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Executive Summary

The following work is included as part of the Kansas River Reservoirs Flood and Sediment Study (KRRFSS).
This ongoing study investigates water and related land resource issues and opportunities in the Kansas River
Basin to recommend comprehensive, long-term, and sustainable water resource solutions and management
based on a Shared Vision for the basin.

An existing HEC-ResSim model was updated to evaluate the impacts of the current operation of the lower
seven flood control reservoirs on the Kansas River basin. The reservoir operation sets are based on the current
Water Control Manuals for each reservoir. With and without navigation scenarios were run for the existing
conditions. Existing data sets were extended to cover the period of January 1, 1920 to December 31, 2019.
Reservoir routing parameters were verified and changed as necessary. Updated local flows were created using
the extended data set for use in the updated model simulation.

Necessary output from the model includes a complete regulated set of flows at several key stream gage

locations on the Kansas River and the pool elevations and releases for each reservoir. Model output is available
for use by other disciplines within the study.
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1 Introduction

This document provides the methodology used to simulate regulated flow on the Kansas River from January
1920 through December 2019. Reservoir modeling was conducted using Hydrologic Engineering Center
Reservoir System Simulation (HEC-ResSim) version 3.5. Several data sets needed to be extended beyond their
existing period of record. These included USGS gauging stations, inflow points, and local flow between gages.
The flood control reservoirs included in this study are the lower seven reservoirs all on tributaries of the Kansas
River: Kanopolis, Wilson, Waconda, Milford, Tuttle Creek, Perry, and Clinton.

All analysis is conducted as part of the Kansas River Reservoirs Flood and Sediment Study (KRRFSS). The
existing conditions simulation will be used as a baseline for future without project simulations that evaluate
changes as sediment accumulates over the next 100 years of the project study evaluation. Several alternatives
will also be evaluated including changes to reservoir operations. The existing condition flows on the Kansas
River will be used to evaluated flood risk reduction measures and will develop updated flow frequency
relationships for unregulated and regulated basin conditions. Simulated reservoir pool elevations and outflows
will be utilized for evaluation of recreation, water supply, and water quality needs within the basin.

2 Basin Description

The Kansas River is formed by the confluence of Smoky Hill and Republican Rivers near Junction City,
Kansas. It flows approximately 148 miles generally eastward where it joins the Missouri River near Kansas
City. There are seven U.S. Army Corps of Engineers (USACE) and eleven U.S Bureau of Reclamation (USBR)
reservoirs which are authorized for flood control in the basin. The lower seven reservoirs are included in this
study since they are the major contributors to Kansas River Basin flood storage.

These seven reservoirs include three which are in the Smoky Hill River Basin: Kanopolis Reservoir on the
Smoky Hill River, Wilson Reservoir on the Saline River, and Waconda Reservoir on the Solomon River. The
Smoky Hill River Basin reservoirs and the corresponding control point gages are shown in Figure 2-1. The rest
of the seven reservoirs are on tributaries to the lower Kansas River and are Milford Reservoir on the Republican
River, Tuttle Creek Reservoir on the Big Blue River, Perry Reservoir on the Delaware River, and Clinton
Reservoir on the Wakarusa River. The Kansas River Basin reservoirs and the corresponding control point gages
for flood control operations are shown in Figure 2-2.
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Figure 2-1 Schematic of the Smoky Hill River Basin reservoirs and control points.
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Figure 2-2 Schematic of the Kansas River Basin reservoirs and control points.

These seven reservoirs vary widely in storage and release capacity. Table 2-1 details pertinent information for
each reservoir. Generally, the size of the flood storage and the discharge capacity is indicative of how much the
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reservoir impacts downstream flows. The larger reservoirs also tend to be authorized for more release capacity.
Figure 2-3 through Figure 2-9 depict the current reservoir allocation zones and storage capacity of each zone to
include the multipurpose or conservation pool.

Table 2-1 Pertinent data for the lower seven reservoirs in the Kansas River Basin

Reservoir Owner | Date of Date Multi- | Flood Outlet Surcharge | Spillway
Closure purpose Control | Discharge Storage Discharge
Filled Storage Capacity (ac-ft) Capacity Top
(ac-ft) Top of Flood of Surcharge
Pool (cfs) Pool (cfs)
Kanopolis | USACE | 26Jul1946 | 19July1948 | 365,143 | 6,400 484,912 172,000
Wilson USACE | 3Sep1963 | 12Marl1973 | 530,152 | 6,500 899,749 15,700
Waconda USBR | 180ct1967 | 16Mayl1973 | 722,986 | 5,200 166,572 | 278,000
Milford USACE | 24Augl964 | 14Jul1967 | 757,874 | 23,100 1,475,913 | 560,000
Tuttle USACE | 20Jul1959 | 29Apr1963 | 1,884,312 | 45,900 959,939 | 579,000
Creek
Perry USACE | 2Augl966 | 3Junl1970 515,520 | 27,500 695,362 | 65,000
Clinton USACE | 23Augl975 | 3Apr1980 | 292,496 | 7,570 286,875 | 44,200

Kanopolis Lake Storage Allocations
Storage Began February 17, 1948  Current Capacity Table Use Began March 1, 2012
Top of Dam 1537.0

NGVD 29
Top of Surcharge Pool Freeboard=35.2 fi oo
— 15318
Surcharge Space = 454,784 AF
Top of Flood Controf Poo/  Spillway Crest = 1507.0 — 15080
VYVVVVVVVYVYVYYY T
60 Years of Sedimentation Flood Control Space = 365,143 AF
Sedimentation rate Peak Pool Elev = 1506.98 (July 14, 1951)
~ 150 AF per year -
Top of Muliipurpose Pool .
pe e —1  1463.0
60 Years of Sedimentation . 4
Sedimentation rate ‘\Iu“lpul pose Spdce
~ 400 AF per year = 48,378 AF
—— 14320
—1L 1416.0
Storage Allocations (AF) 1948 1993 2007 2045 (est) Pra-Resanvoir Botfor of Streambead
Total Flood Control Pool 373,891 368,114 365,143 362,254 MP pool elev raised from 1459.0 to 1463.0
Projected Flood Control 373,891 368,114 362,254 362,254 in1968. MP pool reallocated in 2002 to
FP Sediment Reserve 0 0 2,889 0 add water supply allocation, with the

remaining portion for operating MP uses,

Total Multipurpose Pool (1463) 73,200 50,273 48,378 26,833 mainly mini a
y minimum releases. Sediment
Watgr Supply 0 0 12,500 12,500 reserve also added to FP. The State of
Multlpurpose Uses 15,041 1 ,890 14,333 14,333 Kansas (KWO] contracted for all water
MP Sediment Reserve 58,159 38,383 21,545 0 supply space in 2002. All in service.

Figure 2-3 Kanopolis Reservoir Storage Allocations



Wilson Lake Storage Allocations

Storage Began December 29, 1964 Current Capacity Table Use Began March 1, 2012
TopofDam 1592.0

- NGVD 29
Top of Surcharge Poof Freeboard = 4.5 ft — 15875
SJ')illweg' Crest=1582.0 . o
YYVVYVVVVYVYVVYY Surcharge Space
Tap of Flood Confral Pool = 899,963 AF —1 1ss40
‘ontrol Space = 530,15
44 Years of Sedimentation Flood Control Spﬂ(‘f‘ 30,152 AF
Sedimentation rate Peak Pool Elev = 1548.27 (Aug 13. 1993)
~ 15AF pery
peryeat Tog of Muliipurooss Foo! —L 15160
44 Years of Sedimentation Multipurpose Space
Sedimentation rate
~ 265 AF per year = 236,188 AF
—]—  1437.0
—1 1420.0
Fra-Resernvair Bolforn of Sireambe
Storage Allocations (AF) 1964 1984 2008 2064 (est) )
Total Flood Control Pool 530,710 530204 530,152 510,000  Therablesresuiiing rom the 2098
Exclusive Flood Control 510,000 510,000 510,000 510,000 since{n 22012 The State cpran as
FP Sediment Reserve 20,710 20,204 20,152 0 (KWO) has reqt.aested a reallocation
Total Multipurpose Pool 247,835 242,528 236,188 225,000 study of Wilson Lake to make water
ultipurpose (all purposes . . . : supply space available, but the study
Multi (all ) 225000 225000 225000 225000
MP Sediment Reserve 22835 17,528 11,188 0 has been put on hold.

Figure 2-4 Wilson Reservoir Storage Allocations

WACONDA LAKE (GLEN ELDER DAM)
ALLOCATIONS

\ r‘ Maximum Surface or Top of Surcharge Elev. 1492.9 (1,107,489 Acre - Feet)

Dam Crest
Elev. 1500.0

Surcharge - 165,081 Acre - Feet

Top of Flood Control Elev. 1488.3 (942,408 Acre - Feet)

©

Exclusive Flood Control - 722,988 Acre - Feet

Elev. 1467.4

op of Active Conservation Elev. 1455.6 (219,420 Acre - Feet)

T
WILDLIFE FISH RECREATION IRRIGATION
Active Conservation — 193,183 Acre - Feet
r Top of Inactive Elev. 1428.0 (26,237 Acre - Feet)

Inactive Pool — 25,989 Acre - Feet River Outlet
Elev. 1407.8
! Top of Dead Elev. 1407.8 { 248 Acre - Feet)
Revised 10/16/2012
Dead - 248 Acre - Feet g Streambed Elev. 1385.0 I \

Figure 2-5 Waconda Reservoir Storage Allocations



Milford Lake Storage Allocations
Storage Began January 16, 1967 Current Capacity Table Use Began March 1, 2012
TopofDam 1213.0

Top of Surchargs Pao/ Freeboard = 4.8 ft NGVD 22
o of Surcharos Foo reeboard = 4.
—T1 1208.2
Surcharge Space = 1,475,812 AF
Top of Flood Corfral Pool Spillway Crest = 1176.2 1 11762
‘ontrol Space — 757,872
43 Years of Sedimentation Flood Control Spﬂf(' 7 ?’87 AF
Some sedimentation has Peak Pool Elev =1181.94 (July 25. 1993)
occurred, but the ]
rate is not defined. Top of Muitipuroose Poof 4 qaaa
43 Years of Sedimentation :\'Illlﬁp urpose Sl] ace
Sedimentation rate _
~ 1,000 AF per year - 373’152 AF
—1— 1080.0
—1 - 1070.0

Storage Allocations (AF) 1967 1980 2009 2067 (est) FPra-Rasenvair Sofiom of Streambed

Total Flood Control Pool 757,746 756,601 757,872 700,000 2009 tables now used for lake ops.
Exclusive Flood Control 700,000 700,000 700,000 700,000 State of Kansas (KWO) contracted for
FP Sediment Reserve 57,746 56,601 57,872 0 ‘j""-?'t‘fe: supply allocation Int19::61T2;0 AF

- initial in-service increment o ,

Total Multlpu_rpose Pool 415,352 388,608 373,152 300,000 is subcontracted to the Kansas River
In-Service Water Supply 0 101,650 101,650 300,000 \water Assurance District and KP&L.
Future Use Water Supply 300,000 198,350 198,350 0 until called into service. the future use
MP Sediment Reserve 115,352 88,608 73,152 0 |

Figure 2-6 Milford Reservoir Storage Allocations

Tuttle Creek Lake Storage Allocations

space is operated for other MP uses.

Storage Began March 7, 1962  Current Capacity Table Use Began March 1, 2012

Topof Dam

Ton of Surchane Poof Freeboard= 2.15 fi

Surcharge Space = 1,365,732 AF

Top of Food Confral Poo!

Flood Control Space = 1,884,312 AF
Peak Pool Elev =1137.77 (July 22. 1993)
Gated spallway crest at Elev 1116.00

Top of Mulipwiposs Pool

48 Years of Sedimentation
Sedimentation rate
-~ 1,200 AF per yvear

48 Years of Sedimentation
Sedimentation rate ——

- 3,500 AF per year

Multipurpose Space
=257,014 AF

—

Storage Allocations (AF) 1962 1989 2009 2035 (est)

Total Flood Control Pool 1,941,705 1,922,085 1,884,312 1,879,000
Projected Flood Control 1,941 705 1,879,000 1,879,000 1,879,000

1159.0
NGVD 29

—T 115685

— 11360

—r 1075.0

1015.0

L 993.0

Pre-Resenvoir Bolfom of Streembed
The 1989 Reallocation added a

water supply allocation and added
Nominal Sediment Reserve 0 43,085 5,312 0 space to the sediment reserve to
Total Multipurpose Pool 425,312 335,100 257,014 122,000 extend its design life from 2012 to
Water Supply (all in-service) 0 50,000 50,000 50,000 2035. The State (KWQ) contracted
WQ, Nav, Other Purposes 185,000 T2 000 72,000 72,000

MP Sediment Reserve 240,312 213,100 135,014 0

in service.
Figure 2-7 Tuttle Creek Reservoir Storage Allocations
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Perry Lake Storage Allocations
Storage Began January 15, 1969 Current Capacity Table Use Began March 1, 2012
Top of Dam 946.0

A NGVD 29
Top of Surchrarge Paof Freeboard=4.8 ft
—T1 9412
Surcharge Space = 695,257 AF
Spillway Crest =922.0
Top of Flood Contrel Foo! w WY YYYYYVYYYY —1 9056
Flood Control Space = 515,519 AF
41 Years of Sedimentation Peak Pool Elev =920.85 (July 25, 1993)
Sedimentation rate
~ 150 AF per year Top of Muliourooss Pool
SR —1 8915
41 Years of Sedimentation }Illltlp urpose Sl]a(_‘i‘
Sedimentation rate -1 i
~ L1050 AF per vear -00’004 AF
—I— 838.0
—1— 825.0
Storage Allocations (AF) 1969 2001 2008 2069 (est) FPra-Ressnvalr Dofforn of Sfreambed
Total Flood Control Pool 521,880 515,397 515,519 480,000 2008 tables now used for operations
Come o Cora D00 0000 k00t 460180 R S
i ! ! for the water supply allecation in 1977.
Total Multipurpose Pool 243,220 206,682 200,004 150,000 The initial 25,000 AF increment is
In-Service Water Supply 0 25,000 25000 150,000 contracted to the Kansas River Water
Future Use Water Supply 150,000 125000 125,000 0 Assurance District. Valley Falls has a
MP Sediment Reserve 93220 56,582 50,004 0 separate water withdrawal contract.

Figure 2-8 Perry Reservoir Storage Allocations

Clinton Lake Storage Allocations
Storage Began November 30, 1977  Current Capacity Table Use Began March 1, 2012

TopofDam 928.0
NGVD 29

Ton of Surchanges Poof X ard = 6.6 fi
2 g Freeboard = 6.6 ft — 9214
Surcharge Space = 286,843 AF
Spillway Crest =907.4
Top of Flood Confrol Pool w W WYY YYYYYYYY — 9034
32 Years of Sedimentation Flood Control Space = 292,496 AF
Some sedimentation has
oceurred. but the rate is not Peak Pool Elev = 892.48 (May 29. 1995)
defined.
T f hAuity Fool
on of Mutlipuipose Poo 1 g755
2 Year i i .
32 Years of Sedimentation Multipurpose Space
Sedimentation rate
300 AF per year = 118,699 AF
—]—  831.0
Storage Allocations (AF) 1977 1991 2009 2077 (est) — 1 8140
Total Flood Contrel Pool 268,367 268,783 292,496 258,300 Fre-Rasenvair Boffom of Sireambed
Exclusive Flood Control 258,300 258,300 258300 258,300 2012 tables based on 2009 lake survey.
FP Sediment Reserve 10,067 10,483 34,196 0 Water supply allocation contracted to
Total Multipurpose Pool 129,171 125,334 118,699 110,400 :‘:hs‘_:i‘fnftfm"l"f:ssfrél’?:ﬁ{:'r';;iﬁof
In-Service Water Supply 53,520 53,520 53,520 89,200 53,500 AF: the available water is
Future Use Water Supply 35,680 35,680 35,680 0 subcontracted to the cities of
Water Quality 21,200 21,200 21,200 21,200 Lawrence, Baldwin City, and six
MP Sediment Reserve 18.?71 14,934 81299 0 Douglas Counw rural water districts.

Figure 2-9 Clinton Reservoir Storage Allocations
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Reservoirs upstream of Kanopolis, Waconda, and Milford have not been included in this study; however, these
reservoirs do impact the inflow records of the downstream reservoirs after their respective closure dates since
observed inflows are relied upon in the performance of this study. These upstream reservoirs and their dam
closure dates are show in Table 2-2.

Table 2-2 Reservoirs upstream of the study area.

Downstream Lake Upstream Lake(s) Closure Date Initial Fill Date
Kanopolis Cedar Bluff Sep 10, 1950 Jun 21, 1951
Waconda Webster May 3, 1956 Jun 18, 1957
Kirwin Mar 7, 1955 Jul 2, 1957
Milford Lovewell May 29, 1957 May 20, 1958
Harlan County July 22, 1951 Nov 14, 1952
Norton Jan 8, 1964 Jun 21, 1967
Harry Strunk Aug 8, 1949 Apr 2, 1951
Hugh Butler Sep 5, 1961 May 22, 1961
Swanson May 4, 1953 May 15, 1957
Bonny Jul 6, 1950 Mar 29, 1954
Enders Oct 23, 1950 January 1952

3 Methodology

HEC-ResSim version 3.5 was used to simulate reservoir operations and route water through the basin. HEC-
ResSim is a reservoir simulation model which incorporates user-defined rules and data sets to determine
reservoir outflows, resulting pool elevations and flow at downstream locations. The model routes reservoir
outflows using hydrologic routing methods defined by the user. A depiction of the model junctions and reaches
in the basin is shown in Figure 3-1 below. Note that the model schematic shows some portions of the
Republican River above Milford Reservoir as being included in this study; however, this model reach was not
set up due to time constraints and the majority of the KRRFSS alternatives being focused on other portions of
the basin. Active modeling along the Republican River begins at Clay Center which is the inflow gage to
Milford Reservoir. In addition to the Kansas River Basin, the Missouri River is modeled from St. Joseph to
Waverly to allow the Missouri River control point of Waverly, Missouri to be modeled properly.
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[ HEC-ResSim 3.5 Dev - NWK_Kansas_River - x
File Edit View Network Altemative Reports Tools Help

K S[e NN BE~ =

Ready Local Warkspace NWK_Kansas_River opened

Figure 3-1 HEC-ResSim Kansas River network.

An existing Kansas River basin HEC-ResSim model was utilized to begin this study. The existing model was
completed in April 2017 through support of the Modeling, Mapping, and Consequence (MMC) Production
Center. This model was primarily developed to operate as part of the CWMS modeling package using inputs
from HEC-HMS and feeding output data into HEC-RAS. It was setup to run in an hourly time step and
primarily used for real-time forecasting. The KRRFSS model modified the existing reservoir network to be used
for long-term daily modeling. Over the course of this project, hydrologic routing parameters, local flow
junctions, and the reservoir operation rule set were re-evaluated and updated where necessary to better suit the
purposes of the KRRFSS.

3.1 Reservoir Data Extension

To utilize the model, a complete period of analysis data set for a number of inputs is required. Data sets were
collected from observed records (period of record data) and extended, filling in missing and historical data by a
variety of methods. Observed records were obtained from the U.S. Geological Study (USGS), comprising
official daily streamflow records, as well as record inflow, release, and elevation data from the Corps Water
Management System (CWMS) database. The period of analysis for the model input data was December 1,
1919 through January 2, 2020 with the first month used as a model lookback period. The functional data output
is from 1920 through 2019. The model utilizes a daily time step in simulations.

Inflow from the Kansas City District CWMS database was used for the period after all lakes were constructed
through 2019. CWMS lake inflow is mean daily as averaged over the 24-hour period extending from 1200
hours UTC of the previous day to 1200 hours UTC of the current day. As the Model operates on a midnight to
midnight (UTC) basis, the inflow data from the database is time shifted from the model timestep. To account for
this effect, the data has been shifted backward 12 hours. No averaging between days was attempted because that
would further diminish peak inflow magnitudes. This data was all simply shifted backwards 12 hours. All
USGS data is provided as a daily average value at midnight UTC and no shift is necessary for this data. Once
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the inflow values are shifted back 12 hours the data from the CWMS database begin for each lake on the dates
listed in Table 3-1.

Table 3-1 Beginning of calculated daily average inflows.

Lake Initial Database Date
Kanopolis Lake February 16, 1948
Wilson Lake September 3, 1963
Waconda Lake October 17, 1967
Milford Lake August 23, 1964
Tuttle Creek Lake July 20, 1959

Perry Lake July 31, 1966
Clinton Lake November 30, 1977

The CWMS database inflow is calculated by adding the following parameters: daily change in storage, reservoir
releases, and evaporation. Precipitation on the pool of the lake accounts for some of the change in storage on
rainy days. The data developed for the period prior to the CWMS data does not include the rain on pool
component, but only includes runoff from the upstream basin as seen in the available gages at the time. This
may result in a discrepancy inherent in the pre-dam data as rain on the reservoir water surface would provide
some additional inflow that otherwise may have not reached the lake if infiltration occurred. This was assumed
to be a small discrepancy.

For the timeframe that precedes the period of record database entries, the lake inflow was determined by
evaluating the upstream gages, using standard hydrologic methods and statistical analysis. All gage data was
obtained from the USGS website; daily, period-average flow records were obtained in all cases. A ratio of flow
based on a direct comparison of the drainage basin area ratios was used only occasionally, due to the very large
areas involved and the high variability in the amount of contribution. Hydrologic conditions in the basin tend to
result in a much lower runoff contribution from the western drainage areas. The following sections describe the
specific methods used for each lake.

3.1.1 Kanopolis Lake

Kanopolis Dam is located at river mile 183.7 of the Smoky Hill River and controls about 7,857 square miles of
drainage area. The dam started impounding water on 17 Feb 1948; however, the downstream gages appear to
be impacted by dam construction at the date of closure on 26 Jul 1946. The observed Corps of Engineers
reservoir elevation, inflow, and outflow records extend from 17 Feb 1948 through the present. As the stored
data is 1200 UTC of the day before to 1200 UTC of the current day, the values have been shifted backward 12
hours to make them representative of midnight-to-midnight flows. With the time shift, the observed inflow is
used from 16 Feb 1948 through 31 Jan 2019. Table 3-2 provides a list of available gage information. The
Ellsworth gage is upstream of the reservoir; the Langley gage is 0.8 miles downstream of the dam; the
Lindsborg gage is about one day travel time downstream of the dam; and the Mentor gage is about two days
travel time downstream of the dam.

Table 3-2 Pertinent Kanopolis Lake Gages

Gage Drainage Record
Area (mi%)
Smoky Hill River at 7,580 1Jan1900 to 310ct 1905, 23Jul1918 to 04 July1925, Aug 1,
Ellsworth 1928 to Present
Smoky Hill River at 7,857 Oct 1, 1940 to Present
Langley
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Smoky Hill River at 8,110 Partial years 1905 to 1923, 01Feb1930 to 29Sep1965,
Lindsborg 31July2014 to Present

Smoky Hill River at 8,341 01Dec1923 to 01Nov1930, 22May1931 to 30Jun1932,
Mentor 010ct1947 to Present

Before the dam was constructed, inflow records are approximated using several different methods depending on
the data available in the period of record beginning in 1920. Where possible the data was extended using linear
and multi-linear regression as outlined in chapter 9 of EM 1110-2-1415, Hydrologic Frequency Analysis. The
various approaches are outlined in Table 3-3. Comparing the simulated data to the portion of overlapping
observed data for each computation method reveals the degree of correlation that was achieved. Pre-dam
Langley and the Kanopolis computed inflow record were used as the observed data. HEC-DSS and Microsoft
Excel were utilized to develop linear and multi-linear regressions between gages to approximate flow at the dam
when no data was available. The equations were generally calculated in DSS and the plots in Excel.
Occasionally, the coefficients were slightly different between the two methods. Each equation is explained in
more detail in the following sections.

Table 3-3 Methods used to extend daily Kanopolis inflow records from 1920 to present

Date Range Equation Used Comment

23July1918 to KANS =51.308+0.995*Ellsworth | Based on linear regression with Ellsworth data
30Dec1918

31Dec1918 to KANS =-11.681+0.513*Ellsworth | Based on multi-linear regression with Ellsworth
30July1919 +0.507*Lindsborg and Lindsborg minus 1 day

31July1919 to KANS =51.308+0.995*Ellsworth | Based on linear regression with Ellsworth data
28Feb1920

29Feb1920 to KANS =-11.681+0.513*Ellsworth | Based on multi-linear regression with Ellsworth
29Sep1920 +0.507*Lindsborg and Lindsborg minus 1 day

30Sep1920 to KANS =51.308+0.995*Ellsworth | Based on linear regression with Ellsworth data
27Feb1921

28Feb1921 to KANS =-11.681+0.513*Ellsworth | Based on multi-linear regression with Ellsworth
29Sep1921 +0.507*Lindsborg and Lindsborg minus 1 day

30Sep1921 to KANS = 51.308+0.995*Ellsworth | Based on linear regression with Ellsworth data
27Feb1922

28Feb1922 to KANS =-11.681+0.513*Ellsworth | Based on multi-linear regression with Ellsworth
29Sep1922 +0.507*Lindsborg and Lindsborg minus 1 day

30Sep1922 to KANS = 51.308+0.995*Ellsworth | Based on linear regression with Ellsworth data
27Feb1923

28Feb1923 to KANS =-11.681+0.513*Ellsworth | Based on multi-linear regression with Ellsworth
28Sep1923 +0.507*Lindsborg and Lindsborg minus 1 day

29Sep1923 to KANS = 51.308+0.995*Ellsworth | Based on linear regression with Ellsworth data
4July1925

5Jul1925 to KANS = Mentor/1.0616 Mentor reduced to account for gain in
31July1928 watershed between Kanopolis and Mentor.
01Augl928 to KANS =51.308+0.995*Ellsworth | Based on linear regression with Ellsworth data
30Jan1930

31Jan1930 to KANS =-11.681+0.513*Ellsworth | Based on multi-linear regression with Ellsworth
220ct1940 +0.507*Lindsborg and Lindsborg minus 1 day

230ct1940 to Used the USGS daily Langley Flow

26Jul1946
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27Jul1946 to KANS = 51.308+0.995*Ellsworth | Based on linear regression with Ellsworth data
15Feb1948
16Feb1948 to present Kanopolis Inflow minus 12 hours

The regulation impacts of upstream Cedar Bluff Reservoir were not modeled as part of this analysis. Cedar
Bluff controls 5,365 square miles and began storage on 13 Nov 1950. The majority of the Kanopolis inflow
comes from regions downstream of Cedar Bluff as the eastern portion of the basin is much wetter than the west.
Since this study is developing a period of record regulated data set, ideally the Kanopolis inflow would be a
fully regulated data set. Since the extended inflow data set is a mixture of unregulated before 13 Nov 1950 and
fully regulated after it, the extended inflows before Nov 1950 may tend to be higher than a fully regulated
system as discussed in the following paragraphs.

Upstream reservoir holdouts have been calculated from 1950 through 2019 and routed to Kanopolis Reservoir.
Holdouts are calculated by subtracting inflow from the outflow for a given day. Holdouts are positive when the
reservoir is rising and negative when it is dropping. The upstream holdouts routed to Kanopolis were then used
to calculate the unregulated Kanopolis inflow starting in 1950. To do this the routed holdouts are added to the
daily inflow.

To understand the impact of regulation above Kanopolis the annual flow volume of holdouts, observed inflow
and unregulated inflow were calculated and can be compared in Table 3-4. The percent difference between the
inflow and the unregulated inflow is also shown. Some years there is very little difference or even increased
flow because of the regulation. However, some years result in significantly reduced flows. The long-term
average percent difference indicates a 10% reduction in annual flow volume by having Cedar Bluff Reservoir in
place. If additional time and funding are available, it is recommended to further work on developing a fully
regulated Kanopolis inflow. Some additional, event specific, plots are included in Section 2.1 of “Attachment 1
Supporting Plots” that show examples of observed and unregulated flows for Kanopolis during specific flood
events.

Table 3-4 Annual flow volume for holdouts, inflows, and unregulated inflows at Kanopolis Reservoir.
Annual Flow Volume

Kanopolis
Kanopolis Calculated
Upstream Holdouts Observed Unregulated Percent
Year Routed to Kanopolis Inflow Inflow Difference

1948 127,375

1949 317,878

1950 453,658

1951 145,531 1,063,580 1,209,170 14%
1952 -41,303 172,680 131,416 -24%
1953 10,004 62,318 72,339 16%
1954 -1,459 66,061 64,626 -2%
1955 63,116 104,906 168,038 60%
1956 25,510 41,686 67,207 61%
1957 52,830 574,080 626,939 9%
1958 -17,514 394,855 377,339 -4%
1959 32,161 222,831 255,021 14%
1960 34,829 408,325 443,186 9%
1961 32,193 441,606 473,822 7%
1962 -1,060 302,468 301,414 0%
1963 32,363 77,763 110,174 42%
1964 19,087 75,304 94,418 25%
1965 58,264 242,449 300,755 24%
1966 892 120,795 121,728 1%
1967 25,140 305,679 330,843 8%
1968 2,999 111,465 114,465 3%
1969 36,209 319,472 355,726 11%
1970 1,882 166,383 168,283 1%
1971 882 247,423 248,322 0%
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1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019

26,863
50,157
-280
19,775
-5,294
-3,604
-11,675
6,346
2,365
4,553
13,290
3,581
6,949
3,610
2,285
23,632
2,503
1,841
3,574
2,289
1,232
66,674
15,063
38,154
81,193
33,559
47,420
26,988
29,411
32,680
7,456
12,072
11,822
6,063
2,987
21,125
15,012
13,996
29,032
11,856
6,785
3,535
21,618
8,237
12,044
10,248
29,060
66,775

115,173
800,417
301,982
200,830
85,696
113,541
65,341
159,488
88,407
124,911
97,988
31,728
71,407
118,147
82,603
455,448
33,209
61,463
115,773
52,969
173,677
946,238
107,312
285,210
244,090
125,032
298,475
220,664
134,367
270,601
56,490
65,936
58,811
28,332
19,537
362,529
295,219
87,299
104,138
55,642
21,464
62,287
84,760
42,522
134,140
161,041
291,326
699,607

142,067
850,614
301,779
220,630
80,422
109,960
53,694
165,854
90,817
129,491
111,303
35,352
78,422
121,791
84,914
479,125
35,729
63,317
119,344
55,289
174,928
1,012,932
122,395
323,381
325,306
158,607
345,991
247,718
163,827
303,367
63,987
78,066
70,665
34,469
22,524
383,736
310,289
101,363
133,243
67,580
28,282
65,871
106,465
50,798
146,229
171,332
320,443
765,934

23%
6%
0%

10%

-6%
-3%
-18%
4%
3%
4%

14%

11%

10%
3%
3%
5%
8%
3%
3%
4%
1%
7%

14%

13%

33%

27%

16%

12%

22%

12%

13%

18%

20%

22%

15%
6%
5%

16%

28%

21%

32%
6%

26%

19%
9%
6%

10%
9%

To extend the Kanopolis inflow record, the first preference was to use the Langley flow since it is at the dam
site and did not need to be transformed. This data set was available from October 1940 to July 1946.

The second preference was to use the multi-linear regression between Ellsworth and Lindsborg minus one day.
The regression equation was matched to the Langley pre-dam data. Shifting Lindsborg back one day resulted in
a more fitting regression since the peak flows at Ellsworth and Lindsborg were closer to each other. This
equation did a good job of balancing the peak flows with the low flow conditions. This multi-linear regression
yielded an R? value of 0.8429 which is the best of any of the methods; however, it also had the least amount of
overlapping observed data since it was only correlated with the pre-dam Langley data. All other observed
Lindsborg flow was a regulated data set and was not used for correlation. Figure 3-2 shows the relationship.
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Figure 3-2 Relationship between the daily Langley flow and the computed daily flow from the multi-linear regression of Ellsworth and Lindsborg -1
day.

The third preference was to use a linear regression with Ellsworth. This regression was developed using the
period of record Ellsworth data as it correlated to the period of record Kanopolis inflow combined with the pre-
dam Langley flow since all these records are either unregulated or impacted equally by regulation. The R? of
0.8018 is slightly worse than the multi-linear regression, but still shows a reasonable correlation. Figure 3-3
shows the data correlation and resulting regression equation between observed data.
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Figure 3-3 Relationship between pre-dam, daily Langley and Kanopolis Inflow observed data and observed Ellsworth data.

After these methods are used a small portion of data is missing from 1925 to 1928. Unregulated data exists at
Mentor during this time. However, there is very little overlap of Mentor data with any other dataset during the
unregulated period to be used in developing regression equations. Consequently, the Mentor data set was
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transformed based on the watershed area ratio. There is approximately 6% increase in watershed area between
Kanopolis and Mentor.

To test the accuracy of this transformation, the relationship between regulated Langley and Mentor observed
was plotted. The travel time from Kanopolis to Mentor is two to three days. To account for this, the R? of the
Langley vs. Mentor data was tested for observed data, Mentor minus one day, Mentor minus two days, and
Mentor minus three days. The best R? value was the Mentor minus two days with an R? of 0.6747. The Mentor
data was shifted backward two days and then divided by 1.06 to develop the transform of Mentor to Kanopolis
which is shown in Figure 3-4. The plot shows a skew for occasional higher flow at Mentor. This occurs when
rainfall in the watershed area downstream of Langley and upstream of Mentor contribute to significantly higher

flows at Mentor than at Langley.
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Figure 3-4 Relationship between regulated Langely and Mentor flow daily observed data.

A plot of the final extended Kanopolis inflow is provided in Figure 3-5.
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Figure 3-5 Kanopolis extended daily inflow record.

3.1.2 Wilson Dam

Wilson Dam is located at river mile 153.9 of the Saline River and controls about 1,917 square miles of drainage
area. The date of closure is September 3, 1963 and the lake began impounding water in January 1964. The
multipurpose pool was initially filled in March 1973. Table 3-5 shows the available gage information. The
Wilson gage, which was within the pool near the dam site, provides a historic record through 1963 until the
gage was inundated by the lake. The Russell gage is upstream of the lake and provides current lake inflow data.
The Tescott gage is far below the dam and there is a gain of over 900 square miles between the dam and
Tescott.

Table 3-5 Pertinent Saline River gages.

Gage Drainage Record
Area (mi?)
Saline River at Russell, KS | 1,502 Oct 1, 1945 to Present
Saline River at Wilson, KS | 1,900 May 11, 1929 to Sep 30, 1963
Saline River at Tescott, KS | 2,820 Sept 1, 1919 to Present

The CWMS database records inflow data beginning on September 4, 1963 for Wilson Lake. As the stored data
is 1200 UTC of the day before to 1200 UTC of the current day, the values have been shifted back 12 hours to
make them representative of midnight-to-midnight flows. With the time shift, the observed inflow is used from
03 Sept 1963 through 31 Jan 2019.

For the period prior to May 1929, a regression equation based on the Tescott data was necessary. Observed
unregulated (pre-dam) Tescott data was compared to the unregulated Wilson gage data. The best correlation
was found by shifting Tescott back two days. This lined up the peak flow between the two gages. The
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regression equation intercept was set to zero to provide more reasonable flow results instead of the fully
optimized R-Squared. The relationship is shown in Figure 3-6. The correlation is poor but considering the
amount of watershed between the two gages, it is understandable. The equation used to estimate Wilson inflow
from 01 Sept 1919 to 10 May 1929 based on time shifted Tescott flow is Wilson=0.4774*Tescott + 0.
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Figure 3-6 Relationship between daily Tescott flow shifted back two days and the Wilson observed flow.

The poor relationship between Wilson and Tescott is concerning but alleviated somewhat by the fact that 1919
through 1926 were dry years with the peak flow at Tescott not exceeding 3000 cfs. More flow was observed in
1927 and 1928 with peak flows of 5,480 and 6,150 cfs, respectively. A plot of the inflow from 1919 to 2019 is

provided as Figure 3-7.
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Figure 3-7 Wilson daily extended inflow record.
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3.1.3 Waconda Lake

Glen Elder Dam impounds Waconda Lake and is located at river mile 172.4 of the Solomon River. Glen Elder
controls about 2,559 square miles drainage area below the upstream dams of Kirwin and Webster Reservoirs.
The total drainage area including Kirwin (1,367 square miles) and Webster (1,150 square miles) is 5,076 square
miles. Kirwin Reservoir is on the North Fork Solomon River and was initially closed on 07 Mar 1955,
achieving full conservation pool (multi-purpose pool) on 02 Jul 1957. Webster Reservoir is on the South Fork
Solomon River and was initially closed on 03 May 1956, achieving full conservation pool (multipurpose pool)
on 18 June 1957. The date of Glen Elder dam closure was 18 Oct 1967. The reservoir did not initially fill to
the top of the conservation pool until 16 May 1973.

Table 3-6 provides the available gage information. The North Fork Solomon River at Portis, which is upstream
of the reservoir, was installed on 17 Sep 1945. The South Fork Solomon River at Osborne, which is also
upstream of the reservoir, was installed on 28 Mar 1946. The Glen Elder gage, which is just downstream of the
dam, was installed on 01 Oct 1964. The Beloit gage supplies historic stream flow data downstream of the dam
site at river mile 145.7 on the Solomon River, from 14 Apr 1929 to 30 Sep 1965. Referencing recent gate
changes and gage data, the Glen Elder gage is 3 to 6 hours travel time from Glen Elder Dam and Beloit is 12 to
24 hours travel time downstream of the dam.

Table 3-6 Pertinent Waconda Lake Gages

Gage Drainage | Record
Area (mi%)
North Fork Solomon River at Kirwin, KS 1,367 Aug 30, 1919 to Sept 29, 2002
North Fork Solomon River at Portis, KS 2,315 Sept 17, 1945 to present
South Fork Solomon River at Alton, KS 1,720 Aug 31, 1919 to Sept 29,1957
South Fork Solomon River at Osborne, KS | 2,012 Mar 28, 1946 to present
Solomon River near Glen Elder, KS 5,340 Oct 1, 1964 to present
Solomon River at Beloit, KS 5,440 Apr 14, 1929 to Sep 30, 1965 and July 17,
2012 to present
Solomon River at Niles, KS 6,770 May 6, 1897 to present

Waconda lake inflow from 18 Oct 1967 to the end of the study period originate from the CWMS database. As
the stored data is 1200 UTC of the day before to 1200 UTC of the current day, the values have been shifted
back 12 hours to make them representative of midnight-to-midnight flows. With the time shift, the observed
inflow is used from 17 Oct 1967.

The Beloit gage can be used to determine lake inflow values from 14 Apr 1929 until the gage was discontinued
on 30 Sep 1965. The Glen Elder gage represents the period from 01 Oct 1964 until the beginning of the
Waconda inflow record (18 Oct 1967) and has a one-year overlap with the Beloit gage. Prior to 14 Apr 1929, a
combination of Kirwin, Alton, and Niles data are used to extend the inflow record back to 1920.

Because there is very little data at the dam site prior to the dam, regression equations were used to extend the
Beloit data record back to 1920. Afterward, all the pre-dam Beloit data was adjusted to the dam location.
Shifting data twice appeared to be the best method because that allowed regression equations to have a long
period of observed unregulated Beloit data for comparison.

The Beloit gage was extended by developing a multi-linear regression equation in DSS. This relationship was

based on the fully unregulated Beloit data prior to 02 May 1956, Kirwin shifted forward one day, Alton shifted

forward one day, and Niles shifted backward two days. These parameters resulted in a reasonable simulation of

the Beloit data with an R? factor of 0.8677 as shown in Figure 3-8. Kirwin and Alton were not in operation from
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June 1925 to August 1928, so Niles was used to estimate Beloit during that time frame. It was found that the
best linear relationship between Beloit and Niles came from shifting Niles back one day. This relationship is
shown in Figure 3-9. The data and equations used to extend Beloit are shown in Table 3-7.

R*=0.8677

Beloit=0.871*Kirwin+1.398*Alton+0.295*Niles+42.605
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Figure 3-8 Beloit multi-linear regression relationship base on daily data.
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Figure 3-9 Beloit linear relationship with the daily Niles data set.

Table 3-7 Data used to extend daily Beloit flow.

100,000 120,000

Date Range Equation Used

Comment

01Sept1919 Beloit=0.871*Kirwin+1.398* Alton
to 01July1925 | +0.295*Niles+42.605

Based on multi-linear regression with Kirwin plus
1 day, Alton plus I day, and Niles minus 2 days

02July1925 to | Beloit=0.648*Niles+12.365
12Augl1928

Based on linear regression with Niles minus 1
day

13Aug1928 to | Beloit=0.871*Kirwin+1.398*Alton
13Apr1929 +0.295*Niles+42.605

Based on multi-linear regression with Kirwin plus
1 day, Alton plus 1 day, and Niles minus 2 days

14Apr1929 to
29Sep1965

Observed Beloit data
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The Beloit gage is approximately 26 miles downstream of the dam and represented 364 more square miles of
drainage basin. The ratio of the Beloit and Waconda Lake drainage basins is:

5076 mi*/ 5440 mi* = 93.3%

From 17 July 2012 to 31 Dec 2019 the Waconda outflow record overlaps with the Beloit gage data. While this
is all a regulated data set, it provides insight into the relationship between the gages and how much discharge is
provided by the uncontrolled drainage area below the dam. It was found that the best relationship comes from
shifting Beloit back one day to help with travel time. The gages’ relationship is provided in Figure 3-10. The
regression equation indicates that about 80% of the Beloit flow comes from Waconda. The other 20% comes
from below the dam which is more than the watershed area indicates; however, the basin is much wetter in the
eastern portion of the basin. This relationship was compared to the annual flow volume at each gage from 2013
through 2019 and the Waconda outflow ranged from 66% to 86% of the Beloit flow with an average of 76%.
This compares well to the regression equation.
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Figure 3-10 Relationship between Waconda outflow and regulated Beloit daily observed flow data.

The extended Beloit data was used to estimate the Waconda inflow from 1919 through 1964. Once the Glen
Elder gage flow becomes available it is adjusted to estimate inflow. Even though Glen Elder is the below gage
for Waconda, an additional 264 mi® of drainage area is picked up between the dam and the gage primarily
coming from the left bank tributary, Limestone Creek. The Glen Elder data was adjusted using the relationship
shown in Figure 3-11. The linear equation indicates that about 87% of the Glen Elder flow comes from
Waconda outflow. This relationship was compared to the annual flow volumes from both sites from 1968 to
2019. The percent of Glen Elder’s flow originating from Waconda ranges from 40% to 119% with an average
0f 90%. The average compares favorably with the regression equation. Actual Waconda inflows are used for the
period beginning 17 Oct 1967. Table 3-8 details the data that is used to estimate the Waconda inflow record.
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Figure 3-11 Relationship between Waconda outflow and the Glen Elder daily observed data..

Table 3-8 Data used to extend the daily Waconda inflow

Date Range Equation Used Comment

31Augl919 to | GLEL=0.8054*Beloit+8.4201 Based on linear regression with the extended
30Sep1964 Beloit data minus 1 day

010ct1964 to | GLEL=0.873*Glen Elder+10.965 Based on linear regression with Glen Elder data
160ct1967

170ct1967 to Observed Waconda Inflow

31Dec2019

After 03 May 1956, Beloit flow is influenced by the regulation of Webster and Kirwin Reservoirs. Glen Elder
inflow is influenced by this regulation. Since this KRRFSS modeling effort is not investigating these reservoirs,
it is assumed that their influence on the gage record is minimal. The Solomon River basin is wetter in the east
than the western side of the basin; however, depending on the event, the impact of the upstream reservoirs can
influence inflows. Since this study is developing a period of record regulated data set, ideally the Glen Elder
inflow would be a fully regulated data set. Since the extended inflow data set is a mixture of unregulated before
07 Mar 1955 (closure of Kirwin), partially regulated until 03 May 1956 (closure of Webster), and fully
regulated after it, the extended inflows before March 1955 may tend to be a little higher than a fully regulated
system as discussed in the following paragraphs.

Upstream reservoir holdouts have been calculated from 1955 through 2019 and routed to Waconda Reservoir.
Holdouts are calculated by subtracting inflow from the outflow for a given day. Holdouts are positive when the
reservoir is rising and negative when it is dropping. The upstream holdouts routed to Waconda were then used
to calculate the unregulated Waconda inflow starting in 1967. To do this the routed holdouts are added to the
daily inflow.

To understand the impact of regulation above Glen Elder the annual flow volume of holdouts, observed inflow
and unregulated inflow were calculated and can be compared in Table 3-9. The percent difference between the
inflow and the unregulated inflow is also shown. Some years there is very little difference or even increased
flow because of the regulation. However, some years result in significantly reduced flows. The long-term
average percent difference indicates an 8% reduction in annual flow volume by having the upstream reservoirs
in place. If additional time and funding are available, it is recommended to further work on developing a fully
regulated Waconda inflow. Some additional, event specific, plots are included in Section 2.1 of “Attachment 1
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Supporting Plots” that show examples of observed and unregulated flows for Waconda during specific flood

events.
Table 3-9 Annual flow volume for holdouts, inflows, and unregulated inflows at Waconda Reservoir.
Annual Flow Volume

Waconda
Waconda Calculated
Upstream Holdouts Observed Unregulated Percent
Year Routed to Waconda Inflow Inflow Difference

1955 8,696.70

1956 6,873.60

1957 154,844.90

1958 42,009.50

1959 8,488.40

1960 28,304.50

1961 25,231.10

1962 30,207.70

1963 17,946.70

1964 -14,790.00

1965 92,922.00

1966 -32,450.10

1967 8,132.40 26,310 30,487 16%
1968 33,596.50 98,281 131,969 34%
1969 40,725.20 160,080 200,946 26%
1970 -14,803.90 46,753 31,989 -32%
1971 -3,752.80 64,387 60,743 -6%
1972 6,663.60 55,210 61,981 12%
1973 32,405.40 443,089 475,668 7%
1974 4,552.10 199,774 204,428 2%
1975 69,722.00 170,507 240,370 41%
1976 -29,518.40 75,044 45,570 -39%
1977 -1,366.60 86,585 85,299 -1%
1978 22,121.00 83,311 105,557 27%
1979 33,914.90 202,853 236,901 17%
1980 -7,545.20 98,540 91,065 -8%
1981 17,484.60 76,761 94,360 23%
1982 21,467.40 270,585 292,160 8%
1983 -4,378.60 85,519 81,229 -5%
1984 16,999.60 145,061 162,151 12%
1985 23,810.90 92,253 116,200 26%
1986 9,744.90 104,967 114,813 9%
1987 51,386.50 516,814 568,346 10%
1988 -11,444.80 86,902 75,520 -13%
1989 3,654.60 160,792 164,574 2%
1990 329.3 101,218 101,628 0%
1991 1,501.50 43,642 45,252 4%
1992 23,870.40 170,422 194,373 14%
1993 222,041.90 1,463,164 1,684,900 15%
1994 -12,265.00 414,155 402,600 -3%
1995 38,038.60 532,588 570,734 7%
1996 33,777.00 316,115 349,935 11%
1997 9,512.90 182,059 191,697 5%
1998 22,536.50 277,551 300,152 8%
1999 43,830.40 229,342 273,267 19%
2000 -5,599.40 89,743 84,125 -6%
2001 19,129.90 167,907 187,125 11%
2002 -16,870.70 65,054 48,244 -26%
2003 -14,756.20 61,627 46,947 -24%
2004 -6,435.50 55,483 49,154 -11%
2005 17,359.60 66,801 84,322 26%
2006 9,524.80 28,743 38,462 34%
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2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019

20,467.70
137,266.10
48,200.40
19,683.50
44,033.90
-23,080.40
-12,540.70
11,768.10
10,221.20
111,730.00
57,680.80
44,555.60
30,584.60

74,912
410,707
219,702
492,165
437,322
110,407

65,406

68,907
106,349
194,910
200,553
306,253
785,815

95,422
548,240
267,751
512,090
481,465

87,418

52,912

80,825
116,669
306,806
258,297
350,914
819,898

27%
33%
22%
4%
10%
-21%
-19%
17%
10%
57%
29%
15%
4%

The extended Waconda Lake inflow hydrograph is provided as Figure 3-12.
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Figure 3-12 Waconda extended daily inflow record.
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Milford Dam, which is located at river mile 7.7 of the Republican River, controls about 24,880 square miles of
drainage area. A large portion of this basin is considered non-contributing. The closure of the dam was on 24
Aug 1964 and the database inflow begins on the same date. The dam began storing water on 16 Jan 1967 and
the multipurpose pool was initially filled on 14 Jul 1967. Table 3-10 shows the key gages related to Milford

Dam.

Table 3-10 Gages associated with Milford Dam.

Gage Drainage | Record

Area (mi%)
Republican River at Clay Center, KS | 24,542 01Jun1917 to present
Republican River at Milford, KS 24,900 01Jan1900 to 310ct1905
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010ct1950 to 31Mar1964
Republican River at Milford Dam 24,900 24Aug1964 to present
Republican River at Junction City, KS | 24,900 010c¢t1963 to present

The observed Corps of Engineers reservoir stage, inflow, and outflow records are from 24 Aug 1964 through
the present. As the stored data is 1200 UTC of the day before to 1200 UTC of the current day, the values have
been shifted back 12 hours to make them representative of midnight-to-midnight flows. With the time shift, the
observed inflow is used from 23 Aug 1964 through the end of the study period.

The regulation impacts of upstream Milford Reservoir were not modeled as part of this analysis. The total
contributing watershed area into Milford is 17,388 square miles. The contributing watershed area below Harlan
County and Lovewell and above Milford is 3,507 square miles. Although the south-eastern portion of the
watershed tends to be much wetter than the western portion of the watershed, the large regulated area could be
impactful on the Milford inflow depending on the location of rainfall. Since this study is developing a period of
record regulated data set, ideally the Milford inflow would be a fully regulated data set. Since the extended
inflow data set is a mixture of unregulated before 08 Aug 1949 (closure of the first upstream dam—Harry
Strunk), partially regulated until 08 Jan 1964 (closure of the final upstream dam—Norton), and fully regulated
after that, the extended inflows before this may tend to be higher than a fully regulated system as discussed in
the following paragraphs.

Upstream reservoir holdouts have been calculated from 1950 through 2019 and routed to Milford Reservoir.
Holdouts are calculated by subtracting inflow from the outflow for a given day. Holdouts are positive when the
reservoir is rising and negative when it is dropping. The upstream holdouts routed to Milford were then used to
calculate the unregulated Milford inflow starting in 1950. To do this the routed holdouts are added to the daily
inflow.

To understand the impact of regulation above Milford the annual flow volume of holdouts, observed inflow and
unregulated inflow were calculated and can be compared in Table 3-11. The percent difference between the
inflow and the unregulated inflow is also shown. The Milford Reservoir unregulated inflow was consistently
higher than the observed inflow. It ranged anywhere from 11% to 125% higher with an average of 51% higher
than observed. The long-term average percent difference indicates a 51% reduction in annual flow volume by
having the upstream reservoirs in place. If additional time and funding are available, it is recommended to
further work on developing a fully regulated Milford inflow or at least expand the model to include Harlan
County and Lovewell. Although the upstream reservoirs provide a significant flow volume reduction, the
impacts may not create a large flow difference on the Kansas River below Milford. Milford will smooth any
peak flows from the unregulated inflow data set. Some additional, event specific, plots are included in Section
2.1 of “Attachment 1 Supporting Plots” that show examples of observed and unregulated flows for Kanopolis
during specific flood events.

Table 3-11 Annual flow volume for holdouts, inflows, and unregulated inflows at Milford Reservoir.
Annual Flow Volume

Milford
Milford Calculated
Upstream Holdouts Observed Unregulated Percent
Year Routed to Milford Inflow Inflow Difference
1950 35,694
1951 49,825
1952 86,525
1953 285,057
1954 231,536
1955 266,403
1956 255,504
1957 487,234
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1958 133,884

1959 290,223

1960 323,143

1961 326,112

1962 345,931

1963 367,009

1964 401,597

1965 536,437 918,554 1,455,089 58%
1966 300,810 400,821 701,468 75%
1967 292,673 848,491 1,141,209 34%
1968 287,501 557,191 844,702 52%
1969 424,319 920,352 1,344,617 46%
1970 289,575 528,051 817,664 55%
1971 413,966 573,047 986,972 72%
1972 385,881 436,275 822,052 88%
1973 430,804 2,030,241 2,461,062 21%
1974 241,600 642,424 884,106 38%
1975 418,039 449,843 867,856 93%
1976 325,912 288,868 614,859 113%
1977 401,695 603,787 1,005,504 67%
1978 300,002 517,388 817,413 58%
1979 319,482 854,808 1,174,176 37%
1980 322,221 513,047 835,287 63%
1981 328,596 384,189 712,789 86%
1982 283,131 880,972 1,163,978 32%
1983 196,728 775,107 971,940 25%
1984 295,852 891,306 1,187,156 33%
1985 302,013 671,648 973,628 45%
1986 276,993 1,127,605 1,404,593 25%
1987 318,534 1,348,463 1,667,001 24%
1988 284,844 259,164 543,996 110%
1989 244,853 346,726 591,636 71%
1990 221,896 350,529 572,506 63%
1991 206,159 165,064 371,107 125%
1992 260,360 651,391 911,791 40%
1993 343,920 3,027,674 3,371,685 11%
1994 181,914 592,422 774,169 31%
1995 241,894 856,634 1,098,618 28%
1996 334,910 731,336 1,066,184 46%
1997 215,983 482,467 698,402 45%
1998 241,759 869,001 1,110,883 28%
1999 272,871 706,757 979,583 39%
2000 189,544 187,699 377,323 101%
2001 274,924 533,090 807,999 52%
2002 137,341 134,828 272,231 102%
2003 119,210 246,475 365,690 48%
2004 94,404 257,468 351,855 37%
2005 128,285 191,532 319,794 67%
2006 87,488 91,335 178,818 96%
2007 303,164 497,730 800,904 61%
2008 225,133 763,766 988,945 29%
2009 164,279 390,363 554,510 42%
2010 185,341 989,653 1,175,012 19%
2011 197,126 805,043 1,002,252 24%
2012 80,419 322,298 402,732 25%
2013 111,410 289,462 400,877 38%
2014 178,050 218,313 396,587 82%
2015 192,444 579,230 771,663 33%
2016 232,126 585,891 818,044 40%
2017 204,268 662,954 867,235 31%
2018 220,383 665,970 885,746 33%
2019 251,029 1,999,114 2,273,138 14%

Before the dam was constructed, inflow records are approximated using the gages listed in Table 3-9. The
Republican River at Milford, KS and Junction City, KS gages were used with no adjustment from October 1950
to the start of the Milford CWMS data record. The watershed areas of these gages are very similar to the
watershed area of the dam. Before October 1950, a linear relationship between the Clay Center gage and the
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extended inflow was used. The linear relationship is shown in Figure 3-13; it resulted in a very good fit of data.
Routing time between Clay Center and Milford Reservoir is minimal, so no time shift was applied. The various
methods are outlined in Table 3-12.

The extended Milford inflow is partially regulated by upstream reservoirs. The extended Milford Lake inflow
hydrograph is provided as Figure 3-14. The Milford WCM references previous studies which calculated a peak
1935 flow of 168,000 cfs at Junction City. The documentation of that flow was not referenced. The approved
USGS flow at Clay Center was 103,000 cfs and the river was fully unregulated at that time. Based on this Clay
Center flow, the Milford inflow is estimated to crest at 108,841 cfs for the 1935 event.
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Figure 3-13 Relationship between daily observed Milford Inflow and Clay Center observed flow..

Table 3-12 Data used to extend the daily Milford inflow.

Date Range Equation Used Comment

01Jun1917 to | MILD=1.056*Clay Center+80.356 Based on linear regression between Milford and
30Sep1950 Clay Center

010ct1950 to Used the USGS daily Milford, KS Flow
31Mar1964

01Apr1964 to Used the USGS daily Junction City Flow; this
22Augl964 was before the dam was regulating Junction City.
23Augl964 to Observed Milford Inflow

31Dec2019
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Figure 3-14 Milford Lake extended daily inflow record.

3.1.5 Tuttle Creek Lake

Tuttle Creek Dam is located at river mile 10.0 of the Big Blue River and controls about 9,628 square miles of
drainage area. The closure of the dam was on 20 Jul 1959 and the multipurpose pool was initially filled on 29
Apr 1963. Table 3-13 summarizes the available gage information for the Big Blue basin. Inflow gages are
Marysville on the Big Blue River, Barnes on the Little Blue River, and Frankfort on the Black Vermillion
River. The Waterville gage on the Little Blue River and Randolph gage on the Big Blue River (inundated by
the pool) are sources of historic inflow data. The Manhattan gage, which is located 2.5 miles downstream of the
dam, provides inflow data for the period prior to 19 Jul 1959 when calculated reservoir inflows were available
and dam operation began to impact flows at this gage.

Table 3-13 Gages related to Tuttle Creek Dam.

Gage Drainage Record
Area (mi?)
Big Blue River at Randolph, KS 9,100 17Apr1918 to 29Sept1960
Big Blue River at Tuttle Creek Dam | 9,628 21Jul1959 to present
Big Blue River at Manhattan, KS 9,640 010ct1950 to present

The observed Corps of Engineers reservoir stage, inflow, and outflow records are from 21 Jul 1959 through the
present. As the stored data is 1200 UTC of the day before to 1200 UTC of the current day, the values have been
shifted back 12 hours to make them representative of midnight-to-midnight flows. With the time shift, the
observed inflow is used from 20 Jul 1959 through the end of the study period.

Before the dam was constructed, inflow records are approximated using the gages listed in Table 3-13. The pre-
dam inflow from October 1950 to the beginning of inflow at Tuttle Creek used the Manhattan gage with no shift
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as the watershed areas are very similar to the dam. Before October 1950, a linear relationship between the
Randolph gage and the extended inflow was used. The linear relationship is shown in Figure 3-15; as can be
seen a very good fit of data was observed. Routing time between Randolph and Tuttle Creek Reservoir is
minimal, so no time shift was applied. The various methods are outlined in Table 3-14. The extended Tuttle
Creek Lake inflow hydrograph is provided as Figure 3-16.
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Figure 3-15 Relationship between observed daily Tuttle Creek Inflow and Randolph observed flow.

Table 3-14 Data used to extend the daily Tuttle Creek inflow.

Date Range Equation Used Comment

01Jun1917 to | TUCR=1.038*Randolph+55.368 Based on linear regression between Tuttle Creek
30Sep1950 and Randolph

010ct1950 to Used the USGS daily Manhattan Flow; this was
19Jul1959 before the dam was regulating Manhattan.
20Jul1959 to Observed Tuttle Creek Inflow

31Dec2019
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Figure 3-16 Tuttle Creek Lake extended daily inflow record.

3.1.6 Perry Lake

The Perry Lake dam, which is located at river mile 5.3 of the Delaware River, controls about 1,117 square miles
of the drainage area. The dam started impounding water on January 15, 1969 (even though data storage started
before that date). Table 3-15 shows the available gage information. Muscotah is the current inflow gage on the
Delaware River approximately 20 miles upstream from the full reservoir. The Valley Falls gage on the
Delaware River (inundated by the pool) provides historic inflow data.

Table 3-15 Gages related to Perry Dam.

Gage Drainage Record

Area (mi?)
Delaware River at Muscotah, KS 431 16Jul1969 to present
Delaware River at Valley Falls, KS | 922 16Jun1922 to 29Sept1967
Delaware River at Perry Dam 1,117 01Augl966 to present
Kansas River at Topeka, KS 56,720 12Jun1917 to present
Kansas River at Lecompton, KS 58,460 16Mar1936 to present
Kansas River at Desoto, KS 59,756 08Jul1917 to present

The observed Corps of Engineers reservoir stage, inflow, and outflow records extend from 01 Aug 1966
through the present. As the stored data is 1200 UTC of the day before to 1200 UTC of the current day, the
values have been shifted back 12 hours to make them representative of midnight-to-midnight flows. With the
time shift, the observed inflow is used from 31 Jul 1966 through the end of the study period. The ratio of the
Perry Lake drainage area and the Valley Falls drainage area is 1.21 (1,117 mi%/ 922 mi?).

Before the dam was constructed, inflow records are approximated using the Valley Falls gage. There is just over
one year of overlap data after Perry Dam inflow records began and Valley Falls gage data ended. A linear
relationship between these two data sources is shown in Figure 3-17. The data appears to be a good fit, but the
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small overlap of data could lead to some errors. Routing time between Valley Falls and Perry Reservoir is
minimal, so no time shift was applied.
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Figure 3-17 Relationship between observed daily Perry Inflow and Valley Falls flow.

For the period before the Valley Falls gage came into existence, the inflow record was estimated by looking at
the Kansas River flow. This was to provide inflow data for 1919 (used as lookback in the model), 1920, 1921,
and January through June of 1922. The Kansas River at Lecompton data record was extended as detailed in
Section 3 by using the relationship between the Topeka and Desoto data. The Delaware River is the largest
tributary between Topeka and Lecompton and a relationship was developed based on the annual flow volume of
the extended Lecompton flow record. There is a lot of variability of where rains fall in the basin, so the
estimated inflows are subject to judgement. However, the Kansas River flow gives insights into the wetness of
these years.

Annual flow volume was calculated for the extended Kansas River at Lecompton and the extended Perry inflow
data sets then the percent of Lecompton flow that comes from the Delaware River at Perry Dam was
determined. The average was 10.7% but it ranged anywhere from 4.2% to 29.7% depending on the rain patterns
for any given year. The annual flow volume of the local flow was also calculated. Some years the flow volume
resulted in an annual negative flow. This came from comparing observed flow between gages, so the negative
flow could be the result of water withdrawals from the river, seepage, or data errors. Because the gage record
demonstrates that 1920-1922 were relatively low flow years at Topeka and DeSoto, the Perry inflow volume
was estimated to be 5.5% of the extended Kansas River at Lecompton flow in 1920 and 8.5% in 1921 and 1922.
The 1920 Lecompton flow volume and 5.5% are similar to 2003. The 1921 and 1922 Lecompton flow volumes
and 8.5% are similar to 1990 and 2004.

Once the annual flow volume for Perry inflow was determined, the daily Lecompton flow was multiplied times
a pair of high and low factors that were selected to result in the desired annual flow volume. Review of the gage
data indicated that when Lecompton is high more flow tends to come from the Delaware River and when there
are low flow conditions less flow is coming from the Delaware. The threshold between flow regime differs
depending on the event, but higher flow contributions from the Delaware River tended to occur above 5000 cfs.
Below this threshold, a greater contribution of the Kansas River at Lecompton flow tends to come from sources
upstream of the Delaware River. Table 3-16 illustrates the flow thresholds and percentages applied. An “if
statement” was used to determine if Lecompton flow was above the flow threshold, then the Lecompton flow
was multiplied by the high flow percentage to get the Perry inflow. If Lecompton flow was below the flow
threshold, then the Lecompton flow was multiplied by the low flow percentage to generate the Perry inflow
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values. These percentages were used to match the annual flow volume but are not indicative of accuracy during
a specific event.

Table 3-16 Data used to extend the Perry inflow.

Year Lecompton Flow | Percent of Lecompton High Percent of Lecompton Low Flow that
Threshold (cfs) | Flow that Comes from Perry Comes from Perry

1919 5000 13.8% 1.38%

1920 5000 11.0% 1.10%

1921 5000 14.8% 1.48%

1922 5000 12.4% 1.10%

Table 3-17 summarizes the equations used to extend the Perry inflow. The extended Perry Lake inflow
hydrograph is provided as Figure 3-18.

Table 3-17 Data used to extend the daiy Perry inflow.

Date Range Equation Used Comment

01Jan1919 to | If LEKS>5000, PERY=0.138*LEKS Based on extended Lecompton (LEKS) flow.
31Dec1919 If LEKS<5000, PERY=0.02*LEKS

01Jan1920 to | If LEKS>5000, PERY=0.11*LEKS Based on extended Lecompton (LEKS) flow.
31Dec1920 If LEKS<5000, PERY=0.011*LEKS

01Jan1921 to | If LEKS>5000, PERY=0.148*LEKS Based on extended Lecompton (LEKS) flow.
31Dec1921 If LEKS<5000, PERY=0.0148*LEKS

01Jan1922 to | If LEKS>5000, PERY=0.124*LEKS Based on extended Lecompton (LEKS) flow.
15Jun1922 If LEKS<5000, PERY=0.011*LEKS

16Jun1922 to | PERY=1.26*Valley Falls+129.4 Based on linear regression between Perry and
30Jul1966 Valley Falls

31Jul1966 to Observed Perry Inflow

31Dec2019
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Figure 3-18 Perry Lake extended daily inflow record.

3.1.7 Clinton Lake

Clinton Dam, which is located at river mile 22.2 of the Wakarusa River, controls about 367 square miles of
drainage area. The dam closure occurred 23 Aug 1975 and the dam started impounding water on 30 Nov 1977.
The lake first filled to multipurpose level on 03 Apr 1980. Table 3-18 shows the available gage information.
The Richland gage is upstream of Clinton Dam and represents a little less than half the drainage area. The
Lawrence gage is located approximately six miles downstream of the dam on the Wakarusa River, and provides
down stream flow data and a historic record. The Richland gage was placed into service after the closure of the
dam and is used as an inflow gage. The Lawrence gage has a very long record but is six miles downstream of
the dam and includes 58 square miles of additional drainage area.

Table 3-18 Gages related to Clinton Dam.

Gage Drainage Record
Area (mi?)

Wakarusa River at Richland, KS 164 220ct2002 to present
Wakarusa River at Clinton Dam 367 01Dec1977 to present
Wakarusa River near Lawrence, KS 425 27Apr1929 to present
Kansas River at Topeka, KS 56,720 12Jun1917 to present
Kansas River at Lecompton, KS 58,460 16Mar1936 to present
Kansas River at Desoto, KS 59,756 08Jul1917 to present

The observed Corps of Engineers reservoir stage, inflow, and outflow records extend from 01 Dec 1977 through
the present. As the stored data is 1200 UTC of the day before to 1200 UTC of the current day, the values have
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been shifted back 12 hours to make them representative of midnight-to-midnight flows. With the time shift, the
observed inflow is used from 30 Nov 1977 through the end of the study period.

The daily flows values for the Lawrence gage were taken from the USGS database and represent mean daily
flows. The percentage of the Lawrence gage watershed controlled by Clinton Lake is:

367 mi*/ 425 mi* = 86.4%

From the start of the Clinton outflow record, a comparison can be made between the regulated releases and the
Wakarusa River at Lawrence gage data. While this is all a regulated data set, it provides insight into the
relationship between the gages and how much flow comes in below the dam and the gage. The gages’
relationship is provided in Figure 3-19. This relationship was used to extend the Clinton inflow from 27 Apr
1929 to the start of the inflow record. No time shift was conducted on the gage data as travel time from Clinton
Dam to the Lawrence gage is approximately 6 hours. The regression equation indicates that about 83% of the
Lawrence flow comes from Clinton. The other 17% comes from below the dam which is very similar to the
watershed area. This relationship was compared to the annual flow volume at each gage from 1978 through
2019 and similar results were found. The Clinton outflow ranged from 78% to 128% of the Lawrence flow with
an average of 93%.
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Figure 3-19 Relationship between Clinton daily outflow and regulated Lawrence daily observed flow data.

For the period before the Wakarusa River at Lawrence gage came into existence, the Clinton inflow record was
estimated by looking at the Kansas River flow, in a process analogous to how Perry’s inflows were extended.
This was to provide inflow data for 1919 (used as lookback in the model) and 1920 through April 1929. The
Kansas River at Lecompton data record was extended as detailed in Section 3 by using the relationship between
the Topeka and Desoto data. The Wakarusa River is the largest tributary between Lecompton and Desoto
although it is similar in size with Stranger Creek. A relationship with the Clinton inflow was developed based
on the annual flow volume of the Desoto flow record. There is a lot of variability of where rains fall in the
basin, so the estimated inflows are subject to judgement. However, the Kansas River flow gives insights into the
wetness of these years.

Annual flow volume was calculated for the Kansas River at Desoto and the previously extended Clinton inflow
(from April 1929 through 2019) data sets. The percent of Desoto flow that comes from the Wakarusa River at
Clinton Dam was then determined. The average was 2.79% but it ranged anywhere from 0.5% to 7.2%
depending on the rain patterns for any given year. The annual flow volume of the local flow was also
calculated. The annual flow volume at Desoto was average to below average for 1919-1929 except for 1927
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which was above average by a little. However, the calculated local flow was above average for 1921, 1922,
1925, and 1927. Because of this, it was assumed that 4% of the Desoto flows came from the Wakarusa during
those years. Local flow was low in 1920, 1923, and 1928, so it was assumed that 1% of the Desoto flows came
from the Wakarusa those years. The other four years used the long-term average of 2.79% of the Desoto flows
coming from the Wakarusa.

Once the annual flow volume for Clinton inflow was determined, the daily Desoto flow was multiplied times a
pair of high and low factors that were selected to result in the desired annual flow volume. Review of the gage
data indicated that when Desoto is high more flow tends to come from the Wakarusa River and when there are
low flow conditions less flow is coming from the Wakarusa. The threshold between flow regime differs
depending on the event, but higher flow conditions tended to occur above 7500 cfs. Table 3-19 identifies the
flow thresholds and percentages used. As can be seen, the percentage changes quite a bit per year depending on
the type of flow year. An “if statement” was used to determine if Desoto flow was above the flow threshold,
then the Desoto flow was multiplied by the high flow percentage to get the Clinton inflow. If Desoto flow was
below the flow threshold, then the Desoto flow was multiplied by the low flow percentage to generate the
Clinton inflow values. These percentages were used to match the annual flow volume but are not indicative of
accuracy during a specific event.

Table 3-19 Data used to extend the Clinton inflow.

Year High Flow Percent of Desoto High Flow Percent of Desoto Low Flow that Comes
Threshold (cfs) | that Comes from Clinton from Clinton
1919 7500 3.90% 0.37%
1920 7500 3.30% 0.29%
1921 7500 7.50% 1.19%
1922 7500 7.26% 1.00%
1923 7500 1.49% 0.09%
1924 7500 7.91% 1.65%
1925 7500 8.20% 1.59%
1926 7500 6.14% 0.70%
1927 7500 4.92% 0.50%
1928 7500 1.68% 0.05%
1929 7500 4.40% 0.39%

Table 3-20 summarizes the equations used to extend the Clinton inflow. The extended Clinton Lake inflow
hydrograph is provided as Figure 3-20.

Table 3-20 Data used to extend the daily Clinton inflow record.

Date Range Equation Used Comment

01Jan1919 to | If DESO>7500, CLIN=0.039*DESO Based on observed Desoto (DESO) flow.
31Dec1919 If DESO<7500, CLIN=0.0037*DESO

01Jan1920 to | If DESO>7500, CLIN=0.033*DESO Based on observed Desoto (DESO) flow.
31Dec1920 If DESO<7500, CLIN=0.0029*DESO

01Jan1921 to | If DESO>7500, CLIN=0.075*DESO Based on observed Desoto (DESO) flow.
31Dec1921 If DESO<7500, CLIN=0.0119*DESO

01Jan1922 to | If DESO>7500, CLIN=0.0726*DESO Based on observed Desoto (DESO) flow.
31Dec1922 If DESO<7500, CLIN=0.010*DESO

01Jan1923 to | If DESO>7500, CLIN=0.0149*DESO Based on observed Desoto (DESO) flow.
31Dec1923 If DESO<7500, CLIN=0.0009*DESO
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01Jan1924 to | If DESO>7500, CLIN=0.0791*DESO Based on observed Desoto (DESO) flow.
31Dec1924 If DESO<7500, CLIN=0.0165*DESO
01Jan1925 to | If DESO>7500, CLIN=0.082*DESO Based on observed Desoto (DESO) flow.
31Dec1925 If DESO<7500, CLIN=0.0159*DESO
01Jan1926 to | If DESO>7500, CLIN=0.0614*DESO Based on observed Desoto (DESO) flow.
31Dec1926 If DESO<7500, CLIN=0.007*DESO
01Jan1927 to | If DESO>7500, CLIN=0.0492*DESO Based on observed Desoto (DESO) flow.
31Dec1927 If DESO<7500, CLIN=0.005*DESO
01Jan1928 to | If DESO>7500, CLIN=0.0168*DESO Based on observed Desoto (DESO) flow.
31Dec1928 If DESO<7500, CLIN=0.0005*DESO
01Jan1929 to | If DESO>7500, CLIN=0.044*DESO Based on observed Desoto (DESO) flow.
26Apr1929 If DESO<7500, CLIN=0.0039*DESO
27Apr1929 to | CLIN=0.826*Lawrence+13.441 Based on linear regression with Lawrence
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31Dec2019
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Figure 3-20 Clinton Lake extended daily inflow record.

3.2 Gage Data Extension

The HEC-ResSim model requires inputs at the reservoir inflow locations and some tributaries. In addition,
several gages are set up to receive local flows which enter the river at a given stream gage location and model
junction. The local flows are all input at the downstream gage. Each of these flow locations required the full
data set of 1920 to 2019 therefore it was best to pick gages that had long periods of record. The model input
locations for flow are detailed in Table 3-21.
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Table 3-21 HEC-ResSim flow locations requiring daily data input

River Location Parameter
Smoky Hill River Kanopolis Dam Inflow
Smoky Hill River Lindsborg, KS Local Flow
Smoky Hill River Mentor, KS Local Flow
Saline River Wilson Dam Inflow
Saline River Tescott, KS Local Flow
Smoky Hill River New Cambria, KS Local Flow
Solomon River Waconda Dam Inflow
Solomon River Beloit, KS Local Flow
Salt Creek Ada, KS* Flow
Solomon River Niles, KS Local Flow
Smoky Hill River Enterprise, KS Local Flow
Chapman Creek Chapman, KS* Flow
Republican River Clay Center, KS Flow
Republican River Milford Dam Local Flow
Kansas River Fort Riley, KS Local Flow
Big Blue River Tuttle Creek Dam Inflow
Kansas River Wamego, KS Local Flow
Vermillion Creek Wamego, KS* Flow

Mill Creek Paxico, KS* Flow
Kansas River Topeka, KS Local Flow
Soldier Creek Topeka, KS* Flow
Delaware River Perry Dam Inflow
Kansas River Lecompton, KS Local Flow
Wakarusa River Clinton Dam Inflow
Wakarusa River Lawrence, KS Local Flow
Stranger Creek Tonganoxie, KS* Flow
Kansas River Desoto, KS Local Flow
Missouri River Saint Joseph, MO Flow
Platte River Sharps Station* Flow
Missouri River Kansas City, MO Local Flow
Blue River Kansas City, MO* Flow

Little Blue River Lake City, MO* Flow
Missouri River Waverly, MO Local Flow

*Tributary boundary condition locations used observed flow with no data extension. When observed gage data was unavailable, the
tributary flow was set to zero and all flow from that tributary was incorporated into the local flow for its respective river reach.

3.2.1  Smoky Hill River at Lindsborg, KS

The Smoky Hill River at Lindsborg, KS data record was filled in using a combination of Ellsworth, Langley and
Mentor observed flows. Table 3-22 shows the various relationships used. Linear and multi-linear relationships
were developed depending on the availability of data. The final method used for a given time period was based
on the best R? value and the availability of data. Figure 3-21 shows the relationship between Lindsborg and
Ellsworth. Figure 3-22 shows the relationship between Lindsborg and Mentor. Figure 3-23 shows the multi-
linear relationship between Lindsborg, Langley, and Mentor. Some small differences exist between the
equations in the table and those in excel. The equations in the table were developed in DSS and used for the
data extension. The equations shown in the plots that were developed in Excel to graphically show the
relationship. DSS and Excel may have slightly different methods of optimizing the best fit curve.
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Table 3-22 Data relationships used to extend the Smoky Hill River at Lindsborg daily data.

Date Range Equation Used Comment
01Jan1919 to Lindsborg observed flow
31July1919
01Augl9ol19 to Lindsborg = Linear relationship with Ellsworth shifted
29Feb1920 0.71*Ellsworth(shifted) + 100.22 | forward two days
01Mar1920 to Lindsborg observed flow
30Sep1920
010ct1920 to Lindsborg = Linear relationship with Ellsworth shifted
28Feb1921 0.71*Ellsworth(shifted) + 100.22 | forward two days
01Mar1921 to Lindsborg observed flow
30Sep1921
010ct1921 to Lindsborg = Linear relationship with Ellsworth shifted
28Feb1922 0.71*Ellsworth(shifted) + 100.22 | forward two days
01Mar1922 to Lindsborg observed flow
30Sep1922
010ct1922 to Lindsborg = Linear relationship with Ellsworth shifted
28Feb1923 0.71*Ellsworth(shifted) + 100.22 | forward two days
01Mar1923 to Lindsborg observed flow
29Sep1923
30Sep1923 to Lindsborg = Linear relationship with Ellsworth shifted
30Nov1923 0.71*Ellsworth(shifted) + 100.22 | forward two days
01Dec1923 to Lindsborg = 0.911*Mentor + Linear relationship with Mentor
31July1930 16.053
01Feb1930 to Lindsborg observed flow
29Sep1965
29Sep1965 to Lindsborg = 0.41988*Langley + Multi-linear relationship between Langley and
30Jul2014 0.59612*Mentor + 0.95137 Mentor
30Jul2014 to present Lindsborg observed flow
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Figure 3-21 Linear relationship between Lindsborg and Ellsworth daily flow data.
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Figure 3-22 Linear relationship between Lindsborg and Mentor daily flow data.
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Figure 3-23 Multi-linear relationship between Lindsborg, Langley, and Mentor daily flow data.

3.2.2  Smoky Hill River at Mentor

The Smoky Hill River at Mentor has data from Dec 1923 to Oct 1930, May 1931 to June 1932, and Oct 1947 to
present. To fill in the missing data, a linear relationship was developed with the Lindsborg observed data. The
linear relationship is Mentor = 0.997*Lindsborg + 23.097. Lindsborg was missing a few months of data prior to
Dec 1923, and during that time the extended Lindsborg record was used rather than building a relationship
between Ellsworth and Mentor. This simplifying assumption appears to be reasonable considering it is filling in
a few months of data. Figure 3-24 shows the linear relationship between Mentor and Lindsborg.
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3.2.3 Saline River at Tescott, KS

The Saline River at Tescott was used directly from the USGS since it covers the full modeling period. A little
missing data from December 11-30, 1926 and January 5-29, 1927 was linearly interpolated.

3.2.4

Smoky Hill River at New Cambria, KS

The Smoky Hill River at New Cambria was extended using combinations of the Mentor, Tescott, and Enterprise
gages. The historic Smoky Hill River at Solomon gage was also used to extend the Enterprise data as detailed
below. Table 3-23 documents the final regression equation that was used for a given time period. The final
method used was based on the best R? value and the availability of data. The relationship between New
Cambria and Tescott is detailed in Figure 3-25. The relationship between New Cambria, Tescott, and Mentor is
shown in Figure 3-26. The relationship between New Cambria, Tescott, and Enterprise is shown in Figure 3-27.
The relationship between New Cambria and the Smoky Hill River at Enterprise/Solomon is shown in Figure
3-28. Finally, the relationship between New Cambria, Tescott, Enterprise and Mentor is shown in Figure 3-29.

Table 3-23 Data relationships used to extend the Smoky Hill River at New Cambria daily data.

Date Range Equation Used Comment

01Sep1919 to New Cambria = 0.458*Tescott + Multi-linear relationship between Tescott and

29Sep1921 0.378*Enterprise + 25.786 Enterprise (extended using Solomon, KS)

30Sep1921 to New Cambria = 2.01*Tescott + Linear relationship with Tescott

30Sep1922 266.17

010ct1922 to New Cambria = 0.458*Tescott + Multi-linear relationship between Tescott and

30Nov1923 0.378*Enterprise + 25.786 Enterprise (extended using Solomon, KS)

01Dec1923 to New Cambria = 0.483*Tescott + Multi-linear relationship between Tescott,

01Nov1930 0.226*Enterprise + 0.750*Mentor | Enterprise (extended), and Mentor, due to
-25.869 missing data 11-30Dec1926 and 05-29Jan1927

were filled with linear interpolation
01Nov1930 to New Cambria = 0.458*Tescott + Multi-linear relationship between Tescott and
21May1931 0.378*Enterprise + 25.786 Enterprise (extended using Solomon, KS), the

three-part multi-linear equation was used for
17Feb and 09May1931 as data was available
for those days

22May1931 to
30Jun1932

New Cambria = 0.483*Tescott +
0.226*Enterprise + 0.750*Mentor
- 25.869

Multi-linear relationship between Tescott,
Enterprise (extended), and Mentor
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01Jul1932 to

New Cambria = 0.4489*Enterprise

Linear relationship with Enterprise (extended

31Dec1933 using Solomon, KS)
01Jan1934 to New Cambria = 0.458*Tescott + Multi-linear relationship between Tescott and
30Sep1947 0.378*Enterprise + 25.786 Enterprise (extended using Solomon, KS)
010ct1947 to New Cambria = 0.483*Tescott + Multi-linear relationship between Tescott,
30Nov1948 0.226*Enterprise + 0.750*Mentor | Enterprise (extended), and Mentor

- 25.869
01Dec1948 to New Cambria observed data, the three-part
29Sep1953 multi-linear regression was use 7-15Junel1951,

22Jun-08Jul1951, 10-21July1951, 05-
14Sep1951

29Sep1953 to

New Cambria = 0.483*Tescott +

Multi-linear relationship between Tescott,

30Sep1962 0.226*Enterprise + 0.750*Mentor | Enterprise (extended), and Mentor
- 25.869
010ct1962 to New Cambria observed data
28Feb2007
01Mar2007 to New Cambria = 0.483*Tescott + Multi-linear relationship between Tescott,
29Nov2007 0.226*Enterprise + 0.750*Mentor | Enterprise (extended), and Mentor
- 25.869
30Nov2007 to New Cambria observed data, the three-part
29Sep2010 multi-linear regression was use 29,30Jul2008,
26,27,29,30Apr and 01May2009, 12-
14Aug2009, 17-19Aug2009,23 Aug-
18Sep2009,070¢t2009,05-08Jun2010
30Sep2010 to present | New Cambria = 0.483*Tescott + Multi-linear relationship between Tescott,
0.226*Enterprise + 0.750*Mentor | Enterprise (extended), and Mentor
- 25.869
30,000
25,000 ® y=2.0114x+ 266.17
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Figure 3-25 Linear relationship between New Cambria and Tescott daily flow data.
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Figure 3-26 Multi-linear relationship between New Cambria, Tescott, and Mentor daily flow data.
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Figure 3-27 Multi-linear relationship between New Cambria, Tescott, and Enterprise daily flow data.
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Figure 3-28 Linear relationship between New Cambria and Enterprise/Solomon daily flow data.
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Figure 3-29 Multi-linear relationship between New Cambria, Tescott, Enterprise, and Mentor daily flow data.

3.2.5 Solomon River at Beloit, KS

The Solomon River at Beloit was extended before 1929 as part of the Waconda inflow extension process. That
method is detailed in the Waconda inflow discussion in Section 3.1.3. For the regulated period from Oct 1966 to
July 2012, Beloit data needed to be estimated as the gage was not operational during that time. The Solomon
River at Simpson was in operation from September 1990 to September 2005; it is downstream of Beloit and has
less than 100 mi® additional watershed. Beloit accounts for 98.2% of the Simpson contributing area. The
Simpson data never overlapped Beloit so a regression could not be developed, but the Simpson data was
multiplied by 0.982 and used as Beloit for the period extending from 01 Sep 1990 to 29 Sep 2005. The rest of
the missing Beloit data was filled using a multi-linear relationship between Glen Elder and Niles. The
relationship used was Beloit = 0.9857*Glen Elder + 0.0670*Niles -4.0981. Table 3-24 shows the gages that
were used to extend the Beloit data both before and after the construction of Waconda. The regression
relationship of the Glen Elder and Niles correlation is shown in Figure 3-30.
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Table 3-24 Data relationships used to extend the Solomon River at Beloit daily data.

Date Range Equation Used Comment

01Sept1919 Beloit=0.871*Kirwin+1.398*Alton Based on multi-linear regression with Kirwin plus
to 01July1925 | +0.295*Niles+42.605 1 day, Alton plus 1 day, and Niles minus 2 days
02July1925 to | Beloit=0.648*Niles+12.365 Based on linear regression with Niles minus 1
12Augl1928 day

13Augl1928 to | Beloit=0.871*Kirwin+1.398*Alton Based on multi-linear regression with Kirwin plus
13Apr1929 +0.295*Niles+42.605 1 day, Alton plus 1 day, and Niles minus 2 days
14Apr1929 to Observed Beloit data

29Sep1965

30Sep1965 to | Beloit = 0.9857*Glen Elder + Based on multi-linear regression with Glen Elder
31Augl990 0.0670*Niles -4.0981 and Niles

01Sep1990 to | Beloit = 0.982*Simpson Watershed area adjustment on the Simpson data
29Sep2005

30Sep2005 to | Beloit = 0.9857*Glen Elder + Based on multi-linear regression with Glen Elder
16Jul2012 0.0670*Niles -4.0981 and Niles

17Jul2012 to Observed Beloit data

Present
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Figure 3-30 Multi-linear relationship between Beloit and Glen Elder and Niles daily flow data.

3.2.6 Salt Creek at Ada, KS

The Salt Creek at Ada data set starts in June 1959. Before that time flows were set to zero and the Salt Creek
flow was included in the local flow calculation between Beloit and Niles.

3.2.7 Solomon River at Niles, KS

The Solomon River at Niles was used directly from the USGS since it covers the full modeling period. A little
missing data from March 12 to April 15, 2014 was linear interpolated.

3.2.8 Smoky Hill River at Enterprise, KS

Smoky Hill River at Enterprise began collecting data on 010ct1934. Prior to this time, data was extended using
the historic record from USGS 06877000 Smoky Hill River at Solomon, KS. This gage has data from 01
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October 1918 to 29 September 1934. This gage was near the mouth of the Solomon River. Using basin
delineation in the Kansas CWMS HEC-HMS model it is estimated that 448 mi2 of watershed exists between the
Solomon and Smoky Hill River confluence and the Enterprise gage. Approximately 97.7 percent of the
Enterprise drainage area is accounted for by the Solomon gage. The Solomon data was multiplied by 1.023 to
account for this small increase in watershed. Solomon is missing data from October 1921 to September 1922.
To fill in this gap, a multi-linear regression was developed between upstream Niles and Tescott and downstream
Kansas River at Ogden (near the current Fort Riley gage). This relationship provided a reasonable correlation as
shown below. The regression equation is Enterprise = 0.301*Ogden + 0316*Tescott + 0.809*Niles -66.028. The
multi-linear regression is shown below in Figure 3-31.
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Figure 3-31 Multi-linear relationship between Enterprise and Ogden, Tescott, and Niles daily flow data.

3.2.9 Chapman Creek at Chapman, KS

The Chapman Creek at Chapman data set starts in December 1953. Before that time flows were set to zero and
the Chapman Creek flow was included in the local flow calculation between Enterprise and Fort Riley.

3.2.10 Republican River at Clay Center

Republican River at Clay Center was used directly from the USGS since it covers the full modeling period.

3.2.11 Kansas River at Fort Riley

Kansas River at Fort Riley begins December 1963. From June 1917 to September 1951 data was collected at
USGS 06879500 Kansas River at Ogden which is just downstream of the current Fort Riley gage. Fort Riley
accounts for 99.2% of the Ogden watershed and Ogden was used as observed. There is a little missing data in
the Ogden data set from Nov 1926 to Mar 1927 that needed to be estimated in addition to the gap between the
two gage data sets. To fill these gaps a multi-linear relationship was developed utilizing the Republican River at
Clay Center (upstream) and the Kansas River at Wamego (downstream). This relationship is Fort Riley =
0.47*Wamego + 0.42*Clay Center — 350.35. The R? is shown in Figure 3-32 below. For data gaps between Sept
1951 and Dec 1963, a multi-linear relationship was developed based on Enterprise and Clay Center. This
relationship is Fort Riley = 0.55*Clay Center + 1.21*Enterprise + 158.37. The R? is shown in Figure 3-33
below.
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Figure 3-32 Multi-linear regression between Fort Riley and Wamego and Clay Center daily flow data.
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Figure 3-33 Multi-linear regression between Fort Riley and Clay Center and Enterprise daily flow data.

3.2.12 Kansas River at Wamego, KS

Kansas River at Wamego was used directly from the USGS since it covers the full modeling period.

3.2.13 Vermillion Creek at Wamego, KS

Vermillion Creek at Wamego has data from April 1936 through June 1946, January 1954 to June 1972, and

February 2002 to current. Where there is missing data, flows were set to zero and the Vermillion Creek flow
was included in the local flow calculation between Wamego and Topeka.

3.2.14 Mill Creek at Paxico, KS

Mill Creek at Paxico data set starts in December 1953. Before that time flows were set to zero and the Mill
Creek flow was included in the local flow calculation between Wamego and Topeka.

3.2.15 Kansas River at Topeka, KS

Kansas River at Topeka was used directly from the USGS since it covers the full modeling period.
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3.2.16 Soldier Creek at Topeka, KS

Soldier Creek at Topeka has data from May 1929 through September 1932 and July 1935 to current. Where
there is missing data, flows were set to zero and the Soldier Creek flow was included in the local flow
calculation between Topeka and Lecompton.

3.2.17 Kansas River at Lecompton, KS

Kansas River at Lecompton data record begins in March 1936. Before this time the data record was extend
using a multi-linear relationship utilizing Topeka (upstream) and Desoto (downstream). This relationship is
Lecompton = 0.3801*Desoto + 0.6723*Topeka — 9.3797. The R? is shown in Figure 3-34 below.
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Figure 3-34 Multi-linear Regression between Lecompton and Desoto and Topeka daily flow data.

3.2.18 Stranger Creek at Tonganoxie, KS

Stranger Creek at Tonganoxie data set starts in April 1929. Before that time flows were set to zero and the
Stranger Creek flow was included in the local flow calculation between Lecompton and Desoto.

3.2.19 Kansas River at Desoto, KS

Kansas River at Desoto was used directly from the USGS since it covers the full modeling period.

3.2.20 Missouri River at Saint Joseph, MO

HEC-ResSim was used to produce regulated Missouri River at Saint Joseph flows for the time period 31 Jan
1930 through Feb 2020. The HEC-ResSim model is developed and maintained by the Northwest Division
Missouri River Basin Water Management office. The period of record data set was developed as part of the
ongoing Missouri River Flow Frequency Study. Before 31 Jan 1930, data was extended using regulated flow
data from the peer-reviewed Upper Mississippi River System Flow Frequency Study (UMRSFES).

3.2.21 Platte River at Sharps Station, MO

Platte River at Sharps Station data starts in Dec 1978. Before this time, data was estimated using the Platte
River at Agency and the Little Platte River at Smithville gages where available. If these gages were not

available, flows were set to zero and the Platte River flow was included in the local flow calculation between St.
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Joseph and Kansas City. Table 3-25 details the data used. Figure 3-35 show the multi-linear relationship
between Sharps Station and the Platte River at Agency and the Little Platte River at Smithville. Figure 3-36
shows the linear relationship between Sharps Station and Agency.

Table 3-25 Data relationships used to extend the Platte River at Sharps Station daily data.

Date Range Equation Used Comment
01Jan1920 to Estimated based off local flow between St.
21May1924 Joseph and Kansas City
22May1924 to Sharps Station = 0.92* Agency + Linear relationship with Agency
10Aug1930 665.9
10Aug1930 to Estimated based off local flow between St.
12May1932 Joseph and Kansas City
13May1932 to Sharps Station = 0.92*Agency + Linear relationship with Agency
31May1965 665.9
01Jun1965 to Sharps Station = 1.11*Smithville + | Multi-linear relationship between Agency and
29Nov1978 0.90*Agency + 494.79 Smithville
01Dec1978 to present Observed USGS Data
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Figure 3-35. Multi-linear relationship between Sharps Station and Smithville and Agency daily flow data.
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Figure 3-36 Linear Relationship between Sharps Station and Agency daily flow data.

3.2.22 Missouri River at Kansas City, MO

Missouri River at Kansas City data set starts in October 1928. Before this time, data was extended using the
peer-reviewed data extension from the UMRSFFS.

3.2.23 Blue River at Kansas City, MO

Blue River at Kansas City data set starts in May1939. Before that time flows were set to zero and the Blue River
flow was included in the local flow calculation between Kansas City and Waverly.

3.2.24 Little Blue River at Lake City, MO

Little Blue River at Lake City data set starts in April 1948. Before that time flows were set to zero and the Blue
River flow was included in the local flow calculation between Kansas City and Waverly.

3.2.25 Missouri River at Waverly, MO

Missouri River at Waverly data set starts in October 1928. Before this time, data was extended using the peer-
reviewed data extension from the UMRSFFS. There was also missing data from April 1977 to March 1978 that
was filled in with UMRSFFS data.

3.3 Observed Flow and Pool Elevation

HEC-ResSim allows an alternative to be setup that utilizes observed flow in addition to all the necessary model
data inputs. The observed flow is ancillary to the necessary model boundary condition data inputs. It is used for
a comparison to the model output. It can be viewed in the model output plots or data files, but are not used for
model computations. The KRRFSS model was set up with observed reservoir inflow, elevation, and outflow
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which was pulled directly from the CMWS database. Extended gage records were not utilized for the observed
data since it is used for viewing purposes only. All stream-gage junctions were also setup with USGS observed
flows when available.

3.4 Reservoir Evaporation

Reservoir evaporation was set up in the model as monthly total evaporation. The amounts varied by lake. The
CWMS database has daily pan evaporation values that are provided by each lake project office. During the
winter months, an estimated daily evaporation is used since the evaporation pans are not operational during
freezing conditions. The monthly evaporation data in the model is calculated by accumulating the CWMS daily
pan evaporation values over each month and then calculating each month’s period of record average. The pan
evaporation was not corrected for the open water body of a reservoir so it may be over-estimating evaporation
especially during the warmer months. Any error from the adjustment factor should only have minor impacts on
the HEC-ResSim results. Monthly evaporation used in in the model is shown in Table 3-26.

Table 3-26 Monthly evaporation values for each reservoir.

Month Kanopolis | Wilson Waconda Milford Tuttle Perry Evap | Clinton
Evap Evap Evap Evap Creek Evap | (inches) Evap
(inches) (inches) (inches) (inches) (inches) (inches)
January 1.42 1.40 1.16 1.14 1.01 1.40 1.16
February 1.54 1.53 1.38 1.35 1.30 1.53 1.35
March 1.58 2.57 2.37 2.24 2.16 2.57 2.04
April 6.24 6.13 6.00 5.99 5.74 6.13 6.15
May 7.21 7.54 7.38 7.39 6.65 7.54 6.92
June 9.07 9.40 9.61 8.89 8.04 9.40 8.24
July 11.21 11.32 11.52 10.71 9.36 11.32 9.42
August 9.45 9.64 9.59 9.27 8.09 9.64 8.17
September | 7.43 7.46 7.53 7.28 6.19 7.46 6.70
October 5.03 4.92 4.97 5.21 4.14 4.92 4.51
November | 2.80 2.80 2.70 2.65 2.55 2.80 2.50
December | 1.47 1.49 1.35 1.27 1.21 1.49 1.15

3.5 Depletions

River depletions can have a large impact on the hydrology of the Kansas River basin especially for low flow
conditions. The USBR conducted modeling for historic depletions over the period 31Jan1929 to 31Dec2017 for
the Missouri River basin using weather, census, and land use data to model depletions from reservoir operation
(evaporation), agriculture, industrial supply, public supply, and trans basin diversion. Depletions are calculated
as monthly acre-feet in a Hydrologic Accounting Unit (HUC) 8-digit watershed. The USBR model does not
consider water availability in their model which produces results of some unreasonably large depletions during
drought years when they would have been restricted due to insufficient flows. The total depletions were
provided for historic, present, and present incremental levels. This study utilized the present incremental data
set since the historic depletion is already manifest in the observed data. Utilizing the present incremental data
set results in the model accounting for all the depletions at the current level for the entire forecast period.

The modeled depletions were further processed by Missouri River Basin Water Management (MRBWM) to
accumulate the full depletion contributing to a reservoir or gage location. The HUCS8s were added, and the
monthly acre-feet were converted to daily cubic feet per second. A 15-day running average was used to smooth
flows between months. If a partial HUC8 contributed to a gage or reservoir, a percent of the HUC depletion was
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calculated based on the watershed area that contributed. The data was also extended from 31Dec2017 to Jan
2020. For the present incremental data, the most recent depletion was generally zero, so zero depletion was
continued for the most recent years after 2017.

NWK further processed the depletion data as some of the large depletions were causing extended periods of
negative inflows or river flows. The negative flows probably took place because of lack of water to supply the
modeled depletion. A script was set-up to process the data. First, the script extended the depletions to start in
1919. The average daily depletion from 31Jan1929 to 01Jan1940 was used to extend the dataset back to 1919.
This average was used without regard to weather or land use data. After the data was extended, the 5™ percentile
flow was calculated to use as minimum threshold. If the inflow or gage flow added to the depletion was less
than the 5™ percentile then the depletion was adjusted so the final sum would match the threshold. If the inflow
or gage flow was lower than the 5™ percentile before adding depletions, the depletion was set to zero.

The processed depletion data set was added as a local flow time series in the ResSim junction. Using the
processed depletion data resulted in reasonable model results that account for present level depletions
throughout the full period of record.

3.6 Navigation Flows

The HEC-ResSim model is set up with a rule to provide navigation flows from Milford, Tuttle Creek, and
Perry, if necessary, to support Missouri River navigation. Because navigation support is provided on an ad-hoc
basis, simulations were set up with and without navigation to help quantify the impact that navigation releases
may or may not have on the water levels in the basin. Navigation releases can target a flow of 4,000 cfs or less
at the Kansas River at Desoto, KS. The Missouri River Master Manual specifies flow for several navigation
targets including the Missouri River at Kansas City, MO which is the only target that is impacted by the Kansas
River flows. The Kansas City navigation season is officially from March 28 to Nov 27 during a typical year and
flows can range from the full service 41,000 cfs to the minimum service 35,000 cfs. The navigation season can
be shortened by one or two months based on the July 1 system storage check for the Missouri River reservoir
system storage. Missouri River Basin Water Management can call for Kansas River navigation flow support
whenever necessary. However, the main use of the Kansas River navigation storage is in dry years simply to
balance overall regional system storage. Other times, it becomes necessary during the nesting season of
endangered species of birds that take up residence either on the shores of the mainstem reservoirs above Gavins
Point, South Dakota or on the banks of the Missouri River below Gavins Point. Either circumstance prevents
necessary release increases from Gavins Point.

Tuttle Creek is the only Kansas Basin reservoir allocated with specific navigation storage. It has 72,000 acre-
feet allocated for navigation, water quality and other purposes. Future use water supply storage at Milford and
Perry can also be utilized for navigation until all this storage is called into service by the State of Kansas. This
storage is 198,350 acre-feet at Milford and 125,000 acre-feet at Perry. These storage amounts are limited and
4,000 cfs can deplete available storage in a few weeks. Navigation support is provided in a stepped approach
where storage above one threshold can be utilized before October 1 and more storage can be utilized from
October 1 until the end of the navigation season. These thresholds are elevation 1072 ft NGVD29 before Oct 1
and 1069 feet NGVD29 after Oct 1 at Tuttle Creek, 1141.4 ft NGVD29 before Oct 1 and 1138.4 after Oct 1 at
Milford, and 888.5 feet NGVD29 before Oct 1 and 885.5 feet NGVD29 after Oct 1 at Perry.

To handle the nuances of Kansas River navigation flows, an “if block” was setup to specify the navigation
flows to be available during the navigation season and for the correct pool elevations. Also, the if-block checks
if the Missouri River at Kansas City drops below the navigation flow target which was derived from a
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timeseries that was developed by MRBWM for 1930 through 2020. This time series was provided as a time
series of Missouri River service level; if the navigation season has ended or if navigation is not being provided
for a given year, the service level is set to missing. There were three years that did not have navigation support
flows. This time series was modified to be the Missouri River at Kansas City navigation flow target by adding
6,000 cfs to the service level and non-navigation dates were set to zero. The timeseries was extended for the
1920s by assuming full service of 41,000 cfs for the full navigation season. The Tuttle Creek if-block is shown
as an example in Figure 3-37. An “else if statement” provides the alternate reservoir elevation that can be
utilized after Oct 1. Figure 3-38 shows the Tuttle Creek “else if statement”. The Milford and Perry if and else if
statements are identical except the elevations represent each lake’s elevation thresholds. If all conditions in the
if or else if statements are met, the navigation release rule is utilized. The navigation release rule is a
downstream control rule that specifies a minimum flow of 4000 cfs at the Kansas River at Desoto. Figure 3-39
shows the navigation release rule. This rule is identical for all three reservoirs. All three lakes work together to
provide this flow support. HEC-ResSim balances the releases using the established system storage balance.
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Figure 3-37. Tuttle Creek Navigation “if-statement” for navigation releases.
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Figure 3-38. Tuttle Creek “else if statement” for navigation releases.
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Figure 3-39 ResSim navigation release rule for Tuttle Creek.
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3.7 Routing Reaches

The KRRFSS HEC-ResSim was setup using the same routing reaches as the Kansas CWMS ResSim model.
However, the routing methods were changed. The Kansas CWMS model uses Muskingum and Modified Puls.
The KRRFSS routing was changed to coefficient and null routings for all reaches below the reservoirs to
simplify the model and allow better downstream control rule performance during the daily time step in the long-
term simulations. The routing reaches that were not below reservoirs use similar routing to the CWMS model
other than some adjustments to the number of subreaches because of the change from the model running hourly
to daily.

The CWMS model included more junctions and routing reaches than were necessary in the KRRFSS model.
Instead of removing or consolidating reaches, the superfluous reaches were maintained with null routing.
Coefficient routing was initially estimated using parameters from the water management annual benefits
spreadsheet. These routing coefficients are established between gages. If there are multiple reaches between
gages generally one reach was established with the coefficient routing and the other reaches were set to null. As
the local flow simulations were run, modeled and observed flows were compared and evaluated at each gage.
This permitted the coefficient routings to be adjusted as necessary to match the observed flows. The reach
routing parameters for the reaches downstream of the reservoirs are shown in Table 3-27. Routing reaches for
tributaries with Muskingum routing are shown in Table 3-28. Routing reaches on the Missouri River upstream
of Kansas City use Modified Puls routing and were not modified during these analyses. Therefore, the Modified
Puls values are not shown.

Table 3-27 Routing Reach Parameters for the reaches downstream of the Kansas River Reservoirs.

Reach Location Routing Method | Day 1 | Day 2 | Day 3 | Day 4
SH SmokyHillR R20 | Kanopolis to Lindsborg Coef. Routing 0.4 0.6 - -
SH SmokyHillR R30 | Lindsborg to Mentor Coef. Routing 0.3 0.6 0.1 -
SH SmokyHillR R40 | Mentor to New Cambria Null - - - -
SH SmokyHillR R50 | Mentor to New Cambria Coef. Routing 0.4 0.6 - -
SA SalineR R30 Wilson to Tescott Null - - - -
SA SalineR R40 Wilson to Tescott Null - - - -
SA SalineR R50 Wilson to Tescott Coef. Routing 0.0 0.0 0.4 0.6
SA SalineR R60 Tescott to New Cambria Coef. Routing 0.2 0.3 0.5 -
SA SalineR R70 Tescott to New Cambria Null - - - -
SO SolomonR R10 Waconda to Beloit Null - - - -
SO SolomonR R20 Waconda to Beloit Coef. Routing 0.2 0.8 - -
SO SolomonR R30 Beloit to Niles Null - - - -
SO SolomonR R40 Beloit to Niles Coef. Routing 0.0 0.2 0.8 -
SO SolomonR R50 Beloit to Niles Null - - - -
SO SolomonR R60 Beloit to Niles Null - - - -
SO SolomonR R70 Beloit to Niles Coef. Routing 0.1 0.9 - -
SO SolomonR R80 Beloit to Niles Null - - - -
SO SolomonR R90 Niles to the Smoky Hill River | Coef. Routing 0.5 0.4 0.1 -
SH SmokyHillR R60 | New Cambria to Enterprise Coef. Routing 0.0 0.7 0.3 -
SH SmokyHillR R70 | New Cambria to Enterprise Null - - - -
SH SmokyHillR R80 | New Cambria to Enterprise Null - - - -
SH SmokyHillR R90 | New Cambria to Enterprise Null - - - -
SH SmokyHillR R100 | New Cambria to Enterprise Null - - - -
SH SmokyHillR R110 | Enterprise to Fort Riley Null - - - -
SH SmokyHillR R120 | Enterprise to Fort Riley Coef. Routing 0.1 0.9 - -

57




SH SmokyHillR R130 | Enterprise to Fort Riley Null - - - -
RE RepublicanR R180 | Milford to the Kansas River | Coef. Routing 0.4 0.6 - -
KS KansasR R10 Fort Riley to Wamego Null - - - -
KS KansasR R20 Fort Riley to Wamego Coef. Routing 0.4 0.6 - -
KS KansasR R30 Fort Riley to Wamego Null - - - -
KS KansasR R40 Fort Riley to Wamego Null - - - -
BB BigBlueR R150 Tuttle Creek to the KS River | Coef. Routing 0.5 0.5 - -
KS KansasR R50 Wamego to Topeka Null - - - -
KS KansasR R60 Wamego to Topeka Null - - - -
KS KansasR R70 Wamego to Topeka Null - - - -
KS KansasR R80 Wamego to Topeka Null - - - -
KS KansasR R90 Wamego to Topeka Coef. Routing 0.4 0.6 - -
KS KansasR R100 Topeka to Lecompton Null - - - -
KS KansasR R110 Topeka to Lecompton Null - - - -
KS KansasR R120 Topeka to Lecompton Coef. Routing 0.6 0.4 - -
DE DelawareR R40 Perry to the Kansas River Coef. Routing 0.7 0.3 - -
KS KansasR R130 Lecompton to Desoto Coef. Routing 0.5 0.5 - -
KS KansasR R140 Lecompton to Desoto Null - - - -
KS KansasR R150 Lecompton to Desoto Null - - - -
WA WakarusaR R30 | Clinton to Lawrence Coef. Routing 0.9 0.1 - -
WA WakarusaR R40 | Lawrence to the Kansas River | Coef. Routing 0.5 0.5 - -
KS KansasR R160 Desoto to Kansas City Null - - - -
KS KansasR R170 Desoto to Kansas City Coef. Routing 0.8 0.2 - -
KS KansasR R180 Desoto to Kansas City Null - - - -
MO MissouriR R50 Kansas City to Waverly Null - - - -
MO MissouriR _R60 Kansas City to Waverly Coef. Routing 0.9 0.1 - -
MO MissouriR R70 Kansas City to Waverly Null - - - -
MO MissouriR R80 Kansas City to Waverly Null - - - -
MO MissouriR_R90 Kansas City to Waverly Coef. Routing 0.1 0.8 0.1 -
MO MissouriR R100 | Kansas City to Waverly Null - - - -
MO MissouriR R110 | Kansas City to Waverly Null - - - -

Table 3-28 Routing Parameters for Tributary Reaches.

Muskingum Parameters
Reach Location K X Number of
(hrs) Subreaches
SO SaltCr R020 Salt Creek to junction with Solomon River 40 102511
SH ChapmanCr R0O10 | Chapman Creek to junction with Smoky Hill River 2.0 02511
KS VermillionCr R010 | Vermillion Creek to junction with Kansas River 30 1025]1
KS MillCr RO10 Mill Creek to junction with Kansas River 3.0 02511
SC SoldierCr R020 Soldier Creek to junction with Kansas River 30 [025]1
ST StrangerCr R30 Stranger Creek to junction with Kansas River 30 10251
MO BlueR J10 Blue River to junction with Missouri River 3.0 02511
LM LittleBlueR R40 Little Blue River to junction with Missouri River 40 10254

3.8 Local Flow Calculation
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An HEC-ResSim simulation was setup to pass observed inflows past the dams. The ResSim network was
modified to remove reservoirs and all observed inflow was input at the reservoir outflow junction. The observed
flows were the extended inflow records to represent the pre-dam period and observed releases after the start of
regulation. This combination of data was to pass flows that happened at the dam location. Once the observed
flows were routed to the downstream gages, the modeled data was compared to observed to ensure the timing
and attenuation matched the observed.

Raw local flows were computed using model output and the extended official streamflow records at each gage
location. The equation for the raw computed local flows at a gage is shown below.

Gageocar = Gageops — Gagemoder

At each location, all model input parameters were held to 0 cfs except for the gage(s) immediately upstream.
The official extended streamflow record at the upstream gage was routed downstream to do the local flow
computation. For example, at Lindsborg, the extended data set at Kanopolis was used as the local flow at that
location. All other model parameters were held to 0 cfs. The observed record was routed down to Lindsborg,
and then the above equation could be used to compute a raw local flow time series.

3.8.1 Local Flow Manipulation

The calculated local flows had some large negative values especially during the time when the data record was
extended. This is probably due to uncertainties in routing times and flow at a given location when the data was
extended using other gages. To help with some of these data discrepancies, once raw local flows had been
computed, flows were blended and distributed using a spreadsheet method as detailed in sections 3.7.1 to 3.7.3.
The spreadsheet required the raw local flow and the modeled flow after the initial routing at each location (i.e.,
Gagelocal and Gagemodel from the raw local flow equation). Once data was input, the further calculations could be
made as detailed in the following sections.

3.8.2 Blending

Raw local flow was split into positive and negative values, then the negative values were blended using a
running average that ranged between 3 and 15 days. The length of the running average depended on the number
and magnitudes of the negative values. Where there occurred fewer negatives in the data set, fewer days were
used for blending. Those blended negative values were then summed with the positive values to obtain a
blended local flow.

3.8.3 Apportioning

After calculating a blended local flow, that flow could be added to the modeled flow to obtain a blended total
flow at each location. This time series was checked for negative stream flow. A small percentage of flow from
positive values was skimmed from the time series and distributed into the negative local flow when the stream
flow went negative. This percentage was very small, with the largest percentage being near 3%.

The apportioned and blended flows were added together to create a final local flow time series. Negatives still
existed in the time series but were reduced to the point where the modeled river flow and the final local flow
summation did not result in negative total flows in the model. The raw local flow and final local flow time
series are plotted together at the Smoky Hill River at Lindsborg, KS and shown in Figure 3-40.
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Figure 3-40 Smoky Hill River at Lindsborg, KS raw, calculated, daily local flow compared with the final blended, apportioned, daily local flow.

Much of the large negative flow was removed by this process; however, some negative modeled river gage
flows persisted when running the regulated simulation. Small negative flow in the local flow data sets is
understandable considering uncertainties in gage rating curves and water usage. The modeled regulated negative
flows are not ideal, but they did not appear to have much of an impact on the annual peak stream flow or the
annual flow volume. Table 3-29 identifies the number of days that were used for blending the negative local
flows and the percentage that was skimmed off for the final apportionment of flows at each local flow location.

Table 3-29 Parameters used to process the final local flow data set.

Stream Gage Days Used to Blend Negative Percent of Positive Local Flows
Local Flows Used to Fix Negative Stream Flow
Smoky Hill River at Lindsborg 15 2.56%
Smoky Hill River at Mentor 11 2.98%
Saline River at Tescott 15 0.30%
Smoky Hill River at New Cambria | 15 0.80%
Solomon River at Beloit 15 0.43%
Solomon River at Niles 11 0.39%
Smoky Hill River at Enterprise 7 0.05%
Republican River at Milford Dam | 3 0.18%
Kansas River at Fort Riley 7 0.08%
Kansas River at Wamego 7 0.02%
Kansas River at Topeka 7 0.01%
Kansas River at Lecompton 7 0.29%
Wakarusa River at Lawrence 7 0.81%
Kansas River at Desoto 7 0.01%
Missouri River at Kansas City 3 0.00%
Missouri River at Waverly 3 0.00%
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3.9 HEC-ResSim Reservoir Rules

HEC-ResSim rules were used to determine modeled releases throughout the period of record. The rules were set
up in accordance with the approved water control manuals at each reservoir. The existing Kansas CWMS HEC-
ResSim model rules were utilized for this study, but some rules were modified to get appropriate modeled
results.

Release function rules were used to specify maximum and minimum releases in a zone. Separate reservoir
zones were setup for Conservation, Phase I, Phase II, Phase III, Surcharge, and Top of Dam. Dividing the flood
control pool into the separate phases allowed the model to respond to the seasonal changes in threshold
elevations. Maximum releases for a zone were established based on the water control manual limits. In most
cases these limits are higher than typical releases, but the authorized maximum was used to allow the full range
of releases in the model. A more typical release rate is set to draw the lake down to target in 10 days. For
smaller events, HEC-ResSim will often draw down the lake in a day or two if the downstream control allows
maximum release.

Downstream control rules were used to set maximum or minimum flows at the downstream control points. The
maximum flood control rules utilized a scripted state variable to calculate the current pool zone to determine the
maximum release. The downstream control rules did not always maximize the downstream channel space.
When this occurred, the rule advanced options were adjusted to help the model calculation. Figure 3-41 shows
an example of the downstream control point advanced options. Adjusting the settings in advanced options
provided reasonable use of the downstream control point available channel capacity.
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Figure 3-41 Downstream Control Rule Advanced Options.
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Reservoir surcharge rules utilized a range of options depending on the physical setup of the dam and the water
control manual criteria. Wilson and Clinton did not enter surcharge during the period of analysis. Perry and
Milford were both compared to their respective surcharge events and seemed to perform reasonably well. The
water control manual surcharge criteria are for hourly reservoir operation during extreme events. The daily time
step in the model tends to generalize releases and does not always follow the desired surcharge criteria because
of the time step. This became a problem with Waconda surcharge operations during the 1951 flood event.
Manual overrides were used to force the model to release a more reasonable rate less than inflows.

4 Model Results

The “Existing Conditions” simulations (with and without navigation) were run using a lookback period of
01Dec1919 to 31Dec1919; the forecast time was 01 Jan 1920 to 02 Jan 2020. The main intent of the HEC-
ResSim model is to produce regulated data for the full period of record. Model results were graphically
compared to observed time series data where available.

There were many reasons why modeled results may not match observed. Before the dams were in place, the
observed flow at the gages downstream of the dams was unregulated. After the dams were constructed,
reservoir operations have at times formally deviated from the water control plan (modeled rules) for specific
flood control purposes approved by Missouri River Basin Water Management or significant dam maintenance.
Also, reservoir release decisions are being made with a certain amount of forecast uncertainty relating to the
flow at downstream control points when reservoir releases reach that location. As much as possible decisions
are based on water on the ground forecasts, but there is uncertainty about future conditions especially where
long travel time from reservoir to gage location exist (such as from Milford to the Missouri River at Waverly).
The ResSim downstream control point rules, used in this study, incorporate elements of forecast uncertainty, but
these decisions are different than in real-time operations. For instance, some of the Kansas reservoirs are 4-5
days of travel time away from the Missouri River control points. Real-time operations may decide to maintain
ongoing reservoir releases even though the Missouri River rises above criteria from a local rainfall, because the
river is forecast to drop before any proposed reservoir release reduction could effectively propagate downstream
to alleviate conditions at the control point. ResSim does route all inflows and local flows, both present and
future, to the downstream control point. However, ResSim does not match the target flows perfectly at the
downstream control points because of its internal forecast uncertainty. Factors such as attenuation and routing
times were adjusted in this model, but these factors can vairy depending on the event leading to downstream
flows missing the desired target at a control point.

The navigation flow support scenario resulted in navigation releases being made in approximately half of the
years; however, four main time periods had multi-year reservoir drawdowns as a result the navigation releases.
These time periods were 1932 to 1941, 1953 to 1957, 1988 to 1992, and 2002 to 2007. These were some of the
dry periods when the Missouri River at Kansas City, MO dropped below the minimum service level during the
navigation season. Peak reservoir pool elevations and flows were virtually the same in both existing conditions
scenarios. Navigation flow support resulted in slightly lower pool elevations during the drought years, but that
additional storage was quickly filled when flood flows occurred.

To compare the observed and modeled data, pool elevation duration graphs were assessed. Figure 4-1 shows the
Kanopolis pool elevation duration plot from 01 Aug1948 (time of first fill) to 01Jan2020. Both model scenarios
result in the same pool duration since navigation flow is not supported from Kanopolis. Comparison of the
observed and modeled duration indicate that the model keeps the reservoir at multi-purpose pool more often
than in real-time. Seasonal water level management plans will keep the lake above multi-purpose pool during
periods of the year, but the water level management plan was not put into the model since it is discretional and
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may not be followed depending on the basin conditions. The multi-purpose pool elevation has also been raised
since the initial fill. Figure 4-2 shows the observed and modeled annual flow volume from 1949 (when outflow
data started) through the end of 2019. The modeled scenarios with and without navigation are identical. The
volumes match closely with the observed tending to be slightly higher. The differences are due to estimated
evaporation in the model, carryover storage from year to year, and the present incremental depletions. The full
water balance was analyzed for Wilson and Tuttle Creek ensuring that the model maintains mass balance. This

analysis is shown in section 2.2 of “Attachment 1 Supporting Plots”.
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Figure 4-1 Kanopolis observed and modeled pool elevation duration from 01Jull 948 to 01Jan2020.
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Figure 4-2 Kanopolis Observed and Modeled Annual Flow Volume for 1949 through 2019.

Downstream of Kanopolis the Smoky Hill River at Lindsborg and Mentor annual flow volumes are compared in
Figure 4-3 and Figure 4-4. These plots start in 1949 after the effects of the Kanopolis regulation begin at these
gages allowing a comparison of regulated observed and modeled. Lindsborg does not have observed data from

1966 through 2013.
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Figure 4-3 Lindsborg Observed and Modeled Annual Flow Volume for 1949 through 2019.
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Figure 4-4 Mentor Observed and Modeled Annual Flow Volume for 1949 through 2019.

The Wilson Reservoir pool elevation duration plot from 01 Jan 1973 (approximate time of first fill) to 01 Jan
2020 is shown in Figure 4-5. Both model scenarios result in the same pool duration since navigation flow is not
supported from Wilson. Comparison of the observed and modeled duration indicate that, similar to Kanopolis,
the model tends to under-predict the pool elevation. This basin is prone to extended droughts. Estimated
modeled evaporation and basin depletions are the reason for the modeled pool elevation being lower on the dry
end of the curve. Seasonal water level management plans will keep the lake above multi-purpose pool during
wet periods which may be the reason for the observed being higher than modeled in the 1516 to 1517 elevation
range. The water level management plan was not put into the model since it is discretional and may not be
followed depending on the basin conditions. Figure 4-6 shows the observed and modeled annual flow volume
from 1964 (when outflow data started) through 2019. The modeled scenarios with and without navigation are
identical. The observed volumes tend to be higher than modeled and with greater separation than characterized
in the Kanopolis data.
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Figure 4-5 Wilson observed and modeled pool elevation duration from 01Mar1973 to 01Jan2020.
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Figure 4-6 Wilson Observed and Modeled Annual Flow Volume for 1964 through 2019.
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Downstream of Wilson the Saline River at Tescott and the Smoky Hill River at New Cambria (impacted by
Kanopolis and Wilson regulation) annual flow volumes are compared in Figure 4-7 and Figure 4-8. These plots
start in 1973 after the effects of the Wilson regulation begin at these gages allowing a comparison of regulated
observed and modeled. New Cambria does not have flow data in 2007 and from 2010 through the present.
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Figure 4-7 Tescott Observed and Modeled Annual Flow Volume for 1973 through 2019.
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New Cambria Modeled With Navigation

The Waconda Reservoir pool elevation duration plot from 15 May 1973 (approximate time of first fill) to 01 Jan
2020 is shown in Figure 4-9. Both model scenarios result in the same pool duration since navigation flow is not
supported from Waconda. Comparison of the observed and modeled duration indicate that the model tends to
over-predict the pool elevation below the conservation pool. Seasonal water level management plans will keep
the lake below the multi-purpose pool during the winter and above the multi-purpose pool during the spring and
fall which may be the reason for the observed differing from the modeled. The water level management plan
was not put into the model since it is discretional and may not be followed depending on the basin conditions.
Figure 4-10 shows the observed and modeled annual flow volume from 1968 (when outflow data started) to

2019. The modeled scenarios with and without navigation are identical. The observed volumes tend to be

slightly higher than modeled.
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Figure 4-9 Waconda observed and modeled pool elevation duration from 01May1973 to 01Jan2020.
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Figure 4-10 Waconda Observed and Modeled Annual Flow Volume for 1968 through 2019.
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Downstream of Waconda the Solomon River at Beloit and Niles and the Smoky Hill River at Enterprise
(impacted by regulation from all three Smoky Hill reservoirs) annual flow volumes are compared in Figure 4-11
through Figure 4-13. These plots start in 1973 which is about when the impacts of the regulation of all three
reservoirs began at these gages allowing a comparison of regulated observed and modeled. During the regulated
period, Beloit only has data from 2013 through the present.
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Figure 4-11 Beloit Observed (2013 to 2019) and Modeled Annual Flow Volume for

1973 through 2019.
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Figure 4-12 Niles Observed and Modeled Annual Flow Volume for 1973 through 2019.
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Figure 4-13 Enterprise Observed and Modeled Annual Flow Volume for 1973 through 2019.

The Milford Reservoir pool elevation duration plot from 01 Aug 1967 (approximate time of first fill) to 01 Jan
2020 is shown in Figure 4-14. Comparison of the observed and modeled duration indicate that the model tends
to have higher pool elevations in the flood control pool. The low pool durations show that the model tends to
stay a little higher than observed except when considering navigation. Seasonal water level management plans
will allow the lake below the multi-purpose pool during the winter and one foot above the multi-purpose pool
during the spring and fall which may be part of the reason for the observed differing from the modeled. The
water level management plan was not put into the model since it is discretional and may not be followed
depending on the basin conditions. However, the significant rise in the less frequent portions of the duration
curve is probably due to the model constraining releases due to downstream control points especially on the
Missouri River. Some of the potential reasons for these differences are discussed at the start of section 4.

Navigation flow support impacts to pool elevation and outflow for selected periods of time are shown in Figure
4-15 to Figure 4-18. These are drought years so pools are already low from reduced inflow and water quality
support. Navigation support results in lower pool elevations. When large inflows occur, the without navigation
scenario will make larger releases if the multi-purpose pool fills.

Figure 4-19 shows the observed and modeled annual flow volume from 1965 (when outflow data started) to the
2019. The observed volumes tend to be slightly higher than modeled. The model scenarios were very similar,
but navigation flow support resulted is small differences for a few years. The large difference in 2019 is due to
modeled storage being carried over into 2020. In the observed data set, water was emptied from flood storage
before the end of 2019 by using a deviation for higher flow targets on the Missouri River, benefitting flood
control operations at Milford, Tuttle Creek and Perry, as well as Clinton.
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Figure 4-14 Milford observed and modeled pool elevation duration from 01Jul1967 to 01Jan2020.
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Figure 4-15. Milford pool elevation modeled with and without navigation flow support for the years 1932 through 1941.
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Figure 4-16. Milford pool elevation modeled with and without navigation flow support for the years 1955 through 1958.
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Figure 4-17. Milford pool elevation modeled with and without navigation flow support for the years 1989 through 1991.
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Figure 4-18. Milford pool elevation modeled with and without navigation flow support for the years 2002 through 2007.
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Figure 4-19 Milford Observed and Modeled Annual Flow Volume for 1965 through 2019.
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Downstream of Milford the Kansas River at Fort Riley (impacted by regulation from all three Smoky Hill
reservoirs and Milford Reservoir) annual flow volume is compared in Figure 4-20. This plot starts in 1973
which is about when the impacts of the regulation of all reservoirs began at these gages allowing a comparison
of regulated observed and modeled. The observed volume continues to be slightly higher than modeled at this
gage.
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Figure 4-20 Fort Riley Observed and Modeled Annual Flow Volume for 1973 through 2019.

The Tuttle Creek Reservoir pool elevation duration plot from 01May1963 (approximate time of first fill) to
01Jan2020 is shown in Figure 4-21. Comparison of the observed and modeled duration indicate that the model
tends to have higher pool elevations in the flood control pool. Seasonal water level management plans will
allow the lake below the multi-purpose pool during the winter and five feet above the multi-purpose pool during
the spring and fall which may be part of the reason for the observed differing from the modeled. The water level
management plan was not put into the model since it is discretional and may not be followed depending on the
basin conditions. Navigation results in pool elevations dropping below the multi-purpose pool slightly more
often. Like Milford, the significant rise in the less frequent portions of the duration curve is probably due to the
model constraining releases due to downstream control points especially on the Missouri River. Some of the
potential reasons for these differences are discussed at the start of section 4.

Navigation flow support impacts to pool elevation and outflow for selected periods of time are shown in Figure
4-22 to Figure 4-25. These are drought years so pools are already low from reduced inflow and water quality
support. Navigation support results in lower pool elevations. When large inflows occur, the without navigation
scenario will make larger releases if the multi-purpose pool fills. Larger encroachments into the flood control
pool were very similar for both scenarios.

Figure 4-26 shows the observed and modeled annual flow volume from 1960 (when outflow data started) to the
2019. The observed volumes match modeled closely except during high flow years. Navigation flow support
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only results in small differences a few years. Small differences between observed and modeled are probably due
to estimated modeled evaporation. The large difference in 2019 is due to modeled storage being carried over
into 2020. In the observed data set, water was emptied from flood storage before the end of 2019 by using a
deviation for higher flow targets on the Missouri River, benefitting flood control operations at Milford, Tuttle
Creek and Perry, as well as Clinton.
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Figure 4-21 Tuttle Creek observed and modeled pool elevation duration from 01Apr1963 to 01Jan2020.
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Figure 4-22. Tuttle Creek pool elevation modeled with and without navigation flow support for the years 1932 through 1941.
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Figure 4-23. Tuttle Creek pool elevation modeled with and without navigation flow support for the years 1955 through 1959.
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Figure 4-24. Tuttle Creek pool elevation modeled with and without navigation flow support for the years 1989 through 1991.
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Figure 4-25. Tuttle Creek pool elevation modeled with and without navigation flow support for the years 2002 through 2007.
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Figure 4-26 Tuttle Creek Observed and Modeled Annual Flow Volume for 1960 through 2019.
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Downstream of Tuttle Creek the Kansas River at Wamego and Topeka (impacted by regulation from all three
Smoky Hill reservoirs and Milford and Tuttle Creek reservoirs) annual flow volumes are compared in Figure
4-27 and Figure 4-28. These plots start in 1973 which is about when the impacts of the regulation of all
reservoirs began at these gages allowing a comparison of regulated observed and modeled. The observed

volume continues to be slightly higher than modeled at these gages especially during the larger flow years.
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Figure 4-27 Wamego Observed and Modeled Annual Flow Volume for 1973 through 2019.
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Figure 4-28 Topeka Observed and Modeled Annual Flow Volume for 1973 through 2019.
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The Perry Reservoir pool elevation duration plot from 01April1971 (approximate time of first fill) to 01Jan2020
is shown in Figure 4-29. Comparison of the observed and modeled duration indicate that the model tends to be
in the flood control pool for longer amounts of time. Seasonal water level management plans will allow the lake
below the multi-purpose pool during the winter and 2 to 2.5 feet above the multi-purpose pool during the spring
and fall which may be part of the reason for the observed differing from the modeled. The water level
management plan was not put into the model since it is discretional and may not be followed depending on the
basin conditions. The navigation scenario results in more common pool elevations below multi-purpose pool.
Additional model analysis was conducted to see how much of an impact was made by the water level
management plans. This analysis is shown in section 2.1 of “Attachment 1 Supporting Plots”. Like Milford and
Tuttle Creek, the significant rise in the less frequent portions of the duration curve is probably due to the model
constraining releases due to downstream control points especially on the Missouri River. Some of the potential
reasons for these differences are discussed at the start of section 4.

Navigation flow support impacts to pool elevation and outflow for selected periods of time are shown in Figure
4-30 to Figure 4-33. These are drought years so pools are already low from reduced inflow and water quality
support. Navigation support results in lower pool elevations. When large inflows occur, the without navigation
scenario will make larger releases if the multi-purpose pool fills. Larger encroachments into the flood control
pool were very similar for both scenarios.

Figure 4-34 shows the observed and modeled annual flow volume from 1967 (when outflow data started) to the
2019. The observed volumes match modeled closely except during high flow years. Navigation flow support
only results in small differences a few years. Small differences between observed and modeled are probably due
to estimated modeled evaporation. The large difference in 2019 is due to modeled storage being carried over
into 2020. In the observed data set, water was emptied from flood storage before the end of 2019 by using a
deviation for higher flow targets on the Missouri River, benefitting flood control operations at Milford, Tuttle
Creek and Perry, as well as Clinton.
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Figure 4-29 Perry observed and modeled pool elevation duration from 01Junl1970 to 01Jan2020.
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Figure 4-30. Perry pool elevation modeled with and without navigation flow support for the years 1932 through 1941.
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Figure 4-31. Perry pool elevation modeled with and without navigation flow support for the years 1955 through 1958.
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Figure 4-32. Perry pool elevation modeled with and without navigation flow support for the years 1989 through 1991.
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Figure 4-33. Perry pool elevation modeled with and without navigation flow support for the years 2002 through 2007.
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Figure 4-34 Perry Observed and Modeled Annual Flow Volume for 1967 through 2019.
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Downstream of Perry the Kansas River at Lecompton (impacted by regulation from all three Smoky Hill
reservoirs and Milford, Tuttle Creek, and Perry reservoirs) annual flow volumes are compared in Figure 4-35.
This plot starts in 1973 which is about when the impacts of the regulation of all reservoirs began at these gages
allowing a comparison of regulated observed and modeled. The observed volume continues to be slightly higher
than modeled at these gages especially during the larger flow years.
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Figure 4-35 Lecompton Observed and Modeled Annual Flow Volume for 1973 through 2019.

The Clinton Reservoir pool elevation duration plot from 01April1980 (approximate time of first fill) to
01Jan2020 is shown in Figure 4-36. Both model scenarios result in the same pool duration since navigation flow
is not supported from Clinton. Comparison of the observed and modeled duration indicate that the model tends
to be in the flood control pool for longer amounts of time. Seasonal water level management plans will allow
the lake below the multi-purpose pool during the winter and two feet above the multi-purpose pool during the
spring and fall which may be part of the reason for the observed differing from the modeled. The water level
management plan was not put into the model since it is discretional and may not be followed depending on the
basin conditions. Like Milford, Tuttle Creek, and Perry, there is a rise in the less frequent portions of the
duration curve which are probably due to the model constraining releases due to downstream control points
especially on the Missouri River. Some of the potential reasons for these differences are discussed at the start of
section 4. These impacts do not appear to be as large as the other lakes. Figure 4-37 shows the observed and
modeled annual flow volume from 1978 (when outflow data started) to the 2019. The modeled scenarios with
and without navigation are identical. The observed volumes tend to be higher than modeled. Small differences
are probably due to estimated modeled evaporation. The large difference in 2019 is due to modeled storage
being carried over into 2020. In the observed data set, water was emptied from flood storage before the end of
2019 by using a deviation for higher flow targets on the Missouri River, benefitting flood control operations at
Milford, Tuttle Creek and Perry, as well as Clinton.
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Figure 4-36 Clinton observed and modeled pool elevation duration from 01Apri1980 to 01Jan2020.
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Figure 4-37 Clinton Observed and Modeled Annual Flow Volume for 1978 through 2019.
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Downstream of Clinton the Wakarusa River at Lawrence (impacted by regulation from Clinton), Kansas River
at Desoto (impacted by regulation from all the Kansas Basin Reservoirs) and the Missouri River at Kansas City
and Waverly (impacted by regulation from all the Upper Missouri River and Kansas River reservoirs) annual
flow volumes are compared in Figure 4-38, Figure 4-39, Figure 4-44, and Figure 4-45. These plots start in 1980
which is about when the impacts of the regulation of all reservoirs began at these gages allowing a comparison
of regulated observed and modeled. Navigation flow support has very little impact to the annual flow volumes
as most of the releases are for a short duration. The observed volume continues to be higher than modeled at the
Lawrence gage, consistent with the actual passage of flood water in 2019. Desoto modeled is very similar to
observed except during the flood years. 2019 observed volume is higher due to modeled flood storage being
carried over to 2020 and follows the trend witnessed at Lawrence, potentially diminished somewhat by the
much larger flows in the Kansas and Missouri River gages. The Missouri River gages observed flow volume
tend to be slightly lower than modeled and do not share the trends observed on the Kansas River. This is
probably due to the modeled mainstem Missouri River regulated flows and local inflows overwhelming
contributions from the Kansas River.

The effect on the Kansas River at Desoto flow of reservoir releases for navigation flow support is shown in
Figure 4-40 to Figure 4-43. Navigation support was provided up to 4000 cfs and the releases are generally made
late in the year when the Missouri River dropped. Annual peak flows are generally the same with and without
navigation, but some of the dryer years released larger peak flows in the without navigation scenario.
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Figure 4-38 Lawrence Observed and Modeled Annual Flow Volume for 1980 through 2019.
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Figure 4-39 Desoto Observed and Modeled Annual Flow Volume for 1980 through 2019.
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Figure 4-40. Desoto flow modeled with and without navigation flow support for the years 1932 through 1941.
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Figure 4-41. Desoto flow modeled with and without navigation flow support for the years 1955 through 1958.
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Figure 4-42. Desoto flow modeled with and without navigation flow support for the years 1989 through 1991.
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Figure 4-43. Desoto flow modeled with and without navigation flow support for the years 2002 through 2006.
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Figure 4-44 Kansas City Observed and Modeled Annual Flow Volume for 1980 through 2019.
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Figure 4-45 Waverly Observed and Modeled Annual Flow Volume for 1980 through 2019.
5 Conclusions

A full set of data was developed for the Kansas River HEC-ResSim model. Data was extended using observed
gage data and regression between gages as necessary. When no other methods were available data was extended
using watershed ratios. Local flow data sets were developed by routing observed/extended flows from the
upstream gages and using a spreadsheet process to smooth negative flows all the while conserving flow volume
totals. Some uncertainties exist in the extended gage data, but the data set appears to be a reasonable estimate.

The Lower Kansas River CWMS model was utilized as a start for the KRRFSS HEC-ResSim model. Several
adjustments were made to this model, as necessary, including routing methods, input data sets, and reservoir
rules.

The reservoir elevation duration curves indicated that the modeled regulation adequately models the actual
conditions. Milford, Perry, Tuttle Creek and Clinton model results accumulate water in the flood control pool
for longer durations than in the actual data set. Some of these differences may be due to seasonal water level
management plans. Some years actual operations have been impacted by formal deviations that allowed higher
flow targets on the Missouri River permitting the pool elevations to be maintained at lower levels.

Navigation flow support model scenarios estimate the impact of navigation flows on the reservoirs and
downstream gages. Navigation flow support can result in significant reductions in pool elevations, but there is
minimal change in the peak flows even for years when navigation releases were made.

Observed and modeled annual flow volumes were compared for all the reservoir outflows and the key gages in
the basin. The observed flow volumes tended to be a little higher than modeled. Reservoir evaporation estimates
90



in the model and present incremental depletions are the primary reasons for lower annual flow volume. Also,
the modeled 2019 flow volume had flood storage carried over into the following year when actual was able to
empty the flood storage because of a deviation. Annual peak flows were less impacted than the flow volume
comparison.

The KRRFSS HEC-ResSim model results in a reasonable assumption of basin regulated flows for 1920 to 2019.

The existing condition model can be used for ongoing study analysis of future without project and proposed
alternative reservoir regulation and flows.
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Attachment 1 KRRFSS Water Management Documentation—Supporting Plots

1. Unregulated Reservoir Inflow Analysis

1.1. Background
Calculations are conducted annually to determine unregulated flow if the dams were not in place. From
the difference between the observed (regulated) flow and the calculated unregulated flow flood
damages prevented in dollars are computed. The unregulated flow is also referred to as natural flow.
Although the calculations are made annually, the historical record of natural flows was only calculated
for peak annual events. This project undertook calculating the natural flow in the Kansas City District
(NWK) from the inception of the reservoir through 2019 using a daily time step.

Stage and flow on the Kansas River are impacted by seven reservoirs owned by the US Army Corps of
Engineers (USACE) and eleven flood control reservoirs owned by the U.S. Bureau of Reclamation (USBR).
These USBR reservoirs are operated by USACE when they are in flood control operations.

Stage and flow at the Missouri River at Kansas City, MO are impacted by all the Omaha District (NWO)
reservoirs including the mainstem Missouri River reservoirs which are operated by the Missouri River
Basin Water Management (MRBWM) office. MRBWM calculates unregulated flow for the Missouri River
at Saint Joseph, MO which accounts for the impact of all the reservoirs in NWO. The Saint Joseph
unregulated flow is then routed to Kansas City for use in the NWK unregulated flow calculations.

This study is interested in unregulated flows in NWK upstream of the Missouri River at Waverly, MO. In
addition to the NWO and Kansas River reservoirs, Smithville Reservoir impacts flows at Kansas City and
Waverly, and Longview and Blue Springs Reservoirs impact the flow at Waverly. Table 1.1-1 shows all
the NWK reservoirs that impact flow at the Missouri River at Waverly.

Table 1.1-1. Kansas City District Reservoirs that impact flow at the Missouri River at Waverly and above.

Reservoir Ownership | Downstream
Reservoir
Bonny USBR Trenton
Trenton (Swanson Lake) USBR Harlan County
Enders USBR Harlan County
Red Willow (Hugh Butler Lake) USBR Harlan County
Medicine Creek (Harry Strunk Lake) USBR Harlan County
Norton (Keith Sebelius Lake) USBR Harlan County
Harlan County USACE Milford
Lovewell USBR Milford
Milford USACE
Cedar Bluff USBR Kanopolis
Kanopolis USACE
Wilson USACE
Kirwin USBR Glen Elder
Webster USBR Glen Elder
Glen Elder Dam (Waconda Lake) USBR




Tuttle Creek USACE

Perry USACE

Clinton USACE

Smithville USACE

Longview USACE

Blue Springs USACE
1.2. Data Preparation

Period of record daily reservoir inflow and outflow was obtained from the USACE database for all the
Corps-owned reservoirs. Daily inflow and outflow for all the USBR projects are available in the USACE
database from 1980 to the present. Five USBR projects (Cedar Bluff, Glen Elder, Kirwin, Lovewell, and
Webster) used USACE data for the full period of record. The rest of the USBR projects had outflow
records from USBR for prior to 1980. Inflows for these USBR projects were calculated using USBR
storage and inflow data for prior to 1980. Calculated inflows resulted in some unreasonable data spikes
that were screened out in the Unregulated_v6.dss file prior to use in calculating the unregulated flow.

Daily, period of record flow for the river gages were obtained from the U.S Geological Survey (USGS).

1.3. Natural Flow Calculation Process
Data calculations were made using the “Benefits_48t02020.xlsx” excel spreadsheet. Reservoir inflows
and outflows were loaded into the spreadsheet. These were then used to calculate reservoir holdouts
which measure how much water the reservoir stored or added to the river. The holdout is calculated by
the following equation:

Holdout = (Inflow — 0.1*Evaporation) - Outflow

Evaporation is the flow evaporation from the reservoir in cfs. A portion of the evaporation is removed
from the inflow since it was used in the originally calculation of inflow. If the reservoir were not on the
river, the evaporation would be lower from the river channel. If the reservoir is storing water, inflows
are greater than the outflow and the holdout is positive. If the reservoir is evacuating storage, the
outflow is greater than the inflow and the holdout is negative.

During a typical rain event, the holdouts will be positive while rainfall runoff is occurring. This will also
result in the regulated flow at the downstream gages being much lower than in the unregulated
situation. After the rainfall runoff subsides, reservoir releases often begin to draw the lake back down at
which time the holdouts become negative. This will result in the unregulated flow being higher than the
regulated in the downstream gages. This typical reservoir operation results in removing the really large
unregulated flows with the tradeoff (and sometimes the benefit) of higher flows after an event.

The calculated holdouts at the Missouri River at Saint Joseph were calculated by the MRBWM office and
loaded into the USACE database. This data set was also loaded into the spreadsheet.

All the holdouts are then routed to the downstream gages using coefficient routing parameters. A
separate worksheet is set up to show calculations for each gage. Routing coefficient parameters are
shown in Table 1.3-1. In each worksheet the reservoir holdouts are routed to the gage. The observed



flow is then added to the routed holdouts to determine the unregulated flow. There are also
calculations to determine the percent of flow reduction provided by each reservoir.

This approach is based simply on observed flow and routed holdouts. Water depletions in the basin are
not part of the calculation; although, any depletions that impacted the observed flow will intrinsically be
accounted. During times of low flow and large irrigation use, the calculated unregulated flows can

become negative because of the uncertainty associated with the depletions and routing parameters.
There is also some uncertainty with the observed flow even though the approved USGS flow was used.

Table 1.3-1. Routing parameters used to calculate unregulated follows.

From To Day 0 Day 1 Day 2 Day 3 Day 4
Bonny Reservoir Republican River at Stratton, NE 0.0 0.3 0.7
Republican River at Stratton, NE Swanson Reservoir 1.0

Enders Reservoir Frenchman Creek at Palisade, NE 0.0 0.6 0.4
Frenchman Creek at Palisade, NE Republican River at Cambridge, NE 0.0 0.1 0.5 0.4
Swanson Reservoir Republican River at Cambridge, NE 0.0 0.1 0.5 0.4
Hugh Butler Reservoir Republican River at Cambridge, NE 0.0 0.4 0.6

Harry Strunk Reservoir Republican River at Cambridge, NE 0.4 0.6

Republican River at Cambridge, NE Republican River at Orleans, NE 0.0 0.3 0.6 0.1
Keith Sebelius Reservoir Prairie Dog Creek near Woodruff, KS 0.0 0.6 0.4
Republican River at Orleans, NE Harlan County Reservoir 1.0

Prairie Dog Creek near Woodruff, KS = Harlan County Reservoir 1.0

Harlan County Reservoir Republican River at Concordia, KS 0.5 0.5
Lovewell Reservoir Republican River at Concordia, KS 0.4 0.6
Republican River at Concordia, KS Republican River at Clay Center, KS 0.4 0.6
Republican River at Clay Center, KS Milford Reservoir 1.0

Cedar Bluff Reservoir Smoky Hill River at Ellsworth, KS 0.3 0.7
Smoky Hill River at Ellsworth, KS Kanopolis Reservoir 1.0

Kanopolis Reservoir Smoky Hill River near Mentor, KS 0.0 0.4 0.6

Wilson Reservoir Saline River at Tescott, KS 0.1 0.2 0.3 0.4
Saline River at Tescott, KS Smoky Hill River at New Cambria, KS 0.2 0.3 0.5

Smoky Hill River near Mentor, KS Smoky Hill River at New Cambria, KS 0.4 0.6

Kirwin Reservoir Waconda Reservoir 0.5 0.5

Webster Reservoir Waconda Reservoir 0.5 0.5

Waconda Reservoir Solomon River at Niles, KS 0.2 0.7 0.1

Smoky Hill River at New Cambria, KS = Smoky Hill River at Enterprise, KS 0.0 0.7 0.3

Solomon River at Niles, KS Smoky Hill River at Enterprise, KS 0.2 0.7 0.1

Smoky Hill River at Enterprise, KS Kansas River at Fort Riley, KS 0.3 0.7

Milford Reservoir Kansas River at Fort Riley, KS 0.7 0.3

Kansas River at Fort Riley, KS Kansas River at Wamego, KS 0.4 0.6

Tuttle Creek Reservoir Kansas River at Wamego, KS 0.8 0.2

Kansas River at Wamego, KS Kansas River at Topeka, KS 0.4 0.6

Kansas River at Topeka, KS Kansas River at Lecompton, KS 0.8 0.2

Perry Reservoir Kansas River at Lecompton, KS 0.8 0.2

Kansas River at Lecompton, KS Kansas River at Desoto, KS 0.5 0.5



Clinton Reservoir Kansas River at Desoto, KS 0.5 0.5
Smithville Reservoir Little Platte River at Smithville, MO 1.0

Little Platte River at Smithville, MO Missouri River at Kansas City, MO 0.5 0.5

Kansas River at Desoto, KS Missouri River at Kansas City, MO 0.8 0.2

Missouri River at Saint Joseph, MO Missouri River at Kansas City, MO 0.1 0.8 0.1
Blue Springs and Longview Missouri River at Waverly, MO 1.0
Reservoirs

Missouri River at Kansas City, MO Missouri River at Waverly, MO 0.1 0.8 0.1

1.4. Reservoir Inflow Plots
Several historic flood events were evaluated at Kanopolis, Waconda, and Milford to compare regulated
and unregulated flow for these reservoirs since they all have reservoir systems above them. Even though

many of the upstream reservoirs are in traditionally arid portions of the basin, they can have a large
impact on floods depending on where the rain falls. In addition to capturing a peak inflow, releases are
often small as much of the inflow goes into filling the often-depleted multi-purpose pool and eventually
to supplying irrigation flows that do not reach downstream.

Figure 1.4-1, Figure 1.4-2, and Figure 1.4-3 show Kanopolis inflow plots for 1951, 1993, and 2019,
respectively. Cedar Bluff provided a significant amount of flow reduction in 1951. It was newly

constructed at the time and filled for the first time. They did reach flood pool and began making releases
later in the event as shown by the observed flow being higher than the natural flow from mid-July
through September. In 1993, Cedar Bluff stored all its inflow in its conservation pool and did not release
throughout the event. The 2019 event had almost all the rainfall downstream of Cedar Bluff. Cedar Bluff
did not release for the entire year.
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Figure 1.4-1. Kanopolis Reservoir observed and unregulated inflow for the 1951 flood event.
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Figure 1.4-2. Kanopolis Reservoir observed and unregulated inflow for the 1993 flood event.
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Figure 1.4-3. Kanopolis Reservoir observed and unregulated inflow for the 2019 flood event.

Waconda data collection began in 1967, and unregulated data was also calculated from that time
forward. Figure 1.4-4 and Figure 1.4-5 show Waconda inflow plots for 1993 and 2019, respectively. In
1993, the upstream projects both made some releases during this event and entered the flood pool in
mid to late summer; however, they were able to provide significant reduction in flow for Waconda. In
2019, Kirwin and Webster both began the event with full multi-purpose pools. All flood storage was
passed to Waconda, but peak inflow into Wacanda was reduced during the inflow events because of the
time the water was routing through the reservoir. The 2019 inflow was smaller magnitude than many
historic events, but the wet period lasted for a long time leading to significant volume passing through
the reservoir system.
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Figure 1.4-4. Waconda Reservoir observed and unregulated inflow for the 1993 flood event.
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Figure 1.4-5. Waconda Reservoir observed and unregulated inflow for the 2019 flood event.



Milford data collection began in 1964, and unregulated data was also calculated from that time forward.
Figure 1.4-6 and Figure 1.4-7 show Milford inflow plots for 1993 and 2019, respectively. In 1993,
Lovewell made some large releases of over 4500 cfs in July. Harlan County made minimal releases until
late summer. Milford received a lot of local runoff as well. In 2019, Harlan County and Lovewell only
made small releases until late July. Some significant reduction of inflow was observed depending on the
rainfall location. The reservoirs above Harlan County also provided holdouts that were routed
downstream. In general, those reservoirs were ready to store if they got inflow.
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Figure 1.4-6. Milford Reservoir observed and unregulated inflow for the 1993 flood event.
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Figure 1.4-7. Milford Reservoir observed and unregulated inflow for the 2019 flood event.

2. Model Results Analysis

2.1. Impact of Water Level Management Plans
To better understand the model results and pool duration analysis that was shown in section 4 of the
KRRFSS ResSim Documentation, an additional model simulation was conducted with the typical water
level management plan (WLMP) pool elevations used as the guide curve instead of using the top of the
multi-purpose pool. This defines how much discrepancy between modeled and observed pool duration
can be attributed to the water level management plan. This analysis was conducted before depletions
were added into the model; however, it provides insights into the impacts of the water level
management plans. Water level management plans are updated annually, so using one plan for the
period of analysis in not fully accurate, but the plans do not always have large changes from year to
year, so it does give an idea of the impact.

All the model simulations result in different reservoir releases especially centered around the Missouri
River downstream control points. The model adheres more strictly to the 90,000 cfs limit at Waverly as
opposed to real-time operations that has increased uncertainty about future rainfall conditions.

The Milford water level management plan has changed in recent years to target low pool elevations
with the hope of mitigating harmful algal blooms. When the WLMP was included, it resulted in pool
elevation durations that were lower than the observed for the more frequent pool elevations. The
WLMP only had small impacts for the less frequent events that are more a function of how the model



handles releases and the Missouri River at Waverly downstream control point. The Milford pool
elevation duration plot is shown in Figure 2-1.

There were many flood control events that stayed above the observed. This would lead to the higher
pool elevation duration in the flood control zone. Examples of this are shown in Figure 2-2 and Figure
2-4. Figure 2-3 and Figure 2-5 show the observed versus the modeled Milford outflow for these same
flood years. These plots confirm that the model releases nearly the same amount as the observed data;
however, the timing is different. Some small differences in the volume can be attributed to differences
evaporation.
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Figure 2-1. Milford observed and modeled pool elevation duration from 01Aug1967 to 01Jan2020.
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Figure 2-2. Milford 1973 pool elevation compared to the Waverly flow.

2000000

1500000

1000000

Milford Modeled Qutlfow

500000

0 500000 LLLLLT]

— O pserved vs. Modeled

liol

1500000 2000000

Milford Observed Outflow

Figure 2-3. Observed versus modeled outflow compared to a 1 on 1 line for 1973.
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Figure 2-4. Milford 1993 pool elevation compared to the Waverly flow.

3000000

2500000

2000000

1500000

1000000

— Ohserved vs. Modeled

Milferd Modeled Outlfow

500000
ltcl

0 S00000 10O 1500000 2000000 2500000 3000000
Milford Observed Outflow

Figure 2-5. Observed versus modeled outflow compared to a 1 on 1 line for 1993.

The Tuttle Creek water level management plan has been mostly unchanged for several years. When the
WLMP was included, it resulted in pool elevation durations that were very similar to observed except for
the highest and lowest pool elevations. The WLMP only had small impacts for the less frequent events



that are more a function of how the model handles releases and the Missouri River at Waverly
downstream control point. The lowest observed pool elevations may be a function of navigation flow
support coupled with maintaining downstream water quality targets. The Tuttle Creek pool elevation
duration plot is shown in Figure 2-6.

There were many flood control events that modeled the pool elevation higher than the observed. This
would lead to the higher pool elevation duration in the flood control zone. Examples of this are shown in
Figure 2-7 and Figure 2-9. Figure 2-8 and Figure 2-10 show the observed versus the modeled Tuttle
Creek outflow for these same flood years. These plots confirm that the model releases nearly the same
amount as the observed data; however, the timing is different. Some small differences in the volume
can be attributed to differences evaporation.
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Figure 2-6. Tuttle Creek observed and modeled pool elevation duration from 01May1963 to 01Jan2020.
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Figure 2-7. Tuttle Creek 1973 pool elevation compared to the Waverly flow.
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Figure 2-8. Observed versus modeled outflow compared to a 1 on 1 line for 1973.
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Figure 2-9. Tuttle Creek 1993 pool elevation compared to the Waverly flow.
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Figure 2-10. Observed versus modeled outflow compared to a 1 on 1 line for 1993.

The Perry water level management plan has been mostly unchanged for several years. When the WLMP
was included, it resulted in pool elevation durations that were very similar to observed except for the
higher pool elevations. The WLMP only had small impacts for the less frequent events that are more a



function of how the model handles releases and the Missouri River at Waverly downstream control
point. The Perry pool elevation duration plot is shown in Figure 2-11.

There were many flood control events that modeled the pool elevation higher than the observed. This
would lead to the higher pool elevation duration in the flood control zone. Examples of this are shown in
Figure 2-12 and Figure 2-14. Figure 2-13 and Figure 2-15 show the observed versus the modeled Perry
outflow for these same flood years. These plots confirm that the model does release the same amount
as the observed data; however, the timing is different. Some small differences in the volume can be
attributed to differences evaporation.
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Figure 2-11. Perry observed and modeled pool elevation duration from 01Apr1971 to 01Jan2020.
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Figure 2-12. Perry 1973 pool elevation compared to the Waverly flow.
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Figure 2-13. Observed versus modeled outflow compared to a 1 on 1 line for 1973.
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Figure 2-14. Perry 1993 pool elevation compared to the Waverly flow.
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Figure 2-15. Observed versus modeled outflow compared to a 1 on 1 line for 1993.

2.2. Mass Balance Analysis
To ensure mass balance is consistent within ResSim, the sum of all annual reservoir outflow volumes
was compared to the inflow volume. The modeled volumes were also compared to the observed data
record. This analysis was conducted at Wilson and Tuttle Creek from 1980 to 2019 as a spot-check of the



model. Observed flow-evaporation is consistently available starting in 1980 which is why the analysis
was started then.

Modeled and observed inflow, outflow, and flow-evaporation were converted to annual flow volumes in
acre-feet. Modeled and observed inflow is identical since the reservoirs are used as boundary condition
in the ResSim model setup. Modeled and observed end-of-year storage was also tabulated and the
annual change in storage was calculated. Reservoir outflow, evaporation, and the change in storage was
summed to account for the water balance in a given year. The percent difference between inflow and
the total outflow was calculated. The model had no difference between the inflow and the sum of the
outflows showing that the model has consistent mass balance. There are some notable differences in
the observed data set which are due to large shifts in pool elevation for a gage correction. There were
two years where Wilson had a gage correction that impacted the calculation and three years at Tuttle
Creek. All other years were less than 1% off mass balance for the observed data set. A deeper analysis
can be made on the observed data process, but for the purposes of this study, the model is performing
appropriately. All discrepancies between modeled and observed can be attributed to the observed data
set.

Table 2.2-1 and Table 2.2-2 show the Wilson and Tuttle Creek analysis, respectively.



Table 2.2-1. Wilson mass balance annual volume comparison.

Observed Modeled—Existing Conditions with no Navigation
Observe
31Dec Inflow / 31Dec Inflow / /
Outflow | Evap Storage AStorage | O+E+AS | Outflow | Inflow Outflow | Evap Storage | AStorage | O+E+AS Outflow Modeled

Year Inflow (AF) | (AF) (AF) (AF) (AF) (AF) (%) (AF) (AF) (AF) (AF) (AF) (AF) (%) (%)
1980 48,159 11,385 42,507 233,248 48,159 7,260 46,183 213,325
1981 35,193 7,876 32,333 228,069 | -5,179 35,031 -0.46% 35,193 7,250 44,922 196,347 | -16,978 35,193 0.00% 0.46%
1982 68,768 23,572 33,149 240,209 | 12,140 68,861 0.13% 68,768 7,250 45,433 212,432 | 16,085 68,768 0.00% -0.14%
1983 31,661 8,261 37,869 225,993 | -14,216 31,915 0.80% 31,661 7,250 44,921 191,922 | -20,510 31,661 0.00% -0.80%
1984 59,908 11,500 35,463 238,526 | 12,533 59,496 -0.69% 59,908 7,260 44,862 199,708 | 7,786 59,908 0.00% 0.69%
1985 71,436 36,588 33,365 233,390 | -5,136 64,818 -10.21% | 71,436 7,250 45,251 218,643 | 18,935 71,435 0.00% 9.26%
1986 37,865 7,841 33,016 230,361 | -3,029 37,828 -0.10% 37,865 7,250 45,367 203,892 | -14,751 37,865 0.00% 0.10%
1987 285,227 229,122 | 37,899 248,531 | 18,170 285,191 | -0.01% 285,227 | 203,711 | 49,235 236,173 | 32,282 285,227 | 0.00% 0.01%
1988 28,648 17,475 40,456 219,287 | -29,245 28,687 0.14% 28,648 14,106 46,386 204,329 | -31,845 28,648 0.00% -0.13%
1989 29,741 8,166 34,343 206,583 | -12,704 29,805 0.22% 29,741 7,250 43,732 183,088 | -21,241 29,741 0.00% -0.22%
1990 36,786 7,176 33,773 201,589 | -4,994 35,955 -2.31% 36,786 7,250 41,770 170,854 | -12,234 36,786 0.00% 2.26%
1991 31,040 7,147 33,751 191,600 | -9,989 30,909 -0.42% 31,040 7,250 39,412 155,233 | -15,621 31,040 0.00% 0.42%
1992 75,264 7,208 28,395 231,368 | 39,769 75,371 0.14% 75,264 7,260 39,160 184,076 | 28,844 75,263 0.00% -0.14%
1993 737,445 598,552 | 43,893 | 326,295 | 94,927 737,371 | -0.01% 737,445 | 551,357 | 65,651 | 304,511 | 120,435 | 737,444 | 0.00% 0.01%
1994 128,761 176,521 | 35,381 243,063 | -83,232 128,670 | -0.07% 128,761 | 149,981 | 47,670 235,623 | -68,889 128,762 | 0.00% 0.07%
1995 266,089 225,205 | 35,787 248,441 | 5,378 266,370 | 0.11% 266,089 | 212,658 | 52,865 236,188 | 565 266,089 | 0.00% -0.11%
1996 106,813 83,284 33,247 238,524 | -9,917 106,615 | -0.19% 106,813 | 59,135 47,679 236,188 | O 106,813 | 0.00% 0.19%
1997 97,971 61,205 33,974 241,338 | 2,814 97,993 0.02% 97,971 50,347 47,624 | 236,188 | O 97,971 0.00% -0.02%
1998 170,990 139,620 | 34,884 237,938 | -3,400 171,103 | 0.07% 170,990 | 123,146 | 47,844 | 236,188 | O 170,990 | 0.00% -0.07%
1999 145,807 106,277 | 35,067 242,398 | 4,460 145,804 | 0.00% 145,807 | 98,092 47,715 236,188 | O 145,807 | 0.00% 0.00%
2000 71,555 44,160 39,351 230,508 | -11,890 71,621 0.09% 71,555 36,238 47,264 | 224,242 | -11,946 71,555 0.00% -0.09%
2001 130,088 78,501 38,316 243,731 | 13,223 130,040 | -0.04% 130,088 | 70,368 47,773 236,188 | 11,946 130,088 | 0.00% 0.04%
2002 39,136 18,292 38,291 226,311 | -17,421 39,163 0.07% 39,136 14,683 46,680 213,962 | -22,226 39,137 0.00% -0.07%
2003 31,893 7,248 36,326 214,764 | -11,547 32,027 0.42% 31,893 7,250 44,924 193,682 | -20,280 31,893 0.00% -0.42%
2004 45,630 7,168 33,587 219,472 | 4,708 45,462 -0.37% 45,630 7,260 43,855 188,198 | -5,484 45,631 0.00% 0.37%
2005 30,193 7,210 34,958 207,597 | -11,875 30,294 0.33% 30,193 7,250 42,391 168,750 | -19,448 30,193 0.00% -0.33%
2006 21,148 7,289 36,703 184,688 | -22,910 21,083 -0.31% 21,148 7,250 37,770 144,878 | -23,872 21,148 0.00% 0.31%
2007 74,681 7,313 35,827 216,108 | 31,421 74,561 -0.16% 74,681 7,250 39,837 172,472 | 27,594 74,680 0.00% 0.16%
2008 163,323 100,604 | 34,952 243,407 | 27,299 162,855 | -0.29% 163,323 | 55,975 43,632 236,188 | 63,716 163,322 | 0.00% 0.29%
2009 80,372 42,203 34,688 247,467 | 4,060 80,951 0.71% 80,371 32,827 47,545 236,188 | O 80,371 0.00% -0.72%
2010 75,353 50,563 36,940 235,104 | -12,363 75,140 -0.28% 75,349 40,763 47,171 223,603 | -12,585 75,349 0.00% 0.28%
2011 50,407 8,432 38,817 238,507 | 3,403 50,651 0.48% 50,407 8,681 46,571 218,757 | -4,846 50,407 0.00% -0.48%
2012 19,268 7,143 39,003 205,105 | -33,402 12,744 -51.19% | 19,268 7,260 44,858 185,908 | -32,849 19,268 0.00% 33.86%
2013 27,715 7,211 37,078 188,648 | -16,457 27,831 0.42% 27,715 7,250 41,054 165,320 | -20,588 27,716 0.00% -0.42%




2014 20,944 7,160 31,690 170,773 | -17,875 20,975 0.15% 20,946 7,250 37,304 | 141,713 | -23,608 20,946 0.00% -0.14%
2015 22,898 7,218 29,603 156,953 | -13,820 23,001 0.45% 22,898 7,250 34,410 122,951 | -18,762 22,898 0.00% -0.45%
2016 166,660 46,905 32,460 | 244,095 | 87,142 166,508 | -0.09% 166,660 | 14,919 38,502 | 236,188 | 113,237 166,658 | 0.00% 0.09%
2017 146,547 114,127 | 38,225 238,288 | -5,808 146,545 | 0.00% 146,547 | 98,650 47,897 | 236,188 | O 146,547 | 0.00% 0.00%
2018 190,013 150,827 | 36,182 240,924 | 2,636 189,645 | -0.19% 190,011 | 141,298 | 47,865 | 237,036 | 848 190,011 | 0.00% 0.19%
Table 2.2-2. Tuttle Creek mass balance annual volume comparison.
Observed Modeled—Existing Conditions with no Navigation
Observe
31Dec Inflow / 31Dec Inflow / /
Inflow Outflow Evap Storage | AStorage | O+E+AS Outflow | Inflow Outflow Evap Storage | AStorage | O+E+AS Outflow Modeled

Year | (AF) (AF) (AF) (AF) (AF) (AF) (%) (AF) (AF) (AF) (AF) (AF) (AF) (%) (%)
1980 | 1,213,854 | 1,190,009 | 68,482 | 352,343 1,213,854 | 1,159,155 | 54,773 256,940
1981 | 864,181 726,332 50,446 | 440,449 | 88,106 864,884 0.08% 864,181 812,515 51,593 257,014 | 74 864,181 0.00% -0.08%
1982 | 2,621,969 | 2,575,402 | 52,412 | 433,092 | -7,357 2,620,457 | -0.06% 2,621,969 | 2,540,191 | 81,778 257,014 | 0 2,621,969 | 0.00% 0.06%
1983 | 2,295,713 | 2,279,492 | 59,569 | 350,277 | -82,815 2,256,246 | -1.75% 2,295,713 | 2,220,189 | 75,523 257,014 | 0 2,295,713 | 0.00% 1.72%
1984 | 3,422,113 | 3,332,060 | 57,387 | 352,916 | 2,640 3,392,086 | -0.89% 3,422,113 | 3,305,380 | 116,732 | 257,014 | O 3,422,113 | 0.00% 0.88%
1985 | 1,962,515 | 1,906,816 | 42,235 | 366,328 | 13,412 1,962,463 | 0.00% 1,962,515 | 1,909,146 | 53,368 257,014 | 0 1,962,515 | 0.00% 0.00%
1986 | 3,360,513 | 3,341,152 | 48,905 | 336,422 | -29,907 3,360,151 | -0.01% 3,360,513 | 3,264,529 | 95,984 257,014 | 0 3,360,513 | 0.00% 0.01%
1987 | 3,199,812 | 3,191,811 | 49,735 | 297,698 | -38,724 3,202,822 | 0.09% 3,199,812 | 3,122,197 | 77,615 257,014 | 0 3,199,812 | 0.00% -0.09%
1988 | 590,895 573,698 48,672 | 266,222 | -31,476 590,894 0.00% 590,895 577,662 50,334 219,912 | -37,102 590,895 0.00% 0.00%
1989 | 1,072,123 | 1,014,449 | 44,482 | 279,833 | 13,612 1,072,543 | 0.04% 1,072,123 | 985,002 50,019 257,014 | 37,102 1,072,123 | 0.00% -0.04%
1990 | 1,373,990 | 1,319,748 | 45,903 | 288,103 | 8,270 1,373,921 | -0.01% 1,373,990 | 1,329,737 | 55,533 245,734 | -11,280 1,373,990 | 0.00% 0.01%
1991 | 670,740 646,252 46,941 | 265,261 | -22,842 670,351 -0.06% 670,740 669,458 49,038 197,979 | -47,756 670,741 0.00% 0.06%
1992 | 2,030,753 | 1,950,185 | 45,148 | 300,442 | 35,181 2,030,514 | -0.01% 2,030,753 | 1,910,577 | 61,140 257,014 | 59,035 2,030,752 | 0.00% 0.01%
1993 | 6,251,189 | 6,179,354 | 70,702 | 301,238 | 796 6,250,852 | -0.01% 6,251,189 | 6,067,068 | 166,718 | 274,417 | 17,403 6,251,189 | 0.00% 0.01%
1994 | 1,326,178 | 1,286,819 | 44,248 | 296,733 | -4,505 1,326,563 | 0.03% 1,326,178 | 1,292,135 | 51,446 257,014 | -17,403 1,326,178 | 0.00% -0.03%
1995 | 2,180,065 | 2,134,171 | 45,525 | 297,279 | 546 2,180,242 | 0.01% 2,180,065 | 2,062,248 | 117,817 | 257,014 | O 2,180,065 | 0.00% -0.01%
1996 | 1,671,743 | 1,616,268 | 45,060 | 307,808 | 10,529 1,671,857 | 0.01% 1,671,743 | 1,584,792 | 86,952 257,014 | 0 1,671,743 | 0.00% -0.01%
1997 | 1,310,915 | 1,257,223 | 45,114 | 315,822 | 8,015 1,310,351 | -0.04% 1,310,915 | 1,199,599 | 111,316 | 257,014 | O 1,310,915 | 0.00% 0.04%
1998 | 2,582,775 | 2,554,712 | 45,405 | 298,674 | -17,149 2,582,969 | 0.01% 2,582,775 | 2,510,508 | 72,267 257,014 | 0 2,582,775 | 0.00% -0.01%
1999 | 2,221,800 | 2,122,752 | 48,037 | 313,751 | 15,078 2,185,866 | -1.64% 2,221,800 | 2,126,279 | 95,521 257,014 | 0 2,221,800 | 0.00% 1.62%
2000 | 727,697 756,886 51,844 | 232,863 | -80,889 727,841 0.02% 727,697 709,205 50,449 225,057 | -31,957 727,697 0.00% -0.02%
2001 | 2,153,526 | 2,051,652 | 51,886 | 282,561 | 49,698 2,153,237 | -0.01% 2,153,526 | 2,068,098 | 59,285 251,199 | 26,142 2,153,525 | 0.00% 0.01%
2002 | 624,674 656,478 38,645 | 212,553 | -70,008 625,115 0.07% 624,674 602,567 49,114 224,192 | -27,007 624,674 0.00% -0.07%
2003 | 746,738 671,371 45,470 | 242,466 | 29,913 746,754 0.00% 746,738 690,949 49,061 230,920 | 6,728 746,738 0.00% 0.00%
2004 | 1,019,370 | 928,240 45,527 | 288,326 | 45,860 1,019,628 | 0.03% 1,019,370 | 966,561 51,458 232,271 | 1,351 1,019,370 | 0.00% -0.03%
2005 | 823,877 799,128 44,432 | 268,210 | -20,116 823,445 -0.05% 823,877 749,511 52,072 254,564 | 22,293 823,876 0.00% 0.05%
2006 | 443,253 464,500 39,184 | 207,810 | -60,400 443,284 0.01% 443,253 434,763 49,452 213,603 | -40,961 443,253 0.00% -0.01%




2007 | 2,244,320 | 2,125,773 | 47,936 | 277,862 | 70,052 2,243,760 | -0.02% 2,244,320 | 2,137,838 | 63,071 257,014 | 43,411 2,244,320 | 0.00% 0.02%
2008 | 2,394,382 | 2,300,787 | 45,245 | 325,784 | 47,923 2,393,954 | -0.02% 2,394,382 | 2,323,114 | 71,268 257,014 | O 2,394,382 | 0.00% 0.02%
2009 | 1,026,630 | 1,065,987 | 39,979 | 247,121 | -78,664 1,027,302 | 0.07% 1,026,630 | 968,761 57,869 257,014 | O 1,026,630 | 0.00% -0.07%
2010 | 2,399,585 | 2,332,743 | 60,106 | 253,709 | 6,589 2,399,437 | -0.01% 2,399,585 | 2,266,060 | 133,525 | 257,014 | O 2,399,585 | 0.00% 0.01%
2011 | 1,128,911 | 1,034,090 | 63,413 | 285,574 | 31,865 1,129,368 | 0.04% 1,128,911 | 1,016,074 | 112,837 | 257,014 | O 1,128,911 | 0.00% -0.04%
2012 | 554,914 636,755 42,489 | 142,209 | -143,365 | 535,879 -3.55% 554,914 579,595 48,786 183,548 | -73,466 554,915 0.00% 3.43%
2013 | 843,404 687,215 42,961 | 255,441 | 113,233 843,408 0.00% 843,404 729,657 51,653 245,641 | 62,093 843,403 0.00% 0.00%
2014 | 792,192 743,689 43,236 | 260,038 | 4,597 791,521 -0.08% 793,085 727,998 56,590 254,137 | 8,496 793,084 0.00% 0.20%
2015 | 2,447,943 | 2,319,338 | 44,785 | 343,942 | 83,904 2,448,027 | 0.00% 2,447,943 | 2,221,027 | 93,704 387,346 | 133,209 2,447,940 | 0.00% 0.00%
2016 | 1,494,200 | 1,555,484 | 45,474 | 234,838 | -109,103 | 1,491,854 | -0.16% 1,494,200 | 1,552,894 | 71,640 257,014 | -130,332 | 1,494,202 | 0.00% 0.16%
2017 | 1,441,039 | 1,392,737 | 46,041 | 237,414 | 2,576 1,441,354 | 0.02% 1,441,039 | 1,381,491 | 73,677 242,885 | -14,129 1,441,039 | 0.00% -0.02%
2018 | 1,964,258 | 1,777,969 | 50,665 | 369,701 | 132,287 1,960,921 | -0.17% 1,964,258 | 1,380,074 | 85,861 741,201 | 498,316 1,964,251 | 0.00% 0.17%
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Executive Summary

The following work is included as part of the Kansas River Reservoirs Flood and Sediment Study (KRRFSS).
This ongoing study investigates water and related land resource issues and opportunities in the Kansas River
Basin to recommend comprehensive, long-term, and sustainable water resource solutions and management
based on a Shared Vision for the basin.

Future sediment conditions were estimated by the Kansas City District River Engineering and Restoration
Section for year zero, 25, 50 and 100 from the end of the project. The existing conditions 100 years of inflow
were used for the future modeling scenario. HEC-ResSim was utilized to model the Kansas River basin and
evaluate the impacts to reservoirs and stream flows for the future sediment conditions.
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1 Introduction

This document provides the methodology used to simulate future without project regulated flow on the Kansas
River for future sediment conditions at the federal flood control reservoirs. Reservoir modeling was conducted
using Hydrologic Engineering Center Reservoir System Simulation (HEC-ResSim) version 3.5. Future reservoir
sediment conditions were estimated by the Kansas City District River Engineering and Restoration Section for
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year zero, 25, 50 and 100 from the end of the project. The flood control reservoirs included in this study are the
lower seven reservoirs all on tributaries of the Kansas River: Kanopolis, Wilson, Waconda, Milford, Tuttle
Creek, Perry, and Clinton.

All analysis is conducted as part of the Kansas River Reservoirs Flood and Sediment Study (KRRFSS). The
future without project simulations will be used to quantify impacts to flood risk management, reservoir
operations, infrastructure investment, water supply availability and sustainment, water quality, recreation, and
ecosystem preservation and restoration. Several alternatives will also be evaluated including changes to
reservoir operations and compared to the existing condition and future without project modeling.

2 Basin Description

2.1 Federal Flood Control Reservoirs

The Kansas River is formed by the confluence of Smoky Hill and Republican Rivers near Junction City,
Kansas. It flows approximately 148 miles generally eastward where it joins the Missouri River near Kansas
City. There are seven U.S. Army Corps of Engineers (USACE) and eleven U.S Bureau of Reclamation (USBR)
reservoirs which are authorized for flood control in the basin. The lower seven reservoirs are included in this
study since they are the major contributors to Kansas River Basin flood storage.

These seven reservoirs include three which are in the Smoky Hill River Basin: Kanopolis Reservoir on the
Smoky Hill River, Wilson Reservoir on the Saline River, and Waconda Reservoir on the Solomon River. The
Smoky Hill River Basin reservoirs and the corresponding control point gages are shown in Figure 2-1. The rest
of the seven reservoirs are on tributaries to the lower Kansas River and are Milford Reservoir on the Republican
River, Tuttle Creek Reservoir on the Big Blue River, Perry Reservoir on the Delaware River, and Clinton
Reservoir on the Wakarusa River. The Kansas River Basin reservoirs and the corresponding control point gages
for flood control operations are shown in Figure 2-2.
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Figure 2-1 Schematic of the Smoky Hill River Basin reservoirs and control points.
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Figure 2-2 Schematic of the Kansas River Basin reservoirs and control points.

These seven reservoirs vary widely in storage and release capacity. Table 2-1 details pertinent information for
each reservoir. Generally, the size of the flood storage and the discharge capacity is indicative of how much the
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reservoir impacts downstream flows. The larger reservoirs also tend to be authorized for more release capacity.
Figure 2-3 through Figure 2-9 depict the current reservoir allocation zones and storage capacity of each zone to
include the multipurpose or conservation pool.

Table 2-1 Pertinent data for the lower seven reservoirs in the Kansas River Basin

Reservoir Owner | Date of Date Multi- | Flood Outlet Surcharge | Spillway
Closure purpose Control | Discharge Storage Discharge
Filled Storage Capacity (ac-ft) Capacity Top
(ac-ft) Top of Flood of Surcharge
Pool (cfs) Pool (cfs)
Kanopolis | USACE | 26Jul1946 | 19July1948 | 365,143 | 6,400 484,912 172,000
Wilson USACE | 3Sep1963 | 12Marl1973 | 530,152 | 6,500 899,749 15,700
Waconda USBR | 180ct1967 | 16Mayl1973 | 722,986 | 5,200 166,572 | 278,000
Milford USACE | 24Augl964 | 14Jul1967 | 757,874 | 23,100 1,475,913 | 560,000
Tuttle USACE | 20Jul1959 | 29Apr1963 | 1,884,312 | 45,900 959,939 | 579,000
Creek
Perry USACE | 2Augl966 | 3Junl1970 515,520 | 27,500 695,362 | 65,000
Clinton USACE | 23Augl975 | 3Apr1980 | 292,496 | 7,570 286,875 | 44,200

Kanopolis Lake Storage Allocations
Storage Began February 17, 1948  Current Capacity Table Use Began March 1, 2012
Top of Dam 1537.0

NGVD 29
Top of Surcharge Pool Freeboard=35.2 fi oo
— 15318
Surcharge Space = 454,784 AF
Top of Flood Controf Poo/  Spillway Crest = 1507.0 — 15080
VYVVVVVVVYVYVYYY T
60 Years of Sedimentation Flood Control Space = 365,143 AF
Sedimentation rate Peak Pool Elev = 1506.98 (July 14, 1951)
~ 150 AF per year -
Top of Muliipurpose Pool .
pe e —1  1463.0
60 Years of Sedimentation . 4
Sedimentation rate ‘\Iu“lpul pose Spdce
~ 400 AF per year = 48,378 AF
—— 14320
—1L 1416.0
Storage Allocations (AF) 1948 1993 2007 2045 (est) Pra-Resanvoir Botfor of Streambead
Total Flood Control Pool 373,891 368,114 365,143 362,254 MP pool elev raised from 1459.0 to 1463.0
Projected Flood Control 373,891 368,114 362,254 362,254 in1968. MP pool reallocated in 2002 to
FP Sediment Reserve 0 0 2,889 0 add water supply allocation, with the

remaining portion for operating MP uses,

Total Multipurpose Pool (1463) 73,200 50,273 48,378 26,833 mainly mini a
y minimum releases. Sediment
Watgr Supply 0 0 12,500 12,500 reserve also added to FP. The State of
Multlpurpose Uses 15,041 1 ,890 14,333 14,333 Kansas (KWO] contracted for all water
MP Sediment Reserve 58,159 38,383 21,545 0 supply space in 2002. All in service.

Figure 2-3 Kanopolis Reservoir Storage Allocations



Wilson Lake Storage Allocations

Storage Began December 29, 1964 Current Capacity Table Use Began March 1, 2012
TopofDam 1592.0

- NGVD 29
Top of Surcharge Poof Freeboard = 4.5 ft — 15875
SJ')illweg' Crest=1582.0 . o
YYVVYVVVVYVYVVYY Surcharge Space
Tap of Flood Confral Pool = 899,963 AF —1 1ss40
‘ontrol Space = 530,15
44 Years of Sedimentation Flood Control Spﬂ(‘f‘ 30,152 AF
Sedimentation rate Peak Pool Elev = 1548.27 (Aug 13. 1993)
~ 15AF pery
peryeat Tog of Muliipurooss Foo! —L 15160
44 Years of Sedimentation Multipurpose Space
Sedimentation rate
~ 265 AF per year = 236,188 AF
—]—  1437.0
—1 1420.0
Fra-Resernvair Bolforn of Sireambe
Storage Allocations (AF) 1964 1984 2008 2064 (est) )
Total Flood Control Pool 530,710 530204 530,152 510,000  Therablesresuiiing rom the 2098
Exclusive Flood Control 510,000 510,000 510,000 510,000 since{n 22012 The State cpran as
FP Sediment Reserve 20,710 20,204 20,152 0 (KWO) has reqt.aested a reallocation
Total Multipurpose Pool 247,835 242,528 236,188 225,000 study of Wilson Lake to make water
ultipurpose (all purposes . . . : supply space available, but the study
Multi (all ) 225000 225000 225000 225000
MP Sediment Reserve 22835 17,528 11,188 0 has been put on hold.

Figure 2-4 Wilson Reservoir Storage Allocations

WACONDA LAKE (GLEN ELDER DAM)
ALLOCATIONS

\ r‘ Maximum Surface or Top of Surcharge Elev. 1492.9 (1,107,489 Acre - Feet)

Dam Crest
Elev. 1500.0

Surcharge - 165,081 Acre - Feet

Top of Flood Control Elev. 1488.3 (942,408 Acre - Feet)

©

Exclusive Flood Control - 722,988 Acre - Feet

Elev. 1467.4

op of Active Conservation Elev. 1455.6 (219,420 Acre - Feet)

T
WILDLIFE FISH RECREATION IRRIGATION
Active Conservation — 193,183 Acre - Feet
r Top of Inactive Elev. 1428.0 (26,237 Acre - Feet)

Inactive Pool — 25,989 Acre - Feet River Outlet
Elev. 1407.8
! Top of Dead Elev. 1407.8 { 248 Acre - Feet)
Revised 10/16/2012
Dead - 248 Acre - Feet g Streambed Elev. 1385.0 I \

Figure 2-5 Waconda Reservoir Storage Allocations



Milford Lake Storage Allocations
Storage Began January 16, 1967 Current Capacity Table Use Began March 1, 2012
TopofDam 1213.0

Top of Surchargs Pao/ Freeboard = 4.8 ft NGVD 22
o of Surcharos Foo reeboard = 4.
—T1 1208.2
Surcharge Space = 1,475,812 AF
Top of Flood Corfral Pool Spillway Crest = 1176.2 1 11762
‘ontrol Space — 757,872
43 Years of Sedimentation Flood Control Spﬂf(' 7 ?’87 AF
Some sedimentation has Peak Pool Elev =1181.94 (July 25. 1993)
occurred, but the ]
rate is not defined. Top of Muitipuroose Poof 4 qaaa
43 Years of Sedimentation :\'Illlﬁp urpose Sl] ace
Sedimentation rate _
~ 1,000 AF per year - 373’152 AF
—1— 1080.0
—1 - 1070.0

Storage Allocations (AF) 1967 1980 2009 2067 (est) FPra-Rasenvair Sofiom of Streambed

Total Flood Control Pool 757,746 756,601 757,872 700,000 2009 tables now used for lake ops.
Exclusive Flood Control 700,000 700,000 700,000 700,000 State of Kansas (KWO) contracted for
FP Sediment Reserve 57,746 56,601 57,872 0 ‘j""-?'t‘fe: supply allocation Int19::61T2;0 AF

- initial in-service increment o ,

Total Multlpu_rpose Pool 415,352 388,608 373,152 300,000 is subcontracted to the Kansas River
In-Service Water Supply 0 101,650 101,650 300,000 \water Assurance District and KP&L.
Future Use Water Supply 300,000 198,350 198,350 0 until called into service. the future use
MP Sediment Reserve 115,352 88,608 73,152 0 |

Figure 2-6 Milford Reservoir Storage Allocations

Tuttle Creek Lake Storage Allocations

space is operated for other MP uses.

Storage Began March 7, 1962  Current Capacity Table Use Began March 1, 2012

Topof Dam

Ton of Surchane Poof Freeboard= 2.15 fi

Surcharge Space = 1,365,732 AF

Top of Food Confral Poo!

Flood Control Space = 1,884,312 AF
Peak Pool Elev =1137.77 (July 22. 1993)
Gated spallway crest at Elev 1116.00

Top of Mulipwiposs Pool

48 Years of Sedimentation
Sedimentation rate
-~ 1,200 AF per yvear

48 Years of Sedimentation
Sedimentation rate ——

- 3,500 AF per year

Multipurpose Space
=257,014 AF

—

Storage Allocations (AF) 1962 1989 2009 2035 (est)

Total Flood Control Pool 1,941,705 1,922,085 1,884,312 1,879,000
Projected Flood Control 1,941 705 1,879,000 1,879,000 1,879,000

1159.0
NGVD 29

—T 115685

— 11360

—r 1075.0

1015.0

L 993.0

Pre-Resenvoir Bolfom of Streembed
The 1989 Reallocation added a

water supply allocation and added
Nominal Sediment Reserve 0 43,085 5,312 0 space to the sediment reserve to
Total Multipurpose Pool 425,312 335,100 257,014 122,000 extend its design life from 2012 to
Water Supply (all in-service) 0 50,000 50,000 50,000 2035. The State (KWQ) contracted
WQ, Nav, Other Purposes 185,000 T2 000 72,000 72,000

MP Sediment Reserve 240,312 213,100 135,014 0

in service.
Figure 2-7 Tuttle Creek Reservoir Storage Allocations
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Perry Lake Storage Allocations
Storage Began January 15, 1969 Current Capacity Table Use Began March 1, 2012
Top of Dam 946.0

A NGVD 29
Top of Surchrarge Paof Freeboard=4.8 ft
—T1 9412
Surcharge Space = 695,257 AF
Spillway Crest =922.0
Top of Flood Contrel Foo! w WY YYYYYVYYYY —1 9056
Flood Control Space = 515,519 AF
41 Years of Sedimentation Peak Pool Elev =920.85 (July 25, 1993)
Sedimentation rate
~ 150 AF per year Top of Muliourooss Pool
SR —1 8915
41 Years of Sedimentation }Illltlp urpose Sl]a(_‘i‘
Sedimentation rate -1 i
~ L1050 AF per vear -00’004 AF
—I— 838.0
—1— 825.0
Storage Allocations (AF) 1969 2001 2008 2069 (est) FPra-Ressnvalr Dofforn of Sfreambed
Total Flood Control Pool 521,880 515,397 515,519 480,000 2008 tables now used for operations
Come o Cora D00 0000 k00t 460180 R S
i ! ! for the water supply allecation in 1977.
Total Multipurpose Pool 243,220 206,682 200,004 150,000 The initial 25,000 AF increment is
In-Service Water Supply 0 25,000 25000 150,000 contracted to the Kansas River Water
Future Use Water Supply 150,000 125000 125,000 0 Assurance District. Valley Falls has a
MP Sediment Reserve 93220 56,582 50,004 0 separate water withdrawal contract.

Figure 2-8 Perry Reservoir Storage Allocations

Clinton Lake Storage Allocations
Storage Began November 30, 1977  Current Capacity Table Use Began March 1, 2012

TopofDam 928.0
NGVD 29

Ton of Surchanges Poof X ard = 6.6 fi
2 g Freeboard = 6.6 ft — 9214
Surcharge Space = 286,843 AF
Spillway Crest =907.4
Top of Flood Confrol Pool w W WYY YYYYYYYY — 9034
32 Years of Sedimentation Flood Control Space = 292,496 AF
Some sedimentation has
oceurred. but the rate is not Peak Pool Elev = 892.48 (May 29. 1995)
defined.
T f hAuity Fool
on of Mutlipuipose Poo 1 g755
2 Year i i .
32 Years of Sedimentation Multipurpose Space
Sedimentation rate
300 AF per year = 118,699 AF
—]—  831.0
Storage Allocations (AF) 1977 1991 2009 2077 (est) — 1 8140
Total Flood Contrel Pool 268,367 268,783 292,496 258,300 Fre-Rasenvair Boffom of Sireambed
Exclusive Flood Control 258,300 258,300 258300 258,300 2012 tables based on 2009 lake survey.
FP Sediment Reserve 10,067 10,483 34,196 0 Water supply allocation contracted to
Total Multipurpose Pool 129,171 125,334 118,699 110,400 :‘:hs‘_:i‘fnftfm"l"f:ssfrél’?:ﬁ{:'r';;iﬁof
In-Service Water Supply 53,520 53,520 53,520 89,200 53,500 AF: the available water is
Future Use Water Supply 35,680 35,680 35,680 0 subcontracted to the cities of
Water Quality 21,200 21,200 21,200 21,200 Lawrence, Baldwin City, and six
MP Sediment Reserve 18.?71 14,934 81299 0 Douglas Counw rural water districts.

Figure 2-9 Clinton Reservoir Storage Allocations
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Reservoirs upstream of Kanopolis, Waconda, and Milford have not been included in this study; however, these
reservoirs do impact the inflow records of the downstream reservoirs after their respective closure dates since
observed inflows are relied upon in the performance of this study. These upstream reservoirs and their dam
closure dates are show in Table 2-2.

Table 2-2 Reservoirs upstream of the study area.

Downstream Lake Upstream Lake(s) Closure Date Initial Fill Date
Kanopolis Cedar Bluff Sep 10, 1950 Jun 21, 1951
Waconda Webster May 3, 1956 Jun 18, 1957
Kirwin Mar 7, 1955 Jul 2, 1957
Milford Lovewell May 29, 1957 May 20, 1958
Harlan County July 22, 1951 Nov 14, 1952
Norton Jan 8, 1964 Jun 21, 1967
Harry Strunk Aug 8, 1949 Apr 2, 1951
Hugh Butler Sep 5, 1961 May 22, 1961
Swanson May 4, 1953 May 15, 1957
Bonny Jul 6, 1950 Mar 29, 1954
Enders Oct 23, 1950 January 1952

2.2 Smoky Hill River Basin

The Smoky Hill River originates in eastern Colorado and flows across Kansas until it merges with the
Republican River to form the Kansas River. It is approximately 575 miles long and contained solely in the
central Great Plains. There are two federal flood control reservoirs on the Smoky Hill River: Cedar Bluff and
Kanopolis. Major tributaries are the Saline River and Solomon River which are both left bank tributaries.
Wilson Reservoir is on the Saline River. Webster, Kirwin, and Waconda Reservoirs are on the Solomon River
and the headwater tributaries.

The basin has had several periods of droughts and floods. In the past 20 years, the U.S. Drought Monitor shows

periods where none of the basin had any drought characterization and one period in 2012 and 2013 where much
of the basin was listing in exceptional drought. Figure 2-10 shows the data from the U.S. Drought Monitor.

102600 (Smoky Hill) Percent Area in U.S. Drought Monitor Categories
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Figure 2-10. Percent of the Smoky Hill River Basin in U.S. Drought Monitor categories of drought from 2000 through 2021.

The furthest downstream gage on the Smoky Hill River is at Enterprise, KS. It has a drainage area of 19,260
square miles. Since data collection began in October 1934, the long-term average flow is 1,535 cfs. The
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maximum flow of record is 207,000 cfs in July of 1951. During drought conditions flows will often drop below
100 cfs. The annual flow volume is shown in Figure 2-11.
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Figure 2-11. Smo

2.3 Republican River Basin

The headwaters of Republican River originate in the High Plains of northeastern Colorado and flow eastward
along the southern border of Nebraska. It eventually turns south into Kansas until it merges with the Smoky Hill
River to form the Kansas River. It is approximately 450 miles long and contained solely in the central Great
Plains. There are nine federal flood control reservoirs on the Republican River or its tributaries. The basin has
had several periods of droughts and floods. In the past 20 years, the U.S. Drought Monitor shows periods where
none of the basin had any drought characterization and periods in 2002 and 2012 where much of the basin was
listing in extreme or exceptional drought. Figure 2-12 shows the data from the U.S. Drought Monitor.
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Figure 2-12. Percent of the Republican River Basin in U.S. Drought Monitor categories of drought from 2000 through 2021.

The longest gaged record on the lower Republican River is at Clay Center which has a total drainage of 24,542
square miles (only about 17,042 square miles are contributing). Clay Center data collection began June of 1917
and it is now used as the inflow gage to Milford Reservoir. Since data collection began, the long-term average
flow is 913 cfs. The maximum flow of record is 33,300 cfs in July of 1993. During drought conditions flows
will often drop below 100 cfs. The annual flow volume is shown in Figure 2-13.

3,000,000
2,500,000  Annusl Flow Volume
= == Lower Quartile
- == s Median
=== Upper Quartle
2,000,000
&
g
I
E
E
£ 1 500,000
=
2
E
g
<L
1,000,000
500,000 - B 3 T == _'-__-_‘-I == i | = | a
: I ||“ [ Al M ‘
12
PP P P F 7 FF PP PP PP F P @*@‘%‘%‘3’@@@ 5

Figure 2-13. Republican River at Clay Center Annual Flow Volume and Statistical Flow.

2.4 Big Blue River Basin

The headwaters of Big Blue River originate in central Nebraska and flow southward into Kansas where it
merges with the Kansas River at Manhattan, KS. The Big Blue River is approximately 359 miles long with a
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largely agricultural watershed. One major right bank tributary is the Little Blue River which also originates in
southern Nebraska and is approximately 245 miles long. Tuttle Creek reservoir is near the mouth of the Big
Blue River and captures flow from the Big and Little Blue Rivers. The basin has had several periods of droughts
and floods; however, it is less prone to drought than the Republican and Smoky Hill Rivers. In the past 20
years, the U.S. Drought Monitor shows periods where none of the basin had any drought characterization and
some periods of extreme drought especially in the 2012 and 2013 timeframe. Figure 2-14 shows the data from
the U.S. Drought Monitor.

102702 (Big Blue) Percent Area in U.S. Drought Monitor Categories
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Figure 2-14. Percent of the Big Blue River Basin in U.S. Drought Monitor categories of drought from 2000 through 2021.

The longest gaged record on the lower Big Blue River is obtained by combining the Big Blue River at Randolph
and Manhattan to obtain gage data from 1919 to the present. The Big Blue River at Randolph collected data
from April 1918 to September 1960 when the gage site was inundated by Tuttle Creek Reservoir. The
watershed area above Randolph is 9,100 square miles. The Big Blue River at Manhattan, KS began collecting
data in October 1950 and it now the outflow gage for Tuttle Creek Reservoir. The watershed area above
Manhattan is 9,640 square miles. In this combined record, the long-term average flow is 2,076 cfs. The
maximum flow of record is 86,400 cfs in July of 1951. During drought conditions flows will often drop to
around 200 cfs; however, the Tuttle Creek minimum flow of 100 cfs is also possible. The annual flow volume is
shown in Figure 2-15.
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Figure 2-15. Big Blue River at Randolph (1919-1950) and Manhattan (1951 to present) Annual Flow Volume and Statistical Flow.

2.5 Kansas River Basin

The Kansas River begins at the confluence of the Republican and Smoky Hill Rivers and flows east across
Kansas approximately 148 miles before merging with the Missouri River at Kansas City, KS. Its watershed is
primarily agricultural, but it includes some major cities including Topeka, Lawrence and parts of Kansas City,
KS. Besides the rivers already discussed major tributaries include the Delaware River with Perry Reservoir, the
Wakarusa River with Clinton Reservoir, and Stranger Creek. The basin has had several periods of droughts and
floods; however, it is less prone to drought than the Republican and Smoky Hill Rivers. In the past 20 years, the
U.S. Drought Monitor shows periods where none of the basin had any drought characterization and some

periods of extreme drought especially in the 2012 and 2013 timeframe. Figure 2-16 shows the data from the
U.S. Drought Monitor.
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Figure 2-16. Percent of the Kansas River Basin in U.S. Drought Monitor categories of drought from 2000 through 2021.

The longest gaged record on the lower Kansas River is at Desoto which has a total drainage of 59,756 square
miles. Desoto data collection began July of 1917 and is utilized as a water quality minimum flow location for
the Kansas Reservoirs as well as a control point for flooding. Since data collection began, the long-term average
flow is 7,351 cfs. The maximum flow of record is 486,000 cfs in July of 1951. During drought conditions flows
will often drop near the water quality target of 1000 cfs; although, natural flows could drop more into the 500
cfs range. The annual flow volume is shown in Figure 2-17.
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Figure 2-17. Kansas River at Desoto Annual Flow Volume and Statistical Flow.
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The future without project simulations were setup utilizing the HEC-ResSim network, operating sets and data
inputs as the existing conditions model which is documented in

KRRFSS ResSim Documentation 01Nov21.docx. All data inputs were shifted forward in time 104 years to
have the simulation starting on January 2024 and ending January 2124. The starting time is considered year zero
and corresponds to the end of the watershed study.

Future sedimentation for each reservoir was estimated by engineers in the Reservoir Engineering and
Restoration Section. These calculations resulted in elevation/storage and elevation/area curves for four future
conditions: year zero (2024), year 25 (2049), year 50 (2074), and year 100 (2124). Calculated storage and area
were from zero storage to the top of the flood control pool; beyond this level, it was assumed that the
incremental storage and area did not change, and the curves were extended to the top of the dam. The HEC-
ResSim network “Study Kansas Basin LinearRouting” was used for the existing conditions modeling. A new
reservoir network was created for each FWOP scenario where the future storage and area curves were used for
each condition; all other network parameters were unchanged from the existing conditions modeling. The four
new networks were named: 2024 FWOP, 2049 FWOP, 2074 FWOP, and 2124 FWOP.

The storage and area curves used in HEC-ResSim are shown in Table 3 to Table 9. The multi-purpose and top

of flood pool values are bolded for easy comparison. The 2124 Tuttle Creek storage curve indicates very little
multi-purpose storage at that time, and the zero-storage point is at elevation 1057.56 feet NGVD29.
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Table 3-1. Kanopolis estimated future sedimentation for years 0, 25, 50 and 100.

2024 2049 2074 2124

NGWVD29 Storage Area NGVD29 Storage Area NGVD29 Storage Area NGWVD29 Storage Area

ft acre-ft acre ft acre-ft acre ft acre-ft acre ft acre-ft acre
1431.64 0 0
1436.64 603 528 1434.64 0 0 1436.64 0 0
1441.64 4183 859 1439.64 549 515 1441.64 631 534 1441.64 0 0
1446.64 9168 1221 1444.64 4094 854 1446.64 4228 861 1446.64 386 456
1451.64 16804 1790 1449.64 9041 1208 1451.64 9231 1227 1451.64 3811 837
1456.64 26935 2267 1454.64 16619 1780 1456.64 16898 1795 1456.64 8645 1165
1461.64 39436 2753 1459.64 26700 2257 1461.64 27053 2272 1461.64 16029 1750
1463.00 43256 2011 1463.00 34797 2563 1463.00 30211 2399 1463.00 18256 1879
1468.00 61783 4133 1468.00 47187 3845 1468.00 39897 3670 1468.00 22614 3147
1473.00 81193 5354 1473.00 69280 5128 1473.00 61185 4941 1473.00 41638 4415
1478.00 111122 6464 1478.00 98700 6354 1478.00 90260 6280 1478.00 69663 6053
1483.00 145855 7408 1483.00 133081 7333 1483.00 124460 7294 1483.00 103272 7168
1488.00 185653 8542 1488.00 172665 8496 1488.00 163959 8478 1488.00 142389 8396
14593.00 231061 9615 1453.00 217917 9582 1453.00 209160 9571 1453.00 187367 9524
1498.00 282316 10913 1498.00 269104 10899 1498.00 260321 10893 1498.00 238418 10870
1503.00 340478 12352 1503.00 327219 12342 1503.00 318440 12343 1503.00 296495 12334
1508.00 406171 14015 1508.00 392877 14008 1508.00 384101 14008 1508.00 362125 14002
1505.00 420373 14392 1509.00 407079 14392 1505.00 398303 14392 1505.00 376327 14392
1510.00 434948 14759 1510.00 421654 14759 1510.00 412878 14759 1510.00 390902 14759
1511.00 449900 15151 1511.00 436606 15151 1511.00 427830 15151 1511.00 405854 15151
1512.00 465252 15555 1512.00 451958 15555 1512.00 443182 15555 1512.00 421206 15555
1513.00 481009 15963 1513.00 467715 15963 1513.00 458939 15963 1513.00 436963 15963
1514.00 497173 16369 1514.00 483879 16369 1514.00 475103 16369 1514.00 453127 16369
1515.00 513752 16795 1515.00 500458 16795 1515.00 491682 16795 1515.00 469706 16795
1516.00 530760 17221 1516.00 517466 17221 1516.00 508690 17221 1516.00 486714 17221
1517.00 548190 17641 1517.00 534896 17641 1517.00 526120 17641 1517.00 504144 17641
1518.00 566038 18061 1518.00 552744 18061 1518.00 543968 18061 1518.00 521992 18061
1519.00 584316 18498 1519.00 571022 18498 15159.00 562246 18498 1519.00 540270 18498
1520.00 603046 18973 1520.00 589752 18973 1520.00 580976 18973 1520.00 559000 18973
1521.00 622261 19461 1521.00 608967 19461 1521.00 600191 19461 1521.00 578215 19461
1522.00 641968 19954 1522.00 628674 19954 1522.00 619898 19954 1522.00 597922 19954
1523.00 662167 20457 1523.00 648873 20457 1523.00 640097 20457 1523.00 618121 20457
1524.00 682874 20952 1524.00 669580 20952 1524.00 660804 20952 1524.00 638828 20952
1525.00 704069 21432 1525.00 690775 21432 1525.00 681999 21432 1525.00 660023 21432
1526.00 725732 21897 1526.00 712438 21897 1526.00 703662 21897 1526.00 681686 21897
1527.00 747863 22370 1527.00 734569 22370 1527.00 725793 22370 1527.00 703817 22370
1528.00 770478 22862 1528.00 757184 22862 1528.00 745408 22862 1528.00 726432 22862
1525.00 793585 23356 1529.00 780291 23356 1525.00 771515 23356 1525.00 749539 23356
1530.00 817189 23851 1530.00 803895 23851 1530.00 795119 23851 1530.00 773143 23851
1531.00 841293 24366 1531.00 827999 24366 1531.00 819223 24366 1531.00 797247 24366
1532.00 865923 24894 1532.00 852629 24594 1532.00 843853 24894 1532.00 821877 24894
1533.00 891083 25427 1533.00 877789 25427 1533.00 8659013 25427 1533.00 847037 25427
1534.00 916785 25988 1534.00 903491 25988 1534.00 894715 25988 1534.00 872739 25988
1535.00 943062 26566 1535.00 9259768 26566 1535.00 920992 26566 1535.00 899016 26566
1536.00 969917 27147 1536.00 956623 27147 1536.00 947847 27147 1536.00 925871 27147
1537.00 997365 27761 1537.00 984071 27761 1537.00 975295 27761 1537.00 953319 27761
1538.00 1025448 28410 1538.00 1012154 28410 1538.00 1003378 28410 1538.00 981402 28410
1535.00 1054174 29047 1539.00 1040880 29047 1535.00 1032104 29047 1535.00 1010128 29047
1540.00 1083534 29668 1540.00 1070240 29668 1540.00 1061464 29668 1540.00 1035488 29668
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Table 3-2. Wilson estimated

future sedimentation for years 0, 25, 50 and 100.

2024 2049 2074 2124

NGVD29 Storage Area NGVD29 Storage Area NGVD29 Storage Area NGVD29 Storage Area

ft acre-ft acre ft acre-ft acre ft acre-ft acre ft acre-ft acre
143641 0 0 1437.41 0 0 1439.41 0 0
144141 19 14 144241 18 14 144441 31 18 1442.41 0 0
144641 175 56 1447.41 169 55 1449.41 220 65 1447.41 44 21
145141 650 137 1452.41 633 135 1454.41 757 151 1452.41 265 76
1456.41 1620 266 1457.41 1588 261 1459.41 1830 301 1457.41 859 164
1461.41 3605 522 1462.41 3543 516 1464.41 4008 558 1462.41 2038 344
1466.41 6807 775 1467.41 6715 767 1469.41 7407 830 1467.41 4379 588
147141 12109 1409 1472.41 11940 1392 1474.41 13203 1523 1472.41 7963 887
147641 20984 2144 1477.41 20728 2124 1479.41 22636 2286 1477.41 14220 1614
148141 33778 2910 1482.41 33430 2893 1483441 35990 3011 1432.41 24160 2413
1486.41 50103 3642 1487.41 49667 3623 1489.41 52865 3753 1487.41 37970 3104
1491.41 70118 4355 1492.41 69596 4338 1494.41 73409 4458 1492.41 55329 3850
1496.41 93802 5171 1497.41 93183 5152 1499.41 97711 5294 1497.41 76330 4556
1501.41 121809 6016 1502.41 121088 6000 1504.41 126340 6115 1502.41 101179 5414
1506.41 153718 6766 1507.41 152907 6745 1509.41 158825 6915 1507.41 130334 6215
1511.41 190250 7871 1512.41 189307 7849 1514.41 196176 7988 1512.41 163348 7047
1516.00 228085 8433 1516.00 217956 8303 1516.00 209022 8173 1516.00 190117 7868
1521.00 274028 9891 1521.00 262641 9826 1521.00 251748 9761 1521.00 228773 9609
1526.00 327661 11350 1526.00 316272 11349 1526.00 305380 11349 1526.00 282402 11349
1531.00 387478 12552 1531.00 376088 12552 1531.00 365196 12552 1531.00 342219 12552
1536.00 453525 13897 1536.00 442135 13897 1536.00 431243 13897 1536.00 408266 13897
1541.00 526730 15431 1541.00 515340 15431 1541.00 504448 15431 1541.00 481471 15431
1546.00 608142 17131 1546.00 596752 17131 1546.00 585860 17131 1546.00 562883 17131
1551.00 696427 18911 1551.00 682517 13911 1551.00 667708 13911 1551.00 636789 18911
1554.00 756624 20152 1554.00 745234 20152 1554.00 734342 20152 1554.00 711365 20152
1555.00 776977 20556 1555.00 765587 20556 1555.00 754695 20556 1555.00 731718 20556
1556.00 797739 20971 1556.00 786349 20971 1556.00 775457 20971 1556.00 752480 20971
1557.00 818912 21370 1557.00 807522 21370 1557.00 796630 21370 1557.00 773653 21370
1558.00 840480 21772 1558.00 829090 21772 1558.00 818198 21772 1558.00 795221 21772
1559.00 862455 22173 1559.00 851065 22173 1559.00 840173 22173 1559.00 817196 22173
1560.00 884823 22563 1560.00 873433 22563 1560.00 862541 22563 1560.00 839564 22563
1561.00 907574 22943 1561.00 896184 22943 1561.00 885292 22943 1561.00 862315 22843
1562.00 930714 23344 1562.00 919324 23344 1562.00 908432 23344 1562.00 885455 23344
1563.00 954263 23759 1563.00 942873 23759 1563.00 931981 23759 1563.00 909004 23759
1564.00 978235 24188 1564.00 966845 24188 1564.00 955953 24188 1564.00 932976 24188
1565.00 1002628 24597 1565.00 991238 24597 1565.00 980346 24597 1565.00 957369 24597
1566.00 1027423 245995 1566.00 1016033 245995 1566.00 1005141 245995 1566.00 982164 24995
1567.00 1052610 25376 1567.00 1041220 25376 1567.00 1030328 25376 1567.00 1007351 25376
1568.00 1078179 25770 1568.00 1066789 25770 1568.00 1055897 25770 1568.00 1032920 25770
1569.00 1104152 26183 1569.00 1092762 26183 1569.00 1081870 26183 1569.00 1058893 26183
1570.00 1130547 26604 1570.00 1119157 26604 1570.00 1108265 26604 1570.00 1085288 26604
1571.00 1157353 27005 1571.00 1145963 27005 1571.00 1135071 27005 1571.00 1112094 27005
1572.00 1184553 27397 1572.00 1173163 27397 1572.00 1162271 27397 1572.00 1139294 27397
1573.00 1212147 27795 1573.00 1200757 27795 1573.00 1189865 27795 1573.00 1166888 27795
1574.00 1240140 28187 1574.00 1228750 28187 1574.00 1217858 28187 1574.00 1194881 28187
1575.00 1268517 28565 1575.00 1257127 28565 1575.00 1246235 28565 1575.00 1223258 28565
1576.00 1297269 28942 1576.00 1285879 28942 1576.00 1274987 28942 1576.00 1252010 28042
1577.00 1326397 29319 1577.00 1315007 29319 1577.00 1304115 29319 1577.00 1281138 29319
1578.00 1355910 29712 1578.00 1344520 29712 1578.00 1333628 29712 1578.00 1310651 29712
1579.00 1385824 30117 1579.00 1374434 30117 1579.00 1363542 30117 1579.00 1340565 30117
1580.00 1416140 30513 1580.00 1404750 30513 1580.00 1393858 30513 1580.00 1370881 30513
1581.00 1446854 30916 1581.00 1435464 30916 1581.00 1424572 30916 1581.00 1401585 30916
1582.00 1477968 31312 1582.00 1466578 31312 1582.00 1455686 31312 1582.00 1432709 31312
1583.00 1509478 31709 1583.00 1493088 31709 1583.00 1487196 31709 1583.00 1464219 31709
1584.00 1541384 32107 1584.00 1529994 32107 1584.00 1519102 32107 1584.00 1496125 32107
1585.00 1573691 32515 1585.00 1562301 32515 1585.00 1551409 32515 1585.00 1528432 32515
1586.00 1606415 32938 1586.00 1595025 32938 1586.00 1584133 32938 1586.00 1561156 32638
1587.00 1639574 33378 1587.00 1628184 33378 1587.00 1617292 33378 1587.00 1584315 33378
1588.00 1673172 33822 1588.00 1661782 33822 1588.00 1650890 33822 1588.00 1627913 33822
1589.00 1707210 34256 1589.00 1695820 34256 1589.00 1684928 34256 1589.00 1661951 34256
1590.00 1741675 34676 1590.00 1730285 34676 1590.00 1719393 34676 1590.00 1696416 34676
1591.00 1776562 35096 1591.00 1765172 35096 1591.00 1754280 35096 1591.00 1731303 35096
1592.00 1811869 35516 1592.00 1800479 35516 1592.00 1789587 35516 1592.00 1766610 35516
1593.00 1847592 35930 1593.00 1836202 35930 1593.00 1825310 35930 1593.00 1802333 35930
1594.00 1883727 36345 1594.00 1872337 36345 1594.00 1861445 36345 1594.00 1833468 36345
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Table 3-3. Waconda estimated future sedimentation for years 0, 25, 50 and 100.

2024 2049 2074 2124

NGVD29 Storage Area NGVD29 | Storage Area NGVD29 | Storage Area NGVD29 Storage Area

ft acre-ft acre ft acre-ft acre ft acre-ft acre ft acre-ft acre
1397.00 0 0 1399.00 0 0 1400.00 0 0
1402.00 15 32 1404.00 17 43 1405.00 16 38 1404.00 4 3
1407.00 29 139 1409.00 35 160 1410.00 32 151 1409.00 20 68
1412.00 245 587 1414.00 318 770 1415.00 287 687 1414.00 59 223
1417.00 886 3296 1419.00 989 3904 1420.00 945 3641 1419.00 490 1326
1422.00 1651 9794 1424.00 1724 10889 1425.00 1693 10424 1424.00 1246 5440
1427.00 2424 19739 1429.00 2567 21359 1430.00 2508 20669 1429.00 1893 13377
1432.00 3658 34950 1434.00 3785 37367 1435.00 3734 36344 1434.00 2930 25125
1437.00 4634 55672 1439.00 4790 58729 1440.00 4723 57435 1439.00 4052 42759
1442.00 6333 82873 1444.00 6530 87047 1445.00 6448 85283 1444.00 5235 65621
1447.00 7928 118517 1449.00 8139 123729 1450.00 8046 121529 1449.00 6967 96338
1452.00 9722 162827 1454.00 9848 169178 1455.00 9795 166507 1454.00 8626 135272
1455.60 10444 199107 1455.60 10165 185172 1455.60 9912 172396 1455.60 9393 149587
1460.00 13541 261888 1460.00 13337 245972 1460.00 13160 229961 1460.00 12748 200264
1465.00 17059 340372 1465.00 | 16941 | 323912 1465.00 16850 | 307484 1465.00 16560 276451
1470.00 20228 433697 1470.00 20167 416955 1470.00 20135 400378 1470.00 20011 368771
1475.00 23834 543939 1475.00 | 23795 | 527016 1475.00 23785 510390 1475.00 23721 478489
1480.00 27352 671930 1480.00 27322 654867 1480.00 27314 638204 1480.00 27266 606076
1485.00 30887 817563 1485.00 30874 800435 1485.00 30870 783754 1485.00 30847 751519
1488.30 33676 924103 1488.30 33669 906951 1488.30 33667 890264 1488.30 33655 857991
1489.00 34331 947907 1489.00 34331 930755 1489.00 34331 914068 1489.00 34331 881795
1490.00 35258 982702 1490.00 35258 965550 1490.00 35258 948863 1490.00 35258 916590
1491.00 36265 1018463 1491.00 36265 1001311 1491.00 36265 984624 1491.00 36265 952351
1492.00 37272 1055231 1492.00 | 37272 | 1038079 1492.00 37272 | 1021392 1492.00 37272 989119
1492.90 38178 1089184 1492.90 38178 1072032 1492.90 38178 | 1055345 1492.90 38178 1023072
1493.00 38286 1093007 1493.00 | 38286 | 1075855 1493.00 38286 | 1059168 1493.00 38286 1026895
1494.00 39364 1131832 1494.00 39364 1114680 1494.00 39364 | 1097993 1494.00 39364 1065720
1495.00 40443 1171736 1495.00 | 40443 | 1154584 1495.00 40443 | 1137897 1495.00 40443 1105624
1496.00 41585 1212750 1496.00 41585 1195598 1496.00 41585 | 1178911 1496.00 41585 1146638
1497.00 42728 1254907 1497.00 42728 1237755 1497.00 42728 | 1221068 1497.00 42728 1188795
1498.00 43870 1298206 1498.00 43870 1281054 1498.00 43870 | 1264367 1498.00 43870 1232094
1499.00 45013 1342647 1499.00 45013 1325495 1499.00 45013 | 1308808 1499.00 45013 1276535
1500.00 46155 1388231 1500.00 46155 1371079 1500.00 46155 | 1354392 1500.00 46155 1322119
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Table 3-4. Milford estimated future sedimentation for years 0, 25, 50 and 100.

2024 2049 2074 2124
NGWVD29 Storage Area NGVD29 Storage Area NGWVD29 Storage Area NGWVD29 Storage Area
ft acre-ft acre ft acre-ft acre ft acre-ft acre ft acre-ft acre

1080.57 0 0 1080.57 0 0 1081.57 0 0 1082.57 0 0
1085.57 219 120 1085.57 148 86 1086.57 206 114 1087.57 187 106
1090.57 2327 717 1090.57 1863 632 1091.57 2249 703 1092.57 2133 682
1095.57 8141 1660 1095.57 7027 1573 1096.57 7960 1644 1097.57 7685 1624
1100.57 18015 2457 1100.57 16377 2288 1101.57 17746 2433 1102.57 17341 2391
1105.57 32601 3443 1105.57 30306 3222 1106.57 32225 3406 1107.57 31657 3347
1110.57 53212 4755 1110.57 49984 4604 1111.57 52690 4730 1112.57 51899 4691
1115.57 79788 5824 1115.57 75819 5685 1116.57 79149 5801 1117.57 78178 5766
1120.57 111605 6875 1120.57 106916 6723 1121.57 110851 6849 1122.57 109703 6810
1125.57 150058 8479 1125.57 144286 8256 1126.57 149128 8444 1127.57 147714 8390
1130.57 196937 10278 1130.57 189911 10078 1131.57 195808 10249 1132.57 154090 10203
1135.57 251017 11258 1135.57 243293 11135 1136.57 249780 11237 1137.57 247895 11207
1140.57 311526 13405 1140.57 302421 12994 1141.57 310055 13337 1142.57 307824 13235
1144.40 366476 15270 1144.40 355800 14918 1144.40 3490881 14727 1144.40 332971 14211
1145.00 446838 17744 1149.00 435135 17526 1145.00 428380 17396 1145.00 409193 17048
1154.00 544514 20432 1154.00 532468 20360 1154.00 525410 20297 1154.00 505439 20133
1155.00 650998 22220 1159.00 638744 22176 1155.00 631536 22145 1155.00 611127 22053
1164.00 770369 25227 1164.00 757999 25202 1164.00 750700 25183 1164.00 730040 25130
1165.00 902436 27733 1169.00 889996 27718 1165.00 8826044 27707 1165.00 861837 27676
1174.00 1051894 31717 1174.00 1039409 31708 1174.00 1032022 31700 1174.00 1011117 31680
1176.20 1123334 33169 1176.20 1110814 33153 1176.20 1103417 33149 1176.20 1082459 33124
1177.00 1150077 33697 1177.00 1137557 33697 1177.00 1130160 33697 1177.00 1109202 33697
1178.00 1134081 34314 1178.00 1171561 34314 1178.00 1164164 34314 1178.00 1143206 34314
1179.00 1218721 34977 1179.00 1206201 34977 1179.00 1198804 34977 1175.00 1177846 34977
1180.00 1254086 35922 1180.00 1241566 35922 1180.00 1234169 35922 1180.00 1213211 35922
1181.00 1290455 36766 1181.00 1277935 36766 1181.00 1270538 36766 1181.00 1249580 36766
1182.00 1327599 37528 1182.00 1315079 37528 1182.00 1307682 37528 1182.00 1286724 37528
1183.00 1365479 38222 1183.00 1352959 38222 1183.00 1345562 38222 1183.00 1324604 38222
1184.00 1404044 38914 1184.00 1391524 38914 1184.00 1384127 38914 1184.00 1363169 38914
1185.00 1443322 39694 1185.00 1430802 39694 1185.00 1423405 396594 1185.00 1402447 39694
1186.00 1483360 40369 1186.00 1470840 40369 1186.00 1463443 40369 1186.00 1442485 40369
1187.00 1524053 41016 1187.00 1511533 41016 1187.00 1504136 41016 1187.00 1483178 41016
1188.00 1565429 41725 1188.00 1552909 41725 1188.00 1545512 41725 1188.00 1524554 41725
1185.00 1607510 42462 1189.00 1554550 42462 1185.00 1587593 42462 1185.00 1566635 42462
1150.00 1650396 43423 1150.00 1637876 43423 11590.00 1630479 43423 1150.00 1609521 43423
1191.00 1694301 44351 1191.00 1681781 44351 1191.00 1674384 44351 1191.00 1653426 44351
1192.00 1739077 45198 1192.00 1726557 45198 1192.00 1719160 45198 1192.00 1698202 45198
1193.00 1734685 46022 1193.00 1772165 46022 11593.00 1764768 46022 1193.00 1743810 46022
1154.00 1831119 46845 1154.00 1818599 46845 1154.00 1811202 46845 1154.00 1790244 46845
1195.00 1878403 47755 1195.00 1865883 47755 1195.00 1858486 47755 1195.00 1837528 47755
1196.00 1926603 48611 1196.00 1914083 48611 1196.00 1506686 48611 1196.00 1885728 48611
1157.00 1975614 49417 1197.00 1963094 45417 1197.00 1955697 49417 1197.00 1934739 49417
1198.00 2025441 50240 1198.00 2012921 50240 1198.00 2005524 50240 1198.00 1984566 50240
11599.00 2076110 51108 1199.00 2063590 51108 1199.00 2056193 51108 1199.00 2035235 51108
1200.00 2127719 52306 1200.00 2115199 52306 1200.00 2107802 52306 1200.00 2086844 52306
1201.00 2180775 53729 1201.00 2168255 53729 1201.00 2160858 53729 1201.00 2139900 53729
1202.00 2235129 54976 1202.00 2222609 54976 1202.00 2215212 54976 1202.00 2154254 54976
1203.00 2290715 56201 1203.00 2278195 56201 1203.00 2270798 56201 1203.00 2249840 56201
1204.00 2347514 57397 1204.00 2334994 57397 1204.00 2327597 57397 1204.00 2306639 57397
1205.00 2405522 58672 1205.00 2393002 58672 1205.00 2385605 58672 1205.00 2364647 58672
1206.00 2464800 59854 1206.00 2452280 59854 1206.00 2444883 59854 1206.00 2423925 59854
1207.00 2525200 60938 1207.00 2512680 60938 1207.00 2505283 60938 1207.00 2434325 60938
1208.00 2586704 62085 1208.00 2574184 62085 1208.00 2566787 62085 1208.00 2545829 62085
1209.00 2645417 63374 1209.00 2636897 63374 1205.00 2629500 63374 1209.00 2608542 63374
1210.00 2713584 65371 1210.00 2701064 65371 1210.00 2693667 65371 1210.00 2672709 65371
1211.00 2779896 67111 1211.00 2767376 67111 1211.00 2759979 67111 1211.00 2739021 67111
1212.00 2847733 68545 1212.00 2835213 68545 1212.00 2827816 68545 1212.00 2806858 68545
1213.00 2916959 69905 1213.00 2904439 69905 1213.00 2897042 69905 1213.00 2876084 69905
1214.00 2987663 71528 1214.00 2975143 71528 1214.00 2967746 71528 1214.00 2946788 71528
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Table 3-5. Tuttle Creek estimated future sedimentation for years 0, 25, 50 and 100.

2024 2049 2074 2124

NGVD29 Storage Area NGVD29 Storage Area NGVD29 | Storage Area NGVD29 Storage Area

ft acre-ft acre ft acre-ft acre ft acre-ft acre ft acre-ft acre
1018.56 880 263 1018.56 A70 114 1018.56 1069 340 1018.56 1801 258
1023.56 897 275 1023.56 481 120 1023.56 1080 345 1023.56 1811 264
1028.56 1164 339 1028.56 540 104 1028.56 1128 323 1028.56 1859 241
1033.56 2296 706 1033.56 908 333 1033.56 1295 466 1033.56 1995 369
1038.56 5638 1421 1038.56 2280 552 1038.56 1984 609 1038.56 2226 341
1043.56 14823 2874 1043.56 5981 1135 1043.56 3840 911 1043.56 2588 333
1048.56 32350 A169 1048.56 13173 1976 1048.56 80438 1277 1048.56 2821 323
1053.56 57555 5870 1053.56 27457 3811 1053.56 14518 2023 1053.56 3051 361
1058.56 88556 6832 1058.56 49510 5147 1058.56 26892 3381 1058.56 4010 548
1063.56 123334 7597 1063.56 77083 5906 1063.56 46092 4591 1063.56 6937 999
1068.56 161886 8270 1068.56 107980 6555 1068.56 69956 5254 1068.56 13922 1620
1073.56 203667 8851 1073.56 142571 7158 1073.56 97784 5824 1073.56 25090 2661
1075.00 216570 9415 1075.00 153046 7493 1075.00 106499 6386 1075.00 29247 3237
1080.00 271899 12550 1080.00 196802 10354 1080.00 144521 8870 1080.00 52377 6164
1085.00 346172 16776 1085.00 257255 14704 1085.00 195529 12325 1085.00 874590 8306
1050.00 437396 19598 1090.00 339009 17872 1090.00 265447 16745 1050.00 137182 12557
1095.00 542125 22354 1095.00 435908 20950 1095.00 361358 20081 1095.00 213027 17472
1100.00 661480 25462 1100.00 547968 24233 1100.00 469216 23434 1100.00 309236 21184
1105.00 798215 28962 1105.00 679053 28036 1105.00 596843 27455 1105.00 425380 25529
1110.00 951821 32533 1110.00 828136 31811 1110.00 743394 31296 1110.00 563409 29654
1115.00 1124966 36621 1115.00 9981594 36068 1115.00 911683 35500 1115.00 723733 34621
1120.00 1317158 40323 1120.00 1187410 39874 1120.00 1099797 396599 1120.00 907006 38648
1125.00 1528997 A4379 1125.00 1397257 44071 1125.00 1308977 43978 1125.00 1111453 43273
1130.00 1761090 48446 1130.00 1628018 48295 1130.00 1539253 48221 1130.00 1338498 47640
1136.00 2068238 54104 1136.00 1933993 53933 1136.00 | 1844821 53881 1136.00 1641594 53585
1137.00 2122842 55071 1137.00 1988479 54953 1137.00 1899251 545908 1137.00 1695736 54652
1138.00 2178400 56025 1138.00 2043932 55922 1138.00 1954656 55878 1138.00 1750925 55692
1135.00 2234908 56980 1135.00 2100356 56884 1135.00 2011102 56931 1135.00 1807129 56691
1140.00 2292357 57962 1140.00 2157744 57906 1140.00 2068516 57936 1140.00 1864281 57673
1141.00 2350845 59029 1141.00 2216190 58984 1141.00 2127002 59102 1141.00 1922496 587590
1142.00 2410402 60096 1142.00 2275725 60061 1142.00 2186627 60165 1142.00 15981846 59904
1143.00 2471062 61249 1143.00 2336355 61202 1143.00 2247350 61308 1143.00 2042303 61019
1144.00 2532904 62460 1144.00 2398143 62393 1144.00 2309222 62580 1144.00 2103892 62201
1145.00 2585923 63608 1145.00 2461115 63558 1145.00 2372295 63773 1145.00 2166646 63345
1146.00 2660110 64746 1146.00 2525257 64668 1146.00 2436553 64897 1146.00 2230568 64467
1147.00 2725447 65946 1147.00 2590523 65849 1147.00 2501928 66180 1147.00 2295599 65621
1148.00 2791993 67139 1148.00 2657005 67066 1148.00 2568582 67448 1148.00 2361794 66791
1149.00 2859705 68296 1145.00 2724675 68228 1145.00 2636446 68638 1149.00 2429150 67938
1150.00 2928563 69425 1150.00 2793512 69368 1150.00 2705499 69791 1150.00 2497687 69133
1151.00 2998544 70558 1151.00 2863319 70497 1151.00 2775512 70905 1151.00 2567397 70256
1152.00 3069702 71767 1152.00 2934269 71683 1152.00 2846657 72077 1152.00 2638260 71485
1153.00 3142078 73009 1153.00 3006513 72893 1153.00 2919081 73296 1153.00 2710295 72653
1154.00 3215711 74266 1154.00 3079996 74140 1154.00 2992764 74544 1154.00 2783556 73879
1155.00 3290584 754594 1155.00 3154723 75387 1155.00 3067680 75764 1155.00 2858049 75135
1156.00 3366701 76753 1156.00 3230703 76627 1156.00 3143822 76997 1156.00 2933807 76382
1157.00 3444112 78092 1157.00 3307944 77930 1157.00 3221250 78355 1157.00 3010840 77696
1158.00 3522887 79463 1158.00 3386525 79315 1158.00 3300030 79686 1158.00 3089237 79076
1155.00 3602976 80760 1155.00 3466426 80563 1155.00 3380105 80925 1155.00 3168905 80264
1160.00 3684409 82112 1160.00 3547643 81923 1160.00 3461435 824560 1160.00 3249789 81523
1161.00 3767153 83392 1161.00 3630174 83166 1161.00 3544092 83792 1161.00 3331995 82883
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Table 3-6. Perry estimated future sedimentation for years 0, 25, 50 and 100.

2024 2049 2074 2124

NGVD23 Storage Area NGVD29 Storage Area NGVD29 Storage Area NGVD29 Storage Area

ft acre-ft acre ft acre-ft acre ft acre-ft acre ft acre-ft acre
817.72 0 0
822.72 0 0
827.72 0 0
832.72 0 0
837.72 0 0
842.72 8 6 842.72 1 0 845.72 1 1
847.72 120 74 847.72 33 16 850.72 47 22
852.72 1145 348 852.72 459 191 855.72 616 235 854.72 36 17
857.72 4048 515 857.72 2227 561 860.72 2664 631 859.72 492 202
862.72 11621 2337 862.72 6778 1431 865.72 7925 1694 864.72 2321 577
867.72 26413 3660 867.72 18000 2924 870.72 20220 3123 869.72 7021 1492
872.72 48385 4980 872.72 36243 4417 875.72 39562 4624 874.72 18450 2973
877.72 76123 6148 877.72 61052 5556 880.72 65243 5750 879.72 36980 4464
882.72 109895 7292 882.72 51803 6757 885.72 56839 6954 884.72 62018 5602
887.72 148726 8511 887.72 128139 7702 890.72 133845 7848 889.72 52929 6808
891.50 182893 9771 891.50 159384 5007 891.50 139945 8055 891.50 105160 7191
896.00 231303 12254 896.00 202026 11565 896.00 175996 10759 896.00 126300 5627
501.00 300944 15012 501.00 268866 14408 501.00 240235 13847 501.00 183512 12333
506.00 382224 17256 506.00 348660 16891 506.00 318801 16589 506.00 258616 15738
511.00 474901 19834 511.00 440551 19612 511.00 410066 19436 511.00 348053 18921
516.00 581309 22779 516.00 546579 22656 516.00 515829 22570 516.00 452963 22255
920.60 692803 25719 920.60 657882 25650 920.60 626970 25591 920.60 563627 25417
521.00 703157 26030 521.00 668236 26030 521.00 637324 26030 521.00 573981 26030
522.00 729552 26781 522.00 694631 26781 522.00 663719 26781 522.00 600376 26781
523.00 756708 27531 523.00 721787 27531 523.00 690875 27531 523.00 627532 27531
524.00 784641 28332 524.00 749720 28332 524.00 718808 28332 524.00 655465 28332
525.00 813335 29059 525.00 778414 29059 525.00 747502 29059 525.00 684159 29059
526.00 842762 29800 526.00 807841 29800 526.00 776929 29800 526.00 713586 29800
527.00 872929 30520 527.00 838008 30520 527.00 807096 30520 527.00 743753 30520
528.00 503752 31213 528.00 868871 31213 528.00 837959 31213 528.00 774616 31213
529.00 535355 31924 529.00 500434 31924 529.00 869522 31924 529.00 806179 31924
530.00 567659 32689 530.00 532738 32689 530.00 501826 32689 530.00 838483 32689
531.00 1000727 33437 531.00 565806 33437 531.00 534894 33437 531.00 871551 33437
532.00 1034533 34152 532.00 599612 34192 532.00 568700 34152 532.00 505357 34152
533.00 1069154 35074 533.00 1034233 35074 533.00 1003321 35074 533.00 539978 35074
534.00 1104673 35955 534.00 1065752 35955 534.00 1038840 35955 534.00 575457 35955
535.00 1141060 36823 535.00 1106139 36823 535.00 1075227 36823 535.00 1011884 36823
536.00 1178309 37688 536.00 1143388 37688 536.00 1112476 37688 536.00 1049133 37688
537.00 1216454 38611 537.00 1181533 38611 537.00 1150621 38611 537.00 1087278 38611
538.00 1255548 39602 538.00 1220627 39602 538.00 1185715 35602 538.00 1126372 39602
539.00 1295699 40681 539.00 1260778 40681 5359.00 1225866 40681 539.00 1166523 40681
540.00 1336967 41927 540.00 1302046 41927 540.00 1271134 41927 540.00 1207791 41927
541.00 1379450 43039 541.00 1344529 43039 541.00 1313617 43039 541.00 1250274 43039
542.00 1423030 44119 542.00 1388109 44119 542.00 1357197 44119 542.00 1293854 44119
543.00 1467653 45112 543.00 1432732 45112 543.00 1401820 45112 543.00 1338477 45112
544.00 1513249 46075 544.00 1478328 46075 544.00 1447416 46075 544.00 1384073 46075
545.00 1559787 47007 545.00 1524866 47007 545.00 1493954 47007 545.00 1430611 47007
546.00 1607272 47968 546.00 1572351 47968 546.00 1541439 47968 546.00 1478096 47968
547.00 1655714 48910 547.00 1620793 48910 547.00 1585881 48910 547.00 1526538 48510
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Table 3-7. Clinton estimated future sedimentation for years 0, 25, 50 and 100.

2024 2049 2074 2124
NGWVD29 Storage Area NGWVD29 Storage Area NGWVD29 Storage Area NGWVD29 Storage Area
ft acre-ft acre ft acre-ft acre ft acre-ft acre ft acre-ft acre
833.92 0 0
838.92 13 12 835.92 0 0 836.92 0 0 838.92 0 0
843.92 595 318 840.92 28 23 841.92 27 22 843.92 28 23
848.92 4412 1231 845.92 938 475 846.92 919 466 848.92 943 477
853.92 12968 2175 850.92 5586 1404 851.92 5530 1396 853.92 5598 1405
858.92 26039 3086 855.92 14971 2327 856.92 14878 2320 858.92 14992 2328
863.92 44042 4119 860.92 28854 3241 861.92 28725 3234 863.92 28884 3243
868.92 68860 5751 865.92 473834 4447 866.92 47657 4428 868.92 47875 4453
873.92 100598 7066 870.92 74082 5978 871.92 73843 5968 873.92 74136 5980
875.50 112150 7512 875.50 103854 7224 875.50 96669 6799 875.50 83853 6333
880.00 147849 8448 880.00 138041 8261 880.00 129084 7990 880.00 111922 7617
885.00 192755 9489 885.00 182589 9413 885.00 173158 9313 885.00 154725 9044
890.00 242905 10526 890.00 232637 10505 890.00 223112 10485 890.00 204295 10404
895.00 298060 11509 895.00 287778 11506 895.00 278217 11499 895.00 259309 11480
900.00 358714 12716 900.00 348432 12716 500.00 338850 12711 500.00 319911 12705
903.40 403553 13623 903.40 393271 13623 903.40 383682 13621 903.40 364735 13619
504.00 411809 13833 504.00 401527 13833 904.00 391938 13833 504.00 372991 13833
905.00 425757 14068 905.00 415475 14068 905.00 405886 14068 905.00 386939 14068
906.00 439958 14333 906.00 429676 14333 906.00 420087 14333 906.00 401140 14333
507.00 454426 14609 507.00 444144 14609 907.00 434555 14609 907.00 415608 14609
907.40 460292 14719 907.40 450010 14719 907.40 440421 14719 907.40 421474 14719
908.00 469170 14875 908.00 458888 14875 908.00 449299 14875 908.00 430352 14875
909.00 484172 15125 909.00 473890 15125 909.00 464301 15125 909.00 445354 15125
910.00 499414 15362 910.00 489132 15362 910.00 479543 15362 910.00 460596 15362
911.00 514900 15609 911.00 504618 15609 911.00 495029 15609 911.00 476082 15609
912.00 530631 15851 912.00 520349 15851 912.00 510760 15851 912.00 491813 15851
913.00 546599 16086 913.00 536317 16086 913.00 526728 16086 913.00 507781 16086
914.00 562803 16320 914.00 552521 16320 914.00 542932 16320 914.00 523985 16320
915.00 579238 16549 915.00 568956 16549 915.00 559367 16549 915.00 540420 16549
916.00 595909 16800 916.00 585627 16800 916.00 576038 16800 916.00 557091 16800
917.00 612835 17055 917.00 602553 17055 917.00 592964 17055 917.00 574017 17055
918.00 630024 17320 918.00 619742 17320 918.00 610153 17320 918.00 591206 17320
915.00 647474 17578 915.00 637192 17578 919.00 627603 17578 919.00 608656 17578
920.00 665177 17830 920.00 654895 17830 920.00 645306 17830 920.00 626359 17830
921.00 683138 18092 921.00 672856 18092 921.00 663267 18092 921.00 644320 18092
922.00 701362 18358 922.00 691080 18358 922.00 681491 18358 922.00 662544 18358
923.00 719865 18650 923.00 709583 18650 923.00 699994 18650 923.00 681047 18650
924.00 738664 18951 924.00 728382 18951 924.00 718793 18951 924.00 699546 18951
925.00 757774 19272 925.00 747492 19272 925.00 737903 19272 925.00 718956 19272
926.00 777204 19584 926.00 7660922 19584 926.00 757333 19584 926.00 738386 19584
927.00 796946 19903 927.00 786664 15903 927.00 777075 15903 927.00 758128 19903
928.00 817018 20239 928.00 806736 20239 928.00 797147 20239 928.00 778200 20239
925.00 837420 20565 929.00 827138 20565 925.00 817549 20565 925.00 798602 20565

HEC-ResSim had errors when the reservoir storage dropped to zero. The Tuttle Creek reservoir storage
routinely dropped to zero during the 2124 FWOP scenario. To prevent these errors, the inactive zone was set to
elevation 1062 feet. This prevents ResSim from releasing water below this level; although, small drops below
inactive will occur due to evaporation. Also, a scripted rule was implemented for the conservation zone. This
rule calculates the flow that can be sustained by the remaining storage and sets that as the maximum release.
The logic in the script is designed to leave 100 cfs in the multi-purpose pool as a buffer. The rule is show in
Figure 3-1. This rule helped to smooth the pool elevation and releases in the multi-purpose pool resulting in a
more reasonable simulation; although, the reservoir still dropped to inactive pool a few times in the period of
record.
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B Reservoir Editor - Network: 2124 FWOP-0:2124 FWOP X

Reservair Edit Operations Zone Rule IF_Block
Resenoir | TUTTLE-CREEK_LA.. ~ Description |pam Closed July 20, 1959, NGVD29 + 0.89 = NAVDSS, Fake 20,000 ac-ft were added to the inactive pool to help with model iteration. That storage should not change the model re[.{ || 41 Sof9|||M

Physical Operations Qpserved Data

Operation Set WCM Operation ~ | Description |Operation in accordance with Water Control Manual
- el. Alloc. rojected Elev
Zone-Rules  Rel. All Projected El
- GFTERS CP || Operates Release From: TUTTLE-CREEK_LAKE
{2 DESO CP
Iy Phase Il TUCR Rel Script Operation Rule | Max Release based on Reservoir Storage
w% Phase || Description
}% Induced_Surcharge
~d Min Release TimeSeries opvalue = Opvalue() ‘ : ~
£ Wa TPAK £ WModel Variable
{2 Wa DeSolo State Variables # add your code here
£ WMo CP External Time Series TUCR_Stor = network.getTimeSeries("Reservoir”,"TUTTLE-CREEK_LAKE", "Pool”, "Stor”).getPreviousValue(currentRuntimestep)
R} WGKS CP E;balvanahles TUCR_Inflow = network.getTimeSeries("Reservoir”,"TUTTLE-CREEK_LAKE", "Pool”, "Flow-IN NET").getPreviousValue(currentRuntimestep)
s
-{R) TPAK CP 2 pss ) ) ) )
-} LEKS CP ) # Calculate the max available relegse that will keep ot least 180 ac-ft in the reservoir
£ oEso op DSSFile . # Above pool elevation 1875 feet
Global Variables if TUCR_Stor >= 1514 :
& Phase I TUCR Rel Fragility Curve PairedD: Max_TUCR Rel = (TUCR_Stor - 108)/1.9335 + TUCR_Inflow
™ Phase | HecTime # Between pool elevation 1672 and 1675 feet
~d§ Min Release Netwark elif TUCR_Stor < 1514 and TUCR_Stor >= 666 :
-£R} WQ TPAK OpRule Max_TUCR_Rel = (666 - 180)/1.9835 + TUCR_Inflow
£ Wa DeSoto OpValue # Between pool elevation 1662 and 1672 feet
£ WUlO CP PairedDataContainer elif TUCR_Stor < 666 and TUCR_Stor >= 284 :
£ waks op Pairedvalues a7 Max_TUCR_Rel = (284 - 180)/1.9835 + TUCR_Inflow
! Pairedvaluesext as # Below pool elevation 1869 feet
) TPAK CP RssRun lse -
g LEKS CP RunTimeStep Max_TUCR_Rel = 108
-{n} DESO CP RunTimeWindow
~d% Phase | TUCR Rel ScriptedRule network. getStateVariable( " Tuttletiax_MP_Release” ). setValue(currentRuntimestep, Max_TUCR_Rel)
& Conservation SeasonalRecord
3;31953;;'2:;;50’55“ # set type and value for Opvalue
# type is one of:
gymm Release TimeSeriesContainer # U;lFuLE.FL'LETYjP R £L
) WQTPAK TimeSeries # - " FL
~{R) WQ DeSoto TimeSeriesMath " - specified flow
g WVMO CP opValue.init(OpRule.RULETYPE_MAX, Max_TUCR_Rel)
~{n} WGKS CP &0
£} TPAK CP 61 # return the Operation Value.
£ LEKS CP # return "None" to have no effect on the compute
-{R} DESO CP < > €3 return opValue v
6 Phase I TUCR Taper Insertin Script Compile Script
v ertin S
>

OK Cancel Apply

Figure 3-1. Tuttle Creek scripted rule used in the 2124 FWOP scenarios.

Perry pool elevation also dropped to zero storage in a drought period in the 2124 FWOP scenarios; however, no
ResSim errors occurred. To further smooth the releases out of Perry, an if-statement was setup to provide a
maximum release that can be utilized when inflows are low and the pool elevation drops below a threshold. The
if-statement sets the maximum release to 200 cfs when the inflows are less than 200 cfs and the pool elevation
is at 872 feet or below and further restricts the maximum release to 50 cfs when inflows are less than 200 cfs
and the pool elevation is at 867 feet or below. A screen shot of the Perry if-statement is shown in Figure 3-2.
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n Reservoir Editor - Network: 2124 FWOP-0:2124 FWOP X

Reservoir Edit Operations Zone Rule IF_Block
Resenoir  PERRY_LAKE +~ | Description |Dam Closed August 2, 1966, NGVD23 + 0.21 = NAVDSES M4 dofa|k M
Physical Cperations Qpserved Data

Cperation Set | WCM Operation ~ | Description Operation in accordance with Water Contral Manual

Zone-Rules Rel. Alloc. Projected Elev

(% JUEIT-E L = )

o Phase Il ELSE IF Conditional |Low Inflows and below 867 ft
----- & Win Release

@ Wa DeSoto Description:
R WUMO CP
- {a} LEKS CP |
- {a} DESO CP D i
----- & Phase | PERY Rel

M Phase |

----- & Min Release
- {a} WQ DeSoto
- {a} WUMO CP
- {R} LEKS CP

- {a} DESO CP

----- & Phase | PERY Rel LTl
L Conservation

EJ---{_} Constrain Drought Releases
E}-P IF (Low Inflows and below 872 ft) Evaluate

Valuel Value2

PERRY_LAKE-Pool:Net Inflow | = | 200
PERRY_LAKE-PoolElevation | == | 8RT

Add Cond.

Del. Cond.

Move Down

------ 6 Max Release During Low Flow

o
- MaxRelease below 867 ft
----- & Min Release

- {@} WQ DeSoto

—{R WYMO CP Logical Operator: »
- {R¥ LEKS CP
- {R} DESO CP
""" 6 Conservation Max Operatar _

----- & Phase | PERY Taper o
& [nactive w Value 2 | constant ~

Value 1 | Constant >

OK Cancel Apply
Figure 3-2. Perry if-statement used in the 2124 FWOP scenarios.

4 Model Results

4.1 Reservoir Statistics

Each reservoir pool elevations and outflows were evaluated for six different data sets: observed (from first fill
through November 2021), existing conditions (1920 to 2019), 2024 FWOP (2024 to 2123), 2049 FWOP (2024
to 2123), 2074 FWOP (2024 to 2123), and 2124 FWOP (2024 to 2123). A statistical analysis was conducted on
each data set and a family of curves were produced to quantify the difference between each scenario. Impacts of
navigation were also evaluated for Milford, Tuttle Creek, and Perry.

Observed and modeled existing condition data was included in the analysis of FWOP data to provide a
reference of change in the future condition. For detailed discussion on the comparison of observed and modeled

existing conditions see Section 4 of the existing conditions documentation
“KRRFSS ResSim_Documentation.docx™

4.1.1 Kanopolis
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Kanopolis observed data was from first fill of July 1948 through November 2021. The Kanopolis family of
curves are shown in Figure 4-1 to Figure 4-18. Navigation did not impact Kanopolis and the navigation FWOP
scenarios were identical to the non-navigation. The median modeled pool elevation tends to mostly be around or
a few feet above the top of the multi-purpose pool since that was used as the guide curve in HEC-ResSim.
Median observed pool elevation is more variable with some pool raises and drawdowns as part of the routine
operations. All the model scenarios have high pool elevations in 95" percentile data set that compare reasonably
with the observed. The model is a little lower than observed. This may indicate that the model was more
aggressive with releases when the real time operations are often constrained due to chances of rainfall or
concerns in the downstream channel.

Average elevation time series were compared for each scenario. The observed data has lower lows and higher
highs than the modeled pool elevations. The lower pool elevations in the observed data set are from non-routine
maintenance drawdowns and non-routine water supply usage that were not modeled. Multipurpose pool was
also lower in the past. The higher pool elevations in the observed data set come from the water level
management plan that keeps the lake about four feet into the flood pool during much of the year.

The existing conditions and 2024 FWOP scenarios are very similar as the sediment conditions do not change
dramatically between these two scenarios. However, as more sediment accumulates with each additional FWOP
scenario the average pool elevation also increases. The 2124 FWOP has slightly higher pool elevations because
of reduced storage in the multi-purpose pool.

The modeled outflow data matches the observed data generally well, especially the average daily flows. There
are a couple exceptions. For the 95-percentile category, the observed data was much more variable than the
modeled in the warm months. This is likely due to situationally specific decisions made by reservoir managers
that are not considered in the model.
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Figure 4-1. Kanopolis pool elevation statistics for the observed data from first fill Jul 1948 to Dec 2021.
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Figure 4-2. Kanopolis pool elevation statistics for the 100-year Existing Conditions modeling from 1920 to 2019.
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Figure 4-3. Kanopolis pool elevation statistics for the 100-year FWOP at 2024 sediment conditions.

29



1,476

1,474

1,472

1470

1,468

1,466

f

1,464

D M ——— e —— --.—.__-—e—;— ==

SO MUlt-pUrp0S6 PooH0 S,

Elevation (fest, NGWVD29)

1,462

1,460

1,458

T T T T T T T T T T T
Feb Mar Apr May Jun Jul Aug Sep Oct Nav Dec
3000

1,456

— Average — 5th Percentile 10th Percentile ~ —— 25th Percentile  —— 50th Percentile — 75th Percentile  —— 90th Percentile =~ —— 95th Percentile

Figure 4-4. Kanopolis pool elevation statistics for the 100-year FWOP at 2049 sediment conditions.
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Figure 4-5. Kanopolis pool elevation statistics for the 100-year FWOP at 2074 sediment conditions.
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Figure 4-6. Kanopolis pool elevation statistics for the 100-year FWOP at 2124 sediment conditions.
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Figure 4-7. Daily average Kanopolis pool elevation for each set of data.
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Figure 4-8. Daily median (50th Percentile) Kanopolis pool elevation for each set of data.
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Figure 4-9. Daily 95th Percentile Kanopolis pool elevation for each set of data.
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Figure 4-10. Kanopolis outflow statistics for the observed data from first fill Jul 1948 to Dec 2021.
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Figure 4-11. Kanopolis outflow statistics for the 100-year Existing Conditions modeling from 1920 to 2019.
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Figure 4-12. Kanopolis outflow statistics for the 100-year FWOP at 2024 sediment conditions.
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Figure 4-13. Kanopolis outflow statistics for the 100-year FWOP at 2049 sediment conditions.
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Figure 4-14. Kanopolis outflow statistics for the 100-year FWOP at 2074 sediment conditions.
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Figure 4-15. Kanopolis outflow statistics for the 100-year FWOP at 2124 sediment conditions.
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Figure 4-17. Daily median (50th Percentile) Kanopolis flow for each set of data.
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The pool elevation duration is shown in Figure 4-19. It shows increased frequency in the lower portions of the
flood control pool and deeper drops into the multi-purpose pool as the storage diminishes due to sedimentation.
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Figure 4-19. Kanopolis pool elevation duration for the four non-navigation FWOP scenarios.
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4.1.2 Wilson

Wilson observed data is from first fill of March 1973 through November 2021. The Wilson family of curves are
shown in Figure 4-20 to Figure 4-37. Navigation did not impact Wilson and the navigation FWOP scenarios
were identical to the non-navigation. The average and median modeled elevations are all below the top of
multipurpose pool which is reflective of the frequent drought conditions observed there. Observed pool
elevations are mostly higher than the average, median and 95-percential for every model scenario. This may
indicate that the model was more aggressive with releases when the real time operations are often constrained
due to chances of rainfall or concerns in the downstream channel.

Only the median December/January elevations of the 2124 FWOP scenario match the observed. This may
reflect differences between how the reservoir was operated during some large flood years and the Res Sim
simulated operations. Or estimated evaporation may be causing the differences.

The 2024 FWOP and 2049 FWOP scenarios are very similar as the sediment conditions do not change
dramatically in this timeframe. However, as more sediment accumulates with each additional FWOP scenario
the average pool elevation also increases.

The modeled outflow data matches the observed data generally well, especially the average and median daily
flows. An exception is the 95-percentile category, for which the observed data was more variable and generally
lower than the modeled in the summer months. This is likely due to situationally specific decisions made by
reservoir managers that aren’t considered in the model.
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Figure 4-20. Wilson pool elevation statistics for the observed data from first fill Mar 1973 to Dec 2021.
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Figure 4-21. Wilson pool elevation statistics for the 100-year Existing Conditions modeling from 1920 to 2019.
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Figure 4-22. Wilson pool elevation statistics for the 100-year FWOP at 2024 sediment conditions.
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Figure 4-23. Wilson pool elevation statistics for the 100-year FWOP at 2049 sediment conditions.
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Figure 4-24. Wilson pool elevation statistics for the 100-year FWOP at 2074 sediment conditions.
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Figure 4-25. Wilson pool elevation statistics for the 100-year FWOP at 2124 sediment conditions.
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Figure 4-26. Daily average Wilson pool elevation for each set of data.
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Figure 4-28. Daily 95th Percentile Wilson pool elevation for each set of data.

42



1,400

1,200

1,000

800+

6001

Flow (cfs)

400

200+

g

1l

| |
.U Nﬂ' ~ 1&#_ . |

[ 1‘I_F ) -

el L

Jan

— Average

Figure 4-29. Wilson outflow statistics for the observed data from first fill Sep 1963 to Dec 2021.
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Figure 4-30. Wilson outflow statistics for the 100-year Existing Conditions modeling from 1920 to 2019.
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Figure 4-31. Wilson outflow statistics for the 100-year FWOP at 2024 sediment conditions.
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Figure 4-32. Wilson outflow statistics for the 100-year FWOP at 2049 sediment conditions.
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Figure 4-33. Wilson outflow statistics for the 100-year FWOP at 2074 sediment conditions.
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Figure 4-34. Wilson outflow statistics for the 100-year FWOP at 2124 sediment conditions.

45



200

180

1601

1401

120

1001

Flow (cfs)

801

604

401 ) "

20

Jan

— Observed

T
Apr

— Existing Conditions

May

T
Jun

0 yr FWOP
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Figure 4-36. Daily median (50th Percentile) Wilson flow for each set of data.
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Figure 4-37. Daily 95th Percentile Wilson flow for each set of data.

The pool elevation duration is shown in Figure 4-38. It shows that the Wilson pool elevation does not drop as
far into the multi-purpose pool in the later FWOP scenarios. This is probably because of reduced evaporation
from smaller pool areas. Evaporation is a large driver of pool elevation in Wilson.
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Figure 4-38. Wilson pool elevation duration for the four non-navigation FWOP scenarios.

4.1.3 Waconda

Waconda observed data is from first fill of May 1973 through November 2021. The Waconda family of curves
are shown in Figure 4-39 to Figure 4-56. Navigation did not impact Waconda and the navigation FWOP
scenarios were identical to the non-navigation. The median modeled pool elevation is near or a little below
multi-purpose pool since that was used as the guide curve in HEC-ResSim. Median observed pool elevation is
more variable with some pool raises and drawdowns as part of the routine operations. All the model scenarios
95 percentile pool elevations compare reasonably with the observed.

Average elevation time series were compared for each scenario. The observed data has a wider range and is
consistently lower than the modeled pool elevations. The US Bureau of Reclamation (USBR) draws the
reservoir down one foot in the winter, which was not accounted for in the model. Low flow releases are variable
and discretionary, so they were difficult to capture in the model. As sediment accumulates with each additional
FWOP scenario, the average modeled pool elevation increases slightly.

There are some significant differences between modeled and observed outflow data. The modeled average daily
data contains a large flow spike in July that is from the modeled 1951 surcharge event. This event was before
the observed data started. In the same data set, the observed releases are higher in the winter months due to
seasonal drawdowns. The median outflow data varies some between model scenarios, with slightly increasing
releases for each subsequent FWOP scenario. The median modeled outflow is a consistent low flow value for
most of the second half of the year, while the observed doesn’t dip down until around October to a slightly
larger low flow. Except for winter months, the 95™ percentile observed data was more variable than the
modeled.
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Figure 4-39. Waconda pool elevation statistics for the observed data from first fill May 1973 to Dec 2021.
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Figure 4-40. Waconda pool elevation statistics for the 100-year Existing Conditions modeling from 1920 to 2019.
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Figure 4-41. Waconda pool elevation statistics for the 100-year FWOP at 2024 sediment conditions.
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Figure 4-42. Waconda pool elevation statistics for the 100-year FWOP at 2049 sediment conditions.
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Figure 4-43. Waconda pool elevation statistics for the 100-year FWOP at 2074 sediment conditions.
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Figure 4-44. Waconda pool elevation statistics for the 100-year FWOP at 2124 sediment conditions.
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Figure 4-45. Daily average Waconda pool elevation for each set of data.
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Figure 4-46. Daily median (50th Percentile) Waconda pool elevation for each set of data.
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Figure 4-47. Daily 95th Percentile Waconda pool elevation for each set of data.
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Figure 4-48. Waconda outflow statistics for the observed data from first fill Oct 1967 to Dec 2021.
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Figure 4-49. Waconda outflow statistics for the 100-year Existing Conditions modeling from 1920 to 2019.
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Figure 4-50. Waconda outflow statistics for the 100-year FWOP at 2024 sediment conditions.
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Figure 4-51. Waconda outflow statistics for the 100-year FWOP at 2049 sediment conditions.
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Figure 4-52. Waconda outflow statistics for the 100-year FWOP at 2074 sediment conditions.
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Figure 4-53. Waconda outflow statistics for the 100-year FWOP at 2124 sediment conditions.
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Figure 4-54. Daily average Waconda outflow for each set of data.
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Figure 4-56. Daily 95th Percentile Waconda flow for each set of data.

The pool elevation duration is shown in Figure 4-57. It shows that the Waconda pool elevation does not drop as
far into the multi-purpose pool in the later FWOP scenarios. This is probably because of reduced evaporation
from smaller pool areas. Evaporation is a large driver of pool elevation in Waconda.

57



1,495

1,490+

1,485

1,480

1,4757

1,4704

1,4657

Elevation (feet, NGVD29)

1,460

1,455 Topof Mulli-purpose Pool 14556 feet NGVD29 —
H\

1,450

1,445 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Percent Exceedance
— 2024 FWOP Elevation Duration — 2049 FWOP Elevation Duration 2074 FWOP Elevation Duration — 2124 FWOP Elevation Duration

Figure 4-57. Waconda pool elevation duration for the four non-navigation FWOP scenarios.

4.1.4 Milford

Milford observed data is from first fill of July 1967 through November 2021. The Milford families of curves are
shown in Figure 4-58 to Figure 4-75. The median modeled pool elevation stays near the top of the multi-
purpose pool since that was used as the guide curve in HEC-ResSim. Median observed pool elevation is more
variable with some pool raises and drawdowns as part of the routine operations. All the model scenarios have
high pool elevations in 95" percentile data set that are well above the observed from March to December due to
variations in real-time operation versus the perfect foresight of modeled operations. Some years required
constrained releases in flood control operations for the Missouri River at Waverly. The observed data set does
not have the extended high pool elevation because deviations were utilized in the real-time operations.

Average elevation time series were compared for each scenario with observed reasonably matching modeled.
Milford does not loose significant storage over the 100-years of the FWOP. However, with each subsequent
FWOP scenario, the average modeled pool elevation decreases as Milford releases more to meet the water
quality targets. Tuttle Creek storage diminishes in each subsequent FWOP scenario, and it is less able to support
water quality flows putting a greater burden on Milford.

There are some notable differences between modeled and observed outflow data. The average daily data
matches well except for the summer months, when the observed is lower. For the median daily flow
comparison, the modeled outflow is generally higher in the cold months and lower in the warm months than the
modeled, except for a high observed peak in December when the winter drawdown occurs. The daily 951
percentile outflow generally matches, but the modeled is higher in the warm months, and has a large peak above
observed in December. These differences could be due historical operational decisions based on uncertainty
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about rain, concerns in the downstream channel, or other factors previously noted. Each FWOP scenario has

similar

outflow trends.
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Figure 4-58. Milford pool elevation statistics for the observed data from first fill Jul 1967 to Dec 2021.
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Figure 4-59. Milford pool elevation statistics for the 100-year Existing Conditions modeling from 1920 to 2019.
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Figure 4-60. Milford pool elevation statistics for the 100-year FWOP at 2024 sediment conditions.
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Figure 4-61. Milford pool elevation statistics for the 100-year FWOP at 2049 sediment conditions.
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Figure 4-62. Milford pool elevation statistics for the 100-year FWOP at 2074 sediment conditions.
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Figure 4-63. Milford pool elevation statistics for the 100-year FWOP at 2124 sediment conditions.
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Figure 4-64. Daily average Milford pool elevation for each set of data.
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Figure 4-65. Daily median (50th Percentile) Milford pool elevation for each set of data.
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Figure 4-66. Daily 95th Percentile Milford pool elevation for each set of data.
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Figure 4-67. Milford outflow statistics for the observed data from first fill Aug 1964 to Dec 2021.
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Figure 4-68. Milford outflow statistics for the 100-year Existing Conditions modeling from 1920 to 2019.
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Figure 4-69. Milford outflow statistics for the 100-year FWOP at 2024 sediment conditions.
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Figure 4-70. Milford outflow statistics for the 100-year FWOP at 2049 sediment conditions.
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Figure 4-71. Milford outflow statistics for the 100-year FWOP at 2074 sediment conditions.
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Figure 4-72. Milford outflow statistics for the 100-year FWOP at 2124 sediment conditions.
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Figure 4-73. Daily average Milford outflow for each set of data.
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Figure 4-74. Daily median (50th Percentile) Milford flow for each set of data.
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Figure 4-75. Daily 95th Percentile Milford flow for each set of data.

The pool elevation duration is shown in Figure 4-76. It shows small decreases in frequency in the lower

portions of the flood control pool and deeper drops into the multi-purpose pool as the storage diminishes due to
sedimentation.
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Figure 4-76. Milford pool elevation duration for the four non-navigation FWOP scenarios.

Navigation flow support is provided from Milford in the 2024 FWOP navigation scenario. This results in
increased frequency of pool elevations below the multi-purpose pool. High pool elevations are unchanged.
Figure 4-77 shows the pool duration plot for 2024 FWOP scenarios with and without navigation. Figure 4-78 to
Figure 4-80 show the rest of the FWOP Milford pool elevation duration plots. In these scenarios, Milford does
not provide navigation support flows, but some small impacts are assessed because of Tuttle Creek providing
the navigation support flows which then requires Milford to give additional releases to support water quality.
By 2124, there is very little impact as Milford is already supporting most of the water quality releases.
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Figure 4-77. Milford 2024 FWOP pool elevation duration with and without navigation.
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Figure 4-78. Milford 2049 FWOP pool elevation duration with and without navigation.
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Figure 4-79. Milford 2074 FWOP pool elevation duration with and without navigation.
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Figure 4-80. Milford 2124 FWOP pool elevation duration with and without navigation.

4.1.5

Tuttle Creek
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Tuttle Creek observed data is from first fill of April 1963 through November 2021. The Tuttle Creek family of
curves are shown in Figure 4-81 to Figure 4-98. The median modeled pool elevation tends to be near the top of
the multi-purpose pool since that was used as the guide curve in HEC-ResSim but is much higher in the summer
months especially for the later FWOP scenarios. Median observed pool elevation is more variable with some
pool raises and drawdowns as part of the routine operations. All the model scenarios have high pool elevations
in 95 percentile data set as some years required constrained releases in flood control operations for the
Missouri River at Waverly. The observed data set does not have the extended high pool elevation because
deviations were utilized in the real-time operations.

Average time series were compared for each scenario. The observed data is consistently lower than the modeled
pool elevations. This may be because deviations were utilized in some large flood years to lower the pool
elevation. Also, seasonal drawdowns that are part of the water level management plan take place over the
winter. The existing conditions and 2024 FWOP scenarios are very similar as the sediment conditions do not
change dramatically between these two scenarios. However, as more sediment accumulates with each additional
FWOP the average pool elevation also increases. The 2124 FWOP has more variability in the data set because
of the multi-purpose pool being near full of sediment. This results in quick drops in the pool when low-flow
water quality releases need to be made and quick rises in the pool as inflows are received. The 2124 FWOP
scenario also has lower pool elevations over the winter because what multi-purpose storage is available is often
used for water quality releases.

The modeled outflow data matches the observed data generally well, especially the average daily flows and 95
percentile flows. But for the median percentile category, the observed data was significantly higher during the
warm months. This may be due to historical deviations from the water management plan or other factors
previously noted.
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Figure 4-81. Tuttle Creek pool elevation statistics for the observed data from first fill April 1963 to Dec 2021.
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Figure 4-82. Tuttle Creek pool elevation statistics for the 100-year Existing Conditions modeling from 1920 to 2019.
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Figure 4-83. Tuttle Creek pool elevation statistics for the 100-year FWOP at 2024 sediment conditions.
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Figure 4-84. Tuttle Creek pool elevation statistics for the 100-year FWOP at 2049 sediment conditions.
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Figure 4-85. Tuttle Creek pool elevation statistics for the 100-year FWOP at 2074 sediment conditions.
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Figure 4-86. Tuttle Creek pool elevation statistics for the 100-year FWOP at 2124 sediment conditions.
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Figure 4-87. Daily average Tuttle Creek pool elevation for each set of data.
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Figure 4-88. Daily median (50th Percentile) Tuttle Creek pool elevation for each set of data.
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Figure 4-89. Daily 95th Percentile Tuttle Creek pool elevation for each set of data.
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Figure 4-90. Tuttle Creek outflow statistics for the observed data from first fill Jul 1959 to Dec 2021.
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Figure 4-91. Tuttle Creek outflow statistics for the 100-year Existing Conditions modeling from 1920 to 2019.
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Figure 4-92. Tuttle Creek outflow statistics for the 100-year FWOP at 2024 sediment conditions.
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Figure 4-93. Tuttle Creek outflow statistics for the 100-year FWOP at 2049 sediment conditions.
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Figure 4-94. Tuttle Creek outflow statistics for the 100-year FWOP at 2074 sediment conditions.
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Figure 4-95. Tuttle Creek outflow statistics for the 100-year FWOP at 2124 sediment conditions.
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Figure 4-96. Daily average Tuttle Creek outflow for each set of data.

3,500

3,000

2,500

2,000

Flow (cfs)

1,000

500 i

0

1,500

T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

| 3000

— Observed — Existing Conditions 0 yr FWOP — 25y FWOP = 50 yr FWOP = 100 yr FWOP
Figure 4-97. Daily median (50th Percentile) Tuttle Creek flow for each set of data.
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Figure 4-98. Daily 95th Percentile Tuttle Creek flow for each set of data.

The pool elevation duration is shown in Figure 4-99. It shows increased frequency in the flood control pool and
lessening drops into the multi-purpose pool as the storage diminishes due to sedimentation.
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Figure 4-99. Tuttle Creek pool elevation duration for the four non-navigation FWOP scenarios.

Navigation flow support is provided from Tuttle Creek in all four FWOP navigation scenarios. This results in
increased frequency of pool elevations below the multi-purpose pool. High pool elevations are unchanged.
Figure 4-100 to Figure 4-103 show the pool duration plots for the FWOP scenarios with and without navigation.
As the sediment increases the pool does not drop as far into the multi-purpose pool because there is simply not
as much depth. The decreasing storage as results in the pool rising into the lower portions of the flood control
pool more often.
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Figure 4-100. Tuttle Creek 2024 FWOP pool elevation duration with and without navigation.
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Figure 4-101. Tuttle Creek 2049 FWOP pool elevation duration with and without navigation.
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Figure 4-102. Tuttle Creek 2074 FWOP pool elevation duration with and without navigation.
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Figure 4-103. Tuttle Creek 2124 FWOP pool elevation duration with and without navigation.

4.1.6 Perry
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Perry observed data is from first fill of June 1970 through November 2021. The Perry family of curves are
shown in Figure 4-104 to Figure 4-121. The median modeled pool elevation tends to be near the top of the
multi-purpose pool since that was used as the guide curve in HEC-ResSim but is slightly higher for in the
summer months. Median observed pool elevation is more variable with some pool raises and drawdowns as part
of the routine operations. All the model scenarios have high pool elevations in 95" percentile data set as some
years required constrained releases in flood control operations for the Missouri River at Waverly. The observed
data set does not have as extensive high pool elevations because deviations were utilized in the real-time
operations.

Average time series were compared for each scenario. The observed and modeled data mostly matches, but the
observed is lower in the summer months. This may be because deviations were utilized in some large flood
years to lower the pool elevation. There are not significant differences between the FWOP scenarios, but as
sediment increases, the pool elevations tend higher during flood season because of reduced storage in the multi-
purpose pool. As sediment increases, slightly lower pool elevations are seen in the drier winter months because
the multi-purpose pool drops quicker when making releases for water quality targets.

The modeled outflow data reasonably matches the observed data. The average daily modeled outflow is a bit
lower during June. The median modeled data was significantly lower than observed during the summer months
and higher during most winter months. The December bump in 95" percentile observed releases and the
January drop in median releases likely relate to winter drawdown as part of the water control plan. Outflows
from all the FWOP scenarios were similar with no trends for varying flows based on future sediment conditions.
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Figure 4-104. Perry pool elevation statistics for the observed data from first fill Jun 1970 to Dec 2021.
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Figure 4-105. Perry pool elevation statistics for the 100-year Existing Conditions modeling from 1920 to 2019.
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Figure 4-106. Perry pool elevation statistics for the 100-year FWOP at 2024 sediment conditions.
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Figure 4-107. Perry pool elevation statistics for the 100-year FWOP at 2049 sediment conditions.
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Figure 4-108. Perry pool elevation statistics for the 100-year FWOP at 2074 sediment conditions.
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Figure 4-109. Perry pool elevation statistics for the 100-year FWOP at 2124 sediment conditions.
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Figure 4-110. Daily average Perry pool elevation for each set of data.
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Figure 4-111. Daily median (50th Percentile) Perry pool elevation for each set of data.
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Figure 4-112. Daily 95th Percentile Perry pool elevation for each set of data.
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Figure 4-113. Perry outflow statistics for the observed data from the first fill Dec 1977 to Dec 2021.
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Figure 4-114. Perry outflow statistics for the 100-year Existing Conditions modeling from 1920 to 2019.
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Figure 4-115. Perry outflow statistics for the 100-year FWOP at 2024 sediment conditions.
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Figure 4-116. Perry outflow statistics for the 100-year FWOP at 2049 sediment conditions.
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Figure 4-117. Perry outflow statistics for the 100-year FWOP at 2074 sediment conditions.
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Figure 4-118. Perry outflow statistics for the 100-year FWOP at 2124 sediment conditions.

91



T
Dec

T
Qct

T
Sep

1,800

1,600

1,400

1,200

ﬂ_u (=] o ﬂ_u (=]
[=] [=) [=] [=] (=)
=] [55] © =+ o
=

(sja) moj4

3000

Existing Conditions 0 yr FWOP — 25y FWOP — 50 yr FWOP — 100 yr FWOP

Observed

Figure 4-119. Daily average Perry outflow for each set of data..

=1

- @

w

<

L=

]

=

=]

]

=

L &=

=

=

L =

<

]

=

o

- @

L

=

T T T T T

o [=] o o [=] o o [=] (=2}
=1 =1 =1 =1 =] = =1 =]
@ ~ © '] =+ 3] o~ —

(sj2) moj5

3000

— 25yr FWOP — 50 yr FWOP — 100 yr FWOP

0 yr FWOP
Figure 4-120. Daily median (50th Percentile) Perry flow for each set of data.

Existing Conditions

Observed

92



12,000

10,0001

8,000

6,000

Flow (cfs)

4,000

2,000

“.-er ”l'

0 T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
| 3000

— Observed — Existing Conditions 0 yr FWOP — 25y FWOP — 50 yr FWOP — 100 yr FWOP
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The pool elevation duration is shown in Figure 4-122. It shows increased frequency in the flood control pool as
the storage diminishes due to sedimentation. The 2124 FWOP initially has lessening drops into the multi-

purpose pool and then it drops farther than any other scenario due to running out of storage while supporting
water quality releases.
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Figure 4-122. Perry pool elevation duration for the four non-navigation FWOP scenarios.

Navigation flow support is provided from Perry in the 2024 FWOP navigation scenario. This results in
increased frequency of pool elevations below the multi-purpose pool. High pool elevations are unchanged.
Figure 4-123 shows the pool duration plot for 2024 FWOP scenarios with and without navigation. Figure 4-124
to Figure 4-126 show the rest of the FWOP Perry pool elevation duration plots. In these scenarios, Perry does
not provide navigation support flows, but some small impacts are assessed because of Tuttle Creek providing
the navigation support flows which then requires Perry to give additional releases to support water quality.
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Figure 4-123. Perry 2024 FWOP pool elevation duration with and without navigation.
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Figure 4-125. Perry 2074 FWOP pool elevation duration with and without navigation.
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Figure 4-126. Perry 2124 FWOP pool elevation duration with and without navigation.

4.1.7 Clinton
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Clinton observed data is from first fill of April 1980 through November 2021. The Clinton family of curves are
shown in Figure 4-127 to Figure 4-144. Navigation did not impact Clinton and the navigation FWOP scenarios
were identical to the non-navigation. The median modeled pool elevation tends to be near the top of the multi-
purpose pool since that was used as the guide curve in HEC-ResSim but is slightly lower (within about a foot)
from July to March as water quality releases draw the lake down in the dry season. Median observed pool
elevation is consistently higher and more variable with some pool raises and drawdowns as part of the routine
operations. All the model scenarios have high pool elevations in the 95" percentile data set as some years
required constrained releases in flood control operations for the Missouri River at Waverly. The observed data
set does not have the extended high pool elevation because deviations were utilized in the real-time operations.

Average time series were compared for each scenario. The observed data is consistently higher than the
modeled pool elevations. This may indicate that the model was more aggressive with releases when the real
time operations are often constrained due to chances of rainfall or concerns in the downstream channel. The
modeled existing conditions and 2024 FWOP scenarios are very similar as the sediment conditions do not
change dramatically between these two scenarios. However, as more sediment accumulates with each additional
FWOP the average pool elevation also increases.

The modeled outflow data matches the observed data generally well, especially the 95" percentile flows. The
observed low outflow of the median percentile is somewhat higher than the models, although still low. There
are a few notable peaks around June. The average observed outflow peaks higher than modeled during the warm
months. This may be due to historical deviations from the water management plan or other factors previously
noted.
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Figure 4-127. Clinton pool elevation statistics for the observed data from first fill Apr 1980 to Dec 2021.
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Figure 4-128. Clinton pool elevation statistics for the 100-year Existing Conditions modeling from 1920 to 2019.
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Figure 4-129. Clinton pool elevation statistics for the 100-year FWOP at 2024 sediment conditions.
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Figure 4-130. Clinton pool elevation statistics for the 100-year FWOP at 2049 sediment conditions.
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Figure 4-131. Clinton pool elevation statistics for the 100-year FWOP at 2074 sediment conditions.
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Figure 4-132. Clinton pool elevation statistics for the 100-year FWOP at 2124 sediment conditions.
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Figure 4-134. Daily median (50th Percentile) Clinton pool elevation for each set of data.
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Figure 4-135. Daily 95th Percentile Clinton pool elevation for each set of data.
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Figure 4-136. Clinton outflow statistics for the observed data from the first fill Dec 1977 to Dec 2021.
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Figure 4-137. Clinton outflow statistics for the 100-year Existing Conditions modeling from 1920 to 2019.
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Figure 4-138. Clinton outflow statistics for the 100-year FWOP at 2024 sediment conditions.
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Figure 4-139. Clinton outflow statistics for the 100-year FWOP at 2049 sediment conditions.
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Figure 4-140. Clinton outflow statistics for the 100-year FWOP at 2074 sediment conditions.
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Figure 4-141. Clinton outflow statistics for the 100-year FWOP at 2124 sediment conditions.
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Figure 4-143. Daily median (50th Percentile) Clinton flow for each set of data.
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Figure 4-144. Daily 95th Percentile Clinton flow for each set of data.

The pool elevation duration is shown in Figure 4-145. It shows that the Clinton pool elevation does not drop as
far into the multi-purpose pool in the later FWOP scenarios. This is probably because of reduced evaporation
from smaller pool areas. Evaporation is a large driver of pool elevation in Clinton. There are also small
increased frequencies of higher pool elevations in the flood control pool.
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Figure 4-145. Clinton pool elevation duration for the four non-navigation FWOP scenarios.

4.1.8 Gage Locations
Statistical analysis was conducted for selected downstream gages. There appears to be small increases in

average flow, but no trend in the 95™ percentile flow. Figure 4-139 to Figure 4-144 show the average and 95™
percentile flows for Enterprise, Topeka, and Desoto.
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Figure 4-146. Smoky Hill River at Enterprise average flow compared for each FWOP scenario.
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Figure 4-147. Smoky Hill River at Enterprise 95" percentile flow compared for each FWOP scenario.
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Figure 4-148. Kansas River at Topeka average flow compared for each FWOP scenario.
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Figure 4-149. Kansas River at Topeka 95" percentile flow compared for each FWOP scenario.
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Figure 4-150. Kansas River at Desoto average flow compared for each FWOP scenario.
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Figure 4-151. Kansas River at Desoto 95" percentile flow compared for each FWOP scenario.

These plots indicate very little impact on the downstream gages from increased sedimentation. There are some
subtle impacts and changes. The water quality targets at the Kansas River at Topeka and Desoto were evaluated
to determine how often the target flows were not met. Of the 36,526 days in the 100-year modeling period a few
days dropped below target as shown in Table 4-1. The ResSim computations will get close to the target, but
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there may be some minor adjustment below target even when there is plenty of water. To differentiate between
small adjustments versus if the system ran out of water, the table also shows how many days the target was
more than 50 cfs below target. Between the various FWOP scenarios, the only clear trend is the increased days
more than 50 cfs below the Topeka target in the 2124 scenarios. The navigation scenarios also show more days
below target than their non-navigation counterparts. Fewer days below minimum target in the 2124 scenario is
counter intuitive. The scripted rule, described in Section 3, that smoothed multi-purpose releases near the lower
portions of the multi-purpose pool appears to also provide smoother flows even though there is less water and
lower pool elevations. The bulk of the days below target are for a day or two as ResSim adjusts reservoir
releases to meet targets; however, the drought of record does show systematic loss of water to meet downstream
water quality targets in the 2124 scenario.

Table 4-1. Days below the water quality minimum flow target at Topeka and Desoto.

Kansas River at Topeka Kansas River at Desoto

Scenario Days below the | Days more the 50 cfs | Days below the Days more the
Minimum Target | below Minimum Minimum Target | 50 cfs below

Target Minimum Target

2024 FWOP Non-Navigation | 672 38 1395 326

2024 FWOP Navigation 739 40 1399 383

2049 FWOP Non-Navigation | 638 33 1382 362

2049 FWOP Navigation 726 33 1465 431

2074 FWOP Non-Navigation | 616 37 1347 354

2074 FWOP Navigation 673 45 1503 479

2124 FWOP Non-Navigation | 531 76 1179 290

2124 FWOP Navigation 533 82 1141 271

5 Conclusion

Of the four FWOP non-navigation scenarios that were analyzed, some clear trends were established. Reservoir
storage decreased with each successive FWOP scenario. Multi-purpose storage loss was largest at Kanopolis,
Tuttle Creek, and Perry. Small losses in the flood control pool area also experienced in all the reservoirs. The
clear trends shown by the data are:

1. As sediment accumulates in the multi-purpose pool, the average pool elevation increases. Some small
increases are also seen in the higher 95 percentile pool elevations, but the trend is not as clear. The
exception to this trend is Milford as pool elevations are lower than due to increased water quality
releases.

2. As sediment accumulates in the multi-purpose pool, the reservoir outflows remain virtually unchanged.
Average releases are slightly increased for some reservoirs. The is no difference in the 95 percentile
outflows for each FWOP scenario.

3. As the Tuttle Creek multi-purpose storage decreases, more of the Topeka and Desoto water quality
releases are shifted to Milford and Perry. This results in lower pool elevations at Milford. There are
some trends that the river flows drop below the water quality targets more often in the future. Milford
and Perry water supply storage is, at times, needed to meet the flow targets.

4. River high flows are very similar across the FWOP scenarios. Average flows are slightly increased.
There is trend for increased flows in the high 95" percentile flows.
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In the four FWOP navigation flow support scenarios, trends are like the non-navigation scenarios. Navigation
flow support leads to lower multi-purpose pool elevations at Milford, Tuttle Creek, and Perry. The water quality
flows also drop below target more often when supporting navigation flows.

Other disciplines will continue to evaluate this model output to assess the impacts of the FWOP scenarios on
flow frequency, flood impacts, recreation, and water quality.

112



WAVERLY ALTERNATIVE ANALYSIS



Kansas River Reservoirs Flood and Sediment Study
HEC-ResSim Waverly Alternative Analysis

Simulation Review and Documentation

ATR Report: October 2023
USACE Kansas City District

Executive Summary

The Kansas River Reservoirs Flood and Sediment Study (KRRFSS) included an analysis of two alternative
reservoir releases for the Missouri River at Waverly, MO control point. The first alternative removed the
Waverly control point for the lower Kansas River reservoirs to benchmark the impact of these reservoirs on the
flow at Waverly, leaving the Kansas City control point to limit flows on the Missouri River. The second
alternative investigated using the receding limb of the Missouri River at Waverly hydrograph as the criteria for
flood control reservoir releases on the Kansas River Reservoirs. These alternatives were compared to the
existing conditions modeling that was conducted for KRRFSS and documented in Appendix B ResSim
documentation.

Both alternatives allowed flood storage to be released faster from the reservoirs and thus reduced the duration
and frequency of high reservoir pool elevations. Flow durations on the Missouri River showed some variations
with reduced flow duration below 90,000 cfs and increased flow duration in the range between 90,000 cfs
300,000 cfs, with some key differences between the two alternatives. Both alternatives provided reduced flow
duration for the most extreme events above 300,000 cfs.

Alternatives were aimed to determine whether further investigation of potential modification of downstream
flow targets are warranted to reduce future flood risk on the Kansas and Missouri Rivers. Further definition of
these and other alternatives, including low-flow scenarios, the consideration of the positive and negative
impacts, and public comment is required before recommending any change to flood operation criteria as part of
a Water Control Manual (WCM) update. Although one or both alternatives may not be carried forward exactly
as modeled in this study, further consideration of similar alternatives is warranted as part of a WCM update.
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1 Introduction

This document provides the methodology used to simulate alternative reservoir regulation flow on the Kansas
River and portions of the Missouri River from January 1920 through December 2019. Reservoir modeling was
conducted using Hydrologic Engineering Center Reservoir System Simulation (HEC-ResSim) version 3.5. The
full model setup is described in Appendix B ResSim documentation.

All analysis is conducted as part of the Kansas River Reservoirs Flood and Sediment Study (KRRFSS). The
existing conditions simulation was used as a baseline for comparison with alternatives to evaluate changes to
reservoir operations. The alternatives were only evaluated for the existing conditions without incorporation of
future reservoir sediment estimates. No alternatives were developed in the future without project scenarios.
These alternatives were designed to test potential benefits of considering alterations to current operations and
are not reflective of any proposed changes to operations at this time. Any proposed changes to water control
manuals would be conducted through a separate process with additional points where public comment could be
incorporated into the alternatives and decisions regarding potential changes.

2 Alternative Description

The four lower Kansas Reservoirs (Milford, Tuttle Creek, Perry, and Clinton) are operated for a series of gages
along the Kansas and Missouri Rivers. These gages are called control points and have an associated flow rate
depending on the phase of the flood control pool that is occupied. The Kansas River Basin reservoirs and the
corresponding control point gages for flood control operations are shown in Figure 2-1.
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Figure 2-1. Schematic of the Kansas River Basin reservoirs and control points, flows in cfs.

During a flood event, the Kansas River control points will typically only rise above the criteria flows for a few
days. During that time reservoir releases are restricted, but once the gage has dropped accumulated storage in
the flood control pools could be released. The Missouri River control points, especially at Waverly, can rise
above criteria for long periods of time and remain above criteria for weeks to months depending on the flood
event. Reservoir releases need to be restricted while the Missouri River at Waverly is above criteria, so it leads
to higher pool elevations and risks at the reservoirs including increased chances of surcharge operations.

As shown in Figure 2-2, significant watershed area is contributing to the Waverly flows. This watershed
includes unregulated areas and other systems of reservoirs including the Missouri River mainstem reservoirs.
When this area gets wet and is in a wet pattern, flows can be out of bank for extended time periods causing risk
to communities in the region. Depending on storm location, reservoirs may have a large or insignificant impact
on reducing flood risk at a given location, such as Waverly. For example, a large storm impacting the Platte
River below Kingsley Dam, as in March 2019, could produce major flows in areas without reservoirs.
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Figure 2-2. Missouri River watershed showing regulated and unregulated areas within the basin.

The Kansas City criteria is higher than the downstream, Waverly, gage. At Kansas City a robust levee system
protects the areas near the river leading to higher criteria flows. The Waverly gage is used to assess impacts for
an approximately 100 mile stretch of river and its nearby communities and interests. This section of the river
begins downstream of the Kansas City levees and extends approximately to the mouth of the Grand River.
Along this section of the river, are several privately owned levees, farms, public wildlife areas, and
communities.

The Kansas River Master Manual outlines the Missouri River criteria flows that were shown in Figure 2-1. The
Phase I level of 90,000 cfs allows gravity drainage of agricultural land behind the levees in the Waverly reach.
Not all drainage structures can drain at this level, but below 90,000 cfs most of the agricultural activities can
proceed without pumping local runoff over the levees. The Phase II level of 130,000 cfs is approximately
channel capacity on the Missouri River in this reach. Above this, there is loading on the toe of the levees and
increased seepage concerns on the levees. The Phase III level of 180,000 cfs is associated with significant
loading of the levees in the area but provides freeboard for additional runoff before there is risk of levee
overtopping. Many levees in the Waverly reach overtop between 250,000 cfs and 300,000 cfs; these flows may
vary depending on how many measures are incorporated into preventing overtopping. Generally, USACE will
consider levee overtopping flows assuming no intervention such as sandbagging occurs.



A water control plan update is required to change the flow levels, but there is interest in investigating a change
to better balance flood risks in the basin. Reasons for a change include the ability to release accumulated flood
storage more quickly at the reservoirs, reduced risks of uncontrolled spillway flows and associated risks to the
communities downstream including those on the Missouri River, reduced impacts to in-lake interests such as
recreational facilities, and a better mechanism to provide low-flow releases to the Kansas River during Missouri
River flooding. The Kansas Watershed Study is beginning the investigation of alternatives to address the above
issues, but further analysis is needed as part of a water control manual update. The following paragraphs details
the alternatives.

2.1 Kansas City Target Only

The first alternative removes the Waverly criteria and sets reservoir releases based all the other control points.
The only Missouri River control point is Kansas City which allows higher flows than the Waverly criteria.

With the importance of flood protection in the Waverly reach of the river, it is unlikely that this is a viable
alternative. Rather, the main intent of this alternative is to assess the effect of the Kansas River operation on the
Missouri River at Waverly. Much of the flood protection is provided by the Missouri River mainstem
reservoirs, but the Kansas River reservoirs can provide situational benefits if a rain event occurs on the Kansas
River or in the Kansas City area, especially in major Kansas River floods such as 1951.

2.2 Waverly Flow Behind the Peak Over 90,000 cfs

The second alternative keeps the Waverly control point and allows flood control releases (from any phase of the
flood pool) after the Missouri River at Waverly has crested. This specific alternative allows releases when
Waverly is below 90,000 cfs; as the gage rises above 90,000 cfs releases are reduced to low flow; after the gage
has dropped to 90% of its peak flows flood control releases can be resumed. After the crest, flood control
releases will be made regardless of the flow at Waverly. All other control point criteria remains unchanged.

Several variations of this alternative could be made by fluctuating the threshold for shutting off releases on the
rising limb of a flood or the percent below the crest on the falling limb for when releases can resume.

3 Methodology

HEC-ResSim version 3.5 was used to simulate reservoir operations and route water through the basin. The
KRRFSS existing conditions (without navigation) alternative was used as a starting point for each alternative.
No impacts of navigation were assessed for these alternatives.

3.1 Kansas City Target Only

The model setup for the “Kansas City Target Only” alternative simply disabled the “WVMO CP” rule for all
zones for each reservoir. No other rules were modified. Figure 3-1 shows the Milford operation set as an
example of how this alternative is setup.
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Figure 3-1. Milford Reservoir operation set for the "Kansas City Target Only" alternative.

3.2 Waverly Flow Behind the Peak Over 90,000 cfs

The model setup for the “Waverly Flow Behind the Peak Over 90,000 cfs” alternative removed the “WVMO
CP” rule and added a new ruled called “WVMO below peak” for all zones for each reservoir. This rule looks at
the last 60 days of Waverly flows and allows a maximum flow of 90% of the peak flow from that time period.
Below 90,000 cfs any release can be made. If a second peak occurs during the 60-day period the model will
ignore it if it is less than the first (greater peak). Having the long lookback period helped to adequately model
extended floods. However, it is recommended to add additional capability that allows ResSim to cut releases if
a second peak occurs if a water control plan update is evaluated. No other rules were modified. Figure 3-2
shows the Milford operation set as an example of how this alternative is setup.
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Figure 3-2. Milford Reservoir operation set for the "Waverly Flow Behind the Peak Over 90,000 cfs" alternative.

4 Model Results

The two alternatives were run using a lookback period of 01Dec1919 to 31Dec1919; the forecast time was 01
Jan 1920 to 02 Jan 2020. Model results were graphically compared to the existing conditions modeling for
comparison.

4.1 Missouri River at Waverly Flow

The period of record flow was analyzed for the Missouri River at Waverly to assess impacts from the
alternatives. Figure 4-1 shows the annual exceedance probability (AEP) plot for the Missouri River at Waverly
flows. Selected AEP and the maximum flow from certain events are shown in Table 4-1.

There are small, important differences between alternatives. The “Kansas City Target Only” alternative is
consistently higher because it is not operating for Waverly; however, between the 10% and 1% AEP it drops
lower than the other alternatives because it provides lower flow for the most extreme events likely by reducing
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the frequency of surcharge events. By not constraining releases to maintain the existing conditions Waverly
flow targets, some surcharge events are avoided or reduced, and the most extreme events are lower.

The “Flow Behind the Peak™ alternative is identical with the existing conditions except for the most extreme
events where it maintains or reduces flow compared to the existing condition. Since this alternative is designed
to not add to peak flows this is a reasonable result. The reduced flow for extreme events shows that water is
more efficiently released from the flood control pools and flood control or surcharge releases can be lower.

Depending on the location of the rainfall and the starting conditions of the reservoirs, the alternative flows may
be the same as the existing conditions. Flood events from 1951 and 1993 had reduced flows in one or both of
the alternatives as shown in Table 4-1. Other flood events like 2007 and 2019 had no change in peak flows or

minimal change.
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Table 4-1. Specific AEP for the Missouri River at Waverly.
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Figure 4-1. The Missouri River at Waverly Annual Exceedance Probability.
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Simulation 50% AEP (cfs) | 10% AEP (cfs) | 1951 Peak Flow (cfs) | 1993 Peak Flow (cfs)
Existing Conditions 151,000 255,000 393,000 590,000
KC Target Only 163,000 260,000 337,000 568,000
Flow Behind the Peak | 151,000 255,000 366,000 586,000




The AEP plots tell a piece of the story, but to assess subtle differences between alternatives the flow duration
plot was developed using daily flows from the model results. Figure 4-2 shows the Waverly flow duration for
the 40% probability and less frequent; lower flows than are shown in this plot are similar between all
alternatives. Figure 4-3 shows the duration for the most extreme flows that occur 1% of the time and less.

Below 90,000 cfs the existing condition has higher flow duration because the phase I flood control releases are
occurring below this level. In the existing condition, Phase I releases are held until Waverly drops to 90,000 cfs
and then flood releases begin holding Waverly closer to 90,000 cfs for a longer time. During the alternatives,
flood control releases are made sooner, and when Waverly drops below 90,000 cfs, there is not as much flood
storage, so the Waverly flow continues to drop faster than in the existing condition.

Between approximately 90,000 cfs and 300,000 cfs, both alternatives have higher flow than existing conditions
since flood control releases are occurring in this range, with much of the difference occurring on the falling
limb of the hydrograph after a larger flow had already occurred. Generally, the “Kansas City Target Only” has
the higher flows between 90,000 to 300,000 cfs compared to the other alternatives. While all or most of this
flow range is considered within the levees, additional risk could be assumed by having higher flows and
warrants further study in a water control manual update.

Between 300,000 and 350,000 cfs, the lines cross again, and the existing condition flows are the highest. This
indicates that either alternative may help to reduce the most extreme flooding that would overtop most levees in
the vicinity of Waverly, and potentially avoid some surcharge events. Further study is needed to understand
impacts and benefits each alternative could have on the river reach around Waverly.
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Figure 4-2. Missouri River at Waverly flow duration.

10



600,000 T
550,000 |
500,000
450,000

400,000

Flow (cfs)

350,000

300,000
250,000
200,000
150,000 I I I I I I I I I
0 01 02 0.3 04 05 06 0.7 0.8 09 1
Percent EXCEEDANCE
|— Base Condition —— Kansas City Target Only Waverly Flow Behind the Peak

Figure 4-3. Missouri River at Waverly flow duration for the most extreme events that occur less than 1% of the time.

4.2 Kansas River at Desoto Flow

The period of record flow was analyzed for the Kansas River at Desoto to assess impacts from the alternatives.
The regulating rules for Desoto were not changed, but there are incidental changes from the alternative Waverly
rules. Figure 4-4 shows the annual exceedance probability (AEP) plot for the Kansas River at Desoto flows.
Selected AEP and the maximum flow for certain events are shown in Table 4-2Table 4-1. Both alternatives
show sizable reduction in the peak flows.

There are small, important differences between alternatives. The “Kansas City Target Only” alternative is
consistently higher in the middle flow range; however, between the 10% and 1% AEP it drops lower than the
other alternatives because it provides lower flow for the most extreme events likely by reducing the frequency
of surcharge events. By not constraining releases to maintain the existing conditions Waverly flow targets, some
surcharge events are avoided or reduced, and the most extreme events are lower which provides a benefit to
Desoto.

The “Flow Behind the Peak™ alternative is very similar to existing conditions except for the most extreme
events where it maintains or reduces flow compared to the existing condition. Since this alternative is designed
to not add to peak flows this is a reasonable result. The reduced flow for extreme events shows that water is
more efficiently reduced from the flood control pools and flood control or surcharge releases can be lower.

For specific events, 1951 is the highest for all three scenarios, and 1993 is the second highest. For the 2019

event, it is the third highest in the existing condition, but the alternative flows are lower and did not rise to third
highest.
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Figure 4-4. The Kansas River at Desoto Annual Exceedance Probability.

Table 4-2. Specific AEP for the Kansas River at Desoto.

Simulation 50% AEP (cfs) 10% AEP (cfs) | 1951 Peak Flow (cfs) | 1993 Peak Flow (cfs)
Existing Conditions 45,900 88,000 371,000 159,000
KC Target Only 50,300 88,200 319,000 141,000
Flow Behind the Peak | 46,500 87,000 351,000 150,000

The Desoto flow duration plots show a similar result as Waverly because Phase I flood control releases are
being constrained longer with the current Waverly operating criteria. Flow duration plots were developed using
daily flows from the model results. Figure 4-5 shows the Desoto flow duration for the 40% probability and less
frequent; flows lower than are shown in this plot were similar between all alternatives. Figure 4-6 shows the
duration for the most extreme flows that occur 1% of the time and less.

Below 20,000 cfs the existing condition has higher flow duration. Between approximately 20,000 cfs and
45,000 cfs, both alternatives have higher flow than existing conditions as a function of how the reservoir flood
control releases are being made in the alternatives. Generally, the “Kansas City Target Only” has the higher
flows. However, just below 100,000 cfs, the lines cross again, and the existing condition flows are the highest.
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This indicates that either alternative may help to reduce the most extreme flooding and potentially avoid some
surcharge events. Channel capacity on the Kansas River at Desoto generally exceeds 100,000 cfs.

100,0007
80,000+

60,000

Flow (cfs)

40,000

20,0007

0 | | | |
0 10 20 30 40

Percent EXCEEDANCE
Kansas City Target Only Waverly Flow Behind the Peak

—— Base Condition

Figure 4-5. Kansas River at Desoto flow duration.
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Figure 4-6. Kansas River at Desoto flow duration for the most extreme events that occur less than 1% of the time.
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4.3 Milford Reservoir Pool Elevation

The period of record pool elevation was analyzed for Milford Reservoir to assess impacts from the alternatives.
Figure 4-4 shows the annual exceedance probability (AEP) plot for the Milford Reservoir Pool elevation. The
thresholds for top of Phase I and II change throughout the year; Error! Reference source not found. show the
lowest elevation for these thresholds which is during May and June each year. The May and June thresholds are
shown because many of the annual peaks occur during this time. Selected AEP and the maximum pool elevation
for the two largest events are shown in Table 4-3Table 4-1.

Both alternatives show sizable reduction in flood control pool elevation frequencies. There are smaller
reductions in pool elevation for the extreme surcharge events. The “Kansas City Target Only” alternative
provides the greatest reduction in pool elevation frequency.
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Figure 4-7. Milford Reservoir Pool Elevation Annual Exceedance Probability.

Table 4-3. Specific AEP for the Milford Reservoir Pool Elevations

Simulation 50% AEP (feet) | 10% AEP (feet) | 1951 Peak Pool (feet) | 1993 Peak Pool (feet)
Existing Conditions 1149.7 1162.3 1182.1 1180.9
KC Target Only 1145.6 1155.1 1180.0 1179.9
Flow Behind the Peak | 1147.6 1158.7 1181.7 1180.5
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The Milford Reservoir pool elevation duration plots show similar results as the AEP plot. Pool elevation
duration plots were developed using daily flows from the model results. Figure 4-8 shows the Milford Reservoir
pool elevation duration for the 30% probability and less frequent; flows lower than are shown in this plot were
similar between all alternatives. Figure 4-9 shows the duration for the most extreme pool elevations that occur
3% of the time and less.

The existing condition simulation consistently produces the highest pool elevations. The “Flow Behind the
Peak” alternative is in the middle with significantly reduced pool elevations compared to the existing
conditions. The “Kansas City Target Only” alternative consistently results in the lowest pool elevations. These
alternatives could also lead to reduced risk of surcharge releases and lower flows when in surcharge as shown in
Figure 4-9. Additionally, with lower pools, phased releases would also be reduced from Milford Dam, allowing
evacuation of flood waters with potentially lower flows from the outlet works in many floods. Further analysis
is needed to understand the risk upstream and downstream of each project.
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Figure 4-8. Milford Reservoir pool elevation duration.
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Figure 4-9. Milford Reservoir pool elevation duration for the most extreme events that occur less than 3% of the time.

4.4  Tuttle Creek Reservoir Pool Elevation

The period of record pool elevation was analyzed for Tuttle Creek Reservoir to assess impacts from the
alternatives. Figure 4-10 shows the annual exceedance probability (AEP) plot for the Tuttle Creek Reservoir
Pool elevation. The thresholds for top of Phase I and II change throughout the year; Figure 4-10 shows the
lowest elevation for these thresholds which is during May and June each year. The May and June thresholds are
shown because many of the annual peaks occur during this time. Selected AEP and the maximum pool elevation
for the two largest events are shown in Table 4-4Table 4-1.

Both alternatives show sizable reduction in flood control pool elevation frequencies. There are smaller
reductions in pool elevation for the extreme surcharge events. The “Kansas City Target Only” alternative
provides the greatest reduction in pool elevation frequency. Once the project enters surcharge pool above
elevation 1136 feet, the analysis shows that the alternatives begin to converge, indicating diminishing
downstream flow reductions for large floods entering the surcharge pool of the project.
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Figure 4-10. Tuttle Creek Reservoir Pool Elevation Annual Exceedance Probability.
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Table 4-4. Specific AEP for the Tuttle Creek Reservoir Pool Elevations

Simulation 50% AEP (feet) | 10% AEP (feet) | 1951 Peak Pool (feet) | 1993 Peak Pool (feet)
Existing Conditions 1090.5 1115.8 1138.1 1137.7
KC Target Only 1081.5 1100.8 1136.7 1137.6
Flow Behind the Peak | 1087.4 1106.9 1137.6 1137.3

The Tuttle Creek Reservoir pool elevation duration plots show similar results as the AEP plot. Pool elevation
duration plots were developed using daily flows from the model results. Figure 4-11 shows the Tuttle Creek
Reservoir pool elevation duration for the 30% probability and less frequent; flows lower than are shown in this
plot were similar between all alternatives. Figure 4-12 shows the duration for the most extreme pool elevations
that occur 3% of the time and less.

The existing condition simulation consistently produces the highest pool elevations. The “Flow Behind the
Peak” alternative is in the middle with significantly reduced pool elevations compared to the existing
conditions. The “Kansas City Target Only” alternative consistently results in the lowest pool elevations. These
alternatives could also lead to reduced risk of surcharge releases and lower flows when in surcharge as shown in
Figure 4-12Figure 4-9. Additionally, with lower pools, phased releases would also be reduced from Tuttle
Creek Dam, allowing evacuation of flood waters with potentially lower flows from the outlet works in many
floods. Further analysis is needed to understand the risk upstream and downstream of each project.

17




1,140

Top of Flood Pool - 1136 feet

1,130

1,120

1,110
=)
3
w 1,1004
1,090
1,080
1,070 T T T T I
0 5 10 15 20 25
Percent EXCEEDANCE
—— Base Condition —— Kansas City Target Only Waverly Flow Behind the Peak

Figure 4-11. Tuttle Creek Reservoir pool elevation duration.
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Figure 4-12. Tuttle Creek Reservoir pool elevation duration for the most extreme events that occur less than 3% of the time.
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4.5 Perry Reservoir Pool Elevation

The period of record pool elevation was analyzed for Perry Reservoir to assess impacts from the alternatives.
Figure 4-13 shows the annual exceedance probability (AEP) plot for the Perry Reservoir Pool elevation. Unlike
Milford and Tuttle Creek, the Phase I and II thresholds do not vairy by season at Perry. The static Phase lines
are shown in Figure 4-13. Selected AEP and the maximum pool elevation for the two largest events are shown
in Table 4-5Table 4-1.

Both alternatives show sizable reduction in flood control pool elevation frequencies. There are smaller
reductions in pool elevation for the extreme surcharge events. The “Kansas City Target Only” alternative
provides the greatest reduction in pool elevation frequency. The largest event, 1951, has a modest reduction of
around one foot or less depending on the alternative. However, the second largest event, 2019, has a peak pool
elevation reduction of between 10 and 13 feet depending on the alternative. The third largest event, 1984, is
similar with an over 16-foot reduction in the Kansas City Target Only alternative and over 7 feet for the flow
behind the peak alternative. These indicate a larger variability in the Perry pool elevation by event than at the
other lakes.
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Figure 4-13. Perry Reservoir Pool Elevation Annual Exceedance Probability.
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Table 4-5. Specific AEP for the Perry Reservoir Pool Elevations

Simulation 50% AEP (feet) | 10% AEP (feet) | 1951 Peak Pool (feet) | 2019 Peak Pool (feet)
Existing Conditions 898.4 910.8 921.9 921.4
KC Target Only 894.3 904.6 920.8 907.7
Flow Behind the Peak | 897.4 907.5 921.6 911.2

The Perry Reservoir pool elevation duration plots show similar results as the AEP plot.

Pool elevation duration

plots were developed using daily flows from the model results. Figure 4-14 shows the Perry Reservoir pool
elevation duration for the 25% probability and less frequent; flows lower than are shown in this plot were
similar between all alternatives. Figure 4-15 shows the duration for the most extreme pool elevations that occur

3% of the time and less.

The existing condition simulation consistently produces the highest pool elevations. The “Flow Behind the
Peak™ alternative is in the middle with significantly reduced pool elevations compared to the existing
conditions. The “Kansas City Target Only” alternative consistently results in the lowest pool elevations.
Additionally, with lower pools, phased releases would also be reduced from Perry Dam, allowing evacuation of
flood waters with potentially lower flows from the outlet works in many floods. Further analysis is needed to

understand the risk upstream and downstream of each project.
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Figure 4-14. Perry Reservoir pool elevation duration.
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Figure 4-15. Perry Reservoir pool elevation duration for the most extreme events that occur less than 3% of the time.

4.6 Clinton Reservoir Pool Elevation

A detailed analysis was not conducted for Clinton Reservoir since it has never been in the surcharge pool. The
alternatives would provide similar trends for getting water out of the flood control pool as was seen at Milford,
Tuttle Creek, and Perry.

4.7 Event Specific Plots

Several plots were prepared to demonstrate the alternative reservoir operation strategies for specific large flood
events as shown in the flowing paragraphs. These events are shown for both the Kansas River at Desoto and the
Missouri River at Waverly.

4.7.1 July 1951

Figure 4-16 and Figure 4-17 show the Desoto and Waverly flows, respectively. This large flood event was
primarily from heavy rain over the Kansas River which in-turn resulted in flooding on the Missouri River at
Kansas City and downstream as the flood hydrograph routed downstream. Although this was before most of the
reservoirs in the basin were constructed, simulations show that some of the reservoirs would have reached their
surcharge pools. As demonstrated in the plots, both alternatives show marked reductions in the peak flows at
these gages. Desoto and Waverly percent reductions are shown in Table 4-6.
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Figure 4-16. Kansas River at Desoto July 1951 flows.
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Figure 4-17. Missouri River at Waverly July 1951 flows.
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Table 4-6. Desoto and Waverly peak flows and percent reduction for the 1951 flood event.

Desoto Waverly
Peak Flow (cfs) | % Reduction Peak Flow (cfs) | % Reduction
Existing Conditions 371,000 393,000
Kansas City Target Only 319,000 -14.1% 337,000 -14.3%
Waverly flow behind the peak 351,000 -5.4% 366,000 -6.9%

4.7.2 July 1993

Figure 4-18 and Figure 4-19 show the Desoto and Waverly flows, respectively. This large flood event was from
heavy rain over the lower Missouri River basin including some locations on the Kansas River. Milford and
Tuttle Creek both had significant surcharge events. As demonstrated in the plots, both alternatives had some
small reductions in the peak flows at these gages. After the peak, the reservoir release alternatives vary in how
the flood control releases are made. Desoto and Waverly percent reductions are shown in Table 4-7.
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Figure 4-18. Kansas River at Desoto July 1993 flows.
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Figure 4-19. Missouri River at Waverly July 1993 flows.

Table 4-7. Desoto and Waverly peak flows and percent reduction for the 1993 flood event.

Desoto Waverly
Peak Flow (cfs) | % Reduction Peak Flow (cfs) | % Reduction
Existing Conditions 159,000 590,000
Kansas City Target Only 141,000 -11.3% 568,000 -3.7%
Waverly flow behind the peak | 351,000 -5.6% 585,000 -0.8%

4.7.3 June 2019

Figure 4-20 and Figure 4-21 show the Desoto and Waverly flows, respectively. Table 4-8 shows the peak flows
and percent reduction for each alternative. This large flood event was from heavy rain and snowmelt in the
upper and middle Missouri River basin. Rain in the Kansas River basin was heavy at times, but generally not
the main driver of flooding on the Missouri River. Tuttle Creek and Perry both made small surcharge releases.
As demonstrated in the plots, the alternatives lead to large flow reductions of over 35% on the Kansas River
because surcharge releases are avoided. On the Missouri River the “Kansas City Target Only” alternative lead
to 3.7% higher flows on the Missouri River which is an indication that it is not an ideal final alternative. The
“Flow Behind the Peak” alternative was consistently lower than the other two scenarios on the Missouri River.
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Figure 4-20. Kansas River at Desoto June 2019 flows.
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Figure 4-21. Missouri River at Waverly June 2019 flows.



Table 4-8. Desoto and Waverly peak flows and percent reduction for the 2019 flood event.

Desoto Waverly
Peak Flow (cfs) | % Reduction Peak Flow (cfs) | % Reduction
Existing Conditions 126,000 324,000
Kansas City Target Only 82,000 -35.1% 336,000 3.7%
Waverly flow behind the peak | 82,000 -35.4% 313,000 -3.5%

5 Conclusions

Two alternatives were developed and compared to the existing condition (non-navigation) modeling. Both
alternatives demonstrated lower pool elevations and the potential to reduce extreme events on both the Kansas
and Missouri Rivers such as 1951 and 1993. The flow behind the peak alternative showed no change in mid-
range peak flows on the Kansas and Missouri River; whereas, the Kansas City Target Only alternative showed
small increases in peak flows. Both alternatives showed increased flow duration for flow ranges that are still
within the river channel or levee systems, but further detailed analysis is needed to understand potential positive
or negative impacts to under seepage and levee performance.

Assessing several variations to these alternatives will help to refine the best alternative. Factors such as the peak
threshold for shutting down releases and timing of the resumption of releases need to be studied. Other
alternatives could explore adjusting the flow targets for the Missouri River at Kansas City or Waverly while still
operating in the traditional method of Phase I, II, and III target flows. The ideal alternative will provide reduced
frequency of pool elevation and reduced risk or no increase to risk below the dam. Reservoir surcharge events
pose a risk at the dam and to the downstream communities. Alternatives that reduce the risk of surcharge may
be able to provide benefits to all interests related to the Kansas River reservoirs.
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