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Abstract

Flooding is the leading cause of losses from natisasters in the United States,
responsible for over 140 deaths a year (UniteceSt@eological Survey [USGS], 2006
and 2012). Dynamic inundation mapping, or usingiooious modeling in conjunction
with a GIS-system to create maps of flooded arededifferent scenarios, has the
possibility to better predict flooding by taking@naccount environmental conditions
preceding and during the flood ( such as soil mogstrainfall spatial heterogeneity and
timing). This study examines the effect of hydgaehydraulic model linkage schemes
in generating inundation maps and understandingrieertainties involved, with an eye
towards improving operational use.

The Hydrology Laboratory’s Research Distributed Hydgic Model (HL-
RDHM) was used to generate inputs to the Army Coffisngineers Hydrologic
Engineering Center’s River Analysis System (HEC-RAgraulic model for two
simulation time periods (September to December 180fhe simulation of flooding due
to Hurricane Floyd and from June to October 2006lémding due to Tropical Storm
Alberto) in the Lower Tar River sub-basin for faifferent hydrologic-to-hydraulic
model connection scenarios of increasing complextity increasing number of inflow
points. The HEC-GeoRAS, an extension built forwgé ArcGIS to pre-process and
post-process HEC-RAS geometric data, was usednergee inundation maps from the

maximum water surface produced during each sinmudtme period.



The stage and flow simulated by the hydraulic medsie compared to observed
data recorded by USGS gauges and the goodnesawatbn was assessed using the
Nash-Sutcliffe Efficiency (NSE). The most detaikmbnario slightly outperformed the
less detailed scenarios for simulation of flow atatje at gauges on the main stem of the
Tar River for the both simulation periods (NSE ).8No scenario did a good job of
simulating the stage or flow on the tributariestred Tar River (NSE <0.52). For the
1999 simulation, the flood elevation predicted g inundation map was compared to
high water marks collected by the Federal Emergétayagement Agency (FEMA) and
the USGS after Hurricane Floyd. All scenarios galtepredicted flooding well, with
mean error of around 1 foot for the less complestarcalibrated models, around 1-1.5
feet for the more complex models, and mean abselute for all scenarios around 3.5-4
feet. The time required to generate these sinmratand maps was not greatly increased
with increasing modeling complexity, though the misddid require careful set-up to
ensure stability. The results of this work suggestlest benefits in accuracy of
modeling stage and flow by increasing the numbengiits from a hydrologic model to a
hydraulic model. Mapping results show limited istiétal gain, but some importance of a
multi-stem model in order to create inundation mapgh include flooding effects on
tributaries. Lack of observed data to provide baugaonditions, and reliance on input
data with its own set of uncertainties seem to daei uncertainty in tributary models

unforced by observed data.
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1. Introduction

1.1 Background

Flooding is the leading cause of losses from natisasters in the United States,
accounting for over 75% of declared Federal disagténited States Geological Survey
[USGS], 2012). These floods cause around 140 destbh year and an estimated $6
billion in losses. Although the number of deaths tlufloods has declined over the last
50 years, economic losses have increased due tdgtiom growth and urbanization,
especially in coastal areas (USGS, 2006). In 26¢é; half of the US population (52%)
lived in coastal communities, a figure which is egied to increase 9% by 2020
(National Oceanic and Atmospheric AdministratiorOMNA], 2012). This projected
increase in growth, combined with recent largedlevents in the United States and
worldwide, have led many countries to place angased focus on mitigation of and
preparing for flooding and its associated hazaBiedca, Melone & Moramarco, 2011).

The most common causes of flooding in the Easterited States are hurricanes
and storms (USGS, 2006). Factors that affect veretinfall from these systems will
cause flooding include the conditions which preddgestorm, including soil moisture
conditions, and the characteristics of the stosalfit especially the rainfall duration and
extent compared to the size of the basin (Balein@dr & Sallenger, Jr., 2000). In
order to understand the timing and magnitude afd$y as well as for contingency
planning and management decisions, river modelmgirmundation mapping have

become increasingly important tools.



1.2 River Modeling and Inundation Mapping

Inundation mapping is a way to represent floodmrguise in determining current
flooding extent or areas forecasted to flood. Thigseful information for emergency
managers, rescue workers, and citizens who wouithpacted by possible evacuations.
This is commonly performed by linking GIS and hydgic/hydraulic models, which
then can be used to display the flood extent (Cdllbylcahy & Wang, 2000). Current
engineering practice is to use a rainfall-runoffd®eioto simulate a design storm of a
given recurrence interval and to convert the pé&ak fo stage using a steady state
hydraulic model, assuming the design storm andjémerated water level will have the
same return period, which may not be true depenaingther environmental or storm-
specific conditions (Bradley, Cooper, Potter & Brit996). This peak stage is used to
determine water levels which are used to generate@of flooding for the design event.

Flood mapping for insurance planning, to “attengpptevent or reduce flood

damages” has been carried out by the National Hiesutance Program of Federal
Emergency Management Agency (FEMA) for over 40 y¢Bales & Wagner, 2009).
These maps identify areas which correspond to agfean exceedance levels, or the
likelihood that an area will be flooded during arst event. Mapping by the National
Weather Service occurs at distinct forecast pantsreflect a large range of multiple
water levels and discharge values. These statis raig@e compiled to create a library
which encompasses water levels considered minodifhg up to the largest flood of
record, which can then be used for flood warningppses (Real-Time (Dynamic)

Inundation Mapping Evaluation (R-Time) Team, 2007).



1.3 Current Efforts

1.3.1 Current Modeling Efforts

The National Weather Service (NWS) of the Natiddeeanic and Atmospheric
Administration (NOAA) produces forecasts at arodr@d0 points across the United
States, generated by 13 River Forecast CentersgRHhese forecasts and river
observations are made available to the public gjinabe Advanced Hydrologic
Prediction Service, or AHPS at water.weather.gqydahlo create these forecasts, the
NWS uses hydrologic models, and, to a more limgetent, hydraulic models. However,
the extent of these predictions in coastal aregsite limited. According to Van Cooten
et al. (2011), of the 142 Atlantic and Gulf of Megicoastal drainage areas, or the
downstream-most basin areas that drain directtigecocean or an estuary, over 90% do
not receive any forecast information about wateeller streamflow from the NWS,
partially because of the burden that implementiegy hydrologic models in these areas
would entail, let alone hydraulic models which @babtcommodate tidal or backwater
influences.

However, this absence does provide a big oppostdimitservice expansion.

With this in mind, the NWS currently models 5,500a% of river with hydraulic models.
For its ease of use by forecasters and wide suppaohg the engineering community,
these models have been converted to HEC-RAS, andgrieydraulic model which has
the ability to include several points of interest forecasting, less reliance on observed
field data as compared hydrologic models, easalibrating the model to reflect
seasonal hydraulic property changes, and the yatiliéstimate values for future floods

(Reed, 2010).



1.3.2 Current Mapping Techniques

Flood forecast maps provide valuable informatioeneergency managers and the
public. The NWS currently provides static flood migparies tied to river forecasts at
about 65 points in the United States. However, mmaage communities could benefit
from expanded flood forecast mapping services. Dyoanodeling and mapping is a
promising approach to efficiently expand forecaapping services. Dynamic models
may be used to extend maps farther distances fmoacdst points and to tributaries

where services are desired.

1.4 Needs and Shortcomings of Current Methods

Current techniques have many benefits, includiag liydrologic models are
widely applied, well-tested, and integrated withreat forecasting systems. Static flood
maps are quickly called upon, easily distributéeagts available, and provide a useful
resource for planning (Real-Time (Dynamic) InundatMapping Evaluation (R-Time)
Team, 2007). However, there are many drawbacksaeeas of current methods that
could be improved upon by further studies. A fdthese are outlined in the following

section.

1.4.1 Benefits of Hydraulic Models as Comparedto H  ydrologic
Models

Routing techniques may be classified into two magiegories: simple catchment
hydrologic routing involving the continuity equatioand more complex channel
hydraulic routing requiring both the continuity am®mentum equations. However, most

comprehensive hydrologic models today incorporgtédulic routing components.



Hydrologic routing tends to include more componéatg., rainfall, infiltration,
evapotranspiration, balancing of inflow, outflowdastorage through various phases).
Further distinctions are made in Section 2.

Although numerous hydraulic models are being usethé NWS for forecasting,
the current extent of this practice is only a fi@etof the estimated 26,000 miles which
would be predicted to benefit from such hydraulmdeling. However, hydraulic models
are not more widely implemented within the NWS &agting system for a number of
reasons. The three mentioned by Reed (2010) atéditecasters are not convinced that
hydraulic modeling is worth the financial investrhegguired to set-up and maintain
these models, secondly, that the complexities wraabin setting up and model and
achieving stability give hydraulic models a repuaiatof being difficult to use, and third,
that many forecasters may have developed theirteaimiques in compensating for the

shortcomings of hydrologic models.

1.4.2 Limitation of Models

One of the big challenges in implementing tributaydraulic models is that
accurate hydrologic inflow forecasts may not belalsée. NWS River Forecast Centers
(RFCs) primarily run lumped hydrologic models, pnoohg flow information only at
basin outlets. Implementing multi-reach hydraulicdels on tributaries will require use
of a distributed hydrologic model to provide boundeonditions.

Models must be chosen with their limitations in chirModel complexity, while
increasing resolution and possibly increasing amyrmust be balanced with the data
and computing requirements. Additionally, for a@nal use, the training and system

implementation cost and time required are alsmfadh model selection and use.



1.4.3 Issues with Static Mapping

Currently NWS flood forecast maps exist only irtistanap libraries. These are
created for the areas near 65 or so forecast poiiitsse maps are limited in application;
each map only covers a river length area of ar@dukitbmeters. Their effectiveness
decreases with distance from the forecast poipe@ally in areas where high-resolution
topographic data is not available or where landec@hanges too rapidly in time to be
reflected in maps, they may not be implemente@gions with tributary inflows or
possible backwater effects, or where there aré flaences. These are some of many
reason dynamic mapping is being explored as a Waymanding the coverage of
inundation maps (Real-Time (Dynamic) Inundation iag Evaluation (R-Time) Team,

2007).

1.5 Obijective

The purpose of this study is to explore the efédédtydrologic-hydraulic model
linkage schemes in generating inundation maps addrstanding uncertainty involved
with an eye towards improving operational use.hailtgh numerous studies have looked
at the uncertainty involved in mapping and waysrtl hydrologic and hydraulic models,
the most widely-used framework being used for matide operational forecasting has
not been tested in such a way as to quantify uaiceytinvolved with generation of
inundation maps, with the possibility of improviogrrent or future modeling and
mapping efforts. The goals of this study werereate various scenarios to represent
possible linkage schemes representing differemi$eaf detail at which distributed
hydrologic model outputs are used to create boyncarditions for hydraulic models, to

use these different model scenarios to evaluatadberacy of flow simulations and



inundations maps as compared to an historic flaod,evaluate the suitability of the

model in simulating other floods outside the tHae ¢alibration period.

2. Literature Review
2.1 Hydrologic Models

Hydrologic models rely on the parameterization atevshed properties and
rainfall patterns and depths to produce a flooddgrhph of discharge at discrete time
steps. These models have become widely usedad ftwrecasting, stream flow
prediction, and to quantify effects of climate chanland use impacts or other spatially
distributed properties. However, their limited tiog methods do have some drawbacks
in simulating flows in large watersheds (Mai, 2Q09)

Two main types are lumped hydrologic models anttiliged hydrologic
models. Lumped hydrologic models only consideregalived watershed characteristics,
and are only able to produce streamflow hydrograplise basin outlet. Distributed
hydrologic models, on the other hand, can accomteasizatial heterogeneity of land
use, soil properties, rainfall, and other inputéis quality allows for higher resolution
simulations and predictions which can improve openal forecasts, however, with this
higher resolution comes more complexity and uncestgCarpenter & Georgakakos,
2006). The benefit of a distributed model as comgpao a lumped hydrologic model is
that once a distributed model is calibrated, it barused to predict future events under
changed conditions (such as different land useatialy varying environmental
parameters affected by climate change) where addmmodel would have to be
completely reformulated (Nunes Correia, Castro RdgdGraca Saraiva & Ramos,

1998).



Commonly used hydrologic models include the HydyaddEngineering Center —
Hydrologic Modeling System (HEC-HMS), the Hydrologsimulation Program-
FORTRAN (HSPF), Soil and Water Assessment Tool (SyyAnd MIKE-SHE (Bertie,

et al., 2011; Debele et al., 2006; Haghizadeh.eP@l 2; Lian et al., 2007).

2.1.1 HL-RDHM

The Hydrology Laboratory — Research Distributed kalic Model, or HL-
RDHM, is a “flexible, stand-alone tool for distritaal hydrologic modeling research and
development” developed by the Hydrologic Scienag ldiodeling Branch (HSMB) of
the NWS Office of Hydrologic Development (OHD) Hyttsgy Laboratory (HL) and is
used to validate scientific techniques which thexry fmecome part of the operational
software of the NWS (HL-RDHM user manual v. 3.@2009).

The HL-RDHM calculates runoff based on the distrlaliprocedures of the
Sacramento Soil Moisture Accounting model with ltresat Transfer component (SAC-
SMA-HT). The forcings of SAC-SMA-HT include gridd precipitation and
temperature data, along with daily or monthly ptrevapotranspiration. The model
calculates water storage within the soil profilggeneralized upper and lower zones of
soil moisture, which are further classified intedrwater and tension water. Tension
water in the upper zone is water which when addedty soil, does not leave the zone.
Water in the upper zone enters from precipitatioough permeable soil areas. Lower
zone tension water is considered to be water wisitield by molecular forces to soil
particles (NWSRFS User’s Manual Release 81, 2005).

The effect of evapotranspiration on soil moistwécluded in the model by

calculating a balance of evapotranspiration denvatidavailable soil tension water in



the upper zone, with excess moisture supplied ldgnia the lower zone. Free water can
also be lost from the upper zone to the lower zmsed on the nonlinear percolation rate

b
S2+S,*Sis Sta

I - I I 1'
0 max S } S } S
maxvz fmalxv2 f

(1)

max 3 fmax 1

where } is the minimum percolation rate under fully satedaconditions, jax is the
maximum percolation rate,is a curve-fitting exponent; Ss the free water storage
capacity for the upper zone (1), the fast basetiomponent of the lower zone (2), or the
slow baseflow component of the lower zone (3), &nb the tension water storage for
these same zones (Koren, Smith, Cui & Cosgrove7200

When tension water in the upper zone is at capacihoff can be produced
through five methods: from impervious surfacesliogct runoff from water flooded
areas, from surface runoff when upper zone freematalso full and when precipitation
exceeds percolation rates, interflow from lategger zone drainage, or from primary

baseflow (RDHM User Manual v. 3.0.0, 2009). Thisoti can be conceptualized as q

rSf J
ql - Dt

(@)

where & represents the linear free water reservoirs fei thifferent water storage zones
mentioned previously; s the constant depletion coefficient for eacleresir and tis
the time interval (Koren, et al., 2007). More dsteegarding these concepts can be

found in the HL-RDHM user’s manual v. 3.0.0 (2009).

2.2 Hydraulic Models

Hydraulic models are based on the solutions t&th&enant equations

(described in more detail in the next section)alzalate open channel flow. The most



commonly used of these models are either one-diimeaisor two-dimensional. Even
one-dimensional models require inputs of crossi@eat geometry, roughness, and
boundary conditions, while fully two-dimensional d&ds require inputs of topography,
roughness, wind resistance, and boundary condit@mrsolution of the 2-D St. Venant
equations, typically via a finite element approaéfai (2009) describes how, although 2-
D hydraulic models provide satisfactory resultg, dlata coverage requirement, the
inability to rapidly adjust these models to assegshment or river channel change, and
the computational demands of 2-D models all sesvdrawbacks to their
implementation. Instead, a 1-D model is often usedetermine stage, which is then
interpolated in a GIS system to produce a flood.map

Widely used hydraulic models include Water Quatihalysis Simulation
Program (WASP), CE-QUAL-W2, Environmental Fluid ynics Code (EFDC), EPD-
RIV1, Hydrologic Engineering Center — River Anal/8lystem (HEC-RAS), MIKE11 (a
1-D model), MIKE21 (2-D model), and SOBEK (Bertét,al., 2011; Debele et al., 2006;

Haghizadeh et al., 2012; Horritt &Bates, 2002).

2.2.1 Mathematical Foundations

The underpinnings of these models are the consenvat mass and momentum
for a shallow water control volume. In one-dimemsithese are expressed by the
continuity equation:

E-}-ﬂ_A\:O (3)

ix 1t
where Q is the discharge, t is time, x is the clkhdistance, and A is the cross-sectional

flow area, as well as the momentum equation:
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where g is gravitational acceleration,i$the channel bottom slope andssthe friction
slope.

These two equations taken together are the St.\fegmations, upon which
hydraulic models are based. The first term is ¢leall acceleration, the second accounts
for convective acceleration, the third is the puesdorce term, and the fourth and fifth
are the gravity and friction force terms, respesitiv Those models which simplify these
equations to only the rightmost two terms (graeity friction forces) are known as
kinematic wave models. Diffusion wave models &ese which include all but the
inertial terms. Those models which solve the 8illVenant equations are known as

dynamic wave models (Bedient, Huber & Vieux, 2008).

2.2.2 HEC-RAS

HEC-RAS is a product of the United States Army GaspEngineers Hydrologic
Engineering Center and is “an integrated systesofifvare...comprised of a graphical
user interface (GUI), separate hydraulic analysismonents, data storage and
management capabilities, graphics and reportinigities” (HEC-RAS User’'s Manual
Version 4.1, 2010). The program code is public donsoftware available as a free
download from the HEC website.

HEC-RAS computes hydraulic analysis componentstiady flow which
involves solution of the one-dimensional energyagiqun, unsteady flow through the full

solution of the 1-D St. Venant equations or dynawswe, and sediment transport.
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Using implicit finite differences, Equation 3 is@pximated for channel and floodplain

(out-of-bank) flow as

DA _
DXC DL Qf 5)

for the exchange of water from floodplain)(qvhere Q is channel flow, Ais channel;

cross-sectional area, is the distance along the channel, and t is tand,

DA %_— —
DXC Dt +Dt qc ql (6)

for the exchange of water from channe)(where Qis flow in the floodplain, S is
storage in non-conveying portions of the floodplaind gis the lateral inflow per unit

distance. These equations are then combined andunged to give

[)cng[A[)><c —AfDx +§Dx Q=0 )

where Qis the average lateral inflow, which is the couatiy equation solved for by the
HEC-RAS functions (HEC-RAS Hydraulic Reference Maindersion 4.1, 2010).
Similarly the momentum equation as given in Equatias rewritten for the channel and
floodplain components, assuming the same wateaseidlevation in the channel and in
the floodplain. Approximating the momentum fluyes unit distance for both the

channel and floodplain using finite differenceslgseEquations 8 and 9

Q. , D{v.Q.)
Dt Dx

Dz
+ Ac E"‘Sfc =Mf (8)

C C

= +D(\Sx?f)+gﬁ %*5“ =M. ®)
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where V is the velocity either in the channel oofiplain, g is the acceleration due to
gravity, and $is the friction slope of their the channel or flewdplain. These can be

combined and simplified into Equation 10,

DD +Q D), 1y

= HVQ)+ gADz+ gASDx, =0 (10)

where is the velocity distribution factor, A isiAA;, Xeis the equivalent flow path,
and $represents the frictional slope for the whole sresction. At junctions, additional

momentum from the entering tributaries is addethi®equation as M

= x Y
M, =x=— (11)

where is the fraction of momentum entering the mainrisiegannel, Qis the lateral
inflow, and V\ is the lateral inflow average velocity. This iglad to the right side of
Equation 10 to form a complete momentum equatiomfalti-reach models. More
details on these equations and the methods HEC+4RASto solve them can be found in
the HEC-RAS Hydraulic Reference Manual.

HEC-RAS is well-tested and in use by the Nationaaier Service for hydraulic
modeling as a part of the Community Hydrologic Rreon System (CHPS) (Roe, Dietz,
Restrepo, Halquist, Hartman, Horwood, Olsen, O@tedd & Welles, 2010). However,
this model makes many simplifications, includingttiow can be represented by a mean
velocity in a cross section, that the water surfadeorizontal across the cross section,
that vertical acceleration and complex floodpldawk can be neglected, and that
Manning’s equation can be used to approximate umiftow (Pappenberger, Beven,

Horritt & Blazkova, 2005).
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2.3 Importance of Lateral Inflows

Due to the aforementioned assumptions made by tieinmany of the
uncertainty quantification studies examining flomvedeled in HEC-RAS have focused
on the determination of roughness coefficientsweler, Pappenberger, et al. (2005)
mention in their study that boundary conditiongpthy a role in the uncertainty of a
model, in that a downstream boundary can determirether flow in the main channel is
channel flow dominated or floodplain dominated rdey to match the water balance at
the downstream boundary condition. This has ingmrimplications for flood mapping.

Scharffenberg and Kavvas (2011) explored uncegtama kinematic wave
hydraulic model for a stream with lateral boundeosyditions. They define this lateral
boundary condition as “the difference between fgtream boundary condition and the
downstream result”. This can be applied uniforallyng the channel, or as the authors
do, modeled as a computed flow ratio. Importantgy state that “boundary condition
uncertainty is quite broadly the most significamtiice of uncertainty” and that “the
effect of uncertainty in boundary conditions mayble the total uncertainty compared to
the routing parameters alone”, however, studiegiantify this effect are not widely

found in the literature.

2.4 Coupling of Hydrologic and Hydraulic Models

It is common to use a one-dimensional hydraulic exadupled with GIS to
produce inundation maps, but it is also quite commeocouple hydrologic and hydraulic
models for simulation use. There are three maiel$eof this coupling: full coupling,
internal coupling or tight coupling and externala@vse coupling (see Haghizadeh, Shui,

Mirzaei, & Memarian, 2012, or Betrie, van GriensyBtohamed, Popescu, Mynett &
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Hummel, 2011). Full coupling involves completeoraulation and solution of the
governing equations, while tight or internal conglinvolves solution of all model
equations, and then iterative updating of sharedeindata (Haghizadeh, et al., 2012).
The most basic is loose, or external, coupling lmctv two models exchange data via an
external intermediate program, which does not changdel code and is a lower cost
procedure (Betrie, et al., 2011).

According to Nunes Correia, et al., (1998) thet fafforts in coupling hydrologic
and hydraulic modeling for inundation mapping puwg®was the creation of HEC-SAM
(Spatial Analysis Methodology) by the Hydrologicdimeering Center in 1975, which
combined the HEC-1 hydraulic model and kinematigeveuting with a GIS grid.
Recently, combining hydrologic models with hydrautiodels to simulate backwatering
or looped rating curves has been examined for system modeling.

Debele, Srinivasan & Parlange (2008) externalligdohthe hydrologic model
SWAT with the two-dimensional hydrodynamic CE-QUAY2 model, by simulating
upland water quality variables and using the tiemes outputs from this model as inputs
to the hydrodynamic model. Most of the observetd gaere reproduced in this study,
and failures to reproduce some results were at&@to poor quality of input data for
some modeled water quality constituents and emapggation in calculations. Mai
(2009) coupled the WetSpa distributed hydrologidetavith HEC-RAS for the
simulation and flood prediction of a flood-proneen basin in central Vietham, both of
which were calibrated and validated, and showedl ggweement with observed peak

flood levels.
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Lian, Chan, Singh, Demissie, Knapp & Xue (2007kéid the hydrologic model
HSPF with the one-dimensional hydraulic model UNE®rder to capture the
complicated hydraulics of the lllinois River. Thegmpared the linked model and HSPF
alone to see how well the models reproduced hestbfiows. Their work found a
decrease in error of simulated flood peaks as cosdpta observed peaks, and slight
increases in efficiency of the coupled model ifydanonthly and annual flows, though
this decreased with increasing time period. Tihsdgdies show the possible

improvements that can be realized through modeblooy

2.5 Inundation Mapping

One of the most basic methods for inundation map@msing a 1-D hydraulic
model to generate a water surface elevation atendocation, which is then
extrapolated across a digital elevation model (DEM)etermine which areas would be
inundated during a flood event. Wang (2002) usedsured surface water heights at
USGS gauges projected over a DEM to representdid@adeas in the Tar River Basin
during Hurricane Floyd. The benefits of this metheere the reliability and accuracy of
the flood extent, as verified by satellite imagesiynple and cost-effective methods in
creating the map, and easy creation of scenaripgdirextly observed, but that might be
of interest for planning or management decisionink However, these data must be
updated to reflect changes in land use, annualgt&iion and changing inundated or dry
areas during a flood event to maintain accuracy.

The next step in model coupling using a 1D modéiésuse of a GIS system to
create inundation maps from a water surface. typ@al engineering study, Chang, Hsu,

Teng & Huang (2000) linked a 1-D hydraulic modethwa 2-D diffusive overland model
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in the floodplain to simulate flow and inundatiar L00-year and 200-year 24-hour
design rainfall, using GIS to determine paramefi@rshe model as well as to estimate
inundation levels across the watershed. This gardition was suitable to make
engineering design recommendations for possibledation proofing methods to be
undertaken in the watershed.

Nunes Correia, et al., (1998) coupled a GIS systmtwo different hydrologic
models (one lumped and one distributed), as well fagdraulic model to correctly
represent backwater effects in the catchment. Tioégd a weakness of GIS systems for
mapping being that there is no easy or effective Wwwgrocess or display time based
processes in GIS. This means that creation oha series of data requires separate
processing for each time step, increasing the atufumork required, especially if the

model is coupled more tightly from start to finishstead of more loosely.

2.6 Previous Studies of the Tar River Basin

Bales and Wagner (2009) examined the uncertaintyl\ied in inundation
mapping, focusing on the storm event during Hurmec&loyd in 1999 in the Tar River
Basin in eastern North Carolina. They found drasidsan using a 1-D hydraulic model,
namely that for complicated channel geometry, #sumption of a uniform water
surface across a cross section may not hold ibsscsection crosses multiple channels,
and that uncertainty increases with distance floennbain channel in low basins with
multiple tributaries, however good agreement betwaeserved and simulated stage and
discharge was also found.

Colby, Mulcahy & Wang (2000) also studied inundatioapping in the Tar River

Basin after Hurricane Floyd, through generatioa ofater surface profile in HEC-RAS
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and linkage with a GIS system through the ArcGl&esion HEC-GeoRAS, as well as
through interpolation of measured water surfaceréate an inundation profile on a
DEM. This study found that both methods betteresented actual flooding as recorded
by aerial photographs than did estimation of flabdeeas from flood insurance maps
showing probability of inundation based on recuceemterval. The authors suggest the
accuracy of the mapping is limited to the estimaedr of the DEM used, and qualify
their results with the observation that “standaethods have not yet been developed for
qualitatively evaluating the horizontal extent laididplain boundaries.

Van Cooten et al. (2011) simulated flooding in Tie@ River basin by linking HL-
RDHM with the two-dimensional ADCIRC model. Theyuhd good agreement between
total water level and significant wave heights be#wthe modeled and observed data,
especially at high-flow events. One difficulty emntered in this project was that HL-
RDHM is a hydrologic model which cannot considechvaater effects, which is
especially important in a system such as the TeeRihere tidal effects can be seen far
upstream, and where storm surge can play a pédading. The authors suggest the
possibility of having the hydrologic model proviaguts to a hydraulic model, which
can then be linked to the hydrodynamic model, eubtef extending the hydrodynamic
model far upstream of where storm surge would ledipted.

Cepero-Pérez (2009) obtained and georeferencedcaR#&S model for the main
channel of the Tar River. This study examinedabidity of a steady state hydraulic
model to reproduce inundation due to Hurricane éloyhe study found that the
accuracy is higher closer to the upstream bounaladydecreases in the lower parts of the

reach, which was attributed to error propagatiothexdownstream direction.
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3. Methods
3.1 Study Area

Located in eastern North Carolina, the Tar Rivey itmheadwaters near Oxford,
NC, and becomes the Pamlico River at Washington, N€tording to the North
Carolina Division of Water Quality [NC DWQ)] (201Gje Tar-Pamlico River basin is
the fourth largest in the state, and covers a tft6]148 miles from its origin in north
central North Carolina in the Piedmont physiograrea to where it empties into the
Pamlico Sound. Of the land in this watershed, tnadir (55%) is considered wetland and
forested area, with a bit less than one third (28%4le land used for agriculture, while
the remaining 7% is classified as developed larid¢hvoccurs mostly in the towns of
Rocky Mount and Greenville (NC DWQ, 2010).

Only one-third of the basin is located within thedPont, which is characterized
by easily eroding soils and underlying rock witidi water holding capacity. Streams
here have low summer flows and there are few nidtakas. Waters in the Coastal Plain,
which is comprised mostly of deep sands with higlugdwater storage capacity,
comprise a majority of the watershed and are tggifiy swamps and estuaries, with
many slow-moving streams. Even the Tar River ig thgion can experience saltwater
intrusion, due to the combination of low topograamg wind and tidal effects. There
are over 2,500 miles of mapped streams within thtegghed, and many more
intermittent or ephemeral waterways. The Tar Rbasin can be subdivided into five
sub-basins, which are, from most upstream: UppeRN&er sub-basin, Fishing Creek
sub-basin, Lower Tar River sub-basin, Pamlico Rawdy-basin, and Pamlico Sound sub-

basin (NC DWQ, 2010).
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The focus area of this study concentrates on thai&3 of the Tar River between
Tarboro and Washington, NC, known as the LowerRiger sub-basin. Four main
tributaries of the Tar in this sub-basin were askected for modeling as part of this
study: Town Creek, Conetoe Creek, Grindle CreekTaadters Creek. This area of the
basin is shown in Figure 1 below. Current NWS laydic models used in forecasting
only cover the basin down to Greenville, and smdbencompass the extent of the
modeling used in this study. This means curregeiyerated inflow calculations are not
suitable for use in this modeling scheme. Thiggmtoexamined a finer scale than what is

currently modeled, at a further downstream andlyidafluenced location.

FR /\/\15 /// N .
™~ \ N Lower Tar River Watershed

\ / \N/g | et | and Selected Tributaries

ij

AS) L ﬂ‘\\ 0
ring.Hope B y \ L
\b\f ) ockyuioun: \ o~
/\2 / pGECOmMBe  (arbBr0g5gg3500 \/ J/
Sharpsburg Y /
\l_
Rlver // S &Q; | \—&/ L
e XY T Town Creek Q;O L MARTIN
- 0203640 900208378372__ 75,
- ~ \ 7eg,
— NN %1
\\\10/ ; TN
N hlkland 2 LA
WILSON S \ ) Q
e
{ Grin, 3
02083893 %Cfeek §

)

S Gréeenwyleg2084000, AN L N
— /// PITR— S mpaQ 0208 ar ]
R ‘
" oD 02084472/
<)§ﬁ%ﬂi¢\ is} 3 lhas : ton( b
1\\# { ’v//h b _
) 4. e X

BEAUEORT

=

\
0 25 5 10 15 20
-—— Miles d N
V™
o
AR

Figure 1: The extent of the main stem model from Tidoro to Washington,
NC is shown in dark blue, with the tributaries modéed shown in purple. The
current basin forecast extent is shown in orange. 8GS gauges are also shown.
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3.2 Study Time Period

The flood of record for this basin, as well asrfarch of eastern North Carolina
was that which resulted from Hurricane Floyd int8emer of 1999. During the summer
of 1999, much of North Carolina was in a severaidhd, with only 2.75 inches of
rainfall in Wilmington and 6.39 inches in Raleigitorded during the previous 12
months. On September 5, Tropical Storm Dennisgabasross the state, dropping up to
7 inches of rainfall in parts of the Tar River ma@ales et al., 2000). Floydwas a much
larger hurricane, and made landfall only 10 daterlas a Category 3 storm with 130
mile per hour winds near its eye and tropical stioroe winds which extended out
across its entire 580 mile span (Herring, 200@m& parts of eastern North Carolina
received around 60% of their yearly average tataifall in only two weeks, due to the
passage of Hurricanes Dennis and Floyd (Colby, Buwc& Wang, 2000), with over 15
inches of precipitation falling over much of therRiver basin. A map of the

precipitation from the National Weather Service Ev@ummary is shown in Figure 2.

8 12

Hurricane Floyd Precipitation
Updated 2010/09/22

Total Precipitation less than 2 inches
I Total Precipitation of 2 to 4 inches

I Total Precipitation of 4to § inches

Il Total Precipitation of & to 12 inches

I Total Precipitation of 12 to 16 inches Data analysis - Phillip Badgett

Il Total Precipitation of 16 inches or more Graphic - Jonathan Blaes
Precipitation amounts reported in inches. 3 HWS Raleigh, HC
Analysis based on observed rainfall and radar estimates www.erh.noaa.govirah

Figure 2: Precipitation in North Carolina due to Hurricane Floyd. Some of
the heaviest precipitation occurred in parts of theTar River basin on September 16,
1999.
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Hurricane Floyd resulted in 52 deaths and an egn®6 billion in economic
losses (Bales, et al, 2000). The severity of themshas made it the storm of record and
source of study for many projects involving floodaeling and mapping.

Another large and well-documented period of flogdatcurred during the summer
of 2006. In their Event Summary, the National VieatService office in Raleigh, NC
(2009) describes how Tropical Storm Alberto canteoes near Keaton Beach, Florida on
June 13, 2006 and weakened to a tropical deprebsine interacting with a shortwave
trough and dumping heavy rains across much of @eNorth Carolina on June 14. A
map of the precipitation from this storm eventhswn in Figure 3 below. This figure
shows the locally heavy rainfall that occurred, sahwhich was at the headwaters of

the Tar River.

Tropical Sterm Alberto
Preliminary - updated 2006:0616
Total Precipitation of 1 inch or less
I Total Precipitation of 1 to 2 inches
Total Precipitation of 2 to 4inches
Il Total Precipitation of 4to 6 inches Data analysis - Phillip Badgett
I Total Precipitation greater than 6 inches Graphic - Jonathan Blaes
Precipitation amounts reported in inches. 3 HWS Raleigh, HC
Analysis based on observed rainfall and radar estimates www.erh.noaa.gowrah

Figure 3: Precipitation in North Carolina due to Tropical Storm Alberto,
which dumped heavy rains over the central region othe state on June 14, 2006.
Two months later, Tropical Storm Ernesto came ashothe southern coast of
North Carolina on August 31, 2006 and moved nortdvezross the state, with some of

the heaviest rainfall occurring in the Tar Riverterahed near Greenville, NC. The

general track of the storm follows the band of lyganecipitation seen in Figure 4 below.
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Precipitation across western HC
developed in response to the

interaction of Ernesto and an
upper level jet.

Tropical Storm Ernesto Total Precipitation
Updated 20060907

Total Precipitation less than an inch

I Total Precipitation of 1 to 2 inches

Total Precipitation of 2 to 4inches

Il Total Precipitation of 4 to § inches Data analysis - Phillip Badgett

I Total Precipitation of § inches or more Graphic - Jonathan Blaes
Precipitation amounts reported in inches. a HWS Raleigh, HC
Analyzis based on observed rainfall and radar estimates www.erh.noaa.gowrah

Figure 4: Precipitation in North Carolina from Trop ical Storm Ernesto, which
made landfall on August 31, 2006.
The multiple heavy storm events during the sumoh@006, although without
post-event studies at the level of detail of thoseducted after Hurricane Floyd,

provides a good opportunity to test the abilityadiydrologic-hydraulic model system to

simulate other large events.

3.3 Models Used

In this study, a hydrologic model (HL-RDHM) was &mdy coupled with a
hydraulic model (HEC-RAS) with different numbersooinnections in four distinct
scenarios to explore the effect these scenariohane on mapping and stage and flow

accuracy. A schematic of the model linkages issshbelow, in Figure 5.
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Discharge Surface Flow Subsurface Flow

DSS processing

|¢

Upstream and downstream

Trib Input Point Lateral Uniform Lateral boundary condition

HEC-RAS

|¢

Water surface profile GIS data export

Hec-GeoRAS (ArcGIS)

|¢

Flood Map

Figure 5: Flowchart of models, programs, and theigenerated outputs used
in this study.

3.3.1 HL-RDHM

Outputs were generated from a run of HL-RDHM fag Whole Lower Tar River
sub-basin. The parameters used for HL-RDHM run®wased on a-priori parameter
estimates combined with information from calibrali@ehped parameters used at the
Southeast River Forecast Center and some manustadnts to potential
evapotranspiration parameters to improve multi-geasonal and overall bias statistics.
It was not possible to do a comprehensive hydrologpdel calibration given the
resources available for this study. Two sets th daere generated: one from September
1, 1999 to December 1, 1999 for the simulatiorladding due to Hurricane Floyd and
the other from June 1, 2006 to October 1, 2006Hersimulation for Tropical Storm

Alberto in June and Tropical Storm Ernesto in AuguEhese runs generated hourly
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discharge, surface flow and subsurface flow data fg-HRAP grid, or 2 by 2 km cells.

The calculation method of these flows is descripexViously in Section 2.1.1.

3.3.2 HEC-RAS

Previous work involved development and calibranba HEC-RAS model for
the main stem of the Tar River between Tarboro\Waghington, NC (Cepero-Pérez,
2011; Reed, 2010). The model contained 103 crexd®ss, three of which were
interpolated. Cepero-Pérez (2011) explored theceffof using Manning’s n values
corresponding to land cover types obtained frompdiaugy a digital map to improve
simulations for the same time period by spatialiyying roughness, but did not see a
significant difference between the more complexade and using a simplified scheme
where channel and floodplain roughness did notghatong the reach. That study
suggested using a calibrated distributed modetéteate lateral inflows to the model as
a way to improve simulation results. For the pggpof this study, the varied Manning’s
n values were used. The calculation of flow by HEES is described previously in
Section 2.2.2.

Additional models were obtained for the four trigmigs from engineering studies
conducted by the North Carolina Floodplain Mapdirggram (NCFMP). A HEC-RAS
model for the upper reach, plus two HEC-2 modeidHe lower reach were obtained for
Town Creek, which, when combined had 170 crosssect One HEC-RAS model with
151 cross sections was obtained for Conetoe Caeekiwo HEC-RAS models, one
detailed and one limited in detail was obtainedGoindle Creek, with 151 cross

sections. One limited detail HEC-RAS model with 88ss sections was obtained for
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Tranters Creek. Manning’s n values and bank stdtications for the tributaries were

assigned as a part of these engineering studies@mdnot modified.

3.4 Processing Steps

Although a calibrated model existed for the maemsof the Tar River for the
study area, several steps had to be taken to aeatsti-reach model suitable for
inundation mapping. The HEC-RAS models obtainechfNCFMP for Town, Conetoe,
Grindle and Tranters Creeks did include surveyeds:sections with station and
elevation data, but the stream centerline wasaggsitrline, and thus unsuitable for
generating an accurately oriented flood map. Thdsatary models first had to be
georeferenced to match the spatial orientatiometiue stream channel, and then
incorporated into the pre-existing main stem madereate a multi-reach model capable

of simulating floods in the whole Lower Tar Rivertsbasin.

3.4.1 Georeferencing and creation of a multi-stem h  ydraulic model

Shapefiles of the tributary channels and cross@sectvere obtained from
NCFMP and were imported into ArcGIS. Using the HEEoRAS interface, the river
channel and cross sections were digitized for é&dohitary, and then exported using the
“Export RAS Data” function. In the Geometric Datandow in HEC-RAS, these GIS
data were imported into an existing, non-georefegdimeach, using the “Match to
Existing” feature. Examples of geometry for Come@reek before and after
georeferencing are shown in Figure 6. A more detapexplanation of georeferencing

steps used here is included in Appendix A.
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Each tributary and its cross sections were addedsimilar way. In the
Geometric Data window of the main stem Tar mod&C-RAS Data was selected using
the Import Geometry Data function. A junction veaikled to connect the tributary
channel to the Tar River channel, in between csestions determined by visual
inspection of the stream network in ArcGIS. A dnoabss section was added near the
junction, in order to minimize calculation errongedto a long downstream length
between the last surveyed cross section on aarpand the junction with the main
channel of the Tar River, a distance which couldderal miles. This full, multi-stem
model contained 800 cross sections, 59 of whicleweerpolated. The completed,

multi-stem model is shown below in Figure 7.
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3.4.2 Creation of inputs to HEC-RAS

A shapefile representing the ¥2-HRAP grid and flathpnetwork for the basin
was obtained, on which stream centerlines and nwdsb sections were overlaid in
ArcGIS. Cells which made up the stream and triyuthannels modeled with the
hydraulic model were identified, and a new shapefiith one point in each cell was
created. This shapefile was used for extractiadloRDHM data calculating surface
and subsurface flows, as described in more detédliowing paragraphs. An example
of this shapefile is shown as “Surface and Subsarfdow Points” in Figure 8. Points
immediately adjacent to these channel cells wese atitten to shapefiles for use in
generating discharge from HL-RDHM, and are showthas'Discharge Points” in
Figure 8.

In the shapefile properties, afield was createdethtid”. This was manually
edited and points were assigned “Id” numbers shahgoints sharing the same “Id”
number corresponded to the same HEC-RAS inputhisnwvay, multiple grid cells
would be summed together to represent surfacelmusiace flow applied to a single
channel or flow from an area contributing to a &rigteral inflow. “Id” categories and
areas of grouped inflow were determined from visagection in ArcGIS. An example
of the HRAP grid (color-coded to show cell typeher channel or hillslope), stream

network and points for inflows of different typessshown in Figure 8.
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Figure 8: Example of HRAP grid for RDHM, for Conetoe Creek showing
different types of input points as distinct shapefes.

A Python script was written to generate a .txt édmtaining a list of cells and
their HRAP coordinates grouped by “Id” number. eesnd Python script then took the
groups and coordinates and generated a sum ofadggsurface flow or subsurface
flow, as specified by the user for all cells inrawgp. This time series was then saved in a
HEC-DSS compatible file, which could be input dsoandary condition in a HEC-RAS
simulation. For upstream boundaries and poinowél, discharge time series at a point
were used. For uniform lateral inflows, surfacd anbsurface flow and discharge time
series were summed using the Math Functions in IBESS-to create a single time series
to be used in the model as a lateral inflow. Theber of these inflows varied for the

different scenarios examined, as discussed ingkegection
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3.5 Scenario Description

Four different scenarios were created using diffecenfigurations of lateral
inflows and different model complexities. The fiesmd most basic scenario was the
calibrated main stem model with only upstream amrtstream boundary conditions
from observed USGS data, no lateral inflows. Thgsstream and downstream
boundaries were used consistently throughout théehrgzenarios. This was considered
the simplest and most basic of the scenarios. Sdfismatic is attached on the next page
in Figure 9. This was the only scenario of therflaunot have a similar total flow at

Greenville for this study period.
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Figure 9: A conceptual map of the Lower Tar sub-basin with iputs configured as Scenario 1.



The second used the same main stem model, busespesl the outlets of each of
the four tributaries as point inflows, represernteHIEC-RAS as lateral inflow
hydrographs, using data generated from RDHM. Tisehdrge from grid cells, whose
flow entered the main channel of the Tar betwedntary inputs, summed with the
surface and subsurface flow calculated from forZtken grid cells considered part of the
“channel” in RDHM as uniform lateral inflows, wasogeled in HEC-RAS as a uniform
lateral inflow along the channel between the t@oyinflows. This model included 5
lateral inflows, which added inflow from areas aging 193.6 krhand 4 point laterals,
with drainage areas averaging 358krfThis scenario most closely represented previous
model testing and set-up as obtained from the NW38s schematic is attached on the

next page in Figure 10.
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Conceptual Map: Scenario 2
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Figure 10: A conceptual map of the Lower Tar sub-bsin with inputs configured as Scenario 2.



The third scenario used the multi-stem HEC-RAS rmae again represented
the flow entering the channel between tributarddea to the surface and surface flow
along the channel as uniform lateral inflows. Asstneam inflow point for each tributary
was designated by inspection of the grid, and tbehadrge calculated by RDHM from
this cell was designated to be the upstream boyratdhis point. Any cross section
upstream of this point was eliminated. Each ofghe cells which flowed into the
tributary channel, as well as the surface and stdoseiflow calculated for the grid cells
which made up the tributary channel in RDHM wermmed and applied to the HEC-
RAS tributary model as a uniform lateral inflow feach tributary. This model included
runoff from 5 lateral inflows, which added infloloag the main stem from areas
averaging 193.6 k4 upstream inflows to tributaries whose drainages averaged 59
km?, and uniform lateral inflows along the tributarfyaverage drainage area 299%kn

schematic of this scenario layout is attached em#xt page in Figure 11.
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Conceptual Map: Scenario 3
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Figure 11: A conceptual map of the Lower Tar sub-bsin with inputs configured as Scenario 3.



The fourth, and most complex scenario maintainedsdime configuration of
lateral inflows on the main stem of the Tar Riv&he tributary models maintained the
same inflow conditions, but via visual inspectidritee RDHM flow network, the cells
which contained major inflows to the tributariesreveelected to be point inflows, with
the idea that these would represent inputs frononteputaries of Town, Conetoe,
Grindle and Tranters Creeks. Three such inflomsewdentified for Town, Conetoe, and
Tranters Creek, with one inflow along Grindle Credlhe remaining cells whose waters
entered the tributaries, along with the surfacesraburface flow from the tributary
channel cells were summed and applied to the raacimiform lateral inflows along the
tributary. This simulated runoff from 5 lateraflows along the main stem from areas
averaging 193.6 kM4 tributary inflows to the upstream of each ttédsy model, which
averaged drainage areas of 5%kand uniform lateral inflows along the tributary o
average drainage area 126%and tributary point inflows of an average of 98 RAT of
drainage area to Town Creek, 403anerage point inflow to Conetoe Creek, one point
inflow of 24 knf along Grindle Creek, and point inflows averagingké# to Tranters

Creek. A schematic of this scenario layout iacted on the next page in Figure 12.
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Conceptual Map: Scenario 4
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Figure 12: A conceptual map of the Lower Tar sub-bsin with inputs configured as Scenario 4.



3.6 Adjustments

After importing some cross sections to HEC-RAS adding the tributary models
to create a multi-reach model, it was observedgbate cross sections overlapped,
especially where tributaries were added to fornmtiodti-stem model. To prevent
miscalculation due to overlapping cross sectidms Jéngth of overlapping cross section
was measured in ArcGIS. The length to be cut veasrchined from visual inspection in
ArcGIS and measured using the “Measure” tool. Thiesendpoint of the cross section
selected was shortened in HEC-RAS by the measumed at.

Another problem encountered was that some of thescections generated from
the HEC-2 model for Town Creek were oriented backiwavhen viewed in HEC-
GeoRAS. Since few cross sections were affectecharizbtter data were available to
validate how the cross section should be orierteslwas easily fixed by right clicking
on a cross section in the Geometric Data window,sstecting “Reverse XS Stationing”.

In order to create a stable model run, model gegnheid to be adjusted by
adding interpolated cross sections along sectibnsaches where surveyed cross
sections were far apart and where the change vateba was relatively steep. Seventy-
three cross sections were interpolated on TownlkCae on Conetoe Creek, and one on
Tranters Creek. Another area of adjustment wtgg minimum flow levels at the
upstream-most cross section of some channels.vaiydow flow during some periods
of low flow, combined with areas of steep relieh@aeate instability in the model. By
specifying minimum flows of 100 cubic feet per sed@t the top of Town Creek and

Grindle Creek, enough flow is maintained in thersteds to keep the model calculations
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stable, while not enough to generate overbank flowsnimum flows of 400 cubic feet
per second, 100 cubic feet per second, and 10@ ¢esii per second were applied along
the first, second, and third segments of the m@m snodel, respectively, to ensure
stability of the model for the 2006 simulation peti An explanation of model set-up

and simulation is more fully described in AppenBix

3.7 Generating Inundation Maps

After a simulation was run, post-processing wasgoeted in HEC-RAS to
generate water surface profiles. This generatedtar surface profile for every selected
time period, set for one hour in this study, ad agla “maximum water surface” which
included the maximum water surface height at eagfscsection. For inundation
mapping, this maximum water surface was the profied to create the water extent.
Using the Export GIS data function in HEC-RAS, thaximum water surface profile
was exported for each scenario. Then, HEC-GeoRAEtibns are used to generate
layers. GeoRAS then imported layers, which arectbes sections, stream channel, and
a bounding polygon, which was set as the extettiemapping. The inundation
mapping function then generated a water surface ffésh which the terrain DEM was
subtracted, and a raster of flood depths was ateaifhis terrain was obtained from the
20 foot resolution LIDAR data available from the N@P website. A more complete

description is included in Appendix C.

3.8 Validation Data

Hourly stage and discharge data, where availaldes wbtained for USGS stream

gauges along the main stem and tributaries beirdgfad. The stage and flow records
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on the tributaries of the Tar River (Conetoe, Toamg Tranters Creeks) were only used

in the scenarios involving the multi-stem modatgcsi this was the only time flow was

simulated for these reaches. The data were adjtsteevation using the datum

provided for each gauge to allow comparison with\later surface elevation modeled in

HEC-RAS. These records were used to validate staddlow simulations performed by

the model both during the Hurricane Floyd simulasi@and model run encompassing

flooding due to Hurricane Alberto, depending oraedatailability. A shapefile of the

locations of these stations was obtained from NGA@HD, and when combined with

georeferenced model data, the stream gauge wabewait the closest model cross

section to allow comparison with simulated datalisAng of this information is included

in Table 1.

Table 1: USGS Gauges for Observed Data

Gauge Parameters Dates of Simulations RS.
Gauge Name . Location
Number Measured Operation Used .
in Models
Tar River at US Main
264 Bypass Near 02083893 Stage 06/2:2/82223 B Alberto Channel
Rock Springs, NC P 131841
10/01/1984 — Main
Tar River at Stage, present (stage) Floyd,
Greenville, NC 02084000 Discharge 04/23/1997 — Alberto Channel
104466.6
present (present)
Tar River at SR Main
1565 near 02084173 Stage 05/033/822[%3 - Alberto Channel
Grimesland, NC P 30339.3
Conetoe
Conetoe Creek at Stage, 07/01/2002 —

Conetoe, NC 0208378372 pischarge 06/30/2003 Floyd ggg';
Town Creek at Town
US 258 Near 02083640 Stage o zf’észgr?f - Alberto Creek
Pinetops, NC P 36880
Tranters Creek at Tranters
SR 1403 near 0208436195 Stage 06/2r4e/52(§)r?t3 B Alberto Creek
Washington, NC b 40104
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In order to quantify the fit of the model to obseshdata obtained from the gauges
for each simulation, the index proposed by NashQutdliffe (1970) was employed to

characterize the efficiency of a model in reprodgadbserved values. This formula is

(xmodel ) xobs)2
(xobs- Xobs)2

where XnodeliS the simulated stage or streamflow at each hmarval, XopservedS the

NSE=1- (12)

USGS observed stage or streamflow, agglekeqd,With values closer to 1 indicating a
better “fit”.

Additionally, since this project focuses on inutoia applications, a modified
Nash-Sutcliffe efficiency, as proposed by Guex @08as used to determine the
efficiency of the model at high flows or stagesc@sd by Drogue, et al., 2003, p. 911).
This method weights the higher discharges moreilyeinan the mean discharge. The

formula for this is

(xobs + ><obsXXmodeI - Xobs)2

NSH=1- —
(X obs T Xobs)(x obs ~ Xobs)2

(13)

with values closer to 1 again signifying a betterdel fit to observed data.

High water marks were surveyed after the floodinogf Hurricane Floyd as part
of a FEMA study post-event survey. A team colld@ high water marks in the
modeled basin extent, including seed, mud, andisiébes, as well as water marks. This
was a large-scale study, and the locations higlemnaarks across eastern North Carolina
extend far beyond the current forecast basinsgarad the current extent of the main

stem HEC-RAS model. The mean error for the higtemaark points was calculated as
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X -
ME — model obs (14)
n

where n is the number of observations, and the rabaalute error was calculated as

X0bs|

MAE = |xm0del -
n

(15)

Although satellite images were captured beforeaitet Hurricane Floyd passed
through the region, this was not used for validatto mapping verification due to a
number of reasons. First was the relatively logohation of the data, only available in
30x30 meter pixels. With some of the smallest ckhaross sections spanning around
150 meters, and generation of flood maps from a M resolution of 20 feet, it was
thought the coarse resolution could hinder effectemparisons between models with
only a slight difference in flooding extent. Secpadd perhaps more importantly, is the
uncertainty that arises from processing such dBtavious studies have shown that the
large amount of forested land and the inabilityhaf radar to penetrate the forest canopy

combine to create an underestimation of floodingmx(\WWang, 2002).
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4. Results

For each cross section for which there were obsetta¢a at a USGS stream
gauge, the Nash-Sutcliffe efficiency (NSE) andrimified Nash-Sutcliffe efficiency
for high flows (NSH) were calculated for each seenas compared to the observed
flows. Additionally, the percent root mean squan®r (percent RMSE) was calculated
for each scenario with each observed gauge. [eoshikerved high water marks, the

mean error and mean absolute error were calculated.

4.1 Stage and Discharge Validation for Hurricane FI  oyd
Figure 13 and Figure 14 show the observed stagé@mdrespectively, plotted

with the stage and flow simulated by each of the &cenarios.

30
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Figure 13: Stage generated from scenarios 1,2, 31ch4 as compared to partial
USGS observed stage at Greenville, NC from Septemti® November 1999.
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Figure 14: Streamflow generated from scenarios 1, 3, and 4 as compared to
partial USGS observed stage at Greenville, NC frorBeptember to November 1999.
As described in the previous section, varioussiies were calculated to

determine the accuracy of the simulations. A talblese for the simulation from
September to November 1999 for the gauges at GitkeeNC is presented in Table 2,
below.
Table 2: Table of NSE, NSH, and % RMSE for the 1998imulation period at
Greenville, NC.

Greenville Stage
Scenariol Scenario2 Scenario3 Scenario 4

NSE 0.931 0.978 0.979 0.979
NSH 0.937 0.978 0.978 0.978
% RMSE 7.64% 4.46% 4.30% 4.30%

Greenville Flow
Scenariol Scenario2 Scenario3 Scenario 4

NSE 0.944 0.968 0.974 0.974
NSH 0.953 0.969 0.975 0.975
% RMSE 5.47% 4.46% 3.97% 3.94%
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Figure 15 and Figure 16 present simulated stagélawdrespectively, as

compared to the observed data for the USGS streaigegon Conetoe Creek. There is a

period of no data where the stream gauge was oyerfition due to flooding from

Hurricane Floyd. Figure 15 notes the level ofghhivater mark obtained in a post-event

survey (Bales, et al., 2000). Not shown in Figlas an estimated a maximum daily

mean discharge 15,000 cfs for September 18, 199%a(®-Water Daily Statistics for the

Nation, http://waterdata.usgs.gov/nwis). Backwatécts from the main stem of the Tar

River can be clearly observed in both modeled steharound September 20, after the

passage of most rainfall from Hurricane Floyd.

e Observed
Scenario 3

40 7 Scenario 4

——High Water Mark

Stage (ft)

T
12 26 10 24 7 21
| Sep1999 | Oct1999 | Nov1999

Figure 15: Stage generated from scenarios 3 and 4 aompared to partial
USGS observed stage at Conetoe Creek from SeptembiierNovember 1999. The
pink line shows a post-Floyd high water mark.
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Figure 16: Streamflow generated from scenarios 3 @y as compared to partial
USGS observed stage at Conetoe Creek from SeptemlierNovember 1999.
A table of statistics calculated to determine tbeuaacy of the simulations for the

simulation from September to November 1999 forWls€6 S stream gauge at Conetoe

Creek, NC is presented in Table 3. There areattssts for Scenarios 1 and 2, since

these do not explicitly simulate tributary streaoaflor stage.

Table 3: Table of NSE, NSH, and % RMSE for the 1998imulation period

on Conetoe Creek, NC.
Conetoe Stage
Scenariol Scenario2 Scenario3 Scenario 4

NSE -- -- -3.86 -5.66
NSH - - -5.43 -7.65
RMSE -- -- 8.45% 8.82%

Conetoe Discharge
Scenariol Scenario2 Scenario3 Scenario 4

NSE - -- 0.142 0.132
NSH -- -- 0.255 0.271
RMSE -- -- 34.09% 32.04%
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4.2 Flooding Extents Modeled for Hurricane Floyd

Maximum water surface profiles computed in HEC-R#&e exported to GIS
files as described in the methods section. A [wadfi these water surfaces are shown in
Figure 17, Figure 18, Figure 19, and Figure 208cenarios 1 through 4, with the most
upstream cross section on the right of the figmekthe downstream outlet on the left.
These serve as a qualitative check of model stftitiat the water surface computed and
interpolated between cross sections is physicaligonable.

Figure 21, Figure 22, and Figure 23 show the boynaBthe maximum water
surfaces for each scenario as calculated GeoRA8nafos 1 and 2 do not explicitly
model stage on the tributaries, but the TIN gemrerdty GeoRAS for inundation mapping
is of great enough extent that some or all of tined eastern tributaries are sampled.
This predicts flooding by projecting the water sigd of the main stem at a tributary
outlet upstream along the tributary. Town Creekascovered by the TIN in these first
two models. An explanation of map generation espnted in Appendix C.

Although no validation data exist to quantify tree@racy of these boundaries,
they are presented to show the difference in tihenéx of the main stem scenarios as
compared to the multi-stem ones, and a compariEbowndaries within types. Figure
21 compares scenarios 1 and 2, which are mainrsiesels only. Figure 22 compares
scenario 3, the least complex multi-reach modéh wéspect to lateral inflows with
scenario 2. Figure 23 compares the two multi-reactels, scenarios 3 and 4.
Additional maps show the flood extent overlaid do@ographic map of the city of
Greenville, NC, and are an example of map generdiomanagement decision-making.

These are included in Appendix D.
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Figure 17: Profile plot generated in HEC-RAS for tre highest water surface at each cross section asigeated from

Scenario 1 for Hurricane Floyd.
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Figure 18: Profile plot generated in HEC-RAS for the highest water surface at each cross section asigeted from
Scenario 2 for Hurricane Floyd.
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Figure 19: Profile plot generated in HEC-RAS for the highest water surface at each cross section angeated from
Scenario 3 for Hurricane Floyd.
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Figure 21: Boundaries of flooding generated by scamios 1 and 2 Hurricane Floyd (September 1999).
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Figure 22: Boundaries of flooding generated by scamios 2 and 3 Hurricane Floyd (September 1999).
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Figure 23: Boundaries of flooding generated by scamios 3 and 4 Hurricane Floyd (September 1999).



4.3 High Water Mark Validation

Eighty-seven high water marks were surveyed afterieane Floyd in the area
covered by the models in this study. These wetainéd in a shapefile with information
about their elevation. This was compared to ti@dation elevation created in a raster
in ArcGIS at each point where a high water mark saspled for each of the four
scenarios modeled. Due to the shape of the TIBketdeby the GeoRAS processes, not
every high water mark was compared for each sa@nditie two main stem models are
unable to simulate the left-most tributary (Towre€k) and the most upstream high
water marks on the downstream-most tributary (E@nCreek) due to the shape of the
main channel and the water surface raster genei@téoe sub-basin, even though the
other tributaries are predicted because they falku this water surface interpolation.
Seventy-four high water marks were analyzed fom8des 1 and 3, and all 87 were
analyzed for Scenarios 3 and 4. Figure 24 showa@ohthe inundated area as predicted
by the first scenario. Each point on the map remmes a high water mark location. The
points are color coded based on the differencedmtvthe simulated water elevation and
the elevation of the surveyed high water mark, aides are shown in the legend.
Figure 25 shows the same points for Scenario 24r&ig6 shows Scenario 3, and Figure

27 is a map of high water error for Scenario 4.
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|:| Scenario 1
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Figure 24: Comparison of model simulated high wateat measured high water marks after Hurricane Floydfor
Scenario 1.
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Scenario 2 Difference from Observed
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Figure 25: Comparison of model simulated high wateat measured high water marks after Hurricane Floydfor
Scenario 2.
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DScenario 3

High Water Marks (# in class)
Scenario 3 Difference from Observed
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Figure 26: Comparison of model simulated high wateat measured high water marks after Hurricane Floydfor
Scenario 3.
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Flood Boundary Comparison

DScenario 4

High Water Marks (# in class)
Scenario 4 Difference from Observed
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Figure 27: Comparison of model simulated high wateat measured high water marks after Hurricane Floydfor
Scenario 4.



Table 4 presents the mean error, calculated bytequi4, and mean absolute
error, from equation 15, which represent the aayuod the inundation maps in
predicting flood height as compared to measureld wigter marks. Table 8 shows the
mean error and Table 6 shows mean absolute emgpa@d to location of the mark.
These statistics are only for the 74 high waterksiarhich all simulations had in
common.

Table 4: Mean Error and Mean Absolute Error in height of simulated high
water mark by scenario, same 74 points

Mean Error Mean Absolute Error
Scenario 1 0.89 3.56
Scenario 2 1.13 3.56
Scenario 3 1.72 3.98
Scenario 4 1.58 3.92

Table 5: Mean Error in height of simulated high waer mark by reach and
scenario, same 74 points

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Town Creek -4.75 -4.44 -4.42 -4.41
Conetoe Creek 2.25 2.55 3.77 3.74
Grindle Creek -1.24 -1.19 2.52 1.02
Tranters Creek 2.01 2.06 2.86 3.11
Tar Main Stem 0.86 1.15 1.02 1.02

Table 6: Mean Absolute Error in height of simulatedhigh water mark by
reach and scenario, same 74 points

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Town Creek 4.75 4.44 4.42 4.41
Conetoe Creek 2.93 3.17 3.77 3.74
Grindle Creek 1.24 1.19 2.54 1.76
Tranters Creek 2.01 2.06 2.86 3.11
Tar Main Stem 4.36 4.30 4.47 4.46
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Scenarios 1 and 2 had 13 fewer high water markstalthe smaller area
generated by GeoRAS. For Scenarios 1 and 2, weseonly one point measured on
Town Creek while Scenarios 3 and 4 analyzed 11.T@nters Creek, only 8 high water
marks were within the modeled area for Scenariasdl2, but 11 are included for
Scenarios 3 and 4. Table 7 gives the mean erromaash absolute error by simulation,
Table 8 shows the mean error and Table 9 shows aiesolute error compared to
location of the mark.

Table 7: Mean Error and Mean Absolute Error in height of simulated high
water mark by scenario, all available points for eah scenario

Mean Error Mean Absolute Error
Scenario 1 0.89 3.56
Scenario 2 1.13 3.56
Scenario 3 1.01 4.22
Scenario 4 0.99 4.13

Table 8: Mean Error in height of simulated high waer mark by reach and
scenario, all available points for each scenario

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Town Creek -4.75 -4.44 -4.92 -4.56
Conetoe Creek 2.25 2.55 3.77 3.74
Grindle Creek -1.24 -1.19 2.52 1.02
Tranters Creek 2.01 2.06 3.03 3.60
Tar Main Stem 0.86 1.15 1.02 1.02

Table 9: Mean Absolute Error in height of simulatedhigh water mark by
reach and scenario, all available points for eaclcenario

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Town Creek 4.75 4.44 6.04 5.37
Conetoe Creek 2.93 3.17 3.77 3.74
Grindle Creek 1.24 1.19 2.54 1.76
Tranters Creek 2.01 2.06 3.03 3.60
Tar Main Stem 4.36 4.30 4.47 4.46
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4.4 Validation for 2006 (TS Alberto) Time Period

Five USGS stream gauges were active during the tdu8eptember 2006
simulation period. The observed data from thesggawas compared with flow and
stage simulated by HEC-RAS for each of the fouledéint scenarios. The stage and flow
time series for this time period, along with Naslte8ffe efficiency (NSE), adjusted
NSE (NSH), and percent root mean squared error 8B are presented in this
section.

A graph showing the stage simulated near Rock §priNC for Scenarios 1, 2, 3,
and 4 as compared to observed data from a USG&8styauge in that area is shown in
Figure 28. The high baseflows during the Augu$t&?Period as simulated in Scenarios
3 and 4 are due to the minimum flow conditionsfeestability of this model, as
described in section 3.6. A table of statistidswated to determine the accuracy of the
simulations for the simulation from June to Septen006 for the USGS stream gauge

at Rock Springs, NC is presented in Table 10.
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Figure 28: Stage generated from scenarios 1, 2, Bd4 as compared to USGS
observed stage at Rock Springs, NC from June to Segmber 2006.

Table 10: Table of NSE, NSH, and % RMSE for the 2@®simulation period
at Rock Springs, NC.
Rock Springs Stage
Scenariol Scenario2 Scenario3 Scenario 4

NSE 0.912 0.973 0.948 0.958
NSH 0.923 0.970 0.956 0.962
% RMSE 7.71% 4.58% 5.83% 5.32%
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Figure 29: Stage generated from scenarios 1, 2, &4 as compared to USGS
observed stage at Greenville, NC from June to Septider 2006.
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Figure 30: Streamflow generated from scenarios 1, 3 and 4 as compared to
USGS observed stage at Greenville, NC for June teftember 2006.
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Stage and flow simulated at Greenville, NC fortihee period from June to
September 2006 are shown in Figure 29 and Figuré@&erved data are plotted, with
stage and flow simulated for each of the scenafoable of statistics calculated to
determine the accuracy of the simulations for ti¥33 stream gauge at Greenville, NC
is presented in Table 11.

Table 11: Table of NSE, NSH, and % RMSE for the 2@®simulation period
at Greenville, NC.

Greenville Stage
Scenariol Scenario2 Scenario3 Scenario 4

NSE 0.902 0.956 0.946 0.951
NSH 0.922 0.950 0.945 0.949
% RMSE 7.26% 5.51% 5.88% 5.64%

Greenville Flow
Scenariol Scenario2 Scenario3 Scenario 4

NSE 0.874 0.910 0.906 0.911
NSH 0.917 0.908 0.910 0.915
% RMSE 6.87% 6.66% 6.71% 6.54%

Stage simulated at Grimesland, NC for the timegakfiiom June to September
2006 is shown in Figure 31. A table of statistiakculated to determine the accuracy of
the stage for the 2006 simulation period for th&33tream gauge is presented in

Table 12.
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Figure 31: Stage generated from scenarios 1, 2, &4 as compared to USGS
observed stage at Grimesland, NC from June to Septder 2006.

Table 12: Table of NSE, NSH, and % RMSE for the 2@®simulation period
at Grimesland, NC
Grimesland Stage
Scenariol Scenario2 Scenario 3  Scenario 4

NSE 0.825 0.843 0.900 0.903
NSH 0.879 0.794 0.890 0.892
% RMSE 7.30% 8.97% 6.63% 6.55%

Stage simulated at a stream gauge on Town Crdgkugary of the Tar River for
the time period from June to September 2006 is showrigure 32. A table of statistics

calculated to determine the accuracy of the siranatfor the simulation from for the

USGS stream gauge is presented in
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Table 13. There are no statistics for Scenariasdl2, since these do not

explicitly simulate tributary streamflow or stage.

11 25 9 23 6 20 3 17
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e Observed Scenario 3 Scenario 4

Figure 32: Stage generated from scenarios 3 and 4 aompared to USGS observed
stage at Town Creek from June to September 2006.

Table 13: Table of NSE, NSH, and % RMSE for the 2@®simulation period
on Town Creek.

Town Creek Stage
Scenariol Scenario2 Scenario3 Scenario 4

NSE -- -- 0.365 0.465
NSH -- - 0.427 0.524
% RMSE -- -- 11.44% 11.19%

Stage simulated at a stream gauge on Tranters Gxreégkutary of the Tar River
for the time period from June to September 20G%havn in Figure 33. A table of
statistics calculated to determine the accuradhi®@Eimulations for the simulation from

for the USGS stream gauge is presented in

69



Table 14. There are no statistics for Scenariasdl2, since these do not

explicitly simulate tributary streamflow or stage.
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Figure 33: Stage generated from scenarios 3 and 4 aompared to USGS
observed stage at Tranters Creek from June to Septeer 2006.

Table 14: Table of NSE, NSH, and % RMSE for the 2@®simulation period
at Tranters Creek, NC

Tranters Creek Stage
Scenariol Scenario2 Scenario3 Scenario 4

NSE -- -- 0.076 0.078
NSH -- -- -0.002 0.002
% RMSE -- -- 53.35% 53.03%

4.5 Flooding Extents for 2006 Period

Maximum water surface profiles computed in HEC-R#&e also computed for

mapping for each scenario in the 2006 simulatiatode A profile of these water
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surfaces are shown in Figure 34, Figure 35, Figére-igure 37 for Scenarios 1 through
4, with the most upstream cross section on the afjithe figure and the downstream
outlet on the left. These can be compared witmthgimum water surface generated for
the 1999 simulation. Since this period should $ateuthe maximum water surface for
the storm of record for this basin, the water stegashould be lower for this validation
period.

Figure 38, Figure 39, and Figure 40 show the boynaBthe maximum water
surfaces for each scenario as calculated by GeoRBSough no validation data exist to
guantify the accuracy of these boundaries, theyparsented to show the difference in
the extents of the main stem scenarios as compautbe multi-stem ones, a comparison
of the boundaries within types, and as is trugHerwater surface profile, should be less
than the boundaries calculated for the 1999 sinauraieriod, which contained the storm
of record. Figure 38 compares scenarios 1 anchhsare main stem models only.
Figure 39 compares scenario 3, the least complét-raach model with respect to
lateral inflows with scenario 2. Figure 40 comsattee two multi-reach models,
scenarios 3 and 4. High water mark data were vaitadle during this time period, so no

uncertainty analysis of this flood event was perfed.
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Figure 34: Profile plot generated in HEC-RAS for the highest water surface at each cross section angeated from

Scenario 1 from June to September 2006.
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Figure 35: Profile plot generated in HEC-RAS for the highest water surface at each cross section asigeted from
Scenario 2 from June to September 2006.
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Figure 36: Profile plot generated in HEC-RAS for the highest water surface at each cross section angeated from

Scenario 3 from June to September 2006.
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Figure 37: Profile plot generated in HEC-RAS for the highest water surface at each cross section angeated from

Scenario 4 from June to September 2006
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Figure 38: Boundaries of flooding generated by scamios 1 and 2 for the time period from June to Segmber 2006.
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Figure 39: Boundaries of flooding generated by scamios 2 and 3 for the time period from June to Segmber 2006.
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Figure 40: Boundaries of flooding generated by scamios 3 and 4 for the time period from June to Segmber 2006.



5. Discussion and Conclusions
5.1 Uncertainty in Models

Simulation of flows and stages on the main stertmefTar River were very good:
the Nash-Sutcliffe efficiency (NSE) and adjustedM&utcliffe efficiency (NSH) were
generally very close to 1 for the comparison betw&mulated and observed flows and
stage for both simulation periods. Average NSEafbsimulations for main stem
observation points was 0.898 for Scenario 1, 0f@B&cenario 2, 0.942 for Scenario 3
and 0.946 for Scenario 4. NSH values were stily @yood, but generally not as high.
The only scenario which showed a better abilitpredict high flows or stages as
compared to all flows or stages was Scenario 1yevthe average NSH on the main
channel of the Tar River was 0.922. ScenariadBthe same NSH value as NSE, 0.942.
The average NSH at the same points for the otlegrasios were 0.928 for Scenario 2,
and Scenario 4 was 0.945. Scenario 4 overall shomweetest fit with observed data for
points on the main stem of the Tar River.

The NSE and NSH values showed a poor model predicii observed data on
the tributaries. The NSE and NSH values for th@9l€mulation of stage on Conetoe
Creek were negative, which means the modeled stag® a good predictor of observed
stage, that the average of the observed dataetier Ipredictor of stage than the modeled
data, and that the model is probably biased eithiéme or in stage magnitude simulated.
Prediction for discharge at this point was notad, bbut was similarly low, with NSE and
NSH for Scenario 3 0.142 and 0.255. Scenario st slight increase in efficiency in

prediction of high flows with NSH improving to 0.2/but NSE slightly decreasing to
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0.132. Itis important to keep in mind when coesillg these statistics at this gauge that
there is a significant period of missing data, uilchg the very highest flows. Therefore,
the NSE and especially NSH at this point may nfkécethe true accuracy of the model.

However, similarly poor efficiencies are found fbe simulation of tributary
stage during the second time period simulation withve complete data. NSE and NSH
for stage at Town Creek were best of all tributsingulations, 0.365 and 0.427 for
Scenario 3 and 0.465 and 0.524 for Scenario 4eotisply for the simulation during
2006. The simulation of stage at Tranters Creekhi® same time period was extremely
poor, with Scenario 3 NSE and NSH 0.076 and -0.88d,Scenario 4 NSE and NSH
0.078 and 0.002. This suggests poor or no effogieri model ability to reflect observed
data.

It is encouraging that the NSH for Town Creek stiaggreater than the NSE,
because the focus of the use of these models flotat forecasting. Even though this
was not true for the majority of the simulationisi because the NSE and NSH are both
so high on the main stem of the Tar River, theigance of any difference between
these values as it relates to how well the modeded fit the observed data may be
negligible, as the whole range of stage and flowsvary well predicted.

It is thought that the better prediction of flowsdastage on the main stem of the
Tar River as compared to the tributaries is dugbserved data providing the upstream
and downstream boundary conditions, which may dateimodel accuracy. This was
noted by Pappenberger, et al. (2005), who saw iumacees in flow due to the model
forcing flow to meet the water balance at the ddveasn condition. It may be that
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inaccurately predicted flow in the main stem atirgcfion of a tributary could represent
the same problem, a downstream boundary condittiohastrongly affects flow or stage
in the tributary. The propagation of error dowaeatn in the main channel of this model
was observed by Cepero-Pérez (2009). Future ststi@uld examine observed data
close to the inflow of a tributary to see if a kefit of simulated main channel flow to
observed data near the junction of a tributary withmain stem is correlated to more
accurate simulation of tributary flow.

Reed (2010) found that “a minimum standard for nhed8bration performance
should be about a five percent RMSE error”. Orraye for all simulations as compared
to observed data on the main channel of the TaeriRpercent RSME is around 7.04%
for Scenario 1, 5.77% for Scenario 2, 5.56% fom@ade 3, and 5.38% for Scenatrio 4.
This suggests gains can be made in error reductidhe main channel of the river from
increasing model complexity. Tributary percent RSMd not show such low values,
with the average percent RMSE for all simulationd &ibutaries for Scenario 3 around
26.8% and for Scenario 4 around 26.3%. The loMeRIMSE was calculated for
Scenario 3 stage on Conetoe Creek (8.45%) anddghest was a huge % RMSE of
53.35% for stage simulated by Scenario 3 on Trar@eeek. At the same time, there is a
huge overprediction of stage late in the 2006 sathrh for Tranters Creek, which is
discussed more in the next section. This couldberer from inputs to HL-RDHM or
model instability, which would not be an issue witle downstream boundary of this

tributary. Regardless of the source of this paldicarror, it is suggested that future
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studies should use more tributaries with obsenad dvailable during the simulation
period to confirm the effect of boundary conditimmsungauged tributaries.

Interestingly, the errors in inundation mappingnad appear to follow this trend
in error propagation as closely as the stages taedmsflows. Many scenarios have some
of the least error at points very near the dowastreoundary of the model, and low
error at points taken along the tributaries. Aiddally, error was not significantly better
near the upstream boundary condition, which wouwlidhe expected from the stage and
streamflow error patterns. The two most overptedipoints occur near a validation
point on the main stem of the model. Itis thoudlat either the elevation of the flood at
this point is recorded incorrectly, or that there smaller scale effects (such as sheltering
due to buildings or bridges) that cannot be obskbxelooking at a DEM which has been
processed to remove some of these effects. Inogeasdel complexity did not seem to
significantly improve accuracy of predicting wakeright at given points, especially
along the main stem, with little to no change iramabsolute error or mean error. Town
Creek showed some consistent mean error with iscrganodel complexity and number
of high water marks, but a large increase in alte@uror for Scenarios 3 and 4, when
including all inundation points. The mean errarTown Creek stays about the same and
the mean absolute error decreases slightly whentbalpoints common to all
simulations are compared. Conetoe Creek, GrinddelCand Tranters Creek showed an
increase in mean error and mean absolute erroriméteasingly model complexity,
though the errors decrease from Scenario 3 to 8ceh&or Grindle Creek. Although
the main stem model can be considered well-caBdratith respect to stage and flow
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prediction, there is still significant error in plietion of flood height at given high water
marks, though the two highly overpredicted poinentioned previously do contribute to

that error.

5.2 Ease of Modeling Other Events

As mentioned in section 5.1, NSE and NSH were hgglg for main stem
observed data points for the simulation periodry@006, which had not previously
been simulated by other studies in this basin. &l@r, a few issues were noted that may
be decreasing model accuracy. Strong overpredictictage and flow towards the end
of the 2006 simulation which cause very high stagesflows, as seen strongly in Figure
33 showing simulated and observed stage at Tra@terk, and less so due to backwater
effects along the main channel in Figure 28, Fidl@and Figure 31. From preliminary
investigation, this appears to be an over-exprassidocalized runoff due to Tropical
Storm Ernesto, with observed data showing a vespstsharp peak of stage or discharge
during this time period, but the modeled data shogva higher and broader curve,
especially at the downstream portion of the modédlia the more downstream
tributaries. It is unknown whether the problens Wath faulty input, in which case the
error would be from HL-RDHM, either in magnitudetoning, or whether the model is
overexpressing backwater effects. Identifyinggberce of this problem was not within
the scope of this work, but it serves as an impoaample that a model which is well
calibrated for one time period may not simulatefiibnt time period with the same

accuracy.
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5.3 Lessons Learned and Recommendations

Overall, increasing complexity did increase theécedficy in modeling stage and
streamflow, as well as high stage and streamflovih® main stem of the Lower Tar
River sub-basin. However, the high NSE, NSH andpercent RMSE values are only
true where observed data provide upstream and deans boundary conditions. Using
hydrologic model-generated upstream boundary camditand modeled stage or flow in
the main channel as downstream boundary conditmrtsibutaries did not produce
simulations with high efficiencies or low RMSE. &Brror seemed to increase in the
downstream direction for both the main stem andtider of tributaries, suggesting that
uncertainty in the downstream boundary conditiamviated by the model may negatively
impact the accuracy of stage or flow in tributamethout forcing by observed data.

The error in height of inundation at observed higtter marks showed little trend
with increasing model complexity. No obvious tremndere seen correlating error to
channel type (main stem or tributary) or distarecagstream or downstream boundary
condition with increasing model complexity. Theoerin streamflow or stage prediction,
which seemed to increase with distance downstrdamot seem to be correlated with
error in high water height, which was often be#tethe downstream boundary than
points farther upstream, and which varied greatBnan among points close together.

Operationally, there is not much time differenceoived in running a simulation
of more complex geometry: most of the time invesitis taken in the post-processing
component to create water surface heights of istettedifferent time steps. However,
there is greater time involved in georeferencing iawegrating all the parts to a more
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complicated model and then ensuring stabilityis Itnportant to note for operational use
that an overall well-calibrated model with highiency and low percent RMSE may
still have large errors in prediction of water swwe heights during flood events, so the
application for this method in creating detailedridation maps still appears to be

limited.

5.4 Future Work

For future work, it is recommended to obtain agplabtography for inundation
extent where available, in order to better caldiatindation maps. Since this was not
available, no quantitative conclusions could bevrabout the extent of inundation
produced by the model. It would be valuable to para the accuracy of inundation
extent along with the accuracy of high water heighsee whether the extent of flooding
correlates to areas of over or underpredictioniti flood height, or whether the models
should simply be calibrated to improve inundatiemght. The model could also be
calibrated to produce higher NSH as compared to,M&SEee if this would produce
greater accuracy in flood height generated at idjie \Wwater marks.

Another recommended approach would be to isol&ettect of boundary
conditions on tributary flow and stage efficienaydaerror. By using observed data as the
upstream boundaries of a tributary, the effectrodran the downstream boundary could
be quantified, and simulated discharge and stageehss inundation mapping results

for the model could be improved.
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Appendix A

Georeferencing HEC-RAS model data in GIS

Set-up in GIS
GeoRAS > ApUtilities >Create New Map
Assign projection to map (or import a correctlyjpoted terrain map)
Add terrain GRID (check projection) and desired (§Beck projection), save the map
Create new River and XSCutLines layers (GeoRAS SRAometry > Create RAS
Layers > Stream Centerline and GeoRAS > RAS gegme@reate RAS Layers > XS
Cut Lines
Close ArcMap, open ArcCatalog
ArcCatalog > Select River, right click, Load > Sgtlstream shapefile (make sure it is
already projected and in one piece, not multiptgreents), repeat for cross sections
Return to GIS, GeoRAS > ApUitilities > Assign UnidiDe
GeoRAS > Assign RiverCode and ReachCode to Riv&ive the channel a name
GeoRAS > Select Flowpath and Assign LineType Atitids > Select the river shapefile
as the Channel
GeoRAS > RAS geometry > Stream Centerline AttributeAll
GeoRAS > RAS geometry > XS Cut Lines Attributes I+(8heck names of layers in this
new window)
Sort XS descending by station name, check to malesthey are in spatial order

If not, there is probably a break somewhere insthgam centerline that needs to
be fixed

Editor> Modify Feature (having Snap to Vertex h¢lasd make the endpoints
meet

Will have to re-do starting at UniquelD step
Editor > Start editing > copy and paste station @afnom original XS file (to match
what is in HEC-RAS)

When finished, remember to save and stop editing
GeoRAS > RAS geometry >Export RAS Data (New Expbethod, but | don’t know the
difference)

Importing into HEC-RAS
Open HEC-RAS project file
Open Geometry Window
File > New Geometry
File > Import Geometry Data > GIS format
Check US customary units, Import stream, only cH&IS cut lines”, “reach
lengths” for XS
File > Import Geometry Data > HEC-RAS format
US Customary units
Uncheck River Reach Stream Lines, Change ImportiRind Reach As to match
GIS
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Cross Sections: Increase Matching tolerance tocick Match to Existing, THEN
uncheck BR/Culv, IS, LS, Names/Descriptions, Rdaagths, and click Check Existing
(order is important)

Tables>Reach Lengths > copy from channel to ledtraght overbanks

May need to delete empty cross sections, edit gtad data for new plan (XS names,
etc.)
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Appendix B

Example HEC-RAS Set-Up and Run
1. The georeferenced models were loaded into the @emnbata window by
going to the File menu and selecting Import Geoynetaita > HEC-RAS Format and
choosing one of the geometries created throughyebesferencing process.
2. All the default settings were accepted. Mannimgislues obtained with the
models were left unchanged during this simulatiBank stations were adjusted as

needed via visual inspection. An example crosssets shown in the figure below.

-

== Cross Section Data - tar_mainstem_Alb = | El
Exit Edit Options Plot Help
River |Conetoe v] e |\;; + nl ot Olpticrs %ﬁj [~ KeepPrev#S Pty Clear Prev
Reach: |&l | River Sta: | 87503 -l _ljﬁ TARZALL fribs  Plan: 1) Alo_Scend_Ne 3232012
Description | - @ S I A5 lbl A5 I
Del Row Inz Row ] Crownstrean Reach Lenaths i 4 i
C tion Coordinates | LOB rEhanne' | FROB 70 A WS Max WS
Station | Elevation |« 1559-55 JEES-BE 1559-55 Ground
A xR 7037 Manririg's n ' alues ke 55 Bﬁnz Sta
_2|3731.6 5913 [ Lo Channel ROB
3|36 503 f01s [0.048 f015 2
~d|31E 57.26 =
~EB|3a015 B6.79 8
__E|40016 5485 L 5
~7|a021E B39
_ 8|45M6 506 ) Coefficient [Steady Flo) ik 507
_3|4871.6 50.37 r... Corbraction | Expanzion
10[48915 49.06 [0 [03 451
11]49015 49.45
L . | | 4 . . : :
3000 4000 5000 £000 7000
‘ Station (ft) 4265.82, 4367
[Edit Station Elevation Data [it]
3. The simulation flow file for the plan was creatadreturning to the main HEC-
RAS window and selecting Edit > Unsteady Flow Data.
4. Under the “Add Boundary Condition Location”, “AdRS” was selected, and the

cross section where the inflow would start wasctetk
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5. The Boundary Condition Type was selected for thr@pmriate inflow. Upstream
boundaries were input as “Flow Hydrograph”, latémnlbws were input as “Uniform
Lateral Inflow”, point laterals were characterizzsl“Lateral Inflow Hydr.” And the
downstream-most boundary on the main stem was egpat“Stage Hydrograph”. An
image of the Unsteady Flow set-up window for thieialcsimulation for Scenario 4 is

shown below.
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| L

—

: A Unsteady Flow Data - Scend NewFloyd 2 2012

File | Options | Help

Boundary Conditions i Initial Carditions |

Boundany Condition Tupes

Select Locaticrn iri table then select Boundary Condition Type

River Reach RS Boundary Condition

1| Conetoe All a7a03 Floww Hyedrograph

2| Conetoe Al BE933 Inifarm Lateral [nflaw

3| Conetoe All FOonn Lateral Inflow Hudr,

4| Conetoe All 51654 Lateral Inflow Hudr,

5| Conetoe All 27981 Lateral Inflow Hudr,

G| Grindle Creek All 38R00 Floww Hyedrograph

7| Grindle Creel: Al 37601 Iniformn Lateral [nflow

8| Grindle Creek all 38480 Lateral Inflaws Hydr,

3| kain Stem Reach - 1 245644.0 | Flow Hydrograph
10| Main Stem Reach -1 24580500 [ Unifarm Lateral [nflow
11| Main Stem Reach - 2 2066130 [ Unifarm Lateral [nflow
12| Main Stem Reach - 3 186657.0 [ Uniform Lateral [nflow
13| Main Stem FReach -4 313589 Iniformn Lateral [nflow
14| M ain Stem Reach -5 24100 Stage Hudroaraph
15| Town Creek all 1702 Flows Hudrograph
16| Town Creek, Al 163512 Iniformn Lateral [nflow
17| Town Creek all 144672 Lateral Inflaws Hydr,
18| Town Creek all 4000 Lateral Inflaws Hydr,
19| Town Creek all 45300 Lateral Inflaws Hydr,
20| Tranterz Creek, all 194631 Flows Hudrograph
21| Tranters Cresk Al 193633 Iniformn Lateral [nflow
22| Tranterz Creek, all 174286 Lateral Inflaws Hydr,
23| Tranterz Creek, all 157767 Lateral Inflaws Hydr,
24| Tranterz Creek, all 132386 Lateral Inflows Hydr,

Obzerved D55 data set
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6. These boundary conditions were then linked to tB&Mle generated via the
DSS processing by selecting “Select DSS File anld’Paavigating to the saved file, and
selecting the appropriate records. An exampléisfdelection window is shown in the

image below.

Flow Hydrograph

River: Conetoe Reach: All B

{+ Read from D55 before simulation Select 055 file and Fath

File:  |C:A\UszershEate Abshie\Documents\Mewest Model\Updated dss\Mes
Path: |/MEwWALE_TRIE_PT_IMFLOWSACOMETOE /FLOMW /01U 2006/1H

" Enter Table D ata time interval: |1 Howr A
Select/Enter the Data's Starting Time Reference

o Usze Simulation Time: Date;  [05jun2005 Time; 10700

" Fired Start Time: Date: J Tirne:
Ma. Ordinates Interpalate Mizzing Values | Del Raow | [nz Bow |
Huodrograph Data
Date Simulation Time Flow
[Fiourz] [cf=]
1| 05Jun200E 0100 00:.00
2| 0BJun200E 0200 01:00
3| 05Jun200E 0300 0200
4| 05Jun200E 0400 0300
5| 05Jun200E 0500 0400
6|  05Junz00E 0500 05:00
7l 0BJunZ00E 0700 0E:00 r

Time Step Adiustment Options ["Critical’ boundary conditions]
[ Moritar thiz hpdragraph for adjustments to computational bme step

b &= Change in Flow [without changing time step):
Fdir Flow: ultiplier:
Plat Drata | ] | Cancel |
7. Initial conditions were set based on observed date to each upstream

boundary, so that they wouldn’t be too high or Ewas to impact model stability. These

values are shown in the following figure.
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r — - - o
A Unsteady Flow Data - Scend_NewFloyd_2.2012 T =] B et
e Qe bl

Apply D ata | i

Boundary Conditions Lo
Iritial Flow Distribution M ethod

" Usze a Restart File Filemame: | E’

% Enter Initial flow distribution

Add R5... |

L ocations of Flow Data Changes
River Reach RS Initial Flow

1| Conetos & 87503 |20

2| Grindle Creek, All 98500 | 100

3| Main Stem Reach -1 245644.0(1330

4| Main Stem Reach - 2 205761 | 1230

B[ Main Stem Reach -3 158031.61330

B[ Main Stem Reach - 4 34638.0 | 1330

7| Main Stem Reach-5 251000 1330

2| Town Creek, All 170M2 (100

3| Tranters Creek All 194621 |20

Storage Area Initial Eleseation

Obzerved D55 data set

5 E 3

- L

8. To ensure model stability, flow minimums were aslaled to the flow file, by
selecting “Flow Minimum and Flow Ratio Table” wasected from the “Options” menu.
These values were adjusted experimentally to olstaitable simulation. The values of

these minimum flow values are shown in the figuzot.
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i 5

Uinsteady Flow Data - Flow Minimum and Flow Factor Table

—Selected Area Global Edits -
| Add Conztant ] hdultiply Factor ] Set Values |
Summary of the flow mnimun and fow ratio factons
Boundary Location Minirnurn Flow | R atio Factar
1| Main Stemn Beach -1 245644 1 500
2| Main Stem Reach -1 2450680.0
3| Main Stem Reach-2  206613.0
4[Main Stemm Beach-3  155E57.0
I B[ Main Stem Reach-4 3135849
| | B|Conetoe All a7a03
i | 7| Conetoe Al 2E333 _
I | 8 Town Creek Al 170012 100
|9 Town Creek  All 169512 _
il | 10] Grindle Creek Al 92500 100
il [11] Grindle Cresk Al 97501
b 12| Tranters Creek Al 134631
i | 13| Tranters Creek Al 193633
B

(] ] Cancel J

9. In order to compare these simulations to obserata during the simulation,
observed data were added from DSS files obtainethéostream gauges listed in Table
1. To select these, the Option menu is selectatieflow file window, then “Observed
(Measured) Data” and “Time Series in DSS”. In tiésv window, the River, Reach and
cross section location (“River Sta.”) where theeyled time series are located were
selected from the drop down menus, and then “Adiettsd location to table” was
clicked. The associated DSS file was then seldcten the drop down menu, or by
navigating through folders by clicking the foldeon, and the “Select DSS Pathname”
was clicked to assign the DSS file to the crosti@ec

10.  The flow file was uniquely named, and then saved.
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11. To run the simulation, “Unsteady Simulation Anaysvas selected from the
main HEC-RAS window Run menu. The geometry fileated in steps 1 and 2 and the
flow file created in steps 3-6 were added to thelyais.

12.  Under Options, Flow Roughness Factors was seledibdse were assigned in
previous modeling efforts on this basin to increaselel stability. These values were

applied to every reach in the basin, and theiremlare shown in the figure below.

E

Plan - Roughness Change Factors

Foughness Factor Data—
Set: |riv: Main Stem rch:Reach - 1 12 245644.0 to 208947.0 |
Add I Copy I Delete i ﬂ ;I‘J
Reach: 1Heach -1 LJ
|| | Upstream Riv Sta: 24RR44.0 v]
! Downstream Riv Sta; | 2083470 v]
! i~ Auto-Generate Flow Colurnn
[Inifarm Spacing ... I E=porentially [ncreaszing ..
Flow | Roughness Factor | «
sk 0. 0.4
2] 500, 0.4
| 3 1000 07
4] 4000, 1.
. 5] 10000, 15
‘ B 20000, 15
7 35000, 16
B 70000, 22
| Rl 120000, 22
10|
1]
12]
13
= LdEN
] I Cancel |
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13.  The Programs to Run were the Geometry PreprocefisetUnsteady Flow
Simulation, and, when mapping was to be perforrttegiPost Processor, which was the
step which required the most time in the simulatidhe Computation Interval was set to
6 minutes, the Hydrograph Interval was set to Irhand the Detailed Output Interval
was set to 6 hours. An example of this set-uBfmnario 4 for the 1999 simulation

period is shown in the following figure.

A Unsteady Flow Analysis &‘J

File Options. Help

Flan: [Flopd Scend Mew 2 12 Shart 1D |Scend_Mew 2
Geometm File ; ]tar_mainstem_shu:urttril:u _T__J
Unsteady Flow File + | Scend_NewFloyd 22012 |

Plan Dezcription ;
-Programsz ta Bun- - g
v Geomety Preprocessor
W Unsteady Flow Simulation
| ¥ Post Processar

- Simulation Time wWindow

Starting D ate: iUESEIﬂ 333 _J Starting Time:  |0300
Ending D ate: ]3UHDV1 933 J Ending Time:  |2200

— Computation 5 ettings mll |

Computation |ntereal: |E hdirte v] Hydrograph Output Interval: |1 Hour v]
[ Computation Level Output Detailed Output Interval: B Hour 71 I
0SS Output Filename: 1E:'xLlsers'xKate..-’-‘-.I:ushire'xDu:u:uments'xNewest_Mu:u:lel'xtar %

[ Mixed Flow Begime [see menu: "Options/Mixed Flow Options ...

Flow roughness chanoes

Compute
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Appendix C
Procedures for GeoRAS Mapping Using a Manually Edied Bounding Polygon
Created by: Seann Reed
Modified by Kate E. Abshire: 3/20/2012

1. Create a new directory to store GeoRAS results.

2. Export sdf file from HEC-RAS for plan and profile§interest.

Example:
r = = = = =
GIS Export - o i
Export File; ID AMypDocs201T5HECRAS tarktar_tribs2AT ar_trbs_sept19 19930100, =df Browse ... I

-Reaches and Storage Areas to Export

Select Reaches to Export... | Reaches [3/9]

5 Expoil | Storage Areas (0°0]

- Rezults Export Options
¥ ‘wWater Sufaces [~ ‘“Water Surface Extents Select Profiles to Expart ...
135EF1353 0100

Flow Distribution [only averaged LOB, Chan and ROB walues available] Additional [nformation

[ Velacity [ lze Thickrness [where availablz)
™ Shear Stress
[~ Stieam Power

 Geometry Data Export Dptions -
¥ River [Stieam] Centerlines

£dditional Properties

LCh tiah Surface Lines

¥ User Defined Crossz Sections ¥ Reach Lengths

[all %5's except Interpolated X5's] v Bank Stations [improves velocity, ice, shear and power mapping)
W Interpolated Cross Sections [ Lavaas
(+ Entire Crozs Section ¥ Ineffective &eas
7 Channel only ¥ Blocked Obstructions

¥ Manning's n

Export Data Cloge Help

3. Open a blank ArcMap project

4. Convert the sdf file to xml

5. Save the ArcMap project. This step is requiredrtxeed with the following
steps.

6. Run layer setup. Example:

96



E Layer Setup for HEC-RAS PostProc

Analysis Type
(7 Bxisting Analysis
@ New Analysis sept_19_1999_0100

RAS GIS ExportFile  D:\MyDocs2011\HECRAS tar'tar tibs2\Tar tibs_sept19 [

Termain
Terrain Type (0 TIN @ GRID
@) Single ’ . g - —
Terrain  D\MyDocs2011\HECRAS tartar_tribs_mar | =
) Multiple DTM Tiles Layer =
Output Directory D:"-.MyDDcsZﬂ'l1"xHECHAS'\tar‘-iar_tribs_map‘-iar_tribs_sepr [ﬁ-]
Geodatabase sept 19 1959 01
Rasterization Cell Size |16 (map units)

ok || ke || Cancel |

7. Run “Import RAS Data”

8. Save the project and close ArcMap.

9. Open ArcCatalog, locate the BoundingPolygons cask“Load” data from a
previously edited bounding polygon data set. Atedof the default options
from the dialog choices.

10.Re-open your ArcMap project and examine the tabkedbing the
BoundaryPolygons data set. There are two polygoards as illustrated in the
screen shot below. By highlighting the recordsait be observed that one is the
original bounding polygon defined by the cross4isecextent and one is an edited

bounding polygon.

97



86

Eile
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Edit View Bookmarks

888

Insert Selection Geoprocessing

o o | b e | 174853

| =

D2ES LB’ x|
BAQMQIilies

=4 Layers

= = sept_19 1999 0100

2 BankPoints
&
=] X5 Cut Lines 3D

= River2D

= X5 Cut Lines

2 Bounding Polygon
El

[0 DEM_Tar_Clip2 tif

Lustomize  Windows Help
= = &. Editor~| » P | A~ 2 4
-0 8@ LIRSS TR

- RAS Geometry = RAS Mapping = ;< % 1L g = = o&F Apltilities~ Help - &
—
l?' -
Table = f‘
- - kO d x {
J
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| Shape * | Profile object identifer * Shape_Length Shape_Area f
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M
1

1 M E {1 out of 2 Selected)

@Eﬂeuq

2429830.405 769717.95 Feet
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11. Right click on the Bounding Polygon layer and seledit Features Start
Editing. Now delete the first record from the Bdurg Polygon Table, save the edits,
and stop editing.

12. Select Layer Setup and use the Existing Analysi®n.

-
Eﬂ Layer Setup for HEC-RAS PostProcessing
Analysis Type
8 Giisting Analysis sept_19_1595%_0100 -
71 New Analysis
RAS GIS Export File D:\MyDocs2011"HECRAS tar'tar_tribs2\Tar_tibs sept1S| |
Temain
Terrain Type
Terrain | 0:\MyDocs201 1N"HECRAS tar'tar tibs_mar| | (5
DTM Tiles Layer =
Output Directory [MyDocs201 1N HECRAS tar'tar tribs_maptar_tibs_sep| |
(Geodatzbase sept_15: 1939 01
Rasterization Cell Size |16 [map units)

ﬂ oK || Help || i

13. Run “Import RAS Data” again. The edited shaperigdin for the Bounding

Polygon does not get over-written. The purposihigfstep is just to get HEC-GeoRAS
to re-recognize the input layers.

14.  Run “Water Surface Generation”

15. Run “FloodPlain Delineation Using Rasters”. Theestishot below shows an
example of the results, zoomed in on the lower piafown Creek where the cross-
sections are too narrow and the edited boundinggpol is much different from the

original.
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g |
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=]

=] X5 Cut Lines 3D
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Appendix D

Inundation Mapping in Greenville, NC
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