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ABSTRACT 

Understanding the Impact of Changes to Coastal Prairie Landscapes on 
Watershed Response and Urban Flood Mitigation:                                                                               
A Case Study of the Katy Prairie in Houston, Texas 

by 

Morgan Garner 

Prairie landscapes are known to provide valuable ecosystem services, 
including floodwater retention, which have been widely studied for the Prairie 
Pothole Region and the Great Plains in the Midwestern United States.  However, 
research specific to surface water ecosystem services provided by coastal prairies 
remains sparse. In particular, few hydrologic and hydraulic (H&H) modeling studies 
exist that explore the ability of coastal prairie to contribute to storm water 
mitigation in the flood-prone Gulf Coast region. This study employed H&H modeling 
to understand the impact of changes to overland characteristics of a remnant coastal 
prairie in Houston, Texas (the Katy Prairie) on storm water detention and flood 
mitigation potential of the landscape.  Results from the fully distributed hydrologic 
modeling in this study have allowed quantification of the overland detention storage 
provided by native prairie vegetation, estimating an excess of 0.6 acre-ft/acre 
greater than current developmental standards for Harris County, Texas. This is one 
of the first quantitative studies proving that if coastal prairie is developed according 
to Harris County standards, rainfall-runoff would be exacerbated in the watershed. 
In addition, the unique, multi-faceted modeling regime has provided insight on the 
overland flow behaviors of prairie potholes, an inherent depression feature of 
prairie terrain, by demonstrating depression storage capacity for rainfall-runoff.  
Overall, this study has suggested rehabilitation of coastal prairie landscapes would 
provide substantial hydrologic benefits and may be a key aspect of a coastal 
resiliency plan in the face of climate change.  
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Chapter 1 

Introduction and Background 

Native prairie landscapes across the United States have been disappearing at 

an alarming rate. Surveys suggest that since European settlement, declines in native 

prairie across North America range as high as 99.9% (Sampson and Knopf, 1994). 

Coastal Prairie, spanning the coastal plain of southwestern Louisiana and 

southcentral Texas, specifically, has been in steep decline. Coastal prairie once 

covered as much as 9 million acres of land on the Gulf Coast, but by the turn of the 

century, 99% had been overturned for agriculture, range improvement and 

urbanization (USDA, 2000). Prairie landscapes are known to provide valuable 

ecosystem services including increased biodiversity, nutrient cycling, carbon 

sequestration, floodwater retention, and reduction in sedimentation (Clark 1977; 

Gleason et al. 2011; Risser and Parton 1982; Schulte et al. 2017; Suyker and Verma 

2001). Additionally, several studies have highlighted the active role of undeveloped 

land for natural flood mitigation by showing that landscapes such as prairie, 

wetlands, and rangeland slow and retain runoff due to higher infiltration rates and 

overland roughness (Kessler and Gupta 2015; Dunne et al., 1991; Duncan 2011; 

Selbig and Balster, 2010). While these aspects of prairie landscapes have been 

widely studied for the Prairie Pothole Region and the Great Plains in the Midwestern 
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United States, research specific to the coastal prairies remains sparse. In particular, 

few hydrologic and hydraulic (H&H) modeling studies exist that explore the ability 

of coastal prairie to contribute to storm water mitigation in the low-lying, flood-

prone Gulf Coast region. The aim of this study is to understand the impact of 

changes to overland characteristics of coastal prairie on storm water detention and 

flood mitigation.  

This study will investigate the overall rainfall-runoff response of 

undeveloped land in the coastal prairie region of Houston, Texas using hydrologic 

and hydraulic modeling. The Katy Prairie, once covering over a thousand square 

miles in west Houston, has been overtaken by rice farming, ranching, and 

urbanization over the last 200 years leaving less than 1% of its original extent 

untouched (KPC, n.d.). A physics-based hydrologic model, Vflo®, will be used to test 

the effect of both overland roughness on floodwater detention and soil infiltration 

on floodwater retention under storms of various magnitudes and in different stages 

of land cover composition. In conjunction, a two-dimensional hydraulic model will 

be employed, to quantify the storage capacity provided by depressions in the 

topography of the land, which is a characteristic inherent to slowly-drained, coastal 

prairie landscapes (Walker and Miears, 1957). Finally, the study will couple 

hydraulic modeling with ecosystem response to connect historic land use change 

patterns to riverine and ecosystem response. This type of ecologic-hydrologic model 

will provide feedback on riparian species keen to adapt and flourish under changes 

to watershed composition, in-turn providing valuable information for coastal prairie 

restoration efforts in regions with encroaching development.  

Historically, native prairie has been largely neglected in conservation efforts 

in North America and globally despite broad consensus supporting the landscapes’ 

massive contribution to biodiversity (Samson and Knopf 1994). In the face of 

climate change, with increasing rainfall levels and rising temperatures, it is 

important to understand the contribution of natural landscapes, beyond 

biodiversity, in protecting the increasingly vulnerable human population. This case 

study will provide valuable information regarding the influence of coastal prairie 
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landscapes in natural flood mitigation. Specifically, this study will show how 

overland changes to a prairie landscape impact runoff response; this is especially 

important for municipalities in coastal regions across the globe which are 

experiencing continuous pressure for development as population rises. Additionally, 

this case study will provide a model for future studies to apply ecologic-hydrologic 

modeling in ecosystem restoration projects.   

1.1. Study Objectives  

This study aims to develop a modeling regime to quantify hydrologic and 

hydraulic impacts of changes to coastal prairie landscapes on watershed response. 

Specifically, the study will investigate the following:  

- Quantifying the contribution of overland vegetative roughness, specifically 

native prairie vegetation, to rainfall-runoff detention in the Katy Prairie 

region of the Gulf Coast through hydrologic modeling;   

- Analyzing the impact of depressions in prairie terrain on the retention and 

detention capacity for stormwater runoff through hydraulic modeling;  

- Understanding the influence of land use change on base flow regimes and 

riparian ecology utilizing a statistical, hydrologic-ecologic model loosely 

coupled with a hydraulic model.   
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Chapter 2 

Literature Review 

2.1. Native Prairie Landscapes  

Grasslands cover about 20-40% of earth’s land area, existing on every 

continent except Antarctica (Nunez 2019). In the United States (US) grassland is the 

dominant potential vegetation, covering about 15% of the concentric US. Estimates 

of this landscape extent vary globally due to many names and lack of cohesive 

definition for grassland ecosystems; in North America, grasslands are typically 

known as prairies, in Africa they are savannas and in South America, pampas 

(Nunez 2019).  However, an understood commonality is that global grasslands 

continue to disappear, experiencing heavy turnover for agriculture and urbanization 

(Henwood 1998; White et al. 2000). In the United States it is estimated that 99.9% 

of the original extent of prairie has been turned-over or destroyed since European 

settlement (Samson and Knopf 1994).  

Grasslands in North America, referred to as prairies henceforth, are defined 

as a fertile rangeland that is nearly flat to rolling, dominated by grasses with little to 

no trees. Prairies are typically found in regions with moderate temperatures and 
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rainfall.  From Texas, the historical range of prairie in the US extends north to 

Manitoba, Canada, and defines the landscape of the middle of the country (Figure 

2-1). The North American prairie has not been studied uniformly across remaining 

geographic extent, but the areas that have received continuous study include 

Canadian prairie and the Great Plains - covering the western third of Iowa, Eastern 

Nebraska, Missouri, and Kansas (Weaver 1954).  

 

Figure 2-1 Historic Extent of Native Prairie in North America 

Varying with climate and terrain, prairies are typically categorized into three 

classifications, each with unique hydrologic and vegetative properties (Rutledge and 

McDaniel n.d.): wet prairies, dry prairies and mesic prairies. Plant species are 

variable between the categories, but wet and mesic prairies are predominately 

composed of tallgrass species, which are the focus of this thesis work (Kost et al. 

2007; Minnesota Department of Natural Resources n.d.).  
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In 2003, the USGS claimed decline in native prairie had been highest among 

the tallgrass prairies, with losses exceeding those of any other major ecological 

community in North America (USGS 2003). Widely regarded as one of the most 

biodiverse ecosystems on the planet, many have claimed prairie preservation 

should be the highest priority in conservation efforts in the 21st century (CEQ 1997; 

Samson and Knopf 1994; White et al. 2000).  Scientists and resource managers are 

primarily concerned with prairie ecosystem disappearance due to correlated habitat 

loss for many endangered or threatened wildlife species (USGS 2003). In addition, 

over the last few decades researchers have begun to analyze and quantify the loss of  

vast ecosystem services (Table 2-1) provided by grassland prairies in conjunction 

with loss of biodiversity (Lemaire et al. 2011). Specifically, researchers want to 

understand the role of native prairie ecosystem services in a regional resilience to 

climate change.  

Notable Ecosystem Services from Native Prairie Landscapes  
(Apfelbaum et al. 2018) 
Carbon Sequestration 

Nutrient Cycling & Water Quality Enhancement 

Flood Water Retention 

Reduction in Sedimentation and Erosion 

Enhanced Biodiversity 

Recreation and Hunting 

Table 2-1  Ecosystem Services of Native Prairie Landscapes 

The following sections will provide more information on the derivation and 

valuation of prairie ecosystem services, and the current state of preserving or 

restoring the landscape in the US. Additionally, we will discuss how ecosystem 

services may differ regionally by focusing on Coastal Prairie – a type of prairie found 

along the US Gulf Coast.  
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2.1.1. Coastal Prairies  

The original extent of coastal prairie spanned the southwestern coast of 

Louisiana and the southeastern coast of Texas (Figure 2-2) to cover over 9 million 

acres of the Gulf Coast. Today, less than 1% of this original coastal prairie extent 

remains in its native state. Correspondingly, the ecosystem is currently listed as 

"imperiled globally" by The Nature Conservancy and the Texas Natural Heritage 

Program, and the Louisiana Natural Heritage Program lists it as "critically 

imperiled" (USGS NWRC 2000).  

 

Figure 2-2 Coastal Prairie of Texas (Texas Parks and Wildlife n.d.) 
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Coastal prairie is primarily distinguished from northern US and Canadian 

prairie by climate. Coastal prairie climate is considered subtropical and receives an 

average of 40-56 inches of rain per year, compared to an average of 28 inches in the 

Midwest (without considering increasing annual averages due to a warming 

climate) (NOAA (HDSC) 2018; USGS NWRC 2000; Walker and Miears 1957). Coastal 

prairie does not undergo the same seasonal changes as Midwestern prairie; it rarely 

sees extreme temperatures, and rarely, if ever, receives snow. The climate of coastal 

prairie defines the corresponding hydrologic cycle and water balance, and in turn, 

provides habitat for a unique subset of vegetative and wildlife species.  

A prominent component of a prairie hydrologic cycle is enhanced surface 

water-groundwater interaction due to high infiltration rates associated with fertile 

rangeland soils and expansive grassland vegetative root systems. However, the 

Texas-Louisiana coastal prairie is built on a group of soils categorized by heavy, 

dense, slowly permeable clay. Majority of the soils in this region have a loamy 

surface, with clayey subsoils with are otherwise referred to as a clay pan (Texas 

Parks and Wildlife n.d.). The soil composition of coastal prairie, in conjunction with 

flat topography (slope of less than 5%), contribute to an inherently slow draining 

landscape which encourages temporal marsh and wetland formation.  

Coastal prairie is often referred to as a prairie marsh system or wetland 

prairie because the underlying terrain is composed of natural surface depressions 

that retain water or fill temporarily during and after storm events (Walker and 

Miears 1957). In addition, the slow draining nature, combined with natural ridges, 

sloughs and pimple mounds in the terrain lead to a diverse micro-topography with a 

mosaic of drier and wetter plant and wildlife communities. The unique combination 

of the subtropical climate, wetlands, marshes and native vegetation of the coastal 

prairie creates an optimal habitat for a number of rare and endangered grassland 

bird species (Hale et al. 2014).   The coastal prairie at the heart of this study, the 

Katy Prairie in Houston, Texas, has been designated a Global Important Bird Area 
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(IBA) and attracts thousands of birders from around the world each year (National 

Audubon Society 2019).    

 

Figure 2-3 Cranes on the Katy Prairie (Image by Don Pine of KPC) 

2.1.2. Prairie Hydrology  

A defining feature of prairie hydrology is surface depressions, commonly 

referred to as prairie potholes, which promote internal drainage and drainage 

interconnectivity of the landscape (Hayashi et al. 2016). Figure 2-4 exemplifies 

retained water within depressions surrounding a prairie pimple mound in the Texas 

Coastal Prairie of Matagorda Bay.  Prairie depressions of this type range in size from 

small sloughs to larger wetlands and marshes, and in the north and upper Midwest 

are thought to have been formed from glacial melt (Fang et al. 2007). 
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Figure 2-4 Depressional Features (prairie potholes) in Matagorda, Texas (Texas 
Coastal Prairie). Photo by John Jacob www.texaswetlands.org 

 Depression features in a landscape’s terrain complicate hydrology in 

riverine watersheds because all rainfall-runoff and snow melt is not directly drained 

to a single location such as the main river reach. In addition to complicating the 

watershed flow network, terrain depressions generally provide both a positive and 

negative influence on watershed runoff response:  

1.  During wet periods or large volume storms, runoff can be stored in these 

prairie sloughs contributing to a reduction in localized flood peaks 

(Pomeroy 2005; Unduche et al. 2018).  

2. Intense rainfall and snowmelt, combined with surface depressions, can 

create sporadic and rapid increases in flow contributing area during peak 

runoff events when surface storage is exceeded and runoff flows further 

downstream (Fang et al. 2007) 
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Of note is that the infiltration and retention capacity of terrain depressions is 

heavily influenced by climatologic factors; specifically, below freezing temperatures 

and snow melt. Climate and weather patterns are the second factor highly 

influential to prairie hydrology.  

 North American prairie has two distinct hydrologic cycles, summer and 

winter (Figure 2-5 as adapted from Fang et al. 2007).  Coastal Prairie, however, 

primarily exhibits the former with periods of heavy rainfall occurring late summer 

through early fall during hurricane season. As previously stated, heavy precipitation 

events and frozen ground can determine the storage capacity of available terrain 

depressions. However, in addition, the freezing temperatures associated with a 

winter hydrologic cycle create the “frozen ground effect” for northern prairies. 

When antecedent moisture in the top layers of the soil freezes, the infiltration 

potential of the soil is reduced proportionally which results in increased runoff 

generation (Hayashi et al. 2003). 

 

Figure 2-5 Prairie Hydrologic Cycles (Winter, left and Summer, right) 

Lastly, the prairie water balance is dominated by the highly integrated 

surface-water and groundwater processes (Hayashi et al. 2016). Studies have shown 

both the infiltration capacity related to prairie vegetation, and the influence of 

grassland on overland flow to be greater in prairie landscapes than in landscapes 

with other vegetative cover (Dunne et al. 1991; Rauzi and Smith 1973; Selbig and 

Balster 2010). Numerous field studies exploring infiltration and rainfall-runoff 
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simulation, including a study conducted by the SSPEED Center with AES Inc., have 

concluded that the localized infiltration rates are predominantly enhanced, by 

prairie vegetative cover (Apfelbaum et al. 2018; Rauzi et al. 1968). Thus, it can begin 

to be deduced that enhanced infiltration related to prairie vegetation may provide a 

valuable resource for surrounding urban areas: rainfall-runoff retention.   

In the following section, ecosystem services related to coastal prairie 

hydrology will be elaborated upon including infiltration potential and rainfall 

retention, dampening of runoff peaks, and rainfall detention storage.  

2.1.3. Prairie Ecosystem Services and Valuation 

An ecosystem service has been defined in various ways since the origination 

of the term, but the concept was ultimately derived to assign economic value to 

environmental processes that do not directly result in a good or product (Haines-

Young and Potschin 2010). In the 1997 book,  Nature’s Services, ecosystem services 

are defined as the conditions and processes through which natural ecosystems, and 

the species that make them up, sustain and fulfill human life (Daily 1997). 

Ecosystem services both directly and indirectly contribute to human welfare, and 

therefore represent part of the economic value of the planet (Costanza et al. 1997). 

As such, ecosystem services are increasingly used as policy solutions to 

environmental problems including resiliency to climate change (Robertson et al. 

2014).  

A wide range of scientists and environmental economists have studied the 

North American prairies of the Great Plains, Prairie Pothole Region and the 

Blackland prairies of Texas to evaluate the ecosystem services inherently available 

from the landscape (refer to Table 2-1 in section 2.1). However, a cohesive and 

widely accepted method of assigning monetary value to these services has yet to be 

established. Of interest to this study are the derivation and valuation of services 

related to surface water and the hydrologic cycle. These services include natural 
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floodwater mitigation through floodwater retention and detention, and enhanced 

water quality.  

It is widely understood that undeveloped land has more rainwater retention 

potential than developed land due to the absence of impervious surface coverage 

(Brody et al. 2014; Gori et al. 2019; Juan et al. 2017). Without an impervious surface 

(such as concrete) to inhibit rainfall - soil interaction, infiltration rates are 

controlled by soil classification (Rawls et al. 1983), which is elaborated on in 

Chapter 3 of this thesis. However on the contrary, it is also thought that grasslands 

have the potential to increase soil infiltration rates as correlated to percentage of 

vegetative cover (Blackburn 1975; Meeuwig 1970; Rauzi et al. 1968).  Dunne et al. 

(1991) acknowledges that vegetative cover may affect infiltration in multiple ways 

including macropores, generated from plant root holes, increasing local conductivity 

in soils (Dunne et al. 1991).  

The influence of macropore and root/soil morphology is especially of interest in 

grassland prairies because typical North American prairie grass species, such as 

switchgrass or bluegrass, are known to have root systems expanding up to 14 ft 

down into the soil subsystem (Figure 2-6). Studies have proven that depth of 

vegetative root systems have influence on the wetting front of the soil (Figure 2-7), a 

key parameter in Green-Ampt infiltration calculations (described in Chapter 4 of 

this thesis). Thus, prairie root systems may be highly influential in increasing soil-

rainwater retention.  
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Figure 2-6 Root Systems of Prairie Grass Species Provided by the Nature Conservation 
Research Institute 

 
Figure 2-7 Pattern of Wetting Front (dashed line) After 15 hours of Light Rainfall  

(P.E. Glover et al. 1962) 
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A report published by the USGS in 2010 substantiated the impact of prairie 

root systems in clay soils – of interest to the Gulf Coast region which is built 

predominately on clay subsurface. The report summarizes a field experiment testing 

the influence of prairie vegetation versus turf grass on infiltration in both clay and 

sand soil for sites in Madison, Wisconsin. The study concluded that greater root 

perturbation and soil development was observed in the prairie test sites relative to 

those with turf grass even at sites with the presence of a limiting clay soil layer. 

Overall, the soils under the prairie vegetation appeared well-drained while soils 

under turf grass with a limiting layer showed evidence of a perched water table 

(Selbig and Balster 2010).  

The overland roughness of native vegetation is additionally thought to 

influence infiltration via micro-topographic interactions with surface water flow 

dynamics (Fiedler et al. 2002). Unlike the influence of prairie vegetation on 

infiltration capacity, the overland characteristics and corresponding influence on 

runoff-response is both less distinguishable and less widely understood for prairie 

vegetation specifically. However, studies have evaluated the influence of natural, 

undeveloped landscapes in general on runoff-response within catchments. These 

studies concluded undeveloped land of various land use classifications may impart a 

dampening effect to peak flow volume and timing of rainfall-runoff  (Duncan 2011; 

Dunne et al. 1991; Tromble 1976).  The majority of studies evaluating overland flow 

dynamics of specifically  prairies, rangelands, or grasslands do not separate the 

relative influence of infiltration from the influence of surface roughness on runoff 

volume reduction (Gilley et al. 2000; Hernandez-Santana et al. 2013). However, 

these studies do support the conclusion that prairie or grassland vegetation can 

reduce runoff volume by an average of 37% (relative to agricultural or urbanized 

land use) when also considering the slope of the watershed and areal extent of 

native vegetation.   

In addition, overland depression storage potential associated with the North 

American prairie landscapes is known to additionally contribute to a reduction in 
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runoff peaks (Fang et al. 2007).  This concept has been widely studied for Canadian 

Prairie and the northern-central prairie in the United States (Woo and Rowsell 

1993; Wu and Lane 2016). Due to the impact of seasonality on the storage potential 

of depressions, along with susceptibility to land use changes, depression storage has 

proven difficult to both quantify and predict through modeling studies, which will 

be elaborated on in the following section.  

Through infiltration, overland roughness and terrain influences, prairie is 

thought to have significant flood mitigation potential. This is a utility some humans 

may find useful, but it is situationally dependent, causing some scientists to refer to 

“flood mitigation” as a function of an ecosystem rather than a service or property 

(Haines-Young and Potschin 2010). Policy-based ecosystem services derived from 

surface water (for credit trading) are primarily limited to water quality 

improvement and floodplain restoration as defined by the Clean Water Act (CWA) 

(Robertson et al. 2014).  In conjunction, flood- mitigation is ultimately a risk-

oriented concept, making stormwater storage a difficult service to monetize from a 

market-based approach. However, in a previous study conducted by the SSPEED 

Center and AES Inc., surface water detention was valued through equating the 

detained stormwater volume inherent to the ecosystem, to the cost of construction 

and maintenance of a detention pond of comparable volume (Apfelbaum et al. 

2018). This is referred to as the replacement cost approach, where ecosystem 

services can be replaced with engineered systems (Groot et al. 2002). Flood control 

can also be evaluated as an avoidance cost, which is  a service that allows society to 

avoid costs that would have been incurred in the absence of this service (Groot et al. 

2002). 

 The ambiguity currently surrounding valuing ecosystem services and 

functions is pertinent to the applications of this study. Thus, in the current post-

Harvey era, the valuation of flood mitigation services is extremely important, not 

only to this study, but also to the future of developmental policies regionally.  
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2.2. Current State of Hydrologic Modeling for Prairie Landscapes  

The complexities of prairie watersheds, including surface depressions and 

internal drainage, sensitivity to changing land use, and fraction of retained native 

prairie properties (compared to restored or damaged) make hydrologic modeling of 

prairie watersheds complex (Unduche et al. 2018). In general, the hydrologic 

modeling studies of prairie watersheds are sparse, but those existing focus on 

Canadian Prairie and the Prairie Pothole Region in the Dakota’s, where snow, 

snowmelt, and frozen soils drastically alter the hydrologic processes (Su et al. 2000; 

Unduche et al. 2018). Among published modeling studies, interconnected drainage 

system, depression storage and topographic features of prairie sloughs are generally 

regarded as the greatest challenge in modeling North American prairie processes 

(Fang et al. 2007; Unduche et al. 2018; Woo and Rowsell 1993; Wu and Lane 2016).  

The most recently published comprehensive hydrologic modeling study of 

prairie landscapes, by Unduche et al. (2018), demonstrates the performance of four 

hydrological models in a Canadian Prairie Watershed. The models ranged from fully 

distributed to a simple lumped model (both types of models defined in section 3.3 of 

this thesis) and were evaluated on application for flood forecasting by modeling 

historic time-series flows into a reservoir. Generally, results showed the distributed 

models performed better in calibration and validation over longer time periods, 

while the lumped models performed better in forecasting runoff for shorter time 

periods. Thus, the overall conclusion of the study was that a single hydrological 

model could not be considered adequate to simulate the runoff process accurately. 

The author acknowledged complicating factors in the study including complex 

weather patterns, small potholes storing water and preventing flow, and 

uncertainty in contributing areas that change with regard to antecedent moisture 

conditions of the catchment basin (Unduche et al. 2018).    

Following this, it is important to recognize that the influence of northern 

climactic uncertainties demonstrated by most H&H prairie case studies are not 
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relevant for coastal prairies and are therefore difficult to consider as precedent for 

the Gulf Coast region. While numerous hydrologic land use change studies exist for 

the Gulf Coast region few, if any, investigate coastal prairie land cover and the 

impact of corresponding overland flow regimes on watershed response to rainfall-

runoff (Doubleday et al. 2013; Gori et al. 2019; Juan et al. 2017). 

 It is also important to acknowledge field studies that have been conducted to 

evaluate prairie retention and detention capabilities (Huang et al. 2006; Hubbard 

and Linder 1986). Again, these have predominately been conducted for the Great 

Plains, Prairie Pothole Region, and Canadian Prairie but the results can provide 

valuable input parameters for future H&H modeling studies for flood forecasting 

and evaluation of runoff for large catchments and watersheds.  

2.3. Prairie Restoration and Hydrologic Impacts  

During the 20th century, with the acknowledgement of the decimation of 

prairie ecosystems, the idea of restoring crop fields to conservation prairies began 

to garner traction and support from scientists and governmental agencies. In 1985, 

efforts were intensified with the implementation of the Conservation Reserve 

Program (CPR) (Kucharik et al. 2006). The earliest work, by conservationists like 

Iowa’s Ada Hayden (Isely 1989), focused on preservation of remaining remnant 

prairies, while today efforts to restore and expand degraded prairies are being 

pursued (Schilling and Drobney 2014). This type of ecological restoration is 

traditionally defined as the act of returning a system to an original state; thus, 

restoration differs from conservation, protecting an ecosystem from further harm, 

and from rehabilitation, which is improving the degraded state of an ecosystem 

(BenDor et al. 2015). Today, due to a powerful narrative that restoration projects 

are bad for the economy (Kovacs 2018), combined with site-specific project 

variability, it is increasingly difficult to receive the monetary support and 

institutional cooperation necessary for large-scale restorations (BenDor et al. 2015; 

Gerla et al. 2012). 
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Since the early 21st century, years and decades long grassland restoration 

case studies have provided tangible evidence for the success of restoration projects 

through quantifiable improvement to ecosystem services. Notable improvements 

from projects throughout the Midwest have included reduced soil erosion and 

runoff from farms, improved water quality, enhanced biodiversity and increased 

carbon sequestration (Gerla et al. 2012; Kucharik et al. 2006; Schilling and Drobney 

2014). Today, findings from many of these prairie restoration projects across the 

country specifically highlight key changes in the hydrologic structure and rainfall-

runoff response of the study areas. A summary of prominent, large-scale prairie 

restoration projects can be found in Table 2-2 below.  

Site Location Size of Restoration 
(acres) Organization leading restoration Year of 

Project Start 
Glacial Ridge National 

Wildlife Refuge 
(Western Minnesota) 

22,300 USGS 
(Cowdery et al. 2019) 

 
2002 

Midewin National 
Tallgrass Prairie 

(Illinois) 
18,300 US Fish and Wildlife 

(Gerla et al. 2012)  

 
2002 

Kankakee Sands 
(Indiana)  8,200 The Nature Conservancy 

 (Gerla et al. 2012) 
 

1997 

Emiquon Preserve  
(Illinois)  7,900 

Nature Conservancy with US Fish 
and Wildlife  (Gerla et al. 2012) 

 

 
2007 

Neal Smith National 
Wildlife Reserve 

(Jasper County, Iowa) 
5500 US Fish and Wildlife 

(Schilling and Drobney 2014) 

 
1991 

 

Table 2-2 Summary of Recent Large-scale Prairie Restoration Projects in the United 
States 

Amongst completed or progressing projects, it has been noted that specific 

ecosystem enhancements can be proportional or variable to the areal extent of the 

restoration  (Cowdery et al. 2019; Gerla et al. 2012; Schilling and Drobney 2014). 

Namely, this has been true for aspects of hydrologic response. These studies have 

shown prairie reconstruction is helping to reduce runoff at the plot scale; however, 

the changes in larger watersheds can be muted against streamflow discharge 
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(Schilling and Drobney 2014). Additionally, of relevance to this project, is that 

uplands have been shown to provide much greater opportunity for restoring 

hydrologic processes than drainage ways, floodplains and channel (Schilling and 

Drobney 2014). The focus of this thesis, the remnant Katy Prairie in Houston, Texas, 

is in the upland of Cypress Creek watershed, suggesting promise for hydrologic 

restoration projects. The Katy Prairie and specifics regarding prairie vegetation as a 

tool for urban flood mitigation will be elaborated on in Chapter 3, and throughout 

this thesis.  

Working off the momentum from recent findings of these (and other, 

smaller-scale) prairie restoration projects, conservation agencies, non-

governmental organizations (NGO’s), universities, along with local and federal 

agencies have begun to publish prairie restoration guides (Dillard 2010; Gleason et 

al. 2011; Phillips-Mao and Chaplin 2017; USDA-NRCS n.d.). While large-scale 

restorations, for any ecosystem, remain difficult given the need for monetary and 

stakeholder support, it is thought that a cohesive process for prairie restoration may 

encourage the undertaking of such projects. In addition, the human benefits of 

restoration projects often go unstated or are not well communicated to the public 

(Gerla et al. 2012) but are integral in the success and completion of the projects to 

garner public support. These guides are thought to be a key to conveying and 

engaging the public, while acknowledging the importance of a multi-disciplinary 

team for successful restoration completion.  
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Chapter 3 

Methods 

3.1. Introduction to Methods  

This thesis adopts a multi-faceted modeling regime to quantify the following 

aspects of Coastal Prairie landscapes, specifically those inherent to the study area, 

the Katy Prairie:  

1. Total detention storage provided by native prairie vegetation;  

2. Total detention and retention storage available through depressions in 

prairie terrain;    

3. The potential for riparian restoration specific to riverine prairie 

watersheds. 

As noted in the literature review of this thesis, there are many aspects of prairie 

landscapes that complicate hydrologic modeling.  In attempts to both understand 

and circumvent these complications, three models were used in the study: a fully-

distributed hydrologic model, Vflo®, a hydraulic model developed by the US Army 

Corps of Engineers (USACE) Hydraulic Engineering Center (HEC), HEC-RAS (both 

one-dimensional (1D) and two-dimensional (2D)) and a hydrologic-ecologic model, 

HEC-EFM. An overview of the models and their integration is depicted in Figure 3-1.  
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Figure 3-1 Overview of Research Methodology 

The primary modeling component in this study is Vflo®, a fully distributed 

hydrologic model.  As a fully distributed model, Vflo® can account for hydrologic 

properties of spatially diverse watersheds, such as the primary watershed 

encompassing the remnant Katy Prairie (described in the following section). 

Watershed response, in the form of hydrographs, can be exported from anywhere in 

the model domain after simulating a rainfall event. Additional results of the model 

include hydrologic properties, such as total infiltration and runoff depth, and peak 

overland and channel flow. In this study, peak channel flows were used as input for 

1D, steady-state hydraulic modeling with HEC-RAS.   

HEC-RAS, Hydraulic Engineering Center – River Analysis System, was used as 

a tool to predict the overland and channel water surface elevations in the study 

domain. Steady-state 1D HEC-RAS performed calculations based on the peak flow 

data from Vflo® to predict the water surface elevation (WSEL) throughout the 
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channel; specifically, it shows changes in WSEL that stem from changes is watershed 

response. HEC-RAS 2D, in this study, operated independently to simulate the 

overland flow behavior and overland WSEL during and after a uniform storm event. 

Uniform rainfall was used as the input boundary condition.  1D steady-state was 

used again in the final component of this modeling study, loosely coupled with the 

ecologic-hydrologic model, HEC-EFM. 

HEC-EFM, Hydraulic Engineering Center-Ecosystem Functions Model, 

performs statistical calculations based on user-defined ecological-hydrologic 

relationships and historic daily flow and stage data. HEC-EFM returns the 

statistically significant channel stage and flow that corresponds to optimizing the 

ecological parameter, which in this study were riparian vegetation hydroperiods. 

The resulting statistical flow data were input into 1D HEC-RAS to generate a 

floodplain. The floodplain served as a spatial representation of the optimal aerial 

growing extent for the riparian floodplain forest.   

The remainder of this chapter will provide an in-depth explanation of the 

study area, the Katy Prairie in Houston, Texas, and the theory and mathematics 

behind the chosen modeling regime.  

3.2. Study Area  

3.2.1. Coastal Prairies and Marshes: The Katy Prairie Region  

Houston, Texas is located within a vegetative region categorized as 

predominately Coastal Prairie and Marshes by the US Environmental Protection 

Agency (EPA), (Figure 3-2). Within the US, coastal prairie is uniquely found in the 

Gulf Coast region of Texas and Louisiana. Coastal prairie differs from tall grass 

prairies of the Midwest due to the amount of rainfall received annually: ranging 

between 34 and 58 inches (Walker and Miears 1957). As previously discussed, the 

historic extent of true coastal prairie in North America has rapidly diminished. 
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However, a small portion of which, known as the Katy Prairie (KP) region, remains 

in greater Houston. 

 

Figure 3-2 EPA Ecoregions of Texas 

The KP region is located in northwest Houston and predominately 

encompasses three major watersheds: Cypress Creek, Addicks Reservoir and Barker 

Reservoir. The primary channel in the region is Cypress Creek, covering 250 open 

stream miles. The creek conveys flow west to east toward the Gulf, but in major 

storm events contributes a significant volume of overflow over the watershed divide 

to Addicks, the watershed on its southern border. This region, depicted in Figure 

3-3, serves as a prime case study for this thesis because of three distinct features:  

1. the watersheds within the region are historically flood-prone;  



 
 

25 
 

2. the land use in the region is very diverse and has been rapidly changing in 

recent decades; 

3. the region includes a portion of upland, undeveloped coastal prairie - the 

region’s namesake, the Katy Prairie.  

 

Figure 3-3 Current KPC Property and Historic Extent of the Katy Prairie 

Several major flooding events have impacted the area within the past few 

years, inundating thousands of residences and businesses and in-turn causing 

significant economic and environmental damages. Most recently, Hurricane Harvey 

dropped about 35 inches of rain in this region over four days in 2017 and is 

estimated to have flooded over 8,700 homes in Cypress Creek watershed alone 

(HCFCD 2018). According to Harris County, records of flooding in the watershed 

date back to the early 1980’s due to the slow draining nature of the region caused by 

predominately low slope topography (Vick et al. 2015). However, recent research 

has shown flooding has been occurring at higher frequently and greater magnitude 
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in the watershed due to both increased rainfall levels (Table 3-1), and rapid 

urbanization within the last two decades (Sebastian et al. 2019).  

Statistical Rainfall Values  
24-Hour Rainfall Events for Cypress Creek Watershed 

Storm Return 
Period 

2018 NOAA Atlas 14 
Total Rainfall (in) 

HCFCD Total 
Rainfall (in) 

Relative 
increase (in) 

2-yr 4.84 4.10 0.74 
10-yr 8.21 7.10 1.11 

100-yr 16.17 12.40 3.77 
500-yr 23.98 17.70 6.18 

Table 3-1 Statistical 24-hour Rainfall Values - Cypress Creek watershed 

 Urban sprawl has been creeping westward in the region, but as of 2017 

Cypress Creek watershed was still 47% undeveloped, composed of a  diverse range 

of land use classifications (Figure 3-4). 

 
Figure 3-4 Cypress Creek Watershed Land Use Distribution 1997 versus 2017 

According to Hakkenberg et al. 2019 

Given the conflicting needs for development as Houston’s population 

continues to grow, and regional flood mitigation to protect existing homes and 

businesses, the undeveloped portion of the watershed has recently attracted 

interest from developers and researchers alike. Of interest to this study is 
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approximately 20,000 acres of remnant coastal prairie that is actively preserved by 

the Katy Prairie Conservancy (KPC).  

3.2.2. The Katy Prairie 

The Katy Prairie lies in the Texas Coastal Plain; it is bound by pine forest on 

the north, the city of Houston on the east and the Brazos River to the southwest. 

This prairie ecosystem is thought to have first been discovered by Archeo Indians 

over 10,000 years ago, once encompassing over a thousand square miles of land 

(Figure 3-3) (KPC n.d.). Over time the natural prairie landscape has been 

transformed by the vast groups of people who have settled in the area to build 

Houston: from rice farmers, hunters, and ranchers, to today, suburbanites. As of 

2019, less than 1% of the true “coastal prairie” landscape remains, but Katy Prairie 

Conservancy (KPC) is making efforts to restore much of this land to its natural state. 

To date KPC protects about 20,000 acres of the historic prairie region in west 

Houston and hopes to work to expand these preserves to 50,000 acres or beyond.  

The Katy Prairie, specifically the current KPC lands, provide a wealth of 

ecosystem services and economic benefits to the surrounding area. The KPC land 

encompasses and encourages a wide variety of land use including Indian Grass 

preserves, wetlands, working ranches, conservation easements, and small-scale 

agriculture. The natural, undeveloped landscape is thought to slow flood waters, 

filter stormwater runoff, and sequester carbon – each of which have a unique 

economic benefit (Apfelbaum et al. 2018). In addition, KPC land contributes to the 

local economy as a tourist destination for birders from around the globe (The Trust 

for Public Land 2018).  

Historically, the Katy Prairie has been characterized as a poorly drained, 

tallgrass prairie containing a considerable amount of wetland areas (Hudson and 

Heitmuller 2008). The poor draining nature can be attributed to the low slopes (0-

5%) and moderately well drained, slowly permeable soils of alkaline clays, 

comparable to soils of the neighboring Texas Blackland Prairies (NRCS n.d.). 
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However, a previous field study by Rice University indicated the infiltration 

potential of the Katy Prairie region may not be limited to soil hydraulic conductivity, 

but may also be influenced by the root systems of natural overland cover, increasing 

the lands ability to absorb rainwater (Apfelbaum et al. 2018). In conjunction, the 

slow draining nature of the landscape indicates the land’s potential to detain water 

during storm events; however, little research has been done to quantify this for KPC. 

 With the persistent threat of encroaching development and a changing 

climate, the Katy Prairie preserves and surrounding undeveloped land provide an 

ideal case study to test and understand the current and future flood mitigation 

potential of restored prairie landscapes through hydrologic and hydraulic modeling. 

In addition, the upland location of the KPC lands in relation to development creates 

a unique scenario to explore how changes to an upland prairie landscape affect the 

runoff response of the watershed and flow regimes downstream.  

3.3. Distributed Hydrologic Modeling  

Hydrologic models are typically used in watershed studies to predict the 

rainfall-runoff and corresponding riverine response to a storm event by accounting 

for losses from hydrologic soil properties in the drainage area. Generally, hydrologic 

models can be defined in two categories when referring to the ability to handle 

spatiotemporal variability: lumped parameter models and distributed models 

(Bedient et al. 2018).Lumped parameter models account for watershed parameters 

by dividing the watershed into subareas and averaging corresponding parameters 

over the drainage area. These models rely on empirical relationships to represent 

the rainfall-runoff process (Doubleday et al. 2013). Distributed models differ from 

lumped parameter models in that they are physically based, occurring within a 

Geographic Information Systems (GIS) framework. Distributed models represent 

watershed parameters though geo-spatial data and model the rainfall-runoff 

process by solving the conservation of mass, momentum and energy equations 

(Vieux and Bedient 2004).  
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While lumped models, such as HEC-HMS, are the traditional, industry 

standard, distributed models can be advantageous over lumped models in 

representing areas with highly varied land use/ land cover (LULC) characteristics. 

By representing infiltration and overland parameters at a highly resolved, cellular 

level, distributed models in-turn provide a more accurate representation of the 

physical parameters of the watershed (Juan et al. 2017). The hydrologic model used 

in this thesis is Vflo® – a physics-based, fully-distributed hydrologic model 

developed by Dr. Baxter Vieux [Vieux and Associates, Inc.]. 

Vflo® was the chosen model in this study not only for its ability to accurately 

represent of spatially diverse watersheds, but also due to its wide and successful 

application in past watershed studies in the Gulf Coast region (Doubleday et al. 

2013; Fang et al. 2010; Gori et al. 2019; Juan et al. 2017). This study models Upper 

Cypress Creek watershed in Houston, Texas, which, as discussed in the previous 

section is comprised of a variety of land use classifications. In addition, the Katy 

Prairie region exhibits high variability in soil type, soil depth and vegetative land 

cover characteristics making Vflo®’s high-resolution, gridded mesh well-suited to 

capture the variability in the watershed properties.  

3.3.1. Vflo® Methods  

Vflo® is a fully distributed, physics-based hydrologic model built upon 

geographic information. The modeling software is unique in that multiple forms of 

precipitation data, including multi-sensor (radar) data, can be used as input to 

simulate the rainfall and runoff process across a user defined domain (Vieux & 

Associates 2012).  Vflo® can be applied to represent a variety of sized study areas 

from small drainage areas to an entire watershed extent.  A gridded mesh is created 

across the study area, with resolution to be defined by the user, comprised of 

overland and channel cells which are connected by flow direction arrows (Figure 

3-5). The flow direction is determined by terrain elevation from a digital elevation 

map (DEM) of the study area.  
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Figure 3-5 Vflo®  Model Setup and Flow Network Diagram 

Each grid cell in the mesh contains spatially corresponding infiltration and 

overland parameters relating to soil data, elevation, and land cover characteristics 

that are derived from high-resolution spatial data pre-processed in GIS (Vieux & 

Associates 2012). Three spatial data sets are required: 

1. Digital Elevation Map (DEM) – The DEM is a map of spatial elevation data, 

typically in the form of remotely sensed LiDAR (Light Detection and 

Ranging) output. LiDAR is a remote sensing method of recording 3-

dimensional information of a landscape by using light in the form of 

pulsed laser to measure variable distance to the earth from an airborne 

system (NOAA 2018).  Vflo® derives cell elevation, slope and flow 

direction from these data, which are the driving force of the model. The 

source of the LiDAR used in this study is the Houston-Galveston Area 

Council (HGAC), but DEM can also be obtained from other agencies and 

organizations such as USGS.  
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2. Land use – A land use/land cover (LULC) dataset can be developed based 

on Landsat satellite imagery and Thermal Infrared Sensors, with an 

algorithm classifying the data by overland characteristics into a land use 

category, described in Table 3-2 below. LULC data are compiled by 

sources, such as the National Land Cover Database (NLCD) and HGAC in 

the form of raster data. Associated with each land use classification is a 

roughness coefficient (Manning’s, also in Table 3-2) and a fraction of 

impervious cover. The fraction of imperviousness refers to the 

percentage of urban, developed surfaces over given reference surface 

area (MRLC, n.d.). For example, the NLCD’s urban impervious percentages 

are estimated for every 30-meter pixel.  

The unique roughness values, known as the Manning’s roughness coefficient, 

represent resistance to overland flow associated with characteristics of a land cover 

class (Engman 1986; Kalyanapu et al. 2010). The fraction of imperviousness is 

considered in Vflo® infiltration calculations, while the Manning’s coefficient impacts 

runoff routing calculations which will be described in more detail in coming 

sections.  
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Land Use Classification 
Manning's Roughness (n) 

 [Engman 1986; Kalyanapu 2010] 

Open Water 0.001 
Developed, Open Space  0.0404 

Developed, Low Intensity  0.07 
Developed, Medium Intensity 0.07 

Developed, High Intensity  0.0404 
Barren Land 0.0113 

Deciduous Forrest 0.36 
Evergreen Forrest 0.32 

Mixed Forrest 0.4 
Shrub 0.4 

Grassland 0.37 
Pasture Hay 0.33 

Cultivated Crops 0.4 
Woody Wetlands 0.09 

Emergent Herbaceous 
Wetlands 

0.1825 

Table 3-2 Land Use Class and Manning’s Roughness Coefficients 

3. Soil type – Soil texture classification comes from soil surveys conducted 

by the USDA National Resource Conservation Service (NRCS) for each 

county in the United States. These surveys spatially represent both the 

texture and corresponding depth of the topmost layer of soil. Each soil 

texture classification has related, experimentally derived, infiltration 

parameters known as the Green and Ampt infiltration parameters (Rawls 

et al. 1983). In pre-processing the soil survey data, the soil depth and 

infiltration parameters listed in Table 3-3 are derived and input in the 

Vflo® model builder. These parameters are important in infiltration loss 

calculations in Vflo®, which is modeled via the Green and Ampt 

infiltration method.   
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Soil Texture Effective 
Porosity 

Wetting Front 
Capillary Pressure 

(in.) 

Hydraulic  
Conductivity (in/hr) 

Ks 

Sand 0.417 1.95 4.64 
Loamy Sand 0.401 2.41 1.18 
Sandy Loam 0.412 4.33 0.43 

Loam 0.434 3.5 0.13 
Silt Loam 0.486 6.57 0.26 

Sandy Clay 
Loam 0.33 8.6 0.06 

Clay Loam 0.39 8.22 0.04 
Silty Clay 

Loam 0.432 10.74 0.04 

Clay 0.385 12.45 0.01 

Table 3-3 Soil Infiltration Parameters 

The Green and Ampt equation is employed at each grid cell to calculate 

infiltration. The equation is defined as follows:  

𝑓 = 𝐾 (1 −
𝑀 𝜓

𝐹
) 

 

 
Equation 3-1 Green and Ampt 

 

                           
where f is infiltration, Ks is the saturated hydraulic conductivity, Md is the 

initial moisture deficit, ψ is the capillary pressure and F is the soil depth, or depth of 

infiltration. This method essentially models infiltration as the progression of a 

wetting front through the specified soil depth and is widely accepted as a method of 

predicting infiltration as a function of time in the hydrologic field (Bedient et al. 

2018).  Runoff generation begins in the Vflo® cell when rainfall rates exceed 

infiltration rates, or when the cell becomes saturated (Vieux & Associates 2012).  

Governing Equations  

The rainfall-runoff process is calculated in Vflo® by solving the conservation 

of mass, momentum and energy equations with finite difference calculations across 
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each individual cell of the model domain. The runoff routing is calculated with 

different methods for either overland or channel cells. Overland runoff is routed 

using the Kinematic Wave method, while channel routing is handled by employing 

Kinematic Wave, Modified Puls, or the Jones method, which is chosen in the Vflo® 

user interface.  

The kinematic wave method implies that discharge can be computed as a 

function of depth (Bedient et al. 2018). Kinematic wave routing is built off the 1-D 

Saint Venant equation (Equation 3-2) which is a simplified version of the full 

dynamic wave equation encompassing the conservation of momentum and energy 

(Bedient et al. 2018). The Kinematic Wave Analogy (KWA) for overland flow 

assumes normal flow and negligible pressure (S0=SF), making it possible to apply a 

simple uniform flow equation such as Manning’s equation (Equation 3-3) to solve 

for velocity.  

𝑆 = 𝑆 −
𝑑𝑦

𝑑𝑥
−

𝑞

𝑔

𝑑𝑞

𝑑𝑥
− (

1

𝑔
)(

𝑑𝑞

𝑑𝑡
) 

 
Equation 3-2 Saint Venant 

Equation  

 
Where: 

SF = friction slope,  

S0 = bed slope, 

 q = rate of lateral inflow per unit length of channel, 

 g = gravitational constant.  
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𝑣 =
𝑘

𝑛

𝐴

𝑃
𝑆  

 

Equation 3-3 Manning’s 
Equation 

 
 

Where: 

v = average velocity of an open channel, 

 km = constant for unit conversion (1.49 for units of ft),  

n = Manning’s roughness coefficient,   

A = cross-sectional area of channel,  

P = the wetted perimeter, 

 S0  = the energy or bed slope.  

With simplifying assumptions, the resulting KWA continuity equation for 

overland flow is depicted in Equation 3-4:  

 + = 𝑅 − 𝑖 

 
 

Equation 3-4 Kinematic Wave 
Analogy  

 
 

Where R is the rainfall rate, I is the infiltration rate, q is flow per unit width 

and h is the average flow depth. A full derivation of the KWA can be found in the 

Vflo® Online User’s Guide under Model Theoretical Background (Vieux & Associates 

2012).  

This study applies Modified Puls to channel routing calculations because it 

has been found to best represent storage in channels with mild or low slope (Vieux 

and Bedient 2004). Modified Puls calculates the storage and discharge relationships 

within a portion of channel based on channel geometry by using a finite difference 
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form of the continuity equation and a storage-indication curve (Bedient et al. 2018). 

Channel storage is determined by channel geometry as well as upstream inflow 

during model simulation.  

Radar Rainfall 

An advantage of using Vflo® is its unique ability to model spatially variable 

rainfall input.  This rain on grid method can increase accuracy of the model response 

to historical storms using radar rainfall versus spatially weighted precipitation gage 

data across the domain or using a uniform hyetograph to represent a spatially 

variable storm.  Lumped hydrologic models and most 1D and 2D hydraulic models 

currently require rainfall input in a uniform hyetograph across the model domain. 

The application of radar rainfall in this study will be discussed further in section 

4.1.1.  

3.3.2. Building the Vflo® Model 

A base Vflo® model was created to represent present (2019) conditions of 

Upper Cypress Creek Watershed, including land owned and preserved by the Katy 

Prairie Conservancy (KPC). The base model was built from the newest, high-

resolution geo-spatial data currently available for the region, summarized in Table 

3-4 below. 

Data Set Source Publishing Year  
Digital Elevation 

Map (DEM) 
Lidar from Houston-Galveston Area Council 

(HGAC) 
2018 

Soils Data National Resources Conservation Service (NRCS) 1994 
Land Use National Land Cover Database (NLCD) 2016 

Table 3-4 Vflo® Base Model and Geospatial Data Sets  

The original resolution of the Lidar acquired from HGAC was 1 m, but the 

raster was resampled to a 10 m resolution for enhanced processing time in Vflo®. 

NRCS provides soils data in a shapefile format, which, in this study, was resampled 
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and rasterized at 30 m resolution for Vflo® compatibility.  The Lidar, land use data 

(provided by NLCD as 30m resolution raster) and soils data were imported into the 

Vflo® BOP editor to create the flow network and base model. The base Vflo® model 

captures nearly 400 square miles of drainage area with the primary portion being 

250 square miles of Upper Cypress Creek watershed. The models flow network is 

built from 100 m x 100 m cells with over 130,000 cells in the domain.  

The model was calibrated with two, recent, large storms: Tax Day (April 

2016) and Hurricane Harvey (August 2017). It was further validated with a smaller 

storm that occurred in May of 2016. Simulation of each storm was initiated by 

spatially variable radar rainfall input from a national archive cataloged and 

maintained by Iowa State University (Herzmann n.d.). Using the calibrated Vflo® 

model as a baseline, seven additional Vflo® models were created to explore the 

impact of enhancing the current undeveloped land with natural vegetative cover by 

altering the Manning’s coefficient of undeveloped land. This will be discussed in 

section 5.1 Watershed Impacts of Land Use Changes to Upland Coastal Prairie.  

3.4. Hydraulic Model  

Understanding full watershed response to rainfall events requires not only 

analyses of the hydrologic properties and losses, but also of the floodplain flow 

hydraulics. Computation of channel and floodplain water surface elevation is central 

to defining flood inundation and is defined by the hydraulic properties of the 

particular flow regime (Bedient et al. 2018). Hydraulic models are employed to 

conduct these analyses with computational efficiency. The hydraulic model chosen 

for this study was HEC-RAS, which can perform one-dimensional (1D) or two-

dimensional (2D) hydraulic calculations for natural and engineered channels. HEC-

RAS, developed by the US Army Corps of Engineers Hydraulic Engineering Center 

(HEC) as a River Analysis System (RAS) model, has numerous capabilities including 

steady and unsteady flow simulations, multiple profile analyses, bridge loss 
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calculations, channel improvement modeling, sediment transport computations and 

water quality analysis (Brunner 1995).   

This project uses the latest version of the software, Version 5.0.7, to create 

and run two different RAS models of the same channel: a purely 1D model with 

steady flow analyses and a 2D model for unsteady flow analysis. Both models were 

deemed necessary to answer different research questions which will be elaborated 

on in proceeding sections. The 1D model, developed and calibrated by HCFCD, was 

loosely coupled with the hydrologic model, Vflo®, to analyze watershed response to 

changes in land use composition (Manning’s n-value) by isolating changes in water 

surface elevation in the creek throughout the model domain. The 1D model was 

additionally employed, loosely coupled with the ecological-hydrologic model, to 

model a floodplain representing changes in riparian forest habitat extent in 

response to watershed and climactic changes.  A 2D model was built to analyze the 

overall depression storage capacity of surrounding overbank, undeveloped land, 

which will be the primary topic of discussion in this chapter.  

Pertinent to understanding the HEC-RAS model and application in this thesis 

is acknowledging the model’s limitations. Currently, the 2D HEC-RAS program 

cannot model infiltration, requiring a hydrologic model to be used to model 

infiltrative losses, and cannot simulate spatially distributed rainfall.  The inability to 

model spatially distributed (radar) rainfall influences model calibration and 

accuracy of capturing watershed response, which is elaborated on in section 4.2.  

3.4.1. HEC-RAS Methods  

HEC-RAS is a public domain river hydraulic model. It has become the 

industry standard in the US for hydraulic modeling studies and is widely used by 

universities and consultants in flood insurance studies and flood forecasting (Bass 

Benjamin et al. 2017; Knebl et al. 2005; Yang et al. 2006). The primary function of 

HEC-RAS is calculating water surface profiles for riverine systems which may 

include an entire network of channels or a single river reach (Brunner 1995).  
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Figure 3-6 HEC-RAS Geometry and Cross-section: Cypress Creek and Little Cypress 
Creek 

In conjunction, HEC-RAS has a geographical interface component, RAS 

Mapper, that translates water surface elevation into inundation depth and extent as 

it corresponds to watershed terrain and composition. Required input for the HEC-

RAS model primarily includes channel cross-section geometry, channel network 

connectivity, roughness/energy loss coefficients, starting and ending elevation, 

reach length and upstream and downstream boundary conditions. Terrain data, in 

the form of raster-based digital elevation maps, are an additional input required for 

two-dimensional computation, but are optional for one-dimensional analyses.  

The traditional HEC-RAS model computes water surface elevation between 

channel cross-sections in the reach. The model uses backwater calculations, by 

starting at the downstream cross-section and moving upstream. The governing 
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equations for 1D steady-state analyses and 2D analyses are elaborated on below, as 

these are the two computational methods used in this thesis.  

1D Steady State  

The HEC-RAS one-dimensional (1D) steady flow component can model 

subcritical, supercritical, and mixed flow regime flow profiles which are typically 

influenced by the slope of the channel. For subcritical, calculations begin at a cross-

section with known initial conditions and proceed upstream, and for supercritical 

flow the calculations proceed downstream (Bedient et al., 2018). Subcritical flow is 

the predominant flow profile for creeks within the Houston region due to extremely 

flat topography with low channel slope. A subcritical flow assumption was therefore 

applied for the 1D modeling in this thesis.  

The 1D modeling procedure is governed by the 1D energy equation which is 

computed through an iterative process to solve for the water surface elevation at 

each cross section as water propagates through the channel. A full description of the 

1D steady-state governing equations are included in Appendix B for subcritical flow. 

The 1D model in this study was pre-developed and calibrated by HCFCD. While 

minimal, application of the 1D model will be discussed in proceeding sections.  

2D Unsteady  

2D flow modeling is accomplished by adding a 2D flow domain element to 

the model with corresponding GIS terrain data. The 2D flow element can be 

employed to model detailed channel modeling or detailed channel and floodplain 

modeling, which was the chosen application for this project, in addition to other 

applications including 1D/2D coupled modeling. A 2D flow area is added to the 

model by defining the 2D domain polygon and then designating the computational 

mesh resolution based on desired computational time and overall model purpose 

(Brunner 2016). HEC-RAS 2D, which is inherently unsteady, gives the user the 

option for the model to solve the 2D Saint Venant Equations (the full dynamic wave 



 
 

41 
 

model) or the 2D Diffusive Wave Equation (an approximation to the shallow water 

equations). The diffusion wave model is a step further in complexity than the 

kinematic wave model but is not the full dynamic wave model because it assumes 

inertial terms are negligible in comparison to pressure, friction and gravity terms 

(Bedient et al, 2018). Thus, this method assumes incompressible flow, uniform 

density and hydrostatic pressure and approximates turbulent motion through eddy 

viscosity. The 2D diffusive wave method generally allows the software to run faster 

and was the chosen calculation method for this project because of the size of the 2D 

domain was relatively large (> 300 sq. miles) and the purpose of the model focused 

on overland flow, not detailed channel behavior. The Diffusion-wave approximation 

of the Shallow Water Equations can be defined as follows, in classic differential 

form: 

𝑑𝑄

𝑑𝑡
+ 𝑐

𝑑𝑄

𝑑𝑥
= 𝐷

𝑑 𝑄

𝑑𝑥
 

 

Equation 3-5 Diffusion Wave 
Approximation  

 

where c is wave celerity, D1 is the diffusion coefficient, dQ/dt is the change in 

flow with respect to time and dQ/dx is the change in flow with respect to distance.  A 

large difference between the 2D and 1D modeling simulations is the computation 

method; 2D unsteady calculations are computed through the Implicate Finite 

Volume Solution Algorithm. This requires the use of a sub-grid bathymetry 

approach in which a relatively coarse computation grid is created with underlying 

finer-scale topographical information, i.e. the digital elevation map. The finite-

volume solution scheme allows the user to create a structured or unstructured 

computational gridded-mesh to fit the needs and resolution requirements unique to 

the modelling scenario. Each grid cell contains bathymetry data at a higher 

resolution from which a relationship is computed for the potential water depth and 

corresponding cross-sectional area.  
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3.4.2. Building the HEC-RAS 2D Model  

A 2D hydraulic model was developed to represent the current conditions 

(2019) of the undeveloped, upland portion of Cypress Creek watershed. The original 

domain of the model encompassed the same areal extent as the Vflo® model: 

current KPC property, the overflow area of Cypress Creek (discussed in 4.1.3), and 

east of the confluence of the major tributary, Little Cypress Creek (Figure 3-7).  

 

Figure 3-7 RAS 2D Flow Area with High-resolution Breaklines 

The model was built from the most recently published geospatial data 

corresponding to the region (Table 3-5); for consistency, the same data sets used in 

the Vflo® model were employed in the 2D model.  

Data Set Source Publishing Year  
Digital Elevation Map 

(DEM) Lidar from Houston-Galveston Area Council (HGAC) 2018 

Land Use National Land Cover Database (NLCD) 2016 

Table 3-5 Geospatial and Geometry Input for 2D Model  

The model consisted of one major 2D flow area with mesh resolution of 400 

ft. Within the primary 2D flow area, an additional refinement region was created 
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with higher resolution mesh (200ft) covering the current KPC property and 

undeveloped portion of the watershed of interest to the study. Breaklines were used 

to identify areas of rapid elevation changes (such as major roads, detention ponds 

and tributaries) as well as the main Cypress Creek reach. The breaklines forced 

implementation of a fine resolution mesh surrounding the lines to ensure elevation 

changes were accounted for in cell computations.  

The boundary conditions used in model simulation were rain-on-grid 

precipitation applied to the major 2D flow area, with normal depth boundary 

conditions on the edges of the domain and downstream channel outlet. The rain-on-

grid was simulated via a single hyetograph, SCS type III, for the 10-year, 100-year 

and 500-year 24-hour statistical storms from NOAA Atlas 14. An example of the SCS 

type III hyetograph is shown in Figure 3-8 below exemplifying adjustments that 

could be made to account for infiltration losses estimated by hydrologic modeling 

(Vflo®).  

 

Figure 3-8 NOAA Atlas 14 100-year Rainfall for Cypress Creek Watershed – SCS Type 
III Hyetograph 

The Manning’s roughness coefficients corresponding to the NLCD 2016 land 

use classifications were used for the overland roughness. As the model does not 
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calculate infiltrative losses, fraction of imperviousness was not relevant. The 

Manning’s roughness of the channel was over-ridden with a semi-uniform 

roughness derived from a sensitivity analysis during model calibration.  Two 

different roughness values were applied uniformly to the channel: 

- The inlet of Cypress Creek through Upper Cypress to Katy-Hockley road had 

a higher Manning’s roughness value of 0.1, which is thought to account for 

shallow channel discussed further in section 4.2.1.  

- The remainder of the main reach, downstream to the outlet in the model 

domain, was set at a Manning’s roughness of 0.03.  

The Manning’s values used for channel roughness are similar to the final 

values chosen for the Vflo® model, with less variance. As seen in the calibration 

results (section 4.2.2), the resulting model performance was deemed adequate 

without further channel roughness adjustments. 

The model was calibrated with two historic storms, an April 2016 storm (Tax 

Day) and Hurricane Harvey in 2017. For consistency, these storms were also used to 

calibrate the Vflo® model. However, HEC-RAS cannot model distributed rainfall and 

the rainfall intensity distribution was not uniform throughout the domain for these 

historic storms, especially Tax Day. Chapter 4 discusses the calibration of both the 

Vflo® and the HEC-RAS model, and the discrepancies in recreating these storms 

with two different rainfall simulation techniques is evident.  

3.4.3. Application of the HEC-RAS 1D Model  

The HEC-RAS 1D Model used in this thesis was developed by HCFCD and is 

managed through their Model and Map Management (M3) system. This system was 

developed to manage changes in the Federal Emergency Management Agency’s 

(FEMA) effective floodplain models for Harris County. The main Cypress Creek 

channel geometry and multiple M3 models of major tributaries were combined in 

this thesis to recreate the dominant channel dynamics of Cypress Creek Watershed. 
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The models were last updated in 2014 and are the primary models used by HCFCD 

to make flood-related decisions for Harris County.  

As discussed in the introduction to this section, 1D HEC-RAS was used as an 

additional component in this thesis to interpret hydrologic modeling results.  In this, 

peak flows from Vflo® were input as a steady-state flow file in HEC-RAS and a 

corresponding, resulting water surface elevation was computed for the study area. 

In addition, the primary application of HEC-RAS 1D in this study was in conjunction 

with HEC-EFM to develop floodplains for riparian habitat in response to watershed 

changes. HEC-EFM will be discussed in more detail in the following section.  

3.5. HEC-EFM  

The Hydraulic Engineering Center (HEC) Ecosystem Function Model (EFM) is 

a public domain, statistical hydrologic-ecologic model. The program was developed 

in 2008 by the USACE HEC to help research teams understand the impacts of 

changing flow regimes on ecosystem response (USACE n.d.). HEC-EFM analyses 

involve a combination of statistical analysis of relationships between hydrology, 

hydraulics, and ecology, in conjunction with hydraulic modeling and GIS programs 

to display results and relevant spatial data (USACE (HEC) 2011). This model is 

primarily used as a planning tool for restoration projects to predict changes to 

riverine and riparian species habitat suitability in response to watershed land use 

and climatic changes (Fields 2009; Matella and Merenlender 2015; Matella Mary K. 

and Jagt Katie 2014; Shafroth et al. 2010).  An overview of the HEC-EFM application 

process pertaining to this study is briefly described in this section (diagramed in 

Figure 3-9), but more details can be found in Appendix F. For a full overview of HEC-

EFM and potential applications refer to the online Quick Start User Guide for 

Version 4.0, which was the version used in this thesis (US Army Corps of Engineers 

2017).  
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Figure 3-9 HEC-EFM Process Overview (main input and output) 

The HEC-EFM model is a quick, simple and inexpensive way to diagnose 

ecosystem response based on user defined input that can incorporate expert 

opinion and information. The primary driver of HEC-EFM calculations are river 

hydraulics data including historic, daily mean streamflow and corresponding stage 

data for the area of interest within a channel reach (one or more stream gages). 

Often, historic data are used as a baseline to track ecosystem changes (+ or -) in 

response to changes from stream or overland landscape restoration, or channel 

alteration which inevitably change riverine flow regimes. River hydraulics data are 

linked to HEC-EFM and loaded in DSS format, which is a data storage format specific 

to HEC models (HEC-HMS, HEC-RAS). River hydraulics data were cataloged in this 

study via HEC-DSSVue (“HEC-DSSVue” n.d.).  

In addition to river hydraulics metrics, the primary input is an ecosystem 

relationship for one or more ecosystem functions of interest. Examples include but 

are not limited to wetland health, specific fish or riverine organism habitat 

conditions, riparian seedling requirement or, as used in this study, riparian habitat 

inundation (otherwise referred to as a hydroperiod). In published studies of EFM 

application, this information is derived from literature and expert ecologists for the 

study area.  An example of the user-interface and the specifics for the ecosystem 

relationship is shown below as taken from the HEC-EFM Quick Start Guide.  
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Figure 3-10 Ecosystem Function Relationship in HEC-EFM User Interface via HEC-EFM 
Quick Start Guide (US Army Corps of Engineers 2017) 

HEC-EFM computes the relationship between the input river hydraulics and 

the user-defined ecosystem relationship to result in an output of statistically 

significant stage and flow value. The statistical flow output can then be used as input 

for a hydraulic model to compute the corresponding floodplain extent and 

inundation depth which indicate suitable areas for the corresponding ecosystem 

function. The hydraulic model produces visual results of the HEC-EFM computations 

in the form of maps which can be useful tools for planners and scientists making 

decisions for restoration and channel alteration projects with respect to protecting 

or enhancing ecosystem functions of interest.  
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HEC-EFM Math 

The statistical analysis of the link between hydrology and ecology are the 

foundation of HEC-EFM applications. The statistics, while relatively simple, behind 

the analyses are dependent on four main queries as applied to the flow or stage 

hydrographs: season, duration, rate of change and percent exceedance. From the 

input daily stage and flow data, HEC-EFM computes the flow and stage that meet 

statistical query parameters. For full explanation of these parameters refer to the 

Quick Start Users guide, but a brief summary and examples are provided here in 

Table 3-6.   

Statistical Parameter Description Example 

Season 

Defined by start and end dates 
in EFM; for ecosystem 

dynamics that occur during 
certain time periods. Seasonal 
extracts are taken from each 

year of the flow and stage 
catalog for analysis. 

Fish spawning or tree 
seedling recruitment 

occur only during specific 
seasons of the year 

Duration 

The number of days over which 
EFM should compute the 

minimum or maximum flow 
values 

Fish mortality rates are 
highest when low flows 
are sustained for two 

weeks (HEC-EFM should 
compute the averages 
every 14 days and then 

choose the minimums of 
the averages) 

Rate of change 

Specific to ecological 
parameters that are connected 

to the falling limb and rising 
limb of stage or flow 

hydrographs; 

Cottonwood seedlings 
have the greatest chance 

of survival at a water 
recession rate of no more 

than 10 cm/day 

Percent Exceedance Corresponding to flow 
frequency or flow duration 

Hydroperiod – Riparian 
Forests must be 

inundated for 20-50 days 
per year which translates 

to a user defined 
percentage of time 

Table 3-6 HEC-EFM Statistical Queries and Explanations  
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When two or more of these parameters are defined for an ecological 

relationship, HEC-EFM analyses the hydrologic data set to choose the reoccurring 

stage and flow that satisfies the parameter criteria. HEC created an extension to 

HEC-EFM, HEC-EFM Plotter, which visually displays the hydrograph calculations 

and the frequency-duration curves EFM calculates (if required) to determine the 

statistical stage and flow output values. An example from the HEC-EFM User Guide 

is included below demonstrating the relationship user interface (right) and 

corresponding example calculations for a relationship dependent on percent 

exceedance (similar to this thesis).  

 

Figure 3-11 An Example via the Version 4.0 User Guide (US Army Corps of Engineers 
2017); the relationship is dependent on season and duration queries – resulting is 

the statistical flow meeting parameters in those queries exceeding the 25% 
exceedence probability. 
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Chapter 4 

Calibration and Validation 

4.1. Vflo® 

The goodness-of-fit of the model calibration was determined by the match of 

timing, peak flow, and overall volume of hydrographs at locations with historic, data 

from USGS gages for the corresponding storms. Twelve USGS stream gages reside 

within the domain of the Vflo® model (Figure 4-1). Of these gages, three on the 

main Cypress Creek channel have discharge data, along with one on Little Cypress 

Creek (denoted in red in Figure 4-1). These four gages were used to calibrate the 

model and will be elaborated on in the following sections.  
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Figure 4-1 Vflo®  Model Domain and USGS Stream Gages 

The metrics used to quantify the model performance from hydrograph 

output were the Nash-Sutcliffe Efficiency (NSE), the coefficient of determination 

(R2) and percent difference. NSE is a common performance metric used in 

hydrologic modeling studies and is recommended for use by the American Society of 

Civil Engineers (ASCE) (ASCE 1993).  Additionally, sufficient research has proven it 

an effective metric for overall hydrologic model performance (Equation 4-1) 

(Krause et al. 2005; McCuen et al. 2006).  
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𝑁𝑆𝐸 = 1 −
∑ 𝑦 − 𝑦 ,   

∑ (𝑦 − 𝑦)  
 

 

Equation 4-1 Nash- Sutcliffe 
Efficiency  

 

Where yi is the observed value, ym,I is the modeled value, and y̅ is the average 

observed value (Nash and Sutcliffe 1970). The NSE is a normalized measure 

comparing the mean square error in a model to the variance of the observed, target 

output; it indicates how well the plot of observed v. modeled data fits a 1:1 line 

(Moriasi et al. 2007). The range of NSE lies between 1.0 (a perfect fit) and minus 

infinity. Numerous studies using hydrologic watershed-scale models have resulted 

in an understanding that an NSE of 0.0 to 1.0 is considered acceptable, while values 

greater than 0.5 are considered satisfactory for most models (Moriasi et al. 2007).  

The coefficient of determination is defined as the squared value of the 

Pearson’s product-moment correlation coefficient. The coefficient of determination 

describes the collinearity between the observed and simulated values. In this, it 

describes the proportion of total variance in the observed data that can be explained 

by the model. The coefficient of determination can be calculated with the following 

equation:  

𝑅 =

⎝

⎛
∑ (𝑦 − 𝑦) 𝑦 , − 𝑦

∑ (𝑦 − 𝑦)   ∑ 𝑦 , − 𝑦   ⎠

⎞  

 

Equation 4-2 Coefficient of 
Determination 

Where yi is the observed value, ym,I is the modeled value, y̅ is the average 

observed value and y̅m is the average modeled value. The range of the R2 is between 

0.0 and 1.0 (1.0 describing perfect correlation, 0.0 describing no correlation), with 

higher values indicating better agreement and less error variance (Moriasi et al. 

2007).  

Research has determined that a combination of assessment criteria reinforce 

the model performance evaluation for a single event simulation (Bass and Bedient 



 
 

53 
 

2018; Krause et al. 2005; Moriasi et al. 2007); therefore the percent difference 

between modeled and observed values was additionally calculated for both volume 

and peak discharge at each gage with historic flow data. Consistency of these factors 

and their modeled response during both historical storms is an important factor to 

understand if the model will generally over or under-predict at a specific stream 

gage. This is a simple performance metric that can be calculated as follows:  

% 𝑑𝑖𝑓𝑓. =
𝑋 − 𝑋

𝑋
∗ 100  

 

Equation 4-3 Percent 
Difference                 

  
 

where X0 is the observed value and Xm is the modeled value. A difference of 

less than 20% is considered acceptable for a single event or monthly flow 

simulation (K. S. Bracmort et al. 2006) . 

The Vflo® model allows for calibration by adjusting parameters of individual 

grid cells for infiltration, overland cover, rainfall, and channel dimensions on a 

sliding scale. These parameters can be scaled either up or down from the baseline 

values derived from the original geo-spatial data sets. Specifically, the following 

parameters can be adjusted: Manning’s roughness (n-value), hydraulic conductivity, 

wetting front, soil depth, initial saturation, channel width, channel side slope, base 

flow, rainfall and imperviousness. 

 In order to justify calibrating the model by adjusting these parameters, the 

additional variable component, radar rainfall, is first evaluated to determine 

discrepancy from field measurements recorded at precipitation gages within the 

study area for the corresponding historic storms. In addition, a sensitivity analysis is 

performed as a precursor to calibration to determine which parameters are most 

influential to the model response.  Both analyses are elaborated on in the 

proceeding sections.  
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4.1.1. Rainfall Analysis  

Harris County Flood Control District (HCFCD) collects rainfall data at 

precipitation gages throughout the county. At the time of the 2016 storms, HCFCD 

was collecting rainfall at 9 stream gages in Cypress Creek. This data availability 

provides opportunity to cross-check the NOAA Multi-Radar/Multi Sensor (MRMS) 

radar data for site specific volume and timing accuracy as an aspect of model 

calibration.  

After loading the MRMS radar rainfall into the Vflo® model, hyetographs can 

be exported as a time-series from anywhere in the domain (Figure 4-2). To compare 

the radar rainfall to the HCFCD field measured data, the radar rainfall hyetograph 

was exported from Vflo® at locations of the HCFCD gages. The radar rainfall is taken 

at and stored at 1-hr intervals, while HCFCD gage data are collected in 15-minute 

intervals; the HCFCD gage data were manually corrected to 1-hr intervals for 

equivalence. The two hyetographs were then compared for differences in both 

volume and timing. 

 

Figure 4-2 Example of Hyetograph Display Within Vflo®  User Interface (Tax Day)  
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Results of these comparisons for Harvey, Tax Day and the May 2016 storms 

showed differences in total rainfall volume over the storm duration between NOAA 

radar and gage data of 3-40% for varying parts of the watershed. An example of 

precipitation data comparison from Hurricane Harvey can be seen in Figure 4-3 

below.  

 

Figure 4-3 NOAA MRMS Radar V. HCFCD Gage Data at Mound Creek and FM 365 
(HCFCD Gage 1195) 

Because Hurricane Harvey was a relatively uniform storm, dumping about 35 

inches of rain across Cypress Creek watershed, the discrepancies in the rainfall were 

adjusted for using the calibration scale for overall precipitation in Vflo®. The Tax 

Day storm, however, was more variable in rainfall volume throughout the 

watershed. In addition, the NOAA radar data for the Tax Day storm exhibited 

different timing patterns and generally lower total volume compared to the HCFCD 

gage data. For these reasons, using the rainfall calibration tool in Vflo® was deemed 

inadequate, and gage-corrected NEXRAD (NEXt generation in RADar) data were 

acquired from Vieux & Associates, LLC. The method used by Vieux to correct radar 

rainfall data, referred to as Gage Adjusted Radar Rainfall (GARR), has been shown to 

significantly improve the accuracy of the data and adjust for systematic over- or 

underestimation of rainfall accumulations for storm events (Vieux and Vieux 2005).   

0

0.5

1

1.5

2

2.5

3

3.5

25-Aug 26-Aug 27-Aug 28-Aug 29-Aug

Ra
in

fa
ll 

(in
/h

r)

Storm Duration

Modeled Rainfall (Radar) HCFCD Gage Data

% Difference in total 
rainfall volume: 20.67



 
 

56 
 

The May 2016 storm was significantly smaller in volume, about a 2-5-year 

return period, and the differences in NOAA’s uncorrected rainfall and the gage data 

were small enough to be corrected for through calibration within Vflo®. Ultimately, 

the following rainfall data sources were used, corresponding to each storm:  

- GARR – Tax Day  

- MRMS – Harvey and May 2016 

While more accurate, GARR was not the first method of choice for this study 

because they are not public domain data and must be customized to the specific 

model domain. MRMS was compared to gage data to determine whether GARR was 

necessary to purchase for calibration of the models. MRMS data are available for 

download and public use from the Iowa State Repository of National Severe Storms 

Laboratory (NSSL) (Herzmann n.d.).  

4.1.2. Sensitivity Analysis  

A sensitivity analysis was conducted by adjusting Vflo® parameters by small 

increments and comparing the response of the hydrographs for differences in peak 

flow and time to peak from the baseline in simulation. Baseline scenario is 

considered model response with original parameter values from corresponding 

geospatial data sets and literature values. A hydrograph comparison was conducted 

at designated upstream, downstream and midstream, in relation to the model 

domain, watch points for a 100-yr, 24-hour synthetic storm. The infiltration 

parameters of soil depth and hydraulic conductivity were investigated along with 

the overland and channel Manning’s roughness; each of these parameters were 

adjusted individually while the others were held constant at baseline.  

The most influential parameter on the response of the base model was the 

soil depth. Soil depth in this case is defined as distance from overland cover to the 

layer of clay soil. At the clay layer, known as a clay pan, infiltration becomes 

negligible because the clay layer has an inherently low hydraulic conductivity on the 

order of 0.1 in/hr. Results of the sensitivity analysis showed that increasing or 
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decreasing the soil depth created significant impact on peak flow, demonstrated in 

Figure 4-4. This is notable, not only for model calibration but also for application, 

because soil depth has significant impact on infiltration capacity of the undeveloped 

portion of the watershed which was explained in the literature review of this thesis. 

In addition, soil depth is likely highly variable across the study area which is difficult 

to monitor, document and accurately represent in a hydrologic model. Lumped 

hydrologic models cannot account for soil depth variability at all and instead use an 

averaged soil depth based on survey data for the subbasin; distributed hydrologic 

models can represent the variability in soil survey maps, but accuracy is dependent 

on accuracy of the survey.  

 

Figure 4-4 Soil Depth Sensitivity at Downstream Watchpoint 

The magnitude of the impact on peak was relatively uniform for all three 

watch points. This suggests soil depth in the upland, undeveloped region of the 

watershed impacts riverine response in the downstream portion of the watershed 

(which is predominately developed). 

Additionally, the overland and channel roughness had significant impact on 

the timing of model response. Overland roughness, which is the focus of the model 
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application, affected time to peak and falling limb timing in the hydrographs. 

Channel roughness became an important factor in model calibration because it was 

determined to vary between the historic storms tested and used for calibration. This 

will be elaborated on in the proceeding results section.  

4.1.3. Cypress Creek Overflow  

The Cypress Creek overflow refers to large overflow volume of storm water 

during moderate to severe storm events from Cypress Creek watershed into 

Addicks and Barker Reservoirs just south of the watershed divide (Figure 4-5). The 

overflow on this stream has been acknowledged as a characteristic of the 

watersheds topographic and behavioral features since Addicks and Barker 

reservoirs were constructed in the 1940’s to protect downtown Houston from 

flooding in Buffalo Bayou watershed (Vick et al. 2015). Until recent prospects to 

develop further west into the watershed, the overflow volume had not been 

quantified and minimal attempts had been made to manage the overflow and 

residual downstream flooding impacts.  In 2015, Harris County Flood Control 

District (HCFCD) issued a report summarizing modeling research they had 

conducted to quantify the areal extent and depth of flooding associated with the 

overflow from Cypress Creek and localized runoff.   
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Figure 4-5 Regional Map of Houston Including Study Area and Theoretical Overflow 
(with Harris County Subwatersheds) 

From the study, Harris County estimates overflow occurs at some level when 

rainfall levels reach a 20%, or 5-yr, storm event. Based on this information and their 

modeling results quantifying flow volumes, HCFCD created inflow-discharge curves 

to represent the water that discharges as overflow in their HMS models, which do 

not have the ability to represent overflow innately. As a hydrologic model, Vflo®, 

like HMS, is unable to model the overflow and instead assumes the water stays in 

the channel, which can be seen from the hydrograph in Figure 4-6. To simulate the 

overflow influence in the Vflo® model, a modified version of the HCFD inflow-

discharge curves were implemented to remove an estimated excess of storm water 

from the channel.  
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Figure 4-6 Modeled Hydrograph at Katy-Hockey Gage with Diversion (black) and 
without (dashed) 

The curves were scaled to fit the Vflo® model response as a stage-discharge 

curve, and were placed in two locations along the west-east transition in the creek. 

The general placement of the diversions were based on the HCFCD modeling study, 

and previous work by the SSPEED center in this watershed (Gori et al. 2019; Vick et 

al. 2015).  However, during the overflow calibration and curve-fitting process for 

the model, it was noted that the exact location at which overflow occurs varies 

based on storm intensity, duration, and pattern. Correspondingly, the stage and flow 

volume will not only differ with each storm, but also will be altered by overbank 

topographic changes, development, and antecedent moisture conditions which are 

difficult to account for when modeling storm events within a small window of time.  

The curves were fit to the Vflo® models through a trial and error process 

during calibration by adjusting the inflow’s corresponding water surface elevation 

at the location of diversion channel cell in the reach. This method created 

uncertainty, because as a hydrologic model, Vflo® does not model stage hydraulics 

accurately. Effects of modeling the overflow as a simple diversion by pulling water 

from the system at a single, point location propagate downstream in the Vflo® 
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model and can be seen through the falling limb of the hydrographs. In comparison to 

observed data, the falling limb of the modeled hydrographs declines early, which 

was interpreted as the removal of flow volume propagating downstream.  

Final calibration resulted from using two diversions for Harvey and two 

diversions for Tax Day; each storm required slightly varied stage-discharge curves, 

and the curves placed in different locations along the stream. From final modeling 

results and diversion placement, it appeared that during the Tax Day storm the 

overflow occurred in a more isolated area upstream, while during Harvey the 

modeled overflow spanned a larger extent around the reach’s east-west transition 

curve. 

4.1.4. Results  

The model was calibrated to discharge data from USGS gages at four 

locations in Cypress Creek watershed: Katy-Hockley road (1), the intersection of 

House and Hahl road (2), Grant Road (3) and Little Cypress Creek at Rosehill (4) 

(Figure 4-7).  

 

Figure 4-7 USGS Gages used for Vflo® Model Calibration 

With adjustments to the soil depth, hydraulic conductivity, and roughness, 

the model was calibrated to an above satisfactory level for both Harvey and the Tax 
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Day storms based on NSE (Table 4-1), R2 and percent difference performance 

metrics.  

Storm  Metric Gage Location 

    
Katy-

Hockley (1) 
House & 
Hahl (2) 

Little 
Cypress (3) 

Grant 
Road (4) 

April 2016  
(Tax Day) 

R2 Gage Break 0.63 0.95 0.95 
NSE Gage Break 0.84 0.97 0.97 

Harvey 
R2 0.94 0.88 0.91 0.94* 

NSE 0.92 0.86 0.80 0.92* 

Table 4-1 Model NSE and R2 Results after Calibration 

Quantity and quality of the observed data from USGS was the biggest issue in 

calibrating to these storms. During the Tax Day storm, the gage broke at Katy-

Hockley, and during Harvey a significant portion of the storm went unrecorded at 

Grant Road.  Additionally, previous studies conducted in this watershed by Rice 

University’s SSPEED Center highlighted issues with the accuracy and consistency of 

the data at the House-Hahl gage, and for this reason model performance comparison 

at this gage was not heavily weighted. Discrepancy in the calibration at this gage for 

the Tax Day storm (R2 = 0.63) is, however, thought to partially attributed to building 

the model with new terrain data (2018 Lidar) which shows modifications in the 

terrain near House-Hahl occurring post April 2016. This is elaborated on in section 

4.2.1; but, the changes in terrain potentially resulted in altering the model flow 

network to be unrepresentative of the time-period of the storm, hence altering 

model response at the House-Hahl gage (Figure 4-9).  

The results after calibration for both Hurricane Harvey and Tax Day can be 

seen below.  
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Figure 4-8 Hydrograph results after Calibration – Hurricane Harvey  
Modeled (black) and USGS Gage Data (dashed) 
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Figure 4-9 Hydrograph Results after Calibration - Tax Day 

Additionally of note, the calculated NSE (designated with an asterisk in Table 

4-1) at Grant Road for Hurricane Harvey is based on the modeled timestamps 

corresponding to the recorded gage data. Therefore, the hydrograph for this gage in 

Figure 4-8 is not the full, modeled response. This gage is downstream of a major 

confluence, and because the calibration upstream of the confluence (at Little 

Cypress, House-Hahl and Katy-Hockley) were deemed acceptable, the confidence in 

the modeled response at the gage increases. The timing of the rising limb of the 

simulated response, which can be seen in Figure 4-10, also nearly mirrored that of 

the observed. For these reasons, modeled response at the gage was considered 

acceptable, and it was acknowledged that an important portion of stream response 

was missed by the USGS gage. Peak values observed during both Tax Day and 
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Harvey far exceeded the USGS values recorded during manual stream flow 

measurements at any of the considered gages. This additionally leads to uncertainty 

in the USGS discharge data which are based on rating curves at the channel cross-

sections developed from recorded stage and flow measurements.  

 

Figure 4-10 Modeled Response with Estimated USGS Data Set - Hurricane Harvey 

After calibration, the model was further validated with a smaller storm in 

May of 2016.  The major discrepancy noted in validating the model was the channel 

roughness. Channel roughness was adjusted from a baseline value of 0.04 either up 

or down for each historical storm simulation. Harvey required the highest 

roughness value, and May 2016 the lowest of the three storms. The need for 

adjustment of the n-value could be due to a variety of reasons including vertical and 

horizontal variance in channel roughness and varied depth within the channel 

between storms, presence or absence of debris in the channel during storms, 

uncertainty in the overflow volume and timing, and uncertainty in USGS discharge 

data.  

A few solutions were explored to satisfy the variable channel roughness 

including setting the channel roughness to the composite average roughness for 

Cypress Creek and relevant tributaries which was derived from respective HCFCD 
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M3 HEC-RAS models. This solution returned lower NSE values and less consistent 

volume predictions at the gages. Furthermore, the magnitude and intensity of 

Hurricane Harvey was unprecedented for the region, with an approximate 500 -

1,000 year return period, making the overflow curves and channel roughness 

corresponding to the model calibration an outlier in comparison to the synthetic 

storms to be tested and, therefore, eliminating this calibration from broad 

application. It was decided that the model used moving forward would consist of a 

channel roughness calibration between that of Tax Day and May 2016, with 

overflow stage-discharge curves consistent with the Tax Day model, because these 

storms best reflect the NOAA 2018 100-yr storm rainfall volumes. 

The sections of channel in the model with the greatest variance in channel 

roughness between the storms was the Little Cypress Creek Tributary.  The study 

area of Upper Cypress Creek and KPC property are not impacted by Little Cypress 

Creek, and therefore the variance in roughness and channel behavior here were not 

pertinent for overall study results.  

4.2. Hydraulic Model  
The two-dimensional RAS model was primarily calibrated by evaluating the 

modeled flow volume at USGS gages compared to the observed USGS flow volume 

during historic storm events. Like the Vflo® model, percent difference for total 

volume and peak flow was calculated based on the flow hydrographs at gages along 

main Cypress Creek for Harvey and Tax Day for calibration and May of 2016 for 

validation. The rising limb, peak, and falling limb timing were also taken into 

consideration; however, due to the inability to model distributed rainfall with HEC-

RAS, were not considered primary evaluation metrics and some variance was 

expected. The water surface elevation, in the form of stage hydrographs, was also 

considered in model calibration at the same gages and HCFCD high water marks 

throughout the domain. However, without the model’s ability to consider infiltration 

losses, and with the variance in the observed in Lidar base channel elevation vs. 
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surveyed (described in the next section), variance was expected.  A difference of +/- 

2 ft in WSEL from observed data was generally considered acceptable.   

The storms were simulated by applying a single hyetograph of gage data, 

corresponding to each storm, uniformly across the model domain. The gage data 

was from a Harris County Flood Control precipitation gage located at Katy-Hockley 

road because this gage was closest to the centroid of the model domain. Two 

methods were tested to account for infiltration in the rainfall data for model 

calibration:  

1. Average infiltration returned from the calibrated Vflo® model for the 

corresponding storm was subtracted in fractional increments from the Katy-

Hockley hyetograph.  

2. The Katy-Hockley gage hyetograph was simulated in the HCFCD M3 HMS 

model for Cypress Creek. After storm simulation, a hyetograph of excess 

rainfall was extracted (accounting for infiltration losses in each subbasin 

over the duration of rainfall).  

While differences in the hyetographs from these two methods were minimal, 

and when implemented into RAS both showed improved model response, the 

second method (excess rainfall from HMS) produced slightly improved timing in the 

modeled hydrograph response compared to gage data. The final calibration metrics 

were computed using rainfall from the Katy-Hockley gage and HMS adjusted losses, 

results of which can be found in section 4.2.2 of this chapter.  
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4.2.1. Terrain Evaluation 
There are multiple methods to building a terrain data set for HEC-RAS 2D. In 

study areas with natural or man-made channels, channel cross-sections are often 

merged with digital elevation maps to produce a more accurate representation of 

the underlying terrain and channel dimensions. This method was evaluated for 

application in the 2D modeling for this study. In doing so, it was determined that the 

2018 Lidar (discussed in previous sections of this report) did not accurately 

represent the depth of various sections of main Cypress Creek; the channel bottom 

in the Lidar was shallower than that in the cross-sections based on site survey data 

(Figure 4-11). This likely signifies water was in the channel at the time the Lidar 

data was captured, and the signal was reflected off the water surface.  

 

Figure 4-11 Channel Datum Variance (Lidar V. HCFCD Cross-sections) 

While this is a common issue, it could not be negated in this study area by 

merging the cross-sections into the Lidar because this caused additional datum 

issues at the edges of the channel overbank. A ridge was formed from the elevation 

differences preventing overland flow to the creek. It should be noted therefore, in 
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calibration, that channel depth may be a source of error in the modeled channel 

conveyance. 

 In addition, during the terrain evaluation and calibration, it was noted that a 

large detention area was constructed north of the USGS gage at House and Hahl 

between April 2016 (Tax Day) and 2018 when the Lidar used in this study was 

captured (Figure 4-12). When modeling the Tax Day storm using the 2018 Lidar, the 

area inevitably fills and simulates a detention effect that did not actually occur at the 

time of the storm. This additional detention is believed to account for the difference 

in modeled volume at House-Hahl versus the USGS observed volume, which is 

exemplified in the hydrographs in the proceeding section of this chapter.  

 

Figure 4-12 Detention Constructed north of House-Hahl gage (2016 v. 2018 Google 
Earth Imagery)  
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4.2.2. Results 

The model was calibrated to discharge data from USGS gages at two locations 

in Cypress Creek watershed: Katy-Hockley road (1), the intersection of House and 

Hahl road (2), shown in black numbered circles in Figure 4-13 .In addition, HCFCD 

high water marks were compared to channel WSEL throughout the domain 

(locations noted by red numbered circles also in Figure 4-13). 

 

Figure 4-13 USGS gages (black) and HCFCD high water marks (red) used for HEC-RAS 
model calibration 

After performing a sensitivity analysis for the channel roughness (Manning’s 

n-value), evaluating channel dimensions and terrain issues, and adjusting the 

rainfall hyetograph to account for infiltration, the model was calibrated to a 

satisfactory level for the modeling objective. The final values of the model 

performance metrics are summarized in Table 4-2. The difference between 

observed and modeled water surface elevations are summarized in Table 4-3.  
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Storm  Metric  Gage Location  
    Katy-Hockley (1)  House-Hahl (2) 

April 2016 (Tax Day) 
R2 Gage Break 0.76 

NSE  Gage Break 0.71 
% Difference (volume) Gage Break -10.19 

Harvey  
R2 0.92 0.84 

NSE  0.90 0.82 
% Difference (volume) -9.12 -5.95 

Table 4-2 RAS 2D Performance Metrics after Calibration 

Difference in Water Surface Elevation                                                      
(Modeled - HCFCD High Water Marks) 

Location (HCFCD Gage)  HCFCD 1% Storm Tax Day  Harvey 

(1) 1190 - Mathis Road   0.6 2.01 1.81 

(2) - 1180 Sharp Road  -0.68 -0.2 -0.52 

(3) - 1185 Katy-Hockley  -1.49 -0.84 -0.24 

(4) - House-Hahl -0.75 -1.32 -0.2 

(5) Grant Road  -1.53 -1.8 -1.33 

Table 4-3 Modeled Vs. HCFCD Modeled or Observed High Water Marks 

Again, this watershed is sparsely gaged (in terms of available flow data) and 

experiences frequent gage failures during storm events as exhibited during the April 

2016 storm (Tax Day).  However, the intention of the RAS 2D model was to observe 

the behavior of overland flow dynamics in the Katy Prairie property and therefore, 

the accuracy of channel behavior was not of primary importance. The location of the 

prairie in the watershed, i.e. upstream of Little Cypress tributary, negated the need 

for calibration of Little Cypress Tributary and downstream of the confluence (Grant 

Road).   
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The NSE values, volume, and timing of the channel peak flows during Harvey 

at both Katy-Hockley and House-Hahl ( Figure 4-14 below) were deemed adequate 

to demonstrate the appropriate volume of runoff is reaching the channel from the 

undeveloped upland area of the watershed including KPC property.  As discussed in 

the previous section, the discrepancy observed in the modeled hydrograph at 

House-Hahl with the Tax Day storm is thought to be attributed to the detention area 

north of the gage. This area was constructed between the date of the storm (April 

2016) and the creation of the 2018 Lidar which was used as the terrain base for this 

model (Figure 4-12). 

 

Figure 4-14 Hydrographs (modeled v. USGS Observed flow) at watchpoints for Harvey 
(top) and Tax Day (bottom) 
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Chapter 5 

Study Results 

5.1. Watershed Impacts of Land Use Changes to Upland Coastal 

Prairie  

Land use changes were evaluated in Upper Cypress Creek watershed in two 

phases. The first analysis addressed the current and future potential of undeveloped 

native prairie in the watershed to contribute to natural flood mitigation. The second 

phase investigated the historic land use changes in the watershed, annually, over a 

recent 20-year time span (1997-2017) and how the changes have impacted the 

watershed response to rainfall-runoff. The primary tool for both analyses was 

Vflo®, along with 1D steady-state RAS in phase one.  For phase two, a different 

Vflo® model was used which had been validated and published on a previous study 

by Gori et al from the SSPEED center in 2019 (Gori et al. 2019). Both models are 

built for Cypress Creek watershed; however, each has a unique domain. While not a 

primary component of this thesis research, the results of phase two are 

incorporated in section 5.3 and are included in Appendix E.  

5.1.1. Analyzing the Impact of Native Prairie Vegetative Roughness on 

Runoff Response  

An extensive sensitivity analysis was performed to analyze the impact of 

vegetative roughness in the watershed. The Manning’s coefficient of 100,000 acres 
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in Upper Cypress Creek (Figure 5-1) was adjusted from the associated NLCD 2016 

land use classification roughness values to represent a scenario with altered land 

use classification (Manning’s of 0.1 representing development, and Manning’s of 0.6 

representing complete prairie restoration (Weltz and Arslan 1992). The 100,000-

acre area was chosen because it encompasses the catchment area for all rainfall that 

would enter and leave the current KPC property, and it was identified in a previous 

study conducted by the SSPEED Center and AES Inc. as a site for potential prairie 

restoration and expansion (Apfelbaum et al. 2018).  

 

Figure 5-1 Study Area with 100,000 acres for Roughness Evaluation 

Evaluation of model response at over fifty watch points along Cypress Creek, 

Little Cypress Creek and tributaries showed significant reduction in both peak flow 

volume and timing under conditions of increasing Manning’s roughness. In 

evaluating the model under four storm scenarios, results showed prairie vegetation 

would generally have a more dominant impact during smaller volume storms (2-
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year or 10-year storms) than a 0.2% storm event (Figure 5-2) . It should also be 

noted from Figure 5-2 that within the region of n-value alteration, reduction in peak 

flow was loosely inversely correlated to catchment size (R2 = 0.58 (100-yr)). This 

behavior correlation, however, is weaker when including assessment points 

downstream or outside the areal extent of the n-value alteration (R2=0.37 (100-yr)). 

These results are consistent with field studies on prairie restoration sites, where it 

has been repeatedly noted that overall reduction in peak flow is highly dependent 

on location of restored prairie in comparison to the catchment of interest (Cowdery 

et al. 2019; Schilling and Drobney 2014).  

 

Figure 5-2 Percent change in Peak Flow with Manning’s Roughness of 0.6 versus 
Current Conditions  

In addition, the impact of overflow from Cypress Creek in the middle of 

current KPC property contributed to variability in peak flow reduction at points 
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along the main channel within the estimated overflow and downstream. The 

variability is thought have been caused by the stage-discharge curves used to 

represent the overflow in the Vflo® model (discussed in section 4.1.3); or,  the 

variability could suggest that the some of the reduction in peak flow observed in 

these areas is muted or negligible due to overflow. Because the overflow volume, 

timing and location along Cypress Creek is not fully understood, the results of this 

study are most impactful without considering the overflow phenomenon, as this 

response would be more reflective of other coastal prairie watersheds. The 

detention storage results in the following section, and the water surface elevation 

(WSEL) in Table 5-1 are derived without considering overflow. Due to this overflow 

phenomenon in the watershed, however, results from this study should be 

considered relative for the Katy Prairie region and could vary depending on the 

timing, distribution and intensity of a real storm event.  

The peak flows evaluated in Vflo® for each storm scenario, and each n-value 

condition, were input into a steady flow file in 1D HEC-RAS to evaluate how change 

in peak flow translated to change in water surface elevation in the channel. The 

results are summarized in Table 5-1(100-yr Storm, n=0.6 restoration scenario) for 

the watch points corresponding to Figure 5-3.  

24-hour, 100-yr Atlas 14 Storm  

Location Mathis Road 
(1)  

Sharp 
Road (2)  

Katy-
Hockley (3)  

House-Hahl 
(4) 

Grant Road 
(5)  

Decrease from baseline 
(current conditions) (ft) 0.25 0.6 0.85 0.57 0.35 

Table 5-1 Decrease in Water Surface Elevation Along Main Cypress Creek 
(Restoration Scenario) 
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Figure 5-3 Points Corresponding to WSEL Comparison  

The change in WSEL in Cypress Creek after increasing the overland 

Manning’s roughness is minimal, but large enough to be significant with respect to 

flooding. Further investigation of this is suggested as future work for this study, 

including evaluating the reduction in areal extent of the floodplain or number of 

parcels removed from the downstream floodplain in restoration scenarios. 

However, corresponding to the modeled change in peak flow, the reduction in WSEL 

decreases moving further downstream from the zone of n-value alteration. Current 

development extent is limited westward until near the confluence of Little Cypress 

Creek, which indicates the impact of upstream prairie restoration on removing 

current development from the floodplain may be minimal. The next chapter will 

continue the discussion on the spatial variance in magnitude of runoff-reduction 

both reaching the channel and in overland catchments observed in the modeling 

results.  

5.1.2. Detention Storage  

Detention ponds are designed for the purpose of detaining stormwater 

runoff  over a period of time (typically 24-72 hours) before discharging the water 

off-site or downstream (Bedient et al. 2018). In theory, detention storage is required 

for new development to prevent generated rainfall-runoff from exceeding rates of 

pre-development conditions. On-site detention requirements for Harris County have 



 
 

78 
 

been updated to accommodate rainfall increases from 2018 NOAA Atlas 14 and are 

summarized in Table 5-2 along with the general method from which they are 

derived. The rate at which runoff is allowed to leave the property dictates the 

inflow, outflow and volume of the detention pond design. By this method, routing 

for detention ponds is calculated based on a storage-discharge relationship 

(Equation 5-1):  

𝑄 (𝑡) − 𝑄 (𝑡) =
𝑑𝑆

𝑑𝑡
 

 
 

Equation 5-1 Detention Storage 
Routing (lumped form of 

continuity equation)  
 
 

where Qi is the runoff rate into the detention basin, Qo is the discharge rate 

out of the basin, and dS/dt is the change in the storage volume within the basin with 

respect to time, t. In most cases, the stored water is discharged from the basin is 

through a weir or culvert and the discharge volume is calculated according to outlet 

dimensions and the weir or orifice equations, respectively. According to HCFCD site 

runoff curves, pre-development runoff should discharge at 1.5-2 CFS/ acre. 

Minimum Detention Volumes and Estimation Method for the 1% (Atlas 14) Storm Event 

Project Drainage Area Method  Volume (acre-ft/acre) 

Small Less than 20 acres Atlas 14 Site Runoff 
Curves  

≥ 0.65 
Moderate Between 20 and 640 

acres 
Small Watershed 

Method 

Large  640 acres or larger 

Detailed hydrologic 
and hydraulic 

analysis via 
Watershed Modeling 

Method 

≥ 0.55 

Table 5-2 Interim (2019) On-Site Detention Requirements for Harris County (HCFCD) 

To understand how current detention storage provided by coastal prairie 

compared to HCFCD pre-development standards, hydrographs and runoff rates 

were analyzed both along the channel and corresponding to overland catchments 
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from the Vflo® model. In assessing the hydrographs at watch points corresponding 

to moderate -scale overland catchments under three different land use scenarios 

(n=0.1, urbanized; NLCD current conditions; n=0.6, tallgrass prairie), it was 

confirmed that vegetative roughness imparts a slowing effect mimicking that of an 

engineered detention pond during rainfall events (Figure 5-4). Through this 

relationship, the detention storage capacity of prairie vegetation can be quantified 

numerically as the difference between the urbanized hydrograph and the 

hydrograph of the current conditions or restoration scenario.   

 

Figure 5-4 Example of Detention Pond routing (left) Modeled Results (right) from 550 
acre Plot  

The area between the hydrograph was calculated via the trapezoidal method 

resulting in an estimated storage volume. The volume was assessed at five points 

along main Cypress Creek and 6 overland catchments within the region of n-value 

change to both summarize the detention capacity and analyze corresponding spatial 

variability. The overland catchments varied in size from 280 acres to 915 acres with 

average slopes between 0.5 -3 %. The average detention capacity in acre-ft/acre 

created by the influence of overland roughness is summarized in Table 5-3 for both 

current conditions and restoration conditions compared to the modeled urbanized 

scenario.  
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Table 5-3 Average Detention Storage (acre-ft/acre) 
 

The average storage volume was considered adequate in capturing the 

general storage capacity because there was little variability in calculated storage 

volume between points at both overland and channel catchments (standard 

deviation less than 0.057 acre-ft/acre for 10-yr and 100-yr storm sizes).  However, a 

significant difference in storage capacity is seen at the channel watch points 

compared to overland catchments which suggests the channel base flow regimes 

mute the influence of overland roughness on rainfall-runoff when it reaches the 

channel.  When considering the influence of storm size, the detention storage 

capacity increases with the volume of rainfall, which was an inconsistent finding 

compared to the general reduction in peak flow (channel) discussed in the previous 

section.  

To compare the modeled storage to HCFCD detention requirements, 

hydrographs were generated using the HCFCD site-runoff curves and the Small 

Watershed Method (for catchments smaller than 640 acres). Explanation of the 

methodology of the Small Watershed Model can be found in Appendix E along with 

an example of how it was applied for this study (HCFCD 2019).  Using this method, 

hydrographs were generated for HCFCD’s developed condition (85% impervious 

cover) and HCFCD’s “pre-development” condition (0% impervious) for the 100-yr 

storm and were compared to modeled hydrographs for equivalent sized catchments.  

 
Current Undeveloped Conditions Prairie Restoration/Expansion 

 

Storm Size 
Localized Overland 

Catchment 
Channel 

Catchment 
Localized Overland 

Catchment 
Channel 

Catchment 
10-yr Atlas 

14 
0.16 0.06 0.24 0.12 

100-yr Atlas 
14  

0.37 0.12 0.58 0.25 
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The trapezoidal method was again applied to calculate the volume between 

the modeled hydrographs and those generated by HCFCD’s evaluation methodology. 

By this comparison, it was concluded that HCFCD’s site-runoff curves assume a well-

drained, undeveloped scenario which may negate the effects of vegetative 

roughness. Additional detention storage would need to be provided beyond the 

HCFCD minimum of 0.65 acre-ft/acre if developing a prairie landscape (Figure 5-5). 

This is an indication that if developing a coastal prairie landscape, specifically the 

KPC land, according to Harris County 2019 developmental regulations, rainfall-

runoff will be exacerbated in the watershed and surrounding area.  

 

Figure 5-5 On-Site Detention Storage when Compared to HCFCD 85% Impervious 
Scenario  

In altering the Manning’s roughness coefficient, this study aimed at 

determining the relative impact of overland vegetation on above-ground detention-

like effects. However, without considering infiltration, a large retention effect of 

prairie vegetation is not acknowledged. As discussed in the literature review of this 

thesis and subsequently verified by a recent field infiltration study conducted by the 

SSPEED Center on KPC land, prairie vegetation can increase water-retention 
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capacity of topsoil. A prairie expansion would therefore theoretically increase the 

reduction in peak flow demonstrated by the expansion scenario in this study.  

Information regarding an infiltration estimates relating to the current conditions of 

the undeveloped can be found in Appendix C.  

5.2. Overland Depression Storage Potential 

This study attempted to quantify the retention and detention storage 

potential of terrain depressions, inherent to coastal prairie landscapes, by 

employing a 2D HEC-RAS model.  As discussed in the literature review of this thesis, 

depressions are known to influence the overland flow dynamics and overall 

floodplain response of prairie watersheds and watersheds with marshes and 

wetlands (depressions). As discussed in more detail in section 6.2 (Future Work), 

there is ongoing research in hydrologic modeling to categorize and represent 

depressions appropriately in distributed hydrologic models to enhance overall 

model response accuracy. However, development of this methodology has yet to be 

applied to quantify the rainfall-runoff storage potential of depressions in a 

floodplain. This study was an attempt to understand 2D hydraulic modeling, as 

opposed to hydrologic modeling, as a tool to analyze the influence of natural, 

overland terrain in urban flood mitigation.  

After concluding this portion of the study, potential limitations with a 

hydraulic modeling methodology should be acknowledged: 

1. Using a purely hydraulic model limits detention/retention capacity to the 

bounds of the underlying terrain. If Lidar, which is used as the base 

terrain for the model, is captured after a rainfall event or while any water 

is within the terrain depressions, the full depth of the depressions will not 

be represented in the spatial data and hence not impact the modeling 

results.    
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2. The hydraulic model cannot account for infiltrative processes which may 

affect the speed and volume of runoff in addition to the extent of 

catchment areas surrounding depressions.   

Considering these limitations, both the detention and retention of terrain 

depressions were evaluated quantitatively and qualitatively with the 2D model.  

5.2.1. Detention Storage  

Figure 5-6 exhibits a schematic of the potential impact of depressions on 

rainfall runoff. Shown is the theoretical behavior of overland detention storage 

provided by overland vegetation, discussed in the previous section, and depression 

storage provided by depressions in the landscape. This type of depression storage 

can provide an additional detention effect by slowing the rainfall-runoff as it can 

move from one depression to the next before reaching the watershed outlet or a 

river reach (similar to a maze). Alternatively, a flat terrain is also shown in Figure 

5-6 (bottom), where the absence of depressions is inferred to increase the volume 

and speed of runoff. In a topography with depressions, when rainfall-runoff 

subsides, water can remain in the depressions and then be retained to eventually 

infiltrate or evaporate.  
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Figure 5-6 Diagram of Rainfall-Runoff Behavior with Depressions in Topogrpahy 
(top) versus Flat Terrain (bottom) 

Below (Figure 5-7) is an aerial image from the Katy Prairie region in 1940; 

highlighted in orange are terrain depressions, that at the time of imagery capture, 

were filled with water making them easily discernable in the image. Subsequent, 

available, Google Earth images do not show the depressions as distinctly, making it a 

question of whether the depressions are still as abundant, or if they have been 

eroded or filled in due to land use changes over time. The 2D RAS model served as a 

tool to investigate the presence of depressions and visualize the movement of runoff 

through depressional topography (based on the 2018 Lidar) as a time-series after a 

rainfall event. The 10-yr, 100-yr and 500-yr NOAA Atlas 14 24-hour design storms 

were simulated as rain-on-mesh, and the spatial distribution of the runoff was 

analyzed in ArcGIS at 12-hr increments post rainfall. 
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Figure 5-7 Depressions in Topography - Katy Prairie Region via GoogleEarth Historic 
Imagery 

In this process the Lidar was post-processed in ArcGIS with the hydrology 

toolset to fill sinks in the terrain. This tool fills depressions in the topography that 

water would be retained within and does not account for shallow depressions or 

depressions with shallow banks that water could naturally flow out of. ArcGIS 

identifies this tool as a method for depression delineation within watersheds, but 

this is proven inadequate by the results of this modeling study as shown below.  

Figure 5-8 shows resulting floodplain extent at timestamps after the 24-hr 100-yr 

rainfall event and the terrain depressions identified by ArcGIS are highlighted in 

yellow.  
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Figure 5-8 Modeled Floodplains from the 24-hr 100-year Rainfall Event 

As seen in Figure 5-8, the rainfall-runoff distribution does not coincide with a 

majority of the depressions identified in ArcGIS up to 48-hours after the storm. Yet, 

when looking closer at areas in the floodplain with significant runoff at the 

identified timestamps (Figure 5-9) the depressions become evident 48-hours after 

the rainfall subsides (black).  
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Figure 5-9 Rainfall-runoff in Depressions within the Floodplain 

While this proves the presence of shallow depressions in the current terrain 

reflective of those captured in the 1940 Google Earth imagery (Figure 5-7), it is 

difficult to quantify the volume of detention storage provided by the terrain 

depressions with this method because of the spatial and time variance. Through the 

maps of rainfall distribution at the three increments (12-hr, 24-hr and 48-hr) post-

rainfall shown above, it appears evident that the depressions slow rainfall-runoff as 

the water naturally subsides from these areas over time.  

 A moderate-sized depression (280 ft wide) was identified within the isolated 

area in Figure 5-9 for comparison to flat adjacent land with an estimated equivalent 

catchment basin. Within HEC-RAS profile lines of equivalent length were created for 

each of the two identified catchments (overland and depression) to analyze the flow 

and volume accumulation across each for the 100-year storm. Below, Figure 5-10, 

shows flow hydrographs across each over the storm duration.  
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Figure 5-10 Overland Flow Comparison (100-yr storm) of a Terrain Depression 
versus Adjacent Flat Terrain 

Through this hydrograph comparison it is deduced that the depression not 

only holds a greater volume of water than the adjacent flat land, but it also detains 

the water for longer, as seen by the shifted peak and falling limb of the hydrograph. 

The following section will discuss quantification of retained water within these 

depressions within Upper Cypress Creek. 

5.2.2. Retention Storage  

Retention storage refers to water that is kept against the force of gravity 

above the soil until it is eventually infiltrated or evaporated back into the hydrologic 

cycle. To evaluate retention storage in this study, the domain of the 2D HEC-RAS 

model was restricted to the sub-watershed divide of Cypress Creek to force water 

which would naturally overflow into the watershed on the southern border 

(Addicks) instead downstream to a single outlet. A 24-hour design storm 

hyetograph was used as a precipitation boundary condition over the mesh, and the 

model was run until all water within the channel had left through the downstream 

outlet. Any rainfall remaining in the model domain was therefore considered 

retained in overland depressions (including ponds, lakes and engineered detention).   
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Calculation of the retained volume was restricted to the undeveloped portion 

of the watershed including KPC property and an additional land south of highway 

290 (Figure 5-11), approximately 80,000 acres in total. 

 

Figure 5-11 RAS 2D Flow Area for Retention Modeling  

 The 80,000 acres was all within the bounds of the 100,000 acre study area 

discussed in section 5.1 which ensured total drainage area for Upper Cypress Creek 

was captured. In restricting the overflow to the watershed domain, all rainfall-

runoff entering Upper Cypress Creek was directed downstream, where volume 

accumulation was evaluated just east of the Grand Parkway (Figure 5-11). The 

volume was evaluated using a profile line which extended across the width of the 

“outlet” for this area (including both overland and creek). The volume of flow 

accumulation was then subtracted from the total precipitation volume (evaluated as 

inches of rainfall x area of catchment, 80,000 acres) and the resulting difference was 

water retained overland.  The model simulation duration was between 3 weeks to 

over a month, variant to storm size, to ensure all water within the creek had flowed 

out of the domain, and only overland runoff remained. Results of the total retained 

volume corresponding to each storm are summarized below in Table 5-4.  

 

 



 
 

90 
 

STORM  VOLUME RETAINED (ACRE-FT/ACRE)  

10-YR 0.02 

100-YR 0.09 

500-YR  0.12 

Table 5-4 Retention Capacity of Undeveloped Land (including KPC property) 

This evaluation includes all retention within the domain (including lakes, 

man-made detention etc.) and is not limited to natural depressions. However, it was 

observed that some prominent retention areas included facultative or emergent 

wetlands as categorized by the 2016 NLCD, and a lake on KPC property known as 

Warren Lake. The areas containing retained water ultimately coincided with the 

“depressions” isolated in ArcGIS processing, which confirms that using ArcGIS as a 

tool to estimate depression storage is inadequate because it does not capture the 

effect of depressions on detention, only retention. The total estimated retention 

volume for this area is about 7,000 acre-ft for the 100-year (NOAA Atlas 14) storm.   

5.3. Ecological-Hydrologic Modeling for Restoration Insight  

This portion of the study expanded on the discussed hydrologic modeling to 

integrate the influence of watershed hydrology and creek flow regimes on 

surrounding ecosystem response. Using HEC-EFM loosely coupled with 1D steady-

state HEC-RAS, the current and future habitat extent for riparian floodplain forests 

on KPC property was explored. In conjunction, the land use changes (development), 

watershed runoff response, historic flow regimes and precipitation were 

statistically compared to understand ongoing trends in the watershed and the 

potential influence this has had on ecosystem response. In all, this modeling strategy 

serves as insight to improve environmental restoration efforts in the Katy Prairie 

region and explore the ecosystem response to watershed land use change.  
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5.3.1. Watershed and Environmental Trends  

With the uptick in natural disasters showing evidence of magnification due to 

climate change it is important to understand the influence of climatic changes on 

watershed response. In addition, it is crucial to understand and predict how 

urbanization is impacting watershed response and how land use and climate change 

are interacting to create a compounding effect. Using an annual land use geospatial 

data set developed within Rice’s Kinder Institute (Hakkenberg et al. 2019), the 

annual changes in land use within Cypress Creek watershed were calculated for 

1997-2017. Summarized in Figure 5-12 is the annual increase in developed land 

both within the entire Cypress Creek watershed and in Upper Cypress Creek which 

demonstrates rapid, continuous development in the last twenty years.  The average 

rate of development in the watershed is 0.9% per year over this time period; as of 

2017 this data set estimates the entire watershed to be 48% undeveloped. In 

contrast, Upper Cypress Creek, surrounding KPC property, remains predominately 

undeveloped with approximately 10% developed in 2017. This suggests watershed 

response in Upper Cypress Creek is likely not currently heavily impacted by 

development as urbanization is predominately occurring downstream.  

 

Figure 5-12 Two Decades of Development in Cypress Creek Watershed (1997-2017) 
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However, in conjunction, daily streamflow records from the USGS gage at 

Katy-Hockley Road indicate an upward trend in daily mean streamflow values over 

the same time period (1997-2017). Seasonal Kendall trend tests were performed on 

the daily mean streamflow records at Katy-Hockley road, and the additional gages 

with available data in the watershed (Figure 5-13). The Seasonal Kendall test is a 

version of the Mann-Kendall trend test: a non-parametric test to analyze data 

collected over time for consistently increasing or decreasing trends (Hirsch and 

Slack 1984).  The seasonal trend tests performed on gage data throughout the 

watershed indicated upward trends in daily average flow at a 95% significance level 

from 1997-2017.   

 

Figure 5-13 USGS Gages Tested for Time-Series Trends 

Precipitation records were also analyzed for indications of correlating 

trends. Two sources were analyzed: Katy-Hockley gage data (this is the gage nearest 

KPC land), and NOAA data from the Cypress, Texas Radar Collection Station 

#US00412206.  Daily precipitation data from both sources date farther back than 

available streamflow data within the watershed, and both sets indicate an upward 

trend over the full record (1965-2018). However, when looking at the last two 

decades, the Mann-Kendall trend tests indicate insufficient evidence to declare an 

upward trend of daily precipitation or annual averages. Daily precipitation data 

from the Katy-Hockley gage and daily mean streamflow data at the Katy-Hockley 

gage showed poor correlation performing an ordinary least squared regression on 
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the raw data sets (1998-2018). A summary of results from the Mann-Kendall tests 

are summarized in Appendix A.   

These results are of importance for this study to understand the influence of 

changes in the watershed and climate on riverine response, and hence, ecology that 

is dependent on specific flow regimes of Cypress Creek.  The trend tests and 

statistics of these data sets help determine breaks in the hydraulic period of record 

to isolate for individual impact analysis on ecological functions of interest. The 

following section discusses the application of available stage and flow data within 

Cypress Creek watershed in a coupled hydrologic-ecologic model to understand the 

influence of recent watershed trends on riparian vegetation.  

5.3.2. Riparian Floodplain Habitat Response to Climatic and Land Use 

Changes  

HEC-EFM was applied in this study to understand the influence of changes in 

flow regime of Cypress Creek on three different categories of riparian vegetation: 

shrubs, floodplain forest and dry floodplain forest. Each of these categories 

generally require a different extent of inundation from streamflow annually with 

riparian shrub requiring the most moisture for survival and dry floodplain forest 

requiring the least. Understanding the response of specific riparian species to the 

average annual flow conditions provides insight for stream naturalization, which is 

often a key component in ecosystem restoration projects. In this case, if the optimal 

riparian species are chosen, naturalization could provide significant hydrologic 

benefit to surrounding coastal prairie within KPC property.  

Specific species of trees such as Bald Cypress and Cottonwood, along with 

shrub species such as Buttonbush, were investigated in this study after 

recommendation by local experts (from HCFCD, Trees for Houston, Texas Coastal 

Exchange and Houston Wilderness) as well as a species list from HCFCD’s Bioswales 

projects (HCFCD and CES 2013; Sharitz et al. 2015). Ultimately, it is understood that 

most riparian species, regardless of geographic location, will require a similar 
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number of inundation days for survival.  Consulting literature and local experts, the 

identified species of interest for the watershed were categorized into floodplain 

forest, dry floodplain forest and riparian shrub based on a previous inundation 

study conducted by HEC (Hickey 2011) . The derived inundation periods, also 

referred to as hydroperiods, are summarized in Table 5-5 below.  

Ecosystem Species Example Hydroperiod (days inundated /year) 
Dry Floodplain Forest Cottonwood 20 

Floodplain forest Bald Cypress 50 
Riparian Shrub Buttonbush 200 

Table 5-5 Riparian Categories, Species Examples and Hydroperiods  

The hydroperiod was accounted for in the model by requiring HEC-EFM to 

return statistical results based on a user defined percentage flow. For example, for 

the dry floodplain forest, requiring only 20-days of water inundation each year, 

HEC-EFM computed the 94.5% flow over the season (January 1 to December 31) for 

the specified number of years of record. 94.5% is the percent difference between 20 

days and 365 days per year. The translation of this for EFM input in the user 

interface is shown in Figure 5-14 below, along with a visualization of the 

corresponding computations performed with the hydraulic records (hydrologic 

input) by the HEC-EFM model. 
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Figure 5-14 EFM User Interface – Relationship Tab with Statistical Queries (left), 
Corresponding Output (right) 

Daily streamflow and stage data from the USGS gages at Katy-Hockley and 

House-Hahl from 1998-2018 were used as hydrologic input for the HEC-EFM model. 

The stage data limited the modeled period of record because 1998 was the first year 

of record for USGS stage data at these locations. Within this time-frame, three 

categories of interest were analyzed: a drought year (2011), recent conditions 

(2015 -2018), otherwise referred to as “wet years” where the annual rainfall was 

greater than the annual averages since 1997, and the entire period of two decades 

(1998-2018). These individual categories are referred to as water years, and 2018 

was the most recent year with a full water year of both stage and flow data available.   

Statistical results (flow and stage) for the three ecosystem relationships, and 

the three periods of record were taken from the HEC-EFM output and used as input 

for the HCFCD 1D steady-state HEC-RAS model of Cypress Creek. The steady-state 

hydraulic modeling resulted in habitat extent maps for each scenario, exemplified 

below (Figure 5-15) for the floodplain forests over the entire period of record. The 

map exemplifying the results corresponding to riparian shrub habitat was limited to 

the banks of the channel for all scenarios (drought, wet years/recent conditions, and 
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full period of record) and was not included in the mapped results displayed here for 

simplicity of understanding.  

 

Figure 5-15 HEC-EFM Results for Habitat Extent (Riparian Forest); Current Land 
Conditions and KPC Property Exhibited in Aerial Imagery at Left 

What is of note from these initial results is the habitat extent south of the 

Cypress Creek west-east turn into the overflow area, exemplified by the blue in the 

map at right of Figure 5-15. This area is currently owned by KPC and the EFM 

results indicate that the land could be naturalized, which could contribute to 

slowing and infiltrating some overflow volume and hence reducing inundation into 

Addicks Reservoir. In addition, if the KPC land within the Cypress Creek Floodplain 

is restored to native Indian Grass and prairie vegetation preserves, a naturalized 

riparian corridor could protect the grass from extensive inundation during heavy 

rainfall events. To maintain optimal conditions, prairie grass cannot hold standing 

water for a period greater than 96 hours, and native riparian trees in the Houston 

region can infiltrate up to six-thousand gallons of water per year (Houston 

Wilderness 2019). Increased infiltration of this magnitude would contribute to 

draining prairie grasses near the riparian corridor.  

Figure 5-16 shows the second result of interest from this modeling study: the 

influence of climatic and watershed changes on riparian habitat. In using the 

hydrologic gage data (streamflow and stage) the input is reflective of not only 
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precipitation influence but also changes in watershed composition. More 

information on the influence of change in recent watershed composition due to 

development in Upper Cypress Creek on rainfall-runoff can be found in Appendix E.  

In summary, as exhibited by the map below (Figure 5-16), the EFM model confirms 

riparian vegetation is highly vulnerable to drought (green) and the habitat extent is 

influenced by heavy rainfall and watershed development.   

 

Figure 5-16 Dry Floodplain Forest Habitat Variation Under Varying Watershed and 
Climactic Conditions 

 Table 5-6 summarizes the changes in habitat areal extent for the riparian 

corridor of Cypress Creek beginning north of KPC property and extending to the 

USGS gage at House-Hahl, which is near the current westward extent of 

development.   
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   Areal Extent of Ideal Habitat Conditions (Acres) 

Modeled Scenario   Floodplain Forest 
(20-day hydroperiod) 

 Floodplain Forest 
 (50-day hydroperiod) 

1997 - 2018 Conditions  2655 350 
Drought  256 241 

Recent Conditions (2015-2018)  5090 2512 

Table 5-6 Summary of Changes in Habitat Extent  

Results of this study suggest that if rainfall frequency and urban 

development continue to increase within the watershed, not only will riparian 

habitat extent increase but in conjunction, the overflow volume into Addicks will 

increase. With naturalization and ecosystem restoration south of Cypress Creek 

within the overflow area, efforts could be made to inhibit the natural progression of 

increasing inundation (and hence flooding) within Addicks reservoir. Ultimately, the 

EFM results suggest floodplain forest restoration in the Cypress Creek Overflow 

area, where flood hazard is continually increasing. This would be a form of 

beneficial reuse of land currently uninhabitable due to flood-risk, which may offset 

current flooding and flood damages incurred downstream.  Overall, this finding 

shows the potential usefulness of HEC-EFM in future planning and restoration 

efforts within the watershed.  
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Chapter 6 

Conclusions and Recommendations 

6.1. Conclusions  

As of 2019, still in recovery efforts from Hurricane Harvey, the U.S. Army 

Corps of Engineers (USACE) has proposed developing additional flood mitigation 

infrastructure in the undeveloped portion of Cypress Creek Watershed. Inevitably, 

this will involve some impact to current KPC land and land prospected for future 

prairie restoration. This thesis study has begun to quantify the current detention 

and retention capacity of KPC land and additionally provides insight on the future 

influence of the land in flood mitigation with prairie restoration and expansion. This 

information is pertinent to the investigation of alternative flood mitigation options 

for Upper Cypress Creek in attempts to conserve and protect the current coastal 

prairie from adverse impacts of reservoirs and additional gray infrastructure.  

From the USACE Probable Maximum Flood (PMF) estimates, the Corps 

calculates the need to store 200,000 acre-ft of runoff in Upper Cypress Creek to 

resolve flooding issues for Houston residents downstream. However, in 2015 

HCFCD conducted a 2D hydraulic modeling study to quantify the overflow volume 

from Cypress Creek into Addicks Reservoir (the major cause of downstream 

flooding) which resulted in a total overflow volume of about 23,500 acre-ft during a 

1% storm event (Vick et al. 2015). With the increasing volume of statistical rainfall 

events in the Houston area, and the release of NOAA Atlas 14 rainfall volumes, the 
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volume of overflow for a 1% event in Cypress Creek has undoubtedly increased. A 

large discrepancy will still remain between the PMF, 200,000 acre-ft of storage, and 

even a doubling of 1% overflow estimates.  

The hydrologic modeling efforts in this study concluded that the impact of 

overland roughness relating to tallgrass prairie can contribute to detaining as much 

as 0.6 acre-ft/ acre of rainfall-runoff. Therefore, if the current KPC property, 17,000 

acres, is rehabilitated into pristine, tallgrass prairie, the land could provide 

approximately 10,200 acre-ft of overland detention during a 100-year (NOAA Atlas 

14) storm event. If the prairie is expanded as projected and desired by the KPC, this 

number will increase.  This study estimates the current condition of the KPC land to 

provide approximately 6,300 acre-ft of vegetative overland detention for the 100-yr 

storm event. While these numbers are marginal in comparison to the 200,000 acre-

ft, it must be acknowledged that the PMF is a worst case scenario flooding event, and 

that this has concluded that prairie landscapes have a substantial impact on slowing 

flood waters for events with higher frequency of occurrence in the Houston region 

(2-yr, 10-yr events etc.). In addition, it must be recognized that coastal prairie does 

not exist to mitigate flood waters; as seen through this thesis, prairie substantiates 

as an extremely biodiverse ecosystem providing habitat to a wealth of coastal 

species. Quantifying ecosystem services the landscape provides, however, serves as 

an influential aspect of protecting the land from development in an expanding city 

through deriving economic value for the ecosystem.  

In addition, this study has demonstrated the inadequacy of Harris County’s 

on-site detention policies and requirements for developing natural, slow-draining 

ecosystems. Harris County re-evaluated the on-site detention requirements for new 

developments in 2019 in response to the increasing statistical rainfall values 

published by NOAA Atlas 14.  In quantifying the detention storage created by 

vegetative roughness in this study, it was concluded that if maintaining pre-

development conditions of a slow-draining landscapes like coastal prairie post-

development, Harris County on-site detention requirements should be increased 



 
 

101 
 

from 0.65 acre-ft/acre to approximately 1- 1.5 acre-ft/ acre. This finding is 

additionally substantial when comparing current Harris County detention 

requirements to more astringent detention requirements of neighboring counties 

such as Fort Bend County, located to the southwest of Barker Reservoir. Prior to the 

Atlas 14 updated rainfall values Fort Bend required 0.9 acre-ft per acre for an 85% 

impervious development of less than 640 acres; after the updated rainfall values 

they have added a requirement for additional hydrologic modeling for 

developments greater than 50 acres to determine pre-development conditions.  

As the future land use of this watershed is widely unpredictable and 

predominately dependent on the influence of politics, it is important to have 

predictive tools to understand the influence of land use change on the watershed 

and its natural ecosystems. This study has demonstrated the use of hydrologic 

modeling to quantify the influence of land use change on rainfall-runoff in the 

Cypress Creek Watershed, and in particular, the hydrologic impacts of expansion or 

destruction of native coastal prairie. In addition, the application of the Ecosystems 

Function Model in this study has demonstrated the model’s potential importance in 

future land use planning in the watershed to link riparian ecosystem response to 

changing creek flow regimes. Specifically, this model can be used to predict the 

changes in riparian habitats in response to the potential reservoir construction, 

upstream development, or prairie expansion in Upper Cypress Creek. The 

application of the model in this thesis has concluded that riparian ecosystems are 

and will be vulnerable to climate change and increasing extreme rainfall events. 

However, results show the current KPC property shows potential for riparian forest 

restoration which could be influential in reducing the overflow volume from 

Cypress Creek Watershed and should be considered in KPC’s restoration efforts.  

This thesis has provided methodology to assess hydrologic ecosystem 

services of prairie landscapes as well as quantitative measurements of the influence 

of overland roughness on rainfall-runoff detention in applying these methods to this 

case study for the Katy Prairie in Houston, Texas. Not only do results of this study 
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therefore provide valuable insight for future land use in Harris County and Cypress 

Creek watershed, but they overall exemplify a method of quantification of flood 

mitigation as an ecosystem service. Valuating flood mitigation and other surface-

water related ecosystem services are of high importance today to make policy 

changes toward bettering ecosystem conservation and incorporating it in a regional 

and national plan for resilience toward climate change.  

6.2. Recommendations and Future Work 

In the process of procuring and concluding this thesis work, it seems more 

questions have been derived than have been answered. In addition, recent 

movement has been made by governmental entities to derive plans for a reservoir in 

this Katy Prairie region within Upper Cypress Creek. In all, two main directions are 

perceived and recommended for the future expansion of this work:  

1. A combination of hydrologic modeling and ecosystem modeling to 

understand the influence of a reservoir on the coastal prairie and KPC 

property. Included in this would be understanding the impact of a variety 

of spatially variant prairie restoration scenarios in combination with 

additional low impact, natural flood mitigation infrastructure such as 

small berms for additional detention. In addition, a risk assessment 

should be performed to analyze downstream parcels removed from the 

floodplain in response to proposed upstream detention.  

2. Assessing a new method of understanding the influence of prairie 

potholes and general terrain depressions on hydrologic modeling. In this, 

the end goal would be quantifying the combined influence of depression 

storage and overland vegetation on detention storage capacity of prairie 

landscapes. Proposed methodology for this research is explained in the 

following section. 
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These recommendations are steps that could be taken to improve results of 

this thesis work and overcome incurred modeling limitations. The primary 

modeling limitations in this study were the inability to model infiltration within 2D 

HEC-RAS and the inability to model the behavior of prairie potholes within Vflo®.  

Both of these limitations, if addressed, would enhance the accuracy of modeled 

overland response within the undeveloped portion of Cypress Creek watershed and 

in-turn, result in a more accurate quantification of the overland rainfall-runoff 

storage capacity. The following section discusses potential methodology to address 

modeling prairie potholes (topographic depressions) for future quantification of 

depression storage of Coastal Prairie landscapes.   

6.2.1. Quantifying the Impact of Depressions in Topography on Floodplain 

Storage  

Over the last decade, researchers have been working on developing methods 

and algorithms to incorporate depression delineation in hydrologic modeling for the 

Prairie Pothole region of the United States (Chu et al. 2010, 2013; Wu et al. 2019). 

Recently, delineation algorithms for depressions within digital elevation maps have 

been applied to improve hydrologic modeling in wetland and marsh heavy 

watersheds (Wu and Lane 2016) . The specific algorithms and methodology, 

however, have yet to be applied for quantification of floodplain storage derived from 

the presence of depressions in topography. Additionally, this methodology has yet 

to be applied in hydrologic modeling for coastal prairie, which has vastly different 

hydrologic properties than Northern prairie in the Prairie Pothole region of the 

United States.  

Future work should include implementing these algorithms to identify 

depressions in the DEM of Katy Prairie region terrain, and subsequently adjusting 

the baseline Vflo® model built for this study to account for the influence of the 

depressions on slowing runoff with depression filling-spilling-merging-splitting-

depleting dynamics (Chu 2017). The same delineation and alteration concept could 
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be explored for implementation in a 2D hydraulic model, such as HEC-RAS, or a 2D 

hydraulic model that accounts for infiltrative losses, such as LISFlood (Burek et al. 

2013).  

Ultimately, the aim of the future work being quantification of depression 

storage as an ecosystem service provided by coastal prairie landscapes. 

Additionally, the separation of depression storage from overland vegetative 

detention should be investigated to quantify individual and combined effect. This 

method should then be compared to the HEC-RAS modeling completed in this thesis 

to compare the methodology and isolate specific deficiencies of HEC-RAS in 

modeling topographic depressions, such as wetlands, marshes and prairie potholes.  
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Appendix A. Statistical Tests  

Statistical tests were performed for this thesis primarily with ProUCL, an 

open source EPA program, manually through excel or with MATLAB. Some 

statistical results from ProUCL are included here as example.  
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Time-series  Decision  P-value  

Katy-Hockley Daily Average Streamflow  
(1998-2018) 

Reject the null hypothesis 0.00026 

Katy-Hockley Annual Mean Streamflow  
(1998-2018) 

Do not reject  0.3602 

Katy-Hockley Annual 75th percentile streamflow
(1998-2018) 

Reject the null hypothesis 0.03 

Katy-Hockley Annual Rainfall Totals  
(1998-2018) 

Do not reject  0.4874 

Katy-Hockley Daily Rainfall  
(1986 - 2018) 

Do not reject  0.6047 

Cypress (NOAA) Annual Rainfall Totals  
(1965-2018) 

Do not reject  0.3001 

Grant Road Daily Average Streamflow  
(1998-2018) 

Reject the null hypothesis 1.80E-05 

House-Hahl Daily Average Streamflow  
(1998-2018) 

Reject the null hypothesis 0.0034 

Cypress Creek (% land area developed)  
(1997-2017) 

Reject the null hypothesis 2.00E-09 

Table A-1 Mann Kendall Test Summary (95% Significance level, null hypothesis: the 
data has no trend) 

 

Figure A-1 Precipitation and Streamflow Data for Gages at Katy-Hockley Road (near 
KPC Property) 
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Appendix B.  HEC-RAS 1D Steady-state 

The equation to solve for the water surface elevation for subcritical flow can 

be defined as follows:  

𝑊𝑆 +
∝ 𝑉

2𝑔
= 𝑊𝑆 +

∝ 𝑉

2𝑔
+ ℎ  

 

Subcritical Flow (Water Surface 
Elevation) 

  

Where:  

WS1, WS2 = water surface elevation at computation point 1 and 2 (ex: the 

ends of each reach or two consecutive cross-sections)  

V1,V2 = mean velocities at computation points 1 and 2 

α1, α2 = corresponding velocity/ energy coefficients 

g= gravitational constant  

he = energy head loss 

Energy losses are evaluated with Manning’s equation, friction, and are 

multiplied by the difference in velocity head across each computation point, in turn 

defining channel conveyance for each section (Brunner 1995; Bedient et al, 2018). 

The total channel conveyance is found by summing the conveyance of each section. 

Manning’s equation was previously defined in this report and can be found in 

section 3.3.1, equation 3.3, however, Manning’s equation can alternatively be 

defined in terms of conveyance, as shown by the following two equations:  
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𝑄 = 𝐾 𝑆  

 

Channel Flow as a Function of 
Conveyence 

  

𝐾 =
1.49

𝑛
𝐴(

𝐴

𝑃
)  

Conveyence  
 

 

where Q is the average flow through a section of the reach, K is the 

conveyance between to computation points (section of reach), Sf  is the friction 

slope, n is Manning’s roughness coefficient, A is the cross-sectional area of the 

section of reach,  and p is the wetted perimeter of the section. Area divided by the 

wetted perimeter is traditionally referred to as the hydraulic radius.  
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Appendix C. Vflo® Infiltration 

A random sampling plan of 35 points, distributed throughout the 100,000-

acre study area, was generated in GIS to derive an estimate of the current average 

infiltration potential of the undeveloped land. The results of average infiltration in 

the undeveloped land are summarized in Table C-1 for various statistical storms. 

The infiltration was also averaged when applying incrementing fractions of initial 

saturation to the model before simulating a storm; in response, the average 

infiltration decreased proportionally to the increase in initial saturation.  

24-Hour Rainfall Events for Cypress Creek Watershed 

Storm Return 
Period 

Exceedance 
Probability 

2018 NOAA Atlas 14 
Total Rainfall (in) 

Avg. 
infiltration of 
KP region (in) 

Excess 
Rainfall(in) 

2-yr 50% 4.84 2.79 2.05 
10-yr 10% 8.21 3.49 4.72 

100-yr 1% 16.17 3.96 12.21 
500-yr 0.2% 23.98 4.00 19.98 

Table C-1 Average Infiltration for the 100,000-acre Study Area of the Katy Prairie 
Region 
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Appendix D. Small Watershed Model 
and HCFCD Site Runoff Curves  

The following shows both an example of the application of the small 

watershed model for calculations in this thesis and excerpts explain the method 

from HCFCD Interim (2019) developmental guidelines updated to reflect changes to 

Atlas 14 rainfall events (HCFCD 2019).  

 

Figure D-1 Vflo Modeled Results versus HCFCD Small Watershed Method 
Hydrographs 

Site Runoff Curves 

The equations for the site runoff curves (applied to sites 640 acres or less):  

𝑸 = 𝒃𝑨𝒎 
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Where Q is peak flow, A is the drainage area (acres), b is a variable dependent on 

impervious cover (See HCFCD guidelines), and m is 1.0 for 1 to 20 acres and 0.786 

for more than 20 acres up to 640 acres.  An example of the site runoff curves 

developed by HCFCD with this method is included below for the 100-year event 

(Atlas 14).  
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Figure D-2 Site Runoff Curve Via HCFCD Interim Guidelines 2019 (HCFCD 2019) 
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Small Watershed Method: 

The small watershed method is a method for developing curvilinear hydrographs 

for small to moderate sized (less than 640 acres) drainage areas. The main 

equations used to produce the hydrographs through this method are as follows:  

𝑇 =
𝑉

1.39𝑄
 

 

Time to Peak (Qp) 
 

𝑞 =
𝑄

2
1 − cos

𝜋𝑡

𝑇
 

 

Flow (CFS) for ti<=1.25Tp 

𝑞 = 4.34𝑄 𝑒
.

 

 
Flow (CFS) for ti >1.25Tp 

Where:  

Qp = peak discharge in CFS from Site Runoff Curves (Example above)  

Tp = time to Qp in seconds  

V = total volume of runoff for the design storm in cubic feet  

ti and qi = respective time and discharges which determine the hydrograph shape   

 

 

 

 

 

  



 
 

124 
 

Appendix E. Distributed Hydrologic 
Modeling with Annual Landsat Imagery 
for Cypress Creek Watershed 

As an expansion of the work discussed in section 5.3 of this thesis, the annual 

land-use data (1997 -2017) (Hakkenberg et al. 2019) was employed to model 

changes in peak flow throughout the Cypress Creek watershed in response to 

urbanization or general land use change. A Vflo® model was used for this work and 

was developed for a previous land use study (Gori et al. 2019) for Cypress Creek 

watershed. Major findings from application of the land use data are: 

1.  proportionality between increase in development and increase in peak 

flow and;  

2.  The influence of channel geometry on the rate of yearly peak flow 

increase; wider and deeper channel sections in Cypress Creek had a less 

dramatic effect on increasing peak flow than channel sections (smaller) 

on the Little Cypress Tributary.  

The preliminary results of this work are exemplified in the charts below along with 

examples of the fine spatio-temporal annual Landsat imagery datasets.  
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Figure E-1. Annual Landsat Imagery for the Greater Houston Region (1997 V. 2017) 

 

1997 (top) 

2017 (left) 
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Figure E-2. Cypress Creek Watershed and Observation Points (top), Change in Peak 
Flow and Corresponding Increase in Development (bottom) 
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Appendix F. HEC-EFM 

Below is a full overview of HEC-EFM input, outputs and application for the 

output as take from the HEC-EFM Quick Start Guide for Version 4.0.  

 

Figure F-1 Overview of HEC-EFM via Online User Guide for Version 4.0 (US Army 
Corps of Engineers 2017) 


