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Hydrologic models were used to examine the effects of land cover change on the 

flow regime of a watershed located in North-Central Texas. Additionally, the effect of 

spatial resolution was examined by conducting the simulations using sub-watersheds of 

different sizes to account for the watershed. Using the Army Corps of Engineers, 

Hydrologic Engineering Center Hydrologic Modeling System (HEC-HMS), two different 

modeling methods were evaluated at the different sub-watershed resolutions for four 

rainfall events. Calibration results indicate using the smaller spatial resolutions improves 

the model results. Different scenarios for land cover change were evaluated for all 

resolutions using both models. As land cover change increased, the amount of flow 

from the watershed increased. 
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INTRODUCTION 

     Increasing urbanization brings changes in the types of land cover, and these in turn 

cause several changes within the natural world. One way in which urbanization affects 

the natural world is the hydrology of the urbanizing area. Increases in urbanization 

have been found to increase the quantity of water flowing over land and decrease the 

amount of time to reach peak flow for the over land water. Hydrologic models are 

helpful to predict how changes in land cover translate into changes in the flow regime 

of an area. 

     Several types of models are available to simulate the rainfall-runoff process. One of 

the first choices to make is between models that are public domain and those that are 

proprietary. There are also differences in how models simulate the rainfall-runoff 

process over the area of concern. Lumped hydrologic models take an average over the 

entire watershed area for parameters, such as Curve Number (CN), precipitation, and 

initial abstraction. Distributed hydrologic models typically use parameters values at the 

same resolution as the data input, and are generally more complicated and 

computationally intensive (Beven 2001). 

     This study was one component of the Biocomplexity study at the University of North 

Texas. The goal of the Biocomplexity study is to simulate the relationship of human 

decision making related to developing natural systems, the effects of those decisions, 

and how those effects may be evaluated by humans. As hydrology is a property of the 

natural system to be evaluated, it was necessary to determine how hydrology is 

affected by land cover changes, and create a model to simulate those effects within the 
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Coupled Human-Natural System model loop. The final result of the Biocomplexity study 

is to produce a collection of models that can be used planning tools for decision and 

policy makers to estimate the effects of different land use changes before making the 

final decision to allow changes. 

Objectives 

     The objective of this study was to evaluate how two of the lumped hydrologic 

models, the Soil Conservation Service (SCS) Unit Hydrograph (UH) and Clark UH, used 

by the Hydrologic Engineering Center, Hydrologic Modeling System (HEC-HMS) 

translated changes in land cover to changes in the quantity of runoff. It was 

hypothesized that the quantity of runoff would increase as land cover was changed 

from a natural state to a developed state. It was further hypothesized that the Clark UH 

model would produce results closer to observed values because of the internal 

differences in calculating the flow. Further, it was believed that the finer resolution 

watersheds results would more closely fit the observed data than the more coarse 

resolution watersheds. 

     The purpose of this objective was to provide further insight about how rainfall-

runoff models simulate the runoff generation process to support the creation of a model 

to be used in the Coupled Human-Natural System model. This insight had both 

conceptual and computational implications. Small-Resolution processing requires more 

computing resources, as more calculations are performed. (Beven 2001) However, 

while it is believed to provide more realistic results due to a more direct representation 

of on ground parameter values throughout the area where the calculations are taking 
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place, the increases in computational resources can make the advantages gained 

unacceptable. (Beven 2001)  

     To accomplish this objective, data were collected from various sources then 

prepared and processed to extract information about the area of interest. Some of this 

information was used for other portions of the Biocomplexity Natural Systems Model. 

The significance of this study was the supplementary understanding of some of the 

underlying processes concerning how precipitation is converted to excess rainfall and 

the to overland flow in existing, popular hydrologic models, and the potential use of this 

understanding to develop a stand-alone hydrologic model for the Biocomplexity Natural 

Systems Model.  

     To achieve the objective of this study, the U.S. Army Corps of Engineers (USACE) 

HEC-HMS was used to evaluate the SCS and Clark UH models. HEC-HMS allowed for the 

use of two different types of lumped hydrologic models using the same data. In 

addition, three spatial resolutions were evaluated. HEC-HMS was used as a coarse-

resolution model for the four watersheds that were delineated near the operational 

limits of HEC-HMS, 259 km2. These watersheds were then divided to yield 17 

watersheds for the medium-resolution evaluation. The 17 watersheds were delineated 

in an attempt to divide the original four watersheds into four watersheds each. For the 

fine-resolution model, the four watersheds were further separated into a total of 59 

watersheds. The delineation of the 59 watersheds closely followed the flow path of the 

minor tributaries of the area, with a few exceptions. The watersheds upstream of a 

USGS stream gage located near Sanger, Texas were calibrated using precipitation 
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gathered from a Next Generation Radar (NexRAD) and the observed flow data from the 

USGS Gage. There were no gages in the Green Belt Corridor (GBC) study area 

watershed, therefore the parameter values were estimated from those of the other 

watersheds. The land cover file for the GBC study area watershed(s) was manipulated 

to simulate land development from a rural state to a developed state and the results of 

the different simulation types were compared. 

Study Area Description 

     The North Central Texas region is one of the fastest growing areas in the nation. 

Denton County was the 28th fastest growing county in the nation according to the 2000 

Census. Although Denton County experienced a great deal of growth, a large portion of 

the County has not been developed. The Study Area comprises the watershed between 

Lakes Lewisville and Ray Roberts, and is a predominantly rural area. The watershed 

was delineated using the Arc Hydro extension for ArcMap™ 8.3, a geographic 

information system (GIS) developed by Environmental Research Systems Institute 

(ESRI). The primary study area was approximately 264 km2 and was located in the 

north-central portion of Denton County, Texas. A United States Geological Survey 

(USGS) gaging station was used as the western boundary for the watershed. Fig. 1 

shows the study area watershed and nearby features: 
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Figure 1. Study Area Watershed and Surrounding Area 

    The study area watershed is an ungaged area. Therefore, preliminary flow 

measurements were taken from a point near the outlet for the study area watershed. 

However, the influence of lake height on the stage height for the Elm Fork of the Trinity 

River at this location precluded developing a stage height to flow relationship. 

Therefore, additional watersheds were delineated on Clear Creek to take advantage of 

ry, and then the flow data from 

the gaging station were used as the inflow for the study area. Fig. 2 shows the study 

area watershed and the additional watersheds along Clear Creek: 

the USGS gaging station acting as the western bounda
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Figure 2. Clear Creek Watersheds and Surrounding Area 

   The four watersheds were further separated into 17 and then 59 watersheds to 

evaluate how spatial resolution affects HEC-HMS results. Fig. 3 and Fig 4 show the 

watershed identification numbers for the 17 and 59 watersheds, respectively: 
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Figure 3. 17 Watersheds and Surrounding Area 
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Figure 4. 59 Watersheds and Surrounding Area 

 Hydrologic Model History 

     The use of mathematical equations to model rainfall - runoff is a continuously 

evolving practice that can be traced back over 150 years. In 1851, an Irish engineer 

named Thomas James Mulvaney published a simple equation:  

RCAQp =     Equation 1.  

where Qp  is the discharge, C  an empirically determined coefficient, A  the catchment 

R  the rainfall intensity (Beven 2001). area and 
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     This model is sometimes referred to as the rational method because the amount of

discharge is expected to increase with an increase in either catchment area or rain

intensity in a "rational" manner. The coefficient is in place to illustrate that not al

rainfall becomes runoff (Beven 2001). 

 

fall 

l 

as 

within one hour, Zone 2 would reach the reach the 

n of 

 

(Beven2001; Kilgore 1997).  

     The rational method was an early attempt to explain a complex process. Where

some components necessary to describe the problem are present, many are absent and 

their means of action are often not fully understood. The coefficient for this method 

varies from location to location and from one storm event to the next. This meant the 

model can be a poor predictive tool. In 1921 C. N. Ross introduced the idea of 

segmenting the catchment based on travel time to the discharge point. This resulted in 

catchment zones based on the time step used for the analysis. Zone 1 being the area 

that could reach the discharge point 

discharge point in two hours, and so on. This method was a more realistic definitio

the rainfall- runoff relationship, and possibly one of the first attempts, at least 

conceptually, at a distributed hydrologic model (Beven 2001; Kilgore 1997).  

     Sherman (1932) built upon the work of Ross producing what he termed a 

"unitgraph" and what is now known as the unit hydrograph (Beven 2001). Sherman

used the concept that runoff from different areas within the catchment will reach the 

discharge point at different times, and the assumption that the travel time from a 

location does not change with regard to the amount of rainfall, to develop a distribution 

over time that was not linked directly to the location where the runoff originated 
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     All the models mentioned to this point rely on the linearity of the travel times. 

assumption is known to be a source of e

This 

rror. The linearity assumptions were made 

of 

 

se relationship between soil moisture conditions and the ability of the soil to 

ll is 

of 

s 

difficult of the two. Practical 

experience suggests t eling the flow 

n of 

 

because it makes the equations less tedious to compute. Despite the assumption 

linearity, the Sherman model performs surprisingly well (Beven 2001; Kilgore 1997). 

     Inaccuracies introduced by assuming a linear travel time generally do not impact 

model results more than the problem of deciding how much of the rainfall is 

transformed into runoff. Robert Horton (1933) published a paper just one year after 

Sherman on runoff production after the infiltration capacity has been exceeded. The 

infiltration capacity is the amount of water the soil can absorb. Horton's results showed

an inver

intercept rainfall. This meant that as the soil becomes more saturated, less rainfa

held increasing the amount of runoff generated (Beven 2001). 

     Perhaps the greatest problem for a hydrologist is that of determining the amount 

effective rainfall. Effective rainfall is that portion of rainfall equal in volume to the 

amount of runoff produced by a storm event. Beven (2001) states, “In general it i

accepted that the runoff production problem is the more 

hat the complexities and nonlinearities of mod

generation processes are much greater than for the routing processes, and that 

relatively simple models for the routing may suffice” (Beven 2001). 

    Horton based his work on experiment and determined an empirical function to 

explain the decrease in infiltration over time. Many equations exist for the estimatio

infiltration. Some of these equations try to simplify the nonlinear Darcy flow equation
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used by Green and Ampt (1911). A common problem for hydrologic models has been 

how to determine the infiltration of soil at a scale well beyond the scale of variations

soil infiltration in the field. It has been reported that soil infiltration rates can vary ove

an area

 in 

r 

 as small as 1 m2, while even the most detailed distributed models usually have 

 

 

ical advances both data collection and computational abilities have 

e 

a grid scale of 90 m2 (Beven 2001). 

     Another important infiltration method was the SCS CN approach described by 

McCuen (1982). According to McCuen (1982) the SCS CN method is a purely empirical 

method that was based upon the assumption that the ratio of actual runoff and 

potential runoff could be related to the ratio of actual retention to potential retention. 

However, according to Beven (2001) any supporting data were collected after the 

method was developed, suggesting that it was not developed in an empirical setting, 

but was later shown to have strong  relationship to observed data. Today, this method

is used in some distributed hydrologic models to predict the amount of effective rainfall

based upon the type of soil and land cover present. Some lumped hydrologic models 

also make use of this method, using an average value for the CN throughout the 

watershed (Beven 2001).  

     Technolog

allowed hydrologists to develop more complex models in recent years. As computers 

have become more available, the number of hydrologic models has increased as well. 

In the 1960’s one of the first successful hydrologic models to be used in a digital 

environment was the Stanford Watershed model developed by Norman Crawford and 

Ray Linsley at Stanford University. Since this time, numerous hydrologic models hav
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been developed using different parameters and various degrees of complexity (Beven

2001). 

     Hydrologic models have further evolved by using data gathered from remote 

sensing instruments. Satellites that or

 

bit the earth can be used to gather information 

 about 

 

ic 

e 

 accessible for irrigation, 

scussed how 30 years of urbanization within a Taiwanese 

watershed had increased the peak flow by 27% and reduced the time to peak flow by 

four hours. The study of land cover change effects on the hydrology of watersheds has 

been an important topic for many users of hydrologic models. Post et al. (1996) used a 

about the type of land cover present. Aircraft can also be used to gather data

elevation, land cover and other information used as inputs for hydrologic models. This

data can also be entered into a Geographic Information System (GIS) for further 

analysis, and sometimes for the modeling process itself. 

Land Cover Change and Hydrologic Modeling 

     Early hydrologic models, for the most part, were created to assist predict hydrolog

responses within their areas of concern. It was crucial that engineers designing a bridg

be able to estimate the amount of force applied to a support column of a bridge by a 

stream during extreme flow conditions. Land managers were also concerned with 

hydrologic modeling to determine how much water may be

storage, and other purposes. As concern about the environment has increased, another 

group focusing on hydrologic modeling is the ecologists. The interests of this group 

often vary based upon the conditions they are interested in (Falkenmark & Chapman 

1989). 

     Cheng and Wang (2002) di
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lumped hydrologic model to simulate the effects of a large area of a watershed being 

 

r 

uction over the next ten years 

d (Post 

il 

nditions, urban areas produce a much greater quantity of runoff. Bronstert 

ter, or grid. A raster dataset contains information about an input, i.e. 

elevation, in a continuous fashion. However, a raster represents the information using 

clear cut. The simulation results provided a better characterization of the hydrologic 

behavior of the watershed than analysis of the raw data because the model was able to

account for variations in local rainfall and temperature and the non-linear response of 

stream flow to these conditions. Model results showed a marked increase in runoff fo

the years following the clear cut and then a gradual red

until the area was releasing less water as runoff. Reduction in runoff production was 

attributed to the transpiration of the new vegetative growth within the watershe

et al. 1996). 

     Bronstert et al. (2002) discussed how urbanization can have a mitigating effect on 

runoff production. This study noted when soil moisture conditions are higher and the 

intensity of the rainfall is lower, urban areas seem to be able to produce less runoff 

than would otherwise be assumed. The ability of sewer systems to route and retain 

some rainfall, preventing it from becoming runoff, was one reason for the reduced 

runoff production. For higher intensity rainfalls, especially with drier antecedent so

moisture co

et al. also discussed the problem associated with the spatial heterogeneity of the data 

generally used in hydrologic models. 

      Most distributed hydrologic models require data inputs derived from the 

environment. Generally, these data are provided in the form of a collection of values 

called a ras
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an averaged approach. For example, if a terrain were to be draped by a lattice of 30 m 

x 30 m cells, the average elevation of the terrain within each individual cell would be

considered the elevation value for that square. As the spatial resolution improves

size of the individual cell becomes smaller, and the heterogeneity is reduced decreasing 

the amount of possible error. However, computation time is greatly increased, often 

beyond the point where the reduction of error is valuable. 

     The original resolution of the raster files collected from various sources for this was 

30 m. Initial 

 

 the 

computations within the Couple Human-Natural Systems Model at this 

resolution were considered too lengthy. Therefore, the data files were resampled to 

yield a cell resolution of 90 m, significantly reducing the number of cells, and 

decreasing computation time. 
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METHODS 

     The hydrologic models selected for this study use physical characteristics of the are

to simulate the rainfall-runoff process. There were no data readily available; therefore

the data were collected from a variety of sources. Some flow data were also collected

though there were significant problems at the collection site that prohibited further 

collection or the inclusion of that data in any analysis. 

     The physical data needed for parameter extraction were: land cover, hydrologic s

group, digital elevatio

a 

 

, 

oil 

n model (DEM), and the stream network. These data files 

. 

 

. GIS 

ul programs and facilitate the collection and analysis of environmental 

features.  

 

e 

provided the foundation for additional files needed to delineate watershed boundaries, 

identify CNs, and to determine several watershed characteristics needed for simulation

     The data were collected in digital formats that were compatible with ArcInfo™, a

Geographic Information System (GIS) created by Environmental Systems Research 

Institute (ESRI). A GIS is a software program that allows the user to display spatial 

information, and perform analysis on attributes associated with features displayed

are powerf

     Once the data were collected, many datasets underwent processing using one of the

GIS programs used to provide additional data files needed. These processes are 

explained in greater detail in the following subchapters Some datasets were 

transformed from one datatype to another, while other datasets were used to produc

new files.  
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     An extension to ArcMap™, a part of the ArcInfo™ desktop suite of programs, known 

as Arc Hydro, was used to modify or extract information from the elevation data to 

f 

 

erent processes were used to gather the information 

     An extension to ArcView™ 3.2, known ns, 

but was able to produce files that could b e 

y Arc Hydro we u

ced by Ar

 the ArcV ™

ut files were produce th

s. Initial simulations using  D

ity Coupled Human-Natur y

excessive for their purpo . 

del in a continuous he computation time 

 

delineate the watershed boundaries. Arc Hydro was selected to process the raw 

elevation because of the ease of use and area to be processed. The raw elevation data 

contained an area much larger than the areas of interest, and the processing speed o

the computers with Arc Hydro were much faster than those with ArcView™ 3.2. Once

the boundaries were identified, diff

necessary.  

 as HEC-GeoHMS, performed similar functio

e directly imported into HEC-HMS. Many of th

sed as the foundation files for HEC-GeoHMS. 

c Hydro, were needed fro HEC-GeoHMS and 

 environment or ArcInfo™ environment. 

e information needed was used to perform 

istributed Hydrologic Model developed by the 

stems model group revealed the computation 

As the goal of the distributed model was to run 

loop, it was decided t

same files produced b re 

Some additional files, not produ

were either produced within iew

     Once the inp d, 

simulation the

Biocomplex al S

times were ses

as part of a larger mo

needed to be reduced. This was accomplished by resampling the foundation data from 

the original 30m grid cell size to a 90m grid cell size. Once the foundation files were

resampled the same parameter estimate extraction processes were performed to 

produce new files corresponding to the larger cell size.  
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     The parameter estimates from these files were then used as the information for th

simulations. Results of these simulations were compared to observed data from USGS 

Gage Number 08051500 located near Sanger, TX. Changes were made to the model 

parameters in an attempt to reproduce the collected data. For the coarse-resolution 

model, the GBC watershed parameters were estimated using the values from the C

Creek Lower watershed. For the other resolutions, the parameter values were changed

as a percentage of the original value to calibrate the models, therefore this was not 

deemed necessary.  

     Once the models were cal

e 

lear 

 

ibrated to fit the observed flow hydrographs for each 

ational Land Cover Dataset (NLCD) files were downloaded from the 

USGS seamless website: http://seamless.usgs.gov/website/seamless/viewer.php

rainfall event, they were used simulate changes in land cover. The changes occurred 

from natural states to developed states. In the distributed model it was possible to 

evaluate the changes based on their location within the watershed. For the lumped 

models, the changes affected only the average CN values. It was believed that there 

was significant importance with the location, as well as the amount and type, of 

changes.  

Data Collection 

     The DEM and N

. Both 

 raster format by using the coordinate extract tool from data files were downloaded in

the website. The coordinates entered were in Decimal Degree format. The following 

were used as the bounding coordinates for the downloaded area: West -97.976257; 
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East -96.734868; North 33.816215; and South 33.0456595. This bounding box created 

an area much larger than the area of interest for this study.     

     The NLCD was selected because of its availability and recognition. More recent land 

cover classifications were available, but did not have the same national recognition and 

did not cover the entire area of Clear Creek watershed. Table 1 describes the NLCD 

land cover types and their numerical classification that were found within the Study 

Area and Clear Creek watersheds. 

     The soils were downloaded in shapefile format for all four counties (Cooke, Denton, 

Montague and Wise) individually from the 

website: http://soildatamart.nrcs.usda.gov/. 

The data were downloaded by selecting Texas 

as the state and then selecting each County 

individually. The shapefile and corresponding 

attribute information was downloaded, as well 

as additional attribute tables that can be used 

 table, such as the 

 

Table 1. Land Cover Descriptions and Values 

Land Cover Description Value 
Open Water 11
Low Intensity Residential 21
High Intensity Residential 22
Commercial/Industrial/Transportation 23
Bare Rock/Sand/Clay 31
Quarries/Gravel Pits/Strip Mines 32
Deciduous Forest 41
Evergreen Forest 42
Mixed Forest 43
Shrubland 51

to extract other attributes not contained in the 

standard shapefile attribute

hydrologic soil type. 

     The Natural Resource Conservation Service (NRCS) of the United States Department 

of Agriculture (USDA) has identified four classes of soils based upon their drainage

characteristics within the Soil Survey Geographic (SSURGO) Database. These soil types 

have also been called the Hydrologic soil types. The four classes are listed as the first 

Grasslands/Herbaceous 71
Pasture/Hay 81
Row Crops 82
Small Grains 83
Urban/Rec Grasses 85
Woody Wetlands 91
Emergent Herb Wetlands 92
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four letters of the alphabet. Class A soils are characterized as having high infiltration 

rates. The soils are deep an sands and gravels. Class B 

 

o 

d well to excessively well-drained 

soils have moderate infiltration rates, are deep or moderately deep and moderately well

to well drained soils with coarse textures. Class C soils have slow infiltration rates. Class 

C soils may have soil layers which impede the downward movement of water and 

exhibit moderately fine to fine textures. Class D soils have very slow infiltration rates. 

The soils are typically clayey, have a high water table, or are shallow to an impervious 

layer. The other category which may be found in a Hydrologic soil types soils GIS layer 

is open water. (TR-55 1986) 

     It was observed that there appears to be errors in the way in which hydrologic soil 

types were classified during the soil surveys of different counties. There are distinct 

lines between Cooke and Denton Counties where it would appear the same types of 

soils were classified differently. This was mentioned to a USGS field representative, wh

responded that the USGS is aware of such problems and has plans to remedy these 

issues; though there is no clear timeline for when work on these issues will being. The 

problems were displayed in Fig. 5 below, while Fig. 6 highlights the difficult areas with 

the county lines:  
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Figure 5. Hydrologic Soil types 

Fig. 6 below also highlights the concentration of Type A, well draining, soils in Cook
County. This was reinforced by the fact that 605 cells in the CCM water and 156 cells in 
the CCU watershed, accounting for more than 

e 

95% of the Type A soils. Montague 

ed 
seemed to have identified fewer Type D, poorly draining, soils than surrounding 
counties. This was reinforced by the fact that only 2817 cells in the CCU watersh
were identified as Type D soils, while the other watersheds had well over 15,000 cells 
identified as Type D soils. 
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Figure 6 . Hydrologic Soil Classification Issues 

     The stream network was also a shapefile and was downloaded from the USGS 

National Hydrography Dataset online mapping system at: 

http://nhdgeo.usgs.gov/viewer.htm by creating an extract polygon around the 

Hydrologic Unit Code (HUC) 12030103, the HUC containing the Elm Fork of the Trinity 

River, for the NHDLine feature. Once the data files were collected, all files were 

reprojected to Universal Transverse Mercator Zone 14N, North American Datum 1983 

(NAD83) using the projection wizard interface accessed through the ArcToolbox.  

 

 

21



Elevation Information Processing 

     The DEM was used as the foundation for all elevation related data files required for 

the distributed and lumped hydrologic models. The steps were performed in an iterative 

manner so that the large area, which covered an area much larger than the watersheds 

of interest, was reduced to an area completely containing the watersheds of interest 

and the processes were ran again using only the files within the smaller area. The first 

operation performed on the DEM using Arc Hydro was reconditioning the DEM using the 

stream network from the USGS. Whereas the stream network used was not an exact 

representation of the stream network on the ground, it was the best data set available 

and the resources were not present to improve the data. This process may also be 

called "stream burning". There were three parameters for this process. The first was 

the vector buffer which sets the number of cells away from the stream line that were 

processed. The default value of five was used. The next parameter was the smooth 

drop/raise. This parameter controls the amount, in vertical units, that the elevation was 

to be changed. The default value of 10 vertical units was used; positive values resulted 

in a dr gative values resulted in an increase. Once Arc Hydro 

computes the smooth drop/raise for the stream network, the program computes the 

sharp drop/raise on the same grid cells. The sharp drop/raise dropped the grid cells in 

the trench an additional 10 vertical units. 

     A fill sinks operation was then performed on the reconditioned DEM. The fill sinks 

operation ensures that no grid cell allowed water in, but not out. Once the 

reconditioned DEM had the sinks filled the result was a "hydrologically corrected" DEM, 

op of elevation while ne
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a DEM that insured water moved in roughly the same general direction water moved 

over the land. This DEM was used to produce the flow accumulation and flow direction 

data files. The flow accumulation value for a specific grid cell was the total number of 

grid cells that contributed rainfall-runoff to the grid cell of interest. The flow direction 

was the value for a specific cell of the direction that cell would release rainfall-runoff. 

The slope and aspect data files were not derived from the hydrologically correct DEM; 

instead they were processed from the original DEM.  

Watershed Delineation - Arc Hydro 

     The flow accumulation grid was then used to define cells as being in a stream or not 

based on either the size of the drainage area, or number of cells accumulated. Using 

the stream definition text boxes an area of 3 acres, 1.21 ha, was used to identify grid 

cells as being in a stream. The next step was to use the stream definition grid to 

develop a stream segmentation grid. The stream segmentation processed defined cells 

as head segment, or part of a segment between two junctions. All of the cells in a 

segment were given the same unique value.  

     Once the stream network was defined and individual stream segments were 

separated, grid based catchments were delineated. This processed assigned grid co

values based on which catchment the grid cell belonged. Catchments were similar to 

very small sub-watersheds. The catchment grid file was then used to produce a vector 

file of catchment polygons, while the stream segment grid file was used to produce a 

vector file for the drainage line network. The stream definition threshold value of 3

acres was used because this value produced a stream network closely resembling that 

de 
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of the existing stream network shapefile. Each catchment was given a unique id

value, and each stream segment was given a unique stream identifier as well as an

identifier for which catchment the stream segment belonged. Fig. 7 shows the drainage 

lines that were delineated for the entire downloaded area, while Fig. 8 shows the 

catchments delineated for the entire downloaded area: 

entifier 
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Figure 7. USGS Streams vs. Delineated Drainage Lines 
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Figure 8. Initial Catchment Delineations 
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The adjoint catchment process aggregated the catchments that were not head 

catchments and created a new feature class representing the entire area, head to 

outlet, for each of the adjoint catchments. This resulted in a single shapefile containing 

multiple adjoint catchments representing different drainage areas from the headwaters 

to the final outlet of the watershed. Fig. 9 displays the adjoint catchment file, and Fig. 

10 shows some of the selected adjoint catchment features from the file:
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Figure 9. Adjoint Catchment Delineation 
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Figure 10. Selected Features in Adjoint Catchment Shapefile
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     Delineating the adjoint catchments was the last step performed using the larger 

area. The adjoint catchment features were used to identify the boundaries for th

watersheds of concern. However, none of the adjoint catchments represented the area 

to be used as the study area. Therefore, a separate shapefile was created to be used to 

extract only the area needed for the study area. This was done by creating vertices for 

the boundary of the polygon shapefile that outlined the stream network of interest. 

Once this polygon was defined, the elevation data were extracted by setting the mask 

and extent parameters within the spatial analyst toolbar. A raster calculator expressio

was then used to extract the data in the following manner: old_grid = new_grid. By 

setting the mask and extent to that 

e 

n 

of the shapefile, only data inside the boundary was 

 

ry 

ts 

e 

 

ethod. This feature was identified as the Clear 

considered for the calculation which resulted in a new grid file the same basic shape as

the shapefile.  

     The hydrologically corrected DEM was used to produce the stream network and 

subsequent catchments and adjoint catchments associated with this new area. As the 

new area also contained catchments outside of the study area, only the steps necessa

to producing the stream network and associated catchments and adjoint catchmen

were performed. This information was then used to further refine the delineation of th

study area watersheds. An adjoint catchment containing the study area and Clear Creek

watersheds was produced using this m

Creek - Green Belt Corridor (CCGBC) watershed and was used to set the mask and 

extent for data extraction. 
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     Using the CCGBC watershed, the original DEM for this area was extracted usin

spatial analyst and raster calculator setting and expressions. This DEM was then used 

with the USGS streams to create a reconditioned DEM. The fill operation was perform

on the reconditioned CCGBC DEM to produce a hydrologically corrected DEM. The fill 

operation removes features in the DEM known as sinks. Sinks are cells or areas of lo

elevation where all cells flow in, but no cells or areas flow out. Typically, these 

are due to errors in the DEM as opposed to actual sink features. Considering the 

expanse of the area for this study, there were not sufficient resources to research

identify actual sink locations, therefore all sinks were filled in an effort to ensu

g the 

ed 

w 

features 

 and 

re the 

 hydrologic integrity of the elevation information. Figs. 11 and 12 show the original DEM

and hydrologically corrected DEM, respectively.  
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mum elevation values between 

inction in the drainage area 

Figure 11. Original Elevation Model 

It should be noted that there was a change in the mini

these two DEMs. This operation also led to better visual dist

in the southeastern most watershed.  
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Figure 12. Hydrologically Corrected Elevation Model 

     The hydrologically corrected DEM was used to produce the flow direction and flow 

accumulation files for the area, while the slope and aspect files were derived from the 

original DEM for the new area. The stream definition grid for the new area was created 

by using an area value of 0.75 ac, .304 ha. This meant that any cell draining an area 

greater than 0.304 ha was identified a stream cell. This value was reached by 

comparing the stream network produced later in the processing to the USGS stream 

shapefile.  
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    The stream segmentation operation was performed on the new stream definition file

to provide unique identifiers for stream identification later. The catchment grid 

operation was performed and assigned the catchment identification values to individual 

catchments. The next step was to produce the catchment polygons from the catchm

grid file. The catchment polygons were a vector file corresponding to the area covered 

by catchment grid cell

 

ent 

s of the same identifier. The drainage line operation produced the 

stream network that was com apefile to evaluate the size 

eam gage located on Clear Creek near Sanger, TX. These 

g 

g in 

m 

d by 

pared to the USGS streams sh

of the catchment drainage area value in the stream definition operation. The adjoint 

catchment operation was then performed to produce an aggregate of catchments for 

the entire CCGBC watershed area.  

     Two drainage points were initially identified. One for the CCGBC watershed outlet, 

and one for the USGS str

points were used to delineate two separate watersheds by Arc Hydro. One watershed 

represented the area draining from the headwaters of Clear Creek to the USGS gagin

station. This covered 761.01 km2 area of land. When conducting lumped modelin

HEC-HMS, it is recommended that the area for a watershed not exceed 259 km2. 

Therefore, it was necessary to further delineate the Clear Creek watershed into three 

separate sub-watersheds. The Study Area Watershed covered 264.58 km2 of area and 

was used as delineated by Arc Hydro. 

     The Clear Creek sub-watersheds were delineated using Arc Hydro's trace upstrea

tool, as well as the catchments and streams files. The trace upstream tool was use

selecting a catchment and tracing the catchments that flowed to that point. Sub-
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watersheds were selected by estimating the size of the drainage area and using 

catchments along the stream lines and slightly upstream of a major confluence. Durin

the process, all of the catchments flowing to the point would be selected, and it was

possible to evaluate the size of the sub-watershed by calculatin

g 

 

g the statistics of the 

d 

re 

ed 

l 

 13 

area field of the selected catchment features in the catchment attribute table. This 

value was stored as square meters and was converted to square kilometers to 

determine if the size of the sub-watershed was suitable, could be expanded, or neede

to be reduced. If the sub-watershed defined by this process was suitable, those 

catchments were then merged together to produce a single sub-watershed.  

     The result was three separate sub-watersheds for the Clear Creek area. They we

identified as the Clear Creek Upper (CCU), Clear Creek Middle (CCM), and Clear Creek 

Lower (CCL) sub-watersheds. The end product of this phase of the watershed 

delineation process was four total sub-watersheds delineated from the new mask

DEM. The total areas of these four watersheds were very close to maximum operationa

limit suggested in the HEC-HMS documentation, 260 km2. The flow chart in Fig.

summarizes the steps taken to produce the data layers for the watershed delineation.
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Figur 3. Data File Process Flow Che 1 ing art 
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Basin Delineation - HEC-GeoHMS 

     HEC-GeoHMS was then used because it was able to process the raw data and 

produce data that could be imported into HEC-HMS. The processes used by HEC-

GeoHMS are very similar to those used by Arc Hydro. The terrain processing steps w

repeated because HEC-GeoHMS and Arc Hyd

ere 

ro did not use the same fields. The new 

n of elevation information. 

This s g steps d once to produce files that 

were  directly, a p to sin lar a an acting 

the areas of interest as was performed earlier. 

     T C-GeoHM as con  the DEM. The process was the 

same as in Arc Hydro and produ  a with same minimum and max um 

elevation values. The sinks were en to p e a olog correc EM. 

Flow nd flow accumul n derived from this hydrologically corrected 

DEM. A stream grid file was then produced using a threshold of 1,500,000 m2 hese 

stream segments were then uniq ly fied  the am ntatio tool. A 

le was produced by the watershed delineation tool and the watershed 

watersheds as identified in Arc Hydro. The watershed delineation tool in HEC-GeoHMS 

produced what Arc Hydro referred to as catchments. The stream segment processing 

tool produced a streams shapefile with the fields necessary for additional processing in 

HEC-GeoHMS. The last step was the watershed aggregation, which produced an outline 

CCGBC DEM was used as the foundation for the derivatio

 meant that the proces in  were only performe

 going to be used s o posed  proces g the ger are d extr

he first step in HE S w  to re dition

ced  DEM  the im

 th  filled roduc  hydr ically t D

 direction a atio were 

. T

ue identi  using  stre segme n 

watershed grid fi

polygons were derived from this grid file. It should be noted that these were not the 
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of the catchments corresponding to the CCGBC watershed delineated by Arc Hydro. It 

should be noted that two areas were not included by this process. It was not clear why 

these two areas were not included. One area not included was the watershed receiving 

water from Lake Ray Roberts. The other was the watershed that flowed into Lake 

Lewisville. As this file was not used for any additional processing, these anomalies were 

not explored further. 

Curve Number Grid Creation

     Once the watersh eters needed to be 

identified and extracted. ArcMa e raw data files and extract 

s and 

verage 

gic soil 

 hydrologic 

 muagg 

e 

 

 

eds were delineated, the different model param

p™ was used to prepare th

the parameters for the hydrologic models because of its ease of use. The soils file

land cover grid were used to create a CN grid that was used to determine the a

CN for each watershed. 

     Soil files were downloaded in shapefile format and did not have the hydrolo

type for the different features in the default attribute table. However, with each soil 

shapefile, a collection of additional attribute tables were downloaded as well. In 

ArcMap™, the soil shapefiles for the different counties were added. It was found that 

the muagg.dbf file, one of the additional soil attribute tables, contained the

soil type for each feature. The soil shapefiles were joined to their corresponding

table using the mukey field. The mukey was a field contained in all attribute tables to 

be used to relate the information contained in that attribute table to features in th

shapefile. Once the join had been performed, each shapefile was exported. When 

exporting a shapefile that has been joined to a table, the export results in a shapefile
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with an attribute table containing the original and new data from the joined table. A 

dissolve operation was then performed using the hydrologic field from the exported 

shapefile. This reduced the number of features, the size of the attribute table, and 

accelerated future operations performed with the shapefiles.  

     Once all the county soil shapefiles had been dissolved, they were merged together 

using the merge tool in ArcMap™. This tool merges separate shapefiles together to 

produce one shapefile with the associated attribute data from the separate files. The 

rom 

nd 

, but 

cause the distributed hydrologic model processed data 

e 

f the 

 

dissolve command was also performed on the merged soil shapefile to reduce the 

number of features, size of the attribute table and accelerate the shapefile to grid 

operation to be performed next. The entire four county area was converted from a 

shapefile to a grid at once. The area for the CCGBC watershed was then extracted f

this area using the raster calculator expression old_grid = new_grid with the mask a

extent for the new_grid set as the CCGBC watershed. Attempting to clip the soil 

shapefile first and then convert the clipped file to a grid reduced processing time

resulted in fewer cells being generated. Most of the error occurred around the 

perimeter. This was a problem be

on a cell by cell basis which was requisite on the grid cells being coincident.  

     A soil grid file corresponding to the entire CCGBC watershed was created. Using th

shapefile for the CCGBC watershed area as a mask, the soil grid file was created by 

performing the old_grid = new_grid raster calculation. Using settings the Options o

Spatial Analyst toolset, it was possible to set the CCGBC shapefile as a mask as well as

setting the extent for the new grid files created. This produced a soil grid file 

39



representing the area for the watershed and preserving the original cell values, with a 

minimum number of cells containing NoData information. 

     The land cover dataset was downloaded from the USGS seamless website and 

reprojected to the same coordinate system as the other data files. The land cover file 

as 

r 

ith two fields, one for soil type and one for land cover type. This table was 

LSE 

downloaded was part of the National Land Cover Dataset from 1992. Although this was 

not the most recent land cover dataset, it was the most comprehensive and readily 

available. The watershed shapefiles were used to extract the watershed specific are

in the same manner as for the soil grid files. No further processing was necessary fo

the land cover grid files. 

     The creation of the CN grid began using the expression cngrid = soil_grid CAND 

landcover_grid in the Raster Calculator of the Spatial Analyst extension. The result was 

a grid file w

then exported. Once exported, the table was imported into Microsoft® Excel, and the 

soil and land cover type were used to determine the CN using a lookup table developed 

from information in a table contained in the TR-55 DOS program. Using the expression 

=VLOOKUP(F2,$K$2:$L$107,2,FALSE), where F2 was a column containing both soil and 

land cover values separated by a comma, $K$2:$L$107 was the lookup table, 2 

identified the 2nd column in the table as the value column and the logical value FA

was used so that only an exact match resulted in a CN value. Once the lookup 

operation was completed, the values of the column were copied into an adjacent 

column. The files were renamed and saved at this point. Then, all columns were 

deleted except for the Value field and CN value field. This information was used to 
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reclassify the CN grid file using the Spatial Analyst tool for reclassification. 

Reclassification was only performed on the CCGBC grid file. CN information for 

individual watersheds was then updated by adding the CN grid theme to the existing 

cover 

us

project and using the HEC-GeoHMS Basin CN tool. The hydrologic soil types, land 

descriptions and corresponding CNs derived from the Cover.DAT file for the TR-55 

program are summarized in Table 2 below: 

Table 2. Curve Number Selection and % Impervious Cover 

Land Cover Description  Hydrologic Soil Type %Impervio
 LC # A B C D  
Open Water 11 100.00 100.00 100.00 100.00 0 
Low Intensity Resid 21 51.00 68.00 79.00 74.00 30-50 
High Intensity Resid 22 77.00 85.00 90.00 92.00 >80 
Comm/Indust/Transp 23 85.00 90.00 92.50 94.00 72-85 
Bare Rock/Sand/Clay 31 63.00 77.00 85.00 88.00  
Quarries/Gravel Pits 96.00  32 96.00 96.00 96.00
Decidous Forest 41 30.00 55.00 70.00 79.00 5 
Evergreen Forest 42 45.00 66.00 77.00 83.00 5 
Mixed Forest 43 36.00 60.00 73.00 79.00 5 
Shrubland 51 37.67 57.00 70.67 77.67 5 
Grasslands/Herbaceous 71 52.00 69.67 83.00 84.33 5 
Pasture/Hay 81 30.00 58.00 71.00 78.00 5 
Row Crops 82 68.50 78.50 85.50 88.75 5 
Small Grains 83 63.00 74.50 82.50 86.25 5 
Urban/Rec Grasses 85 52.00 69.67 79.67 84.33 5 
Woody Wetlands 91 85.00 85.00 85.00 85.00 5 
Emergent Herb Wetlands 92 80.00 80.00 80.00 80.00 5 

 

The steps taken to produce the CN grid file are summarized in Fig. 14: 
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Figure 14. Curve Number Grid Creation Flowchart 

Watershed Characteristics 

     The four watersheds originally delineated were used as the coarse-resolution 

watersheds and were used as the boundaries for the further delineation of the 

additional watersheds to be used for the spatial resolution analysis. All of the 

delineations followed the guidelines of the USDA in the Federal Standards for 

Delineation of Hydrologic Unit Boundaries, Version 2 (2004). Watersheds outlet points

were identified just upstrea

 

m of confluences with other streams and the software 

nd 

e differences in the range of CN values. As the resolution 

programs created watershed boundaries that followed the middle of the highest grou

elevation or were halfway between areas of equal elevation. (USDA 2004) 

     The different resolution watersheds did exhibit differences in their physical 

characteristics, aside from watershed area, as expected due to the change in sizes. Of 

particular note were th

became finer, the range increased. Precipitation values showed the same behavior, as 

the resolution was made finer the range of the values became greater. As would be 
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expected, the time to concentration decreased as the size of the watersheds decre

The coarse-resolution watersheds had an average size of 255.19 km

ased. 

verage 

es 

er 

ative, they were based upon the rules 

identified above. The medium-resolution watersheds consisted of seventeen separate 

tempt to divide each of the four 

e 

 

terization process more difficult. The fine-resolution watersheds had an 

2, with an a

CN of 75.09. The average original lag time was 3 hours, while the average original time 

to concentration was 14.61 hours. It should be noted that the average original lag tim

for the coarse-resolution watersheds were based on previous experiences rather than 

the standard 60% of the time to concentration. The coarse-resolution watersheds had 

been used during the acquaintance period of the modeling process. 

     Although, the criteria for further delineating the four watersheds into the small

spatial resolution areas were primarily qualit

watershed entities.  They were delineated in an at

watersheds into an additional four watersheds.  The average watershed size of th

medium-resolution watersheds was 59.89 km2 with an average CN value of 75.50, 

which varied more from the other two resolutions. The average original time to 

concentration for the medium-resolution watersheds was 7.5 hours, and the average 

original lag time was 4.5 hours.  

     Most of the fifty-nine watersheds delineated for the fine-resolution analysis were 

selected as the drainage area for the minor tributaries. There were some exceptions, 

where collections of smaller tributaries were grouped together, often resulting in long, 

narrow watersheds. However, delineating more watersheds would have made the 

simulation processes more cumbersome as the additional elements would have made

the parame
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average size of 17.34 km2. The average CN, as expected, was near that of the coarse-

resolution watershed at 75.11. Due to the small size, the average original lag time and 

time to concentration were lower than the coarse or medium-resolution watersheds at 

2.18 hours and 3.63 hours, respectively.  

     Within the coarse-resolution watersheds, the upper two watersheds showed a much

higher count of cells in the land cover classes of 41(Deciduous Forest), 51(Shrubland) 

and 71(Grasslands/Herbaceous). This was in contrast to the lower two watershed

which showed higher counts of the 81(Pasture/Hay), 82(Row Crops) and 83(Small 

Grains) land cover classes. This seemed to demonstrate that the lower watersheds ha

more cultivated fields than did the upper watersheds, which seems to indicate that e

the vegetation of the lower watershed areas are more developed than the areas furt

upstream. 

     There were also differences in hydrologic soil types among the different watersheds. 

The CCM watershed had the highest count of Type A soils. This was due to the fact th

the Cooke County soil survey had determined a fairly long continuous section of Type A

soils exist along the Clear Creek channel. It should be noted that the delineation

soil type ends abruptly at the Cooke County line on both the Mo

 

s 

d 

ven 

her 

at 

 

 of this 

ntague and Denton 

County borders. Also of note ll counts for the CCU 

unty 

at 

were the Type B and Type C ce

watershed. The vast majority of this watershed was contained in the Montague Co

boundary. As soil surveys were conducted independently, by different individuals and 

different times according to county boundaries, errors such these exist within the soils 

data used for this study. The resources were not available to conduct soil surveys to 
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explicitly identify which areas belonged to which hydrologic soil type; therefore the dat

were used with the existing errors. These distinctions were important because the 

values were used to calculate the CN for the watersheds.  

     Although the values extracted from the physical characteristics indicated little 

difference among CNs for the four different watersheds of the coarse-resolution 

more accurate data could show there is a greater difference than determined by this 

study. Because the other watersheds were delineated at finer resolutions, their range of

values increased but their CN was similar to that of the coarse-resolution basins. 

However, CNs and precipitation values for the finer resolution watersheds showed hig

amounts of local variation.  

Hydrologic Model Parameter Processing 

a 

basins, 

 

h 

MS 

al 

re available under the Project View. When finished with the terrain 

ect based 

 

 

     After the terrain processing was completed, HEC-GeoHMS was used to create data 

files and edit data files as needed to produce some of the parameters used by HEC-

HMS. HEC-GeoHMS was used to produce a map file, and the HEC-HMS Basin 

Component elements associated with the each of the watersheds as well. HEC-GeoH

terrain processing tools were available in the Main View of ArcView™, and addition

processing tools we

processing, a tool called HMS Project Setup was used to generate a new proj

on the files created, and the Project View was opened.  

     HEC-GeoHMS Basin Characteristics tools were used to define several parameters 

from the data files created using the terrain processing tools, as well as delineating the

final basins. The first tool was used to merge the smaller basins together to create the
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basins to be used for the simulations. This was an interactive process in which 

individual basins were selected then the “merge” command was used to merge the 

ng 

ld be 

ed 

 

eoHMS hydrologic parameters tools were used next to append additional 

 

 

selected basins into one feature. It should be noted that once the terrain processi

procedures were completed, HEC-GeoHMS documentation and tool buttons abandon 

the term watersheds for the term basin. It was not noted why this distinction shou

made, nor that any distinction between watershed and basin exist within the HEC-

GeoHMS processes. 

     A second tool updated the stream shapefile with the segment length. The next tool 

added a field for the slope of the stream segment. A new shapefile was created when 

the watershed's centroid was identified using the centroid tool, and then the elevation 

of the centroid was added to the new shapefile. The next two processes identified the 

longest flow path, the longest distance to be traveled from the edge of the watersh

to its outlet, as well as the centroidal flow path, marking the half way distance of the 

longest flow path, and created a point shapefile containing the location and attribute

data for this information.  

      HEC-G

information about the basins to their attribute tables. However, before the first tool was

used, it was necessary to produce a grid file representing the CNs. The steps for 

preparing the CN grid were listed in the previous subsection. ArcView™ was not used to

accomplish this task.  

     A HEC-GeoHMS hydrologic parameters tool titled "Rainfall 2 Year" was used to 

update each watershed attribute table with the maximum expected 2 year 24 hour 
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rainfall value, which was determined to be 3.8 in, 96.52 mm, for the area. A map 

showing the 2 year 24 hour rainfall values for the United States was viewed at 

www.lmnoeng.com/RainfallMaps/RainfallMaps.htm and the value was estimated based 

ydrologic simulation 

on the location of Denton County to the hyetograph lines contained in the map. This 

value was used in the TR-55 flowpath table to estimate the Time to Concentration for 

each of the basins. The TR55 Flow Path Segments and Flow Path Segment Parameters 

were also updated using the tools in HEC-GeoHMS. This information was then used to 

export an Excel table displaying parameters used in several h

methods. Fig. 15 shows one of the tables.  

 

Figure 15. TR-55 Table Exported from HEC-GeoHMS 
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Tables such as this one, contained the Time of Travel, or Time to Concentration, 

parameter estimates. For the Clark Unit Hydrograph (UH) method, these estimates

were directly manually input as initial values for performing simulations in HEC-HM

However, for the SCS UH method, these values were first multiplied by 0.6 to dete

the initial Lag Time estimates. After exporting the table, the Basin Slope and CN Lag 

method tools were used to update the watershed attribute table with that information

     The final step in the HEC-GeoHMS process produces a .dss file, the native database 

 

S. 

rmine 

. 

 

t into 

he 

elements 

eration 

which resulted in files containing the hydrologic data structure with an extension of 

format for HEC-HMS. This file was used by HEC-HMS to import all necessary information 

about location, parameter values, and connectivity of the watersheds. Additionally, a 

background map representing the watershed boundaries and stream lines was also 

produced. 

     The first step was to provide names for each reach, or stream segment, and basin, 

or watershed. HEC-HMS uses a different naming convention than what had been used

by HEC-GeoHMS. The next step converted the coordinates from the current projec

the native HMS format. An HEC-HMS data check was performed to ensure all of the 

necessary information was available to create and populate the .dss database file. T

HEC-HMS Schematic operation produced a skeleton framework of HEC-HMS 

with their respective connectivity intact. A HEC-HMS legend updated the current 

elements in HEC-GeoHMS to the HEC-HMS symbology. The Add Coordinates op

attaches coordinates to each of the HEC-HMS elements created by earlier processes. 

HEC-HMS basin models were created using the Standard HMS Processes operation, 
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.fmf. This included the hydrologic elements, their connectivity, and related parameter

The background watershed map was created using the Background Map File o

s. 

peration. 

Under the HEC-GeoHMS toolset f eration created the Lumped 

 

as 

nloaded 

or HEC-HMS, the last op

Basin Model files. This operation produced ASCII text files that could be imported into

HEC-HMS with an extension of .basin, containing many of the initial parameter 

estimates needed for simulating the rainfall-runoff processes.  

Precipitation Data Processing 

     Precipitation data from the Next Generation Weather Radar system (NexRAD) 

station KFWS - DALLAS/FTW,TX located at 32.57278 Lat and -97.30278 was used 

the source for creating the different meteorological models. The data were dow

from: http://www.ncdc.noaa.gov/nexradinv/chooseday.jsp?id=kfws by selecting the 

time period for separate rainfall events and the type of product to download. Level II 

data was the raw radar sensor information, and was not useful. Computer processing 

 

 

) 

transformed the Level II data into the different Level III product types. The National 

Climatic Data Center (NCDC) was the archiving organization for data from the different 

agencies which collected and processed the data. The Level III data was freely 

disseminated, covered a time period beginning 12-15-94 to the present, and was the

best available data for the watersheds of interest. There was no distributed network of

rainfall gages within the watersheds of interest. The LVL3-ONE HOUR PRECIP (OHP

was the selected product type. It should be noted that other precipitation data types 

were available. As the OHP data files provided data for the use of creating the 

meteorological model, the other data types were not explored further. 
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     Hydrologic models cannot produce proper results if the precipitation inputs are no

adequately characterized (Beven 2001). It was important that precipitation input valu

occur at the correct

t 

es 

 moment and that they were applied to the correct watersheds of 

interest. This was one of the pre hat the medium and fine-

. 

l 

ere made 

mises for hypothesizing t

resolution basins models would produce more appropriate results than the coarse-

resolution models. 

     The NexRAD data was downloaded for the period of the rainfall event at 

approximately 5 minute intervals. However, useful data were not immediately available

An email address was provided to the NCDC and once the data were available, an emai

was sent announcing the data files were available for download. The data w

available via a File Transfer Protocol (FTP) site. The use of an FTP client, ws_FTP32, 

made the downloading of the data more convenient. The data files were collected 

based upon the time window and product type.  

     Once the data were downloaded it was loaded into and viewed with the Java 

NexRAD Viewer tool available at http://www.ncdc.noaa.gov/oa.radar/jnx/index.html, 

which included the Java NexRAD Data Exporter. The downloaded data were then 

 

 

event. This step was used to keep the data for the respective storm events separate for 

exported from the default data type into ESRI ASCII raster format. The default data 

type of the downloaded data files was unusable in any program other than the Java 

NexRAD Viewer. The exporting process was very processor intensive, took long periods

of time, and yielded ASCII raster files that were about 12 MB in size each. A different 

folder was created to contain the exported ASCII raster files associated with each storm
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a script that would be used later to extract precipitation information for individual 

watersheds. The exporting process also created a log file, jnx-ascii-export.prj, in the 

same folder whic  projection 

ion 

.  

solutions delineated in 

er 

 

Entry|Initial was used to create the bounding box and spatial resolution for the grid file 

to be created. Settings from one of the ASCII files from the NexRAD Viewer exporting 

process was selected to ensure the same spatial resolution for the new grid file to be 

created.  

ecting t

ed all of the raster information from the shapefile to the raster file created in 

the previous step m 

the UTM-14N to the Lat/Lon projection of the NexRAD data. 

     The Reformat|Window command was used to identify the bounding coordinates of 

the watershed area within the reference of the NexRAD ASCII grid files. This was 

important because the information was later in

h was removed prior to running. This file contained the

information so that the data could be loaded into ArcMap™ and placed in the proper 

location.  

     A different GIS program called IDRISI was used to further analyze the precipitat

data and determine the precipitation time series files for the individual watersheds

Using the same watershed shapefiles for the three watershed re

earlier processes, new grid files were created by converting the shaepfiles into rast

grid files at the same resolution as the NexRAD ASCII grid files. The command Data

     The next command was Reformat|Rastervector and converted the shapefile from 

vector format into raster format. Using the Update option and sel he Initial grid 

file append

. Before the shapefile was converted, the projection was changed fro

put to a script that was used to extract 
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precipitation information per watershed. This process also created a mask ASCII file 

that was later imported into the script. Using a script in the mathematical program R  

 time 

each 

ram R. By opening the script in Notepad, the user defined options 

 

the time and watershed identification field. However, the vector to raster 

process did not maintain the ac n number, instead it used the 

 

tive timestamp was included in the .csv files, generally from time 0 to 

allowed the exported NexRAD ASCII files to remain their current size, as opposed to 

being clipped to match the watershed area, significantly reducing the processing

for extracting precipitation information due to the number of grid files created for 

rainfall event. 

     The script for extracting the precipitation information was developed in the 

mathematical prog

were changed to identify which folder contained the precipitation files, mask files, and 

the bounding coordinates of the mask files. Once this information was identified, the

script was loaded into R and ran. The result was the creation of three .csv files 

containing precipitation information from the original time-series of the raw data, at 

approximately one minute intervals, at a five minute time interval and at a fifteen 

minute time interval for each storm event. Columns of the .csv files were used to 

identify 

tual watershed identificatio

shapefile objectid field. This meant the watershed identification field in the .csv files 

was related to the watershed identification number to facilitate the data entry process. 

     During this process, the timestamp associated with each precipitation file was "lost".

In its place a rela

time 2880. The timestamp for the NexRAD files began at 0000 of the start date selected 

and ended at 2366 of the end date selected. The timestamp was in Greenwhich Mean 
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Time (GMT), which had to be taken into account as the watersheds were located in the 

U.S. Central timezone. The beginning timestamp for storm events during the Central 

rsheds were copied from the .csv files 

and pasted into User Defined Precipitati

watershed in HEC-HMS. A new Time Window was selected for each Precipitation Gage 

was formed in 1964 ted to that time. 

e 

oHMS 

Standard Time (CST) were set to 1800 of the day prior to the start date and time 

selected for the download and ended at 1800 the day prior to the end date selected. 

For storm events during the Central Daylight Time (CDT), the start time was set to 

1900 the day prior and the end date to 1900 the day prior to the end date. 

     The precipitation values for individual wate

on Gage Hyetographs created for each 

corresponding to the different storm events. As a simulation was performed, HEC-HMS 

would read the Precipitation Gage searching for a time window corresponding to the 

simulation time window and use any corresponding precipitation information. 

HEC-HMS Model Setup 

     The U.S. Army Corps of Engineers (USACE) Hydrologic Engineering Center (HEC) 

 to preserve the expertise that had been accumula

The mission of the HEC office has varied at times through the years, but the HEC office 

has always been involved with planning for the nation's water resources. As part of th

planning mission, the HEC office has created and released several modeling software 

packages to assist resource managers in evaluating the impact of decisions. Two 

software programs developed by the HEC office were used for this study: HEC-

Hydrologic Modeling System (HEC-HMS) v. 2.2.2 and HEC-GeoHMS v. 1.1. HEC-Ge
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was an extension for ArcView™ 3.2 developed to assist in generating data files for HEC-

HMS. 

tributed 

tributed

lculated the u

dat del has 

 watershed area. By 

perf

HMS, a ion over the same area with much smaller 

wat he 

physica a 

true dis

data fil -

resoluti

     Wit ble to 

select f les, a 

new

importe al 

default  and simulation options selected. By opening the basin model 

     Typically, the primary difference between dis and lumped hydrologic models 

has been the spatial scale at which calculations are performed. Generally, a dis  

hydrologic model has ca sim lations using raster based grid parameter 

afiles, whereas a lumped hydrologic mo used the same raster based grid 

datafiles as the source to calculate the average values across the

orming hydrologic simulations with watersheds near the size limitation for HEC-

nd comparing those results to calculat s 

ersheds more insight was gained into the role of the spatial distribution of t

l characteristics and rainfall intensities. While the smaller watersheds were not 

tributed model, the fine-resolution models more closely resembled the raster 

es used as the source for the parameter values than the values of the coarse

on models. 

Basin Model Parameters 

hin the HMS component for Basin Models there were several options availa

or performing the simulations. After HEC-GeoHMS exported the HEC-HMS fi

 HEC-HMS project was created. The basin file created by HEC-GeoHMS was then 

d as the basin model for use in the new project. This basin model had sever

 parameter values

and then opening the basin model attributes, these parameter values were 

manipulated, and options were changed. For all of the simulations, the Loss Method 
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used was the Soil Conservation Service (SCS) Curve Number (CN) method; there was 

no Baseflow value, except for the watershed receiving water from Lake Ray Roberts; 

sform 

ar n

e fi he Units 

tab was used to select the System International units (metric) as opposed to the U.S. 

Customary (English) units. The Options tab was the last tab and was used to ensure 

. Th

calculated and was 

compared to 

would become runoff. The CN values used for this study were taken from a table 

contained in the SCS publication Technical Report 55 (TR-55).  

     HEC-HMS simulated the SCS CN runoff generation process using the equation: 

and the Channel Routing method used was the Lag method. The watershed Tran

methods evaluated were the SCS UH and Cl k UH methods. These options were fou d 

under the Defaults tab of the basin attributes. 

     By selecting the Files tab, the base map prepared in HEC-GeoHMS was imported, 

allowing visualization within HEC-HMS of th  identi ed watershed boundaries. T

local flow at junctions was computed is option was selected so that flow calculation 

at the junction corresponding to the USGS gage near Sanger was 

the flow data for the same rainfall event gathered by the USGS.  

Soil Conservation Service Curve Number Loss Method 

     The purpose of the loss method within HEC-HMS was to determine how much of the 

rainfall would eventually become runoff. The SCS CN method relied on the relationship 

between hydrologic soil type and land cover to determine how much of the rainfall 

 
SIP

IPP
a

a

+−
−

=
 

e
  

)(
         Equation 2 

2
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where eP was the accumulated precipitation excess, runoff, at time t ; P  was the 

accumulated rainfall depth at time t ; aI  was the initial abstraction (initial loss) and 

S was the potential maximum retention (Feldman 2000). 

     Analysis of results from several experimental watersheds has led to a modification of

the above equation based on the empirical relationship of 

 

SIa 2.0=  which led to the 

equation: 

SP
P

8.0 
S)2.0(

 

2
.

+
−

The maximum retention,

Pe =          Equation 3 

S , was related to the CN value for each individual watershed 

through the following equation for metric units: 

CN
CNS 25425400 −

=         Equa

CN values ranged from a maximum of 100 for water bodies, to a minimum of 30 for 

permeable soils with high infiltration rates (Feldman 2000). 

tion 4 

     One of the benefits which led to the se

this method as an established means for determining precipitation excess. The 

simplicity and predictability of this method were also considerations leading to its 

selection. Perhaps the most important features of this method were the easily grasped 

nmental inputs needed to perform the calculations 

rainfall was diverted

lection of this method was the acceptance of 

and well documented enviro

(Feldman 2000). 

     There were weaknesses with this method. The predicted values did not follow the 

classical unsaturated flow theory, once the soil moisture deficit was reach no more 

 to infiltration, and this method was developed using small, 
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agricult al watersheds with applicability to other areas uncertain. As rainfall intensity 

as not considere  during the calculations, a 25 mm rainfall event was treated the 

same regardless if the if all the rain fell in 1 hour or for the full 24 hours (Feldman 

2000). 

ur

w d

     The La . 

Lack of information about the stream channels through the watersheds and the size of 

the area to be studied also affected the decision to use the Lag method as opposed to 

other methods. 

     The Lag method simply held water within the channel, or reach, until the amount of 

time specified had passed. This resulted in the incoming hydrographs ordinates being 

translated a specified amount of time. Therefore, the shape of the incoming hydrograph 

remained unchanged (Feldman 2000). 

     The channels, or reaches, within HEC-HMS were used primarily to link the output of 

the upstream watershed to that of the downstream watershed. While multiple reaches 

did exist fo

 the following equation: 

tI
lagtI

O
lagt

t
t

,

Channel Flow Lag Method 

g method for channelized flow was selected for its simplicity and ease of use

r one watershed, they were generally removed because the same effect 

could be realized by increasing the lag time for the remaining reach. Mathematically, 

the Lag method used

⎭
⎬lag

        Equation 5 
⎫

⎩
⎨
⎧

≥
<

=
−

where tO  = outflow hydrograph at time t ; tI = inflow hydrograph t time a t ; and lag = 

time by which the inflow ordinates were to be lagged. The lag time cou d have been

determined by comparing flow data from two gages, however there was only on

l  

e gage 
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within the watersheds of interest and therefore the lag times were manipulated to 

adjust the hydrograph at the USGS gage to reflect the observed data (Feldman 2000). 

Soil Conservation Service Unit Hydrograph Model 

     The SCS UH is a well known, commonly used method of relating precipitation e

to direct runoff. Sherman first proposed the UH in 1932 stating, "…the basin outflo

resulting from one unit of direct r

xcess 

w 

unoff generated uniformly over the drainage area at a 

uniform rainfall rate during a tion" (Feldman 2000). The 

 

+−∑= mnmn UPQ         Equation 6 

 specified period of rainfall dura

runoff generation process was proposed to be linear, so that the runoff from greater or 

less than one unit was simply a multiple of the unit hydrograph (Feldman 2000). 

     In HEC-HMS the UH was solved using the equation: 

1

≤

=

Mn

m

where n

1

Q  = storm hydrograph ordinate at time tn∆ ; mP  = rainfall excess depth in time 

interval tm∆  to tm ∆+ )1( ; M = total number of discrete rainfall pulses; and 1+− mnU  

= UH ordinate at time tmn ∆+− )1( . nQ  was expressed in units of flow rate, m3/s,

m

 and 

P  was expressed in units of depth, mm. 1+− mnU  had dimensions of flow rate per u

depth. Use of this equation required the following assump

nit 

tions: 

"1. The e

intensity throughout the time interval

xcess precipitation is distributed evenly spatially and was of a constant 

t∆ . 

"2. The ordinates of the direct runoff hydrograph corresponding to excess 

i  g t  

produces a doubling of the runoff 

precipitat on of a iven duration are directly propor ional to the volume of the

excess. Therefore, a doubling of the excess 
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h

 

independen

preci riance. 

"4. Precipita

with equivalent time bases regardless of the intensity of the precipitation." 

(Feldman 2000) 

     The SCS UH method was one method used to simulate the transformation process 

of precipitation excess to runoff. The SCS UH method was a parametric UH generation 

method. This meant that the UH

onless UH expressed the discharge,

ydrograph ordinates and a halving of the excess produces a halving. This 

concept is known as the assumption of linearity. 

"3. The direct runoff hydrograph resulting from a given increment of excess is

t of the time of occurrence of the excess and the antecedent 

pitation. This concept is known as the assumption of time-inva

tion excesses of equal duration are assumed to produce hydrographs 

 ordinates were calculated through a set of equations 

after the parameters for the equations were specified (Feldman 2000). 

     The core of the SCS UH model was a dimensionless, single peaked UH. This 

dimensi tU , as a ratio to the UH peak discharge, pU , 

for any time t , a fraction of the pT , the time to UH peak. Therefore the UH pea

occurred at a value of 1 on both the vertical and horizontal scale. Research by the SCS 

suggested a relationship existed between p

k 

U  and pT  in the following manner: 

pT
A

p CU =           Equation 7 

in which A  = watershed area; and C = conversion constant (2.08 in SI). The time of 

peak has also been related to the unit of precipitation excess as: 

lagp ttT +
∆

=
2

          Equation 8 
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in which t∆ = the excess precipitation duration; and lagt = th  b sin lag, defined as th

time difference between the center of mass of rainfall excess and the peak of the UH

HEC-HMS solved Equation 8 to determine the time 

e a e 

. 

o  UH peak, and Equation 7 to f the

determine the height of the UH peak. After determining the pU  and pT , the UH was 

solved through multiplication of the dimensionless form, included in HEC-HMS (Feldman 

2000). 

      There was only one parameter to input for this method, the basin lag time. The 

basin lag time was not directly calculated, instead initial basin lag times were calculated 

for each watershed based upon the time to concentration, ct , using the equation: 

clag tt 6.0=           Equation 9 

The initia cl t  values were estimated using HEC-GeoHMS and the TR-55 Flow Path 

Segments tool. Using this too long the longest flow path 

ow. 

00 feet, from the edge of the watershed along 

he 

l, break points were identified a

to separate the locations for sheet flow, shallow concentrated flow and channel fl

These values described the different flow regimes excess precipitation undergoes as it 

moves throughout the watershed. The first break point identified the location where 

overland flow shifted from sheet flow to shallow concentrated flow. The default location 

for this break point was 91.4 meters, or 1

the longest flow path. The next break point identified the location where the flow 

regime changed from shallow concentrated to channelized flow. The default location for 

this point was the longest flow path centroid. This point was moved to better reflect t

location where overland flow was likely to enter a channel. These values were 
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contained in the Tt.xls table exported by HEC-GeoHMS. This table also calculated the 

estimated time to concentration following the equation: 

channelshallowsheetc tttt ++=         Equation 10

where sheet

 

t = sum of travel time in sheet flow segments over the watershed land 

surface; shallowt = sum of travel time in shallow flow segments, down streets, in gu

or in shallow rills and rivulets; and channel

tters 

t = sum of travel time in channel segments 

(Feldman 2000). 

     Excess precipitation generally flows overland as sheet flow for relatively short 

distances, 10-100 meters. The default of 91.4 meters was used for this study. The SCS 

suggests sheet flow travel time can be estimated using the equation: 

4.05.0
2

8.0)(007.0 NLtsheet =          Equation 11
)( SP

 

where N = an overland roughness coefficient, Manning's R was used by HEC-GeoHMS; 

L = flow length; 2P = 2-year, 24-hour rainfall depth, estimated at 3.8 inches based on a 

hyetograph map of the U.S; and S = slope of hydraulic grade line, estimated by the 

land slope (Feldman 2000). 

     The shallow concentrated flow travel time was calculated as: 

V
tshallow =            Equation 12 

where 

L

L  = length of the shallow concentrated flow; and V = average velocity. Th

average velocity was estimated by: 

e 

SV 1345.16=          Equation 13 
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where V = average velocity; 16.1345 = coefficient for unpaved surfaces; and = slope S

of hydraulic grade line. The coefficient for paved surfaces was 20.3282, but was not 

used because the majority of the watersheds were primarily rural and had few 

expansive paved surfaces (Feldman 2000). 

     The channel flow travel time was also calculated using the equation: 

V
Lt =           Equation 14 channel

where L = channel length; and V = average velocity. However, velocity was estimated 

using the equation: 

n
SCRV

2/13/2

         Equation 15 =

where V = average velocity; C = conversion constant, 1.00 for SI R = hydraulic r

defined by the ratio of channel cross-section to wetted perimeter; and

adius, 

S = slope of 

energy grade line, approximated as the channel bed slope. The value forn , or 

Manning's roughness coefficient, for this study was estimated at .035 for in channel 

flow. This value was based on Manning's roughness values reported in Appendix A2 of 

the Central City study for the West Fork and Clear Forks of the Trinity River. These 

branches of the Trinity River are further to the west than the Elm Fork, but it w

assumed that in channel roughness values would not deviate greatly between the 

different areas (Feldman 2000). 

Clark's Unit Hydrograph Model 

     Clark's UH model was also used to perform runoff simulations. The Clark's UH model 

as 

ting two critical processes in the derive the watersheds' UH by explicitly represen

62



rainfall-runoff gen s: d Attenuation. Translation was the 

movement of the excess precipitation from its origin ghout the drainage area to 

t  outlet. Attenu was the red n of the magnitude of the discharge 

a f the excess wa red throughout the watershed (Feldman 2000). 

f the Clark's UH haved as a linear reservoir model. Short-term 

 

eration proces Translation an

 throu

he watershed ation uctio

s a portion o s sto

     The core o  model be

storage of precipitation in the soil, on the surface, and in channels throughout the 

watershed were important factors to be considered in the derivation of the UH. The

linear reservoir model was represented by the equation: 

tt OIdS
−=           Equation

dt
 16 

where 
dt
dS

= time rate of change of water storage at time t ; tI =average inflow to 

storage at time t ; and tO = outflow from storage at time t . Instantaneous Storage, , tS

was related to the outflow from the watershed as: 

tt ROS =           Equa

in which 

tion 17 

R = a constant linear reservoir parameter. Combining the two equations 

and solving the equations using a simple finite difference approximation yielded: 

1−+= tBtAt

above 

OCICO          Equation 18 

where BA CC , = routing coefficients. These coefficients were calculated by: 

tR
CA

∆+
=

5.0
   

t∆
      Equation 19 

AB CC −= 1           Equation 2

The average watershed storage outflow for each time interval was modeled using the 

equation: 

0 
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2
1 tt OOO +

=
−

         Equation 21 t

Conceptually, the reservoir for the watershed was located at the outlet of the respective 

watershed and represented the aggregate impacts of all watershed storage (Feldman 

2000). 

     Clark's UH model accounted for the time required for water to move to the 

watershed outlet as well. This was done using a linear channel model routing the water 

from remote locations to the linear reservoir at the outlet with delay, or translation, but 

without attenuation. The delay was represented implicitly with a time-area histogram, 

included within HEC-HMS. The time-area histogram was estimated using the equations: 
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      Equation 22 

where A = cumulative watershed area contributing at time t ; A  = total watershed 

area; and ct  = time to concentration of the watershed. HEC-HMS only required the 

parameter ct  needed to be input (Feldman 2000). 

     The contributing watershed area was then multiplied by the unit depth and divided 

by the simulation time step, t∆ , to yield tI , the inflow to the linear reservoir. Since the 

unit depth for the simulation was the excess precipitation, or runoff, solving for the

reservoir outflow ordinates generated the UH (Feldman 2000). 

     The other parameter required for by HEC

 

-HMS for the Clark's UH simulation was the 

storage coefficient, orR . Using gaged precipitation and flow data, it may be possible to 
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estimate the value ofR ; ho  for all watersheds, the wever, due to a lack of knowledge

value forR  was simply estimated for this study (Feldman 2000). 

Land Cover Data Manipulation 

     The original land cover dataset was a raster downloaded from the USGS and 

developed as part of the National Land Cover Dataset (NLCD) from 1992. To determine 

if the lumped hydrologic models respond to land cover change differently at different 

spatial scales, it was necessary to manipulate this dataset to imitate land cover changes

from a rural state to a developed state.  

     The Biocomplexity research group acquired a copy of the land ownership parcels 

dataset from the Denton County Appraisal District from November 2003. This parcel 

was provided as a shapefile and had various ownership attribute fields. As this study 

was a portion of the Biocomplexity research ongoing at the University of North Texas, a 

similar method for changing land from a rural state to a developed state was employed. 

A development potential ma

 

file 

p was being created for the Biocomplexity study, but was 

 

 

ion of 

not available for this study. Entire parcels were changed from one state to the next.

Whereas this may not have been the most realistic method for evaluating land cover 

change, it was the simplest. Attempting to change the parcel from a natural state to a

realistic developed state would have involved creating new roads, placing house 

padsites, and other features that were beyond the resources available for this study. 

The Biocomplexity model was created to perform simulations for a total of 50 years at 1 

year intervals. It should be noted at this time that the North Central Texas Council of 

Governments has published population growth estimates that suggest the populat
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Denton County will increase by approximately 600,000 by the year 2030. This study 

evaluated land cover change detection for three intensities to attempt to track the 

progress of devel e Study Area. It 

l. 

 

to the 

ree of 

vel 

s. It 

opment and its potential effects on the hydrology of th

was not feasible to try to ensure a parcel within each watershed was selected; 

therefore, no land cover change occurred in many of the Small-Resolution watersheds.  

     The first level of intensity was developed to simulate an amount of change that 

would be feasible to occur within a five to year period from the original state. The 

amount of area changed was expected to have little effect on the CN for the coarse-

resolution model, and only mild to moderate effects on the medium-resolution mode

While the CNs of some of the local watersheds in the fine-resolution model were

expected to be effected, it was not anticipated to result in significant changes 

outflow from the GBC outlet.  

     The second level of intensity was designed to simulate a higher deg

development, of 20 - 30 years from the original state. The changes from the first le

were included, and a greater area of land was modified from the original state to 

developed states. The second level was designed to simulate the amount of change 

that could be expected several years after the first level. The second level of 

development was also designed to have an appreciable effect on the CN for several of 

the basins in the fine-resolution model for the GBC watershed. The basins of the 

medium-resolution model were also expected to show a fair response to the change

was unclear how much of a response could be expected from the coarse-resolution 

model. 
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     The third level of intensi matic, but realistic, 

 original 

s 

ow a tendency toward selecting very large, whole parcels, as opposed to 

 

(Km2) (Km2) (Km2) 

ty was designed to simulate a dra

change in the land cover throughout the watershed from 30 - 50 years after the

state of development. This change was designed to exhibit an effect on the CN value

at all three resolutions. The justifications for selecting parcels for development were 

similar to the criteria used for the Biocomplexity Development potential map. Proximity 

to previous development and major roads were the primary criteria. However, the area 

of the parcel was given weight as well. Within the Denton County Area, some 

developers sh

several smaller parcels. Table 3 summarizes the amount of land cover change exacted

during each turn of development. It is important to note that the values reflect the 

amount of change that occurred during that turn and are not accumulated area values. 

Table 3. Area of Land Cover Change at Each Level 

Light Intensity 
Residential 

High Intensity 
Residential Comm/Indust/Trans 

 21 22 23 
1st 
Development 1.56 3.27 0.73  
2nd 
Development 4.32 6.80 0.59  
3rd 
Development 4.66 20.66 0.30  

 

     These changes were made in order to evaluate the role of the CN in the rainfall-

runoff generation process. As the CN was a small portion of one parameter in the 

algorithm used by the SCS CN loss method, it was unclear how significant a change 

would be required to cause an effect on the outflow from a watershed. The three 

resolutions for watershed size allowed the evaluation to be promulgated to not only the 

67



amount of change necessary, but how local changes may present an effect at a more 

regional outfall. Fig. 16 shows the areas that were changed, as well as which 

classification they were changed to. It should be noted that the entire area of the 

parcels were changed to the new classification, exaggerating the effect of the 

development. An area that changes from a rural state to a developed will not be 

entirely classified as developed. Typically, there are enough open spaces and vegetation 

left that some of the area will be left in a non-developed state. 

=

 

Figure 16. Land Cover Changes 
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    Once the parcels were identified, those features were exported from the original 

p file. A new field was then created i  exported shapefile attribute table. 

This field was populated with t ew l over classification number corresponding to 

t pment eter d to  plac that parcel. These exported areas 

w nverted fr ha  for o ra ormat using the Feature to Raster 

t

 e new raste s ent  la ver had been created, the soils 

g s e  com d a ore, a new grid was created 

c e informa ro h t and soils raster files. The 

ttribute table was then exported and opened in Excel. Using the same lookup table 

e 

nd 

l level of 

s 

arcels shape n the

he n and c

he type of develo  d mine  take e in 

ere then co om s pefile mat t ster f

ool for ArcMap™.  

    Once th r file repres ing the nd co

rid file was added. U ing th same man s bef

ontaining th tion f m bot he new land cover 

a

information, the new CNs for the changed areas were determined. The attribute table 

was then saved as a new .dbf file and used to reclassify the changed areas so that th

information contained in the attribute table was the CN for the areas.  

     These new CN grids, representing only the areas of change, were merged with the 

old CN grid using the Raster Calculator in the Spatial Analyst extension of ArcMap™ a

the syntax new_curvegrid = merge (changed_area,old_curvegrid). Once the first level 

of developed grid was created, it became the old_grid for the next calculation. The grid 

resulting from that calculation then became the old_grid for the third and fina

development. This way, all of the change that occurred up to that point was 

incorporated in the new CN grids. The new grids were then used to determine the CN

for the different watersheds using the HEC-GeoHMS extension for ArcView™. A table 

named CNStat.dbf was created and stored in the project directory. This table was 
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renamed to reflect the watershed resolution and level of intensity and used later to

update the CN values in HEC-HM

 

S. 
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MODEL RESULTS AND ANALYSIS 

     HEC-HMS worked by creating a Project. Each Project was comprised of Basin 

Models, Meteorological Models, and Control Specifications. The Basin Models component 

was used to import and edit information related to the Basins for the simulations. The 

Meteorological Models component related the Precipitation Gages to individual basins. A

User-Defined Hyetograph Precipitation Gage was created for each of the basins based 

upon Next Generation Radar (NexRAD) data for the corresponding rainfall event. On

one gage was created and then populated with data using the time window of the 

corresponding Control Specification. The Control Specification component contained 

information about the start and end time, and time-step interval for the simulation. 

Once setup of these three com

 

ly 

ponents was complete, the Run Configuration tool was 

used to identify which Basin Model, Meteorological Model and Control Specification was 

Clark Unit 

e 

d 

infall event. A separate Basin Model was then used for the calibration 

process for each storm at each spatial resolution. The Basin Models from the calibration 

process were copied and saved under different names for the land cover change 

to be used for the simulation. A different project was created for the SCS and 

Hydrograph (UH) methods. 

     For the calibration process, a separate Basin Model was created for each of th

different rainfall events at each spatial resolution. Additionally, a separate Basin Model 

was created for the land cover change evaluation for each rainfall event and at each 

spatial resolution. This resulted in the creation of 36 Basin Models per project. There 

was one Basin Model created for each of the resolutions using the original importe

values for each ra
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evaluation and the Curve Number (CN) values for the affected watersheds were edited. 

This preserved the parameters for the unaffected watersheds. 

Soil Conservation Service Unit Hydrograph Calibration 

     The SCS UH model was selected as one of the transform methods to be used in this 

study for its simplicity. For the Large-Resolution simulations there were four watersheds 

modeled, each containing one reach and one outlet. In total, there were 12 HEC-HMS 

elements defined for each simulation, each of which had an associated hydrograph 

computed. The SCS CN model was selected for the loss method to accompany the SCS 

UH transform model. The SCS CN loss model converted the precipitation depth into 

runoff, with some amount infiltrating into the soil. The amount of infiltration, or 

abstraction, was based upon the average CN, Initial Abstraction, and Percent 

Impervious Cover parameter values. It is noteworthy to mention that no runoff is 

 

 

asin 

o 

changing. This was significant because there were times when the default 

parameter values had to be found in other HEC-GeoHMS exported files, or within the 

generated until the precipitation exceeds the Initial Abstraction value. 

     Initial basin parameter values for area, in km2, CN value, and SCS lag time, in 

minutes, were included in the imported information. The default setting for the Basin

Routing method was often set to the Muskingam-Cunge method as opposed to the SCS

Lag method, though it was not clear why. It was also found that even when the B

Attributes had been specified in the dialog box, the import process would not adhere t

the changes made and populate fields, or set methods that were not desirable and 

required 

layers from which the values were derived. 
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Coarse-Resolution Basins Model 

     For the coarse-resolution basins model, the Clear Creek-Green Belt Corridor 

(CCGBC) area was separated into four watersheds. The first three watersheds w

used as the contributing area for the calibration of the model. The parameters for the 

fourth watershed were estimated using the values from the CCL watershed, which had 

similar physical characteristics. Once the calibration was completed, the model was then 

used to simulate three regimes of land cover change throughout the Study Area 

watershed.  

     For this study, four rainfall events were simulated for both the calibration process 

and land cover change evaluation. The precipitation data was gathered using data from

a NexRAD data repository and the wate

ere 

 

rshed boundaries. The events were selected to 

reflect a heavy, medium and light rainfall event. They also represented different 

conditions of antecedent soil moisture, how much water was in the soil before the 

event, and seasonal variations. The time intervals used to evaluate the rainfall events 

were: January 02, 2005 1800 - January 04, 2005 1800; June 05, 2004 1900 - June 07, 

2004 1900; July 27, 2004 1900 - July30, 2004 1900; and August 27, 2004 1900 - 

August 29, 2004 1900. The time intervals provided enough time the precipitation to fall, 

the flow to peak and begin to recede. Since the focus of this study was centered on the 

time and volume of the peak flow, the tail of the hydrograph was not as important, and 

flows did not need to return to prior conditions. Fig. 17 shows an example of one of the 

hydrographs using the estimated parameter values for the SCS Unit Hydrograph model. 

The hydrograph was of a Junction element that was in the same location within the 
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watersheds as the USGS Gaging station where the flow data had been collected. The 

dashed Blue Line represents the flow recorded by the flow gage. The Red Line 

represented the total flow at the Junction element simulated by HEC-HMS. The legend 

contains several references to the Red Line because each 24 hour period is treated as a 

separate line that can be added to the hydrograph. Fig. 18 shows the calibrated 

hydrograph for the same rainfall event. 

 

Figure 17. January 2005 Un-calibrated SCS Hydrograph 
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Figure 18. January 2005 SCS Calibrated Hydrograph 

     Table 4 shows the final values of the parameters used during the calibration process 

for the SCS UH transform method from the four storm events for the first three 

watersheds. 

Table 4. Coarse-Resolution Calibration Values 

Watershed ID CCU CCM CCL 
Original Lag hrs 4.00 2.00 3.00 
Jan05 - Precipitation mm .8 1.8 16.7 
Jan05 -Lag hrs 1.33 1.33 1.67 
Jan05 - IA mm 0.00 0.00 0.00 
Jan05 -%Imperv   4.97 4.98 5.21 
Jun04 - Precipitation mm 50 57.8 99 
Jun04 - Lag hrs 2.80 2.70 2.33 
Jun04 - IA mm 43.00 45.00 56.00 
Jun04 - %Imperv   4.97 4.98 5.21 
Jul04 - Precipitation mm 26.3 30.1 36.6 
Jul04 - Lag hrs 4.33 4.67 6.00 
Jul04 - IA mm 22.00 22.00 26.00 
Jul04 - %Imperv   0.00 0.00 0.00 
Aug04 - Precipitation mm 14.1 25.9 18.1 
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Aug04 - Lag hrs 3.83 4.20 1.00 
Aug04 - IA mm 14.15 25.54 17.75 
Aug04 - %Imperv   0.00 0.00 0.00 

 

     As the June, July and August events occurred during the summer months in North 

Central Texas, it was not unusual that a significant amount of the precipitation was 

removed by the Initial Abstraction (IA) parameter for those rainfall events. To be able 

to recreate the peak flow volume for the January storm event, none of the precipitation 

was abstracted. The Lag time for the January event was also lower than that of the 

other storms in order for the peak flow volume to be equal to the observed peak flow 

volume. However, in order to meet the peak flow volume, the time to peak occurred at 

a much earlier time in the simulation than was observed by the gaged data.  

     Another interesting observation to note was the relationship between the amount of 

precipitation and the amount abstracted, particularly in the summer months. For the 

August storm event, nearly all of the precipitation was abstracted, leaving very little to 

transform to runoff. The August event had a much higher precipitation than did the 

January event, where no abstraction occurred. This relationship indicates a strong 

seasonal variation may exist.   

     Perhaps one of the most important aspects of Table 4 was how clearly it highlights 

the importance of the spatial variation of precipitation. Similar tables for the other 

resolution models highlight this aspect even further. The proper placement of 

precipitation, both in space and time is an important factor involved when attempting to 

calibrate a hydrologic model.  

76



  

Figure 19. SCS UH Coarse-Resolution Hydrograph - January 2005 

     The calibration process for the coarse-resolution SCS UH model was not able to 

recreate a hydrograph matching the observed data for the January 2005 storm event 

(Fig. 19). However, the peak flow magnitude and time to peak were recreated 

reasonably well. It should be noted that no Initial Abstraction took place for the January 

2005 storm event, as this was the only way to ensure the magnitude of the peak for the 

simulated hydrograph matched that of the observed data. Also, the time of occurrence 

for the peak was approximately one hour before that of the observed data. Again, this 

was to ensure the magnitude of the peaks matched. Field observations of Clear Creek 

indicated that many times there was no baseflow. Some of the discrepancies in the 
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hydrograph for the January 2005 rainfall event could be improved by including baseflow 

conditions. However, with no identified source for baseflow, distributing the amount of 

pervious flow throughout the Clear Creek watersheds would have been difficult and was 

not considered for this study. 
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Figure 20. SCS UH Coarse-Resolution Absolute Value of Residuals - January 2005 

vides some indication of the 

s plot 

 

     The plot of absolute residual values in Fig. 20 pro

goodness of fit for the calibrated model. The troughs toward the end of the plot 

correspond to the rises in the tail of the hydrograph, while the peak in the residual

corresponds the great gap between the observed and simulated values immediately 

after the peak flow was reached and the flow values began to decrease. The time for 

this plot was recorded as minutes after the first flow values were recorded at the

simulated outlet. 
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Figure 21. SCS UH Coarse-Resolution Hydrograph - June 2004 

     The results of the simulation for the June 2004 rainfall event (Fig.21) were much 

improved over the January 2005 event. However, the full hydrograph still indicated 

discrepancies. One potential reason for the improved results was the lack of baseflow 

prior to the rainfall event. The peak flow magnitude was off only slightly and the 

occurrence of the peak was only 15 minutes prior to that of the observed data. Since 

these were the primary parameters of concern this was considered a well calibrated 

model.  
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Figure 22. SCS UH Coarse-Resolution Absolute Value of Residuals - June 2004 

     The plot of residuals for the June 2004 rainfall event found in Fig. 22 indicates four 

areas through the hydrograph where most of the error occurred. The first major peak in 

the residuals plot corresponds to gap along the rising edge of the hydrograph. 

Whereas, the hydrographs plots seemed to indicate a low amount of error at this point, 

a plot of the residuals indicated a much greater amount of error existed here than was 

could have been observed from looking over the hydrographs. There was a low amount 

error afterward, around the peak of the hydrographs for both the simulated and 

observed data. The simulated flow then produced a second peak whereas the observed 

flow began to fall, causing the second major peak in the residuals plot. The third large 

peak in the residuals plot was due to the trough in the simulated hydrograph before it 

rose again and began its final descent. 
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Figure 23. SCS UH Coarse-Resolution Hydrograph - July 2004 

     The July 2004 rainfall presented challenges in that there were three distinct peaks 

along the observed data's hydrograph (Fig. 23). These peaks were most likely due to 

the variations of the time and amount of precipitation occurring in different areas 

throughout the different watersheds. The coarse-resolution basins model was able to 

match the rising edge of the hydrograph fairly well, but continued to rise as opposed to 

dipping before reaching the largest peak. As the simulated hydrograph began to fall, its 

uplift again as there was in the observed 

data. Due to the large areas covered by the coarse-resolution basins model, it was 

unable to account for the different peaks. 

decline was much steeper, and there was no 
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Figure 24. SCS UH Coarse-Resolution Absolute Value of Residuals - July 2004 

     Fig. 24 differs from the other plots of residual values for the coarse-resolution basins 

model in that only small amounts of error were found toward the beginning of the 

hydrograph. The residuals are plotted from the time when a simulated flow was first 

s the 

 rose. 

 

 It 

recorded at the outlet, around 1:40 am on July 29, 2004. The plot highlight

similarities between the simulated and observed flow values as the hydrographs

The small peaks at the beginning corresponds the hydrographs crossing each other as 

they rose, as well as the simulated hydrograph overshooting the first observed trough. 

It was not until the simulated hydrograph began falling much more rapidly than the

observed data that a significant discrepancy could be observed in the residuals plot.

was a discrepancy that the simulated results never recovered. 
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Figure 25. SCS UH Coarse-Resolution Hydrograph - August 2004 

     The August 2004 rainfall event was the most difficult to calibrate for all resolutions 

of all models. The August 2004 rainfall event released the least amount of precipitation. 

Apparently the amount of precipitation released was so low that HEC-HMS was not able 

simulate the basins' response appropriately (Fig. 25). There were two peaks along the 

simulated hydrograph, and no sustained flow as was observed in the gage data. The 

peaks of the simulated hydrograph were not in coincidence with the peaks of the 

observed data, but were of approximately the same magnitude as the observed peak. 

Baseflow conditions were present, and appeared to account for almost half of the total 

83



flow at the outlet. Including baseflow conditions may greatly enhance the results for 

this rainfall event. 
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Figure 26. SCS UH Coarse-Resolution Absolute Value of Residuals - August 2004 

     The August 2004 rainfall e cult rainfall events to 

calibrate. While the residuals plot in Fig. 26 indicates a lower amount of error than the 

 of the total flow was much greater. The 

 

vent was one of the most diffi

other residual plots, the percentage of the error

two troughs in the residuals plot correspond to the peaks of the simulated hydrograph. 

The large peaks afterward correspond to the fact that the observed data maintained 

flow whereas the simulated values did not.  
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Medium-Resolution Basins Model 

 

Figure 27. Medium-Resolution Basins Curve Numbers 

     To better understand the role of spatial variations of many model parameters, in 

particular the CN and precipitation data, the medium-resolution basins model was 

designed to be manageable in the number of elements but still provide an opportunity 

to evaluate the role of spatial variation. The coarse-resolution basins model was very 

simple and had a minimal number of elements, making adjustments easier and 

ny more elements, 

which required a much greater effort during the calibration period in order to produce 

simulation times short. The fine-resolution basins model had ma
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satisfactory results, as well as consuming more computation time. Fig. 27 shows the 

spatial variation of the CNs. 

 

Figure 28. SCS UH Medium-Resolution Hydrograph - January 2005 

     As with the other models, the peak flow for the medium-resolution basins model for 

the January 2005 rainfall (Fig. 28) occurred much sooner than the observed data, 

approximately an hour and twenty minutes. However, using the lag times which 

resulted in the proper time of the peak flow reduced the magnitude to the point where 

there was too much error in the peak flow volume. As with the coarse-resolution basins 

model, the Initial Abstraction value was set as 0. The peaks along the tail were 

recreated better in the medium-resolution basins model than the coarse-resolution, but 
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not as well as with the fine-resolution basins model. Determining how baseflow 

conditions could be incorporated in the medium-resolution basins model could improve 

the results. However, determining which basins received the proper amount of baseflow 

required more resources than were available for this study. 
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     The large peaks of the residuals plot in Fig. 29 visual represent the errors found 

along the tail of the hydrograph for the simulated results when compared to the 

observed flow values. The troughs along the residuals plot indicate the points where the 

simulated flow recovered slightly, though the residuals plot show that the SCS UH 

method was not able to simulate the full hydrograph. 

Figure 29. SCS UH Medium-Resolution Absolute Value of Residuals - January 2005 
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Figure 30. SCS UH Medium-Resolution Hydrograph - June 2004 

     The medium-resolution basins model for the June 2004 simulation hydrograph (Fig. 

30) tail had several smaller peaks. This was due to the lag times used for the reaches. 

The medium and fine-resolution basins model out performed the coarse-resolution 

basins model for the June 2004 rainfall event. The medium and fine-resolution basins 

models also outperformed the coarse-resolution model for the July 2004 rainfall event. 

It was difficult to determine that the results of the medium-resolution basins model 

were significantly different from the fine-resolution basins model results. 
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Figure 31. SCS UH Medium-Resolution Absolute Value of Residuals - June 2004 

      The residuals plot (Fig. 31) for the SCS UH medium-resolution indicates a poor fit

for the overall hydrograph. The high peak in the beginning of the residuals plot was 

caused by the gap along the rising edge of the hydrograph. The peaks afterward 

corresponded to the peaks along the tail of the simulated hydrograph. The last peak 

along the tail caused the trough toward the end of the residuals plot. 
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Figure 32. SCS UH Medium-Resolution Hydrograph - July 2004 

     The simulated hydrograph for the medium-resolution basins model was able to 

produce more than one peak for the July 2004 rainfall event (Fig. 32). The peak flow 

magnitude and time of occurrence were also very close to the observed data. The 

medium-resolution basins model was not able to detect the first peak and trough, 

instead continuing to increase flow until the highest peak was reached. The seco

peak occurred on the tail of the hydrograph at approximately the same time as the third 

peak in the observed data. However, the magnitude of the simulated results was much

greater than that of the observed data. 

nd 
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Figure 33. SCS UH Medium-Resolution Absolute Value of Residuals - July 2004 

     The first peak of the residuals plot (Fig. 33) for the July 2004 rainfall event 

corresponds to the gap as the simulated hydrograph began rising before the observed 

hydrograph. The rapid decline of this peak indicates that as the simulated hydrograph 

reached its peak, the fit to observed data was much improved. However, the most 

marked difference between the residual plots of the medium-resolution and coarse-

resolution basins is the improved fit along the end of the hydrograph tail for the 

medium-resolution basins model. 
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Figure 34. SCS UH Medium-Resolution Hydrograph - August 2004 

 

tion 

ted 

 

 

include baseflow for the medium and fine-resolution basin models is which 

basins have flow prior to the rainfall event, and how much of the baseflow is to be 

 

     The results for the medium-resolution basins model for the August 2004 (Fig. 34)

were poor as with the coarse-resolution basins model. However, the medium-resolu

basins model was able to create a sustained flow between the peaks of the simula

hydrograph, which was an improvement over the coarse-resolution basins model. Once

again, determining how to include baseflow for the medium-resolution basins model 

could improve the results for the August 2004 rainfall event. One problem associated

with how to 

included in those basin that had prior flow.
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Figure 35. SCS UH Medium-Resolution Absolute Value of Residuals - August 2004 

     Including baseflow conditions for the August 2004 rainfall would almost certainly 

improve the results of the simulated hydrogra  residual error present in 

at a flow 

ph. Much of the

Fig. 35 was above the 0.1 cms flow level. The observed flow data indicates th

level near 0.1 cms was present prior to the rainfall event. Determining which basins 

were receiving the proper amount of baseflow would remove the large peak at the 

beginning of the residuals plot, and should also improve the amount of error found at 

the tail of the hydrograph. 
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Fine-Resolution Basins Model 

 

Figure 36. Fine-Resolution Ba

     The fine-resolution model was developed for the exact same area as the coarse-

resolution model. The only difference was the size of the watersheds to be used for the 

simulations. For both the medium fine-resolution models, the four watersheds used in 

the coarse-resolution model were further divided into smaller watersheds. This meant 

that Junction elements within the HEC-HMS models at each resolution were coincident 

and could be used to evaluate how changes in the size of the watersheds affected the 

flow volume and time to peak at an appropriate level. 

sins Curve Numbers 
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     The fine-resolution model consisted of fifty-nine watersheds with an average size of 

17.34 km2. This significantly reduced the amount of heterogeneity of the parameters 

used to extract the initial parameter values. Fig. 36 highlights the amount of spatial 

variation for the CN of the fifty-nine watersheds used for the fine-resolution model. 

However, this also increased the number of elements and therefore then number of 

parameter values to modify during the calibration process. The increased effort required 

provided encouraging improvement as the results for some of the storms more closely 

resembled the observed data. 

      

 

Figure 37. SCS UH Fine-Resolution Hydrograph - January 2005 
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     For the January 2005 rainfall event, the fine-resolution basins model results were 

able to match the peak flow volume, and were closer to the time to peak as well (Fig. 

37). In addition, the subsequent peaks present in the observed flow were more closely 

modeled. However, the tail of the hydrograph was still an area of great difference 

between the simulated results and those observed at the USGS gaging station. 
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Figure 38. SCS UH Fine-Resolution Absolute Value of Residuals - January 2005 

     Comparing the results of the fine-resolution (Fig. 38) and coarse-resolution residual 

plots show some improvement. The maximum residual value for the fine-resolution 

basins model is less than the coarse-resolution basins model. The fine-resolutions 

basins model also outperformed the medium-resolution basins model. The peaks for the 

fine-resolution residuals plot were less than the peaks for the other resolutions. The lull 

in the beginning of the residuals plot indicates that the fine-resolution basins model 

performed much better than the other resolutions as the simulated hydrograph began 

rising for the January 2005 rainfall event. 
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Figure 39. SCS UH Fine-Resolution Hydrograph - June 2004 

     For the June 2004 rainfall event, the tail of the hydrograph for the fine-resolution 

 

basins model was very close to following that of the observed data, much more so than 

that of any other hydrograph tail at any resolution for any storm (Fig. 39). The overall

shape of the hydrograph followed the observed hydrograph closely; however, the peak 

flow was simulated approximately 45 minutes later than what had been observed. This 

was in contrast to the coarse-resolution basins model peak flow which occurred 15 

minutes prior to what had been observed. 
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Figure 40. SCS UH Fine-Resolution Absolute Value of Residuals - June 2004 

     The peaks in the residuals plot for the fine-resolution basins model fore the June 

2004 rainfall correspond to the gaps in the simulated and observed hydrographs along 

the rising and falling edges. The trough between is the location where the simulated 

and observed data peaked. Whereas there was significant error along the rising and 

falling edges between the simulated and observed data, the tail of the simulated 

hydrograph fit the observed data much more closely for the fine-resolution basins 

model than the other resolutions. 
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Figure 41. SCS UH Fine-Resolution Hydrograph July 2004 

     The observed hydrograph for the July 2004 rainfall event actually showed three 

separate peaks (Fig. 41). Here again, the flow data from the fine-resolution basins 

model matched the observed results much better than the coarse-resolution basins 

model. The leading edge of the hydrograph for the fine-resolution basins model began 

rising long before the observed data and the time of the peak flow occurred 

approximately 55 minutes sooner than the observed data. Also, the tail of the fine-

resolution basins model began falling only slightly sooner than the observed data and a 

small hump on the tail was a much better representation of the third peak than the 

straight up and straight down shape of the coarse-resolution basins model. 
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Figure 42. SCS UH Fine-Resolution Absolute Value of Residuals - July 2004 

     One observation made when comparing the results of the residuals plot of the 

different resolutions for the July 2004 rainfall are the similarities between the medium 

begin to appear until 

ve 

. 

dels, but was not able to sustain the flow 

nearly as well. 

and fine-resolution basins model. Significant differences do not 

about 1,700 minutes have passed. This is the point where the two hydrographs ha

began falling, but the medium-resolution simulated hydrograph adds an additional 

peak, as opposed to the small hump seen in the fine-resolution simulated hydrograph

Another observation when comparing the different residual plots is the increased 

amount of time the finer resolution basins models continue producing simulated flow. 

The coarse-resolution basins model was better able to begin producing runoff at the 

proper time than the finer resolution mo
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Figure 43. SCS UH Fine-Resolution Hydrograph - August 2004 

     The August 2004 rainfall event had the poorest results for all resolutions of all 

models used. However, the n models fit the observed 

data much better than the coarse-resolution model. The observed flow increase was 

small, beginning with a flow approximately 0.11 cms and increasing only to 0.22653 

cms. The hydrograph of the observed flow seemed to indicate much more of a 

segmented flow than could be recreated using the models selected for this study. While 

the magnitude of the peak could be reasonably matched, the time of occurrence was 

off several hours. Fig. 31 shows the hydrograph information for the fine-resolution 

 results of the finer resolution basi
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basins model for the August 2004 rainfall event. It is possible, again, that the inclusion 

of baseflow conditions for basins in which prior flow existed could improve the results  

for this model. 
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Figure 44. SCS UH Fine-Resolution Absolute Value of Residuals - August 2004 

solution basins model. 

 

     The best fit for the August 2004 rainfall event was the fine-re

Including appropriate baseflow conditions could improve the results even more. 

Baseflow conditions could aid in the beginning and end of the simulated hydrograph. 

This would allow the areas where the majority of the error was produced to be reduced

and a much better fit for the entire hydrograph. 
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Figure 45. SCS UH Peak Flow Comparison 

     Fig. 45 displays the differences for the peak flow volume for each resolution and 

rainfall event graphically. While this graph indicated no significant improvement in 

results as basin sizes were reduced, the overall hydrographs did show significant 

improvement in the ability to fit the observed data. The June 2004 medium-resolution 

basins model was the poorest fit as a calibrated model, however the difference in peak 

flow of 1.5 cms was less than a 1% difference between the simulated and observed 

peak flows. 
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Figure 46. SCS UH Time of Peak Comparison 

problem. 

     Fig. 46 highlights the differences in the time to peak flow. This graph clearly shows 

the difficulties in placing the peak flow at the proper time for the January 2005 and 

August 2004 rainfall events. The fine-resolution basins model was somewhat more 

difficult to calibrate for time to peak flow because of the number of elements involved. 

However, when removing elements, like the reaches, from the simulations the time to 

peak was not easier to calibrate. Therefore, no solution was found for dealing with this 
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Clark Unit Hydrograph Calibration 

     The Clark UH transform method simulates two processes to generate the 

hydrograph for a particular basin, translation and attenuation. Translation uses the 

excess precipitation and a time-area histogram to determine the contributing area of 

the basin. The excess precipitation is then routed into a linear reservoir, which is the 

outlet for the basin, with a delay. This means that as the rainfall event continues, more 

of the basin area is used to calculate the amount of outflow. Attenuation occurs as 

water is temporarily stored throughout the basin. This means that some of the excess 

precipitation is removed and stored in the basin and then slowly released from the 

linear reservoir. The Clark UH method also used different inputs: the time to 

concentration for each basin and a storage coefficient. The Time to Concentration (TC) 

parameter was used for the translation of the excess precipitation, while the storage 

re provided and stored in 

to determine the 

outflow for the basin. 

 the 

SCS UH was a reduced IA value. This parameter is used to simulate the effect of 

coefficient was used for the attenuation. Both parameters we

hours. 

     This method used different algorithms to calculate the outflow and was expected to 

yield slightly better results than the SCS UH transform method. As with the SCS UH 

transform method, the SCS CN loss method was used as the loss method. The SCS CN 

loss method used physical characteristics of the basins to determine how much of the 

precipitation would become runoff, the excess precipitation used 

     One of the results of the different algorithms used for the Clark UH method from
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antecedent soil moistures conditions. Soils will abstract some amount of the 

precipitation and retain that amount preventing it from becoming runoff. This was 

assumed to be due to the storage coefficient using a portion of the precipitation exce

before it becomes runoff.  

Coarse-Resolution Basins Model 

ss 

 

Figure 47. Clark UH Coarse-Resolution Hydrograph - January 2005 

     The January 2005 rainfall event presented the same troubles with the coarse-

resolution basins model for the Clark UH (Fig. 47) method as with the SCS UH. In order 

to match the magnitude of the peak flow, the TC and storage coefficient had to be 

reduced to the point that the occurrence of the peak flow was more than an hour 
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sooner than that observed. The tail also fell off much sooner than the observed 

hydrograph. The coarse-resolution basins model was not able to properly simulate the 

peaks along the tail of the hydrograph. As with the SCS UH method, the simulated 

results for the January 2005 rainfall event showed significant discrepancies, especially 

toward the end of the hydrograph tail. It is possible that appropriately placed baseflow 

values could improve the results of this simulation. 
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Figure 48. Clark UH Coarse-Resolution Residual Flow Values 

     The plot of the absolute values for residual flow values in Fig. 48 shows the 

discrepancies found along the tail quite clearly. There are some differences in obser

and simulated flow along the rising edge of the hydrograph, however, the most 

significant problems were fou

ved 

nd just after the hydrograph peak, as the simulated 

hydrograph began falling more steeply than the observed data. The troughs in the 

nd 

observed values were closest. The residual plots for the coarse-resolution basins model 

residual plot indicate the peaks found in the hydrograph, where the simulated a
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were of similar shape between the Clark and SCS UH methods. However, the Clark U

method produced slightly higher residual values than the SCS UH method. 

H 

 

Figure 49. Clark UH Coarse-Resolution Hydrograph - June 2004 

     The time of the peak flow of the simulated hydrograph (Fig. 49) for the June 2004 

storm event was only five minutes later than the observed data. However, in order to 

match the time of occurrence, the volume was somewhat lower. The hydrograph began 

rising sooner, rose at a lower rate and fell off sooner than the observed data. 

Additionally, the second peak on the tail of the simulated hydrograph was much greater 

than that of the observed hydrograph.  
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Figure 50. Clark UH Coarse-Resolution Absolute Value of Residuals - June 2004 

     As with the January 2005 residuals plot, the general shape of the residuals plot 

between the Clark UH (Fig. 50) and SCS UH methods for the June 2004 rainfall event 

are fairly similar. The first two peaks of the Clark UH residuals are somewhat lower than 

the values for the SCS UH residuals, but the third peak of the Clark UH residuals is 

higher than the SCS UH. There were still significant discrepancies along the tail of the 

simulated and observed hydrographs.  
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Figure 51. Clark UH Coarse-Resolution Hydrograph - July 2004 

     The observed peak flow for the July 2004 rainfall event (Fig. 37) occurred 

approximately 40 minutes later than the simulated hydrograph. The simulations were 

also not able to reproduce the three peaks of the observed hydrograph. Even though 

the storage coefficient retained some of the excess precipitation for release at a later 

time, the tail of the hydrograph fell off sooner than the observed data. However, the 

results for the coarse-resolution basins model for the Clark UH method were far better 

than the results for the same resolution for the SCS UH method.  
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Figure 52. Clark UH Coarse-Resolution Absolute Value of Residuals - July 2004 

     The Clark UH results (Fig. 52) for the coarse-resolution basins model for the July 

2004 rainfall varied greatly from the results of the SCS UH method, particularly along 

ong the rising edge of the the tail of the hydrograph. There was slightly more error al

hydrographs, however, the Clark UH method produced considerably better results along 

the tail of the hydrograph. 
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Figure 53. Clark UH Coarse-Resolution Hydrograph - August 2004 

     The August 2004 rainfall event presented significant problems when trying to 

calibrate the full hydrograph (Fig. 53). The magnitude of the peak flow was very similar 

to the observed, and the time of occurrence was exactly the same; however, the full 

hydrograph was simulated very poorly once again. While these were the primary 

parameters of concern for this study, it was concerning that the full hydrograph could 

not be simulated with reasonable results. Again, using proper baseflow values, these 

results may be improved considerably. 
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Figure 54. Clark UH Coarse-Resolution Absolute Value of Residuals - August 2004 

     As with the July 2004 rainfall event, the Clark UH method (Fig. 54) produced slightly 

better results than the SCS UH method. The general shapes of the residuals plots w

much different between the two different methods. The ability of the Clark UH method

to store some of the excess precipitation and release it at a later time allowed the 

coarse-resolution basins model to produce slightly more sustained flow between the 

peaks. 

ere 
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Medium-Resolution Basins Model 

 

Figure 55. Clark UH Medium-Resolution Hydrograph - January 2005 

     The January 2005 rainfall event (Fig. 55) presented difficulties in calibration for the

medium-resolution basins model just as with the other model and other resolutions. 

The Initial Abstraction value for the loss model was set to zero, and in order to match 

the peak flow magnitude the TC and storage coefficient values were so low that the 

time of occurrence was one hour and fifteen minutes earlier than the observed peak. 

The additional peaks along the tail of the observed hydrograph were reflecte

 

d in the 
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simulated hydrograph, although the magnitude of the peaks and the time of their 

occurrence were not simulated well. 
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Figure 56. Clark UH Medium-Resolution Absolute Value of Residuals - January 2005 

     The Clark (Fig. 56) and SCS UH methods produced very similar results for the 

January 2005 medium-resolution simulations. The primary difference was the amount of 

time the Clark UH continued producing results whereas the SCS UH method had ended. 

This suggests there was not much difference between the two different methods for 

this rainfall event. However, the medium-resolution basins model produced slightly less 

error than the coarse-resolution basins model. 
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Figure 57. Clark UH Medium-Resolution Hydrograph - June 2004 

 distinguishable, 

while the simulated hydrograph had two very distinct peaks. The tail of the simulated 

served data, including a small hump 

toward the end.  

     The June 2004 rainfall event (Fig. 57) presented more difficulty in calibration for the 

medium-resolution basins model for the Clark UH model than most of the other 

resolutions or the other model. The peak flow magnitude was eventually matched, but 

the time of the occurrence of the peak was almost two full hours later than the 

observed data. The observed data had two peaks that were hardly

hydrograph was similar in shape to that of the ob
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Figure 58. Clark UH Medium-Resolution Absolute Values of Residuals - June 2004 

     The Clark UH method (Fig. 58) did seem to outperform the SCS UH method for the 

medium-resolution June 2004 rainfall event. Whereas there were still fairly significant 

discrepancies, the Clark UH method generally produced much less error than the SCS 

UH method. This was particularly evident after approximately 1,600 minutes had 

passed. The amount of error for the Clark UH actually decreases steadily, as opposed to 

the trough observed in the SCS UH residuals. It was difficult to determine if there 

significant improvements from the coarse-resolution simulated results and the medium-

resolution simulation results for the Clark UH method, although the medium-resolution 

does appear to have performed slightly better; again, particularly along the tail of the 

hydrographs where the medium-resolution results fit the observed data much better 

than the coarse-resolution. 
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F rk UH dium

     As with the coarse-reso

(Fig. 59) was not able to d r 

 

ydrograph, but the occurrence was later by approximately 50 minutes. Also, the rising 

 

igure 59. Cla  Me -Resolution Hydrograph - July 2004 

lution basins model, the medium-resolution basins model 

etect the three distinct peaks of the observed hydrograph fo

the July 2004 rainfall event. The peak flow magnitude was close to that of the observed

h

edge of the simulated hydrograph was not nearly as steep as the observed hydrograph,

and tailing edge began falling sooner and fell at a steeper rate.  
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Figure 60.  Clark UH Medium-Resolution Absolute Value of Residuals - July 2004 

     Comparing the results for the Clark (Fig. 60) and SCS UH methods for the July 2004 

rainfall event using the medium-resolution basins model indicates the methods yielded 

different results, and in this case the SCS UH method seems to have yielded slightly 

better results, especially along the tail of the hydrograph. This was strange because this 

is the area where the Clark UH method generally out performs the SCS UH method. 

There was a large area in the middle of the SCS UH method where almost 4 cms of 

difference in simulated and observed flow was sustained for several minutes. However, 

the improvements along toward the end of the hydrograph for the SCS UH results 

should more than make up for that sustained flow error. The general shape of the 

medium-resolution residual errors plot was similar to that of the coarse-resolution. As 

with the SCS UH method, the Clark UH method medium-resolution basins model also 

resulted in the generation of flow much earlier in the simulation than did the coarse-

resolution basins model. This resulted in a much longer and higher error value toward 
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the beginning of the resid  coarse-resolution 

his 

ual errors plot. The result was that the

basins model outperformed the results of the medium-resolution basins model for t

rainfallevent. 

 

Figure 61.Clark UH Medium-Resolution Hydrograph - August 2004 

     For the August 2004 rainfall event, the peak flow magnitude and time of occurrence

for the medium-resolution basins model matched the observed data very nicely. 

However, the remainder of the hydrograph was practically missing. Even though the 

Clark UH model removes some of the excess precipitation and releases it at a later 

time, it was not able to match the amount of flow observed throughout the time 

interval for the simulations. 
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Figure 62. Clark UH Medium-Resolution Absolute Value of Residuals - August 2004 

   The SCS UH method produced slightly less error for the medium-resolution basins 

model for the August 2004 rainfall event than the Clark UH method (Fig. 62). The error 

produced by the coarse-resolution basins model for the Clark UH method, although very 

different, appear to also have produced less error than the medium-resolution basins 

model. As with all of the simulations, inclusion of baseflow conditions would likely 

improve the results considerably. One of the reasons the medium-resolution basins 

model results were so different than the coarse-resolution basins model was the weak 

first peak of the simulated results. The SCS UH method produced two peaks near the 

observed data, as did the Clark UH method using the coarse-resolution basins model. 

However, the Clark UH method was not able to produce a second significant peak using 

the medium-resolution basins model. 
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Fine-Resolution Basins Model 
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magnitude  flow for the January 2005 rainfall event (Fig. 63) the time of 
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m h clos than the of the coarse-resolution basins model. The magnitude of the peak 
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Figure 64. Clark UH Fine-Resolution Absolute Value of Residuals - January 2005 

     Comparing the residual results of the SCS and Clark UH methods for the January 

2005 rainfall event using the fine-resolution basins model, the SCS UH method again 

occur at approximately the same time, however, the values of the peaks are slightly 

lower for the SCS UH me as no advantage 

seemed to have outperformed the Clark UH method (Fig.64). The peaks of both plots 

thod than the Clark UH method. There w

gained along the tail of the hydrograph for the Clark UH method either. However, the 

fine-resolution basins model produced considerably better results than the coarse or 

medium-resolution basins models. 
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Figure 65. Clark UH Fine-Resolution Hydrograph - June 2004 

     The June 2004 rainfall event yielded one of the best results (Fig. 65). The time of 

the peak flow was only 15 minutes earlier than the observed data, and the mag

was very close as well. The general shape of the simulated hydrograph also closely 

resembled the shape of the observed data, including a small rise on the tail of the 

hydrograph. There was another peak on the tail of the simulated hydrograph that was 

not present in the observed hydrograph.  

nitude 
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Figure 66. Clark UH Fine-Resolution Absolute Value of Residuals - June 2004 

     The residual errors plotted in Fig. 66 are a much better fit to the observed data than 

the results of the SCS UH method using the fine-resolution basins model for the June 

2004 rainfall event. The two large peaks are in approximately the same location, but 

are much smaller. Whereas the last peak was somewhat lower in the SCS UH results 

than the Clark UH results, the general trend of the Clark UH results was a much better 

fit to the observed data. The results of the fine-resolution basins model using the Clark 

UH method were similar to the results of the coarse-resolution basins model, though 

the peaks for the coarse-resolution basins model were generally lower than those of the 

fine-resolution basins model. 
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Figure 67. Clark UH Fine-Resolution Hydrograph - July 2004 

 over 

 

     The observed data for the July 2004 rainfall event (Fig 67) showed three distinct 

peaks occurring at very different times. The fine-resolution basins model was not able 

to recreate this effect. The time of the peak flow for the simulated results occurred

one hour later than the observed data. The magnitude of the peak flow was close to 

that of the observed data, but there was only one distinct peak. This was different than

the three distinct peaks of the observed data. 
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Figure 68. Clark UH Fine-Resolution Absolute Value of Residuals - July 2004 

     There were subtle differences between the two methods for the July 2004 rainfall 

event using the fine-resolution basins model. The Clark UH method (Fig. 68) produced a 

smaller second peak in error, larger third peak, and less error along the tail of the 

hydrograph. The fine-resolutions basins model errors were very close to those of the 

medium-resolution basins model using the Clark UH method. The fine-resolutions basins 

model produced slightly less error along the tail of the hydrograph; however, the other 

peaks were almost coincident in terms of both magnitude and time of occurrence.  
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Figure 69. Clark UH Fine-Resolution Hydrograph - August 2004 

     As with all of the other ted the greatest 

 

r 

of 

resolutions, the August 2004 presen

challenges in the calibration process. For the Clark UH method, the results of the fine-

resolution basins model (Fig. 69) were not able to match those of the observed data. 

However, the fine-resolution basins model for the Clark UH method did present a better

overall shape for the August 2004 rainfall event than any other model and resolution fo

that event. There were multiple peaks, though none occurred in coincidence with any 

the observed peaks. While the peak flow magnitude for the simulation was close to that 

of the observed data, the time of occurrence was almost 5 full hours later.  
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Figure 70. Clark UH Fine-Resolution Absolute Value of Residuals - August 2004 

     Plotting the residual errors for the August 2004 rainfall event does not indicate if the 

model was able to recreate the peak flow at proper time and volume. However, the 

residuals do provide insight into the general goodness of fit for the model. Fig. 70 

shows that there were some significant areas of discrepancy between the simulated and 

observed flow values. The results of the SCS and Clark UH methods were somewhat 

close for the fine-resolution basins model for the August 2004 rainfall event. Both 

methods were able to maintain a sustained flow over the entire simulation period much 

better than the other resolutions.  
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Figure 71. Clark UH Peak Flow Comparison 

e closer 

 

     In relation to the SCS UH method, the results of the calibrated Clark UH wer

for several of the resolutions and rainfall events. However, as with the SCS UH method, 

the June 2004 presented the greatest difference in peak flow. The 3.23 cms difference 

between the observed and simulated peak flow values represented a difference of 1.4%

of the total flow, which was considered a small amount of error.  
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Figure 72. Clark UH Time to Peak Flow Comparison 

     The results for the Clark UH method calibration for the time to peak flow showed

some better, and some poorer, results compared to the SCS UH method. The range fo

the Clark UH method was slightly smaller, 285 minutes compared to 310 minutes 

the SCS UH method.  While both models exhibited problems for calibrating the time of 

peak flow, the Clark UH method seemed to have been slightly better at predicting the 

time of peak flow than the SCS UH method with a total difference of 635 minutes 

compared to 865.4.  
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Calibration Comparison 

     For the purposes of this study, most of the calibrated hydrograph results wer

sufficient for the rainfall events used. The exception would clearly be that of the Augu

2004 rainfall event. While some of the models were able to reproduce a peak at a 

similar magnitude and time, the overall shape of the simulated hydrographs were not 

able to reproduce the observed results by any of the models at any resolution.  

    The calculation times were determine

e 

st 

d from the Start 

 

 

longer 

 the 

 time 

noticeable difference in the amount of time used by the SCS UH or Clark UH models.   

Run ID (sec) 
and End times contained in the log files associated with each 

Basin Model component in the HEC-HMS project folder. Table 

7 displays the computation times for each basin resolution

and model type. These times apparently represented how 

much time the calculations consumed, but not necessarily the

full time of the simulation. Since HEC-HMS wrote the results 

for each simulation into the .dss file for the project, and 

prepared the summary table, hydrograph and time series 

table information for the run, the amount of time the 

simulation would take from start to finish was actually 

than was reported in the table. The amount of time from

beginning of the simulation to the end was never recorded. 

The coarse-resolution basins models took noticeably less

than the other resolution basins models, but there was no 

Time 

SCS UH  
Coarse-Jan 7 
Coarse-Jun 14 
Coarse-July 10 
Coarse-Aug 2 
Medium-Jan 31 
Medium-June 11 
Medium-Jul 11 
Medium-Aug 16 
Fine-Jan 53 
Fine-Jun 34 
Fine-Jul 11 
Fine-Aug 29 
Clark UH  
Coarse-Jan 4 
Coarse-Jun 4 
Coarse-July 4 
Coarse-Aug 3 
Medium-Jan 10 
Medium-June 10 
Medium-Jul 11 
Medium-Aug 11 
Fine-Jan 24 
Fine-Jun 54 
Fine-Jul 55 
Fine-Aug 32 

Table 5. Computation Times 
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     It was not determined that an appreciable difference could be established between 

 

del 

 for 

y 

ons 

 

 

ikely 

the SCS and Clark UH transform models. The role of the spatial resolution of the basins

model seemed to influence the effectiveness of the results more than the type of mo

used. The SCS and Clark UH transform models each had a rainfall event or basin 

resolution where they outperformed the other model type.  

     The evaluation of the spatial resolution indicated that the models simulated the 

rainfall events more effectively with the smaller resolutions. This was especially true

the August 2004 rainfall event, where the finer resolution basin models were the onl

ones with a sustained flow between their hydrograph peaks. All of the basin resoluti

seemed to be able to simulate the June 2004 rainfall events, with the finer resolution 

basin models again outperforming the coarse-resolution basin models for the July 2004

rainfall event. Although it was difficult to determine if this was due to a better 

representation of the physical characteristics for the basins, or better determination of

when, where and how much precipitation fell during the rainfall event. The most l

scenario was that it was due in part to both of those factors. 
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LAND COVER CHANGE EVALUATION 

     One of the purposes for the land cover change evaluation of this study was to 

explore the relationship between changes in land cover, CN and storm flow. The 

influence of the spatial resolution used for the model was used as one of the measures. 

As two different transform models were used, it was also possible to determine if 

models treated excess precipitation differently. It was assumed that as the land cover 

changed, the CN for the affected watersheds would change as well. The changes in the 

CN were expected to influence the amount of water available as excess precipitation, 

and therefore increase the peak flow for the watershed. This evaluation method did not 

allow for changes in time to peak flow for the affected watersheds since this was 

modeled using other physical characte ics of the drainage network, specifically the 

ng n th the sheet, shallow and channel flow 

regimes. The finer resolution basins models were expected to exert a greater influence 

than would be found using the coarse-resolution basins model, because the changes in 

land cover would not be masked out by averaging the values over a large area.  

     All of the land cover changes occurred on the ungaged watershed(s) representing 

the Green Belt Corridor (GBC) study area for the Biocomplexity Study at the University 

of the North Texas. As described in previous chapters, the calibration was performed 

using an adjacent watershed to the north-west along Clear Creek and a USGS gaging 

station located at the western boundary point for the GBC study area. The values from 

the calibration process were then used to estimate the values for the GBC watershed. 

As the purpose of the Land Cover Change Evaluation was to determine how the models 

rist

depth, le th a d roughness associated wi
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responded to changes in land cover, it could be argued that using reasonable, real-

world parameter values was not necessary, so long as all parameters except the CNs 

remained constant. However, because another goal of this study was to provide 

assistance in the development of a hydrologic model to be used by the Biocomplexity 

research project, providing realistic results was a priority as well as determining how 

changes were detected. Table 8 summarizes the results of the land cover change 

evaluation simulations. The changes in peak flow volume for the Clark UH are also 

highlighted in the graph in Fig. 73, while Fig. 74 highlighted the results for the SCS UH.
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Table 6. Land Cover Change Results 

  5 un ul 4-Aug Scenario CN   -Jan 4-J  4-J

Clark UH   nge 
-

tion 3/s) and % Change 
% 
Cha

Scenario
Resolu Flow (m

75 00 r 0.0 8 0.0 28.2 0.0 0.4 0.0 .4 0. 0-Coa se 109.0 343.
76. 00 0-Mid 112.7 0.0 2 0.0 26.1 0.0 0.2 0.0 0 0. 357.Original Pe

Volume 
75. 00 0 e 0.0 7 0.0 28.2 0.0 0.2 0.0 

ak 

3 0. -Fin  105.5 360.
75 43 r 0.9 8 0.3 28.3 0.4 0.4 0.8 .7 0. 1-Coa se 109.9 344.
76 20 1-Mid 114.2 1.4 4 0.4 26.1 0.1 0.2 0.0 .2 1. 358.1st Leve

P.V. 
75 53 1 e 0.3 8 0.0 28.2 0.0 0.2 0.0 

l 

.7 0. -Fin  105.9 360.
76 96 r 7.4 7 0.5 28.5 1.0 0.4 1.7 .1 0. 2-Coa se 117.0 345.
76 05 2-Mid 116.9 3.7 4 0.6 26.1 0.1 0.2 0.0 .8 1. 359.2nd Leve

P.V. 
76 20 2 e 2.5 1 0.4 28.3 0.4 0.2 0.3 

l 

.2 1. -Fin  108.1 362.
77 18 r 10.6 0 1.5 28.8 2.3 0.4 4.7 .0 2. 3-Coa se 120.5 349.
77 71 3-Mid 120.8 7.2 1 2.2 26.2 0.3 0.2 0.0 .3 1. 365.3rd Leve

P.V. 
77 26 3 e 5.3 3 1.8 28.4 0.6 0.2 7.0 

l 

.0 2. -Fin  111.1 367.

SCS UH   Scenario-
tion 3/s) and % Change    

Resolu Flow (m
75 00 r 0.0 3 0.0 22.2 0.0 0.5 0.0 .4 0. 0-Coa se 98.8 305.
76 00 0-Mid 107.1 0.0 4 0.0 24.2 0.0 0.2 0.0 .0 0. 370.Original Pe

Volume 
75 00 0 e 0.0 4 0.0 26.1 0.0 0.3 0.0 

ak 

.3 0. -Fin  102.8 390.
75 43 r 0.9 4 0.4 22.2 0.1 0.5 0.9 .7 0. 1-Coa se 99.7 306.
76 26 1-Mid 108.5 1.3 0 0.2 24.2 0.1 0.2 0.0 .2 0. 371.1st Lev

P.V. 
75 53 1 e 1.0 8 0.4 26.1 0.0 0.3 3.1 

el 

.7 0. -Fin  103.8 391.
76 96 r 1.8 1 0.6 22.2 0.2 0.5 1.8 .1 0. 2-Coa se 100.6 307.
76 05 2-Mid 111.1 3.7 0 0.4 24.2 0.1 0.2 0.0 .8 1. 372.2nd Le

P.V. 
76 20 2 e 3.1 5 0.8 26.1 0.1 0.3 5.0 

vel 

.2 1. -Fin  106.0 393.
77 18 r 4.9 6 1.4 22.3 0.4 0.5 5.1 .0 2. 3-Coa se 103.6 309.
77 71 3-Mid 114.7 7.1 1 1.8 24.3 0.4 0.2 0.0 .3 1. 377.3rd Lev

P.V. 
77 26 3 e 5.8 9 2.2 26.1 0.1 0.3 8.7 

el 

.0 2. -Fin  108.8 398.
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gure 74. Percent Change in Peak Flow Due to Land Cover Change - SCS Unit Hydr
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Coarse-Resolution Land Cover Change 

     The coarse-resolution basins models were expected to result in the least amount of 

change to the peak flow volume of all of the basin resolutions because changes in CNs 

would be averaged out over a l as 2

In order for changes in the CN to be significant enough to produce changes the peak 

flow volume, it was expected th

       Table 8 are the small increases from the original CN to the first level of 

deve m  for infa sting

for all events except the August 2004 rainfall event, the Clark UH produced a notably 

larger peak flow tha did e SC d 7 vi  insig t the

a ell. The percent change in peak flow for the coarse-resolution basins model for the 

J infall event re muc o the C k UH 

model, but more evenly distributed for the SCS UH model. 

     For m ll events, the Clark UH method produced a greater peak flow volume 

t  CS UH model. However, since the Clark UH removes a portion of the excess 

precipitati n and releases that portion at a later time it was expected to produce a 

l r peak flow volume than the SCS UH model. It is possible that because the Clark 

UH removed a portion of the excess and slowly released the stored volume from the 

watershed that the time when the maxim

the time w en the maximum amount of overland flow was leaving the watershed. The 

August 2004 was an exceptio b

fact that this event had such mall amount of precipitation that this did no

arge area. The GBC study area watershed w 64 km2. 

at the changes in CN would have to be fairly extensive.  

Of note in

lop ent  all of the ra ll events and for both models. It was intere  that 

n  th S UH. Figs. 73 an 4 pro de ht abou  results 

s w

anu

han

owe

ary ra we h greater than the other rainfall events f r lar

ost rainfa

the S

o

um amount of storage released coincided with 

h

n t

 a s

o this general trend, which may be attributa le 

t occur. 

to the 
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     The difference in the magnitude of the percent change as development occurred for 

the January 2005 rainfall event between the different models was interesting, 

particularly with the large jump in percent change that occurred using the Clark UH 

m  

he amount of change between development levels for the coarse-resolution basins 

 the graphs were the lack of change present for the June 

 

Medium-Resolution Land Cover Change 

e d  ev  t f l d 

cover change at an intermediate spatial resolution. The medium-resolution basins model 

olu s m

he GBC study area watershed was itself further divided into six 

tersheds. Due the closer placement of the physical characteristics and precipitation 

n the watershed, it was expected to yield different results than coarse-resolution 

s model. The values for the different model parameters were estimated based on 

the values used to calibrate the other watersheds.  

he CN values in Table 8 for the medium and fine-resolution basins represent the 

r

e highest average CN for all basin resolutions. Even so, for 

th

vol low. Using the SCS UH model, the medium-resolution basins typically 

ode

that t

l for the second level of development. The graphs in Figs. 44 and 45 also indicate

for the Clark UH mode

resolutions. Also of note from

ls were generally more dramatic than those for the other 

and July 2004 events, especially using the SCS UH model.  

     The medium-resolution basins models wer eveloped to aluate he effect o an

further di

seventeen watersheds. T

vided the four watersheds from the coarse-res tion basin odel into 

wa

withi

basin

      T

ave

resolution basins produced th

age CNs for all of the watersheds for the GBC study area watershed. The medium-

e J

ume of peak f

une 2004 rainfall event, the fine-resolution basins models produced a greater 
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produced a greater percent change than the other resolutions for all rainfall events and 

level of development. However, the results for the Clark UH varied somewhat. For the 

first level of development, the medium-resolution basins produced a greater change in 

pe development, 

uced the greatest change for all rainfall events using 

of change for peak flow only for the June 2004 rainfall 

n

     The increases in peak flow volume from the original state to the developed states 

 a variety of different 

results. Figs. 73 and 74 highlight immediately that the percent change as development 

red f eatest 

nt. The difference in percent change was followed by 

 and the July 2004 rainfall event. The medium-resolution basins produced no 

ge in peak flow volume for the August 2004 rainfall event for either model. 

e complete lack of change in the peak flow volume for the August 2004 rainfall 

event was most likely due to a combination of different reasons. Using the finer 

tion, the placement of precipitation varied a great deal from one watershed to the 

t nt of development 

 enough amount of precipitation to effect a change in 

th

ak

the coarse-resolution basin prod

 flow only for the January 2005 rainfall event. For the second level of 

the Clark

produced the greatest amount 

 UH model. The third of development showed that the medium-resolution 

eve t. 

using medium-resolution basins models seemed to have produced

occur

for the January 2005 rainfall eve

or the third level of develop for the medium-resolution basins was gr

the June

chan

     Th

resolu

nex

occurred, did not receive a high

. It was possible that the watersheds where the highest amou

e peak flow volume. 
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     The increases in peak flow volume from the original state to the developed states 

for the medium-resolution basins varied greatly, with no relationship seeming to exist. 

For the first level of development, the medium-resolution basins produced similar 

percent changes i low as the coarse-resolution basins . However, 

for the second level of development the changes observed between models was much 

different. The results for the Clark UH model showed that the amount of change in peak 

flow was greater for the coarse-resolution ba on

across all rainfall events, but using the SCS UH model the medium-resolution basins 

produced a greater change in peak flow for the January 2005 rainfall event and close to 

t same for the others, except the August 2004 rainfall event where the medium-

resolution basins produced no change.  

Fine-Resolution Land Cover Change 

     The fi n basins m

watershed responses from the spatial limit of HEC-HMS to a much finer resolution. The 

four major watersheds were further divided into 59 watersheds. The GBC study area 

watershed was divided into 21 watersheds. This resulted in distinct variations between 

t physical char stics of th n.  

     There were many interesting results highlighted in Table 8 and Figs. 73 and 74. The 

peak flow volume val the

the coarse-resolution basins model than were the medium-resolution basins model peak 

flow volumes. The exception  th of  fine

resolutio duce ficantly more runoff than did the coarse an dium-

n peak f  for both models

sins than for the medium-resoluti  basins 

he 

he 

ne-resolutio odel was developed to examine the difference 

acteri e watersheds and the amount of precipitatio

ues for  fine-resolution basins model were generally closer to 

 for

d signi

is was the June 2004 event, where both  the

d me

r 

n models pro
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resolution basins models. Changes in peak flow volume due to changes in land cover 

were again detected in the August 2004 rainfall event. In fact, for the SCS UH model 

the greatest percent change due to land cover changes were observed during the 

August 2004 rainfall event, the le

 to have produced a more consistent change in peak flow 

 model across spatial resolutions as well as rainfall events. The 

August 2004 rainfall events were generally close to one another for both the coarse and 

esolution basins models. The June 2004 rainfall event showed a marked decrease 

in percent change, while the July 2004 rainfall event showed the lowest percent change 

 all development levels and spatial resolutions. 

ost prominent trend that can be discovered from exploring the graphs in Figs. 

73 and 74 was the inc

trend proceeded as expected, with the last level of development 

exhibiting the greatest influence by way of percent change in peak flow from the 

of the coarse-resolution basins model seemed to indicate 

the g

nuary 2005 rainfall event, where the Clark UH produced a greater 

amount of change a

esolution basins, the greatest difference between models appeared for the August 

20  

very close values, between both models. 

ast intensity of all rainfall events. 

     The SCS UH model seemed

than did the Clark UH

percent changes in peak flow at each level of development for the January 2005 and 

fine-r

for

     The m

rease in peak flow volume as land cover changed to a more 

developed state. This 

original state. The treatment 

reatest difference between the Clark and SCS UH models. This was particularly 

evident for the Ja

t each level of development than did the SCS UH model. For the 

fine-r

04 rainfall event. The medium-resolution basins showed the same general trend, and
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DISCUSSION AND CONCLUSIONS 

     The primary objective of this study was evaluate how effective two of the lumped 

hydrologic models used HEC-HMS were at detecting changes in the land cover for the 

Green Belt Corridor is objective, the Soil 

 models were selected as the transform 

(CN) model was used to convert the rainfall that fell 

available for overland 

flow.  The precipitation data was gathered from NexRAD radar information.  

r evaluating the effectiveness was to evaluate the role of 

spatial resolution on the ability of the different models to detect and respond to 

nges in the land cover of the area. For this objective, three separate watershed 

daries were created. One boundary contained a total of four watersheds, another 

seventeen and the final cont al 

 these watersheds were used as inputs for HEC-HMS to perform the 

simulations.  

nd understanding of the established hydrologic models gained from 

this  included in the 

ouple Human-Natural Systems Model. Since the primary model results 

of in is was the focus of 

r this study. 

   ations. Use of the 

SCS CN loss method allowed for the evaluation of land cover changes. However, other 

 (GBC) study area watershed. To accomplish th

Conservation Service (SCS) and Clark UH (UH)

models. The SCS Curve Number 

over the area into excess precipitation, that volume of the rainfall 

     A secondary objective fo

cha

boun

ained fifty-nine watersheds. The area and physic

characteristics for

     The knowledge a

study will be used in the development of a hydrologic model to be

Biocomplexity C

terest for the Biocomplexity model is the peak flow volume, th

the evaluations fo

  The models selected for evaluation in this study had some limit
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parameters associated with changes in land cover were left unaltered. The percent 

impervi cov  upd ant 

exaggeration of the effects of the land cover change. The area of change was 

exagg d by changing the entire parcel from a natural state to a developed state. 

Typical  small f the s su

Also, as the surface changed, the Manning's Roughness Coefficients would have 

changed. his would lead to ch  for

models used. There was no way to effectively estimate how the changes in land cover 

nc r th

One of the final limitations of the models selected was the 

 to effectively simulate the effects of ponds distributed in the 

ters ds. The study area for this study contains several ponds, of varying sizes. 

mporary storage sites, releasing some amount of the inflow 

l the

 The January 2005 rainfall event presented problems during calibration for both 

he Initial Abstraction within the loss model value was set to 

e only rainfall event where no Initial Abstraction was provided. 

to peak flow for the simulations occurred 

 rs prior to that of the observed data. It was not determined why this should 

ous er was not ated because this would have led to signific

erate

ly,  portions o  parcel are actually covered with imperviou rface. 

 T anges in the time of concentration or lag time  the 

would effect the time to co

parameters were not altered. 

inabilit

wa

These ponds act as te

slowly, unti

    

models, at all resolutions. T

zero

Therefore, the time paramete

meet the peak flow volume that the time 

sev

be so.  

entration or lag time; therefore, the values fo ose 

y of the models

he

 levee of the pond is breached.  

; this was th

rs for the transform models were reduced so much to 

eral hou
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     Another commonality for both models at all resolutions was the difficulty of 

ca

rainfall event, and the observed data rose only slightly. While it was possible to achieve 

ac ble results for the time to peak and peak flow volume, the overall hydrograph 

sh  

bo odels and all resolutions were generally able to produce a hydrograph that 

somewhat resembled that of the observ

     Both models were calibrated with the same general effort. Most simulations were 

co

an IBM ThinkPad model R13 laptop computer with an Intel Celeron 1.07 GHz. Processor 

an  MB of RAM. Therefore, computation time should not be a limitation or deciding 

fa r for the selection of one model over the other. The finer resolution models did 

tak ghtly longer to complete than the coarse-resolution basins model. But there was 

no discernable difference be

models. 

dels did behave differently once the CNs were changed to reflect the 

ng. The Clark UH model generally produced peak flow values greater 

ution basins model was the most significant 

fall event for the coarse-resolution basins model was 

an e

librating the models for the August 2004 rainfall event. This was the lightest intensity 

cepta

ape

th m

was entirely unacceptable for both models and all resolutions. Once calibrated, 

ed data for the other rainfall events. 

mpleted with a computation time well under a minute. All simulations were run using 

d 256

cto

e sli

tween the computation time for the SCS and Clark UH 

     The two mo

land cover changi

than the S

rainfall event for the medium and fine-resol

exception. The August 2004 rain

CS UH method across all resolutions and for all rainfall events. The June 2004 

xception as well. 

145



 

    The magnitude of the peak flow volume change between developed states offered 

no furt e was less for the 

Clark UH, at others it was less for the SCS UH. This seemed to have been completely 

indepe dent of which model produced the greatest flow initially, or which model 

ev tu ver, by analyzing the 

pe  in peak flow, it was readily apparent that as more development occurred, more 

runo ainfall events. The 

medium-resolution basins results for the August 2004 rainfall event were the only 

ex

model. 

   re were changes in the peak flow volume between the different spatial 

re utions. Typically, the medium-resolution basins model generated peak flow 

vol s that varied a great deal from the other two resolutions. No relationship was 

apparent

two resolutions, and it was unclear why this resolution would vary so greatly from the 

lts from the fine-resolution basins model were much 

s for the June 2004 rainfall event. 

s difficult to 

f one model or resolution provides more appropriate results. The inclusion of 

tation data greatly improved the results 

over initia

was clear that the two models detect land cover change and translate that change into 

her insight. At times the magnitude of the change in volum

n

en

rcent

ally resulted in the largest final change in magnitude. Howe

ff was produced at all spatial resolutions, for all models and all r

ception, where no change occurred at all for any land cover change, rainfall event or 

  The

sol

ume

 for when the values would be greater or lesser than the values of the other 

other two. However, the resu

greater than the other resolution

     With

determine i

the NexRAD raster based time-series precipi

 no observed data available for the GBC study area watershed, it wa

l attempts to use total event precipitation and HEC-HMS designed storms. It 
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a change in peak flow volume differently. However, there was no way to determine that 

one model would produce more accurate results from the other, as no historical land 

cover change and flow data was available. Using the entire calibrated hydrograph as a 

standard, it was clear that the use of one of the finer resolution basins models was 

more appropriate than the coarse-resolution basins model, though there was no 

discernible difference between the SCS and Clark UHs. The deviation from of the 

average CN values present in the medium-resolution basins from the coarse-resolution 

basin seems to indicate that the fine-resolution basins may be a more appropriate 

resolution for use in the GBC study area. This may be reinforced by the fact that the 

percent of cha th olut

than the other resolutions.  

 effect of seasonal variations should be furthered explored. This study focused 

o ces ype

H eve ther d to 

the season of the year. This was apparent through the lack of any Initial Abstraction 

f  Janu infa Thi

s ntrast to the other rainfall events, all of which occurred during the summer 

mont here loss

m h s may re a

     With som  improvements this study suggests using finer resolution basins could aid 

planning an olicy decisions for municipalities. E in nd cover 

c aff lo regim hout actually changing the landscape is a useful tool. 

nge as development occurred was less for e medium-res ion basins 

    T

n d

ow

rom

tark

et

an 

he 

ifferen  between t s of models and the spatial resolution of those models. 

r, e appeare be variations in how the models operated concerning on 

 the

 co

ary 2005 ra ll event for all resolutions and both models. s stood in 

hs. T  are other  models within HEC-HMS. Greater exploration of those 

od yield a mo ppropriate method for excess precipitation generation. 

e

d p

 the f

valuating how changes  la

ect w e wit
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Properly selecting CN values for the area and keeping current land cover information 

are critical for the task of planning and policy decision making. Using proper CNs 

includes evaluating different mitigation measures for their ability to affect the flow 

regime of the area. This makes an effective tool for discussing which measures to 

suggest for developers and elected officials to consider. 
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Table 7. Initial Basin Estimates for Parameters 

Watershed 
ID Area CN 

Original 
Lag 

Original Time to 
Concentration 

Original 
Storage 

Coefficient 
 Km2  hrs   

Coarse-
Resolution  

CCU 257.951 72.68 4.0 11.27 2 
CCM 227.391 76.79 2.0 18.84 2 
CCL 275.306 77 3.0 9.14 2 
GBC 260.098 73.89 3.0 19.19 2 
Medium-
Resolution  

1 78.1083 73 5.1 8.48 1.5 
14 67.2948 74 5.1 8.43 1.5 
29 70.2027 72 3.9 6.43 1.5 
48 93.5955 79 3.7 6.17 1.5 
57 63.9333 81 4.7 7.78 1.5 
80 41.6502 73 6.1 10.10 1.5 
91 90.8172 79 3.9 6.55 1.5 
94 54.594 75 4.0 6.75 1.5 

131 78.8373 75 4.9 8.14 1.5 
146 64.5489 74 3.7 6.21 1.5 
202 55.242 73 5.9 9.90 1.5 
204 36.936 78 4.6 7.64 1.5 
223 58.5225 71 2.1 3.56 1.5 
249 74.1312 76 3.1 5.15 1.5 
260 31.59 75 7.3 12.08 1.5 
270 34.3035 77 3.9 6.49 1.5 
317 23.7573 79 4.5 7.55 1.5 

Fine-
Resolution  

1 30.173 73 2.4 3.96 1 
4 40.711 73 2.6 4.41 1 
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Watershed Original Original Time to 
Original 
Storage 

ID Area CN Lag Concentration Coefficient 
14 14.159 76 1.3 2.13 1 
29 40.678 72 2.6 4.29 1 
30 16.791 72 1.8 2.93 1 
31 8.627 77 1.2 1.92 1 
43 8.821 77 1.0 1.74 1 
48 24.397 79 3.5 5.77 1 
50 20.704 80 2.5 4.16 1 
51 17.010 72 1.6 2.63 1 
52 26.916 82 2.7 4.51 1 
54 14.110 69 1.9 3.14 1 
55 16.346 72 1.1 1.90 1 
57 34.069 82 4.3 7.22 1 
78 10.409 70 1.1 1.91 1 
80 14.013 73 1.4 2.29 1 
85 24.956 80 3.4 5.61 1 
91 63.877 80 5.1 8.51 1 
92 12.045 74 1.4 2.26 1 
93 15.803 73 1.3 2.19 1 
94 23.036 72 2.2 3.67 1 

109 21.651 75 4.1 6.81 1 
131 24.916 70 5.1 8.52 1 
132 16.565 79 1.8 2.95 1 
145 10.838 80 1.4 2.35 1 
146 17.018 77 2.3 3.77 1 
152 15.568 79 1.5 2.58 1 
168 25.264 75 4.0 6.69 1 
169 28.553 76 2.1 3.53 1 
176 21.392 72 3.2 5.34 1 
182 14.297 78 1.7 2.81 1 
200 12.644 75 1.8 2.98 1 
202 11.891 75 2.3 3.86 1 
204 36.936 78 3.8 6.41 1 
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Watershed 
ID Area CN 

Original 
Lag 

Original Time to 
Concentration 

Original 
Storage 

Coefficient 
211 10.101 74 1.4 2.25 1 
213 8.570 71 1.4 2.41 1 
223 10.263 70 1.2 2.04 1 
224 21.149 71 2.6 4.36 1 
225 15.228 74 1.9 3.18 1 
227 17.423 70 1.9 3.19 1 
236 9.064 74 1.2 1.93 1 
244 10.271 75 2.9 4.83 1 
249 7.833 74 1.4 2.30 1 
260 7.347 78 2.4 3.98 1 
264 17.196 75 2.3 3.77 1 
270 33.453 77 4.1 6.83 1 
277 10.198 70 1.6 2.62 1 
278 8.951 68 1.3 2.21 1 
279 12.158 72 1.6 2.59 1 
280 5.468 72 1.4 2.27 1 
283 8.157 79 2.0 3.38 1 
292 5.735 72 1.5 2.52 1 
295 31.979 78 3.4 5.73 1 
300 8.173 74 1.9 3.18 1 
310 3.637 74 0.9 1.52 1 
312 10.838 82 2.8 4.61 1 
319 7.071 74 1.3 2.18 1 
322 2.908 97 1.3 2.24 1 
323 4.771 73 1.4 2.26 1 
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Table 8. SCS Unit Hydrograph Calibrated Values - January 2005 and June 2004 

WtrshdID Lag Precip Lag IA %Imperv Precip Lag IA 
Jun04- 
%Imperv 

Original Jan05- Jan05- Jan05- Jan05- Jun04 - Jun04- Jun04- 

 hrs  hrs mm   hrs mm  
Coarse-
Resolution 
CCU 4 0.8 1.3 0 4.97 50 2.8 43 4.97
CCM 2 1.8 1.3 0 4.98 57.8 2.7 45 4.98
CCL 3 16.7 1.7 0 5.209 99 2.333 56 5.209
GBC 3 23.3    78.6    
Medium-
Resolution  

1 5.1 0 1.4 0 4.970 43.6 153 42 4.970
14 5.1 0.9 1.4 0 4.970 51.9 153 42 4.970
29 3.9 0.8 1.1 0 4.999 57.7 117 42 4.999
57 3.7 2.3 1.0 0 4.984 77.9 111 42 4.984
48 4.7 1.1 1.3 0 4.952 52.7 141 42 4.952
80 6.1 1.7 1.6 0 4.949 42.4 183 42 4.949
94 3.9 0.3 1.1 0 5.749 49.5 117 42 5.749
91 4.0 14.9 1.1 0 4.964 106 120 42 4.964

131 4.9 4.5 1.3 0 4.975 63.7 147 42 4.975
146 3.7 12 1.0 0 4.956 85.4 111 42 4.956
202 5.9 32.2 1.6 0 5.141 113 177 42 5.141
223 4.6 29.8 1.3 0 7.788 53.9 138 42 7.788
204 2.1 22.9 0.6 0 5.397 114 63 42 5.397
249 3.1 20.7 0.8 0 5.800 78 93 42 5.800
270 7.3 17.7 2.0 0 4.976 120.9 219 42 4.976
260 3.9 27.5 1.1 0 5.792 73.2 117 42 5.792
317 4.5 18 1.2 0 5.132 31.7 135 42 5.132

Fine-
Resolution 

1 2.4 0.3 2.1 0 4.974 41.6 3.6 43 4.974
4 2.6 0 2.1 0 4.97 40.9 3.6 43 4.97

14 1.3 0 1.6 0 4.93 62.3 2.7 43 4.93
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WtrshdID 
Original 

Lag 
Jan05- 
Precip 

Jan05-
Lag 

Jan05- 
IA 

Jan05-
%Imperv 

Jun04 - 
Precip 

Jun04- 
Lag 

Jun04- 
IA 

Jun04- 
%Imperv 

29 2.6 0.2 2.4 0 4.945 58.9 4.0 43 4.945
30 1.8 0.1 1.2 0 4.962 65.3 2.0 43 4.962
31 1.2 0.8 1.6 0 4.971 61.2 2.7 43 4.971
43 1.0 2.1 1.2 0 5.021 52.7 2.0 43 5.021
48 3.5 1.1 1.4 0 4.978 43.5 2.3 43 4.978
50 2.5 1.4 2.1 0 4.985 44 3.6 43 4.985
51 1.6 2.2 1.6 0 5.132 40.6 2.7 43 5.132
52 2.7 0.7 1.6 0 5.015 53.8 2.7 43 5.015
54 1.9 2.7 1.2 0 5.018 47.1 2.0 43 5.018
55 1.1 0.8 1.8 0 4.958 63.8 2.9 43 4.958
57 4.3 1.1 1.6 0 4.966 75.5 2.7 43 4.966
78 1.1 0.3 1.5 0 4.968 36.6 2.5 43 4.968
80 1.4 3.1 1.2 0 4.931 49.9 2.0 43 4.931
85 3.4 3.7 1.2 0 4.964 81.2 2.0 43 4.964
91 5.1 9.3 1.6 0 4.954 94.6 2.7 53 4.954
92 1.4 0 2.1 0 4.963 40.9 3.6 43 4.963
93 1.3 1.6 1.2 0 4.963 37.2 2.0 43 4.963
94 2.2 0 2.7 0 5.161 42.3 4.5 43 5.161

109 4.1 1.9 2.1 0 4.972 71.2 3.6 43 4.972
131 5.1 2.1 2.1 0 4.948 63.7 3.6 43 4.948
132 1.8 0.3 1.6 0 4.99 51.4 2.7 43 4.99
145 1.4 0.9 1.2 0 4.951 58.8 2.0 43 4.951
146 2.3 7 1.6 0 4.993 86 2.7 43 4.993
152 1.5 4.6 1.6 0 4.926 58.1 2.7 43 4.926
168 4.0 28.2 2.1 0 4.984 131.6 3.6 55 4.984
169 2.1 6.6 1.2 0 4.92 62 2.0 43 4.92
176 3.2 6.5 1.2 0 4.963 81.9 2.0 43 4.963
182 1.7 4.9 1.2 0 4.978 71.4 2.0 43 4.978
200 1.8 5 1.6 0 5.282 82.4 2.7 43 5.282
202 2.3 33.7 1.2 0 4.936 112.5 2.0 49 4.936
204 3.8 23 1.2 0 4.942 114 2.0 57 4.942
211 1.4 21.7 1.2 0 5.03 84.4 2.0 43 5.03
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WtrshdID 
Original 

Lag 
Jan05- 
Precip 

Jan05-
Lag 

Jan05- 
IA 

Jan05-
%Imperv 

Jun04 - 
Precip 

Jun04- 
Lag 

Jun04- 
IA 

Jun04- 
%Imperv 

213 1.4 31.6 1.6 0 7.67 94.1 2.0 43 7.67
223 1.2 31.7 1.6 0 4.96 60.6 2.7 43 4.96
224 2.6 23.9 1.6 0 4.936 132.5 2.7 51 4.936
225 1.9 40 1.2 0 4.982 14.094 2.0 43 4.982
227 1.9 35 1.2 0 5.442 53.6 2.0 43 5.442
236 1.2 35.1 2.4 0 7.788 111.9 4.0 43 7.788
244 2.9 28 1.6 0 5.127 70.1 2.7 43 5.127
249 1.4 22.3 1.6 0 4.962 80.8 2.7 43 4.962
260 2.4 28.1 1.2 0 5.101 67.4 2.0 43 5.101
264 2.3 25.8 2.4 0 5.812 79.7 4.0 43 5.812
270 4.1 17.9 1.2 0 4.977 122.1 2.0 43 4.977
277 1.6 24.1 1.2 0 7.496 72.7 2.0 43 7.496
278 1.3 28.5 1.2 0 4.993 42.2 2.0 43 4.993
279 1.6 23.5 1.2 0 5.039 43.5 2.0 43 5.039
280 1.4 21 1.2 0 4.994 67.7 2.0 43 4.994
283 2.0 19.3 1.2 0 5.636 103.2 2.0 43 5.636
292 1.5 32.5 1.2 0 4.956 67.8 2.0 43 4.956
295 3.4 16.3 1.6 0 6.664 82.4 2.7 43 6.664
300 1.9 27.9 1.2 0 4.866 56.5 2.0 43 4.866
310 0.9 31.6 1.2 0 4.508 56.4 2.0 43 4.508
312 2.8 19.7 1.2 0 5.394 34.2 2.0 43 5.394
319 1.3 19.2 1.2 0 7.917 40.2 2.0 43 7.917
322 1.3 15.6 1.2 0 4.927 24.7 2.0 43 4.927
323 1.4 15.3 1.2 0 1.011 24.2 2.0 43 1.011
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Table 9. SCS Unit Hydrograph Calibrated Values - July 2004 and August 2004 

WtrshdID Precip Lag IA %Imperv Precip Lag - IA 
Aug04- 
%Imperv 

Jul04- Jul04- Jul04- Jul04- Aug04- Aug04- Aug04

  hrs mm   hrs mm  
Coarse-
Resolution  
CCU 26.3 4.333 22 0 14.1 3.8333 14.15 0
CCM 30.1 4.667 22 0 25.9 2.5 24.87 0
CCL 36.6 6 26 0 18.1 0.6667 17.65 0
GBC 31.5    18.9    
Medium-
Resolution         

1 29 6.1 26 4.970 9.5 1.5 20 0
14 26.2 6.1 26 4.970 20.8 1.5 20.5 0
29 25.8 4.7 26 4.999 12.4 1.2 20 0
57 33.8 4.4 26 4.984 21.3 1.1 20.5 0
48 29 5.6 26 4.952 28.6 1.4 27.85 0
80 20.5 7.3 26 4.949 18.1 1.8 18 0
94 30.2 4.7 26 5.749 28.8 1.2 28.2 0
91 36 4.8 26 4.964 20.7 1.2 19.8 0

131 32.3 5.9 26 4.975 20.8 1.5 20.5 0
146 33.1 4.4 26 4.956 16.5 1.1 15.5 0
202 41.9 7.1 26 5.141 16 1.8 15.5 0
223 30.8 5.5 26 7.788 23.1 1.4 20 0
204 24.7 2.5 26 5.397 16.9 0.63 17 0
249 33 3.7 26 5.800 17.2 0.93 20 0
270 34.1 8.8 26 4.976 15.3 2.2 20 0
260 28.8 4.7 26 5.792 21.1 1.2 20 0
317 38.6 5.4 26 5.132 18.1 1.4 20 0

Fine-
Resolution         

1 29 6.7 33 4.974 9.2 2.7 10 0
4 28.5 6.7 33 4.97 8.8 2.7 10 0

14 31.8 5.0 33 4.93 19.6 2.0 20 0
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WtrshdID 
Jul04- 
Precip 

Jul04- 
Lag 

Jul04- 
IA 

Jul04- 
%Imperv 

Aug04- 
Precip 

Aug04- 
Lag 

Aug04
- IA 

Aug04- 
%Imperv 

29 29.7 7.5 33 4.945 11.3 3.0 12 0
30 29.9 3.8 33 4.962 18.4 1.5 18 0
31 26.6 5.0 33 4.971 24.2 2.0 24 0
43 26.9 3.8 33 5.021 17.4 1.5 16 0
48 27.5 4.2 33 4.978 28.2 1.7 27.5 0
50 27.4 6.7 33 4.985 32.8 2.7 31.5 0
51 23.7 5.0 33 5.132 17.9 2.0 17 0
52 29.3 5.0 33 5.015 30.4 2.0 30 0
54 21.5 3.8 33 5.018 15.4 1.5 15 0
55 20.3 5.4 33 4.958 12.8 2.2 12 0
57 32 5.0 33 4.966 24.5 2.0 24 0
78 21 4.6 33 4.968 25.8 1.8 24 0
80 19.7 3.8 33 4.931 16.4 1.5 15 0
85 36.7 3.8 33 4.964 17.8 1.5 17.5 0
91 25.2 5.0 33 4.954 22.1 2.0 21 0
92 22.9 6.7 33 4.963 18.7 2.7 18 0
93 19.7 3.8 33 4.963 19.1 1.5 18 0
94 25.2 8.3 33 5.161 31 3.3 29 0

109 32.1 6.7 33 4.972 22 2.7 21 0
131 34.3 6.7 33 4.948 21.6 2.7 21 0
132 33 5.0 33 4.99 28.9 2.0 28 0
145 33.7 3.8 33 4.951 26 1.5 25 0
146 32 5.0 33 4.993 18.3 2.0 17 0
152 31.8 5.0 33 4.926 25.8 2.0 25 0
168 38.8 6.7 33 4.984 17.5 2.7 17 0
169 32.1 3.8 33 4.92 21.2 1.5 21 0
176 31.4 3.8 33 4.963 16.4 1.5 16 0
182 29.5 3.8 33 4.978 14 1.5 15 0
200 28.2 5.0 33 5.282 14 2.0 15 0
202 42.3 3.8 33 4.936 19.2 1.5 17 0
204 25 3.8 33 4.942 16.9 1.5 18 0
211 37.7 3.8 33 5.03 15 1.5 15 0
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WtrshdID 
Jul04- 
Precip 

Jul04- 
Lag 

Jul04- 
IA 

Jul04- 
%Imperv 

Aug04- 
Precip 

Aug04- 
Lag 

Aug04
- IA 

Aug04- 
%Imperv 

213 40.8 5.0 33 7.67 19.5 2.0 18 0
223 30 5.0 33 4.96 26.1 2.0 20 0
224 38.5 5.0 33 4.936 14.6 2.0 14 0
225 40.1 3.8 33 4.982 15.9 1.5 15 0
227 32.6 3.8 33 5.442 25.9 1.5 20 0
236 50.6 7.5 33 7.788 16.2 3.0 15 0
244 32.2 5.0 33 5.127 21.4 2.0 20 0
249 22.9 5.0 33 4.962 18.4 2.0 20 0
260 27.3 3.8 33 5.101 18.8 1.5 20 0
264 28.5 7.5 33 5.812 22.6 3.0 20 0
270 33.9 3.8 33 4.977 15.3 1.5 18 0
277 30.3 3.8 33 7.496 22 1.5 20 0
278 30.1 3.8 33 4.993 22.1 1.5 20 0
279 28.5 3.8 33 5.039 18.6 1.5 20 0
280 32.5 3.8 33 4.994 18.7 1.5 20 0
283 32.1 3.8 33 5.636 12 1.5 12 0
292 29.9 3.8 33 4.956 20 1.5 20 0
295 37.2 5.0 33 6.664 15.4 2.0 15 0
300 30.9 3.8 33 4.866 19.7 1.5 20 0
310 31.4 3.8 33 4.508 21.9 1.5 20 0
312 38.5 3.8 33 5.394 19.1 1.5 20 0
319 35 3.8 33 7.917 18.8 1.5 20 0
322 50.3 3.8 33 4.927 15 1.5 20 0
323 35.1 3.8 33 1.011 16.4 1.5 20 0
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Table 10. Clark Unit Hydrograph Calibrated Values - January 2005 and June 2004 

Watershed ID Concentration Coefficient TC 
- 

SC 
Jan05- 

IA 
Jan05- 

%Imperv 
Jun04- 

TC 
Jun04- 

SC 
Jun04- 

IA 
Jun04- 

%Imperv 

Original Time 
to 

Original 
Storage Jan05- Jan05

Coarse-
Resolution  

CCU 11.27 2 3.00 0.20 0.0 4.79 4.00 2.50 46.0 4.97
CCM 18.84 2 3.00 0.20 0.0 4.98 3.80 2.50 46.0 4.98
CCL 9.14 2 3.30 0.20 0.0 5.21 3.50 1.20 56.0 5.21
GBC 19.19 2 3.60 0.25 0.0 2.36 3.80 2.00 47.0 5.36
Medium-
Resolution  

1 8.48 2 2.12 0.68 0.0 4.97 2.63 1.70 48.0 4.97
14 8.43 2 2.53 0.81 0.0 4.95 3.13 2.02 48.0 4.95
29 6.43 2 2.11 0.67 0.0 4.97 2.61 1.69 48.0 4.97
48 6.17 2 1.62 0.52 0.0 5.79 2.01 1.30 48.0 5.79
57 7.78 2 3.02 0.97 0.0 4.98 3.75 2.42 48.0 4.98
80 10.10 2 1.61 0.51 0.0 5.00 1.99 1.29 48.0 5.00
91 6.55 2 1.95 0.62 0.0 4.95 2.41 1.56 48.0 4.95
94 6.75 2 1.54 0.49 0.0 4.98 1.91 1.23 48.0 4.98

131 8.14 2 1.69 0.54 0.0 4.96 2.09 1.35 48.0 4.96
146 6.21 2 1.64 0.52 0.0 5.75 2.03 1.31 48.0 5.75
202 9.90 2 2.03 0.65 0.0 4.98 2.52 1.63 48.0 4.98
204 7.64 2 1.55 0.50 0.0 4.96 1.92 1.24 48.0 4.96
223 3.56 2 2.48 0.79 0.0 5.14 3.07 1.98 48.0 5.14
249 5.15 2 0.89 0.29 0.0 5.40 1.10 0.71 48.0 5.40
260 12.08 2 1.91 0.61 0.0 7.79 2.37 1.53 48.0 7.79
270 6.49 2 1.29 0.41 0.0 5.80 1.60 1.03 48.0 5.80
317 7.55 2 1.89 0.60 0.0 5.13 2.34 1.51 48.0 5.13

Fine-
Resolution  

1 3.96 1 2.97 0.30 0.0 4.97 3.17 1.90 45.0 4.97
4 4.41 1 3.30 0.33 0.0 4.97 3.52 2.11 45.0 4.97

14 2.13 1 1.60 0.16 0.0 4.93 1.70 1.02 45.0 4.93
29 4.29 1 3.21 0.32 0.0 4.95 3.43 2.06 45.0 4.95
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31 0.0 4 5. .971.92 1 2.20 0.22 .97 2.35 1.41 4 0 4
30 0.0 4 5. .962.93 1 1.44 0.14 .96 1.54 0.92 4 0 4
43 0.0 5 5. .021.74 1 1.30 0.13 .02 1.39 0.83 4 0 5
51 0.0 4 5. .972.63 1 4.33 0.43 .97 4.62 2.77 4 0 4
52 0.0 5 5. .024.51 1 3.12 0.31 .02 3.33 2.00 4 0 5
54 0.0 4 5.0 .983.14 1 1.97 0.20 .98 2.10 1.26 4 4
50 0.0 4 5.0 .994.16 1 3.38 0.34 .99 3.61 2.16 4 4
55 0.0 5 5.0 .131.9 1 2.35 0.24 .13 2.51 1.51 4 5
57 0.0 5 0. 5.0 .027.22 1 1.42 0.14 .02 1.52 91 4 5
85 0.0 4 3. 5.0 .965.61 1 5.42 0.54 .96 5.78 47 4 4
48 0.0 4 0. 5.0 .965.77 1 1.43 0.14 .96 1.53 92 4 4
80 0.0 4 1. 5.0 .932.29 1 1.72 0.17 .93 1.83 10 4 4
78 0.0 4 2. 5.0 .971.91 1 4.21 0.42 .97 4.49 69 4 4
93 0.0 5 4. 5.0 .162.19 1 6.38 0.64 .16 6.81 09 4 5
94 0.0 4 1. 5.0 .963.67 1 1.69 0.17 .96 1.81 08 4 4
92 0.0 4 1. 5.0 .952.26 1 1.64 0.16 .95 1.75 05 4 4
91 0.0 4 1. 5.0 .968.51 1 2.75 0.28 .96 2.94 76 4 4

109 0.0 4 3. 5.0 .976.81 1 5.11 0.51 .97 5.45 27 4 4
131 0.0 4 4. 5.0 .958.52 1 6.39 0.64 .95 6.82 09 4 4
132 0.0 4 1. 5.0 .992.95 1 2.21 0.22 .99 2.36 41 4 4
145 0.0 4 1. 5.0 .952.35 1 1.76 0.18 .95 1.88 13 4 4
152 0.0 1. 5.0 .932.58 1 2.83 0.28 4.93 3.02 81 4 4
146 0.0 4.99 1. 5.0 .993.77 1 1.93 0.19 2.06 24 4 4
169 0.0 5.28 3. 5.0 .283.53 1 5.02 0.50 5.35 21 4 5
176 0.0 4.98 1. 5.0 .985.34 1 2.65 0.26 2.82 69 4 4
182 0.0 4.92 2. 5.0 .922.81 1 4.01 0.40 4.27 56 4 4
200 0.0 4.96 1.35 5.0 .962.98 1 2.11 0.21 2.25 4 4
168 .69 0.0 4.98 1. 5.0 .986  1 2.24 0.22 2.39 43 4 4
211 .25 0.0 4.94 1. 45.0 .942  1 2.89 0.29 3.08 85 4
202 3.86 1 0.48 0.0 7.79 5.13 3.08 45.0 .794.81 7
213 2.41 1 0.17 0.0 4.94 1.80 1.08 45.0 4.941.69
224 4.36 1 1.81 0.18 0.0 5.03 1.93 1.16 45.0 5.03
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Original Time 
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Concentration 
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225 3.18 1 1.53 0.15 0.0 4.98 1.6 0.3 98 45.0 4.98
244 4.83 1 3.27 0.33 0.0 7.67 3.4 2.9 09 45.0 7.67
223 2.04 1 2.39 0.24 0.0 4.96 2.5 1.5 53 45.0 4.96
236 1.93 1 2.39 0.24 0.0 5.13 2.5 1.5 53 45.0 5.13
204 6.41 1 1.45 0.15 0.0 5.44 1.5 0.5 93 45.0 5.44
227 3.19 1 3.62 0.36 0.0 4.94 3.8 2.7 32 45.0 4.94
264 3.77 1 1.72 0.17 0.0 5.10 1.8 1.4 10 45.0 5.10
249 2.3 1 2.98 0.30 0.0 4.96 3.1 1.8 91 45.0 4.96
270 6.83 1 2.83 0.28 0.0 4.96 3.0 1.2 81 45.0 4.96
280 2.27 1 5.13 0.51 0.0 5.81 5.4 3.7 28 45.0 5.81
278 2.21 1 1.96 0.20 0.0 4.99 2.1 1. 40 26 45.0 .99
279 2.59 1 1.66 0.17 0.0 7.50 1.7 1. 77 06 45.0 .50
292 2.52 1 1.94 0.19 0.0 4.99 2.0 1. 47 24 45.0 .99
277 2.62 1 1.71 0.17 0.0 4.98 1.8 1. 42 09 45.0 .98
283 3.38 1 2.54 0.25 0.0 5.64 2.7 1. 50 62 45.0 .64
260 3.98 1 1.89 0.19 0.0 5.04 2.0 1. 52 21 45.0 .04
295 5.73 1 4.30 0.43 0.0 6.66 4.5 2. 68 75 45.0 .66
300 3.18 1 2.39 0.24 0.0 4.87 2.5 1. 45 53 45.0 .87
312 4.61 1 1.14 0.11 0.0 5.39 1.2 0. 52 73 45.0 .39
310 1.52 1 3.45 0.35 0.0 4.51 3.6 2. 48 21 45.0 .51
319 2.18 1 1.63 0.16 0.0 7.92 1.7 1. 74 04 45.0 .92
323 2.26 1 1.68 0.17 0.0 1.01 1.7 1. 19 08 45.0 .01
322 2.24 1 1.70 0.17 0.0 4.93 1.8 1. 41 09 45.0 .93
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Table 11. Clark Unit Hydrograph Calibrated Values - July 2004 and August 2004 

Watershed ID 
Jul04-

TC 
Jul04-

SC 
Jul04-

IA 
Jul04-

%Imperv
Aug04-

TC 
Aug04-

SC 
Aug04-

IA 
Aug04-

%Imperv
Coarse-

Resolution  
CCU 12.00 8.00 20.0 0.00 3.50 3.80 13.14 0
CCM 12.00 8.00 20.0 0.00 3.50 3.80 25.00 0
CCL 8.00 8.00 20.5 0.00 0.70 0.20 17.75 0
GBC 8.00 8.00 20.0 0.00 0.80 0.20 18.50 0
Medium-
Resolution  

1 10.60 6.11 30.0 4.97 2.54 0.76 20.00 0
14 12.63 7.27 30.0 4.95 3.03 0.91 20.00 0
29 10.54 6.07 30.0 4.97 2.53 0.76 20.00 0
48 8.11 4.67 30.0 5.79 1.95 0.58 20.00 0
57 15.11 8.70 30.0 4.98 3.63 1.09 20.00 0
80 8.04 4.63 30.0 5.00 1.93 0.58 20.00 0
91 9.73 5.61 30.0 4.95 2.34 0.70 28.00 0
94 7.71 4.44 30.0 4.98 1.85 0.56 20.30 0

131 8.43 4.86 30.0 4.96 2.02 0.61 20.00 0
146 8.19 4.72 30.0 5.75 1.97 0.59 28.00 0
202 10.17 5.86 30.0 4.98 2.44 0.73 20.50 0
204 7.76 4.47 30.0 4.96 1.86 0.56 19.00 0
223 12.38 7.13 30.0 5.14 2.97 0.89 20.00 0
249 4.45 2.57 30.0 5.40 1.07 0.32 20.00 0
260 9.55 5.50 30.0 7.79 2.29 0.69 20.00 0
270 6.44 3.71 30.0 5.80 1.55 0.46 20.00 0
317 9.44 5.44 30.0 5.13 2.26 0.68 20.00 0

Fine-
Resolution  

1 7.92 6.34 26.0 4.97 1.19 0.79 12.00 0
4 8.81 7.05 26.0 4.97 1.32 0.88 12.00 0

14 4.26 3.41 26.0 4.93 0.64 0.43 19.00 0
29 8.57 6.86 26.0 4.95 1.29 0.86 12.00 0
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Watershed ID 
Jul04-

TC 
Jul04-

SC 
Jul04-

IA 
Jul04-

%Imperv
Aug04-

TC 
Aug04-

SC 
Aug04-

IA 
Aug04-

%Imperv
31 5.87 4.69 26.0 4.97 0.88 0.59 18.00 0
30 3.85 3.08 26.0 4.96 0.58 0.38 23.00 0
43 3.47 2.78 26.0 5.02 0.52 0.35 17.00 0
51 11.54 9.23 26.0 4.97 1.73 1.15 27.30 0
52 8.31 6.65 26.0 5.02 1.25 0.83 32.00 0
54 5.25 4.20 26.0 4.98 0.79 0.53 17.50 0
50 9.02 7.21 26.0 4.99 1.35 0.90 29.80 0
55 6.27 5.02 26.0 5.13 0.94 0.63 15.00 0
57 3.80 3.04 26.0 5.02 0.57 0.38 15.00 0
85 14.45 11.56 26.0 4.96 2.17 1.44 23.00 0
48 3.82 3.05 26.0 4.96 0.57 0.38 25.00 0
80 4.58 3.67 26.0 4.93 0.69 0.46 17.00 0
78 11.22 8.97 26.0 4.97 1.68 1.12 17.50 0
93 17.03 13.62 26.0 5.16 2.55 1.70 21.00 0
94 4.51 3.61 26.0 4.96 0.68 0.45 18.00 0
92 4.38 3.50 26.0 4.95 0.66 0.44 19.00 0
91 7.34 5.87 26.0 4.96 1.10 0.73 30.00 0

109 13.62 10.89 26.0 4.97 2.04 1.36 22.00 0
131 17.04 13.63 26.0 4.95 2.56 1.70 21.00 0
132 5.89 4.71 26.0 4.99 0.89 0.59 28.10 0
145 4.69 3.75 26.0 4.95 0.71 0.47 25.10 0
152 7.54 6.03 26.0 4.93 1.13 0.75 18.00 0
146 5.16 4.12 26.0 4.99 0.77 0.52 25.10 0
169 13.38 10.70 26.0 5.28 2.01 1.34 17.00 0
176 7.06 5.65 26.0 4.98 1.06 0.71 21.00 0
182 10.68 8.55 26.0 4.92 1.60 1.07 15.00 0
200 5.62 4.50 26.0 4.96 0.84 0.56 14.00 0
168 5.97 4.78 26.0 4.98 0.89 0.60 13.00 0
211 7.71 6.17 26.0 4.94 1.16 0.77 18.00 0
202 12.82 10.25 26.0 7.79 1.92 1.28 15.00 0
213 4.51 3.61 26.0 4.94 0.68 0.45 16.00 0
224 4.82 3.85 26.0 5.03 0.72 0.48 19.00 0
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Watershed ID 
Jul04-

TC 
Jul04-

SC 
Jul04-

IA 
Jul04-

%Imperv
Aug04-

TC 
Aug04-

SC 
Aug04-

IA 
Aug04-

%Imperv
225 4.07 3.26 26.0 4.98 0.61 0.41 15.00 0
244 8.72 6.97 26.0 7.67 1.31 0.87 14.00 0
223 6.37 5.09 26.0 4.96 0.95 0.64 16.00 0
236 6.38 5.10 26.0 5.13 0.96 0.64 15.00 0
204 3.87 3.10 26.0 5.44 0.58 0.39 15.00 0
227 9.66 7.73 26.0 4.94 1.45 0.97 15.00 0
264 4.60 3.68 26.0 5.10 0.69 0.46 15.00 0
249 7.96 6.37 26.0 4.96 1.19 0.80 15.00 0
270 7.54 6.04 26.0 4.96 1.13 0.75 15.00 0
280 13.67 10.93 26.0 5.81 2.05 1.37 15.00 0
278 5.24 4.19 26.0 4.99 0.79 0.52 15.00 0
279 4.42 3.54 26.0 7.50 0.66 0.44 15.00 0
292 5.17 4.14 26.0 4.99 0.78 0.52 15.00 0
277 4.55 3.64 26.0 4.98 0.68 0.45 15.00 0
283 6.76 5.41 26.0 5.64 1.01 0.68 15.00 0
260 5.04 4.03 26.0 5.04 0.76 0.50 15.00 0
295 11.46 9.16 26.0 6.66 1.72 1.15 15.00 0
300 6.37 5.09 26.0 4.87 0.95 0.64 15.00 0
312 3.05 2.44 26.0 5.39 0.46 0.30 15.00 0
310 9.21 7.37 26.0 4.51 1.38 0.92 15.00 0
319 4.35 3.48 26.0 7.92 0.65 0.44 15.00 0
323 4.49 3.59 26.0 1.01 0.67 0.45 15.00 0
322 4.53 3.62 26.0 4.93 0.68 0.45 15.00 0
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Figure 75. Medium-Resolution Green Belt Corridor Watersheds Original Curve Numbers 
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Figure 76. Medium-Resolution Breen Belt Corridor Watersheds Development Level 1 Curve Numbers 
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Figure 77. Medium-Resolution Green Belt Corridor Watersheds Development Level 2 Curve Numbers 
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Figure 78. Medium-Resolution Green Belt Corridor Watersheds Development Level 3 Curve Numbers  
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Figure 79. Medium-Resolution Watersheds Total Precipitation January 2005 
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Figure 80. Medium-Resolution Watersheds Total Precipitation June 2004 
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Figure 81. Medium-Resolution Watersheds Total Precipitation July 2004 
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Figure 82. Medium-Resolution Watersheds Total Precipitation August 2004 
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Figure 83.  Fine-Resolution Green Belt corridor Watersheds Original Curve Numbers 
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Figure 84.  Fine-Resolution Green Belt Corridor Watershed Development Level 1 Curve Number 
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Figure 85. Fine-Resolution Green Belt Corridor Watersheds Development Level 2 Curve Numbers 
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Figure 86. Fine-Resolution Green Belt Corridor Watersheds Development Level 3 Curve Numbers 
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Figure 87. Fine-Resolution Watersheds Total Precipitation January 2005 
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Figure 88. Fine-Resolution Watersheds Total Precipitation June 2004 
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Figure 89. Fine-Resolution Watersheds Total Precipitation July 2004 
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Figure 90. Fine-Resolution Watersheds Total Precipitation August 2004
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