Neuse River Basin Flood Risk Management
Integrated Feasibility Study and
Environmental Assessment

Appendix A. Hydrology and Hydraulics

US Army Corps
of Engineers April 2022




Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

Page Intentionally Left Blank




Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

TABLE OF CONTENTS

LIST OF FIGURES. ... ettt e e e e e e e e e e e e e e e eanaeees Vi
LIST OF TABLES ... oo e e e et e e e e eaa s Xiv
R 0] 1o Yo [ o £ o o I PP URRPPRPPPR 18
IO R V=T (o= L D = 111 o 18

VN = 7= T £ IO AV =T V= 19
/22 O o o 110 o 19
2.2 Flood Risk Management INfrastruCture ..............oouviiiiii i 20
2.3 Stream CRaraCteriStCS .. ...uu e eeeeeeiiiie et e e e e e e e e e e e e eaeeennnas 22
2 - g (o [ 0 Y 24
2 T O [ 0= (P 27
2.6 TOPOGIAPINY ...ttt 27
A € T=To [0 T |V P 28
2.8 PrEVIOUS STUGIES ....uuuuuuiiiiiiiiiiiiiiiiiittiaitaaeeasasnasaaasssaasessssssasssssssssssssssssssnssnsnnnsnnes 28
2.8.1 FEMA Flood Insurance StUdIES .........ccooeeeeeieeiiieeeeeeeeeeeeeee e, 28
2.8.2  USACE STUIES ....uiiiiiiiiieie ettt e e e e e e e e e e e e e e s nnnnanees 28
2.8.3  StAte STUAIES ..o 29

2.9  EXIStING FIOOA RISK.......uuiiiiiiiiiiiiiiiiiiiiiiii e 29
2.9.1  Raleigh, NC ... 30
2.9.2  Smithfield, NC.......coo o 34

P2 TRC T € 7o ] [0 £ oo (o TR 1 [ 38
2.9.4  KINSON, NC ..o 41
2.95  RUIAIATCAS. ..o 45
2.9.6  NeW Bern, NC..... .t 45
2.9.7 Inundated ROAAS .......ccooeiiiiieeeeeee 45

TN D - - W O 0| 1= oX 1 o] o U 50
3.1 HydrolOgiC Datal.......coooeieeieeeeeeeeee e 50
3.1.1 Streamflow and Stage Data.............cooeeeeiiiiiieiee 50
0t A = - V] ] = || = - WU 52
3.2 TOPOGraphiC Dat@.......ccccuuiiieiiiiiiie et e e e e e e e eees 52
TR B 1 (U ox (1= L D - | = PSP 53
A HISTOMC EVENES. ..o e e e 54




Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

o R O 1= VT PR 54
4.2 HUrricane MattReW ..........coooiiiiiiii e 55
4.3 HUITICANE FIOTENCE.....uuiii e 56
S = (] 1] o TR O o o 110 1SS 60
o0t R 1Yo | 0] To | 60
5.1.1 Hydrology Model Background..............ccoovriiiiiiiiiiie e 62
5.1.2  MOUEI OVEIVIEW ... 62
5.1.3 Calibration And Validation ............ccooeiiiiiiiiiiiiiiiee e 89
5.1.4 Calibration/Validation Results And DiSCUSSION ...........ccuuuuiiiiieeerieeeriinnnnnn 123
5.1.5 Design Rainfall ... 131
5.1.6  Frequency Simulation RESUIS ..., 135
A o 1Yo | = LU |0 PR 143
5.2.1 Hydraulic Model Background..............ccooviiiiiiiiiiie e 143
5.2.2  MOAEI OVEIVIEW ... 144
5.2.3  Flow Change LOCAtiIONS ..........cuuuiiiiiiie e 149
I S O o] = U1 o o PSR 149
ST S V- 1o = 14 o] o PP 153
5.2.6 Frequency Simulation RESUIS ..., 154

6 Future Without Project CONItIONS ...........uuuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeees 155
6.1  DEVEIOPMENT ... .eueiii it e e e e e e e aaaaa 155
6.1.1  BaCKQrOUNd ......cooomiiiiiiiie e 155
6.1.2 Integrated Climate and Land-Use Scenarios...........cccccccceeeeeeeeeeeeeeninnnnnnn. 155
6.2 Frequency Simulation RESUIS...............uuiiiiiii e 165
6.2.1  HYArOIOQY ...t 165
6.2.2  HydrauliCS........ooooiiiiii 166

7  Flood Risk Management MEASUIES ..........uuuuuuuruuriiiiiiiiiiiiiiiiiiieieineaeaneeeeeeeeeeeaeeeaaee 167
7.1 Measure DEeVEIOPMENT .......uu ittt naenae 167
7.1.1 Engineering Regulation 1165-2-21 SCreening ..........cccceeeeeeeeeeeieeeeeeeeeeeenn, 168
7.2  Preliminary Screened MEASUIES ..........uuviiiiiiiiiieeiiii e 169
7.2.1  New Detention SIIUCLUIES .........uuuuiiiieeeeeeeeeiie et 170
7.2.2 Existing Critical Detention Structure Removal ..............ccccviiiiiiiiiiiienennnnn. 172
7.2.3 Bridge Span Maodification along Neuse River Mainstem.......................... 173

A-iv



Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

7.2.4 Neuse River Channel Modification near Kinston, NC ............ccooeevvvivnnnn. 174
7.2.5 New Levee at Seven Springs, NC ......coooiiiiiiiiiiiieceeee e 174
7.2.6 Floodwall near New Bern, NC ... e 175
7.2.7 Trent River Channel Modification in Jones County, NC..............ccccovvvennn. 176
7.2.8 Dispersed Water Management...........ccoovvvuiiiiiiieeeeeeeeeeiee e e e e e 176
7.2.9 Johnston County Wastewater Treatment Plant Levee..............cccccevvvnnnn. 177
7.2.10 Cherry Research Farm Levee Repair.........ccccceeeiiieeeiiieeeiiiicie e eeeeeeeenns 177
7.2.11 Improvements To Rose Lane Bridge Over Walnut Creek .................... 178
7.2.12 Green Infrastructure And Floodplain Restoration ...............cccccvvvveiennenee 178
7.2.13 Neuse River Channel Modification near Smithfield, NC ....................... 178
7.3 EValuated MEASUIES .....ccovviiiiiiie e ettt e e e e e e e e e ee it e e e e e eeeeeeenes 179
7.3.1 Neuse River Channel Modification in Kinston, NC...............ccccoeeeeieieee. 179
7.3.2 Hominy Swamp Creek Channel Modification in Wilson, NC..................... 182
7.3.3 Crabtree Creek Channel Modification in Raleigh, NC................cccovvnnnnn. 191
7.3.4 New Levees along Neuse River MainStem .............coovvvviiiiiieeeeeeeeeiiiinnn, 194
7.3.5 New Levee along Neuse River in Smithfield, NC............ccccooeeeeiiiiiiiinnnnnn. 195
7.3.6  New Levee Along Neuse River in Goldsboro, NC .........ccccoeeevevviiiiiiinnnnnn. 196
7.3.7 New Levee along Crabtree Creek in Raleigh, NC ...............cccooeeiii. 202
7.3.8 New Levee along Hominy Swamp Creek in Wilson, NC.......................... 203
7.3.9 Crabtree Creek Bridge Modification in Raleigh, NC..................ccoeevvvnnnnnn. 204
7.3.10 Hominy Swamp Creek Bridge Modification in Wilson, NC.................... 207
7.3.11 Hominy Swamp Creek Overbank Detention in Wilson, NC .................. 212
7.3.12 Crabtree Creek Overbank Detention in Raleigh, NC............................ 213
7.3.13 Modification of Existing Detention Structures .............ccccvvvveeeeeeeeeeeennn, 214
7.3.14 Clearing and Snagging along Crabtree Creek In Raleigh, NC ............. 220
8 Preliminary Structural ARREIMALIVES..........uuuiiiiiiiiiiiiiiii e 222
8.1.1  ARErNAtiVE HS-SL.....oeiiiiiiiiieeeie e 222
8.1.2  AREINALIVE HS-S2 .....oeiiii i 222
8.1.3  AIterNative CTC-S3... . i 223
8.1.4  AREINALIVE CTC-SA ... . i 224
8.1.5  Alernative CTC-S5.... i 225
8.1.6  AErNALIVE MS-Sl. ..o 226




Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

9 Refined Structural AREINALIVES ........coeveiiiiiiiee e 227
10  Flood Risk Management UNCEIAINLY ...........oovvviiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeee 228
(O A = 7 T3 (o [ {011 | T PSRRI 228
10.2  Frequency and Stage-Discharge Uncertainty ...........c.cccceeevvvvviiiiiieeeeceeeennns 228
11  Climate Change ASSESSIMENT ......ciiiieiiiiieiiiiiii e e e e e e e e e e e e e e e e eeeaane 230
11.1  Introduction and Background ................eeeieieeiiiiiiiiiii e e e e 230
11.2  Neuse River Basin DeSCrPLON ...........uuuiiiiieeiiiiieiiiie e e e e e e e e eeeanns 230
11.3  Neuse RIVEr Gage Dat@l...........uuuuurruiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieseeeeeeneeenaenees 231
11.4  Observed Trends in Current Climate and Climate Change...............c.c....... 231
114.1 Literature Review of Observed Climate Changes...........ccccuvvvvvvnnennnnnee 231
11.4.2 Climate Hydrology Assessment TOOI.............uuuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiees 239
11.4.3 Nonstationarity Detection TOO! .........ccooeeeiiiiiiiiiiii e, 252
11.5 Projected Trends in Future Climate And Climate Change ..................cc...... 268
115.1 Literature Review of Project Climate Changes..........cccccccvcieiiiiieeeeennnns 268
11.5.2 Climate Hydrology Assessment TOOL.............ceeeiiieeeiiiiiiiiiiie e, 276
11.5.3  Vulnerability ASSESSMENT .....ccooiiiiieeeeeee e 278
11.5.4  Sea Level Change ASSESSIMENT .....ccoeeeieeieeeeeeeeee e 282
11.6  Summary ANd CONCIUSIONS.........uuuuiiiiiiiiiiiiiiiiiiiiiieiii e 285
116.1 Observed Summary and CoNCIUSIONS .........cooovieiiiiiiieeeee e 285
11.6.2 Projected Trends Summary and ConcCIUSIONS ..........cccoovvviviiiiieeeeeeennnnn, 286

12 RETEIENCES ... e e et e e eeaae 287

LIST OF FIGURES

Figure 1. Neuse River Basin StUdY Ar€a.............uuuiiiiiieiiiiiiiicii e eeeaans 19
Figure 2. Falls Lake Reservoir Pertinent Data...............cccoevvviiiiiiiiiieeeeeeeeieee e 21
Figure 3. National Inventory of DamiS........ccoooiiiiiiiiiiiii e 22
Figure 4. Dendritic Flow paths in the Neuse River Basin ..........cccccccvvvvviiiiiiiiiiiiiiiennnnn. 24
Figure 5. NLCD (2019) for Neuse RIVEr BaSIN .........cccuvviiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeee 26
Figure 6. FEMA Effective Flood Zone — Crabtree Creek, Raleigh, NC...........ccccccceeeeen. 31
Figure 7. Floods of record of the Crabtree Creek near US-1 in Raleigh, NC................. 32
Figure 8. FEMA Effective Flood Zone — Smithfield, NC...........ccccoooiieiiiiiiiiiii e 35
Figure 9. Floods of Record of the Neuse River near Smithfield, NC ...........cccccccvvvnnenn. 36
Figure 10. FEMA Effective Flood Zones — Goldsboro, NC........ccccooeevviviiiiiiiiiieeeeeeeeeens 38

A-vi


file:///C:/Users/K7TSCWAB/Documents/Neuse/Report/NRB_HH_appendix.docx%23_Toc97125999

Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

Figure 11. Floods of Record of the Neuse River near Goldsboro, NC................cceeeeeee 39
Figure 12. FEMA Effective Flood Zones — Kinston, NC...........ccccoeiviiiiiiicciin e, 42
Figure 13. Floods of Record of the Neuse River near Kinston, NC ...........ccccooeeeeeiieennns 43
Figure 14. National Weather Service — Hurricane Matthew Precipitation...................... 55
Figure 15. National Weather Service - Hurricane Florence Observed Precipitation...... 57
Figure 16. Hydrograph response to Hurricane Florence, presented in NCDOT, 2020
=7 T ] o PP 58
Figure 17. Select Neuse River Basin TribULArES...........ccovviviiveiiiiiie e e e e 61
Figure 18. Neuse River Mainstem HEC-HMS Subbasins...........cccccceevvvvviviiiiiiieeeeeeeeenns 64
Figure 19. Crabtree Creek Subbasin Delineation (AECOM) .........ccoevvivveiiiiiiiieeeeeeeeennnns 66
Figure 20. Hominy Swamp Creek Subbasin Delineation...............ccccevvvvviviiiiieeeeeeeeenns 68
Figure 21. Big Ditch Subbasin Delineation ..............ccccooooiiiiiiiiiiii e 69
Figure 22. Adkins Branch Subbasin Delineation ..............cooouuviiiiiiieeeieeeeiicee e 70
Figure 23. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at
Eno River at Hillsborough, NC Gage......ccccceeiviiiiiiiiiie e e 90
Figure 24. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at
Eno River at Hillsborough, NC Gage............cooiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeee 90
Figure 25. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Eno River at
HIllSDOrough, NC Gage ........ccoiiiiiiiiiiiiiiiiiiieeieeeeeeeeeeeeeeeee et 91
Figure 26. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at
Eno River near DUrham, NC gagE .......covviiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeee ettt 91
Figure 27. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at
Eno River near DUrham, NC gagE .......covviiiiiiiiiiiiiiiiiiiieeeeeeeeeeeee ettt 92
Figure 28. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Eno River
NEar DUINAIM, NC QAGE .....uuuuuiiiiiiiiiiiiiiiiiiiibbie bbb bbeabanbsnbennanes 92
Figure 29. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at
Little River near Orange Factory, NC .........coooiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeee e 93
Figure 30. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at
Little River near Orange Factory, NC .........ccooiiiiiiiiii e eeeanns 93
Figure 31. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Little River
near Orange FacCtory, NC .. ... i e e e eaa s 94
Figure 32. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at
Flat River at Bahama, NC Gage...........coiiiiiiiiiiiieiie et eeeeeeaens 94
Figure 33. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at
Flat River at Bahama, NC Gage...........ciiiiiiiiiiieieii et e e e e eeeanes 95
Figure 34. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Flat River at
Bahama, NC GaAge......cuuuiiiiiiiiii e e et e e e e e e e e e e e aa s 95
Figure 35. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at
Flat River at Dam nr Bahama, NC Gage .........couuuuuiiiiiiieeiieiiiiiiis e e e e e e e eeeiinnn e e e e e eeeeanes 96
Figure 36. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at
Flat River at Dam nr Bahama, NC Gage ........cccuuuuuiiiiiiieeeiiieiiiiie e e e e eeeeeaainn e e e e e e eeeanes 96
Figure 37. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Flat River at
Dam nr Bahama, NC GagE .......ccoiiiiiiiiiiie et e e e e et e e e e e e e e eeaaann e e e e e e eeeeanes 97




Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

Figure 38. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at

Crabtree Creek at US-1 GaAgE........uuuuuuuuiiuiiiiiiiiiiiiiiiiiiiiiieiiiiiebeiebeeeseessee e eeanenennennenne 97
Figure 39. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at
Crabtree Creek at US-1 GaAgE........uuuuuuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiebbiebbeeseesbasaeeeeeeeeneaneenenneane 98
Figure 40. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Crabtree
(@11 - LR U IS T R T Vo TP 98
Figure 41. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at
Walnut Creek at SUNNYDIrOOK DI GAgE .......ccceeiieieiiiiii e e eee et e e e e e e e e eeanes 99
Figure 42. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at
Walnut Creek at SUNNYDrOOK DI GAgE .......cccevviiiiiiiiii e eee e e e e e e e e eeeeees 99
Figure 43. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Walnut
Creek at SUNNYDIOOK DI GAJE ......cuvvuiiiiieeieieeee et e e e e et e e e e e eaeanes 100
Figure 44. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at
Neuse River near Clayton, NC GAge .........ccovviiiiuiiiiiiieeeeeeeeeiiie e e e e e eeeeae e eeeeeeenans 100
Figure 45. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at
Neuse River near Clayton, NC GAge .........ccovviiiiiiiiiiiieeeeeeeeeiiis e e e e e e e e e e e eeeanns 101
Figure 46. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at
Neuse River near Clayton, NC Gage .........ccouvviiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee ettt 101
Figure 47. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Neuse River
QLT 1= 1Y (o) o T AN O €= o = TR 102
Figure 48. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at
Swift Creek near McCullars Crossroads, NC Gage............uuuuurrmmmmmmmmmmmiiniiiiiiiiiiiininnnnns 102
Figure 49. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at
Swift Creek near McCullars Crossroads, NC Gage............uuuuuurummmmmmmmimiiniiiiiiiiiiiininnnnns 103
Figure 50. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at Swift
Creek near McCullars Crossroads, NC Gage .............uuuueeeiiimiiiiiiiiiiiiiiiiiiiieninnenninennnnns 103
Figure 51. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Swift Creek
near McCullars Crossroads, NC Gage.........oovvvuuiiiiiiieeeeeeeeiiie e e e e e eeaanns 104
Figure 52. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at
Middle Creek near Clayton, NC Gage........cccovrviriiiiiiiieeeeeeeeeiie e ee e e e e eeeanns 104
Figure 53. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at
Middle Creek near Clayton, NC Gage.........ccovvviruuiiiiii e eeeeeeeiie e eeeeeevie s e e e e eenanns 105
Figure 54. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at
Middle Creek near Clayton, NC Gage........cccovvviruuiiiiii e eeeeeeeiie e eeeeeenanns 105
Figure 55. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Middle
Creek near Clayton, NC Gage .......viiiiiiiiii e e e 106
Figure 56. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration Little
River near PrinCeton, NC Gage........uuuuiiiie e eiieieiiiiiii e e e e e e eeeeeias e e e e e e e e eeesannn e e e eeeeeeennes 106
Figure 57. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration Little
River near PrinCeton, NC Gage........uuuuiiiie e eiieieiiiiiii e e e e e e eeeeeias e e e e e e e e eeesannn e e e eeeeeeennes 107
Figure 58. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration Little
River near PrinCeton, NC Gage........uuuuiiiieeeiieieiiiiis e e e e e e e eeeeis s e e e e e e e eeeaeann s e e eeeeeeeenes 107

A-viii



Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

Figure 59. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Little River
Near PrinCetoN, NC GaAge .......ooiiiiiiiiiiiiii ettt e e e e e e eetraaa s e e e e e e eeeeene 108
Figure 60. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at
Neuse River near Goldsboro, NC Gage.........oouuuiuiiiiiiii i 108
Figure 61. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at
Neuse River near Goldsboro, NC Gage........ccouuuuiiiiiiii i 109
Figure 62. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at
Neuse River near Goldsboro, NC Gage.........cccuuuviiiiiiieiiieeeiie e 109
Figure 63. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Neuse River
near Goldsboro, NC GagE.......cooveiuiiiiiiii et e e e e e e e et e e e e e eeeeaanes 110
Figure 64. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at
Neuse River at KinSton, NC Gage........ciiiiee i e e eeeeeeees e e e e e e e et e e e e e e eeaanes 110
Figure 65. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at
Neuse River at KinSton, NC GagE........ciiiieeiiieieiiiiiii e eee et e e e et e e e e e e eeeanns 111
Figure 66. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at
Neuse River at KinSton, NC GagE........ciiiieeeiiiieiiiiii e e et e e e et e e e e e e eeeaens 111
Figure 67. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Neuse River
oL ST 151 (0 ] R N[O 7 T T 112
Figure 68. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at
Nahunta Swamp near ShiNe, NC Gage........ccuuviiiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeee e 112
Figure 69. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at
Nahunta Swamp near ShiNe, NC Gage........cccuiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeee e 113
Figure 70. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at
Nahunta Swamp near ShiNe, NC Gage........cccuviiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeee e 113
Figure 71. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Nahunta
Swamp Near SNINE, NC GaAJE ... .uuuuuuuuiiiiiiiiiiiiiiieiitii bbb aeananaanes 114
Figure 72. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at
Contentnea Creek at Hookerton, NC Gage.........ccoevieeeeiiiiiiiiiiiii e 114
Figure 73. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at
Contentnea Creek at Hookerton, NC Gage.........ccoevieieiiiiiiiiiiiie e e e 115
Figure 74. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at
Contentnea Creek at Hookerton, NC Gage.........ccoevieeeeiiiiiiiiiiiii e 115
Figure 75. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Contentnea
Creek at HOOKEIrON, NC GAQE .......uuvuiiiei ettt e e e e e e e e e e e e e e eeeanes 116
Figure 76. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at
Neuse River near Fort Barnwell, NC Gage ........ccooooviviiiiiiiiiiii e 116
Figure 77. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at
Neuse River near Fort Barnwell, NC Gage ...........ceeiiiieeiiiiieiiiinie e eeeeeeeiiiien e eeeeeeeeenes 117
Figure 78. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at
Neuse River near Fort Barnwell, NC Gage ...........ceiiiieieiiiieiiiiiieeeeeeeeeeiiiien e e e e e eeeeanns 117
Figure 79. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Neuse River
near Fort BarnWell, NC Gage .........uuuuiiiiiiiiiiiiiiiiis e e e e e eeeetss e e e e e e e eeeanaen e e e e eeeeeenne 118

A-ix



Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

Figure 80. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at

Trent River near Trenton, NC GaAge .......uuuuuiiiiieiiiiiiiiiiiii et 118
Figure 81. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at
Trent River near Trenton, NC Gage ......cuuuuuiiiiieiiiiiiiiiiiie et 119
Figure 82. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at
Trent River near Trenton, NC Gage .......uuuuuiiiiieiiiiiiiiiit et 119
Figure 83. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Trent River
Near TreNtoN, NC GagE ......oiiiiiiiiieeiie e e e e e e eaas 120
Figure 84. Example of Subbasin Temporal Distribution for Design Storms................. 133
Figure 85. Hominy Swamp Creek Basin HEC-HMS Computed Flow vs. USGS
Regression Equations (Coastal Plain Region) near Basin Outlet..............ccccoeeeeeeeens 136
Figure 86. Hominy Swamp Creek Basin HEC-HMS Computed Flow vs. USGS
Regression Equations (Piedmont Region) near Basin Outlet...........ccccccviiiiiieiceeeennns 136
Figure 87. Adkins Branch Basin HEC-HMS Computed Flow vs. USGS Regression
Equations near Basin OULIEL..............uuuiiiii e e e e 137
Figure 88. Big Ditch Basin HEC-HMS Computed Flow vs. USGS Regression Equations
NEeAar BaSin OULIET ...........ueiiiie et e e e e e e e e ee e s e e e e e e eeeennes 138
Figure 89. Big Ditch basin HEC-HMS flow comparison with historical Big Ditch at Retha
Gage Bulletin 17C FrequenCy ANAIYSIS .........uuuuuiuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiniinieieeieeeeeeeeneeeeees 139
Figure 90. Crabtree Creek basin HEC-HMS flow comparison with USGS US-1 Gage
Bulletin 17C FrequencCy ANAIYSIS.........couiiiiiiiiiiiiiiiiiiiieeieeeeeeeeeeeeeeeeeeeeee e 140
Figure 91. Neuse River Mainstem Basin HEC-HMS flow comparison with USGS Neuse
River near Clayton Gage Bulletin 17C Frequency ANalysis ........cccccccvvvvieeiiiiiiiiiieeeennn. 141
Figure 92. Neuse River Mainstem Basin HEC-HMS flow comparison with USGS Little
River near Princeton Gage Bulletin 17C Frequency Analysis ........cccccccvveviiiiiiiiennennn. 141
Figure 93. Neuse River Mainstem Basin HEC-HMS flow comparison with USGS Neuse
River near Goldsboro Gage Bulletin 17C Frequency Analysis .........cccccccvvveiiiiiiiieeennn. 142
Figure 94. Neuse River Mainstem Basin HEC-HMS flow comparison with USGS Neuse
River at Kinston Gage Bulletin 17C Frequency ANnalySiS.........ccccooeeeivvvviiiiiiiieeeeeeeeeennns 142
Figure 95. Neuse River Mainstem Basin HEC-HMS flow comparison with USGS
Contentnea Creek at Hookerton Gage Bulletin 17C Frequency Analysis.................... 143
Figure 96. Neuse River Mainstem HEC-RAS General Over of Cross Sections .......... 144
Figure 97. Crabtree Creek HEC-RAS General Overview of Cross Sections............... 145
Figure 98. Hominy Swamp Creek HEC-RAS General Overview of Cross Sections.... 146
Figure 99. Adkins Branch HEC-RAS General Overview of Cross Sections ................ 147
Figure 100. Big Ditch HEC-RAS General Overview of Cross Sections....................... 148
Figure 101. Land Cover Projections for Scenario ALB.........ccccovvviiiiiiiiii i, 158
Figure 102. Land Cover Projections for SCeNario A2 .........cccccvvvveeiiiiiiiiieiiieiiiieieeeeeeen 160
Figure 103. Land Cover Projections for Scenario Bl ...........ccccccvvvvviiiiiiiiiiiiiiiiiiiiieeen, 162
Figure 104. Land Cover Projections for Scenario B2 ...........cccccccvvviiiiiiiiiiiiiiiiiiiiiiinen, 164
Figure 105. Screenshot of FEMA Flood Zones within the North Carolina Flood Risk
INFOrMALION SYSIEM ... 170




Appendix A.

Hydrology and Hydraulics Neuse River Basin Feasibility Study

Figure 106

Figure 107
Figure 108
Figure 109

vs. FWP (LBO1+RBO01)
Figure 110.
Figure 111.
Figure 112.
Figure 113.

Inundation

Figure 114.
Figure 115.
Figure 116.
Figure 117.
Figure 118.
Figure 119.
vs. FWP (9 channel benches in place)

. Locations of Assessed Detention Structure from NCEM Neuse Basin Report

................................................................................................................... 172

. Kinston Channel BENCh OVEIVIEW ..........ccoooieiiiieeeeeeeeeeeeee e 180

. Kinston Channel Bench Measure — Design Storm Inundation.................. 181
. Comparison of Water Surface Profiles for Select Design Storms — FWOP

................................................................................................ 182

Example of Channel Bench Geometry, Hominy Swamp Creek................ 185

Hominy Swamp Creek Channel Bench BC402 Design Storm Inundation 186
Hominy Swamp Creek Channel Bench BC351 Design Storm Inundation 186
Hominy Swamp Creek Channel Bench BC326 & BC331 Design Storm
Hominy Swamp Creek Channel Bench BC313 Design Storm Inundation 187
Hominy Swamp Creek Channel Bench BC286 Design Storm Inundation 188
Hominy Swamp Creek Channel Bench BC278 Design Storm Inundation 188
Hominy Swamp Creek Channel Bench BC256 Design Storm Inundation 189
Hominy Swamp Creek Channel Bench BC244 Design Storm Inundation 189
Comparison of Water Surface Profiles for Select Design Storms — FWOP
190

Figure 120. Comparison of Water Surface Profiles for Select Design Storms — FWOP
vs. FWP (7 channel benches in place) ... 193
Figure 121. Smithfield Levee AIGNMENT............coiviiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeee 195
Figure 122. Goldsboro Levee Southern AIgNMEeNt ...........coovvviiiiiiiiiiiiiiiiiiiiiiieieeeeeee 197
Figure 123. US-117 resilient route from 2020 NCDOT ReEPOIt.......ccevvvvvviiiiiiiiiiiieiennnn. 199
Figure 124. Goldsboro Levee Alignment (US-117) .....ccovvviiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeee 200
Figure 125. Goldsboro Levee Alignment (US-117/0Overland) .........cccoovvvieiiiiiiiiiieennnnn. 201
Figure 126. Crabtree Creek Conceptual Levee Alignment.........ccccccevvvvviviiiiiiiiiineeennn. 202
Figure 127. Hominy Swamp Creek Conceptual Levee Alignment..........cccccvvvvvvvnnnnnn. 204
Figure 128. Concrete Flume Conceptual DeSIgN .........ccovvviiiiiiiiiiie e, 206
Figure 129. Raleigh Blvd Supplemental Culvert Design.........cccccoeeeeiiviviiiiiiiieeeeeeeeeans 207
Figure 130. CSX railroad over Hominy Swamp Creek Aerial Imagery ..............ccc...... 208
Figure 131. Select Profiles for Culvert Modification at CSX crossing in Hominy Swamp

O =T 210
Figure 132. Stream Crossing Improvements Associated with CSX RR Culvert

1Y Fo o 11 o¥= U1 o] o PP 211
Figure 133. Hominy Swamp Creek Overbank Detention Site............ccccccvviiiiieeeeeennnn, 212
Figure 134. Crabtree Creek Overbank Detention Site..........c.ccoevviiiiiiiiiiiieiciiiin e, 214
Figure 135. General Location of Select NRCS Detention Structures in Wake County 216
Figure 136. Existing and Proposed Elevation-Surface Area Curves for Lake Crabtree
.................................................................................................................................... 217
Figure 137. Lake Crabtree — assessed hydrograph locations ...........ccccccvvvvviviiiinnnnnn. 218
Figure 138. Discharge Comparison — Existing and Improved Reservoir Capacity
(@] T 111 0] 0 PPN 219

A-xi



Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

Figure 139. Existing Conditions vs. Increased Reservoir Capacity @ Ebenezer Church

o PP 220
Figure 140. Select Design Storm Profiles for FWOP and Alternative 2 Conditions
(HOMINY SWaMP CFEEK) ...uuieieeiieeeiiiiiiee ettt e e e e e e et e e e e e e e e e eeaeasa s e e e e e e eeaennes 223
Figure 141. Select Design Storm Profiles for FWOP and Alternative 3 Conditions
(Crabtre@ CrEEK) ....coeeeieieiiie ettt e et e e e e e e e et e tbaa i n e e e e e e eeeaane 224
Figure 142. Select Design Storm Profiles for FWOP and Alternative 4 Conditions
(Crabtre@ CrEEK) ....coveeieieieie et e e e e e et e e e e e e e e e e et e e e e eeeeeanne 225
Figure 143. Select Design Storm Profiles for FWOP and Alternative 5 Conditions
(Crabtre@ CrEEK) ....covveieieiiie ettt e e e e e et e e e e e e e e e et n e e e e eeeeaenae 226
Figure 144. Summary Matrix of Observed and Project Climate Trends ...................... 232

Figure 145. Linear trends in surface air temperature (a) and precipitation (b) over the
United States, 1950 — 2000. The South Atlantic-Gulf Region is within the black oval
(Wang et al., 2009)........uuiiiii e e e e e e e e e e e aaeaaaaan 234
Figure 146. Historical annual temperature trends for the South Atlantic Region, 1934 —
2005. Triangles point in the direction of the trend, size reflects the magnitude of the
change. Blue indicates a decreasing temperature trend. Red indicates an increasing
temperature trend (Patterson et al., 2012) .......oooeeiiiiiiiiieee 235
Figure 147. Linear trends in annual precipitation, 1895 — 2009, percent change per
century. The South Atlantic-Gulf Region is within the red oval (McRoberts and Nielsen-
(€= 0] 410 o 2 0 5 TSRS 236
Figure 148. Total annual precipitation at Coweeta Laboratory (North Carolina). Lines
show modeled 10th and 90th quantiles as a function of time, 1940 — 2010. (Laseter et
=Y 0 1) 237
Figure 149. Observed changes in annual streamflow, South Atlantic Region, 1934 —
2005. Triangles point in the direction of the trend, size reflects the magnitude of the
change. Blue indicates a decreasing streamflow trend. Red indicates and increasing

streamflow trend. (Patterson et al., 2012). .......cccooeeiiiiiiiiiiii e 238
Figure 150. CHAT Results for Gage 02088070 Eno River near Durham, NC ............. 240
Figure 151. CHAT Results for Gage 0208524975 Little River Tributary near Fairntosh,

N ettt e e e e e e e e ———— et e ee e e e e e e e —————teeaee e e e e nn bt rreeaaeeenannnnrrees 240

Figure 152. CHAT Results for Gage 02086500 Flat River at Dam near Bahama, NC 241
Figure 153. CHAT Results for Gage 02086624 Knap of Reeds Creek near Butner, NC

.................................................................................................................................... 241
Figure 154. CHAT Results for Gage 02086849 Ellerbe Creek near Gorman, NC....... 242
Figure 155. CHAT Results for Gage 02087183 Neuse River near Falls, NC .............. 242
Figure 156. CHAT Results for Gage 02087324 Crabtree Creek at US 1 at Raleigh, NC
.................................................................................................................................... 243
Figure 157. CHAT Results for Gage 02087359 Walnut Creek at Sunnybrook Drive near
= 1= o | o TR N[ SPPUP 243
Figure 158. CHAT Results for Gage 02087580 Neuse River near Clayton, NC.......... 244
Figure 159. CHAT Results for Gage 02087580 Swift Creek near Apex, NC............... 244

Figure 160. CHAT Results for Gage 02088000 Middle Creek near Clayton, NC ........ 245

A-xii



Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

Figure 161. CHAT Results for Gage 02088500 Little River near Princeton, NC ......... 245
Figure 162. CHAT Results for Gage 02089000 Neuse River near Goldsboro, NC ..... 246
Figure 163. CHAT Results for Gage 02089500 Neuse River at Kinston, NC............... 246

Figure 164. CHAT Results for Gage 02090380 Contentnea Creek near Lucama, NC 247
Figure 165. CHAT Results for Gage 02091500 Contentnea Creek at Hookerton, NC 247
Figure 166. CHAT Results for Gage 02091814 Neuse River near Fort Barnwell, NC. 248
Figure 167. Nonstationarity Detection Results for Gage 02088070 Eno River near

DUNAM, INC ettt 254
Figure 168. Nonstationarity Detection Results for Gage 02086500 Flat River at Dam at
Bahama, NC......oooiiiiiiiiiii e 255
Figure 169. Nonstationarity Detection Results for Gage 02087183 Neuse River near
FallS, NC ..ottt 256
Figure 170. Nonstationarity Detection Results for Gage 02087500 Neuse River near

(@4 =Y/ (0 o T L SPPPPTNt 257
Figure 171. Nonstationarity Detection Results for Gage 02087580 Swift Creek near
AAPEX, N e 258
Figure 172. Nonstationarity Detection Results for Gage 02088000 Middle Creek near

(@4 =Y/ (0 o A LSRR 259
Figure 173. Nonstationarity Detection Results for Gage 02088500 Little River near
1 o7 (0] o TR N 260
Figure 174. Nonstationarity Detection Results for Gage 02089000 Neuse River near
(€70 0 £ o T ] {0 TR 1 O 261
Figure 175. Nonstationarity Detection Results for Gage 02089500 Neuse River at
[T 1S (o T L 262
Figure 176. Nonstationarity Detection Results for Gage 02090380 Contentnea Creek

[ T== 1 0 Lo =1 1.2 = TR N [ 263
Figure 177. Nonstationarity Detection Results for Gage 02091500 Contentnea Creek at
[ [0 T0) (T o (o TR AN [ PP 264
Figure 178. Nonstationarity Detection Results for Gage 02088070 Eno River near

3 18] o =T o T N PP 265

Figure 179. Projected changes in seasonal maximum air temperature, °C, 2041-2070
vs. 1971-2000. The South Atlantic-Gulf Region is within the red oval (Liu et al., 2013)

Figure 180. Revised Thornthwaite climate types projected by regional climate models.
The South Atlantic-Gulf Region is within the red oval (Elguindi and Grundstein, 2013)

.................................................................................................................................... 270
Figure 181. Projected annual average air temperature, Trent River basin, North

Carolina, 1995-2100. (Qi et al., 2009) ......cciiiiiiiiiiie e e e e e e eeeanes 271
Figure 182. Projected changes in annual precipitation, North Carolina, 1995 — 2100. (Qi
(<= |2 001 271

Figure 183. Projected risk of current 20-year 24-hour precipitation event occurring in
2070 compared to historical (1974). A value of 2 indicates this storm will be twice as

A-xiii



Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

likely in the future compared to the past. Black dots show the locations of stations. The
South Atlantic Gulf Region is within the red oval (Wang and Zhang, 2008). ............... 273
Figure 184. Projected change in water yield (from historical baseline), under various
climate change scenarios based on 2 GCM projections. The South Atlantic-Gulf Region
is within the red oval (Thomson et al., 2005). ........ccoouiiiiiiiiiiiii e 274
Figure 185. Ensemble mean runoff projections (mm/year) for A2 greenhouse gas
emissions scenario, changes in annual runoff, 2085 vs. 1985. The South Atlantic-Gulf

Region is within the red oval (Hagemann et al., 2013)..........cccooviiieiiiiiiiiiiiii e 275
Figure 186. Range of GCM/RCP Projections for the HUC-0302 Neuse-Pamlico........ 277
Figure 187. Mean of GCM/RCP Projections for the HUC-0302 Neuse-Pamlico. ........ 277
Figure 188. VA Tool Summary of HUC Results for Flood Risk Reduction Business Line
.................................................................................................................................... 280
Figure 189. Location of Beaufort, NC Gage 8656483 ............cccoeevieeiiriiiiiiiiiiieeeeeeeeeinns 282
Figure 190. Estimated Relative Sea Level Change Projection Curves Beaufort, NC
GAgE BBD5BA83 ... ..t e e e e —rt e e e e e na it raaaaaaeaaan 283

LIST OF TABLES
Table 1. Falls Releases Relative to Downstream Uncontrolled Drainage Area and

(o] oW1 F= Ui ToT g I O =T o] (= £ PSSP 20
Table 2. Select Tributaries within the Neuse River Basin (Source: USACE, NCEM,
] ) PP 23

Table 3. NLCD 2019 Land Cover Type Breakdown within the Neuse River Basin........ 25
Table 4. Select Floods of Record of the Crabtree Creek near US-1 in Raleigh, NC ..... 33

Table 5. Select Floods of Record of the Neuse River near Smithfield, NC.................... 37
Table 6. Select Floods of Record of the Neuse River near Goldsboro, NC................... 40
Table 7. Select Floods of Record of the Neuse River near Kinston, NC ....................... 44
Table 8. Select Routes in Neuse River Basin Counties Vulnerable to Flood-based

[ T8 T F= 110 o 46
Table 9. Select USGS streamflow sites pertinent to the Neuse River basin study ........ 50
Table 10. List of Historic Flood Events, Provided by USGS..............ccoooii, 54
Table 11. SCS Composite Curve Number MatriX ... 71
Table 12. Curve Number Matrix used in Crabtree Creek HEC-HMS Model (AECOM) .72
Table 13. Neuse River Mainstem Basin Final Subbasin Curve Number ....................... 73
Table 14. Crabtree Creek Basin Final Subbasin Curve Number ...........cccooevviiiiiiineen. 74
Table 15. Hominy Swamp Creek Basin Final Subbasin Curve Number........................ 76
Table 16. Big Ditch Basin Final Subbasin Curve Number ...........cccccooooiiiiiinnn, 77
Table 17. Adkins Branch Basin Final Subbasin Curve Number ...........cccoovvviiiiiiinnnnen. 77
Table 18. Crabtree Creek Basin Final Subbasin Transform Parameters....................... 79
Table 19. Hominy Swamp Creek Basin Final Subbasin Transform Parameters ........... 81
Table 20. Neuse River Mainstem Basin Final Subbasin Transform Parameters........... 82
Table 21. Adkins Branch Basin Final Subbasin Transform Parameters.............c.......... 83

A-Xiv



Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

Table 22. Big Ditch Basin Final Subbasin Transform Parameters...........cccccvvviieinnnnnn. 83
Table 23. Final Baseflow Parameters for Neuse River Mainstem HEC-HMS Model..... 85
Table 24. Crabtree Creek basin HEC-HMS Modeled Reservoirs (AECOM) ................. 88
Table 25. Calibration and Validation Rainfall Events for Neuse River Mainstem Basin

[ LT O 1Y ST 1Y, (o Yo = 89

Table 26. Summarized Results of Crabtree Creek HMS Tropical Storm Calibration... 121
Table 27. Summarized Results of Crabtree Creek HMS Hurricane Matthew Calibration

.................................................................................................................................... 122
Table 28. Summarized Results of HMS Hurricane Matthew Calibration ..................... 124
Table 29. Summarized Results of HMS Hurricane Florence Calibration...................... 126
Table 30. Summarized Results of HMS September 2019 Calibration......................... 128
Table 31. Summarized Results of HMS April 2017 Validation...............ccccevvvvvvieeeeennn. 130
Table 32. Atlas 14 Before and After Aerial Reduction Factors ...........ccccceeeeeeeeeeeeeeeen. 132
Table 33. Crabtree Creek Basin HEC-HMS Atlas 14 AMS-Based Precipitation
FrequUENCY ESMAatES. .....uuuiiii et e e e e e e e e e e e e e e eeeennes 134
Table 34. Hominy Swamp Creek Basin HEC-HMS Atlas 14 AMS-Based Precipitation
FrequenCy ESHUMALES. .......coviiiiiiiiiiiiieieeee ettt 134
Table 35. Adkins Branch Basin HEC-HMS Atlas 14 AMS-Based Precipitation Frequency
RS = =SSP 134
Table 36. Big Ditch Basin HEC-HMS Atlas 14 AMS-Based Precipitation Frequency
RS = =SSP 135
Table 37. Neuse River Mainstem HEC-RAS Calibration to Hurricane Matthew High-

L AT =T g 1Y 2 150
Table 38. Crabtree Creek HEC-RAS Tropical Storm Alberto HWM Comparison — Part 1
.................................................................................................................................... 151
Table 39. Crabtree Creek HEC-RAS Tropical Storm Alberto HWM Comparison — Part 2
.................................................................................................................................... 152
Table 40. Crabtree Creek HEC-RAS Tropical Storm Alberto HWM Comparison — Part 3
.................................................................................................................................... 153
Table 41. Neuse River Mainstem HEC-RAS Validation to Hurricane Florence High-
WALET IMAIKS ..o 154
Table 42. LULC Change ALB SCENAIIO.......ccceeeeieieeiiiiie e e e e 157
Table 43. LULC Change A2 SCENAIO .......uuiiieeeeeeeeeeeiiie e e e e e e et e e e e e 159
Table 44. LULC Change B1 SCENAIIO .........iiieeeeiiieiiiiiii et e e 161
Table 45. LULC Change B2 SCENAIO .........iiieeeeiiieieiiiie e ee e 163
Table 46. Crabtree Creek FWOP and EC Comparison of Design Storm Flows at Select
MOAEI JUNCHIONS ... e et e e e e e e e e e atba e e e e e e eeeeenes 166
Table 47. Channel Modification Details for Hominy Swamp Creek in Wilson, NC....... 184
Table 48. Channel Modification Details for Crabtree Creek in Raleigh, NC ................ 192
Table 49. Select NRCS Detention Structures in Wake County .............ccooeeeeeeeeeeenennn. 215
Table 50. Measures Carried Forward to Alternative Plan Formulation....................... 222
Table 51. Summary of Available USGS gages located in the Neuse Basin................. 231

A-Xv



Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

Table 52. Summary of Observed Streamflow Trends in Annual Peak Streamflow using

O L PP 249
Table 53. NSD Statistical Test ADDreviationS..............oiiiriii i 252
Table 54. Summary of Observed Streamflow Trends in Annual Peak Streamflow using

NN ] 0 PP 266
Table 55. Overall Vulnerability Score for Epochs and Selected Scenarios ................. 279
Table 56. Vulnerability Indicators for Flood Risk Reduction Business Line................. 281
Table 57. Estimated Relative Sea Level Change Projection Tabular Data Beaufort, NC

GAgE BB5B483 ... ..t e e e et e e e e e e s a e e eaaeeeaaann 284

A-XVi



Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

Page Left Intentionally Blank

A-xvii



Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

1 Introduction

This hydrology and hydraulics appendix serves as documentation of the engineering
evaluation process for the Neuse River Basin Feasibility Study. This flood risk
management study was authorized based on historical and potential future risks to life
and property within the Neuse River watershed caused by the occurrence of flooding.
There has been historical documentation of severe overland flooding along the Neuse
River and its numerous tributaries. The purpose of the federal action is to improve life
safety and reduce economic damages in the study area through development of
assessed solutions that achieve federal interest. This appendix describes the
development of existing conditions (EC) and future without project (FWOP) conditions in
addition to the formulation, refinement, and design of structural study measures and
alternative plans. Formulation of non-structural measures is also included. This
Engineering Appendix is in accordance with ER 1110-2-115 (USACE, 1999), provides
assumptions of underlying hydrology and hydraulic uncertainty in accordance with ER
1105-2-101 (USACE 2019b), and includes an assessment of climate change of the
study area and potential effects of such change by ECB 2018-14 (USACE, 2018).

1.1 Vertical Datum
All elevations in this repot are referenced to the North American Vertical Datum of 1988
(NAVDS88) unless otherwise noted.
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2 Basin Overview

2.1 Location

The Neuse River is formed by the confluence of the Eno and Flat Rivers about 8 miles
north of the City of Durham, NC (USACE, 1960). The basin has a total drainage area of
approximately 6,200 square miles and is considered in this study to extend from Orange
and Person Counties at its headwater to Pamlico Sound and Carteret County at its
outlet. The Neuse River reaches tidal waters near State Highway 43, upstream of the
City of New Bern, NC. It lies entirely within the boundaries of North Carolina. The Neuse
River basin is roughly 180 miles long and ranges in width from 35 to 45 miles through
most of its length. The basin is fully or partial contained within 18 counties. The total
Neuse River basin makes up about 11-percent of the area of North Carolina (USGS,
1957). A map of the Neuse River basin is shown in Figure 1.
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Figure 1. Neuse River Basin Study Area
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2.2 Flood Risk Management Infrastructure

An upper portion, roughly 1/6™ of the total drainage area, of the basin is captured by the
Falls Lake Dam federal project. Constructed in the early 1980s, this federal flood risk
management infrastructure site consists of an earth embankment dam and ~19 square
mile reservoir that receives inflow from roughly 770 square miles of contributing
drainage area. The project serves the primary mission of flood risk management. It also
supports water supply, water quality, and recreation. The dam is located north of the
City of Raleigh and is considered the beginning of the Neuse River mainstem. Flow is
regulated as it is released from the dam. Below Falls Lake, the river flows southeast for
about 180 miles, past the Cities of Smithfield, Goldsboro, Kinston, and New Bern.
Pertinent reservoir data for Falls Lake is shown in Figure 2. Falls Lake Dam releases
relative to major population centers downstream, including percentage of uncontrolled
subbasin area to total basin area, and associated water travel times is shown in Table
1.

Table 1. Falls Releases Relative to Downstream Uncontrolled Drainage Area and Population Centers

Total Drainage Uncontrolled Drainage Distance Water Travel

. g :

Location Area (sq. mi Area downstream of Falls Below Falls Time from Dam

— (sg. mi.) (% of Total Area) (river miles) (days)

Falls Dam 770 - - -
Clayton 1150 380 (33) 32 0.5t00.75

Smithfield 1206 426 (36) 56 0.75to 1

Goldsboro 2399 1629 (68) 99 3to5
Kinston 2692 1922 (71) 144 5to 10
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Existing Falls Lake Storage

Controlled Flood Storage
221,182 acre-feet

Guide Curve or Normal Operating Level 25151t
106,322 acre-feet
Water Quality Storage Water Supply Storage
61,322 acre-feet 45,000 acre-feet
57.7% 42 3%

23651

Vertical Datum: NGVD29

Figure 2. Falls Lake Reservoir Pertinent Data

There are at least 19 additional reservoirs throughout the basin, most in its upper
portion, and hundreds of smaller impoundment facilities upstream of Kinston (NCDOT,
2020). Eighteen of these reservoirs are owned and operated by non-federal entities
(Falls Lake is the largest and only federal reservoir) (USACE, 2013). Those reservoirs
consist of a wide variety of structures including millponds, beaver impoundments, water
supply reservoirs and flood storage structures, all of which are typical of the Piedmont
region of the upper Neuse River basin. Fewer reservoirs are in the lower basin because
the Coastal Plain physiographic province generally consists of relatively flat topography
underlain by highly pervious sands. Select structures from the National Inventory of
Dams is shown in Figure 3.
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Figure 3. National Inventory of Dams

2.3 Stream Characteristics

The Neuse River basin includes numerous small to moderately sized tributaries that join
the Neuse River mainstem at a consistent interval throughout its delineation. Major
confluences with Neuse are located near Raleigh, Smithfield, Goldsboro, Grifton, and
New Bern. Its headwater tributaries rise in the hilly Piedmont section of North Carolina,
then flow through a belt, or zone, known as the “Fall Line”, where the streams flatten in
slope as they reach the Coastal Plain. Streams in the lower reaches of the Coastal Plain
tend to be sluggish in flow, and swamp and marshes are predominant (USACE, 1960).
There are almost 3,500 freshwater stream miles in the Neuse River basin (NCDEQ,
2009). A selection of streams contributing to the Neuse River mainstem, and the upper
basin are shown in Table 2. The natural dendritic characteristics of the basin are shown
in Figure 4.
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Table 2. Select Tributaries within the Neuse River Basin (Source: USACE, NCEM, USGS)

Drainage Area (saq.

Stream

mi.)

Flat River 184

Eno River 260

Ellerbe Creek 37

Crabtree Creek 145

Walnut Creek 46

Swift Creek 155

Middle Creek 130

Black Creek 95

Mill Creek 170

Falling Creek (Wayne Co) 118

Little River 320

Bear Creek 64

Falling Creek (Lenoir Co) 52

Southwest Creek 68

Mosley Creek 50
Contentnea Creek 1,009

Core Creek 74

Swift Creek (Craven Co) 240

Bachelor Creek 62

Trent River 241
Neuse River 3,200
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Figure 4. Dendritic Flow paths in the Neuse River Basin

2.4 Land Cover

The most current (2019) National Land Cover Database (NLCD) for the Neuse River
basin is shown in Figure 5. It provides a raster of descriptive land cover types at a 30-
meter resolution and enables hydrologic characterization at a subbasin-level. Review of
the dataset revealed physiographic trends distinct to the upper, middle, and lower
portions of the basin. From the northwest-most region of the basin and extending
southeast to Clayton, land cover can be characterized as highly developed within city
limits of Raleigh and surrounding suburban areas, forested land and pasture north of
the city, and woody wetlands along the perimeter of Falls Lake. Within the middle reach
of the basin, from Smithfield to near Kinston, land is characterized with extensive
cultivated crops, scattered evergreen forest and woody wetlands, and developed areas
within city limits. South of Kinston, within the lower reach of the basin, cultivated crops
are relatively decreased in volume, woody wetlands are greatly increased in volume,
development surrounds the New Bern area, and open water is associated with Pamlico
Sound and the mouth of the Neuse River. Percentages of land cover type over the
entire Neuse River basin are shown in Table 3.
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Table 3. NLCD 2019 Land Cover Type Breakdown within the Neuse River Basin

Percent of Total Neuse

Land Cover Type River Basin Area
Open Water 2.8
Developed, Open Space 7.0
Developed, Low Intensity 2.9
Developed, Medium Intensity 1.0
Developed, High Intensity 0.4
Barren Land 0.2
Deciduous Forest 19.4
Evergreen Forest 13.9
Mixed Forest 10.7
Shrub/Scrub 2.6
Grassland/Herbaceuous 2.3
Pasture/Hay 7.8
Cultivated Crops 13.8
Woody Wetlands 14.0
Emergent Herbaceuous Wetlands 1.2
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Figure 5. NLCD (2019) for Neuse River Basin
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2.5 Climate

The Neuse River basin has a temperate climate with moderate winters and warm humid
summers. Rainfall is well distributed throughout the year; however, rainfall is greatest
near the coast, and decreases as the terrain transitions from Coastal Plain to Piedmont
regions. The average annual precipitation over the Neuse River basin ranges from
about 46 inches near Raleigh, NC up to 54 inches near New Bern, NC. Rainfall is
generally well distributed throughout the year, though it is greatest during the late spring
to early fall when heavy localized rainfall and hurricanes are the most prevalent. The
maximum monthly rainfall averages about 7 inches and occurs during July, whereas,
the driest month is November with an average rainfall of 2.9 inches (NACSE, 2021). A
study of the rainfall records shows the wettest year of record to be 2018 when the
rainfall near New Bern was approximately 76 inches. The driest year of record was
1941 when the rainfall above Falls Lake Dam was 27.6 inches (USACE, 1984).
Droughts occasionally damage crops throughout the basin and cause water storages.
Snow constitutes only a small portion of the precipitation and does not affect runoff
appreciably.

Storm occurrences in the Neuse River basin are typically in the form of thunderstorms,
northeasters, and hurricanes. The most severe floods of record over the basin have
been associated with hurricanes. North Carolina lies in the path of tropical hurricanes as
they move northerly from their origin north of the Equator in the Atlantic Ocean. These
hurricanes usually occur in the late summer and autumn and have caused the heaviest
rainfall and largest floods through the basin. These extreme hurricane events are
characterized by heavy and prolong precipitation.

2.6 Topography

The Neuse River basin lies within the Piedmont Plateau and Coastal plain
physiographic provinces. These regions run southwest to northeast, in contrast to the
northwest to southeast orientation of the study area. The boundary between these two
regions is a belt, or zone, about 40 miles in width, known as the “Fall Line”. The
northwestern boundary of this zone crosses the basin near Raleigh, NC and the
southeastern edge passes near Wilson, NC. The Piedmont Plateau consists largely of
rolling hills and deeply eroded valleys. The top of the hills are remnants of former
peneplain which has greatly weathered. The elevation of the Piedmont Plateau varies in
the Neuse River basin from 800 feet at the headwaters of the Eno and Flat Rivers to
about 200 feet where it merges into the Coastal Plain. The remainder of the drainage
area of the Neuse River is in the Coastal Plain. The topography in this region varies
from rolling sandhills at its western boundary to almost level land as it approaches the
Atlantic Ocean, its larger portion being gently rolling in character. The stream valleys
are relatively wide, with large areas subject to overflow.
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2.7 Geology

The surface mantle of the Piedmont Plateau consists largely of soils of slate or granite
origin, the principal types being composed of sand and clay in varying mixtures. The
topsoils are usually shallow and are underlain by slate, sandstone, quartz, and granite,
or other igneous material. The large streams have, in general, cut their beds down to
basement rocks which are igneous in origin. Faults and fractures are unusual in this
region, and there are generally good foundations from dams. It is in this region that the
Falls Lake Dam federal project is located. The Coastal Plain is composed largely of
sand, gravel, and marine deposits of comparatively recent origin. The whole is underlain
by the basement rocks (USACE, 1984).

2.8 Previous Studies

2.8.1 FEMA Flood Insurance Studies

Original FEMA Flood Insurance Studies (FIS) for counties within the Neuse River basin
study area date back to the early 1990s. These studies included hydrologic and
hydraulic analyses for the majority of watercourses in the basin. Many of the initial FIS
for these counties were prepared by the U.S. Army Corps of Engineers (USACE) for the
Federal Emergency Management Agency (FEMA) under an inter-agency agreement.
Streams were studied in varying degrees of detail due to the study’s mixed rural and
urban footprint.

2.8.2 USACE Studies

Studies listed below were the products of watershed-scale efforts directed towards
identifying flood risk management improvements. There were numerous technical
reports for smaller, specific areas throughout the basin but were generally limited in
scope.

Neuse River Basin, N.C., 1963. This report investigated the need for flood protection
(flood risk management), water supply, water-quality control, and reaction in the Neuse
River basin. Prior study efforts related to this report dated back to the early 1930s. This
report investigated multiple large-scale reservoirs throughout the basin. Outcome of this
report was the confirmation for federal interest in the construction of Falls Lake Dam in
Raleigh, NC.

Neuse River, North Carolina Reconnaissance Report, 1984. This report was requested
by the State of North Carolina after a period of study inactivity, dating back to the late
1970s. Specific emphasis was placed on municipal and industrial water supply, water
quality, and flood control (flood risk management).

Neuse River, NC Final Survey Report, 1991. This report was authorized to review water
resources need of the Neuse River basin, with particular reference to the feasibility of
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constructing the Wilson Mills, Buckhorn, and Beulahtown Dams and Reservoirs. The
report outcome was no federal interest in reservoir development in the basin at that
time.

Neuse River Basin Integrated Feasibility Report and Environmental Assessment, 2013.
This report was originally scope for interests of flood risk management, environmental
protection and restoration, and related purposes. Outcomes of the study were multiple
areas of environmental restoration; however, no federal interest was identified for flood
risk management improvements in the basin.

2.8.3 State Studies

Neuse River Basin Flood Analysis and Mitigation Strategies Study, 2018. This report
was conducted by North Carolina Emergency Management and North Carolina
Department of Transportation following the Hurricane Matthew event in 2016. The
report investigated primary sources of flooding within the Neuse River basin, and
identified and assessed possible mitigation strategies to prevent future flood damage.
Outcomes of this report were assessments of flooding sources, structural flood impact,
and planning-level mitigation strategies for the Neuse River basin.

Flood Abatement Assessment for Neuse River basin, 2020. This report was conducted
by North Carolina Department of Transportation with partnership with NC Sea Grant
and North Carolina State University. It documented hydrologic and hydraulic modeling,
engineering analyses, coordinated technical meetings, and organized community
outreach efforts that focused on flood mitigation for the Neuse River basin. Outcome of
this report was a better understanding of riverine flooding in the basin, development of
potential mitigation measures, improvements to early warning systems for
transportation-related infrastructure, assessment of future flooding, and improvements
to local floodplain ordinances.

Identification and Prioritization of Tributary Crossing Improvements, 2020. This report
was conducted by North Carolina Department of Transportation with partnership with
North Carolina State University, NC Cooperative Extension, and NC Sea Grant. The
report investigated flash flooding along tributary streams to the Neuse River to identify
key crossings and develop a prioritization process for upgrading the crossings to
improve municipalities’ resilience to flooding. Outcome of this effort was a prioritization
of key crossings for improvement for tributaries in the Smithfield, Goldsboro, and
Kinston areas.

2.9 Existing Flood Risk

The flood problems identified at Raleigh, Smithfield, Goldsboro, Kinston, Wilson, New
Bern, and rural areas along the Neuse River and major tributaries will be discussed in
this section.
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2.9.1 Raleigh, NC

There has historically been concern about the flooding on Crabtree Creek and Walnut
Creek, both tributaries of the Neuse River. Crabtree Creek has a history of recurring
flood damages to floodplain development. In response to these concerns, the Natural
Resources Conversation Service (NRCS) constructed multiple flood retarding structures
within the Crabtree Creek watershed to reduce the magnitude and frequency of the
flood problem. While some segments of Crabtree Creek have undergone extensive
retrofitting with flood-proofing measure (Crabtree Valley Mall), significant overbank
flooding still exists. Wide floodplains near the Wake Forest Rd crossing are exacerbated
by the Big Branch and Pigeon House Branch tributaries that drain into Crabtree Creek
over a relatively short distance. There is very little natural floodplain left that has not
been influenced in some way by the intense urbanization that has occurred in the
Crabtree Creek watershed.

While this upper portion of the Neuse River basin has fared well in response to the
recent significant tropical events (Hurricane Matthew, 2016, and Hurricane Florence,
2018), Tropical Storm Alberto, in 2006, significantly impacted this region. Furthermore,
the hilly terrain and steep stream gradients expose this area to the risk of flash flooding
following short duration but intense local rainfall. The necessity for heavily used
transportation routes that cross these creeks also create flooding risks due to debris
blockages at bridge/culvert structures, especially in areas downstream of Umstead
State Park, a heavily forested, undeveloped subbasin. The FEMA effective flood zones
along Crabtree Creek in Raleigh are provided by North Carolina Flood Risk Information
System (NCFRIS) are shown in Floods of record of the Crabtree Creek near US-1 in
Raleigh are shown in Figure 7 and listed in Table 4.

Basin Overview A-30



Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

Zones AE, AE: 1% Annual Chance Flood Hazard
Contained In Structure, 1% Annual Chance Flood
Hazard Conditions

Zone AE: Floodway, 1% Annual Chance Flood
Hazard Conditions: Floodway, 1% Future
Conditions Contained In Channel: Floodway

Zone AE: Community Encroachment Area, 1%
Annual Chance Flood Hazard Conditions:
Community Encroachment Area

0.2% Annual Chance Flood Hazard Contained In
Channel, 0.2% Annual Chance Flood Hazard

Figure 6. FEMA Effective Flood Zone — Crabtree Creek, Raleigh, NC
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Figure 7. Floods of record of the Crabtree Creek near US-1 in Raleigh, NC
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Table 4. Select Floods of Record of the Crabtree Creek near US-1 in Raleigh, NC

Streamflow Gage

Date (cfs) Height (ft)
6/29/1973 13,500 17.98
1/12/1991 2,450 10.66
6/26/1992 2,610 11.02
3/4/1993 3,330 12.4
3/2/1994 2,600 11.01
8/28/1995 3,670 12.99
9/6/1996 12,700 18.23
7/24/1997 3,500 13.14
3/19/1998 4,230 14.08
9/16/1999 8,050 16.88
9/4/2000 2,390 11.15
7/27/2001 2,480 10.37
4/1/2002 2,460 10.47
10/11/2002 5,040 14.59
8/13/2004 2,730 10.9
6/7/2005 1,830 9.18
6/14/2006 8,150 16.93
11/22/2006 3,490 12.18
9/6/2008 4,240 13.54
12/3/2009 3,370 12.23
8/6/2011 3,350 12.17
9/6/2012 2,470 10.09
6/8/2013 4,770 14.4
5/16/2014 3,710 12.89
12/24/2014 3,130 11.7
7/17/2016 5,510 15.24
10/8/2016 9,650 17.49
8/20/2018 4,030 13.42
11/13/2018 4,280 13.77
9/1/2020 4,340 13.85
11/12/2020 3,590 12.67
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It should be noted that FEMA Preliminary hydrologic and hydraulic modeling suggest
reductions in floodplain impacts compared to those under Effective conditions. This
change seemed patrtially due to the improved data and modeling techniques used when
compared to those used in the initial flood zone delineations.

2.9.2 Smithfield, NC

Flooding along the Neuse River inundate portions of Smithfield over a short distance
from the river’s left bank. Areas west of the river also experience flooding from Swift
Creek and Middle Creek, major tributaries which drain into the Neuse River near the
city. Meanders in the Neuse River’s flow path cause it to overbank its banks near the
junction point with the tributaries. The Johnston County Public Utilities Wastewater
Treatment Plant is located within the FEMA 0.01-AEP flood zone and is partially within
the regulatory floodway. The plant has historically been impacted by major tropical
storm events (Hurricane Floyd, 1999, and Hurricane Matthew, 2016). Shortly
downstream of the city the natural floodplain narrows to about 1,400 feet wide, and this
physical constriction can influence flooding upstream within the city limits.

Small tributaries that flow from east to west, Spring Branch and Buffalo Creek, respond
quickly to local rainfall caused by events such as summer thunderstorm, which creates
a concern for flash flooding. These two creeks flow through much of the city and drain
directly into the Neuse River. They are characterized by multiple stream crossings
within in a short distance. Routine flood risk to structures adjacent to Spring Branch has
resulted in a potential comprehensive non-structural solution that is currently being
pursued by the State of North Carolina. The FEMA effective flood zones near Smithfield
provided by North Carolina Flood Risk Information System (NCFRIS) are shown in
Figure 8. FEMA Effective Flood Zone — Smithfield, NC. Floods of record of the Neuse
River near Smithfield are shown in Figure 9 and select events are listed in Table 5.
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Zones AE, AE: 1% Annual Chance Flood Hazard
Contained In Structure, 1% Annual Chance Flood
Hazard Conditions

Zone AE: Floodway, 1% Annual Chance Flood
Hazard Conditions: Floodway, 1% Future
Conditions Contained In Channel: Floodway
Zone AE: Community Encroachment Area, 1%
Annual Chance Flood Hazard Conditions:
Community Encroachment Area

0.2% Annual Chance Flood Hazard Contained In
Channel, 0.2% Annual Chance Flood Hazard

Figure 8. FEMA Effective Flood Zone — Smithfield, NC
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Figure 9. Floods of Record of the Neuse River near Smithfield, NC
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Table 5. Select Floods of Record of the Neuse River near Smithfield, NC

Gage Gage
Streamflow Height Streamflow Height
Date (cfs) (ft) Date (cfs) (ft)
3/20/1912 - 18.60 4/22/1959 7,740 19.00
9/5/1913 -- 19.40 10/25/1959 8,920 20.12
2/22/1914 - 17.50 10/7/1964 11,600 22.10
12/28/1914 - 18.20 3/7/1966 8,580 19.75
2/8/1916 -- 17.50 6/20/1967 8,690 19.90
4/23/1918 - 17.80 2/5/1973 15,300 23.65
7/24/1919 19,400 26.80 3/21/1975 15,300 23.65
7/22/1920 8,480 19.70 4/29/1978 16,200 23.11
2/13/1921 -- 18.20 3/1/1979 14,500 22.16
3/6/1922 8,810 20.00 1/5/1982 8,460 18.39
9/30/1924 - 22.40 3/20/1983 10,400 19.77
10/1/1924 15,400 24.40 5/31/1984 8,900 18.72
2/5/1926 - 16.80 3/2/1987 11,700 20.58
3/9/1927 -- 15.80 3/25/1989 10,100 19.54
9/21/1928 12,700 22.90 9/18/1999 - 26.72
3/7/1929 10,600 21.40 10/1/1999 - 20.17
10/3/1929 18,700 26.40 4/2/2001 -- 16.37
4/19/1933 - 16.40 4/2/2002 - 15.41
4/15/1934 -- 17.90 3/21/2003 - 19.10
12/2/1934 12,000 22.40 8/17/2004 - 17.38
4/9/1936 9,520 20.60 1/15/2005 - 14.07
7/31/1938 8,160 19.40 6/16/2006 - 22.95
2/13/1939 8,160 19.40 11/23/2006 - 18.80
7/16/1941 -- 16.40 9/7/2008 - 16.56
9/9/1942 - 14.70 6/17/2009 - 16.78
9/20/1945 17,900 25.90 2/7/2010 - 18.55
12/31/1945 - 18.40 10/1/2010 - 17.91
1/22/1947 - 16.60 9/4/2012 - 10.77
2/16/1948 9,280 20.40 6/9/2013 - 19.56
11/5/1949 -- 15.70 5/17/2014 - 19.28
4/12/1951 - 14.30 12/25/2014 - 18.98
3/7/1952 12,000 22.40 12/24/2015 - 18.33
1/24/1954 12,600 22.80 10/10/2016 - 29.09
9/5/1955 12,400 22.70 9/17/2018 - 18.90
5/9/1958 12,400 22.70 11/14/2018 - 19.91
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2.9.3 Goldsboro, NC

The flood problem at Goldsboro, NC, is extensive with the 0.002-AEP event floodplain
extending over a large portion of the city and surrounding development. In addition to
the main stem of the Neuse River, significant flooding occurs from the Little River on the
west side of town, Big Ditch through the city center, and Stoney Creek on the east side
of town. The FEMA effective flood zones near Goldsboro provided by North Carolina
Flood Risk Information System (NCFRIS) are shown in Figure 10. Flooding for the
0.002-AEP event along the US-117 corridor reach a depth of 6-7 feet. Floods of record
of the Neuse River near Goldsboro are shown Figure 11 and listed in Table 6.

Contained In Structure, 1% Annual Chance Flood
Hazard Conditions

Zone AE: Floodway, 1% Annual Chance Flood
Hazard Conditions: Floodway, 1% Future
Conditions Contained In Channel: Floodway

Zone AE: Community Encroachment Area, 1%
Annual Chance Flood Hazard Conditions:
Community Encroachment Area

0.2% Annual Chance Flood Hazard Contained In
Channel, 0.2% Annual Chance Flood Hazard

Figure 10. FEMA Effective Flood Zones — Goldsboro, NC
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Figure 11. Floods of Record of the Neuse River near Goldsboro, NC
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Table 6. Select Floods of Record of the Neuse River near Goldsboro, NC

Streamflow Gage
Date (cfs) Height (ft)

10/5/1929 38,600 27.3
12/6/1934 21,400 -
4/11/1936 26,300 -
2/3/1937 22,000 -
3/7/1939 15,500 -
9/23/1945 30,700 -
2/19/1948 20,300 -

3/11/1952 17,300 22.29
1/28/1954 21,400 23.77
9/8/1955 23,200 24.36
5/13/1958 16,500 22.35
10/9/1964 28,800 26.07
2/9/1973 18,800 23.2
3/24/1975 22,300 24.39
5/3/1978 17,400 22.74
3/6/1979 18,200 23.02
3/6/1987 18,000 22.93
9/12/1996 29,300 26.21
3/14/1998 18,700 23.02
9/20/1999 38,500 28.85
10/4/1999 19,900 23.47
10/12/2016 53,400 29.74
9/18/2018 36,700 27.6
2/11/2020 16,400 22.31

11/16/2020 22,500 -

The October 2016 flood event (Hurricane Matthew) caused at least 1 life to be lost and
extensive economic damages including the inundation of hundreds of structures in
Goldsboro (Overton, 2016). Residential subdivisions south of the Neuse River cutoff
channel and clusters of residential homes east of US-117 experienced inundation of
several feet above first floor elevations. Parcels surrounding Cherry Research Farm and
Neuse Correctional Institution were similarly left inundated for a prolonged period of
time. The Seymour Johnson Air Force Base east of Goldsboro was also impacted by
flooding.
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2.9.4 Kinston, NC

Details of flooding have been documented near Kinston, NC, that date back to the
1940s. Consistent flooding trends are associated with difficulties of citizens evacuating
the floodplain, becoming stranded, and/or requiring rescue. As recent as 2016, during
and following Hurricane Matthew, major transportation routes were significantly
impacted. Routes HWY-258, Queens St, and NC-11, all major thoroughfares that
connect the north and south sides of the floodplain were impassable. The HWY-258 and
Queens St intersection was underwater by several feet and south of the HWY-258 and
NC-11 intersection, the road was flooded to a depth of 5-7 feet. Approximately 40-
percent of the total land area of the city of Kinston lies in the northern floodplain of the
Neuse, including most of the downtown district. The historical Lincoln City area, south of
the downtown district, has remained exposed to historic flooding. The city has
undergone partnership with Federal and State agencies to implement non-structural
programs in response to being repeatedly flooded. As a result, the majority of structures
in this area have been removed from the floodplain.

Floods on Adkins Branch, a small tributary that traverses through the City of Kinston
and drains directly into the Neuse River floodplain, has been characterized with flash
flooding. Because of the stream’s relatively small size and high degree of development,
flood stages along most of Adkins Branch are reached only a few hours after intense
rainfall begins; and the stream remains out of its bank generally for less than 18 hours.

The FEMA effective flood zones near Kinston provided by North Carolina Flood Risk
Information System (NCFRIS) are shown in Figure 12. Floods of record of the Neuse
River near Kinston are shown in Figure 13 and select events are listed in Table 7.
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Zones AE, AE: 1% Annual Chance Flood Hazard
Contained In Structure, 1% Annual Chance Flood
Hazard Conditions

Zone AE: Floodway, 1% Annual Chance Flood
Hazard Conditions: Floodway, 1% Future
Conditions Contained In Channel: Floodway
Zone AE: Community Encroachment Area, 1%
Annual Chance Flood Hazard Conditions:
Community Encroachment Area

0.2% Annual Chance Flood Hazard Contained In
Channel, 0.2% Annual Chance Flood Hazard

Geargatown

Figure 12. FEMA Effective Flood Zones — Kinston, NC
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Figure 13. Floods of Record of the Neuse River near Kinston, NC
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Table 7. Select Floods of Record of the Neuse River near Kinston, NC

Gage Gage
Streamflow Height Streamflow Height
Date (cfs) (ft) Date (cfs) (ft)
7/1919 39,000 25 3/13/1971 13,000 17.63
10/1924 36,000 24.7 2/13/1973 18,900 20.16
9/25/1928 34,000 24.2 8/13/1974 10,700 16.47
3/12/1929 22,000 20.8 3/27/1975 21,400 21.18
10/9/1929 28,000 22.48 2/7/1976 10,000 16.06
8/23/1931 11,600 16 5/7/1978 18,200 20.15
3/16/1932 12,000 16.24 3/9/1979 20,200 20.72
12/9/1934 18,500 19.16 3/28/1983 15,200 18.67
4/14/1936 24,400 20.9 3/31/1984 10,900 16.58
2/6/1937 21,200 20.04 3/9/1987 18,600 20.03
8/7/1938 11,800 16.65 5/11/1989 14,200 18.22
3/9/1939 17,200 18.88 8/20/1992 10,700 16.46
8/25/1940 10,900 16.14 1/16/1993 12,100 17.19
10/23/1942 13,400 17.7 3/11/1994 11,800 17.04
3/30/1944 13,600 17.82 2/26/1995 12,600 18.04
9/27/1945 25,900 22.41 9/17/1996 27,100 23.26
2/21/1946 11,500 16.8 3/17/1998 16,700 20.08
2/22/1948 21,100 20.75 9/22/1999 36,300 27.71
12/11/1948 13,600 17.83 10/25/1999 16,100 19.83
3/14/1952 17,100 19.18 4/17/2003 12,000 --
2/1/1954 19,800 20.28 6/24/2006 10,600 16.7
9/12/1955 20,000 20.81 11/30/2006 13,100 18.18
3/27/1956 9,820 16.26 2/14/2010 12,000 17.52
3/11/1957 10,800 16.4 10/7/2010 9,780 16.14
5/17/1958 15,800 18.7 7/20/2013 12,000 17.54
4/29/1959 13,100 17.64 9/17/2014 10,400 16.53
2/15/1960 14,100 18 1/1/2015 11,300 17.12
3/5/1961 14,400 18.08 2/12/2016 12,600 17.88
7/11/1962 14,100 18.02 9/21/2018 30,500 25.78
1/29/1963 11,700 16.92 11/22/2018 11,300 17.12
3/23/1964 10,900 16.63 2/15/2020 15,200 19.02
10/13/1964 26,000 22.86 11/19/2020 20,100 21.51
3/13/1966 15,800 18.69
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2.9.5 Rural Areas

Throughout much of the 19" century, rural floodplains consisting of woodlands and
cultivated crops land cover had suffered significant damages to agricultural. These
floodplains included Johnston and Wayne Counties, between the Cities of Smithfield
and Goldsboro, Lenoir County near Kinston, and Wilson and Greene Counties adjacent
to Contentnea Creek. The floodplains in these areas have a large footprint at 1.5 to 3
miles in width.

Lands extensively used for agricultural purposes have had natural drainage paths
altered to more efficiently drain following localized, high flow conditions. Auxiliary
culverts and elevated roadway berms are commonly utilized; however, during significant
flood events, these modifications can cause adverse impacts. When drainage outlets
lack capacity due to backwaters from river mainstems, they cause prolonged stagnated
floodwaters.

2.9.6 New Bern, NC

Flood risk to the City of New Bern is predominately caused by tropical storms. Wind-
driven tides have historically caused significant storm surge along the lands adjacent to
the Pamlico Sound. The confluence of the Neuse River and Trent River into the Pamlico
Sound exacerbates nearby flooding to the downtown New Bern area. Prolonged high
water near the confluences can also create drainage issues further upstream. The
length of flooding is highly variable due to conditions upstream that may cause
secondary, smaller flow peaks to crest after the main event passed. While this second
peak may lead to nuisance flooding, it can also expose transportation routes to
inundation.

2.9.7 Inundated Roads

There are numerous major transportation routes that are vulnerable to significant
flooding impacts throughout the basin, especially for communities in the Coastal Plain
region. Emergency management and service efforts at the Federal, State, and Local
levels are among the most challenged during and following significant basin-wide flood
events. Furthermore, multiple studies have shown that a significant percentage of flood-
related fatalities are related to transportation. At least 1,700 roads and 2,500 roads were
closed during Hurricane events Matthew (2016) and Florence (2018), respectively
(NCDOT, 2020). NCDOT has compiled a summary of major routes, considered strategic
transportation corridors, and other primary roads that are historically vulnerable to
inundation (NCDOT, 2021). Routes have been designated by the magnitude of
inundation, up to a scenario of >5-ft of floodwaters. Return frequency inundation
scenarios were based on FEMA-related hydraulic modeling. Select route locations
throughout the basin and their range of inundation are shown in Table 8.
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Table 8. Select Routes in Neuse River Basin Counties Vulnerable to Flood-based Inundation

River Road Inundation Depth (ft)
Crossing/Flood 0.1- 0.04- 0.02- 0.01- 0.002-
County Route Source AEP AEP AEP AEP AEP
Johnston USs-70 Neuse River -- -- -- -- 2-5
Johnston US-70 Bus Neuse River -- -- -- -- >5*
Johnston NC-210 Swift Creek -- -- -- -- 2-5
Johnston NC-210 Middle Creek -- -- -- -- 2-5
Johnston Brightleaf Blvd Spring Branch 0.5-2 0.5-2 0.5-2 0.5-2 0.5-2
Johnston Brightleaf Blvd Buffalo Creek -- -- 0.1-0.5 0.1-05 0.5-2
Little
Wayne NC-581 River/Neuse -- -- -- -- 0.5-2
River
Wayne USs-70 Little River -- -- -- -- 0.5-2*
Wayne US-70 Bus Big Ditch 0.5-2 0.5-2 2-5 2-5 2-5
Wayne Us-117 Neuse River - - 0.5-2* 2-5* >5*
Wayne US-117 Bus Big Ditch -- 0.5-2 0.5-2 0.5-2 2-5
Wayne Arrmgtg:j Bridge Neuse River 2-5* >5* >5* >5* >5*
Wayne US-13 Stoney Creek -- -- -- 0.1-0.5 0.5-2
Wayne NC-581/BIl Neuse River -- 0.1-0.5* 2-5*% 2-5* 2-5*%
Lane Blvd
Wayne NC-111 Neuse River -- 0.5-2* 0.5-2* 2-5* >5*
Lenoir NC-903 Neuse River -- -- -- 0.5-2 2-5
Lenoir NC_SSQ:V King Neuse River -- - - -- 0.5-2
Lenoir US-258 Neuse River -- -- 0.1-0.5* 0.5-2 2-5
Lenoir US-70 Neuse River - - 0.1-0.5¢*  0.5-2 2-5
Tributary
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Lenoir NC-11 Neuse River -- -- 0.5-2* 2-5* >5*
Lenoir US-258/S Neuse River - - - 0.5-2* 2-5*
Queen St
Lenoir NC-55 E Neuse River -- 0.5-2* 2-5* 2-5* >5*
Craven NC-118 Neuse River -- -- 0.5-2 2-5 >5
Craven NC-118 Swift Creek -- -- -- 0.5-2 2-5
Swift
Craven NC-43/Main St Creek/Mauls -- -- 0.1-0.5* 0.5-2 >5
Swamp
NC-
Craven 42/Weyerhauser Swift Creek -- -- -- 0.5-2* 2-5*
Rd
NC-
Craven 42/Weyerhauser Neuse River -- -- -- 0.5-2* 2-5*%
Rd
Craven us-17 Little Swift - -- -- -- 0.1-0.5*
Creek
NC- Bachelor
Craven 43/Washington Creek -- -- -- -- 2-5*%
Post Rd
Craven us-17 Mills Branch -- -- -- 0.1-0.5* 0.5-2
Craven us-17 Neuse River -- - 0.1-0.5* 2-5* 2-5*
Craven NC-55 Neuse River -- -- -- -- 0.5-2~*
Jones US-17/Main St Trent River -- -- 0.1-0.5 0.5-2 2-5
Jones NC-58 Mill Run - -- -- -- 2-5
Little Hell
Jones NC-58 Creek -- -- -- -- 0.5-2
Jones NC-41 Trent River -- 0.1-0.5* 0.5-2* 2-5* >5*
Jones NC-58/Market St  Crooked Run -- -- -- 0.5-2 2-5
Jones NC-41 Musselshell - 2.5 2.5 2-5 >5
Creek
Jones NC-58 Trent River -- -- -- 0.5-2* 2-5*%
Contentnea
Pitt NC-118/Queen  ~ ook South - - - - 0.5-2
St ;
Tributary
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. NC-118/S Contentnea __ % % % N
Pitt Highland Ave Creek 0.5-2 0.5-2 2-5 >5
Pitt NC-11 Contentnea - - ~  01-05*  05-2*
Creek
Little

Pitt NC-121 Contentnea - 01-05* 052* 05-2* 2.5*
Creek

Greene NC-123 Contentnea - - 05-2¢ 2.5+ 2.5+
Creek

Wilson NC-58 Contentnea - - 0.1-05% 0.5-2* 2.5+
Creek

Wilson NC-222 Toisnot 01 (5o 2.5% 2.5% >5x

Swamp 0.5*

Wilson NC-42/Herring Toisnot - 052 052 052 2-5
Ave E Swamp

Wilson NC-42 Toisnot . 2.5+ 2.5+ 5 5+
Swamp

Wilson US-264 Hominy 052 052 2.5 2-5 2.5

Swamp Creek

Wilson US-264 Contentnea - - 052 052 25
Creek

Wilson US-301 Contentnea - - - - 0.5-2
Creek

Wilson NC-42 Bloomery - - - - 2.5
Swamp

Wilson 1-795 Contentnea - 05-2¢  052%  2-5* 5+
Creek

Wilson NC-42 Shepard - - - - 2-5
Branch

Wilson NC-42 W Contentnea - - - - 2.5
Creek

Wilson NC-581 Contentnea - 01-05% 05-2¢  2-5% S5
Creek

Nash US-264 Turkey Creek - 0.1-05  0.5-2 2.5 2.5

Nash US-264 Alt Moccasin - - 0.1-0.5*  0.5-2* 2.5*
Creek

Nash USs-264 Little Creek - - - 0.1-0.5 0.5-2

Nash US-264 Moccasin - - - - 0.5-2
Creek

Pamlico NC-33 Jones Bay -- 0.1-05 0.5-2 2-5 2-5

Pamlico NC-304 Jones Bay -- -- 0.1-05 0.5-2 2-5
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Pamlico NC-304 Gale Creek -- -- 0.1-0.5 0.5-2 2-5

Pamlico NC-304 Bear Creek -- -- 0.1-0.5 0.5-2 2-5

Pamlico NC-304 Vandemere - . 0.1-05  0.5-2 2.5

Creek

Pamlico NC-304 Smith Creek -- -- -- -- 0.5-2

Pamlico NC-304 Chapel Creek -- 0.1-0.5* 0.5-2* 0.5-2 2-5

Pamlico NC-304 Bay River -- -- 0.1-0.5 0.5-2 2-5

Pamlico NC-304 North Prong - - 052 052 25
Bay River

Pamlico NC-55 South Prong . - 01-05* 052+  2-5*
Bay River

Pamlico NC-55 Alligator Creek -- - 0.1-0.5 0.5-2 2-5

Pamlico NC-55 Trent Creek -- -- 0.5-2* 2-5* 2-5*

Pamlico NC-55 Greens Creek -- -- 0.5-2* 2-5*% 2-5*

Pamlico NC-55 Morris Creek -- -- -- -- 2-5*

-- AEP event not assessed

* Inundation depth taken adjacent to flooding source and/or at bridge approaches
making river crossing/route impassable
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3 Data Collection
3.1 Hydrologic Data

3.1.1 Streamflow and Stage Data

USGS provides extensive coverage of streamflow and stage records throughout the
study area. There are multiple sites that have an established record dating back to the
early 20" century. Therefore, a number of sites downstream of Falls Lake have
captured both unregulated (pre-1983) and regulated periods (post-1983) of operation.
Table 9 provides a summary of available data for select USGS sites that were utilized
for the purposes of this study.

Table 9. Select USGS streamflow sites pertinent to the Neuse River basin study

Peak
Streamflow
Drainage Period of Datum (ft,
Site ID Description Area (sg mi) Record (CY) NAVDS88)
Eno River at
02085070 i ioh, NG 66 1928-2020 486.7
02085070  ERnO Rivernear 141 1964-2020 269.92
Durham, NC
02085500 Flat River at 149 1926-2020 346.85
Bahama, NC
02086500  latRiverat Dam 168 1928-2020 255.7
near Bahama, NC
Little River at
0208521324 46l near 78.2 1988-2020 382.69
Orange Factory,
NC
Little R bl Little R
208524975 Trib at Fairntosh, 98.9 1996-2020 263.6
NC
02087183  'Neuse River near 771 1945-2020 198.4
Falls, NC
Crabtree Cr at
0208726005 Ebenezer Church 76 1989-2020 223.9
Rd nr Raleigh, NC
Crabtree Creek at
02087275 HWY 70 at 97.6 1973-2020 202.9
Raleigh, NC
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Crabtree Creek at

02087324 US1 at Raleigh, 121 1973-2020 182.36
NC
Walnut Creek at
02087359 Sunnybrook Drive 29.8 1996-2020 182.24
nr Raleigh, NC
02087500  'Neuse River near 1150 1919-2020 1275
Clayton, NC
Neuse River at
02087570 Smithfield, NC 1206 1908-1990 98.3
Swift Creek near
0208758850 McCullars 250.4 1989-2020 35.8

Crossroads, NC
Middle Creek near

02088000 Claytor NG 83.5 1940-2020 83.5
020883g3  L-ittle River near 55 2009-2020 230.7
Zebulon

Neuse River near

02089000 Coldshora, N& 2399 1866-2020 41.9

02089500 Neuse River at 2692 1919-2020 9.7
Kinston, NC

02001000  Nahunta Swamp 80.4 1955-2020 49.7

near Shine, NC

Contentnea Creek
02091500 at Hookerton. NC 773 1928-2020 14.85

Neuse River near
02091814 Fort Barnwell, NC 3900 1996-2020 0.0

02092500  ''entRiver near 168 1928-2020 18.0
Trenton, NC

From Table 9 it can be seen that all but one site has a period of peak flow record
extending through calendar year 2020. The Neuse River at Smithfield, NC site
(02087570) halted streamflow and stage records in 1990. Its calibrated rating curve has
been used to approximate recent historic flooding events, though there is a high degree
of uncertainty due to the potential change in the Neuse River’s cross-sectional area that
has occurred since 1990. Due to the consistent use of the NAVD88 vertical datum by
USGS at these sites, conversion from older datums isn’t a concern for integration with
other modern hydrologic and hydraulic data.
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3.1.2 Rainfall Data

Rainfall data for the events utilized in calibration and validation of the H&H models were
obtained from the Wilmington District Water Management Server and also provided by
the NWS Southeast River Forecast Center (SRFC). Data were obtained as National
Oceanic and Atmospheric Administration (NOAA) Stage IV gridded precipitation in
XMRG format. Stage IV is an hourly quality-controlled rainfall product available on a
4.0-kilometer (2.6-mile) grid across the United States. The hourly rainfall data in the
XMRG file format was unpacked into the Standard Hydrologic Grid (SHG) format and
spatially interpolated to a 500-meter grid using the gridloadXMRG program. The gridded
data was then imported into the Meteorologic Visualization Utility Engine (HEC-MetVue)
program and basin average hyetographs were created from the grid for each subbasin
in the hydrology model (SAM, 2021).

In addition to streamflow sites, USGS provides a number of precipitation-recording
stations in the upper basin, within Wake County (Crabtree Creek and Walnut Creek
watersheds). Due to their limited applicability for basin-wide analysis, records were used
as a comparison to the gridded rainfall data described in the preceding paragraph.
Likewise, rain gage sites within the Community Collaborative Rain, Hail & Snow
(CoCoRaHS) network were used to generally describe the precipitation impacts during
historic flood events.

3.2 Topographic Data

Through a collaboration of various State agencies, namely North Carolina Emergency
Management and North Carolina Department of Transportation, a basin-wide LIiDAR-
derived topographic dataset was available for this study. It was comprised of a multi-
phased collection effort between 2014 and 2016 and is classified as Quality Level 2
(QL2). This allowed for a 30-meter post spacing collection with 8 points per meter
precision. All data included intensity values and was collected to support a 19.6 cm or
0.64-foot Non-Vegetated Vertical Accuracy (NVA) at a 95% confidence level (NCDOT,
connect.ncdot.gov). Upon the conclusion of post-processing of LAS data, a digital
elevation model (DEM) of last-return points was produced (bare-earth model). The data
are referenced vertically to the North American Vertical Datum of 1988 (NAVD88) and
horizontally to the North American Datum of 1983 (NAD83). The DEMs were provided
as tiles in .tif format by SAW USACE and mosaicked to form a continuous DEM for use
in modeling and mapping. A similar topographic product was developed using previous
State-collected LIDAR data circa 2005 to supplement the more computationally
intensive QL2 set due to the large study area.

Channel surveys from multiple sources were used to enhance study area DEMs. Cross
sectional geometry within stream banks were obtained from FEMA hydraulic modeling
and were merged with LiDAR-derived overbank floodplain. According to County Flood
Insurance Studies in the study area, natural floodplain cross sections were surveyed
approximately every 4,000 feet along detail study reaches to obtain geometry between

Data Collection A-52



Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

bridges and culverts (FEMA, 2019). Efforts were made to georeference older FEMA
hydraulic models, with emphasis placed on assuring accuracy at structural stream
crossings. Bathymetry was also utilized from previous USACE Continuing Authorities
Program (CAP) efforts, such as the CAP1135 study near Goldsboro, NC (USACE,
2015). In the lower reaches of the Neuse River and within Pamlico Sound, bathymetry
was supplemented with National Oceanic and Atmospheric Administration (NOAA)
nautical charts. There were no new bathymetric surveys taken as part of this feasibility-
level study.

3.3 Structural Data

The majority of hydraulic structures within the study extents were based on FEMA
hydraulic modeling provided by the North Carolina Floodplain Mapping Program.
Hydraulic structure elevations and geometry in these models were based on detailed
survey data. Other sources of bridge and culvert data were provided in structural as-
builts from North Carolina Department of Transportation.
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4  Historic Events

4.1 Overview

The following Table 10 provides a list historic flooding events prior to 2016 in the Neuse
River basin, as compiled by USGS, and presented in a recent Hurricane Florence-
related publication: Preliminary Peak Stage and Streamflow Data at Selected U.S.
Geological Survey Streamgaging Stations in North and South Carolina for Flooding
Following Hurricane Florence, September 2018, Open-File Report 2018-1172:

Table 10. List of Historic Flood Events, Provided by USGS

Quantified
Event Date Impacts (state- Description
wide)
August, 1908 B Set flood of record.for upper portion of
Neuse River basin.
Lives lost, 21; .
o Storm tides set new peak stage, based
September 15-17, 1933 dama_ggs, $3 on high-water marks in New Bern, NC.
million
September 17, 1945 Floods on upper Neuse.
Lives lost, 19; . . )
A Hurricane Hazel, the costliest storm in
October 15, 1954 damr?]%ﬁéfl% the State's history to date.

Damage, $58 Hurricanes Connie and Diane. Estuaries

August 12 and 17, 1955 million of Neuse and Pamlico Rivers hardest hit.

Widespread rainfall totals of 5 to 10+

Lives lost, 25; inches across central and eastern North
September 5-6, 1996 damages, $2.4 i b o1 hurri h
billion Carolina. Substantial hurricane strengt

winds felt far inland.
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4.2 Hurricane Matthew

In the fall of 2016, Hurricane Matthew caused significant damage to the State of North
Carolina, both in economic and life-safety terms. The event resulted in damage
estimates in North Carolina that exceeded $1.5 billion and nearly 30 deaths were
attributed to the hurricane (NCSU, 2017). A roughly 15-year period of quiet tropical
storm activity in much of the Neuse River basin, following the devastating 1999
Hurricane Floyd event, was abruptly ended in October of 2016.

Hurricane Matthew originated along the African coast in late September 2016. As a
tropical wave, it quickly moved westward where near Barbados it became Tropical
Storm Matthew. It eventually became a hurricane off the coast of South America and
underwent rapid intensification by early October 2016. After impacting Haiti, Cuba, and
the Bahamas, the storm was able to maintain Category 3 and 4 winds. There was a
period of weakening as the hurricane made its way northwest along the eastern coast of
Florida and had been downgraded to a Category 1 storm as it paralleled southern
portions of the South Carolina coast. It made landfall just south of McClellanville, South
Carolina on 8-October. Its path shifted back east where its center remained just offshore
of North Carolina on 9-October.

Widespread showers and thunderstorms impacted the Neuse River basin over a nearly
48-hour period as the storm’s western side circulated through the middle of the basin.
Areas near Smithfield, Goldsboro, and Kinston experienced significant rainfall.
CoCoRaHS rain gage stations near Goldsboro, Kinston, and New Bern, reported 13.3-,
16.5-, and 8.5-inches, respectively (SC ACIS, 2022). State-wide precipitation totals for
Hurricane Matthew, as reported by the National Weather Service, is shown in Figure 14.

Hurricane Matthew Precipitation
Updated 20160,26
Total Precipitation less than 2 inches
I Total Precipitation of 2 to 4 inches
Total Precipitation of 4to & inches
Il Total Precipitation of 8 to 12 inches

I Total Precipitation of 12 to 16 inches &

Il Total Precipitation of 16 inches or more
Precipitation amounts reported in inches. 3 HWS Raleigh, HC
Analysis based on observed rainfall and radar estimates www.weather.gowraleigh

Figure 14. National Weather Service — Hurricane Matthew Precipitation
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USGS reported new streamflow peaks of record for stream gages located at Neuse
River near Goldsboro, NC (ID 02089000) and Neuse River at Kinston, NC (ID
02089500) (USGS, 2016). The stage-only stream gage at Smithfield, NC (ID
02087570), set a new peak record from Hurricane Matthew, which exceeded the
previous record set from Hurricane Floyd in 1999. The peak stage and discharge
recorded at the Clayton stream gage (ID 02087500) during the event were the second
highest in the period of regulated record since the 1984 water year. Its highest
observations were set during Hurricane Floyd in 1999.

The Falls Lake Dam reservoir elevation prior to the event was near elevation 251.7 ft,
NAVDB88. Releases from the project were reduced to near 100 cfs roughly 2.5 days prior
to the storm’s arrival in the lower basin. Discharge recorded immediately below the
project was maintained at that minimum flow for approximately 15 days while the
uncontrolled downstream portion of the basin responded to the hurricane event. Peak
discharges were observed at Goldsboro and Kinston on 12-October and 14-October,
respectively. The uncontrolled peak flows at Goldsboro and Kinston were 53,400 cfs
and 38,200 cfs, respectively. The discrepancy between peak flows at these two
locations suggested that significant overbank floodplain attenuation was characteristic
of this segment of the Neuse River. by On 21-October, flood releases began from Falls
Lake Dam. The releases would result in a secondary peak flow progressing
downstream; however, it was purposefully delayed to not contribute to the much higher
uncontrolled hydrograph peaks seen near Goldsboro and Kinston. Furthermore, the
federal project flood releases were only a fraction of the uncontrolled peak flow, at 8%
and 11% of the Goldsboro and Kinston peaks, respectively.

4.3 Hurricane Florence

Hurricane Florence slowly approached the coast of North Carolina, at 4 mph, after
periods of rapid intensification and weakening that had allowed it to strengthen to a
category 4 storm on September 12, 2018. Outer rain bands initially reached the lower
portions of the Neuse River basin with consistent wind gusts near 40 to 50 mph and
gusts of 60 to 70 mph measured over the Pamlico Sound. Tornado warnings were
issued for the lower basin. While Florence did weaken to a category 1 storm when it
made landfall on September 14, 2018 along the southeastern coast of North Carolina,
threats from its forecast was not necessarily based on intensity but on overall storm
size. The storm’s large circulation caused a significant storm surge despite its low
category strength, especially when combined with heavy rainfall due to its slow
movement. The overall character of the hurricane had a well-defined eye but with only a
partial eyewall on its western side due the storm’s large size. The storm’s path had a
stair-stepping pattern near the coast due to the wobbling inner eye trying to center
within a broader outer band. This pattern caused the storm to stall at intervals as it
traveled west which produced prolonged precipitation over the basin.

The storm’s direction shifted in a southerly direction once it made landfall which further
increased the rainfall totals across its northwest outer bands. The New Bern, NC airport
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reported a 5-day total rainfall of over 17 inches between 12-September and 17-
September. 5-day total rainfall in the Kinston, Farmville, and Raleigh-Durham areas
were reported at approximately 19, 13.5, and 9 inches, respectively (SC ACIS, 2022).
Hurricane Florence observed precipitation is shown in Figure 15.

National Weather Service

Valid Endm Tuesday September 18th 2018 at 2 PMEDT

West|Liberty .. ," : Tappahannock Q' Cmnco(eague
L &1

= 4 § o)
Beckley 4
l( ) & et
Jackson Srorade g 3 y Richmond Deltavnlle

Bluefield
> &

-~

Clintwood
-

Wytheville

jBristol

New Bern
i !,/

Fayetteville

P llancaster Cheraw YMorehead City; Up to 0.1 inch
= Linbertoniys S/ 0.1to 0.25 inches
¥ 0.25 to 0.5 inches

Firan \wnm'?ﬁgton W 0.5 to 1.0 inches

columbia * BN 10to15 inches
) 1.5 to 2.0 inches

Myrtle Beach > 2.0 to 3.0 inches

W% 3.0 to 4.0 inches

Georgetown B 4.0to 6.0 inches

B 6.0 to 8.0 inches
B 5.0 to 10.0 inches
B 10.0 to 15.0 inches
B 150 to 20.0 inches
B 20.0 to 30.0 inches
30.0 to 50.0 inches

Figure 15. National Weather Service - Hurricane Florence Observed Precipitation

USGS reported that 28 stream gage sites in North Carolina and South Carolina show a
new peak record following Hurricane Florence. Within the Neuse River basin, USGS
site 02092500, Trent River near Trenton, NC (67 period-of-record) had a new peak of
record discharge of 67,700 cfs and a peak gage height of 24.23 feet. USGS estimated
this to be less frequent than a 0.002-AEP event. Other gage sites within the basin that
had a new peak of record included Mountain Creek at SR1617 near Bahama and
Ellerbe Creek near Gorman (USGS, 2018).

The Falls Lake Dam reservoir elevation prior to the event was near elevation 251.6 ft,
NAVD88. Releases from the project were near 100 cfs. Discharge recorded immediately
below the project were maintained at that minimum flow for approximately 12 days while
the uncontrolled downstream portion of the basin responded to the hurricane event.
Peak discharges were observed at Goldsboro and Kinston on 18-September and 21-
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September, respectively. The uncontrolled peak flow at Goldsboro and Kinston were
36,700 cfs and 30,500 cfs, respectively.

Effects of reservoir performance for Hurricane Florence were analyzed through a
NCDOT and NCSU joint effort, performed independent and impartial to USACE. The
following Figure 16 was provided in the 2020 Flood Abatement Assessment for Neuse
River Basin; it documented the recorded discharge for the Hurricane Florence
hydrograph at multiple stream gage locations in the basin and were compared to Fall
Lake Dam releases.

NC STATE UNIVERSITY

Hurricane Florence
40000

Goldsboro — Sep 18

35000

Kinston — Sept 21

30000

& 25000
Q

20000
Falls Lake — Oct 2

Discharge (CF

15000

10000

5000

\ Clayton — Sep 16

-‘_-‘-"-—-—_;

0 r
9/10/2018 8/15/2018 9/20/2018 9/25/2018 8/30/2018

—— Clayton ——Kinston Goldsboro

Falls Lake

Figure 2-8. Discharges at Falls Lake in relation to discharge observed at downstream gages in the
Neuse River basin during Hurricane Florence.

Figure 16. Hydrograph response to Hurricane Florence, presented in NCDOT, 2020 Report

As seen in the provided figure above, releases from Fall Lake Dam were timed such
that the uncontrolled hydrographs downstream had peaked and began receding by the
time flood releases from the project reached Goldsboro and Kinston. As such, the
federal project played virtually no role in the peak flows and associated flood depths
caused by the hurricane. Over the total hydrograph duration, eventual peak discharge
released from the dam accounted for a fraction of the uncontrolled flow, at 15% of the
Goldsboro peak and 18% of the Kinston peak (NCDOT, 2020).
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For additional non-biased assessment of Falls Lake Dam operations and its effects
during Hurricane Florence, please refer to the referenced NCDOT/NCSU document in
the preceding paragraphs.
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5 Existing Conditions

5.1 Hydrology

The total Neuse River basin is approximately 6,200 square miles which includes 770
square miles above the Falls Lake Dam federal project as well as over 400 square miles
of drainage area within the Pamlico Sound estuary. For the Neuse River basin FRM
study, the upper limits of the hydrologic model extended to the headwaters of the Eno
and Flat River. The upstream limit of the Neuse River mainstem is the downstream face
of the Falls Lake Dam. Major tributary subbasins in the hydrologic model study area
include: Crabtree Creek, Walnut Creek, Swift Creek, Middle Creek, Black Creek, Mill
Creek, Falling Creek, Little River, Big Ditch, Bear Creek, Southwest Creek, Contentnea
Creek, Little Contentnea Creek, Nahunta Swamp, Hominy Swamp Creek, Swift Creek
(Craven Co.), and Trent River. Select major tributaries in the basin are shown in Figure
17.
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Figure 17. Select Neuse River Basin Tributaries
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5.1.1 Hydrology Model Background

A total of five separate planning level hydrologic models were developed to assess
existing conditions in the Neuse River basin, using the USACE Hydrologic Engineering
Center Hydrologic Modeling System (HEC-HMS) software, version 4.8. Given the
Neuse River basin’s large size and number of tributaries, as well as variety in urban
landscape, it was decided that multiple separate models would best serve the intent in
formulating local flood risk management measures. One comprehensive basin model
was developed for hydrologic assessment along the mainstem of the Neuse River as
well as the following headwaters and major tributaries: Eno River, Little River (Durham
Co.), Flat River, Walnut Creek, Swift Creek (Johnston Co.), Middle Creek, Little River
(Wayne Co.), Swift Creek (Craven Co.), Contentnea Creek, and Trent River. The large
footprint of this model would provide the ability to evaluate basin-wide flooding concerns
and associated opportunities. Its development priority would also help direct future
modeling needs as plan formulation progressed through the feasibility process.

Based on sponsor and community input at the onset of this feasibility study, as well as
recently completed/ongoing related basin studies, several specific locations within the
study area were highlighted. Upon review of these areas, it was determined that
subbasin-specific HEC-HMS modeling would be required. The availability of existing
subbasin modeling also provided either a good starting point or in one instance, a
significant modeling effort that already detailed existing and future without project
conditions. Furthermore, the highly urban characteristics of some of these subbasins
created inconsistencies in the modeling approach assumed for the larger basin-wide
model.

Four subbasin-specific HEC-HMS models were developed in parallel with the basin-
wide model. These smaller scale modeling footprints included the following Neuse River
tributaries: Crabtree Creek in Raleigh, Hominy Swamp Creek in Wilson, Big Ditch in
Goldsboro, and Adkins Branch in Kinston. Notable, these subbasin-specific areas were
also included in the Neuse River mainstem basin model, albeit in lesser detall,
especially for the Crabtree Creek watershed.

5.1.2 Model Overview

5.1.2.1 Basin Delineation

The USACE CWMS HEC-HMS Neuse River model was primarily developed to allow for
efficient water management within the basin; therefore, basin delineation was mostly
limited to known USGS gage locations. It was determined to have too few subbasin
elements for this feasibility-level evaluation and was not utilized for basin delineation.
Subbasins for the Neuse River Mainstem HEC-HMS model were verified and manually
re-delineated from the existing AECOM model using HEC-HMS 4.8 GIS features and
Hydrologic Unit Code 10 (HUC-10) subbasins. QL2 LiDAR was determined to be too
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computationally intensive for processing within HEC-HMS due to the large basin size,
and the older LIiDAR dataset was utilized. A number of subbasins in the AECOM model
were merged together due to their relatively small size and to reduce the amount of
uncertainty during the calibration process. For comparison, AECOM model subbasin
areas ranged from 0.4 to 316 square miles, with an average of 50 square miles. The
Neuse River mainstem model subbasins ranged 0.2 to 365 square miles, with an
average of 90 square miles. In addition, subbasins were delineated below the outlet
point within the AECOM model, to include the lower Neuse River and major tributaries,
Swift Creek and Trent River. While the AECOM model did not include basin elements
for the drainage area above Falls Lake, subbasins were delineated at USGS gage
locations in the Neuse River mainstem model. A total of 56 subbasins were delineated
for the Neuse River basin mainstem model. The total basin area was roughly 5,050
square miles. The final subbasin delineation for the Neuse River mainstem HEC-HMS
model is shown in Figure 18.
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Figure 18. Neuse River Mainstem HEC-HMS Subbasins
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The existing Crabtree Creek HEC-HMS model, developed by AECOM, included a
detailed delineation of subbasins. No changes were made to this delineation during
utilization for the Neuse River basin feasibility study. The following description of their
delineation process is being provided as follows:

Basin delineations and drainage areas were determined using a 50’ x 50’ grid
size digital elevation model (DEM) generated from 3D points and breaklines
provided by the City of Raleigh. Drainage areas computed using the 50’x 50’
DEM often differ from published values at USGS gage locations. Such
differences are usually the result of the difference in resolution of the base terrain
data used to delineate drainage boundaries. In North Carolina, published USGS
drainage areas are usually determined by manual delineation using 1:24,000 or
1:62,500 scale topographic maps. In order to maintain consistency, drainage
areas computed from the 50°x 50’ DEM were used in all analyses in this study
(AECOM, 2010).

A total of 252 subbasins were delineated for the Crabtree Creek basin HEC-HMS
model. The total basin area was roughly 145 square miles. Crabtree Creek subbasin
delineation is shown in Figure 19.
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Three separate HEC-HMS models were developed for Hominy Swamp Creek, Big
Ditch, and Adkins Branch. These models were much smaller and were able to better
utilize QL2 LiDAR in their delineation process. The built-in GeoHMS equivalent tools of
HEC-HMS 4.8 were utilized to process the terrain data. The delineation process
underwent multiple iterations before being finalized due to the highly urbanized
watersheds in Goldsboro and Kinston. A total of 17 subbasins were delineated for
Hominy Swamp Creek with a total basin area of about 11.5 square miles. The outlet
point of the Hominy Swamp Creek model was approximately 2 miles upstream of the
confluence with Contentnea Creek. The final Hominy Swamp Creek subbasin
delineation is shown in Figure 20. A total of 12 subbasins was delineated for Big Ditch
with a total basin area of 3.0 square miles. The final Big Ditch subbasin delineation is
shown in Figure 21. A total of 14 subbasin was delineated for Adkins Branch with a total
basin area of 6.0 square miles. The final Adkins Branch subbasin delineation is shown
in Figure 22.
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Figure 20. Hominy Swamp Creek Subbasin Delineation
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Figure 21. Big Ditch Subbasin Delineation
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Figure 22. Adkins Branch Subbasin Delineation

5.1.2.2 Rainfall Losses

For all five HEC-HMS models, the SCS Curve Number methodology contained with
NRCS TR-55 was used to estimate for losses from a precipitation event occurring over
the study areas (USDA, 1986). This method was chosen due to the desire for
consistency with existing calibrated modeling, its accepted usage across both urban
and rural hydrologic landscapes, and its ability to efficiently assess both historic and
future watershed conditions.

The 2019 National Land Cover Database (NLCD) was utilized to generate land use
classifications for subbasin areas. For the Crabtree Creek model, land use data was
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developed from data contained in Wake County, North Carolina tax parcel data
shapefiles (AECOM, 2011). Geospatial analyses within ArcGIS software were used to
determine weighted curve numbers based on the NLCD and the USDA Soil Survey
Geographic Database (SSURGO) at the subbasin-level. The composite curve number
matrix assumed for this assessment is shown in Table 11. The curve number matrix
utilized for the Crabtree Creek model, consistent with the land use classifications
specific to Wake County is shown in Table 12.

Table 11. SCS Composite Curve Number Matrix

Hydrologic Soil Group

Type A B c D

Open Water 99 99 99 99
Developed, Open Space 39 61 74 80
Developed, Low Intensity 51 68 79 84
Developed, Medium Intensity 61 75 83 87
Developed, High Intensity 89 92 94 95
Barren Land 63 77 85 88
Deciduous Forest 36 60 73 79
Evergreen Forest 30 55 70 77
Mixed Forest 36 60 73 79
Shrub/Scrub 35 56 70 77
Herbaceuous 49 69 79 84
Hay/Pasture 39 61 74 80
Cultivated Crops 64 75 82 85
Woody Wetlands 36 56 70 77
Emergent Herbaceuous 79 80 87 93

Wetlands
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Table 12. Curve Number Matrix used in Crabtree Creek HEC-HMS Model (AECOM)

Table 2-3: Curve Number Matrix
5CS Hydrologic Soil Classification
Land Use X | AD B BD C D
Woods 30 40 33 all] 0 17
(Open Space 39 43 61 ik 74 80
Water o0 29 oo o9 oo ]
Wetland Brush 33 43 36 &0 0 17
Streets a3 Q8 a3 Q8 a3 98
gﬂi‘;“m‘d Agnculture Straight Row - | o5 | 90 | 78 | 82 | 85 | g0
Institutional 34 a2 T0 73 80 85
Urban districts: Industrial 81 83 88 af o1 93
Light Fesidential (1 acre) 51 &0 63 T2 fi 84
Mediim Fesidential (1/3™ acre) 37 63 72 i 81 86
Heavy Fesidential (1/8" acre or less) 77 81 23 g7 a0 92
Urban districts: Commercial i a1 a2 a3 04 95

Impervious surface area is also a parameter in the SCS Curve Number modeling.
Impervious areas were estimated with the 2019 NLCD Urban Imperviousness dataset.
Similar to the curve number methodology described above, a subbasin area-weighted
impervious area percentage was determined for all subbasins. Initial abstraction values
were automatically computed within HEC-HMS as 0.2 times the potential retention,
which was calculated from the curve number.

The initial subbasin curve numbers that resulted from the geospatial analysis were
adjusted during calibration to best fit observed data. Adjustments were also made in
consideration of antecedent moisture conditions associated with the historic calibration
events. Final subbasin curve number values across all HEC-HMS models are shown in
Table 13 through Table 17.
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Table 13. Neuse River Mainstem Basin Final Subbasin Curve Number

Initial Initial

Subbasin  Abstraction shls Subbasin Abstraction Ll
(in) Number (in) Number
B10 1.0 66.9 B5 0.6 77.4
B11 0.7 74.0 B50 1.3 60.3
B15 1.0 67.5 B52 1.1 64.8
B16 0.8 71.2 B53 0.9 68.1
B19 0.9 69.2 B54 1.4 59.2
B21 1.0 67.6 B55 1.0 66.4
B23 1.1 65.5 B56 1.1 64.3
B24 0.9 70.0 B59 0.8 71.7
B25 1.5 57.2 B6 0.9 69.5
B26 0.8 72.2 B60 1.0 66.0
B28a 0.8 70.7 B60b 1.2 62.9
B28b 0.8 71.4 B61 13 60.8
B29a 1.0 66.3 B62 1.0 65.9
B29b 0.8 71.5 B62d 1.1 63.5
B30 0.9 67.9 B62f 0.9 68.1
B31 1.0 66.7 B62h 1.2 62.4
B32 0.8 71.8 B63a 0.9 68.7
B35 1.1 63.5 B63d 15 57.9
B37 1.0 66.0 B64 1.0 67.3
B39a 0.7 75.2 B66a 1.0 66.0
B39b 0.8 72.3 B67 0.5 79.5
B40 0.8 71.0 B68a 0.8 714
B41 0.8 71.1 B68b 0.9 68.3
B43 0.9 68.0 B68c 1.0 66.5
B44 1.1 64.9 B68d 0.8 70.7
B46 0.8 70.5 B68e 0.5 78.8
B47 0.9 67.9 B68f 0.6 76.2
B49 1.1 65.1 B69 1.1 63.7
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Table 14. Crabtree Creek Basin Final Subbasin Curve Number

. M. Curve . Initial. Curve . M. Curve
Subbasin Abst(actlon Number Subbasin Abstractlon Number Subbasin Abstractlon Number
(in) = (in) (in) -
BASIN16 0.45 81.7 HSC44 0.68 74.6 MSH41 0.74 73.0
BASIN18 0.95 67.7 HSC45 0.70 74.2 MSH42 0.75 72.7
BASIN19 0.64 75.8 HSC47 0.65 75.6 MSH43 0.86 70.0
BASIN2 0.89 69.2 HSC48 0.71 73.9 PH10 0.87 69.7
BASIN20 1.02 66.3 HSC52 0.68 74.5 PH11 0.75 72.7
BASI17 0.72 73.5 HSC54 0.72 73.4 PH3 0.80 71.5
BASI24 0.73 73.2 HSC58 0.44 81.8 PH4 0.85 70.1
BB1 0.91 68.7 HSC59 0.96 67.6 PH5 0.74 73.0
BB10 0.58 77.5 HSC60 0.28 87.8 PH6 0.65 75.5
BB11 0.78 72.0 HSC61 0.38 84.0 PH7 0.74 73.0
BB12 0.78 72.0 HSC62 0.70 74.0 PH9 0.64 75.9
BB13 0.93 68.3 HSC63 0.46 81.3 RC1 1.49 57.4
BB2 0.77 72.3 HSC64 0.62 76.3 RC10 1.02 66.2
BB3 0.99 66.8 HSC65 0.54 78.8 RC11 151 56.9
BB5 0.90 69.0 HSC66 0.58 77.4 RC12 1.03 66.1
BB6 0.87 69.6 HSC67 0.56 78.1 RC13 1.26 61.4
BB7 0.89 69.1 HSC68 0.52 79.4 RC15 1.33 60.1
BBS8 0.74 72.9 LBC1 0.92 68.4 RC16 1.26 61.4
BB9 0.83 70.6 LBC10 0.87 69.6 RC17 1.65 54.8
BrB-1 0.95 67.8 LBC11 1.21 62.3 RC18 1.21 62.3
BrB-2 0.77 72.2 LBC12 0.87 69.6 RC19 1.02 66.3
BVR1 0.93 68.3 LBC13 0.77 72.1 RC2 1.46 57.8
BVR10 0.90 68.9 LBC2 0.44 82.1 RC20 1.12 64.1
BVR11 1.03 66.1 LBC3 0.77 72.1 RC21 1.37 59.4
BVR12 1.04 65.9 LBC4 0.98 67.2 RC3 1.47 57.7
BVR13 1.01 66.4 LBC5 0.79 71.8 RC4 0.84 70.4
BVR14 0.97 67.2 LBC6 0.66 75.1 RC5 1.12 64.1
BVR15 1.07 65.1 LBC7 0.71 73.7 RC6 0.95 67.7
BVR16 1.14 63.7 LBC75 0.82 71.0 RC7 0.94 68.1
BVR2 1.01 66.5 LBC76 0.74 72.9 RCS8 0.90 69.0
BVR3 0.96 67.6 LBCS8 0.89 69.1 RC9 1.46 57.8
BVR4 0.90 69.1 LBC9 0.68 74.6 SCY1 1.13 64.0
BVR5 0.89 69.3 MC10 0.71 73.8 | SYCT13 1.58 55.9
BVR6 0.94 68.1 MC100 0.93 68.2 SYC10 1.80 52.6
BVR7 1.08 64.9 MC101 1.04 65.7 SYC11 1.08 64.9
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BVRS 0.89 69.1 MC102 0.75 72.7 | SYC12 1.66 54.7
BVR9 0.98 67.2 MC103 1.06 65.4 | SYC13 1.01 66.5
CTC125 0.64 75.9 MC11 1.44 58.1 | SYCi14 0.45 81.7

CTC126 0.58 77.5 MC110 0.79 71.7 | SYC15 0.75 72.7

CTC22 0.79 71.8 MC124 0.99 66.9 | SYCI16 0.57 77.7

CTC23 0.60 77.0 MC13 0.69 74.3 | SYC17 1.14 63.7

CTC25 1.11 64.4 MC15 0.86 69.9 | SYC18 1.08 64.9

CTC26 1.35 59.7 MC16 1.14 63.7 | SYC19 1.24 61.7
cTC27 1.22 62.2 MC18 0.95 67.9 SYC2 1.23 61.8
CTC28 1.83 52.2 MC19 1.00 66.7 | SYC20 1.05 65.7
CTC29 1.32 60.3 MC2 0.97 67.4 | SYC21 0.87 69.7

CTC30 1.61 55.4 MC20 0.81 71.1 SYC22 0.96 67.6

CTC31 0.76 72.5 | MC200 1.15 63.5 | SYC23 0.87 69.8

CTC32 0.78 71.9 MC201 0.94 68.0 | SYC24 0.89 69.1

CTC33 0.86 70.0 MC21 1.02 66.3 SYC3 1.49 57.4

CTC34 0.76 72.5 MC22 0.95 67.8 SYC4 1.54 56.5

CTC35 0.94 68.0 MC23 0.86 69.9 SYC5 1.58 55.9

CTC35A 0.86 69.9 MC24 1.37 59.3 SYC6 1.87 51.6

CTC35B 0.99 67.0 MC25 1.01 66.5 SYC7 1.86 51.8
CTC36 0.87 69.8 MC26 1.06 65.5 SYCS8 1.60 55.6
CTC38 0.93 68.3 MC27 0.99 66.9 SYC9 1.93 50.8
CTC39 0.93 68.3 MC3 0.91 68.7 | SYT1-4 0.84 70.5
CTC40 0.92 68.5 MC5 0.97 67.3 | SYT1_ 1 1.64 54.9
CTC41 0.96 67.6 MC7 0.99 66.9 | SYT1_2 1.57 56.0
CTC42 0.91 68.7 MC8 0.81 71.1 | SYT2-1 0.92 68.6
HC1 1.56 56.2 MC9 0.51 79.6 | SYT2-2 0.58 77.4
HC10 1.06 65.3 | MSH170 0.36 84.7 | SYT2-3 0.65 75.5
HC11 0.95 67.7 | MSH180 0.34 85.5 | SYT2-4 1.03 65.9
HC12 0.95 67.7 | MSH20 0.35 85.2 | SYT2-5 1.07 65.1
HC13 1.04 65.7 | MSH21 0.57 779 | SYT2-6 0.93 68.3
HC14 0.78 71.9 | MSH22 0.45 81.6 | SYT2-7 0.89 69.3
HC2 1.47 57.7 | MSH23 0.35 85.1 TC250 0.89 69.2
HC3 1.44 58.2 | MSH24 0.63 76.1 TC251 0.73 73.2
HC4 0.71 73.9 | MSH25 0.47 81.1 TC252 0.90 69.0
HC5 1.10 64.6 | MSH26 0.59 77.2 TC253 1.32 60.3
HC6 0.57 77.9 | MSH27 0.70 74.2 TC254 1.04 65.7
HC7 1.22 62.2 | MSH28 0.62 76.4 TC255 0.96 67.6
HC8 1.04 65.8 | MSH29 0.45 81.6 TC256 1.19 62.7
HC9 0.83 70.6 | MSH30 0.64 75.9 TC257 0.76 72.6

HSC29 0.60 76.9 | MSH31 0.46 81.2 TC258 0.83 70.8
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HSC30 0.50 80.0 | MSH32 0.37 84.3 TC259 0.73 73.3

HSC33 0.68 74.6 | MSH33 0.48 80.7 TC260 0.85 70.2

HSC34 0.74 73.1 | MSH34 0.47 81l.1 TC261 0.66 75.1

HSC36 0.68 74.5 | MSH35 0.46 81.2 TC262 0.88 69.4

HSC37 0.34 85.3 | MSH36 0.48 80.5 TC263 0.93 68.3

HSC38 0.67 74.9 | MSH37 0.58 77.6 TC264 0.87 69.6

HSC39 0.59 77.2 | MSH38 0.29 87.5 TC265 1.04 65.7

HSC40 0.63 76.0 | MSH39 0.68 74.5 TC266 0.90 69.0

HSC43 0.58 77.6 | MSH40 0.77 72.2 TC267 0.89 69.2

Table 15. Hominy Swamp Creek Basin Final Subbasin Curve Number

. M. Curve
Subbasin  Abstraction _—

(in) Number
sl 0.54 78.8
s10 0.49 80.3
sll 0.45 81.7
sl2 0.60 76.8
sl4 0.85 70.2
s2 0.40 83.4
s21 0.61 76.6
s3 0.49 80.3
s30 0.42 82.5
s32 0.74 72.9
s34 0.86 69.8
s4 0.72 73.6
s5 0.66 75.2
s51 0.85 70.1
S6 0.63 76.1
s7 0.65 75.4
s8 0.65 75.4
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Table 16. Big Ditch Basin Final Subbasin Curve Number

Initial

Subbasin Abstr_action Ncl:Jl:rz\tl)ir
(in)
sl 0.42 82.5
s10 0.53 79.1
sl2 0.19 91.5
s13 0.38 84.0
sl4 0.38 83.9
s16 0.50 80.0
S2 0.06 97.2
s3 0.22 90.1
s4 0.44 82.0
s45 0.55 78.4
s53 0.77 72.2
sb4 0.36 84.9

Table 17. Adkins Branch Basin Final Subbasin Curve Number

. M. Curve
Subbasin  Abstraction
(in) Number
sl 0.34 85.3
s10 0.31 86.6
sl2 0.44 82.0
sl13 0.60 76.9
sl4 0.06 96.9
sl6 0.49 80.2
s2 0.37 84.5
s3 0.50 80.0
s4 0.45 81.5
s45 0.39 83.8
s53 0.00 99.0
s54 0.25 88.8
s8 0.38 84.1
s9 0.24 89.4
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5.1.2.3 Subbasin Response

Transform methods used within the separate models were chosen based on the
availability of calibration data and overall basin size and complexity. For the three
smaller basin models, Hominy Swamp Creek, Big Ditch, and Adkins Branch, the SCS
Unit Hydrograph method was used. Lag time values were derived from the following
time of concentration equation (1):

VvV Slopeio_ss

T. =22 (

Longest flow paths (L), centroidal flow paths (Lc), and slope parameters were estimated
using the GIS features within HEC-HMS 4.8. Values from this equation were multiplied
by 0.6 to equate an approximate lag time.

The SCS Unit Hydrograph method was also used in the Crabtree Creek HEC-HMS
model. Lag time values were estimated using the SCS TR-55 method. Method
requirements of overland flow, shallow concentrated flow, open channel flow, and lake
flow were developed through the use of geospatial analysis and a collection of survey
cross sections to calculate the channel component.

The Neuse River mainstem HEC-HMS model used the Clark Unit Hydrograph transform
method. It was considered the most compatible method for use with the gridded
precipitation format of calibration and validation events. Clark unit hydrograph values
were estimated using equation (1) above, and the following storage coefficient
relationship:

i = (.65

T.+R
Initial parameter values for the transform methods using the equations above for all
HEC-HMS models were adjusted during calibration to best fit observed data. Final
subbasin transform method values for each HEC-HMS model are shown in Table 18
through Table 22.
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Table 18. Crabtree Creek Basin Final Subbasin Transform Parameters

Subbasin M Subbasin M Subbasin M
min _ min e min
BASIN16 4 HSC44 17 MSH41 19
BASIN18 50 HSC45 18 MSHA42 26
BASIN19 24 HSC47 27 MSH43 18
BASIN2 21 HSC48 7 PH10 41
BASIN20 21 HSC52 17 PH11 22
BASI17 140 HSC54 14 PH3 22
BASI24 26 HSC58 13 PH4 29
BB1 12 HSC59 8 PH5 17
BB10 14 HSC60 7 PH6 13
BB11 10 HSC61 8 PH7 13
BB12 14 HSC62 10 PH9 18
BB13 13 HSC63 4 RC1 26
BB2 8 HSC64 10 RC10 16
BB3 9 HSC65 11 RC11 23
BB5 15 HSC66 14 RC12 30
BB6 12 HSC67 9 RC13 33
BB7 19 HSC68 13 RC15 18
BB8 19 LBC1 36 RC16 4
BB9 23 LBC10 46 RC17 18
BrB-1 25 LBC11 20 RC18 34
BrB-2 10 LBC12 43 RC19 15
BVR1 16 LBC13 75 RC2 38
BVR10 7 LBC2 18 RC20 17
BVR11 12 LBC3 31 RC21 10
BVR12 10 LBC4 14 RC3 21
BVR13 17 LBC5 31 RC4 33
BVR14 8 LBC6 36 RC5 23
BVR15 13 LBC7 15 RC6 18
BVR16 15 LBC75 39 RC7 19
BVR2 14 LBC76 35 RC8 4
BVR3 5 LBCS8 52 RC9 29
BVR4 12 LBC9 24 SCY1 4
BVR5 9 MC10 14 SYCT13 30
BVR6 16 MC100 19 SYC10 10
BVR7 11 MC101 9 SYC11 48
BVRS 9 MC102 4 SYC12 22
BVR9 18 MC103 8 SYC13 31
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CTC125 35 MC11 15 SYC14 19
CTC126 19 MC110 5 SYC15 22
CTC22 92 MC124 19 SYC16 19
CTC23 15 MC13 14 SYC17 17
CTC25 45 MC15 25 SYC18 22
CTC26 10 MC16 4 SYC19 31
CTC27 32 MC18 16 SYC2 15
CTC28 30 MC19 29 SYC20 18
CTC29 79 MC2 18 SYC21 17
CTC30 14 MC20 19 SYC22 13
CTC31 25 MC200 4 SYC23 13
CTC32 25 MC201 19 SYC24 10
CTC33 26 MC21 17 SYC3 25
CTC34 21 MC22 10 SYC4 21
CTC35 31 MC23 7 SYC5 18
CTC35A 4 MC24 4 SYC6 24
CTC35B 11 MC25 16 SYC7 17
CTC36 33 MC26 16 SYCS8 22
CTC38 4 MC27 26 SYC9 24
CTC39 26 MC3 12 SYT1-4 18
CTC40 59 MC5 21 SYT1 1 22
CTC41 39 MC7 41 SYT1 2 24
CTC42 22 MC8 14 SYT2-1 16
HC1 29 MC9 2 SYT2-2 18
HC10 6 MSH170 22 SYT2-3 34
HC11 13 MSH180 15 SYT2-4 29
HC12 11 MSH20 11 SYT2-5 41
HC13 9 MSH21 9 SYT2-6 5
HC14 12 MSH22 38 SYT2-7 20
HC2 18 MSH23 10 TC250 10
HC3 9 MSH24 25 TC251 15
HC4 9 MSH25 17 TC252 31
HCS5 14 MSH26 15 TC253 13
HC6 12 MSH27 11 TC254 16
HC7 33 MSH28 25 TC255 16
HC8 10 MSH29 11 TC256 19
HC9 4 MSH30 23 TC257 28
HSC29 9 MSH31 5 TC258 4
HSC30 14 MSH32 13 TC259 5
HSC33 15 MSH33 20 TC260 30
HSC34 15 MSH34 14 TC261 13
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HSC36 15 MSH35 18 TC262 15
HSC37 16 MSH36 16 TC263 4
HSC38 15 MSH37 18 TC264 24
HSC39 16 MSH38 6 TC265 11
HSC40 17 MSH39 30 TC266 19
HSCA43 19 MSH40 25 TC267 16

Table 19. Hominy Swamp Creek Basin Final Subbasin Transform Parameters

Subbasin  =2d-1ime

min
sl 151
s10 93
sll 130
s12 87
sl4 110
S2 107
s21 96
s3 78
s30 66
s32 92
s34 71
s4 82
s5 104
sb1 49
s6 84
s7 127
s8 102
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Table 20. Neuse River Mainstem Basin Final Subbasin Transform Parameters

Time of Storage Time of Storage
Subbasin Concentration Coefficient Subbasin Concentration Coefficient

(hr) (hr) (hr) (hr)
B10 6.3 9.8 B5 10.9 10.3
B11 7.1 9.8 B50 9.7 38.8
B15 14.8 34.3 B52 7.5 13.7
B16 7.3 10.1 B53 8.0 30.9
B19 16.6 21.9 B54 4.6 7.2
B21 15.0 10.7 B55 6.6 23.3
B23 6.4 11.8 B56 17.4 27.2
B24 3.8 20.1 B59 18.0 28.3
B25 12.2 23.3 B6 12.7 24.3
B26 19.9 35.6 B60 17.5 46.5
B28a 11.1 11.4 B60b 16.6 27.3
B28b 5.8 9.6 B61 7.4 15.0
B29a 8.8 32.2 B62 10.6 8.9
B29b 9.7 28.9 B62d 14.0 15.1
B30 17.7 35.9 B62f 12.8 19.5
B31 5.9 10.2 B62h 11.9 27.9
B32 5.6 7.9 B63a 17.5 38.0
B35 18.0 24.8 B63d 12.3 24.9
B37 10.1 21.6 B64 11.5 26.8
B39a 27.0 47.0 B66a 8.7 15.7
B39b 17.0 45.8 B67 34.2 30.3
B40 12.6 29.4 B68a 31.1 31.4
B41 24.8 44.2 B68b 34.6 37.2
B43 7.9 19.7 B68c 36.8 23.3
B44 23.0 58.1 B68d 30.9 18.2
B46 13.7 15.8 B68e 54.2 22.8
B47 18.5 36.8 B68f 53.4 19.9
B49 18.3 62.4 B69 10.9 22.6
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Table 21. Adkins Branch Basin Final Subbasin Transform Parameters

Subbasin Lag Time (min)

sl 123
s10 88
s12 165
s13 95
sl4 42
sl6 105
s2 116
s3 188
s4 121
s45 66
s53 14
s54 133
s8 168
s9 93

Table 22. Big Ditch Basin Final Subbasin Transform Parameters

Existing Conditions

Subbasin M

E— min
sl 62
s10 93
sl1 88
s2 88
s3 71
s4 80
s49 42
sb5 56
s50 46
s7 64
s8 58
s9 50
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5.1.2.4 Baseflow

For the Neuse River mainstem HEC-HMS model, the recession method was used to
account for baseflow during historic and design storm events. Initial discharge was
based on per area values. Subbasin recession constant and a ratio to peak threshold
type, ratio was used. These values were based on knowledge of typical values for these
parameters for relatively small urban and rural watersheds in the study area as well as
adjacent major river basins (Tar River and Cape Fear River). The initial baseflow
parameters were adjusted during model calibration to best fit observed data at select
sites throughout the basin. Upon calibration and validation, the final parameter values
shown in Table 23 were used in existing conditions and future without project conditions
models.

For the Crabtree Creek, Hominy Swamp Creek, Big Ditch, and Adkins Branch HEC-
HMS models, baseflow was not included due to the absence of calibration sources and
their relatively small watershed area.
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Table 23. Final Baseflow Parameters for Neuse River Mainstem HEC-HMS Model

: . Jultia] Recession e . : I Recession S
Subbasin Dlscharqg Constant to Subbasin Dlscharqg Constant to

(cfs/lsgmi) —— Peak (cfs/lsgmi) ———— Peak

B10 0.90 0.90 0.01 B5 0.50 0.50 0.01
B11 0.50 0.50 0.04 B50 0.50 0.90 0.08
B15 0.10 0.50 0.01 B52 3.00 0.50 0.01
B16 0.50 0.50 0.01 B53 1.00 0.80 0.01
B19 0.50 0.50 0.01 B54 3.00 0.50 0.01
B21 1.00 0.50 0.01 B55 0.90 0.50 0.01
B23 0.50 0.50 0.01 B56 1.00 0.80 0.01
B24 0.50 0.70 0.20 B59 1.00 0.95 0.01
B25 0.50 0.50 0.08 B6 0.50 0.50 0.01
B26 1.00 0.80 0.01 B60 1.00 0.95 0.01
B28a 0.90 0.50 0.01 B60b 1.00 0.95 0.01
B28b 0.90 0.50 0.01 B61 1.00 0.95 0.01
B29a 0.50 0.50 0.01 B62 10.00 0.70 0.01
B29b 0.50 0.50 0.01 B62d 10.00 0.70 0.01
B30 1.00 0.80 0.01 B62f 10.00 0.70 0.01
B31 0.50 0.50 0.01 B62h 10.00 0.70 0.01
B32 0.90 0.80 0.10 B63a 3.00 0.50 0.01
B35 1.00 0.70 0.01 B63d 3.00 0.50 0.01
B37 0.50 0.50 0.01 B64 3.00 0.50 0.01
B39a 0.50 0.50 0.01 B66a 3.00 0.50 0.01
B39b 0.50 0.50 0.01 B67 0.50 0.50 0.01
B40 3.00 0.50 0.01 B68a 0.50 0.50 0.01
B41 1.00 0.95 0.01 B68b 0.50 0.50 0.01
B43 0.50 0.50 0.01 B68c 0.50 0.50 0.01
B44 0.50 0.90 0.08 B68d 0.50 0.50 0.01
B46 0.90 0.80 0.01 B68e 1.50 0.80 0.10
B47 1.00 0.95 0.01 B68f 1.50 0.80 0.10
B49 0.50 0.90 0.08 B69 0.50 0.50 0.01
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5.1.2.5 Reach Routing

Modified-Puls reach routing was used in both the Neuse River mainstem basin and the
Crabtree Creek basin HEC-HMS models. For Crabtree Creek, it was used exclusively
for all reaches in the basin. Discharge-storage curves were developed from a detailed
cross section and structure survey related to the Neuse River basin study Crabtree
Creek HEC-RAS model. Natural floodplain cross sections were surveyed at an
approximate 1000-ft interval. Regression-based discharge equations were used in the
HEC-RAS to establish rating curves of storage volume versus discharge. Sub-reaches
were estimated using the following equation:

. L
# subreaches = —
vATL

The velocity used for this relationship was determined by solving Manning’s equation for
normal depth given the 100-year flood discharge, as determined from USGS regional
regression equations (AECOM, 2011).

Initial condition for each routing reach were set to discharge = inflow.

For the Neuse River mainstem basin HEC-HMS model, modified-puls routing methods
were used for a limited number of reaches. Five routing reaches near the outlet point of
the model used this method due to the sensitivity in storage volume and downstream
floodplain conditions. The same methods describe above were used to estimate initial
routing reach values.

The Neuse River mainstem basin model also used the Muskingum method at four
routing reaches in the middle portion of the basin, between Goldsboro and Kinston.
Initial Muskingum K values were based on time of concentration estimates using
equation (1). Muskingum X values were set low to represent a large degree of
hydrograph attenuation.

The majority of routing reaches in the Neuse River mainstem basin model used the
Muskingum-Cunge method. Reach length and slope dimensions were calculated within
HEC-HMS 4.8 and channel characteristics were initially based on the USACE CWMS
HEC-RAS model.

For the Hominy Swamp Creek, Big Ditch, and Adkins Branch basin HEC-HMS models,
routing methods were based on Muskingum-Cunge. Reach length and slope
dimensions were caluclationed within HEC-HMS 4.8 and channel characteristics were
initially based on FEMA effective FIS HEC-RAS modeling.

For all model, initial values were adjusted during calibration to best fit observed data.
Only small adjustments were made to the modified-puls sub-reach count and
Muskingum-Cunge roughness values during calibration.
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5.1.2.6 Reservoirs

For the Neuse River mainstem basin HEC-HMS model, a simplified modeling approach
was taken to represent observed reservoir releases during calibration events and
assumed operations during design storms. Discharge from the dam was reduced to a
minimum flow threshold, or about 100 cfs, during main precipitation events and held
constant while conditions were monitored at flow target locations downstream. This
mandated operation schema would result in a negligible flow increase (+100 cfs) to the
peak discharge associated with downstream basin uncontrolled flow. A series of flood
releases would be made from Falls Lake once the uncontrolled peak has occurred, and
downstream hydrographs have begun receding. Based on review of Falls Lake
operations during historic events, there were considerable delays (~2 weeks) in flood
releases following the main precipitation events. Within the model, Falls Lake releases
were simulated as a source element with a constant discharge of 100 cfs. Without the
need to simulate a complicated release schedule, the Falls Lake reservoir was
represented by a model sink element. USACE water management provided a Falls
Lake daily accounts database of reservoir elevation, inflow, outflow, and storage that
covered the federal project’s history. This dataset was used to determine the ability for
the reservoir to successfully capture the full range of inflow, from the 770 square mile
portion of the basin above the project, generated for the suite of design storms.

The Crabtree Creek basin HEC-HMS model contained multiple reservoirs. Reservoirs
that were included in FEMA detail study streams were assumed to have potential to
provide storage during large events and were included in the HEC-HMS model. Basin
reservoirs characteristics were determined from survey data (outlet works and spillway
dimensions) and GIS-based analysis (elevation-storage area curves). Reservoirs that
were included in the Crabtree Creek basin HEC-HMS model are shown in Table 24.

Reservoir elements were not included in the smaller basin models, Hominy Swamp
Creek, Big Ditch, or Adkins Branch.
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Table 24. Crabtree Creek basin HEC-HMS Modeled Reservoirs (AECOM)

Structure

Table 2-4: Routing Reservoirs Used in the HEC-HMS Models

Sub-shed (Stream)

1-440 Culvert

Big Branch (Big Branch)

Cedar Hills Lake Dam

Big Branch (Big Branch)

Lassiter Mill Dam

Crabtree Creek (Crabtree Creek)

Lake Crabtree Dam

Crabtree Creek (Crabtree Creek)

Lake Lynn Dam

Hare Snipe Creek

Vet School Pond

House Creek

1-440 Culvert House Creek
US-70 Culvert Little Brier Creek (Basin 18, Stream 16)
1-540 Culvert Little Brier Creek (Little Brier Creek)

TW Alexander Dr Culver

Little Brier Creek (Little Brier Creek)

Railroad Culvert

Marsh Creek (Marsh Creek (B18, S17))

Marsh Creek (Millbrook Tributary to Marsh

Millbrook Tributary Dam 1 Creek)
Marsh Creek (Millbrook Tributary to Marsh

Millbrook Tributary Dam 2 Creek)
Marsh Creek (Millbrook Tributary to Marsh

Millbrook Tributary Dam 3 Creek)
Marsh Creek (New Hope Tributary to Marsh

Beaman Lake Dam Creek)
Marsh Creek (New Hope Tributary to Marsh

New Hope Church Road Dam Creek)
Marsh Creek (New Hope Tributary to Marsh

New Hope Trbutary Dam 1 Creek)
Marsh Creek (New Hope Tributary to Marsh

New Haope Tributary Dam 2 Creek)

Long Street Culvert

Mine Creek (East Fork Mine Creek)

Newton Road Culvert

Mine Creek (East Fork Mine Creek)

Woodbend Drive Dam

Mine Creek (East Fork Mine Tributary)

Lead Mine Road Culvert

Mine Creek (Lynn Road Tributary)

Shelley Lake Dam

Mine Creek (Mine Creek)

Beaverdam Creek (Basin 12, Stream 1) Dam 1

Neuse Tribs (Beaverdam Creek (B12, S1)

Beaverdam Creek (Basin 12, Stream 1) Dam 2

Beaverdam Creek (Basin 15, Stream 21) Dam 1

)
Neuse Tribs (Beaverdam Creek (B12, S1))
Neuse Tribs (Beaverdam Creek (B15, 521))

Hodges Creek Dam 1

Neuse Tribs (Powell Creek)

Hodges Creek Dam?2

Neuse Tribs (Powell Creek)

Gresham Lake/US 1

Perry Creek (Perry Creek (B15, S26)

1-540 Culvert

Hunting Ridge Road

)
Perry Creek (Perry Creek (B15, S26))
Perry Creek (Perry Creek (B15, S26))

North Ridge CC Lake Dam

Perry Creek (Perry Creek (B15, 526))

Reedy Creek Road

Richland Creek (Richland Creek (B18, 53))

Big Lake

Sycamore Creek (Sycamore Creek)

Sycamore Lake

Sycamore Creek (Sycamore Creek)

Grove Barton Road Culvert

Turkey Creek (Basin 18, Stream 4)

Lake Anne Turkey Creek (Turkey Creek)
Lake Dunaway Turkey Creek (Turkey Creek)
Lake 3 Turkey Creek (Turkey Creek)

Yates Mill Pond Dam

Yates Branch
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5.1.3 Calibration And Validation

Five rainfall events were chosen for the Neuse River Mainstem basin HEC-HMS model
calibration and validation. Three events were used for calibration and one for validation.
The three calibration scenarios included historic Hurricane Matthew (2016) and
Hurricane Florence (2018), and a September 2019 widespread rainfall event. Selection
of calibration events were primarily based on availability of gridded precipitation,
ground-based precipitation gages, rainfall footprint, and completeness of streamflow
gage records in the basin. An April 2017 rainfall event was chosen for validation. While
there have been older historic rainfall events that have impacted the basin, due to
difficultly in consistent calibration data and flow records affected by construction of Falls
Lake in the early 1980s, it was determined more appropriate to focus on recent flooding
events that also better reflect the model’s assumption of existing conditions. Summary
of events used for calibration and validation is shown in Table 25.

Table 25. Calibration and Validation Rainfall Events for Neuse River Mainstem Basin HEC-HMS Model

Average Rainfall Depth (in)
E Precipitation Upper Middle Lower Event
vent =
S Source Neuse  Neuse Neuse | Classification
October 7-10, 2016 NOAA 7.9 9.8 64 | Calibration
’ XMRG ) ) )
September 13-15, NOAA N
2018 XMRG 6.5 11.4 13.5 Calibration
NOAA . .
September 5-7, 2019 XMRG 4.2 6.1 6.3 Calibration
. NOAA L
April 24-26, 2017 XMRG 7.1 4.9 3.2 Validation

NEXRAD Stage IV hourly gridded precipitation data from the National Weather Service
was obtained from USACE SAW water management. All calibration events occurred
during the Fall season, which is historically when most significant tropical systems have
impacted the Neuse River basin. The validation event occurred in the Spring season
and is typical of frontal weather systems that cause major thunderstorms and
associated heavy rainfall.

Calibration to observed data was based on selection of widespread rainfall events as
described above. Overall, it was challenging to ensure comprehensive event coverage
for the entire Neuse River basin. As shown in Table 25 above, even for Hurricanes
Matthew and Florence, there were inconsistences in rainfall amounts across the
different geographic regions in the basin. Outside of these major tropical events, the
varying intensity associated with frontal-based rainfall events meant that out-of-bank
flooding for large portions of the Neuse River mainstem was difficult to capture in a
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single, historical scenario. Results for the calibration and validation events at select
USGS gages are shown in Figure 23 through Figure 83.
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Figure 23. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at Eno River at Hillsborough, NC
Gage
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Figure 24. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at Eno River at Hillsborough, NC
Gage
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Figure 25. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Eno River at Hillsborough, NC Gage
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Figure 26. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at Eno River near Durham, NC
gage
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Figure 27. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at Eno River near Durham, NC

gage
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Figure 28. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Eno River near Durham, NC gage
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Figure 29. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at Little River near Orange
Factory, NC
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Figure 30. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at Little River near Orange
Factory, NC
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Figure 31. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Little River near Orange Factory, NC
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Figure 32. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at Flat River at Bahama, NC Gage
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Figure 33. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at Flat River at Bahama, NC Gage
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Figure 34. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Flat River at Bahama, NC Gage
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Figure 35. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at Flat River at Dam nr Bahama,
NC Gage

18,000

RMSE Std Dev: 0.3 Nash-Sutdiffe: 0.930
PercentBias: -6.09%

16,000

Modeled Flow

14,000 Observed Flow

12,0004

10,000+

Flow (cfs)

8,000

6,000

4,000

2,000

20

Sep2018

Figure 36. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at Flat River at Dam nr Bahama,
NC Gage
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Figure 37. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Flat River at Dam nr Bahama, NC Gage
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Figure 38. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at Crabtree Creek at US-1 Gage
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Figure 39. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at Crabtree Creek at US-1 Gage
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Figure 40. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Crabtree Creek at US-1 Gage
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Figure 41. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at Walnut Creek at Sunnybrook Dr
Gage
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Figure 42. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at Walnut Creek at Sunnybrook Dr
Gage
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Figure 43. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Walnut Creek at Sunnybrook Dr Gage
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Figure 44. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at Neuse River near Clayton, NC

Gage
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Figure 45. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at Neuse River near Clayton, NC

Gage
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Figure 47. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Neuse River near Clayton, NC Gage
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Figure 48. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at Swift Creek near McCullars
Crossroads, NC Gage
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Figure 49. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at Swift Creek near McCullars

Crossroads, NC Gage
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Figure 50. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at Swift Creek near McCullars

Crossroads, NC Gage
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Figure 51. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Swift Creek near McCullars Crossroads,
NC Gage
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Figure 52. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at Middle Creek near Clayton, NC
Gage
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Figure 53. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at Middle Creek near Clayton, NC

Gage
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Figure 54. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at Middle Creek near Clayton, NC

Gage
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Figure 55. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Middle Creek near Clayton, NC Gage
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Figure 56. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration Little River near Princeton, NC
Gage

Existing Conditions A-106



Appendix A. Hydrology and Hydraulics

Neuse River Basin Feasibility Study

4,000

3,500

3,000

2,500

~N
=
S
=)

Flow {cfs)

1,500

1,000

500

RMSE Std Dev: 0.2
PercentBias: -2.65 %

Nash-Sutdiffe: 0.962

Modeled Flow
Observed Flow

v |
13 14 15 16

Sep2018

17

I 20 I 21 22 23 24

Figure 57. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration Little River near Princeton, NC
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Figure 58. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration Little River near Princeton, NC Gage
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Figure 59. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Little River near Princeton, NC Gage
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Figure 60. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at Neuse River near Goldsboro,
NC Gage
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Figure 61. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at Neuse River near Goldsboro,

NC Gage
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Figure 62. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at Neuse River near Goldsboro, NC

Gage
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Figure 63. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Neuse River near Goldsboro, NC Gage
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Figure 64. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at Neuse River at Kinston, NC
Gage
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Figure 65. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at Neuse River at Kinston, NC

Gage
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Figure 66. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at Neuse River at Kinston, NC Gage
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Figure 67. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Neuse River at Kinston, NC Gage
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Figure 68. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at Nahunta Swamp near Shine,
NC Gage
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Figure 69. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at Nahunta Swamp near Shine,

NC Gage

1,600
RMSE Std Dev: 0.3 Nash-Sutdiffe: 0.906|
PercentBias: 7.07 %
1,400
Modeled Flow
00, Observed Flow
1,000
£ o0
z
Z
w
600
400
2001
oo e
o s
1‘2‘3'4'5‘8‘?' 9'10 12'13'14‘15'16‘1?'18‘19
| 5ep2019

Figure 70. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at Nahunta Swamp near Shine, NC

Gage
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Figure 71. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Nahunta Swamp near Shine, NC Gage
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Figure 72. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at Contentnea Creek at
Hookerton, NC Gage
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Figure 73. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at Contentnea Creek at
Hookerton, NC Gage
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Figure 74. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at Contentnea Creek at Hookerton,

NC Gage
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Figure 75. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Contentnea Creek at Hookerton, NC
Gage

50,000
RMSE Std Dev: 0.2 Nash-Sutdiffe: 0.972
45,000 PercentBias: 0.30 %
Modeled Flow
40,0001

Observed Flow

35,000

30,000

25,000

Flow (¢fs)

20,0007

15,000

10,000

5,000

I 16
Oct2016

14 15 17 18 19

Figure 76. Neuse River Mainstem Basin HEC-HMS Hurricane Matthew Calibration at Neuse River near Fort Barnwell,
NC Gage

Existing Conditions A-116



Appendix A. Hydrology and Hydraulics

Neuse River Basin Feasibility Study

45,000

RMSE Std Dev: 0.1 Nash-Sutdiffe:

PercentBias: 0.27 %

o.gﬂ

40,000
Modeled Flow
35,0001 Observed Flow

30,000

25,000

(cfs)

2 20,0001

15,0001

10,000

5,000

I 16 I

Sep2018

20 21 22 23 24

Figure 77. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at Neuse River near Fort

Barnwell, NC Gage
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Figure 78. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at Neuse River near Fort Barnwell,

NC Gage
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Figure 79. Neuse River Mainstem Basin HEC-HMS

April 2017 Validation at Neuse River near Fort Barnwell, NC
Gage
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Figure 80. Neuse River Mainstem Basin HEC-HMS H

urricane Matthew Calibration at Trent River near Trenton, NC
Gage
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Figure 81. Neuse River Mainstem Basin HEC-HMS Hurricane Florence Calibration at Trent River near Trenton, NC
Gage
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Figure 82. Neuse River Mainstem Basin HEC-HMS September 2019 Calibration at Trent River near Trenton, NC
Gage

Existing Conditions A-119



Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

3,000

RMSE Std Dev: 0.8 Nash-Sutdiffe: 0.290
Percent Bias:  69.82 %

Modeled Flow
Observed Flow

2,500

2,000

1,500

Flow (cfs)

1,000

500

0 o2 T o2 T oz T o T s T 26 T 57 T g T 59 T 3 T 4 T 5 T 5 T
Apr2017 | May2017

Figure 83. Neuse River Mainstem Basin HEC-HMS April 2017 Validation at Trent River near Trenton, NC Gage

The Crabtree Creek basin HEC-HMS model underwent calibration to two historic
events, Tropical Storm Alberto in June 2006 and Hurricane Matthew in October 2016.

The calibration to the Tropical Storm Alberto event was limited in scope. Tropical Storm
Alberto produced the highest recorded peak streamflow at the USGS Crabtree Creek at
Ebenezer Church Rd near Raleigh, NC gage (0208726005), 3™ highest at the USGS
Crabtree Creek at HWY 70 at Raleigh, NC gage (02087275), and 4" highest at the
USGS Crabtree Creek at US 1 at Raleigh, NC gage (02087324). The June 2006 event
was simulated using the Gage Weights method in the meteorological model. The
following precipitation gages were used in this analysis: USGS 0208732534 Pigeon
House Cr at Cameron Village at Raleigh, NC, USGS 02087359 Walnut Creek at
Sunnybrook Drive nr Raleigh, NC, USGS 02087182 Falls Lake above Dam nr Falls, NC,
USGS 0208732885 Marsh Creek near New Hope, NC, and KRDU Raleigh-Durham
International Airport. Total precipitation amounts for the event ranged from 5.5 inches to
7.8 inches. Total rainfall duration was approximately 12 hours.

Event calibration was performed at three gage locations, (1) USGS 0208726005, (2)
USGS 02087275, and (3) 02087324. Calibration was focused on matching observed
peak flow recorded at these sites. Summarized results of this calibration are shown in
Table 26.
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Table 26. Summarized Results of Crabtree Creek HMS Tropical Storm Calibration

Observed Computed
Flow (cfs) Flow (cfs)

Gage ID Gage Location

Crabtree Creek at Ebenezer Church Rd

208726005 near Raleigh, NC 8120.4 7690.5
2087275 Crabtree Creek at HWY 70 at Raleigh, NC 8650 11216.3
2087324 Crabtree Creek at US 1 at Raleigh, NC 8173.9 13564.4

Calibration to the Hurricane Matthew event was conducted in a similar way. The gage
weights meteorological method was also used for this event. Several more precipitation
gages were included due to better coverage of collected data. In addition to the gages
used for the Tropical Storm Alberto calibration, the following gages were supplemented:
USGS 355020078465645 Raingage at Lake Crabtree Co. Park Nr Morrisville, USGS
02087275 Crabtree Creek at Hwy 70 At Raleigh, NC, USGS 02087322 Crabtree Cr At
Old Wake Forest Rd At Raleigh, NC, USGS 355856078492945 Raingage at Ltl Lick Cr
at NC Hwy 98 Oak Grove, NC, USGS 0208735012 Rocky Branch Below Pullen Road at
Raleigh, NC, and USGS 02087580 Swift Creek Near Apex, NC. Total precipitation
amounts for the event ranged from 5.6 inches to 9.0 inches. Total rainfall duration was
approximately 24 hours.

Event calibration was performed at three gage locations, (1) USGS 0208726005, (2)
USGS 02087275, and (3) 02087324. Calibration was focused on matching observed
peak flow recorded at these sites. Summarized results of this calibration are shown in
Table 27.
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Table 27. Summarized Results of Crabtree Creek HMS Hurricane Matthew Calibration

o Gade Observed Computed FI_ow Obslerved CorT;Duted Vol_ume
D Location Flow (cfs) Elow (cfs) Variance Volume Volume Variance
= % (ac-ft) (ac-ft) %

Crabtree
Creek at
Ebenezer
200807526 Church Rd 5740 5991 4.4 18692 18012 36
near
Raleigh,
NC
Crabtree
Creek at
209727 Wwy70at 6350 9007 418 22819 23121 13
Raleigh,
NC
Crabtree
Creek at
2084732 US 1 at 9650 12419 28.7 27732 20844 7.6
Raleigh,
NC

There are no historical or current streamflow records for use in calibration of the Adkins
Branch basin HEC-HMS model. For Hominy Swamp Creek basin, there are streamflow
records available from two historical gage sites, USGS 02090512 Hominy Swamp at
Phillips St at Wilson, NC and USGS 0209050750 Hominy Swamp at Forest Hills Road
near Wilson, NC. Neither gage had a period of record adequate for calibration
purposes. Therefore, no event calibration was carried out for the Hominy Swamp Creek
basin HEC-HMS model. The Big Ditch basin had one historical USGS gage site, USGS
02088682 Big Ditch at Retha St at Goldsboro, NC, that recorded peak flow from 1951 to
1984; however, it was not utilized for calibration due to lack of calibration rainfall data
and the large span of time between gage records and existing conditions.
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5.1.4 Calibration/Validation Results And Discussion

The primary means of calibration were through subbasin parameter adjustments.
Adjustments were made with respect to simulating both the peak flow and volume of
event hydrographs to best fit observed gage data. This required balancing flow and
volume throughout the basin. Calibration was mostly successful with a few exceptions.
It was determined that the September 2019 calibration event did not provide adequate
rainfall coverage in the upper basin, above Falls Lake. Observed gage flows were too
low to simulate accurately due to lack of rainfall-producing runoff and the presence of
some flow regulation by reservoirs above Falls Lake. Therefore, calibration within this
region was weighted more towards the larger Hurricane events.

A phenomenon that has historically occurred was also seen during modeling, in that
significant flood hydrograph attenuation appeared to be taking place within the reach of
the Neuse River mainstem between the USGS Goldsboro and Kinston gages. This
disparity was quantified by the peak flow at Kinston being substantially less than the
peak upstream at Goldsboro. For reference, the drainage area at the Kinston gage is
about 300 square miles more than at Goldsboro, yet during Hurricane Matthew and
Florence, observed flow at Kinston was only roughly 75% of the record peak at
Goldsboro. USGS has suggested this reduction in flow between the two gage is likely
indicative of storage within the intervening drainage basin (analogous to a detention
pound) (USGS, 2016).

The highly urban Crabtree Creek and Walnut Creek watersheds were unable to be
adequately calibrated within the Hurricane Florence simulation. Attempts to match
observed peak flow or volume resulted in unreasonable subbasin parameter values. As
such, both outlets of these watersheds were simulated with a sink element within HEC-
HMS and observed flow was set to their respective USGS streamflow gages. Notably,
the other calibration and validation events were able to better replicate observed data
within reasonable subbasin parameter values. This issue was not unexpected given the
rough approximation of these complex watersheds as a single subbasin in the Neuse
River mainstem basin model. High Nash-Sutcliffe values seen in the figures above were
representative of well-calibrated models for the calibration events.

Previous CWMS (daily operations), MMC (PMF), and State efforts for HEC-HMS
calibration had similar technical issues with successfully calibrating and validating flow
to the Crabtree Creek, Goldsboro, Kinston, and Hookerton USGS gages.

The April 2017 validation event included additional rainfall that occurred roughly 10 days
following the main event and the model’s inability to accurately simulate this secondary
event resulted in a lowered Nash-Sutcliffe value. Validation of the model was done
using the average parameters from calibration for the transform and losses parameters.
Routing reaches were not modified during calibration. A summary of HEC-HMS
calibration and validation results are shown in Table 28 through Table 31.
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Table 28. Summarized Results of HMS Hurricane Matthew Calibration

Gage 1D

Gage Location

Observed

Computed

Flow (cfs)

Flow (cfs)

Flow

Observed

Computed

Volume

Variance

Volume

(%)

(ac-ft)

Volume

Variance

(ac-ft)

%

2085000

ENO RIVER
AT
HILLSBOROU
GH, NC

4,620

4,696

1.6

7,705

6,843

-11.2

2085070

ENO RIVER
NEAR
DURHAM, NC

8,220

8,243

0.3

16,479

13,990

-15.1

208521324

LITTLE RIVER
AT SR1461
NEAR
ORANGE
FACTORY,
NC

6,310

6,203

-1.7

11,562

10,669

208524975

LITTLE R BL
LITTLER
TRIB AT

FAIRNTOSH,

NC

7,590

7,172

-5.5

12,549

12,388

-1.3

2085500

FLAT RIVER
AT BAHAMA,
NC

13,700

13,976

2.0

23,712

22,592

2086500

FLAT RIVER
AT DAM
NEAR
BAHAMA, NC

12,400

14,412

16.2

7347 .4*

23,770

2087324

CRABTREE
CREEK AT US
1AT
RALEIGH, NC

9,650

9,930

2.9

28,993

31,353

8.1

2087359

WALNUT
CREEK AT
SUNNYBROO
K DRIVE NR
RALEIGH, NC

5,960

6,393

7.3

8,671

8,838

1.9

208758850

SWIFT
CREEK NEAR
MCCULLARS
CROSSROAD
S, NC

7,060

6,807

9,663

11,130

15.2
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NEUSE RIVER
2087500 NEAR 20,200 21,156 4.7 95,978 103,550 7.9
CLAYTON, ' ' ' ' ' '

NC

MIDDLE
CREEK NEAR
2088000 CLAYTON, 20,300 17,127 -15.6 28,400 28,801 1.4

NC

LITTLE RIVER
2088383 NEAR 9,370 7.687 -18.0 25 252 25577 13
ZEBULON, : : : ! ! :

NC

LITTLE RIVER
2088500 NEAR 9,960 10,941 9.8 75186 75,679 07
PRINCETON, : ’ : : ! :

NC

NEUSE RIVER
2089000 NEAR 53,400 49,052 8.1 564,809 594,332 52
GOLDSBORO, ’ ’ : ’ ’ :

NC

NEUSE RIVER
2089500 AT KINSTON, 38,200 37,350 -2.2 592,224 615,403 3.9
NC

NAHUNTA
SWAMP
2091000 NEAR SHINE, 13,600 13,328 -2.0 36,629 32,945 -10.1

NC

CONTENTNE
A CREEK AT
2091500 HOOKERTON, 27,600 25,403 -8.0 262,669 261,956 -0.3

NC

NEUSE RIVER
NEAR FORT
2091814 BARNWELL, 49,400 48,923 -1.0 856,472 873,815 2.0

NC

TRENT RIVER
2092500 NEAR 10,700 9,848 8.0 67.263 75817 127
TRENTON, ’ ! : ! ! :

NC

* Missing gage records
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Table 29. Summarized Results of HMS Hurricane Florence Calibration

Flow Observed Computed Volume
Variance Volume Volume Variance
% (ac-ft) (ac-ft) %

Observed  Computed
Flow (cfs)  Flow (cfs)

Gage ID Gage Location

ENO RIVER AT
2085000 HILLSBOROUGH 2,890 2,988 3.4 5,448 4,660 -14.5
, NC

ENO RIVER
2085070 NEAR DURHAM, 13,700 13,202 -3.6 15,825 15,551 -1.7
NC

LITTLE RIVER AT
SR1461 NEAR
208521324 ORANGE 8,550 8,524 -0.3 11,219 14,356 28.0

FACTORY, NC

LITTLE R BL
LITTLE R TRIB
208524975 AT FAIRNTOSH, 13,600 14,298 5.1 12,171 19,435 59.7

NC

FLAT RIVER AT
2085500 BAHAMA, NC 14,600 14,868 1.8 28,696 27,093 -5.6

FLAT RIVER AT
2086500 DAM NEAR 15,000 16,736 11.6 23,007 30,341 31.9
BAHAMA, NC

CRABTREE
2087324 CREEKATUS 1 2,630 -- -- 21,100 - --
AT RALEIGH, NC

WALNUT CREEK
AT
2087359 SUNNYBROOK 838 -- -- 3,532 - --
DRIVE NR
RALEIGH, NC
SWIFT CREEK
NEAR
208758850 MCCULLARS 639 624 -2.3 2,828 3,153 115
CROSSROADS,
NC

NEUSE RIVER
2087500 NEAR CLAYTON, 6,810 7,043 3.4 50,498 52,457 3.9
NC

MIDDLE CREEK
2088000 NEAR CLAYTON, 1,510 1,806 19.6 10,189 9,978 2.1
NC
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LITTLE RIVER
2088383 NEAR ZEBULON, 1,290 1,210 -6.2 5,890 5,699 -3.2
NC
LITTLE RIVER
2088500 NEAR 3,520 3,720 5.7 35,176 34,246 -2.6

PRINCETON, NC

NEUSE RIVER
NEAR

2089000 Golbeaoro, | 36.700 35,858 23 455049 473,024 40
NC

2089500 NEUSERIVER 54 54 29.932 1.9 480,889 498303 36

AT KINSTON, NC

NAHUNTA
2091000 SWAMP NEAR 6,060 6,062 0.0 32,014 31,185 -2.6
SHINE, NC

CONTENTNEA
CREEK AT
HOOKERTON,
NC

2091500 11,700 10,222 -12.6 151,312 147,130 -2.8

NEUSE RIVER
2091814 NEAR FORT 40,100 41,132 2.6 712,970 714,938 0.3
BARNWELL, NC

TRENT RIVER
2092500 NEAR TRENTON, 67,700 42,835 -36.7 376,738 226,778 -39.8
NC

-- gage not included in calibration
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Table 30. Summarized Results of HMS September 2019 Calibration

Flow Observed Computed Volume
Variance Volume Volume Variance
% (ac-ft) (ac-ft) %

Observed Computed
Flow (cfs) Flow (cfs)

Gage ID Gage Location

ENO RIVER AT
2085000  HILLSBOROUGH, -- -- - - - -
NC

ENO RIVER
2085070  NEAR DURHAM, - - - - - -
NC

LITTLE RIVER AT
SR1461 NEAR
208521324 ORANGE -- - - - - -

FACTORY, NC

LITTLE R BL
LITTLER TRIB
208524975 AT FAIRNTOSH, - - - - - -

NC

FLAT RIVER AT
2085500 BAHAMA, NC - - - - - -

FLAT RIVER AT
2086500 DAM NEAR -- -- - - - -
BAHAMA, NC

CRABTREE
2087324 CREEKATUS 1 534 518 -3.1 1,841 1,473 -20.0
AT RALEIGH, NC

WALNUT CREEK
AT
2087359 SUNNYBROOK 285 298 4.6 791 553 -30.1
DRIVE NR
RALEIGH, NC

SWIFT CREEK
NEAR
208758850 MCCULLARS 81 80 -1.4 408 450 10.1
CROSSROADS,
NC

NEUSE RIVER
2087500 NEAR CLAYTON, 1,680 1,718 2.3 14,181 13,809 -2.6
NC

MIDDLE CREEK
2088000 NEAR CLAYTON, 246 244 -1.0 1,492 1,349 -9.6
NC
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LITTLE RIVER
2088383 NEAR ZEBULON, 48 83 73.6 574 355 -38.2
NC
LITTLE RIVER
2088500 NEAR 1,910 1,881 -15 6,389 6,366 -0.4

PRINCETON, NC

NEUSE RIVER
2089000 NEAR 8,060 7.670 48 79854 85731 74
GOLDSBORO, : : : ! ' :
NC
2089500 , NEUSE RIVER 6,760 7.231 7.0 112,295 119,718 6.6

AT KINSTON, NC

NAHUNTA
2091000 SWAMP NEAR 1,300 1,467 12.9 6,748 7,226 7.1
SHINE, NC

CONTENTNEA
CREEK AT
HOOKERTON,
NC

2091500 2,490 2,527 15 32,595 34,718 6.5

NEUSE RIVER
2091814 NEAR FORT 10,900 11,170 25 198,945 208,078 4.6
BARNWELL, NC

TRENT RIVER
2092500 NEAR TRENTON, 2,410 2,353 -2.4 21,953 23,286 6.1
NC

-- gage not included in calibration
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Table 31. Summarized Results of HMS April 2017 Validation

Flow Observed Computed Volume
Variance Volume Volume Variance
(%) (ac-ft) (ac-ft) %

Observed Computed
Flow (cfs) Flow (cfs)

Gage ID Gage Location

ENO RIVER AT
2085000 HILLSBOROUGH 4,320 4,841 121 10,749 17,085 59.0
, NC

ENO RIVER
2085070 NEAR DURHAM, 10,300 10,792 4.8 26,700 39,643 48.5
NC

LITTLE RIVER AT
20852132 SR1461 NEAR
4 ORANGE 7,200 6,102 -15.3 16,144 21,960 36.0
FACTORY, NC
LITTLE R BL
20852497 LITTLE R TRIB
5 AT FAIRNTOSH, 10,100 7,825 -22.5 20,713 28,752 38.8

NC

FLAT RIVER AT

2085500 BAHAMA. NC 11,900 8,808 -26.0 31,914 38,594 20.9

FLAT RIVER AT

2086500 DAM NEAR 12,600 9,530 -24.4 24,717 42,767 73.0
BAHAMA, NC

CRABTREE
2087324 CREEKATUS 1 7,440 9,644 29.6 37,130 62,809 69.2
AT RALEIGH, NC

WALNUT CREEK
AT
2087359  SUNNYBROOK 4,000 3,448 138 8,171 8,703 6.5
DRIVE NR
RALEIGH, NC
SWIFT CREEK
NEAR
20875885 mccuLLARS 3,320 2,780 163 7,760 10,583 36.4
CROSSROADS,
NC

NEUSE RIVER
2087500 NEAR CLAYTON, 18,200 16,777 -7.8 227,094 136,930 -39.7
NC

MIDDLE CREEK
2088000 NEAR CLAYTON, 4,820 6,110 26.8 15,254 20,023 31.3
NC

LITTLE RIVER
2088383 NEAR ZEBULON, 6,050 3,562 -41.1 13,903 16,907 21.6
NC

LITTLE RIVER

2088500 NEAR 7,080 6,757 -4.6 53,160 60,267 13.4
PRINCETON, NC
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NEUSE RIVER
NEAR
2089000 GOLDSBORO, 22,000 17,585 -20.1 373,630 398,715 6.7

NC

NEUSE RIVER
2089500 AT KINSTON, NC 19,600 15,844 -19.2 425,394 444,184 4.4

NAHUNTA
2091000 SWAMP NEAR 2,920 3,474 19.0 16,190 18,607 14.9
SHINE, NC

CONTENTNEA
CREEK AT
2091500 HOOKERTON, 16,500 9,568 -42.0 170,519 161,085 -5.5

NC

NEUSE RIVER
2091814 NEAR FORT 27,700 22,000 -20.6 651,010 671,439 3.1
BARNWELL, NC

TRENT RIVER
2092500 NEAR TRENTON, 2,390 2,492 4.3 23,654 40,162 69.8
NC

5.1.5 Design Rainfall

A design storm was used in the Neuse River mainstem basin HEC-HMS model to
create rainfall events that captured the high variability in subbasin response throughout
the large study area. Its intent was to simulate a more objective and homogenous
rainfall pattern that can be used for engineering purposes. NOAA Atlas 14 Annual
Maximum Series point precipitation values was used to develop design storms for the
following annual exceedance probabilities: 0.5, 0.2, 0.1, 0.04, 0.02, 0.01, 0.005, and
0.002.

Due to the large size of the Neuse River basin, Aerial Reduction Factors (ARF) were
applied to frequency point precipitation values to represent the reduction in point rainfall
depths moving away from the center of the storm. Typical ARF as outlined in TP-40 and
in HEC-HMS were not applicable due to the basin size, and a site-specific analysis was
desired to accurately represent the design storms. There has been limited research
related to Neuse River basin-specific aerial reduction factors that include large storm
area centers, and new ARF development was not included in this basin study scope.
Through coordination with Probable Maximum Precipitation development expertise at
USACE NWP, a ASCE reference involving aerial reduction factors for two eastern
regions, one within North Carolina (Allen and DeGaetano, 2005), was determined
appropriate for use in this basin study. This reference specifically addressed the need
for ARF in watershed areas larger than 1,000 square kilometers, as well as overall TP-
40 updating as it was originally developed in the 1950s. Table 32 shows the
representative basin-wide design rainfall values, before and after applying the ARF,
used for a 48-hour design storm.
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Table 32. Atlas 14 Before and After Aerial Reduction Factors

Atlas Atlas 14 w/

AEP "1y ARF
05 455 3.50
02  6.20 4.59
01  7.48 5.42

0.04 9.34 6.63

0.02  10.90 7.52

0.01  12.70 8.57

0.005 14.60 9.78

0.002 17.60 11.79

Spatial distribution of the design storm was based on a realistic rainfall intensity across
the basin. Due to the nature of the meteorology in the Neuse River basin, rain has
generally occurred over much of the basin at once during historically significant events
(Hurricanes Matthew & Florence), and not as isolated storm centers over one given
headwater watershed. The Neuse River basin is influenced by strong areas of low
pressure moving in from the Atlantic Ocean. These storms often bring with them high
levels of moisture from subtropical sources and often lead to widespread heavy rainfall
that may last one or more days. Therefore, rainfall peak intensities were weighted by
statistical normalization in order to avoid being overly conservative. Design storm
precipitation values per subbasin were normalized to the recent historic flood events,
Hurricane Matthew in 2016 and Hurricane Florence in 2018. National Weather Service
gridded precipitation for both event durations was processed in HEC-MetVue and
subbasin-averaged rainfall totals were generated. Subbasin totals were then
proportioned against the basin-wide total and a weighting factor was assigned to each
subbasin to ensure adequate storm coverage. Due to the widespread flooding footprint
of Hurricane Matthew throughout Neuse River basin and the stalled storm path of
Hurricane Florence that predominately impacted the lower portions of the basin,
normalized factors from Hurricane Matthew were chosen to best represent the spatial
distribution of a design storm.

The design storm temporal distribution was based on historic rainfall in the basin in
order to be consistent with spatial design storm placement. Hourly subbasin
hyetographs were developed in HEC-MetVue based on Hurricane Matthew gridded
precipitation over a roughly 2-day duration. Each subbasin was then assigned a specific
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precipitation time-series gage in HEC-HMS. The total rainfall depth per subbasin for
Hurricane Matthew was ratioed based on each design storm frequency total by using
the Total Depth factor within the Specified Hyetograph, meteorologic model in HEC-
HMS. An example of this subbasin-specific temporal distribution is shown in Figure 84.

Total Precipitation (in)
e w ()

w

[N

0
10/7/2016 0:00 10/7/2016 12:00 10/8/2016 0:00 10/8/2016 12:00 10/9/2016 0:00 10/9/2016 12:00 10/10/2016 0:00
Event Duration

Figure 84. Example of Subbasin Temporal Distribution for Design Storms

The synthetic Frequency Storm meteorological method was used to present the suite of
design storms for the Crabtree Creek, Hominy Swamp Creek, Big Ditch, and Adkins
Branch basin HEC-HMS models. The nested precipitation depths involved in this
method were determined applicable in assessing local flooding problems and
opportunities. Furthermore, the small basin size and lack of calibration data for Hominy
Swamp Creek, Big Ditch, and Adkins Branch made this method more appropriate than
the user-specified hyetograph utilized for the Neuse River mainstem basin model.
NOAA Atlas 14 Annual Maximum Series point precipitation values was used to develop
design storms for the following annual exceedance probabilities: 0.5, 0.2, 0.1, 0.04,
0.02, 0.01, 0.005, and 0.002. ARFs were not utilized for the Crabtree Creek, Hominy
Swamp Creek, Big Ditch, or Adkins Branch HEC-HMS models. A 1-day storm duration
was chosen for the four models, and for the Crabtree Creek, Hominy Swamp Creek,
and Adkins Branch models, an intensity duration of 15 minutes was used. For the Big
Ditch HEC-HMS model, an intensity duration of 5 minutes was chosen due to the small
watershed size and highly urbanized landcover. Atlas 14 point precipitation frequency
depths are shown in Table 33 through Table 36
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Table 33. Crabtree Creek Basin HEC-HMS Atlas 14 AMS-Based Precipitation Frequency Estimates

Atlas

AER Tia
0.5 3.16
0.2 4.21
0.1 4.93
0.04 5.88
0.02 6.61
0.01 7.35
0.005 8.11
0.002 9.15

Table 34. Hominy Swamp Creek Basin HEC-HMS Atlas 14 AMS-Based Precipitation Frequency Estimates

Atlas

AEE  Tia
0.5 3.24

0.2 4.44

0.1 5.38

0.04 6.76
0.02 7.95
0.01 9.29
0.005 10.8
0.002 13.1

Table 35. Adkins Branch Basin HEC-HMS Atlas 14 AMS-Based Precipitation Frequency Estimates

Atlas
BEE 14
0.5 3.58
0.2 4.91
0.1 5.96
0.04 7.51
0.02 8.83
0.01 10.3
0.005 12
0.002 14.6
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Table 36. Big Ditch Basin HEC-HMS Atlas 14 AMS-Based Precipitation Frequency Estimates

Atlas

AER Tia
0.5 3.42
0.2 4.69
0.1 5.69
0.04 7.16
0.02 8.41
0.01 9.83
0.005 11.4
0.002 13.9

5.1.6 Frequency Simulation Results

Design storms were applied to the five existing hydrologic conditions HEC-HMS models.
The full suite of design storm frequencies was run, and flow estimates were produced
for the 0.5-, 0.2-, 0.1-, 0.04-, 0.02-, 0.01-, 0.005-, and 0.002-AEP events. Peak
computed flows were compared to other data sources including regional regression
equations and site-specific gage frequency analyses. Regional data was derived from
regression models to the study (USGS Scientific Investigations Report 2014-5030) and
computed via excel spreadsheet.

Hominy Swamp Creek basin HEC-HMS computed flows were compared to USGS
regression equations based on the study area being in the Coastal Plain region, as
shown in Figure 85. The computed flows are mostly contained within the 95% prediction
intervals, with only the 0.002-AEP plotting above the upper interval. Overall, computed
flows were greater than regression-based flows. Upon closer inspection and review of
the FEMA effective hydrology, regression equations utilized were based on a location
within the Piedmont region. Hominy Swamp Creek is near the fall line and can be
associated with either region depending on the source delineation. Therefore, computed
flows were also compared to regression equations based on the Piedmont region, as
shown in Figure 86. Overall, computed flow better fit the discharge trend produced by
assuming hydrologic characteristics of the Piedmont region. Computed flows are slightly
lower for more frequent design storms and slightly greater for the more significant
events when compared to the regression line.

Existing Conditions A-135



Appendix A. Hydrology and Hydraulics

Neuse River Basin Feasibility Study
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Figure 85. Hominy Swamp Creek Basin HEC-HMS Computed Flow vs. USGS Regression Equations (Coastal Plain

Region) near Basin Outlet
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Figure 86. Hominy Swamp Creek Basin HEC-HMS Computed Flow vs. USGS Regression Equations (Piedmont

Region) near Basin Outlet
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Adkins Branch basin HEC-HMS computed flows were compared to USGS regression
equations based on the study area being in the Coastal Plain region, as shown in Figure
87. There is strong agreement between the two sources. For the 0.5- and 0.002-AEP
events, computed flows are slightly greater than regression-based flows. Review of the
FEMA effective hydrology for Adkins Branch revealed the use of regression equations
based on placement within the Piedmont region. Unlike Hominy Swamp Creek, Adkins
Branch is well within the Coastal Plain region. It is uncertain if use of Piedmont region-
based equations for the FEMA effective hydrology was a simple error or if there were
other reasons. Regardless, comparison of computed flows was not made to FEMA
effective flows due to this discrepancy.
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Figure 87. Adkins Branch Basin HEC-HMS Computed Flow vs. USGS Regression Equations near Basin Outlet

Big Ditch basin HEC-HMS computed flows were compared to USGS regression
equations based on the study area being in the Coastal Plain region, as shown in Figure
88. Computed flows for all design storm AEPs were greater than regression-based
flows but were contained with the upper and lower 95% prediction intervals. Review of
the FEMA effective hydrology for Big Ditch revealed the use of regression equations
that differed from the 2014 USGS versions. They were based on USGS Water-
Resources Investigation Report 96-4084 (USGS, 1996). This older study did not provide
regression equations that cover the suite of design storms and extrapolation was
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required beyond the 0.01-AEP event. An approximated ratio was calculated between
computed flows and those produced by the 96-4084 method. Result showed an
average overestimation of regression-based flows by 1.06%.

A Bulletin 17C frequency analysis was conducted at the USGS 02088682 Big Ditch at
Retha St at Goldsboro, NC. This analysis was completed by standard methods,
whereby a Pearson Type Il distribution was fit to the logarithm of observed annual peak
flow at the site. Although there had been considerable growth and land use change
within the basin between the gage’s period of record and existing conditions, a
comparison was determined appropriate due to the overall lack of calibration data. A
comparison of HEC-HMS computed flow and Bulletin 17C frequency analysis results
are shown in Figure 89. HEC-HMS computed flows compared well to the frequency
analysis, although there continues to be uncertainty related to changes in hydrologic
conditions between the gage period of record and existing conditions in this study.
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Figure 88. Big Ditch Basin HEC-HMS Computed Flow vs. USGS Regression Equations near Basin Outlet
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Figure 89. Big Ditch basin HEC-HMS flow comparison with historical Big Ditch at Retha Gage Bulletin 17C Frequency
Analysis

A Bulletin 17C frequency analysis was conducted at the USGS 02087324 Crabtree
Creek at U.S Highway 1 at Raleigh, NC, for comparison to the Crabtree Creek basin
HEC-HMS model design storms. The plotted HEC-HMS flows closely match results
from the frequency analysis. HEC-HMS-computed design storms more frequent than
the 0.01-AEP were lower than the B17C curve and higher than for the less frequent
0.005- and 0.002-AEP events. Overall, HEC-HMS computed flow had an average
variance of -5.8% compared to B17C results.

Existing Conditions A-139



Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study
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Figure 90. Crabtree Creek basin HEC-HMS flow comparison with USGS US-1 Gage Bulletin 17C Frequency Analysis

A series of Bulletin 17C frequency analyses were conducted for review of design storms
in the Neuse River mainstem basin HEC-HMS model. Specific gage locations for this
review were chosen that best represent the variety in design storm peak flow and
volume throughout the large study area. A number of gages along the Neuse River
mainstem are considered regulated by Fall Lake. Therefore, at these sites a period of
record was established beginning in December 1983, when the volume of the reservoir
reached elevation targets that allowed for normal operations. Additionally, station skew
at the regulated sites was used for computing a generalized skew due to the alteration
of natural flows by the Falls Lake flood risk management mission. Overall, the peak
frequency flow rates simulated in the HEC-HMS model had a reasonable agreement
with the Bulletin 17C frequency analyses. At the USGS Neuse River near Clayton gage,
more frequent modeled AEP events were underestimated, and more severe events
were slightly overestimated. Frequency results at the USGS Little River near Princeton
gage showed a consistent overestimation of modeled AEP event, though fitting
reasonably well within confidence limits. Inclusion of the recent historic events of
Hurricane Matthew and Hurricane Florence in the frequency analysis appeared to
impact the upper half of design storm AEPs. Modeled flows were in better agreement
with frequency curves when one or both of these significant events were treated as high
outliers. Site-specific development of design storms would be better suited for a refined
study area and would likely produce a closer match to gage frequency analyses.
However, due to the Neuse River’s large basin size and the intent in simulating a single
basin-wide precipitation event, design storm frequency flows produced by the HEC-
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HMS model were considered acceptable. Comparison of HEC-HMS flow to Bulletin 17C
gage frequency analysis at select sites is shown in Figure 91 through Figure 95.
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Figure 91. Neuse River Mainstem Basin HEC-HMS flow comparison with USGS Neuse River near Clayton Gage
Bulletin 17C Frequency Analysis
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Figure 92. Neuse River Mainstem Basin HEC-HMS flow comparison with USGS Little River near Princeton Gage
Bulletin 17C Frequency Analysis
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Figure 93. Neuse River Mainstem Basin HEC-HMS flow comparison with USGS Neuse River near Goldsboro Gage
Bulletin 17C Frequency Analysis
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Figure 94. Neuse River Mainstem Basin HEC-HMS flow comparison with USGS Neuse River at Kinston Gage
Bulletin 17C Frequency Analysis
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Figure 95. Neuse River Mainstem Basin HEC-HMS flow comparison with USGS Contentnea Creek at Hookerton
Gage Bulletin 17C Frequency Analysis

5.2 Hydraulics

5.2.1 Hydraulic Model Background

Five separate HEC-RAS models were developed to simulate existing conditions
throughout the study area. Each model footprint was associated with a corresponding
HEC-HMS model as described in the previous section. All models were developed from
existing FEMA-related studies or USACE efforts. Original FEMA model scope and
guality were inconsistent in part due to the large study area and differing model update
cycles. Several models required substantial modification that included new cross
sections, reconfiguration of existing sections, addition of 2-D flow areas, addition of
storage areas, geometry parameter adjustments, and georeferencing. Models obtained
from existing USACE efforts included the Falls Lake Dam Consequence Assessment
and water management-related CWMS data. Between the difference sources, there
was considerable modeling overlap, especially within the Neuse River mainstem.

The existing conditions hydraulic model associated with the Crabtree Creek basin was
developed from an existing model previously constructed by a contractor for the City of
Raleigh and the North Carolina Floodplain Mapping Program. This model was produced
for updating the FEMA effective hydraulic model for Crabtree Creek from Lake Crabtree
to the confluence with the Neuse River. It is currently associated with FEMA preliminary
flood hazard data as depicted in the North Carolina Flood Risk Information System.
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5.2.2 Model Overview

The Neuse River mainstem HEC-RAS model was developed in the Hydrologic
Engineering Center’s River Analysis System (HEC-RAS), version 5.0.7. The model
consists exclusively of 1D components. The Neuse River is modeled from its beginning
at the downstream face of Falls Lake Dam (RS 204.193) to approximate 20 river miles
past the confluence with the Trent River (RS -16.8). The total length of model along the
Neuse River is approximately 221 miles. This length features over 70 storage areas and
a total of 36 hydraulic structures, including 10 bridges with multiple openings. The
Contentnea Creek, Little Contentnea Creek, Swift Creek (Lenoir Co.), and Trent River
tributaries have been included in the model as well. These reaches were based on the
USACE Falls Lake Dam consequence assessment that was associated with flood
inundation resulting from dam breach. As such, the geometries of these tributaries are
treated as points of potential backwater from mainstem flooding. There is a total of 341
cross sections along the Neuse River mainstem. A general location of cross sections
along the Neuse River mainstem is shown in Figure 96.

Figure 96. Neuse River Mainstem HEC-RAS General Over of Cross Sections

The Crabtree Creek HEC-RAS model was originally developed in HEC-RAS version
3.1.2 and was updated to version 5.0.7 as part of this study effort. The model consists
of 1D components. The original creek extents were from approximately 1.2 miles
downstream of Lake Crabtree (RS 106629) to the confluence with the Neuse River (RS
0). The study reach was shortened such that the beginning of the model was just
downstream of Ebenezer Church Rd (RS 82898). The total length of model along
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Crabtree Creek is approximately 15.7 miles. This length features over 50 storage areas
representing tributary mouths, and a total of 35 hydraulic structures, including one inline
weir at Lassiter Mill Dam. Blocked obstructions are used to represent structures in the
floodplain. There is a total of 285 cross sections.

Figure 97. Crabtree Creek HEC-RAS General Overview of Cross Sections

The Hominy Swamp Creek HEC-RAS model was originally developed in HEC-RAS
version 3.1 and was updated to version 5.0.7 as part of this study effort. The model
consists of 1D components. Hominy Swamp Creek is modeled from its headwaters near
the Wilson Industrial Air Center (RS 58310.43) to 0.5 miles upstream of the confluence
with Contentnea Creek (RS 2765.41). The total length of model along Hominy Swamp
Creek is approximately 10.5 miles. This length features 8 storage areas and a total of
21 hydraulic structures, including 11 bridges and 10 culverts. There is a total of 130
cross sections. A general location of cross section along Hominy Swamp Creek is
shown in Figure 98.
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Figure 98. Hominy Swamp Creek HEC-RAS General Overview of Cross Sections

The Adkins Branch HEC-RAS model was originally developed in HEC-RAS version 3.1
and was updated to version 5.0.7 as part of this study effort. The model consists of 1D
components. Adkins Branch is modeled from its headwaters situated between Sparre
Dr to the north and Emerson Rd to the south (RS 28076.96) to the confluence with the
Neuse River mainstem (RS 1052.762). The total length of model along Adkins Branch is
approximately 5 miles. This length features a total of 12 hydraulic structures, including 2
bridges and 10 culverts. There is a total of 149 cross sections. A general location of
cross section along Adkins Branch is shown in Figure 99.
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Figure 99. Adkins Branch HEC-RAS General Overview of Cross Sections

The Big Ditch HEC-RAS model was originally developed in HEC-RAS version 5.0 and
was updated to version 5.0.7 as part of this study effort. The model consists of both 1D
and 2D components. Big Ditch is modeled in 1D from its headwaters just downstream of
Dr Martin Luther King Junior Expressway (RS 20233.13) to the confluence with the
Neuse River mainstem (RS 1219.655). From just upstream of Retha St (RS 5186.766)
to the confluence with the Neuse River mainstem (RS 1219.655) the left and right
overbanks are modeled as 2D components. The total length of model along Big Ditch is
approximately 3.6 miles. This length features a total of 21 hydraulic structures, including
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5 bridges and 16 culverts. There is a total of 99 cross sections. A general location of
cross section along Big Ditch is shown in Figure 100.

Figure 100. Big Ditch HEC-RAS General Overview of Cross Sections
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5.2.3 Flow Change Locations

For all five HEC-RAS models, hydrologic records between the hydrologic and hydraulic
models were manually transferred. Appropriate insertion of flow changes was made by
applying combined flow records at all headwater cross sections. Local flow records
were applied at cross sections that corresponded to subbasin outfall locations. Uniform
lateral hydrographs were used in subbasin that were weren'’t significantly affected by
tributary inflows. For the Crabtree Creek, Hominy Swamp Creek, Adkins Branch, and
Big Ditch models, downstream boundary conditions were set to a normal depth
equivalent to energy grade lines. The Neuse River mainstem HEC-RAS model utilized
known water surface elevations based on the design storm’s coincident AEP event
occurring at the mouth of the Neuse River. Known water surface elevation for AEP
events were provided by data from the South Atlantic Coastal study. The boundary
condition method used for the Neuse River mainstem HEC-RAS model was considered
conservative.

5.2.4 Calibration

The Neuse River mainstem HEC-RAS model was calibrated to high-water marks for
Hurricane Matthew in 2016 (USGS, 2017). Due to the lessened impact from the event to
the upper portion of the basin, there were limited HWMs collected above Smithfield, NC.
The majority of HWMs were collected between Smithfield, Goldsboro, and Kinston. A
comparison of computed water surface elevations and high-water marks is shown in
Table 37. Overall, computed water surface elevations are within 1.0 foot at each of
these locations, indicating successful calibration.
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Table 37. Neuse River Mainstem HEC-RAS Calibration to Hurricane Matthew High-Water Marks

River HWM Descriotion High-Water Mark  Computed WSEL  Difference
Station b (ft, NAVDSS) (ft, NAVD88) (ft)
171.336 USGS 02088000 147.9 148.0 0.1

Clayton
158.045 128.5 128.3 -0.2
USGS 02087570
157.412 Smithfield 128.1 128.0 -0.1
157.077 127.4 127.2 -0.2
157.042 127.4 126.7 -0.7
153.551 122.9 122.4 -0.5
109.533 74.4 74.0 -04
100.552 72.6 72.7 0.1
99.505 USGS 02039000 71.7 72.2 0.5
Goldsboro
99.102 715 71.8 0.3
97.249 69.2 70.0 0.8
5487  USGS 02089500 38.1 37.7 0.4
Kinston

The calibration process for the Crabtree Creek HEC-RAS model was provided by
AECOM. A number of high-water marks obtained for Tropical Storm Alberto were
compared to modeled water surface elevations. Results of this calibration are shown in
Table 38 through Table 40. Adjustments of manning’s n values and ineffective flow
areas were primarily used to calibrate the model. Overall, model results were able to
replicate observed stages produced by the event. For HWMs along Crabtree Creek,
average differences between computed values and observed were near 0.3-ft with a
standard deviation of ~0.95-ft. Calibrated values beyond that range were seen along
tributaries to Crabtree Creek, however, they were located above Lake Crabtree and did
not have a significant impact to the Crabtree Creek study area, located downstream of
Lake Crabtree.
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Table 38. Crabtree Creek HEC-RAS Tropical Storm Alberto HWM Comparison — Part 1

T5 Alberto .
Stream Location HWM WS EL M“Eile{?';‘ S | AWSEL ()
(ft)
s USGS Gage at = -
Crabiree Creek et 2055 205.7 02
Crabree Creek If:ﬁi;fm“t 207.6 2071 06
Crabree Creek USGs C‘a[:"" atUs 226.6 176 1.0
Crabires Creck 7S 5ide of US 263 733 1736 13
— TI00 R DS of New - _
Crabiree Creek DR 1876 188.0 04
1. 300 ft U/S of New <
Crabtree Creek Bem e 188.9 189 5 0.6
Crabtree Creek D’ Sldgﬁgc“P’m 200.0 190.0 10
Crabires Creck Dis Sidgﬁgc“P"“l 198.7 199.0 03
Crabiree Creek CTC EWM 20 302.0 3016 04
Crabiree Creek CTC BWM 12 3040 056 16
Crabree Creek S00E DS of Wake 204.4 205.6 12
Forest Bd
— TS0RUTS of Wake
Crabiree Creek L 205.9 206.1 02
— TR TS of Wake -
Crabiree Creek A 207.0 206.1 09
Crabires Creck ﬁdfml*ofgf 207.6 2088 12
_ 1I/S side of Lassiter
Crabiree Creek de of L 211 2129 1.8
Crabiree Creek Tadkin Fd 3185 3109 06
. 1800 & DIS of .
Crabiree Creek L8008 DS of 3317 199 18
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Table 39. Crabtree Creek HEC-RAS Tropical Storm Alberto HWM Comparison — Part 2

T5 Alberto .
Stream Location HWM WS EL  — AWS EL (ft)
EL (ft)
(ft)
ol 3000 £ /S of 2=
Crabfree Cresk Creedmoor Bd 2340 2337 03
Basimn 15, Stream 23 Hooper 5t 266 171 0.3
Basin 15, Stream 25 Forestville Bd 2472 248 08
] 1200 £t d's of
Basimn 18, Stream 16 Glemwood Ave 340.6 3393 -13
Basmn 18, Stream 4 Country Tr. 3768 3772 0.6
Basm 18, Stream 8 Unnamed Foad 380 3885 0.5
Beaverdam Creek Scotland St 147 2161 14
Beaverdam Cresk ) . -
(BI2. S1) Old Malburmie Bd 185 1864 14
Beaverdam Cresk . " 5
B15.521) W Beaver Ln 1812 180.5 0.7
Big Branch Hardimont Dir X278 X2 0.1
Big Branch Cheswick Dr 111 113 n2
Bridzes Branch Barksdale Dr 1951 1935 -16
Fast Fork Mane Newton Rd 3265 3232 33
Haresnipe Creek Millbrook Bd 2041 25 -16
Haresnipe Cresk Bembert Dir 2644 2643 01
House Creek 639 ft w's Horton 5t 3052 3056 04
House Creek Blue Ridge Bd 279 193 14
. o 1600 ft w's Brier
Little Brier Creek Creek Plwy J8E 3289 01
Little Brier Creek US-70 3389 333 44
Lymn Foad i -
T . Lead Mine Rd a1 3055 0.6
Marsh Creek Capital Blvd 2142 2109 233
Marsh Creek Hew Hope Church 2318 2301 17
Marsh Creek Chail Fidge Bd 0.2 2886 -16
Mine Creek Millbrook B4 1348 1352 04
Mine Cresk Lynn Rd 26 X753 27
New Hope New Hope Church - :
Tol 3 Pd 2303 111 0.6
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Table 40. Crabtree Creek HEC-RAS Tropical Storm Alberto HWM Comparison — Part 3

TS Alberto .
Stream Location HWM WS EL Modeled WS A WS EL (ft)
EL (ft)
(fe)

B H .

Eiﬂ ouse Capital Blvd 206 4.8 12
5W Prong Just DS of Market . | -
Beaverdam Creek Bridee 2434 2441 0.7

. . 250 &t dowmstream

Sycamore Creek of Glenwood Ave 3659 3643 16
Turkey Creek W Lake Amne Pd 3351 3343 0.8

Calibration for Hominy Swamp Creek, Adkins Branch and Big Ditch HEC-RAS models
was not possible due to lack of observed event data in the form of streamflow gage or
collected high-water marks. The USGS 02088682 Big Ditch at Retha St at Goldsboro,
NC gage was investigated for use in calibration. The latest available rating curve at the
historical gage location dated back to the mid-1980s. Furthermore, the gage was only
able to capture low flow conditions. Due to the number of uncertainties related to this
historical gage, it was not utilized for calibration. Professional judgment was used to
select channel and overbank manning’s n values that were consistent with calibrated
models elsewhere in the study area.

5.2.5 Validation

In order to gage the accuracy of model calibrations and performance, The Neuse River
mainstem HEC-RAS model was validated to the Hurricane Florence event in 2018
(USGS, 2019). High-water marks were used to assess the accuracy of modeled water
surface elevation of this event simulation. A comparison of computed water surface
elevations and high-water marks is shown in Table 41. In general, there was agreement
between the two sources. Computed water surface elevations were within 2 feet of
observed data at various locations in the basin along the mainstem. Validation to HWMs
between the NC-11, Queen St, and railroad bridges near Kinston slightly
underestimated WSEL. However, validation to HWMs a short distance both upstream
and downstream of this segment were within 0.5-ft.
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Table 41. Neuse River Mainstem HEC-RAS Validation to Hurricane Florence High-Water Marks

River HWM Descriotion High-Water Mark  Computed WSEL Difference
Station b (ft, NAVDSS) (ft, NAVD88) (ft)
171.336  USGS 02088000 138.1 139.0 0.9

Clayton
112.289 73.9 74.0 0.1
101.166 70.53 70.6 0.1
99.505  YSGS 02089000 69.5 69.8 03
Goldshoro
99.102 69.2 69.37 0.2
57.492 36.79 36.22 0.6
55.959 35.37 35.21 0.2
54.894 35.41 34.28 1.1
5487 UGS 02089500 35.5 33.8 1.7
Kinston
53.744 34.74 33.33 1.4
51.98 31.36 31.83 0.5

5.2.6 Frequency Simulation Results

Simulation of the 0.5-, 0.2-, 0.1-, 0.04-, 0.02-, 0.01-, 0.005-, and 0.002-AEP events
produced profiles representative of the flooding potential for current floodplain
conditions.
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6 Future Without Project Conditions

6.1 Development

6.1.1 Background

Future hydrologic conditions in the Neuse River basin will have an impact on the
problems and opportunities identified. As land use conditions change, they influence the
hydrologic conditions which can lead to increased flood damages to existing economic
development in the floodplain. Growth in population and other economic development
will create additional pressure to develop within less vulnerable, flood free areas.
Increases in runoff volume and decreases in flood wave timing are directly attributed to
urbanization in which impervious area prevent natural floodplain storage, intensify flood
peaks, and alter flow paths.

Future conditions were modeled by adjusting the percent impervious surface of the
subbasins in the models to reflect expected future land use based on projections from
city/county watershed master plans and the Environmental Protection Agency (EPA)
Integrated Climate and Land Use Scenario (ICLUS) models.

For future conditions in the Crabtree Creek basin HEC-HMS model, locally provided
future land use data for the Raleigh and Wake County areas were analyzed for
estimating changes in impervious surface area for the applicable subbasins. This
analysis showed a notable change in land cover related to increased development in
the area. Therefore, future conditions for the Crabtree creek basin were developed by
modification of hydrologic lag times and curve numbers to reflect the expected increase
in urbanization. For FWOP conditions in the Crabtree Creek basin, curve numbers were
projected to increase on average 1.1% over their existing conditions values. Increases
ranged from no change up to +24% (subbasin HC1 went from a CN of 56.2 to 81.2).
Subbasin lag times were effectively reduced to 0.9% of existing conditions value.

6.1.2 Integrated Climate and Land-Use Scenarios

ICLUS future scenario Al was selected to represent future change in impervious areas
along the Neuse River mainstem study reach. This scenario projection is comprised of
moderate-to-rapid economic and population growth, and climate-induced migration. A
target year of 2070 was selected to represent the conditions expected for this study’s
period of analysis. Future loss parameter curve numbers were determined by converting
land designated as forest in 2016 NLCD (Deciduous, Evergreen, and Mixed) to
Developed, Medium Intensity for each subbasin to reflect an equivalent amount of
change in percent impervious area. Zonal statistics were used to calculate an average
percent impervious value based on the NLCD 2019 urban imperviousness dataset for
each subbasin in the Neuse River mainstem basin HEC-HMS model. ICLUS scenario
Al for year 2020 was compared to the future 2070 scenario to gage the relative change
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in impervious area. This percent change was then applied to the NLCD 2019 value. This
method was used due to the coarse resolution of the ICLUS model. Results of this
exercise at the subbasin level revealed insignificant changes to existing conditions
curve numbers. There was an absolute value increase by 0.19, or about a 1.003%
difference. Based on results of this analysis, future without project conditions were not
projected to differ from existing conditions for the study areas outside of the Crabtree
Creek basin.

For convenience, a basin-wide overview and breakdown of the forecasted changes in
NLCD land use classifications for the 4 ICLUS scenarios are included below: Land use
and land cover (LULC) for the conterminous United States was modeled from 1992-
2005 using historical LULC data and from 2006-2100 based on 4 scenarios from the
Intergovernmental Panel on Climate Change (IPCC) Special Report on Emissions
Scenarios. These models forecast 17 land use classes on a 250 m grid and produce an
annual map of LULC. The A scenarios are more economically driven while the B
scenarios are more environmentally driven. The A1B and B1 scenarios have the same
global population assumptions (growth in population until 2050 followed by decline), the
A2 scenario has the highest population assumption with steady, and the B2 scenario
has the second highest global population assumption with steady growth (but at a
slower rate than A2).

The annual maps were analyzed for pixel coverage to give a percentage of each land
cover type. Annual percent coverage in 2006, 2021, and 2100 are shown in Table 42
through Table 45 below. The tables also include the percent change from 2021- 2100
with a positive percent change showing an increase in that land coverage and a
negative percent change indicating a decrease in that land cover type. Figure 101
through Figure 104 Show the annual maps for 2006, 2021 and 2100 for each of the 4
scenarios.
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Table 42. LULC Change A1B Scenario

Coverage Coverage Coverage Percent Change

Land Cover Type 2006 2021 2100 2021-2100
Water 1.18% 1.20% 1.14% -0.06%
Developed 7.95% 10.30% 26.13% 15.84%
Mechanically
Distributed Private 2.48% 1.69% 2.00% 0.31%
Lands
Mining 0.17% 0.19% 0.18% -0.01%
Barren 0.13% 0.13% 0.13% 0.00%
Deciduous Forests 18.33% 16.93% 7.72% -9.21%
Evergreen Forests 15.21% 14.11% 7.04% -7.08%
Mixed Forests 7.32% 6.72% 2.79% -3.93%
Cropland 26.01% 26.51% 32.73% 6.22%
Pasture Land 6.36% 6.32% 4.77% -1.54%
Herbaceous Wetlands 0.31% 0.32% 0.32% 0.00%
Woody Wetlands 14.53% 15.56% 15.02% -0.54%
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Figure 101. Land Cover Projections for Scenario A1B
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Table 43. LULC Change A2 Scenario

Coverage Coverage Coverage Percent Change

Land Cover Type 2006 2021 2100 2021-2100
Water 1.18% 1.15% 1.09% -0.06%
Developed 7.95% 11.20% 31.22% 20.02%
Mechanically
Distributed Private 2.48% 1.39% 0.86% -0.53%
Lands
Mining 0.17% 0.19% 0.20% 0.01%
Barren 0.13% 0.13% 0.13% 0.00%
Deciduous Forests 18.33% 16.22% 4.47% -11.74%
Evergreen Forests 15.21% 13.68% 4.74% -8.94%
Mixed Forests 7.32% 6.47% 1.60% -4.87%
Cropland 26.01% 27.72% 35.26% 7.55%
Pasture Land 6.36% 6.39% 6.06% -0.33%
Herbaceous Wetlands 0.31% 0.31% 0.30% -0.01%
Woody Wetlands 14.53% 15.14% 14.06% -1.08%
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Figure 102. Land Cover Projections for Scenario A2
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Table 44. LULC Change B1 Scenario

Coverage Coverage Coverage Percent Change

Land Cover Type 2006 2021 2100 2021-2100
Water 1.18% 1.20% 1.25% 0.05%
Developed 7.95% 10.27% 20.24% 9.97%
Mechanically
Distributed Private 2.48% 0.50% 0.41% -0.08%
Lands
Mining 0.17% 0.18% 0.15% -0.03%
Barren 0.13% 0.13% 0.13% 0.00%
Deciduous Forests 18.33% 18.84% 16.22% -2.61%
Evergreen Forests 15.21% 15.49% 13.45% -2.04%
Mixed Forests 7.32% 7.28% 5.79% -1.49%
Cropland 26.01% 23.85% 20.49% -3.36%
Pasture Land 6.36% 6.36% 5.49% -0.87%
Herbaceous Wetlands 0.31% 0.33% 0.36% 0.03%
Woody Wetlands 14.53% 15.56% 16.00% 0.44%
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Figure 103. Land Cover Projections for Scenario B1
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Table 45. LULC Change B2 Scenario

Coverage Coverage Coverage Percent Change

Land Cover Type 2006 2021 2100 2021-2100
Water 1.18% 1.16% 1.43% 0.27%
Developed 7.95% 10.46% 13.89% 3.44%
Mechanically
Distributed Private 2.48% 0.46% 0.99% 0.53%
Lands
Mining 0.17% 0.19% 0.23% 0.04%
Barren 0.13% 0.13% 0.13% 0.00%
Deciduous Forests 18.33% 17.66% 21.13% 3.47%
Evergreen Forests 15.21% 14.79% 17.65% 2.86%
Mixed Forests 7.32% 6.97% 7.55% 0.58%
Cropland 26.01% 26.35% 12.69% -13.67%
Pasture Land 6.36% 6.20% 6.69% 0.49%
Herbaceous Wetlands 0.31% 0.32% 0.43% 0.12%
Woody Wetlands 14.53% 15.29% 17.17% 1.88%
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Figure 104. Land Cover Projections for Scenario B2
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All four modeled scenarios predict an increase in developed land cover from 2021 to
2100 ranging from 3% to 20%. All four models also show minimal (<0.05%) change in
public lands, barren land cover, and mining land cover. Forecasted changes in
deciduous, evergreen and mixed forest land cover range from increasing 3.5%, 3%, and
0.6% respectively to decreasing by 12%, 9%, and 5 % respectively. Private land cover
change ranged from decreasing by 0.5% to increasing by 0.5%. Cropland land cover
change ranged from decreasing by 13.7% to increasing by 7.5%. Pasture land cover
change ranged from decreasing by 1.5% to increasing by 0.5%. Herbaceous and woody
wetland land cover change ranged from decreasing by 0% and 1% respectively to
increasing by 0.12% and 2% respectively. While forecasted LULC changes vary widely,
the four scenarios all predict an increase in developed land cover as population
increases.

6.2 Frequency Simulation Results

6.2.1 Hydrology

The implementation of FWOP hydrologic conditions produced flow rates larger than
existing conditions for the suite of design storm within the Crabtree Creek basin.
Differences between future without project conditions and existing conditions at select
HEC-HMS model junctions along the Crabtree Creek mainstem is shown in Table 46.
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Table 46. Crabtree Creek FWOP and EC Comparison of Design Storm Flows at Select Model Junctions

Design Storm Frequency Discharge (cfs)

Drainage Area

Location (sq mi) 05 02 01 0.04 0.02 0.01 0.005 0.002
ctc27c 54.1 205 186 528 940 1026 1067 1096 1048
ctc28c 55.0 2056 123 460 885 963 999 1022 1037
ctc29c 60.6 538 1000 1438 1697 1865 2007 2130 2266
ctc30c 76.9 1010 1684 2090 2405 2611 2822 2949 3298
ctc31c 84.8 1075 1703 2102 2446 2679 2945 3102 3327
ctc32c 86.3 1093 1711 2105 2549 2709 3003 3164 3378
ctc33c 95.0 1135 1729 2129 2924 2979 3306 3631 3646
ctc34c 98.7 1164 1718 2142 3030 3498 4221 4629 4305
ctc35¢c 110.1 1319 1612 1940 3007 3450 3922 4399 4310
ctc35ac 110.1 1320 1610 1943 3007 3449 3921 4398 4312
ctc35bc 110.3 1322 1618 1945 3002 3467 3920 4390 4314
ctc36¢ 115.8 1512 1873 2172 2315 3082 4030 4045 4378
ctcl25c 121.7 1515 1892 2124 2374 2987 4255 4067 3616
ctcl26¢c 122.1 1471 1866 2052 2366 3143 3835 4416 4715
ctc39c 127.8 1462 1875 2017 2445 3154 3834 4124 4388
ctc40c 140.4 1478 1906 1889 2308 3096 3981 4332 4628
ctcdlc 144.1 1501 1939 1936 2317 3091 3958 4351 4638
ctc42c 145.2 1507 1947 1946 2320 3096 3960 4355 4647

As detailed earlier, there were insignificant differences between existing conditions and
future without project conditions for projected increased impervious area within the
Neuse River mainstem, and other tributary models. As such, existing conditions
frequency simulation results described in the previous section are assumed to be
representative of FWOP conditions.

6.2.2 Hydraulics

Simulation of the 0.5-, 0.2-, 0.1-, 0.04-, 0.02-, 0.01-, 0.005-, and 0.002-AEP events with
updated FWOP hydrology within the Crabtree Creek basin produced profiles
representative of the flooding potential for floodplain conditions that include anticipated
future development.
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7 Flood Risk Management Measures

This section details the formulation and assessment of structural measures to address
flood risk management in the Neuse River basin. A method of analysis and means of
screening was based on assessment iterations due to the need to narrow down the
large number of proposed measures throughout the large study area. Early assessment
iterations focused on leveraging available existing reporting, data, and modeling to
determine measure viability. Later iterations involved a more detailed assessment
approach that included quantitative modeling to determine measure viability. This
systematic approach of assessing preliminary structural measures insured that all final
alternatives were effective at producing hydraulic benefits with reduced risk and minimal
impacts.

7.1 Measure Development

Structural flood risk management measures were developed based on a detailed flood
risk analysis of the study area and engineering judgment of structure-type performance.
Measures were proposed throughout most of the Neuse River mainstem length as well
as numerous tributaries within the basin. The scope of investigation was expanded to
explore FRM opportunities in these tributaries based on existing floodplain impact areas
(data provided by the North Carolina Floodplain Mapping Program). The extents of
exploration are in accordance with guidance (ER 1165-2-21; USACE, 1980). Notable,
ER 1165-2-21 provides guidance on minimum requirements for what kinds of flood risk
management measures are applicable to this feasibility study. Measures identified for
this study included overbank detention sites and dam structures, levees, bridge/culvert
modifications, channel modifications, road elevations and berms, barrier and debris
removal, green infrastructure, and floodplain restoration.

Detention sites were selected based on information provided in existing basin
assessment studies (USACE, 1965 & NCEM, 2018), as well as watershed master plans
(Marck, 2016), and on open space availability. Bridge and culverts were initially selected
for modification based on their hydraulic performance as indicated in preliminary
modeling (data provided by North Carolina Floodplain Mapping Program and North
Carolina State University). Bridges and/or culverts that acted as constrictions significant
enough to induce backwater flooding were noted and those whose negative effects
coincided with inundated structures were selected for consideration. Inline detention
sites were selected based on existing analysis (data provided by North Carolina
Emergency Management, 2017) performed following Hurricane Matthew in 2016 as well
as historical documentation related to the initial assessment of Falls Lake Dam
(USACE, 1960). Levee sites were selected based on existing flood risk in the basin and
the availability of favorable topography to support such measures. Channel modification
measures were selected based on existing flood risk, open space availability, changes
to the stream geometry in its location and attributed upstream flood risk. Barrier and
debris removal measures were selected based on historical documentation, community
outreach, and field investigations. Green infrastructure and floodplain restoration
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measures were selected based on their potential to support existing or newly proposed
traditional FRM measures.

7.1.1 Engineering Regulation 1165-2-21 Screening

Engineering regulation 1165-2-21 provides guidance for flooding considerations in
small, urbanized watersheds. The regulation specifies a minimum frequency discharge
and drainage area for which there would be federal interest. FRM improvements may
only be captured in urban watersheds downstream from its outlet point that meet a
minimum of 800 cfs for the 0.1-AEP event. A secondary requirement of drainage areas
being over 1.5 square miles is stipulated when frequency discharge is unknown.
Preliminary screening with ER 1165-2-21 was accomplished by utilizing the USGS
StreamStats streamflow statistics and spatial analysis tool
(https://streamstats.usgs.gov/ss), and historical documentation.

There were multiple tributaries to the Neuse River that have documented flooding
concerns at the state and local community level. During this study’s screening process
NCDOT and other state agencies was undertaking assessments of localized flooding in
the communities of Smithfield, Goldsboro, and Kinston (Evaluating the Capacity of
Natural Infrastructure for Flood Abatement at the Watershed Scale: Goldsboro, NC Cast
Study, 2020, Flood Abatement Assessment for Neuse River Basin, 2020, and
Identification and Prioritization of Tributary Crossing Improvements, 2019). These
assessments focused on Buffalo Creek and Spring Branch in Smithfield, Big Ditch, Billy
Bud Creek, and Stoney Creek in Goldsboro, and Adkins Branch, Jericho Run, and
Taylors Branch in Kinston and developed tributary crossing improvements to improve
flood risk management.

During community outreach for the Neuse River basin study, additional streams were
considered in addition to those included in the state assessments: Contentnea Creek
South Tributary in Grifton, Jack Smith Creek in New Bern, Goose Creek, Ellerbe Creek,
and South Ellerbe Creek Tributary in Durham, and Fork Swamp in Winterville. Early
measures visualized for implementation, prior to quantitative analyses and economic
consideration, were in line with state interests (ex. focus on tributary crossings) in
addition to preserving evacuation routes and overall efficiency of road networks. Road
berms and/or road raises were examples of potential measures that would scale well to
these smaller watershed areas.

All the forementioned tributaries were affected by ER 1165-2-21 to varying degrees. In
some tributary watersheds, this meant being completely screened from measure
consideration; and in other cases, partial loss of FRM benefits near its headwaters.
Buffalo Creek and Spring Branch in Smithfield were screened from further consideration
in their entirety. Prior to screening, NCFRIS was utilized to see if enough structural
damages were occurring at the tributary confluences with the Neuse River mainstem to
justify formulating measures based on the more significant mainstem flood inundation.
However, Spring Branch and Buffalo Creek were ultimately screened because there did
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not appear to be sufficient existing damages near the confluences. Similarly, Billy Bud
Creek and Stoney Creek in Goldsboro, Contentnea Creek South Tributary in Grifton,
Jack Smith Creek in New Bern, Goose Creek, Ellerbe Creek, and South Ellerbe Creek
Tributary in Durham, Fork Swamp in Winterville, and Jericho Run and Taylors Branch in
Kinston were screened from further consideration in their entirety.

At this preliminary screening level, upon ER 1165-2-21 application, there appeared to
be sufficient structural damages occurring in Big Ditch in Goldsboro, NC, and Adkins
Branch in Kinston, NC. Prior to committing to measure development and FWP
conditions modeling for these two areas, an interim assessment of FWOP damages
was carried out. This assessment occurred upon completion of the FWOP HEC-RAS
and initial HEC-FDA models, and allowed the PDT to better understand the reduced
available damages for measure formulation. It ultimately demonstrated that the Big
Ditch and Adkins Branch study areas were unlikely to possess enough damages to
support any structural measures. As such, the two tributary study areas were effectively
screened at this point and no structural FWP modeling was conducted.

7.2 Preliminary Screened Measures

These measures were screened out prior to detailed economic evaluation based on
disproportionate cost to benefits and considerations of environmental and/or social
concerns using professional judgment and existing hydraulic analysis. Generally, the
measures detailed in this section were initially assessed prior to completion of the future
without project condition H&H detailed models. Furthermore, results from these
screenings were instrumental in narrowing the overall hydraulic modeling footprint that
would be required for detailed modeling of the recommend plan. Detailed use of the
North Carolina Floodplain Mapping’s Flood Risk Information System (NCFRIS) was vital
in helping identify vulnerable structures within established effective and/or preliminary
FEMA flood zones. The NCFRIS utility generated flood inundation for various frequency
events as determined through FEMA studies and intersected those water surface
elevations with a state-wide structural inventory produced by the State of North
Carolina. The inventory was taken in the mid-2000s and included numerous structure
attributes such as building footprint, foundation type, and estimated first floor elevation.
In general, first floor elevations were derived from either LIDAR or an averaged vertical
distance above adjacent LIDAR topology. An example of the NCFRIS is shown in Figure
105.
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Figure 105. Screenshot of FEMA Flood Zones within the North Carolina Flood Risk Information System

7.2.1 New Detention Structures

The measure involving new construction of large-scale detention structures was the
largest risk driver of the initial array. Detention sites within the Neuse River basin has
also been extensively investigated historically by multiple agencies, with the most recent
investigation being completed by the State of North Carolina as part of their Neuse
River Basin Flood Analysis and Mitigation Strategies Study (NCEM/NCDOT, 2018). This
study detailed 5 proposed detention facilities within the Neuse River basin in multiple
configurations related to how the sites would be managed (ex. wet versus dry
detention). These 5 sites would be considered new construction and all but one site is
located along a tributary to the Neuse River mainstem. A map of detention structure
locations from this 2018 report is shown in Figure 106. Some of these proposed sites
were also investigated by USACE as part of the initial Fall Lake Dam reconnaissance
study in the 1960s.

The “Swift Creek” site near Smithfield, NC lacked a natural pinch point in the
surrounding natural terrain which is typically sought after in dam construction.
Consequently, its dam embankment was rather long at several thousand feet in length,
depending on a wet/dry scenario. It was also located in an area that has multiple rare,
threatened, or endangered aquatic animals, concerning environmental considerations.
The 2018 NCEM report cited a concern for sedimentation given a limited permanent
pool depth (average >= 10 feet). Due to the generally adverse project site, which
presented engineering challenges, and environmental considerations, “Swift Creek” was
screened from further consideration.
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The “Neuse River Main” site was located in the very wide floodplain between Smithfield,
NC and Goldsboro, NC. Due to this floodplain width, the proposed dam length was >5
miles. Furthermore, the dam embankment would be located within the Coastal Plain
province and its reservoir would be shallow with an average depth of <4 feet. Due to the
overall engineering challenges with this site, “Neuse River Main” was screened from
further consideration.

The “Beulahtown” site was also similar in that its reservoir would only have an average
depth of <5 feet with a dam length of nearly 1 mile. Sediment loading within its reservoir
was a noted concern in the report. Due to these engineering concerns, “Beulahtown”
was screened from further consideration.

The remaining explored sites, “Baker’s Mill” and “Wilson’s Mill” were screened by
considering the 2018 report’s economic results. According to the 2018 report, the
“Wilson’s Mill” site was only able to produce positive benefit-to-cost ratios when
configured with the 3 forementioned screened sites. Furthermore, there was concern
about the ability to maintain sufficient flood release operations from the upstream Falls
Lake Dam without negatively impacting conditions at this proposed site, given its limited
storage capacity and elongated detention shape within the narrow floodplain. Finally,
the “Baker’s Mill” site was not successful in producing a positive benefit-to-ratio as a
standalone site, and as such, it was screened out. In addition to the screening criteria
above, the 2018 report noted that the benefits calculations carried out did not consider
relocation and elevation projects that have been performed and will be performed
related to Hurricane Matthew recovery efforts. Furthermore, there was also overall
concern expressed about the ability of these proposed detention structures to meet
USACE dam safety regulation (ER 1110-2-1156).
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Figure 6.1.1: Potential Detention Storage Sites and Drainage Area Delineations

Figure 106. Locations of Assessed Detention Structure from NCEM Neuse Basin Report

7.2.2 Existing Critical Detention Structure Removal

From a previous study collaboration between USACE Wilmington District and the North
Carolina DEQ — Dam Safety Section a number (>150) of medium size (per NC Dam
Safety Law of 1967) or larger detention structures were identified within the Neuse River
basin (SAW FPMS, 2019). The majority of these structures were privately-owned or
maintained by a local community/agency. An assessment of these sites showed that a
subset is in a state of disrepair and/or have the potential for failure during a severe flood
event. Through removal of at-risk detention structures, it was theorized there would be
an improvement to life safety risk. Uncertainty in available data increased as this
measure was further investigated due to the inconsistent levels of engineering detail
that went into structure construction. There was also concern in induced impacts as a
result of removing detention structures in the form of adverse environmental impacts
and sedimentation downstream of structure sites. In addition, removing these detention
structures may also increase the existing flooding depth and/or velocity for areas
downstream of the site. Due to these concerns, this measure was screened from further
consideration.
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A specific dam outside of the collaboration effort described above was also considered
for removal. Lassiter Mill Dam along Crabtree Creek in Raleigh was selected for
removal during initial screening. The local community had expressed interest in removal
of this structure at various points during the last half century but for various reason the
structure has remained in place. Lassiter’s Mill was originally utilized for minor power
development but has not been operated in such a manner for multiple decades.
Furthermore, its value for recreation was limited given its location along Crabtree Creek.
The dam is located just upstream of Lassiter Mill Road and is approximately 2 miles
upstream from some of the most flood-prone overbank areas along Crabtree Creek.
The dam itself is a concrete structure, roughly 9 feet in height taken from the
downstream toe with a low-flow weir near its abutments. It has no form of flow
regulation other than simple overtopping. It still serves to form an upstream pool that
backs water up several miles, most evident during low flow conditions. It is not
uncommon for the low-head dam to be overtopped during a moderate rainfall event.
Given its size, it is unlikely to pose a significant life safety threat immediately
downstream if the structure were to fail. The dam does serve to reduce flows
downstream due to its permanent backwater effects. Therefore, if the dam were
removed it would potentially impact flooding conditions downstream. Based on a review
of existing structures within preliminary FEMA flood zones surrounding the site, there
appeared to be more relative flood risk downstream that would be negatively affected by
dam removal. Due to this reason and the assumed low life safety risk, this site was
screened from further consideration.

7.2.3 Bridge Span Modification along Neuse River Mainstem

This measure involved modification of existing bridges to increase their span opening
over the width of the Neuse River mainstem. There were multiple crossings identified
along the river where constricted flow may have influenced upstream flooding.

At the time of initially investigating this measure there were multiple similar efforts being
undertaken by the State of North Carolina. The 2018 Neuse River Mitigation Strategies
Report and the 2020 NCDOT Flood Abatement Assessment were also looking into
ways of increasing conveyance through major bridge structures over the Neuse River
mainstem.

During this preliminary screening process hydraulic modeling was completed for these
state efforts with data and results being shared with USACE SAW. Overall, a
comprehensive approach to improving conveyance at key river crossings through
structural modifications provided only minimal flood reduction with changes in upstream
water surface elevation of less than a foot, and often less half a foot during a Hurricane
Matthew-scale event (NCDOT, 2020).

The general intent of the proposed bridge improvements by the NCDOT report were
simulated in the Neuse River basin study hydraulic model to validate their findings.
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Improvements proposed at certain locations, such as at railroad crossings, were not as
extensive as described in the NCDOT report, so there were minor differences in WSEL
improvements at the various bridge crossings between the two study models. A
common effect experienced after bridge improvements that wasn’t explicitly detailed in
the NCDOT report was induced WSEL as a result of removing existing floodplain
constrictions. Hydraulic performance using the Neuse River basin study unsteady HEC-
RAS model showed a 0.2 to 0.3-foot WSEL increase that persisted from immediately
downstream of 1-95 in Smithfield, NC downstream to Arrington Bridge Rd in Goldsboro,
NC. This effect was also seen at other bridge improvements in Kinston, NC. Due to the
limited reduction in WSEL upstream of improved bridges, upon validating results from
the NCDOT study, and concern for the induced flooding downstream of improvements,
this measure was screened from further consideration.

7.2.4 Neuse River Channel Modification near Kinston, NC

This measure was documented in the 2018 Neuse River Basin Flood Analysis and
Mitigation Strategies Study. It involved channel modification of approximately 11 miles
of the Neuse River mainstem in the vicinity of Kinston. There were multiple concerns
related to this type of measure, given its large footprint and area of effect, that the report
acknowledged, and were echoed in this preliminary screening assessment. There would
be potential for significant operations and maintenance required for this measure to
function properly. Sediment transportation would also be a significant concern and
would involve considerable effort to fully understand the hydrodynamics in this portion of
the Neuse River basin, given its location within the Coastal Plain province. There may
be increased chances of erosion and bank stability issues related to increased flow
velocity, and induced damages downstream of the measure. There would most likely be
major environmental consideration related to this measure, however, due to the
engineering concerns during this preliminary screening, it was not carried forward for
further consideration.

7.2.5 New Levee at Seven Springs, NC

This measure was documented in the 2018 Neuse River Basin Flood Analysis and
Mitigation Strategies Study. The Town of Seven Springs appeared to be ideally situated
for a levee system. While the town is located in a lower floodplain terrace, south of the
Neuse River mainstem, a levee alignment could successfully tie into higher ground both
upstream and downstream of the town. Such a levee system could provide a significant
improvement to flood risk management. It is noted that while the 2018 report did
mention interior drainage, the cost of such a system was not included in their analyses.
It is likely that such a system (likely requiring a pumping solution) could be challenging
in this location. Otherwise, modeling results and economic assessment from the 2018
report showed a positive benefit-to-cost ratio. However, upon further investigation of this
type of structural measure for the Town of Seven Springs, the majority of the town was
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under consideration for a comprehensive buy-out plan by the State of North Carolina.
Such a plan would have a significant negative impact to the potential benefit-to-cost
ratio. Based on this ongoing assumption and coordination with the North Carolina Office
of Recovery and Resiliency (NCORR), this measure was screened from further
consideration.

7.2.6 Floodwall near New Bern, NC

This measure was selected early in the study process, partially due to the potentially
significant impact to scope of engineering analyses required to adequately assess and
address the flooding problems in the vicinity of New Bern, NC. The study team
acknowledged the complex hydrology and hydraulics present at the mouth of the Neuse
River, Trent River, Pamlico Sound, and other smaller tributaries. This area of the basin
is subject to both riverine and coastal flooding. Assessment of compound flooding from
both sources would necessitate specialized modeling tools and was assumed to be
beyond the capabilities of traditional riverine modeling (HEC-RAS). A preliminary
screening exercise was conducted to determine the likelihood of measure viability.
Existing data was utilized from the South Atlantic Coastal Study (SACS) to help facilitate
this assessment. SACS data included a library of measures and related costs at a per
unit level. This dataset allowed the team of apply an array of flood risk management
measures for a site-specific design. A comprehensive design selected for the overbank
floodplain near New Bern consisted of a permanent structural barrier (floodwall) that
would conservatively prevent floodwaters from entering developed land for events up to
the 1% AEP. Two separate rough barrier alignments were proposed, a 7,000 linear foot
feature adjacent to downtown New Bern (west bank) and a 6,000 linear foot feature
adjacent to the Town of Bridgeton (east bank). NCFRIS was used to designate the 1%
AEP flood extents, based on the FEMA Effective Base Flood. Measure performance
was determined by eliminating HAZUS damages by census block that were confined to
the leveed area behind the barriers. A follow-on measure was investigated related to
placement of a flood barrier slightly upstream of the downtown area along the right
bank. The intent in this alignment was to prevent backwater from propagating into the
Jack Smith Creek tributary and causing flooding to the Duffy Field area. Due to the lack
of relief in the nearby terrain it would challenging to tie in a floodwall structure to natural
high ground. This constraint resulted in a length of wall nearly equivalent to the
downtown portion. Furthermore, volume of floodplain along the right bank gave
significant concern for adequate interior drainage if a structure were possible.

Based on this preliminary economic assessment, cost to benefit ratio appeared to be
disproportionately low. Furthermore, no costs related to interior drainage systems were
estimated, and it was assumed inclusion of such estimate would only further reduce the
cost to benefit ratio. Due to the above analysis, it was recommended that this measure
be screened from further consideration.
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7.2.7 Trent River Channel Modification in Jones County, NC

This measure was selected based on initial community outreach with the Towns of
Pollocksville and Trenton, NC as well as Jones County, and follow-up coordination.
These communities are located along the Trent River and have experienced flooding
problems caused by both intense localized rainfall and wind-tides or storm surge
associated with tropical storms or hurricanes (FEMA, 2020). The Trent River has a
drainage area of 550 square miles at its mouth in New Bern, NC. The communities can
be exposed to backwater flooding due to their proximity to the mouth of the Neuse River
and Pamlico Sound estuary. They have experienced prolonged or delayed flooding
following events when the Trent River is unable to adequately drain and return to
normal water levels. According to local feedback following recent significant flood
events (Hurricane Matthew, 2016 and Florence, 2018), the nature of overbank flooding
is sensitive to both direction and duration of the storm system in the immediate Trent
River area as well as the rest of the Neuse River basin. The communities had
expressed interest in assessing the measure of Trent River channel modifications to
determine its viability within the Neuse River basin study. Channel modifications were to
be in the form of widening and/or dredging. A preliminary hydraulic assessment was
conducted using existing FEMA-based HEC-RAS modeling. This simplified approach
assumed no changes in flow regime or sediment transport, stable channel
geomorphology, and minimal environmental considerations. The assessment results
would help direct the PDT in the further scoping of hydrology and hydraulics, and
economic efforts necessary to perform detailed measure analysis. Channel widening
templates of a 50-foot and 75-foot bottom width were proposed for a length of
approximately 10 miles of the Trent River. Channel dredging templates focused on
creating a consistent slope, often needed near bridge structures, and proposed several
feet of material excavation along the channel bottom. Dredging was limited by
downstream constraints of the Neuse River and Pamlico Sound. Assessment results
showed <0.5-foot reduction in water surface elevation for the 1% AEP event. The most
significant WSEL reductions were experienced during the more frequency, less severe
events (i.e. 10% AEP) where the flood waters were more confined to the river channel
and consequently would have less overall impact related to existing structural damages.
The efficiency of dredging decreased as the severity of flood event increased and
involved more of the overbank floodplain. Based on the measures’ minor effect and
conservative assumptions, it was screened from further consideration.

7.2.8 Dispersed Water Management

Dispersed Water Management (DWM), also referred to as Water Farming, is a practice
that provides temporary shallow water storage, retention, and detention through the use
of existing infrastructure and simple structures (weirs, berms, and culverts). Water is
retained on-site and removed through natural means of evaporation, transpiration, or
seepage (SFWMD, 2014). An example of this practice is Water management entities in
Florida that work with farmers who are paid to keep stormwater on their properties and
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receive water from other areas to store on their properties. Assessment of this type of
measure was limited given its application in existing USACE project portfolios. The
presence of expansive, low-lying floodplains characteristic of Florida seemed crucial in
this measure’s viability. While the Neuse River basin contains some floodplain areas
similar to that of the Everglades in Florida, they are confined to the lowest portions of
the basin nearest to the Pamlico Sound. Another difference between the two locations is
the extensive system of existing water management features in Florida operated and
maintained by water management districts, where water surface elevations are
maintained depending on the time of year. Lastly, DWM appeared to primarily impact
water quality and groundwater conservation, in addition to flood-related issues. With an
assumed preferred measure location near the Pamlico Sound, it was difficult to quantify
how any improvements to flood risk management would be transferable to areas most
vulnerable to flooding that exist upstream in the basin. There were numerous
considerations beyond just engineering in implementing this measure, though due to the
technical reasoning described above this measure was screened from further
consideration for this study.

7.2.9 Johnston County Wastewater Treatment Plant Levee

This measure was selected to represent additional FRM improvements that would be
made to the existing Johnston County Wastewater Treatment Plant. The plant is located
near Smithfield, NC, and is near the southeastern bank of the Neuse River. The site is
entirely within the FEMA 1% AEP flood zone and partially in the regulatory floodway.
Prior to coordination with the WWTP, review of the site within NCFRIS showed some
degree of existing earthen levee embankment surrounding the operations. The current
status of the site was confirmed during a coordination call with Johnston County Public
Utilities (phone conversation, Feb-2021). The WWTP had long-term goals of relocating
the primary plant operations to a site completely outside of the floodplain, and in the
interim had secured FEMA grant funding to engineer and construction more robust FRM
features for the current plant. Conceptual drawings supplied to the PDT proposed a
parapet wall on top of the existing earthen levee to extend overtopping frequency. Due
to this existing grant and engineering effort in place, this measure was screened from
further consideration.

7.2.10 Cherry Research Farm Levee Repair

This measure was proposed based on previous coordination with Cherry Research
Farm and the City of Goldsboro, NC. Cherry Research Farm has a levee system meant
to provide FRM improvements for several structures on their campus, located west of
Goldsboro city limits. The levee was damaged and partially breached during Hurricane
Matthew in 2016. USACE SAW District conducted a site visit in 2017 to investigate
potential repair as part of a Continuing Authorities Program or similar effort. The PDT
reached out to the campus to determine the status of levee repair as of 2020. It was
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confirmed that the levee system was already undergoing repair outside of USACE
partnership. Therefore, this measure was screened from further consideration.

7.2.11 Improvements To Rose Lane Bridge Over Walnut Creek

This measure was selected based on a cursory assessment of vulnerable residential
clusters using NCFRIS. The communities of Rosalynn Place and Maplewood Forest are
located off of Rose Lane in southeast Raleigh, NC. Rose Lane, to the north, is the only
means of egress for the residents of these communities as the inner 1-40 beltline
demarcates the southern edge of the residential area. Rose Lane crosses over Walnut
Creek approximately 1,000 feet north from the intersection of Rose Lane and Jimmy
Carter Way. If this crossing were to be inundated by a flood event, there would be a
potentially significant impact to evacuation and/or emergency services accessibility. As
there appeared to be limited structural damages due to flooding, this measure was
developed to improve life safety risk, rather than traditional economic justification.
During coordination with the City of Raleigh, the city acknowledged this flood risk and as
of January 2021, were pursing bridge improvements with conceptual design already
completed. This measure was screened from further consideration due to this
information and challenges related to non-economic justification.

7.2.12 Green Infrastructure And Floodplain Restoration

The inclusion of these measures was predicated on the successful application of more
traditional FRM measures (ex. channel modification, bridge modification, etc.).
Historically, for these types of measures economic benefits are not as direct, and their
intended outcomes can carry more uncertainty due to their limited implementation
throughout USACE FRM portfolio, especially for non-coastal FRM. Ultimately, it was
decided that if traditional measures produced a healthy benefit-to-cost ratio, some of
that could be absorbed to allow implementation of a more natural and nature-based
measure. Therefore, consideration and evaluation of viability for these nature-based
measures were assumed to take place during measure refinement, once there is a
higher degree of confidence in their successful implementation. If a structural project’s
benefit-to-ratio was slightly below unity, nature-based measures would still be pursued.
However, if ratios were well below 1.0 for more traditional measures, these nature-
based measures would also be screened from further consideration.

7.2.13 Neuse River Channel Modification near Smithfield, NC

This measure was selected based on community outreach with the Towns of Smithfield
and Four Oaks. Anecdotal evidence was provided that the Neuse River mainstem had
lost a significant amount of flow capacity due to sedimentation within the channel. This
flooding concern may have also been related to the natural floodplain constriction south
of Smithfield, in addition to multiple bridge spans over a short distance. No recent
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channel surveys were provided, nor could any new survey be conducted as part of this
preliminary screening iteration. Neuse River channel Bathymetry surveyed for the
FEMA effective hydraulic modeling showed a moderately consistent slope of about
0.03%. A review of the 0.01-AEP water surface gradient within the FEMA effective
model revealed differing segments of sloped water surfaces separated by bridge
openings. The number of bridge spans in close proximity made it technically challenging
to apply a modified template that included excavation below existing grade. To do so
would potentially involve structural modification to a number of bridges. The floodplain in
this area did not appear to be heavily populated with most structures outside of the flood
hazard area, according to NCFRIS. Based on these limited potential damages, and the
inability to apply a comprehensive excavation profile due to the number river crossings,
this measure was screened from further consideration.

7.3 Evaluated Measures

The measures in the following section went through the same screening process as
those outlined in the previous sections and were found to justify more detailed hydraulic
and economic analysis. The sections below describe this additional analysis.

7.3.1 Neuse River Channel Modification in Kinston, NC

The proposed channel modification is located within the left and right overbanks of the
Neuse River mainstem as it flows through the City of Kinston, NC. The primary feature
involved in this measure was excavation of channel benches that functioned as
floodplains and created natural alluvial channel processes. The resulting Neuse River
primary flow path would consist of a dominant discharge channel (existing bankfull
conveyance) and a floodplain bench. The channel-forming discharge channel would
provide the necessary sediment conveyance, while the floodplain bench would provide
for design flood conveyance. Two segments of benched channel were positioned along
the river’'s banks with a bottom invert set roughly 2 feet above the water surface
elevation expected from an average annual discharge (1.0-AEP). The benched surface
included a minor slope away from the river to ensure adequate drainage. The perimeter
of the benched surface assumed 3H:1V side slopes to tie back into existing grade. A
total channel bench length of almost 3 miles extended from the downstream face of US-
11 (King St) bridge to the upstream face of the railroad bridge that parallels Young St
within the city limits.

The first bench segment (RB0O1) was placed within the right overbank floodplain
between the US-11 and HWY-258 (S Queen St) bridges and had an approximate length
of 1.3 miles. RBO1 had an average benched width of 500 feet, based on a footprint
width that ranged from 100 feet near the tie-in points at the bridge embankments up to
900 feet near the midpoint of its length. There were some areas within the bench
footprint that required about 9 feet of vertical cut in order to bring the existing surface
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(based on QL2 LiDAR) down to the final design grade. There were also several areas
within the RBO1 footprint that required about 4 feet of vertical fill to bring low-lying
floodplain up to the final design grade.

The second bench segment (LBO1) was placed within the left overbank floodplain
between the HWY-258 and railroad bridges. According to the city, the railroad bridge is
co-owned by Norfolk Southern Railroad and North Carolina Railroad. LB01’s footprint
length adjacent to the river's edge was about 1.5 miles. LB0O1 had an average benched
width of 1,000 feet. There was not a significant deviation from the average width
throughout its length due to the wide, unobstructed floodplain in this area. One
constraint to LBO1’s footprint was the presence of a leveed waste-retaining facility off
Peachtree St. Some areas within LB01’s footprint required nearly 30 feet of vertical cut
in order to bring the existing surface down to the final design grade. Though not nearly
as significant, some areas within its footprint required about 1.5 feet of fill in order to
reach final design grade. An overview of this measure is shown in Figure 107
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Figure 107. Kinston Channel Bench Overview

Both segments were modeled within the same HEC-RAS geometry by modifying the
terrain over a series of cross sections that represented the segment footprints.
Manning’s roughness values were reduced within the footprint areas to represent
improved conveyance due to change in land cover from woody wetland to developed
open space. Proposed conditions were simulated under the suite of design storms and
inundation footprints were generated in Ras Mapper, as soon in Figure 108.
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Figure 108. Kinston Channel Bench Measure — Design Storm Inundation

The design storms most frequent, 0.5-AEP through 0.02-AEP, appeared to best utilize
the floodplain bench for flood conveyance. Their flood boundaries were confined by the
natural terrace on the north, left overbank side of the river. This boundary was
characterized by older developed residential neighborhoods (south of Lincoln City). The
majority of structures in these developments have been removed from the floodplain
and what is left is a network of abandoned paved roads. The channel bench’s added
flood conveyance had a diminishing effect to WSEL reduction as the design storm
frequency was lowered. This effect meant that when flood inundation did eventually
reach the more populated areas of the city, within the 0.01-, 0.005-, and 0.002-AEP
impacted areas, the added benefit from this measure was not as prominent. Water
surface profiles for select design storms are shown in Figure 109.
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Figure 109. Comparison of Water Surface Profiles for Select Design Storms — FWOP vs. FWP (LBO1+RB01)

In general, while this measure was effective at reducing flood elevations for the more
frequent design storms, it was unable to provide significant WSEL reductions during the
more severe events, which was assumed to contain the majority of FWOP damages.
Despite these concerns, it was decided that this measure would be carried forward for
detailed economic assessment.

7.3.2 Hominy Swamp Creek Channel Modification in Wilson, NC

Traditional channel modification was represented by applying a widened channel
template at existing grade or by excavating to a new design surface for the channel
bottom invert. Based on a review of the existing channel grade in the FEMA effective
hydraulic model, there appeared to be a consistent slope throughout most of the study
reach with a few exceptions. A 0.5-mile segment of Hominy Swamp Creek, located
between the Forest Hills Rd and NC-42 crossings, had a flattened creek gradient
relative to segments both up and downstream of it, and there was potential to provide a
more hydraulically efficient slope. An averaged 10-ft channel bottom width template that
included excavation of roughly 2 vertical feet was selected for assessment. There were
two other short segments of the creek that exhibited similar inefficient slopes, located
upstream and downstream of the Tarboro St crossing. The same 10-ft channel bottom
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width template was applied to these segments but with a proposed excavation of about
1 vertical foot in order to reach design grade.

The Hominy Swamp Creek HEC-RAS model was used to apply these channel
templates. A new geometry was created that included the three improved channel
segments, and simulations were run for the full range of design storms. Manning’s
roughness value for the channel was set to 0.04. Model results showed there to be a
negligible difference in WSEL (<= 0.1-ft) when compared to FWOP conditions across all
design storms. Based on these results, channel excavation was screened from further
consideration for Hominy Swamp Creek.

Due to historically documented channel incision for Hominy Swamp Creek (Marck,
2016), channel widening was pursed using an alternate design that was not focused on
widening the existing channel bottom. Instead, a design template was proposed that
focused on overall channel width, up to the top of bank. The proposed channel
modification was located within the left and right overbanks of the Hominy Swamp
Creek as it flowed through the City of Wilson, NC. The primary feature involved in this
measure was excavation of channel benches that functioned as floodplains and created
natural alluvial channel processes. The resulting Hominy Swamp Creek primary flow
path would consist of a dominant discharge channel (existing bankfull conveyance) and
a floodplain bench. The channel-forming discharge channel would provide the
necessary sediment conveyance, while the floodplain bench would provide for design
flood conveyance. Eleven segments of benched channel were positioned along the
river's banks with a bottom invert set roughly 2 feet above the water surface elevation
expected from an average annual discharge (1.0-AEP). The benched surface included a
minor slope away from the river to ensure adequate drainage. The perimeter of the
benched surface assumed 3H:1V side slopes to tie back into existing grade. A total
channel bench length of almost 3.2 miles extended from the downstream face of NC-42
(Ward Blvd) bridge to approximately 300 feet downstream of the CSX railroad culvert.
An overview of these measures along Hominy Swamp Creek is shown in and in Table
47.
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Table 47. Channel Modification Details for Hominy Swamp Creek in Wilson, NC

Location
el SJ;"’}BQE,L Footprint |\,
Cut ID T Side Area (sqft) | — —
From To
BC402 Right NC-42 Kincaid Ave 290000 100
BC374 Right Kincaid Ave Raleigh Rd 150000 100
BC351 Right Raleigh Rd Norfolk S. RR 141000 100
Elizabeth
BC331 Right Rd Park Ave 240000 200
Elizabeth
BC326 Left Rd Park Ave 90000 100
BC313 Right Park Ave Tarboro St 10000 100
Goldsboro
BC286 Right St Lodge St 130000 250
BC278 Right Lodge St Phillip St 280000 150
BC266 Left Lodge St Phillip St 120000 250
BC256 Right Phillip St CSX RR 110000 300
BC244 Left CSX RR Ward Blvd 49000 200

As detailed in Table 47, channel bench segments were separated by bridge and/or
culvert structures that crossed over the main flow path of Hominy Swamp Creek. A
design constraint of minimizing impacts to existing utilities and infrastructure prevented
a more hydraulically efficient merge of segments. Furthermore, most segments were
limited to channel and floodplain modification on one side of the creek, leaving the
alternate bank in its natural state. Notable exceptions were measure IDs BC326 and
BC331 between Elizabeth Rd and Park Ave, and BC266 and BC278 between Lodge St
and Philip St. Both sides of the creek were modified in the segment between Elizabeth
Rd and Park Ave due to the availability of developed open space that currently existed.

Following field investigation and coordination with state environmental agencies, two
channel bench segments were eliminated from consideration. BC374 was removed due
to the presence of an existing stream restoration project within the right floodplain
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overbank (EEP Project No. 180). BC266 was eliminated from the array due to the need
for Norris Blvd to remain accessible, a desire expressed by the City of Wilson.

The final nine segments were modeled within the same HEC-RAS geometry by
modifying the terrain over a series of cross sections that represented each segment
footprint. An example of this geometry modification is shown in Figure 110.
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Figure 110. Example of Channel Bench Geometry, Hominy Swamp Creek

Manning’s roughness values were reduced within the footprint areas to represent
improved conveyance due to change in land cover from woody wetland, herbaceous,
and forest to developed open space. Proposed conditions were simulated under the
suite of design storms and inundation footprints were generated in Ras Mapper, as
shown in Figure 111 through Figure 118.
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Figure 112. Hominy Swamp Creek Channel Bench BC351 Design Storm Inundation
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Figure 114. Hominy Swamp Creek Channel Bench BC313 Design Storm Inundation
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Figure 116. Hominy Swamp Creek Channel Bench BC278 Design Storm Inundation
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Figure 118. Hominy Swamp Creek Channel Bench BC244 Design Storm Inundation
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The design storms inundation footprint appeared to be confined to a floodplain width
between 600-ft and 900-ft. The widest portions were immediately upstream of
bridge/culvert crossings, which suggested inadequate cross-sectional area of the
channel that passed under bridge decks and/or through undersized culverts. The
narrow floodplain also helped explain the amount of incision that has historically
occurred within the Hominy Swamp Creek channel. Water surface profiles of select
design storms for FWOP- and with channel bench-conditions are shown in Figure 119.
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Figure 119. Comparison of Water Surface Profiles for Select Design Storms — FWOP vs. FWP (9 channel benches in
place)

A review of WSEL reductions under channel modification conditions showed
improvements immediately upstream of the NC-42 crossing, at the start of BC402.
Improvements continued downstream for approximately 2 miles until the creek reached
the Tarboro St crossing. This crossing, which consisted of a relatively large earthen
embankment that included a lower elevation, secondary route (Tarboro St Annex),
appeared to not allow improvements to efficiently propagate downstream. Roughly one
mile further downstream, a similar condition was seen where the creek had trouble
conveying flow through the CSX railroad culvert. Regardless of these issues, the
channel bench measures were successful at improving FRM by reducing WSEL for the
design storms. There was an average WSEL reduction of 0.5-ft for the 0.01-AEP event
in the reach between the NC-42 and CSX crossings. Due to the improved conditions
with this measure in place, it was carried forward for consideration as either a stand-
alone alternative or combination with other viable measures.
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7.3.3 Crabtree Creek Channel Modification in Raleigh, NC

Traditional channel modification was represented by applying a widened channel
template at existing grade or by excavating to a new design surface for the channel
bottom invert. Based on a review of the existing channel grade in the FEMA effective
and preliminary hydraulic model, there appeared to be a consistent slope throughout
most of the study reach with several exceptions. Due to the high number of creek
crossings throughout the study reach, it was impractical to apply a comprehensive
template without having a significant impact to existing infrastructure. Furthermore, the
highly urbanized Crabtree Creek corridor constrained the magnitude of channel
templates that could be applied without negatively impacting nearby structures. Short
segments of the Crabtree Creek channel exhibiting inefficient gradients were identified
as candidates for an excavated channel template to determine their relative impact to
flooding magnitude and inundated footprint. With Crabtree Creek having a well-defined
channel bottom, templates widths were based on surrounding cross section geometry
so that channel bottom widths were consistent throughout the study area.

The Crabtree Creek HEC-RAS model was used to apply these channel templates. A
new geometry was created that included the three improved channel segments, and
simulations were run for the full range of design storms. Manning’s roughness value for
the channel was slightly reduced to represent the new channel efficiency. Model results
showed there to be a negligible difference in WSEL (<= 0.15-ft) when compared to
FWOP conditions across all design storms. Based on these results, channel excavation
was screened from further consideration for Crabtree Creek.

Similar to measures developed for the Hominy Swamp Creek study area (Section
7.3.2), channel modification through widening was assessed by including overbank
floodplain, rather than just the channel bottom width. The proposed channel
modification was located within the left overbank of the Crabtree Creek as it flowed
through the City of Raleigh, NC. Preliminary assessment of existing flooding along
Crabtree Creek revealed a critical portion of the floodplain that existed between the
Anderson Dr and Atlantic Ave creek crossings. In this location, the floodplain width
quickly expanded from about 600 feet to over 2,500 feet. The primary feature involved
in this measure was excavation of channel benches that functioned as floodplains and
created natural alluvial channel processes. The resulting Crabtree Creek primary flow
path would consist of a dominant discharge channel (existing bankfull conveyance) and
a floodplain bench. The channel-forming discharge channel would provide the
necessary sediment conveyance, while the floodplain bench would provide for design
flood conveyance. Seven segments of benched channel were positioned along the
river’s banks with a bottom invert set roughly 2 feet above the water surface elevation
expected from an average annual discharge (1.0-AEP). The benched surface included a
minor slope away from the river to ensure adequate drainage. The perimeter of the
benched surface assumed 3H:1V side slopes to tie back into existing grade. A total
channel bench length of almost 1.5 miles extended from the downstream face of

Flood Risk Management Measures A-191



Appendix A. Hydrology and Hydraulics

Neuse River Basin Feasibility Study

Anderson Dr bridge to approximately 2,000 feet downstream of Atlantic Ave. An
overview of these measures along Crabtree Creek is shown in and in Table 48.

Table 48. Channel Modification Details for Crabtree Creek in Raleigh, NC

Location

Channel Channel Footprint
Bench ID Ove_rbank Approx. | Area(sq | Width (ft)
= Side From To Length ft)
(ft)
Anderson Greenway
BC469 Left Dr Br (Dirt Rd 1400 136000 100
1)
Greenway Big Branch
BC454a Left Br (Dirt Rd . 560 51300 100
1) tributary
Big Branch Wake
BC454b Left tributary Forest Rd 900 91100 100
Wake Railroad Br
BC436 Left Forest Rd (RS41.7) 1900 176100 100
Railroad Br .
BC416 Left (RS41.7) Atlantic Ave 300 33300 100
Unnamed
BC4lla Left Atlantic Ave tributary 120 12000 100
(RS40.8)
Unnamed Unnamed
BC411b Left tributary tributary 2200 198000 100
(RS40.8) (RS38.7)
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As detailed in Table 48, channel bench segments were separated by bridge structures
that crossed over the main flow path of Crabtree Creek. Additionally, two segments
(BC454 and BC411) were split to allow smaller tributaries to maintain drainage paths to
Crabtree Creek. All segments were in the left overbank floodplain, leaving the right bank
in its natural state. Due to the highly urbanized corridor adjacent to Crabtree Creek, it
was impossible to completely avoid utility and infrastructure impacts. Implementation of
this measure would require re-alignment of the existing Crabtree Creek greenway trail
over an approximate 1.1-mile length. The conceptual design re-located the trail along
the channel bench boundary, on natural high ground. There was a recognized potential
to route the trail within the channel bench at the design grade during measure
refinement.

The seven segments were modeled within the same HEC-RAS geometry by modifying
the terrain over a series of cross sections that represented the segment footprints.
Manning’s roughness values were reduced within the footprint areas to represent
improved conveyance due to change in land cover from woody wetland and deciduous
forest to developed open space. Proposed conditions were simulated under the suite of
design storms. Profiles for select design storms comparing FWOP and with channel
bench designs in place is shown Figure 120.
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Figure 120. Comparison of Water Surface Profiles for Select Design Storms — FWOP vs. FWP (7 channel benches in
place)
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A review of WSEL reductions under FWP conditions showed improvements immediately
upstream of the Lassiter Mill Rd crossing, 1.3 miles upstream of BC469. Improvements
continued to be seen downstream for approximately 2.8 miles before WSEL returned to
FWOP conditions by the end of the BC411b footprint (2,000 feet downstream of Atlantic
Ave.). Conditions were notably improved at the Wake Forest Rd bridge where the FWP
0.1-AEP no longer overtopped the bridge deck (FWOP overtopped this bridge by about
0.5-ft). FWP maximum WSEL reduction was seen near the Anderson Dr crossing at 1.5-
ft below the FWOP 0.1-AEP event. At the same location, there was a 1.2-ft WSEL
reduction for the 0.002-AEP event. In general, the effectiveness of improvements was
reduced as the severity of design storm increased. Due to the improved conditions with
this measure in place, it was carried forward for consideration as either a stand-alone
alternative or combination with other viable measures.

7.3.4 New Levees along Neuse River Mainstem

The measure of new levee alignments was investigated for portions of overbank
flooding from the Neuse River mainstem in the vicinities of Smithfield, NC and
Goldsboro, NC. These locations were chosen based on the close proximity of existing
structures that appeared to be vulnerable to comprehensive flooding from the Neuse
River mainstem. The NCFRIS database was utilized to validate structural vulnerability
by comparing the Effective and Preliminary, when available, FEMA flood maps with tool
output of flood and risk information, and financial vulnerability indexes. Building first
floor elevations were compared to water surface elevation rasters to identify cases
where building footprints were shown in an inundation boundary, but the habitable
space had been elevated above the FFE. This comparison reduced the chances of
overestimating benefits within a leveed area. Furthermore, according to the Water
Resources Development Act of 1990 Section 308, new or improved structures built
within the 100-year (0.01 AEP) floodplain after July 1, 1991, with first floor elevations
lower than the 100-year flood elevation, should be excluded from the structures used to
calculate NED benefits for flood damage reduction projects.

Levees were represented as lateral structures in the hydraulic model. Areas behind a
levee, also referred to as the leveed area, were modeled as a storage area. In some
situations, the leveed area was modeled as a 2-dimensional area. Initial levee crest
elevations were based on an overtopping frequency of the 0.002 AEP flood elevation,
plus 2-3 feet of freeboard, at the upstream extent of the measure locations for screening
purposes. Levee crest elevations were gradually sloped from upstream to downstream
to reflect the natural sloped water surface of flood event. Screening-level design did not
include levee superiority or planned overtopping sections.
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7.3.5 New Levee along Neuse River in Smithfield, NC

A levee alignment in Smithfield, NC was selected to target overbank flooding to a
combination of residential and commercial structures, and critical infrastructure in the
southwest portion of the city. An earthen levee approximately 2 miles in length was
positioned along the left overbank within the FEMA 0.01 AEP flood zone for most of its
length, however, a portion was required to encroach into the regulatory Floodway to
include the Johnston County Wastewater Treatment Plant. The levee would be elevated
to the 0.002 AEP event plus freeboard. Overview of the levee alignment is shown in
Figure 121.
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Figure 121. Smithfield Levee Alignment

An initial building count within the leveed area using the NCFRIS building dataset
included 6 separate structures related to the WWTP operations and nearly 190 other
structures. The majority of these buildings had been elevated above the 0.002 AEP
event and were removed from FRM consideration. Furthermore, 5 single family
dwellings built after 1991, including 1 mobile home were eliminated from the damage
pool. Input from the Johnston County WWTP during development of this measure was
used to eliminate its operations from inclusion for federal interest due to their existing
levee improvement project. The WWTP’s existing effort, through a FEMA grant, will
extend their levee system crest to a roughly 0.002 AEP overtopping frequency.
Removal of the WWTP structures from the pool of potential benefits had a significant
reduction to overall economic viability, based on building and content value
(S_BUILDING_FP dataset, NCFRIS, 2013). The preliminary total number of structures
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that would be included for determination of federal interest was 32. These buildings
were constructed in the mid-1970s on average.

Hydraulic performance of the levee showed for a distance of roughly 7 miles; 4 miles
upstream, 2 miles adjacent to its alignment, and 1 mile downstream of the project, there
would be an average increase to the water surface elevation during the 0.002 AEP of
0.3 feet. There was concern that a levee near Smithfield may be sensitive to
coincidental flooding due to the nearby confluences of Swift Creek and Middle Creek
with the Neuse River. While it was not included in this preliminary assessment, it was
recommended this concern be validated if the measure were analyzed in more detail.

As stated above, the inability to capture benefits from the Johnston WWTP made this
measure more challenging to justify. After including potential mitigation required for the
7-mile length of induced water surface elevation, the overall benefit offered by the levee
alignment would be further reduced. Due to the disproportionate cost to benefit offered
by this measure, it was screened from further consideration.

7.3.6 New Levee Along Neuse River in Goldsboro, NC

Similar to in Smithfield, several new levee alignments were investigated near
Goldsboro, NC. Targeted flooding areas were identified within the left overbank of the
Neuse River located along the western portion of the city limits. This floodplain is
associated with the 7-mile meander stretch of the river that is bypassed by a federal
cutoff channel to the south. Most of the lands within the meander are either
undeveloped or used for agriculture, except along main traffic arteries where
commercial and residential development has been heavy. This general area has
historically been prone to overbank flooding. The nature of flooding is influenced by
elevated roadway berms in addition to the low relief of natural terrain, especially along
US-117 that serves to bisect the floodplain. As a result, interior drainage and
stormwater drainage networks can become stressed during prolonged significant flood
events such as tropical storms. The mouth of the Little River, a major tributary to the
Neuse River, is located near the northern most point of the mainstem meander. The
total Little River basin area is roughly 315 square miles. Its floodplain is about 1.5 miles
wide near confluence with the Neuse River and has not been developed extensively for
structural purposes because there are few traffic arteries across the floodplain. Most of
the development which has occurred is along the roads that cross Littler River floodplain
above the FEMA 0.01 AEP WSEL. A notable exception to this is the N.C. State Hospital
and Farm (Cherry Hospital) which is located in an area subject to flooding from both
Neuse River and Little River. Big Ditch, a highly urbanized, partially channelized smaller
tributary, drains into the Neuse River mainstem meander. There is little room left for
development within the Big Ditch watershed. The FEMA regulatory floodway for the
Neuse River is almost 2 miles in width in this general area and although it has posed
significant restrictions to newer development near the river’s edge, older structures are
still interspersed throughout the floodplain.
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A comprehensive line of protection offered by a structural levee had engineering
challenges due to the presence of these tributaries and their high potential for
backwater effects. This simplified assessment assumed one or more closure structures
would be required to maintain adequate interior drainage within the leveed area. It was
also acknowledged that a more sophisticated interior drainage system, involving
pumping stations, may be required. These assumptions carried sizeable uncertainty as
their implementation may not be engineeringly feasible or may result in disproportionate
benefit-to-cost ratios.

There were multiple potential routes for a levee system to take along the left overbank
of the Neuse River mainstem meander; however, a persistent line of protection was
necessary along the southern edge of the targeted flooding area. Further assessment of
flooding mechanisms in this area revealed a significant threat of backwater that
occurred downstream of the mainstem meander section. The left overbank, beginning
immediately downstream of the US-117 and CSX bridges and ending near the Arrington
Bridge Rd bridge, would require a line of protection to prevent overbank flooding from
entering the intended leveed area from the south. A simplified design to accommodate
this line of protection was implemented by elevating Arrington Bridge Rd, beginning at
its intersection with US-117, and extending southeast to its intersection with Westbrook
Rd. From this point, Westbrook Rd would be elevated northeast to its intersection with S
Slocumb St. The total length of elevated road for this southern alignment was about 2.2
miles. The southern alignment is shown in Figure 122.
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Figure 122. Goldsboro Levee Southern Alignment
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It was not practical to provide a leveed area for all identified structures within the
floodway and floodplain due to the lack of surrounding natural high ground, both
upstream and downstream, that would function as a levee tie-in point. Regardless of
which alignment that was assessed, this lack of nearby high ground resulted in existing
structures that would still be vulnerable to flooding, even with the levee system in place.
Furthermore, the elimination of floodplain storage within the leveed area resulted in a
detrimental effect that increased WSEL in the area between the river channel and
riverside levee embankment.

A new levee alignment (US-117) involving an extensive road-rise of HWY117 was
hydraulically assessed. This roadway improvement would be designed as if it were a
stand-alone earthen levee. There is precedence for DOT routes also serving as levees,
though it is generally not preferred due to the inherent risk of non-performance or failure
involved with a FRM feature that also serves as a major transportation route. Notably,
this route was also identified by NCDOT in their 2020 Flood Abatement Assessment as
a “resilient route”, where it was desired to improve HWY117 so that it would remain
open during extreme events. A figure of resiliency routes for Goldsboro from the 2020
NCDOT report is shown in Figure 123.
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Figure 6-26: Proposed resilient routes for Goldsboro.

Figure 123. US-117 resilient route from 2020 NCDOT Report

The upstream levee terminus tied into the HWY70/US-117 interchange, east of Little
River. US-117 was modeled as a 20-foot wide lateral structure elevated to the 0.002
AEP event plus 3 feet of freeboard. The lateral structure was placed on top of US-117
and traced its route south to the intersection with South George Street. The total length
of elevated road embankment was approximately 4 miles. It then involved a bridge deck
raise where it crossed the Neuse River. No additional modifications to the existing
bridge structure were made for this alignment. As mentioned earlier, a southern levee
alignment, that included portions of Arrington Bridge Rd and Westbrook Rd elevated to
the 0.002 AEP plus freeboard was considered part of this overall alignment. Overview of
this levee alignment is shown in Figure 124.
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Figure 124. Goldsboro Levee Alignment (US-117)

A review of the leveed area using NCFRIS showed about 500 structures that would be
removed from the existing 0.002 AEP floodplain. It was acknowledged that the US-117
route served to bisect several clusters of structures and that a number of those would
be left outside of the leveed area. There were over 150 structures that would remain
exposed to flooding due to their location near the riverside toe of the US-117 levee
embankment.

A secondary alignment that involved an elevated portion of US-117 that transitioned to
an overland earthen levee along the eastern edge of the FEMA regulatory floodway was
hydraulically assessed. The intent in this alignment was to reduce the number of
structures that would have remained within the floodplain between the Neuse River
channel and riverside levee embankment. A 1-mile portion of US-117, which began at
the HWY70 interchange at the upstream end, was elevated to the 0.002 AEP event plus
freeboard. The alignment then transitioned off road, running parallel to a NC Railroad,
just north of EImwood Cemetery. The levee crossed over the railroad then took a nearly
90-degreen turn to the south and ran roughly parallel to the FEMA regulatory floodwall
for 8,500 feet. Finally, the alignment tied back into an elevated portion US-117, about
0.4 miles south of the Vann Street intersection and ran along US-117 Southbound to the
US-117 bridge Neuse River crossing. Like the previous alignment, the bridge deck was
elevated to the 0.002 AEP event plus freeboard. No additional bridge modifications
were made. Like the previous alignment, the southern Arrington Bridge Rd and
Westbrook Rd road elevation was included in this proposal. Overview of this levee
alignment is shown in Figure 125.
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Figure 125. Goldsbhoro Levee Alignment (US-117/Overland)

A review of the leveed area using NCFRIS showed about 600 structures that would be
removed from the existing 0.002 AEP floodplain. Unlike the previous alignment, there
were approximately 50 structures in the immediate vicinity of the riverside levee
embankment. Although this was not ideal, it was considered an improvement over the
previous alignment by allowing the levee to follow the outline of the floodway rather than
just be aligned to US-117.

Hydraulic performance of both alignments showed that over an approximate 14-mile
length upstream from the Arrington Bridge Rd Neuse River crossing, there would be an
average increase to WSEL during the 0.002 AEP of 2.5 feet. There didn’t appear to be a
significant difference in induced water levels between the two alignments. This 2.5-foot
WSEL increase over existing conditions was shown to impact nearly 600 structures
within the 14-mile length of the floodplain. From a cost efficiency perspective, these
initial assessments revealed a substantial amount of mitigation that would be required to
address the induced WSEL. Given the large floodplain footprint in this area, mitigation
options were limited to non-structural measures during this assessment. After weighing
the likely potential for considerable mitigation requirements and uncertainty related to
engineering assumptions made for interior drainage, a levee alignment in Goldsboro,
NC was screened from further consideration.
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7.3.7 New Levee along Crabtree Creek in Raleigh, NC

This measure was not extensively assessed for Crabtree Creek due to several
engineering and design implementation constraints. Overall, the highly urbanized
Crabtree Creek corridor made it challenging to identify an ideal site for new levee
alignments. The consistent presence of residential and commercial development on
both sides of the creek banks created a concern for induced damages as a result of
levee construction. The leveed area behind the structure effectively eliminates a portion
of existing floodplain storage for use during an overbank flooding event.

One identified levee alignment was assessed through a simplified modeling approach.
An alignment that traversed the right overbank floodplain between the Anderson Dr and
Norfolk Southern railroad crossings. The alignment began at natural high ground off of
Oxford Rd, about 500 feet downstream of Anderson Dr and was routed on top of the
Crabtree Creek Greenway trail for 1,000 feet where the trail transitioned to the opposite
creek bank. The levee continued along the right overbank, eventually being routed on
top of Hodges St. It was uncertain that the proposed earthen levee embankment could
be placed within the riparian corridor between the creek’s top of bank and north side of
Hodges St due to limited space. The downstream levee terminus tied into the existing
Norfolk Southern railroad embankment. Total levee length was 1.0 miles. Conceptual
levee alignment is shown in Figure 126.
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Figure 126. Crabtree Creek Conceptual Levee Alignment

Flood Risk Management Measures A-202



Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

The levee was represented as a lateral structure in the Crabtree Creek HEC-RAS study
model. The leveed area behind the levee was constructed as a storage area. The levee
crest elevations were based on exceeding the 0.002-AEP flood event at the upstream
extent of the measure location for screening purposes. Levee elevations were reduced
from upstream to downstream to mimic the general slope of the water surface elevation.
A new model geometry reflecting the above design approach was simulated for the full
range of design storms. As anticipated, results showed that for the more frequent
design storms that were confined by the proposed levee, a measurable WSEL increase
above FWOP conditions occurred. During the 0.04- and 0.01-AEP events, a maximum
WSEL increase of 0.8-ft and 1.0-ft was seen just downstream of the Wake Forest Rd
crossing, respectively. This induced WSEL began above the measure footprint, near the
Yadkin Rd crossing, and persisted downstream of the measure footprint through to the
mouth of Crabtree Creek.

Based on the overall lack of effectiveness at improving FRM in the study area, this
measure was screened from further consideration.

7.3.8 New Levee along Hominy Swamp Creek in Wilson, NC

The numerous road crossings over Hominy Swamp Creek and the vulnerable structures
dispersed throughout the floodplain area made it challenging to identify an ideal site for
a levee feature. Available high ground sufficient to tie into a levee alignment was also
limited. While road embankments at various crossings were elevated somewhat above
the adjacent floodplain, they were often not to the height required to tie in a levee
alignment designed for a severe flood event. Significant road raises were not
considered for this measure implementation due to the general disproportionate benefit-
to-cost characteristics of this study area. Furthermore, the narrow width of the overall
floodplain meant induced damages related a levee system were a significant concern.

One identified levee alignment was assessed through a simplified modeling approach.
An alignment that traversed the left overbank floodplain between the Lodge St and
Phillips St crossings was chosen. This alignment was roughly 2,500 feet in length. Its
downstream terminus would tie into the existing earthen embankment of the CSX
railroad line. Its upstream terminus would tie into the natural high ground situated
between Lodge St and Norfolk St S. The levee crest was placed on top of the existing
Norris Blvd thoroughfare. It was assumed for this evaluation that the existing road would
be removed to accommodate the earthen levee embankment. Conceptual levee
alignment at this site is shown in Figure 127.
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Figure 127. Hominy Swamp Creek Conceptual Levee Alignment

The levee was represented as a lateral structure in the Hominy Swamp Creek HEC-
RAS study model. The leveed area behind the levee was constructed as a storage area.
The levee crest elevations were based on exceeding the 0.002-AEP flood event at the
upstream extent of the measure location for screening purposes. Levee elevations were
reduced from upstream to downstream to mimic the general slope of the water surface
elevation. A new model geometry reflecting this above design approach was simulated
for the full range of design storms. Simulation results showed an apparent induced
WSEL seen immediately at the levee site as well as upstream and downstream for
multiple miles. At several bridge locations, FWP conditions were shown as overtopping
bridge decks that were previously not overtopped for FWOP conditions. Due to the
overall lack of effectiveness of this measure, it was screened from further consideration.

7.3.9 Crabtree Creek Bridge Modification in Raleigh, NC

This measure involved physical modification of bridge structures and/or their associated
embankments. Based on a review of FWOP flood profiles, there were several bridge
structures with significantly long embankments that made up their approaches.
Considerations were given to structure purpose (i.e., pedestrian, vehicular, train),
expected traffic volume, associated route-approach characteristics, and adjacent
infrastructure. The effects of bridge modifications were analyzed with profile plots,
inundation extents, spatial observation of flood elevation changes.
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Two creek crossings with significantly long embankments that bisected the floodplain
were identified as primary candidates for modification. The first site was the Norfolk
Southern railroad bridge that crossed Crabtree Creek and Hodges St. It was located
about 500 feet upstream from the Atlantic Ave bridge. The second site was Raleigh
Blvd, roughly 1.5 miles downstream of the railroad bridge.

The Norfolk Southern railroad site’s impact to flooding was not solely related to the
structure itself but also impacted by the ~3,000-foot-long earthen embankment that led
up to the crossing. Since it is a railroad bridge, the vertical alignment made it necessary
to have such a long approach. The embankment is over 30 feet above adjacent
floodplain at some places. An exercise was conducted to completely remove the bridge
structure and associated ineffective flow areas from the geometry. Results showed a
WSEL reduction of 1.5-ft that began immediately upstream of railroad’s previous
location and persisted upstream for about 1,000 feet before quickly returning to FWOP
conditions. Effects of the bridge removal were most evident for the 0.005-AEP event.
Notably, after removal, there was a 0.2-ft WSEL increase above FWOP conditions that
remained through the downstream end of the HEC-RAS model, or about 7.5 miles. It
was determined impractical to modify the earthen embankment and to instead focus on
improving conveyance through the existing bridge opening. The existing bridge
structure was such that relocation of piers would require complete bridge replacement;
therefore, piers would remain in place. A simplified concrete flume design, running
under the railroad bridge deck, was investigated that would accommodate the existing
in-channel pier placement. The proposed rectangular concrete flume channel had a
channel bottom width of 80 feet, length of 180 feet and channel wall height of 14 feet.
There would be a vertical drop of 1 foot across the total flume length. Manning’s
roughness values within the channel were reduced to 0.015 to represent the concrete
lining. There would be a transitional zone of either riprap or turf reinforcement matting
that tied the concrete wall to the natural channel banks. A conceptual cross section of
the flume design is shown in Figure 128.

Flood Risk Management Measures A-205



Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

CONCRETE FLUME
MANNINGS N = 0.015
80-ft

Figure 128. Concrete Flume Conceptual Design

The flume design was analyzed using the Crabtree Creek HEC-RAS model. Bridge and
channel geometries were modified to reflect the concrete channel dimensions and
improved conveyance efficiency. This FWP condition was simulated for the full range of
design storms. Model results showed that for the 0.01-, 0.005-, and 0.002-AEP events
there was a consistent maximum WSEL reduction of about 1.0-ft withnessed immediately
upstream of the bridge. The effectiveness of this improved WSEL was reduced to 0.5-ft
roughly 3,000 feet upstream of the railroad bridge. Over this 3,000-ft segment, average
WSEL reduction was 0.6-ft. After modification, there was on average a 0.1-ft WSEL
increase above FWOP conditions downstream of the railroad bridge, throughout the
remaining modeled reach.

The Raleigh Blvd site was similar to the railroad site in that its crossing was associated
with an earthen embankment about 2,700 feet in length that spanned the entire
floodplain width. In some places the embankment extended at least 10 feet above the
adjacent floodplain. The FWOP 0.002-AEP event was not able to overtop the
embankment, so all overbank flow was eventually forced through the bridge span. The
bridge and its ineffective flow areas were removed from the geometry to determine its
potential backwater effect. Without bridge conditions resulted in a WSEL reduction of
1.8-ft for the 0.005-AEP event. This reduction was largely confined to the segment of
Crabtree Creek between the Capital Blvd and the current Raleigh Blvd crossings. The
model showed a 0.1-ft WSEL increase above FWOP conditions that remained through
the downstream end of the HEC-RAS model. Due to the bridge’s superelevation design,
pier modification was not considered practical. Instead, the left overbank floodplain and
road embankment were investigated for possible supplemental flow area through a
triple box culvert design. Three 12-ft by 12-ft box culverts were placed approximately
200 feet to the left of the Raleigh Blvd bridge span. The culvert inverts were set roughly
10 feet above the Crabtree Creek channel bottom invert that passed through the bridge
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opening. The culverts would be activated for flows above the 0.5-AEP event. A
conceptual cross section of the supplemental culvert design is shown in Figure 129.
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Figure 129. Raleigh Blvd Supplemental Culvert Design

The supplemental culvert design was analyzed using the Crabtree Creek HEC-RAS
model. Similar methods to the railroad analysis were used to simulate this measure for
the full range of design storms. Model results showed that for the 0.01-, 0.005-, and
0.002-AEP events there to be a WSEL reduction immediately upstream of Raleigh Blvd
of 1.5-ft, 0.8-ft, and 0.4-ft, respectively. The averaged WSEL reduction seen within the
creek segment between the Norfolk Southern railroad and Raleigh Blvd bridges was
0.3-ft. There was a maximum WSEL increase above FWOP conditions of 0.2-ft.

Based on modeling results of the two measures, the bridge modifications were
successful at improving FRM for segments of Crabtree Creek immediately upstream of
the assessed sites. Implementing both measures did show an increase in WSEL above
FWOP conditions, potentially creating induced damages. This scenario was reasonable
given the dam-like effect associated with the structure’s large embankments that
spanned the full floodplain width. The two site improvements detailed above were
carried forward for alternative plan formulation.

7.3.10 Hominy Swamp Creek Bridge Modification in Wilson, NC

This measure involved physical modification of bridge/culvert crossings over the Hominy
Swamp Creek channel. Review of FWOP condition flood profiles helped select sites for
evaluation within the study hydraulic model.

An initial exercise of completely removing bridges and ineffective areas from the model
provided the magnitude of a structure’s impact to overbank flooding. If the creek
crossing was associated with train transportation; however, it was not removed from the
model. Select crossings removed from the model included: NC-42, Raleigh Rd, Tarboro
St, and Ward Blvd. While NC-42 removal resulted in a decreased WSEL of 1.5-ft
immediately upstream of its crossing for the 0.01-AEP event, it resulted in a 0.5-ft
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increase above FWOP conditions for about 3.1 miles downstream. Furthermore, the
upstream improvements were partially reduced due the watershed area above this site
not meeting ER 1165-2-21 requirements. Raleigh Rd removal resulted in a decreased
WSEL of 0.25-ft immediately upstream of the crossing for the 0.01-AEP event.
However, few structures were impacted by flooding during FWOP conditions for this
upstream segment. Tarboro St removal resulted in a WSEL reduction of 1.0-ft upstream
for about 0.75 miles for the 0.01-AEP event. Due to the significant embankment size
associated with this crossing, there was a 0.5-ft WSEL increase above FWOP
conditions for about 1.5 miles downstream. Ward Blvd removal resulted in a negligible
difference in WSEL both upstream and downstream. Due to the lack of effectiveness
and disproportionate benefit-to-cost assumptions that resulted from these structures
removal, they were not considered for modification.

The CSX railroad crossing over the Hominy Swamp Creek channel was selected for
modification. While this crossing was not assessed by complete removal due to it being
associated with train transportation, there appeared to be a significant backwater effect
occurring immediately upstream of its location. This crossing consisted of an
approximate 20-ft span, 14-ft rise, ellipse concrete culvert, based on the effective FEMA
hydraulic model. The associated design chart is #29-Horizontal Ellipse, concrete
construction with a Scale design #1-square edge with headwall. The culvert length was
67 feet. The railroad top surface elevation was approximately 113.5 feet, NAVD88, with
a top width of 28 feet. There was about 13 feet of vertical fill placed between the culvert
top and railroad top surface. The railroad upstream and downstream embankment side
slopes were on average 1.5H:1V. Aerial imagery of this crossing is shown in Figure 130.

Figure 130. CSX railroad over Hominy Swamp Creek Aerial Imagery
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The crossing’s backwater flooding impacts were not solely based on the culvert opening
but also by the extensive earthen embankment that spanned the full floodplain width.
The embankment was oriented in an oblique angle to the main flow path and was about
3,500 feet long. It was impractical to modify this embankment without severely
impacting the required vertical alignment of the railroad route. Therefore, modifications
were focused on providing additional cross-sectional area of flow passing through the
culvert.

The modification consisted of replacing the existing ellipse culvert with a triple box
culvert design. The design consisted of three 11-ft span by 8-ft rise concrete boxes,
each box separated by a 1-ft wide concrete divider. The upstream and downstream
invert elevations were left unchanged from existing conditions. Likewise, the proposed
box culvert length was unaltered. There would be about 18 feet of vertical fill required
between the top of the box culvert headwall and the railroad top surface.

The Hominy Swamp Creek HEC-RAS study model was used to analyze the CSX culvert
modification. The proposed culvert dimensions described in the preceding paragraph
were incorporated into a new model geometry. This FWP condition was simulated for
the full range of design storms. Results showed WSEL reductions across the full range
of design storms. For the 0.1-, 0.01-, and .002-AEP events, there was a maximum
WSEL decrease of 0.7-, 1.2-, and 1.0-ft, respectively. This reduction was seen
immediately upstream of the CSX crossing and improved conditions continued
upstream for about 1 mile to the Tarboro St crossing. An increased WSEL of 0.1-ft to
0.4-ft above FWOP conditions was seen downstream of the CSX crossing. Design
storm profiles for FWOP and implemented measure conditions is shown in Figure 131.
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Figure 131. Select Profiles for Culvert Modification at CSX crossing in Hominy Swamp Creek

In order to mitigate for the increased WSEL downstream, 3 additional features were
conditional to implementation of this measure. Three creek crossings downstream of the
CSX culvert, The Ralston St culvert, CSX railroad spur bridge, and Black Creek Rd
bridge were identified for conveyance improvements, as shown in Figure 132.
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Figure 132. Stream Crossing Improvements Associated with CSX RR Culvert Modification

Improvements were modeled as reduced channel roughness values that would result
from removal of sandbar and debris accumulation at the immediate upstream and
downstream cross sections of the 3 locations. A site visit supplemented the FWOP
conditions that were included in the original FEMA model to validate their current
deteriorated state. The CSX Spur crossing had a significant amount of debris
accumulated at its piers within the channel. Irregularities in the bridge channel geometry
were reduced to represent its FWP shape. The reduced channel roughness values at
the three sites and improved conveyance at the CSX Spur bridge were included in the
same geometry as the CSX culvert modification. Results showed a negligible increase
(< 0.1-ft) in WSEL above FWOP conditions for the 0.002-AEP event, immediately
downstream of the CSX railroad culvert and through the Black Creek Rd crossing.
However, further downstream at the US-264 crossing, there was still an increased
WSEL of 0.1-ft to 0.2-ft above FWOP conditions for the 0.002-AEP event.

Reviewing modeling results showed this measure to be successful at improving FRM for
identified problem areas within the Hominy Swamp Creek floodplain. This measure did
increase WSEL downstream, though only slightly and in areas of land cover designated
as undeveloped and woody wetlands. This condition did reduce its possibility as a
standalone alternative; however, it remained a good candidate for being part of a larger
array of measures within an alternative plan. Due to this possibility, it was carried
forward into alternative plan formulation.
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7.3.11 Hominy Swamp Creek Overbank Detention in Wilson, NC

The pursual of this measure was assisted by documentation from the City of Wilson
(Hominy Creek Greenway and Water Quality Park Master Plan, 2016). The city’s master
plan For Hominy Swamp Creek included conceptual overbank detention sites within the
study area. While their functional intent was focused more on providing improvements
to water quality, environmental conditions, and aesthetics, the sites did allow for
secondary flood risk management enhancements. In general, there were some
challenges with locating ideal overbank detention sites in this study area due to the
floodplain’s narrow shape.

One suggested site from the master plan was located upstream of Park Ave., within the
left overbank floodplain. This site was chosen for viability as a standalone measure in
this feasibility study. The location of this site is shown in Figure 133.
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Figure 133. Hominy Swamp Creek Overbank Detention Site

The site would require real estate actions to remove a nhumber of residential structures
and commercial parcels from the floodplain. The remaining residential and commercial
parcels would require excavation in order to reach design invert of the detention pond,
requiring roughly 15 feet of vertical cut in some areas. The total surface area of the
proposed site, slightly reduced from the master plan, was about 12 acres; total dry
volume was conservatively estimated at 110 ac-ft. Due to site’s footprint on top of an
existing unnamed tributary that drained to Hominy Swamp Creek, it was likely a wet
detention scenario would be more successful than dry. Therefore, a portion of the total
volume was considered inactive storage during flood events. Through an iterative
design process, the crest elevation of its constructed berm was set to the 0.01-AEP
event. The inline weir, 50-ft long, had its crest elevation set to the 0.04-AEP event.
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The Hominy Swamp Creek HEC-RAS model was used to assess the detention site
using a simplified method appropriate for this evaluation level. Overbank detention sites
were modeled as storage areas that received overtopping flow via lateral structures.
The conceptual design template assumed a constructed berm with an inflow weir would
be activated to fill the storage area. The storage area elevation per acre-foot volume
curve was developed by projecting the pond’s surface area as determined by site-
specific characteristics, from a design invert elevation up to the top of control berm. A
30% reduction in capacity was applied to account for side slopes and site grading. To
account for the inactive storage as part of the wet detention design, an initial elevation
was set within the storage area flow data. The FWP geometry was simulated for the full
range of design storms. Results showed that for the 0.01-AEP event, a maximum WSEL
reduction of 0.2-ft was seen just upstream of the Tarboro St culvert. For design storms
more frequent than 0.04-AEP, when flows were unable to activate the inline weir, there
was an overall WSEL increase of >=0.1-ft above FWOP conditions, seen both upstream
and downstream. Due to the relative minor impact to FWOP conditions and its
decreased and potentially adverse efficiency for the more frequent design storms, this
measure was screened from further consideration. Additionally, there were also
underlying engineering considerations related to the site’s ability to meet requirements
as a federally authorized levee.

7.3.12 Crabtree Creek Overbank Detention in Raleigh, NC

There was limited applicability of this measure to the Crabtree Creek corridor due to the
extensive footprint of existing development near the creek channel. In most cases, the
trade-off of sizing this measure upstream of areas of significant flooding resulted in
disproportionate cost-to-benefit due to assumed real estate impacts. Furthermore, it
was assumed removal of structures that were within a proposed overbank detention site
would directly hurt realized benefits in the immediate area.

One site was identified along Crabtree Creek for overbank detention assessment. This
location is shown in Figure 134. The site was located within the left overbank floodplain,
immediately downstream of the Atlantic Ave. crossing. It appeared to be a good
candidate site due to the presence of woody wetlands and lack of development. A
cursory review of aerial imagery showed the site to regularly have standing water. An
approximate 10-acre pond was proposed at this location. Its detention volume was
conservatively assumed to have a design invert set to the adjacent Crabtree Creek
channel invert. The crest elevation of its constructed berm was set to the 0.01-AEP
event with the inline weir crest set to the 0.04-AEP event. This crest design was based
on the overall lack of damageable structures for AEP events more frequent than the
0.01-AEP event. It was assumed that the berm would also serve as the Crabtree Creek
Greenway trail as there was limited distance between the banks of the creek and
detention site. A rough volume was estimated for pond WSEL at berm crest to be 90 ac-
ft.
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Figure 134. Crabtree Creek Overbank Detention Site

The Crabtree Creek HEC-RAS model was used to assess the detention site using the
same simplified method used for the Hominy Swamp Creek study area. The FWP
geometry was simulated for the full range of design storms. Results showed that for the
0.01-AEP event, a roughly equivalent decrease downstream and increase upstream in
WSEL was seen at 0.1- to 0.2-ft. This change in WSEL was determined to be negligible
in reducing flood impacts downstream while potentially requiring mitigation upstream.
Due to the overall lack of measure effectiveness and potentially disproportionate
benefit-to-cost, this measure was screened from further consideration.

7.3.13 Modification of Existing Detention Structures

This measure was proposed upon initial investigation of several existing Natural
Resources Conservation Service (NRCS) detention structures within the Crabtree
Creek watershed. There was also interest expressed during coordination with the City of
Raleigh to assess the potential for additional reservoir storage capacity to address
flooding concerns along Crabtree Creek. The NRCS structures were originally proposed
in the 1960s as part of a watershed masterplan (Crabtree Creek Watershed Work Plan,
SCS, 1963). During the 1970s and 1980s, a number of these structures were
constructed and are currently operated and maintained at a municipality level. A list of
detention structures constructed following the 1963 report is shown in Table 49. A
general location map of select NRCS supplied by the City of Raleigh is shown in Figure
135.
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Table 49. Select NRCS Detention Structures in Wake County

Name Location

FCS #1 Sorrell's Grove Reservoir 207 Sorrell Grove Church Rd. Morrisville NC

FCS #11A Richland Creek Lake

Reservoir 5124 Richland Dr. Raleigh NC
FCS #13 Shelly Lake Reservoir 1400 W Millbrook Rd. Raleigh NC
FCS #18 Cole's Branch Reservoir 690 Crabtree Crossing Pkwy. Cary NC
FCS #2 Hatchers Grove Reservoir 1776 Morrisville Pkwy. Morrisville NC
FCS #20A Brier Creek Reservoir Pleasant Grove Rd. Raleigh NC
FCS #22 Lake Lynn Reservoir Lynn Rd. Raleigh NC
FCS #23 Lake Crabtree Reservoir 2139 Old Reedy Creek Rd. Cary NC
FCS #3 Bond Lake Reservoir 801 High House Rd. Cary NC
FCS #5A Page Lake Reservoir Triple Oak Dr. Morrisville  NC
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Figure 135. General Location of Select NRCS Detention Structures in Wake County

Notably, not all structures detailed in the 1963 report were eventually constructed.
There appeared to be some re-design of select detention structures following this report
and some sites were combined or re-configured. Availability of historical documentation
following the 1963 report was sparse, so details of this re-scoping process are largely
unknown.

For the purposes of the Neuse River basin study, a number of these NRCS detention
structures were initially screened from consideration partially due to their relatively small
size and distance along a tributary upstream from Crabtree Creek, which was
determined to be the primary flooding source, based on historical documentation and
sponsor feedback. Furthermore, upon examining the site configuration of the upper
Crabtree Creek watershed, improvements were initially limited to a single detention
structure (#23 in Figure 135). This limitation was based on the presence of Lake
Crabtree in Cary, NC, the largest detention structure, which functioned to capture flow
from 6 smaller NRCS sites as well as local rainfall runoff. It was impractical in improving
these 6 upland sites without also including the larger Lake Crabtree, so the viability of a
Lake Crabtree modification was critical to preliminary screening of this measure.
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Overall, the structural design of these detention sites was similar in nature, which
involved a two-stage principal spillway designed for floodwaters that were temporarily
detained in an upload storage area to be automatically released through conduits at a
predetermined rate. These sites were designed such that during a flood on-site
management was typically not required thus reducing the complexity of operations.
However, this passive design would potentially require significant structural modification
in order to increase the outflow capacity, especially if more active regulation is desired.

At this evaluation level, improvements to the Lake Crabtree site were limited to
increasing the available flood storage pool by excavating material within the established
lake footprint and not modifying the existing outlet works. This excavation would allow
for additional acre-feet of floodwaters to be temporarily detained with the target of
reducing the severity of the flood hydrograph peak as it made its way downstream into
the more populated areas of the Crabtree Creek watershed. An elevation-surface area
relationship for water levels between the assumed normal pool capacity (elevation
275.26 ft, NAVD88) and the maximum pool capacity (elevation ~300.0 ft, NAVD88) was
developed using the ArcMap surface volume tool. Terrain values were based on QL2
LiDAR. A multiplier was applied to the existing conditions surface area at top of dam to
determine a range of total reservoir capacity increase. The new capacity was then
distributed to the reservoir area between normal pool and top of dam based on the
shape of the existing elevation-surface area curve. This range would provide a general
idea of expected reductions in downstream discharge. The existing conditions and
range of proposed conditions elevation-surface area curves are shown in Figure 136.
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Figure 136. Existing and Proposed Elevation-Surface Area Curves for Lake Crabtree
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The Crabtree Creek HEC-HMS study model was used for this evaluation. Elevation-
area functions were created for the proposed multiplier curves using the paired data
manager. Simulations were run with each curve in place for Lake Crabtree over the
suite of design storms. Event hydrographs were reviewed immediately downstream of
Lake Crabtree Dam as well as further downstream at Ebenezer Church Rd. This road
crossing represented the first portion of Crabtree Creek floodplain that contained
damageable structures downstream of William B. Umstead State Park. The locations of
these assessed hydrographs are shown in Figure 137.

HYDROGRAPH
D/S OF LAKE
CRABTREE

HYDROGRAPH
D/S OF
EBENEZER
CHURCH RD

Figure 137. Lake Crabtree — assessed hydrograph locations

HEC-HMS results for increased reservoir capacity scenarios showed a modest
reduction in the hydrograph peak discharge as flows exited the dam. The 0.01-, 0.005-,
and 0.002-AEP peak discharges were reduced by 73-, 56-, and 40-percent,
respectively. However, hydrograph attenuation over the 5.5-mile distance downstream
of the dam resulted in a minor reduction in peak flows by the time it reached Ebenezer
Church Rd. At this location, peak discharges were only reduced by 20 cfs for the 0.002-
AEP event. A comparison of design storm discharges for existing and improved
reservoir capacity conditions is shown in Figure 138.
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Figure 138. Discharge Comparison — Existing and Improved Reservoir Capacity Conditions

Upon determining that improved Lake Crabtree reservoir capacities had a negligible
impact to the existing downstream flooding, discharge over the total hydrograph
duration was reviewed. The 0.002-AEP event hydrograph at Ebenezer Church Rd. is
shown in Figure 139.
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Figure 139. Existing Conditions vs. Increased Reservoir Capacity @ Ebenezer Church Rd

The improved conditions hydrograph did show a reduction in discharge for the receding
limb and a quicker return to baseflow. It was concluded that additional reservoir capacity
was not effective at reducing the peak discharge, which was identified as the primary
driver for event damages. Based on this engineering assessment, modification to the
existing NCRS detention structures in the Crabtree Creek watershed was screened
from further consideration.

7.3.14 Clearing and Snagging along Crabtree Creek In Raleigh, NC

This measure involved removal of vegetation along the bank and selective removal of
snags, drifts, and other obstructions from the Crabtree Creek channel. Historically, there
have been challenges with preventing woody debris and other dislodged material from
creating blockages at the numerous crossings throughout the creek’s length, given a
significant flood event. At this feasibility planning-level, and without a recent physical
survey of the creek, a conservative approach was taken to establish the length over
which this measure would take place. It was determined that clearing and snagging
would be done for approximately 15.7 miles of Crabtree Creek, beginning at its mouth
and stopping at Ebenezer Church Rd.

This measure was assessed using the Crabtree Creek HEC-RAS model. Manning’s
roughness values for the channel geometry were reduced to about 90-percent of FWOP
values, on average. In general, FWP values were not significantly lower than FWOP
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due to uncertainty without a physical survey to confirm existing conditions. The largest
difference in n-values between FWOP and FWP was 0.004. The FWP condition was
simulated under the suite of design storms. Across all design storms, there was an
average reduction in WSEL of 0.2-ft. While this reduction did not have a significant
impact to the FWOP flooding, it had potential as a component of a larger alternative
plan. Due to this potential, it was carried forward to alternative plan formulation.
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8 Preliminary Structural Alternatives

Despite the overall large study area of the Neuse River basin, the hydraulically
separated measure locations that were carried forward in the evaluation process made
for efficient plan formulation to identify structural alternatives. An overview of specific
study areas and their measures that were considered for alternative plan formulation is
shown in Table 50.

Table 50. Measures Carried Forward to Alternative Plan Formulation

Measure Type
Clearing
Location in Channel Bridge/Culvert and

Basin Madification Maodification Snagging
Wilson, NC -
Hominy v v
Swamp Creek
Raleigh, NC -
Crabtree v v v
Creek
Kinston, NC - v
Neuse River

A number of tributary-specific alternatives were identified, predominately based on an
increasing level of design complexity and magnitude of potential FRM improvement.

8.1.1 Alternative HS-S1

This alternative was comprised of the channel modification measure evaluated for
Hominy Swamp Creek in Wilson, NC. The measure included all nine segments of
channel bench modifications along Hominy Swamp Creek. As this was the only
measure included in this structural alternative, the WSEL reductions detailed in Section
7.3.2 were still applicable to alternative evaluation.

8.1.2 Alternative HS-S2

This alternative was comprised of the channel modification measure, as described in
Alternative 1, plus the Hominy Swamp Creek CSX railroad culvert improvement that
was detailed in Section 7.3.10. The intent in this alternative was to combine the
improved conveyance offered by the channel bench measure with the larger culvert
opening through the CSX railroad. The overall WSEL reduction related to the channel
bench design would also alleviate the downstream impacts associated with the CSX
measure. Maximum WSEL reductions within the Hominy Swamp Creek floodplain
between the Tarboro St and CSX railroad crossings for the 0.04-, 0.01-, and 0.002-AEP
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events were 2.3-ft, 1.8-ft, and 1.2-ft, respectively. Select design storm profiles of FWOP
and alternative 2 conditions are shown in Figure 140.
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Figure 140. Select Design Storm Profiles for FWOP and Alternative 2 Conditions (Hominy Swamp Creek)

8.1.3 Alternative CTC-S3

This alternative was comprised of the channel modification measure evaluated for
Crabtree Creek in Raleigh, NC. The measure included all seven segments of channel
bench modifications along Crabtree Creek, as detailed in Section 7.3.3. The alternative
also included the clearing and snagging measure, as describe in Section 7.3.14. The
intent in this alternative was to combine the two measures that represented simplified
engineering methods to improve FRM. These two measures were not structurally
complex in their design, which primarily involved excavation and debris removal.
Furthermore, the measures carried negligible mitigation requirements (no measurable
increase in WSEL above FWOP conditions. Maximum WSEL reductions within the
Crabtree Creek floodplain between the Lassiter Mill Rd and Norfolk Southern railroad
crossings for the 0.1-, 0.01-, and 0.002-AEP events were 1.8-ft, 1.5-ft, and 1.3-ft,
respectively. Select design storm profiles for FWOP and alternative 3 conditions are
shown in Figure 141.
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Figure 141. Select Design Storm Profiles for FWOP and Alternative 3 Conditions (Crabtree Creek)

8.1.4 Alternative CTC-S4

This alternative was comprised of the channel modification and clearing and snagging
measures in Alternative 3, plus the bridge modification measure at the Norfolk Southern
railroad crossing. The bridge modification involved construction of a rectangular
concrete flume within the Crabtree Creek channel as it passed under the railroad
bridge, as described in Section 7.3.9. The intent of this alternative was to reduce
potential mitigation requirements related to increased WSEL above FWOP conditions
by combining the bridge modification measure with the alternative 3 measures. The
WSEL reductions associated with the channel modification and clearing and snagging
measures would offset the increases directly related to the concrete flume. Maximum
WSEL reductions within the Crabtree Creek floodplain between the Lassiter Mill Rd and
Norfolk Southern railroad crossings for the 0.1-, 0.01-, and 0.002-AEP events were 2.2-
ft, 2.0-ft, and 1.9-ft, respectively. Select design storm profiles for FWOP and alternative
4 conditions are shown in Figure 142.
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Figure 142. Select Design Storm Profiles for FWOP and Alternative 4 Conditions (Crabtree Creek)

8.1.5 Alternative CTC-S5

This alternative was comprised of the channel modification, clearing and snagging, and
bridge modification at the Norfolk Southern railroad crossing in alternative 4, plus the
bridge modification measure at the Raleigh Blvd crossing. The Raleigh Blvd bridge
modification involved construction of a triple box culvert within the left overbank, through
the existing Raleigh Blvd embankment, as described in Section 7.3.9. The intent in this
alternative was similar to Alternative 4. The inclusion of the Raleigh Blvd bridge
modification would provide for the greatest WSEL reduction, relative to the other
standalone measures evaluated for the Crabtree Creek study area. Maximum WSEL
reductions within the Crabtree Creek floodplain between the Lassiter Mill Rd and
Norfolk Southern railroad crossings for the 0.1-, 0.01-, and 0.002-AEP events were 2.3-
ft, 2.1-ft, and 2.3-ft, respectively. Select design storms profiles for FWOP and alternative
5 conditions are shown in Figure 143.
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Figure 143. Select Design Storm Profiles for FWOP and Alternative 5 Conditions (Crabtree Creek)

8.1.6 Alternative MS-S1

This alternative was comprised of the channel modification measure evaluated for the
Neuse River mainstem in Kinston, NC. The measure involved two channel bench
segments within the overbank floodplain of the Neuse River. As this was the only
measure included in this structural alternative, the WSEL reductions detailed in Section
7.3.1 were still applicable to alternative evaluation.
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9 Refined Structural Alternatives

Upon completion of FWP economic analysis for the preliminary alternatives, it was
determined that no structural alternative produced a benefit-to-cost ratio above 1.0.
Specifically, overall perceived damages under FWOP conditions revealed significant
challenges in the ability for structural measure refinement to cause an alternative plan to
reach a benefit-to-cost ratio of 1.0. Based on the unlikelihood for any evaluated
structural measure to be economically viable, all alternative plans that moved forward
from this evaluation were comprised of non-structural measures only.
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10 Flood Risk Management Uncertainty

10.1 Background

The following description of uncertainty related to FRM was developed by the USACE
Kansas City (NWK) and South Atlantic Mobile (SAM) districts as part of a recent FRM
feasibility study (SAM, 2021). While their study area was significantly smaller than that
of the Neuse River FRM study, the primary drivers of uncertainty are similar.

There are many sources of uncertainty contributing to the analyses involved in
flood risk management studies. Fuguitt and Wilcox (1999) distinguish between
the two types of uncertainty: future unknowns and data inaccuracy/measurement
error. Future unknowns, in the case of this study, may be encountered in
forecasting future watershed development, future storm water management,
meteorology supporting synthetic storm development, or the effect of climate
change on local hydrology. Measurement uncertainty may be encountered in
supporting data (i.e., topography) and model calibrations, whereby error may be
associated with reported data (i.e., stage and discharge). As flood risk
management analyses deal with natural systems, the frequency and severity of
risk drivers warranting investigation are most often random. Flood events can be
examined as the results of a meteorological risk-driver, basin development, storm
water management practices, and hydraulic characteristics. In the area of study,
the meteorological risk driver is considered heavy rainfall produced from frontal
or dissipating tropical events. Both, the frequency and severity of the risk driver
and its response (flooding in this case) have associated uncertainties.

Previous methods of accounting for the consideration of uncertainty (and
associated risk) included freeboard and safety factor application, over-designing,
and analyzing long-term performance (USACE, 1996a). In response to such
practice, USACE developed a risk-based analysis approach to flood risk
analyses by analytically incorporating the consideration of risk and uncertainty in
evaluations and decision making (USACE, 1996Db). In practice these
considerations are made through modeling flood damages with the Hydrologic
Engineering Center Flood Damage Analysis (HEC-FDA) system, whereby
expected probability distributions for critical study decision tools are developed
from extensive sample-testing. The use of HECFDA to assess damage-
frequency in combination with calibrated hydraulic inputs works to reduce
uncertainties associated with flood risk analyses and overall plan performance.

10.2 Frequency and Stage-Discharge Uncertainty

In accordance with EM 1110-2-1619, Risk-Based Analysis for Flood Damage Reduction
Studies, uncertainties pertaining to frequency-discharge and stage-discharge were
described using methodologies provided in Chapters 4 and 5 of the referenced EM.
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Estimation of frequency-discharge uncertainty was based on equivalent record lengths,
as provided in Table 4-5 of EM 1110-2-1619. Due to the large study area and the
presence of regulated flow from Falls Lake, there was a wide range of available gage
records. Each of the hydraulically assessed subbasins, Crabtree Creek, Hominy Swamp
Creek, Adkins Branch, and Big Ditch, as well as the Neuse River mainstem were
assigned equivalent records lengths associated with available gage records in their
specific basin. For subbasins that lacked sufficient systematic record length, calibrated
hydrologic model parameters from the overlapping Neuse River mainstem basin model
were used to provide a greater equivalent record length. For modeled subbasins that
had available gage records of sufficient length, analytical frequency analyses were
performed in accordance with Bulletin 17C guidance to characterize model discharge-
probability uncertainty. As presented in Table 4-1 of EM 1110-2-1619, regional
estimation of discharge-probability functions was also pursued through the use of recent
regression analysis specific to the different study areas.

Stage-discharge uncertainty was assessed by methods provided in Chapter 5 of EM
1110-2-1619. Standard deviations of hydraulic roughness coefficients used in the study
models were determined from Figure 5-4. A series of sensitivity analyses was then
performed for each of the hydraulic models to generate upper and lower limit water
stages. Equation 5-5 of EM 1110-2-1619 was used to calculate total stage uncertainty.
This value was then applied to the full range of return frequencies such that each event
was assigned a specified amount of stage-discharge uncertainty.
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11 Climate Change Assessment

11.1 Introduction and Background

This qualitative assessment of climate change impacts is required by U.S. Army Corps
of Engineers (USACE, “the Corps”) Engineering and Construction Bulletin (ECB) 2018-
14, “Guidance for Incorporating Climate Change Impacts to Inland Hydrology in Civil
Works Studies, Designs, and Projects.” This assessment documents the qualitative
effects of climate change on the hydrology in the region. The ECB 2018-14 analysis is
targeted at identifying potential impacts and risks to the Neuse Basin Feasibility
Analysis Study due to climate change.

USACE projects, programs, missions, and operations have generally proven to be
robust enough to accommodate the range of natural climate variability over their
operating life spans. However, recent scientific evidence shows that in some places and
for some impacts relevant to USACE operations, climate change is shifting the baseline
about which that natural climate variability occurs and may be changing the range of
that variability as well. This is relevant to USACE because the assumptions of stationary
climate conditions and a fixed range of natural variability, as captured in the historic
hydrologic record may no longer apply. Consequently, historic hydrologic records may
no longer be appropriately applied to carry out hydrologic assessments for flood risk
management in watersheds such as the Neuse Basin.

11.2 Neuse River Basin Description

The Neuse River is the longest river contained entirely in North Carolina. The Neuse
River originates in Wake County North Carolina at Falls Lake and flows southeasterly
until it reaches tidal waters near New Bern North Carolina. The river empties into the
Pamlico Sound. Major tributaries of the Neuse River include Eno River, Flat River, Little
River, Stoney Creek, Crabtree Creek, Walnut Creek, Contentnea Creek and the Trent
River. Based on the 2011 National Land Cover Data, the Neuse River Basin's estimated
developed area is ~12%, agriculture ~25%, wetlands ~19% grassland/scrub ~10% and
forest ~22%.

The Neuse River Basin begins in the Piedmont of North Carolina and extends 275 miles
southeast through the Coastal Plan and flows to the Pamlico Sound estuary. The total
basin area considered for this climate change assessment covered about 5,630 square
miles. The basin encompasses all or part of seven counties. Major population centers in
the study area include the cities of Raleigh, Smithfield, Goldsboro, Kinston and New
Bern, NC.
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11.3 Neuse River Gage Data

The Neuse Basin has 17 stream gage sites, of which 5 are located along the Neuse
River mainstem. Listed below in Table 51 are the USGS gages that are within the
Neuse Basin.

Table 51. Summary of Available USGS gages located in the Neuse Basin

USGS NO. | Gage Name and Location DA, Latitude | Longitude Water Start of Latest
mi? Quality Record | Record
Data
02085070 Eno River Near Durham, NC 141 36.072 78.908 Y 1963 Present
0208524975 | Little River at Farintosh, NC 98.9 36.113 78.859 Y 1995 Present
02086500 Flat River at Dam near 168 36.148 78.829 Y 1927 Present
Bahama, NC
02086624 | Knap of Reeds Creek near 43 36.128 78.789 Y 1982 Present
Butner, NC
02086849 Ellerbe Creek near Gorman, 21.9 36.059 78.833 Y 1982 Present
NC
02087183 Neuse River near Falls. NC 771 35.940 78.581 Y 1970 Present
02087324 Crabtree Creek at US 1 at 121 35.811 78.611 Y 1990 Present
Raleigh, NC
02087359 | Walnut Creek at Sunnybrook 29.8 35.758 78.583 Y 1996 Present
Drive near Raleigh, NC
02087500 Neuse River near Clayton, NC 1150 35.647 78.405 Y 1927 Present
02087580 Swift Creek near Apex, NC 21 35.719 78.752 Y 2002 Present
02088000 | Middle Creek near Clayton, NC 83.5 35.571 78.591 Y 1939 Present
02088500 Little River near Princeton, NC 232 35.511 78.160 Y 1930 Present
02089000 Neuse River near Goldsboro, 2399 35.337 77.998 Y 1930 Present
NC
02089500 Neuse River at Kinston, NC 2692 35.208 77.585 Y 1930 Present
02090380 Contentnea Creek near Lucama, 161 35.691 78.109 Y 1964 Present
NC
02091500 | Contentnea Creek at 733 35.429 77.583 Y 1928 Present
Hookerton, NC
02091814 Neuse River near Fort 3900 35.314 77.303 Y 1996 Present
Barnwell, NC

11.4 Observed Trends in Current Climate and Climate Change

11.4.1 Literature Review of Observed Climate Changes

The Neuse River Basin is located in Water Resource Region (i.e., HUC-2 watershed)
number 03, the South Atlantic-Gulf Region. A January 2015 report conducted by the
USACE Institute for Water Resources (USACE 2015b) summarizes the available
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climate change literature for this region, covering both observed and projected changes.
This summary is represented in Figure 144 below.

The results presented in this review indicate a mild upward trending in temperature and
a mild downward trending in streamflow in the South Atlantic-Gulf Region, particularly
since the 1970s. However, clear consensus does not exist for either. Studies on
precipitation show mixed results but with more findings showing an upward, rather than
downward, pattern over the past 50 to 100 years.
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Figure 144. Summary Matrix of Observed and Project Climate Trends

1141.1 Temperature

A number of studies focusing on observed trends in historical temperatures were
reviewed for this report. These include both national scale studies inclusive of results
relevant to Water Resources Region 03 and regional studies focusing more specifically
and exclusively on the area. Results from both types of studies are discussed below.
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A 2009 study by Wang et al. examined historical climate trends across the continental
United States. Gridded (0.5 degrees x 0.5 degrees) mean monthly climate data for the
period 1950 — 2000 were used. The focus of this work was on the link between
observed seasonality and regionality of trends and sea surface temperature variability.
The authors identified positive statistically significant trends in recent observed mean air
temperature for most of the U.S. (Figure 145). For the South Atlantic-Gulf Region,
mixed results are presented. A positive, but mild, warming trend is identified for most of
the area in the spring and summer. For the fall months, the southern portion of the area
is shown to be warming while mild cooling is shown in the northern portion of the area.
For the winter months, the divide appears to be more east-west, with warming in the
east and cooling in the western portion of the area. A later study by Westby et al.
(2013), using data from the period 1949 — 2011, moderately contradicted these findings,
presenting a general winter cooling trend for the entire region for this time period. The
third NCA report (Carter et al., 2014) presents historical annual average temperatures
for the southeast region. Their southeast study region is larger than, but inclusive of the
South Atlantic-Gulf Region. For this area, historical data generally shows mild warming
of average annual temperatures in the early part of the 20th century, followed by a few
decades of cooling, and is now showing indications of warming. However, though a
seasonal breakdown is not presented, the NCA report cites an overall lack of trend in
mean annual temperature in the region for the past century. Details on statistical
significance are not provided.
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VAN

Figure 145. Linear trends in surface air temperature (a) and precipitation (b) over the United States, 1950 — 2000.
The South Atlantic-Gulf Region is within the black oval (Wang et al., 2009)

A 2012 study by Patterson et al. focused exclusively on historical climate and
streamflow trends in the South Atlantic region. Monthly and annual trends were
analyzed for a number of stations distributed throughout the South Atlantic-Gulf Region
for the period 1934 — 2005. Results (Figure 146) identified a largely cooling trend for the
first half of the historical period and the period as a whole. However, the second half of
the study period (1970 — 2005) exhibits a clear warming trend with nearly half of the
stations showing statistically significant warming over the period (average increase of
0.7 °C). The circa 1970 “transition” point for climate and streamflow in the U.S. has been
noted elsewhere, including Carter et al. (2014). Trends in overnight minimum
temperatures (Tmin) and daily maximum (Tmax) temperatures for the southeast U.S.
were the subject of a study by Misra et al. (2012). Their study region encompasses
nearly the full extent of the South Atlantic-Gulf Region and used data from 1948 to
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2010. Results of this study show increasing trends in both Tmin and Tmax throughout
most of the study region. The authors attribute at least a portion of these changes to the
impacts of urbanization and irrigation.
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Figure 146. Historical annual temperature trends for the South Atlantic Region, 1934 — 2005. Triangles point in the
direction of the trend, size reflects the magnitude of the change. Blue indicates a decreasing temperature trend. Red
indicates an increasing temperature trend (Patterson et al., 2012)

11.4.1.2 Precipitation

Palecki et al. (2005) examined historical precipitation data from across the continental
United States. They quantified trends in precipitation for the period 1972 — 2002 using
NCDC 15- minute rainfall data. For the South Atlantic-Gulf Region, statistically
significant increases in winter storm intensity (mm per hour) and fall storm totals were
identified for the southernmost portion of South Atlantic-Gulf Region. Additionally, a
statistically significant decrease in summer storm intensity was identified for the
northern portion of the area.
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A 2011 study by McRoberts and Nielsen-Gammon used a new continuous and
homogenous data set to perform precipitation trend analyses for sub-basins across the
United States. The extended data period used for the analysis was 1895 — 2009. Linear
positive trends in annual precipitation were identified for most of the U.S (Figure 147).
For the South Atlantic-Gulf Region, results were mixed with some areas showing mild
decreases in precipitation and others showing mild increases. No clear trend for the
area is evident from these results.
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Figure 147. Linear trends in annual precipitation, 1895 — 2009, percent change per century. The South Atlantic-Gulf
Region is within the red oval (McRoberts and Nielsen-Gammon, 2011).

Changes in extreme precipitation events observed in recent historical data have been
the focus of a number of studies. Studies of extreme events have focused on intensity,
frequency, and/or duration of such events. Wang and Zhang (2008) used recent
historical data and downscaled Global Climate Models (GCMs) to investigate changes
in extreme precipitation across North America. They focused specifically on the
changes in the frequency of the 20-year maximum daily precipitation event. The authors
looked at both historical trends in observed data and trends in future projections.
Statistically significant increases in the frequency of the 20-year storm event were
guantified across the southern and central U.S., in both the recent historical data and
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the long-term future projections (described below). For the South Atlantic-Gulf Region,
significant changes in the recurrence of this storm were identified for the period 1977 —
1999 compared to the period 1949 — 1976. An increase in frequency of approximately

25 to 50% was quantified.

In North Carolina (at the Coweeta Laboratory), changes in precipitation variability have
been observed (Laseter et al., 2012) (Figure 148). These changes include wetter wet
years and dryer dry years compared to the middle of the 20th century. As an example,
the wettest year on record occurred in 2009 at Coweeta, and only two years earlier
(2007) the driest year on record was observed. This pattern of change is supported by
the NCA report (Carter et al., 2014), which states that, “summers have been either
increasingly dry or extremely wet” in the southeast region. This assessment is based on
analysis of data dating back to the turn of the 20th century.
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Figure 148. Total annual precipitation at Coweeta Laboratory (North Carolina). Lines show modeled 10th and 90th
quantiles as a function of time, 1940 — 2010. (Laseter et al., 2012).

A 2012 study by Patterson et al. focused exclusively on the South Atlantic Region,
investigating historical climate and streamflow trends. Monthly and annual trends were
analyzed for a number of stations distributed throughout the South Atlantic-Gulf Region
for the period 1934 — 2005. Results identified little, if any, patterns of precipitation
change in the area over this period. Some sites showed increasing trends, others
showed decreasing trends. Overall, and for the full period of record, more sites
exhibited mild increases in precipitation than decreases.
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11.4.1.3 Hydrology

Kalra et al. (2008) found statistically negative trends in annual and seasonal streamflow
for a large number of stream gages in the South Atlantic-Gulf Region, analyzed in
aggregate, for the historical period 1952 — 2001. This study also identified a statistically
significant stepwise change occurring in the mid-1970s, concurrent with the warming
climate “transition” period previously noted in Section 2.1, Temperature. These findings
are supported by a regional study by Small et al. (2006). This study, using HCDN data
for the period 1948 — 1997, identified statistically significant negative trends in annual
low flow for multiple stations distributed throughout the South Atlantic-Gulf Region (but
even more stations exhibited no significant trend at all).

The Patterson et al. (2012) study also observed a “transition” period occurring around
1970, as well as identified significant decreasing trends in streamflow in the South
Atlantic-Gulf Region for the period 1970 — 2005 (Figure 149). Results were mixed for an
earlier time period (1934 — 1969), with some decreasing and some increasing trends.
These results again highlight the noted transition period of the 1970s.
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Figure 149. Observed changes in annual streamflow, South Atlantic Region, 1934 — 2005. Triangles point in the
direction of the trend, size reflects the magnitude of the change. Blue indicates a decreasing streamflow trend. Red
indicates and increasing streamflow trend. (Patterson et al., 2012).
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11.4.1.4 Summary of Observed Climate Findings

The general consensus in the recent literature points toward mild increases in annual
temperature in the South Atlantic-Gulf Region over the past century, particularly over
the past 40 years. While much of the area is located within the so-called “warming hole”
identified by various researchers (including Carter et al., 2014), recent studies have
demonstrated significant warming for other parts of the area (particularly northern
portions) since the 1970s. Annual precipitation totals have become more variable in
recent years compared to earlier in the 20th century. Evidence has also been
presented, but with limited consensus, of mildly increasing trends in the magnitude of
annual and seasonal precipitation for parts of the study area. These results are
seemingly contradicted by a number of studies that have shown decreasing trends in
streamflow throughout the area, particularly since the 1970s. This paradox is discussed
by Small et al. (2006), who attribute it largely to seasonal differences in the timing of the
changes in precipitation vs. streamflow. The study authors evaluated watersheds that
experienced minimal water withdrawals and/or transfers. Results presented here also
suggest that increasing temperatures may also play a role in decreasing streamflows,
despite the lack of corresponding precipitation decline.

11.4.2 Climate Hydrology Assessment Tool

The Climate Hydrology Assessment Tool (CHAT) developed by USACE and was
utilized to examine trends in observed annual peak streamflow for the various gage
locations shown in Table 51. The CHAT tool is used to fit a linear regression to the peak
streamflow data in addition to providing a p-value indicating the statistical significance of
a given trend.

A summary of the regression trends and their statistical significance is shown in Table
52 below. Individual graphical output for all gages and period of record data analyzed is
shown in Figure 150 through Figure 166. The gage stations along the Neuse River near
Falls, Clayton, Goldsboro, and Kinston were only analyzed for period after the Falls
Dam was built and began operations. The Neuse River near Falls gage showed a
statistically significant downward trend in observed peak annual flows but would be
expected as the flow at this stationed is regulated by dam operations with one purpose
being flood reduction. Little River tributary at Fairntosh also showed a statistically
significant downward trend, however the results are highly driven by the observed peak
flow in 1996. When that data point is removed the site no longer shows a statistically
significant trend.

The other gages that were analyzed via CHAT did not have a statistically significant
linear trend. A few of the gages were not within the CHAT. There were no statistically
significant trends detected in any gage that would indicate significant changes in
observed streamflow due to climate change, long-term natural climate trends, or land
use/land cover changes. These results will be further analyzed and checked with the
nonstationarity detection tool in the next section.
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Climate Hydrology Assessment Tool Results
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Figure 150. CHAT Results for Gage 02088070 Eno River near Durham, NC
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Figure 151. CHAT Results for Gage 0208524975 Little River Tributary near Fairntosh, NC
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Annual Peak Instantaneous Streamflow, FLAT RIVER AT DAM NEAR BAHAMA, NC Selected
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Figure 152. CHAT Results for Gage 02086500 Flat River at Dam near Bahama, NC

Annual Peak Instantaneous Streamflow, KMAP OF REEDS CREEK NEAR BUTNER, NC Selected
(Hover Over Trend Line For Significance (p} Value)
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Figure 153. CHAT Results for Gage 02086624 Knap of Reeds Creek near Butner, NC
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Annual Peak Instantaneous Streamflow, ELLERBE CREEK NEAR GORMAN, NC Selected
(Hover Over Trend Line For Significance (p) Value)
Climate Hydrology Assessment Tool v.1.0 Analysis: 6/8/2021 12:18 PM
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Figure 154. CHAT Results for Gage 02086849 Ellerbe Creek near Gorman, NC

Annual Peak Instantaneous Streamflow, NEUSE RIVER NEAR FALLS, NC Selected
(Hover Over Trend Line For Significance (p) Value)
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Figure 155. CHAT Results for Gage 02087183 Neuse River near Falls, NC

Climate Change Assessment A-242




Appendix A. Hydrology and Hydraulics

Neuse River Basin Feasibility Study

Annual Peak Instantaneous Streamflow, CRABTREE CREEK AT US 1 AT RALEIGH, NC Selected
(Hover Over Trend Line For Significance (p) Value)
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Figure 156. CHAT Results for Gage 02087324 Crabtree Creek at US 1 at Raleigh, NC
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Figure 157. CHAT Results for Gage 02087359

Walnut Creek at Sunnybrook Drive near Raleigh, NC
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Figure 158. CHAT Results for Gage 02087580 Neuse River near Clayton, NC
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Figure 159. CHAT Results for Gage 02087580 Swift Creek near Apex, NC
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Annual Peak Instantaneous Streamflow, MIDDLE CREEK NEAR CLAYTON, NC Selected
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Figure 160. CHAT Results for Gage 02088000 Middle Creek near Clayton, NC
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Figure 161. CHAT Results for Gage 02088500 Little River near Princeton, NC
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Annual Peak Instantaneous Streamflow, NEUSE RIVER NEAR GOLDSBORO, NC Selected
(Hover Over Trend Line For Significance (p) Value)
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Figure 162. CHAT Results for Gage 02089000 Neuse River near Goldsboro, NC

Annual Peak Instantaneous Streamflow, NEUSE RIVER AT KINSTON, NC Selected
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Figure 163. CHAT Results for Gage 02089500 Neuse River at Kinston, NC
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Annual Peak Instantaneous Streamflow, CONTENTNEA CREEK NEAR LUCAMA, NC Selected
(Hover Over Trend Line For Significance (p) Value)
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Figure 164. CHAT Results for Gage 02090380 Contentnea Creek near Lucama, NC

Annual Peak Instantaneous Streamflow, CONTENTNEA CREEK AT HOOKERTON, NC Selected
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Figure 165. CHAT Results for Gage 02091500 Contentnea Creek at Hookerton, NC
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Annual Peak Instantaneous Streamflow, NEUSE RIVER NEAR FORT BARNWELL, NC Selected
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Figure 166. CHAT Results for Gage 02091814 Neuse River near Fort Barnwell, NC
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Table 52. Summary of Observed Streamflow Trends in Annual Peak Streamflow using CHAT

Gage Gage Name Doz Doz Regression Trend
Number  andlocaion 12 [ PORMNote “Eg o BYVale piecg, Sidnificance
CHAT NSD =0D€ zirection
Eno River Near 1985- 1964- Not
02085070 Durham, NC 2014 2014 -3.7048 0.898923 Downwards Significant
Little River 1996-
0208524975 Tributary at NA -361.181 0.0368935 Downwards Significant
) 2014
Fairntosh, NC
Gap 1959-
1962,
Flat River at 1966-
02086500 Dam near %2%?54 12%21?1 1983, -1.16188 0.951239 Downwards S rl?:ﬁiant
Bahama, NC 1994- 9
1995,
1997-2000
Knap of Reeds
02086624 Creek near ~ 20> na  ©8P1996- g 0308 02126  Downwards . ot
2014 2005 Significant
Butner, NC
Gap 1989-
Ellerbe Creek 1985- 1991, Not
02086849 near Gorman, NA 1994- 7.09875 0.542085 Upwards o
2014 Significant
NC 2006,
2008-2009
Neuse River 1981- 1971- —
02087183 near Falls. NC 2014 2019 -74.7349 0.0163474 Downwards  Significant
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Crabtree Creek

02087324 at US 1 at 1991- NA -19.5424 0.80003 Downwards , th
. 2014 Significant
Raleigh, NC
Walnut Creek at
02087359 ~ Sunnybrook - 1996- 99.2286 0164073 Downwards . o'
Drive near 2014 Significant
Raleigh, NC
Neuse River
1981- 1928- Not
02087500 near Elce:lyton, 2014 2014 1.43316 0.982944 Upwards Significant
Swift Creek 2002- 1954- Gap 1972- Not
02087580 near Apex, NC 2014 2014 2001 8.4314 0.247335 Upwards Significant
Middle Creek
1985- 1940- Not
02088000 near Elca:lyton, 2014 2014 9.96165 0.375315 Upwards Significant
Little River near 1985- 1931- Not
02088500 Princeton, NC 2014 2014 1.22251 0.908068 Upwards Significant
Neuse River
1981- 1930- NSD gap Not
02089000  near Glglc(:jsboro, 2014 2014 2009 3.15278 0.980066 Upwards Significant
Neuse River at 1981- 1928- Not
02089500 Kinston, NC 2014 2012 -35.8734 0.762578 Downwards Significant
Contentnea
02090380 Creek near 1965- 1965- 23.2926 0.474606  Upwards _ Not
2014 2014 Significant
Lucama, NC
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02091500 Contentnea 1929- 1929- 10.6706 0.532485 Upwards Not
Creek at 2014 2014 Significant
Hookerton, NC
02091814 Neuse River 1997- NA -764.396 0.135993 Downwards Not
near Fort 2014 Significant
Barnwell, NC
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11.4.3 Nonstationarity Detection Tool

The USACE Nonstationarity Detection (NSD) Tool was used to assess whether the
assumption of stationarity, which is the assumption that the statistical characteristics of
a time-series dataset are constant over the period of record, is valid for a given
hydrologic time-series dataset. Nonstationarities are detected through the use of 12
different statistical tests which examine how the statistical characteristics of the dataset
change with time (Engineering Technical Letter (ETL) 1100-2-3, Guidance for Detection
of Nonstationarities in Annual Maximum Discharges; Nonstationarity Detection Tool
User Manual, version 1.2). Abbreviations of the 12 statistical tests are shown in Table
53 below.

Table 53. NSD Statistical Test Abbreviations

Nonstationarity
Detection Method Statistical Test Name
Abbreviation

CVM Cramer-Von-Mises (CPM)

ES Kolmogorov-Smimov
(CPM)

LP LePage (CPM)

END Energy Divisive Method
LW Lombard Wilcoxon
PT Pettitt

MW Mann-Whitney (CPM)

BAY Bayesian

LM Lombard Mood

MD Mood (CPM)

SLW Smooth Lombard Wilcoxon
SLM Smooth Lombard Mood

A nonstationarity can be considered “strong” when it exhibits consensus among multiple
nonstationarity detection methods, robustness in detection of changes in statistical
properties, and a relatively large change in the magnitude of a dataset’s statistical
properties. Many of the statistical tests used to detect nonstationarities rely on statistical
change points, these are points within the time series data where there is a break in the
statistical properties of the data, such that data before and after the change point cannot
be described by the same statistical characteristics. Similar to nonstationarities, change
points must also exhibit consensus, robustness, and significant magnitude of change.

A summary of the NSD results can be found in Table 54 below. Two stream gages
produced nonstationarities. The gage at 02087183 Neuse River near Falls, NC
produced nonstationarity consensus in 2000 with the Cramer-Von-Mises, LePage,
Pettitt, and Man-Whitney methods. The CVM and KS methods detect changes in the
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underlying distribution, while the PT and WM methods detect changes in the mean.
This gage is directly downstream of Falls Lake Dam which is a USACE operated dam.
Beginning in 2000 the guide curve, top of conservation pool, and controlled flood pool
elevations were changed. In addition, after public held meetings in the late 1990’s flood
control releases considerations were changed, reducing public complaints so it is not
unexpected to detect a nonstationarity of the mean and underlying distribution.

The second gage the detected a nonstationarity is downstream from the Neuse River at
Falls gage, 02087500 Neuse River near Clayton, NC. A consensus was detected in
1966 using the Cramer-Von Mises, Kolmogorov-Smirnov, LePage, Pettitt, and Mann-
Whitney methods. The CVM, KS, and LP methods detect change in the underlying
distribution while the PT and MW detect changes in the mean. Falls Lake Dam began
construction in 1978 and was completed in 1980 with the lake reaching its permanent
impoundment level in 1983. If the analysis of Neuse River Near Clayton is restricted to
the period after Falls Lake Dam began normal operations no nonstationarities are
detected.

All other gages (Figure 167 through Figure 178) either did not produce nonstationarities,
did not have enough data to perform an analysis or the data that was found on USGS
was not recent enough to be feasible for the analysis.
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Monstationarities Detected using Maximum Annual Flow/Height Parameter Selection
5K (®) Instantaneous Peak Streamflow
O Stage
Site Selection
NC
10K Select a state

- 2085070 - ENO RIVER NEAR DUR..
Select a site

Timeframe Selection
SK 1986 to 2065
and Mull values

Annual Peak Streamflow in CF5

Sensitivity Parameters
{Sensitivity parsmeters are desenbed in the manual

1985 1990 1995 2000 2005 2010 2015  Enginsedng judgment is Wm ‘non-defaulf parameters are
selected).
Water Year Larger Values will Result in Fewer Nonstationarities Detected

This gage has a drainage area of 141.0 square miles.
WARNING: The period of record selected is too short. There are potential issues v

he changepoints defected. .
CPM Methods Burn-In Period

{Default: 20}
20
If an axis does not line up, change the fimeframe to start closer fo the period of record.
The USGS gage sites il for it within this ication include locati where there are dizcontinuities in USGS peak
flow data collection throughout the period of record and gages with short records. Engi ing jud it should be i when camying out
analysis where there are significant data gaps. CPM Methods Sens
(Defautt: 1,000)
In general, a mi of 30 years of cont must be avai before this application should be used to detect 1,000

nonstationarities in flow records.

Heatmap - Graphical Representation of Statistical Results
Cramer-Von-Mises (CPM)
Kolmogorov-Smirnov {CPM)
LePage (CPM) 08
Energy Divisive Method

Bayesian Sensitivty
(Default: 0.5)

Lombard Wilcoxon

Petitt Energy Divisive Method Sensitivty
(I ult: 0.5)
Mann-Whitney {(CPM) 0.5
Bayesian
Lombard Mood
Mood (CPM)
Larger Values will Result in
Smeoth Lombard Wilcoxon Mare Nonstationarities Detected
Smooth Lombard Mood
Lombard Smooth Methods Sensitivity
1985 1990 1995 2000 2005 2010 2015 005 {Default: 0.05)
Legend - Type of Statistically Significant Change being Detected
M Distribution M Mean I Variance Smooth
5 . . Pettitt Sensitivity
IMean and Variance Between All Nonstationarities Detected oS (Default 0.05)
6K —_— ’
5 t M. 4
egment Mean
(CFS) B
3K Please acknowledge the US Army Corps of Engineers for
N producing this nonstationarity detection tool as part of their
Segment Standard Deviation K progress in climate preparedness and resiience and making it
{CFS) 1K fr=ely available.
10M
Segment Variance
(CFS Squared) M
oM

1985 1990 1995 2000 2005 2010 2015

Figure 167. Nonstationarity Detection Results for Gage 02088070 Eno River near Durham, NC
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Nonstationarities Detected using Maximum Annual Flow/Height

20K

15K

10K

SK

Annual Peak Streamflow in CFS

1930 1940 1950 1960 1970 1980 19%0 2000 2010
Water Year
This gage has a drainage area of 168.0 square miles.

WARNING: The period of record selected has missing data points. There are potential issues with the changepoints detected.

If an axis does not line up, change the fimeframe to start closer to the period of record.

The USGS gage sites il for within this ication include
fiow data collection throughout the period of record and gages with short records. E
analysis where there are significant data gaps.

g should be

In general, a of 30 years of i e fi itz must be
nonstationarities in flow records.

before this application should be used to detect

Heatmap - Graphical Representation of Statistical Results
Cramer-Von-Mises (CPM)
Kolmogorov-Smimov (CPM)
LePage {CPM)
Energy Divisive Method
Lombard Wilcoxon
Petiitt
Mann-Whitney (CPM)
Bayesian
Lombard Mood
Mood (CPM)

Smooth Lombard Wilcoxon

Smooth Lombard Mood

1930 1940 1950 1960 1970 1980 1990 2000 2010
Legend - Type of Statistically Significant Change being Detected
. Distribution . Mean . Variance Smooth
Mean and Variance Between All Nonstationarities Detected

—— .
(19
Segment Mean 4K
{CF3) 2K

4K —_— .
. 3K
Segment Standard Deviation 2K
{CFS) 1K

150 °
Segment Variance 10M
{CFS Squared) M

1930 1940 1950 1960 1970 1980 1990 2000 2010

where there are discontinuities in USGS peak
when carying out

Parameter Selection
@ Instantaneous Peak Streamflow

() Stage
Site Selection
Select a state Ne

2086500 - FLAT RIVER AT DAM N.__
Select a site

Timeframe Selection
All values

Sensitivity Parameters
(Sensitivity psrameters are described in the manual.
Engineenng jJudgment is required If non-default parameters are

sefected).
Larger Values will Result in Fewer Nonstationarities Detected.

CPM Methods Burn-in Period

{Default: 20}
20
CPM Methods Sensitivty
(Default: 1,000)
1,000
Bayesian Sensitivty
(Default: 0.5)
0.5
Energy Divisive Method Sensitivty
(Default: 0.5)
0.5
Larger Values will Result in
More Nonstationarities
Lombard Smooth Methods Sensitivity
{Defautt: 0.05)
0.05
Pettitt Sensitivity
{Defautt: 0.05)
0.05

Flease achnowlsdgs the US Ammy Corps of Engineers for
producing this nenstationarity dstection ool as part of their
progress in climate preparedness and resiience and making i
fraely available.

Figure 168. Nonstationarity Detection Results for Gage 02086500 Flat River at Dam at Bahama, NC
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Nonstationarities Detected using Maximum Annual Flow/Height Parameter Selection
@ Instantaneous Peak Streamflow
() Stage
Site Selection
10K

Select a state Ne

. 2087183 - NEUSE RIVER NEAR F..
Select a site

SK Timeframe Selection
1970 to 2065
and Null values

Annual Peak Streamflow in CFS

oK Sensitivity Parameters
(Sensitivity psrameters are described in the manual.

1970 1975 1880 1985 1980 1995 2000 2005 2010 2015 2020 5"9‘“*""?1"09'"9"“5TE%W’E““PEEMM*
Water Year Larger Vales will Result in Fewer Nonstationarities Detected.

This gage has a drainage area of 771.0 square miles.

CPM Methods Burn-in Period

{Default: 20}
20
If an axis does not line up, change the fimeframe to start closer to the period of record.
The USGS gage sites il for within this ication include i where there are discontinuities in USGS peak
fiow data collection throughout the period of record and gages with short records. E ] should be when carying out
analysis where there are significant data gaps. CPM Methods Sensitivty
(Default: 1,000)
In general, a mini of 30 years of i treamfl itz must be avail before this application should be used to detect 1,000

nonstationarities in flow records.

Heatmap - Graphical Representation of Statistical Results
Cramer-Von-Mises (CPM) | Bayesian Sensitivty
Kolmogorov-Smimov (CPM) I (Default: 0.5)

0.5
LePage {CPM) |
Energy Divisive Method
Lombard Wilcoxon
Pettitt | Energy Divisive Method Sensitivty
(Default: 0.5)
Mann-Whitney (CPM) | 0.5
Bayesian
Lombard Mood
Mood (CPM)
Larger Values will Result in
Smooth Lombard Wilcoxon More Nonstationarities Detected
Smooth Lombard Mood
Lombard Smooth Methods Sensitivity
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 005 {Defavit 0.05)
Legend - Type of Statistically Significant Change being Detected )
. Distribution . Mean . Variance Smooth
- - — Pettitt Sensitivity
Mean and Variance Between All Nonstationarities Detected oS (Defaut 0.05)
8K '
Segment Mean 4K
CFS
(CF3) oK
3K

Please acknowledge the US Amy Corps of Engineers for
2K praducing this nonstationarity detection tool as part of their

Segment Standard Deviation progress in climate preparedness and resiience and making it

{CFS) 1K freely available.
0K
&M

Segment Variance m

{CFS Squared) om

1970 1975 1980 1985 1980 1985 2000 2005 2010 2015 2020

Figure 169. Nonstationarity Detection Results for Gage 02087183 Neuse River near Falls, NC
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Nonstationarities Detected using Maximum Annual Flow/Height Parameter Selection
@ Instantaneous Peak Streamflow
() Stage
" 20K
5 Site Selection
c
= NC
H Select a state
E 13K
2 . 2087500 - NEUSE RIVER NEAR C..
= Select a site
o
& 10K Timeframe Selection
= 1927 to 2065
= and Null values
z
K
Sensitivity Parameters
(Sensitivity psrameters are described in the manual.
1930 1940 1950 1960 1870 1980 1990 2000 2010 Engnseting judgment (s ’E;i:h"’zg;mfﬂ““ﬂﬂﬁm" ar
‘Water Year Larger Values will Result in Fewer Nonstationarities Detected.
This gage has a drainage area of 1,150 square miles.
CPM Methods Burn-In Period
(Default: 20)
20
If an axis does not line up, change the fimeframe to start closer to the period of record.
The USGS gage sites il for within this ication include where there are discontinuities in USGS peak
fiow data collection throughout the period of record and gages with short records. E ] should be when carying out
analysis where there are significant data gaps. CPM Methods Sensitivty
(Default: 1,000)
In general, a of 30 years of i treamfl ts must be before this application should be used to detect 1.000
nonstationarities in flow records. '
Heatmap - Graphical Representation of Statistical Results
Cramer-Von-Mises (CPM) I Bayesian Sensitivty
Kolmogorov-Smimov (CPM) I (Default: 0.5)
0.5
LePage (CPM) |
Energy Divisive Method I
Lombard Wilcoxon |
Pettitt I Energy Divisive Method Sensitivty
(Default: 0.5)
Mann-Whitney (CPM) | 0.5
Bayesian
Lombard Mood
Mood (CPM)
Smooth Lombard Wilcoxon Larger Values will Resut in
More Nonstationarities
Smooth Lombard Mood
Lombard Smooth Methods Sensitivity
1930 1940 1950 1960 1970 1980 1990 2000 2010 005 {Defavit 0.05)
Legend - Type of Statistically Significant Change being Detected )
. Distribution . Mean . Variance Smooth
- - — Pettitt Sensitivity
Mean and Variance Between All Nonstationarities Detected oS (Defaut 0.05)
10K '
Segment Mean SK
CFS
(CF3) oK
Flease acknowledge the US Ammy Corps of Engineers for
i 3K producing this nenstationarity detection toal 25 pant of their
Segment Standard Deviation 5, progress in climate preparedness and resilience and making i
{CFS) 1K freety available.
15M
Segment Varance 10M
{CFS Squared) 5M
1930 1940 1950 1960 1970 1980 1990 2000 2010

Figure 170. Nonstationarity Detection Results for Gage 02087500 Neuse River near Clayton, NC
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Nonstationarities Detected using Maximum Annual Flow/Height
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The USGS gage sites il for within this include
fiow data collection throughout the period of record and gages with short records. E
analysis where there are significant data gaps.

should be
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nonstationarities in flow records.
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Larger Values will Result in Fewer Nonstationarities Detected.

CPM Methods Burn-In Period
{Default: 20)
20

CPM Methods Sensitivty
(Default: 1,000)
1,000

Bayesian Sensitivty
(Default: 0.5)
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Energy Divisive Method Sensitivty
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Figure 171. Nonstationarity Detection Results for Gage 02087580 Swift Creek near Apex, NC
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Nonstationarities Detected using Maximum Annual Flow/Height Parameter Selection
@ Instantaneous Peak Streamflow
() Stage
0 10K
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E
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= Select a site
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z
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Sensitivity parameters are described in the manual.
1940 1950 1960 1870 1980 1990 2000 2010 Engnseting judgment (s ’E‘J“E"’zg;mfﬂ““ﬂﬂﬁm" ar
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‘Water Year Larger Values will Result in Fewer Nonstationarities Detected.
This gage has a drainage area of 83.50 square miles.
CPM Methods Burn-In Period
{Default: 20}
20
If an axis does not line up, change the fimeframe to start closer to the period of record.
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fiow data collection throughout the period of record and gages with short records. E ] should be when carying out
analysis where there are significant data gaps. CPM Methods Sensitivty
(Default: 1,000)
In general, a of 30 years of i treamfl ts must be before this application should be used to detect 1.000
nonstationarities in flow records. '
Heatmap - Graphical Representation of Statistical Results
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Figure 172. Nonstationarity Detection Results for Gage 02088000 Middle Creek near Clayton, NC
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Nonstationarities Detected using Maximum Annual Flow/Height Parameter Selection
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fiow data collection throughout the period of record and gages with short records. E ] should be when carying out
analysis where there are significant data gaps. CPM Methods Sensitivty
(Default: 1,000)
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Figure 173. Nonstationarity Detection Results for Gage 02088500 Little River near Princeton, NC
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Nonstationarities Detected using Maximum Annual Flow/Height Parameter Selection
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Figure 174. Nonstationarity Detection Results for Gage 02089000 Neuse River near Goldsboro, NC
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Nonstationarities Detected using Maximum Annual Flow/Height Parameter Selection
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Figure 175. Nonstationarity Detection Results for Gage 02089500 Neuse River at Kinston, NC
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Figure 176. Nonstationarity Detection Results for Gage 02090380 Contentnea Creek near Lucama, NC
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Figure 177. Nonstationarity Detection Results for Gage 02091500 Contentnea Creek at Hookerton, NC
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Figure 178. Nonstationarity Detection Results for Gage 02088070 Eno River near Durham, NC
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Table 54. Summary of Observed Streamflow Trends in Annual Peak Streamflow using NSD

Gage Name and POR for POR for .
-
Gage Number Location CHAT NSD POR Note Consensus Robustness Conclusion
Eno River Near
02085070 1985-2014 1964-2014 Complete No No None
Durham, NC
0208524975 Litle River at - 1996.2014 N/A Not in NSD N/A N/A N/A
Farintosh, NC
Gap 1959-
Flat River at Dam 1962, 1966-
02086500 near Bahama. NC 1985-2014 1928-2014 1983, 1994- No No None
' 1995, 1997-
2000
Knap of Reeds
02086624 Creek near Butner, 1985-2014 N/A Gap 1996- N/A N/A N/A
2005
NC
Gap 1989-
Ellerbe Creek near 1991, 1994-
02086849 Gorman, NC 1985-2014 N/A 2006, 2008- N/A N/A N/A
2009
Neuse River near CWM, LP, PT
02087183 Falls. NC 1981-2014 1971-2019 Complete Yes No and MW in 2000
Crabtree Creek at
02087324 US 1 at Raleigh, 1991-2014 N/A Not in NSD N/A N/A N/A
NC
Walnut Creek at
02087359 Sunnybrook Drive  1996-2014 N/A Not in NSD N/A N/A N/A
near Raleigh, NC
Neuse River near CVM, KS, LP,
02087500 Clayton, NC 1981-2014  1928-2014 Complete Yes Yes PT. MW in 1966
Climate Change Assessment A-266



Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

Swift Creek near Complete in
02087580 2002-2014 1954-2014 CHAT, NAP No No None

Apex, NC gap 1972-2001

02088000 Middle Creek near 1500 5014 1040-2014  Complete No No None
Clayton, NC

02088500 Litle Rivernear 1900 5014 1031-2014  Complete No No None
Princeton, NC

Neuse River near Complete in
02089000 1981-2014 1930-2014 CHAT, NSD No No None
Goldsboro, NC gap 2009

02089500 Neuse Riverat 1481 5014 19282012  Complete No No None
Kinston, NC

02090380 Contentnea Creek 500 5614 1965-2014  Complete No No None
near Lucama, NC

02091500 Contentnea Creek  1929-2014  1929-2014 Complete No No None
at Hookerton, NC

02091814 Neuse River near  1997-2014 NA Not in NSD N/A N/A N/A
Fort Barnwell, NC
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11.5 Projected Trends in Future Climate And Climate Change

11.5.1 Literature Review of Project Climate Changes

While historical data is essential to understanding current and future climate, non-
stationarity in the data (i.e., a changing climate) dictates the use of supplemental
information in long-term planning studies. In other words, the past may no longer be a
good predictor of the future (Milly et al., 2008). Consequently, the scientific and
engineering communities are actively using computer models of the Earth’s atmosphere
and associated thermodynamics to project future climate trends for use in water
resources planning efforts. Although significant uncertainties are inherent in these
model projections, the models, termed global climate models (GCMs), are widely
accepted as representing the best available science on the subject, and have proven
highly useful in planning as a supplement to historical data. A wealth of literature now
exists on the use of GCMs across the globe.

11.5.1.1 Temperature

Maximum air temperature projections were investigated by Liu et al. (2013) using a
single GCM and assuming an A2 greenhouse gas emissions scenario (worst case). The
results of their study, specific to the South Atlantic-Gulf Region, show a projected
increase in winter and spring maximum air temperature of about 2 °C for a 2055
planning horizon compared to a baseline period of 1971 — 2000 (Figure 179). They
show projected increases of up to 3.5 °C for summer and fall temperatures.
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Winter

Figure 179. Projected changes in seasonal maximum air temperature, °C, 2041-2070 vs. 1971-2000. The South
Atlantic-Gulf Region is within the red oval (Liu et al., 2013)

Elguindi and Grundstein (2013) present results of regional climate modeling of the U.S.
focused on the Thornthwaite climate type — a measure of the combination of relative
temperature and precipitation projections. For the South Atlantic-Gulf Region, results
show a shift from primarily warm wet or warm moist climate type in the latter decades of
the 20th century to a much larger proportion of hot moist or hot dry climate type areas

by the period 2041 — 2070 (Figure 180).
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a) Historical observed (1971 —2000)

b) GCM projections (2041 — 2070)
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Figure 180. Revised Thornthwaite climate types projected by regional climate models. The South Atlantic-Gulf Region
is within the red oval (Elguindi and Grundstein, 2013)

Projections of changes in temperature extremes have been the subject of many recent
studies performed at a national scale. A 2006 study by Tebaldi et al. applied nine GCMs
at a global scale focused on extreme precipitation and temperature projections. Model
projections of climate at the end of the century (2080 — 2099) were compared to
historical data for the period 1980 — 1999. For the general southeastern U.S., inclusive
of the South Atlantic-Gulf Region, the authors identified small increases in the projected
extreme temperature range (annual high minus annual low temperature), a moderate
increase in a heat wave duration index (increase of 3 to 4 days per year that
temperatures continuously exceeds the historical norm by at least 5 °C), and a
moderate increase in the number of warm nights (6 to 7% increase in the percentage of
times in the year when minimum temperature is above the 90th percentile of the
climatological distribution for the given calendar year), compared to the baseline period.

At a regional scale, Qi et al. (2009) used two GCMs (CGC1 and HadCMSul2) in
combination with hydrologic modeling to project streamflow changes in the Trent River
(North Carolina). Temperature projections from these two climate models (Figure 181)
show increases of approximately 2 to 4 °C by the end of the 21st century for their study
area.
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Figure 181. Projected annual average air temperature, Trent River basin, North Carolina, 1995-2100. (Qi et al., 2009)

11.51.2 Precipitation

Qi et al. (2009) present two differing GCM projections for their coastal North Carolina
watershed (Figure 182). One projects an approximate 15% increase in precipitation by
the end of the 21st century, while the other projects an approximate 20% decrease.
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Figure 182. Projected changes in annual precipitation, North Carolina, 1995 — 2100. (Qi et al., 2009)

Future projections of extreme events, including storm events and droughts, are the
subject of studies by Tebaldi et al. (2006), Wang and Zhang (2008), Gao et al. (2012),
and Wang et al. (2013a). The first authors, as part of a global study, compared an

Climate Change Assessment A-271



Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

ensemble of GCM projections for the southeast U.S. and a 2090 planning horizon with
historical baseline data (1980 — 1999). They report small increases in the number of
high (> 10 mm) precipitation days for the region, the number of storm events greater
than the 95th percentile of the historical record, and the daily precipitation intensity
index (annual total precipitation divided by number of wet days). In other words, the
projections forecast small increases in the occurrence and intensity of storm events by
the end of the 21st century for the general study region. In addition to the historical data
trend analyses by Wang and Zhang (2008) described above, these authors also used
downscaled GCMs to look at potential future changes in precipitation events across
North America. They used an ensemble of GCMs and a single high emissions scenario
(A2) to quantify a significant increase (c. 30 to 50%) in the recurrence of the current 20-
year 24-hour storm event for their future planning horizon (2075) and the general South
Atlantic-Gulf Region (Figure 183). The projected increases in storm frequency
presented by Wang and Zhang appear to be more significant than those projected by
Tebaldi et al. (2006), but there is agreement on the general trend.
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Figure 183. Projected risk of current 20-year 24-hour precipitation event occurring in 2070 compared to historical
(1974). A value of 2 indicates this storm will be twice as likely in the future compared to the past. Black dots show the
locations of stations. The South Atlantic Gulf Region is within the red oval (Wang and Zhang, 2008).

11.5.1.3 Hydrology

A number of global and national scale studies have attempted to project future changes
in hydrology, relying primarily on a combination of GCMs and macro-scale hydrologic
models. These studies include projections of potential hydrologic changes in the South
Atlantic-Gulf Region. Thomson et al. (2005) applied two GCMs, across a range of
varying input assumptions, in combination with the macro-scale Hydrologic Unit Model
to quantify potential changes in water yield across the United States. Results are
presented for both continuous spatial profiles across the country (Figure 184) and for
individual HUCs. For the South Atlantic-Gulf Region, contradictory results are generated
by the two GCMs. For the same set of input assumptions, one model predicts significant
decreases in water yield, the other projects significant increases in water yield.
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Figure 184. Projected change in water yield (from historical baseline), under various climate change scenarios based
on 2 GCM projections. The South Atlantic-Gulf Region is within the red oval (Thomson et al., 2005).
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The results presented by Thomson et al. (2005), described above, highlight the
significant uncertainties associated with global climate modeling, particularly with
respect to hydrologic parameters. Additional uncertainty is generated when these
climate models are combined with hydrologic models that carry their own uncertainty.
This comparison and quantification of uncertainty is the subject of a 2013 study by
Hagemann et al. In this study, the authors apply three GCMs, across two emission
scenarios to seed eight different hydrologic models for projecting precipitation, ET, and
runoff on a global scale. Their findings, in agreement with CDM Smith (2012), indicate
that the uncertainty associated with macro-scale hydrologic modeling is as great, or
greater, than that associated with the selection of climate models. Study projections
from Hagemann et al. (2013) for the general South Atlantic-Gulf Region show an overall
decrease in runoff by approximately 200 mm per year for their future planning horizon
(2071 — 2100) compared to the recent historical baseline (1971 — 2000) (Figure 185),
assuming an A2 emissions scenario.
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Runoff change from 3 GCMs & 8 GHMs, 2071-2100 vs. 1971-2000
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Figure 185. Ensemble mean runoff projections (mm/year) for A2 greenhouse gas emissions scenario, changes in
annual runoff, 2085 vs. 1985. The South Atlantic-Gulf Region is within the red oval (Hagemann et al., 2013).

No clear consensus was found in projected streamflow changes in the South Atlantic-
Gulf Region. Some studies point toward mild increases in flow, others point toward mild
decreases in flow.

11.5.14 Summary of Future Climate Projection Findings

There is strong consensus in the literature that air temperatures will increase in the
study area, and throughout the country, over the next century. The studies reviewed
here generally agree on an increase in mean annual air temperature of approximately 2
to 4 °C by the latter half of the 21st century for the South Atlantic-Gulf Region. The
largest increases are projected for the summer months. Reasonable consensus is also
seen in the literature with respect to projected increases in extreme temperature events,
including more frequent, longer, and more intense summer heat waves in the long-term
future compared to the recent past. Projections of precipitation in the study area are
less certain than those associated with air temperature. Results of the studies reviewed
here are roughly evenly split with respect to projected increases vs. decreases in future
annual precipitation. This is not unexpected as, according to the recently released NCA
(Carter et al., 2014); the southeast region of the country (inclusive of the South Atlantic-
Gulf Region) appears to be located in a “transition zone” between the projected wetter
conditions to the north and dryer conditions to the west. There is, however, moderate
consensus among the reviewed studies that future storm events in the region will be
more intense and more frequent compared to the recent past. Similarly, clear
consensus is lacking in the hydrologic projection literature. Projections generated by
coupling GCMs with macro-scale hydrologic models in some cases indicate a reduction
in future streamflows but in other cases indicate a potential increase in streamflows in
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the study region. Of the limited number of studies reviewed here, results are
approximately evenly split between the two.

11.5.2 Climate Hydrology Assessment Tool

The USACE Climate Hydrology Assessment Tool (CHAT) was used to assess
projected, future trends within the Neuse-Pamlico watershed, HUC-0302. The tool
displays the range of projected annual maximum monthly streamflows from 1950 -
2099, with the projections from 1950 — 1999 representing hindcast projections and 2000
— 2099 representing forecasted projections.

Figure 186 displays the range of projections for 93 combinations of CMIP5 GCMs and
RCPs produced using BCSD statistical downscaling. These flows are simulated using
an unregulated VIC hydrologic model at the outlet of HUC 0302 Neuse-Pamlico. It
should be noted that the hindcast projections do not replicate historically observed
precipitation or streamflow and should therefore not be compared directly with historical
observations. This is in part because observed streamflows are impacted by regulation,
while the VIC model used to produce the results displayed in Figure 186 is
representative of the unregulated condition.

Upon examination of the range of model results, there is a clear increasing trend in the
higher projections, whereas the lower projections appear to be relatively stable and
unchanging through time. The spread of the model results also increases with time,
which is to be expected as uncertainty in future projection increases as time moves
away from the model initiation point. Sources of variation and the significant uncertainty
associated with these models include the boundary conditions applied to the GCMs, as
well as variation between GCMs and selection of RCPs applied. Each GCM and RCP
independently incorporate significant assumptions regarding future conditions, thus
introducing more uncertainty into the climate changed projected hydrology. Climate
model downscaling and a limited temporal resolution further contribute to the
uncertainty associated with CHAT results. There is also uncertainty associated with the
hydrologic models. The large spread of results shown in Figure 186 highlights current
climatic and hydrologic modeling limitations and associated uncertainty.

Figure 187 displays only the mean result of the range of the 93 projections of future,
climate changed hydrology which are shown in Figure 186. A linear regression line was
fit to this mean and displays an increasing trend with a slope of approximately 28.5
cfs/yr. It should be noted that the p-value associated with this trend is less than 0.0001,
indicating that the trend should be considered as statistically significant.

These outputs from the CHAT qualitatively suggest that annual maximum monthly
flows, and therefore annual peak flows, are expected to increase in the future relative to
the current time.
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Range of 93 Climate-Changed Hydrology Models of HUC 0302-Neuse-Pamlico
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Figure 186. Range of GCM/RCP Projections for the HUC-0302 Neuse-Pamlico.
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Figure 187. Mean of GCM/RCP Projections for the HUC-0302 Neuse-Pamlico.
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11.5.3 Vulnerability Assessment

The USACE Watershed Climate Vulnerability Assessment Tool (VA Tool) facilitates a
screening level, comparative assessment of how vulnerable a given HUC-4 watershed
is to the impacts of climate change relative to the other 202 HUC-4 watersheds within
the continental United States (CONUS). The tool can be used to assess the vulnerability
of a specific USACE business line such as “Flood Risk Reduction” or “Navigation” to
projected climate change impacts. Assessments using this tool help to identify and
characterize specific climate threats and particular sensitivities or vulnerabilities, at least
in a relative sense, across regions and business lines. The tool uses the Weighted
Ordered Weighted Average (WOWA) method to represent a composite index of how
vulnerable a given HUC-4 watershed (Vulnerability Score) is to climate change specific
to a given business line. The HUC-4 watersheds with the top 20% of WOWA scores are
flagged as being vulnerable.

Flood risk reduction is the most relevant business line for the Neuse River Basin
Feasibility Study and is the primary business line analyzed with the USACE Climate
Vulnerability Assessment Tool. Other business lines included in the VA Tool are
ecosystem restoration, emergency management, hydropower, navigation, recreation,
regulatory, and water supply. While the flood risk reduction is the main business line
discussed in detail, all other business lines were analyzed as well.

When assessing future risk projected by climate change, the USACE Climate
Vulnerability Assessment Tool makes an assessment for two 30-year epochs of
analysis centered at 2050 and 2085. These two periods were selected to be consistent
with many of the other national and international analyses. The Vulnerability tool
assesses how vulnerable a given HUC-4 watershed is to the impacts of climate change
for a given business line using climate hydrology based on a combination of projected
climate outputs from the GCMs and representative concentration pathway (RCPSs)
resulting in 100 traces per watershed per time period. The top 50% of the traces is
called “wet” and the bottom 50% of the traces is called “dry.” Meteorological data
projected by the GCMs is translated into runoff using the Variable Infiltration Capacity
(VIC) macro-scale hydrologic model. For this assessment, the default National
Standards Settings are used to carry out the vulnerability assessment.

For the Flood Risk Management business line, the HUC 0302 Neuse-Pamlico Basin is
not within the top 20% of vulnerable watersheds within the CONUS for any of the four
scenarios, which is not to say that vulnerability to future climate change does not exist
within the basin. Table 55 displays the overall vulnerability scores for the business line
relevant to this study under both wet and dry scenarios and under both time epochs.
The indicators driving the residual vulnerability for the flood risk management business
line is shown in Figure 188. Table 55 and Table 56 display the indicators contributing to
vulnerability within the Neuse-Pamlico Basin for the flood risk reduction business line;
the tables are generally sorted from largest to smallest average indicator contribution to
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vulnerability. Additionally, the tables display the indicator code, name, and a brief
description of the indicator’'s meaning.

Regarding the Flood Risk Reduction business line, the primary indicators driving
vulnerability within the watershed are the flood magnification factor (indicator 568C),
and the large elasticity between rainfall and runoff (indicator 277). The flood
magnification factor represents how the monthly flow exceeded 10% of the time is
predicted to change in the future; a value greater than 1 indicates flood flow is predicted
to increase, which is true for the Neuse-Pamlico Basin. The rainfall/runoff elasticity
(indicator 277) measures the tendency for small changes in precipitation to result in
large changes in runoff.

Note that some of the indicators contain a suffix of “L” (local) or “C” (cumulative).
Indicators with an “L” suffix reflect flow generated within only one HUC-4 watershed,
whereas indicators with a “C” suffix reflect flow generated within a HUC-4 watershed
and any upstream watersheds.

It is important to note the variability displayed in the VA tool’s results (Table 55, Table
56) highlights some of the uncertainty associated with the projected climate change
data used as an input to the VA tool. Because the wet and dry scenarios each represent
an average of 50% of the GCM outputs, the variability between the wet and dry
scenarios underestimates the larger variability between all the underlying projected
climate changed hydrology estimates. This variability can also be seen between the
2050 and 2085 epochs, as well as various other analysis within this report, such as
output from the CHAT (Figure 186).

Table 55. Overall Vulnerability Score for Epochs and Selected Scenarios

Business Line Flood Risk
Reduction

Epoch 2050 2085

Dry 4513  47.59

Wet 48.16 51.99
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Figure 188. VA Tool Summary of HUC Results for Flood Risk Reduction Business Line
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Table 56. Vulnerability Indicators for Flood Risk Reduction Business Line

Flood Risk Reduction 2050 2050 2085 2085
% Indicator Name Description Dry Wet Dry Wet
Change in flood runoff: ratio of indicator 571C
Cumulative Flood (monthly runoff exceeded 10% of the time,
568C 45.15%  46.92%  28.07%  47.18%
Magnification Factor including upstream freshwater inputs) to 571C in
base period.
Percent Change in Runoff Median of: deviation of runoff from monthly mean
277 Divided by the Percent times average monthly runoff divided by deviation of  g.84% 8.45% 8.94% 7.66%
_ S precipitation from monthly mean times average
Change in Precipitation monthly precipitation.
Change in flood runoff: Ratio of indicator 571L
Local Food Magnification (monthly runoff exceeded 10% of the time,
568L Eact excluding upstream freshwater inputs) to 571L in 14.82%  15.40%  14.18%  15.49%
actor
base period.
Cumulative Annual Long-term variability in hydrology: ratio of the
175C Covariance of standard deviation of annual runoff to the annual 3.18% 2.97% 3.28% 2.72%
runoff mean. Includes upstream freshwater inputs
Unregulated Runoff (cumulative).
Acres of Urban Area
590 Within 500-Year Acres of urban area within the 500-year floodplain. 28.01%  26.25%  45.54%  26.96%

Floodplain
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11.5.4 Sea Level Change Assessment

Using the USACE Sea-Level Change Curve Calculator (Version 2019.21) historical
rates and future rates are calculated for the Beaufort, NC Gage 8656483, location
shown in Figure 189. According to ER 1100-2-8162 these rates are then used by the
calculator to produce three curves which are the USACE Low Curve, USACE
Intermediate Curve, and the USACE High Curve. The USACE Low Curve is calculated
using the historic rate of sea-level change for each given location. The USACE
Intermediate Curve is computed from the modified National Research Council (NRC)
Curve | considering both the most recent Intergovernmental Panel on Climate Change
(IPCC) projections and modified NRC projections with the local rate of vertical
movement added. The USACE High Curve is computed from the modified NRC Curve
[l considering both the most recent IPCC projections and modified NRC projections
with the local rate of vertical land movement added. The results for Beaufort, NC gage
can be found in Figure 190 and Table 57 in both graphical and tabular form for each
curve. The results of the calculator for the year 2100 are as follows: Low Curve is 0.91ft,
Intermediate Curve is 1.95ft, and High Curve is 5.24ft.

"%

‘Beaufort

Figure 189. Location of Beaufort, NC Gage 8656483

References A-282



Appendix A. Hydrology and Hydraulics Neuse River Basin Feasibility Study

Estimated Relative Sea Level Change Projections - Gauge: 8656483, Beaufort, NC

6 — USACE High
—— USACE Int
— USACE Low

RSLC in feet (LMSL)

_—

2000 2020 2040 2060 2080 2100

Year

Figure 190. Estimated Relative Sea Level Change Projection Curves Beaufort, NC Gage 8656483
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Table 57. Estimated Relative Sea Level Change Projection Tabular Data Beaufort, NC Gage 8656483

8656483, Beaufort, NC
HNOAA's 2006 Published Rate: 0.00343 feetfyr
All values are expressed in feet relative to LMSL
Year USACE USACE USF&CE
Low Int High
1992 0.00 0.00 0.00
1995 0.03 0.03 0.03
2000 0.07 0.07 0.09
2005 0.11 0.13 0.17
2010 0.15 0.18 0.27
2015 0.19 0.24 0.39
2020 0.24 0.31 0.53
2025 0.28 0.38 0.68
2030 0.32 0.45 0.86
2035 0.36 0.53 1.05
2040 0.41 0.61 1.26
2045 0.45 0.70 1.49
2050 0.49 0.79 1.74
2055 0.53 0.88 2.00
2060 0.57 0.98 2.29
2065 0.62 1.09 2.589
2070 0.66 1.20 2.91
2075 0.70 1.31 3.25
2080 0.74 1.43 3.61
2085 0.78 1.55 3.99
2090 0.83 1.68 4.39
2095 0.87 1.81 4.80
2100 0.91 1.95 524
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11.6 Summary And Conclusions

11.6.1 Observed Summary and Conclusions

Based on the observed literature review, there is a consistent consensus that points
toward mild increases in annual temperature in the South Atlantic-Gulf Region over the
past century, particularly over the past 40 years. Annual precipitation totals have
become more variable in recent years compared to earlier in the 20th century. Evidence
has also been presented, but with limited consensus, of mildly increasing trends in the
magnitude of annual and seasonal precipitation for parts of the study area. These
results are seemingly contradicted by several studies that have shown decreasing
trends in streamflow throughout the area, particularly since the 1970s. The study
authors evaluated watersheds that experienced minimal water withdrawals and/or
transfers. Results presented here also suggest that increasing temperatures may also
play a role in decreasing streamflows, despite the lack of corresponding precipitation
decline.

Two of the gages analyzed via CHAT detected a statistically significant linear trend,
Neuse River near Falls, NC and Little River Tributary at Fairntosh, NC. The Neuse River
near Falls gage showed a statistically significant downward trend in observed peak
annual flows but would be expected as the flow at this stationed is regulated by dam
operations with one purpose being flood reduction. Little River tributary at Fairntosh also
showed a statistically significant downward trend, however the results are highly driven
by the observed peak flow in 1996. When that data point is removed the site no longer
shows a statistically significant trend. Every other gage that was analyzed via Climate
Hydrology Assessment Tool did not have a statistically significant linear trend. There
were no statistically significant trends detected in either gage that would indicate
significant changes in observed streamflow due to climate change, long-term natural
climate trends, or land use/land cover changes.

Using the Nonstationarity Detection Tool two stream gages produced nonstationarities,
02087183 Neuse River near Falls, NC and 02087500 Neuse River near Clayton, NC.
The NSD detected a consensus of the underlying distribution and the mean in 2000 at
the Neuse River near Falls, NC, however this can be explained by a change in the flood
operations of Falls Lake Dam. The NSD also detected a consensus in the change of the
underlying distribution and the mean at Neuse River near Clayton, NC in 1966, however
if the analysis is limited to after Falls Lake Dam went into operation, no nonstationarities
were detected. All other gages either did not detect a nonstationarity, did not have
enough data to perform an analysis, or the data that was found on USGS was not
recent enough to be feasible for the analysis.
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11.6.2 Projected Trends Summary and Conclusions

Based on the projected literature review, there is strong consensus in the literature that
air temperatures will increase in the study area, and throughout the country, over the
next century. The studies reviewed here generally agree on an increase in mean annual
air temperature of approximately 2 to 4 °C by the latter half of the 21st century for the
South Atlantic-Gulf Region. Projections of precipitation in the study area are less certain
than those associated with air temperature. Results of the studies reviewed here are
roughly evenly split with respect to projected increases vs. decreases in future annual
precipitation. Projections generated by coupling GCMs with macro-scale hydrologic
models in some cases indicate a reduction in future streamflows but in other cases
indicate a potential increase in streamflows in the study region. Of the limited number of
studies reviewed here, results are approximately evenly split between the two.

Upon examination of the range of model results from the Climate Hydrology
Assessment Tool, there is a clear increasing trend in the higher projections, whereas
the lower projections appear to be relatively stable and unchanging through time. The
spread of the model results also increases with time, which is to be expected as
uncertainty in future projection increases as time moves away from the model initiation
point. Sources of variation and the significant uncertainty associated with these models
include the boundary conditions applied to the GCMs, as well as variation between
GCMs and selection of RCPs applied. Climate model downscaling and a limited
temporal resolution further contribute to the uncertainty associated with CHAT results.
There is also uncertainty associated with the hydrologic models. The large spread of
results shown in Figure 186 highlights current climatic and hydrologic modeling
limitations and associated uncertainty. Figure 187 displays only the mean result of the
range of the 93 projections of future, climate changed hydrology which are shown in
Figure 186. A linear regression line was fit to this mean and displays an increasing trend
with a slope of approximately 28.5 cfs/yr. It should be noted that the p-value associated
with this trend is less than 0.0001, indicating that the trend should be considered as
statistically significant.

Results from the USACE Vulnerability Assessment tool were analyzed for the project
area and found no outstanding vulnerabilities compared with other HUCs across the
continental United States. While the project area is not within the top 20% of vulnerable
HUCSs nationally, that does not imply that vulnerability to climate change does not exist.
The VA tool indicates that the change in flood runoff (cumulative), combined with the
acres of urban area within 500-year floodplain, are driving flood risk reduction
vulnerability.

Based on the USACE Sea-Level Change Curve Calculator for the Beaufort, NC Gage
the Neuse River Basin will be affected by sea-level rise over the next century. The
results of the calculator for the year 2100 are as follows: Low Curve is 0.91ft,
Intermediate Curve is 1.95ft, and High Curve is 5.24ft. These results can be found in
Table 57.
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