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Dear Jay:

Subject:  Groundwater Model Review for the Upper Big Blue Natural Resources District
(LBBNRD)

As you requested, Hemenway Croundwater Engineering, Inc. (HGE) is pleased to submil
this letter documenting the consulting services provided for the UBBNRD regarding your
ongeing groundwater model development. HGE's Scope of Work {SOW) for consulting
services was related to the review of the current groundwater computer model for the
UBBNRD. The model is a sub-regional model of the area covered by the Eastern Model
Lait (EMU) developed by the Nebraska Cooperative Hydrology Study (COHYST). The
model utilizes the Groundwater Modeling System (GMS) pre- and post-processor modeling
system and the United States Geological Survey (USGS) finite difference model MODFLOW
2000. The grids in the model are 1,320 feet by 1,320 feet or 40 acres per model grid, which is
a refinement of the COHYST EMU model grid size of 2,64) feet by 2,640 fect. The focus of
the UBBN RID model is to determine the depletion to the Platte River from wells, which
represents 10 percent flow from the river after 50 years of well pumping. To determine the
depletions, a baseline transient model was run without any wells pumping. Following the
baseline run, the model was run numerous times with one well pumping at a new location
at each model run. The depletions were caleulated after each model run as a function of the
distance of the well from the Platte River, and the 10 percent depletion line was mapped.
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provided additional studies and information, model refinements, and improvements to the
current COHYST EMU groundwater model. With these revisions and improvements, the
current UBBNRD groundwater model meets the industry standards for groundwater
modeling practces.
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INTRODUCTION

This report discusses development and application of a groundwater model for a region
that lies within the boundary of the Cooperative Hydrology Study (COHYST) eastern regional
groundwater model* in Nebraska. The geographic area modeled is shown on Figure 1 and
includes all, or portions of, Platte, Polk, York, Nance, Merrick, Hamilton, Clay, Nuckolls,
Howard, Hall, and Adams Counties. The modeled area overlays portions of the Upper Big Blue,
Central Platte, and Little Blue Natural Resources Districts. The total land surface within the
model boundary is approximately 7,520 square miles (4.8 million acres).
PURPOSE

The purpose of this model is to provide a method for calculating the potential increase in
the rate of flow from the Platte River to the underlying aquifer due to groundwater pumping near
the Platte River within the Upper Big Blue Natural Resources District. The model is used to
define a boundary encompassing the area within which a well pumping groundwater could
increase flow from the Platte River to the underlying aquifer by an amount equal to, or greater
than, 10 percent of the volume pumped over a period of 50 years. For purposes of determining
whether or not a river basin is fully appropriated °, the Nebraska Department of Natural
Resources considers that wells within the 10 percent / 50-year boundary are hydrologically
connected to the river.
CONCEPTUAL MODEL

The model boundaries are defined with a series of fixed flow arcs that specify flow into or
out of the model, depending upon the direction and slope of the groundwater gradient at the
boundary. The Platte River is defined with a series of river arcs which specify the river bed
conductance, river bed thickness, and river stage. The model cells intersected by the river arcs
are defined by the model as a series of point source river cells, each with its own conductance
value. The model cells intersected by the fixed flow boundary arcs are defined by the model as a

series of wells that are either source (injection) or sink (withdrawal), depending on whether the

S. M. Peterson, Groundwater Flow Model of the Eastern Model Unit of the Nebraska Cooperative
Hydrology Study (COHYST) Area, 2005.

Nebraska Department of Natural Resources, Proposed Rule pursuant to Neb. Rev. Stat. §46-713.
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boundary flow is into or out of the model at that point. The amount of river to aquifer flow

induced by pumping is tested with a single well, which is moved from cell to cell parallel to the

Platte River, at varying distances from the river. Other streams within the model boundary, such

as the Big Blue River and its tributaries, including the West Fork Big Blue River, Lincoln Creek,

and Beaver Creek, are not included in the model. The bed conductances of these rivers and
streams are very low, approximately 0.0079 ft*/day, and have minimal connectivity to the
underlying aquifer® and the Platte River. Areal sources and sinks included in this model are
recharge from precipitation, and evapotranspiration from rooted plants located in wet meadows
near the Platte River. The model geology is represented by five unconfined layers. The
numerical flow model is based on the following basic assumptions:

. At the scale in which this model is constructed, flow in the aquifer obeys Darcy’s Law
and mass and energy are conserved.

. Since the modeled fluid is groundwater, having a temperature in the range of 50 degrees
Fahrenheit, the density and viscosity of water are constant over time and space.

. Parameters are uniform within each cell, and represent an estimate of their average value
within the cell.

. The interchange of water between the aquifer and Platte River can be adequately
simulated as one-dimensional flow through a discrete streambed layer. This
conceptualization is appropriate over the scale at which this model is constructed.

. Hydraulic conductivity in the horizontal plane is isotropic; however, hydraulic
conductivity in the vertical direction is not equal to hydraulic conductivity in the
horizontal direction. The horizontal to vertical anisotropic ratio is assigned a value of 10
(i.e. horizontal hydraulic conductivity is ten times greater than vertical hydraulic

conductivity), unless otherwise noted.

Xun Hong Chen, River Bed Conductance Studies - West Fork Big Blue River and Platte River in
Nebraska, University of Nebraska Conservation and Survey Division, 2005.

3



GEOLOGIC AND HYDROSTRATIGRAPHIC UNITS

The model has five unconfined geologic layers. The layer definitions are consistent with
those documented in the COHYST aquifer characterization report’. The model layers consist
primarily of Quaternary deposits of Pleistocene alluvium, Pleistocene and Holocene loess,
Holocene dune sand, and Holocene valley fill. Valley fill deposits are found along the Platte
River and consist of gravel, sand, and silt. Alluvial deposits, which typically support high
capacity wells, are found throughout the model area. In topographic bedrock highs these deposits
are generally thinner, and produce lower yielding wells. Loess deposits are found throughout the
model area, and the thickest deposits are located along the Platte River bluffs. The deposits
become thinner as they approach the Platte River north of the loess bluffs. The Platte River bed
contains a low permeability loess layer at about 10 to 20 feet below the current streambed
surface®. The bedrock formation at the bottom of Layer 5 consists of shale, chalk, limestone,
siltstone, and sandstone of Cretaceous age. These bedrock materials transmit very little water,
and for modeling purposes are considered to be impermeable.

The model layers are numbered 1 through 5. Unit 1 is the top layer, and Unit 5 is the

bottom layer. The layers used in this model are described as follows:

. Layer 1 Top layer consisting of upper Quaternary age silt and clay with some sand
and gravel

. Layer 2 Middle Quaternary age sand and gravel

. Layer 3 Lower Quaternary age silt and clay with some sand and gravel

. Layer 4 Upper Tertiary age silt and clay with some sand and gravel

. Layer 5 Middle Tertiary age sand and gravel underlain with bedrock materials

consisting of shale, chalk, limestone, siltstone, and sandstone

J. C. Cannia, D. Woodward, L. Cast, and R. L. Luckey, Cooperative Hydrology Study COHYST
Hydrostratigraphic Units and Aquifer Characterization Report, November 2004.

See geoprobe electric logs shown in Appendix B
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MODEL DESCRIPTION

The groundwater model is a three-dimensional finite difference computer model
developed around the MODFLOW?, Version 2000, groundwater modeling software enclosed
within EMSI GMS'", Version 5.1. The GMS software includes a pre-processor to read input data
and place it in the model according to MODFLOW format requirements. GMS also does some
post-processing of output in both graphical and numerical forms. The units of measure used in
this model include feet for linear measure, days for time, feet per day for velocity, cubic feet for
volume, and cubic feet per day for flow rate.
Model Grid

The model grid has 120,330 cells per layer. Each cell measures 1,320 feet per side, and
covers an area of approximately 40 acres. Model feature locations are geo-referenced in the
horizontal plane to the Nebraska State Plane Coordinate System, NAD 83 - feet. Top and bottom
elevations of each layer are referenced to USGS mean sea level datum.
Modules

The MODFLOW software is modular in the sense that various modules (packages) can be
activated for any particular modeling situation. The modules used in this model include river,
well, recharge, and evapotranspiration.
River Module

The Platte River is simulated in this model as a series of arcs, connected at their upstream
and downstream ends at nodes, with a combined length of 87.8 miles. Attributes associated with
the arcs and nodes specify the river bed conductance, bottom of river bed elevation, and river
stage. The hydrologic properties (K, S,) of model cells identified as river cells (cells crossed by
river arcs), and located in Layer 1, are adjusted to match the hydrologic properties of the
underlying cell in Layer 2. In this way there is a direct connection of the Platte River bed to the

aquifer, and the only limitation on inter-connectivity between the river bed and underlying

M. G. McDonald and A.W. Harbaugh, Modular Three-Dimensional Finite-Difference
Groundwater Flow Model, U.S. Geological Survey, 1984.

Groundwater Modeling System (GMS), Environmental Modeling Systems, Inc. (EMSI), Park City,
Utah.



aquifer is river bed conductance. River bed conductance is a function of river bed length, width,
bed thickness, and hydraulic conductivity. MODFLOW uses the following equation'’ to

calculate bed conductance:

EQ. 1 C=kxLxW)/M
For each river arc “n”:

C, = streambed conductance (ft*/d/ft)

k,, = vertical hydraulic conductivity of the streambed (ft/d)

L, = length of the streambed (ft)

W, = width of streambed (ft)

M,, = thickness of streambed (ft)
For this model, the value of river bed conductance at each river arc is set at the same value as
used in the COHYST Eastern Regional Model, except where detailed testing indicates the value
should be different. The values established by testing were determined based on geoprobe and
permeameter tests conducted by the University of Nebraska Conservation and Survey Division.
Geoprobe electric logs, hydraulic conductivities, and bed conductance calculations are shown in
Appendix B of this report. Platte River bed conductances used in this model are set at 11 ft*/d/ft
in reaches where testing is completed. River bed conductances in the remaining reaches vary
from 20 ft*/d/ft to 30 ft*/d/ft.
Well Module

The potential increase in induced flow from the Platte River to the underlying aquifer,

due to groundwater pumping near the Platte River, is tested with this model by placing a
simulated pumping well at alternate cell locations, operating the model for a 50-year period at
each location, and calculating the change in the water budget when compared with the baseline
condition. The initial baseline condition is simulated with no pumping well.

For these simulations, pumping is assumed to be from Layer 2, the volume of water

Documentation of a Computer Program to Simulate Stream-Aquifer Relations Using a Modular,
Finite Difference, Groundwater Flow Model, U.S. Geological Survey, Open-File Report 88-729,
1989.



pumped is set at 160 acre-feet per year, and the pumping rate is set to be continuous at 19,094.79
cubic feet per day. This volume of groundwater is approximately the average amount of water
pumped in one year to irrigate a quarter section of crop. A gravity irrigated system would pump
slightly more volume on average, and a pivot irrigated system would pump slightly less volume
on average, based on the District’s records of irrigation water use. Although irrigation systems
typically operate at a higher pumping rate, are operated on an intermittent pumping schedule, and
only operate for a few months per year, a continuous lower pumping rate is used to simplify the
modeling process. The volume of water pumped per year would be the same with either
continuous or transient pumping schedules. The continuous pumping schedule is not expected to
give significantly different results than a transient pumping schedule would yield. Some
comparisons of continuous and transient pumping were made to confirm this conclusion.

Recharge Module

Recharge is modeled as an areal source of inflow to the aquifer, and includes the amount
of precipitation that percolates from the surface through Layer 1 into Layer 2. The recharge rate
used in this model, in feet per day, is interpolated from the COHYST Eastern Model, pre-
development period, scatter point data set. The scatter point file is derived from the COHYST
EMU model and interpolated to this model’s 2-dimensional grid. The 2D data set is imported to
the MODFLOW model recharge array. The recharge point of application option is set to the
highest active layer at each grid cell. For this model, the minimum recharge rate is 0.000222 feet
per day (0.97 inches per year), and the maximum rate is 0.000557 feet per day (2.44 inches per
year). The mean rate is 0.000222 feet per day (0.972 inches per year). The recharge rate is held
constant throughout the modeled time period, and does not vary from stress period to stress
period.

Evapotranspiration Module

Evapotranspiration (ET) is modeled as the amount of groundwater extracted from the
aquifer by rooted vegetation, and then evaporated from the plant canopy to the atmosphere
external from the model. For this model ET is considered to be an areal sink; i.e., outflow from
the model space. The ET rate data set used in this model is interpolated from the COHYST

Eastern Model pre-development data set. A scatter point file is produced from the COHYST



EMU model and interpolated to this model’s 2-dimensional grid. The 2D data set is then
imported to the MODFLOW model ET array. The point of ET withdrawal is the top of Layer 1,
and the extinction depth is set at a specified depth (nominally 7 feet) below the top of Layer 1.
For this sub-regional model, the minimum ET rate is 0.00 feet per day, and the maximum rate is
0.002993 feet per day (13.1 inches per year). The rate of evapotranspiration is held constant
throughout the modeled time period, and does not vary from stress period to stress period.

Wetland areas, mostly located near the Platte River, are treated as groundwater sinks,
where groundwater can be removed from the model space by plant evapotranspiration. The
evapotranspiration rate, extinction depth, and active ET layer are interpolated to the model 2D
grid from COHYST EMU scatter point data sets. Areas that have potential for significant
evapotranspiration are selected using 1997 land use mapping data for wetlands (Dappen and
Tooze, 2001), and also by defining areas where the depth to groundwater is on average 7 feet or
less below land surface, according to USGS long-term depth to water data (U.S. Geological Survey
National Water Information System, 1999).
Boundary Conditions

The model is bounded vertically by land surface at the top of Layer 1 and bedrock at the
bottom of Layer 5. The model is bounded horizontally by fixed flow boundaries. A fixed flow
boundary is a boundary where the flow is specified prior to the simulation and held constant
throughout the simulation (McDonald and Harbaugh, 1988). At fixed flow boundaries the
simulated water level can change, but flow across the boundary does not change. The northern
model boundary is aligned with the Loup River and the southern boundary is aligned with the
Little Blue River and southern boundary of Adams County. The eastern model boundary is
aligned with the eastern boundaries of York and Polk Counties, and the western boundary is
aligned with the western boundaries of Hall and Adams Counties, as shown on Figure 1. The
rate of flow through each model boundary, in cubic feet per day, is calculated using the Darcy

Equation.



EQ2 Qn:kn'jn’ﬂn

€C_.9

For each boundary arc “n
Q, = fixed rate of flow through the boundary, ft*/d
k, = weighted horizontal hydraulic conductivity, ft/d
1, = gradient of the 1950 groundwater surface perpendicular to the boundary flow
plane, ft/ft

A, = cross sectional area of the flow plane at the boundary, ft*

Each layer’s thickness determines the relative weight given to each layer’s hydraulic
conductivity for this calculation. The calculated boundary flow is distributed evenly over the
saturated thickness between the groundwater level and the base of the aquifer at each boundary
arc. Appendix A contains calculations and supporting documents used to compute boundary
fixed flows. A boundary flow is not computed for Layer 1, since it is a silty clay layer generally
representing the unsaturated zone which overlays the saturated zone.

Model Flow Simulation

The MODFLOW software has several packages (BCF, LPF, and HUF) available for
calculating conductance coefficients and groundwater storage parameters to be used in the finite-
difference equations that calculate flow between cells. The Layer Property Flow (LPF) package
is selected as the internal flow calculation methodology for this model. The LPF package reads
input data for hydraulic conductivity and global top and bottom elevation data for each cell
(layer). Transmissivity is calculated for each cell at the beginning of each iteration of the flow
equation matrix solution process. The LPF package calculates leakance between layers using the
vertical hydraulic conductivity, based on estimated anisotropic ratio K,/K,, and distance between
nodes obtained from global elevation data.

Flow Equation Solver
The MODFLOW software has several linear differential equation “solver” packages

(SIP1, PCG2, SCR1, and GMG) available. For this model, the pre-conditioned conjugate-



gradient'? (PCG2) package is selected to solve the linear finite difference equation matrix. For a
transient groundwater model, the solution matrix is expressed as shown in EQ. 3, where [A] is
the coefficient matrix, [x] is a vector of hydraulic heads, and [b] is a vector of defined flows,

associated with head-dependent boundary conditions and storage terms at each grid cell.
= =
EQ.3 [A]* [x]=[2]

The matrix is solved iteratively until both head-change and residual convergence criteria are met.
The convergence criteria are too large if the global groundwater flow budget discrepancy is
unacceptably large. In general, a global budget discrepancy less than one percent is considered
acceptable. Convergence criteria for this model, specified in the input options for the PCG2
module, are 0.5 foot for heads and 10.0 ft*/d for flow residual. The iteration parameters are not
specified, but rather are calculated internally.
Aquifer Characteristics

Aquifer properties are input for each layer, including horizontal hydraulic conductivity
(K,), vertical anisotropic ratio (K,/K,) or vertical hydraulic conductivity K,, horizontal
anisotropic ratio (K,/K,), Specific Storage (S,), and specific yield (S,). The procedures used to
estimate parameter values for each layer are described in the COHYST hydrostratigraphic Units
Characterization Report’.

Hydraulic Conductivity K,

Test well logs, interpreted by Reed and Piskin'®, are the basis for horizontal hydraulic
conductivity values used in this groundwater model and the COHYST eastern regional model.
The interpreted values for each layer are weighted according to layer thickness, and the weighted

average value of K, is then determined for each model layer at each test well location. The

P. Concus, G. H. Golub, and D. P. O’Leary, A Generalized Conjugate Gradient for the Numerical
Solution of Elliptical Partial Differential Equations, Academic Press, 1976.

J. C. Cannia, D. Woodward, L. Cast, and R. L. Luckey, Cooperative Hydrology Study COHYST
Hydrostratigraphic Units and Aquifer Characterization Report, November 2004.

E. C. Reed and R. Piskin, unpublished report, University of Nebraska Conservation and Survey
Division.
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process used to weight the values is written in a computer code called Geoparm'". A 2D data set
is then created by interpolating the computed values. The 2D data set is then used to set the
MODFLOW array of values for each layer.

Anisotropic Ratios

As described previously in this report, the vertical anisotropic ratio, K /K, , is estimated
to be 10.0 for all layers at each grid cell, unless pump testing indicates a different ratio, and the
horizontal anisotropic ratio, K,/K,, is estimated to be 1.0.

Specific Yield S,

Data compiled by USGS, and summarized by Reed and Piskin, is the basis for specific
yield values used in this groundwater model and the COHYST eastern regional model. As
discussed in the Hydrostratigraphic Units Report, specific yield values are interpreted for each
layer material classification. The interpreted values are then weighted using the Geoparm
program to establish specific yield for each model layer at each test well location. The computed
values are then interpolated to the model’s 2D grid for each model layer. The 2D data sets are
then used to set the MODFLOW array values for each layer.

Specific Storage Ss

All layers in this model are considered to be unconfined; however, the LPF simulation
options available in MODFLOW are either confined or convertible. The convertible option is
selected for all layers, and the specific storage for all layers, except Layer 1, is set to 2.1¢”; this
value is based on discussions with UNL Conservation and Survey'® and takes into account low
potential for changes in aquifer storage due to height of overburden or changes in hydraulic head.
The specific storage for Layer 1 is set to 0.16, the estimated specific yield, since this layer is
always unconfined, and cannot be converted to confined.

Specific storage is the volume of water per unit volume of confined saturated aquifer that

is absorbed, or expelled, due to changes in pressure within the aquifer. Overburden tends to

R. Kern, Nebraska Cooperative Hydrology Study Computer Program Documentation GeoParam -
Hydraulic Conductivity from Well Logs, Nebraska Department of Natural Resources.

Personal communication with Xun Hong Chen, University of Nebraska, Conservation and Survey
Division.
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consolidate the aquifer (reduce storage volume), and hydraulic pressure head tends to offset
consolidation (increase storage volume).

Storativity for a confined layer is equal to the product of specific storage and layer
thickness. Storativity for an unconfined layer is equal to the specific yield plus the product of
groundwater depth and specific storage.

PRE-DEVELOPMENT PERIOD

Geologic and hydrogeologic layer parameters used in this model are derived from
calibrated COHYST eastern regional model (EMU) data. The EMU was calibrated for the pre-
groundwater development period by varying and adjusting evapotranspiration, recharge,
hydraulic conductivity, properties at horizontal flow boundaries, and streambed conductances.
For this model the evapotranspiration, recharge and horizontal hydraulic conductivity are
interpolated from EMU scatter point files. Streambed conductances and vertical hydraulic
conductivities are adjusted at some locations based on recent testing conducted by the University
of Nebraska Conservation and Survey. Fixed flows at boundaries are computed for each
boundary arc as previously described. Observed water levels, measured between 1946 and 1955,
are used to establish the starting head values.

Observed water levels used to establish starting heads are from a period of relatively
stable conditions. Observation points were selected as being representative of pre-groundwater
development, and only the most reliable data within 4-mile by 4-mile grid cells were selected (by
COHYST modelers) for EMU calibration. This selection process prevents a cluster of closely
spaced observation wells from dominating the calibration process. After screening values in all
of the 4 by 4-mile cells, a few points that appeared to have large errors in location or land-surface
elevation were excluded from the calibration data set. The starting heads file for this model is
based on a sub-set of the EMU calibration data set that contains 209 of the observation points.

The ability of this model to represent a 50-year period of pre-groundwater development
conditions is evaluated by comparing the percent discrepancy in global groundwater flow budget,
as well as the mean difference, mean absolute difference, and root mean square of the differences
between observed pre-development groundwater levels at the beginning and end of a 50-year

computer run without well development.
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Mean Difference

The mean difference (MD) of observed and simulated water levels is defined in EQ.4.
The variable h, is the observed water level and h, is the simulated water level at each of the n
observation points. The mean difference is used here as a measure of overall bias in calibration,

and as such should be close to zero at calibration.

1 M
EQ.4 MD = EE (g - 4, )
i=1 i

Mean Absolute Difference

The mean absolute difference (MAD) of observed and simulated water levels is defined
in EQ.5. The MAD is used here to evaluate the overall model calibration, since positive and
negative differences do not cancel each other. All differences are given an equal weight, so a few

measurements with large differences will not dominate the result.

1 "
EQ.5 MAD= =Y | - b,
Fitoy :

:
MODFLOW calculates the water level changes as draw-downs, therefore positive changes are
declines and negative changes are rises.
Root Mean Square Difference

The root mean square difference (RMSD), also referred to as the quadratic mean, is
defined in EQ. 6. This statistic is the standard deviation of the differences between observed
groundwater levels and groundwater levels produced by the model, for the pre-development
period. Assuming that the differences between observed and modeled water levels are normally
distributed about the mean difference, the standard deviation gives a measure for determining the
range within which the differences can be expected to occur. Statistically, 68.27% of the
differences are expected to occur within MD + RMSD, and 95.45% of the differences are
expected to occur within MD + (2)(RMSD).

045
|4 .
EQ. 6 RMSD = EE (A, - hnrj
1
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PRE-DEVELOPMENT MODEL - WITHOUT PUMPING

Starting heads for the pre-development model are obtained by interpolating the observed
pre-development water levels to the model 2D grid, which is then imported to the MODFLOW
model starting head data set. The observation data points are also imported to the model so that
heads computed by the model can be compared to the starting heads for the purpose of evaluating
groundwater level changes over the 50-year period. Figures 2 and 3 show the locations of water
level observation points, water level contours, and statistical variation at each observation point
for the starting heads and 50-year model run. Statistical variations are shown in 10 feet
increments; green indicates variation from 0 to 10 feet, yellow indicates variation from 10 to 20
feet, and red indicates variation from 20 to 30 feet. If the indicator is above the line, the
computed water level is higher than observed, and if the indicator is below the line the computed
water level is lower than observed at that observation point. The mean difference between
observed and interpolated water levels, for both starting heads and 50-year model run, is 0.240
feet, the mean absolute difference is 1.376 feet, and the root mean square difference is 2.235 feet.
Statistically it can be expected that approximately 95% of the differences between observed and
computed water levels will occur within + 2.235 feet of the mean difference.

The global groundwater inflow and outflow budgets, without well development, are

shown in Tables 1 and 2 for the 50-year model run.

TABLE 1
MODEL INFLOW VOLUMETRIC BUDGET
Inflow From Inflow Volume Inflow Rate Percent of Inflow
(KAF) (KAF / Yr.) (%)
Storage 19,088 382 52.1
Fixed Flow Boundary 2,324 46 6.4
Platte River 4,388 88 12.0
Recharge 10,781 216 29.5
Total Inflow 36,580 732 100
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TABLE 2
MODEL OUTFLOW VOLUMETRIC BUDGET

Outflow From Outflow Volume Outflow Rate Percent of Outflow
(KAF) (KAF / Yr.) (%)
Storage 22,196 444 60.7
Fixed Flow Boundary 5,599 112 15.3
Platte River 106 2 0.3
Evapotranspiration 8,681 174 23.7
Total Outflow 36,582 732 100

For the 50-year no well development scenario, the model calculates flow from the Platte
River to the underlying aquifer at an average rate of 86 acre-feet per year within the model
boundaries. This river to aquifer flow, without pumping, is the baseline for computing induced
river to aquifer flow due to groundwater pumping. The global groundwater flow budget
discrepancy is less than 0.01 percent.
HYDROLOGICALLY CONNECTED AREA

The portion of the Upper Big Blue Natural Resources District that is considered to be
“hydrologically connected” to the Platte River, is that area contained between the Platte River,
the Upper Big Blue NRD boundary, and the 10% / 50 year line. Groundwater pumping wells
contained within this area are determined by the model to have the potential for inducing
additional flow from the Platte River to the underlying aquifer by an amount of at least 10
percent of the volume pumped over a 50-year period. The increase in flow from the river to the
aquifer is presented in terms of the “global” model volumetric budget; i.e., the water pumped
from the well causes an increase in the mass of water moving from the river to the aquifer, but
does not address the transport issues, such as source path or age of water pumped.

A baseline model run, without a pumping well, establishes the volume of water moving
from the river to the aquifer due to non-pumping gradients. Independent model runs are then

made for each new location of the single pumping well. The well is placed at the center of a grid

15
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cell, and the well screen is assumed to be in Layer 2 for each run. The global volumetric budgets
at the end of the 50" stress period are compared with and without pumping, and the difference in
river flow into the model is used to determine the volume of water induced from the river to the
aquifer due to pumping.
10% / 50-Year Boundary Determination
The 10% / 50-year boundary is determined by evaluating groundwater pumping along
transects, spaced approximately 1 mile apart and perpendicular to the Platte River. Transect cells
that lie on either side of the boundary line are interpolated linearly to determine the actual
coordinates'’ of the boundary line on each transect. Table 3 is a summary of coordinates used to
establish the 10 / 50 boundary line within the Upper Big Blue NRD. Figures 4 and 5 are
graphical representations of the 10% / 50-year boundary line location.
TABLE 3
10% / 50-YEAR BOUNDARY WITHIN THE UPPER BIG BLUE NRD
STATE PLANE COORDINATES

Easting

Northing

2115914.5307

368243.7495

2119524.3678

373861.1446

2122067.5150

377912.3125

2124670.4467 383220.1545
2128158.4452 387639.9242
2132229.2680 391476.8695

2135624.8026

395989.1030

2139012.1417

400512.5376

2140957.5416 402519.5190
2145105.3989 406279.4298
2149493.4078 411118.6532
2153212.8089 415307.0203

Coordinate system is North American Datum, 1983, Nebraska State Plane, Feet.
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APPENDIX A
MODEL BOUNDARY
FIXED FLOW CALCULATIONS



Ground Water Model
Fixed Flow Boundary Estimates
Southern Boundary
1950 G.W. Level - Layer 5
Updated 07/18/05

Gradient Gradient Gradient Weighted Weighted 1950 Bottom Saturated

Crossing Angle Perpendicular Hyd. Cond. G.W. Velocity Groundwater Layer 5 Thickness At Boundary Boundary Boundary

Boundary Boundary AtBoundary To Boundary AtBoundary At Boundary Elevation Elevation Boundary  Arc Length Flow Area Flow

Arc No. (ft./ft.) (deg) (ft./ft.) (ft./d) (ft./d) (ft.>msl) (ft.>msl) (ft.) (ft.) (ft.2) (ft.3/d)
80 -0.000869 90 0.000000 44.3 0.000 1880.0 1660.4 219.6 46,017 10,105,333 0
38 -0.00208 90 0.000000 69.6 0.000 1833.0 1589.0 244.0 28,340 6,914,960 0
39 -0.00208 0 -0.002080 54.4 -0.113 1805.0 1557.6 247 .4 27,847 6,889,348 -779,543
82 -0.00129 90 0.000000 59.8 0.000 1775.0 1551.3 223.7 41,096 9,193,175 0
23 -0.00089 90 0.000000 109.5 0.000 1740.0 1587.2 152.8 16,903 2,582,778 0
40 -0.000968 90 0.000000 84.0 0.000 1728.0 1600.4 127.6 30,987 3,953,941 0
41 -0.002924 72 -0.000904 144.8 -0.131 1680.0 1575.0 105.0 24,486 2,571,030 -336,384
1 -0.002000 35 -0.001638 192.1 -0.315 1650.0 1566.5 83.5 24,920 2,080,820 -654,872
42 0.001481 24 0.001353 93.3 0.126 1660.0 1562.9 97.1 35,838 3,479,870 439,268
43 0.002000 33 0.001677 82.0 0.138 1632.0 1467.0 165.0 35,201 5,808,165 798,866
36 0.002105 67 0.000822 94.2 0.077 1600.0 1410.6 189.4 31,263 5,921,212 458,766
Total Estimated 1950 Boundary Flow = -73,898



Ground Water Model
Fixed Flow Boundary Estimates
Northern Boundary
1950 G.W. Level - Layer 5

Updated 07/18/05
Gradient Gradient Gradient Weighted Weighted 1950 Bottom Saturated
Crossing Angle Perpendicular Hyd. Cond. G.W. Velocity Groundwater Layer 5 Thickness At Boundary Boundary Boundary
Boundary Boundary AtBoundary To Boundary AtBoundary At Boundary Elevation Elevation Boundary  Arc Length Flow Area Flow
Arc No. (ft./ft.) (deg) (ft./ft.) (ft./d) (ft./d) (ft.>msl) (ft.>msl) (ft.) (ft.) (ft.2) (ft.3/d)

79 -0.002609 54 -0.001534 34.9 -0.054 1910.0 1698.3 211.7 64,788 13,715,620 -734,063
66 -0.001696 49 -0.001113 178.6 -0.199 1735.0 1687.3 a7.7 30,975 1,477,508 -293,616
67 -0.001885 70 -0.000645 54.3 -0.035 1790.0 1635.3 154.7 46,543 7,200,202 -252,062
78 -0.002924 0 0.000000 36.2 0.000 1775.0 1608.3 166.7 9,834 1,639,328 0
49 -0.002924 0 0.000000 19.3 0.000 1765.0 1611.0 154.0 10,939 1,684,606 0
50 -0.002924 26 -0.002628 111 -0.029 1750.0 1605.0 145.0 18,572 2,692,940 -78,557
75 -0.002924 26 -0.002628 18.7 -0.049 1730.0 1598.7 131.3 14,537 1,908,708 -93,803
68 -0.002924 26 -0.002628 35.5 -0.093 1715.0 1593.3 121.7 37,939 4,617,176 -430,767
69 -0.002827 29 -0.002473 69.4 -0.172 1670.0 1596.3 73.7 33,140 2,442.418 -419,107
70 -0.002827 29 -0.002473 121.3 -0.300 1630.0 1544.3 85.7 37,584 3,220,949 -966,028
71 -0.002827 29 -0.002473 175.5 -0.434 1595.0 1505.0 90.0 36,660 3,299,400 -1,431,717
77 -0.002310 63 -0.001049 121.7 -0.128 1585.0 1468.7 116.3 51,693 6,011,896 -767,292
72 -0.002310 63 -0.001049 53.8 -0.056 1505.0 1430.3 74.7 40,925 3,057,098 -172,485
37 -0.002310 63 -0.001049 17.7 -0.019 1480.0 1417.5 62.5 3,374 210,875 -3,914
74 -0.001571 51 -0.000989 21.5 -0.021 1475.0 1409.0 66.0 31,526 2,080,716 -44,228
73 -0.001571 51 -0.000989 18.9 -0.019 1445.0 1365.7 79.3 27,643 2,192,090 -40,961

Total Estimated 1950 Boundary Flow = -5,728,601



Fixed Flow Boundary Estimates

Ground Water Model

Eastern Boundary
1950 G.W. Level - Layer 5
Updated 07/18/05

Gradient Gradient Gradient Weighted Weighted 1950 Bottom Saturated
Crossing Angle Perpendicular Hyd. Cond. G.W. Velocity Groundwater Layer 5 Thickness At Boundary Boundary  Boundary
Boundary Boundary AtBoundary To Boundary AtBoundary At Boundary Elevation Elevation Boundary Arc Length Flow Area Flow
Arc No. (ft./ft.) (deg) (ft./ft.) (ft./d) (ft./d) (ft.>msl) (ft.>msl) (ft.) (ft.) (ft.2) (ft.3/d)

27 -0.001333 34 -0.001105 13.3 -0.015 1440.0 1323.2 116.8 11,533 1,347,054 -19,799
1 -0.001097 59 -0.000565 23.8 -0.013 1443.0 1318.4 124.6 9,800 1,220,753 -16,415
5 -0.001296 81 -0.000203 22.8 -0.005 1455.0 1304.0 151.0 15,820 2,388,820 -11,042
2 -0.001296 81 -0.000203 14.0 -0.003 1480.0 1298.4 181.6 23,550 4,276,680 -12,139
3 -0.002455 41 -0.001853 12.8 -0.024 1487.0 1302.1 184.9 26,940 4,981,206 -118,134
4 0.002261 0 0.000000 20.7 0.000 1555.0 1260.0 295.0 51,610 15,224,950 0
6 -0.002665 75 -0.000690 214 -0.015 1570.0 1207.1 362.9 33,086 12,006,909 -177,230
19 -0.001964 50 -0.001262 31.6 -0.040 1505.0 1206.0 299.0 26,280 7,857,720 -313,468
18 -0.001399 29 -0.001224 35.8 -0.044 1485.0 1210.9 2741 34,070 9,338,587 -409,073
17 -0.001399 29 -0.001224 52.3 -0.064 1473.0 1191.8 281.2 8,860 2,491,432 -159,436
25 -0.001399 29 -0.001224 32.8 -0.040 1465.0 1267.9 1971 24,300 4,789,530 -192,222
16 -0.001565 74 -0.000431 24.3 -0.010 1472.0 1318.6 153.4 18,560 2,847,104 -29,844
15 -0.001565 74 -0.000431 62.0 -0.027 1500.0 1318.3 181.7 19,950 3,624,915 -96,949
14 -0.001565 74 -0.000431 124.9 -0.054 1520.0 1310.1 209.9 13,430 2,818,957 -151,881
13 -0.001565 74 -0.000431 131.8 -0.057 1540.0 1308.8 231.2 12,850 2,970,920 -168,911
12 -0.001565 74 -0.000431 138.2 -0.060 1552.0 1328.8 223.2 10,080 2,249,856 -134,127
11 -0.001565 74 -0.000431 100.4 -0.043 1570.0 1371.8 198.2 13,820 2,739,124 -118,631
10 -0.001565 74 -0.000431 52.5 -0.023 1590.0 1409.6 180.4 8,470 1,527,988 -34,604
9 -0.001565 90 0.000000 45.2 0.000 1600.0 1425.0 175.0 5,450 953,750 0
8 -0.001565 90 0.000000 35.1 0.000 1615.0 1449.2 165.8 12,070 2,001,206 0
7 -0.001565 90 0.000000 22.4 0.000 1630.0 1489.1 140.9 9,460 1,332,914 0
26 -0.001399 90 -0.001399 23.4 -0.033 1638.0 1512.3 125.7 18,456 2,319,919 -75,946
20 -0.001399 90 -0.001399 72.3 -0.101 1640.0 1471.9 168.1 28,943 4,865,318 -492,116
21 -0.001399 90 -0.001399 30.0 -0.042 1647.0 1506.0 141 30,370 4,282,170 -179,723
22 -0.001794 41 -0.001354 77.2 -0.105 1595.0 1388.6 206.4 52,830 10,904,112  -1,139,751
23 -0.001696 22 -0.001573 117.6 -0.185 1577.0 1314.5 262.5 14,429 3,787,613 -700,430
24 -0.001555 7 -0.001543 109.1 -0.168 1575.0 1364.0 211 35,841 7,562,451 -1,273,411

Total Estimated 1950 Boundary Flow =  -6,025,283



Ground Water Model

Fixed Flow Boundary Estimates

Western Boundary
1950 G.W. Level - Layer 5
Updated 07/18/05

Gradient Gradient Gradient Weighted Weighted 1950 Bottom Saturated
Crossing Angle Perpendicular Hyd. Cond. G.W. Velocity Groundwater Layer5  Thickness At Boundary Boundary Boundary
Boundary Boundary AtBoundary  To Boundary At Boundary At Boundary Elevation Elevation Boundary  Arc Length Flow Area Flow
Arc No. (ft./ft.) (deg) (ft./ft.) (ft./d) (ft./d) (ft.>msl) (ft.>msl) (ft.) (ft.) (ft.2) (ft.3/d)
1 0.000891 0 0.000891 29.5 0.026 1902.0 1745.3 156.7 10,227 1,602,571 42,123
2 0.001382 45 0.000977 56.5 0.055 1903.0 1782.5 120.5 12,141 1,462,991 80,776
4 0.003388 26.5 0.003032 50.5 0.153 1920.0 1812.4 107.6 9,090 978,084 149,762
12 0.002875 18.4 0.002728 45.0 0.123 1932.0 1811.7 120.3 12,930 1,555,479 190,952
3 0.002964 26.5 0.002653 48.5 0.129 1930.0 1784.8 145.2 13,060 1,896,312 243,961
13 0.002341 34.5 0.001929 541 0.104 1955.0 1720.3 2347 26,130 6,132,711 640,096
5 0.002145 19.3 0.002024 51.6 0.104 1985.0 1694.7 290.3 25910 7,521,673 785,727
6 0.001969 17.6 0.001877 50.0 0.094 2008.0 1768.2 239.8 40,530 9,719,094 912,056
7 0.001607 45 0.001136 40.7 0.046 2003.0 1818.3 184.7 35,491 6,555,188 303,166
14 0.001786 45 0.001263 31.9 0.040 1982.0 1797.9 184.1 11,750 2,163,175 87,146
8 0.001684 0 0.001684 17.6 0.030 1972.0 1759.4 212.6 34,700 7,377,220 218,649
9 0.001684 0 0.001684 10.0 0.017 1978.0 1731.2 246.8 14,990 3,699,532 62,300
10 0.001752 27.6 0.001553 9.2 0.014 1978.0 1722.8 255.2 10,340 2,638,768 37,693
11 0.001906 56.9 0.001041 19.2 0.020 1960.0 1713.6 246.4 19,299 4,755,274 95,033
Total Estimated 1950 Boundary Flow = 3,849,440



APPENDIX B
RIVER BED CONDUCTANCE
PLATTE RIVER



Platte River
Average Bed Conductance
Between Hwy. 34 And Chapman Bridges
Based On Permeameter Tests and Geoprobe Borings
UNL Conservation and Survey - August 2005

Transect Site K1 K2 Ecbase M, M, Ky L W M ©

(ft/d) (ft/d) (mS/m) (ft) (ft) (ft/d) (ft) (ft) (ft) (f1artt)
A1 NC 78.7 0.056 35 13.8 6.8 0.169 1 1 20.6 0.0082
A2 MC 78.7 0.056 35 15.9 6.9 0.185 1 1 22.8 0.0081
A3 SC 78.7 0.056 35 124 133 0.108 1 1 25.7 0.0042
B1 NC 109.7 0.056 35 21.6 1.7 0.763 1 1 23.3 0.0327
B2 MC 109.7 0.056 35 10.8 9.5 0.120 1 1 20.3 0.0059
B3 SC 109.7 0.056 35 8.5 8.1 0.115 1 1 16.6 0.0069
Average Unit C = 0.0110

Total Conductance C 11.0

NOTES:

1. NC = North Channel
2. MC = Middle Channel
3. SC = South Channel
4. Site Ais located in Sec 29, Twp 11N, Rng 8W, and is upstream from the BNSF railroad bridge over the Platte River near Grand
Island
5. Site B is located in the NW* Sec 11, Twp 11N, Rng 8W, and is near the upstream from the Chapman Bridge near the intersection of
5" and B Streets
K, = vertical hydraulic conductivity of river bed material with EC log < 35 mS/m
K,2 = vertical hydraulic conductivity of river bed material with EC log >= 35 mS/m
. K, = wighted vertical hydraulic conductivity for total river bed thickness M
L = river reach length (use 1.0 ft. for this calculation)
0. W = river bed width (use 1.0 ft. to compute the unit condutance.
Apply total river bed width of 1,000 ft. to determine total bed conductance per
linear foot of river reach between Hwy. 34 bridge and Chapman bridge
11. M1 = thickness of the river bed material with EC log < 35 mS/m)
(based on CSD geoprobe resistivity log)
12. M2 = thickness of the river bed material with EC log >= 35 mS/m)
(based on CSD geoprobe resistivity log)
13. M = total river bed thickness (M, + M,)
14. Equation for computing river bed conductance
K, xLxW
C = e

P e

15. Equation for weighting vertical hydraulic conductivity:

Kv =

(Mi/Ky1) + (Mo/K,2)

ft%/d per foot of river reach per foot of river width
ft%/d per foot of river reach (using a river bed with of 1,000 ft.)



APPENDIX C
GROUNDWATER LEVEL MAPS
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Net Irrigation Requirement!
Background

The net irrigation water requirement (INET) is the net amount of water that must be applied by
irrigation to supplement stored soil water and precipitation and supply the water required for the
full yield of an irrigated crop. INET does not include irrigation water that is not available for
crop water use such as irrigation water that percolates through the crop root zone or that runs off
of the irrigated field. INET as used in this application is the annual amount of water and is
expressed in units of acre-inches of water per acre of irrigated land for a year. Since corn is the
most widely irrigated crop in Nebraska, the net irrigation requirement was simulated for corn
grown on fine sandy loam soil. The soil used in the simulations holds about 1.75 inches of
available water per foot of soil depth. The soil used for the simulations represents an average
condition of soils across Nebraska.

Procedure

The net irrigation requirement can be computed using several methods. Early methods relied on
the difference between the evapotranspiration (ET) required for full crop yields minus the
amount of precipitation during the irrigation season that is estimated to be effective in meeting
crop water requirements. This method was generally applied on a monthly basis and did not
consider precipitation or soil water rewetting during the portion of the year when crops were not
growing, or the effects of individual precipitation events. This method has given way to daily
calculations of the soil water balance of irrigated crops.

A computer simulation model (CROPSIM) developed at the University of Nebraska-Lincoln by
Dr. Derrel Martin was used to compute the daily water balance for irrigated corn and INET for
an array of weather stations across the state. Computations with the CROPSIM program for data
from selected weather stations were used to generate the map of net irrigation water requirements
for corn grown on a fine sandy loam soil.

The CROPSIM model maintains a daily soil water balance including the following terms:

D, =D, +ET,+DP+RO-P—1

where Di; is the available soil water depletion on day i, inches
Di.1 is the depletion on the previous day, inches
ET. is the daily evapotranspiration rate, inches/day
DP is the daily deep percolation from the root zone, inches/day
RO is the daily run off from the irrigated land due to rainfall, inches/day
P is the daily precipitation, inches/day
Inet 1S the net irrigation that is applied on day i, inches/day.

! Prepared by Derrel Martin, Professor of Irrigation and Water Resources Engineering, Department of Biological
Systems Engineering, University of Nebraska-Lincoln, Lincoln, NE. 68583-0726.



The daily soil water depletion is maintained in the model. Irrigations are applied on days when
the depletion reaches a specified amount for the crop root zone. Irrigations were applied when
more than half of the available water in the top four feet of the root zone was depleted. This is a
common management practice used to schedule irrigation. The net irrigation applied each
irrigation resembles practices typical of center pivot irrigation. This involved applying a gross
irrigation of one inch each application which equaled a net irrigation of 0.85 inches per
irrigation. Irrigations did not begin until the corn crop had begun vegetative growth. Irrigations
were continued for the year until the corn crop had reached a growth stage where water stress has
minimal affects on yield. This stage generally matches a hard-dent growth stage for corn.

The CROPSIM program depends on evapotranspiration (ET) to compute the soil water depletion
and determine dates for irrigation. The ET for corn was computed in the model using a reference
crop evapotranspiration (ETr) that represents the amount of energy available from the
environment to evaporate water. The reference crop evapotranspiration is multiplied by a crop
coefficient (Kc) to compute the water use of corn:

ETc = Kc ETr

A tall reference crop often considered to be alfalfa about 20 inches in height was used for the
reference crop evapotranspiration. The Standardized Penman-Monteith method developed by the
ASCE-EWRI? task force was used as the basis for computing ETr. Since climatic data needed for
the Penman-Monteith method are not available dating back to 1950, the Hargreaves® method was
calibrated to the Penman-Monteith method for a period of about 20 years for selected weather
stations that are part of the Automated Weather Data Network operated by the High Plains
Climate Center at the University of Nebraska-Lincoln. The calibrated Hargreaves method
provides daily estimates of reference crop ET for the CROPSIM model to simulate corn ET and
net irrigation requirements for the period from 1950 through 2004. The fifty-five year period was
used to include climatic variations that are expected in the Great Plains. The Hargreaves method
was calibrated for each month using the ASCE Hourly method for an alfalfa (tall) reference crop.
Data were used from the 23 automated weather data network stations listed in Table 1. The
automated weather stations were selected to provide statewide coverage and a period long
enough to represent climatic variations across the state. The location of the automated weather
data network (AWDN) stations are shown in Figure 1. The map shows that the AWDN stations
are well distributed across the state.

2 ASCE-EWRI. 2005. The ASCE Standardized Reference Evapotranspiration Equation. Environmental and Water
Resources Institute of the American Society of Civil Engineers, Standardization of Reference Evapotranspiration
Task Committee. ASCE. Reston, NY.

® Hargreaves, G.H. and R,G. Allen. 2003. History and evaluation of Hargreaves evapotranspiration equation. Journal
of Irrigation and Drainage Engineering. ASCE. 129(1): 53-63.



Table 1. Automated weather data network stations used to calibrate the Hargreaves method to the sum-of-hourly for
daily reference ET for a tall reference crop (i.e., alfalfa). The date the system first became operational and the
latitude, longitude and elevation of the stations are also listed.

Latitude Longitude, Elevation,
Station degrees North degrees west meters Month Day Year
AINSWORTH 42.550 -99.817 765 6 4 1984
ALLIANCEWEST 42.017 -103.133 1213 5 29 1988
BEATRICE 40.300 -96.933 376 1 1 1990
CENTRALCITY 41.150 -97.967 517 9 1986
CHAMPION 40.400 -101.717 1029 5 20 1981
CLAY CENTER(SC) 40.567 -98.133 552 7 14 1982
CONCORD(NE) 42.383 -96.950 445 7 16 1982
DICKENS 40.950 -100.967 945 5 21 1981
ELGIN 41.933 -98.183 619 1 1 1988
GORDON 42.733 -102.167 1109 10 18 1984
GUDMUNDSENS 42.067 -101.433 1049 10 5 1982
HOLDREGE 40.333 -99.367 707 5 29 1988
LEXINGTON 40.767 -99.733 728 8 5 1986
MCCOOK 40.233 -100.583 792 5 21 1981
MEADTURFFARM 41.167 -96.467 366 7 29 1986
MITCHELL FARMS 41.933 -103.700 1098 7 11 1996
NEBRASKA CITY 40.533 -95.800 328 6 29 1998
ONEILL 42.467 -98.750 625 7 17 1985
ORD 41.617 -98.933 625 7 10 1983
SCOTTSBLUFF 41.883 -103.667 1208 1 1 1991
SIDNEY 41.217 -103.017 1317 12 1 1982
WESTPOINT 41.850 -96.733 442 5 15 1982
YORK 40.867 -97.617 490 4 22 1996
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Figure 1. Location of automated weather stations used to calibrate the Hargreaves method.

The daily reference crop ET for alfalfa was calibrated using the following equation:
ETr =[a+b Long® | Hg®

where ETr is daily reference crop ET for alfalfa as computed with the ASCE method, and
Long is the longitude, degrees
Hg is the Hargreaves factor,
and a, b and c are empirical coefficients.

The Hargreaves factor is computed as:

(Ta +17.8){/Tmax - Tmin Ra

Hg =
: A

where Ta is the average daily temperature, °C,
Tmax is the maximum daily temperature, °C,
Tmin is the minimum daily temperature, °C,
Ra is the extraterrestrial radiation, MJ/m%/day,
8 is the heat of vaporization = 2.45 MJ/Kg of water.

Daily data from the AWDN stations were used to compute daily ETr values with the Penman-
Monteith method. The Hargreaves factor was compute for each day as well. The results of the
computations were separated by month and the coefficients for the calibrated Hargreaves method
(i.e., a, b and c) were computed from the regression analysis for all 23 AWDN stations. The
results of the calibration are listed in Table 2. The coefficients of determination (r?) for the
monthly values are reasonably good for all months.



Table 2. Parameters and coefficient of determination for calibration of Hargreaves method to
Sum-of-Hourly calculations for ASCE Penman-Monteith.

2

Month a b c r

January -2.97117E-03 6.68252E-07 1.0400 0.68
February -2.10020E-03 4.71103E-07 1.0746 0.74
March -1.99470E-04 1.60011E-07 1.1419 0.76
April 3.42244E-04 2.06925E-08 1.2499 0.76
May 1.48641E-04 1.16248E-08 1.3282 0.65
June 1.13210E-04 8.14170E-10 1.4143 0.66
July 6.58766E-05 5.44612E-09 1.4072 0.66
August 4.65366E-05 2.19358E-08 1.3122 0.62
September 3.90011E-04 7.01456E-08 1.1518 0.62
October 9.59964E-04 1.20508E-07 1.0839 0.65
November -1.08578E-03 3.78426E-07 1.0814 0.68
December -4.57939E-03 8.95039E-07 1.0180 0.66

Simulation of crop water use for the period from 1950 through 2004 required a different set of
weather stations since AWDN data are not available before 1980. Sixty-two cooperator or
National Weather Service stations were selected for the simulation. Stations that were selected
included measurements for at least the maximum daily air temperature, the minimum daily air
temperature and daily precipitation (rain and snow). Some stations also included evaporation
measurements from evaporation pans. These data were not used in the simulation. Weather
stations were selected to represent the state as indicated by the climate zones shown in Figure 2.
Only stations that included daily weather data starting before 1949 were selected for analysis.
The High Plains Climate Center has developed data management routines to estimate values for
days when data are missing or appear to be incorrect. Therefore, none of the stations have
missing data and no procedures were developed to correct these data which are referred to as
National Weather Station (NWS) stations in this report.

The CROPSIM model uses a set of parameters to describe how corn develops during the year
and to represent typical management practices for a region. To simulate corn growth the state
wad divided into four management zones as shown in Figure 3. The management zones in Figure
3 generally align with the Climate Zones in Figure 2 except for the North Central Climate Zone.
This zone was divided approximately in half to represent management practices for that region.
Some important parameters for the management zones are included in Table 3. The data show
that the amount of growing degree days required for crop development increases as one
progresses from management zone 1 east to management zone 4. Planting is also generally
delayed as one progresses west from zone 3. A slightly later planting date was used for
management zone 4 since this region receives more rain in the spring that can delay planting
compared to zone 3. Other parameters used to simulate crop growth and management are listed
in Table 2. These values were held constant across all four management zones.
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Figure 2. Location of National Weather Service stations used in simulations and Climatic
Zones for Nebraska. Specific information for the NWS stations is included in Table 4.
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Figure 3. Location of management zones for the CROPSIM model.



Table 3. Parameters used in simulation of crop growth with the CROPSIM model.
Growing Degree Days for Specific Growth Stages

Management Planting Beginof Begin of Yield Effective  Physiological
Zone Date  Flowering Ripening Formation  Cover Maturity
Zone 1 5/5 1200 1700 2160 1050 2400
Zone 2 5/1 1300 1800 2500 1200 2750
Zone 3 4/25 1350 1850 2600 1250 2850
Zone 4 5/1 1400 1850 2700 1300 2950
Minimum Depth of Crop Root Zone, inches 6
Maximum Depth of Crop Root Zone, inches 72
Growing Degree Days for Start of Root Growth 200
Growing Degree Days for Start of Vegetative Growth 450

Depth of Soil Profile Used for Irrigation Management, inches 48

Runoff was simulated using the curve number method originally developed by the USDA
Natural Resources Conservation Service. The method was modified to adjust curve numbers
based on the soil water content at the time of precipitation. The soil water content adjustment of
curve numbers, and melting and infiltration of snow was based on routines in the SWAT* model.
The fine sandy loam soil has been characterized as being in hydrologic group B in the curve
number method.

Results

The net irrigation requirement and the amount of evapotranspiration for fully irrigated corn and
non-irrigated corn grown on fine sandy loam was simulated at sixty-two NWS stations across
Nebraska for the period from 1949 through 2004. Data for 1949 were not included in the analysis
as there is usually a stabilization period following the initial conditions used for the soil water
content for the first year of simulation for a site. The difference in the evapotranspiration for
fully irrigated corn and non-irrigated corn is the consumptive irrigation requirement (CIR). The
CIR is the amount of consumptive use of water due to irrigating for full crop yield. Results of the
simulations for the NWS stations are summarized in Table 4. The net irrigation requirement was
used to develop contour lines for the net irrigation map across the state (Figure 4). The results
generally show that irrigation requirements increase in a southeast-northwest pattern.

* Arnold, J.G. and N. Fohrer. 2005. SWAT?2000: current capabilities and research opportunities in applied
watershed modeling. Hydrol. Process. 19(3):563-572.



Table. 4. Results of simulations for ET, CIR and net irrigation for NWS weather stations used in the analysis.

ET Full ET Non CIR, Net

Yield, Irrigated, Inches  Irrigation, Latitude, - Longitude, Elevation, C_Iir_ngte Station Code

: Inches/Year Inches/Year /Year Inches/Year Degrees  Degrees Meter Division ;
Site Station Name
AINS 29.86 20.48 9.38 10.45 42.55 -99.85 765 2 €250050 AINSWORTH
ALBI 29.65 23.03 6.63 8.41 41.68 -98.00 546 3 €250070 ALBION
ALLI 28.81 15.65 13.15 13.97 42.10 -102.88 1217 1 €250130 ALLIANCE 1 WNW
ARNO 32.07 19.75 12.32 13.09 41.42 -100.18 838 4 €250355 ARNOLD
ARTH 30.12 17.93 12.19 13.21 41,57 -101.68 1067 2 €250365 ARTHUR
ATKI 29.28 20.88 8.40 9.67 4253 -98.97 643 2 €250420 ATKINSON
AUBU 28.70 24.84 3.86 6.00 40.37 -95.73 283 8 €250435 AUBURN S5 ESE
BART 30.14 22.11 8.03 9.58 41.82 -98.53 652 2 €250525 BARTLETT4S
BEAV 33.37 21.01 12.36 13.21 40.12 -99.82 658 7 €250640 BEAVER CITY
BENK 31.25 17.78 13.47 14.37 40.05 -101.53 922 6 €250760 BENKELMAN
BRID 30.01 15.67 14.34 14.85 41.67 -103.10 1117 1 €251145 BRIDGEPORT
BROK 30.75 20.51 10.23 11.30 41.40 -99.67 762 4 €251200 BROKEN BOW 2W
BURW 30.67 20.59 10.08 11.16 41.77 -99.13 663 2 c251345 BURWELL 4 SE
CAMB 31.23 19.77 11.46 12.16 40.27 -100.17 689 7 c251415 CAMBRIDGE
CLY6 29.59 22.88 6.71 8.07 40.50 -97.93 530 8 c251680 CLAY CENTER 6 ESE
CoLU 28.05 22.67 5.38 7.11 41.47 -97.33 442 5 €251825 COLUMBUS 3 NE
CREI 29.63 22.06 7.58 9.16 42.45 -97.90 497 3 €251990 CREIGHTON
CRET 28.67 23.78 4.89 6.80 40.62 -96.93 437 8 €252020 CRETE
CURT 31.22 19.38 11.84 13.15 40.67 -100.48 829 6 €252100 CURTIS 3NNE
FAIB 29.92 24.67 5.25 7.09 40.13 -97.17 415 8 €252820 FAIRBURY
FAIM 29.64 22.83 6.81 8.30 40.63 -97.58 500 8 €252840 FAIRMONT
GENE 28.27 23.16 5.11 6.91 40.52 -97.58 497 8 €253175 GENEVA
GORD 28.79 16.89 11.90 13.20 42.88 -102.20 1128 1 €253355 GORDON 6N
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Figure 4. Map of net irrigation requirements (inches/year) for corn grown on fine sandy loam.
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Appendix G
Development of Ground Water Irrigated Acres per Well

Estimation of the number of acres irrigated per ground water well was determined by

evaluating three methodologies:

Method 1: Average Method

All active irrigation wells in the Nebraska Department of Natural Resources Ground
Water Well database were queried and geographically located within the nine study
basins. The average registered acres per well was computed for each basin. The ground
water well database acreage value was obtained from the applicant when the well is
originally registered. An examination in the Republican River Basin showed that number
was, on average, 25% to 33% higher than the actual measured number of irrigated acres.
Therefore, three alternate variations for Method 1 have been produced, decreasing the

acres per well by 25, 30, and 35%.

Method 2: 1995 Study Ground Water Irrigated Acres

Based on the number of ground water irrigated acres for each county in the U.S.
Geological Survey / Nebraska Natural Resources Commission 1995 Water Use Study
Report and the number of active irrigation wells for each county in 1995 from Nebraska
Department of Natural Resources Ground Water Well database, the average number of

acres per well for each county was computed. After attributing each irrigation well and



its associated average number of irrigated acres into one of the nine study basins, the
average irrigated acres per well for each basin was computed by dividing the total

irrigated acres in the basin by the total number of irrigation wells in the basin.

Method 3: Combination of 1995 Report Results and 2002 Agriculture Census Data

The total number of irrigated acres and ground water irrigated acres by county in the
1995 Water Use Study Report, total irrigated acres by county from the 2002 U.S.
Agriculture Census, and the number of active irrigation wells in 2002 from Nebraska
Department of Natural Resources Well Database were used to estimate the number of

irrigated acres per well in 2002.

By assuming that ground water acres accounted for 95% of the increase in irrigated acres
between 1995 and 2002, ground water irrigated acres per county in 2002 were estimated
as the 1995 ground water irrigated acres plus 95% of the change in irrigated acres
between 2002 and 1995. Then, using the estimated ground water irrigated acres for each
county in 2002 and the number of irrigation wells in 2002 from the DNR well database,

an average number of acres per well for each county was computed.

All irrigation wells with their average acres per well by county were assigned to their
corresponding basins using GIS analysis. Then the total number of acres and wells for

each basin were totaled. An average number of acres per well by basin in 2002 was



developed by dividing the total acres by the number of wells in each basin. The results

obtained with the three methodologies are shown in Table H-1.



Table H-1. Number of Ground Water Irrigated Acres per Well.

Basin Method 1 Method 2 | Method 3
1B
0, 0
Average | 1A (75%) (70%) 1C (65%)
Big Blue 120 90 84 78 91.7 89.7
Elkhom 131 98.3 91.7 85.2 99.2 95.9
River
Little Blue 126 94.5 88.2 81.9 96.3 92.6
Loup River 126 94.5 88.2 81.9 85.6 80.7
Lower Platte 106 79.5 74.2 68.9 85.7 84.4
Missouri
Tributaries 116.2 103.9
Nemaha 138 103.5 96.6 89.7 54.6 63.8
Niobrara 130 97.5 91 84.5 83.7 78.4
Tri-Basin 100.1 99.6

Examination of the results produced by the three methods indicates that the estimated

acres are fairly similar. Method 1 was eliminated because selection of the correct

percentage reduction for each basin would be purely an educated guess until such time as

actual data is collected to substantiate the numbers. Method 2 produces defensible

numbers but is limited by its use of 1995 data. Method 3 is the procedure with the best

available data.

Method 3 was selected as the preferred alternative. This process utilizes the information

from a very detailed study done in 1995, and calibrates it to actual survey data collected

in the 2002 Census of Agriculture. This procedure offers the additional advantage that it

can be re-calibrated when the 2007 Census of Agriculture becomes available to see how

the average number of acres per well in each basin has changed over time. Between

census years, the number of acres irrigated can be estimated using the current number of

registered wells in each basin times the number of acres per well.




There are a total of 89,695 active irrigation wells in Nebraska as of October 2005.
Registration information shows that 37,519 of these are not in the area included in the
nine basins evaluated. A breakdown of the location of the remaining 52,176 irrigation

wells is shown in Table H-2.

Table H-2. Number of Irrigation Wells by Basin.

Basin Number of Irrigation Wells
Big Blue 14,169
Elkhorn River 8,350
Little Blue 6,720
Loup River 9,953
Lower Platte 5,375
Missouri Tributaries 1,642
Nemaha 411
Niobrara 4,030
Tri-Basin 1,526
Nine Basin Total 52,176

There are an additional 3,539 high capacity, non-irrigation wells registered in Nebraska.
Of these, 1,220 are not in the nine basins evaluated. The remaining 2,319 wells are
registered for a variety of uses: Aquaculture, Commercial/Industrial, Domestic,
Livestock, Public Water Supplier, and Other. The distribution of these wells in the nine

basins is shown in Table H-3.



Table H-3. Number of Non-Irrigation Wells by Use by Basin.

Commercial/ Public
Aquaculture ) Domestic | Livestock | Water | Other | Total
Industrial
Supply
Big Blue 4 58 19 12 244 12 349
Elkhorn 2 88 18 79 230 | 31 | 448
River
Little Blue 1 21 15 9 114 10 170
Loup River 10 40 25 63 166 7 311
Lower Platte 3 108 51 8 292 29 491
Missourl 5 72 18 20 137 | 14 | 266
Tributaries
Nemaha 16 2 1 135 4 158
Niobrara 3 3 5 17 72 4 104
Tri-Basin 11 2 1 8 22

The U.S. Environmental Protection Agency reports that consumptive use of water varies

by use category (EPA, 2005). They estimated that the rate of water consumption is

highest for livestock at 67%, followed by irrigation at 56%. Domestic use consumes

23%, while industrial/ mining and commercial uses consume 16% and 11% respectively.

Thermoelectric use consumes only 3% while public uses and losses are not even

quantified as consumptive use by the EPA.

Because these 2,319 wells are such a small portion of the total number of high capacity

wells in the state (2%), and no data exists in the registration database to indicate the

annual pumpage of these wells, no additional efforts were made to identify the pumpage

and calculate consumptive use at this time.
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Basic Assumptions Used in the Development of the Department of Natural
Resources Proposed Method to Determine Whether a Stream and the
Hydrologically Connected Ground Water Aquifers Are Fully Appropriated

Nebraska Revised Statutes § 46-713(3) states that a river basin subbasin or
reach shall be deemed fully appropriated if the department determines that
then-current uses of hydrologically connected surface water and ground water
in the river basin, subbasin, or reach cause or will in the reasonably foreseeable
future cause: (a) the surface water supply to be insufficient to sustain over the
long term the beneficial or useful purposes for which existing natural flow or
storage appropriations and the beneficial or useful purposes for which, at the
time of approval, any existing instream appropriation was granted, (b) the
streamflow to be insufficient to sustain over the long term the beneficial uses
from wells constructed in aquifers dependent on recharge from the river or
stream involved and (c) reduction in the flow of a river or stream sufficient to
cause noncompliance by Nebraska with an interstate compact or decree, or
other formal state contract or agreement, or applicable state off federal laws.
This memo will address the assumptions relied upon to develop the method the
Department proposes to use to address sections a and b of the statute.

In essence, if streamflow is sufficient enough to supply surface water
appropriators, it is also sufficient to supply recharge for ground water wells
dependent on the streamflow. This is true because any ground water aquifer that is
hydrologically connected to a fully appropriated stream is also fully appropriated
because the surface water and hydrologically connected ground water are both
part of one interconnected system. A depletion in one component of this system
depletes the other component. If there is an additional well and consumptive use
of water in the ground water aquifers connected to the stream, the new well will
either intercept and consume water that otherwise would have flowed to the
stream or cause more water to flow from the stream to the aquifer. Eventually this
additional consumption will cause not only additional depletions to the aquifer,
but also additional depletions to the stream. In essence, the test of looking at the
sufficiency of streamflow to satisfy a junior surface water right is like a canary in
the coal mine; the junior water rights act as an alarm system signaling that the
stream and the hydrologically connected ground water aquifers are both fully
appropriated.

The nature of the connection between the stream and the aquifer determines how
much and how fast water will flow between the stream and the aquifer. Water
flows from a hydrologically connected aquifer to a stream, or vice versa, in
response to the difference in the hydraulic head between the stream and the
aquifer. Water flows down the hydraulic head gradient from areas of higher
hydraulic head to areas of lower hydrologic head. Hydraulic head in ground water
is a function of the combination of both the elevation and the pressure of the

C:\Integrated Management\Assumptions for rule.doc 12/15/2005



water. Water flows downbhill in response to gravity and uphill in response to
pressure from the weight of overlying aquifer materials and water.

In the case of a gaining stream, the water in the aquifer has a higher hydraulic
head than the stream and water flows down gradient from the aquifer to the
stream. In this situation, the addition of a pumping ground water well that
removes water from the aquifer will lower the hydraulic head of the ground water
in the aquifer and decrease the gradient between the higher hydraulic head in the
aquifer and the lower hydraulic head in the stream. The decrease in the hydraulic
gradient results in less water flowing from the aquifer to the stream.

In the case of a losing stream the water in the stream is at a higher hydraulic head
than the ground water and water flows down gradient from the stream to the
aquifer. As before, the addition of a pumping ground water well that removes
water from the aquifer will lower the hydraulic head of the ground water in the
aquifer. In this case the well will increase the hydraulic gradient between the
higher head of the stream and the lower head in the aquifer and more water will
flow from the stream to the aquifer, further depleting the stream. In either case, if
the stream itself is already determined to be fully appropriated, than the whole
integrated system must be fully appropriated.

One must also ask, is it possible for a stream itself to have sufficient water for all
surface water rights but not have sufficient ground water to recharge wells
dependent on streamflow? In this case, all the demands of the surface water
rights would have to be satisfied, but the water in the ground water aquifer would
be insufficient for the existing wells. Such a system could not happen on a gaining
stream because if the ground water were insufficient to sustain the wells, there
would be little or no water in the stream for the surface water users. According to
Bentall ?nd Shafer (1979) most streams in the State of Nebraska are gaining
streams™.

The remaining case would be a losing stream on which the major water supply to
the stream and the hydrologically connected aquifers was from surface water
runoff to the stream. Furthermore, this runoff would have to be sufficient to
satisfy the junior surface water rights, or it would be determined to be fully
appropriated under criteria (a) of the statute, but not sufficient enough to satisfy
ground water wells for which the stream flow was a critical component of the
supply. In areas on the White and Hat Creeks in western Nebraska, where isolated
fractures in the Brule Formation are in close hydrologic connection to the stream
but not to a surrounding ground water aquifer, there could be small stock and
domestic wells that depend primarily on streamflow as their sole source of water.
However, these streams have already been declared fully appropriated because the
demands of the existing surface water rights are not met. There may also be such

! Availability and Use of Water in Nebraska 1975. 1979. Nebraska Water Survey Paper Number 48.
Conservation and Survey Division Institute of Agriculture and Natural Resources, University of Nebraska
Lincoln.
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isolated physical systems in other parts of the state such as in the glacial till area
of the eastern part of the state and along the Missouri River, but like the White
River and Hat Creek, if the demands of the hydrologically wells are not being
met, it is unlikely that the demands of any existing surface water rights would be
met.
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