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ABSTRACT 

Using a Distributed Hydrologic Model and Unsteady Hydraulic Model on the 

West Fork San Jacinto River 

By Thomas M Blaney 

 Spatially-distributed hydrologic models and 1D and 2D unsteady hydraulic 

models have successfully replicated historical flooding events in the Houston 

area. This study applied these models to the larger and more complex San 

Jacinto River basin. A spatially-distributed hydrologic model, Vflo, was used to 

model patterns of rainfall and runoff, while HEC-RAS 1D and 2D unsteady 

hydraulic models were used to model the resultant flood heights. These models 

provided a remarkable replication of the flooding that occurred during Hurricane 

Harvey. This study then used a land cover prediction model to estimate land 

cover in 2050 under various developmental regulations. Regulations tended not 

to affect where development occurred unless it completely restricted 

development in an area. This land use data was then applied to the Vflo and 

HEC-RAS models, modeling the different peak flows and stages throughout the 

study area during potential flooding events under the different future land 

development conditions.  
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1 Introduction 

In the 2010s, Greater Houston experienced several instances of severe flooding. 

In particular, Hurricane Harvey broke state records in the amount of rainfall received in 

the area. Up to 60 inches of rain fell over 4 days, exceeding the 0.2% annual chance 

probability event and causing 125 billion dollars in damage (National Hurricane Center, 

2018). When extreme rainfall events are combined with a fast-growing and spatially-

dispersed population center, the devastation caused by a storm is magnified due to the 

increase in peak flow that occurs with urbanization, as well as the presence of more 

homes within the area of flood hazard. The Greater Houston area is one of the fastest-

growing metropolitan areas in the United States. From 2010 to 2018, the population of 

the area increased by over one million, to a total of nearly seven million (Wilder, 2019). 

As Greater Houston continues to grow, a larger and larger population will be exposed to 

these floods. Since urbanization is associated with increased flood damages, this 

damage has become more drastic in recent years and will likely further increase in the 

future if current urbanization patterns hold (Brody et al., 2014). 

The objective for this study was to develop a system of hydrologic and hydraulic 

models that can accurately recreate the flooding in the West Fork San Jacinto River 

basin during Hurricane Harvey. This watershed has an area of 1082 square miles, and is 

located mostly in Montgomery County, TX, just north of Houston. It is quite hydrologically 

complex, receiving flow from local runoff, releases from an upstream dam, and from 

several large tributaries before interacting with the inflow from the East Fork of the river 

at Lake Houston. Due to the current expansion of greater Houston, this area is likely to 

see significant population growth and urban development over the next few decades. 
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During Harvey, this river basin experienced rainfall that exceeded the 500-year 

frequency, and over 30,000 flood insurance claims were reported (Perica et al., 2018; 

Starr, 2016; Texas Department of Insurance, 2019).  

In order to model patterns of flooding during storms, hydrologic and hydraulic 

models are usually used in conjunction. Hydrologic models calculate the flows in a 

watershed that result from a given rainfall and provide hydrograph outputs to a hydraulic 

model, which models the water surface for a given flow. Vflo, a physics-based spatially-

distributed hydrologic model will be used to model how rainfall transfers to runoff 

throughout the system (Vieux & Bedient, 2004). For more detail, see Section 3.2. The 

HEC-RAS hydraulic model will be used to model the water surface levels and flooding 

that resulted from this runoff (Brunner, 2016c). For more detail, see Section 3.3. The 

study will then address potential land use change and resultant flooding in the future, 

using a neural network to predict different possible future land use conditions under 

various restrictions and regulations and the impacts they might have on flooding (Gori et 

al., 2019).  

Vflo and HEC-RAS have been used to model various watersheds in the Houston 

area, but this study aims to build on past studies by using these models to address and 

evaluate a river system as large and complex as the West Fork San Jacinto (Doubleday 

et al., 2013; Gori et al., 2019; Juan et al., 2020; Panakkal et al., 2019). As the flooding 

from this watershed flooded thousands of houses, schools, and other critical 

infrastructure systems during Harvey, it is critical that this system is well-characterized 

and understood in order to reduce flooding in this area (Sabaraya, 2017). This study 

addresses this need, gives recommendations on future development, and finds 

operation conditions that minimize the impact of flooding. 
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Objectives: 

The overall objective of this study is to create a modeling regime that replicates 

the flooding of an extreme rainfall event in a large, hydrologically complex watershed, 

and predicts the hydrologic and hydraulic effects of urbanization within the watershed. 

This study will specifically: 

1. Model the flow of runoff into a large river system under record-breaking rainfall, 

using the West Fork San Jacinto River during Hurricane Harvey as a case study. 

2. Validate the modeling regime by matching flood heights across a hydrologically 

complex system to observed heights. 

3. Predict how different restrictions and regulations on urban development affect 

changes in land use and resultant flooding  

The San Jacinto River was specifically chosen as the location of this study in order to 

investigate the ability of these models to replicate flooding in a watershed along the US 

Gulf Coast of a larger scale than has been previously investigated. Several studies have 

looked at smaller watersheds in the Houston area, using models such as Vflo and HEC-

RAS (Bass et al., 2017; Doubleday et al., 2013; Garcia et al., 2018; Gori et al., 2020; 

Juan, Fang, et al., 2017; Juan, Hughes, et al., 2017). This study aimed to test the 

suitability using these methods to model flooding in a much larger area. Compared to 

other, smaller watersheds in the Greater Houston area, this watershed is not particularly 

well-monitored, demonstrating a need to model the flooding in this watershed. 
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2 Background Information and Literature Review 

2.1 The San Jacinto River 

The San Jacinto River is often considered to be one of the main river systems in 

Texas (Blackburn, 2017). It is divided into two major forks, the East and West Forks. 

Flows in both forks begin in different parts of Walker County, Texas, and travel to the 

southeast where they merge at Lake Houston. The unified San Jacinto River then makes 

up part of the Houston Ship Channel, before emptying into Galveston Bay. The East 

Fork watershed is 995 square miles, covering much of the Sam Houston National 

Forest, and it is not very densely populated (Yang et al., 2018). Besides the main East 

Fork, there are also subwatersheds of Peach Creek, Caney Creek, and Luce Bayou, all 

of which converge with the East Fork shortly upstream of Lake Houston. 

The West Fork has a total contributing drainage area of 1082 square miles. The 

most notable difference between the East and West Forks is the presence of Lake 

Conroe on the West Fork. This lake, which is used for water supply and recreation 

purposes, was created when a dam was built in 1973, and is managed by the San 

Jacinto River Authority (Bodkin & Oden, 2010; Villalon et al., 1998). This reservoir has a 

flowage easement, allowing the lake to store water up to 207 feet above sea level 

compared to the desired operational level of 201 feet above sea level, but it was not 

designed for serious flood control purposes (San Jacinto River Authority, 2017b). An 

image of this dam and reservoir are shown in Figure 2.1. 
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Figure 2.1: Lake Conroe and its dam. Image from the San Jacinto River Authority. 

While the LC dam controls the flow between the upstream and downstream 

portions of the West Fork, three major uncontrolled tributaries enter the river 

downstream of the dam. These are Lake Creek, Spring Creek, and Cypress Creek. Lake 

Creek flows parallel to the part of the West Fork upstream of the Lake Conroe dam, but 

converges with the main fork below the dam. When the dam is not releasing water, this 

tributary provides a greater flow than that of the main channel of the West Fork at their 

confluence. Spring Creek and Cypress Creek are located on the south side of the 

greater watershed and converge shortly before they join the West Fork, just slightly 

upstream of Lake Houston. With a total drainage area of 757 square miles, Spring and 

Cypress Creek form a watershed that is comparable in size to that of the East Fork and 

the remainder of the West Fork, and is considered by the USGS to be its own subbasin, 
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equal to the two others. These three subbasins, along with their major streams, are 

shown in Figure 2.2. 

 

Figure 2.2: Map of the subbasins and tributaries of the San Jacinto River system. 

Compared to the East Fork, the West Fork’s watershed is more urbanized.  Most 

of the urban development within the watershed is located downstream of Lake Conroe, 

including the communities of Conroe, The Woodlands, and Kingwood. Besides these 

communities, which include areas of medium- and high-intensity development, many of 

the smaller developments throughout the watershed mostly consist of low-intensity 

urban development. Large parts of the watershed remain undeveloped. The watershed 

of the Lake Creek tributary consists mostly of agricultural land, while forests dominate 

the portion of the watershed upstream of Lake Conroe. Even in the downstream, more 
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developed portions of the watershed, the river is buffered by a zone of evergreen forests 

and woody wetlands (Yang et al., 2018). Despite the lack of construction in this area, the 

land has been altered anthropogenically through the creation of sand mining operations 

along the river (Dupré, 2019). A map of the land use within these watersheds is provided 

in Figure 2.3. 

 

Figure 2.3: 2016 Land Cover in the upper San Jacinto watershed (Yang et al., 2018). 

The soils in this watershed are largely composed of loam and related textures. 

Loam is the most common soil texture in the West Fork, as well as in the northern half of 

the Spring Creek watershed. The southern half of the Spring Creek watershed is mostly 

sandy loam. The East Fork watershed also has loam, but has more silt loam and sandy 
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loam. Along the riverbeds, clay and clay loam are more common (McClintock, 1972; 

Wheeler, 1976). A map of the soils in this region is provided in Figure 2.4. 

 

Figure 2.4: Soils texture map of the San Jacinto River (McClintock, 1972; Wheeler, 

1976). 
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2.2 Rainfall and Flooding in Greater Houston 

 Storm-induced flooding events are some of the most destructive natural 

disasters in the United States. The top two costliest disasters in US history have been 

Hurricane Katrina and Hurricane Harvey, two hurricanes that caused severe flooding 

(Smith, 2020). These two hurricanes affected large metropolitan regions along the US 

Gulf of Mexico coast, demonstrating the vulnerability of that region to flooding. Of that 

region, the Houston metropolitan area has experienced several instances of severe 

flooding in recent years. In the 2010s alone, serious flooding events occurred in 2015, 

2016, 2017, and 2019, causing billions of dollars in damages (Smith, 2020). In particular, 

Hurricane Harvey in 2017 broke records for the amount of rainfall received in the area. 

Up to 60 inches of rain fell over 4 days, exceeding the 500-year storm and causing 125 

billion dollars in damage (National Hurricane Center, 2018). These storms appear to be 

increasing in recent years, and have caused the estimated storm depths for the area to 

increase. In 2018, in the new Atlas-14 rainfall frequency values, NOAA announced that 

the expected 100-year rainfall in Texas had increased, meaning more rain can be 

expected in a given storm any year (Perica et al., 2018). As climate change continues, 

the expected rainfall is likely to increase further, producing further negative effects. 

Some of these floods that affected the Houston area had negative impacts 

specifically on the San Jacinto River. Hurricane Harvey, first and foremost, had the most 

extreme impact on this watershed. Notably, an extremely large amount of rainfall came 

into Lake Conroe, which nearly overtopped the dam. In order to preserve the integrity of 

the dam, the San Jacinto River Authority was forced to release nearly 80,000 cubic feet 

per second (cfs) of water through the dam, which contributed to flooding downstream. 

This exceeded the previous record of water released from the dam, which was 33,360 
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cfs in 1994 (San Jacinto River Authority, 2017a). Over four thousand homes were 

flooded in many communities within the watershed, including neighborhoods within 

Kingwood, Humble, and Huffman (Lindner & Fitzgerald, 2018). Figure 2.5 demonstrates 

an example of the flood damages during Harvey by showing a housing development in 

Kingwood before the storm, how it flooded, and the resulting damage. 
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Figure 2.5: A housing development along the banks of the West Fork San Jacinto River 

in Kingwood before, during, and after Hurricane Harvey. Images from Google Earth.  

During the previous record storm in 1994, the San Jacinto River was the most 

heavily affected watershed in the region. Heavy rainfall and a then-record release from 
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Lake Conroe resulted in record flows throughout the river. More dramatically, 

downstream of Lake Houston, pipelines were ruptured, spilling oil into the river which 

ignited, setting the river aflame.  

Additionally, during Tropical Storm Imelda, much of the same area flooded again. 

Although it was only classified as a tropical storm and did not result in such extensive 

flooding throughout the region, Imelda dropped up to 45 inches over two days and 

passed directly over this watershed. While a large amount of water was not released 

from the Lake Conroe dam, local rainfall caused flooding in many of the same areas in 

Kingwood and Humble that had flooded during Harvey. Over 1200 homes flooded in the 

San Jacinto River watershed, with about half occurring along each fork of the river 

(Mehrtens, 2019). This positioning of Kingwood at the intersection of the West Fork, the 

East Fork, and Lake Houston has made it especially susceptible to flooding from multiple 

sides. 

2.3 Hydrologic Modeling of Rainfall Runoff 

Replicating the pattern of how rainfall turns into runoff in a given watershed is 

performed through a hydrologic model. A hydrologic model usually takes the amount of 

rainfall that falls in an area during a rainfall event and subtracts infiltration to calculate 

the total runoff. It then calculates the travel time of runoff over land and into a channel 

system, as well as the flows throughout this channel system. At the various computation 

points within the model, flow hydrographs can be produced (Bedient et al., 2018). 

Hydrologic models are usually classified as either spatially-lumped or spatially-

distributed (Bedient et al., 2018). One commonly-used example of a spatially-lumped 

hydrologic model is the US Army Corps of Engineers Hydrologic Engineering Center’s 
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Hydrologic Modeling System (HEC-HMS). HEC-HMS models a watershed through a 

series of sub-basins. A uniform rainfall pattern may be input into one subbasin, and the 

loss of water due to infiltration is calculated using a value representing the soil properties 

of the subbasin. The routing through the subbasin can be performed through a simple 

unit hydrograph method, and the flow of water throughout the reaches, representing 

channels connecting the subbasins, can be calculated through one of a variety of 

methods using the length, slope, roughness, and shape (Scharffenberg et al., 2018). An 

example of a HEC-HMS project window is presented in Figure 2.6. This model is for the 

West Fork San Jacinto, mostly upstream of Lake Conroe, and shows the subbasins and 

reaches present in the system. 

 

Figure 2.6: Example of a HEC-HMS project window, with subbasins and reaches. 
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While lumped models such as HEC-HMS may have the ability to predict the 

runoff of certain watersheds within acceptable accuracy, these models suffer from some 

disadvantages. Since each subbasin is homogeneously modeled, the model lacks the 

ability to model spatial changes within a subbasin (Vieux & Bedient, 2004). A rainfall 

hyetograph can only be given for one subbasin, losing any distribution of rain across the 

subbasin (Doubleday et al., 2013). Likewise, the roughness and imperviousness values 

for one subbasin are given as an averaged value for the subbasin (Bedient et al., 2018). 

This ignores the placement and distribution of different roughness values due to different 

land cover types across a subbasin. It becomes particularly difficult to predict the impact 

of future development, as the model is limited in predicting the effects of the location of 

new development within the subbasin.  

Smaller subbasins in a lumped hydrologic model represent localized spatial 

changes in rainfall, loss, and routing, resulting in greater accuracy. Spatially-distributed 

hydrologic models take this even further. These models divide a watershed into an 

evenly-spaced, consistent grid. Rainfall, infiltration properties, and roughness values can 

be provided for each cell within the grid (Vieux & Bedient, 2004). In addition, the model 

can be developed using digital elevation data, calculating the slopes and flow directions 

throughout the watershed (Doubleday et al., 2013). This digital elevation data is usually 

organized using Geographic Information System (GIS) software. This use of GIS 

elevation data can result in a more accurate spatial model of the watershed, allowing for 

a fuller distribution of these properties and modeling actual conditions better. A 

comparison between lumped and distributed models for a hypothetical watershed is 

presented in Figure 2.7. 
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Figure 2.7: Examples of a lumped and a distributed model for the same watershed. In 

the lumped model, the watershed is split into 3 subbasins, each modeled 

homogeneously. In the distributed model, the watershed is split into a uniform grid, each 

cell with its own parameters. 

One spatially-distributed hydrologic model, used in this study, is Vflo®, developed 

by Vieux, Inc. (Vieux & Bedient, 2004). This spatially-distributed physics-based model 

uses the kinematic wave equation to model runoff, and is further explained in Section 

3.2.  

Vflo has been successfully used to replicate flooding conditions and compare 

flows of potential different land use conditions (Blessing et al., 2017; Juan et al., 2020; 

Juan, Hughes, et al., 2017; Sebastian et al., 2019). The 2013 study by Doubleday et al. 

used Vflo to model flow in The Woodlands watershed, a 34 sq. mi. subwatershed 

located within the Spring Creek watershed, tributary to the San Jacinto, under different 

development conditions; Vflo matched peak flows and volumes by 3% and 4%, 
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respectively. In a 2019 paper, Gori et al. also used Vflo to predict the differences in flow 

caused by changes in development in Cypress Creek, a tributary to Spring Creek in the 

greater San Jacinto River watershed. For two storms, this model was able to match 

observed peaks within 2% and had good Nash-Sutcliffe Efficiency (NSE) values. These 

results indicate that Vflo can create models, ranging from community-scale to 

watershed-scale, that can accurately predict runoff response over a variety of rainfall 

amounts in an area near to this study’s area of interest, where land slopes, rainfall, and 

soil types will be similar.  

In order to test the accuracy of a hydrologic model, the runoff data should be 

compared to observed data during historical flood events. These events should include 

flows along the entire range of possible flows, to ensure that the model can accurately 

match flow throughout the watershed for all possible flooding events. The degree to 

which a hydrologic model matches observed conditions is often calculated using the 

Nash-Sutcliffe efficiency (NSE) method (Nash & Sutcliffe, 1970). This method compares 

an observed flow hydrograph from a historical storm with the model’s prediction of that 

flow hydrograph. The formula compares the ratio of the squares of the differences 

between the modeled and observed values to the squares of the differences between 

the observed values and the mean of the observed values, as shown in the equation 

   Equation 2.1  
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Where 

 Qt
m = modeled discharge at time t 

 Qt
o = observed discharge at time t 

 Qavg
m = average of all observed discharges over total time. 

NSE values can range from -∞ to 1. An NSE value of 1 means that the modeled data 

perfectly replicates the observed data, and a value of 0 means that the data is no more 

accurate to the observed values than if the observed mean value had been used for the 

whole event. Results with NSE values greater than 0.5 are generally considered to be 

satisfactory results, with even higher values being even better (Moriasi et al., 2007). 

2.4 Using Hydraulic Models to Match Flooding Depths 

While hydrologic models such as Vflo are beneficial in finding the amount of 

runoff that will enter a river system, they are limited in their capacities to model flooding 

heights. Some have limited flood stage prediction capabilities; for example, Vflo has the 

ability to produce a stage hydrograph in addition to a flow hydrograph, but these stage 

hydrographs are often inaccurate. This is because Vflo works by forcing all flow through 

one cell. The user can specify the dimensions of a channel cell, or the program can 

extract cross-sections based on the topology (Vieux & Bedient, 2004). However, the 

wider and more topographically complex a cross-section of the channel is, the more 

difficult it is to ensure an accurate flood stage result. If the actual area of flow is several 

cross-sections wide, the program may end up forcing too much flow through too small a 

space, resulting in an inaccurate flood stage value. 

For the most accurate modeling of flood heights along a river, specialized river 

analysis hydraulic models, such as the US Army Corps of Engineers Hydraulic 

Engineering Center’s River Analysis System (HEC-RAS), are often used. This program 
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takes several cross-sections, representing a river system, and solves for the flow and 

flood heights based on the amount of water input into the system (Brunner, 2016c). 

HEC-RAS requires boundary conditions such as an unsteady flow hydrograph in order to 

model the water heights for an event, so it is often used alongside a hydrologic model 

which provides flows for a given event. 

HEC-RAS has been used extensively by hydraulic engineers to model 

floodplains, including many FEMA flood insurance studies (Bass et al., 2017; Fang et al., 

2008; FEMA, 2002; Gori et al., 2020; Juan, Fang, et al., 2017; Panakkal et al., 2019). 

HEC-RAS is often used in conjunction with a hydrologic model such as HEC-HMS to 

model floodplains for a given statistical return period storm. To analyze a watershed, a 

statistical rainfall, such as the 100-year rainfall, is used in HEC-HMS to provide the 100-

year peak flows throughout the river. These peak flows are then input into HEC-RAS, 

which produces the resultant 100-year floodplain map (Bedient et al., 2018). An example 

of a 100-year floodplain modeled through HEC-RAS is provided in Figure 2.8. 
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Figure 2.8: A 100-year floodplain modeled using a HEC-RAS 1D model. This was a 

steady 1D model of Brays Bayou, provided by the HCFCD. 

In 2016, with the release of HEC-RAS 5.0, two-dimensional unsteady flow 

modeling was added to HEC-RAS. As in distributed hydrologic models, this creates a 

mesh of polygons to represent a two-dimensional area and performs calculations 

between the polygons. Similar to distributed hydrologic models, HEC-RAS uses spatial 

elevation and roughness data provided from GIS data, which it uses to perform the 

calculations between the polygons (Brunner, 2016a). Like hydrologic models, it can 

convert rainfall data into runoff; however, it does not have the ability to model losses due 

to infiltration, meaning this calculation must be performed externally in order to not 

overestimate the runoff present in the system. Also, only one rainfall can be applied over 

a 2D flow area, which means that the model is unable to represent spatial changes in 

rainfall across the flow area. This two-dimensional modeling system is still fairly new, but 

it has been used to model storms in the Houston area and has been found to represent 

flooding conditions well, meeting and even surpassing the accuracy of one-dimensional 

models in matching flooded homes during a historical event (Garcia et al., 2018; Juan & 
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Bedient, 2018). Additionally, it has been used to find areas of increased flooding while 

recreating flood events in large watersheds worldwide (Moya Quirogaa et al., 2016; 

Patel et al., 2017). 

2.5 Land Use and Development Restrictions 

Land use patterns can have a significant impact on the amount of flood damages 

that an area receives. While development will not change the amount of rainfall that falls 

on a given area, it will change how the watershed responds to this rainfall. As 

construction increases, the amount of impervious surface increases, preventing natural 

systems from storing water through infiltration and surface storage. Additionally, as the 

roughness of the land decreases, water will enter the rivers faster, causing a greater 

peak flow and higher subsequent flooding (Leopold, 1968).  

While increasing development typically correlates with increased flood damage, 

the concentration of development greatly influences the extent of that damage, often in 

ways that seem counterintuitive. If development is lower-intensity, one would assume 

that development would have less of an impact on runoff than higher-intensity 

development, as impervious surfaces would make up a smaller percentage of the total 

developed area (Homer et al., 2015). However, research has suggested that lower-

intensity development often has a greater impact on flooding than higher-intensity 

development. The larger lot sizes and sprawling spatial patterns of lower-intensity 

developments result in more land undergoing development, including land that could 

have a critical effect on flooding patterns (Brody et al., 2013).  

In addition, where development occurs within the watershed will affect the 

potential damages in an area. Part of this has to do with the relationship between 
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hazard, exposure and risk. Hazard is the probability of flooding in a given area, while 

exposure is the amount of property that could be exposed to a flood, and risk is the 

product of the two, a monetary value of expected losses from flooding. Thus, a 

watershed with a greater volume of flooding (high hazard) but very little development 

(low exposure) will often have less risk than a watershed with less flooding (low hazard) 

but more development within the floodplain (high exposure). This has been supported by 

research, such as a 2007 study by Brody et al., which found that flood damages by 

county tended to be correlated with county population, rather than the rainfall or 

hydrology of the county. This shows that, with higher development within a watershed, 

flood losses are usually higher. More importantly, the positioning of development within 

the watershed can have a more specific effect. The closer development occurs to a river, 

the higher the exposure of the development and consequently the risk in the watershed 

increases. Research has indicated that the closer development occurs to a river, such as 

within a 100- or 500-year floodplain, the more flood damages it receives (Brody et al., 

2007, 2014). Simply put, the easiest way to avoid being flooded is not to build in a flood 

hazard zone. 

While development is strongly correlated with increased flooding damages, 

wetlands are correlated with reduced damage from flooding. Wetlands can store large 

amounts of water, and plants within the water slow down flow by increasing the 

roughness of an area (Bullock & Acreman, 2003). These properties decrease the peak 

flow volume of rainfall runoff and reduce flooding. A comprehensive literature review by 

Bullock & Acreman found wetlands to have flood mitigation effects in 23 of 28 studies 

across the world (2003). More local research confirms this, with studies in the Gulf of 

Mexico region of the US also showing that wetlands have flood reduction capabilities, 

are associated with decreased flood damages, and when they are altered, flood 
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damages increase (Brody et al., 2007, 2014). As wetlands are altered (usually by being 

destroyed and replaced with another land use type), the watershed loses these flood 

reduction capabilities, and flood damages tend to increase. One study found that each 

wetland alteration permit corresponded to an increase of nearly $1000 in flood damages, 

demonstrating the sensitivity of watersheds and the importance of wetlands (Brody et al., 

2007). 

Development in the Greater Houston region has followed a pattern of urban 

sprawl (Brody et al., 2013; Halleux et al., 2012). This has largely occurred as a result of 

no zoning laws being enforced within the City of Houston, which influenced development 

in other nearby communities (Qian, 2010). Also, Houston underwent much of its 

development after the popularization of the automobile, and the expansive highway 

network around Houston encouraged development further away from the city center. In 

addition, Houston has higher requirements for numbers of parking spaces and larger lot 

sizes than several other major cities, such as Seattle and Boston. These result in greater 

amounts of impervious cover being placed than would be for a comparable population 

increase in other cities (Qian, 2010). These patterns have resulted in development in 

Greater Houston having a constant increase in low- and medium-intensity development, 

as more and more suburban neighborhoods are constructed. A map showing the land 

use in the greater Houston area is shown in Figure 2.9. Note the extensive areas of low- 

and medium-intensity development. 



23 
 

 

Figure 2.9: 2016 Land use in the Greater Houston area. 

However, some communities outside of Harris County have pursued better land 

use and flood control policies. For example, the community of The Woodlands, located 

inside the San Jacinto River watershed, has made a special effort to develop according 

to low-impact development (LID) principles, incorporating features of the natural 

environment into its flood control strategy. A 2013 study by Doubleday et al. modeled 

The Woodlands in Vflo and found that, while peak flows in the area had increased since 

the community was constructed, the increase would have been several times greater 

had The Woodlands been developed more intensely.  

Within Greater Houston, most, although not all, of flood damages from recent 

years have been located in FEMA flood hazard zones (Bass et al., 2017; Juan & 

Bedient, 2018). In order to rectify this situation, base flood elevation regulations have 
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been issued. These regulations define certain levels, usually based on the predicted 

height of flooding of a given statistical return frequency storm (the 100- or 500-year 

storm), with some additional height added as freeboard. New houses in a floodplain 

must have their base elevation built to at least this level in order to avoid flooding. 

Houses built before the implementation of these regulations are not required to be 

raised, but they remain at higher risk of flooding. In the 2015 Memorial Day flood, for 

example, 94% of homes damaged by flooding in the Brays Bayou middle reach were 

built before the implementation of these regulations (Bass et al., 2017).  

Some localities in Greater Houston have implemented new base flood elevation 

regulations. In the aftermath of Hurricane Harvey, the City of Houston implemented a 

higher base flood elevation, raising it from the previous level of 1 foot above the 100-

year floodplain to 2 feet above the 500-year floodplain (Johnson, 2018). This restriction 

does not prevent development within floodplains, but it increases the cost of 

construction, which could deter development within wetlands. If all homes in Houston 

had been built following this regulation, the number of houses flooded during Harvey 

would have been reduced by 84% (Johnson, 2018). For Montgomery County, which 

comprises the majority of this study area, the current regulations are equal to the 

previous Houston regulations, at one foot above the 100-year base flood elevation 

(Montgomery County, 2015). 

In the United States, wetlands are considered part of “the nation’s waters” and 

are subject to regulation by the US Army Corps of Engineers (Corps of Engineers, 

2020b). Any construction activities that dredge, drain, or alter wetlands is subject to the 

approval of the Corps. The Corps evaluates any applications for wetland modification 

based on a variety of factors, including “extent of public and private need” of the project, 
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“practicability of using reasonable alternative locations and methods,” and “beneficial 

and/or detrimental effects,” including various environmental, economic, and quality of life 

effects (Corps of Engineers, 2020a). The fees for these permits are $10 for non-

commercial activities and $100 for commercial and industrial activities, but these may be 

much cheaper than the amount of flooding damages caused by each wetland 

modification (Corps of Engineers, 2020a). Raising the prices of permits may be 

necessary to represent the true cost of wetland development (Brody et al., 2007).  

Since it has been demonstrated that land use changes in the past have affected 

flooding, it should prove useful to predict land use in the future, in order to prepare for 

changes brought by future development. A neural network was used to predict land 

cover in 2050, based on extrapolating trends from 2001 to 2011. This neural network 

was originally developed by Dr. Russell Blessing for a 2019 paper by Gori et al. A new 

100-year floodplain was generated, based on two likely possibilities of development. 

This floodplain had increased from the 2011 floodplain, despite regulations on 

development that aimed to prevent an increase in peak discharge. 
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3 Methods 

3.1 Study Area and Data Sources 

This study focused on the West Fork watershed between Lake Conroe and Lake 

Houston. This was one of the areas that was especially affected by flooding during 

Hurricane Harvey, partially due to the releases at the Lake Conroe dam. The dam was 

not the only factor that caused flooding, as smaller, more localized floods have also 

occurred here without major releases from the dam (Lindner & Fitzgerald, 2018; 

Mehrtens, 2019).  

The USGS divides the San Jacinto River watershed into four subbasins at the 

HUC8 Level: the West Fork San Jacinto River, Spring Creek, the East Fork San Jacinto 

River, and the Buffalo Bayou - San Jacinto River system (Seaber et al., 1987).The 

majority of this study focuses on the West Fork San Jacinto subbasin (USGS HUC8: 

12040201). The area upstream of Lake Conroe is not modeled, as the Lake Conroe dam 

exists as a control, and only discharges a specified amount. The subbasins of Spring 

Creek and the East Fork San Jacinto River, while not as extensively modeled, are also 

important to this study, as they serve as tributaries, merging with the flow of the West 

Fork at or around Lake Houston. A closer look at the area studied is shown in Figure 3.1. 
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Figure 3.1: Map of Kingwood, the San Jacinto River, and the USGS gauges. 

Several USGS stage and flow gauges monitor flow volumes and/or stages on the 

San Jacinto River and its tributaries. Several of these are located within or near the 

study area and were used in calibrating the model to historical events. These gauges are 

displayed in Figure 3.1, and information about each is given in Table 3.1. The gauges 

that were used to evaluate the accuracy of the model have been bolded. 
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Table 3.1: USGS Gauges used. 

USGS 
Gauge # 

Map 
Label 

Location Used for Data 
used 

Notes 

08067650 WF-1 West Fork below 
Lake Conroe 

Input into Vflo 
and 1-D RAS 
models 

Flow Nearly 
unchanged 
from the 
release at 
Lake Conroe 

08067920 LC Lake Creek at 
Sendera Ranch 
Rd 

Input into Vflo 
model 

Flow  

08068000 WF-2 West Fork at 
Interstate 45 

Comparison of 
Vflo and 1-D 
RAS models 

Flow 
Stage 

 

08068090 WF-3 West Fork at 
Grand Parkway 
(TX-99) 

Comparison of 
Vflo and 1-D 
RAS models 

Flow 
Stage 

 

08068500 SC Spring Creek at 
Interstate 45 

Input into Vflo 
model 

Flow  

08069000 CyC Cypress Creek at 
Interstate 45 

Input into Vflo 
model 

Flow  

08069500 WF-4 West Fork at US 
59 (Interstate 
69) 

Comparison of 
1-D RAS model 

Stage End of Vflo 
and 1-D RAS 
models. 
Beginning of 
2-D RAS 
model 

08070200 EF East Fork Input into 2-D 
RAS model 

Flow  

08070500 CaC Caney Creek Input into 2-D 
RAS model 

Flow  

08071000 PC Peach Creek Input into 2-D 
RAS model 

Stage  

08071280 LB Luce Bayou Input into 2-D 
RAS model 

Flow  
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As Hurricane Harvey was the largest flooding event on record in this area, this 

study replicates that event. Additionally, a rainfall event that occurred between March 

28th and 29th, 2018 was used to calibrate the model. The March 2018 rainfall event also 

resulted in flooding along the West Fork, with some areas flooding just months after they 

had been damaged by Hurricane Harvey (HCFCD, 2018). This event was chosen 

because it was a storm that, while exhibiting a much smaller flow than Hurricane Harvey, 

produced flooding and had reliable gauge data which to compare the model against. For 

this event, up to 7.4 inches of rainfall fell over the West Fork watershed on March 28 and 

29, with more rain concentrated in the middle of the watershed. This occurred as a 

double peak, with larger amounts of rainfall twice falling over the watershed.  

For Hurricane Harvey and the March 2018 storm, rainfall data was taken as 

NOAA National Severe Storms Laboratory Multi-Radar/Multi-Sensor System (MRMS) 

data from the Iowa State Radar Repository. This radar has been taken from multiple 

radar sensors throughout the country and calibrated with each other and available 

gauges and other observations (Starr, 2016).  

Land cover data was taken from the Multi-Resolution Land Cover Consortium’s 

2016 version of the National Land Cover Dataset (NLCD 2016) (Yang et al., 2018). For 

the modeling of Hurricane Harvey and the other historical storm, 2016 land cover data 

was used, which represented the most current land use conditions. 2016 impervious 

cover data was also taken from the 2016 NLCD. To provide a baseline for comparison to 

future potential land use scenarios, 2011 land cover data was used. The future land use 

conditions were predicted based on projecting from the 2011 land cover data, as this 

was the most current land use data at the time that the land use projection model was 

developed. 
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Land cover data is used to estimate the Manning’s roughness coefficient, which 

is used by several hydrologic and hydraulic models to perform flow calculations. For 

each NLCD land cover class, a Manning’s roughness value is estimated according to 

Kalyanapu et al., 2009. These values are presented in Table 3.2. 

Table 3.2 NLCD land cover classes and their corresponding Manning’s 

roughness values (Kalyanapu et al., 2009). 

NLCD Land Cover Number Land Cover Description Manning’s roughness 

11 Open Water 0.0250 

21 Developed, Open Space 0.0404 

22 Developed, Low Intensity 0.0678 

23 Developed, Medium Intensity 0.0678 

24 Developed, High Intensity  0.0404 

31 Barren Land (Rock/Sand/Clay) 0.0113 

41 Deciduous Forest 0.360 

42 Evergreen Forest 0.320 

43 Mixed Forest 0.400 

52 Shrub/Scrub 0.400 

71 Grassland/Herbaceous 0.368 

81 Pasture/Hay 0.325 

82 Cultivated Crops 0.037 

90 Woody Wetlands 0.086 

95 Emergent Herbaceous Wetlands 0.183 
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For infiltration data, soil data was compiled from the soil surveys for Montgomery 

and Harris Counties, which describe the texture of the soil (McClintock, 1972; Wheeler, 

1976).  

3.2 Vflo Hydrologic Model 

3.2.1 Vflo Overview 

This study uses Vflo as its hydrologic model, to model how rainfall turns into 

runoff. As explained earlier, Vflo is a spatially-distributed hydrologic model, which divides 

a given area into a grid of uniform cells and analyzes the flows in and out of those cells 

over a given time. For each cell and for each timestep, the rainfall, infiltration, run-on, 

and runoff are calculated.  

In order to build a model for a watershed, Vflo uses three data sets that are 

specific to the watershed in question. The first data set used is LiDAR data, showing the 

elevation throughout the study area, which is used to create the flow network, recreating 

the path that water takes throughout the watershed (H-GAC, 2018). Taking the average 

elevation of each cell and the eight cells adjacent to it, it calculates the slope between 

the cell and each of its neighbors. Whichever of these slopes is the most negative, it 

uses for the flow direction. A portion of cells with a higher number of upstream cells are 

treated as channel cells, which are modeled with channel flow equations rather than 

overland flow equations. Part of a flow network is shown in Figure 3.2.  
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Figure 3.2: Overview of Vflo and relationship of flow between cells. 

 The second data set is land use data, which is used to provide roughness values, 

used in calculation of water travel throughout the watershed, and impervious cover 

values, which define the percentage of land area that is subject to infiltration. The final 

data set, soils data, provides information on the textures of the soil, and this information 

is used to estimate the amount of rainfall that infiltrates. An example of these three 

datasets for a small study area are given in Figure 3.3. 
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Figure 3.3: Components of a Vflo model. 

Rainfall can be added to Vflo in a variety of ways, including synthetic 

hyetographs, interpolated rainfall gauge data, or observed and calibrated radar rainfall 

data (Starr, 2016; Vieux & Bedient, 2004). In this study, the spatially distributed MRMS 

data was used for the historical storms, which allows a rainfall amount that varies 

spatially and temporally, matching actual rainfall patterns during these events. Any 

rainfall falling on a cell in Vflo has the chance to infiltrate according to the Green and 

Ampt infiltration method. The Green & Ampt equation is defined as 
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     Equation 3.1 

where 
 f = infiltration rate (in/hr) 
 Ks = hydraulic conductivity (in/hr) 
 Md = moisture deficit (ratio) 
 Ѱ = wetting front suction head (in) 
 F = depth of infiltration into soil. 

The hydraulic conductivity, wetting front suction head, and effective porosity 

(which is used by Vflo to estimate moisture deficit) can be estimated based on soil 

texture according to values put forth by Rawls et al. (1983). These values are shown in 

Table 3.3. 

Table 3.3 Rawls Infiltration Parameters estimated from soil texture (Rawls et al., 

1983). 

Soil Texture Hydraulic 
Conductivity Ks 
(in/hr) 

Wetting front 
suction head Ѱ (in) 

Effective porosity 
θeff (ratio) 

Clay 0.03 31.63 0.385 

Clay Loam 0.1 20.88 0.309 

Loam 0.34 8.89 0.434 

Loamy Sand 2.99 6.13 0.401 

Sand 11.78 4.95 0.417 

Sandy Clay Loam 0.15 21.85 0.33 

Sandy Loam 1.09 11.01 0.412 

Silt Loam 0.65 16.68 0.486 

Silty Clay Loam 0.1 27.3 0.432 

The amount of rainfall that infiltrates is limited by the percentage of impervious 

cover throughout the cell. Impervious cover data was taken from the NLCD 2016 
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imperviousness data. The infiltration is also heavily dependent on the initial saturation of 

the watershed. Due to high humidity levels in the Houston area, soil can retain moisture 

for weeks after rainfall events, and this must be reflected in order to accurately model 

the infiltration. 

The rainfall that does not infiltrate in the timestep will flow out of the cell into one 

of the cells bordering it laterally or diagonally, based on the flow network constructed 

from the elevation data. Vflo calculates the amount of flow out of a given cell based on 

the Kinematic Wave Analogy, which is a simplification of the one-dimensional Saint-

Venant equation. The equation used for the Kinematic Wave Analogy is given as 

   Equation 3.2 

where  
 y = mean depth of cell  
 q = flow per unit width  
 i = rainfall intensity  
 f = infiltration rate as determined by the Green and Ampt formula.  

The value of q is equal to the product of the flooding depth and the velocity. The 

velocity can be found by using Manning’s equation: 

    Equation 3.3 

where  
 k = dimensionless unit constant (1.49 for US customary units)  
 n = Manning roughness coefficient (taken from the land cover of the cell),  
 y = mean depth within the cell  
 S0 = average slope of the cell. 
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The dimensionless unit constant k is equal to 1.49 if US customary units are 

used for the other variables, and the Manning roughness coefficient is taken from the 

land cover of the cell 

For the Kinematic Wave analogy, a cell within Vflo will have a given Manning’s 

roughness value and slope, values inherent to the watershed that remain constant 

throughout the simulation. The slope data is calculated from the Digital Elevation Model, 

and the roughness value is taken from the land cover data. The rainfall rate varies over 

time, but is provided, and the infiltration rate is calculated from the rainfall and soil 

information, independent of flow throughout the watershed. The only other unknown 

value that varies with time is the depth within the cell, and this value drives the formula. 

This method does not account for backwater effects, and only works in shallow water, 

where the hydraulic radius is assumed to be equal to the depth. Although these 

assumptions are inappropriate for use in calculating channel flow, they are suitable for 

overland flow. 

Vflo takes a percentage of cells (in this study, 10% was used, as is typical) with 

the highest number of upstream cells and counts them as channel cells, representing the 

different behavior of water as it changes from overland to channel flow as it converges. 

For these channel cells, the Modified Puls method was used. Using the digital elevation 

data, Vflo can create a cross-section of the channel cells. Using this along with the 

roughness of the channel, a storage-discharge curve can be calculated, which is then 

used with the continuity equation to model storage within the channel cell (Bedient et al., 

2018). The channel roughness can be set separately from the overland roughness file, 

better modeling different channel roughness conditions that may not be captured by the 

spatial resolution of the land cover. This method has been found to better model storage 
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that occurs in channel cells with low to mild slopes, which are the types found in the San 

Jacinto River watershed (Vieux & Bedient, 2004). 

Additionally, Vflo has the ability to use observed flow data. For any cell, time-

series data can be attached, providing the actual flow data from a historical event. This 

can be useful in calibrating observed events, as the predicted and observed flow 

hydrographs can be viewed together. Vflo can automatically calculate the Nash-Sutcliffe 

efficiency, allowing the user to quickly see how well the model has matched an event. 

Also, Vflo can use the observed data as the outflow of the cell, instead of calculating the 

outflow. This can be used to add flow from tributaries not modeled. 

3.2.2 Modeling the San Jacinto River in Vflo 

For representing the West Fork San Jacinto River in Vflo, the model focused on 

the area presented in Figure 3.4. This area included subwatersheds of the West Fork 

San Jacinto subbasin downstream of Lake Conroe and upstream of Lake Houston. In 

order to better match observed data, four USGS gauges were used as input data: the 

West Fork at TX105, Lake Creek, Spring Creek, and Cypress Creek. In order to model 

the rainfall between the gauges and the river, the subwatersheds of the Spring Creek 

subbasin downstream of the gauges were also included in the Vflo domain. Some 

portions of the Lake Creek watershed upstream of the gauge were missing LiDAR data, 

but these regions were covered by the gauge data.  
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Figure 3.4: Location of the Vflo domain within the San Jacinto subbasins. 

This model comprised an area of 602 square miles, or 1.678 x 1010 square feet, 

so a 500 ft by 500 ft cell resolution was used, dividing the domain into 514 columns and 

414 rows. In addition to the two gauges that were used for observed flow input, observed 

data was also taken at two more gauges, located on the West Fork at Interstate 45 and 

Grand Parkway. These were used for comparison purposes, with the NSE values at 

each of these gauges being used to evaluate the accuracy of the model. This area did 

not include the drainage area into Lake Conroe, as the outflow at the Lake Conroe Dam 

was a known value, controlled by the operations of the gate and, while influenced by, not 

directly controlled by the rainfall and runoff. 
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The roughness values throughout the channel were based on the 2016 NLCD 

land cover conditions, translated using the Kalyanapu corresponding roughness values. 

For each cell, the average roughness value within that 500’ x 500’ area was used in the 

model’s calculations. This is too large an area to accurately capture the roughness of the 

channel, as the cell would include areas of overland roughness. To solve this issue, a 

channel roughness value was chosen by running a sensitivity analysis. Ultimately, a 

channel roughness of 0.08 was selected. This is slightly greater than typical values for 

channel roughness, but is likely explained by the high surface elevations of the river 

during the storm, as the water level had exceeded its typical channel section and was 

flowing over the floodplain, which is heavily wooded, with higher roughness values.  

3.3 HEC-RAS Hydraulic Model 

In order to model the flood inundation from Hurricane Harvey, it is necessary to 

use a hydraulic model. Hydraulic models will use the hydraulic properties of the 

watershed to produce the water surface elevation for a given flow in a channel. This 

study uses HEC-RAS, developed by the US Army Corps of Engineers, version 5.0.7. 

This version has the ability to model flow one-dimensionally, two-dimensionally, or by 

using a combined 1D/2D model. 1D flow has the ability to be modeled as steady-state, 

using only one given, usually a peak, flow for a portion of the reach, or as unsteady flow, 

in which temporally-variant boundary conditions can be entered, producing resultant 

hydrographs that change over time. 1D models work with a series of cross-sections and 

can only model flow between those cross-sections, fitting the channel data at each 

cross-section. This means that HEC-RAS 1D models might have difficulty modeling 

complex situations in which flooding from multiple watersheds interacts.  
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HEC-RAS 2D can solve some of these issues by dividing a 2D flow area into a 

mesh of cells, allowing flow to pass between these cells regardless of what happens on 

the other side of the watershed. The flow here is not forced to flow in parallel. However, 

2D modeling takes much more computing time than 1D modeling. It also does not have 

the ability to model bridges, which can have important backwater impacts on water 

heights.  

3.3.1 HEC-RAS Theoretical Basis 

To model the depth of flooding throughout the West Fork San Jacinto River 

between Lake Houston and Lake Conroe, a 1D unsteady HEC-RAS model was used. 

Models such as this consist of a number of cross-sections of a flow channel, which 

model the shapes, elevations, and Manning’s roughness values throughout the channel, 

with each cross-section a specified difference apart. In creating the channel geometry, 

cross-sections can either be created manually, using known elevations throughout the 

cross-section, or they can be generated automatically by HEC-RAS, using a digital 

elevation model that covers the channel. 

HEC-RAS works based on the equations for conservation of mass and 

conservation of momentum. The law of conservation of mass states that the rate of 

change of mass within a control volume must be equal to the net flow of mass into said 

volume. When simplified, this can be expressed with the equation: 

 

   Equation 3.4 
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where  
 dAT/dt = rate of change of the cross-sectional area over time  
 dQ/dx = rate of change of flow over distance  
 q1 = lateral inflow per unit length.  

The law of conservation of momentum states that the rate of change of 

momentum in a control volume is equal to the net rate of momentum entering the 

volume (momentum flux) plus the sum of all forces acting on the volume. For its 

calculations, HEC-RAS considers the pressure, gravity, and drag (friction) forces 

(Brunner, 2016b). When the formulas for these forces and momentums are combined 

and simplified, the following formula is created:  

 Equation 3.5 

where  
 dQ/dt = rate of accumulation of momentum 
 dQV/dx = momentum flux into the control volume  
 gA(dz/dx) = net pressure and gravitational forces  
 gASf = drag force.  

For unsteady one-dimensional flow, HEC-RAS uses a linearized finite difference method 

to solve the flows over spatial and temporal variance. 

HEC-RAS requires boundary conditions to begin its calculations. A boundary 

condition is required at the upstream and downstream ends of the reach. The 

downstream condition may be known stage or flow gauge data, or a rating curve or 

normal depth. The upstream boundary condition should be provided as a flow 

hydrograph. HEC-RAS solves for the changes in flow between every computation point, 

and using the boundary conditions, is able to calculate the flow and stage at each cross-

section. Additional boundary conditions can be added, representing lateral inflow from 
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tributaries, runoff, or groundwater. An example HEC-RAS 1D layout is shown in Figure 

3.5, with a cross-section displayed in Figure 3.6. 

 

Figure 3.5: Example 1D HEC-RAS layout of cross-sections. 
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Figure 3.6: Example 1D HEC-RAS cross-section. 

In order to model the flooding around Lake Houston and the interaction of the 

East and West Forks of the San Jacinto River, a 2D HEC-RAS model was chosen. 2D 

HEC-RAS models work by creating a two-dimensional flow area split into a grid of cells. 

A DEM file must be provided for the model to find the slopes for each cell, as well as a 

roughness file for the Manning’s n values. A HEC-RAS 2D unsteady model works 

through a simplification of the Navier-Stokes equation. The turbulent motion is 

approximated through using eddy viscosity, and it is assumed that the vertical depth is 

much smaller than the horizontal dimensions, so the Shallow Water equations are used. 

If, in these shallow flows, the gravity and friction terms are the dominant terms in the 

momentum equations, then advection, unsteady, and viscosity terms can be ignored. 

When combined with the conservation of mass, this produces the Diffusive Wave 

Approximation (Brunner, 2016b).  A sub-grid bathymetry system takes information for 

grid cells, including the volume, cross-sectional area, and hydraulic radius, which are 

used in calculations. This system simplifies the often extremely detailed bathymetry data 



44 
 

into curves that find the volume of water within the cell and the area of the cell face in 

relation to the water surface elevation of the cell (Brunner, 2016b). 

A 2-D flow area can have boundary conditions, provided at the edge of the flow 

area, that include water surface elevation, a water surface flow gradient, or flow crossing 

the boundary. Additionally, precipitation can be provided for the flow area. However, 

unlike in Vflo, this precipitation must be applied uniformly over the watershed. 

Additionally, HEC-RAS does not have the ability to model infiltration, meaning that 

infiltration must be manually subtracted from the rainfall data.  

3.3.2 Modeling the San Jacinto River in HEC-RAS 

 Three HEC-RAS models, two unsteady one-dimensional and one unsteady two-

dimensional, were used in sequence to model the flooding on the West Fork San Jacinto 

River. The spatial extent of these are shown in Figure 3.7, and they are described in 

detail later in this section. 
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Figure 3.7: Overview of HEC-RAS models used on the San Jacinto River. 

In modeling the hydraulics of the San Jacinto River in Vflo, it was decided that 

the main reach of the West Fork would be modeled with HEC-RAS’ 1D unsteady 

modeling capabilities. This was due to the fact that, for this portion of the river, most flow 

is fairly straight, and the channel slope is great enough to keep flow moving 

downstream. Additionally, six groupings of bridges, which can only be modeled in 1D 

HEC-RAS, cross this portion of the river, which possibly affect flooding by causing 

backwater effects. An unsteady model was chosen because this model aims to hindcast 

a historical storm. Inflow occurred in multiple peaks at different times, due to rainfall in 

different portions of the watershed and the dam release at Lake Conroe. The long length 

of the watershed meant travel times of several hours, meaning that peaks from different 

subwatersheds may or may not align with each other at confluences. Providing a flow 
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hydrograph allows matching against observed flow hydrographs, giving a better 

confirmation of the goodness of fit of the model. Additionally, the output hydrograph was 

to be used as an input into a 2D model, and 2D models are always unsteady.  

Two HEC-RAS 1D unsteady models were loosely coupled, working in tandem 

with each other. The first was based on a model created by the San Jacinto River 

Authority, and modeled the reach of the West Fork San Jacinto River between Lake 

Conroe and just upstream of Interstate 45 (San Jacinto River Authority, 2018). It 

consisted of 75 cross-sections. This model then fed into a new model, which was 

created specifically for this project by using the same LiDAR data as the Vflo model (H-

GAC, 2018). The second model extended through the West Fork from just upstream of 

Interstate 45 to just upstream of US-59, right as the river area begins to spread out 

before it reaches Lake Houston. The second model consisted of 46 cross-sections, with 

the elevation data of each cross-section extracted from the LiDAR file. The roughness 

values for these cross-sections varied throughout the cross-section, using roughness 

values that correlated to the land cover in that section of the cross-section. In total, over 

both models, five sets of bridges were present, with TX-105 and FM 2854 crossing the 

river in the upper model, and TX-242, I-45, and TX-99 crossing the river in the lower 

model. 

No measurements were available for the dimensions of bridges, so these needed 

to be recorded through manual observation. At each of these bridge systems, 

photographs were taken on foot and by drone in order to record and visualize the shape 

of each bridge. After the dimensions were recorded and estimated, they were recreated 

using the HEC-RAS bridge editor function. Some images of bridges and their recreations 

in HEC-RAS are shown in Figures 3.8-3.11. 
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Figure 3.8: Photograph of the TX-99 bridge taken on foot. 

 

Figure 3.9: HEC-RAS representation of TX-99 bridge. 
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Figure 3.10: Still from drone video of FM 2854 bridge. 

 

Figure 3.11: HEC-RAS representation of FM 2854 bridge. 

At the downstream boundary conditions of each model, normal depths were 

used. Rather than use observed data, these normal depths were selected based on 

matching the friction slopes to observed friction slopes based on river measurements. 

For the upstream model, the friction slope was 0.00056, and for the downstream model, 

the friction slope was 0.0015. For upstream boundary conditions, observed flow was 

used. For the upstream model, the observed flow below Lake Conroe was input as the 

inflow hydrograph, and the output hydrograph at the downstream end of this model was 
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used as the input hydrograph for the second. Lateral inflow hydrographs and uniform 

lateral inflow hydrographs were input from the Vflo model. For major channels such as 

Stewarts Creek, White Oak Creek, and Spring Creek, hydrographs were taken from the 

Vflo cell just before the tributary entered the main channel and were input at the 

approximate cross-section in RAS. Flow entering the river in Vflo between two of these 

major tributaries were entered as uniform lateral inflows, simulating flow that enters the 

river from direct runoff and small tributaries. 

For the downstream portion around Lake Houston and the confluence with the 

East Fork, a 2D model was selected instead. This is because the two forks of the river 

come together, each with the ability to carry hundreds of thousands of cubic feet per 

second, both interacting with each other and the lake, compounding effects on water 

surface elevations. Additionally, this portion has a much wider inundated depth, with 

lower energy slopes and lower velocities. 

The 2-D HEC-RAS model used the same elevation and roughness data as the 

Vflo model, but shifted to represent the north end of Lake Houston and the nearest 

portions of the influent watersheds. Precipitation was entered according to the radar 

data, based on a hydrograph at Lake Houston, but with the infiltration, as calculated in 

Vflo at that point, subtracted. Several boundary conditions were entered, including four 

known inflow hydrographs at Caney Creek, Peach Creek, the East Fork San Jacinto 

River, and Luce Bayou, a downstream normal depth for Lake Houston, and the inflow 

hydrograph coming from the 1-D model. Using this data, the program creates a mesh of 

hundreds of thousands of cells, calculating the height of and flow through each cell 

based on the slope and roughness (Brunner, 2016a). 
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3.4 Impact of Future Land Use on Flooding 

3.4.1 Land Use Prediction Model 

In order to predict different potential future development scenarios, a multilayer 

perceptron artificial neural network (MLPNN) was used to predict a baseline future 

development condition, which predicts where development is most likely to occur if 

current trends continue (Pijanowski et al., 2002). After the places where development is 

most likely to occur are known, different development patterns can be applied at these 

locations, and the results compared. 

This neural network was developed for a 2019 paper by Gori et al. It predicts the 

probability of land use change of any location in the study area by using land use driver 

values in a multivariate function (Gori et al., 2019). Several land use drivers were 

selected to represent different factors that could have an influence on whether or not 

land use was changed. These include environmental factors such as distance to coast, 

distance to streams, distance to parks, and land cover type; infrastructure factors such 

as distance to currently developed areas, distance to road network, distance to 

downtown, and distance to schools; and socioeconomic factors such as property value, 

percent employed, school district performance, and census place location (Gori et al., 

2019).  

Using the NLCD data from between 2001 and 2006, the model determined 

whether or not each factor was significantly correlated with a change in land use (Gori et 

al., 2019). It then removed factors that were less strongly correlated with land use, 

removing as many as possible without causing the model to decrease in accuracy. 

These results indicate that distance to parks and census place were not significantly 
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correlated with development, and that land cover type, distance to current development, 

distance to downtown, and distance to schools are the only factors necessary to predict 

development (Gori et al., 2019). The model was trained by observing the land cover 

transition of cells, creating neurons between the different drivers and cells and weighing 

them to provide the greatest amount of accuracy. The model was then validated by 

predicting development in 2011 from the 2006 NLCD, which was then compared against 

the actual 2011 NLCD. Once these prediction factors were calibrated, the model was 

run, using the 2011 land use data, to predict land use in 2050. A map of the 2011 land 

cover conditions is shown in Figure 3.12. More information on how this land use 

prediction was performed can be found in Gori et al., 2019. 

 

Figure 3.12: Land Cover conditions in 2011. These were used as the base value for 

predicting 2050 land use conditions. They are arranged according to the categories 

listed in Table 3.4. (Homer et al., 2015). 
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The land cover data used in these predictions was more simplified than the 

NLCD land cover data, and several of these NLCD land cover types were combined into 

a more generic land cover value. Ultimately, these were combined into seven land cover 

types: water, developed, barren, forest, grassland, agriculture, and wetland. This means 

that new roughness and imperviousness values must be estimated from these more 

generic land use types. The Manning roughness values were estimated by weighting the 

Manning roughness values of the land cover conditions that were classified under the 

new land cover types based on their presence in the study area under current 

conditions. The new land cover classes, the NLCD land cover classes that combined 

into them, the Manning’s roughness values, and the infiltration values are presented in 

Table 3.4.  
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Table 3.4: Correlation between NLCD land cover classes and land cover classes 

used by the land use prediction model. 

New Land 
Cover Class 

NLCD Land Cover Class NLCD 
Manning 
roughness 
value 

New 
Manning 
roughness 
value 

Percent 
Impervious 

1 - Water 1 - Open Water 0.025 0.025 100% 

2 - Developed 21 - Developed, Open Space 0.0404 0.06 60% 

22 - Developed, Low Intensity 0.0678 

23 - Developed, Medium 
Intensity 

0.0678 

24 - Developed, High 
Intensity 

0.0404 

3 - Barren 31 - Barren land 0.0113 0.01 0% 

4 - Forest 41 - Deciduous Forest 0.36 0.36 0% 

42 - Evergreen Forest 0.32 

43 - Mixed Forest 0.40 

52 - Shrub/Scrub 0.40 

5 - Grassland 71 - Grassland/Herbaceous 0.368 0.37 0% 

6 - Agriculture 81 - Pasture/Hay 0.325 0.33 0% 

82 - Cultivated Crops 0.037 

7 - Wetland 90 - Woody Wetlands 0.086 0.12 0% 

95 - Emergent Herbaceous 
Wetlands 

0.1825 

A total of nine different policy scenarios were created from all possible 

combinations of three different wetland restrictions and three different floodplain 
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development restrictions. Coefficients ranging from 0 to 1 were applied in unified fashion 

to the transition potentials of development. Values of 0 are treated as absolute 

constraints on development while values of 1 are unconstrained and consequently have 

no impact on the transition potential. A total of nine different GeoTIFFs were created, 

based on all possible combinations of the three wetland coefficients and three floodplain 

base elevation coefficients.. The wetland and floodplain development coefficients of 

each development scenario are listed in Table 3.5. 

Table 3.5. San Jacinto development scenario matrix. 

  Wetland development coefficient 

  1 0.5 0 

Floodplain 
development 

coefficient 

1 1 2 3 

0.95 4 5 6 

0.85 7 8 9 

The wetland scenarios are a no-protection scenario (coefficient = 1), a half-

protection scenario (coefficient = 0.5), and a complete protection scenario (coefficient = 

0). The no-protection scenario represents a situation where development in wetlands is 

allowed to continue based on the model projections, and the complete protection 

scenario represents a situation where no development within wetlands is permitted. 

These provide a complete range of potential degrees of wetland protection, and the half-

protection scenario represents a process where wetland development is discouraged 

through stricter requirements and higher permitting fees but still possible. These 

coefficients are applied to all areas that were listed as wetlands in 2011. The floodplain 

scenarios are based on the impact on development of a policy that requires 
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development to be built at least 2 feet above the 500-year base flood elevation.  Since 

the cost of elevating homes has been estimated to be somewhere around 5-15% of the 

home value, the 85% and 95% values represent the range of decreased likelihood that 

development would occur within the restricted area due to the increase in construction 

costs (Cardenas, 2018; Hurley, 2017). These coefficients were applied to areas that 

were within the 500-year floodplain. 

3.4.2 Flows Used in Future Predictions 

For the different future predictions, the flooding of these land use conditions was 

analyzed for the new NOAA Atlas 14 10% and 1% annual chance 24-hour storms, 

commonly known as the 10- and 100-year storms (Perica et al., 2018). For each of these 

storms, spatially-distributed estimated peak rainfall data was taken for different time 

periods, and this data was combined to create a synthetic storm with a hyetograph that 

fit the 1, 2, 3, 6, 12, and 24 hour peaks (Bedient et al., 2018). For an example of how this 

works, see Figure 3.13 and Table 3.6. 
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.  

Figure 3.13: Hyetograph of 10-year rainfall used for land use predictions. 

Table 3.6: Breakdown of storm peaks into hourly data. 

Storm Duration Hourly rainfall depths, summed to match peak 10-year peak 

1 hour 3.275” 3.275” 

2 hours 3.275” + 1.067” 4.342” 

3 hours 0.714” + 3.275” + 1.067  5.056” 

6 hours 0.422” + 0.714” + 3.275” + 1.067” + (2)0.422” 6.322” 

12 hours (3)0.213” + 0.422” + 0.714” + 3.275” + 1.067” + 
(2)0.422” + (3)0.213” 

7.6” 

24 hours (6)0.114” + (3)0.213” + 0.422” + 0.714” + 3.275” 
+ 1.067” + (2)0.422” + (3)0.213” + (6)0.114” 

8.968” 

 

This distribution was used rather than an NLCD Type III rainfall distribution, 

which is a commonly used temporal distribution for modeling rainfall in Southeast Texas 

(Cronshey et al., 1986). This is because rainfall distribution can vary by geographic area 
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and by the return period of the storm (Mockus et al., 2019). Using this method allows for 

a synthetic storm that models rainfall distribution specific to the area and each storm, 

and it is also able to model the variation in rainfall depth across the watershed. 

3.4.3 Modeling of Future Predictions 

 For each predicted future condition, the roughness and imperviousness values 

for the predicted future land cover classes were added to the calibrated Vflo model. 

Each of these modified Vflo models then simulated Atlas 14 statistical return period 

storms. Additionally, another variant Vflo model was created to model these storms 

under current conditions. Since the 9 potential future land cover conditions were 

predicted from the 2011 NLCD land cover conditions, the 2011 land cover was used to 

represent current conditions. This land cover data was simplified to the 7 new land cover 

classes, and the same statistical return period storms were run for this condition. 

Running these storms produced flow hydrographs for each condition, allowing 

interpretation of various land use conditions’ effect on flood volume. 

After running the future conditions in Vflo, the resultant flow hydrographs are 

added to the calibrated HEC-RAS 1-D models. Lateral flows were entered the same way 

they were entered for Hurricane Harvey, at the same cross-sections, using Vflo data 

from the corresponding cells. As the purpose of these models is to demonstrate the 

effects on flooding of land use changes within the watershed, no major releases from the 

Lake Conroe dam were modeled during these simulation runs. In order to provide the 

required upstream boundary condition, a constant flow of 100 cfs was given, which 

would eventually be dwarfed by increasing flows further down the watershed. The cross 

sections for each of these were updated using the roughness values for the future land 
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cover conditions. Running the storms through the 1-D HEC-RAS model provided the 

flooding through the river section as well as more accurate flow hydrographs. 

As the Vflo model does not cover any of the East Fork’s drainage area, the 

predictions of the effects of flooding caused by changes in land use did not look at the 

two-dimensional flow area around Lake Houston. As the flow coming in from the East 

Fork and Spring Creek subbasins would also be modified by land use changes, any 

effects on flooding in the Lake Houston/Kingwood area caused by land use changes 

only in the West Fork subwatershed would not be representative of an actual flooding 

situation in Kingwood in 2050. For that reason, the comparison of flooding caused by 

land use changes was only looked at within the 1-D HEC-RAS model area. 

Since the confluence between Spring Creek and the West Fork San Jacinto 

River occurs near the end of the 1-D HEC-RAS model, it was necessary to add 10- and 

100-year inflows at this confluence. In order to model the flows in Spring Creek during 

statistical return period events, a HEC-HMS model of the watershed was used. This 

lumped hydrologic model is publicly available for use by the Harris County Flood Control 

District (HCFCD, 2020). With minimal editing, the statistical return period 24-hour storm 

hydrographs were taken from this and input into the HEC-RAS model.  
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4 Results and Discussion 

4.1 Modeling Hurricane Harvey 

4.1.1 Vflo Model 

To model Harvey, the recorded MRMS radar precipitation data from August 24th 

through August 30th was used as an input to the model, which predicted runoff through 

September 4th. In calibrating the rainfall, an initial saturation value of 0.5 was chosen. 

The discharge results are compared to observed gauges at Interstate 45 and State 

Highway 99, presented in Figures 4.1 and 4.2, respectively.  

 

Figure 4.1: Observed and simulated Vflo discharge at I-45 during Hurricane Harvey. 
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Figure 4.2: Observed and simulated Vflo discharge at TX-99 during Hurricane Harvey. 

At Interstate 45 the NSE value between the observed and predicted data was 

equal to 0.89, showing that the modeled hydrograph fairly accurately matched the 

observed hydrograph. The timing of the peaks match to within two hours of each other, 

and the rising limb of the flow hydrographs also match. The model predicts a peak flow 

approximately 12,000 cfs greater than that was observed, an increase of about 9.8%. 

This suggests that the model overpredicted the amount of inflow into the site. However, 

this discrepancy may be due to errors in the flow gauges. From August 26 through 

September 2, the total volume of water that flowed through the upstream gauges, 

289,000 ac-ft on the West Fork at TX-105 and on 209,000 ac-ft Lake Creek at Sendera 

Ranch road, a total of 498,000 ac-ft, is greater than the total volume of water that flowed 

through the Interstate 45 gauge during that same time, 473,000 ac-ft. Since most of the 

water that flowed through the two upstream gauges should have flowed through the 

downstream I-45 gauge, along with additional local runoff, and the vast majority of high 

flows had already occurred at that point, at least one of the gauges likely has incorrect 
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flow data, and based on the upstream flows used as boundary conditions, the model 

should predict a higher flow volume than was observed.  

At State Highway 99, the Vflo results had a higher NSE value, of 0.93. The 

modeled peak also occurred within two hours of the observed peak. Again, the model 

over-predicted the peak flow, this time by about 16,000 cfs, or 12%.   

After running the flows for Hurricane Harvey, the model was run again using data 

from the March 2018 flooding event. The observed rainfall from March 27th through April 

4th was input, along with observed flow data from the TX-105, I-45, TX-99, Lake Creek, 

Spring Creek, and Cypress Creek gauges. In calibrating the initial saturation value, 0.75 

was selected to best match the modeled data to the observed. The discharge results 

from the model are compared to observed gauge data at Interstate 45 and State 

Highway 99, presented in Figures 4.3 and 4.4, respectively. 

 

Figure 4.3: Observed and simulated Vflo discharge at I- 45 during the March 2018 event. 
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Figure 4.4: Observed and simulated Vflo discharge at TX-99 during the March 2018 

event. 

At Interstate 45, the NSE value was equal to 0.92, and at State Highway 99, it 

was equal to 0.87. At both observation points, the model only slightly over-predicted the 

volume of the peak flow, but predicted it to occur earlier than it was observed. The 

modeled hydrographs followed similar patterns to the observed hydrographs, but they 

didn’t match up as well as the hydrographs for Harvey. For study areas as large as this 

one, it is especially difficult to match the flows of smaller events due to the spatial 

distribution of rainfall. Despite this, the very good NSE values suggest that the model 

accurately approximates the flow for this storm. 

These results show that this Vflo model does a good job modeling a range of 

storms in this watershed. These two storms, which had peak flows that differed by an 

order of magnitude, were both matched to the observed data with NSE values greater 

than 0.8 at both points of comparison. The two modeled storm events had such different 

flows in order to demonstrate the robustness of the model and validate it over several 
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flow ranges, comparing Harvey, which produced record flow and flooding in the 

watershed, with the March 2018 event, a recent storm that produced flooding but with 

much lower peak flows than Harvey. 

4.1.2 HEC-RAS 1-D Model 

The Harvey flows taken from Vflo were run through the 1-D model series, from 

August 26 to September 2. As in the Vflo model, for the Hurricane Harvey calibration of 

the HEC-RAS 1-D model system, the predicted flow throughout the model matched well 

to observed data. At Interstate 45, the NSE value was equal to 0.90, while at State 

Highway 99, the NSE value was equal to 0.95. The flow hydrographs at I-45 and TX-99 

are displayed in Figures 4.5 and 4.6, respectively. 

 

Figure 4.5: HEC-RAS observed and modeled flow data for Hurricane Harvey at I-45. 
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Figure 4.6: HEC-RAS observed and modeled flow data for Hurricane Harvey at TX-99. 

At both gauges, the pattern of flow follows closely to the observed model, as 

evidenced by the high NSE values. Again, the peaks match within two hours of each 

other, and are within 10,000 cfs of each other. The modeled peaks are slightly larger 

than the observed peaks, as in the results of the Vflo model. Again, this likely derives 

from the discrepancy in the gauges, described in Section 4.1.1. 

The stage hydrographs for the Hurricane Harvey calibration at Interstate 45 and 

Texas State Highway 99 are shown in Figures 4.7 and 4.8, respectively. 
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Figure 4.7: HEC-RAS observed and modeled stage data for Hurricane Harvey at I-45. 

 

Figure 4.8: HEC-RAS observed and modeled stage data for Hurricane Harvey at TX-99. 

These stage hydrographs came very close to replicating the observed peak. The 

modeled peak stage at I-45 was equal to 125.99’, against an observed peak stage of 

126.93’, and the peak occurred about 1.5 hours after the observed peak, which is 

remarkably close for a flooding event that lasted for over five days. The modeled peak 
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stage at TX-99 was equal to 93.18’, against an observed peak of 94.87’, and occurred 

only one hour after the observed peak. This HEC-RAS model was able to very closely 

match observed flood heights for Hurricane Harvey, especially for such a high range of 

flood elevations over the course of the storm. 

4.1.3 HEC-RAS 2-D Model 

In order to model the flooding heights around Kingwood, Lake Houston, and the 

confluence of the East and West Forks of the San Jacinto River, the 2D HEC-RAS 

model was run for conditions during Harvey, from August 26 to September 2. The 

flooding throughout this 2D area is shown in Figure 4.9. A detail of the flooding that 

occurred around Kingwood is displayed in Figure 4.10.  

 

Figure 4.9: Map showing maximum Harvey modeled flood depths throughout the area of 

the 2D HEC-RAS model. 
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Figure 4.10: Detail of maximum modeled flooding during Harvey in Kingwood. 

Many of the same areas that actually flooded during Harvey were shown as 

flooded within the 2D model. To quantify the flood level, high-water marks from 

Hurricane Harvey were compared to the water surface elevations at that same location. 

These were taken from the USGS Flood Event Viewer’s Hurricane Harvey dataset 

(USGS, 2017). Four high-water marks were taken along the West Fork, and one was 

taken at the edge of Lake Houston proper. Since this area was fed by flow coming from 

the East Fork as well as the West Fork, it was necessary to check the accuracy of the 

flows on the East Fork. For this, five high-water marks along the East Fork were also 

chosen for analysis. More data points were used on the East Fork compared to the West 

Fork because there were more available reported high-water marks on the East Fork 

that were in close proximity to the water, which could be assumed to be equivalent with 
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the water surface elevation across the river. The locations of these high-water marks are 

shown in Figure 4.11. 

 

Figure 4.11: Locations and heights of high-water marks recorded during Hurricane 

Harvey. The points compared for the West Fork are marked in blue, while the points 

compared for the East Fork are marked in yellow. 

The observed and modeled water surface elevations at each of these high water 

marks are presented in Table 4.1. 
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Table 4.1: Observed high-water marks from Harvey compared to the modeled peak 

water level at each point. 

West Fork East Fork 

Station Observed 
Elevation 

(ft) 

Modeled 
Elevation (ft) 

Station Observed 
Elevation 

(ft) 

Modeled 
Elevation 
(ft) 

45000 54.6 55.5 45000 54.6 55.5 

58677 57.9 58.34 56300 55.2 56.1 

66566 60.6 60.57 60800 56.0 56.7 

75816 64.4 65.4 65200 57.1 57.7 

79316 65.4 66.5 69420 59.5 59.5 

   76700 62.1 62.6 

Detailed profiles of the flooding in the East and West Forks are presented in 

Figures 4.13 and 4.14. These graphs also contain the elevations and locations of the 

high-water marks, and the FEMA 100-and 500-year storm levels, which show the 

predicted flooding heights under such extreme events. The data points on these profiles 

are organized according to their distance in miles from the downstream end of Lake 

Houston, following the lines shown in Figure 4.12. 
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Figure 4.12: Map of East and West Fork 2D stage area profiles. 
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Figure 4.13: Water levels throughout the West Fork San Jacinto/Lake Houston. 
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Figure 4.14: Water levels throughout the East Fork San Jacinto/Lake Houston. 
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4.2 Future Land Use Projections 

4.2.1 Land Use Prediction Model 

Nine different potential future land use scenarios were created. The maps of land 

use throughout the study area for each scenario are presented in Appendix A. As the 

model predicted whether or not an undeveloped area would become developed, the key 

difference between these land use scenarios is in how much the developed cover 

increased from the baseline 2011 conditions. The increases of developed cover 

throughout the watershed for each of the nine conditions, organized by the coefficients 

of the condition, are presented in Table 4.2. 

Table 4.2: Percent change of developed land cover throughout the study area. 

Percent increase in 
developed land cover 

compared to 2011 

Wetland Coefficient 

1 0.5 0 

Floodplain 
development 
coefficient 

1 64% 64% 55% 

0.95 63% 63% 55% 

0.85 63% 63% 55% 

Because the model is capable of predicting whether or not an undeveloped land 

cover condition would become developed over time, the increase in developed cover 

was specifically examined, as this is the land use change that would have the biggest 

effect on the hydrology of the watershed. The various 2050 development conditions 

were analyzed by land cover type, and the developed area of each condition was 

compared to the developed area in 2011, in order to find the percent change in 
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developed land cover. No substantial difference in increase of developed land cover was 

observed between using a wetland coefficient of 1 or 0.5, but using a wetland coefficient 

of 0 caused a noticeable reduction in the increase of developed cover. The floodplain 

development coefficient had less of an effect. No difference in increase of developed 

cover was observed between using a coefficient of 0.95 or 0.85, and there was only a 

difference of 1% between those and the 1 coefficient for the wetland coefficients of 1 and 

0.5. 

Of these two regulations that were investigated, the wetland coefficient appeared 

to have the greatest impact. Overall, the floodplain base elevation coefficient did not 

have significant influence on the amount of land cover that was developed throughout 

the watershed. Likewise, there was little difference between the scenarios where the 

wetland coefficient was 1 or 0.5. It was only in cases 3, 6 and 9, where the wetland 

coefficient was 0, that there was a noticeable difference in the increase of developed 

land cover, compared to the rest of the results. These scenarios were also very similar 

regardless of any change in the base flood elevation coefficient. These results would 

suggest that, out of the regulations investigated, complete wetland protection would 

have the greatest effect on development, decreasing the development that occurs in the 

study area. While a higher base flood elevation and higher standards for wetland permits 

would discourage development near the river, the model predicted that development 

would occur in those areas regardless of regulations, and only the regulation that 

completely restricted development in some areas would change where development 

would eventually occur. 
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4.2.2 Vflo Analysis of Different Land Use Conditions 

These nine modeled 2050 floodplain land use conditions, as well as the 2011 

land use conditions, were then represented in Vflo by converting the land cover data to 

Manning’s roughness values and imperviousness percentages, and then these values 

replaced the original values from the Vflo model. Ten new Vflo models were thus 

created, sharing the same flow networks, elevation data, and soils data, but differing in 

their roughness and imperviousness values. All ten of these models simulated the Atlas-

14 10- and 100-year  24-hour storm rainfall data, as described in Section 3.4.2. The 

resultant peak flows were analyzed at three locations throughout the watershed, which 

are displayed in Figure 4.15:  

 

Figure 4.15: Locations of peak flow analysis for future land cover alternatives. 

 These locations were chosen either because they are located at a major bridge, 

or because they are upstream/downstream of a major tributary. More specifically, the 
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locations are: Interstate 45, downstream of confluence with Lake Creek (1), State 

Highway 99, located about midway through the modeled reach (2), and US Highway 99, 

downstream of the confluence with Spring Creek (3). Most of the development is 

projected to occur downstream of Point 1. 

 At each of these locations, the peak flow for each condition was observed; full 

results containing the peak flows of each land use condition, and the increase in peak 

flow over the 2011 peak flow for each future condition, are included in Appendix B. The 

trends found for the different future land use coefficients for a 10-year storm are 

presented in Figures 4.16 and 4.17. These averaged the increase in peak flow, 

compared to 2011 conditions, for the wetland development coefficient and the 500-year 

floodplain base flood elevation, respectively. 

 

Figure 4.16: Increases to 10-year peak flow based on the wetland development 

restriction coefficient. 
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Figure 4.17: Increases to 10-year peak flow based on the 500-year floodplain base 

elevation requirement coefficient. 

 Likewise, the increases in peak flow for a 100-year storm based on wetland 

development and 500-year floodplain base flood elevation regulations are presented in 

Figures 4.18 and 4.19, respectively. 

 

Figure 4.18: Increases to 100-year peak flow based on the wetland development 

restriction coefficient. 
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Figure 4.19: Increases to 100-year peak flow based on the 500-year floodplain base 

elevation requirement coefficient. 

 The implementation of the 500-year floodplain base flood elevation has almost 

no effect on the flows throughout the watershed. For the wetland development restriction 

coefficient, a small difference between the 0 coefficient condition and the 0.5 and 1.0 

coefficient conditions was observed. Because the differences between the different base 

flood elevation coefficient and between the coefficients of 0.5 and 1.0 for the wetland 

development coefficient were negligible, not all future land use alternatives would be 

necessary to simulate in future modeling, as they were not likely to produce substantially 

different results.  

These results suggest that if new regulations are placed on development within a 

floodplain or development within wetlands, these will not seriously affect development 

patterns so long as development is allowed to occur there at all. For the base flood 

elevation conditions, very little change in development was observed between the 

conditions where development occurred as usual, and the conditions where construction 
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costs increased. For the wetland conditions, very little difference in development was 

observed between the condition where no wetland regulations were put in place and the 

half-protection regulation. Only when no development at all was allowed to occur in 

wetlands was the future development affected. This was the only condition where no 

development at all was allowed in an area, forcing all wetlands to remain undeveloped. If 

policies aimed at reducing flood risk still allow development to occur in the same areas, 

the future development will not likely be changed. This does not, however, mean that 

development will be equally prepared to withstand floods, but only that development will 

likely occur in the same areas despite regulations that do not completely restrict it. 

4.2.3 1D HEC-RAS Analysis of Different Land Use Conditions 

After inputting the 10- and 100-year 24-hour storms through the HEC-RAS 

modeling system, the flow and stage hydrographs at US Highway 59, located at the 

downstream portion of the model, were analyzed under the 2011, 2050 without wetland 

protection (Scenario 1), and 2050 with wetland protection (Scenario 3) conditions. The 

flow and stage hydrographs for all three conditions for the 10-year storm are presented 

in Figures 4.20 and 4.21, while those of the 100-year storm are presented in Figures 

4.22 and 4.23, respectively. 
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Figure 4.20: 10-year storm flow hydrograph at US-59 for current and two future 

conditions. 

 

 

Figure 4.21: 10-year storm stage hydrograph at US-59 for current and two future 

conditions. 
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Figure 4.22: 100-year storm flow hydrograph at US-59 for current and two future 

conditions. 

 

Figure 4.23: 100-year storm stage hydrograph at US-59 for current and two future 

conditions. 
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 At US-59, most of these hydrographs look remarkably similar. However, a few 

noticeable trends in the differences can be observed. Due to the hydrology of the 

watershed, the hydrographs followed a “double peak” pattern. While the initial peak 

varied slightly by land use condition, the second peak in this pattern was mostly 

controlled by the inflow coming in from Spring Creek, which joins the West Fork just 

before US-59. Since Spring Creek is not being analyzed in this study for land use 

changes, the model holds the Spring Creek inflow constant for all conditions. Some 

slight changes are evidenced at the first peak. For both storms, both future conditions 

resulted in either a slight increase or no change in the flow. This was somewhat 

expected, as urbanization is usually accompanied by an increase in peak flow. Also, for 

both storms, the stage of the protected wetlands condition was lower than that of the 

condition with no wetland restriction, although the difference is very small. This finding of 

a lower flood level in the presence of more wetlands supports previous reports, which 

indicate that wetlands have positive flood mitigation effects..  

 It should be noted, however, that while the no wetland restriction condition 

resulted in a slight increase in stage for the 10-year storm in comparison to 2011 

conditions, for the 100-year storm, the stage decreased in comparison to 2011 

conditions, despite an increase in flow. Since developed land cover has a lower 

Manning’s roughness value compared to most natural areas, urbanization may have 

acted as a kind of pseudo-channelization. This was more evident in the 100-year storm, 

as water rose higher, covering developed areas. However, channelization is known to 

affect the timing of flow, while the timing of peak flows changed very little for the different 

land use alternatives. While the overall timing did not change, observations on the 

velocity profiles across the river has shown that velocities over land that was developed 

increased. While in the main channel, which did not experience any channelization, the 
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velocity did not significantly increase, the ability of the overland areas to convey more 

flow may have played a part in reducing the flood stage. 

 Overall, the difference in flow and stage between the 2011 and the two 2050 

conditions is very small, despite an increase of impervious cover in the watershed. 

Research suggests that urbanization of an undeveloped watershed usually results in an 

increase in peak flow and a decrease in time to peak flow (Leopold, 1968). However, this 

was not the case in these results. This may be due to several factors. The shape of the 

watershed, which is relatively thin and long, might cause runoff to spend a greater 

percentage of its travel time within the main channel of the West Fork, rather than 

flowing overland or in tributary channels. As a result, the timing of peak flows within the 

river are controlled by the channel flow within the West Fork itself. Since no 

channelization, consisting of roughness changes within the river channel itself or 

changes to the river geometry, was modeled, the final hydrographs at the end of the 

West Fork were not seriously affected. The time that it took for runoff to enter the river 

may have decreased, but since that made up such a small portion of the travel time, the 

overall travel time was not significantly altered. This could also have stemmed from the 

location of development that occurred in the watershed. With more development near 

the downstream end of the watershed, there may have been a small increase in earlier 

flow, but flow arriving from the upper watershed, including Lake Creek, which was not as 

developed, would not have been seriously affected. Some urbanization that occurred 

upstream of the Lake Conroe dam may have had the potential to increase flows 

downstream, but the dam prevented it from having an effect. 
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4.2.4 Analysis of Different Flooding Extents 

While a very small difference was observed between the amount of flow in 

different land use conditions, the pattern of these land use conditions could place more 

development at risk of flooding. To investigate this, the total flooded area along the West 

Fork was observed, and then compared with the land cover data to find the total area of 

developed land cover that received flooding. Table 4.3 shows the amount of total flooded 

area and developed flooded area that occurred under each condition. 

Table 4.3: Total Flooded areas and amounts of flooded developed area. 

Land Use 
Condition 

10-year total 
flooded area 
(mi2) 

10-year flooded 
developed area 
(mi2) 

100-year 
total flooded 
area (mi2) 

100-year flooded 
developed area 
(mi2) 

2011 12.71 0.51 28.48 1.95 

2050 w/o wetland 
protection 

12.88 6.83 27.67 16.10 

2050 w/ wetland 
protection 

12.85 4.11 28.33 10.74 

 Note that the total flooded area seemed to follow the same patterns as the 

stages at US-59, with the height of flooding for each condition being ranked from highest 

to lowest in the same order as the extent of flooding is ranked from largest to smallest. 

While the total flooded area changes very little, the patterns of future development 

suggest that construction in flood-prone zones exposes more developed area to flood 

hazard. Of the two future conditions, the wetland protection condition results in less 

developed area being flooded. This is because wetlands tend to be located closer to the 

river, in the floodplain, and are frequently flooded. The 100-year total flooded area was 

slightly larger when wetlands were protected than when they weren’t, and both 2050 

potential conditions had a smaller flooded area than the 2011 conditions. As in the 
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analysis of the stages at US 59, this could be explained by the lower roughness values 

in the overland area resulting in water flowing faster overland, decreasing the local 

storage of water. Maps showing the spatial extent of flooding depths for the 10-year and 

100-year floods are shown in Figures 4.24 and 4.25, respectively. As little difference in 

the floodplain extent was observed for the different conditions, only one result is plotted 

for each storm size. 

 

Figure 4.24: Maximum flood depth for 10-year storm. Floodplain varied little by land use. 
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Figure 4.25: Maximum flood depth for 100-year storm. Floodplain varied little by land 

use. 

 While the land use prediction model predicted the area that would be developed 

according to historical patterns, it didn’t consider how this development would occur. An 

area’s location within the floodplain doesn’t solely determine the amount of damages it 

will receive from flooding. Regulations and building standards influence this. While the 

land use predictions found that a higher base flood elevation building requirement would 

not seriously affect the patterns of development, as far as where development occurred, 

the requirement could have an impact on the amount of damages an area receives. If 

new buildings met the requirement of 500-year elevation plus two feet, the buildings 

could be spared from flooding that would cover the surrounding area. However, the 

extensive fill required to elevate the buildings would affect the geography of the area, 
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which could change the pattern of flooding. This is beyond the scope of this study, which 

modeled future development only as change in roughness and infiltration. 
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5 Conclusions and Future Work 

5.1 Conclusions 

A hydrologic model that modeled runoff in the West Fork San Jacinto River basin 

was successfully created and validated using Vflo, the flooding at Lake Houston during 

Hurricane Harvey was successfully modeled and matched to known Hurricane Harvey 

flood depths by using a system of HEC-RAS models, and alternative land use options 

were investigated by using a land use projection model and comparing 10- and 100-year 

flows under multiple conditions by using the Vflo and HEC-RAS models. 

Vflo was able to match observed flows throughout the West Fork San Jacinto 

River with remarkable accuracy. For Hurricane Harvey, it produced hydrographs with 

high NSE values and peaks that matched the timing of the observed data. Additionally, 

when the March 2018 event was run through the model, the modeled hydrograph again 

closely followed the observed hydrograph. For both extreme, record-breaking events as 

well as smaller, more localized flow events, the Vflo model was able to accurately model 

the flow of rainfall into runoff. While Vflo has been demonstrated to model the hydrology 

of smaller bayous and creeks in the Houston area, this study has shown that Vflo can be 

used together in much larger and more complex basins with a size in the thousands of 

square miles during a record-breaking storm event (Bass et al., 2017; Fang et al., 2010; 

Juan et al., 2020; Juan & Bedient, 2018). 

HEC-RAS was able to replicate the flooding along the San Jacinto River well. 

The 1D HEC-RAS model was able to accurately model the flooding in the river, with 

good NSE values for the flow hydrographs and good peaks and timing for the stage 
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hydrographs. In the 2D analysis area, the model was able to match all observed high-

water marks with an average difference of +0.6 feet. Only areas that actually flooded 

during Harvey were flooded by the model. Any inaccuracies in the extent of flooding 

would be confined to small parts of a single neighborhood. Additionally, the model 

slightly over-predicted the flooding, rather than under-predicting it. This is preferable 

because the model is less likely to predict that a given area would not flood when it 

actually would. Again, HEC-RAS 2D is a relatively new feature that is currently being 

tested and applied in a variety of hydraulic analyses. This study was able to show the 

accuracy of 2D HEC-RAS for a large river system, with hundreds of thousands of cubic 

feet per second of peak flow entering from several forks and tributaries. The model also 

successfully modeled the flood results around Lake Houston even though it did not have 

info on the lake’s bathymetry. 

Little public information is currently available on the hydrology and hydraulics of 

the West Fork San Jacinto River Basin. While there are a few 1-D steady HEC-RAS 

models available in the Lake Houston region, these models were subject to the inherent 

disadvantages of a 1-D steady model, missing out on the ability to model the temporal 

variations as well as the interaction of the flooding height of the two forks, which are 

crucial details in the complexity of this area. While a 1-D unsteady HEC-RAS model was 

present for the upper portion of the West Fork, between Lake Conroe and I-45, and this 

model performed well under Hurricane Harvey conditions, this study was able to extend 

the range of this model to cover the remainder of the West Fork. Prior to this there was 

no way to replicate flooding. This study provides missing information about the hydrology 

and hydraulics of this region and demonstrates that such a system can be used to model 

a large river system of this size, scale and complexity. 
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For the future conditions, the results suggest that the presence of a higher base 

flood elevation or more stringent wetland protection regulations within the West Fork San 

Jacinto River watershed would not seriously affect the amount of flooding that would 

occur in this watershed in 2050. Additionally, the implementation of a higher base flood 

elevation did little to change the predicted increase in developed area by 2050. The only 

condition that noticeably changed the patterns of land cover and resultant flows was the 

complete restriction on development of wetlands within the watershed. However, this 

only resulted in a small change in the pattern of flooding, and with larger storms, this 

relative difference decreased. 

More notable was the fact that 2050 development conditions, which included an 

increase of over 50% in the amount of developed cover within the watershed, did not 

seriously affect the total amount of flooding in the watershed compared to 2011 

conditions. This may be due to the shape of the watershed, with water spending more 

time in the channel itself (which was not adjusted in the future land use predictions), 

more development being located towards the downstream end, or the dam cutting off 

some potential effects of development. 

Even though the future development conditions didn’t have an obvious effect on 

the volume of flooding that occurred or might occur, it doesn’t necessarily mean that 

future development will have no effect on flood damages. While the floodplain extent 

may not increase, future land cover conditions predicted development within the area of 

flood hazard. By increasing the exposure to a relatively constant hazard, the risk of flood 

damages increases. The condition where development was not permitted in the 

wetlands had a lower risk of flood damage for this reason. In order to ensure that any 

newly constructed areas do not receive significant flood damages, they should be built 
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with a clear understanding of the floodplains and with a degree of safety. While it did not 

seriously affect the percentage of developed area, the higher base flood elevation could 

reduce the amount of flood damages, although this study does not draw any conclusions 

as to what degree that reduction would be. 

5.2 Future Work and Recommendations 

Vflo and 2D HEC-RAS had previously been demonstrated to be successful in 

modeling several watersheds in the Greater Houston area. This study confirmed that 

these models also work for storm events in even larger areas and hydrologically 

complex systems of multiple intersecting tributaries. This framework could be applied to 

two-dimensional modeling of the Houston ship channel or Buffalo Bayou, for example, 

where multiple bayous converge over a short distance. While the land use prediction 

model for the West Fork subbasin resulted in a small net change in flow from 2011 to 

2050, other watersheds in the area may demonstrate greater future changes in flow. If 

the land use prediction model was applied on the East Fork or Spring Creek, both wider 

subwatersheds that drain into Lake Houston, future development could produce a 

greater change in flow, which may have more of an effect on flooding around Lake 

Houston. 

One revelation found in this study was that the Spring Creek watershed provided 

a higher peak flow from runoff than the West Fork subwatershed downstream of Lake 

Conroe did. It was assumed that, because there was a higher peak flow in the West Fork 

during Hurricane Harvey, that the West Fork provided a higher flow than Spring Creek in 

general. After more simulation, it was shown that this was true due to the heavy peak 

flows coming from the Lake Conroe dam. If the Lake Conroe dam remains closed during 
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a storm, and all flow came from uncontrolled rainfall-runoff, then Spring Creek would 

produce a higher peak flow. This flow coming from Spring Creek produced significant 

backwater effects on the flood stage in the West Fork upstream of the confluence, and 

the Spring Creek subbasin is much wider than that of the West Fork subbasin. For these 

reasons, it would be beneficial to examine the other subbasins in the area, including 

Spring Creek, to analyze the effects of future land use on flooding, and the effects 

caused by changes in these watersheds may be greater than those of the West Fork 

subbasin. Indeed, research has demonstrated that future development in Cypress 

Creek, which is the major tributary to Spring Creek, would result in an increase of flow. 

This was done by using the same land use prediction method used in this study (Gori et 

al., 2019).  

With the importance of the river in conveyance, perhaps a future study might use 

a method that predicts the resultant changes in river morphology or any channelization 

that would occur in the main river or any tributaries. While it is unlikely that such a large 

river would undergo any channelization projects, it is possible that the contributing 

tributaries could be channelized, resulting in different inflows into the river. In addition, 

the presence of new development near the river, with a base flood elevation regulation, 

could change the elevation of the floodplain, as fill is added to raise new construction to 

the base flood elevation. However, such a modeling method would be different from the 

original, needing the ability to predict changes in elevation based on past trends in 

similar areas, which may be too complicated. The work presented in this study can be 

used as a starting point for such a study, providing a calibrated, well-fitted model that 

accurately represents flooding patterns in the San Jacinto River area, along with some 

potential future land use conditions. 
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Appendix 

Appendix A: Maps of Alternative 2050 Land Use Conditions 

 In the following images, the 2011 land cover conditions, along with the nine 

different 2050 land use scenarios are given. In the caption, the higher base flood 

elevation coefficients are labeled as C1, while the wetland development restriction 

coefficients are labeled as C2. For explanation of these coefficients, see Section 3.4.1. 

 

Figure A.1: 2011 Land Cover Conditions, used as the baseline for the 2050 projections. 
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Figure A.2: 2050 Land Use Conditions under development scenario 1. C1=1.0, C2=1.0 

 

Figure A.3: 2050 Land Use Conditions under development scenario 2. C1 = 1.0, C2 = 0.5 
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Figure A.4: 2050 Land Use Conditions under development scenario 3. C1 = 1.0, C2 = 0.0 

 

Figure A.5: 2050 Land Use Conditions under development scenario 4. C1 = 0.95, C2 = 

1.0 
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Figure A.6: 2050 Land Use Conditions under development scenario 5. C1 = 0.95, C2 = 

0.5. 

 

Figure A.7: 2050 Land Use Conditions under development scenario 6. C1 = 0.95, C2 = 

0.0. 
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Figure A.8: 2050 Land Use Conditions under development scenario 7. C1 = 0.85, C2 = 

1.0. 

 

Figure A.9: 2050 Land Use Conditions under development scenario 8. C1 = 0.85, C2 = 

0.5 
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Figure A.10: 2050 Land Use Conditions under development scenario 9. C1 = 0.85, C2 = 

0.0 
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Appendix B: Change in Peak Flows Across Vflo Model 

Presented here are charts showing the percent increase from 2011 conditions for 

the 10- and 100-year peak flows for all 9 potential future land use scenarios, as modeled 

in Vflo. These are charted at each of the 7 locations shown on Figure 4.15. For an 

overview of which land use scenarios correspond to which higher base flood elevation 

coefficients and wetland development restriction coefficients, see Table 4.2. 

 

Figure B.1: Increases in 10-year peak flow from 2011 conditions for all 9 development 

scenarios. 
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Figure B.2: Increases in 100-year peak flow from 2011 conditions for all 9 development 

scenarios. 

 It can be seen that, for most locations throughout the model on both storm levels, 

there were two sets of conditions that had similar increases in peak flow among the 

other conditions in the set, compared to the other set. Conditions 1, 2, 4, 5, 7, and 8 

followed one pattern, while conditions 3, 6, and 9 followed the other. What these sets 

have in common is that conditions 3, 6, and 9 have a wetland development restriction 

coefficient of 0.0, while the others have wetland development restriction coefficients of 

1.0 or 0.5. After observing these results, it was apparent that this wetland coefficient had 

the greatest effect, so conditions 1 and 3 were chosen as the only development 

scenarios used going forwards.  


