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The Kansas surface water return flow calculation is performed exactly like the surface water
return flow calculation in Colorado except for those lands in Kansas served by the Almena Canal
that are surface and ground water irrigated commingled land.

Nebraska - The Nebraska raw data consists of seven databases. They include the lands served
exclusively by ground water irrigation database, the commingled lands ground water irrigated
database, the lands served exclusively by surface water irrigation database, the commingled surface
water database, the river pumpers database, the private canals database, and canal |eakage database.
Each of the first four databases specifies the annual volume of applied water and area over which it
is applied on a cell-by-cell basis. The river pumpers database and private canals database supply
only the annua volume by cell and the cana leakage database supplies the monthly volume by cell.
The program mknedat is used to create the required monthly ground water pumping files by
distributing the annual cell-by-cell pumping to a monthly timestep using a fixed set of factors. The
ground water recharge is calculated as a factor of the pumped amount. This factor is a constant over
the State of Nebraska, and is 30% until 1960 and then reduces linearly to 20% in 2000. The
pumping and ground water irrigation recharge are calculated in the same manner for commingled
and exclusively ground water irrigated lands. The total of both commingled and exclusively ground
water pumping is written to a single pumping file. The exclusively ground water pumping acreage
is stored to the ground water irrigation acreage files. The commingled ground water acreage is not
used in this application since it is the identica acreage that is designated as surface water
commingled acreage.

Surface water farm deliveries are specified on a land-by-land basis. For each land, the cell
and appropriate canal system is specified. The return flows from each land are calculated as the
delivered amount multiplied by a system specific fraction. This fraction is specified in the FSS, and
for most systems it is a constant with time, but for some systems the return flow fraction varies with
time. The annual volume is accumulated for each cell and distributed to a monthly timestep using
the same set of factors used to distribute the pumping. The irrigated acreage served exclusively by
surface water is saved to the surface water irrigated area file and the commingled surface water area
is saved to the commingled areafile for the year.

River pumpers and private canals are specified as annual totals by cell. The return flow
from these irrigation methods are calculated as a fixed fraction of the applied amounts and added to
the cell-by-cell surface water return flows. The irrigated acreage is not considered.

The canal |eakage database specifies canal 1osses on a cell-by-cell basis for every month and
issimply copied to change the file format.

Stress Calculation

The Republican River Pre-Processor (rrpp) program is used to construct MODFLOW
recharge and well pumping input files from these cell-by-cell files. The input files for each state are
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kept in a separate directory. The rrpp program reads the cell-by-cell monthly and annual files for all
three states, calculates recharge from precipitation and outputs the resulting recharge and well
pumping data sets as input to the MODFLOW program. A steady state step is used to establish the
model initial condition at the beginning of the 1918 to 2000 transient ssimulation. There is no well
pumping, irrigation recharge or canal leakage in this initial steady state. Therefore, the recharge
consists only of precipitation recharge. The rrpp program calculates the precipitation recharge for
each year from 1918 to 1940 and then averages the recharge. Each cdll is assumed to be only non
irrigated during this period.

The rrpp program is used to generate MODFLOW input files for both the historical or base
run and the impact runs - “No State pumping” for each of the states and “No Nebraska import”.
The program reads a set of instructions from a parameter file. The NOPUMP instruction is used to
switch off irrigation well pumping and return flows for a particular state as well as the M&l|
pumping. The MOUND instruction is used to switch off all surface water returns and canal |eakage
within the area in Nebraska designated as the mound area. A map of the mound areain Nebraska is
provided in Appendix A.

Pumping is calculated on a monthby- month basis by accumulating the cell-by-cell pumping
specified in the individua state files. If pumping is switched off for a state, pumping for that state
is simply omitted. The total pumping for each month is then written to the MODFLOW wéll file.

Recharge from irrigation is calculated on a monthby-month basis by accumulating the cell-
by-cell return flows from precipitation, surface water and ground water irrigation recharge, and
canal leakage. Surface water return flows are accumulated on a cell-by-cell basis for each state,
except when the MOUND ingtruction is used, in which case the surface water return flows inside
the designated mound area are omitted. In asimilar manner, canal leakage is accumulated on a cell-
by-cell basis for each state, except again the mound area is omitted when so instructed. Ground
water recharge is also accumulated on a cell-by-cell basis for each state, except when the NOPUMP
instruction is used, in which case the ground water recharge for that state are omitted.

In order to calculate precipitation recharge, the irrigated area within each cell is accumulated
as the sum of the ground water, surface water and commingled area in the cell. When the MOUND
instruction is used, the exclusive surface water acreage is not added within the mound area.
Similarly when the NOPUMP instruction is used, exclusive ground water acreage within the cell is
not counted. Commingled acreage is aways counted. If the total irrigated acreage within a cell
equals or exceeds the number of acres in a cdll, the entire cell is treated as irrigated. Otherwise the
remaining acreage within a cell is treated as nortirrigated.

The annual precipitation for each cell is calculated by kriging the annual precipitation at a
number of stations in the basin to the cell. For both the non-irrigated and irrigated fraction of the
cell, the amount of recharge that corresponds to this precipitation amount is then calculated from
precipitation recharge curves that correspond to norrirrigated and irrigated lands for the type of soil
associated with this cell. The soil type and curves are specified in the parameter file read by the
rrpp program. The resulting total recharge for the cell is then calculated as the product of the
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fraction of norrirrigated and irrigated lands multiplied by the respective recharge amounts. The
total recharge from precipitation is then adjusted using a spatial multiplier to adjust the recharge
amount for spatial variations in terrain. The resulting annual recharge amounts are then distributed
to months using a fixed set of monthly factors.

The resultant total recharge is the sum of the precipitation recharge, surface and ground
water irrigation recharge, and canal leakage, appropriately adjusted to honor the NOPUMP or
MOUND instructions. These values are written to the MODFLOW recharge file.

Phreatophyte Evapotranspiration

The MODFLOW evapotranspiration input file is generated by the mket program. This
program calculates the monthly maximum evapotranspiration rate required by MODFLOW from
four input files. The monthly phreatophyte evapotranspiration rate at the Akron, McCook and Red
Willow climate stations are read from the first database. This rate is then multiplied by the
phreatophyte area. The phreatophyte area is calculated from the present day cell-by-cell areas
multiplied by a set of sub-basin factors. The sub-basin factors vary by year and hydrologic sub-
basin. Within each sub-basin, the area is adjusted by the sub-basin factor for that year. Basin
factors were generated for the period 1938-1993. After 1993 the basin factors were assumed to
remain at the 1993 levels. From 1935 to 1938, the basin factors were assumed to remain at the 1938
level. Although the basin factors were initidly taken from the USGS, they were ultimately
determined as calibration factors. However, no information prior to the catastrophic 1935 flood in
the Republican River Basin is available. Since the flood regime of the basin changed with the
construction of federal reservoirs in the 1950's and beyond, the present day phreatophyte growth is
not representative of pre-development growth. Therefore the year 1950 was selected as a surrogate
to represent pre-devel opment phreatophyte evapotranspiration.

The evapotranspiration surface is set equal to the NED ground surface, and the extinction
depth is set to a constant ten feet. The NED ground surface is adjusted in the stream package setup to
provide for streams aways flowing down gradient. In those cells, the evapotranspiration surface is set
at five feet above the stream channel elevation. This offset is intended to represent the elevation of
the stream banks relative to the incised stream channel and is a constant across the basin.

Streams and Reservoirs

The stream network previously generated by the USGS was adopted for this study. The
streambed corductance, thickness and area were adopted verbatim. The mkstr program was used
to adjust the streambed €elevation to represent the more accurate NED data that became available
after the original USGS work and to introduce reservoirs to the stream network.

The streambed elevation for a cell was caculated as the average of the minimum NED
elevation for a cell and the upstream cells within the stream network. For headwater cells, the
elevation was set equa to the average NED elevation in the cell. The stream network was then
traversed in a series of operations designed to ensure that the stream network runs down gradient.
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Where the NED reflects present day reservoir stages, a linear interpolation from the cell above and
below the reservoir was used to represent pre-reservoir stream elevations.

In order to model reservoirs as part of the stream network, each reservoir was associated
with one or more stream segments and a set of model cells. At the particular month that a reservoir
came into operation, that stream segment was replaced by a set of reservoir cells with a conductance
equal to one square milein area, a hydraulic conductivity of one foot per day, and a thickness of ten
feet. The reservoir segment of the stream network is isolated from the rest of the stream network by
altering the tributaries array and an inflow into that segment is set to one million cubic feet per
second. The stream elevation for each month is set equal to the middle of month stage for the
reservoir. This arbitrarily large inflow ensures reservoir losses are not constrained within the
reservoir segment. Since outflow from the reservoir segment is not transferred to downstream
segments, the assignment of this inflow does not affect downstream computations. Note: the
stream network must be specified for every stress period during which reservoirs are active because
the reservoir stage changes from month to month. The specific yield was set to zero for those cells
containing reservoirs because the reservoir storage change calculations are explicitly incorporated
within the RRCA Accounting Procedures.

The HYDMOD package was used to extract stream flows and reservoir leakage at selected
locations. A limitation of this package is the number of reaches within a stream segment cannot
change in order for the HYDMOD package to extract the flow at the correct location. Therefore,
the mkstr program pads the reservoir segments of the stream network with “dummy reaches’ to
ensure that each segment contains the same number of reaches before and after the reservoir goes
in. The dummy reaches can be identified as having a conductance of zero, which precludes any
surface-ground water interaction but ensures proper routing of flow and proper operation of the
HYDMOD package.

CALIBRATION OF GROUND WATER FLOW MODEL

Purpose of Calibration

The purpose of calibrating the RRCA Modd is to achieve an acceptable level of
correspondence between model inputs, results and historical physical observations of the ground
water flow system in the Republican River Basin. The process of calibrating the RRCA Model also
included the mathematical representation of the hydrogeol ogic framework, boundary conditions and
hydraulic properties to reflect the physical characteristics of the Republican River Basin.

Calibration Targets

Water Levels
Ground water levels have been measured throughout the Basin since the early 1900's, but
the number of sites increased dramatically post-World War Il. The source of ground water level
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information used in the RRCA Modd is the Ground Water Site Inventory (GWSI) maintained by
the United States Geological Survey (USGS) in cooperation with all three States. The tenure of
static ground water level data ranges from a single-year measurement at a discrete location to a
continuum of annual measurements that began in the early 1950’ s and continues to date at the same
well. Ground water levels are typically measured once each year, usualy in the nonirrigation
season when effects from irrigation pumping are minimized. The RRCA Model is calibrated to a
ground water level dataset that contains a total of 350,233 water level records at 10,835 different
sites. The GWSI dataset was converted from latitude/longitude to an X-Y coordinate system. The
entire dataset, including one- measurement water levels, was used in model calibration except for
wells that were determined by the representative State to be clearly erroneous. The dataset and well
hydrographs depicting observations and predictions are provided in electronic format in Appendix
A.

Baseflow

Hydrograph separation is a technique that partitions the amount of surface water and ground
water that is measured as total streamflow at a river gaging station. Determining the component of
total streamflow that is contributed by ground water (also called baseflow) requires professional
expertise and judgment. The hydrograph separation analysis used in this application is referred to
as the Pilot Point method. This procedure was adopted for application in this ground water model
since it combines the benefits of graphical baseflow analysis with the computational efficiency
afforded by electronic spreadsheets. Daily streamflow information for one, or multiple years, is
easily tabulated in a Microsoft Excel® electronic spreadsheet. Daily hydrographs are subsequently
plotted using the graphics package. The analyst performing the baseflow separation uses the tools
available in the electronic graphics package to select pilot or turning points that signify the baseflow
component in the total amount of streamflow measured at a river gaging station. A significant
contribution of the graphics and computational package afforded by Microsoft Excel® is the
flexibility to easily change the assignment of each pilot or turning point upon comparative review
with other nearby streamflow hydrographs or in collaboration with another analyst. The anayst
may change one or multiple pilot points using the click-and-drag tool to another turning point and
instantly recalculate the amount of baseflow for a defined period of time — from a month up to
decades.

For the RRCA Model, sixty-five (65) independent baseflow analyses were performed and
adopted as calibration targets. Annual and monthly baseflow estimates for each analysisis provided
in electronic medium in Appendix A.

Comparison of model calculationsto targets
The RRCA Model calculations match the representative baseflow and water-level targets to

a reasonable and acceptable degree. For the baseflow evaluation, the RRCA Model results were
evaluated in juxtaposition on a graphical format with the accepted baseflow quantifications for 65
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different stream reaches. Based upon professiona judgment, the model results reasonably match
the trend and magnitude of the actual baseflow condition at the various locations.

Hydrographs showing the physical observations and model predictions were generated for
al ground water wells with measurements. Professional judgment was again used to evaluate the
accuracy of the measurements and the comparison to model predictions, with greater weight being
given to wells with a consistent measurement set and longer periods of record. In consideration of
the magnitude and complexity of the model domain, the RRCA Mode generaly matched the
observed water-level targets. The comparative evaluation of model calculations to physical targets
based upon professiona judgment, as opposed to a statistical assignment, is an acceptable method
for a mathematical model with the magnitude and complexity inherent within the Republican River
Basin.

Calibrated Parameters

Cdlibration parameters are physical, climatic, and/or aquifer properties that can be adjusted
to so that the mathematical representation of a ground water model better represents actual
conditions. Selection of fina values for calibration parameters requires consideration of the match
between model outputs and calibration targets, and whether such values are reasonable considering
geologic, climatic, and other conditions in the Republican River Basin. Calibration parameters may
vary in a gpatial context to reflect different physical and/or geographic conditions. The two
principal calibration parameters used in application to the RRCA Modd are hydraulic conductivity
and precipitation recharge.

Hydraulic Conductivity: hydraulic conductivity may be defined as the measure of the ease in which
water can be transmitted through a porous material, i.e. flow through an aguifer. The hydraulic
conductivity values applied in the model are based upon professional expertise and vary across the
model domain. Hydraulic conductivity parameters were refined and statistically distributed
throughout the model domain during the calibration process. Hydraulic conductivity values were
specified at a set of user-supplied points, approximately one per county. These point values were
distributed to every cell in the domain using logarithmic kriging. The point values were varied
during calibration using a combination of professional judgment and automated calibration using a
parameter estimation program.

Precipitation Recharge: The amount of precipitation that percolates into the ground water aquifer is
dependent upon different soil characteristics and the amount of precipitation. Three general soil
classifications were identified and distributed throughout the Republican River Basin: coarse,
medium, and fine. As part of the model calibration, the STATSGO Soil Type 832 that was
origindly classified as “fing” was reclassified as “medium” to better differentiate precipitation
recharge in the mound area in Nebraska from the rest of the model domain. In addition, the alluvial
valleys were treated as distinct soil groups, with one group for the tributary alluviums and one for
the alluvium aong the mainstem. Recognizing the amount of precipitation that recharges the
ground water aquifer increases in proportion with precipitation, a set of two curves was devel oped
for each of the three soil classifications. One curve is for irrigated lands and the other for non
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irrigated lands. The Y-axis for each curve is inches of recharge from precipitation and the X-axis
depicts the total amount of precipitation each year.

Lesser calibration parameters that are used to further refine the ground water model include:
Spatial Multipliers — the Spatial Multiplier has a value of 1.0 throughout the model domain

except in the mound area in Nebraska where the value is 1.5. A map of spatial multipliers with
associated values is provided in Appendix Q.

Steady-State Multiplier — for the period of 1918 to 1940, the long-term average recharge is not
fully indicative of al conditions in the model domain, primarily in the western area. A steady-
state multiplier of 0.75 was applied to the average of the 1918-1940 recharge period throughout
the Republican River Basin.

Phreatophyte potential evapotranspiration rate — the rate is indexed to the McCook and Red
Cloud, Nebraska and Akron, Colorado climate stations. The annual potential evapotranspiration
rates were linearly interpolated from west to east across the model domain. To improve the
ability of the model to match baseflows, all phreatophyte evapotranspiration rates were adjusted
by afactor of 2.0. For specific sub-basins, a second factor ranging between 0.03 and 1.12 was
applied. The location of the phreatophyte areas and distribution of potential evapotranspiration
are provided in Appendix R.

Saturated Thickness — Applied within the RRCA Mode to improve the model performance, the
saturated thickness in any given model cell was adjusted to a minimum of 10 feet. The
saturated thickness is based upon average values for the period 1940-2000 and was kriged
across the model domain between known data points. The distribution of saturated thickness is
provided in Appendix S.

Transmissivity — The adjustments to hydraulic conductivity and saturated thickness described
above were made during the calibration procedures and resulted in a distribution of
transmissivity that is provided in Appendix T.

Model Output

The RRCA Mode is fully operational and calibrated to represent the physical and
hydrogeological characteristics of the Republican River Basin to a reasonable degree. The RRCA
Model reasonably matches the trend and magnitude of ground water levels and stream baseflow
targets distributed throughout the Republican River Basin, without significant bias in any region or
hydrologic characteristic. The RRCA Modd is calibrated to a sufficient degree that depletions from
ground water pumping and accretions from imported water from the Plaite River System to the
Republican River are quantified and assigned to prescribed streamflow reaches that are in accord
with the RRCA Accounting Procedures.
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The RRCA Mode calculates the amount of ground water depletions from well pumping as
the difference in streamflows using two simulation runs of the model. The “base” run is the
simulation with all ground water pumping, ground water pumping recharge, and surface water
recharge within the model study boundary for the period 1918 to the current accounting year “on”.
The “no State pumping” run is the simulation run with the same model inputs as the base run with
the exception that all ground water pumping and pumping recharge for that particular State is turned
“off.” The amount of recharge from precipitation is recalculated by converting al ground water-
only irrigated land to non-irrigated lands. The amount of depletions charged to each respective
State is the difference between the “base run” and the “no State pumping run”. In asimilar manner,
the “no NE import” run is the simulation with the same model inputs as the base run with the
exception that surface water recharge from irrigation and canal leakage that is associated with
Nebraska's Imported Water Supply is turned “off.” The amount of recharge from precipitation is
recalculated by converting all surface water-only irrigated land to non irrigated lands and the
Imported Water Supply Credit is the difference in stream flows between these two model simulation
runs. For commingled lands, defined as receiving irrigation water from a combination of surface
and ground water supplies, there is no switch or conversion from irrigated to norirrigated lands
because it is assumed any deficit from one supply source will be replaced by the other. Therefore,
while the surface or ground water return flows may be removed in a no pumping or import
simulation run, the derivation of recharge from precipitation remains unchanged for commingled
lands.

An output of the model is baseflows at selected stream cells. Changes in the baseflows
predicted by the model between the “base” run and the “no-State-pumping” model run are
considered to be the depletions to streamflows, or ground water computed beneficial consumptive
use due to State ground water pumping at that location. The vaues for each Sub-basin include all
depletions and accretions upstream of the confluence with the Main Stem. For sub-basins with
reservoirs and the Main Stem, the model’s output totals the depletions and accretions above and
below each federal reservoir and in the reservoir reaches. The values for the Main Stem include all
depletions and accretions in stream reaches not otherwise accounted for in a Sub-basin. The values
for the Main Stem are computed separately for the reach above Guide Rock, and the reach below
Guide Rock. For subsequent years, the RRCA Model will be extended to include new hydrologic,
pumping, climate, and other annualized datasets. The data will be compiled and exchanged in
accordance with the RRCA Accounting Procedures.

For illustrative purposes, impact tables that quantify the depletion of ground water well
pumping and imported water supply accretions by stream reach are provided in Appendix U for the
period 1981-2000.

CONCLUSIONS

The RRCA Mode fulfills the requirements of the FSS to develop a ground water model for
use by the RRCA to aid in the administration of the Republican River Compact. The RRCA Model
quantifies the amount, location, and timing of streamflow depletions caused by ground water well
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pumping and the accretions to streamflow from imported water across the model domain on an
annual basis. The RRCA Mode provides the required output information in an acceptable format
to describe the amounts and timing of said ground water pumping depletions and imported water
accretions that are necessary for application within the prescribed annual RRCA Accounting
Procedures. The RRCA Mode calibration represents the physica and hydrogeological
characteristics of the Republican River Basin to a reasonable degree. The use of specific methods or
computational procedures within the RRCA Model does not necessarily mean that any party
represents or accepts them to be the best or only method for purposes other than that, which is
applied in the RRCA Model. The RRCA Mode will be used as is, with only annua updates to the
appropriate data files and necessary modifications to pre-processor programs required to
accommodate modified future data formats, but without recalibration, until such time as the RRCA
approves any changes. The RRCA may consider revisions to the model as set forth in the FSS.

24



APPENDICES

Appendix A — RRCA Model DVD

Appendix B —Map of RRCA Ground Water Model Domain
Appendix C — Globa Water Budget

Appendix D - Pumping Estimates for each State

Appendix E — Distribution of Soil Classifications

Appendix F — Precipitation Recharge Curves

Appendix G — Recharge from Precipitation

Appendix H — Recharge from Ground Water Irrigation
Appendix | — Recharge from Canals and Laterals

Appendix J- Recharge from Surface Water Irrigation
Appendix K — Irrigated Acreage Estimates

Appendix L - Crop Irrigation Requirements

Appendix M — Schematic of Republican River Designated Drainage Basins
Appendix N — Phreatophyte Distribution

Appendix O - Distribution of Specific Yields

Appendix P — Distribution of Hydraulic Conductivities
Appendix Q — Spatial Multipliers

Appendix R — Location of Phreatophyte Sub-Basin and Phreatophyte Area
Appendix S - Saturated Thickness

Appendix T — Transmissivity

Appendix U — RRCA Model Impacts

25



