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ABSTRACT

JaredL. Wilkerson M.S.C.E., Purdue University, May 200®egional Regression
Equationgo Estimae Synthetic Unit Hydrograph Parametéos Indiana
Major Professor: Venkatesh Merwade

Regression equations predicting Clark Synthetic Unit HydrogrépbH)
parameters for time of concentratiog) @nd storage coefficient (R) are developed for
small watersheds across Indigdaainage areas =38 square miles (f)]. The state
IS partitionedinto three regions: North, Central, and South, with conataer for past
regionalization studies of Indiarénd geomorphologyThe equations are derived using
multiple linear regression analysis for 30 watersheds 9@tlobserved rainfallunoff
everts. Clark SUH parameters are optimized ushgcHMS to matchthe observed
rainfall-runoff events. The optimized Clark SUH parameters are related to
geomorphologic parametemstimatedusing geographic information system (GIS)
applications. An extensive list of 29 geomorphologic parameters is considered
including parameters related to depression storage, slope, drainage area, basin shape,
and stream networkSeparate regression equations f@nd R are developed for each
region and the entire state. Values foartd R are predictedsing the regression
equatioms and usedo model 7 new rainfaltunoff eventan HecHMS for comparison

to the NRCS SUH method.



CHAPTER 1. INTRODUCTION

Synthetic unithydrograph methods ardilized to determine runoff hydrographs
for ungauged sites. The runoff hydrograph is important in designing stormwater
management infrastructure such as culverts detdntion facilities. Analysis ahe
hydrologic effects of bridge contractions andofleplain assessment also rely on the
use of runoff hydrographs. These runoff hydrographs are computed using design storm
events based on probability of occurrence determined from references such as Bulletin
71 (Huff and Angel 1992)and National Oceanic ad AtmosphericAdministration
(NOAA) Atlas 14 Bonin et al. 2004) Once the proper design storm is selected,
abstractions due to depression storage, interception, and infiltration must be separated
from total precipitation. Typically this is done usinggaeters that incorporate soil
types, land cover/land use, and antecedent moisture conditions. The National
Resources Conservation Service (NRCS) method is the best example. A standardized
curve number is applied based on antecedent moisture conditiyasplogic soil
group, and land cover/land use. The cumuenber is used tpartition rainfall into
losses andexcess precipitation. The excess precipitation is thenfaramsd into a
runoff hydrograph using the traditionainit hydrographor some othersynthetic

transform method.



The wit hydrograph(UH) theory was first introduced by Sherman (1982ng
superposition to predid¢tydrographs from observedinfall and runoff data rathéhan
just peak discharges.The UH is the hydograph resulting from dnit of excess
precipitation. UHs are defined for a particular watershed and calculated as the runoff
hydrograph resulting from onnit of excess precipitation. Excess precipitation is the
precipitation not lost to depression storage diltiation (Chow et al. 1988). The
traditional UH however is only useful for gauged siteSynthetic unit hydrographs
(SUH) are a way to extend theausf UHtheory to ungauged watershedena et al.
2006) SUHs are used to establish the UH for an ungauged waterSmgdler (1938)
was the first to develop a synthetic unit hydrograph method that tried to relate measured
geomorphologic characteristidc o uni t hydrograph paramet e
watersheds in the Appalachian Mountains relat@des for time to pealkto watershed
length, distance from watershed centroid to the outlet, and a regional coefficient. Peak
flow rate was computed using warshed aredime to peak, and a storage coefficient

(Jena et al. 2006)

Clark (1945)developed his own SUH method thatorporated a parameter to
model the watershed stora(®) and time of concentratio). The Clark SUH Method
incorporates the presses of attenuation and translation of runoff through the use of the
time-area curve. Clark (1945) noted the translation of flow through the watershed was
described by a timarea curve that expresses the fraction of watershed area
contributing runoffto the watershed outlet as a function of time since the start of

effective precipitation Qtraub et al. 2000 A linear reservoir was used by Clark to



reflect the storage effects of watersked C| ar k 6 s met hod attemg

geomorphologipropertieso watershed responssing timerelated parameters

A geomorphologic unit hydrograph (GUH) wasesentedoy Rodriquezitrube
and Valdes (1979) and Gupta et al. (1980Jheir aim was to parametrize the
hydrographs in terms of geomorphology, specificallg i ng Hort onds bi fu
stream length ratio, and stream area ratio (Cleveland 2008) (1992) developed a
GUH utilizing a gamma distribution based on similar geomorphologyinashe

Rodriquezltrube (1979) and Gupta et al. (1980) studies

All of theseSUH studies attempt to link distance, velocity, and time to phlsica
characteristics of watersheds to infer a unit hydrograph in the absence of observed
rainfall and runoff data. Currentlstudies utilizinggeographic information systems
(GIS) have developed parallel to GUH theory by incorporating similar ideas to relate
the physical characteristics of watersheda @UH. A study byShamseldin and Nash
(1998) argus that GUH theory is equivalent to the assumption of a generalized UH
equationdescribed by a distribution whose parametamsrelated by regression to
appropriate watershed characteris{iCteveland 2008) This paper presents the results
using the Clark SUH method whose parameters are related to the geomorphology of

Indiana.



1.2 Purpose and Approach

The application of the NRCS UH in Indiana has typically yielded accurate results
for the steeper watersheds in southern Indiana, but tends to over estimate peak

discharges for watersheds in the northern part of the(Stigterel.1).
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Figure 1.1. lllustration of NRCS Methddr three watersheds

The assumption is that the lower gradient watersheds of northern Indiana have
lower peak discharges as a resulgmfaterwatershed storage and longer travel times
for runoff makng it necessary to investigate the regional geomorphological
characteristics throughout Indiana and how they relate to UH shape. The
geomorphology of Indiana is discussed further in the next seclibe. NRCS W is
one of the most widely used SUHs amdincorporated in th&R-20 program. The
NRCS dimensionless unit hydrograplas developedfrom the analysis of measured
data br watershed across the United StateS.he UHs were made dimensionless by
dividing discharge ordinates by peak discharge and time ordinates by time to peak.
NRCS (1985) curve number method used to quantify watershed characteristics for
rainfall abstractionsandto subsequentlgompute arunoff hydrograph for ungauged
sites The curve number approach is one of the most widely used SUH methods
because of its ability to incorporate land coverflasd characteristics. The Soil

Conservation Service (now the NRCS) conducted research ($€5 ith which UHs



for a wide variety of streams across the United States were averaged to form a
composite UH that has become one of the most widely used methods for computing

design runoff hydrographs.

A weakness of the NRCS method is the fixed hythph shapgFigure 1.2).
With the NRCSonly the lag timeand watershed areaeused to control both the peak
discharge and time base, meaning the rising and recession of the hydrographhemain
samerelative to eah other from oa watershed to anotherAlternatively the Clark
SUH and traditional UH are dependent on geomorpholdggtraditional UH method
is very useful and flekle, but observedunoff dataare necessary to establish the
ordinates of the traditial UH for a given watershed. hiis, the traditional UH is not
usefulfor applicationwith ungauged watershed3he Clark SUH method uséisne of
concentration and a storage coefficient to establish the shape of thar¢ian&inction
used to establish ¢hshape of the Clark SUH. The added flexibility of Clark SUH
makes it a more capable method for relatiggomorphology to hydrograph shape.
Al t hough the Clark SUH doesnboét have the

has the advantage of bein§8dH andthereforeapgdicable to ungauged watersheds.
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Figure 1.2. NRCS Dimensionless UH

All of the previously mentione®@UH methods attempt to extend the use of unit
hydrograph theory to ungauged watersheds through thefusgional coefficients or
parameters that describe watershed geomorphology. Other research attempting to
more directly relate geomorphology to SUH parametesdban conducted by Hickok
et al. (1959) and Gray (1961) for small watersheds in the amestnidwestern United
States. Research conducted by Rodriguebe and Valdes (1979) showed how
hydrograph structure is directly related to watershed geomorpholdgyever their
research comparinGUH parameters to geomorphologic characteristics haslved
using maps and instruments to measure landform and basin parameters, which may not
be accurate due ttumanand instrument error. Because of the difficulty in measuring
basin characteristics a minimum number of parameters us=é in their regrason

models Presently, the use of GIS software and available remote sensing and



topographic information makestimatinggeomorphologic parameters much faster and
accurate. (Jena et al. 2006)his would mée GIS the preferred method for extracting
wateshed charactestics becausa much larger list of geomorphologic characteristics
could be utilized for estimating SUH parameters. Relatingasily available
geomorphologic characteristiassing regression equatiorte the SUH parameters
would give enginers abetterway to calculate the necess&yH parameters foboth
gauged and unggad watersheds. Once the regression equations havesalktated

the SUH parameters can be reliably estimated for insthe design of hydraulic

structures



CHAPTER 2.STUDY AREAAND DATA

2.1 Study Area

In an attempt to gain insight into the important geomorphologic characteristics
that result in varied hydrogic responses across the stties study was undertaken on
thirty small watersheds in IndianaMethods for estimating flood flows for larger
watersheds in Indiana have bedascribedin studies by Knipe and Rao (2004),
Glatfelter (1984), and Davis (1974The presenstudy focused on the smallest possible
watersheds with olesved streamflow datd.en watersheds from corresponding United
States Geologic Survey (USGS) stream gages were selectecedicdmofthe north,
central, and southern regions of the stgfeure 2.1) Indiana is located in the
midwestern region of the Ubed States, lying within 34 6 81°4 6 6 nort h | at it
844788606 west lodiganade.elevation mainly |
(500 to 1,000 ft) above sea leveNorthern Indiana is home to many natural lakes
created by the last glaciaépod which has left the topography of this region very flat.
Central Indiana features some gently rolling hills and sandstone ravines. The central
region is also characterized by a patch work of fields and forests. These two regions
(north and centraljvere coveredby glacial ice during the Wisconsin glaciations

(Figure 2.2 which left behind soil comprised of sand, clay and
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gravel called glacial till. Southern Indiana is a mixture of farmland, forests, and very
hilly areas (especially near Louisville, KY). Southe | ndi anads topogr
varied than the north and contains more hills and geographic variation due to the
AKnobso, a Isaeruni perallel w the @hiolRIvesThet southern region of
Indiana has been more significantly reworked by naforaks such as erosion because

it has not been glaciated since the lllinoisan periblde area is also known for its karst
landscape thatds resulted in the creation of many cavesl @ane of the largest
limestonequarry areas in the USABecause the northern twbirds of the state was
covered by glaciers during the Wisconsinan glaciations, southern Indiana was exposed
to the forces of erasn longer and more distinct river valleys (in comparison to the rest

of the state) were carved by the large amounts of melting ice once the Wisconsinan
glacigions began twecede Figure 22 is a digital elevation model (DEM) displaying

the southern bawdary of the Wisconsinan glaciations. It is visually apparent that

southern Indiana has steeper slap
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Figure2.2. Southern border of Wisconsinan Glaciatio



13

2.2 Data

The study areas for this research were selected from the available USGS stream
gagesin Indiana. Figure 2.1 shows the location of the watersheds selected for this
study. Theoriginal selection criteria used included: the smallest rural watergke?l3
mi?) that have available ifinute stream flow data from at least 19980030r more
recent if available The 2001 National Land Cover Dataset (NLCD) was used to
visually inspect whether watersheds were ruBdcause of the limitations of available
data for gauges in northern and central Indiana the criteria was relaxed udeincl
watersheds less than 40°mi Also four of the thirty selected watersheds contain
significant urban area.These watershed®ll outside the original criteria buvere
retainedto maintain better coverage across the state. Watershed selection was also
done in consultation with a past study in Indiana by 94 and Knipe (2005)
which divided the state into six hydrologically similar regions. These six regions are
included inFigure 21. Table2.1 lists the watersheds selected for this study. THhe
minute stream flow data is available at the USGS Instantaneous Data Archive website

(http://ida.water.usgs.gov/ida/



http://ida.water.usgs.gov/ida/

Table2.1. USGS stream gauges selected

Station Name Station Region Area
Number (mi?)
WEESAU CREEK NEAR DEEDSVILLE, IN 3328430 North 8.9
GALENA RIVER NEAR LAPORTE, IN 4096100 North 14.9
FORKER CREEK NEAR BURR OAK, IN 4100252 North 19.2
RIMMELL BRANCH NEAR ALBION, IN 4100295 North 10.7
SOLOMON CREEK NEAR SYRACUSE, IN 4100377 North 325
FISH CREEK AT HAMILTON, IN 4177720 North 37.5
SPY RUN CREEK AT FORT WAYNE, IN 4182810 North 14.0
COBB DITCH NEAR KOUTS, IN 5517890 North 30.3
IROQUOIS RIVER AT ROSEBUD, IN 5521000 North 35.6
JUDAY CREEK NEAR SOUTH BEND, IN 4101370 North 38.0
WHITEWATER RIVER NEAR ECONOMY IN 3274650  Central 10.4
LITTLE MISSISSINEWA RIVER AT UNION CITY, IN 3325311  Central 9.7
BIG LICK CREEK NEAR HARTFORD CITY, IN 3326070  Central 29.2
KOKOMO CREEK NEAR KOKOMO, IN 3333600 Central 24.7
BUCK CREEK NEAR MUNCIE, IN 3347500  Central 35.5
CROOKED CREEK AT INDIANAPOLIS, IN 3351310 Central 17.9
PLEASANT RUN AT ARLINGTON AV, 3353120  Central 7.6
INDIANAPOLIS, IN
LITTLE BUCK CREEK NEAR INDIANAPOLIS, IN 3353637 Central 17.0
WEST FORK WHITE LICK CREEK AT DANVILLE, IN 3353700  Central 28.8
PLUM CREEK NEAR BAINBRIDGE, IN 3357350  Central 3.0
LITTLE INDIAN CREEK NEAR GALENA, IN 3302300 South 16.1
WEST FORK BLUE RIVER AT SALEM, IN 3302680 South 19.0
CROOKED CREEK NEAR SANTA CLAUS, IN 3303400 South 7.9
BUSSERON CREEK NEAR HYMERA, IN 3342100 South 16.7
HARBERTS CREEK NEAR MADISON, IN 3366200 South 9.3
BRUSH CREEK NEAR NEBRASKA, IN 3368000 South 114
BACK CREEK AT LEESVILLE, IN 3371520 South 24.1
STEPHENS CREEK NEAR BLOOMINGTON, IN 3372300 South 10.9
PATOKA RIVER NEAR HARDINSBURG, IN 3374455 South 12.8
HALL CREEK NEAR ST. ANTHONY, IN 3375800 South 21.8

14
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CHAPTER 3. METHODOLOGY

3.1 Methodology Overview

The Clark SUH Method was selected for this study to gain some insight into how
watershed storageffects runoff hydrograph Equations for estimating the time of
concentration () and storage coefficient (R) of the Clark dnjidrograph method were
devebped for small rural watersheds-38 square miles (M) throughout Indiana
Equations were developed from rainfalhoff data for 90 events across 30 watersheds.
Data for 7 watersheds were used to verify the equations. R wedetdetermined by
optimizing the rainfalirunoff data using the U.S. Army Corps of EnginddESC-HMS
software. TheHEC-HMS model structure was developed using the GIS application
HEC-GeoHMS. Regression relationships between watershed geomorphology, and t
and R were determined using multiple linear regression. Equations were developed for

each region separately and for the entire state.

3.2 GIS Analysis

The important computer programs used in extracting the geomorphologic
parameters of the wersheds included ArcHydro and ArcGIS 9.2. The National
Elevation Dataset (NED) digital elevation models (DEMs) were downloaded from

USGS. For this study 30m resolution DEMs were used. The USGS National
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Hydrography Dataset (NHD)stream network file pgal for Indiana was also used as

an input for ArcHydro. From the DEM and NHD stream network, necessary raster files
such as the flow accumulation grid and flow direction grid were created. Using
ArcHydro with the DEM and stream networtkhe boundaries ahe study watersheds

were extracted. These watershed polygons were saved in geodatabases which

cdculated the area and perimeter

From the ArcHydro output files used to generate the watershed pojyipens
geomorphologic parameters listed and definedables 3.1 and 3.2vere computed
The first nine parameterare leasedelate area and length measurements while the last
nine are calculated using relief and the stream netw@rk.additional routine within
ArcHydro was used to calculate basin lengthd a new feature class was created to
measure the maximum straigite length of basin from mouth to divide for the basin
shape factor (. Simple GIS techniques were used to extract other measurements. For
example, a selection of the streams withia thatershed polygon was performed to
calculate the total stream length and number of streams within the watershed. This data
was used to calculate the drainage density and stream frequéheyUSGS Stream
Stats wekbased GIS interface was used to calteil additional geomorphologic
characteristicscontributing drainage area (CDA), -88% Slpe Slope), percent of
area covered by water or wetlandlVéter), percent of area that is urban land cover
(ULC), andmain channel length (MCh)Stream Stats is a Wwbased GIS interface that
provides users with analytical tools to calculate streamflow statistics and watershed

characteristics fromser selected stream locations. To represent the depression storage
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of each watershedhe raster calculator within ArcMawas utilized to calculate the
difference in the filled DEM computed during terrain processing and the raw DEM.
The resulting raster haw¢ categories: one represents raster cells that were unchanged
and the other category represents the raster celtswére filled because they were

sinks. Sinks are raster cells that are surrounded by cells with higher elevation leaving
no route for Wheerasbperiftewhbs t hat ar e
ArcHydro cancalculate the raster files mentionatl the beginning of this section.
Besides the Stream Stats and depression storage parameters Table 3.2 also has three
composite parameters. These are named HKR (Hickok et al., 1959), Gray (Gray 1961),

and Murphey (Murphey et al., 1977)These parameteare explained by the following

equations.
HKR = v 1
= CoxD (1)

Lca
Gray = 2
y 7c (2)

Sp

Murphey = 1 3)

w

Refer to Table 3.1 for an explanation of the symbols used in these composite
parameters.



18

Table 3.1 Definition of geomorphologic parameters

Parameters,Symbol

Definition

Drainage ared,

Basin perimeter,,

Basin length.,
Lca: Lca

Form factor Ry

Circulatory ratioR.

Elongation ratioR.

Basin shape factor,,S

Unity shape factor, R

Basin relief,H

Relief ratio,R,

Relative relief R,

Drainage densityD

Ruggedness number,

Channel Maintenance€;

Fineness ratick
Stream frequencyG;
Basin slope (%)l.s

Main channel slope;s S

The total area projected upon a horizontal plane contributing overland
flow to the stream segment of the given order and all segments of lower
order.

The length measured along the divide of the drainage basin as projected
onto the horizontal plane of the map.

The longest dimension of a basin parallel to the principal drainage line.
The length from the basin outlet to a point adjacent to the centroid.

A dimensionless parameteefthed as the ratio of basin areg, th the
square of basin length,1

A dimensionless parameter defined as the ratio of the basin area of a
givenorder, A, to the area Aof a circle having a circumference equal
to the basirperimeter,

The ratio of diameter of a circle, Dc with the same area as that of the
basin, to basin length,L

The square of maximum straiglivie length of basin (from mouth to
divide) divided by total area.

The ratio of the basin length, to the square root of the basin area,
Aw.

The maximum vertical distance between the lowest (outlet) and the
highest (divide) points in the wateesh

A dimensionless quantity, defined as the ratio of maximum basin relief,
H to horizontal distance along the longest dimension of the basin
parallel to the principal drainage line,. L

The ratio of basimelief, H to the length of the perimeter,. L

The ratio of the total length of all streams within a watershed to the
watershed area.

Product of relief, H and drainage density, D.

The ratio of the drainaggrea to the total of afitreams in the
network.

The ratio of channel lengths to the length of basin perimeter.
The total number of streams per unit area.
Average grid slope computed by ArcGIS.

Slope of a line drawn along the measured profile of main channel.
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Table 3.2Definition of additional geomorphological parameters

Parameters,Symbol

Definition

10-85% Slope Slope
%Water/WetlandWater
%UrbanLG ULC
Contributing DA CDA
Curve NumberCN

Main Channel LengthyICh
HKR, HKR

Gray, G

Murphey, M

% Sinks,Sinks

Average of channel elevations at points 10 and 85 percent above gage
Percenbf basinopen water and herbaceous wetland from NLCD
Percentage of basin with urban development

Areathat contributes flow to a point on a stream

Average curve number weighted by area

Length of longest flowline head of stream to watershed outlet

A J(Cs*
Led &C
S/ Ay

Percentage dfasinDEM (clipped by watershed polygofilied

aD)



20

3.3 RainfalFRunoff Event Selection

Rainfallrunoff events for use in this study were selected to conform as close as
possible to the assumptions of the UH theory. Namelyuthievolume of surface
runoff is equal to excess precipitation resulting from a storm of unifuensity over a
given duration. It is recommended by Viessnedral. (1989) that storms utilized to

determine unit hydrographs should include:

e asimple strature which results in a well defined hydrograph with a distinct peak

. uniform rainfall distribution for the duration of rainfall excess

e uniform spatial distribution (of rainfall) over the entire watershed

Viessmanet al. (1989) also recommend that theeditrunoff of storms selected for
analysis should range from50to 1.75 in. This is because design storms used for
further analysis wouldypically fall within this range. Storm events selected for this

study were selectdohsed on theswiteria

e Available USGS streamflow data during 198%06.

e The hydrographs were isolated events with well defined single peaks between

Marchand June.

In a few casesstorms from late February were considered because of the quality of the
available data. The pipitation data was also scrutinized to ensure no data was
flagged as snowfall Also, events were selected so there walg liti no rainfalirunoff

eventsfive days prior and following selected eventThe objective in this approach
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was to minimize theeffect of antecedent conditions and find the best single peaked
storms. These criteria for hydrograph selection would yield the highest seasonal
streamflows, with the most consistent antecedent moisture conditions, and rainfall
events that covered the dgst area. Precipitation data was obtained from the National
Climactic Data Center (NCDC) for precipitation gauges across Indiana. Fifteen minute
precipitation data was selected from the nearest precipitation gauge corresponding to
the date and time ohé selected streamflow hydrographs. A total of 90 ranndedbff

events weg selected, three per watershied,calibration.

3.4 Hydrologic Modeling

Hydrol ogic modeling was performed with
(USACE) Hydrologic Engineering Centeir Hydrologic Modeling Software Hec
HMS). The Geospatial Hydrologic Modeling Extension (M&eoHMS), a software
package forusewitB nvi r onment al Sy st EBR)ARMap,&vasr c h | n
used to create the hydrologichematic of the watershed and stream network. Dividing
the watersheds into subbasins was an important step in modeling. Ultilizing Hec
GeoHMS, a stream threshold of 10% of the entire drainage area was seleaisd. Th
when an area equivalent to 10% lo¢ twatershed area draito a point, a stream line is
initiated and proceeds to the outlet. The threshold of 10% was chosen to keep the
amount of subbasins per watershed at a manageable number. This resulted in
approximately 310 subbasins per watershed. HecGeoHMS results were then

imported toHecHMS for simulation and optimization. A more thorough explanation
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of HecGeoHMS can be found in the technical documentations available at the

USACEG6s Hydr ol ogi ¢ E n(lgtp:/iwenvelrec.useg.arr@yemil)t er we b s

HecHMS requires the selection of specific processes for losses, hydrograph
transform method, baseflow type, and routing. These processes are used in the
hydrologic computations. The initial and constkrsts rate method was used for
optimization to match effective precipitation depth to the diracoff depth of the
observed streamflow hydrograph. Values for inikies and constaihbss rate were
determined duringdlecHMS optimizationto match effective precipitation depth to the
direct runoff depth of the selected hydrographs. These values were not considered
further in the analysis. Baseflow separation was performed manually before observed
hydrographs were used in modeling. For the majority of storms the baseflow was
estimatedby extending the trend in flow throughout the entire hydrograph prior to the
start of the storm. This was deemed acceptable because the events chosen were isolated
and the flow returned to pevent conditions relatively quickly. For storms that had
long recession limtbefore hydrographs returned to faeent flows thestraight line
method was used as described by Chow et. al. (1988). Routing was modeled as a pure
lag (Equatiord).
tg = s @

(V=*60)
Wheretagis lag timein minutes,L is reach length in feet, andis streamflow velocity

in feet per second. This wdsemedsufficient method because it minimized additional
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paramegrs for calibration and the attenuation of the hydrograph would be incorporated

in the transform method chosen.

The Clark SUHmethod was chosen as the transform method because of its ability
to incorporate the processes of translation and attenua@derk (1945) studied the
translation of flow through a watershed and noted the-&irea curve described this
phenomena well. The tirerea curve was defined as the fraction of watershed area
contributing runoff to the outlet as a function of time since shaat of effective
precipitation Straub et al. 2000 Translation is determined by using the tiarea

relationship described in Equatiér{USACE, 2000).

1.5

1.414 (t) L <

A : L for t< >

A £\ t ®)
1.414 (1 - t—) for t = 76

c

Where A; is the cumulatie watershed area contributing runaff time t, A is total
watershed area, angis time of concentration.The Clarktime of concentration tf)
bounds the timarea curve. Attenuation is modeled with the use of a storage

coefficient (R)that can be represented by a simple linear reservoir as
S=0R (6)

whereS is watershed storage, R is the watershed storage coeffinitours) and O is
the outflow from the watershed.It was assumed thathe storage coefficient would
representhe storage effects in tiveatershed®f Indiana. ThdJSACE noted the use

of the ratioR/(t.+R) tends to remain constant for a regitd8ACE, 1990. Values for
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the ratio R/(+R) were set as 0:6.7 for north and central regions and-0.2 for the
south. These values weremparableto those used irSgraub et al. 2000 The ¢ for

each subbasin was calculated using the NRCS Curve Number nfethose as an
initial value in optimization Values of the Clark;twere estimated andsed as an
initial value during optimization Initial values for R were back calculated from the
ratio, R/(t+R), defined previously. These initial values were only used as a starting

point for the optimization process.

3.5 Parameter Optimization

Synthetic unit hydrographs were generated forafhfall-runoff events per
watershed. The SUH parameteyand R were optimized by matching the estimated
SUH to the observed streamflow for each event. The priority of the optimization was
to match the peak flowate Qp), time to peak ), andthe overall hydrograph shape
The criteria for successfualptimization werean estimated, within 5% of observed
values t, within 15 minutes of observed asdnilar overall hydrograph shaerough
graphical comparisonOf the 90 optimization trials 75 evergatisfiedhe optimization
criteria, 6 events had peak flows withirl8% of observed and 9 events did not meet
either criteria. An investigation into the unsuccessful optiatians showed Juday
Creek watershed failed to producesaccessfuloptimization. This study area was
dropped from the analysis.The optimization proceduresquired optimization run
configurations be constructed for each eve@ptimization was performed using the

following procedure.
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1. Run configurations were created definihg basin model, meteorological

model, and control specifications

2. Parameters to be optimized were selected. The GlankitR in hours, itial

losses in inches, and constant loss rate in inches per houusesre

3. Initial values for alparameters werestimated and input.

Optimization was performed using a trial and error approach. Parameters outlined
above were adjusted to closely match the Clark SUH to the observed hydrddreyeh.

are six objectives functions used foptimization methods available iHecHMS:
PeakWeighted RMS, Percent Error Peak, Percent Error Volume, Sum of Absolute
Residual, Sum of Squared Residual, Tiwieighted Error. Initially the PeaWeighted

RMS method was used, but if that did not yield good resulter atiethods were

utilized to obtain the best results.

Once optimization was completseveral checks were made to ensure the quality
of the optimizatios. Values of excess precipitation were compared to the resulting
direct runoff calculated during optizationto ensure the values were equal. Peak flow
rates and time to peak were comparedh® observed to ensure values optimized
sufficiently followed the observed hydrographs. Optimized Clarlarntd R were
compared and averaged for all events per nshezl to ensure hydrographs produced

wereconsistent.
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HecHMS does not calculatdraditional UHs directly so an additional run

configuration was created for each basin model to calculate-tmauie UH for each

watershed.

1. Average values of &andR (from the optimizations) were used in this

scenario.Representative values from the optimization were used for lag times.
2. Losses were set to zero because a UH is a direct runoff hydrograph.

3. A newmeteoological model was createditiv a one inch pulse of rainfall &f

minute duration This is the definition of a-Bhinute UH.

4. The results of the calculated UMere checked to ensure a volume of 1 inch

andQpand pwere recorded for each.

The values ofQ, and t, provided a basis on which to compare hydrographs of
watersheds across the three regions of Indiana. These two points foyditbgraph
along with the recession times would give some insight in to the shape of UH

hydrographs for watelneds across theade as well



27

CHAPTERA4. STATISTICAL ANALYSIS

After optimization and Sninute UH calculatios were complete statistical
analysis was performed to establish a statisyicgignificantrelationshipbetween the
geomorphology and UH shape oftemshed across Indiana. This was done to assist in
the selection of ideal geomdrplogic parameters that might best describe Grark
SUH characteristics across the statdiree tests to determine a significant difference in
the mear(between each regip wereperformed on all geomorphologic and hydrograph
paraméers. This included: Studenttdst, TukeyKramer, and the Wilcoxon Rank
Sum. Both the Studernttest and TukeyKramer assume a normal distribution and
equal variancesin the event ariablesviolated these assumptigrike Wilcoxon Rank

Sum was includetlecause it is nonparametric.

4.1 Student-Test

The Student-Test was employed to determine whether there was a statistical
significance in thalifference in themean of each parameter across the three regions.
The mean of ach parameter measured for all 8@tersheds of each region (ten per
region) were calculatedThis resulted in three mean values that were compared for
each parameterA pairwise comparisolof eachmean was performesb each region

was tested for a
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significant difference from # other two. Calculation of the test statistic required the

use of a pooled variance:

_ (ny —1)sf + (n, — 1)s

2
7
T T m D+ (- D 2
To test the hypothesis:
Ho: 1-&=0 Ha 1+ 0
Y,—-Y,)—-0
o (=Y ®
1.1
5 n; 1Ny

Reject hwhen t* > t,_«,v where v = n; +n, — 2
2

By rejecting the null hypothesit a significance level o&r = 0.05we can show the

means are significantly different.

4.2 Tukey-Kramer Paiwise Test
The TukeyKramer pairwise comparison also tests the same hypothesis as the

Student-Test:
Ho: 1-&=0 Ha 1+ 0

The TukeyKramer procedure uses the studentized range distributi®udentized
meanswere adjusted by dividing by an estimate of the population standard deviation.
Consider r independent observations Y & ,fromya normal distribution with mean p

and variancer?. Letw be the range for the observations, or the maximum observation



29

minus the minimum observation, and asswameestimate of the variancé lsased on
v degrees of freedom and independent of the observations. The rati® lsécomes

the studentized rangdenoted by(Kutner et al 2005)

arv) = < 9

The distribution ofq depends on r and, and is typically tabulated foselected
percentiles in mangtatistical textbook§Kutner et al 2005) The Tukey test statistis

calculated as:

. _

q = 7)) (10)

whereD and $D are based on family confidence intervadsd discussed in further
detail by Kutneret al. Q005. H, is concluded if|qg*| < q(1—a;r;ny —1) :
otherwise, His concluded. Irhis study comparisons were performed at a significance

level ofa = 0.05

4.3 Wilcoxon Rank SuniTest

The Wilcoxon Rank Sum Test is usefok comparison when datsets do not
exhibit a normal distribution that is necessary for the Stud@&est. This rank sums
method was presentdd a paper by Wilcoxon1045. The methodcombines the
samples of two tests agn, and ranks the sorted values. A valueMfs given to
sum of the ranks for each samplBepending on the size of the data set the st@hd
distribution used for this test varies. The statistical software JMP 6.0 was utilized to

calculate the test statistic and perform the analysis.



30

CHAPTERS. DEVELOPMENT OF REGIONAL REGRESSION EQUATIONS

Multiple regression analysis suseful method in developing regional parameter
estimation equations (Abdulla and Lettenmaid97). Regional regression equations
are useful for estimating parameters at uiggausites, and relatively straight forward
for using information from gauged sites for equation development. The typical

multiple regressionimodel is of the form:

Y = B;X; + ByX, ..+ B X, (11)

whereY is the dependent variabli@ this caseClark SUH parameters¥;, X,,€ , X, are
independent variables (watershed characteristics) BindB,, € B, are unknown
coefficients. The unknown cdéicients are determinedtilizing the method of least
squares (Abdla and Lettenmaier 1997). Stepwise selection techniques were
employed to select the best number of independent variables for the regression model
and specific variables that would be most useful for estimation of the Clark SUH

parameters.

Several regression models were developed and investigated. SAS statistical
software package was used to run stepwise regression procedures for the selection of

best multiple linear regression models. The goal of stepmigression is to take a set
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of independent variables and add them to the model one at a time in a certain manner
until all variables have entered the model or a speciiieriahas been met (Cody and
Smith 2006). The criteria used in this study required all variables added to the
regression were statistically significant to a levelof 0.05. For stepwise selectian
variable isadded if it meets the significance level; as variables are adiddue
significance of a previously entered variable diminishes that variable is removed. In
summary variables can be added and removed throughout the process until the
procedure has attempted to add all variabléismust also be noted that stepwise
regression does not always select the best model, but usually an acceptable one (Draper
and Smith 1981). An alternative procedwvas used tcselectthe best subsets of
models with the highestsguared values for regression equations with one, two, and
eventually all variables used in the regression. This procedure did not consider the
significance of each variable, but helped gain some insight into what variables

consistently were used in the best regression models.

Two scenarios were used to develogefregression models for each Clark SUH
parameter. Scenario 1 used all ®ftershed characteristics as possible independent
variables. Scenario 2 used only tt geomorphologic parametarseasurd using the
USGS Stream Stats applicatiomhe goal of Sceario 2 was to find out if @imple list
of variables could perform as well as the large list which may have some significant
multicollinearity effects, that is, some variables are correlated to each other and explain

the same amount of variancé& he five regression models investigated were:
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1. Linear Model
Y = By + BiX; + ByX ...+ B X, (12)
2. Logarithmic Model 1
log (Y) = By + Bylog (X;) + B, log (X;) ...+ B, log (X},) (13)
3. Logarithmic Model 2 (only independent variables transformed)
Y = By + By log (X;) + B,log(X;) ...+ B, log (X,,) (14)
4. Square Root Model 1
VY = By + By VX + BoVX, .+ B, VX, (15)

5. Square Root Model @nly independent variables transformed)
Y = By + By VX; + B,VX, ...+ B, VX, (16)

Before models were selected to progress to the validationsstegral diagnostics were
performed to test whether the regression models obeyed the general assumptions of
multiple linear regression. The four assumptions address&dhether: variables are
normally distributed, overall model fit (linear relationship exists), independent variables
are measured without error, and variance is equal across all independent variables.
Once a model was selected ANOVA tables and necessary plots were developed using
Excel. Normal probability plots were useddwaminenormality of the variables. -F

test values were used to test overall significance of the entire regression nibdel.

linear relationship of independent variables to dependent variables was tested using
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residual plots against predicted value$ariables were assumed twe error free
because of the computational accuracy of using remote sensing and GIS datasets.
Finally, equal variance across all independent variables tested by plotting the
standardizedesiduals of each armbnfirmingthey were randomly distributed about the

x-axis. Complete ANOVA tablesnd regression statistieseprovidedin Appendix A



34

CHAPTERG6. RESULTS

The statistical tests mentioned in the previous chapters were performed first on
the geomorphological parameterBhis was done to learn what geomorphology
distinguished watersheds from region to region. The Clark SUH paramgters R,
were also analyzed using the same statistical tests. Fraptihézed models, 5
minute UHs were calculateds described in Secti@b, for each watershed. The
resulting @ and t were used for comparison. Finally, the best regjos equatins
were used o verification rainfall runoff events fowatersheds selected from the study
to represent the entire 30 watersheds bEke following sections discuss the results of

the statistical analysis and regressions for each region in detail.

6.1 Statistical Analysis

The statistical test conducted on thp@omorphologigparametersielded results
that support thggeomorphologydiscussed in Chapter Bamely southern Indiana is
different from the north and central regions of the state. Therenaasgnificant
difference between the north and central regions for any ofgédwnorphologic
parametersiealing with slope Significant differences slopewere observed between

the southern region and each of the other two regions.
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cental regions. Te centralslopes of theand northern regiom@re not significantly
different fromeach othefat @ = 0.05) All parameters involving slope and relief show

this relationship. The box plots showing mean values and the vanatd the
significantly differert parameters ardisplayedin Figures6.1-6.10. In other words, the
centr al and northern regionds wapeecens heds
waterive t | and par ameter showed the ntxally her n
different from the other two regionsThe northern region also showed a significantly
higher percentage of sinks calculated from the DEM, which indicates more depression
storage. Main channel lengths for the southern regeme statistically sheer, and

differ from the north andcentral regions The central region was shown to be
statistically different fopercent of tbanland covey but this is due to the proximity of
several vatersheds to IndianapoliSable6.1 summarizes the resultfkefer to Tables

3.1 and 3.2 for a description of the geomorphologic parameters.

Table6.1 Results of statistical analysis of geomorphologic parameters

Parameter
Related to Slope Region of Difference| How Region Differs
10-85 Slope X South Statistically higher slopes
HKR X South
Cs X South
Ls X South
Rn X South
Rp X South
Rh X South
Statistically higher % of
Water North Water/Wetlands
%ULC Central Statistically higher % of ULC
Main Statistically shorter main
Channel South channel length
Sinks North Statistically higher % of Sinks
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Figures 6.16.6. Box Plots displaying slope related geomorphologic parameters
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Figures 6.76.10. Box plots displaying other significant geomorphol@gicameters

In summary the watersheds of northern and central Indiana are have significantly
lower slopeghan the southern watersheddowever,Northern Indiana tends to have a
higher percentage of water/wetland features and depression stofagetralindiana
watersheds for this study will have some effects from the urbanizedctaret of
Indianapolis, but becaus# data constraints they were kept in the studie central
region shares the lower slopes seen in the north, but has lower depressige sto
characteristics. Southern Indiana watersheds were shown to have higher slopes and

shorter main channel lengthad the least amount of depression starage
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6.2 Clark SUH Parameter Analysis

Optimized values fort; and R were obtained for each subbasithin each
watershed.During optimization it was noted thatdfected the peak flow values most,
making the flows lower for higher values of R. Theat one would expect, had most
control on the timing of the peakStatistical analysis showed R wuabk increased
moving north in the state, but each region was found to significantly different from the
other. The southern region showed statisticafhallert.. This would support the
analysis of the geomorphological parameteheng it was found thahe main channel
lengths were shorter and steeper resulting in higher velocities and faster travel times
through thesouthernwatershed Valuesof the Clark SUH parameterf®r each

watershed arprovidedin Figure 6.1 andTable6.2.
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Figure 6.1.. Box plot of optimized R and values



Table 6.2. Summary of Optimized Clark SUH parameters

Station Ay te R
Name Region No. (mi? (hrs) (hrs)
WEESAU CREEK N 03328430 8.87 3.22 21.2
GALENA RIVER N 04096100 14.9 7.21 10.08
FORKER CREEK N 04100252 19.2 9.77 21.23
RIMMELL BRANCH N 04100295 10.7 5.91 11.69
SOLOMON CREEK N 04100377 32.5 13.17 22.9
FISH CREEK N 04177720 37.5 7.14 21.18
SPY RUN CREEK N 04182810 14 4.4 5.12
COBB DITCH N 05517890 30.3 7.99 19.69
IROQUOIS RIVER N 05521000 35.6 8.2 16.75
JUDAY CREEK N 04101370 38 10.01 19.73

Station Ay te R
Name Region No. (mi?) (hrs) (hrs)
WHITEWATER RIVER C 03274650 10.4 3.33 3.22
LITTLE MISSISSINEWA
RIVER C 03325311 9.67 17.9 16.73
BIG LICK CREEK C 03326070 29.2 5.76 12.47
KOKOMO CREEK C 03333600 24.7 10.02 184
BUCK CREEK C 03347500 35.5 5.81 11.05
CROOKED CREEK C 03351310 17.9 5.9 3.73
PLEASANT RUN C 03353120 7.58 3.56 2.15
LITTLE BUCK CREEK C 03353637 17 4.56 9.68
WEST FORK WHITE
LICK CREEK C 03353700 28.8 12.02 10.9
PLUM CREEK C 03357350 3 3.08 3.41

Station Ay te R
Name Region No. (mi?) (hrs) (hrs)
LITTLE INDIAN CREEK S 03302300 16.1 5.18 2.62
WEST FORK BLUE
RIVER S 03302680 19 6.31 2.43
CROOKED CREEK S 03303400 7.86 2.9 3.14
BUSSERON CREEK S 03342100 16.7 5.79 4.26
HARBERTS CREEK S 03366200 9.31 4.47 3.35
BRUSH CREEK S 03368000 114 2.65 3.32
BACK CREEK S 03371520 24.1 2.7 4.61
STEPHENS CREEK S 03372300 10.9 3.6 3.49
PATOKA RIVER S 03374455 12.8 1.69 2.09
HALL CREEK S 03375800 21.8 2.83 2.5

39
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6.3 Five-minute UH Analysis

The 5minute UHs were calculated based on the optimized parapeeoudy
computedusing the method described in section 3T#ée Sminute UH was selected as
a metric to establish the difference in peak flows and travel times across the regions of
Indiana. Because the individual storm events used for calibration were of varying
duration and runoff vaime, the 5min UH analysiswas adoptedor a more direct
comparison of hydrographs with equbrmduration and runoff volumelhe results
are consistent with the resutifall previous analysisThe Q, for the north and central
regions is statistically lower than in the southergion. The box plstin Figure6.12
& 6.13 show a trend of decreasing peak flofn@m the south to the north of the state
The t values alsaeinforce the trend discussed. For southern Indidmeaaverage,t
are statistically shorterF{gure 6.13). This analysis established the difference in

hydrograph shape and thus hydrology across Indiana.
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Figures6.127 6.13. Box plots of Sminute UH Qand },
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6.4 Regression Models

Each of he regression models developed fodividual regiors contained a
unique set ofariables. Of the five regression modé¢te Logarithmic Model 1 by far
performed the best for Scenario 1 an@Chapter Swithin in each region A summary
of the regression results are located in AppendiR€gressions foeach region had R
values > 0.8 with Fest model significance < 0.00& Log Model 1 The Log Model 1
regression for Scenario 1 (geomorphological parameters considered for regression)
performedbest Each regional equation contained a unique sietdeipendent variables
as well. The results from Scenario 2 (only Stream Stats parameters considered for
regression) were not as good.he Logarithmic Modl 1, again, performed be&ir
Scenario 2, butR? values were 0.47 and 0.63 for the north and e&negions
respectively. The logarithmicc8nario 2 regression for the southern region selected no
significant independent variableseat 0.05 One additional regressi@et for t and R
was considered for comparison with regional equationseseTitegression equatian
represent theentire state containing the most simple set of variablsessary to
predictt;and R. The rationale was to see if a simpler set of regression equations for the
entire state could perform as well as the region specifjeession equatian The
following sectiors discuss the regression equations in detail for each regidre
discussion will include the best Scenario 1 and Scenario 2 regression models for each
Clark SUH parameter (Bnd t). Refer to Appendix A for detailed regression statistics

and ANOVA tables.
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6.5 Regression ModelsNorth Region

The best regression model fpredicting the Clark storage coefficients (R) of
Northern Indiana was represented by the Mapel 1- Scerario 1. This regression
model included urban land cover (ULC) asiileam frequency {Cas the significant
variables. Both independent variables were significant=a.05. The Linear Model
i Scerario 2 regressioralso yielded a promising result. In Sega 2 only the Stream
Stats variables were used as possible independent variables. -86% Xope (Slope)
and percent of water/wetland features (Water) yielded=a®88. The twas also best
predicted by Log Model 1 Scenarial and the second besiodel for fwas Log Model
17 Scenarid2. In both equations fog tontributing drainage area (CDA) was the most
significant independent variable. To summarize it seems R is best predicted with
variables related to landuse/landcover, stream netwoakd slope. Time of
concentration is more dependent on the size of the watershieelse equations are

listed here in Table 6.2.

Table 63. Summary of best Northern Region regression equations.

Regression Model Transform Scerario R?
Log Model

log(R)=1.139- 0.164log(ULC) - 0.819l0g(C) 1 1 0.86

Linear

R=2771 1.665(Slope i 1.506(Water) Model 2 0.88

log(tc )=

-3.355 + 1.6770g(CDA) + 1.369log(C;) + 0.396 Log Model

log(G) 1 1 0.97
Log Model

log(t; )=-0.254 + 0.8410g(CDA) - 0.079log(ULC) 1 2 0.78

All variables are lodgpase 1@ransformedexcept Linear Model
Refer to Tables 3.1 and 3.2 for definitions of the independent variables
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6.6 Regression ModelsCentral Region

The central region hagpresented a transition region geoptmogically. In the
previous chapter it was shown that the central region shares the lower slopes seen in the
north, but has depression storage characteristics more in common with the southern
region. Also, the presice of watesheds with more urban lamdver adds a dimension
of complexity. The best regression models foartd R were again Log Model il
Scenario 1. Fineness ratio;(Rnd Slope provide the best prediction R. Fineness
ratio describes the relanship of channel lengths to basin perimeter. For the t
prediction urban land cove(ULC) and slope variablefLs and H) performed best.
Although both ks and H are slopeelated their correlation coeftients were low
enough to remain in the regress model together. The Scenario 2 models both
displayed much less success however their inclusiagimilar independent variables

illustrates that slope is an important factor in the central region.

Table 6.4. Summary of best Central Region regressjotions.

Regression Model Transform Scenario R?
log (R)=1.727- 2.722log(Ry) - 0.932log(Slopg Log Model 1 1 0.86
VR = 6.189- 0.949/(Slopg - 0.048/(ULC) Sqgt Model 1 2 0.82

log (t)) =
-1.944- 0.927log(L) + 0.956log(H) - 0.125
log(ULC) Log Model 1 1 0.84

log(t,) = 1.574- 0.769log(Slopg Log Model 1 2 0.41

All variables are lodpase 1Q@ransformedexcept Sqrt Model .1
Refer to Tables 3.1 and 3.2 for definitions of the independent variable
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6.7 Regression Models South Region

The regression modepsovided the poorest fit®r the southern regionBecause
of the small variationraong the different watershetiecause of the small variation of
R and ¢. Referringto the optimized R values ifiable 6.2 it is clearthatthe storage
effects of the watersheds valittle across the southern region makitigs variable
difficult to discriminae. The regression models f& do not contain any variables
relating to slope, possibly because of the consistésimall variation) in the slope
across the regionThe variables selected to predicafe all based on stream network
and basin shape parameter3he prediction of ¢in the southern region shows a
dependence on land cover/land use with the inclusion of the urban land cover and curve

number parameters.

Table 65. Summary of best South Region regression equations.

Regression Model Transform Scenario R?
log(R) =
2.012 + 1.45009(L o) - 2.361log(C) + 1.215log(R¢) Log Model 1 1 0.88

log(t:) =
-3.28340.266log(ULC)+2.693l0og(CN)+1.696log(Ry) -
0.568log(H) Log Model 1 1 0.95

log (t) =-3.503 + 0.1790g(ULC) + 2.205log(CN) Log Model 1 2 0.69

All variables are logpase 1Qransformed.
Refer to Tables 3.1 and 3.2 for definitions of the independent varial

6.8 Regression ModelsStatewide
The statewide regression equations were developed for two reasons. The first
reason was tdlustrate more clearlythe important geomorphologic characteristics for

Indiana overall. Second, the statewide regression models could peorides simple
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set of equations utilizing a larger sample size. The larger sample size used to develop
the datewide equations make them less depeton the specific variation found in the
smaller regional equations. The statewide regressions do support the findings of the
statistical analysis of the geomorphologic parameters. The slopes and depression
storaye characteristics were identified as distinct among the regidhs prediction of

R supports this by utilizing the 185% slope (Slope) and the percentage of sinks
(Sinks). The t regression model incorporates similar slope and depression storage
relaed characteristics by including the average grid slopg #hd percentage of
water/wetland features (Wajebut it also relies on basin length,JL The use of basin
length follows conventional wisdom that some type of hydraulic length is necessary to

calculate ¢.

Table 66. Summary of best Statewide regression equations.

Regression Model Transform Scenario R?
log(R) = 1.456- 0.773log(Slopéd + 0.382log(Sinks) Log Model 1 1 0.70
log (t;) =

-2.176 + 0.6390g(L ) - 0.307log(L ) + 0.160log(Waten Log Model 1 1 0.62

All variables are logpase 1Q@ransformed.
Refer to Tables 3.1 and 3.2 for definitions of the independent variables

6.9 Summary of Regression Models

The geomorphological parameters selected th@ regionalregressionsvary
greatly from region to region. Several parameters do show up frequently, namely : C
R:, ULC, and Slope. For the northern regionisQused inboth regressions(and R).
Stream frequency() was calculated as the total number oéairs perunit area. The

Fineness ratioR;) was calculated as the ratio of channel lengths to the length of basin
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perimeter. The incorporation of this parameter shdhat the stream network
characteristics are important factors for calentathe Clarkparameters within each
region. The entral region equations bothcwrporate a slope parameter which would
indicate the cemal region isa transition regionvhere watersheds nearer the south may
exhibit higher slopes versus watershedgeretne north.Urban land covealsohas an
influence on thect This is to be expected because of the watersheds near Indianapolis
used in this study.Equations for the southern region both includewRich again
indicates the importance of stream network charatitesis The regression equations

for t and Racross the entire state support the statistical findings of the previous
sections. Slope appears to be the most important independent variable distinguishing
watersheds acreghe state from north to soutlgnfirming lower slopes increase the t
andR. The Clark storage, R, is also impacted bypbkecentag®f depression storage
features The positive correlation shows the increasel@pression storagacreass

the Clark storage coefficientBasin lengh, L, , shows a positive correlation tg, t
which would be similar to other methods gtomputationwhere hydraulic or main
channel length is an important factokfter analysis of the results from Scenario 1 and

2 the equations from the Log Model IScenario 1 were selected for validatidralple

6.6).

The performance of the developed regression equationsestesl in tvo ways
for this study. Firstthe regression equations (regionalized andwtd&® were used to
estimateaverage values of &nd R. The average Clark parameters for all watersheds

used in regression model developmeetecompared to the optimized average values.
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Plots of each are included Figures6.146.21 Overall there is a good agreement of
calculatedand observed valuesThe plotwith the largest deviatiofrom the 1:1 line
wasthe average values for R in the southern region. This is possibly duesmatie
variationin the optimized average R valuesthe souththus making it difficult to fit a
regression to a setf closely grouped points.The regression equatidor the entire

state showed a high devidgion in optimized and calculated values well The
regression models for the north and central regions performed well for both Clark
parameters. This is esp&lty important because estimating the watershed storage
effects in the north was the focus of this study, since current SUH methods are not

performing well for low slope watersheds.

Table 67. Regression equations selectedifioplementation

Models Log Model 1- Scenario 1

North
log R=1.139- 0.164log (ULC) - 0.819log (C;)

log t.=-3.355 + 1.6770g (CDA) + 1.369log (C;) + 0.396log (G)

Central

log R=1.727- 2.722log (Ry) - 0.932log (Slopg

log t.=-1.944- 0.927log (L) + 0.956log (H) - 0.125log (ULC)
South

log R=2.012 + 1.45009 (L.,) - 2.361log (C) + 1.215log (Ry)

logt.=-3.283 + 0.2660g (ULC) + 2.693log (CN) +1.696log (Ry) - 0.568log (H)
Statewide

log R=1.456- 0.773log (Slop@ + 0.382log (Sinks)

logt:=-2.176 + 0.63%g (L) - 0.307log (Ls) + 0.160log (Water

All variables are logpase 1Qransformed.
Refer to Tables 3.1 and 3.2 for definitions of the independent variables
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6.10Applicationof Regression Equations
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Data for 7 of the 30 study watershedgere usedfor a applicationtrial of a

rainfall-runoff event that was not used in optimizationVatersheds selected for

implementationncluded: Forker Creek, Rimmel Branch, and Iroqouis River from the

northern region, Kokomo Creek and Little Buck Creek from the central region, and

Hall creek and West Fork Blue River of the southern regidhese were selectead

best represent the geormphological characteristics encountered throughout the. state

Figure6.22 is a map showing the locatiof each watershed afddble 67 lists some

descriptivegeomorphologic characteristicfainfall-runoff events were selected with

the same criteria afiscussed in Sectidh3.

Table 68. Study areas selectéal implementation

Main Main
Station Name Station Redion Area Channel  Channel
Number 9 (mi?) Length Slope
(mi) (ft/mi)
FORKER CREEK 4100252 North 19.2 10.95 9.7
RIMMELL BRANCH 4100295 North 10.7 7.32 12.1
IROQUOIS RIVER 5521000 North 35.6 10.42 3.0
KOKOMO CREEK 3333600 Central 24.7 13.66 4.4
LITTLE BUCK CREEK 3353637 Central 17.0 12.29 14.2
WEST FORK BLUE RIVER 3302680 South 19.0 8.96 24.9
HALL CREEK 3375800 South 21.8 8.73 17.7

HecHMS was used as in thapplication of the Clark parameter regression

equationsThe loss method selected was initial and constant loss rate and baseflow was

separated before observed hydrographs were addddablMS. Initial and constant
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loss rates were calculated so precipitation excess equaled direct runoff of the observed
hydrograph. This was to ensure all hydrographs computed were of the same volume for
proper comparison. Application differed from optinization in that three transform

methods (SUH methods) were utilized.

Figure 622. Location of validation study areas



