
cent groundwater (representing mostly gravity irrigation). Grid 
cells that were irrigated by groundwater were assigned an irri-
gation efficiency value of 85 percent, meaning that 85 percent 
of the irrigation water is available for crop-water demand and 
the other 15 percent returns to the aquifer as irrigation-return 
flow. Grid cells that were mostly irrigated with surface water 
were assigned an irrigation efficiency value of 60 percent. The 
total groundwater withdrawals for irrigation by county for 
2010, in millions of gallons per day, are shown in figure 5. The 
irrigation-water demand was calculated on a cell-by-cell basis. 
The water demand for each individual cell was computed by 
the SWB code for the growing season (May–September) and 
was output as a single well for the cell. It is worth noting that 
because the water demand is computed using actual precipi-
tation data and estimated crop coverages, actual pumping 

values may vary from computed values. This assumption 
explains why total pumping may differ from rates calculated 
or recorded outside of this model. This information was com-
piled into a MODFLOW Well (WEL) package (Niswonger 
and others, 2011). The model pumping layer designated in 
the WEL file was determined from registered irrigation wells 
within the cell (Nebraska Department of Natural Resources, 
2012). All registered irrigation wells were assigned a pumping 
layer based on the screen location of the well. Each model cell 
was assigned the pumping layer of the closest registered well. 
When there was more than one registered well in a cell, the 
cell was assigned the most common pumping layer out of the 
wells in the cell.

Evapotranspiration from the Saturated Zone

Evapotranspiration from the saturated zone is an impor-
tant outflow component within this groundwater-flow system 
(Stanton and others, 2010). Areas of active evapotranspiration 
vary with climate conditions but are generally around streams, 
lakes, and wetland areas, where the water table is within a 
few feet of the land surface (Stanton and others, 2010, 2011). 
Evapotranspiration from the saturated aquifer was simulated 
using the EVT (Evapotranspiration) package for MODFLOW 
(Harbaugh, 2005). This package needs an evapotranspiration 
rate, surface elevation, and evapotranspiration extinction depth 
to calculate evapotranspiration from the saturated zone for the 
model.

Evapotranspiration from the saturated zone was esti-
mated in the phase three model using the methods of Stanton 
and others (2010). Evapotranspiration cells were selected by 
overlaying the National Wetlands Inventory (U.S. Fish and 
Wildlife Service, 2017) and the model cells. If a National 
Wetlands Inventory cell overlapped a model cell by at least 
50 percent, the model cell was coded as an evapotranspiration 
cell. This process resulted in a difference in evapotranspira-
tion extent compared to the phase two simulation (Stanton and 
others, 2010, fig. 6). Evapotranspiration rates were determined 
using the data and approach of Peterson and others (2016), 
which include an extinction depth of 7 ft and 40 percent of 
the National Weather Service potential evapotranspiration 
rate (Stanton and others, 2011) to account for evapotranspira-
tion in the soil horizon (which was accounted for in the SWB 
code). The evapotranspiration surface was the DEM (Nebraska 
Department of Natural Resources, 1998). The average yearly 
rate of evapotranspiration from the saturated zone for assigned 
evapotranspiration cells ranged from 9 to 16 inches per year 
(in/yr) (fig. 6).

Reservoir Seepage

A minor component of groundwater inflow within the 
model area is reservoir seepage (Stanton and others, 2010), 
which is water that seeps from reservoirs into the groundwa-
ter-flow system. In the phase three model, reservoir seepage 
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from Lake McConaughy, Sherman Reservoir, Davis Creek 
Reservoir, Merritt Reservoir, and Calamus Reservoir (fig. 1) 
was simulated in layer 1 using the General Head Boundary 
(GHB) package for MODFLOW (Harbaugh, 2005), whereas 
only Lake McConaughy was simulated for the phase two 
model in Stanton and others (2010). The average monthly 
forebay elevation (the elevation of the water behind the dam) 
of each reservoir was downloaded from the Reclamation 
Hydromet web page, which contains reservoir operations data 
(U.S. Bureau of Reclamation, 2017). The forebay elevation 
was used as the GHB elevation. Grid cells were assigned as 
GHB cells for a specific reservoir by overlaying the reservoir 
area on the grid cells. If a grid cell was more than 50 percent 
covered by the reservoir area, it was categorized as a GHB 
cell. The reservoir areas were from Stanton and others (2010) 
and were overlaid on aerial imagery (Esri, 2018) to verify the 
extent for the phase three model. The GHB cell conductance 
ranged from 101 to 202 ft/d per cell when the reservoirs were 
in operation.

Calibration

The phase three model was calibrated using a parameter 
estimation suite of software (PEST) (Doherty, 2016). Param-
eters are specific model inputs that can be adjusted by PEST 
based on modeled responses to calibration targets. The param-
eters were adjusted to assist the model in replicating two sets 
of calibration targets: groundwater levels, in altitude above 
the North American Vertical Datum of 1988 (NAVD 88), and 
stream base flows. Both sets of calibration targets were active 
in the pre-1940 and 1940–2010 simulation periods, resulting 
in four calibration target groups. The pre-1940 and 1940–2010 
period models were calibrated using methods of Peterson and 
others (2016).

Parameter Groups
Parameters were classified into three parameter groups. 

The parameter groups in this model were hydraulic con-
ductivity (total of 560 pilot point parameters for layer 1 and 
layer 2); recharge, both applied to land surface (43 multi-
plication parameters) and canal seepage (4 multiplication 
parameters); and streambed conductivity (7 parameters). 
Each set of parameters was given a calibration range in the 
PEST control file within which the parameter group could 
be adjusted to improve the model calibration. The initial and 
calibrated values are discussed in this section. The recharge 
parameter discussion has been divided between the two types 
of recharge: recharge applied to land surface and canal seep-
age recharge.

Horizontal Hydraulic Conductivity

The Kh was calibrated using the pilot point approach, 
which is similar to the method used in Peterson and others 

(2016) and unlike the zone method used by Stanton and others 
(2010). A pilot point network was developed for each layer of 
the model. Previous estimates of hydraulic conductivity, apart 
from those published in the phase one and phase two reports, 
can also be found in Gutentag and others (1984) and in Hous-
ton and others (2013).

Layer 1 contained 292 pilot points for Kh, and layer 2 
contained 268 pilot points. At each point, Kh was allowed 
to adjust from 0 to 500 ft/d and was interpolated between 
pilot points. The calibrated Kh in layer 1 averaged 57 ft/d 
and ranged from 11 to 525 ft/d (fig. 7A). The calibrated Kh 
in layer 2 averaged 27 ft/d and ranged from 1 to 306 ft/d 
(fig. 7B). The weighted-average calibrated Kh for both layers 
was 40 ft/d (fig. 7C), which is an increase compared to the 
phase two model calibrated average Kh of 26 ft/d. The range 
of Kh for both layers in the phase three model was from 2 to 
505 ft/day.

The use of pilot points, smaller grid size, and the addi-
tional layer used in the phase three model provided a more 
detailed interpolation of Kh data than the phase two model, 
which used 91 Kh zones, a larger grid size, and one layer. This 
resulted in areas of higher Kh in the calibrated phase three 
model than the calibrated phase two model. In the calibrated 
phase three model, Kh is thought to better represent Kh hetero-
geneity in the study area, as estimated from lithologic descrip-
tions in well logs (Houston and others, 2013).

Recharge Applied to Land Surface
This section focuses on recharge applied to land surface 

as determined from the SWB code. The recharge value applied 
to the phase three model includes precipitation and irrigation 
seepage applied to agricultural areas. The SWB code gener-
ated a recharge file for each month from January 1940 to 
December 2010. These monthly files then were grouped into 
5-year nonirrigation season (January, February, March, April, 
October, November, and December) and irrigation season 
(May, June, July, August, and September) recharge parameter 
groups, resulting in a set of 28 parameter groups for PEST 
calibration. The breakdown of groups into irrigation and 
nonirrigation seasons allows adjustment of parameters that 
might vary seasonally. The decision to group recharge into 
5-year increments was made to adjust for climatic variations. 
The PEST software adjusted recharge parameters to a percent-
age between a 100-percent increase or decrease to improve the 
model calibration.

The average calibrated recharge from precipitation applied 
to the simulation during 1940–2010 is shown in figure 8. After 
calibration, the average adjustment to recharge from the SWB 
code recharge estimate was an increase of 1.6 percent. The 
largest increase in recharge (89 percent, average increase of 
0.43 in/yr per cell) took place during the 1980–84 irrigation 
season. This increase coincides with a wet climatic period 
when rainfall was above average. The largest reduction in 
recharge (78 percent, average decrease of 0.14 in/yr per cell) 
took place during the 1965–69 nonirrigation season.
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Canal Seepage Recharge
Canal seepage is a large component of groundwater 

inflow into the system (Stanton and others, 2010) in localized 
areas. The amount of water diverted into the canal systems 
varied monthly based on surface-water availability. Seepage 
rates for the model were determined from canal diversion and 
delivery records, as previously described in the “Recharge” 
section of this report.

Canal seepage was broken into three parameter groups 
based on the river system from which the canal received water 
(fig. 4, table 2). The three canal groups were the Platte System, 
Loup System, and Ainsworth system (representing the north-
ern canals near the Niobrara River). The canal groups and the 
active dates of each canal system are shown in table 2.

Canals that were active before 1940 were used as a 
parameter group for the pre-1940 simulation period of the 
model. During calibration, the pre-1940 canal group seepage 
rate was decreased by 48 percent to match the targets. The 
reduction in seepage recharge was acceptable because of the 
lack of diversion and delivery data for this period. After cali-
bration, there was a 23 percent increase in seepage recharge 
from the Ainsworth Canal group, a 38 percent reduction in 
the Loup Canal group, and a 14 percent increase in the Platte 
Canal group. These adjustments were considered acceptable 
for the following reasons: (1) For the Ainsworth Canal group, 
the estimated canal seepage was divided between lined and 
unlined canals. Because the date of the lining of the canals 
was not taken into account in the model, it is possible the 
canals provided more recharge to the system than what was 
estimated. (2) For the Loup Canal group, it is possible that 
the losses estimated from the diversion and delivery records 
did not all result in canal seepage recharge. Instead, it is pos-
sible these losses were gains to other parts of the hydrologic 
system, such as evaporation or unmeasured return flow to 
surface water. (3) For the Platte Canal group, the estimated 
canal seepage recharge was determined from a rate used in a 
previous modeling report (Stanton and others, 2010). Because 
no delivery records were available for the Platte Canal group, 
it is possible the losses to the groundwater system from the 
canal were greater than estimated. The average canal seepage 
recharge along each canal system is shown in figure 9.

Streambed Conductivity
Streambed conductivity was divided into seven param-

eter groups based on location and stream size. Streams first 
were split into four groups (Niobrara River Basin, Sand Hills, 
Elkhorn River Basin, and dissected plains) based on location 
defined by the Nebraska Conservation and Survey Division 
(Conservation and Survey Division, University of Nebraska-
Lincoln, 2005b). The Niobrara, Elkhorn, and dissected plains 
groups then were split again into the main stem of the river 
and tributaries (fig. 10). Calibrated streambed-conductivity 
values ranged from 0.06 ft/d for the dissected plains rivers 
group to 2.42 ft/d for the Elkhorn River tributaries group. The 
final streambed conductivity values from Stanton and others 

(2010), which were manually calibrated, ranged from less than 
0.10 ft/d to 6 ft/d, which is comparable to the calibrated phase 
three values.

Calibration Targets and Results

Measured groundwater levels and estimated stream 
base flows were used as calibration targets for the phase 
three model. Weights were assigned to each calibration target 
following the same approach used in Peterson and others 
(2016), which was based on an error-based weighting method 
(Hill and Tiedeman, 2007). Weights were used to adjust for 
different magnitudes of the different types of measurements 
and to account for certainty of the observation or estima-
tion of the target. The target weight for water levels was 
assigned as the inverse of 1.96 (the 95-percent confidence 
interval) multiplied by the estimated uncertainty associated 
with the measurement. For water levels in the pre-1940 and 
1940–2010 periods, the uncertainty was assumed to be 5 ft. 
The weight of the estimated base-flow values was the inverse 
of the average estimated base flow multiplied by 1.96 (in line 
with the 95-percent confidence interval). Some water-level 
and base-flow targets were zero weighted. These targets were 
monitored during calibration but did not affect the calibra-
tion results and will be discussed further in the corresponding 
target sections.

Parameters were subjected to Tikhonov regularization in 
the parameter estimation process, which prevents overfitting 
and spurious parameter estimates by imposing a numerical 
penalty on the objective function for deviations from the initial 
estimates (Doherty, 2016). The objective function is affected 
by the number of targets in each group, the residual of each 
target, and the weight assigned to each target.

In this report, the difference between observed and simu-
lated values for water levels and stream base-flow targets is 
called a residual. The residual is calculated by subtracting the 
simulated value from the observed value; therefore, a positive 
residual means that a simulated water level or stream base-
flow value is less than the observed value. A negative residual 
means the simulated water level or stream base-flow value is 
greater than the observed value.

Groundwater Levels
Groundwater-level measurements were collected from 

multiple agencies, including the USGS (2016a); the Con-
servation and Survey Division, University of Nebraska 
(2017); and individual NRDs (Flynn, 2018). More than 
260,300 water levels were collected at 7,330 wells. Pre-1940 
groundwater-level calibration included 1,462 water levels at 
1,462 wells. The 1940–2010 groundwater-level calibration 
used 149,902 water levels at 6,845 wells. Many factors were 
considered when determining if a water level was an appro-
priate calibration target. Water levels without a date or only 
a month and year were not included as calibration targets. 
Pre-1940 water levels must have been measured from 1930 
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through 1940. The 1940–2010 water levels must have been 
measured during the simulation period (January 1, 1940, 
through December 31, 2010). The altitude of the water level 
was computed using the land-surface altitude supplied by 
the reporting agency, if available, or extracted from a DEM 
(Nebraska Department of Natural Resources, 1998). Wells 
with many water-level measurements were reviewed to 
determine if the first recorded static water levels were more 
than 10 ft from the mean altitude of the water table before the 
well was drilled (Nebraska Department of Natural Resources, 
2012). If such measurements could not be verified, they were 
not used as calibration targets for 1940–2010. An additional 
check compared well locations in selected areas with aerial 
images to verify the location of the wells. Water levels that 
were measured within 1 mi of the model boundaries were not 
included as calibration targets because the zero-flow bound-
ary in the model could affect the simulated water level and, 
therefore, affect the model calibration.

The pre-1940 period had 1,462 groundwater levels as cal-
ibration targets; none were zero-weighted. The mean residual 
for pre-1940 was −7.86 ft, the median was −11.26 ft, and the 
standard deviation was 22.28 ft (table 3, fig. 11). The range of 
residuals for pre-1940 was from −63.01 ft to 263.65 ft. Of the 
simulated groundwater levels, 83 percent were within 30 ft of 
the measured groundwater levels, compared to the phase two 
model, where 81 percent of the of the residuals were within 
30 ft of the measured groundwater levels (Stanton and oth-
ers, 2010). The location of each pre-1940 water level and the 
residual range are shown in figure 12A. The pre-1940 period 
had fewer targets than the 1940–2010 period. Also, there was 
greater uncertainty in the measured groundwater levels in 
pre-1940 than in 1940–2010 period because the accuracy of 
the groundwater-level values was not recorded for many of the 
measurements. In spite of this uncertainty, the group weights 
for the groundwater levels in the pre-1940 period were kept 
equal to those in the 1940–2010 period.

Of the 149,902 groundwater levels used as calibration tar-
gets in the 1940–2010 period, 199 were zero weighted because 
of their proximity to the model boundary. The mean residual 

for the 1940–2010 simulation was −2.52 ft, the median was 
−3.42 ft, and the standard deviation was 16.37 ft (table 3). The 
range of residuals was from −199.5 ft to 269.3 ft. The larger 
residuals were outliers for the simulation in that they were 
single measurements that did not indicate continued bias in 
the modeled area. Of the simulated water levels, 75 percent 
were within 15 ft of the observed value. A decadal breakdown 
of the groundwater-level residuals is shown in table 3, and the 
average residual for the 1940–2010 groundwater level for each 
well is shown in figure 12B. Although these mean residuals 
(table 3) indicate the simulated water level has been consis-
tently higher than the measured water levels, the mean residual 
decreased steadily through the 1940–2010 period, indicating 
a smaller residual and better match for the most recent water 
levels. A direct comparison of the phase two and phase three 
water-level residuals is not possible as the phase two simu-
lation was calibrated to decadal water-level change targets 
(Stanton and others, 2010), and the phase three simulation was 
calibrated to monthly water-level targets.

Stream Base Flows

Stream base flows were estimated at 235 locations across 
the model area for calibration targets. Of these locations 
(appendix, fig. 1.1, table 4), 51 coincide with streamgages 
operated by the USGS or the Nebraska Department of Natural 
Resources and streamflow records for these stations were 
collected. The estimated base-flow values at these 51 loca-
tions were determined using the daily mean streamflow values 
(Nebraska Department of Natural Resources, 2017; U.S. Geo-
logical Survey, 2016b) from the original record and analyzed 
using the BFI program (Wahl and Wahl, 2007), which also was 
used in Stanton and others (2010) and in the Northern High 
Plains model (Houston and others, 2013; Peterson and others, 
2016). The other 184 measurements were estimated from 
measured low-flow values during a November 2006 seepage 
run (Peterson and Strauch, 2007). These low-flow values were 
collected when evapotranspiration was negligible, diversions 
were absent, and no major precipitation events happened in 

Table 3.  Statistical summary of calibration of water levels, pre-1940–2010, Elkhorn and Loup River Basins, central Nebraska.

Time  
period

Mean  
difference,  

in feet

Minimum  
difference,  

in feet

Maximum  
difference,  

in feet

Median  
difference,  

in feet

Standard  
deviation,  

in feet

Root mean 
square,  
in feet

Number of  
measurements

pre-1940s −7.86 −63.01 263.65 −11.26 22.28 23.63 1,462
1940s −6 −113.7 151.5 −6.14 15.04 16.19 12,594
1950s −3.14 −107.8 180 −3.51 13.61 13.96 16,657
1960s −4.14 −76.9 88 −4.3 11.45 12.17 21,555
1970s −2.92 −115.9 146.7 −3.81 14.81 15.09 24,507
1980s −2.24 −128.1 109.8 −2.57 16.83 16.97 26,508
1990s −1.57 −199.5 143.5 −1.97 17.07 17.15 24,023
2000s 0.31 −148.9 269.3 −2.06 21.49 21.49 24,058
1940–2010 −2.52 −199.5 269.3 −3.42 16.37 16.57 149,902
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the preceding 7 days. It is assumed that these low-flow values 
are stream base flow. The average base flow for the specific 
month of the period of record for each streamgage was used as 
a calibration target in the model.

Stream base-flow targets for the pre-1940 period were 
estimated from 38 streamgages in the study area, as done by 
Stanton and others (2010). The pre-1940 base-flow targets 
were the average of the April and October base-flow val-
ues for the earliest 10 years of record for each streamgage. 
The April and October values were selected to represent the 
months when the stream was least likely to be affected by 
anthropogenic uses, ice accumulation, and evapotranspira-
tion. No targets were zero-weighted during the pre-1940 
simulation.

Stream base-flow targets for the 1940–2010 period were 
obtained from 51 streamgages in the study area (appendix, 
locations shown in fig. 1.1), plus 184 single measurements 
of low flow (Peterson and Strauch, 2007), for a total of 
22,169 calibration targets for the 1940–2010 simulation. 
Some base-flow targets were affected by either flooding, 
diversions, or high reservoir releases, which last for sev-
eral days. These affected base-flow targets were apparent 
in the base-flow record and, because they were not indica-
tive of normal flows, were excluded from the calibration by 
zero weighting the related stream base-flow targets. A total 
of 189 stream base-flow targets were zero weighted in the 
1940–2010 period.

The estimated and simulated base-flow values and aver-
age residuals are shown in table 4. Average differences by 
streamgage ranged from about 1 percent (Snake River above 
Merritt Reservoir, USGS streamgage 06459200, 228 calibra-
tion points) to about 93 percent (Wood River near Alda, USGS 
streamgage 06772000, 417 calibration points). A summary 
of base-flow target values is shown in table 4. The average 
percent difference between estimated and simulated base-flow 
values is 6 percent, compared to 4 percent from the phase two 
simulation (Stanton and others, 2010). The phase three simula-
tion used monthly base-flow estimates as calibration targets, 
whereas the phase two simulation used annual base-flow esti-
mates. The phase three simulation was not able to reproduce 
extreme monthly variations that would not have been apparent 
in an annual base-flow estimation, resulting in a higher aver-
age percent difference.

Graphs of simulated and observed stream base flows for 
selected streamgages in the study area are shown in figure 13. 
Similar graphs for the remaining streamgages are in the appen-
dix. These graphs show that the simulation reproduced the 
observed temporal trends in base flow, as shown by the local 
weighted regression (LOWESS) curves on the graphs (Cleve-
land, 1979; Cleveland and Devlin, 1988). LOWESS curves 
were used to visually compare the trends of simulated and 
estimated base flow to ensure the model was properly captur-
ing groundwater discharge to streams. The simulations were 
not able to reproduce extreme monthly variations, especially 
in areas affected by reservoir releases and canal diversions.

rol17-0036_fig11
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Figure 11.  Relation of simulated outputs to calibration 
targets; A, for groundwater levels, pre-1940; and B, for 
groundwater levels, 1940–2010.
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Simulated Groundwater Budget

For 1940 through 2010, almost all water entering the 
aquifer was from recharge (table 5). The largest aquifer 
outflows were, in decreasing order, stream base flow (52 per-
cent), groundwater outflows to aquifer storage (19 percent), 
irrigation well withdrawal (15 percent), evapotranspira-
tion (11 percent), fixed water-level boundaries (2 percent), 
and municipal well withdrawal (1 percent). These results 
were generally consistent with the phase two model. Aver-
age annual recharge and stream base flow were larger in the 
phase three model than in the phase two model, which could 
be attributed at least in part to the addition of canal seepage 
as a component of recharge for the phase three model. For 
the phase two model, irrigation-return flow was accounted 
for using a net irrigation withdrawal term that represented 
only the amount of withdrawal that needed to satisfy evapo-
transpiration demands rather than a total pumping volume 
that included irrigation-return flow. The phase three model 
produced about half the evapotranspiration volume as the 
phase two model, which is likely because the phase three 
model grid cells were smaller, resulting in an active evapo-
transpiration area that was smaller and could be represented 
more precisely. Reductions in the amount of groundwater in 
storage were larger (more groundwater-level declines) for the 
phase three model.

Groundwater-budget terms varied with time. Recharge 
and evapotranspiration vary climatically, and well withdrawal 
increased substantially starting in the 1980s, corresponding 
to increased conversion of dryland agriculture to irrigated agri-
culture (Stanton and others, 2010). In addition, two periods 
(1950s and 1970s) with lower precipitation amounts resulted 
in less recharge.

Sensitivity Analysis

Parameter sensitivity was analyzed to determine which 
parameter groups have the greatest potential to affect the 
model residuals. The analysis of parameter sensitivity fol-
lowed a similar approach to that described in the “Composite 
Parameter Sensitivity” section of Peterson and others (2016). 
The responses of the model to changes in the parameters were 
extracted from the Jacobian matrix generated using the PEST 
automated calibration process (Doherty, 2016). Each residual 
generated from the model then was multiplied by the weight 
of the corresponding observation target. The sensitivities were 
summed for each parameter group: Kh (layer 1 and layer 2), 
recharge (precipitation and canal seepage), and streambed 
conductivity. Larger composite sensitivities indicate the 
changes in those groups had a larger effect in the magnitude of 
residuals.

Sensitivities were analyzed for the following calibration 
targets: pre-1940 groundwater levels (1,462 targets), pre-1940 

base flows (38 targets), 1940–2010 groundwater levels 
(149,902 targets), and 1940–2010 base flows (22,169 targets). 
Because the 1940–2010 groundwater levels had the largest 
number of targets, they had the greatest effect on all parameter 
groups (fig. 14).

The calibration targets for pre-1940 and 1940–2010 
were most sensitive to modifications in the recharge param-
eter group (fig. 14), which could be due to the temporal setup 
of the model. The calibration targets varied by month, and, 
therefore, the recharge parameters were most likely to respond 
to target variation.

Simulation of Effect of Additional 
Groundwater Withdrawals on Future 
Stream Base-Flow, Evapotranspiration, 
and Storage Depletion

The calibrated phase three model was used to calculate 
future stream base flow, evapotranspiration and storage deple-
tion. Depletion maps are used to make water-resources man-
agement decisions within the ELM study area (Tylr Naprstek, 
Lower Loup NRD, written commun, 2012). Base-flow deple-
tions are a combination of induced recharge from the stream 
and captured groundwater discharge to the stream. Water 
pumped from a well initially draws water from storage in the 
aquifer, depleting water from all sides of the aquifer around 
the well. Over time the aquifer depletion expands further and 
further from the well, and can intercept other sources of water 
into and out of the aquifer, such as streams and ET (Barlow 
and Leake, 2012). Previous studies in the area (Peterson and 
others, 2008; Stanton and others, 2010) have shown the pri-
mary source of water being pumped by a hypothetical well in 
the ELM area was captured groundwater discharge that would 
have otherwise become stream base flow.

Depletion exists when a pumping well reduces ground-
water discharge to other aquifer outputs, such as storage, 
streams, or evapotranspiration (Jenkins, 1968). It is a function 
of time, location of the pumping well, storage coefficient and 
aquifer transmissivity, and the geometry of the aquifer and 
streams. When a well begins to pump water, the source of the 
water typically is storage, resulting in groundwater declines 
near the well (Theis, 1940). As pumping continues, the effect 
of the pumping well can expand, potentially causing increased 
inflow to the aquifer and decreased outflow from the aquifer 
(Stanton and others, 2010). The base-flow depletion calcula-
tions are generated by determining the percentage of water 
that was intercepted by pumping the additional hypothetical 
well in each model cell, therefore indicating simulated deple-
tion as a function of pumping-well location and duration of 
pumping.
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Future Baseline Simulation, 2011–60

The future baseline simulation represents the estimated 
future conditions without any changes after 2010 to the num-
ber and location of groundwater-irrigated acres, groundwater 
pumping, or canal seepage recharge. The baseline simulation 
continues the conditions at the end of the 1940–2010 simula-
tion period into the 2011–60 simulation period using the same 
spatial discretization as the 1940–2010 period. The calibrated 
aquifer properties from the pre-1940 and 1940–2010 peri-
ods were used as the aquifer properties in the future baseline 
simulation. The simulated water levels from the end of the 
1940–2010 calibration period were used as starting water 
levels for the future simulation. Calibrated streambed conduc-
tivity was used as the streambed conductivity for the future 
analysis streams. Input values for the future simulation period 
were the monthly 2009 inflows from the 1940–2010 calibrated 
simulation. These values were recharge from both precipita-
tion and canal seepage, and evapotranspiration. The 2009 val-
ues were chosen to represent the future conditions because 
they most closely represented the average climatic conditions 
for 1900–2010 during the 2000–10 period. It was important 
to select a year within 2000–10 period to replicate for the 
future simulation inflows because land use and surface-water 

diversions have not varied greatly during the final decade of 
the 1940–2010 period. 

The temporal discretization of the future baseline simula-
tion initially was set to monthly stress periods for the 2011–
60 period using the monthly values from 2009. The future 
simulation was converted to a single stress period model, 
using an average 2009 rate for each input, which produced 
similar results in the budget terms of the model and base-flow 
depletion. The monthly stress period model completed a single 
model run in about 4 hours. A single stress period model 
completed a model run in about half an hour. The conversion 
to a single stress period model drastically reduced computa-
tion time for the future period model. A comparison of the net 
budget terms for the monthly stress period model and single 
stress period model is shown in table 6, which shows that 
the mass balance and individual budget components are not 
greater than 1 percent between each model. The base-flow 
depletion for selected cells in the model simulation comparing 
monthly stress periods to a single stress period simulation is 
shown in figure 15. This figure illustrates the depletion rates 
follow the same patterns. The cells were chosen at random. 
The cells were assigned a unique cell code by combining the 
row and column placement of the cell. The cell locations are 
highlighted in figure 2.
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Figure 14.  Sensitivity results for the 
phase three model, Elkhorn and Loup 
River Basins, central Nebraska.



Simulation of Effect of Additional Groundwater Withdrawals on Future Stream Base-Flow, Evapotranspiration, and Storage Depletion    37

Depletion Analysis and Maps

A base-flow depletion map for 2011–60 was generated by 
simulating an additional hypothetical well in each cell within 
the model area; each additional well is assumed to withdraw 
water at a continuous rate throughout the entire simulation 
period. The future simulation for the phase three model was 
developed to update the base-flow depletion map from Stanton 
and others (2010). The purpose of recalculating the base-flow 
depletion map for phase three was to reanalyze the depletion 
percentages with the decreased cell size and additional layer 
used in the phase three model. The phase two depletion analy-
sis focused on the Elkhorn and Loup River Basins (fig. 1), 
approximately 17,700 mi2. The phase three depletion analysis 
calculated depletion for additional areas outside of the Elkhorn 
and Loup River Basins, yet still within the model boundary, 
which was approximately 29,000 mi2.

Depletion was determined by pumping a single well 
in the designated pumping layer from the calibrated model 
in each active cell at a continuous rate of 1 cubic foot per 
second (ft3/s) for 2011–60. Base-flow depletion was calculated 
for 117,814 cells. Of these cells, approximately 1,800 were 
excluded from depletion mapping because of their proxim-
ity to the Niobrara, Platte, or Platte tributaries, or they were 
located in areas with little saturated thickness close to the 
model boundary. The Niobrara River is the northern-most 
boundary of the model, and simulation results could be 
affected by the model boundary conditions in the immediate 

area. Depletion analysis was not included on the figure for the 
cells adjoining and including the Platte River and the Platte 
River tributaries because the Platte River was simulated as 
fixed water-level cells in the model, and the stream cells for 
the tributaries were assumed to contribute to Platte River 
depletion which was outside the scope of the project. The 
percentage of hypothetical well withdrawal corresponding to 
simulated base-flow depletion in the Elkhorn and Loup River 
Basins for 2011 through 2060 is shown in figure 16. 

The base-flow depletion analysis for the phase three 
model indicated that the base-flow depletion from pumping 
a hypothetical well for 50 years was greatest in areas clos-
est to the stream (fig. 16). Base-flow depletions more than 
10 to 12 mi from a stream usually were less than 10 percent 
(fig. 16). Areas of stream base-flow depletion percentages 
greater than 80 percent were generally within 1 mi from the 
stream (fig. 16). The distance increased to 6 mi near the con-
fluence of the Dismal and Middle Loup Rivers, and the North 
Loup and Calamus Rivers (fig. 16). The percentage of stream 
base-flow depletion decreased as the distance from the stream 
increased. Base-flow depletion was not uniform along streams 
because depletion was affected by the heterogeneity of the 
simulated aquifer system.

The results of the base-flow depletion analysis for the 
phase three model followed similar patterns to that of Stan-
ton and others (2010); however, some differences are worth 
noting. Base-flow depletion was similar in most areas, and 
the highest depletion took place in areas adjacent to streams; 
however, more depletion resulted from simulated pumping 
wells in areas north of the Elkhorn River near the Niobrara 
tributaries, which were not included in Stanton and others 
(2010). Additionally, depletion in the phase three model was 
not as high along many streams as it was in Stanton and others 
(2010), which is due to the adjustments in calibration from 
grid discretization and boundary conditions. This allows for 
depletion effects to be restrained to smaller areas. Base-flow 
depletion (fig. 16) in the phase three model was lower along 
the dissected plains rivers (fig. 10). The calibrated phase three 
model performed best when the dissected plains streambed 
conductivity was decreased to 0.06 ft/d, limiting the amount 
of interchange between the groundwater and surface-water 
systems. Additionally, base-flow depletion in the phase three 
model decreased along the South Fork Elkhorn River (fig. 1). 
Depletion is lower in this area because more evapotranspira-
tion was simulated in the area in the phase three model. The 
pumping well affected both the stream base-flow depletion and 
evapotranspiration depletion in this area.

Not all water intercepted by the additional hypotheti-
cal wells was stream base flow. Groundwater withdrawals by 
the additional hypothetical wells also resulted in depletions 
to evapotranspiration (fig. 17A) and depletions from storage 
(fig. 17B).

The evapotranspiration depletion map from hypothetical 
well withdrawal for 2011–60 (fig. 17A) from the phase three 
model is slightly different from the similar map in Stanton 
and others (2010). The spatial distribution of percentage of 

Table 6.  Comparison of single stress period and monthly 
stress period budgets for the 2011–60 future baseline 
simulation, phase three, Elkhorn and Loup groundwater-flow 
model, central Nebraska.

Single stress period

Inflows, in thousands of  
acre-feet per year

Outflows, in thousands of  
acre-feet per year

Groundwater 
storage

794 Constant heads 42

Reservoirs 12 Wells 2,372
Recharge 6,312 Evapotranspiration 886

Streams 3,818

Total 7,118 7,118

Monthly stress periods

Inflows, in thousands of  
acre-feet per year)

Outflows, in thousands of  
acre-feet per year

Groundwater 
storage

792 Constant heads 42

Reservoirs 12 Wells 2,372
Recharge 6,286 Evapotranspiration 866

Streams 3,808

Total 7,090 7,090

Simulation of Effect of Additional Groundwater Withdrawals on Future Water Budget Components
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depletion of evapotranspiration in the phase three model 
indicates similar patterns as Stanton and others (2010), but 
the phase three future simulation extent is greater because the 
hypothetical additional wells were across a larger model area, 
as opposed to only in the Elkhorn and Loup River Basins as in 
Stanton and others (2010). In addition, the overall evapotrans-
piration extent was not as great for phase two because of the 
discretization changes between the models. Evapotranspiration 
depletion was largest in areas closest to streams, specifically 
in the Elkhorn River watershed. It was also larger in areas of 
interdunal wetlands within the Sand Hills. Evapotranspira-
tion depletion was negligible in areas greater than 5 mi from 
a stream, with the exception of interdunal areas in Cherry, 
Grant, and Arthur Counties. The areas of higher evapotranspi-
ration depletion in the phase three model coincide with areas 
of concentrated evapotranspiration cells, which reflect areas 

of interdunal wetlands (U.S. Fish and Wildlife Service, 2017; 
Mitsch and Gosselink, 2007). These wetlands were better 
represented in the phase three model because of the smaller 
grid cell sizes.

The groundwater storage depletion from hypothetical 
well withdrawal for 2011–60 (fig. 17B) for the phase three 
model is more widespread than that of Stanton and others 
(2010), which might be because of the extra model area that 
was analyzed and the difference in distribution associated 
with evapotranspiration in the phase three model compared 
to Stanton and others (2010). The storage depletion percent-
age increased as the distance from a stream increased. Stor-
age depletion was largest in areas between streams (fig 17B). 
Areas experiencing the smallest amount of storage depletion 
were adjacent to streams, as most of the depletion in those 
areas occurred to streamflow and evapotranspiration.rol17-0036_fig15
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Model Assumptions
Using MODFLOW to simulate groundwater-flow 

systems through finite-difference solution techniques implies 
many assumptions (Harbaugh, 2005). Several specific assump-
tions related to the ELM study objectives are presented here. It 
is assumed that the aquifer and its sources and sinks of water, 
such as streams, withdrawal, and recharge, can be appropri-
ately simulated using grid cells that are one-half mile by one-
half mile in size, and aquifer properties are uniform within the 
area of each grid cell. Some aquifer properties are known to 
change for distances of less than half a mile, but this assump-
tion is appropriate for the model because it is meant to be used 
for regional management scenarios. It also is assumed that the 
groundwater-flow system, before major anthropogenic effects, 
was in long-term equilibrium, which can be approximated 
using a 1,000-year transient stress period. Because no sub-
stantial anthropogenic effects would have been present in the 
system before major groundwater development before 1940, 
groundwater levels from pre-1940 would have represented 
the integration of climate effects of the previous decades or 
centuries.

Model Limitations
The phase three model represents a simplification of 

a complex natural system and, despite improvements since 
Stanton and others (2010), it is limited by data availability, 
discretization of the system in space and time, and the assump-
tions made as part of the finite-difference model approach 
(Harbaugh, 2005). Daily precipitation and temperature data 
used for estimating recharge and irrigation well withdrawal 
were distributed between weather stations using a simple inter-
polation method (Westenbroek and others, 2010). Simulated 
recharge from the SWB code is highly sensitive to changes 
in precipitation (Stanton and others, 2011). Therefore, better 
methods for defining daily climate data or adjusting interpo-
lated precipitation values within the expected range of uncer-
tainty between weather stations for the modeled period could 
improve calibration results.

A limitation of the phase three model is that the SWB and 
MODFLOW-NWT programs used for the phase three model 
do not represent the complete hydrologic system because the 
programs do not fully couple landscape, surface-water, and 
groundwater processes to allow feedback between all com-
ponents of the hydrologic system during the simulation. For 
example, neither the SWB nor MODFLOW packages used in 
the phase three model represent unsaturated zone properties or 
processes between the root zone and the water table; instead, 
the phase three model assumed recharge simulated by the 
SWB code reaches the water table immediately.

The SWB code provides estimated well pumping based 
on crop type, soil type, and precipitation. An assumption in 
the SWB code is that an irrigator will use only the amount of 

water required for the crop. It is likely that pumping was over 
or underestimated by SWB compared to what the irrigator 
actually used.

The phase three model is designed to simulate regional-
scale hydrologic conditions and cannot represent local-scale 
processes. Future simulation periods depend on the representa-
tion of hydrologic conditions that were simulated for historical 
periods. Future simulations are a representation of how the 
resources could behave under defined stress conditions and 
should not be considered a forecast of future conditions.

This model was constructed to simulate groundwater 
flow in the central Nebraska region from pre-groundwater 
and surface water development through 2010 and should be 
used only as a tool to inform readers on groundwater flow. 
The future conditions are hypothetical and developed only to 
determine the effect of additional groundwater withdrawals 
for irrigation on stream base flow. Using these models for any 
other purpose, such as contaminant transport or individual 
well response analysis, is not advised.

Summary

The U.S. Geological Survey designed and completed 
the phase three modeling study in cooperation with the 
Lewis and Clark, Lower Elkhorn, Lower Loup, Lower Platte 
North, Middle Niobrara, Upper Elkhorn, and Upper Loup 
Natural Resources Districts. The phase three model area is a 
30,000-square mile area of the High Plains aquifer in central 
Nebraska. This study was an enhancement of the regional 
groundwater-flow model documented in the previous phase 
two model; the enhancements were an increase in the spatial 
and temporal discretization of the previous model to improve 
understanding of the stream-aquifer conditions and to quantify 
the effects of groundwater withdrawal from 2011 to 2060 by 
hypothetical additional wells on future stream base flow in 
the Elkhorn and Loup River Basins. The model documented 
in this report incorporated new spatial and temporal discreti-
zation and used the Soil-Water Balance code to estimate 
recharge and groundwater withdrawals for irrigation. This 
model incorporated newly collected data, which were not 
included in the previous model, to aid in the expansion of the 
temporal discretization. The publication of the base of the 
Plio-Pleistocene sediments allowed for the expansion of the 
model into two layers. This report summarizes the refinements 
to the previous model, the components of the phase three 
model, and the phase three model results.

The phase three groundwater-flow model was constructed 
for the study area using half-mile grid cell spacing horizon-
tally and two layers vertically. The active model extent was 
the same size as the previous model. The active model domain 
for the phase three model was divided into of 235,643 active 
grid cells. The model was calibrated to match groundwater 
level and base-flow data from the stream-aquifer system from 
pre-1940 through 2010 (including predevelopment [pre-1895], 
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early development [1895–1940], and historical development 
[1940 through 2010] conditions) using an automated parame-
ter-estimation method.

The calibration results of the pre-1940 period indicated 
that 83 percent of the simulated groundwater levels were 
within 30 feet of the measured groundwater levels. Calibration 
results using 1940 through 2010 groundwater levels indicated 
that 75 percent of the simulated groundwater levels were 
within 15 feet from measured groundwater levels. Stream 
base-flow trends generally were reproduced by the model at 
most sites.

The calibrated model was used to develop a future 
simulation based on the 2009 inputs and 1940–2010 calibrated 
data. This future simulation was developed to determine pos-
sible effects of groundwater withdrawals on stream base flow, 
similar to the previous model simulation. A map of simulated 
stream base-flow depletion as a percentage of water pumped 
from an additional hypothetical well from 2011 through 2060 
was generated. Simulated base-flow depletion results indicate 
depletions of less than 10 percent of withdrawal in 50 years in 
areas that are about 10 miles or farther from the Elkhorn and 
Loup Rivers and their tributaries. Evapotranspiration depletion 
was largest in areas closest to streams, specifically in the Elk-
horn River watershed. It was also larger in areas of interdunal 
wetlands within the Sand Hills. Evapotranspiration depletion 
was negligible in areas greater than 5 miles from a stream, 
with the exception of interdunal areas in Cherry, Grant, and 
Arthur Counties. The groundwater storage depletion percent-
age increased as the distance from a stream increased. Areas 
experiencing the smallest amount of storage depletion were 
adjacent to streams. Calibrated model outputs and streamflow 
depletion analysis is publicly available online.

The model documented in this report has limitations, 
as do all tools used to analyze complex natural systems. The 
model reflects the input-data limitations, system simplifica-
tions, simulation assumptions, and computer resources avail-
able at the time of construction and calibration. Development 
of this regional model focused on generalized hydrogeologic 
characteristics within the study area and did not attempt to 
describe variations important to local-scale conditions. The 
regional model is most appropriate for analyzing groundwater-
management scenarios for large areas and during long periods 
and is not reliable for analyzing small areas or periods shorter 
than those used in building the model.
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Appendix Figures

Graphs of estimated and simulated stream base flows for four streamgages were included 
in the “Calibration Targets and Results, Stream Base Flows” section (fig. 13). Data from 
235 streamgages were used as calibration targets. Of these streamgages, 184 were single-
measurement stations. A total of 51 of the streamgages contained a record of more than two 
measurements. The locations of the 51 streamgages are shown on figure 1.1. The multi-mea-
surement streamgage graphs are presented herein for additional detail (figs. 1.2 to 1.52). These 
graphs show that the simulation reproduced the observed temporal trends in base flow, as 
shown by the local weighted regression (LOWESS) curves on the graphs (Cleveland, 1979; Cleve-
land and Devlin, 1988). LOWESS curves were used to visually compare the trends of simulated 
and estimated base flow to ensure the model was properly capturing groundwater discharge to 
streams.
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Figure 1.2.  Snake River at Doughboy, 
Nebraska (U.S. Geological Survey 
streamgage 06459175).

St
re

am
 b

as
e 

flo
w

, i
n 

cu
bi

c 
fe

et
 p

er
 s

ec
on

d

Year

19
61

19
62

19
62

19
63

19
64

19
64

19
65

19
65

19
66

19
66

19
67

19
67

19
68

19
69

19
69

19
70

19
70

19
71

19
71

19
72

19
72

19
73

19
73

19
74

19
75

19
75

19
76

19
76

19
77

19
77

19
78

19
78

19
79

19
79

19
80

19
81

19
81

19
82

Snake River above Merritt Reservoir, Nebraska (06459200)

LOWESS simulated
LOWESS estimated
Simulated
Estimated

EXPLANATION

0

50

100

150

200

250

Figure 1.3.  Snake River above Merritt 
Reservoir, Nebraska (U.S. Geological Survey 
streamgage 06459200).
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Figure 1.4.  Snake River near Burge, Nebraska 
(U.S. Geological Survey streamgage 06459500).
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Figure 1.5.  Niobrara River near Sparks, 
Nebraska (U.S. Geological Survey 
streamgage 06461500).

St
re

am
 b

as
e 

flo
w

, i
n 

cu
bi

c 
fe

et
 p

er
 s

ec
on

d

Year

19
52

19
53

19
54

19
55

19
56

19
58

19
59

19
60

19
61

19
62

19
63

19
64

19
65

19
66

19
67

19
69

19
70

19
71

19
72

19
73

19
74

19
75

19
76

19
77

19
78

19
79

19
81

19
82

19
83

19
84

19
85

19
86

19
87

Niobrara River near Norden, Nebraska (06462000)

0

200

400

600

1,200

800

1,000

LOWESS simulated
LOWESS estimated

Simulated
Estimated

EXPLANATION

Figure 1.6.  Niobrara River near Norden, 
Nebraska (U.S. Geological Survey 
streamgage 06462000).
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Figure 1.7.  Long Pine Creek near Long 
Pine, Nebraska (U.S. Geological Survey 
streamgage 06463080).
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Figure 1.8.  North Branch Verdigre Creek near 
Verdigre, Nebraska (U.S. Geological Survey 
streamgage 06465680).
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Figure 1.9.  Bazile Creek at Center, Nebraska 
(U.S. Geological Survey streamgage 06466400).
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Figure 1.10.  Bazile Creek near Niobrara, 
Nebraska (U.S. Geological Survey 
streamgage 06466500).



52    Simulation of Groundwater Flow, 1895–2010, in the Elkhorn and Loup River Basins, Central Nebraska—Phase Three

St
re

am
 b

as
e 

flo
w

, i
n 

cu
bi

c 
fe

et
 p

er
 s

ec
on

d

Year

19
39

19
41

19
43

19
46

19
48

19
50

19
52

19
54

19
56

19
59

19
61

19
63

19
65

19
67

19
70

19
72

19
74

19
76

19
78

19
81

19
83

19
85

19
87

19
89

19
92

19
94

19
96

19
98

20
00

20
02

20
05

20
07

Birdwood Creek near Hershey, Nebraska (06692000)

LOWESS simulated
LOWESS estimated
Simulated
Estimated

EXPLANATION

0

50

100

150

Figure 1.11.  Birdwood Creek near 
Hershey, Nebraska (U.S. Geological Survey 
streamgage 06692000).
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Figure 1.12.  Wood River near Riverdale, 
Nebraska (U.S. Geological Survey 
streamgage 06771000).
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Figure 1.13.  Wood River near Gibbon, 
Nebraska (U.S. Geological Survey 
streamgage 06771500).
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Figure 1.14.  Wood River near Alda, Nebraska 
(U.S. Geological Survey streamgage 06772000).
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Figure 1.15.  Middle Loup River at 
Seneca, Nebraska (U.S. Geological Survey 
streamgage 06775000).

St
re

am
 b

as
e 

flo
w

, i
n 

cu
bi

c 
fe

et
 p

er
 s

ec
on

d

Year

19
46

19
47

19
49

19
50

19
52

19
54

19
55

19
57

19
59

19
60

19
62

19
64

19
65

19
67

19
69

19
70

19
72

19
73

19
75

19
77

19
78

19
80

19
82

19
83

19
85

19
87

19
88

19
90

19
92

19
93

19
95

19
96

19
98

20
00

20
01

20
03

20
05

20
06

20
08

Middle Loup River at Dunning, Nebraska (06775500)

LOWESS simulated
LOWESS estimated
Simulated
Estimated

EXPLANATION

0

100

300

200

600

500

400

Figure 1.16.  Middle Loup River at 
Dunning, Nebraska (U.S. Geological Survey 
streamgage 06775500).
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Figure 1.17.  Dismal River at Thedford, 
Nebraska (U.S. Geological Survey 
streamgage 06775900).
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Figure 1.18.  Dismal River near Gem, Nebraska 
(U.S. Geological Survey streamgage 06776000).
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Figure 1.19.  Dismal River at Dunning, 
Nebraska (U.S. Geological Survey 
streamgage 06776500).
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Figure 1.20.  Middle Loup River near 
Milburn, Nebraska (U.S. Geological Survey 
streamgage 06777000).
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Figure 1.21.  Middle Loup River at 
Arcadia, Nebraska (U.S. Geological Survey 
streamgage 06779000).
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Figure 1.22.  Middle Loup River at 
Rockville, Nebraska (U.S. Geological Survey 
streamgage 06780000).
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Figure 1.23.  South Loup River near 
Cumro, Nebraska (U.S. Geological Survey 
streamgage 06782000).
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Figure 1.24.  South Loup River at Ravenna, 
Nebraska (U.S. Geological Survey 
streamgage 06782500).
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Figure 1.25.  Mud Creek near Sweetwater, 
Nebraska (U.S. Geological Survey 
streamgage 06783500).
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Figure 1.26.  South Loup River at Saint 
Michael, Nebraska (U.S. Geological Survey 
streamgage 06784000).
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Figure 1.27.  Oak Creek near Dannebrog, 
Nebraska (U.S. Geological Survey 
streamgage 06784500).
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Figure 1.28.  Middle Loup River near Saint 
Paul, Nebraska (U.S. Geological Survey 
streamgage 06785000).
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Figure 1.29.  North Loup River near 
Brewster, Nebraska (U.S. Geological Survey 
streamgage 06785500).
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Figure 1.30.  North Loup River at Taylor, 
Nebraska (U.S. Geological Survey 
streamgage 06786000).

St
re

am
 b

as
e 

flo
w

, i
n 

cu
bi

c 
fe

et
 p

er
 s

ec
on

d

Year

19
51

19
52

19
52

19
52

19
52

19
53

19
53

19
53

19
53

19
54

19
54

19
54

19
55

19
55

19
55

19
55

19
56

19
56

19
56

19
56

19
57

19
57

19
57

19
58

19
58

19
58

19
58

19
59

19
59

19
59

19
59

19
60

19
60

19
60

19
61

19
61

19
61

North Loup River at Burwell, Nebraska (06786500)

0

100

600

500

400

300

200
LOWESS simulated
LOWESS estimated
Simulated
Estimated

EXPLANATION

Figure 1.31.  North Loup River at Burwell, 
Nebraska (U.S. Geological Survey 
streamgage 06786500).
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Figure 1.32.  Calamus River near Harrop, 
Nebraska (U.S. Geological Survey 
streamgage 06787000).
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Figure 1.33.  Calamus River near Burwell, 
Nebraska (U.S. Geological Survey 
streamgage 06787500).
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Figure 1.34.  North Loup River at Ord, 
Nebraska (U.S. Geological Survey 
streamgage 06788500).
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Figure 1.35.  North Loup River at Scotia, 
Nebraska (U.S. Geological Survey 
streamgage 06788500).
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Figure 1.36.  North Loup River near 
Cotesfield, Nebraska (U.S. Geological Survey 
streamgage 06790000).
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Figure 1.37.  North Loup River near Saint 
Paul, Nebraska (U.S. Geological Survey 
streamgage 06790500).
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Figure 1.38.  Cedar River near Spaulding, 
Nebraska (U.S. Geological Survey 
streamgage 06791500).
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Figure 1.39.  Cedar River at Belgrade, 
Nebraska (U.S. Geological Survey 
streamgage 06791800).
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Figure 1.40.  Cedar River near Fullerton, 
Nebraska (U.S. Geological Survey 
streamgage 06792000).
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Figure 1.41.  Loup River near Genoa, Nebraska 
(U.S. Geological Survey streamgage 06793000).
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Figure 1.42.  Beaver Creek at Loretto, 
Nebraska (U.S. Geological Survey 
streamgage 06793500).
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Figure 1.43.  Beaver Creek at Genoa, Nebraska 
(U.S. Geological Survey streamgage 06794000).
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Figure 1.44.  Elkhorn River near Atkinson, 
Nebraska (U.S. Geological Survey 
streamgage 06796973).
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Figure 1.45.  Holt Creek near Emmet, Nebraska 
(U.S. Geological Survey streamgage 06796978).
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Figure 1.46.  Elkhorn River at Ewing, Nebraska 
(U.S. Geological Survey streamgage 06797500).
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Figure 1.47.  South Fork Elkhorn River near 
Ewing, Nebraska (U.S. Geological Survey 
streamgage 06798000).
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95Figure 1.48.  Clearwater Creek near 

Clearwater, Nebraska (U.S. Geological Survey 
streamgage 06798300).
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Figure 1.49.  Elkhorn River at Neligh, Nebraska 
(U.S. Geological Survey streamgage 06798500).
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Figure 1.50.  Elkhorn River at Norfolk, 
Nebraska (U.S. Geological Survey 
streamgage 06799000).
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Figure 1.51.  Willow Creek near Foster, 
Nebraska (U.S. Geological Survey 
streamgage 06799080).
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Figure 1.52.  North Fork Elkhorn River near 
Pierce, Nebraska (U.S. Geological Survey 
streamgage 06799100).
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