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Flooding is one the deadliest natural disasters in the world. In the United States, the 

National Water Model, launched in August 16, 2016, is a breakthrough in flood forecasting. 

It is limited, however, in urban landscapes. This thesis is a step in filling that gap by shifting 

the focus of modeling to cityscapes, the City of Austin (CoA), Texas as the test case. First, 

to understand the hydrologic features of the city, a robust information database was created. 

Second, a 2D hydrodynamic model (FREHD) was used to simulate rainfall of varying 

intensities in an area within the city. Finally, flow directions were extracted from FREHD 

to depict flow paths and they were compared to results obtained from the widely used D8 

algorithm. Results underscored the significance of having a robust information database 

and the applicability of a hydrodynamic model to generate flow directions and flow paths. 

It was concluded that while terrain greatly affects flow paths, it is still a complex 

phenomenon in an urban landscape. 
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Chapter 1: Introduction 

1.1 BACKGROUND 

1.1.1 The flooding problem 

Perhaps we would never experience a flood even close to what Noah experienced; 

nevertheless, flooding remains one of the deadliest natural disasters. Furthermore, the 

threat of flooding is projected to increase because of sea level rise and more intense 

precipitation due to climate change (e.g. Sanders, 2007; Kundzewicz et al., 2013; 

Hallegatte, Green, Nicholls, & Corfee-Morlot, 2013). In urban areas, the flooding problem 

is exacerbated when development is done on flood plains (Ashley, Balmforth, & Blanksby, 

2005). Worldwide, the countries most vulnerable to flooding are Bangladesh, China, India, 

Cambodia, and Mozambique (IRIN, 2009). The United States (USA), though not the most 

at risk, is not immune to the devastating effects of flooding. 

In USA, flooding accounts for the third deadliest natural hazard in terms of 10-year 

average fatalities, behind heat and tornado, and in 2015 flooding accounts for 176 fatalities, 

the most among nine natural hazards (National Weather Service [NWS], 2016). Included 

in annual loss of human lives from flooding are the loss of lives of first emergency 

responders seeking to rescue flood victims (Maidment, 2016a). The City of Austin, Texas 

(CoA), has not been immune to flooding dangers. In 1935, CoA experienced severe 

flooding the magnitude of which is depicted in Figure 1.1. Just recently, the Central Texas 

Memorial Day Flood of 2015 has claimed the lives of four people and left about 350 homes 

underwater. Shoal Creek (Figure 1.2) has swelled to a high of 20.5 feet, the highest since 

1981 (Humphrey, 2015). 

 



 2 

 

Figure 1.1: Severe flooding in downtown Austin, Texas on June 15, 1935. 

 

Figure 1.2: Flooding along Shoal Creek on May 25, 2015. (source: austinmonthly.com) 

Flooding is caused by extreme amounts of precipitation but changes in land use in 

the form of urbanization, deforestation, and cultivation can exacerbate the magnitude of 
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flooding (Tollan, 2002). The topography of an area also affects its flood frequency. A 

lowland area is likely to be more flooded than a high area. Similarly, an area near water 

bodies such as rivers and beaches are more likely to be at risk. Flood risk is also higher in 

urban areas than rural areas due to more impervious surfaces in the former. Developments 

in floodplains further increase the hazards of flooding.  

Perhaps the first line of defense to minimize flood hazard is self-protection. 

However, some people still exhibit non-protective responses to flood perhaps due to 

fatalism, denial or wishful thinking. The common people must therefore be educated with 

the risk of flooding as well as the possibility, effectiveness and cost of precautionary 

measures (Grothmann and Reusswig, 2006).  

In terms of engineering works, infrastructures for flood alleviation may be 

constructed, taking the form of: 1) provision of storage, 2) increasing of channel 

conveyance capacity and 3) provision of protection (Mariott, 2009). Some constructed 

works that provide storage are dams, swales, permeable pavements, storm drains, and 

detention ponds. Detention ponds capture runoff and release it at a controlled rate; 

therefore, the inflow hydrograph into the ponds results into a flatter outflow hydrograph 

(Haestad Methods, 2013). A typical application of detention pond, therefore, is to curb the 

effects of urbanization. Increasing of channel conveyance capacity is done by increasing 

the channel cross-sectional area such as for by increasing the bottom width or adding a 

freeboard, with the latter option more practical for already constructed channels. Protection 

from overflow is done by providing banks and installing levees. Levees prevent overflow 

at a certain stage height, however when rainfall is extremely high to cause overtopping, 

then levees offer no advantage (Loucks & van Beek, 2005). Before construction, therefore, 

assessment of risk and perceived benefits must first be done.  
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Aside from constructed works, better warning, emergency planning (Marriott, 

2009), and assessment of risk through flood maps (Büchele et al., 2006) are also measures 

to alleviate the effects of flooding. Flood mapping is the mapping of the areal extent of 

flood events. Flood hazard mapping takes into consideration the different probabilities of 

occurrences of floods, expressed as a fraction or as a monetary value. In USA, the 

development of flood mapping techniques started from the recognition of the devastating 

effects of flood. Pasterick (1998) discusses the development of the US Government’s 

response to flooding.  

The first response of the nation to flooding was the Flood Control Act of 1936, 

which led to the creation of a national program of structural flood control works. It was not 

until the 1950s, though, when insurance against flood losses were first discussed. However, 

it did not materialize during that time because of the inability of insurers to assess insurance 

rates commensurate to a particularly area. In 1965, however, Hurricane Betsy struck the 

Gulf Coast in the summer of 1965. This sparked again a discussion form an insurance 

program to be launched. Consequently, in 1968, the National Flood Insurance Program 

(NFIP) was launched as a response to the National Flood Insurance Act of the same year 

(Pasterick, 1998). The NFIP was originally under the Secretary of Housing and Urban 

Development (HUD) who transferred the authority to the administrator of the Federal 

Insurance Administration (FIA). In 1979, the newly established Federal Emergency 

Management Agency (FEMA) took over FIA and its programs (Pasterick, 1998). 

Currently, the Federal Emergency Management Agency (FEMA) Flood Map 

Center has provided flood insurance maps for the country. There are other agencies that 

deal with the problem of flooding. Hydrologic Engineering Center (HEC) of the US Army 

Corps of Engineers (USACE) develops models widely used in the modeling of floods. The 

most popular of these models are HEC-HMS (Hydrologic Modeling System), which is 
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used to determine hydrographs and the peak runoff resulting from a storm, and the HEC-

RAS (River Analysis System), which is used for modeling depths. The Environmental 

Protection Agency (EPA) outlines practical tips on how to prepare for flooding and what 

to do during the flood. The National Oceanic and Atmospheric Administration (NOAA) of 

the National Weather Service (NWS) forecasts possible flood events.  

1.1.2 The National Water Model 

August 16, 2016 marks a breakthrough in USA regarding flood forecasting – the 

National Water Model (NWM) was launched. The NWM “is a hydrological model that 

simulates observed and forecast streamflow over the continental United States (CONUS)” 

(NOAA, 2016). Previously, forecasts from NOAA were only available for 3,600 locations 

in the country; the NWM increased that number to 2.7 million. Moreover, NWM is driven 

by high-resolution modeling as opposed to large-catchment modeling. In the former 

system, the average basin size is about 420 square miles – it is about one square mile for 

the NWM. Currenly, 13 river forecast centers across the country develops versions of their 

own of the same regional model but the NWM promotes a unified, community-based 

model (NOAA, 2016). Despite the utility of the NWM, it is limited in urban landscapes, 

where the terrain is more complex than a natural landscape.  

1.1.3 The information revolution 

In the past, people needed to cross borders to access information. Since the dawn 

of the internet, however, exchange of information and data access has been many times 

more available. In the context of urban water management, Eggimann et al. (2017) lists the 

following factors contributed to the ubiquity of data. First, measurement techniques have 

advanced over the recent years – new devices were developed, current devices have 

become available at a lower cost, and small sensors can be mounted on mobile devices. 
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Second, the transfer of data has become easier in recent years with mobile communication 

and the internet. Finally, computational power and storage have increased greatly over the 

past decade and more and more tasks are being automated.  

Despite readily available data, a lot of time is still wasted on data collection for a 

scientific research. Bernstein (2013) reports that it takes eight attempts to find an accurate 

result. Jones (2013) reports employees spend 1.8 hours every day searching and gathering 

data, which is about a fifth of a workday. Furthermore, datasets most often come in a 

variety of formats not easily understandable by the end user (Kanwar, Narayan, & 

Lakshmi, 2010). The challenge, therefore, is how to take advantage of the ubiquity of data.  

1.2 RESEARCH QUESTIONS 

It is therefore established that given the hydrologic data available in the world wide 

web, efficient data collection remains a challenge. Moreover, given the efforts of NOAA 

and its work on the recently inaugurated NWM, flooding remains a serious problem. This 

study seeks to address these issues by considering the following research questions: 

1. Can an information-rich city database be created from currently available data 

sources? 

2. Can a hydrodynamic model be used to extract flow direction and create flow 

accumulation rasters? 

3. Are terrain-based flow direction and accumulation algorithms sufficient for 

urban landscapes? 

1.3 RESEARCH OBJECTIVES 

To address the research questions, the general objective of the study is to conduct 

a hyper-resolution hydrodynamic simulation of the City of Austin, Texas. The specific 

objectives are: 
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1. To create a robust, hydrologic information database for the City of Austin, 

Texas 

2. To simulate rainfall runoff in an area in Austin, Texas using a hydrodynamic 

model 

3. To extract flow directions from the hydrodynamic model 

4. To create a flow accumulation raster from the hydrodynamic model. 

1.4 SIGNIFICANCE OF THE STUDY 

By directly confronting the impediments that urban areas pose to the National 

Water Model, this study is a significant step in urban flood modeling, which is essential in 

attaining a society that is more resilient to floods. Specifically, the study has the following 

contributions: 

1. While datasets in developed cities such as Austin, Texas abound, they are published 

by different agencies. Moreover, one agency may have different datasets but are 

not categorized according to the purpose one may have. For example, from the 

perspective of hydraulics, not all datasets from the City of Austin are needed; 

however, datasets such as digital elevation models (DEM) or channel cross-sections 

are crucial when one needs to conduct modeling in HEC-RAS. This study bridges 

that gap by creating one information-rich database for hydrologic modeling. 

2. Because the National Water Model focuses on modeling discharge from natural 

channels, it is limited in urban landscapes. Generally, an urban area is characterized 

by a denser population and costlier infrastructure than a rural area; therefore, urban 

flooding has a higher risk in terms of expected value than natural flooding from 

channels. To address that concern, this study furnishes a much-needed 
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understanding of flow in an urban landscape by simulating rainfall runoff with a 

hydrodynamic model created for a higher resolution terrain model.  

3. Presently, terrain-based flow direction and accumulation algorithms are widely 

used. However, an urban landscape is more complicated than a natural terrain such 

that the direction of flow and where it accumulates may not be only due to 

difference in elevation. With the use of hydrodynamic models to create flow 

direction and accumulation rasters, this study provides insight on flow directions 

and accumulation in an urban landscape and how state-of-the-art algorithms 

perform.  

4. Despite the contributions of this study, it is still based on assumptions (see Section 

2.2.3) that make it limited when those assumptions are far from actual conditions. 

This study, therefore serves as a springboard for new methods of creating 

hydrologic information databases and further studies on urban runoff and flooding. 

These new efforts may complement the findings of this study, making the results 

more reliable, or otherwise – leading to greater understanding of flow in an urban 

landscape. Thus, this study is not an end in itself but a means to a greater end on 

more disaster-resilient urban societies. 

1.5 TIME AND PLACE OF STUDY 

This study was conducted at the University of Texas at Austin from June 2016 to 

May 2017. 

1.6 ORGANIZATION OF THIS THESIS 

This thesis is organized into five chapters. This chapter presents an introduction to 

the study. In Chapter 2, the related literature is reviewed in four major categories: 

technology review, information database, urban flood simulation, and flow directions and 



 9 

accumulation. In Chapter 3, the methodology employed is discussed. In Chapter 4, the 

results are presented and explained and the implications of those findings discussed. 

Finally, in Chapter 5, major findings are summarized and recommendations for future work 

are suggested. 
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Chapter 2: Review of Literature 

2.1 OVERVIEW 

In this chapter, previous studies on information database, urban runoff simulation, 

flow direction and accumulation, and related topics are discussed. In Section 2.2, a review 

on the useful terms and concepts are presented, along with a review of technology 

employed in the study. In Section 2.3, literature on information database is reviewed. In 

Section 2.4, literature on urban flood modeling is discussed. In Section 2.5, studies on flow 

direction and accumulation are reviewed. In Section 2.6, a summary of gaps and the role 

of this study in filling some of those gaps are listed. 

2.2  TECHNOLOGY AND CONCEPTUAL REVIEW 

2.2.1 Flood mapping: early stages 

One of the stipulations of NFIP is the need for identifying flood-prone areas so 

insurance rates may be established for structures within the area (Pasterick, 1998). To 

adhere to this standard, researchers have sought ways to efficiently conduct flood hazard 

maps. 

Traditionally, flood hazard maps have been done through detailed ground surveys 

that involve determination of flood profiles and backwater curves; however, constraints in 

time and money has prompted search for alternative techniques of floodplain mapping 

(Wolman, 1971). For instance, ground surveys can take about six weeks to complete and 

will only be available in published form a year after the flood event (Rango, 1974a). 

Wolman (1971) evaluated several of these techniques, which include the use of 



 11 

physiography, pedology, vegetation, occasional floods, regional floods of selected 

frequency, flood profiles and backwater curves. Furthermore, he approximated that the cost 

of these alternatives (keeping in mind the value of money at that time) ranges from US$1-

4 mile of channel. In comparison, the estimated cost for detailed surveys range from 

US$400 to US$1000 and may even be as high as US$6000. 

In a similar study, Baker (1975) described alternative techniques for flood hazard 

mapping in Central Texas. These alternatives include the hydraulic-hydrologic method, 

soils method, botanic method, and geologic method. He concluded that geologic techniques 

have potential for relatively rapid and inexpensive flood mapping in the regional scale such 

as Central Texas. Furthermore, he added that the more expensive detailed hydraulic-

hydrologic methods are most useful in local zones of special flood hazards.  

In a later research, Burkham (1978) evaluated the accuracy and limitations of three 

general flood-mapping methods: detailed, historical, and physiographic. The detailed 

method uses the conservation of mass and energy for gradually varied flow and is limited 

to areas in which these laws are applicable; therefore, it is not effective for describing sheet 

flow and for flow in movable-boundary channels. In the historical method, the area 

inundated by a flood of a certain return period is approximated from a record of a major 

flood. In this method, good judgment arising from experience is needed to create good 

maps. This method is not applicable for floodway analysis and has limited application for 

flow in movable-boundary channels. Finally, the physiographic method relies on the 

principle that the hydraulic and topographic properties of a river reach is a function of the 

physical characteristics of the drainage basin. This method has an advantage over the 
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detailed and historical method in that it is the simplest to implement; however, this method 

is limited only to natural channels having rigid boundaries. Burkham (1978) concluded in 

his study that the largest source of error in flood mapping comes from the determination of 

the discharge or depth corresponding to a certain return period. He therefore recommended 

that investigations be needed to address this uncertainty. 

While alternative methods to ground-based flood mapping are cheap, these 

methods suffer in their accuracy whereas ground surveys remain to be the standard, being 

repeatable to a high degree of precision (Wolman, 1971). In the following section, early 

studies and breakthroughs leading to flood mapping through remote sensing are discussed. 

2.2.2 Natal stages of remote sensing 

The first breakthrough that led to remote sensing is when the Wright Brothers 

successfully made the first sustained, manned flight, on December 17, 1903. This feat has 

led to many applications, which includes attempts in flood mapping using aerial 

photography (e.g. Robinove, 1972, as cited by Rango & Salomonson, 1974; Piech & 

Walker, 1972, as cited by Rango & Salomonson, 1974).  

A subsequent breakthrough to aviation is space flight. The dawn of space flight is 

the impetus for a gamut of technological advances, one of which is remote sensing. The 

first research that made spaceflight an engineering possibility was done by Goddard (1920). 

In his article, A Method of Reaching Extreme Altitudes, he stated the general principles and 

possibilities behind reaching extreme altitudes through rocketry. Since the publication of 

the article of Goddard (1920), experiments on rockets followed. The first artificial satellite, 
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Sputnik 1, was launched on October 4, 1957 by the Soviet Union. It will not be until the 

decade of 1970s though that satellites would be used for remotely sensing data for flood 

mapping. Motivated by the limitations of conventional ground flood mapping, Rango and 

Salomonson (1974) used the Earth Resources Technological Satellite (ERTS 1) to monitor 

the extent of inundation of floods with varying return periods. The remarked that using 

satellites for flood mapping are considerably fast than ground flood mapping: the latter 

takes about six weeks to complete and will only be available in published form until a year 

after the flooding, while former takes only days (e.g. East Nishabotna River flood of 

September, 1972) or even hours (e.g. Iowa flood of September, 1972 and Virginia flood of 

October, 1972) to complete. They concluded that ERTS1 can be used to delineate the 

boundaries of flood events, and by implication, that flood mapping from space is possible. 

They also suggested that mapping of actual floods can be used as a general guide to flood 

relief programs. 

In a follow-up study, Rango and Anderson (1974) considered the Spring 1973 

Mississippi River flood to bolster the case for the viability of regional flood mapping from 

space. They compared the flood maps delineated from the images taken from ERTS-1 with 

the hazard maps produced by the U.S. Army Corps of Engineers (USACE) and U.S. 

Geological Survey (USGS) and found that the both maps were in general agreement. They 

concluded that ERTS-1 mapping on a 1:62,500 scale is comparable to some conventional 

flood hazard map scales. Furthermore, Rango and Anderson (1974) listed the value of 

regional flood mapping from space using ERTS-1. First, by having a comprehensive 

picture of the extent of the flood, relief can be initially focused on the hardest-hit areas; 
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furthermore, flood control works may also be added as necessary. Another application of 

this method is that it will reduce aircraft flights to select areas for ground surveys. 

Moreover, as finer resolution of the flood maps are developed, insurance companies may 

also have a basis for settling claims using the flood maps generated by ERTS-1. In terms 

of cost, surveys from ERTS-1 only costed one man-hour compared to floodplain ground 

surveys (e.g. Wolman, 1971). The study by Rango and Anderson (1974) was further 

elaborated by McGinnis and Rango (1975). 

Another research regarding ERTS-1 was conducted by Moore and North (1974). In 

contrast with Rango (1974a), Moore and North (1974) pointed out that ERTS-1 is not ideal 

for flood mapping because of the 18-day cycle needed to image most floods, which they 

deemed too long. Commenting on the future of remote sensing, Moore and North (1974) 

listed the desirable characteristics of an ideal sensor: 1) high resolution for identification 

of landmarks, 2) minimum inherent distortion, 3) a unique reaction to surface water, 4) day 

or night capability, 5) penetration of clouds and at least light rain, and 6) penetration of 

vegetation. 

To summarize this section, it may be noticed that most authors recognize the 

potential of remote sensing for flood mapping; however, they are also aware of the 

limitations of the technology. 

2.2.3 Remote sensing research development 

After the foundational studies of the 1970s, majority of which are in USA, flood 

mapping using remotely sensing data had gained increasing popularity in other countries. 

Moreover, advances in computer science and technology in the 1990s has created a 
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paradigm shift in flood inundation mapping, as DEMs became available and useful 

software products like Geographic Information Systems (GIS) were developed. 

Furthermore, hydraulic models were also developed that make calculations more efficient 

and less prone to error. It is in this context that the research development in flood mapping 

over the recent decades is discussed. 

In the late 1970s, other countries also conducted studies of their own. In Australia, 

Robinove (1978) described Landsat imagery of a portion of a flooded area of Copper Creek 

at Queensland. He remarked that caution must be observed in the interpretation of images 

because wet but unflooded areas may be confused with clear water. This confusion might 

arise because of their shades are similarly dark. In the USSR, Usachev (1983) used the 

information from a Soviet satellite, Meteor, and aerial photography to study the inundation 

of the River Ob floodplain. In India, Bhavsar (1984) reviewed the applications of remote 

sensing using Landsat satellites and Indian experimental satellites Bhaskara I and II. He 

stated that applications of remote sensing include floodplain mapping, monitoring of 

sediment and water pollution, water management in command areas, and ground water 

targeting. In Canada, a sudden melting of snow caused the Saint-John River in Brunswick, 

Quebec to overflow. In response to this event, the Canada Centre for Remote Sensing C-

band Synthetic Aperture Radar was flown on April 3, 1987 (Pultz, Leconte, & Peters, 

1991). Pultz et al. (1991) analyzed the resulting radar images and they stated that, based on 

their results, it is possible to extract such as the areal extent of the flooding, stage heights, 

physical characteristics of ice jams, and information that may be used to estimate damages. 

In Italy, MacIntosh and Profeti (1995) assessed the potential of the European Remote 

Sensing Synthetic Aperture Radar (ERS SAR) as a tool for flood management. They 

performed a cost/benefit analysis in which they concluded that the use of SAR data 

compared to the conventional ground flood mapping if a single study of an event is 
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conducted. In Germany, Oberstadler, Hönsch, and Huth (1997) assessed the utility of ERS-

1 SAR data for flood mapping. They remarked that the results were convenient but still 

were inaccurate relative to field measurements. 

2.2.4 Digital elevation models 

Because of advances in remote sensing and computer technology, the digitization 

of elevation data became a possibility and digital elevation models (DEMs) were created. 

A digital elevation model may be defined as “any numeric or digital representation of the 

elevations of all or part of a planetary surface, given as a function of geographical location” 

(O’Callaghan & Mark, 1984). DEMs are a subset of digital terrain models, which are digital 

representation of the spatial distribution of terrain attributes (Moore, Grayson, and Ladson, 

1991).  

The applications of DEMs are already diverse even in the 1990s (e.g. Moore et al., 

1991). Recognition of the gamut of applications of DEMs has motivated generation of 

global DEMs. In 1998, the Global Land One-Kilometer Base Elevation (GLOBE) was 

developed by an international group of specialists, including the Committee on Earth 

Observation Satellites (CEOS) Working Group on Information System and Services 

(WGISS), International Geosphere-Biosphere Programme's Data and Information System 

(IGBP-DIS), and IGBP Working Group IV/6. GLOBE has a resolution of 30 arc-seconds 

(Hastings, 1998). Another Global DEM was GTOPO30 (Gesch et al., 2002), which are 

also spaced 1 km (30 arc seconds) apart. In 2003, a major development in the production 

of global DEM was accomplished by the Shuttle Radar Topography Mission (SRTM). 

SRTM, for the first time, provides a global high-quality DEM at a resolution of 1 and 3 arc 
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seconds (Rabus, Eineder, Roth, & Bamler, 2003). It covers the earth between latitudes 

60oN and 57oS. At present, there has been no global DEM with a resolution greater than 1 

arc second although localized DEMs with higher resolution are available. In the United 

States, the elevation layer used for the National Map was the National Elevation Dataset 

(NED) (USGS, 2015), the generation of which was described by Gesch et al. (2002). In the 

last decade, Light Detection and Ranging (lidar), with a current resolution as high as 1/9 

arc-seconds, has been emerging as a new tool for creating digital terrain maps (DTMs). 

Sanders (2007) evaluated the utility of the global SRTM data as well as other on-line DEM 

sources. He concluded that there is no significant advantage of the 1 arc-second SRTM 

data over the 3 arc-second SRTM data but NED is still significantly better, with lidar data 

being the most desirable. 

With the advent of lidar, high-resolution elevation models have become available. 

However, choosing very fine resolution DEMs is not always beneficial because there is a 

tradeoff of computational cost for the sake of perceived accuracy, such as in flood mapping 

or in hydrodynamic simulations. Moreover, there are still places in the United States (and 

in the world) that do not have access to such high-resolution data. Hence, another theme in 

DEM studies is the DEM resolution. Sanders (2007) evaluated on-line DEMs for 

inundation modeling. He pointed out limitations in using DEMs for flood modeling. First, 

no DEM can resolve channels narrower than twice the DEM resolution. Second, the 

suitability of a DEM for flood modeling may depend on flood frequency. Third, success in 

predicting flood extent does not always correlate to accurate predictions of water depths 

and velocities. Sanders (2007) compared five types of DEMs – 1/9s NED lidar, 1/3s NED, 
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1 s NED, 1 s SRTM, and 3 s SRTM. He concluded that lidar-based DEMs are the best 

terrain model for flood modeling because of horizontal and vertical accuracy. In another 

study, Barber and Shortridge (2005) considers issues in using lidar for surface hydrology 

modeling, namely, 1) the ability of lidar to extract hydrologic features, 2) scale vs source 

issues for hydro-modeling, and 3) data conflation issues. They concluded that further 

increasing lidar resolution may reduce the effect of these issues. In a related study, Li and 

Wong (2010) assessed the effects of DEM sources (e.g. SRTM, 2-m lidar, 30-m lidar, 10-

m lidar, 10-m NED, and 30-m NED) on hydrologic applications and concluded that DEM 

spatial resolution “may have minor impacts on flood simulation results, but inundation 

areas from flood simulations vary significantly across different DEM sources.” They also 

pointed out risks of assuming superiority of high-resolution data as sometimes the 

advantage is marginal – consistent with the findings of Yang et al. (2014), who investigated 

the effect of lidar-derived DEM resolution on large-scale watershed modeling. Recently, 

Bakuła, StĘpnik, and Kurczyński (2016) evaluated the influence of elevation model on 2D 

hydraulic modeling. They concluded that the geometry of the terrain has the most influence 

in hydraulic modeling; therefore, different sources of terrain model can yield different 

results. Moreover the main characteristic of elevation models that impacts results is their 

spatial resolution. Concerning large-scale watershed modeling,   

Many published DEMs were derived from topographic maps, which also serves as 

the ceiling for the accuracy of the DEMs (Moore et al., 1991); however, errors associated 

with DEMs are often overlooked (Januchowski, Pressey, VanDerWal, & Edwards, 2010). 

The accuracy of DEMs have therefore become the subject much research. Holmes, 
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Chadwick, and Kyriakidis (2000) used stochastic methods to investigate impact of error in 

a USGS 30-m DEM. They compared their sample DEM with Global Positioning System 

(GPS) elevation data taken at random points by subtracting the former (with values 

corresponding with the GPS points) from the latter, constructing a histogram of the error 

and calculating relevant statistics. Their results showed that the USGS 30-m DEM is 

“generally quite accurate.” They recognized, however, the spatial patterns of error in the 

DEM. Other studies considered the effects of DEM resolution on the calculation of 

topographical indices (e.g. Sørensen & Seibert (2007); Vaze, 2010). In a recent research, 

Barreiro-Fernández, Buján, Miranda, Diéguez-Aranda, and González-Ferreiro (2016) 

assessed the accuracy of lidar-derived DEMs in a rural landscape with complex terrain. 

Their results revealed that the DEMs tend to underestimate true elevation.  Other issues 

concerning lidar data aside from DEM accuracy are explained by Liu (2008) and Meng 

(2010).  

In the present study, airborne lidar was used to create fine terrain models of 1 ft and 

5 ft resolution, which are finer than the 6-m lidar resolution used by Barber and Shortridge 

(2005). These DEMs were used as terrain representation for the hydrodynamic simulation 

of pluvial urban flooding. The use of fine elevation models was motivated by the complex 

terrain of urban landscapes in comparison to natural terrains. For example, gutters may 

have widths less than 5 feet and arterial roads may have widths less than 20 feet. Using 

DEMs of coarser resolution would therefore not suffice for a realistic representation of 

streets. 
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2.2.5 Applications of DEMs in flood mapping and modeling 

Since the conceptualization of DEM, numerous studies have been made regarding 

its utility. One theme of DEM studies is on the extraction of important features from a 

DEM such as watersheds, streams, and channel cross-sections. O’Callaghan and Mark 

(1984) noted that extracting drainage networks from DEM is beneficial for quantitative 

studies in hydrology and they presented a method of their own. They also defined the 

following concepts in hydrology such as pit, drainage direction, drainage basin, drainage 

accumulation, drainage link, and drainage channel. These terms have been used frequently 

in the subsequent studies, particularly in watershed delineation. One focus of their study 

was on the discussion of artificial pits and the importance of removing them in stream 

delineation. The method that they proposed handles artificial pits. They recognized, 

however, that natural pits may also occur. Hence, they recommended future studies to deal 

with naturally occurring pits. Other areas of concern mentioned were flat areas, drainage 

paths with multiple outflows. In another research, Moore, Grayson, & Ladson (1991) 

reviewed the hydrological applications of digital terrain modelling and remarked that 

channel initiation is important in the evolution of landscapes but the previous studies do 

not accurately predict where stream channels initiate. Concerning the usability of DEM-

derived channel networks, Tarboton, Bras, & Rodriguez-Iturbe (1991) suggested a 

criterion for determining the suitable drainage density at which to extract networks from a 

DEM: extract the network with highest drainage density that satisfies traditionally accepted 

scaling laws. In another research, Li, Tand, and Winter (2013) suggested a geospatial 

method of producing lidar-derived hydrologic DEMs.  



 21 

Aside from extracting streams and other hydrologic features from DEMs, another 

area of concern was extraction of cross-sections, which are the major input in hydraulic 

models (Pramanik, Panda, & Sen, 2010). Pramanik et al. (2010) stated that field 

measurements of cross-sections are costly and time-consuming. Moreover, there is a dearth 

of available cross-sections in developing countries. Motivated by these data, they proposed 

a method for extracting river cross-sections from SRTM 3 arc-second DEM. They 

concluded that freely available SRTM DEM-extracted river cross-sections could be used 

in hydraulic models to simulate stage and discharge hydrographs, if there are measured 

cross-section data available. In a similar and more recent research, Pilotti (2016) proposed 

to compute cross sections automatically by operating along a channel network derived from 

a DEM. He discussed the possibility of computing geometric and bathymetric functions 

needed to solve the Shallow Water Equations (SWE) for flood propagation by working on 

the DEM-extracted channel network. 

In 2008, a new terrain descriptor, which normalizes the DEM according to its height 

relative to the stream thalweg was developed in Brazil from an algorithm by Renno et al. 

(2008). The algorithm, which is called height above the nearest drainage (HAND), was 

used to create a HAND raster from a SRTM-derived DEM. The main application of HAND 

that they stated was that it is a unique terrain descriptor for soil draining potential. A follow-

up study in 2011, by Nobre et al., was conducted. The authors calibrated and validated 

HAND through field testing. They report several applications of HAND: 1) it provides the 

possibility of capturing and examining heterogeneities in local environments 

quantitatively, 2) it can be used soil and landscape modeling, 3) large-scale soil moisture 
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mapping may be done, and 4) it can be used for landslide and flood mapping. Further 

validation of HAND was done by Gharari, Hrachowitz, Fenicia, and Savenije (2011). 

In USA, the application of HAND has been used flood mapping is currently being 

explored. A 10-m HAND raster for the contiguous United States (CONUS) was generated 

using a supercomputer based at University of Illinois at Urbana-Champaign for national 

flood mapping. Liu et al. (2016) described the computational experience. Maidment 

(2016b) presented the potential of HAND method for continental-scale flood inundation 

mapping in three general steps. First, discharge is forecasted using NWM. Second, 

discharge is converted to depth using rating curves. Finally, depth is converted to 

inundation raster using HAND. The main advantage of using the HAND method is it can 

easily be generated from a DEM using a GIS software; therefore, it has far-reaching 

implications in cutting costs in flood mapping as it bypasses the need of extracting cross-

sections for flood mapping. 

2.2.6 The TauDEM toolbox 

The Terrain Analysis Using Digital Elevation Models (TauDEM) toolbox, 

developed by Dr. David Tarboton of Utah State University, integrates literature on terrain 

analysis in one single toolbox. Documentation of the toolbox may be found in Tarboton 

(2005) and an introductory user guide was created by Tarboton and Mohammed (2013).  

Capabilities of the toolbox used in this study are pit removal, D8 flow direction, 

D∞ flow direction, D8 contributing area, and D∞ contributing area. In the context of 

hydrology, pits are areas surrounded by higher terrain. Pit removal fills the pits to the point 
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where water can drain through them (for a more detailed study on artificial depressions, 

see Lindsay & Creed, 2005). The D8 flow direction represents flow in all eight ordinal and 

cardinal directions by assigning numbers from one to eight. The direction convention is 

shown in Figure 3.4. The coding of the directions is: 1 – east, 2 – northeast, 3 – north, 4 – 

northwest, 5 – west, 6 – southwest, 7 – south, 8 – southeast. The D8 contributing area 

calculates a grid of contributing areas from the D8 flow direction grid. The contributing 

area for each grid cell is taken as its own contribution (equal to one) plus the contribution 

from upslope adjacent cells that drain in to it according to the D8 flow direction algorithm. 

The D∞ flow direction grid (Figure 2.2) is based on the algorithm of Tarboton (1997) and 

ranges from 0 at the east counterclockwise to 2π.  

 

Figure 2.1:  TauDEM D8 flow direction convention (source: http://hydrology.usu.edu) 
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Figure 2.2:  TauDEM D∞ flow direction algorithm (source: hydrology.usu.edu) 

2.2.7 Geographic Information Systems 

One of the tools used extensively in this study is geographic information system 

(GIS). GIS is a tool that “lets us visualize, question, analyze, and interpret data to 

understand relationships, patterns, and trends” (ESRI, 2017). A GIS software is designed 

to “capture, manage, analyze, and display all forms of geographically referenced 

information” (ESRI, 2017). 

The history of GIS can be traced from the advent of remote sensing (see Appendix 

A for a brief historical background on remote sensing and its application in flood mapping). 

GIS has been applied to a gamut of problems over the last two decades and presently, more 

and more applications are still being discovered. One application that GIS has been used 

extensively is hydrologic modeling, dating back to the 1990s (Maidment, 2002). In 1998, 

Townsend and Walsh (1998) used GIS and synthetic aperture radar (SAR) images to model 

the potential flood extent within the lower Roanoke River floodplain, North Carolina. Their 
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statistical results indicated that the GIS-derived models successfully identified the 

inundation area as mapped by the radar change-detections. 

GIS also has applications in terrain modeling. For example, Tate, Maidment, 

Olivera, & Anderson (2002) used a GIS-based approach to develop a terrain model based 

on stream channel representation of the U.S. Army Corps of Engineers (USACE) 

Hydrologic Engineering Center's River Analysis System (HEC-RAS) hydraulic model. 

The inputs for the model were a completed HEC-RAS simulation, a DEM, and a GIS 

representation of the stream thalweg. The resulting output was a Triangulated Irregular 

Network (TIN) model that describes the terrain of the stream floodplain studied. The study 

area was Waller Creek in Austin, Texas. One of the difficulties that they handled was the 

difference of the coordinate system of GIS and HEC-RAS. The main drawback of their 

proposed method was the assumption of straight-line cross-sections in the (X,Y) plane - a 

limitation that is exacerbated in cross sections near bends in the stream. Nonetheless, their 

model accurately described the floodplain and channel morphology at a large scale while 

they still recognize there are still no adequate methods with which to integrate hydraulic 

model terrain data with a DEM. 

GIS can also be used as a tool to describe the spatial history of an area. For example, 

Diakakis, Pallikarakis, Katsetsiadou (2014) used a spatio-temporal GIS database to map 

historical extent of flooding in Greece, which was previously described by anecdotal 

records.  
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2.2.8 Flood mapping: recent trends 

Another component of this study is flood modeling. Knebl, Yang, Hutchison & 

Maidment (2005) developed a flood model that integrated GIS with the HEC-HMS runoff 

model and HEC-RAS river hydraulic model. The developed model had a capacity to 

perform hydrologic studies on a regional scale. One component of the model was the Map 

to Map tool, which was developed by a research team of Dr. David Maidment of the 

University of Texas at Austin. The final output of the model showed the extent of 

inundation over the basin considered - San Antonio Basin. 

Another theme in flood modeling is preparation of flood risk maps that categorizes 

areas by the probability of occurrence, expressed as a fraction or as a monetary value. For 

the latter, the standard method for estimating damages are by using stage-damage-

functions. Büchele et al. (2006) used GIS to develop flood risk maps showing damage 

estimates in affected areas. They defined two types of damage: direct and indirect. Direct 

damage is “a damage which occurs due to physical contact of flood water with human 

beings, properties or any objects” while indirect damage is “a damage which is induced by 

the direct impact, but occurs - in space and time - outside the flood event.” Büchele et al. 

(2006) only considered direct damage. One theme of their study is the recognition of the 

limitations of the stage-damage-functions in damage estimation, in which they stated that 

flood damage depends on other factors not accounted for by the functions such as flow 

velocity, contamination, and precautionary measures. Based on this context, they 

developed a multifactorial approach for damage estimation. Their results showed that 

precautionary measures reduced flood damage significantly while flow velocity does not 
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have much effect. They recommended that analyses and maps such as theirs must be 

updated after significant changes in hazard and vulnerability.  

In a more recent research, Demir and Kisi (2016) prepared flood hazard maps for 

the Mert River in Samsun, Turkey, using GIS and HEC-RAS. The steps in preparation the 

maps were the following: 1) digitization of topographical data and preparation of DEM 

using ArcGIS, 2) simulation of flood lows of different return periods using HEC-RAS, and 

3) preparation of flood risk maps by integrating the results of steps 1) and 2). The final 

output of their research was hazard maps corresponding to return periods of 10, 25, 50, and 

100 years. 

There has also been growing trend on the use of statistical methods to create flood 

maps (Nandi, Mandal, Wilson, & Smith, 2016). In their study, Nandi et al. (2016) 

employed a multi-criteria statistical methodology to quantify hazard potential and to map 

flood characteristics. The fourteen factors considered in their model with seven factors 

explaining majority of the variation in the data: elevation, slope, angle, slope aspect, flow 

accumulation, a topographic wetness index, proximity to stream network, and 

hydrostratigraphic units. The methods that were used were Frequency Distribution (FD), 

Logistic Regression (LR), and Principal Component Analysis (PCA). It is found that “low-

lying, flat areas which are in close proximity to the stream network, situated on 

impermeable hydrostratigraphic units are most prone to flooding.” One limitation of their 

study, however, is the coarse resolution of the DEM that used, which is just on the scale of 

30 meters.Therefore, while affirming the results of their study, they recommended a higher 

resolution for a more accurate analysis. 
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2.2.9 The FREHD model 

The Fine Resolution Environmental HydroDynamics model (FREHD), developed 

primarily by Dr. Ben Hodges of the University of Texas at Austin, is the hydrodynamic 

model used in this study. FREHD has several applications and in the context of this study, 

FREHD can be applied in modeling urban pluvial runoff using the 2-D shallow water 

equations. The numerical schemes of FREHD are based on the articles of Wadzuk and 

Hodges (2004), Rueda et al. (2007), Hodges and Rueda (2008), and Hodges (2014). A 

detailed description of FREHD can be found in Chapter 3 of the dissertation of Shin (2017), 

entitled “A subgrid approach for unresolved topography in shallow water hydrodynamic 

modeling”, whose PhD adviser was Dr. Ben Hodges. Shin (2016) noted that FREHD 1) is 

governed by the incompressible, hydrostatic, and free-surface Navier-Stokes equations, 2) 

uses a uniform cartesian grid, 3) uses a hybrid of finite difference and finite volume 

methods, 4) is implemented in MATLAB, which achieves easier development of the code 

compared to Fortran or C++ at the expense of a longer computational time. The positive x-

coordinate of FREHD is downward and its positive y-coordinate is rightward, with the 

origin set on the upper leftmost cell. Finally, FREHD operates in the International System 

of Units. 

Several authors have successful used FREHD in their studies. Tomasek (2013), in 

her Master’s thesis, modeled flow in Barton Springs Pool that represents temporal and 

spatial 3D velocities. She concluded that upstream velocities in Barton Springs Pool 

increases as inflow increases but not the downstream velocities. Hiatt and Passalacqua 

(2016) used FREHD to model the transition of flow in Wax Lake Delta in Louisiana from 
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confined to unconfined flow. Shin (2016) developed a new subgrid drag model for shallow 

water hydrodynamic modeling, which she implemented in FREHD. 

In this thesis, FREHD is used to model pluvial runoff in an urban area. The 

governing shallow water equations applied in this study are: 
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where U and V are velocities in the x and y direction, respectively, t is time, 𝜏𝐵 is 

the bottom shear stress, 𝜂 is the free surface elevation, h is flow depth, g is gravitational 

acceleration (equal to 9.8066 m/s2), and 𝜌 is fluid density (equal to 999 kg/m3). Moreover, 

the depth-integrated continuity equations are: 
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The following are the assumptions made in the use of the governing equations: 1) 

flow is inviscid, 2) pressure varies hydrostatically, 3) flow is 2-dimensional, and 4) wind 

forcing is negligible, and 5) flow is unsteady. Moreover, inlets were not considered in the 

model. 

2.3  STUDIES ON HYDROINFORMATICS 

The influx of water data has been recognized more so prominently in the last two 

decades; consequently, the field of hydroinformatics was born. hydroinformatics applies 

developments in information, including present-day communication and technologies, in 
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water science (Abbot, 1999). Abbot (1999) suggested two lines of development in 

hydroinformatics: data mining for knowledge discovery and knowledge management. 

Dow, Dow, Fitzsimmons, and Materise (2015) provided three functions of informatics: 

providing valuable data, facilitating data exchange, and supporting data analysis. They 

proposed that the identification and implementation of best practices in each area would 

lead to better data discovery.  

Since its conception, hydroinformatics has matured with conferences on the topic 

being held, textbooks on hydrology including a section on hydroinformatics, and 

universities offering degrees in the subject (See, Solomatine, Abrahart, & Toth 2007). 

Recently, the concept of big data has become a popular topic (Chen and Han, 2016). 

Because of the recognition of the advantage of data sharing, several platforms 

throughout the last decade were created. In 2008, Beran and Piasecki developed a search 

engine “to facilitate searches in multiple hydrologic data repositories,” a tool that 

“significantly reduces the time spent to discover and download data from over 1.8 million 

observation sites across the United States.” In 2009, Steiner et al. said that database 

technology “can overcome problems of fragmentation, inadequate documentation, and 

cumbersome manipulation of complex data.” In the context of watershed research, they 

proposed STEWARDS (Sustaining the Earth’s Watersheds – Agricultural Data System), a 

data management system to address these problems. In 2010, Kanwar et al. proposed a web 

service based hydrologic data distribution system that addresses the problem of remotely 

sensed data being processed in different formats. 

Another effort to support sharing of hydrologic data was spearheaded by the 

Consortium of Universities for the Advancement of Hydrologic Science, Inc (CUAHSI) 

(Tarboton et al., 2009). The system, CUAHSI Hydrologic Information System (HIS), is 

“comprised of hydrologic databases and servers connected through web services as well as 
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software for data publication, discovery, and access” (Tarboton et al., 2009). Maidment 

(2008) remarked that CUAHSI HIS has created a common national platform by which 

water information can be shared. He posed the following future challenges: 1) more 

datasets need to be indexed and stored, 2) capability to store additional datatypes need to 

be developed, 3) hydrologic information servers need to be deployed at a larger network 

of institutions and 4) modeling systems need to be customized to take advantage of HIS. 

An aid to HIS is the HydroDesktop (2012), a web-based software designed for more 

convenient discovery and retrieval of data. 

Within the HIS, Castronova, Goodall, and Ercan (2013) presented a prototype 

software system for integrated environmental modeling. This system provides 

interoperability within CUAHSI, HIS, and Open Modelling Interface (OpenML). OpenML 

– developed by Vanschoren, van Rijn, Bischl, and Torgo (2014) – is a platform where 

machine learning researchers can exchange data. It was motivated by the recognition that 

there are research findings too large to be printed but are important, such as the discovery 

of the rings of Saturn by Galileo Galilei.  

Another data platform is HydroShare (Tarboton et al., 2014). HydroShare is an 

“online, collaborative system being developed for open sharing of hydrologic data and 

models.” The goal of HydroShare is to enable hydrology researchers to facilitate easy 

discovery, access, and retrieval of hydrologic data and models. Horsburgh et al. (2015) 

noted these hydrologic data as social objects that can be “published, collaborated around, 

annotated, discovered, and accessed.”  
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2.4  STUDIES ON URBAN FLOW SIMULATION 

Advancements in computer science and engineering had led to the development of 

modeling software such as HEC-RAS and HEC-HMS. In this context, another theme of 

research on flood modeling is the hydraulic model used. Traditionally, 1D modeling 

software are used such as HEC-RAS; however, there has been growing interest among 

hydraulic engineers to do modeling in two or even three dimensions. Mark, Weesakul, 

Apirumanekul, Aroonnet, and Djordevic (2004) noted the drawback of 1D modeling in 

irregular channels; however, it is reasonably realistic when the channels are prismatic and 

when water follows the street profile. Pilotti (2016) stated 1D modeling, or modeling using 

the Saint-Venant equation, is advantageous over 2D modeling because of less 

computational effort; however, its drawback lies in the necessity of many cross-sections. 

Leandro, Chen, Savić, and Stanić (2011) has also noted the limitation of 2D models as 

time-prohibitive. They proposed that faster 1D/1D models can be calibrated using the 

results of 1D/2D models. Other studies, however, discussed the superiority of 2D models 

over 1D models. For example, Merwade, Cook, and Coonrod (2008) stated that the 

limitations of 1D modeling include inability to 1) represent detailed river bathymetry that 

affect river processes, 2) simulate hydrodynamic conditions that are prevalent during large 

scale extreme events, and 3) represent and simulate complex river systems. In another 

study, Costabile and Macchione (2015) stated that the use of 2D fully dynamic models are 

the most reliable for flood risk studies and the fact that 1D modeling is still being used was 

stated in the pejorative sense. In their study, they underscored the limitations of 1D 

modeling in relation to 2D modeling. They concluded that 1D modeling can still be used; 
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however, it requires that the user have hydraulic skillfulness to obtain reliable estimations 

of hydraulic variables. Meesuk, Vojinovic, Mynett, Abdullah (2015) stated that while 1D 

numerical models are used to forecast flows in open channels and pipe networks, it will no 

longer be sufficient if extreme floods cause waters to overflow from a river; hence, a 2D 

numerical model is needed to simulate urban flow. 

In this study, the hydrodynamic model used, FREHD, is two-dimensional, which 

agrees with recent literature that states the advantage of 2D over 1D models in modeling 

overland flow, particularly in urban areas (e.g. Merwade et al., 2008; Costabile & 

Macchione, 2015; Meesuk et al., 2015). Over the last two decades, a plethora of articles 

dealing with urban flooding with the use of 2D models has been published. These articles 

vary in any or a combination of the following: the modeling software used, the domain of 

testing or application, the parameters considered, numerical schemes used in solving the 

governing equations, and the specific objectives. 

O’brien, Julien, and Fullerton (1992) used FLO-2D, a 2-D model with a central 

explicit finite difference scheme to estimate flow depth and velocity, approximate 

inundation areal extent, and simulate flow cessation on a grid system with streets and 

buildings. Schmitt, Thomas, and Ettrich (2004) used a detailed dual drainage simulation 

model to analyze and model flood in urban drainage systems. This study was further 

supplemented by the authors in 2005. Chen, Hsu, Chen, and Chang (2005) used the HEC-

1 model (previous version of HEC-HMS), a 2-D non-inertia overland-flow model, and the 

SWMM model to simulate flooding in downtown Taipei due to typhoon Nari of 2001. 

Their results underscored the significance of the storage effect of underground 
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infrastructures. Mignot, Paquier, and Haider (2006) used the complete 2D shallow water 

equations to model flooding in a dense urban area. Sto. Domingo, Refsgaard, Mark, and 

Paludan (2010) employed a coupled hydrologic-hydraulic modeling to analyze flooding in 

mixed-urban areas in which they underscore the importance of considering the complete 

water cycle in urban flood analysis. Seyoum, Vojinovic, Price, and Weesakul (2011) used 

a coupled 1D sewer network and 2D noninertia overland-flow model that uses an 

alternating direction implicit finite difference scheme to simulate urban flooding. Chen, 

Evans, Djordević, and Savić (2012) used a 2D non-intertia model based on the Saint 

Venant equations simulate urban flooding, using the building coverage ratio to consider 

the effects of building blockage. In a similar study, Huang, Hsu, Chen, Chiu (2014) 

proposed modifying the Manning’s roughness to simulate the storage and blocking effects 

in urban flood simulation. Shahapure, Eldho, and Rao (2010) employed finite element 

methods and GIS to simulate coastal flooding considering the effects of tidal variations. 

Liang and Smith (2015) used an integrated hydrodynamic modeling system that solves the 

2D shallow water equations and uses a first order accurate finite-volume Godunov-type 

scheme for urban flood modeling. Rotiroti, Fumagalli, and Bonomi (2015) applied 

numerical methods to model groundwater flooding in an urban area. Another theme being 

investigated is the inclusion of porosity in urban flow simulation (e.g. Soares-Frazao, 

Lhomme, Guinot, & Zech, 2008); Guinot, 2012; Kim, Sanders, Famiglietti, Guinot, 2015).  
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2.5 STUDIES ON FLOW DIRECTION AND ACCUMULATION 

A more specific theme of research on DEM extraction is flow direction. The earliest 

representation of flow direction is by assuming the flow in the eight cardinal and ordinal 

directions (O’Callaghan & Mark, 1984). Most of the research done employed this grid-

based approach of assigning flow directions (Fairfield & Leymarie, 1991). This method, 

however, was criticized by many researchers. Erskine et al. (2006), for example, remarked 

that the method is unable to represent meandering flow directions. Seibert and McGlynn 

(2007) also noted the problem that flow direction may occur between two of the eight 

possible directions. Fairfield and Leymarie (1991) also criticized this method, which they 

termed method D8 (deterministic eight-neighbors). They mentioned, for example, that if 

the aspect is anywhere between 22.5 and 67.5 degrees, then the flow direction will just be 

determined as 45 degrees east of north. To solve this simplification, they introduced two 

new methods: ρ4 (stochastic four-neighbors) and ρ8 (stochastic eight-neighbors) method. 

They concluded that these methods are more accurate than the D8 method. Another flow 

routing method was developed by Quinn, Beven, Chevallier, and Planchon (1991) where 

instead of treating flow as unidirectional like the D8 method, they suggested an algorithm 

that allows for splitting of the downslope flow paths. However, Costa-Cabral and Burges 

(1994) do not subscribe to Fairfield and Leymarie’s (1991) method because of the inherent 

problems of randomness, though they noted the problems of the D8 method. Moreover, 

they pointed out that multiple flow direction methods is limited in that the computed flow 

accumulation grid is discontiguous. They then proposed an algorithm, called digital 

elevation model networks (DEMON), which models downslope flow in two dimensions 
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and directed by aspect. Tarboton (1997) also did not subscribe to the stochastic methods 

proposed by Fairfield and Leymarie (1991) even though he agreed with the limitations of 

the D8 method. He then proposed a new procedure, which he termed D∞ method, that is 

based on “representing flow direction as a single angle taken as the steepest downward 

slope on the eight triangular facets centered at each grid point”. A modification of the D∞ 

method, MD∞, was proposed by Seibert and McGlynn (2007). This method increased the 

number of downslope neighbors available to receive flow from two in the D∞ to three, an 

advantage pronounced in divergent and saddle hillslopes but not in planar and convergent 

hillslopes. 

Closely related to studies on flow directions are that of flow accumulation because 

in determining flow accumulation models, a flow direction model is requisite. A 

comparison of the flow accumulation models generated from several flow direction 

algorithms (D8, ρ8, MFD, DEMON, and D∞) was done by Erskine et al. (2006). They 

concluded that multiple-direction algorithms (MFD, DEMON, and D∞) are recommended 

on undulating terrains. Recently, Leitão, Prodanovic, Boonya-Aroonnet, and Maksimovic 

(2013) proposed three enhanced DEM-based flow path delineation methods for urban flood 

modeling: the bouncing ball and buildings method, bouncing ball and A* method, and 

sliding ball/water accumulation method. 

2.6 OPEN QUESTIONS  

Even though there has been a significant progress in flood mapping and modeling 

over the previous decades, there are still a number of gaps. In this section, these gaps are 
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discussed. Furthermore, propositions on role of this study on filling some of these gaps are 

also discussed.  

First, regarding the concept of a global DEM, there is still none that has a higher 

resolution than that of the SRTM 30 meters even though many countries have their own 

set of LIDAR data. Perhaps, the ubiquity of data nowadays reduces the need for producing 

a new global DEM; however, there may still be developing countries that need elevation 

data. Moreover, some countries, even though they have the high resolution lidar DEM, the 

availability of the data set is not conducive among the public. For example, a lot of 

bureaucratic procedures are needed for an individual to get data for reasons of privacy. 

Some governments will allow dissemination of data but for a fee. These barricades pose a 

problem for the researcher who is trying to do his work but cannot due to lack of data 

sources. It is suggested, therefore, that a new global DEM of resolution of 1/9 arc second 

be produced. In line with this, open sharing of data sources should also be promoted. 

Meanwhile, some research work should also focus on the utility of on-line data sources 

given scarcity of data as well as methods of extracting a wealth of information from the 

DEM – information that would otherwise be obtained by field information such as channel 

morphology.  

Second, most authors also recommend a higher resolution DEM to improve their 

proposed methods. There is a need, therefore to update these studies with new and high-

resolution DEMs to verify their claims (e.g. Li & Wong, 2010; Yang, 2014). Studies that 

compare the utility of available DEMs such as that of Sanders (2007) should be conducted 

periodically. 
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Third, many studies still use 1D hydraulic models. It is therefore important to 

ascertain how advantageous 2D models are compared to 1D models because the less 

computational effort for 1D models are still attractive at present. Recently, Zhang, Feng, 

Maksimovic, and Bates (2016) conducted a study which involved the 3D Navier-Stokes 

equations. As the computational power of computers evolve, more studies involving 3D 

models are encouraged. Moreover, most studies in urban flooding use domains of limited 

resolution. FREHD, however, has the capability of using grids finer than the gutter scale 

and is therefore used in this study. 

Fourth, while statistical methods are gaining popularity, their advantage over 

conventional methods of modeling that use hydrologic and hydraulic models should be 

verified as well. Indeed, complexity of a method is not a guarantee for the accuracy of the 

method, as sometimes the simple method is still the best. Therefore, before declaring the 

advantages of such methods, they must be compared first to traditional methods of 

modeling. 

Fifth, regarding the estimation of damage, studies should be conducted on the 

factors affecting damage because the traditional stage-damage-functions used to estimate 

damage do not account all factors, as what Büchele (2006) reported. Moreover, methods 

that quantify indirect damages should also be explored to provide a more comprehensive 

description of a flood damage. 

Sixth, the HAND methodology, being based on the assumption that flooding occurs 

from swelling of rivers, may be limited in urban landscapes where flooding can occur from 

excessive rain and surcharge in streets. Moreover, its datum is the bottom of the stream but 
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stream depths may vary from one location to another. As an illustration, a HAND value of 

40 meters looks safer than a HAND value of 10 meters, until one finds that the stream from 

which the latter is based is 39 meters deep. 

Seventh, most studies on hydroinformatics encourage sharing of data. However, 

few delved into creating a database for a specific application. The present research shares 

the goals of the authors and focuses on using readily available data to create a hydrologic 

information database for urban flood simulation that can serve as a template for cities. 

Finally, over the last three decades, there has been a substantial development in 

flow direction and accumulation research. However, all studies discussed share a common 

characteristic: they were based on a terrain model, implying that the only determining 

factor in the direction of flow is the differences in elevation. This assumption may be 

limited in complex landscapes such as urban areas, where there are many topographical 

features that may affect the flow. For example, the presence of buildings will automatically 

prevent flow to go through the buildings. In this study, a new method of determining flow 

directions and contributing areas is proposed. This method borrows concepts from the 

classic D8 model and the recent D∞ algorithm, but uses a hydrodynamic model in 

generating flow direction and accumulation grids. 
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Chapter 3: Methodology 

3.1  RESEARCH DESIGN 

In this chapter, the methodology of the study is discussed. This study is 

accomplished through four major steps: 1) building the information database, 2) simulating 

rainfall runoff, 3) creating flow direction and accumulation rasters. Each step is elaborated 

in Sections 3.2 through 3.4, respectively. The research design is summarized in Figure 3.1. 

 

 

 

 

Figure 3.1:  Research design: (from top) building information database, simulating 

rainfall runoff, creating flow accumulation raster. 

3.2  BUILD INFORMATION DATABASE 

3.2.1  Gather data 

The first step in the building of the information database is gathering of data. The 

datasets gathered are summarized in Table 3.1, where their sources are also shown. Most 

of the data are already in their final form; however, some were processed further. 

Gather data Process data
Organize data 

in ArcMap

Prepare 
domain

Set input files

• rain

• surface 
elevation

• tidal boundary

• topography

• layer thickness

Configure 
settings

• grid spacing, dx

• time interval, dt

• number of time 
intervals, N

Run model

Process 
results

• Set file locations

• Convert output

• Extract data

Create movie

Extract 
velocities from 

FREHD

Compute flow 
directions in 

MATLAB

Display flow 
directions in 

ArcMap

Extract flow 
accumulation 

raster
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Moreover, some of the datasets in the information were created using other datasets, as will 

be discussed in the next section.  

Data set Source Agency Year 

created/updated 

LAS and qvr files CWE 2012 

10-m HAND CWE 2016 

Streets City of Austin 2014 

Street centerlines City of Austin 2014 

Buildings City of Austin 2014 

Low water crossings TNRIS 2010 

Paved areas City of Austin 2014 

Watersheds City of Austin 2013 

NHD Flowlines USGS 2015 

Railroads City of Austin 2004 

Tree canopy City of Austin 2014 

Table 3.1: Datasets downloaded for the information database. 

The acronyms of the source agencies are as follows: CWE is Center for Water and 

the Environment (formerly Center for Research in Water Resources), TNRIS is Texas 

Natural Resources Information System, USGS is United States Geological Survey. 

3.2.2  Process data 

One dataset that was processed is the LiDAR point cloud, which was used to create 

a 1-ft and a 5-ft resolution DEM. Creation of the DEMs was done in ArcMap using the 

Create LAS Dataset tool in ArcToolbox (Data Management Tools  LAS Dataset  

Create LAS Dataset). There were 128 LAS files contained in the LAS Dataset. Overall, 

256 LAS files were downloaded: one with a .las extension, and another with a .qvr file 

extention. A .las extension represents an LAS file, which is a format for storing airborne 

lidar data (ESRI, 2016). A .qvr extension represents a qvr file, which contains LAS 
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pyramiding data (File-Extensions.org, 2017). Illustrated in Figure 3.2 is what the input and 

output looks like when using the Create LAS Dataset tool. 

 

Figure 3.2:  Creating an LAS dataset. (source: http://desktop.arcgis.com/) 

From the lidar point cloud the DEMs were created following using the LAS Dataset 

to Raster tool in the ArcToolbox (Conversion Tools  To Raster  LAS Dataset to 

Raster). The interpolation type used was Binning (Cell assignment type is AVERAGE and 

void-fill method is LINEAR INTERPOLATION). The value field was set elevation and 

the cell size was 5 for the 5-ft DEM and 1 for the 1-ft DEM. 

Aside from the DEMs, two more datasets were created by using the 10-m Texas 

HAND raster and attributing it to the buildings dataset and the low water crossings dataset. 

The former was achieved using the Extract by Mask tool (Spatial Analyst Tools  

Extraction  Extract by Mask). The latter was achieved using the Extract Multi Values to 

Points tool (Spatial Analyst Tools  Extraction  Extract Multi Values to Points). 
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3.3.3  Organize data in ArcMap 

 After all the datasets were downloaded, they were consolidated in one ArcMap 

document to form the information database. The datasets in the information database as 

well as their type are summarized in Table 3.2.  

Table 3.2: Datasets in the information database. 

Data set Data type 

1-ft DEM Raster 

5-ft DEM Raster 

10-m HAND Raster 

Streets Polygon 

Street centerlines Line 

Buildings Polygon 

Buildings with HAND Raster 

Low water crossings Point 

Low water crossings with HAND Point 

Paved areas Raster 

Watersheds Polygon 

NHD Flowlines Line 

Land use Raster 

Railroads Line 

Tree canopy Raster 

3.3  SIMULATE FLOW 

FREHD was used to simulate rainfall. The steps for the simulation are 1) preparing 

the domain, 2) setting input files, 3) configuring the model, 4) running the model, 5) 

processing results, and 6) showing the results in a movie. 

3.3.1  Preparing the domain 

 The domain is the area where FREHD operates on. It was prepared in ArcMap and 

then processed in MATLAB. First, using ArcMap, a domain, which is of polygon vector 
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type. This is accomplished in by first creating a file geodatabase, adding a polygon feature 

class, then digitizing the domain using the editor toolbar. The domain was not fitted to the 

study area exactly to allow for a tidal boundary as will be explained in Section 3.3.2. Next, 

the buildings dataset was clipped from the domain using the clip tool in the editor. The 

DEM prepared in Section 3.2 was then converted to meters and extracted to the domain 

using the extract by mask tool. Conversion to meters was done because units in FREHD 

are expressed in SI, except for rainfall intensity that is expressed in mm/hr. The extracted 

DEM is then uploaded and processed in MATLAB. 

 Uploading of the extracted DEM was done using the Geotiffread command in 

MATLAB. The geotiffread syntax is: 

[A, R] = geotiffread(filename) (5) 

where a georeferenced file (such as a .tif DEM file in ArcMap) specified by filename is 

read into A and a spatial referencing object, R, is constructed (MathWorks, Inc., 2017). 

This command operates within the Mapping Toolbox add-on in MATLAB. In MATLAB, 

the DEM is represented as a matrix with values corresponding to elevations. The buildings 

in the domain was set to no values, represented in MATLAB as NaN. Finally, the buffer 

elevations were set to elevations lower than the minimum. The reason for this is explained 

in the next section. 

3.3.2  Setting input files 

The model input files for FREHD are topography, layer thickness, rainfall intensity, 

tidal boundary, and free surface elevation. The topography, represented as a DEM, was 
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prepared in Section 3.3.1. The layer thickness is the vertical domain, which is measured 

from the lowest elevation of the domain up to the highest elevation water will go up in the 

simulation. For the model not to blow up, the thickness was set to 200 meter. The rainfall 

intensity was set to 10, 30, and 50 mm/hr for three runs. The tidal boundary is necessary to 

have boundary conditions for the model; otherwise, water will have nowhere to go out the 

domain and the domain will be filled. The tidal boundary was set to 1 meter, which 

necessitated the free surface elevation in the boundary of the domain to be fixed at 1 meter 

above the buffer elevation. Illustrated in Figure 3.3 is what the profile of a domain may 

look like. 

 

Figure 3.3:  Depiction of the domain’s profile. 

3.3.3  Configuring model 

Before the model can be run, it must be configured in the user settings. For the runs, 

uniform spacing was used and was set to Dx = Dy = 0.3048 meters for the 1-ft DEM and 

Dx=Dy=0.3048*5 meters for the 5-ft DEM. The spacings were set to meters because as 

mentioned in Section 1.4, FREHD operates in SI units, except for the rainfall intensity 

which has units of mm/hr. Default settings were used for the other parameters. 



 46 

3.3.4  Running the model 

The model was run in a machine with the following properties: RAM, 16 GB; 

Processor is Intel Core i5-6300U, 2.40 GHz; Operating System is 64 bits. When the model 

fails, the output files may still be processed; however, failed model runs were not used to 

ensure that the model was stable. The stability criterion in the model is the Courant-

Friedrich-Lewis (CFL) condition, which states that the 2D Courant number (𝑐 =
𝑈∆𝑥

∆𝑡
+

𝑉∆𝑦

∆𝑡
) must be less than unity. The CFL condition was monitored for each model run as 

FREHD spits out graphs of courant number versus time interval after each complete run. 

The following are the results of the run: water surface elevation, x- velocity, y- 

velocity, z- velocity, depth. These data are stored for each time step in vector format. For 

these data to be useable, they must be processed. 

3.3.5  Processing the results 

 In the FREHD package, processing of results, is accomplished by running several 

scripts. First, the Set file locations script was run to create a subfolder through which the 

processed data will be stored. Second, the convert output script was used to convert the 

vector datasets to match the domain matrix grid. Third, the extract data script was used 

internally store the outputs that will be processed in the movie. 
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3.3.6  Creating the movie 

 After the extract data script, a movie of the depth was created, which is the final 

output of the urban flow simulation. The depth rasters for several times from the run were 

and displayed in ArcMap 

3.4  EXTRACT FLOW DIRECTION AND CREATE FLOW ACCUMULATION RASTERS 

 From the results of the FREHD model, flow directions were extracted in MATLAB 

to match the convention of TAUDEM flow directions. Two methods were employed to 

extract flow directions: 1) by using the velocities, and 2) by using the surface water 

elevation. In the first method, x- and y- velocities were extracted and the D∞ flow direction 

was computed as the resultant of the two velocities. As discussed in Section 1.4, the 

positive x-direction is downward and the positive y-direction is rightward; however, the 

TAUDEM D∞ flow direction convention is measured zero at the east counterclockwise up 

to 2π radians, exclusive. A code was written to accomplish this conversion and is shown in 

the Appendix. In general, the algorithm is:  

𝐹𝑙𝑜𝑤𝐷𝑖𝑟(𝑖, 𝑗) = 𝐴 + 𝐵 ∗ tan−1 |
𝑥𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦(𝑖,𝑗)

𝑦𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦(𝑖,𝑗)
| (6) 

where A and B are coefficients to adjust the flow direction depending on the sign of 

xVelocity and the yVelocity and i and j represent the ith x-coordinate and the jth y-

coordinate in the domain. The D8 flow direction is obtained by dividing the D∞ flow 

direction into 8 equal parts and assigning a number to each according to the TauDEM 

convention discussed in Section 2.2.6.  
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 The other method of extracting flow directions is by using the surface water 

elevation. From the simulation, the surface water elevation was saved as a .tif file using the 

Geotiffwrite command in MATLAB in the Mapping Toolbox package. The surface water 

elevation raster was then added in ArcMap and used as the DEM input in the TauDEM 

flow direction tools (TauDEM Tools  Basic Grid Analysis  D8 Flow Directions/D∞ 

Flow Directions). 

 To upload either the flow direction grid and surface elevation grid (or any other 

georeferenced MATLAB grid) in ArcMap, the geotiffwrite command was used. The syntax 

of this command is: 

geotiffwrite(filename,A,R) (7) 

where a georeferenced data grid A with a spatial reference R is written into an output file, 

filename (MathWorks, Inc., 2017). The spatial reference used is the Central Texas State 

Plane 2011 coordinate system. 

To compare D∞ FREHD flow directions with the D∞ TauDEM flow directions, 

either of the rasters were subtracted from the other raster according to the following 

convention: a positive value means that the TauDEM flow direction is clockwise of the 

Frehd flow direction while a negative value means otherwise. A zero value means that both 

flow directions are aligned with each other. For example, if the FREHD flow direction 

value is 1.5 radians and the TauDEM flow direction value is 0.5 radians, then the value of 

the subtraction would be positive 1 radians. On the other hand, if the FREHD flow direction 

value is 2 radians and the TauDEM flow direction value is 2.5 radians, then the value of 

the subtraction would be negative 0.5 radians. This convention is illustrated in Figure 3.4. 
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Figure 3.4: Convention in comparing FREHD and TauDEM flow direction rasters. 

After the flow direction rasters were created using both methods, the flow 

accumulation rasters were created using TAUDEM flow accumulation tools (TauDEM 

Tools  Basic Grid Analysis  D8 Flow Directions/D∞ Contributing Area). The 

advantages and disadvantages of both methods of extracting flow directions are discussed 

in Section 4.4. 
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Chapter 4:  Results 

4.1  OVERVIEW 

In this chapter, the results of the study are presented and discussed. The focus of 

Section 4.2 is the information database and the datasets comprising it. In Section 4.3, the 

focus is hydrodynamic simulation of pluvial runoff using FREHD. In Section 4.4, 

extraction of flow accumulation from the results obtained from FREHD is discussed. Each 

section ends by relating the results with the significance of the study through a discussion 

of their implications. 

4.2  INFORMATION DATABASE 

4.2.1 Results 

Shown in Figure 4.1 is the information database created with majority the datasets 

obtained. Looking at the figure, one may comment that there are too many details and 

hence, the map is obscured. In practice, therefore, not all the datasets are needed. In Section 

4.3, for example, the only datasets used are the 1-ft and 5-ft DEM. Moreover, raster datasets 

of the same extents cannot be shown in the same map because of the overlap – for example 

the HAND raster and the 5-ft DEM is not shown in Figure 4.1 because they overlap with 

the 1-ft DEM. Nevertheless, a database that is information-rich is useful in different 

disciplines. This database, therefore, is not meant to be shown in maps but is stored 

digitally, where only the necessary data may be extracted. In the following discussion, each 

dataset is presented and discussed. 
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Figure 4.1:  Information database of Austin, Texas. 

One of the datasets obtained is lidar data, from which two DEMs were processed: 

one with a 1 ft resolution and another with a 5 ft resolution. Shown in Figure 4.2 is the lidar 

dataset. The red squares are each lidar dataset and the reason the points are not displayed 

is that it would take a lot of time and memory to display all the data when they are not 
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needed to be seen. However, zooming into one of the squares will reveal the lidar points, 

as shown in Figure 4.2. These points have filters, corresponding to what class the points 

represent. In the creation of the DEMs, only ground points were used because the method 

of obtaining the DEM is through linear interpolation and interpolating elevations between 

a building point and a ground point would produce erroneous results. Shown in Figure 4.3 

are the two DEMs.  

The maximum, minimum, first and second moments of the DEMs are presented in 

Table 4.1. Both DEMs have identical statistics, which suggest the 5-ft DEM is identical to 

the 1-ft DEM. To further assess the accuracy of the 5-ft resolution with respect to the 1-ft 

resolution, both were subtracted in ArcGIS using the raster calculator tool. When 

subtracting rasters of different cell sizes, the raster calculator resamples the DEM with 1-

ft cell size to be the same as that of the 5-ft DEM. The result of the subtraction is shown in 

Figure 4.4. The mean of the difference is -0.0138 meters and the standard deviation is 1.888 

meters, which indicate that the 5-ft DEM closely represents the 1-ft DEM. 

 

Resolution Highest 

elevation (ft) 

Lowest elevation 

(ft) 

Mean (ft) Std. Deviation (ft) 

1ft 1080.32 373.03 645.98 127.33 

5ft 1080.32 373.02 645.98 127.39 

Table 4.1:  Basic statistics of the DEMs. 
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Figure 4.2:  Lidar data set: whole extent (top), sample area (bottom). 
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   Figure 4.3:  DEM derived from Lidar: 1-ft resolution (top), 5-ft resolution (bottom). 
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 Figure 4.4:  Raster from 5-ft DEM minus 1-ft DEM. 

From Figure 4.4, however, there are two noticeable areas: a blue concentration in 

the top, which means the 5-ft DEM is higher than the 1-ft DEM, and a yellow concentration 

near the bottom, which means the 5-ft DEM is lower than the 1-ft DEM. In the top area, 

the error is probably due to the high density of buildings as shown in Figure 4.5. Since 

building lidar points were not included in the processing of the DEM interpolation over the 

buildings was done; therefore, more buildings would mean more interpolation. Further, a 

lower resolution of DEM means longer interpolation distances. Similarly, interpolation 

may have produced the error in the bottom area (see Liu, 2008; Meng, 2010). As can be 

seen in Figure 4.5, the terrain is adjacent to a stream – which may be the source of the large 

error.  
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Figure 4.5:  Image view of the areas of disagreement in the DEMs. 

Aside from the areas of disagreement, the large maximum and minimum error may 

also be a cause for concern. To address this, frequency of cells greater than or less than a 

certain elevation is calculated using the raster calculator. The total number of cells, from 

which the percentage of cells satisfying a given expression is calculated, is found to be 

143,453,000. The results are shown in Table 4.2. From the table, it may be noticed that the 

problematic cells comprise only less than 0.5% of the total number of cells. Thus, while 

the figure suggests presence of errors, majority of the errors are near zero.  

It can therefore be concluded that the 5-ft DEM is a good approximate of the 1-ft 

DEM; however, one must be wary of using the 5-ft DEM in the areas of disagreement 

because using such elevation model will likely produce inaccurate results. The simulation 

done in Section 4.2 makes use of the 5-ft DEM in a location that is far from the areas 

discussed. 
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Expression Number of cells satisfying 

the expression 

Percentage of the total number of 

cells satisfying the expression 

>90 ft 1 0.000 

>30 ft 28912 0.020 

>10 ft 422677 0.295 

<-10 ft 228278 0.159 

<-30 ft 98327 0.069 

<-90 ft 2371 0.002 

Table 4.2:  Frequency and percentage of cells satisfying given a condition. 

The next dataset obtained is the Texas 10-m resolution HAND, which is shown in 

Figure 4.6. The HAND raster may be used to create approximate flood maps. Another use 

of the HAND is to create a risk map by attributing the HAND values to address points. In 

this study, a similar procedure is done where HAND was extracted to buildings instead of 

address points. 

  

Figure 4.6:  Texas 10-m HAND raster. 
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Shown in Figure 4.7 are the streets datasets wherein one dataset is of polygon type, 

which is based on the actual streets, and the other dataset are the centerlines of the streets. 

Streets are a major component in hydraulic modeling of an urban area because in an urban 

landscape, streets function as streams: rainfall runoff accumulates in streets.  

Shown in Figure 4.8 are the buildings datasets wherein in one dataset, the Texas 

HAND raster was extracted to the buildings. In symbolizing different HAND values with 

different colors, one can have a sense of high risk-areas. 

Shown in Figure 4.9 are the low water crossings where in the bottom figure, the 

low water crossings are attributed by HAND values. Low water crossings are unsafe in 

high-magnitude floods because drivers caught in the flood may be swept away from the 

crossing into the stream. The HAND value approximates the risk in the low water crossing; 

however, the crucial HAND value is the HAND value of the bridge, not the lower water 

crossing, which is obtained by adding the height of the bridge relative to the stream to the 

HAND of the stream. The dataset may therefore be improved by having the elevation of 

the bridges. 
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Figure 4.7:  Streets (top) and street centerlines (bottom). 
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Figure 4.8:  Building polygons (top), building with HAND values (bottom). 
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Figure 4.9:  Low water crossings (top), with HAND values (bottom). 
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Shown in Figure 4.10 are the paved areas dataset. This dataset was created by the 

City of Austin digitizing using 2012/2013 Orthoimagery and 2012 lidar where 

Orthoimagery was not available. Paved areas are indicative of the degree of urbanization 

in an area. Where there’s a high percentage of paved areas, the area is likely urbanized. In 

hydrology, paved areas indicate impervious surfaces. Large percent impervious results to 

large runoff volume, which must be addressed by installing a detention pond where the 

water table is not high or more drainage canals where the water table is high. 

 

 

Figure 4.10:  Paved areas. 

Another dataset obtained was the Austin watersheds, which is shown in Figure 4.11. 

A watershed is a hydrological unit which collects precipitation and drains it through rivers 

and streams into a single outlet point, which is the lowest point in the watershed. Because 
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rivers and topography don’t respect political boundaries, watersheds may run across cities. 

Knowing what watershed an area belongs to enable urban planners to consider the area’s 

hydrology. For example, in the construction of drainage canals or pipes, the area of the 

watershed is a parameter used to determine the time of concentration of a storm, which is 

needed to determine the size of the detention pond or the channel geometries. 

 

 

Figure 4.11:  Watersheds in Austin. 

Another dataset obtained are the NHD high-resolution flowlines, which is shown 

in Figure 4.11. In rural setting, flooding occurs mainly due to streams overflowing. NHD 

stands for the National Hydrography Dataset. The NHD “represents the drainage networks 

such as rivers, streams, canals, lakes, ponds, coastline, dams, and streamgages” (USGS, 
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2017). Approximate flood maps may be determined by using the NHD flowlines to HAND 

rasters. Two resolutions – high and medium – are available for download at the USGS 

website. Currently, the NWM uses the medium resolution flowlines. 

Related to the NHD flowlines are the USGS streamgages. Each gage is identified 

with a site number, a site name, coordinates, and elevations with respect to a datum (Table 

4.3). NGVD stands for National Geodetic Vertical Datum of 1929 and NAVD88 stands for 

North American Vertical Datum of 1988. Using the coordinates given, the gages were 

displayed in ArcMap by adding the table in .csv format and right clicking Display XY data. 

It should be noted that the coordinates given in the USGS website is in degrees, minutes, 

and seconds and they were converted to decimal degrees to be added in ArcMap (Figure 

4.12).  

 

 

Figure 4.12:  NHD High resolution flowlines and gages. 
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Site 
Number 

Site Name (excluding the state 
of Texas) 

Latitude 
(degrees) 

Longitude 
(degrees) 

Datum (ft above 
given reference) 

8105886 
Lake Ck at Lake Ck Pkwy nr 
Austin 30.46555556 -97.78788889 847, NAVD88 

8154700 Bull Ck at Loop 360 nr Austin 30.37194444 -97.78444444 534.08, NGVD29 

8155240 
Barton Ck at Lost Ck Blvd nr 
Austin 30.27388889 -97.84444444 600, NGVD29 

8155300 Barton Ck at Loop 360, Austin 30.24444444 -97.80194444 510.32, NGVD29 

8155400 
Barton Ck abv Barton Spgs at 
Austin 30.26333333 -97.77194444 430.5, NGVD29 

8155500 Barton Spgs at Austin 30.31333333 -97.77111111 462.34, NGVD29 

8155541 
W Bouldin Ck at Oltorf Rd, 
Austin 30.24666667 -97.76916667 537.6, NAVD88 

8156675 Shoal Ck at Silverway Dr, Austin 30.35416667 -97.73888889 672, NAVD88 

8156800 Shoal Ck at W 12th St, Austin 30.27638889 -97.75 455.33, NGVD29 

8156910 
Waller Ck at Koenig Lane, 
Austin 30.32277778 -97.72277778 643, NAVD88 

8157540 Waller Ck at Red River St, Austin 30.27162778 -97.73555833 470, NAVD88 

8157560 Waller Ck at E 1st St, Austin 30.26194167 -97.7397 450, NAVD88 

8158000 Colorado Rv at Austin 30.24613889 -97.68005556 391.96, NAVD88 

8158030 Boggy Ck at Manor Rd, Austin 30.28611111 -97.70861111 530, NAVD88 

8158035 
Boggy Ck at Webberville Rd, 
Austin 30.26305556 -97.7125 458, NAVD88 

8158200 Walnut Ck at Dessau Rd, Austin 30.375 -97.66027778 553.44, NGVD29 

8158380 
Little Walnut Ck at Georgian Dr, 
Austin 30.35416667 -97.69777778 637.23, NGVD29 

8158600 
Walnut Ck at Webberville Rd, 
Austin 30.28305556 -97.65472222 425.96, NGVD29 

8158840 
Slaughter Ck at FM 1826 nr 
Austin 30.20888889 -97.90305556 876.14, NGVD29 

8158860 
Slaughter Ck at FM 2304 nr 
Austin 30.16194444 -97.83194444 654.80, NGVD29 

8158927 
Kincheon Br at William Cannon 
Blvd, Austin 30.21247222 -97.82886111 688.0, NAVD88 

8158930 
Williamson Ck at Manchaca Rd, 
Austin 30.22111111 -97.79333333 618.39, NGVD29 

8158970 
Williamson Ck at Jimmy Clay Rd, 
Austin 30.18916667 -97.73222222 497.18, NGVD29 

8159000 Onion Ck at US Hwy 183, Austin 30.17777778 -97.68833333 442.85, NGVD29 

Table 4.3: USGS gage sites and their locations. 
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Another dataset retrieved is the land use (Figure 4.13). In hydrologic modeling, 

knowing the land use of an area is important because it can be used to determine runoff 

coefficients. The land use is also reflective of anthropogenic activities in an area. For 

example, comparing land use from previous years may be indicative of the rate of 

development in an area. Concerning environmental concerns, one can also see the forested 

area in an area. 

 

Figure 4.13: Land use dataset. 

Railroads are another dataset obtained (Figure 4.14). It may be deduced from the 

number of railroads that trains are not a major mode of transportation in the City of Austin. 

However, if the City considers adding more railroads, then the hydrology of the City may 

be affected as well. 
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Figure 4.14.  Railroads 

Shown in Figure 4.15 is the tree canopy dataset. This dataset is useful for forestry 

and global warming studies, such as quantification of carbon dioxide and approximating 

the city’s contribution to global warming. Another use of this dataset is in hydrologic 

modeling. One of the components of the hydrologic cycle is evapotranspiration, which may 

be approximated by knowing the extent and layout of trees. This dataset can potentially be 

used in hydraulic modeling as well as trees lessen runoff by acting as a shield to incoming 

flow, by preventing soil erosion, and by absorbing water into the ground. 
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Figure 4.15:  Tree canopy. 

4.2.2 Implications 

From the results, a number of implications may be made. First, there is much value 

for openness of data – much bureacratic transactions was avoided in the making of the 

information database discussed in Section 4.2. Moreover, a lot of time can be saved by 

having a robust information database. As an illustration, half a day was spent in collecting 

all the lidar files and at least two hours was spent in creating the 1-ft DEM. The challenge, 

however, is to make the information database freely accessibile and downloadable as well, 

which is not feasible presently because of the large data sizes involved. Nonetheless, the 

information database presented on paper is enough to serve as a template for other 
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hydrologic databases as well. Furthermore, databases of other purposes are also encourgaed 

to be created.  

4.3 URBAN FLOW SIMULATION 

4.3.1 The domain 

 As discussed in Section 3.3, FREHD was the hydrodynamic model used to 

simulate rainfall in an area. The vicinity for the area modeled is shown in Figure 4.16. The 

area inside the rectangle is the domain. The domain was selected to circumscribe a city 

block, which is assumed to be the basic element of an urban landscape: the domain has 

streets, paved areas, and buildings, and trees. The city block is bounded by Houston St, 

McCandless St., N Lamar Blvd, and Northloop Blvd W. Polygons inside the domain 

correspond to buildings and were created by clipping the domain with the buildings dataset 

from the information database. The buildings are therefore modeled in MATLAB as NaN 

(no value). Buildings that intersect the boundary of the domain were not clipped as they 

may affect the boundary conditions in the model. The bounding rectangle measures 312 m 

by 345 m.  

To gain more insight on the topography of the domain, the information database 

created in Section 4.2 was used – data sets were extracted and shown within the vicinity of 

the domain (Figure 4.17). It can be noticed that near the domain, there were no low water 

crossings, flowlines, and railroads – additional datasets obtained in the information 

database.  
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Figure 4.16:  Domain of simulation: image view (left), street view (right). 

 

Figure 4.17: Information-rich map of the domain. 

To validate the data shown in the information database of the domain, pictures were 

taken (Figure 4.18). From the reconnaissance, it was found that the main topographical 

features of the domain are roads, apartments, condominiums, bungalows, and parking lots.  
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Figure 4.18: Clockwise from top left: street view McCandless St., apartments beside W 

Northloop Blvd., parking lot for hauling trucks, bungalows in McCandless 

St., street view of N Lamar Blvd., condominums beside N Lamar Blvd 

 The upper part of the domain is a residential area with bungalows, which is also 

characterized by trees. The middle part is composed of apartment complexes and 

condominiums. The paved areas correspond to parking spaces and in the upper right area, 

there is a storage for hauling trucks. The widest street is N. Lamar Blvd., which is a major 
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street in CoA. The building high HAND values indicate that the domain is at low risk from 

flooding from the streams. Since the HAND values were obtained from a 10-m DEM, the 

pixels become more identifiable and can protrude outside the building outline. 

Aside from the topographical features, the corresponding DEM of the domain is 

shown in Figure 4.19. From the DEM, the maximum difference in elevation is 11.487 ft. 

In general, the domain has higher elevation in the upper left that decreases southeast. 

Another terrain descriptor of the domain is the slope (Figure 4.20). The average slope is 

0.014 and the standard deviation is 0.014, indicating that the domain is gradually sloping. 

However, there were areas of steep slope, with the maximum being 0.279. 

 

Figure 4.19:  DEM of the domain. 
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Figure 4.20: Slope of the domain. 

To proceed with the simulation, the DEM was modified in MATLAB (Figure 4.21) 

as discussed in the Section 3.3: the elevation of the buffer surrounding the domain was 

adjusted to be lower than the lowest elevation – a necessary step to include the tidal 

boundary. The MATLAB representation of the DEM The lower buffer elevation explains 

the noticeable difference in color of the elevation model near the boundary.  
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Figure 4.21:  MATLAB-processed topography of domain (units in meters). 

4.3.2 Simulation results 

The layer, surface elevation, and tidal boundary input files are discussed in Section 

3.3. Four cases were simulated with the first three cases differing in rainfall intensities 10 

mm/hr, 30 mm/hr, and 50 mm/hr) and the fourth case using an intensity of 50 mm/hr and 

a finer resolution (dx = 0.3048 m). Cases 1 and 2 are used to compare the effect of changing 

rainfall intensity; cases 3 and 4 are used to extract flow directions and accumulation 

(discussed in Section 4.4). To extract flow directions from the model, it is ideal for water 

to flow over the whole domain; hence, the simulation of 50 mm/hr was made to last for 3 

hours (case 3). Moreover, a 1-ft resolution simulation was done to create higher resolution 

flow direction and accumulation rasters, albeit the modeled time is much lower (case 4).  
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The machine used to run the model has the following properties: 16.0 GB RAM, 

i5 intel core @ 2.40 GHz processor, and 64-bit operating system. The simulation 

parameters are shown in Table 4.4, where dx is the uniform grid spacing converted to 

meters, dt is the time interval, and N is the number of time steps. In Table 4.4, there 

seems to be no apparent relationship between rainfall intensity and wall clock time. The 

ratio of modeled time to wall clock for the cases with dx=1.524 m is roughly 1/2, which 

means it takes two minutes to simulate a minute of rainfall. The reason the time interval 

must be reduced to 0.2 for case 4 is to satisfy the CFL stability condition (see Section 

3.3). Since the cell size, ∆𝑥, was reduced 5 times, the time interval must also be reduced 

in the same order. As a result, the ratio of modeled time to wall clock time in the 5-ft 

DEM run is roughly 50 times that of the 1-ft DEM run. This necessity further exacerbates 

the computational cost of using a higher resolution DEM to achieve better accuracy – a 

problem common to most 2D hydraulic models (Ghimire et al., 2013). In Appendix B, 

graphs of courant number versus time step for the advective and baroclinic terms are 

shown. It can be noticed that the means are contained between 0 and 1; therefore, the 

numerical scheme is stable. 

Case Intensity 

(mm/hr) 

dx dt N Wall clock 

time (hr) 

Ratio of 

modeled time to 

wall clock time 

1 10 1.524 0.7 5140 2.11 0.47 

2 30 1.524 0.7 5140 2.28 0.44 

3 50 1.524 0.7 20000 6.23 0.64 

4 50 0.3048 0.2 2700 29.51 0.01 

Table 4.4:  Simulation properties. 
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After the simulation, the results were processed into a movie of the flow depth, 

which are included in the supplemental files where the video number corresponds to the 

case number (e.g. Video 1 corresponds to Case 1). Moreover, the final depth raster is shown 

in Figure 4.22. From the simulation, it may be observed that lower intensity of rainfall 

means slower flow accumulation, which is expected.  

       

Figure 4.22: Depth raster after 1 hour: i=10 mm/hr (left) and i= 30 mm/hr (right). 

Depth rasters for various times are also shown in Figure 4.23 for case 1 and Figure 

4.24 for case 2. From the figures, it seems that the inundation extent does not increase 

significantly beyond 45 minutes of simulation, which may indicate that steady state has 

been reached. 
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Figure 4.23: Water depth through time (i=10 mm/hr): after (clockwise from top left) 15 

minutes, 30 minutes, 45 minutes, and 60 minutes. 
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Figure 4.24: Water depth through time (i=30 mm/hr): after (clockwise from top left) 15 

minutes, 30 minutes, 45 minutes, and 60 minutes. 
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The depth rasters at the final time for case 3 and 4 are shown in Figure 4.25. For 

case 3, it seems that the inundation extent is not much greater than what was obtained in 

case 2, consdiering three hours of simulation. This result may be because steady state was 

already reached in case 3 after 45 minutes; thus, the rest of the simulations should have 

been unnecessary. For case 4, the inundation extent is much wider and the maximum 

inundation depth larger than was obtained from the previous cases even though the 

simulation time was only 10 minutes, which was not expected. The result may be the 

effect of the limitations of the model, which is discussed in Section 4.2.4.  

  

Figure 4.25: Water depth for case 3 (left) and case 4 (right) at final time.  

4.2.3 Implications 

From the simulation, the result that water can also accumulate in the streets needs 

to be taken to account in flood mapping. Shown in Figure 4.26 is the larger context of the 

domain. The stream on the right is at least 0.25 miles from the domain and the stream on 
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the left is at least  0.38 niles apart. In another domain, however, streams may be much 

farther away from a certain area. Going back to the National Water Model discussed in 

Section 1.1, the idea that flooding may occur not only as a result of overflowing from 

streams but also due to surcharge from streets must be incorporated. Furthermore, while 

the NWM is a useful flood forecasting system for CONUS, local city officials can make a 

more detailed flood forecasting model, which starts from an information-rich fine 

resolution database and is accomplished by simulation using a hydrodynamic model. 

 

Figure 4.26:  Image view of the domain (larger context). 

Moreover, while a finer resolution model may be more accurate, there is a higher 

computational cost, which is due to the finer grid and as the grid becomes finer the time 

interval also becomes smaller to satisfy the CFL condition that states that the Courant 
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number should be less than one. Much effort should therefore be done to hasten such 

calculations and ultimately, a real-time urban simulation is desired. Moreover, in this study, 

only one city block in Austin was modeled. With a faster processor, a simulation of the 

whole city may be made and its hydrology may be better understood. Chen et al. (2012) 

has provided a criteria on for evaluating the performance of numerical models with two 

major indicators: accuracy and efficiency. Oftentimes, however, both indicators 

4.2.4 Limitations of the simulation 

The assumptions of the simulation stated in Section 3.3 poses inherent limitations 

in the results. First, since drag is neglected, the flow depths were likely overestimated. 

Moreover, recent literature on urban flooding has considered, porosity (e.g. Soares et al., 

2008; Guinot, 2012; Kim et al., 2015), which was not done in this study. Furthermore, the 

buildings were represented as non-existent in the simulation. Buildings, however, have an 

interactive role in urban flow due to their storage and blockage effects (e.g. Huang et al., 

2014). Finally, the spatial and temporal resolutions were just selected arbitrarily. Bruni, 

Reinoso, van de Giessen, Clemens, and ten Veldhuis (2015) discussed the sensitivity of 

urban hydrodynamic modeling to rainfall spatial and temporal resolution.  

An important lesson can therefore be learned from the limitations – that eventhough 

the numerical solution is correct, it does not automatically imply agreement with actual 

conditions; therefore, such models need to be validated. Nevertheless the simulation 

presented in this thesis is still of value in that it describes the general characteristics of flow 

such as direction and accumulation. With the assumption that flow directions do not vary 

significantly with rainfall intensity, the analysis in the next section is valid. 
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4.4 EXTRACTION OF FLOW ACCUMULATION 

4.4.1 Using velocity field from FREHD 

The direction of flow is calculated from FREHD as the arctangent of the x-velocity 

divided by the y velocity, which is similar to a D-infinity flow direction produced using 

the D-infinity algorithm developed by Tarboton (1997). To produce flow directions that 

follow the D-infinity convention, a code was written so that the positive x-direction is to 

the right and the positive y-direction is upward. The code may be seen in Appendix A. 

Shown in Figure 4.27 is the D∞ flow direction extracted using FREHD (case 3) juxtaposed 

with the TAUDEM D∞ flow direction. From the figure, both rasters seem to have the same 

color scheme. One notable difference, however, is in the Northloop Blvd W, the TAUDEM 

raster has northeast flow direction values while the FREHD raster has southeast.  

 

Figure 4.27:  D∞ flow direction from TAUDEM (left) and from FREHD (right).   
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To further compare both flow direction rasters, therefore, the TauDEM flow 

direction raster is subtracted from the FREHD flow direction raster according to the method 

discussed in Section 3.3. The result is shown in Figure 4.28, with the units in the legend in 

degrees. A negative value (in shades of green) means that the TauDEM flow direction is 

counterclockwise that of the FREHD flow direction and a positive value (in shades of red) 

means that the TauDEM flow direction is clockwise that of the FREHD flow direction. 

This convention is depicted in the arrows shown. The mean of the subtraction is computed 

to be -0.01 degrees and the standard deviation, 46.37 degrees. Since the mean is close to 

zero, it may be reasoned that the terrain model, indeed, greatly affects the direction of flow 

and that the DEM-based D∞ flow direction raster is a good measure of the general direction 

of flow. However, the standard deviation of about 45 degrees indicates that in some 

portions of the domain, flow direction does not follow the terrain. In particular, the 

deviations occur when there are obstructions such as buildings, which the elevation raster 

cannot identify. Furthermore, since the DEM used in FREHD is not pit-filled, deviations 

of flow directions may also occur in the pits.  

Flow directions were also extracted FREHD using a 1-ft DEM (case 4) and the 

corresponding comparison raster is shown in Figure 4.29. For this case, the mean of the 

subtraction is -0.0914 degrees, which further bolsters the case that terrain still greatly 

affects the direction of flow; however, the standard deviation computed is 70.96 degrees, 

larger than what was obtained for case 3.  The reason for this increase may be because the 

randomness of the velocity field is more prominent when the resolution is increased.   
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Figure 4.28:  Comparison of FREHD and TAUDEM D∞ flow direction rasters. 
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Figure 4.29: Comparison of TauDEM and FREHD D∞ flow accumulation rasters (1ft 

DEM resolution). 
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To further illustrate the behavior of flow, flow accumulation rasters were derived 

from the flow direction rasters. The D∞ flow accumulation raster generated from the D8 

FREHD flow direction raster is shown in Figure 4.30. It can be noticed that the result is 

rather uninformative. The reason for this may be because the D∞ flow directions, being in 

units of radians, provide a low tolerance; therefore, the D8 contributing area was used to 

allow higher tolerance for such chaos in the velocity field. For this case, the flow directions 

obtained from FREHD are converted to D8 Flow directions, which assumes flow in the 

cardinal and ordinal directions. Shown in Figure 4.31 is the D8 FREHD flow direction 

raster juxtaposed with the corresponding FREHD D∞ flow direction raster and symbolized 

with the same legend. It can be observed that both rasters look the same, which is to be 

expected since in the creation of the D8 flow direction raster, the D∞ flow direction was 

an intermediate step. 

 

Figure 4.30: D∞ flow accumulation raster from FREHD. 
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Figure 4.31: D∞ (left) and D8 (right) flow directions from FREHD.  

Shown in Figure 4.32 is the result of the D8 TauDEM flow accumulation tool 

applied to the D8 FREHD flow direction raster for case 3, juxtaposed with the flow 

accumulation raster derived from D8 TauDEM flow directions, from which a few 

observations may be made. First, the FREHD for both rasters, it can be noticed that water 

accumulates in the streets, which is consistent with the claim that in urban areas, streets act 

like streams. Furthermore, water generally accumulates in a location with lower elevation. 

In general, therefore, the geometry of the terrain has the most influence in the result of the 

simulation. This result is intuitive and consistent with Bakuła et al. (2016); therefore, the 

quality of the DEM substantially affects the accuracy of the simulation. Futhermore, since 

TAUDEM is only based on the DEM, it may be concluded that if water flows only 

according to elevation then water will accumulate in the gutters, assuming that there are no 

inlets. Secondly, the simulation with FREHD reveals that while water follows the terrain 
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in general, pluvial runoff can be chaotic – water can flow in the direction of higher 

elevation. Thirdly, also from the FREHD result, it may be noticed that at certain areas a 

high flow accumulation raster immediately follows a downstream pixel of much lower flow 

accumulatoin. This discrepancy may be due to the FREHD flow accumulation being 

instantaneous – and that water can change direction as it flows. Hence, the FREHD flow 

accumulation raster must not be interpreted to be a general flow accumulation raster in the 

domain – for flow direction changes with time. This reasoning is further illustrated in 

Figure 4.33, in which the flow accumulation raster is juxtaposed with another flow 

accumulation raster ten time steps or seven seconds before. Another reason for the 

discrepancy is that the DEM used in FREHD is not a pit-filled DEM, which means that 

water may accumulate in the depressions.  Fourthly, the maximum flow accumulation in 

the FREHD result is much lower than that of TauDEM. This difference is because water is 

more dispersed in the FREHD model compared to TauDEM, which only traces the terrain. 

Finally, the FREHD raster is not continuous all through the domain. The presence of voids 

corresponds to locations where water is not moving, i.e., velocities are zero. The TauDEM 

result, however, is continuous throughout the domain because it made use of a continuous 

and hydrologically conditioned elevation raster. Such observations may be verified for case 

4 (see Figures 4.34 and 4.35). 
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Figure 4.32:  D8 flow accumulation raster from TauDEM D8 flow direction (left) and 

from FREHD D8 flow direction (right).  

 

 

    

Figure 4.33: D8 Flow accumulation raster: original (left), 10  time steps before (right). 
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Figure 4.34: D8 flow accumulation raster from FREHD using 1 ft DEM resolution. 
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Figure 4.35: D8 Flow accumulation from tauDEM using 1-ft DEM resolution.  

  



 92 

4.4.2 Using free surface elevation 

Aside from using the velocity field from FREHD to obtain the flow paths, another 

method employed is through the free surface elevation (Section 3.4). Shown in Figure 4.36 

is the FREHD D8 flow direction juxtaposed with the FREHD D∞ flow accumulation raster 

using case 3. Compared to generating flow directions from FREHD, this method seems to 

generate more continuous rasters. The reason may be because the free surface elevation 

acts as an elevation raster similar to a DEM. Thus, flow directions are assumed to flow 

from a higher surface elevation to a lower one. Nevertheless, the advantage of generating 

flow directions from the velocities is that the flow directions generated are actual flow 

directions. 

  

Figure 4.36: D8 (left) and D∞ (right) flow accumulation from free surface elevation. 
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4.4.3 Numeric example 

As a sample with numeric values, a section of the domain was taken and modeled 

where the elevation grid is shown in Figure 4.37. Cells labeled as NaN corresponds to a 

building.  

 

Figure 4.37:  Elevation grid of test model run. 

The velocity grids, from which the flow direction grid is obtained, are shown in 

Figure 4.38 and the corresponding flow direction and flow accumulation grid is shown in 

Figure 4.39, where values greater than 10 are symbolized in red to denote where areas of 

high drainage density. 
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Figure 4.38:  Velocity grids of test model run: x-velocity (top), y-velocity (bottom). 
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Figure 4.39:  Flow direction grid (top) and flow accumulation grid (bottom) of test model 

run. 

4.4.4 Implications  

  The idea of generating flow accumulation raster from hydrodynamic models 

provides more insight in the behavior of flow and is an improvement over generating flow 

accumulation rasters only from a DEM. Moreover, such hydrodynamic modeling can 

consider topographical features such as buildings. In Figure 4.40, the ArcHydro trace 
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downstream tool, which outputs lines that trace the flow from a point selected to the most 

downstream point, was used at various points. It may be noticed that such method bypasses 

obstructions such as buildings. Such is also the case when only considering DEMs to 

generate flow accumulation. Indeed, as mentioned by Jenson and Domingue (1988), 

obstructions not taken into account in the DEM may significantly disrupt flow paths. The 

method employed in this study, therefore, is more informative. 

 

Figure 4.40:  Flow accumulation raster overlaid with ArcHydro trace downstream tool. 

Moreover, while the D8 flow accumulation raster generated illustrates the behavior 

of flow in an urban setting, a better flow accumulation raster than what was presented may 

be the D∞ flow accumulation raster. However, since application of the TauDEM D∞ flow 

accumulation does not provide reasonable results, a new tool must be created to perform 
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this task. Finally, since default settings were used to run FREHD, investigation on changing 

the model parameters to better fit the environment may be done as well. 
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Chapter 5: Conclusions 

5.1 SUMMARY 

Flooding has continued to beset the lives of many, wreaking havoc to cities 

resulting in tremendous economic losses. In response to this, the NOAA, through the 

NWM, has made big leaps regarding flood forecasting in USA; however, its effectiveness 

is confined to rural landscapes (see Section 1.1). In this study, three major issues were 

addressed: taking advantage of readily available data, simulating flooding in urban areas, 

and better representing flow paths in urban areas than the popular DEM-based methods. 

These issues have persisted even as many studies in flood modeling hydroinformatics have 

been made (see Chapter 2). To this end, the study aimed to conduct a hyper resolution 

simulation that can serve as a template for cities – with Austin, Texas as a test case.  

The first component of such simulation was the creation of an information-rich 

database to better understand the hydrology of the area (see Sections 3.2 and 4.2). Datasets 

from different agencies were retrieved, processed, and displayed in ArcMap. From the 

results the following were observed: 

1. There is a plethora of hydrologic datasets available in the web for CoA. 

2. The 5-ft DEM is statistically similar to the 1-ft DEM. 

3. Land use data reveals that the CoA is mostly developed. 

4. The CoA has not invested much on railroad transportation. 

The second component was the simulation of urban flooding (see Sections 3.3 and 

4.3). Using a hydrodynamic model (FREHD), pluvial flooding across a city block in Austin 

was simulated in varying rainfall intensities. From the results, the following were observed: 

1. Higher intensities led to more runoff as expected. 

2. Continuous application of rain did not lead to more flood volume, which means 

that there comes a point where the flow has reached a steady state. 
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3. Simulation time is orders of magnitude longer when using a 1-ft DEM than 

when using a 5-ft DEM. 

4. There is a large discrepancy of flow volume between the simulations in cases 3 

and 4 even though they have the same rainfall intensity. Such discrepancy has 

not been explained in this thesis but may be due to the numerical scheme 

employed in the simulation. 

The third component was the extraction of flow directions and paths (see Sections 

3.4 and 4.4). From the results of the simulation, flow directions and accumulation were 

extracted and compared to the widely-used TauDEM tools. Three observations may be 

made: 

1. D∞ flow directions from FREHD are, on the average, identical to what is 

obtained using TauDEM. Elevation, therefore, still plays the most significant role in 

directing flow paths.  

2. D8 flow accumulation from TauDEM reveals that if flow were only affected by 

elevation difference, then it would flow through the gutters. However, the D8 flow 

accumulation from FREHD reveals a more chaotic flow path, which confirms that flow 

does not only depend in the DEM. 

3. The fine scales of D∞ method (in order of decimal places) compared to D8 (in 

order of whole numbers) prohibit FREHD from a generating a smooth D∞ flow 

accumulation grid. 

To answer the research questions posed in Chapter 1, this study has revealed that 

1) an information-rich database can be created using readily available data, 2) a 

hydrodynamic model can be used to derive flow direction and accumulation rasters, and 3) 

terrain-based flow direction and accumulation algorithms are not sufficient to fully 

represent the nature of flow in an urban area.  
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In conclusion, there is much value in creating an information database like the one 

described in this study – readily available datasets were consolidated to form a singular 

database where the needed datasets can be found. Moreover, using hydrodynamic models 

(e.g. FREHD) that can work with high-resolution data are of value as fine details in the 

urban area can be represented with good accuracy. Finally, extraction of flow directions 

and accumulation from a hydrodynamic model reveals more insight than the current state-

of-the-art DEM-only-based methods allow. 

5.2 RECOMMENDATIONS 

While sound methods were followed in this study, the results may still be improved. 

Furthermore, many open questions are still not addressed or unanswered (see Section 2.6).  

For these reasons, several recommendations may be comprehended and are classified in 

three categories: recommendation for the replication of this study, recommendation for the 

improvement of this study, and recommendation for future studies. 

For the replication of this study, a more powerful computer can be used in 

performing the simulation. Parallel computing can also be explored. Moreover, to achieve 

consistency among simulation times, no work should be done while performing the 

simulation and several trials must be performed as well. Such consistency was limited in 

this study because other work was being done in the machine such as performing GIS work. 

Furthermore, the absence of model validation has been the main impediment in 

ascertaining the accuracy of the simulation; therefore, such model validation must be 

performed. The flow direction rasters may aslo be worth comparing to the MD∞ method 

described by Seibert and McGlynn (2007). Finally, for a more persuasive comparison of 

TauDEM and FREHD flow direction, replicates and test cases should be added. 
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For the improvement of the information database, more datasets should be included, 

one of which is the location of inlets - which is significant in hydraulic modeling. 

Moreover, flow in inlets should also be considered in the hydrodynamic simulation as the 

presence of inlets may alter flow directions and flow paths – it is inferred that most of the 

water flowing in the gutters will accumulate in curb inlets with a portion leaving as bypass 

flow. For the improvement of the hydrodynamic model, the assumptions listed in Section 

2.2.8 must be addressed.  

For future studies, it is recommended to undertake studies that answer open 

questions (Section 2.6) that still baffle researchers to date. Furthermore, flood mapping 

continues to remain a challenge. A common theme in the studies presented in Chapter 2 is 

the quest to find more convenient and more efficient methods. Current literature on flood 

mapping ranges from improving the accuracy of a procedure to evaluating a certain method 

given scant data. Some studies also aim to improve hydraulic models. Even though 

significant progress in flood mapping has been made in the past decades, there are still 

many gaps in the research area. Future directions include improving online data sources as 

well as devising methods to operate on lack of information. An improved method for 

estimating damages from flood is also desired. Finally, ways to improve the computational 

effort of hydraulic models should also be sought. 

5.3 IN CLOSING: LESSONS LEARNED 

To identify with the reader, I would like to end this thesis in a personal tone, and 

share the lessons that I’ve throughout almost a year of work. In what follows, I discuss 

intellectual, moral and practical lessons that I gathered from both from the results of my 

study and the experience of undertaking this work.  
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In surveying the literature over the last half century, it is undeniable that 

developments in hydrology has advanced in orders of magnitude (figuratively and literally) 

over the last half a century. For example, global DEMs have started with a 1 km resolution 

and is now available at 30 m resolution. Moreover, previous literature has expressed 30 

meters as a fine resolution but developments in lidar has allowed for resolutions even below 

1 meter. On a different perspective, though, the best result may not be practical. As such, 

while we welcome technological advancements, we should not judge century-old methods 

should as obsolete. 

In creating the information database, I learned that some datasets may be important 

than others for a given application. In performing hydrodynamic modeling in this thesis, 

for example, the only datasets used were the 5-ft DEM, the 1-ft DEM, and the buildings. 

Nevertheless, other datasets have enriched the hydrologic background of the domain of 

simulation. For other research, other datasets may be more important. For instance, my 

research group at the University of Texas at Austin, in collaboration with other universities 

and governmental agencies, has been doing work in flood mapping using HAND. The main 

inputs of HAND are DEMs and flowline, but not buildings. 

In performing hydrodynamic modeling, an unrealistic solution does not always 

imply a worthless solution. If we assume that flow depths generated from FREHD (Section 

3.3) are not realistic, then the simulation would not be useful in assessing flood risk. 

However, experience in performing repeated modeling has shown that the flow directions 

and flow paths were generally consistent. To state in another way, therefore, an unrealistic 

solution may have some realistic components that could be useful. 

I also learned that a correct numerical solution does not always imply a realistic 

solution. Conversely, an incorrect solution may imply a realistic solution. These 

realizations point to a moral lesson that should be innate in anyone who plans to undertake 
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a research project – amidst the pressure to produce realistic results, one should opt to 

preserve the integrity of the results. Moreover, correctness of solution is not always 

intuitive; therefore, one must be cautious of his tendency to judge results as erroneous when 

they are not consistent with his presuppositions.  

Finally, and alluding to Socrates, I learned that the more I know the more I know 

that I cannot know everything, but the possibility of knowing something makes research 

worthwhile. It is because someone has discovered something or done something new that 

paved the way to other discoveries. Hence, this possibility is an encouragement to continue 

in the pursuit of knowledge.  

Finally, I end with a practical lesson. Perhaps the most depressing thing for a 

researcher is not to have bad results but to be stuck in a method. Being stuck with a problem 

almost always happen when beginning the project due to unfamiliarity with the certain 

methods. Such quandary can lead to the notorious impostor syndrome (Woolston, 2016). 

In this case, the most advisable thing to do is to persist, i.e., put more time in discovering 

the solution for sometimes, eureka moments can happen in the most inconspicuous 

moments such as lying in bed or taking a shower. To the reader of this thesis who may well 

be a student beginning to write his own thesis, I say that the end of the matter is more 

important than its beginning.  
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Appendices  

APPENDIX A MATLAB CODES 

A1 Code for flow direction extraction 

% This code extracts the flow direction grid from FREHD 

%xVelocity - FREHD output x-velocity grid (must be added to 

workspace) 

%yVelocity - FREHD output y-velocity grid (must be added to 

workspace) 

%% Compute D-infinity flow directions 

flowDir=zeros(228,205); %create an empty flow direction 

grid 

for j=1:205 

    for i=1:228 

        if xVelocity(i,j)==0 && yVelocity(i,j) ==0 

            flowDir(i,j)=NaN; 

        elseif xVelocity(i,j)==0 && yVelocity(i,j) >0 

            flowDir(i,j)=0; 

        elseif yVelocity(i,j) ==0 && xVelocity(i,j) <0 

            flowDir(i,j)=pi()/2; 

        elseif yVelocity(i,j) ==0 && xVelocity(i,j) >0 

            flowDir(i,j)=3*pi()/2; 

        elseif xVelocity(i,j) ==0 && yVelocity(i,j) <0 

            flowDir(i,j)=pi(); 

        elseif xVelocity(i,j)>=0 && yVelocity(i,j)>=0 

            flowDir(i,j)=2*pi()-

atan(xVelocity(i,j)./yVelocity(i,j)); 

        elseif xVelocity(i,j)<=0 && yVelocity(i,j) >=0 

            

flowDir(i,j)=abs(atan(xVelocity(i,j)./yVelocity(i,j))); 

        elseif xVelocity(i,j) <=0 && yVelocity(i,j) <=0 

            flowDir(i,j)=pi()-

atan(xVelocity(i,j)./yVelocity(i,j)); 

        elseif xVelocity(i,j) >=0 && yVelocity(i,j) <=0 

            

flowDir(i,j)=abs(atan(xVelocity(i,j)./yVelocity(i,j)))+pi()

; 

        end 

        if L(i,j)==160 %buffer elevation 

            flowDir(i,j)=NaN; %sets flow direction values 

in the buffer to NaN 

        end 
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        if flowDir(i,j)==2*pi() %since 2pi = 0, to preserve 

uniqueness 

            flowDir(i,j)=0;  

        end 

        if isnan(L(i,j)) 

            flowDir(i,j)=NaN; %sets NaN corresponding 

topography values (e.g. buildings) to flow direction grid 

        end 

    end     

end 

%% Compute D8 flow direction grid 

%This section is commented out in the computation of the D-

infinity grid 

for j=1:205 

    for i=1:228 

        if ~isnan(flowDir(i,j)) 

            if flowDir(i,j) <pi()/8 

                flowDir(i,j)=1; 

            elseif flowDir(i,j) <3*pi()/8 

                flowDir(i,j)=2; 

            elseif flowDir(i,j) <5*pi()/8 

                flowDir(i,j)=3; 

            elseif flowDir(i,j) <7*pi()/8 

                flowDir(i,j)=4; 

            elseif flowDir(i,j) <9*pi()/8 

                flowDir(i,j)=5; 

            elseif flowDir(i,j) <11*pi()/8 

                flowDir(i,j)=6; 

            elseif flowDir(i,j) <13*pi()/8 

                flowDir(i,j)=7; 

            elseif flowDir(i,j) <15*pi()/8 

                flowDir(i,j)=8; 

            else 

                flowDir(i,j)=1; 

            end 

        end 

    end 

end 
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A2 Code for comparing FREHD and TauDEM flow directions 

%this code creates a raster for comparing FREHD Dinfinity 

flow directions with  the TauDEM result 

[taudem5ft,R]=geotiffread('D:\Frehd\Domain5ftDEMang.tif'); 

%reads the TauDEM Dinfinity flow direction grid 

subtract5ft=zeros(228,205); %constructs an empty comparison 

raster 

for j=1:205 

    for i=1:228 

        if taudem5ft(i,j)==2*pi() 

            taudem5ft(i,j)=0; %sets TauDEM flow directions 

that are equal to 2pi to zero 

        end 

        if flowDir(i,j)==2*pi() 

            flowDir(i,j)=0; 

        end 

        if flowDir(i,j)-taudem5ft(i,j)<=0 

            if abs(flowDir(i,j)-taudem5ft(i,j))>pi() 

                subtract5ft(i,j)=flowDir(i,j)+2*pi()-

taudem5ft(i,j); 

            else 

                subtract5ft(i,j)=flowDir(i,j)-

taudem5ft(i,j); 

            end 

        elseif flowDir(i,j)-taudem5ft(i,j) > 0 

            if abs(flowDir(i,j)-taudem5ft(i,j))>=pi() 

                subtract5ft(i,j)=flowDir(i,j)-2*pi()-

taudem5ft(i,j); 

            else 

                subtract5ft(i,j)=flowDir(i,j)-

taudem5ft(i,j); 

            end 

        elseif isnan(flowDir(i,j)) || isnan(taudem5ft(i,j)) 

            subtract5ft(i,j)=NaN; 

        end 

   end 

end 

geotiffwrite('D:\Frehd\subtract5ft.tif',subtract5ft,R,... 

%writes the comparison raster 

    'GeoKeyDirectoryTag',key); 
 

 



 107 

APPENDIX B CFL GRAPHS OF FREHD RUNS 

 

 

 

Figure B1: Plots of Courant number versus time step for case 1. 
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Figure B2: Plots of Courant number versus time step for case 2. 
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Figure B3: Plots of Courant number versus time step for case 1. 
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Figure B4: Plots of Courant number versus time step for case 4. 
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APPENDIX C SUPPLEMENTAL FILES 

As a supplement to this manuscript, videos of the simulation (discussed in Section 

4.3) were included. A guide for what the file represents is outlined in Table C1. 

 

Name of file Description 

Video1.avi Movie for case 1 

Video2.avi Movie for case 2 

Video3.avi Movie for case 3 

Video4.avi Movie for case 4 

Table C1: Guide for supplemental files. 
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