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2D Unsteady flow routing and flood inundation mapping for lower region of
Brazos River watershed.
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!Department of Civil and Environmental Engineering, Southern Illinois University Carbondale,
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Vegas, 4505 S. Maryland Parkway, Las Vegas, NV 89154-4015.

Abstract

Present study uses two dimensional flow routing capabilities of Hydrologic Engineering Center's
River Analysis System (HEC-RAS) for flood inundation mapping in lower region of Brazo River
watershed subjected to frequent flooding. For analysis, river reach length of 20 km located at
Richmond, Texas, was considered. Detailed underlying terrain information available from digital
elevation model of 1/9-arc second resolution was used to generate the two-dimensional (2D) flow
area and flow geometrics. Streamflow data available from gauging station USGS08114000 was
used for the full unsteady flow hydraulic modeling along the reach. Developed hydraulic model
was then calibrated based on the manning's roughness coefficient for the river reach by
comparison with the downstream rating curve. Corresponding water surface elevation and velocity
distribution obtained after 2D hydraulic simulation were used to determine the extent of flooding.
For this, RAS mapper's capabilities of inundation mapping in HEC-RAS itself were used. Mapping
of the flooded areas based on inflow hydrograph on each time step were done in RAS mapper,
which provided the spatial distribution of flow. The results from this study can be used for flood
management as well as for making land use and infrastructure development decisions..
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Introduction

Increase in global temperature since 1950 has been observed throughout the world. The main cause
of this warming is the anthropogenic greenhouse gases (Field et al., 2014; Pokhrel et al., 2012).
Warming has intensified the hydrologic cycle (Kalra and Ahmad, 2011,2012; Pathak et al., 20164,
b). The effect of climate change has been observed by various studies (Carrier et al., 2013, 2016).
Different models and scenario have shown extreme flooding throughout the world (Ahmed and
Tsanis, 2016; Keuler et al., 2016; Ranger et al., 2011; Tamaddun et al., 2016a, b). The rise in
global temperature increases the risk of extreme flood (Milly et al., 2002; Sagarika et al., 2014).
The warming causes increase in surface temperature of the water bodies. Increase in surface
temperature enhances the evaporation and ultimately rainfall (Kalra et al., 2013 a,b; Sagarika et
al., 2015a, b). This phenomenon impacts magnitude and frequency of the precipitation and
eventually floods. In the urban landscapes, where the infiltration capacity of the landscape is
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significantly reduced due to the construction of impervious structure and compaction of
subsurface, the intensity and peak of discharge are significantly increased (Kalra et al. 2013c). As
a result, the severity of flood in the downstream increases, leading to increased socio-economic
and ecological destruction (Dawadi and Ahmad, 2012; Paz et al., 2013; Maheswari et al., 2014;
Dhakal and Chevalier, 2016).

In situ flood observation is the best approach to analyze the flood risk (Hagen and Lu, 2011; Zhang
et al., 2014, 2016). Flood hazard and flood risk mapping are the fundamental tools for flood
management (Mosquera-Machado & Ahmad, 2007; Mostert and Junier, 2009; Ghimire et al.,
2016). Flooding events occurring annually in various parts of the world has resulted in serious
impact on humans and the economy. In the United States, where floods are the most common
natural disaster, $4 billion per year in average was claimed for total flood insurance between 2003
and 2012 (NFIP, 2016). Predicting the extent and occurrence of flood events has always been a
challenge to the parties involved in managing flood (Ahmad and Simonovic, 2006). Delineation
of floodplains is the requirement of National Flood Insurance Act which was established by
Congress in 1968 (FEMA, 2016). Based on which, National Flood Insurance Program (NFIP) has
been stablished. With the frequent occurrence of extreme events in urban areas, flood models and
floodplain maps have become necessary (Knebl et al., 2005; Forsee and Ahmad, 2011).

Various hydraulic models are used to simulate the flooding events to support the decision-making
process regarding the prediction and prevention of floods (Ahmad and Simonovic, 2006; Thakali
et al., 2016;). Various studies have shown capability of commercially available version of 2D
numerical simulation models (Seyoum et al., 2012; Sanders, 2007; Quiroga et al., 2013).
Performance of traditional 1D models is questionable in very flat floodpains. Thus, many 1D
hydraulic models are being replaced by 2D hydraulic models (Merwade et al. 2008). Though there
is huge uncertainty about the characteristics of flood event, two-dimensional numerical analysis
offers a way to better characterize the flood. HEC-RAS hydraulic model has been widely used in
conjunction with Environmental System Research Institute (ESRI) ArcGIS software and HEC-
GeoRAS for 1D analysis and mapping of floods. The latest version, HEC-RAS 5.0.1 offers the
stand-alone capability to perform 2D hydraulic routing and capabilities of detailed animation and
mapping of flood within the RAS mapper in HEC-RAS itself. This ability allows hydraulic
engineers to analyze model results through the geospatial visualization to more readily identify
hydraulic model deficiencies and make model improvements (Engineers 2002).

This paper explores the 2D modeling capacity of HEC-RAS to model the Brazos river reach in
Richmond, Texas area, which is subjected to frequent flooding. The latest abilities of RAS mapper
in HEC-RAS are exploited for the enhanced mapping of the floodplain in the region by using the
historical flow data of the river. The objective of study is to perform the unsteady flow analysis
and prepare a flood plain map of the study area to outline the flood prone areas by using the 2D
hydraulic modeling and mapping capabilities of latest version of HEC-RAS.

Study Area and Data

Richmond, Texas lies on the floodplain of the Brazos River. The flat plain area of the Richmond
is vulnerable to the flooding in Brazos. The study floodplain has centroidal coordinate of 29°35°N
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and 95°45°W. The considered reach length of the river is almost 20 km and the river along this
reach is meandering in shape. The reason for selecting this study area was the frequent flooding
events occurring in this area impacting a dense urban population around it. The Brazos River has
many reservoirs and tributaries with frequent changes in flow rate and water level. Thus, timely
information to those residing near surface water in the Brazos basin, and around the Richmond
area in this study is vital.

TEXAS

Figure 1: Study area (Richmond, Texas on the bank of Brazos river)

1/9 arc second Digital Elevation Model (DEM) was used for creating terrain of the study area in
RAS mapper, which was obtained from United States Geological Survey (USGS)- The National
Map Viewer website. For the simulation of HEC-RAS hydraulic model, streamflow data from
USGS gage station 08114000 was used. Land cover data for providing the manning’s roughness
coefficient for river channel and bank was obtained from National Land Cover Database (NLCD).

Methodology

Available DEM data was imported in HEC-RAS to create the terrain model in RAS-Mapper which
was then used for establishing the geometry and hydraulic properties of 2D flow area. Cells of
dimension 3mX3m were created along the 2D flow area of the river reach. Hydraulic properties of
each cell were then created by running geometric pre-processor in RAS Mapper.

NLCD 2011 dataset was used in GIS to create the land cover grid with the associated manning’s
roughness coefficient (n) which was assigned within the 2D flow areas. The assigned land cover
value and corresponding manning’s n value are shown in Table 1.

Upstream (U/S) and Downstream (D/S) boundary condition lines were created to provide the
boundary condition values for unsteady flow simulation. In the U/S, USGS gauging station stream
hydrograph was used for the analysis, whereas for D/S boundary condition normal depth channel
slope (0.0007) was used. Developed geometric layer with the used boundary condition is shown
inError! Reference source not found. figure 2(a).



Table 1: Manning’s n value for the area

Value Description Manning's n value
11 Open Water 0.035
21 Developed, Open Space 0.0404
22 Developed, Low Intensity 0.0678
23 Developed, Medium Intensity 0.0678
24 Developed, High Intensity 0.0404
31 Barren Land (Rock/Sand/Clay) 0.0113
41 Deciduous Forest 0.36
42 Evergreen Forest 0.32
43 Mixed Forest 0.4
52 Shrub/Scrub 0.4
71 Grassland/Herbaceous 0.368
81 Pasture/Hay 0.325
82 Cultivated Crops 0.3228
90 Woody Wetland 0.086
95 Emergent Herbaceous Wetlands 0.1825
3000 - Hydrograph
2500 A
E
© 2000 -
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Figure 2: Geometric data with computed cell meshing (a) & input hydrograph for HEC-RAS
model (b).

For the unsteady flow simulation, daily discharge data for the periods of 21 May 2016-21% June
2016 was used. Over the period, maximum river flow occurred on June 2" 2016 with discharge
value of 2888 m®/s. Hydrograph used in analysis is shown in Figure 2(b)Error! Reference source
not found.. The rating curve at D/S gauging station was used. Calibration of the model was done
by altering the manning’s roughness value of the river channel within the previously provided land
cover grid.



Flood inundation mapping for the maximum flow in the river was plotted in RAS mapper.
Additional map layers of google earth imagery can also be added in the RAS mapper for the
enhanced visualization.

The flow chart of the methodology is shown in the Figure 3.

Create terrain

Assign manning’s Assign boundary
from the DEM Crﬁ?\;?ri:[) n from the condition for unsteady
in HEC-RAS associated land flow simulation

U

4 '
Visualization & Final Model Calibration of the
Floodplain Mapping Simulation L model

|

.

Figure 3: Stepwise methodology involved for HEC-RAS analysis and floodplain mapping

Results and Discussions

Imported terrain data was used for creating the 2D flow area within geometry editor and total
number of 536381 cells were created over the 2D river flow area within the river reach length of
20 KM. Each cell size 3m*3m was used for the analysis with the computational time interval of
10 min with the output interval of 1 day. Small time interval and small cell size selection is better
for getting good result though the simulation takes more time to complete. For the unsteady flow
analysis in HEC-RAS, initial conditions of river were assumed to be wet even though default mode
of HEC-RAS simulation is dry. Assuming this condition, at first HEC-RAS will fill up the mesh
till the warmup time and then simulation will be done with that filled cells of river as open channel
flow using diffusion wave equation considering the finite volume approximation.

Before doing analysis in HEC-RAS, hydraulic properties of each cell should be assigned. HEC-
RAS has capability of creating hydraulic properties of each computed cell mesh. Those hydraulic
properties are based on the provided geometric terrain data as well as provided manning’s n value
land cover grid. Representation of assigned cell properties are shown in Figure 4. The number 62
is the represented cell number and manning’s n value taken for that cell is 0.325. Figure also shows
linear volume-elevation and volume-wetter perimeter relationships for that cell.
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Figure 4: Representation of hydraulic properties created within HEC-RAS. Elevation vs. volume
(@), Elevation vs. wetted perimeter (b) & elevation vs. manning’s coefficient (c).

Calibration of the model was done by comparing the simulated water surface elevation value of
river with the observed water surface elevation from the gauging station 08114000 for the period
of 5/22/2016-6/21/2016 shown in Figure 5 (a) & (b). From the observed and simulated data,
correlation coefficient (r) was found to be 0.997 and coefficient of determination (R?) was found
to be 0.995 shown in Figure 5 (c). From the analysis, the correlation between observed and
simulated data found to be satisfactory.
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Figure 5: Observed & simulated water surface elevation (a) & (b). Correlation between observed
and simulated water surface elevation (c).

From the HEC-RAS analysis, the time variation of result of unsteady flow analysis was obtained.
The water depth, water velocity and water surface elevation within the time series is found to be
maximum when there was maximum flow, though, the location of maximum value of each result
got varied over the reach with time. The location is dependent upon the cell properties and
associated geometry.
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Figure 6: Velocity & depth ditribution with respect to time at gauging station location (a) & (b).
Water depth distribution for maximum flow (c) & percentage area inundated more than 7m (d).

Velocity distribution of the river at gauging station location is shown in the Figure 6(a)Error!
Reference source not found.. Maximum velocity of 2.2 was observed at that location. The depth
distribution for that station is also plotted in Figure 6(b). Maximum depth obtained was 12.8 m.
For the entire river reach, the maximum velocity of 16.1 m/s occurred at 505.2 m downstream of
starting location.

The maximum Water depth distribution for the maximum flow value of 2888 m?/s which occurred
on June 2" 2016 was plotted in RAS mapper as shown in Figure 6 (c). Maximum water depth of
13.1m was obtained over the reach at location of 1334 m downstream from the starting location.
This result is the representation of flooding occurred for the year 2016.

Percentage flood inundation graph was also generated for the river reach. The threshold depth of
7 mis chosen. In RAS mapper, within the 2D flow area, the % of time the flood has reached the
depth above 7m on each cell is potted as shown in Figure 6(d). The result with darker blue color
represent maximum percentage of time the flow depth occurred more than 7 m within the 2D flow
area. Figure represents almost all flow area has been inundated above 7 m depth. During the
flooding event (2" June), the water surface reached up to 26.8 m depth inundating the entire flow
area considered.

Conclusion

This study was aimed to conduct 2D unsteady flow simulation using HEC-RAS 5.01 in Brazos
river watershed. For the river of 20 km reach length, flow hydrograph for period of 215 may 2016-
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21% June 2016 consisting of a flooding event was routed. Using the available geometric data and
land cover data associated with manning’s roughness coefficient, calibration of flow simulation
with measured water surface elevation was done. Evaluation of unsteady flow situation for the
whole month as well as flooding event was carried out. From the analysis following conclusions
can be drawn.

e During the analysis period, the maximum water depth obtained was 13.1 m and maximum
flood velocity was 16.1 m/s, which is at the time of peak runoff at the location mentioned
above. The results obtained were found to be related with hydraulic properties of cells as
well as cell size and geometry of terrain.

e When peak flow of 2888 m®/s was routed entire flow area was found to be inundated. The
maximum water surface elevation reached was 26.8 m. The result resembled with the
flooding that happened on 2" June 2016 in the Richmond area.

e The extent of flooding would certainly increase if the discharge in the river soars, which is
likely to happen due to the climate change.

2D unsteady flow analysis is hence found to be suitable to depict the time series result for the given
flow condition. Animation capabilities provided in HEC-RAS gives the clear understanding with
visual result. Particle tracing observation also gives relative flow velocity and flow direction based
on the distance and direction moved by particle during the simulation. It is seen from the model
output that the flow level has changed as per the discharge value. The result suggested that
maximum velocity and depth distribution is associated with the flooding event. Further, HEC-RAS
simulation also depends upon the warmup time provided and computation interval. Small
computational interval and small cell size gives good result but takes time to complete the full
unsteady analysis.

However, the flooding around the Richmond area that has been evident in the past years is not
fully explained by this floodplain mapping as it is related only to stream discharge of particular
month. The peak urban runoff might also be the reason behind such unexpected flooding, which
needs further research for its validation. Some discrepancies between observed water surface
elevations and simulated flow may be attributed to course DEM data. Although the flood hazard
management strategy of the Richmond, TX has not been discussed here, similar analysis of the
Brazos River may help the areas for demarcating safe and vulnerable zones based on the extent of
the flood. Such analysis also can be used for the prediction of flood hazard as well as its extent
and can be useful for the timely evacuation during the flooding events. Capabilities of HEC-RAS
for 2D analysis could be a good tool for flood management.
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