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A grid-based one-dimensional digital elevation model (DEM)-inundation model has 
been developed as a tool for flood extent mapping on floodplains. The validity and ac­
curacy of the model have been assessed through comparison of modeled results with 
those derived from the widely used standard and complex 1-D Hydrologic Engineering 
Center-River Analysis System (HEC-RAS) model and verification against the Septem­
ber 1999 flood on the lower Tar River floodplain, North Carolina. The two models are 
comparable in accuracy. With its simple implementation and ease of parameterization, 
the DEM-inundation model is a potential alternative to the HEC-RAS model. 

Introduction 

Floods are one of the most significant natural 
hazards, costing lives, serious damage to property, 
and disruptions to social and economic activi­
ties. The ability to map the flood extent accu­
rately and timely can provide critical informa­
tion for immediate flood relief activities, and 
pre- and post- flood mitigation efforts (Mileti 
1999, Colby et al. 2000, Yang and Tsai 2000, 
Al-Sabhan et al. 2003). To this end, hydraulic 
models have been developed and used for map­
ping flood extent (Hydraulic Engineering Center 
1997, Correia et al. 1998, Ackerman et al. 2000, 
Chang et al. 2000, Dobson and Li 2000, Al­
Sabhan et al. 2003, Hunter et al. 2005, Bates et 
al. 2006). Over the years, both two- and one­
dimensional hydraulic models have been devel­
oped. The 2-D models include those that em­
ploy sophisticated full finite-element approaches 
or that take grid-based approaches. For instance, 
Galland et al. (1991) developed a 2-D finite 
element numerical model, the TELEMAC-2D. 
Nicholas and Mitchell (2003) also developed a 
finite-element 2-D model that solves the depth­
averaged shallow water form of the Navier-Stokes 
equations. The 2-D models are generally ca­
pable of achieving high mapping accuracy, es­
pecially for hydraulic processes at fine spatial 
resolution, hi.:t they require digital elevation 

models (DEMs) of high resolution and accu­
racy, as well as other geophysical model inputs. 
They all are computationally intensive. To avoid 
the drawbacks of the finite-element models, Bates 
and De Roo (200.0) developed a raster-based 
model, the LISFLOOD-FP, which takes a storage 
cell approach to simulate flood hydrologic and 
hydraulic process. The LISFLOOD-FP has been 
subsequently improved and validated for the 
January 1995 flooding on the River Meuse, the 
Netherlands (Hunter et al. 2005, Bates et al. 
2006). 

Unlike 2-D models, 1-D hydraulic models 
are typically characterized by a series of cross­
sections of channel and floodplain topography. 
Validation tests have reported that 1-D mod­
els, such as the Hydraulic Engineering Center­
River Analysis System (HEC-RAS), are capable 
of reaching high accuracy in flood extent mapping 
(Horritt and Bates 2002). Investigations have 
been also conducted on how the accuracy of 
the model can be affected by various factors, 
such as mesh resolution, topographic represen­
tation, and spatial resolution (Horritt and Bates 
2001, Horritt et al. 2006). 

In short, the existing 1-D and 2-D models 
can map a flood extent accurately, but they are 
difficult to be parameterized. Among others, 
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the estimation of Manning's coefficient of friction 
as input to the models, which is also referred 
to as Manning's n (Chow 1959), is highly un­
certain and unreliable. For instance, laboratory 
experiments have reported higher values for 
Manning's n than those recommended in the 
well-established tables by V. T. Chow in 1959 
(Wilson and Horritt 2002). Although different 
values have been recommended (Acrement and 
Schneider 1989) and extensive studies have been 
conducted to derive the coefficients (Werner 
et al. 2005, Wilson et al. 2006), there is still no 
proven way to estimate the n with a high level 
of confidence and accuracy. Additionally, the 
implementation of the existing models requires 
advanced levels of hydrologic and hydraulic 
knowledge and expertise, which is often lack­
ing among prospective users, therefore hindering 
the use of the models. Thus, there are clear 
needs for a hydraulic model that is simple in 
parameterization and implementation. Such a 
simple model, if capable of reaching compa­
rable accuracy of the complex model, can serve 
as an alternative. In addition, a simple model 
can provide initial and preliminary analysis, and 
the result can help the complex model for in­
depth study. 

To meet the needs for simple flood-extent 
mapping models, Wang et al. (2002) developed 
a model that maps flood extent by linearly in­
terpolating the surface water height of a river 
between two neighboring gauging stations us­
ing the heights measured at the stations. In this 
article, an improved version of Wang et al. (2002)'s 
model is developed. The newly developed model 
is a 1-D DEM-inundation model that features 
three major improvements. First, Wang et al. 
(2002)'s model did not identify the central channel 
of the river; this model does. Second, Wang et 
al. (2002) represented distance between gaug­
ing stations with a straight line, whereas this 
model traces the distance along the central 
channel line between two neighboring gauging 
stations. Lastly, the changes in elevation of a 
river channel and banks along a river, which 
are important geometric factors affecting a river's 
water surface height at different flow condi­
tions, were not modeled (Wang et al. 2002). This 
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DEM-inundation model accounts for these fac­
tors in the water surface height interpolation. 
In summary, the objectives of this paper are 
to detail the development of a DEM-inunda­
tion model, to compare the model with the HEC­
RAS model to assess their accuracy in flood 
extent mapping, and to validate the DEM-in­
undation model against a real flood event. 

Methodogy: HEC-RAS Model 
To meet the needs for flood extent map­

ping, the Hydraulic Engineering Center (HEC) 
of the US Army Corps of Engineers developed 
a series of GIS-based hydraulic models, from 
the Arc/HEC2 to HEC-RAS (Hydrologic En­
gineering Center 1997, Kraus 2000, Ackerman 
et al. 2000, USACE 2007). HEC-RAS is one 
of the most popular 1-D hydraulic models. 
Compared with its predecessors, HEC-RAS 
comes with some major improvements. It fa­
cilitates the use of digital datasets such as DEM 
and TIN (triangular irregular network) (Correia 
et al. 1998, Dobson and Li 2000, Yang and Tsai 
2000), and features an enhanced graphical user 
interface that simplifies the flood extent mod­
eling processes. 

The HEC-RAS model is designed to per­
form 1-D hydraulic calculation for a full net­
work of natural or constructed water channels. 
In the model, surface profiles of a steady flow 
in which changes in flow depth and velocity 
occur gradually over a considerable length of 
channel are solved by using a 1-D energy equation 
and energy head loss equation (Hydraulic En­
gineering Center 1997). The steady flaw's 
water surface profiles are computed from down­
stream to upstream at cross sections for a given 
discharge rate at ups.tream and water surface 
height value at downstream. In the solving of 
the water surface profile along a river channel, 
HEC-RAS requires geometric and hydraulic input 
parameters. The geometric parameters include 
the river system schematics, cross section pro­
file, reach length, energy loss coefficient, and 
stream junction information. The schematic 
parameters define how river reaches are con­
nected. Cross section profiles are required at 
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locations where changes in discharge, slope, shape, and roughness occur along the river channel between the up- and down- stream. The reach length refers to the measured distance between cross sections. The reach lengths for the left overbank, right overbank, and channel are re­quired.  To evaluate energy losses, HEC-RAS uses energy loss coefficients including a) Manning's n value for friction loss (Chow 1959), b) contraction and expansion coefficients toevaluate transition loss, and c) bridge and cul­vert loss coefficients to evaluate losses relatedto weir shape, pier configuration, pressure flow,and entrance and exit conditions. The hydrau­lic inputs include flow regime, peak dischargeinformation, and boundary conditions that in­clude known water surface elevation, criticaldepth, normal depth, and rating curve.
Methodology: One Dimensional 

DEM-inundation Model Compared with the complex HEC-RAS model, the 1-D DEM-inundation model calculates an arti­ficial water height surface using surface water height of a stream and compares the artificial surface with the DEM to determine water/ non-water or flooded/ non-flooded areas. The surface water height mea­surements are available at gauging stations. Because the distance between two neighboring gauging sta­tions may be quite large, surface water heights be­tween stations must be interpolated to create the artificial water height surface. This is accomplished in four major steps, the delineation of the stream centerline, derivation of surface water height along the centerline, estimation of the reach of the centerline's surface water height for locations off the centerline, and finally creation of the surface water height grid for different flow conditions. To delin­eate the centerline of a river section, we a) Overlay co-located aerial photographs or re­motely sensed images over the DEM coveringthe stream section in question. Then, a tenta­tive centerline is drawn in such a way that it ispositioned approximately equidistant betweenthe left and right banks.b) Identify the first DEM pixel on the upstream
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end of the tentative centerline, and use it as the center for searching the pixel with lowest eleva­tion value within a certain radius. Our experi­ment indicated that a radius of 300 m is suffi­cient for most cases, which is equivalent of 10 pixels on 30 x 30 m USGS DEM. This pixel with the lowest elevation is then the actual loca­tion of the delineated centerline. Move one pixel downstream along the tentative centerline, and perform the similar searching until the down­stream end of the tentative centerline is reached. Thus a lowest-elevation pixel is identified for each corresponding pixel on the centerline. c) Manually draw a new centerline by tracingthrough all the pixels with the lowest-elevationvalues from the upstream to downstream ends.d) Verify the centerline created in the step 3 withthe DEM, aerial photographs or satellite images.If needed, repeat steps a), b), and c) until a sat­isfactory result is achieved. A satisfactorycenterline should be continuous with each pixelpositioned at the lowest point of its correspond­ing cross-section.Typically, the delineated centerline is a curved line composed of the deepest pixels along a river stream. Second, the water surface height at each loca­tion or pixel along the centerline is calculated. An assumption used for this calculation is that water surface height decreases from upstream to down­stream and that the decrease depends on the changes of location and elevation long the centerline. Figure 1 illustrates the calculation. Let A be the upstream end and B the downstream end where the channel's elevations (E
A 

and EJ on river's centerline and sur­face water height (HA and HJ are known. Let Xbe a location between A and B. At X, elevation (Ex) is derived from DEM and water surface height (Hx) is computed using 
[Hx = HA 

IJM·till=0 andEx+Dx =0

iH =H -Aff. ExDx 
(-1-+_1_)

I
x A Ex+Dx M till (1) 

l IfM·till*0 orEx+Dx*0
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where H
A 

= water surface height at location A,

LlH = water surface height difference between 
gauging stations A and B,

LiE = elevation difference between A and B, 
LiD= distance between A and B along the stream 

centerline, 
H = water surface height at point X,

X 

E
x 

= stream channel's elevation at location X, and 
D = distance between A and X along the stream X 

centerline. 
In general, one should select locations A and B where 
gauging stations are located. Thus, H

A 
and H

B 
as 

well as E
A 

and EB are known. 
Third, with water surface heights at each pixel 

along the centerline calculated, one is ready to com­
pute water heights at pixels off the centerline. With 
the assumption that water surface at a cross section 
is level, calculation of the surface water height at an 
off-centerline pixel is boiled down to finding the on­
centerline pixel to which the off-centerline pixel 
shares a same cross-section. This is achieved by find­
ing the on-centerline pixel with shortest straight line 
distance to the off-centerline pixel in question. There 
are four steps involved in this procedure: 

a) Identify all the on-centerline pixels that are
within a specified radius of the off-centerline
pi.."'el.
b) Calculate the straight line distance between
the off-centerline pixel and each on-centerline
pi...._el using the equation: 
D = ((x, - x/ + CY, -y)�05 (2) 
where x, and Y, are x and y coordinates of pixel 
C x andy are x and y coordinates of pixel P. i 

' p p t 

= 1, 2, 3, ... , n and represents the series of on-
centerline pixels that lie within the search ra­
dius (Figure 2). The x and y coordinates are rela­
tive to the origin located at the lower left corner 
of the study area as covered by the DEM, as­
suming the DEM used is of a square or rectan­
gular shape. 
c) Identify the on-centerline pixel C that has
the shortest straight line distance to the off­
centerline pixel.
d) Assign the surface water height to the off-
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centerline pixel according to the assumption of 
level water surface at stream cross-sections. 
e) Repeat the process for all off-centerline
pixels. (Note: A C program was written to ac­
complish this step.) 

Lastly, once all of the surface water heights are
calculated, both on-centerline and off-centerline, a 
surface water height layer (a grid) is created with same 
spatial resolution as underlying DEM. It should be 
pointed out that if the size of the search radius for 
the nearest on-centerline pixel to offline-pixel is dif­
ficult to determine, searching the entire study area 
could be an alternative; it can, however, be very time 
consuming. There are other methods available for 
interpolating water surface height based on known 
water surface height at nearest points. For example, 
Werner (2001) used the inverse distance weighted 
interpolation. 

Methodology: Modeling Flood Ex­

tents by Using DEM-inundation and 

HEC-RAS Models 
In the delineation of the flood extent, the 1-D 

DEM-inundation model superimposes the calculated 
surface water height layer over the DEM layer. Be­
cause both layers are grids with the same spatial reso­
lution, the values of surface water height and ground 
elevation at each pixel are known. To delineate wa­
ter/ non-water (regular flow) or flooded/ non-flooded 
(flood flow) areas, one needs to have two sets of a 
stream's surface water heights (a regular one and a 
flood one). Thus, two surfaces of the water heights 
are calculated. At a location X, let H

x
.reg;,1a, be the regu­

lar height and H be the flooded height on the X:fawd 
two surfaces, respectively. Then, 

· if a location's elevation (on the DEM data) is
< H then the location is classified as regu-
- X-regular 

lar stream area, 
. if its elevation is > H X-ngular and s H XflootP then
the location is a flooded area, or 
· if the elevation is > HXflootP then the location

is non-flooded or dry.
The HEC-RAS model simulation with regu­

lar and flood river surface height will also classify 
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Figure 1. Illustration of the interpolation of water surface height, Hx at a given location X on the stream 
centerline. 

I 

A location away 
from the centerline 

Figure 2. Interpolation of water surface height for an off-centerline location, C. Five points, P, P2 P3 P-1 

and P. on the central channel are shown as an example. Distances between C and all points on the �h;nn�l 
), 

are calculated, so that the point( s) on the centerline having the shortest distance to C will be identified. 
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each pixel within the study area as regular stream, 

flooded, or dry (non-flooded). 

Methodology: Comparison and 

accuracy assessment of flood extents 

derived by both models 
To compare the inundation extents from both 

models, first we summarize descriptive statistics of 
the regular stream area, flooded area, and non­
flooded area. Next, spatial comparison analysis of 
the extents at the same flow condition is carried out 
to quantify the amount of agreement between the 
two models on a pixel-by-pixel basis. If a pixel is 
classified as same category (regular stream, flooded, 
or non-flooded area) by the two models, there is an 
agreement; otherwise, there is a disagreement. 

The water/ non-water or flooded/ non-flooded 
boundaries delineated by the DEM-inundation and 
HEC-RAS models can differ so to understand the 
variation of the boundaries statistically, we used the 
matched-pair !-test of the boundaries on both sides 
of the river channel. Figure 3 shows two sets of 
boundaries, one centerline, and nine channel cross­
sections. (The centerline is depicted as straight line 
for simplicity.) Neighboring cross-sections are 
roughly 400 m apart in this study. Along each cross­
section, two interception points with the boundaries 
are obtained; the distances between the two points 
and the centerline are calculated. Once the distance 
measurements for all cross-sections are computed, 
there are two sets of distance measurements: one 
from the DEM-inundation model and the other from 
the HEC-RAS model. The null hypothesis (HJ for 
the !-test is that there is no difference between the 
distances from the two models (i.e., the boundaries 
are statistically identical), and the alternative hypoth­
esis (HA) is that a significant difference exists be­
tween the two models. A significant level of a= 0.05 
is chosen to test whether H

0 
should be rejected. Simi­

larly, distance measurements and !-test was be car­
ried out for the boundaries on the other- side of the 
centerline (e.g., Figure 3). 

Finally, to validate the 1-D DEM-inundation 
model as well as HEC-RAS model, we evaluated 
modeled flood extents at a record-high flood flow 
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on 23 September 1999 against remotely sensed data 
and in situ measurements obtained at several sites. 
The date and site selection are based on available 
ancillary datasets detailed in the next section .. Error 
matrices are used to quantify the mapping accuracy 

Methodology: Study Area and 

Datasets 
The study area is on the lower floodplain of 

the Tar/Pamlico River (drainage area - 157 km2), 
North Carolina. It covers part of Pitt County on the 
west and Beaufort County on the east (Figure 4). 
The Tar River flows into Pitt from the northwest 
and exits to Beaufort to the east. After passing the 
bridge of Highway 17, it is called the Pamlico River. 
There are two USGS gauging stations, one at 
Greenville and the other at Washington (Figure 4). 
Greenville is the largest city in Pitt County, and Wash­
ington is the largest city in Beaufort County. There 
are three major reasons for choosing this particular 
study area: floods triggered by heavy precipitation, 
tropical storms and hurricanes occur frequently in 
the study area; the two river gauging stations pro­
vide the real-time measurements for water surface 
height and daily mean discharge; and on-going flood 
research in this area has resulted in several in-house 
geo-spatial and remote sensing datasets (Colby et al. 
2000, Wang et al. 2002, Wang 2004, Wang and Zheng 
2005). 

Based on the statewide land use and land cover 
layer created by the North Carolina Center for Geo­
graphic Information and Analysis, there are fifteen 
land use and land cover types within the study area 
(Wang 2004). Bottomland forests/hardwood swamps 
and cultivated areas were dominant land cover types 
(about 73% of the study area). The bottomland for­
ests/hardwood swamps are areas of deciduous and 
woody vegetation taller than 3 m, where crown den­
sity is at least 25%. Tupelo (N aquatica) and cypress 
( CupressuJ) are the major species. The cultivated lands 
are areas occupied by crops of cotton, corn, tobacco, 
and soybeans. In addition, there are developed ar­
eas, which count for about 3% of the study area and 
are mainly concentrated in the vicinity of the cities 
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Boundaries derived from HEC-RAS model 

Centerline 

.,,._ -, 
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..__.. ...... 
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inundation model 

7 

Figure 3. Hypothetical boundaries derived from the HEC-RAS and DEM-inundation models. Nine 

cross-sections are plotted at evenly-distributed intervals. 

Figure 4. Landsat 7 ETM+ data of band 8 on 23 September 1999 (path/row 14/35). The study area 
outlined by the dotted lines covers the Tar/Pamlico River floodplain, North Carolina. 
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of Greenville and Washington (Wang 2004). The 
statewide land use and land cover data are used to 
estimate the Manning's n coefficient of roughness at 
each cross-section along the river channel, which is 
one of the most important input parameters to the 
HEC-RAS model. 

The surface water height and discharge data 
collected at the gauging stations of Greenville and 
Washington are given in Table 1. The DEM-inunda­
tion model only uses the water surface height, 
whereas HEC-RAS model requires both height and 
discharge along with other previously discussed in­
puts. Inundation extents are modeled at two repre­
sentative flooding flow conditions: a flood-stage flow 
on 28 February 2003 and a record-high flood flow 
on 23 September 1999. The flow condition on 28 
July 1999 is used as the regular flow (because of the 
availability of Landsat ETM + data). Thus, compari­
sons of the modeled results under the two distinct 
flood-flow situations as referenced to the regular flow 
condition can be performed. 

DEM data for the study area were obtained 
from the USGS National Elevation Dataset. The 
DEM has a 30 m by 30 m horizontal spatial resolu­
tion and a vertical accuracy of ±lm (USGS NED 
2007). The terrain within the study area is flat with a 
minimum elevation of 0.0 m, a median of 3.5 m, a 
maximum of 22.5 m, a mean of 4.7 m, and a stan­
dard deviation of 4.0 m. Thus, any significant in­
crease of river's surtace water height could inundate 
a large area. Also, it should be noted that the south 
side of the Tar River has considerably more relief 
than the north side. Conceivably, the accuracy of 
DEM has a significant impact on flood mapping and 
the availability of higher accuracy DEM will improve 

floodplain modeling assessment. On the other hand, 
because DEM accuracy should similarly impact both 
models, the NED DEM is considered as a reason­
able choice for comparing the two models under the 
same set of conditions. 

Remotely sensed imagery and aerial photog­
raphy were used to identify flooded and non-flooded 
areas to aid the validation of inundation extents re­
sulting from the two models. These datasets include 
Landsat 7 ETM + data acquired on 28 July 1999 and 
23 September 1999, and oblique aerial photographs 
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taken on 23 September 1999. These datasets, com­
bined with in situ observations made in October 1999, 
were used to identify twenty-five flooded sites, 
twenty-five regular river sites, and twenty-five non­
flooded sites. Thus, the accuracy of the modeled 
flood extents at the record-high flood flow can be 
evaluated at the seventy-five sites. The areas covered 
by the sites and by categories are: regular river area 
of 4.63 km2

, flooded area of 4.41 km2, and non­
flooded area of 5.32 km2, for a total of 14.36 km2 or
9.1 % of the entire study area. Since there is no other 
remotely sensed or in situ datasets on 28 February 
2003, no verification of the modeled results were 
performed. It should be noted that the USGS Digi­
tal Orthophoto Quarter (DOQQs) acquired in 1998 
were used to aid the initial identification of the steam 
centerline (on the DEM) and landuse categories for 
sites where ground access is impossible. Finally, all 
digital datasets used for this study have been re-pro­
jected into the Universal Transverse Mercator (UTM) 
coordinate system using the World Geodetic System-
1984 (WGS84) models for the spheroid and datum. 

Results and Discussion 

Two layers consisting of water and non-water 
categories covering the entire study area were first 
created at the regular river flow condition (Table 1) 
using DEM-inundation and HEC-RAS models, re­
spectively (Figure 5). In the figure, the water area is 
shown in black and non-water area in white. The 
main channel of the Tar River is clearly delineated, 
and two tributaries (Chicod and Tranters creeks, Fig­
ure 56) are identified. Visual examination of the 
modeled results indicates that the water areas may 

be similar. However, in the upstream section there is 
more area classified as water by the HEC-RAS model 
than by the DEM-inundation model (Figure 5). At 
the regular flow, water areas are 11.85 km2 and 16. 9 5
km2

, according to the DEM-inundation model and
HEC-RAS model, respectively (Table 2). 

Four additional layers were modeled for water 
and non-water categories for the flood-stage flow 
and record-high flood flow conditions using the two 
models. The water areas on all these four layers in­
clude the regular river surface area (e.g., Figure 5), 
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Table 1. River data measured at the Greenville and Washington gauging stations. 

Regular Flood-stage Record-high 

Date 28/07/1999 28/02/2003 23/09/1999 

Discharge (m3/s) 4.39 I NA 302.99 I 311.49 1846.26 I 2152.08 

Water height (m) 0.37 I 0.27 3.30 I 0.31 7.96 I 1.60 

Table 2. Modeled extents of regular river, flooded, and non-flooded areas (km2) at three flow conditions. 

Regular flow DEM-inundation 
HEC-RAS 

Flood-stage flow DEM-inundation 
HEC-RAS 

Record-high DEM-inundation 
HEC-RAS 

which should be excluded in order to map the 
flooded area. This exclusion is done through recoding 
and overlaying operations. Thus four inundation 
maps representing the flood extents when the Tar 

River was at a flood-stage flow (Figure 6) and at a 
record-high flood flow (Figure 7) were generated. 
In these figures, the regular river areas are shown in 
black, the flooded area in gray and non-flooded area 
in white. 

At the flood-stage flow on 28 February 2003 
(Figure 6), there are large flooded areas surrounding 
the regular river area, and more flooded areas to the 
north of the river than to the south. The lower re­
lief on the north bank than south bank is a factor 
contributing to this difference. Comparison of both 
inundation maps indicates that more disagreements 
occur within the upper half of the study area (north­
west) than at the lower half (southeast). There are 
non-flooded islands (surrounded by flooded area). 
For example, there is an island in the middle of the 

Regular Flooded Non-flooded 

11.85 XXX 145.12 
16.95 XXX 140.02 
11.85 56.10 89.02 
16.95 45.67 94.35 
11.85 77.80 67.31 

16.95 74.35 65.67 

flooded area on the inundation map derived from 
the DEM-inundation model (Figure 6a), and an is­
land of much larger size exists at the corresponding 
location on the flood map derived from the HEC­

RAS model (Figure 6b). Both islands are identified 
using black arrows in the figures. 

Figure 7 shows the modeled inundation ex­
tents at a record-high flood flow condition. The ex­
tents are visually similar. The aerial digital photo­
graphs acquired on 23 September 1999 and ground 
truth collected in October 1999 indicate that the 
majority of flooding occurred on the north side of 
the river, where the elevation is much lower than the 
corresponding part on the south side. The slightly 
higher elevation on the south bank is one major fac­
tor to its smaller flooded area as compared to the 
north side. Two noticeable disagreements of the 
extents as pointed by two pairs of black arrows are 
observed: one occurs near the northwest corner and 
the other near the easternmost location. In addition, 
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Figure 5. Regular river area (in black) and non-water area (in white) derived from a) DEM-inundation 

model and b) HEC-RAS model at a regular flow on 28 July 1999. 
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Figure 6. Inundation extents derived from a) the DEM-inundation model and b) the HEC-RAS model at 

a flood stage flow on 28 February 2003. The regular river area is in black, flooded area in gray, and non­

flooded area in white. Unflooded islands exist, as pointed by black arrows as examples. 
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Figure 7. Inundation extents derived from a) DEM-inundation model and b)_ HEC-RAS model at a

record-high flood flow on 23 September 1999. 
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in comparison with Figure 6, there is much greater 
flooded area in Figure 7, especially within the up­
stream section where the majority of non-flooded 
islands are now flooded. The increased flooded ar­
eas are attributed to the higher water surface level 
and discharge volume on 23 September 1999 com­
pared to 28 February 2003 (Table 1). Table 2 sum­
marizes the area of each category on each inunda­
tion extent map. As the river changes from its flood­
stage to record-high flood flows, flooded areas in­
crease from 56.10 to 77.80 km2 (based on DEM-in­
undation model) and 45.67 to 74.35 km2 (HEC-RAS
model). 

The spatial comparison analysis of the mod­
eled inundation maps at the same flow condition 
quantified the degree of agreement on a pixel-by­
pixel basis. The area classified as the same categories 
by the two models is 150.182 km ( of a total area of
157 km� or 95.7% on 28 July 1999 maps, 142.08 
km2 or 90.5% on the 28 February 2003 maps, and
140.34 km2 or 89.4% on 23 September 1999 maps
(Table 3). Table 3 also details the agreements and 
disagreements by the categories. 

The results of the t-tests on the mean distance 
from the stream centerline to the water/non-water 
or flooded/non-flooded boundaries on both banks 
of the inundation maps are shown in Table 4. On 28 
July 1999, t and p values for the water/non-water 
boundaries are 1.573 and 0.122 for the north bank 
and 1.633 and 0.109 for the south bank, respec­
tively. The p values at both banks suggest that the 
null hypotheses are not rejected, indicating that the 
water/ non-water boundaries resulting from the 
DEM-inundation and HEC-RAS models are not sta­
tistically different. Because the p values of the t-tests 
for the flood-stage flow and record-high flood flow 
are all greater than or equal to 0.103 (Table 4), we 
conclude that the flooded/non-flooded boundaries 
on the north and south banks are statistically the 
same. 

Thus far, the DEM-inundation and HEC-RAS 
models have comparable results in this study area. 
The findings are very encouraging. Next, the DEM­
inundation model and the HEC-RAS model were 
put to the final test. The accuracy of the modeled 
flood extents at the seventy-five selected sites were 
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validated against the ancillary datasets collected dur­
ing and after the 1999 flood, as described in the pre­
vious sections. The results indicated that both mod­
els reached high accuracy (Table 5). Based on the 
DEM-inundation model, the producer's accuracies 
are between 88.3% and 99.3% and user's accuracies 
93.1% and 94.6%. The overall accuracy is 95.1%. 
Similar high accuracies are also obtained by using 

the HEC-RAS model (Table 5). 

Conclusion 

A hydraulic 1-D DEM-inundation model, 
which is simpler than the standard complex 1-D 
HEC-RAS model, has been developed. Compared 
with the HEC-RAS model, the DEM-inundation 
model requires fewer input parameters that are readily 
available. The DEM-inundation model is also easier 
to implement than the HEC-RAS model. Further­
more, comparisons between inundation extents from 
the models and accuracy evaluation for a flood event 
on the floodplain of the Tar/Pamlico River, North 
Carolina have shown that the results from the two 
models are very similar and both reached overall ac­
curacy greater than 93%. Thus, the DEM-inunda­
tion model can be an effective alternative to the more 
complex HEC-RAS model. 

Before concluding, we would like to mention 
three recent developments: the creation of the DEM 
for the state of North Carolina, implementation of 
more river gauging stations by the USGS, and avail­
ability of real-time gauge data. All of these develop­
ments positively impact the application of the DEM­
inundation model. After the 1999 flood in eastern 
North Carolina, the state of North Carolina initi­
ated a statewide flood mapping program (NC Flood­
plain Mapping Program 2007). One of the products 
downloadable for free from the program is the state­
wide light detection and ranging (LIDAR) derived 
DEM. The DEM is of 15 x 15 m (50 x 50 ft.) reso­
lution, and has a vertical accuracy of approximately 
0.2 m. One distinct feature of the new LIDAR-de­
rived DEM, as compared with other DEMs (e.g., 
NED DEM), is that the LIDAR-derived DEM has 
been hydro-corrected, i.e., all the channels of streams 
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Table 3. Spatial comparison of the inundation extent maps derived from both models at three flow stages. 

The area is in km2, and the percentage within the O is computed out of the total study area. 

DEM-inundation model 
Non-water area 
Water 

DEM-inundation model 
Non-flooded area 
Flooded area 
Regular river area 

DEM-inundation model 
Non-flooded area 
Flooded area 
Regular river area 

(a) A regular flow (07/28/1999)

HEC-RAS model 

Nao-water area 

139.17 [88.7%] 

0.84 [0.5%] 

(a) A flood-stage flow (02/28/2003)

HEC-RAS model 

5.95 [3.8%] 

11.01 [7.0%] 

Non-flooded area Flooded area Regular river area 

87.94 [56.0%] 

7.02 [4.5%] 

0.04 [0.0%] 

1.07 [0.7%] 

43.13 [27.5%] 

0.80 [5.1%] 

0.00 [0.0%] 

5.94 [3.8%] 

11.01 [7.0%] 

(a) A record-high flood flow (09/23/1999)

HEC-RAS model 
Non-flooded area Flooded area Regular river area 

62.67 [39.9%] 

4.34 [2.8%] 

0.00 [0.0%] 

4.64 [3.0%] 

67.09 [42.7%] 

1.27 [0.8%] 

0 [0.0%] 

6.37 [4.1%] 

10.58 [6.7%] 
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Table 4. Matched-pairs t-tests on the water/non-water or flooded/non-flooded boundaries derived 
from DEM-inundation and HEC-RAS models at three flow conditions. 

(a) A regular flow condition (07/28/1999)

Water/non-water boundary 

On north bank 
On south bank 

t 

1.573 
1.633 

p 

12.2% 
10.9% 

(b) At the flood-stage and record-high flood conditions.

The flood-stage flow 
(02/28/2003) 

The record-high flood flow 
(09/23/1999) 

Flooded/ non-flooded boundary t p t p 

On north bank 
On south bank 

1.620 
1.490 

have been manually and clearly delineated by ana­
lysts, and portions of bridges and overpasses have 
been removed from the DEM (Figure 8). For ex­
ample, streams clearly depicted by the LIDAR DEM 
(Figure Sa) are barely noticeable in the NED DEM 
(Figure 86). Since the �irborne LIDAR sensor mea­
sures surface elevation, surface elevations of bridges 
and overpasses will appear on the uncorrected DEM 
instead of that of the underlying surfaces. The hy­
dro-correction is necessary to ensure the flow conti­
nuity of water in streams under bridges and on road 
surfaces beneath overpasses. Thus, because of the 
hydro-correction, the delineation of the center line 
of a steam becomes easy or may already be done; 
this simplifies the implementation of the DEM-in­
undation model (within the state of North Caro­
lina). 

The DEM-inundation model is designed to be 
used on a stream section between two gauging sta-

11.1% 
14.3% 

1.612 
1.648 

10.3% 
10.6% 

tions where preferably no major inflow from tribu­
taries exists. With the inflow (from the tributaries 
into the main steam) the surface water height at the 
downstream gauging station will be augmented. Thus, 
the inflow can affect the model output. Although 
this may limit the applicability of the model, the ever 
increasing number of gauging stations in the United 
States is making this less of a problem. For example, 
in the study area, three additional gauging stations 
(between the Greenville and Washington stations) 
have been recently added (USGS NWIS 2007). The 
surface water heights measured at the new Chicod 
Creek and Tranters Creek stations (e.g., Figures 4 
and 5) will help address the influence of the tribu­
tary inflows (to the Tar River) and estimation of the 
surface water heights at the meeting points of the 
Tar River/Chicod Creek and Tar River/Tranters 
Creek. The new gauging station (SR1565) near 
Grimesland at Tar River not only divides the stream 
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Table 5. Error matrix and classification accuracy derived from both models at sites of regular water, 
flooded, and non-flooded areas. The date is 23 September 1999. The area is in km2

• 

(a) DEM-inundation model

Reference data 
Model output Flooded area Non-flooded area 

Flooded area 

Non-flooded area 

Regular water area 

Total 

Flooded area 
Non-flooded area 

Regular water area 

Overall Accuracy 95.1 % 

4.17 
0.24 
0.00 
4.41 

0.31 
4.98 
0.03 
5.32 

Producer's accuracy(%) 
88.3 
93.9 

99.3 

(b) HEC-RAS Model

Reference data 
Model output Flooded area Non:flooded area 

Flooded area 

Non-flooded area 

Regular water area 

Total 

Flooded area 
Non-flooded area 

Regular water area 

Overall Accuracy 93.1 % 

4.22 
0.19 
0.00 
4.41 

0.23 
5.04 
0.05 
5.32 

Producer's accuracy(%) 
91.1 
95.2 

98.9 

Regular water area 

0.24 
0.08 
4.31 
4.63 

Total 

4.72 
5.30 
4.34 
14.36 

User's accuracy(%) 
94.6 
93.6 

93.1 

Regular water area 

0.18 
0.06 
4.39 
4.63 

Total 

4.63 
5.29 
4.44 
14.36 

User's accuracy(%) 
95.7 
94.7 

94.8 
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Figure 8. Streams or centerlines are clearly delineated in the hydro-corrected LIDAR DEM (a) as 
compared to the USGS DEM (b). The DEMs cover areas near (east of) Greenville, NC. 

segment between Greenville and Washington into 
two segments, but also provides another indepen­
dent measurement of the surface water height. Fur­
thermore, the USGS currently maintains a network 
of nearly 18,000 gauging stations across the coun­
try. The high density of gauging stations has made it 
more likely that there is no major tributary between 
two stations. Finally, using real-time surface water 
h�ight measurements available at gauging stations, 
one can use the model to simulate a range of flood­
extent scenarios in an event of a flood. Therefore, 
the DEM-inundation model will be capable of meet­
ing the needs for quick in1plementation in urgent 
situations by the flood management and mitigation 
agencies at different government levels, especially in 
situations where there is a lack of sufficient hydro­
logic/hydraulic knowledge and lin1ited resources .to 
implement the more complex models (e.g., HEC­
RAS, TELEMAC-2D, and LISFLOOD-FP). 
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