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CONVERSION FACTORS 

Multiply 

mch (m) 
foot (ft) 

mile (mi) 
foot per mile (ft/mi) 

square mch (m2) 

square mile (mi2) 

cubic foot (ft3) 

cubic foot per second (ft3/s 

SYMBOLS 

By 

25 4 
0 3048 
1 609 
01894 
6452 
2 590 
0 02832 
0 02832 

To obtain 

millimeter 
meter 
kilometer 
meter per kilometer 
square centimeter 
square kilometer 
cubic meter 
cubic meter per second 

The followmg are definitiOns of selected symbols as they are used m this report, they are not 
necessanly the only vahd definitiOns for these symbols 

A Dramage area (m square mtles)-The dramage area that contnbutes surface run­
off to a spectfted locatiOn on a stream, measured m a honzontal plane Com­
puted (by planimeter, dtgttizer, or gnd method) from US GeologiCal Survey 
7 5-mmute topographic quadrangle maps Sewer maps may be necessary to 
delineate dramage area m urban areas because sewer hnes sometimes cross 
topographic dtvtdes 

BDF Basm-development factor-A measure of basm development that takes mto 
account channel Improvements, tmpervtous channel linings, storm sewers, and 
curb-and-gutter streets It IS measured on a scale from 0 (httle or no develop­
ment) to 12 (fully developed) See text for a more complete descnption and 
method of computation 

d DuratiOn of a maximum flood-volume or maximum ramfall event (m hours) 
D DuratiOn of a simulated flood hydrograph (m hours) 

dRFT d-hour T-year ramfall (m mches)-Maxtmum ramfall havmg ad-hour duratiOn 
and T-year recurrence mterval Determmed from U S Weather Bureau Technical 
Paper 40 (U S Department of Commerce, 1961) 

dVT d-hour T-year flood volume (m millions of cubtc feet)-Maxtmum flood volume 
havmg a d-hour duration and T-year recurrence mterval Computed from 
frequency analysts of synthetic annual peak-volume data, or estimated from 
multtple-regresswn equations presented m this report 

EL Average basm elevatiOn mdex (m thousands of feet above sea level)­
Determmed by averagmg mam-channel elevations at pomts 10 and 85 percent of 
the distance from a spectfted locatiOn on the mam channel to the topographic 
dtvtde, as determmed from US Geological Survey 7 5-mmute topographic 
quadrangle maps 

/A ImperviOus area (m percent)-That part of the dramage area covered by Imper­
viOus surfaces such as streets, parkmg lots, and bmldmgs 

L Mam-channellength (m mtles)-Dtstance measured along the mam channel 
from a specified locatiOn to the topographic dtvtde, as determmed from U S 
Geological Survey 7 5-mmute topographic quadrangle maps 

LT Basm lagtime (m hours)-Ttme elapsed from the centrmd of the ramfall excess 
(ramfall contnbutmg to duect runoff) to the centrOid of the resultant runoff 
hydrograph LT for urban basms may be estimated from a multiple-regressiOn 
equatiOn presented m this report 

P Average annual precipitatiOn (m mches)-Determmed from Ohto Department of 
Natural Resources Water Inventory Report No 28 (Harstme, 1991) 

Q Dtscharge (m cubtc feet per second) 
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QP Peak discharge (m cubic feet per second}-The maximum discharge of an 
observed or simulated flood hydrograph 

QT Peak dtscharge (m cubtc feet per second)-Peak dtscharge wtth recurrence mter­
val ofT years 

RQT Rural peak discharge (m cubic feet per second}-The estimated rural peak dis­
charge wtth recurrence of T years, as computed from regiOnalized regress ton 
equations developed by Koltun and Roberts ( 1990) 

SEP Average standard error of predictiOn (m percent)-An approximatiOn of the 
error associated wtth estimatmg a streamflow charactenstic of a site not used m 
the regressiOn analysts 

SER Average standard error of regressiOn (m percent}--A measure of the error asso­
ciated wtth esttmatmg a streamflow charactensttc of a stte used m the regression 
analysts 
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Estimation of Peak-Frequency Relations, Flood 
Hydrographs, and Volume-Duration-Frequency 
Relations of Ungaged Small Urban Streams in Ohio 

By James M. Sherwood 

Abstract 

Methods are presented to estimate peak­
frequency relations, flood hydrographs, and 
volume-duration-frequency relations of urban 
streams tn Ohto wtth dratnage areas less than 6.5 
square mtles. The methods were developed to 
assist planners In the destgn of hydraulic struc­
tures for whtch hydrograph routing IS required or 
where the temporary storage of water ts an Impor­
tant element of the destgn criteria. Examples of 
how to use the methods also are presented 

The data base for the analyses consisted of 
5-minute rainfall-runoff data collected for penods 
from 5 to 8 years at 62 small dratnage bastns 
located throughout Ohto. The U.S. Geologtcal 
Survey ratnfall-runoff model A634 was used and 
was calibrated for each site The calibrated mod­
els were used tn conJunction wtth long-term (66-
87 years) ratnfall and evaporation records to syn­
thesize a long-term senes of flood-hydrograph 
records at each stte. A method was developed and 
used to increase the variance of the synthetic 
flood charactenstics In order to make them more 
representative of observed flood charactensttcs. 

Multiple-regression equations were devel­
oped to estimate peak discharges havtng recur­
rence Intervals of 2, 5, 10, 25, 50, and 100 years. 
The explanatory variables In the peak -discharge 
equations are dratnage area, average annual pre­
cipitation, and basin-development factor. Aver­
age standard errors of predtction for the peak­
frequency equations range from ±34 to ±40 
percent 

A method IS presented to estimate flood 
hydrographs by applytng a spectftc peak dis­
charge and bastn lagtime to a dtmenstonless 
hydrograph An equation was developed to esti­
mate bastn lagtime In whtch matn-channellength 
dtvtded by the square root of the matn-channel 
slope (LtV SL) and basin-development factor are 
the explanatory vartables and the average stan­
dard error of prediction Is ±53 percent. A dtmen­
stonless hydrograph ongtnally developed by the 
U.S. Geological Survey for use in Georgia was 
venfted for use In urban areas of Ohto. 

Multiple-regression equations were devel­
oped to estimate maxtmum flood volumes of 
d-hour duration and T-year recurrence Interval 
(dVT). Annual maximum flood-volume data for 
all combinations of stx durations ( 1, 2, 4, 8, 16, 
and 32 hours) and stx recurrence Intervals (2, 5, 
10, 25, 50, and 100 years) were analyzed The 
explanatory vanables tn the resulting 36 volume­
duration-frequency equations are drainage 
area, average annual precipitation, and basin­
development factor. Average standard errors of 
prediction for the 36 dV T equations range from 
±28 percent to ±44 percent. 

Step-by-step examples show how to esti­
mate ( 1) peak discharges for selected recurrence 
Intervals, (2) flood hydrographs and compute 
thetr volumes, and (3) volume-duration-frequency 
relations of small, ungaged urban streams In 
Ohto. Volumes estimated by use of the volume­
duration-frequency equations were compared 
wtth volumes estimated by Integrating under an 
estimated hydrograph. Both methods yteld Similar 

Abstract 



results for volume estimates of short duration, 
which are applicable to convective-type storm 
runoff. The volume-duration-frequency equa­
tions can be used to compute volume estimates 
of long and short duration because the equations 
are based on maximum-annual-volume data of 
long and short duration. The dimensionless­
hydrograph method IS based on flood hydro­
graphs of average duration and cannot be used to 
compute volume estimates of long duration Vol­
ume estimates of long duration may be consider­
ably greater than volume estimates of short 
duration and are applicable to runoff from frontal­
type storms. 

INTRODUCTION 

Accurate estimates of flood charactenstics are 
reqmred for the efficient and safe design of nvenne 
structures such as bndges and culverts Estimates of 
flood-peak discharges may be the mam consideratiOn 
for designs where flood flows are reqmred to pass 
through the structure With minimal detentiOn storage 
upstream from the structure If detention storage Is a 
pnmary consideratiOn, the designer also may requue 
accurate estimates of the shape of the flood 
hydrograph and the magmtude of flood volumes 
havmg specific recurrence mtervals Stnngent 
stormwater-management regulatiOns (OhiO Depart­
ment of Natural Resources, 1981) and nsing construc­
tion costs have Increased the Importance of detentiOn 
storage as a design consideratiOn For example, storm­
water management gmdelines may reqmre a reductiOn 
In peak discharge to lessen the effects of flooding 
downstream. In addition, constructiOn of a smaller 
diameter culvert could sigmficantly reduce costs at 
sites where sufficient detentiOn storage can be pro­
vided to allow adequate storage of water dunng large­
volume floods 

The estimated peak discharge and correspond­
mg estimated flood hydrograph may be all the Infor­
mation needed for design situatiOns m which some 
storage IS required but IS not considered to be a cntical 
factor Estimated flood hydrographs also provide a 
means of routing floods With specific design peak dis­
charges through a hydraulic structure, so that outflow 
peak discharges may be estimated In situatiOns where 
the design peak outflow IS requued or desued to be 
considerably less than the design peak mflow, a 

significant volume of water must be temporanly 
stored upstream of the structure In this case, an esti­
mate of volume for a design duration IS needed 

The volume computed by mtegratmg the design 
discharge hydrograph IS frequently used as an estimate 
of volume The dimensiOnless hydrographs used to 
estimate design hydrographs are usually developed 
from observed flood hydrographs havmg relatively 
high peak discharges and approximately average dura­
tions Consequently, when a flood hydrograph IS esti­
mated by use of a dimensiOnless hydrograph, the result 
IS a sharp-crested, approximately average-duratiOn 
hydrograph with a smaller volume than that for a 
hydrograph havmg the same peak discharge but longer 
duratiOn Development of a longer-duration dimen­
siOnless hydrograph, which would contain more vol­
ume, IS not feasible because of the high degree of 
vanability m the shapes of long-duratiOn hydrographs 
Furthermore, the actual shape of the hydrograph 
becomes less Important In the design of a detentiOn 
basm having a relatively small outlet and large storage 
capacity It IS more Important to estimate the relatiOn 
between Inflow volume and time. This relatiOn, m 
combmatwn with an estimate of the relatiOn between 
outflow volume and time, can be used to estimate the 
relatiOn between the requued storage volume and 
time 

The objective of this study IS to develop 
multiple-regressiOn equatiOns for estimating relatiOns 
between volume, duratiOn, and frequency at ungaged 
small urban streams In Ohio This objective IS accom­
plished by applymg techniques developed and data 
collected as part of a concurrent rural volume­
duration-frequency study (Sherwood, 1993) The data 
base for the analyses mcludes rainfall-runoff data col­
lected at 30 urban Sites from a previOus study (Sher­
wood, 1986) and 32 rural sites from the concurrent 
rural volume-duratiOn-frequency study 

In the early stages of this study, a method was 
developed that should Improve the accuracy of syn­
thetic flood-frequency data It was subsequently 
decided to revise the previOusly published urban peak­
frequency data (Sherwood, 1986) on the basis of this 
new method and develop and publish revised urban 
peak-frequency equatiOns as part of this study All 
three studies were conducted by the U S GeologiCal 
Survey (USGS) In cooperation with the OhiO Depart­
ment of TransportatiOn and the U.S Department of 
Transportation, Federal Highway AdministratiOn 

2 Estimation of Flood Character1st1cs of Ungaged Small Urban Streams m Oh1o 



Purpose and Scope 

Thts report summanzes the methods of data col­
lectiOn and analysts used m th1s study, presents revtsed 
equatiOns for estimatmg peak-frequency relatiOns, and 
presents new equatiOns for estimatmg volume­
duratiOn-frequency relatwns for small, ungaged urban 
streams m Ohw A method of estimating flood hydro­
graphs by applytng estimated bas1n lagtime and peak 
discharge to a dtmenswnless hydrograph also 1s pre­
sented This report supersedes the prevwus urban run­
off report (Sherwood, 1986) 

Examples of how to use the equations and how 
to estimate flood hydrographs also are presented. The 
equatiOns and methods developed for th1s study are 
based on 5-mmute ramfall-runoff data collected for a 
penod from 5 to 8 years at 62 small (less than 6 5 
square miles) basms dtstnbuted throughout Ohw The 
equatiOns and methods presented are applicable to 
small urban streams m Oh10 whose basm charactens­
tics are similar to the basm charactenstics of the 62 
study s1tes 

Previous Work and Approach to This Study 

The work of prevwus Investigators was used to 
evaluate and select the most appropnate approach to 
use m developmg methods of estimatmg the following 
three flood charactenstics addressed m this study 
1. Peak discharge havtng a spec1f1c recurrence mter­

val, for example, a 100-year flood theoretically 
would occur an average of once every 100 years, or 
have a 1-percent chance of occurrence m any gtven 
year 

2 Flood hydrograph havmg a specific peak discharge, 
for example, the 50-year flood hydrograph 1s a plot 
of discharge agamst time, m whtch the peak dis­
charge has a 50-year recurrence mterval 

3 Flood volume havmg a spec1f1c duration and recur­
rence mterval, for example, a 4-hour, 100-year vol­
ume 1s the maximum flood volume dunng a 4-hour 
penod that, theoretically, would occur an average of 
once every 100 years 

A techruque exists for estimatmg flood hydro­
graphs m whtch estimated peak discharge and esti­
mated basm lagtime are apphed to a dtmenswnless 
hydrograph The technique has been successfully 
apphed on a natiOnal scale (Stncker and Sauer, 1982) 
as well as m several statewide studies (Inman, 1987, 
Robbms, 1986, Sherwood, 1986) and a rural volume 
study m Ohw (Sherwood, 1993) For th1s study, the 

development of a method to estimate flood hydro­
graphs consisted of ( 1) the use of equatiOns developed 
as part of th1s study to estimate peak dtscharge, (2) the 
development and use of an equatiOn to estimate basm 
lagtime for small urban streams, and (3) the venftca­
tlon of a previously developed dimensiOnless 
hydrograph for use on small urban streams m Ohw 

Development of a method to estimate flood vol­
umes as a functiOn of duratiOn and recurrence mterval, 
which was Imtially proposed for a study of 32 small 
rural streams m Oh10 (Sherwood, 1993), was 
expanded to mclude data from 30 small urban Ohw 
streams Streamflow data for the 62 small basms were 
used m th1s study to develop multiple-regressiOn equa­
tions for estimatmg flood volumes for specific dura­
twns and recurrence mtervals S1x duratiOns (1, 2, 4, 8, 
16, and 32 hours) and SIX recurrence mtervals (2, 5, 
10, 25, 50, and 100 years) were analyzed, and 36 equa­
tiOns for estimatmg volume-duratiOn-frequency rela­
tiOns were developed 

By applymg these equatwns to a design situa­
tion m which storage IS an Important element of the 
design cntena, the volume of Inflow for several dura­
tions may be estimated to develop a curve 
relatmg mflow volume to duratwn A theoretical 
maximum-volume hydrograph based on the volume­
duratiOn data may be constructed This hydrograph 
may be used to develop a relatwn between mflow vol­
ume and time These data can then be used with a 
volume-elevatiOn curve for the detentiOn basin and an 
outflow-elevation curve for the outlet to develop a 
curve relating outflow volume to time. The outflow 
volume curve can then be subtracted from the mflow 
volume curve to yield a curve showmg the relation 
between detentiOn-storage volume and time Th1s 
curve will show the maximum detention storage that 
might be expected for the specific outlet size, deten­
twn-basm size, and the estimated flood charactenstics 
Maximum detentiOn storage calculatiOns for vanous 
combmatwns of outJet size and detentiOn basm s1ze 
will aid 1n optimization of the overall destgn m terms 
of safety, cost, and eff1c1ency. 

DATA COLLECTION 

Rainfall and streamflow data were collected at 
5-mmute mtervals at 30 small urban basms for penods 
rangmg from 5 to 8 years (fig 1, table 1) These data 
were used to cahbrate a ramfall-runoff model for each 
site Sttes were chosen m basms where no change in 
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Table 1. Stat1on numbers, stat1on names, latitudes, and 
longitudes of 30 urban study s1tes 1n Oh1o 

Station Station name latitude Long•tude number 

03258520 Amberly Ditch near Cmcmnati 39°11 '31" 84°25'44" 

03238790 Anderson Ditch at Cmcmnati 39°04'14" 84°22'51" 

03098900 Bunn Brook at Struthers 41 °03'05" 80°36'28" 

03098350 Charles Ditch at Boardman 41 °00'43" 80°39'44" 

03236050 Coalton Ditch at Coalton 39°06'36" 82°36'44" 

03228950 Dawnlight Ditch at Columbus 40°00'51" 82°56'46" 

03260095 Delhi Ditch near Cmcmnati 39°05'48" 84°37'23" 

04208640 Dugway Brook at Cleveland 
Heights 41°30'35" 81°34'06" 

04208680 Euclid Creek Tnbutary at 
Lyndhurst 41°31'52" 81°30'14" 

03221450 Fishmger Creek at Upper 
Arlington 40°01'48" 83°05'12" 

03226900 Fishmger Road Creek at Upper 
Arlington 40°01'25" 83°02'40" 

03241850 Gentile Ditch at Kettenng 39°42'47" 84°08'56" 

04200800 Glen Park Creek at Bay VIllage 41°29'09" 81°54'46" 

04193900 Grassy Creek at Perrysburg 41°33'20" 83°36'45" 

03159503 Home Ditch at Athens 39°20'06" 82°04'43" 

04176870 Ketchum Ditch at Toledo 41°42'39" 83°35'45" 

04208685 Mall Run at Richmond Heights 41°32'35" 81°29'54" 

03227050 Norman Ditch at Columbus 39°59'35" 83°02'02" 

04208580 North Fork Doan Brook at Shaker 
Heights 41°28'57" 81°32'34" 

03116150 Orchard Run at Wadsworth 41°01'52" 81°44'03" 

04187700 Pike Run at Lima 40°46'06" 84°06'57" 

03115810 Rand Run at Manetta 39°24'48" 81 °25'44" 

03226860 Rush Run at Worthmgton 40°05'41" 82°59'56" 

04176880 Silver Creek at Toledo 41°42'58" 83°35'08" 

03256250 Spnngfield Dttch near Cmcmnati 39°13'48" 84°31'16" 

03115995 Sweet Henn Ditch at Norton 41°01'27" 81°38'13" 

04176890 Tifft Ditch at Toledo 41°41'55" 83°37'53" 

04207110 Tinkers Creek Tnbutary at Twmsburg 41 o 19'30" 81 °28'47" 

03271295 Whipps Ditch near Centerville 39°39'18" 84°10'10" 

03259050 Wyommg Ditch at Wyommg 39°14'00" 84°29'26" 

the level of urban development was anticipated for the 
study penod Rainfall and runoff data and calibrated 
rainfall-runoff models from a concurrent rural volume 
study were available for 32 rural Sites (fig 2, table 2) 

All data are stored m the USGS WATSTORE 
computer data base (NatiOnal Water Data Storage and 
Retneval System) (Hutchmson, 1975) 

Synthesized volume data from all 62 rural and 
urban s1tes were used for the volume-duratiOn-

frequency analysts. Flood volumes generally are not as 
affected by urbantzatwn as are peak discharges, bas1n 
lagtimes, and shapes of flood hydro graphs The rates 
of runoff may be greatly 111creased due to urbanization 
because of the effect of decreased roughness on over­
land and In-channel flow velocities The volumes of 
runoff also may be 111creased, but generally to a lesser 
extent than the mcrease 111 rates of runoff The Increase 
m volumes of runoff 1s a result of Increased tmpervt­
ous areas (decreased 111flltrat10n) that cotnctdes wtth 
urbanizatiOn The effects of urbantzatwn on flood vol­
umes IS dimmtshed for large floods of long duratiOn 
For large floods of long duration, sotls become satu­
rated (reducmg mflltratwn rates), mtmmtztng the rela­
tive 111fluence of Impervious areas on flood volumes 

Consequently, It was considered reasonable to 
merge the synthesized volume data from all 62 rural 
and urban sites for the volume-duratiOn-frequency 
multiple-regressiOn analyses With an urbanizatiOn 
Indicator vanable to account for the effects of urban­
IzatiOn on runoff volumes of short duration Because 
of the sigmficant effects of urbanizatiOn on the rates of 
runoff, however, data from only the 30 urban sites 
were used In the peak-frequency analyses, bas111 
lagtime analyses, and dimensiOnless hydrograph ven­
fication The following sectiOn descnbes the data­
collectiOn methods for the 30 urban study sites The 
data-collectiOn methods for the 32 rural study sites are 
very similar and are descnbed m Sherwood (1993) 

All streamflow-gagmg statwns were located at 
culvert sites where reliable theoretical culvert ratmgs 
could be established Stage at each site was sensed by 
a float -counterweight mechanism 111 a stilling well and 
was recorded by a digital recorder The sttlling well 
was positioned at the upstream end of the culvert Data 
from a crest -stage gage mounted at the downstream 
end of the culvert was used to venfy that there was no 
backwater at the culvert outlet Stage recorders were 
mstalled downstream of culverts at 5 of the 30 Sites 
because of the occurrence of backwater Stage­
discharge relatiOns were developed for each Site by use 
of procedures outlmed by Bodhaine (1968), m which 
discharges for a full range of stages are computed Indi­
rectly by applicatiOn of contmuity equatwns and 
energy equations. Discharge measurements were made 
by means of a current meter m order to better defme 
the stage-discharge relations at low to medmm dis­
charges Measurements were made at htgh flows 
whenever possible to provide data reqmred to calibrate 
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evaporation stat1ons (See tables 2, 4, and 5 for cross-reference to stat1on numbers and 1dent1f1ers ) 

and venfy the stage-discharge relations for medmm to 
high flows 

Rainfall was recorded at each Site by a second 
digital recorder housed m a steel shelter With a 50-

square-Inch rainfall collector on top. The shelter was 
mounted on a 3-mch-diameter aluminum float well 
that served as a reservoir for the collected ram. A drain 
tube mside the shelter conveyed ram from the 
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Table 2. Station numbers, station names, latitudes, and 
longitudes of 32 rural study sites in Ohio 

Station 
Station name Latitude Longitude 

number 

03115596 Barnes Run at Summerfield .... ... .. .. .. .. 39°47'18" 81 °21 '08" 

04196825 Browns Run near Crawford ........... .. .. 40°53' 13" 83°20'15" 

03235080 Bull Creek near Adelphi ... .. ........ ... .... 39°27' 11 " 82°46'46" 

04180907 Carter Creek near New Bremen ......... 40°26' 16" 84°19'43" 

03123060 Cattail Creek at Baltic .. .... ... .. .... ......... 40°27'12" 81 °42'01" 

03113802 Chestnut Creek near Barnesville ....... 39°56'50" 81 °09'25" 

03148395 Claypit Creek near Roseville ...... ..... .. 39°50'28" 82°04'15" 

04201302 DelwoodRunatValleyCity ... .... ....... 41 °14'15" 81 °55'18" 

03237198 Duncan Hollow Creek near 
McDermott ...... ......... ........ .. ........ ... 38°52'29" 83°03'37" 

03123400 Dundee Creek at Dundee .......... ..... .... 40°35'35" 81 °36' 13" 

03237315 Elk Fork at Winchester .... .... ..... ...... ... 38°56'49" 83°37'21 " 

03159537 Elk Run near Alfred ........... .. ..... ........ . 39°09'41" 81 °57'47" 

03120580 Falling Branch at Sherrodsville ..... ... . 40°30'28" 81 ° 14'25" 

04201895 Fire Run at Auburn Comers ... ..... .... .. 41 °23'36" 81 °12'56" 

03263171 Harte Run near Greenville ..... .... .. ... ... 40°08'41" 84°36'41 " 

04210100 Hoskins Creek at Harts grove.. ... .. .. .... 41 °36'00" 80°57' 12" 

04186800 King Run near Harrod ... ...... ..... ... ...... 40°43'56" 83°53'47" 

03267435 Kitty Creek at Terre Haute ... .. .. ........ .. 40°03'09" 83°52'57" 

03223330 March Run near West Point.. .. ..... ...... 40°37'55" 82°45'56" 

04183750 Racetrack Run at Hicksville .. ... ......... 41 ° 18'58" 84°46'00" 

04192900 Reitz Run at Waterville ...... .... ..... ..... .. 41 °29'50" 83°42'35" 

04198019 Sandhill Creek near Monroeville .. ..... 41 ° 12' 13" 82°42'56" 

03205995 Sandusky Creek near Burlington ... .... 38°25'03" 82°30'36" 

03150602 Second Creek near Marietta ... .. .......... 39°27'36" 81 °26'24" 

03144865 Slim Creek at Kirkersville ......... ........ 39°56'51" 82°36'13" 

03237120 Stone Branch near Peebles .......... ..... .. 38°57'03" 83°22'29" 

04191003 Stripe Creek near Van Wert ... .. . .... .. . .. 40°54'29" 84°33'43" 

03238285 Sugar Run near New Market .. .... .... ... 39°06'30" 83°40'36" 

03219849 Tombstone Creek near Marysville .. ... 40° 12'42" 83° 18 '15" 

03272695 Trippetts Branch at Camden .... ... .. .... . 39°38'03" 84°39'08" 

03241994 Twist Run at Xenia .. ............. ... ... .. ..... 39°39'53" 83°56'00" 

03158102 Wolfkiln Run at Haydenville ............. 39°28'35" 82°18'51 " 

collector to the float well. The rain gage was installed 
at the site of the streamflow-gaging station if the rain­
fall would not be intercepted by surrounding trees. 
Otherwise, the rain gage was installed at an unob­
structed, accessible location elsewhere within the 
basin. A typical rainfall-runoff data-collection station 
is shown in figure 3. 

Figure 3. Typical rainfall-runoff data-collection station in 
Ohio. 

Total daily rainfall data were recorded for all 
days, and 5-minute rainfall and discharge data were 
recorded for all flood events. Daily rainfall data from a 
nearby National Weather Service rainfall station were 
substituted during winter periods and other periods 
when the recorder was not operational. These substitu­
tions were necessary because the rainfall-runoff model 
requires continuous daily rainfall data in order to keep 
an accounting of soil moisture between storm events. 

Data were not collected during the winter 
because the rainfall-runoff model used is not capable 
of simulating snowmelt runoff. This limitation was not 
considered significant because most of the major 
storms that produce large floods on small streams 
occur during the spring, summer, and autumn in Ohio. 

Daily pan evaporation, long-term rainfall for 
selected storm periods, and long-term daily rainfall 
also are required for model calibration and long-term 
(66-87 years) synthesis. These data were obtained 
from eight National Weather Service stations (fig. 2). 
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ANALYSIS OF PEAK DISCHARGES AND 
FLOOD VOLUMES AT STREAMFLOW­
GAGING STATIONS 

The followmg sectiOns on model calibratiOn, 
hydrograph synthesis, peak-frequency analysts, and 
volume-duratiOn-frequency analysts refer to and 
bnefly descnbe several computer programs Docu­
mentatiOn on the operatiOn of the programs Is con­
tamed m a user's gmde by Carngan and others ( 1977). 

Calibration of a Rainfall-Runoff Model 

Calibrated ramfall-runoff models frequently are 
used to synthesize long-term runoff records from long­
term rainfall records Synthesis of record significantly 
shortens the data-collectiOn penod requued for flood­
frequency analysts The technique IS particularly well 
smted to urban studies for which a shorter data­
collectiOn penod can mtmmtze problems associated 
With changmg levels of urbanizatiOn 

The USGS ramfall-runoff model (computer pro­
gram A634) used for this study was developed by 
Dawdy and others (1972) and was enhanced by Carn­
gan (1973), Bomng (1974), and Carngan and others 
( 1977) Model A634 was selected because It IS reliable 
and IS less costly and time-consummg m terms of data 
required and model calibratiOn than most other rain­
fall-runoff models Input data requued for model cali­
bratiOn are daily ramfall, daily evaporatiOn, unit 
ramfall, and unit discharge (The term "unit data" IS 
used by the USGS to refer to data with a shorter-than­
one-day record mterval, such as 5 mmute, 30 mmute, 
or 3 hour ) The hydrologic processes of antecedent soil 
mOisture, mfiltratwn, and surface-runoff routmg (table 
3) are simulated on the basts of ten model parameters 
The process of adJustmg the parameter values m order 
to achieve a good fit of simulated hydrographs to 
observed hydrographs IS called calibratiOn 

The antecedent sml-mmsture accountmg com­
ponent of the model employs four parameters 
(BMSM, EVC, RR, DRN) and uses daily ramfall and 
daily evaporatiOn data to simulate the red1stnbutwn of 
mOisture In the soil column and evapotranspiratiOn 
from the soil The mfiltratwn component employs 
three parameters (PSP, KSAT, RGF) and uses 5-mmute 
rainfall data and the results from the soil-mOisture 
computatiOns to compute rainfall excess (ramfall 
minus mfiltratwn) The surface-runoff routing compo­
nent contams three parameters (KSW, TC, TP(fC) and 

Table 3. Rainfall-runoff model parameters 

[Dash m umts column mdicates dimensiOnless parameter] 

Parameter Units Definition 

Antecedent soil-moisture accounting component 

BMSM 

EVC 

RR 

mches Sod mmsture storage volume at field capacity 

Coefficient to convert pan evaporation to 
potential evapotranspiration 

Proportion of daily rrunfall that mfiltrates the 
sod 

DRN mches per hour The constant rate of dramage for redistribu-

Infiltration component 

PSP mches 

tiOn of sod mOisture 

Mimmum value of the combmed actiOn of 
capillary suction and sod mOisture 
differential 

KSAT mches per hour Mmimum saturated hydraulic conductiVIty 
used to determme sod mfiltrat10n rates 

RGF Ratio of combmed action of suctiOn and 
potential at wdtmg pomt to that at field 
capacity 

Surface-runoff routing component 

KSW 

TC 

TP{fC 

hours 

mmutes 

Lmeru reservoir routmg coefficient 

Duration of the triangular translatiOn 
hydrograph (time of concentration) 

RatiO of time to peak to time of concentration 

uses the Clark un1t-hydrograph method to transform 
the ramfall excess mto the outflow hydrograph 

Maximum and minimum values were set for 
each of the 10 parameters Then, wtthm these ranges 
of values, the parameters were optimized by use of an 
automatic tnal-and-error optimizatiOn routme based 
on a method devised by Rosenbrock ( 1960) 

The model was calibrated for each Site In three 
steps In the fust step, the parameters controlling sim­
ulated volume (BMSM, EVC, RR, DRN, PSP, KSAT, 
RGF) were optimized, while the values of the parame­
ters controlling hydrograph shape (KSW, TC, TP(fC) 
were held fixed In step two, the shape parameters 
were optimized, while the volume parameters were 
held fixed In step three, the parameters optimized m 
step one were readJusted to Improve fit of simulated 
peaks to observed peaks All events were used In the 
Imtial calibratiOn 

After Initial calibratiOn, selected rainfall-runoff 
events were excluded from further calibratiOns on the 
basis of the followmg cntena 

1. Many small events were excluded from model cali­
bration to achieve a more even dtstnbutwn of small 
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and large events Th1s was accomplished by exclud­
mg most events below a spec1f1ed mm1mum peak­
discharge threshold. InclusiOn of too many small 
events would g1ve too much weight to small events 
m the calibratiOn process. This was not desuable, 
because the calibrated models would be used to 
synthes1ze relatively large events 

2 Umform d1stnbut10n of ramfall over the basm 1s a 
maJor assumptiOn of the model Any d1scharge 
events exh1b1tmg an obvwusly unrepresentative 
response to ramfall (such as total ramfallless than 
total runoff) were excluded 

3 Events were excluded 1f field notes Indicated that 
the culvert entrance may have been obstructed dur­
mg the e\'ent 

4 Events were excluded 1f obv1ous data-collection 
problems occurred (such as snowmelt, plugged 
ramfall collector, or recorder malfunctiOn) 

Model parameters values were systematically 
adJUSted until a good fit of Simulated to observed 
hydrographs was ach1eved 

About one-thud of the events used for calibra­
tiOn were caused by frontal storms rather than by thun­
derstorms The frontal-storm-based events generally 
occurred m early spnng or m1d-to-late autumn and 
were generally charactenzed by better agreement 
between simulated and observed hydrographs than for 
thunderstorm-based events The 1mproved agreement 
probably IS a result of the more uniform d1stnbut10n 
(both spatial and temporal) of ramfall generally asso­
ciated With frontal storms Poorer agreement between 
simulated and observed hydrographs generally was 
associated with the thunderstorm events, although no 
bias was md1cated for e1ther the frontal-storm or thun­
derstorm events The final values of parameters used 
m the calibrated models should perm1t accurate Simu­
latiOns of runoff caused by ram falling on unfrozen 
ground 

Hydrograph Synthesis 

D1scharge hydrographs were synthesized for 
each Site by use of the USGS synthesis model (com­
puter program E784, Camgan and others, 1977) The 
model combmes the calibrated parameter values from 
the ramfall-runoff model w1th long-term ramfall and 
evaporation records to generate a long-term record of 
synthetic event hydrographs Data from the closest 
long-term ramfall and evaporatiOn stations for each 

site were used to synthesize the long-term hydrograph 
data 

Ramfall data were selected from five long-term 
ramfall statiOns operated by the Natwnal Weather Ser­
VICe (f1g. 2). USGS computer program G 159 was used 
to select the 5-mmute ramfall data to be used m the 
long-term synthesis Th1s program scans the daily 
rainfall records and selects, for each year, up to f1ve of 
the largest ramfall events that have 1- to 2-day rainfall 
totals greater than 1 mch An average of three events 
were selected per year. The daily rainfall data and 
selected 5-mmute rainfall data are used as Input for the 
model 

Because of differences m ramfall charactenstics 
between the study Sites and the long-term rainfall sites, 
an adJustment of both the daily and 5-mmute ra1nfall 
data was considered necessary. Ramfall values at the 
long-term s1te were adJusted by multiplymg them by 
the ratio of average annual rainfall at the study site to 
that of the long-term ramfall Site Average rainfall at 
the study sites was determmed from an 1sohyetal map 
(Harstine, 1991) based on 50 years (1931-80) of ram­
fall data from 205 N atwnal Weather Serv1ce stations 
Average annual rainfall of the long-term ramfall sites 
for the 1931-80 penod was computed duectly from 
the daily ramfall used for synthesis. The penods of 
record for each of the five long-term rainfall statiOns 
and the number of ramfall events used for hydrograph 
synthesis are listed m table 4 

Data were available from three daily­
evaporation data stations operated by the National 
Weather Serv1ce (fig. 2). Ten years of observed record 
at each Site were used to generate an 85-year synthetic 
record by use of computer program H266 The pro­
gram averages the 10 daily-evaporatiOn values for 
each day of the year for the 10-year penod and uses 
those values for the 85-year synthetic record Informa-

Table 4. Nat1onal Weather Serv1ce rainfall stations used 1n 
synthesis of hydrograph data 

Record 
Location and 

Station number Identifier Num- Number (fig 2) berof Period of events years 

390900084310000 Cmcmnatt, Ohto (A) 80 1897-1976 247 

391600081340001 Parkersburg, WVa (B) 77 1899-1975 218 

400000082530001 Columbus, Oh10 (C) 81 1897-1977 236 

410000085130000 Fort Wayne, lnd (D) 66 1911-76 305 

412400081510000 Cleveland, Ohw (E) 87 1890-1976 171 
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Table 5. Nat1onal Weather Serv1ce evaporation stat1ons 
used 1n calibration of the ra1nfall-runoff models and 1n 

synthesis of hydrograph data 

Observed record Synthetic record 

Location and 
Num- Num-Station number Identifier 

(fig 2) ber Per1od ber 
Per1od of of 

years years 

393800083130000 Deer Creek 
Lake, Ohto 
(X) 10 1975-84 85 1890--1974 

402200081480000 Coshocton, 
Ohto (Y) 10 1975-84 85 1890--1974 

411300083460000 Hoytville, Ohw 
(Z) 10 1975-84 85 1890--1974 

tion on the penods of record for the dally evaporatiOn 
sites IS summanzed m table 5 

Peak-Frequency Analysis 

The USGS synthesis program E784 was used to 
analyze annual peak discharges as a functiOn of recur­
rence Interval For each statiOn, the program scans the 
long-term synthetic-hydrograph (discharge) data, 
selectmg the highest discharge for each water year (A 
water year IS the 12-month penod, October 1 through 
September 30 and IS designated by the calendar year m 
which It ends ) The loganthms of the annual peak dis­
charges are then fit by a Pearson Type III frequency 
distnbutwn 

The Pearson Type III frequency analyses were 
performed as recommended by the Interagency Advi­
sory Committee on Water Data (1982) The skew coef­
ficient used for each site was computed directly from 
the synthesized data The regional skew map provided 
by the Committee was not used because It was devel­
oped from rural data and may not represent skew coef­
ficients of urban data 

Previous mvestigators have shown that vanance 
m synthetic annual flood data tends to be less than that 
In observed annual flood data (Lichty and Liscum, 
1978, Thomas, 1982) This reductiOn m vanance 
appears to be at least partially due to a smoothmg 
effect of the ramfall-runoff model The reductiOn m 
vanance (and, consequently, m standard deviatiOn) of 
annual flood peaks results m a flattemng of the flood­
frequency curve for synthetic data, thus, flood esti­
mates for long recurrence Intervals (for example, Q100) 

can be considerably lower than estimates based on 
observed data At the same time, the flood estimates 

for short recurrence Intervals (for example, Q2) can be 
relatively unaffected 

Several techniques have been apphed to com­
pensate for the bias caused by this reductiOn m van­
ance Lichty and Liscum (1978) used a bias­
adJustment factor, which Is the average ratio of the 
observed to synthetic flood estimates, for the 98 Sites 
In theu study for which synthetic and observed data 
were available The bias-adJustment factors, rangmg 
from 0.98 for the 2-year flood to 1 29 for the 100-year 
flood, were multiplied by the synthetic flood­
frequency data to remove the bias and compute an 
estimated observed flood-frequency curve with 
Increased discharge at the higher recurrence mtervals. 
Inman ( 1988) used a techruque descnbed by Kirby 
(1975) whereby the standard deviatiOn of the synthetic 
annual flood data IS divided by the magnitude of a 
coefficient of correlation between observed and Simu­
lated peak discharges A new frequency curve was 
then computed by use of the adJusted standard devia­
tiOn and the onginal mean and skew coefficient 
AdJustmg the frequency curves In this manner 
Increases discharges at higher recurrence mtervals. 

In Oh10, It was not possible to compute bias­
adJustment factors as Lichty and Liscum (1978) did 
because record lengths (5-8 years) for sites with syn­
thetic data were too short to compute corresponding 
observed flood-frequency curves for which a mmi­
mum of 10 years of record IS needed (Interagency 
Advisory Committee on Water Data, 1982) Also, 
Kuby 's method was not usable In Ohio because there 
appeared to be httle relation between (1) the coeffi­
Cients of correlatiOn between simulated and observed 
peak discharges and (2) the standard deviatiOns of sim­
ulated and observed peak discharges In the final cah­
bratwn run 

For tlus study, a method was needed to compen­
sate for reductiOn In vanance of synthetic flood data 
To accomplish this, an adJustment factor was com­
puted as the ratio of the mean of the coefficients of 
vanatwn (standard deviatiOns divided by the means) 
of the loganthms of the annual-peak discharges col­
lected at 97 rural sites having observed data to the 
mean of the corresponding coefficients of vanatwn of 
the 32 rural study sites from this study with synthetic 
data 

The range m drainage area for the 32 rural sites 
with synthetic data Is 0 13 to 6 45 square miles, and 
the average eqmvalent years of record for the 32 Sites 
IS 21 years for the 100-year flood estimate (The 
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average equivalent years of record represents an esti­
mate of the number of years of actual streamflow 
record reqmred at a site to achieve an accuracy eqmva­
lent to the synthetic estimate and IS computed by use 
of a method descnbed by Hardison, 1971 ) The mean 
coefficient of vanat10n of the loganthms of synthetic 
annual peak discharges for the 32 sites IS 0 146 

The 97 rural sites for which observed annual­
peak data are available were selected from a data base 
of 275 rural, unregulated streams m Oh10 and adJacent 
states The 97 sites were chosen to have dramage areas 
between 0 13 and 6 45 square miles m order to make 
the synthetic and observed data comparable The aver­
age length of systematic record for the 97 sites IS 20 5 
years The mean coefficient of vanatwn of the loga­
nthms of observed annual peak discharges for the 97 
sites IS 0 173 

The ratio of the mean coefficients of vanatwn 
for the two data sets IS 1 18 (0 173/0 146) The stan­
dard deviatwns of the loganthms of the synthetic 
annual peak discharges for the 30 urban sites m this 
study were multiplied by an adJustment factor of 1 18 
Adjusted flood-frequency curves were then computed 
by use of the adjusted standard deviatiOns and the 
ongmal means and skew coefficients The ratio of the 
coefficients of vanat10n ( 1 18) of the two data sets was 
used as an adjustment factor mstead of the ratio of the 
standard devmtwns ( 1 20) to mimmize scale effects 
Comparable standard deviatiOn ratiOs of 1 23 and 1 25 
were computed for data reported by Thomas (1982) 
and Lichty and Liscum (1978), respectively, for which 
observed and synthetic data were available The study 
by Thomas (1982) was based on data from 50 small 
rural streams m Oklahoma The study by Lichty and 
Liscum (1978) was based on data from 98 small rural 
streams m Missoun, Ilhnms, Tennessee, Mississippi, 
Alabama, and Georgia 

The synthetic-flood-frequency statistics for the 
30 urban sites of this study were not mcorporated m 
the computatiOn of the standard-devmt10n adJustment 
factor for Oh10 because some reductiOns m vanance 
may be due to urbanizatiOn factors Because the stan­
dard-deviatiOn adJustment factor IS based on rural 
flood statistics only, any reductiOn In vanance due to 
urbanizatiOn factors will be retamed m the ad JUS ted 
flood-frequency curve. 

The adJUSted synthetic peak-frequency data for 
the 30 urban sites are summanzed m table 6. The 
ratios of the mean adJusted T-year discharges to the 
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Figure 4. Selection of runoff data for computation of 
volume for each of s1x durations (1, 2, 4, 8, 16, and 32 
hours) 

mean unadJusted T-year discharges for the followmg 
recurrence mtervals are 

Q2 - 1 01 
Q5 - 110 
QlO - 1 15 
Q2s - 1 20 
Qso - 1 23 
QlOo- 1 26, 

.I 

lllustratmg that the standard-deviatiOn adjustment fac­
tor has httle effect on the 2-year flood estimate but 
mcreases the 100-year flood estimate by about 26 per­
cent on average The ratios hsted above are compara­
ble to the bias adJustment factors of 0 98, 1 19, and 
1 29 reported by Lichty and Liscum (1978) for the 2-, 
25-, and 100-year flood discharges, respectively 

Volume-Duration-Frequency Analysis 

The USGS synthesis program E784 also was 
used to analyze flood volumes of the 62 rural and 
urban study sites as a functiOn of duratiOn and fre­
quency The program was modified to scan the long­
term synthetic-hydrograph (discharge) data, and com­
pute the largest runoff volume for each of SIX duratiOns 
(1, 2, 4, 8, 16, and 32 hours) for each water year 

The volume selectiOn and computatiOn proce­
dure for a smgle event IS Illustrated m figure 4. This 
procedure IS performed on all the events for each year, 
and the annual maximums determined for each dura­
tiOn are used m the volume-frequency analysis Usu­
ally, the maximum volumes for all SIX duratiOns are 

Analysis of Peak Discharges and Flood Volumes at Streamflow-Gaging Stations 11 



TableS. Explanatory-vanable values and peak-frequency data used 1n the peak-frequency mult1ple-regress1on 
analys1s 
[A, dramage area (m square miles), P, precipitatiOn (m mches), BDF, basm-development factor (scale from 0 to 12), Peak discharge ISm cubic feet 
per second, Recurrence mterval1s m years] 

Explanatory variable Peak discharge for 1nd1cated recurrence Interval 
Stat1on name 

A p BDF 2 5 10 25 50 100 

Amberly Dttch 014 39 8 9 42 78 104 139 165 192 
Anderson Dttch 049 401 8 43 74 93 113 126 138 
Bunn Brook 51 35 6 8 76 136 182 244 294 346 
Charles Dttch 50 35 3 11 173 303 397 521 615 711 
Coalton Dttch 50 41 2 0 65 147 220 333 430 538 
Dawnhght Dttch 20 36 8 8 63 103 130 164 190 215 
Delht Dttch 16 401 10 90 152 194 244 280 314 
Dugway Brook 1 42 39 0 12 417 846 1180 1620 1970 2310 
Euchd Creek Tnbutary 1 67 39 4 11 491 799 1000 1240 1420 1580 
Ftshmger Creek 66 37 2 9 182 337 450 600 715 830 
Ftshmger Road Creek 45 37 1 11 213 321 391 479 543 606 
Gentile Dttch 064 39 2 12 58 86 103 123 136 149 

Glen Park Creek 1 21 33 8 4 118 267 392 576 726 886 
Grassy Creek 1 81 31 7 6 140 225 285 364 424 485 
Home Dttch 24 39 9 3 62 121 160 206 236 262 
Ketchum Dttch 84 31 5 10 80 111 131 158 178 198 
Mall Run 16 38 5 12 137 227 282 345 387 425 
Norman Dttch 60 37 2 10 181 273 333 406 458 509 
North Fork Doan Brook 1 18 39 1 10 298 651 936 1330 1650 1970 
Orchard Run 43 369 11 154 257 325 407 465 520 
Pike Run 1 18 35 8 7 194 318 416 559 679 813 
Rand Run 33 38 3 4 40 70 92 122 147 172 
Rush Run 72 366 2 54 91 120 162 197 236 
Stiver Creek 409 31 6 6 167 232 273 325 362 399 
Spnngfield Dttch 26 39 8 9 194 318 400 501 573 643 
Sweet Henn Dttch 36 36 7 5 119 216 288 383 456 530 
Ttfft Dttch 85 31 7 8 99 164 215 290 354 425 

Ttnkers Creek Tnbutary 12 405 3 43 77 99 126 144 162 
Whtpps Dttch 264 40 3 9 686 1190 1550 2000 2340 2670 
Wyommg Dttch 026 39 7 11 24 36 43 52 57 62 

computed from the same event. In some cases, how- The loganthms of the annual peak volumes for 
ever, the short-duratiOn volumes may be selected from each duratiOn are then fit by a Pearson Type III fre-
a h1gh-peak, short-duratiOn hydrograph, whereas long- quency distnbutiOn The frequency analyses were per-
duratiOn volumes may be selected from a low-peak, formed as recommended by the Interagency Advisory 
long-duratiOn hydrograph About half of the storms Committee on Water Data (1982) The skew coeffi-
producing annual maximum volumes occurred In the cient used for each site was computed duectly from 
summer The other half of the storms occurred pnma- the synthesized data The regiOnal skew map provided 
nly dunng spnng and fall and were evenly divided by the Committee was not used because It was 
between spnng and fall Only a few storms producing developed from rural data and may not represent skew 
annual maximums occurred dunng the winter coefficients of urban data 
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Figure 5. One-hundred-year flood volumes as a function of 
durat1on for s1x study s1tes 1n Oh1o 

It was hypothesized that the standard-deviatiOn 
adJustment factor applied to the annual-peak-discharge 
data could be applied to annual-peak-volume data as 
well, particularly for short durations (1 hour) that are 
highly correlated with the peak discharges 

The standard-deviatiOn adjustment factor of 
1 18 used for peak-frequency computatiOns was 
multiplied by the standard deviatiOns of the loganthms 
of the annual mrunmum volumes for each duratiOn for 
the 62 study Sites New volume-duratiOn-frequency 
curves were then computed by use of the adjusted 
standard deviatiOns and the ongmal means and skew 
coefficients. The 1 00-year volume data are hsted In 
table 7 for all62 study Sites The relation between 100-
year volumes and duratiOn for SIX study Sites IS shown 
m figure 5 The symbols on the graphs represent the 
volume-duratiOn-frequency data computed for each 
site The lines connectmg the symbols are for Illustra­
twn purposes only. 

ESTIMATION OF PEAK-FREQUENCY 
RELATIONS AT U_NGAGED URBAN SITES 

It IS neither practical nor necessary to collect 
peak-discharge data at all Sites where such mformat10n 
may be requued for the design of hydrauhc structures 
Because of the relatiOns among streamflow character-

Istics and basin charactenstics, It IS possible to transfer 
mformat10n obtamed at gaged Sites to ungaged Sites 
(Thomas and Benson, 1970) Methods of transfer 
range from simple Interpolation to complex computer 
modeling techniques Multiple regressiOn, a method 
commonly used that has been demonstrated to provide 
accurate, unbiased, and reproducible results (Newton 
and Hemn, 1982), was used m this study The method 
IS also relatively easy to apply 

Development of Peak-Frequency Equations 

Multiple regresswn IS a technique that provides 
a mathematical equation relating one response vanable 
and two or more explanatory vanables The technique 
also provides a measure of the accuracy of the equa­
tiOn and a measure of the statistical sigmficance of 
each explanatory vanable m the equation In the analy­
SIS, several combmatwns of explanatory vanables are 
tested, the combmation that results m a best fit to the 
observed data IS selected, provided that the mcluswn 
of each explanatory vanable IS hydrologically vahd 
and statistiCally sigmficant 

Peak Discharges as a Function of Basin 
Characteristics 

Peak discharges With recurrence mtervals of 2, 
5, 10, 25, 50, and 100 years were related to a variety of 
basm charactenstics of the 30 urban Sites by use of an 
equatiOn of the general form 

where 

UQ.,=a Ad Be Cf 

UQr IS urban peak discharge with recurrence 
interval of T years (response variable), 

a IS a regresswn constant, 
A,B,C are basm charactenstics (explanatory 

vanables), and 
d, e, f are regressiOn exponents. 
The basm charactenstlcs Imtially tested m the 

regressiOn analysis were 
A - drainage area 

RQT - estimated rural peak discharge with 
recurrence mterval of T years 

BDF - basin-development factor 
/A - ImperviOus area 
L - mam-channellength 

SL - mam-channel slope 

Est1mat1on of Peak-Frequency Relations at Ungaged Urban S1tes 13 



Table 7 One-hundred-year volumes (dV100) for the 62 study s1tes 1n Oh1o 

Volume, in millions of cub1c feet for md1cated duration, m hours 
Station name 

Amberly Ditch 

Anderson Ditch 

Barnes Run 

Browns Run 

Bull Creek 

Bunn Brook 

Carter Creek 

Cattrul Creek 

Charles Ditch 

Chestnut Creek 

Clayp1t Creek 

Coalton D1tch 

Dawnhght Ditch 

Delhi Ditch 

Delwood Run 

Dugway Brook 

Duncan Hollow Creek 

Dundee Creek 

Elk Fork 

Elk Run 

Euchd Creek Tnbutary 

Falhng Branch 

F1re Run 

F1shmger Creek 

F1shmger Road Creek 

Gentile Ditch 

Glen Park Creek 

Grassy Creek 

Harte Run 

Home Ditch 

Hoskins Creek 

Ketchum Ditch 

KmgRun 

Kmy Creek 

Mall Run 

March Run 

Norman Ditch 

North Fork Doan Brook 

Orchard Run 

Pike Run 

Racetrack Run 
Rand Run 

Reitz Run 

Rush Run 

Sandhill Creek 

Sandusky Creek 

Second Creek 
Silver Creek 
Shm Creek 

Spnngfield Ditch 

Stone Branch 

Stnpe Creek 

Sugar Run 

Sweet Henn Ditch 

Tifft D1tch 

Tinkers Creek Tnbutary 

Tombstone Creek 

Tnppetts Branch 

Twist Run 

Whipps Ditch 

Wolfk1ln Run 

Wyommg Ditch 

1 0 

0 301 
256 

I 18 
160 
491 
103 

953 
384 

191 
324 

264 
144 

498 
522 
611 

5 99 

927 
136 

116 
953 

4 53 
559 
427 

1 82 
1 14 

357 
2 91 

1 67 
680 
746 

2 21 
693 
730 

206 
871 
394 

144 

464 
1 34 
2 14 

567 
575 
555 
838 

2 22 
126 
2 40 
1 37 

349 
126 
2 39 

882 
3 62 

1 38 
1 22 

478 
3 93 

956 
1 32 
7 85 
105 

160 

20 

0402 
302 

2 30 
313 
927 
155 
1 87 

598 
2 53 

603 
5 11 

2 27 
652 
634 

1 14 
7 54 
174 
2 29 

21 3 
179 
6 34 
101 

797 
2 34 
124 

444 

460 
3 15 
130 
Ill 
4 36 
1 31 
134 
404 
103 

743 
204 
5 55 
177 
3 06 
101 
102 
110 
1 63 
4 27 
2 26 
408 
244 

617 
150 
3 85 
1 75 
641 
1 87 
1 87 

677 
7 61 
163 
2 33 

12 3 

197 
206 

40 

0 517 
356 

419 
5 90 

15 5 
2 02 
3 59 

939 
3 12 
104 
9 33 
306 

842 
828 

202 
8 42 
2 94 
3 55 

367 
300 
7 92 
174 
140 
2 94 
147 

538 
6 33 

5 60 
2 35 
147 
8 52 
2 32 
2 23 
7 46 
122 
121 

2 66 
6 80 
2 23 
3 71 
162 

161 
213 
2 89 
7 63 
3 98 
5 97 
3 69 

937 
1 85 
6 23 
340 

100 
2 33 

2 50 
860 

139 
246 
372 

17 8 
3 55 

251 
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80 

0604 
405 

664 
103 
220 
216 
644 

106 
3 24 
159 

15 3 

3 42 
933 

105 
3 17 
9 05 
4 28 
5 02 

53 7 

416 
847 
249 
2 05 
3 30 
161 

598 
699 
8 65 
3 77 
195 

16 2 
3 73 
3 14 

11 7 

134 
151 
2 88 
7 38 
2 32 
462 
2 20 
2 13 
3 90 
428 

116 

544 

7 98 
5 59 
1 14 
196 
8 27 
6 24 

133 
240 
3 31 

934 
22 8 
2 88 
5 76 

22 9 
5 76 

277 

16 0 

0646 
468 

8 86 
15 3 

25 3 

2 35 
101 
118 
3 67 
197 

209 
3 63 
104 
121 
403 

103 
5 02 
5 67 

613 
468 
944 

300 
2 50 
364 
181 

654 
7 38 

116 
5 35 
2 08 

29 5 
4 70 
3 79 

14 8 
141 
170 
3 26 
8 29 
2 63 
496 
2 60 
2 33 

642 
5 29 

14 7 

606 
9 08 
624 
1 27 
205 

100 
102 
16 2 

2 73 
3 48 
1 15 

310 
3 39 
7 81 

25 7 

7 68 
302 

320 

0761 
588 

9 88 
203 
29 6 
264 

12 8 
126 
434 
214 

25 0 

3 89 
120 
150 
4 86 

116 
6 82 
610 

848 
499 

11 3 

3 50 
2 99 
416 
2 15 

874 
7 66 

12 5 
6 27 
2 29 

48 1 
4 87 
3 96 

17 3 
167 
198 
3 96 
9 27 
2 73 
5 21 

2 70 
2 46 
8 73 
6 23 

16 8 
642 
9 32 
6 32 
147 
2 63 

137 
135 
22 9 

3 19 

3 59 

1 39 
37 9 
4 63 

106 
31 5 
8 58 

397 



Table 8. Equat1ons for est1mat1ng peak discharges of small urban streams 1n Oh1o 
[SER, average standard error of regress10n (m percent), SEP, average standard error of prediction (m percent), UQr, urban 
peak discharge with average recurrence mterval ofT years (m cubic feet per second), A, dramage area (m square miles), 
P, average annual precipitatiOn (m mches), BDF, basm-development factor (on a scale from 0 to 12)] 

Equation Equat1on 
number 

(1) UQz 155(A)068 (P-30)050 

(2) UQs 200(A)071 (P-30)0 63 

(3) UQw 228(A)074 (P-30)068 

(4) UQzs 265(A)076 (P-30)072 

(5) UQso 293(A)078 (P-30)074 

(6) UQwo 321(A)079 (P-30)076 

LN SL - ma1n-channellength d1v1ded by the 
square root of the mam-channel 
slope 

LT - basm lagume 
EL - average mam-channel-elevat10n 

mdex 
P - average annual precipitatiOn 

0 5RF2 - 2-year, 0 5-hour ramfall 
2RF2 - 2-year, 2-hour ramfall 
3RF 2 - 2-year, 3-hour ramfall 

These basm charactensttcs were chosen for con­
SideratiOn m th1s analysts because of theu stgntftcance 
m previous studies (Webber and Bartlett, 1977, Sauer 
and others, 1983, Sherwood, 1986, Koltun and Rob­
erts, 1990) Basm storage (ST) was not tested m the 
regressiOn analysts because all sites were chosen to 
have httle or no storage (of the 30 study sttes, 24 had 
no storage, of the 6 that had storage, the maximum 
was 0 20 percent of the total dramage area) 

Multiple-regressiOn analyses were performed by 
use of the Statistical Analysts System (SAS Institute, 
1982) A combmat10n of step-forward and step-back­
ward procedures was used to asstst m determmmg 
whtch of the explanatory vanables should be mcluded 
m the stx regressiOn equatiOns. 

The analysts resulted m the s1x regressiOn equa­
tions hsted m table 8 The equatiOns can be used to 
estimate peak discharges of spec1f1c recurrence mter­
vals for small urban streams m Oh10 The accuracy 
and hmttations assoctated With the equatiOns are dis­
cussed m subsequent parts of th1s report The average 
standard error of regressiOn (SER) and average stan­
dard error of prediction (SEP) have been computed for 
each equation and are hsted 1n table 8 

The average standard error of regressiOn, m the 
context of th1s analysts, 1s a measure of an average 

SER SEP 

(13-BDF)-1J so ±32 3 ±34 3 

(13-BDF)-{) 44 ±32 8 ±34 8 

(13-BDF)-1J 41 ±33 7 ±360 

(13-BDF)-{) 37 ±35 0 ±37 6 

(13-BDF)-{) 35 ±35 9 ±38 8 

(13-BDF)-{) 33 ±36 9 ±40 1 

error between synthetic peak discharges and regres­
Sion-estimated peak dtscharges for the 30 gaged s1tes 
and mdtcates how well the equations estimate peak 
discharges for the 30 gaged sites used m the regressiOn 
analysts The average standard error of predictiOn, 
however, 1s an approximatiOn of the accuracy of the 
equatiOns for estimatmg peak discharges at sites not 
mcluded m the regressiOn analysts It IS computed by 
leavmg out 1 s1te, developmg an equatiOn based on the 
other 29 sttes, and computmg the residual for the Site 
left out. The process 1s repeated for each Site, and the 
30 rest duals are squared and summed The sum of the 
squared residuals, called the PRESS statistic (Mont­
gomery and Peck, 1982), may be computed by variOus 
statistical computer programs mcludmg the Statistical 
Analysts System (SAS Institute, 1982) 

The standard error of predictiOn 1s computed by 
takmg the square root of the PRESS statistic multi­
plied by "(, where "( 1s defined as 

= (~)(n-p-3)(~)(n-2)(!) 
'Y n n-p-2 n n-3 n 

where n 1s the number of observatiOns, and p IS the 
number of degrees of freedom (Edward J. Gtlroy, U.S. 
Geological Survey, Reston, Va , wntten commun , 
1988) 

The values of the three statistically stgmficant 
explanatory vanables (A, P, BDF) are hsted m table 6 
The vanables were transformed to Improve the hnear­
lty of the relatiOns between the response and explana­
tory vanables and to reduce the standard errors 
1 A constant of 30 mches was subtracted from all val­

ues of P The m1n1mum value of P for Oh10 ts about 
31 mches 

2 BDF was subtracted from 13 In a nat10nw1de urban 
study, Sauer and others (1983) found that equatiOn 

Est1mat1on of Peak-Frequency Relat1ons at Ungaged Urban S1tes 15 



accuracy was Improved If BDF was used on a 
reverse scale (13-BDF) In this study, both BDF 
and 13-BDF were tested, and 13-BDF yielded the 
best results 

3 The fmal values of all response (UQr) and explana­
tory vanables (A, P-30, 13-BDF) were trans­
formed by talGng base 10 loganthms Past 
expenence In hydrologic studies has shown that the 
hneanty of many relatiOns between streamflow 
charactenstics and basm charactenstics IS Improved 
If the loganthms of each are used (Thomas and 
Benson, 1970) 

All explanatory vanables m equatwns 1 through 
6 (table 8) had significance levels equal to or less than 
1 percent 

Sensitivity Analysis 

Errors m measurement or JUdgment may occur 
when determinmg values for the physical and chmatic 
vanables (A, P, and BDF) Consequently, a sensitiVIty 
analysis was performed to Illustrate the effects of 
errors m these vanables on the computatwns of peak 
discharges The means of the three explanatory van­
abies for the 30 study sites were calculated to be 

A = 0 778 square miles, 
BDF = 7 97, and 

P = 37 3 mches 
These values were substituted mto the SIX 

regresswn equatwns Each explanatory vanable was 
then vaned from Its mean In 5-percent Increments 
from -50 percent to +50 percent, while the values of 
the other vanables were held constant. The percentage 
of change m the explanatory vanable was then plotted 
agamst the percentage of change m the computed peak 
discharge The results are presented m figure 6 
(Because all SIX plots were similar, only the UQ5, 

UQ25, and UQ10o plots are shown) 
The sensitiVIty for each explanatory vanable IS 

the change m the computed peak discharge as a func­
tiOn of the change In the explanatory vanable Com­
puted peak discharges are least sensitive to changes m 
explanatory vanables that plot closest to the honzontal 
axes m figure 6 Conversely, the computed peak dis­
charges are most sensitive to changes m explanatory 
vanables that plot farthest from the honzontal axes 
Explanatory vanables which plot as straight lmes (A 
and P) Indicate that the sensitivity of peak discharge to 
that vanable does not change as the value of that van­
able changes. Explanatory vanables which plot as 
curved lmes (BDF) Indicate that the sensitiVIty of peak 

discharge to that vanable does change as the value of 
that vanable changes 

In the case of BDF, peak discharges become 
mcreasmgly sensitive to changes m BDF as the value 
of BDF Increases Thus, an accurate evaluatiOn of 
BDF seems to be more cnticalin the range from 8 to 
12 In contrast, the sensitiVIty of urban peak discharges 
to changes m A and P remains farrly constant for a 
given recurrence Interval 

The sensitivity of peak discharges to changes In 
BDF decreases for floods with higher recurrence mter­
vals The tendency for BDF to have less effect at 
higher recurrence mtervals can be explained The 
amount of Impervwus area (/A), which IS closely 
related to BDF, tends to have less effect on flood char­
actenstics dunng large floods because InfiltratiOn rates 
are reduced due to saturatiOn In addition, flood peaks 
on highly developed basins may be somewhat attenu­
ated dunng large floods because of temporary storage 
behmd culverts, bndges, and storm sewers 

Tests for lntercorrelation and Bias 

All sigmficant vanables were checked for Inter­
correlatiOn A high degree of Intercorrelatwn between 
explanatory vanables may affect the magmtude and 
sign of theu regressiOn exponents as well as reducmg 
theu statistical sigmficance Values of Pearson correla­
tion coefficients may range from + 1 0 to -1 0, com­
puted values close to + 1 0 or -1 0 mdicate a high 
degree of Intercorrelatwn. The followmg matnx shows 
the Pearson correlation coefficients of the base-l 0 log­
anthms of the three explanatory vanables In the peak­
frequency equatwns 

A 

P-30 

13-BDF 

A 

100 

P-30 

-o 51 

100 

13-BDF 

+() 18 

-17 

100 

The most highly correlated vanables, A and 
P-30, have a correlatiOn coefficient of -0 51 The 
Pearson correlatiOn coefficient and other statistical 
tests for multicolhneanty (vanance InflatiOn factor 
and condition number) Indicate that the predictive 
abihty of the equatiOns are not appreciably affected by 
mtercorrelatwn 

All equatwns were checked for parametncal and 
geographical bias Parametncal bias was tested by 
plotting the residuals (differences between the synthe-
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sized and regressiOn estimates) agamst each of the 
response and explanatory vanables VIsual mspection 
of the plots Indicated that the signs and magnitudes of 
the residuals vaned randomly throughout the ranges of 
the response and explanatory vanables, thus Indicatmg 
no apparent parametncal bias 

The relatiOn between residuals and the locatiOn 
of urban development within the basm also was 
explored because It was hypothesized that develop­
ment In the upper end of the basm may Increase peak 
discharges more than development m the lower end 
Five Sites have significantly more development In 
either the upper or lower end of the basm No trends m 
the residuals were apparent, suggestmg that the rela­
tive locatiOn of urban development within the basm 
may not affect the peak discharges at these Sites 

To test for geographical bias, the residuals for 
each site and recurrence mterval were plotted on State 
maps at the correspondmg locatiOns for those sites 
These plots were then Inspected to determme If residu­
als of a given sign tended to cluster m any City or geo­
graphic region of the State No geographical bias was 
apparent 

Application of Peak-Frequency Equations 

The six peak-frequency equatiOns provide a 
means for estimating peak discharges for selected 
recurrence mtervals at ungaged urban sites 

Limitations of the Method 

The SIX multiple-regressiOn equatiOns devel­
oped for estimating peak-frequency relatiOns are appli­
cable to sites on small urban streams In OhiO whose 
basm charactenstics are approximately within the 
range of the basm charactenstics of the 30 study sites 
used In the regression analysis The followmg table 
shows the ranges of the basin charactenstics of the 
study sites 

Bas1c 
character1st1c 

A 

p 

BDF 

Mmimum 

0026 

31 5 

0 

Max1mum Umt 

4 09 square mtles 

41 2 mches 

12 scale from 0 to 12 

Application of the equatiOns to streams havmg 
basm charactenstics outside of these ranges may result 
m errors that are considerably greater than those 
Implied by the standard error of prediction 

All study sites were chosen to have minimal 
(less than 1 0 percent of the total drainage area) basm 
storage The equatiOns are not applicable to streams 
whose flood charactenstics are significantly affected 
by storage or where upstream culverts or other 
structures may significantly reduce peak discharges by 
temporanly stonng water behind them 

It was assumed m this study that annual-peak 
discharges of small urban streams In Ohio are caused 
by rain falling on unfrozen ground Data were col­
lected and analyzed accordingly The equatiOns, there­
fore, should not be applied to streams where annual 
peak discharges are likely to be affected by snowmelt 
or frozen ground 

Computation of Basin Characteristics 

The values of the three basm charactenstics are 
entered mto the appropnate regressiOn equatiOns to 
compute the peak discharge for the desued recurrence 
mtervals The basm charactenstics may be determmed 
as follows 

A Drainage area (m square miles)-The drainage 
area contnbutmg surface runoff to a specified 
locatiOn on a stream, measured In a honzontal 
plane Computed (by plammeter, digitizer, or 
gnd method) from USGS 7 5-mmute topo­
graphic quadrangle maps (fig 7) Sewer maps 
may be necessary to delineate dramage area In 
urban areas because sewer lmes sometimes 
cross topographic divides 

P Average annual precipitatiOn (In Inches)­
Determined from an Isohyetal map, shown In 
figure 8 and published by the OhiO Department 
of Natural Resources (Harstine, 1991) 

BDF Basin-development factor (on a scale from 0 to 
12}---A measure of urban development wtthm 
the basin The followmg descnpt10n of how to 
determine BDF IS based upon InformatiOn In a 
report by Sauer and others ( 1983) The dramage 
area IS subdivided mto thuds (lower, middle, 
and upper) by drawing two lmes across the 
basin that are approximately perpendicular to 
the main channel and pnncipal tnbutanes 
(figure 9) Flood-peak travel times for streams 
withm each third should be about equal The 
subdiVISions are generally drawn by eye, as pre­
Cise measurement IS not necessary Four aspects 
of the drainage system are then evaluated 
within each thud of the basin and each third 
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Base from U.S. Geological Survey 
Toledo, 1:24,000, 1965, photorevised 1980; 
Sylvania, 1:24,000, 1965, photo revised 1980 

0 

0 

1 MILE 

1 KILOMETER 

EXPLANATION 

SEWER MAP BASIN DIVIDE-Used to determine drainage area 

--•• __, TOPOGRAPHIC MAP BASIN DIVIDE 

------ LINES SUBDIVIDING THE BASIN INTO THIRDS FOR 
DETERMINING THE BASIN-:DEVELOPMENT FACTOR 

• • • • • • • MAIN DRAINAGE CHANNEL 

• UNGAGED SITE 

Figure 7. Ungaged urban stream in Toledo, Ohio. 

assigned a code as follows (Sauer and others, 
1983): 
1. Channel improvements-If channel 

improvements [in terms of the ability of the 
channel to transport water] such as straight­
ening, enlarging, deepening, and clearing are 
prevalent for the main drainage channels and 

principal tributaries (those that drain directly 
into the main channel), then a code of 1 is 
assigned. Any or all of these improvements 
would qualify for a code of 1. To be consid­
ered prevalent, at least 50 percent of the main 
channels and principal tributaries must be 
improved to some degree over natural 
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Base map from U.S. Geological Survey 
United States 1:2.500.000. 1972 

EXPLANATION 

0 10 20 30 40 50 60 MILES I I I I I I I 
I I I I ·1 I" 

0 20 40 60 KILOMETERS 

-34- LINE OF EQUAL AVERAGE ANNUAL PRECIPITATION-Hachured lines 
enclose areas of lesser precipitation. Interval is 1 inch 

Figure 8. Average annual precipitation for Ohio for 1931-80 (modified from Harstine, 1991). 

conditions. If channel improvements are not 
prevalent, then a code of zero is assigned. 

2. Channel linings-If more than 50 percent of 
the length of the main drainage channels and 
principal tributaries has been lined with an 

impervious material, such as concrete, then a 
code of 1 is assigned to this aspect. If less 
than 50 percent of these channels is lined, 
then a code of zero is assigned. The presence 
of channel linings would obviously indicate 
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Figure 9. Schematic of typ1cal dramage basm shapes and subd1v1s1on mto th1rds (from Sauer 
and others, 1983) 

the presence of channel Improvements as 
well Therefore, this IS an added factor and 
mdicates a more highly developed drainage 
system. 

3. Storm drams (storm sewers)-Storm drams 
are defmed as enclosed dramage structures 
(usually pipes), frequently used on the sec­
ondary tnbutanes where the dramage IS 

received duectly from streets or parking lots 
Many of these drains empty mto open chan­
nels, however, In some basms, they empty 
mto channels enclosed as box or pipe cul­
verts When more than 50 percent of the sec­
ondary tnbutanes Withm a subarea (third) 
consists of storm drams, then a code of 1 IS 
assigned to this aspect, If less than 50 percent 
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of the secondary tnbutanes consists of storm 
drams, then a code of zero IS assigned It 
should be noted that tf 50 percent or more of 
the mam drainage channels and pnnctpal 
tnbutanes are enclosed, then the aspects of 
channeltmprovements and channel linmgs 
also would be assigned a code of 1 

4 Curb-and-gutter streets-If more than 50 
percent of a subarea (third) IS urbaruzed (cov­
ered by residential, commercial, or mdustnal 
development), and If more than 50 percent of 
the streets and htghways In the subarea are 
constructed with curbs and gutters, then a 
code of 1 would be assigned to this aspect 
Otherwise, It would receive a code of zero 
Dramage from curb-and-gutter streets fre­
quently empties Into storm dratns 

The above guidelines for determmmg the van­
ous dramage-system codes are not mtended to be 
precise measurements A certam amount of subJectiv­
Ity will necessanly be Involved. Fteld checking should 
be performed to obtam the best estimate The BDF IS 
the sum of the assigned codes, therefore, wtth three 
subareas (thuds) per basm, and four dramage aspects 
to whtch codes are assigned m each subarea, the maxi­
mum value for a fully developed dramage system 
would be 12 Conversely, If the drainage system were 
totally undeveloped, then a BDF of zero would result 
Such a conditiOn does not necessanly mean that the 
basm Is not urbanized In fact, a basm could be par­
tially urbanized, have some ImperviOus area, have 
some Improvement of secondary tnbutanes, and still 
have an assigned BDF of zero 

The BDF may be readily estimated for an exist­
mg urban basin The 50-percent gmdeline will usually 
not be difficult to evaluate because many urban areas 
tend to use the same destgn cntena, and therefore have 
similar dramage aspects, throughout Also, BDF may 
be used to estimate the effects of future development 
on flood peaks ObviOusly, full development and max­
Imum urban effects on peaks would occur when BDF 

equals 12 ProJeCtiOns of full or mtermedtate stages 
of development can usually be obtamed from city 
engineers 

For the convenience of the reader, a field note 
sheet for BDF evaluatiOn Is shown m ftgure 10 

Computation of Peak Discharges 

The following steps descnbe the procedure used 
to estimate peak discharges of small urban streams m 
Ohio 
1 Determme the values of A, P, and BDF as descnbed 

above 
2 Check that the charactenstics of the basin meet the 

cntena descnbed previously m "Ltmttatwns of the 
Method" 

3 Select the appropnate equatwns from table 8 for the 
desued recurrence mterval 

4 Substitute the values of A, P, and BDF Into the 
equation 

5 Compute the peak dtscharge 

Example Computation of Peak Discharge 

Estimate the peak discharges for the 25-year and 
100-year floods for an ungaged urban stream m 
Toledo, Ohw (ftg 7) 

1 The following basin charactenstics are determmed 
A = 0 89 square miles 
P = 31 6 mches 

BDF = 9 
Irregulanty of the drainage-area boundary and non­
conformity with the natural basm dtvtde IS Illus­
trated m ftgure 7 The locatiOn of the boundary was 
determined from sewer maps 

2 The basm charactensttcs meet the cntena descnbed 
In "Ltmttatwns of the Method " 

3 The appropnate equatiOns to be applied from table 
8 are 

UQ25 = 265 (A)0 76(P-30)o 72 (13-BDF)-o 37 
UQ 100 = 321 (A)0 79(P-30)o 76 (13-BDF)-o 33 

4 The basm charactenstics are substituted mto the 
equations 

u Q25 = 265(0.89)0 76(31 6-30)0 72( 13-9)-o 37 
UQ 100 =321(0 89)079(31 6-30)076(13-9)-o33 

5 The estimated peak discharges are 

UQ25 = 204 cubic feet per second 
UQ 10o = 265 cubic feet per second 

ESTIMATION OF FLOOD HYDROGRAPHS 
AT UNGAGED URBAN SITES 

Estimated flood hydrographs provide a means 
of routing design peak discharges through a hydraulic 
structure so that outflow peak discharges from the 
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BASIN-DEVELOPMENT FACTOR 

FIELD NOTES 

STATION NAME ----------------------

LOCATION _________ _ I D NUMBER _______ _ 

EVALUATOR _________ _ DATE -----------

ASPECT THIRD CODE REMARKS 

Lower 
Channel 
Improvements Mtddle 

Upper 

Lower 
Channel 
Lmmgs Middle 

Upper 

Lower 
Storm 
Sewers Middle 

Upper 

Lower 
Curb & Gutter 
Streets Mtddle 

Upper 

I BDF= 

F1gure 10. F1eld note sheet for evaluat1ng basin-development factor (BDF) 

structure may be estimated A relatively Simple tech­
mque for estimatmg flood hydrographs, m which esti­
mated peak discharge for a specific recurrence mterval 

and estimated basm lagtime (LD are apphed to a 
dimensiOnless hydrograph, has been successfully 
apphed tn a natiOnal study (Stncker and Sauer, 1982) 
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and also In several statewide studies (Inman, 1987, 
Robbins, 1986, Sherwood, 1986) and was selected for 
use In this study Integrating the area under the esti­
mated hydrograph provides a volume estimate associ­
ated With the estimated peak discharge 

The dimensiOnless hydrograph IS developed by 
fust computing umt hydrographs for many observed 
flood hydrographs at many sites The umt-hydrograph 
computatiOn method IS by 0 'Donnell ( 1960) These 
umt hydrographs are then reduced to dimensiOnless 
terms by dividmg each discharge value by the peak 
discharge and each correspondmg time value by the 
basm lagtime The hydrograph peaks are then ahgned 
and the discharge values are averaged for each 5-
mmute time mcrement to produce an average dimen­
siOnless hydrograph The dimensiOnless hydrograph 
method Is descnbed m detail by Inman ( 1987) 

The dimensiOnless hydrograph IS based on 
streamflow and ramfall data Rainfall data Is mcluded 
In Its denvat10n, but not In Its apphcatwn The method 
produces a typical (or average) hydrograph with a 
recurrence Interval equal to the recurrence Interval of 
the estimated peak discharge. Removal of rainfall 
from the apphcat10n makes the dimensiOnless hydro­
graph method simple and easy to apply The effects of 
rainfall duration on hydrograph duratiOn are mdirectly 
mcluded however, because of the effects of rainfall 
duratiOn on basin lagtime, which IS used In the 
apphcatwn 

Development of a Hydrograph-Estimation 
Technique for Ohio 

The development of a hydrograph-estimatwn 
technique for urban Oh10 streams consisted of ( 1) the 
use of equations developed as part of this study to esti­
mate peak discharges of urban streams, (2) the devel­
opment of an equatiOn to estimate basin lagtimes of 
urban streams, and (3) the venficat10n of a prevwusly 
developed dimensiOnless hydrograph for use on small 
urban streams m Oh10 

Estimation of Peak Discharge 

Use of the dimensiOnless hydrograph method 
for the simulatiOn of flood hydrographs requires a 
value for peak discharge Most design apphcatwns 
will use a peak -discharge value associated with some 
specified recurrence mterval. However, the method 
may also be used to fit the dimensiOnless hydrograph 
to an actual peak discharge In this case, the method 

will not reproduce the actual flood hydrograph, nor IS 
It Intended to, the simulated hydrograph will simply be 
an average hydrograph typical of average ramfall 
and antecedent conditiOns If the peak discharge Is 
to be estimated, equatwns-1 through 6 (table 8) are 
applicable 

Estimation of Basin Lagtime 

Basm lagtime (LT) IS generally defined as the 
time elapsed from the centroid of the rmnfall excess 
(rainfall contnbutmg to direct runoff) to the centrmd 
of the resultant runoff hydrograph When apphed to a 
dimensiOnless hydrograph, estimated lagtime IS used 
to define the width (time) of the hydrograph, whereas 
estimated peak discharge IS used to define the height 
(discharge) The average basm lagtime for each of the 
30 urban study basms was computed as KSW+1/2 TC, 
a relation previously defined by KraiJenhoff van de 
Leur (1966), where KSW and TC (table 3) are those 
parameter values computed In the final model calibra­
tions for each Site Average basin lagtimes were then 
related to the basin charactenstics of the 30 urban 
study sites (table 9) by multiple-regressiOn analysis 

The analysis resulted m the following equatiOn 

LT=1 13 (LrVSL)057 (13-BDF)046 (7) 

where 
LT = lagtime (hours), 

L = mam-channellength (miles), 
SL = mam-channel slope (feet per mile), and 

BDF = basm-development factor (scale from 0 to 
12) 

The average standard error of regressiOn Is ±50 
percent, and the average standard error of predictiOn IS 
±53 percent Both explanatory vanables are statisti­
cally significant at the 1-percent level Bias tests mdi­
cated no apparent parametncal or geographical bias 

A sensitiVIty analysis was performed to Illus­
trate the effects of errors In L, SL, and BDF on compu­
tations of basm lagtime The mean values of L ( 1 52 
miles), SL (92 8 feet per mile), and BDF (7 97) were 
substituted Into the lagtlme equatiOn, and each explan­
atory vanable was then vaned by 5-percent mcrements 
from -50 percent to +50 percent while the values of 
the other explanatory vanables were held constant 
The percent change m the explanatory vanable was 
then plotted agamst the percent change m the com­
puted lagtime The results are shown In figure 11. 

Computed basm lagtime will be least affected 
by changes In explanatory vanables that plot closest to 
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Table 9. Values of basm lagt1me, mam-channellength, 
ma1n-channel slope, and basin-development factor used 1n 
the basm lagt1me mult1ple-regress1on analys1s 
[LT, basm lagtJme (m hours), L, mam-channellength (m miles), SL, mam-
channel slope (m feet per mile), BDF, basm-development factor (on a scale 
from 0 to 12)] 

Stat1on name LT L SL BDF 

Amberly Dttch 0 18 054 287 9 

Anderson Ditch 24 38 333 8 

Bunn Brook 1 11 1 60 58 3 8 

Charles Ditch 72 1 27 31 5 11 

Coalton Ditch 1 34 1 46 110 0 

Dawnhght Ditch 59 62 65 0 8 

Delhi Ditch 17 74 127 10 

Dugway Brook 55 2 82 709 12 

Euchd Creek Tnbutary 88 3 18 440 11 

Fishmger Creek 52 1 41 61 5 9 

Fishmger Road Creek 22 1 05 73 7 11 

Gentile Ditch 44 30 444 12 

Glen Park Creek 1 78 1 92 48 6 4 

Grassy Creek 4 23 2 72 86 6 

Home Dttch 1 09 98 68 3 3 

Ketchum Dttch 3 62 1 54 130 10 

Mall Run 32 68 78 5 12 

Nonnan D1tch 83 2 16 46 3 10 

North Fork Doan Brook 58 210 86 3 10 

Orchard Run 53 1 15 116 11 

Pike Run 1 03 1 72 24 8 7 

Rand Run 1 02 1 08 141 4 

Rush Run 4 87 2 50 80 2 

Stiver Creek 1 94 4 50 14 8 6 

Spnngfield Dttch 27 85 117 9 

Sweet Henn Ditch 67 1 20 72 2 5 

Tifft Ditch 1 15 1 89 19 4 8 

Tmkers Creek Tnbutary 1 16 63 94 9 3 

Whipps Dttch 1 29 249 58 9 9 

Wyommg Ditch 17 18 462 11 

the honzontal axts m figure 11 Conversely, the com-
puted basm lagtime ts most sensttive to changes m 
explanatory vanables that plot farthest from the hon-
zontal axts 

Selection and Verification of Dimensionless 
Hydrograph 

A dtmenswnless hydro graph ts essentially a rep­
resentative hydrograph shape for whtch the dtscharge 
ts expressed as the ratio of dtscharge to peak dtscharge 
(Q/Qp) and the time as the ratto of time to lagttme 
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F1gure 12. D1mens1onless hydrograph (from Inman, 1987) 

(tiLT) as shown m ftgure 12 and table 10 It ts devel­
oped by averagmg typtcal hydrographs from a vanety 
of basms The hydrographs used m the analysts are 
stngle-peak events of average duration Prevwus 
mvestigators have developed several dtmenswnless 
hydrographs, most of whtch are very stmtlar 

24 

Est1mat1on of Flood Hydrographs at Ungaged Urban Sites 25 



Table 10. T1me and d1scharge rat1os of the 
d1mens1onless hydrograph 
[From Inman, 1987, t, time (m hours), LT, lagttme (m hours), 
Q, dtscharge (m cubtc feet per second), and Qp, peak dtscharge 
(m cubtc feet per second)] 

T1me rat1o (t/L1) 
Discharge rat1o 

(Q/Qp) 

025 012 

30 16 

35 21 

40 26 

45 33 

50 40 

55 49 

60 58 

65 67 

70 76 

75 84 

80 90 

85 95 

90 98 

95 1 00 

1 00 99 

1 05 96 

110 92 

1 15 86 

1 20 80 
1 25 74 

1 30 68 
1 35 62 

1 40 56 

145 51 

1 50 47 
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F1gure 13. Observed and est1mated hydrographs for flood 
event of May 14, 1983, on Charles D1tch at Boardman, Oh1o 

A dimensiOnless hydrograph developed by the 
USGS for use m Georgia (Inman, 1987) was selected 
for apphcatwn m th1s study for several reasons 
1 The basms used m 1ts development were similar 1n 

s1ze and land use to the basms used m the OhiO 
study It was developed from 80 basms (61 rural, 19 
urban) all of which had drainage areas less than 20 
square miles The d1menswnless hydrograph was 
venfied for use on rural and urban streams m the 
Georgia study 

2 The Georgia d1menswnless hydrograph has been 
venfied for estimatiOn of flood hydrographs on 
small rural streams m OhiO (Sherwood, 1993) 

3 The Georgia dimensiOnless hydrograph was ven­
f1ed for use m Tennessee (Robbms 1986) for both 
urban and rural streams, wh1ch further supports Its 
apphcab1hty m other humid eastern States 

The Georgia dimensiOnless hydrograph was ver­
Ified for use m OhiO by applymg It to data for 10 of the 
30 Sites used m this study The 10 Sites were selected 
to be distnbuted throughout the State and to represent 
the full range of values of dramage area and basm 
lagtime encountered m this study Estimated hydro­
graphs were compared with observed hydrographs at 
each of the 10 sites as Illustrated m figure 13 The esti­
mated hydrographs were deternuned by applymg the 
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average station lagtime and peak discharge of the 
observed hydrograph to the Georgia dimensiOnless 
hydrograph The estimated and observed hydrographs 
compared well at all 10 sites, with no tendency to 
overestimate or underestimate the widths of the 
hydrographs The coordmates of the dimensiOnless 
hydrograph developed by the Georgia Distnct and 
venfied for use m Oh10 are listed m table 10 and plot­
ted m figure 12 

Application of the Hydrograph-Estimation 
Technique 

The followmg sectiOns descnbe a techmque for 
estimatmg flood hydrographs for a specified peak dis­
charge The technique Is applicable to small urban 
streams m Oh10 m which flood charactenstics are not 
significantly affected by basm storage (ST) Estimated 
basm lagtime (LT) and peak discharge (Qp) are applied 
to a dimensiOnless hydrograph to estimate a typical 
flood hydrograph for the given peak discharge If the 
peak discharge has to be estimated, equatiOns 1 
through 6 (table 8) could be apphed 

Because the dimensiOnless hydrograph was 
developed from events of approximately average dura­
tiOn, the procedure outlmed above will generate a sim­
ulated hydrograph of approximately average duration. 
The reader IS cautiOned that actual floods of similar 
peak discharge but considerably longer duratiOn (and 
greater volume) also are possible 

Lim1tat1ons of the Method 

The method IS limited to ungaged sites that have 
basm charactenstics similar to those of the 30 gaged 
sites used m the peak and lagtlme regression analyses 
and dimensiOnless hydrograph venficat10n 

The ranges of the explanatory vanables m the 
peak and lagtime regression analyses are listed m the 
followmg table. 

Vanable M1n1mum Max1mum Un1t 

A 0026 409 square miles 

p 31 5 41 2 mches 

BDF 0 12 scale from 0 to 12 

SL 8 00 462 feet per mile 

L 300 4 50 miles 

ApplicatiOn of the method to streams havmg 
basm charactenstics outside of these ranges may result 

m errors that are considerably greater than those 
Implied by the error analyses 

AdditiOnal limitatiOns of the hydro graph estima­
tiOn techmque mclude the limitatiOns descnbed m the 
section "Application of Peak-Frequency EquatiOns" 

Computation of Basin Charactenst1cs 

The values of the basm charactenstics of the 
ungaged site are entered mto the appropnate regres­
Sion equatiOns to compute peak discharge for the 
desued recurrence mterval and basm lagtime Values 
for A, P, and BDF may be determmed as descnbed m 
the sectiOn "ApplicatiOn of Peak-Frequency Equa­
tiOns." Values for SL and L are determmed as follows 

SL Mam-channel slope (m feet per mile )-Computed 
as the difference m elevatiOn (m feet) at pomts 10 
and 85 percent of the distance along the mam 
channel from a specified locatiOn on the channel to 
the topographic divide for the contnbutmg 
dramage area, divided by t}jle channel distance (In 
miles) between the two pomts, as determmed from 
USGS 7 5-mmute topographic quadrangle maps or 
sewer maps (fig 7) 

L Mam-channellength (m miles)-Computed as the 
distance measured along the mam channel from 
the ungaged site to the basm divide for the 
contnbutmg dramage area, as determmed from 
USGS 7 5-mmute topographic quadrangle maps or 
sewer maps (fig 7) 

Computation of Peak Discharge 

The followmg procedure may be used If It IS 
necessary to e~tlmate the peak discharge for 
hydrograph estimatiOn 

1 Determme the values of A, P, and BDF as descnbed 
m the sectiOn "ApplicatiOn of Peak-Frequency 
EquatiOns" 

2 Check that the charactenstics of the basm meet the 
cntena descnbed m "LimitatiOns of the Method" m 
the sectiOn "ApplicatiOn of Peak-Frequency 
Equations " 

3 Select the appropnate equatiOn from table 8 for the 
desired recurrence mterval 

4 Substitute the computed values of A, P, and BDF 
mto the equatiOn 

5 Compute the peak discharge. 

Est1mat1on of Flood Hydrographs at Ungaged Urban S1tes 27 



Computation of Basin Lagtime 

The followmg procedure should be used for 
estimatmg the basin lagtime of small urban streams m 
Ohw 
1 Determme the values of SL, L, and BDF, as 

descnbed above 
2 Check that the charactenstics of the basm meet the 

cntena descnbed above 
3 Substitute the values of SL, L, and BDF mto equa­

tion 7 
4 Compute the basm lagtime. 

Computation and Plotting of Flood Hydrograph 

The followmg procedure may be used to esti­
mate flood hydrographs havmg a specific peak dis­
charge for small urban streams m OhiO 
1 If It IS necessary to estimate the peak discharge 

(Qp), use the procedure descnbed above 
2 Estimate the basm lagtime (LT) by use of the proce­

dure descnbed above 
3 Multiply each value of tiLT m table 10 by LT These 

computed values are the time (t) coordmates of the 
hydrograph t = (tiLT)(LT) 

4 Multiply each value of QIQp m table 10 by QP 
These computed values are the correspondmg dis­
charge (Q) coordmates of the hydro graph 

Q = (QIQp)(Qp) 
5 Plot time (t) agamst discharge (Q) 

Example of Computation of Flood Hydrograph 

Estimate the flood hydrograph of the 100-year 
flood for an ungaged urban stream m Toledo, Ohw 
(fig 7), where 

A = 0 89 square miles 
P= 31 6 mches 

BDF=9 
SL = 16 3 feet per mile, and 
L= 1 36 miles 

These values are withm the ranges of the 
explanatory vanables used m the development of the 
hydrograph-estimatwn method 
1 The 100-year flood peak discharge IS estimated by 

use of equatiOn 6 (table 8) 
UQ 100 = 321 (A) 0 79(P-30)0 76(13-BDF)-o 33 

u Q 100 = 321 (0 89)0 79(31 6-30)0 76(13-9)-o 33 

UQwo = QP = 265 cubic feet per second 
2 The basm lagtime IS estimated by use of equatiOn 7 · 

LT= 1 13 (LI~SL)o 51(13-BDF)046 
LT= 113 (1 361~16 3)057(13-9)046 
LT= 1 15 hours 
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F1gure 14. Estimated flood hydrograph for 1 00-year peak 
discharge for an ungaged urban stream 1n Toledo, Oh1o 

3 Each value of tiLT m table 10 IS multiplied by 1 15 
hours (Results are presented m table 11 ) 

4 Each value of QIQp m table 9 IS multiplied by 265 
cubic feet per second (Results are presented m 
table 11 ) 

5 Time (t) versus discharge (Q) IS plotted (fig 14) 

Computation of Hydrograph Volume 

Flood volume correspondmg to the estimated 
hydrograph may be computed by numencally mtegrat­
mg the area under the hydrograph or by use of an 
equatiOn developed m this sectiOn The two methods 
yield Identical results The computed volume IS an 
average or typical volume for the design peak dis­
charge 

The cumulative volume (VQ) mdicated m table 
1 lis computed by multiplymg the time-ratio mcre­
ment (0 05) times the lagtime (1 15 hours) times 3,600 
seconds per hour times the mean discharge (Q) for the 
time mcrement as shown In the following example for 
the first Increment 

VQ = ( 05) (115) (3,600) [(31 8 + 42 4)12] 
VQ = 7,680 cubic feet 

These values are summed to compute the total 
volume (VQ 100) of 1,143,000 cubic feet The total 
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Table 11. Computation of est1mated hydrograph and mtegrat1on of flood volume of est1mated1 00-year peak discharge for an 
ungaged urban stream 1n Toledo, Oh1o 
[ft3, cubic feet, ft3/sec, cubic feet per second] 

tiLT X LT = Q/Qp X Qp = Q VQ 

T1me rat1o From step 2 T1me, hours Discharge rat1o From step 1 Discharge, ft3fsec Cumulative volume, ft3 

025 1 15 029 0 12 265 31 8 0 

30 1 15 35 16 265 424 7,680 

35 1 15 40 21 265 55 7 17,800 

40 1 15 46 26 265 68 9 30,700 

45 1 15 52 33 265 87 5 46,900 

50 1 15 58 40 265 106 66,900 

55 1 15 63 49 265 130 91,400 

60 1 15 69 58 265 154 121,000 

65 1 15 75 67 265 178 155,000 

70 1 15 81 76 265 201 194,000 

75 1 15 86 84 265 223 238,000 

80 1 15 92 90 265 239 286,000 

85 1 15 98 95 265 252 337,000 

90 1 15 104 98 265 260 390,000 

95 1 15 1 09 1 00 265 265 444,000 

1 00 1 15 1 15 99 265 262 499,000 

1 05 1 15 1 21 96 265 254 552,000 

110 1 15 1 27 92 265 244 604,000 

1 15 1 15 1 32 86 265 228 653,000 

120 1 15 1 38 80 265 212 698,000 

1 25 1 15 144 74 265 196 740,000 

1 30 1 15 1 50 68 265 180 779,000 

I 35 I IS 1 55 62 265 164 815,000 

140 1 15 1 61 56 265 148 847,000 

145 1 15 1 67 51 265 135 876,000 

1 50 1 15 1 73 47 265 125 903,000 

1 55 1 15 1 78 43 265 114 928,000 

1 60 1 15 1 84 39 265 103 951,000 

1 65 1 15 1 90 36 265 95 4 971,000 

1 70 1 15 196 33 265 87 5 990,000 

1 75 1 15 2 01 30 265 79 5 1,007,000 

1 80 115 207 28 265 742 1,023,000 

1 85 1 15 213 26 265 68 9 1,038,000 

190 1 15 2 19 24 265 63 6 1,052,000 

1 95 1 15 2 24 22 265 58 3 1,064,000 

200 1 15 2 30 20 265 53 0 1,076,000 

2 05 1 15 2 36 19 265 504 1,087,000 

210 1 15 242 17 265 45 1 1,096,000 

2 15 I 15 2 47 16 265 424 1,105,000 

2 20 1 15 2 53 15 265 39 8 1,114,000 

2 25 1 15 2 59 14 265 37 I 1,122,000 

2 30 1 15 2 65 13 265 34 5 1,129,000 

2 35 1 15 2 70 12 265 31 8 1,136,000 

240 1 15 2 76 11 265 29 2 1,143,000 

Duration (D)=2 47 hours Total volume (VQ 100)=1,143,000 ft3 
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volume, which IS mdicated by the shaded area m 
figure 14, does not mclude the volume under the tails 
of the hydrograph To qmckly compute the total vol­
ume (VQp), use the followmg equatiOn 

VQP = 3,750 (Qp) (LT), (8) 

where 
VQp Is hydrograph volume of Qp (m cubic feet), 

Qp IS peak discharge (m cubic feet per second), 
and 

LT IS basm lagtime (m hours) 
The constant (3,750) m equation 8 IS the differ­

ence between the last and first time ratios (2 40 - 0 25 
= 2 15) times 3,600 seconds per hour times the mean 
of the mcremental discharge ratios (0 484) 

(2 15) (3,600) (0 484) = 3,750 

Example 
VQwo = 3,750(Qwo)(LT) 
VQ 100 = 3,750(265)(1 15) 
VQ 100 = 1,143,000 cubic feet 

The duration (D) of the simulated hydrograph 
may be computed by use of the followmg equatiOn 

D=2 15 (LT), 

where 

D IS hydrograph duration (m hours), and 
LT IS basm lagtime (m hours) 

The constant (2 15) m equatiOn 9 IS the difference 
between the last and first time ratios 

(240-025=215) 
Example 

D = 2 15 (LT) 
D = 2 15 (1 15) 
D = 2 47 hours 

(9) 

ESTIMATION OF VOLUME-DURATION­
FREQUENCY RELATIONS AT UNGAGED 
URBAN SITES 

PreviOus sections of this report descnbe the 
development and applicatiOn of methods for estimat­
mg flood peak discharges and correspondmg flood 
hydrographs Such methods may provide the 
necessary mflow mformatwn for the design of hydrau­
lic structures for which temporary storage of water 

upstream from the structure Is not considered to be an 
Important factor This sectiOn of the report descnbes a 
method applicable to situations where the design-peak 
outflow IS reqmred or desired to be less than the 
design-peak mflow. In this case, some volume of water 
must temporanly be stored upstream from the struc­
ture, and an estimate of the maximum volume for a 
design duration and recurrence mtervalis needed 

Development of Volume-Duration-Frequency 
Equations 

Multiple-regressiOn techmques similar to those 
used m development of the peak-frequency equations 
were used to develop equations for estimatmg volume­
duratiOn-frequency relatiOns of small urban streams m 
Oh10 The volume-duratiOn-frequency data for the 62 
urban and rural study Sites (table 7) were used m the 
analysis The reasons for combmmg the urban and 
rural data mto a smgle data set for the volume analyses 
were previously discussed The analysis resulted m 36 
equations where flood volumes of specific duratiOn 
and recurrence mterval are the response vanables and 
dramage area (A), average annual precipitatiOn (P), 
and basm-development factor (BDF) are the explana­
tory vanables 

Flood Volumes as a Function of Basin 
Characteristics 

Flood-volume data for all combmatwns of the 
SIX durations (1, 2, 4, 8, 16, and 32 hours) and six 
recurrence mtervals (2, 5, 10, 25, 50, and 100 years) 
were analyzed as a functiOn of basm charactenstics 
The volume-duratiOn-frequency data can be Identified 
by abbreviations m the form dV T' m which V IS total 
volume, m millions of cubic feet, d IS duratiOn, m 
hours, and TIS recurrence mterval, m years For exam­
ple, 4V50 Identifies the maximum 4-hour volume With 
a 50-year recurrence mterval The 36 volume-dura­
tion-frequency data sets (response vanables) were Ini­
tially related to a vanety of basm charactenstics 
(explanatory vanables) m the multiple-regressiOn 
analysis 

The basm charactenstics tested were 

A -dramage area 

BDF -basm-development factor 

/A -ImperviOus area 

L -mam-channellength 

SL -mam-channel slope 

30 Est1mat1on of Flood Charactenst1cs of Ungaged Small Urban Streams m Oh10 



L/...fSL -mam-channellength divided by the 
square root of the mam-channel slope 

F -forested area 

P -average annual precipitatiOn 

ST -storage area 

2RF25 -2-hour, 25-year ramfall 

2RFIOo -2-hour, 100-year ramfall 

6RF 25 -6-hour, 25-year ramfall 

6RF10o -6-hour, 100-year ramfall 

12RF25 -12-hour, 25-year ramfall 

12RF100 -12-hour, 100-year ramfall 

The analysis yielded the 36 regressiOn equations 
hsted m table 12 The equatiOns can be used to esti­
mate maximum volumes of specific recurrence mter­
val and duratiOn for small urban streams m Oh10 All 
equatiOns are subJect to hmttat10ns discussed m subse­
quent parts of this report Also hsted m table 12 are the 
average standard error of regressiOn (SER) and aver­
age standard error of predictiOn (SEP) for each 
equation 

The same explanatory vanables (A, P, and BDF) 
that are statistically s1gmficant m the peak-frequency 
equatiOns (table 8) are also statistically significant m 
the volume-duratiOn-frequency equations for the 1-, 
2-, and 4-hour duratiOns (table 12). A and P were stg­
mftcant for the 8-, 16-, and 32-hour durations The val­
ues of A, P, and BDF for the 62 study sites are hsted m 
table 13. The same transformatiOns that were apphed 
for the peak-frequency analysts were also apphed for 
the volume-duratiOn-frequency analysts BDF was stg­
mficant only for the 1-, 2-, and 4-hour durations Basm 
development generally affects the magmtude of the 
peak discharge and shape of the runoff hydrograph 
more than It affects the total runoff volume It there­
fore seems reasonable that BDF would not be statisti­
cally sigmficant m equations for the long duratiOns 
which estimate a larger part of the total runoff hydro­
graph than do equatiOns for short durations All three 
explanatory vanables (A, P, and BDF) had median sig­
mficance levels equal to or less than 1 percent 

A mimmum attamed stgmficance level of 10 
percent was met for all 36 equatiOns for A and P, and 
for alll- and 2-hour equatiOns for BDF For the six 4-
hour equations, attamed sigmficance levels for BDF 
however, ranged from 8 to 45 percent BDF was, how­
ever, mcluded m the 4-hour equations to provide a 
smooth transition from the 2-hour volume to the 8-
hour volume when plottmg an estimated volume­
duratiOn-frequency curve 

Sensitivity Analysis 

Errors m measurement or JUdgment may occur 
when determmmg values for the explanatory vanables 
(A, P, and BDF) Consequently, a sensitiVIty analysis 
was performed to Illustrate the effects of errors m the 
explanatory vanables on the computations of flood 
volumes (refer to page 16 for a general discussion of 
sensitiVIty analyses) The means of the three explana­
tory vanables for the 30 urban study Sites were calcu­
lated to be 

A = 0 778 square miles, 

P= 37 3 mches, 

BDF= 7 97 
These values were substituted mto the 36 

regressiOn equatiOns Each explanatory vanable was 
then vaned by 5-percent mcrements from -50 percent 
to +50 percent of Its mean while the values of the other 
vanables were held constant The percentage of 
change m the explanatory vanable was then plotted 
agamst the percentage of change m the computed vol­
umes The results are presented m figure 15 (Because 
all 36 plots were similar, only 9 representative plots 
are shown) 

The plots mdicate that the sensitiVIty of com­
puted volume to changes m drainage area (A) 
mcreases with an mcrease m duratiOn. The sensitiVIty 
of computed volume to changes m average annual pre­
Cipitation (P) decreases shghtly with an mcrease m 
duration The sensitivity of computed volume to 
changes m A and P IS fauly constant With respect to 
recurrence mterval As was evident m the sensitivity 
analysis for the peak-frequency equatiOns, the sensi­
tivity of computed volume to changes m basm-devel­
opment factor (BDF) decreases shghtly With an 
mcrease m recurrence mterval, and mcreases With pos­
Itive changes m BDF The sensitiVIty of computed vol­
ume to changes m BDF decreases stgmficantly as 
duration mcreases from 1 hour to 4 hours 

Tests for lntercorrelat1on and B1as 

The same tests for mtercorrelat10n, parametncal 
bias, and geographical bias that were performed for 
the peak-frequency equatiOns also were performed for 
the volume-duratiOn-frequency equations These tests 
mdicated that the 36 volume-duratiOn-frequency equa­
tions are not appreciably affected by mtercorrelat10n 
of explanatory vanables, parametncal bias, or geo­
graphical bias 
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Table 12 Equations for est1mat1ng volume-duration-frequency (dVr) relat1ons of small urban streams 1n 
Oh10 
[SER, average standard error of regressiOn (m percent), SEP, average standard error of prediction (m percent), dVr, flood volume 
of d hours duration and T years recurrence mterval (m millions of cubic feet), A, dramage area (m square miles), P, average armual 
precipitatiOn (m mches), BDF, basm-development factor (on a scale from 0 to 12)] 

Equat1on SEA SEP 

number 
Equation 

(1n percent) 

2-year equatiOns 

(10) 1V2 0 42(A)077 (P-30)043 (13-BDF)-D 41 ±38 1 ±394 

(11) 2V2 0 57(A)081 (P-30)0 38 (13-BDF)-D25 ±37 0 ±384 

(12) 4V2 0 70(A)085 (P-30)033 (13-BDF)-D II ±36 3 ±37 9 

(13) 8V2 0 79(A)089 (P-30)0 32 ±37 3 ±390 

(14) 16V2 0 96(A)093 (P-30)0 32 ±39 6 ±414 

(15) 32V2 1 ll(A)095 (P-30)0 32 ±41 7 ±43 7 

5-year equations 

(16) 1V5 0 60(A)076 (P-30)049 ( 13-BDF)-D 38 ±35 1 ±364 

(17) 2V5 0 80(A)080 (P-30)042 (13-BDF)-D 22 ±32 9 ±342 

(18) 4V5 0 97(A)084 (P-30)0 39 (13-BDF)-D06 ±31 1 ±326 

(19) 8Vs 1 19(A)090 (P-30)0 37 ±31 5 ±33 2 

(20) 16V5 1 45(A)094 (P-30)0 37 ±342 ±360 

(21) 32V5 1 63(A)095 (P-30)0 39 ±36 8 ±38 7 

10-year equations 

(22) 1Vw 0 74(A)076 (P-30)o 51 (13-BDF)-o 37 ±34 8 ±362 

(23) 2V10 0 98(A)080 (P-30)045 (13-BDF)-D 20 ±320 ±33 4 

(24) 4V10 1 19(A)o 84 (P-30)0 40 (13-BDF)-oos ±296 ±31 2 

(25) 8Vw 1 52(A)090 (P-30)0 38 ±294 ±31 0 

(26) 16V10 1 85(A)0 94 (P-30)0 38 ±32 1 ±33 9 

(27) 32Vw 2 05(A)096 (P-30)0 41 ±34 8 ±36 7 

25-year equations 

(28) 1V2s 0 94(A)076 (P-30)052 

(29) 2V2s 1 24(A)0 80 (P-30)046 

(30) 4V2s 1 51(A)084 (P-30)041 

(31) 8V2s 2 Ol(A)0 90 (P-30)0 38 

(32) 16V25 2 48(A)095 (P-30)0 37 

(33) 32V2s 2 66(A)096 (P-30)042 

Application of Volume-Duration-Frequency 
Equations 

The volume-duratiOn-frequency equatiOns for 
the desued recurrence mterval can be apphed to 
develop a relatiOn between mflow volume and dura­
tiOn for an ungaged site A theoretical maximum­
volume hydrograph based on the volume-duratiOn data 

(13-BDF)-D 37 ±35 1 ±366 

(13-BDF)-D 19 ±31 7 ±33 2 

(13-BDF)-o 04 ±28 7 ±30 3 

±27 5 ±292 

±300 ±31 8 

±33 0 ±35 0 

can be constructed by convertmg the volume data as a 
functiOn of duration to discharge data as a function of 
tlme and plottmg the discharge data m a symmetncal 
pattern centered about the peak This hydrograph can 
be used to develop a relatiOn between mflow volume 
and tlme. This relatiOn, m combmat10n With an esti­
mate of the relation between outflow volume and tlme 
for a hydrauhc structure, can be used to develop an 
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Table 12 Equat1ons for est1mat1ng volume-duration-frequency (dVr) relations of small urban streams 1n 
Oh1o-Contmued 

Equation SER SEP 
Equation 

number (1n percent) 

SO-year equataons 

(34) 1Vso = 110(A)076 (P-30)0 52 (13-BDF)-o36 ±35 6 ±37 2 

(35) 2Vso 1 46(A)o8o (P-30)0 46 (13-BDF)-o 19 ±319 ±33 4 

(36) 4Vso 1 79(A)0 84 (P-30)0 41 (13-BDF)-o 04 ±284 ±30 1 

(37) 8Vso 2 43(A)090 (P-30)0 38 ±26 5 ±28 2 

(38) 16V50 3 04(A)095 (P-30)o 36 ±289 ±30 7 

(39) 32V50 3 18(A)096 (P-30)043 ±32 2 ±341 

100-year equations 

(40) 1Vwo 1 28(A)0 77 (P-30)051 

(41) 2Vwo 1 69(A)0 80 (P-30)045 

(42) 4Vwo 2 10(A)084 (P-30)041 

(43) 8Vwo 2 92(A)091 (P-30)0 36 

(44) 16V100 3 61(A)095 (P-30)0 36 

(45) 32V100 3 77(A)096 (P-30)o 42 

estimate of the relatiOn between reqmred storage and 
time 

Limitations of the Method 

The 36 multiple-regressiOn equations developed 
for estimatmg volume-duratiOn-frequency relatiOns 
are applicable to sites on small urban streams In Ohto 
whose basm charactensttcs are wtthm the ranges of 
the basm charactenstics of the sttes used m the regres­
Sion analysts The followmg table shows the ranges of 
the basm charactenstics of the 62 study sites. 

Basin 
M1n1mum Max1mum Umt 

character1st1c 

A 0026 645 square miles 

p 31 5 42 8 mches 

BDF 0 12 scale from 0 to 12 

ApplicatiOn of the equatiOns to streams havmg 
basm charactenstics outside of these ranges may result 
m errors that are considerably greater than those 
Implied by the standard error of predtctton 

All study sites were chosen to have mmtmal 
basm storage (mean storage area for the 62 study sites 
was 0 26 percent of total dramage area, the maximum 
value was 3.1 percent). The equatiOns may not be 
applicable to streams whose flood charactenstics are 

(13-BDF)-o 36 ±362 ±37 9 

(13-BDF)-o 19 ±32 1 ±33 8 

(13-BDF)-o04 ±284 ±302 

±25 8 ±27 5 

±27 8 ±296 

±314 ±33 3 

stgmftcantly affected by storage or where upstream 
culverts or other structures mtght attenuate the peak 
dtscharges Storage upstream of the ungaged stte wtll 
generally affect short-duratiOn volumes more than 
long -duratiOn volumes 

It was assumed that annual-peak volumes (for 
all durations) of small streams m OhiO are caused by 
ram falhng on unfrozen ground, usually dunng sum­
mer thunderstorms or large spnng and fall frontal 
storms Data were collected and analyzed accordmgly 
The equatiOns, therefore, should not be applied to 
streams where annual peak volumes are likely to be 
affected by snowmelt or frozen ground 

Computation of Basin Characteristics 

The values of the basm charactensttcs of the 
ungaged stte are entered mto the appropnate equatiOns 
to compute the volume-duratiOn relatiOns for the 
desued recurrence mterval Values for A, P, and BDF 
can be determmed as descnbed previously 

Computation of Flood Volumes as a Function of 
Duration 

The followmg steps descnbe the procedure used 
to estimate volume-duratiOn-frequency (dVT) rela­
tiOns of small urban streams m OhiO 
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Table 13. Values of the srgmfrcant explanatory varrables rn the volume-duratron-frequency equatrons for 62 study srtes rn 
Ohro 
[A, dramage area (m square miles), P, average annual precipitatiOn (m mches), BDF, basm-development factor (on a scale from 0 to 12)] 

Stat1on name A p BDF 

Amberly D1tch 0 14 39 8 9 

Anderson D1tch 049 40 1 8 

Barnes Run 1 02 40 1 0 

Browns Run 2 00 35 4 0 

Bull Creek 3 13 39 0 0 

Bunn Brook 51 35 6 8 

Carter Creek 1 16 34 7 0 

Cattail Creek 13 36 9 0 

Charles D1tch 50 35 3 11 

Chestnut Creek 22 41 3 0 

Clayplt Creek 2 25 39 1 0 

Coalton Dttch 50 41 2 0 

Dawnhght Dttch 20 36 8 8 

Delh1 Dttch 16 40 1 lO 

Delwood Run 45 35 0 0 

Dugway Brook 1 42 39 0 12 

Duncan Hollow Creek 51 41 6 0 

Dundee Creek 74 37 5 0 

Elk Fork 645 42 5 0 

Elk Run 48 40 7 0 

Euclid Creek Tnbutary 1 67 39 4 11 

Fallmg Branch 33 38 3 0 

Fue Run 24 409 0 

Fishmger Creek 66 37 2 9 

Ftshmger Road Creek 45 37 1 11 

Gentile Dttch 064 39 2 12 

Glen Park Creek 1 21 33 8 4 

Grassy Creek 1 81 31 7 6 

Harte Run 86 37 0 0 

Home D1tch 24 39 9 3 

Hoskms Creek 5 42 42 5 0 

1 Determme the values of A, P, and BDF, as descnbed 
previOusly m "ComputatiOn of Basm Charactens­
tics" m the sectiOn "ApplicatiOn of Peak-Frequency 
Equatwns" 

2 Check that the charactenstics of the basm meet the 
cntena descnbed above In "LimitatiOns of the 
Method" 

3 Select the appropnate equations from table 12 for 
the desired recurrence mterval 

4 Substitute the values of A, P, and BDF mto the 
equations 

5 Compute the flood volumes 
6 Plot the flood volumes as a functiOn of duratiOn 

Stat1on name A p BDF 

Ketchum D1tch 0 84 31 5 10 

KmgRun 53 35 4 0 

Kitty Creek 1 75 37 2 0 

Mall Run 16 38 5 12 

March Run 18 36 8 0 

Norman Ditch 60 37 2 10 

North Fork Doan Brook 1 18 39 1 10 

Orchard Run 43 36 9 11 

Pike Run 1 18 35 8 7 

Racetrack Run 34 34 0 0 

Rand Run 33 38 3 4 

Rettz Run 98 31 9 0 

Rush Run 72 36 6 2 

Sandhill Creek 1 76 35 6 0 

Sandusky Creek 73 41 8 0 

Second Creek l 04 38 8 0 

Silver Creek 409 31 6 6 

Shm Creek 13 38 4 0 

Spnngfield Dttch 26 39 8 9 

Stone Branch 84 42 1 0 

Stnpe Creek 1 26 360 0 

Sugar Run 1 37 42 8 0 

Sweet Henn Dttch 36 36 7 5 

T1fft D1tch 85 31 7 8 

T1nkers Creek Tnbutary 12 40 5 3 

Tombstone Creek 403 36 9 0 

Tnppetts Branch 33 38 2 0 

Tw1st Run 65 400 0 

Wh1pps Ditch 2 64 40 3 9 

Wolfkiln Run 87 40 3 0 

Wyommg Dttch 026 39 7 11 

Example of Computation of Flood Volume 

Estimate the 1 00-year flood volumes for all six 
duratiOns for an ungaged urban stream m Toledo, Ohio 
(fig 7) 

1 The followmg basm charactenstics are determmed 
A = 0 89 square miles 
P= 31 6 mches 

BDF= 9 
2 The basm charactenstics meet the cntena descnbed 

above m "LimitatiOns of the Method " 
3 The appropnate equatiOns to be applied from 

table12 are 

34 Est1mat1on of Flood Charactenst1cs of Ungaged Small Urban Streams m Oh1o 



50 .-----r----r----r-.----r----r----r-.---...--, 

40 1Vs 
30 EQUATION 

20 

10 

ot-----------:::of'C--------1 

-10 

-20 

-30 

30 

20 

10 

1V25 
EQUATION 

ot-----------,~-------1 

-10 

-20 

-30 

-40 
-50 ~-'----'---1-L---'----'---1-L---'--.....J 

4V5 
EQUATION 

4V2s 
EQUATION 

4V10o 
EQUATION 

I I I I 

I- 32V5 
1-- EQUATION 

r-

r-

,, 
r-

.. , ,, , 
~· ,, 
r-

,, , , 
r- ,, 

r' I I I I 

I I I I 

- 32V25 
-EQUATION 

-
-

,;-
I-

, . , 
I-• 

,, ,, 
I-

,, ,, 
I-,, 
, I I I 

32V1oo 
EQUATION 

I 

I I I I , 
,'-

,,' -,, 
-,, ,, -, 

•' 
-

-
-

-
I I I I 

I I I I , ,,_ ,, ,, -,, 
~ ,, 

(,,' -

-

-
-

-
1 I I I 

-50-40-30-20-10 0 10 20 30 40 50 -50-40-30-20-10 0 10 20 30 40 50 -50-40-30-20-10 0 10 20 30 40 50 

CHANGE IN EXPLANATORY VARIABLE, IN PERCENT 

EXPLANATION 

------- DRAINAGE AREA 

- - - - BASIN-DEVELOPMENT FACTOR 

AVERAGE ANNUAL PRECIPITATION 

F1gure 15. Sens1t1v1ty of computed flood volumes to changes from the means of the explanatory vanables 1n the 
volume-duration-frequency (dVT) equat1ons for selected durations and recurrence Intervals 

1 V100= 1.28(A)o 77(P-30)o 51(13-BDF)-o 36 
2V100= 1 69(A)0 80(P-30)0 45(13-BDF)-o 19 
4V100=2 10(A)0 84(P-30)0 41 (13-BDF)-oo4 
8V100 =2 92(A)0 91 (P-30)0 36 

16V 100 = 3 61 (A )O 95(P-30)0 36 
32V100 =3 77(A)096(P-30)042 

4 The basm charactensttcs are substituted mto the 
equatiOns 
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F1gure 16 Est1mated 1 00-year volumes as a function of 
durat1on for an ungaged urban stream 1n Toledo, Oh1o 

1V100 =1 28(0 89)0 77(31 6-30)051(13-9)-036 
2V100 = 1 69(0 89)o 80(31 6-30)0 45(13-9)-0 19 
4V100 =2 10(0 89)0 84(31 6-30)o 41(13-9)-0 04 
8V100=2 92(0 89)0 91 (31 6-30)o 36 

16V 100 = 3 61 (0 89)0 95(31 6-30)0 36 
32V100 =3 77(0 89)096(31 6-30)042 

5 The estimated 100-year flood volumes are 
1 V100 =0 90 mllhon cubic feet 
2V100 = 1.46 mllhon cubic feet 
4 V 10o = 2 18 mllhon cubic feet 
8V100 =3 11 mtlhon cubic feet 

16V100 =3 83 mllhon cubic feet 
32V100 =4 11 mllhon cubic feet 

40 

6 The estimated volumes can then be plotted as a 
functiOn of duratiOn to yield a curve showmg mflow 
volume as a function of duratiOn as shown m figure 
16 The hnes connecting the symbols m figure 16 
are for IllustratiOn purposes only 

Computation of Flood Volumes as a Function of 
Time 

Depending on the design apphcat10n, It may be 
desuable to convert the volume data as a function of 
duratiOn (dVT) to cumulative volume data as a functiOn 

of time (VQT(t)) for a hypothetical hydrograph havmg 
the same volume-duratiOn charactenstics A method Is 
Illustrated m figure 17 that IS based on the assumptiOn 
of a hypothetical maximum-volume hydrograph, 
which can be denved from the volume-duration data 
and constructed by convertmg the volume data as a 
functiOn of duratiOn to discharge data as a function of 
time and plotting the discharge data m a symmetncal 
pattern c~tered about the peak ComputatiOn of the 
VQT(t) data from the dVr data IS shown m table 14 
The method, If apphed, should be based on the entue 
32-hour volume-duratiOn-frequency curve The cumu­
latiVe volume data as a functiOn of time (VQT(t)) may 
then be plotted as shown m figure 18 The hydrograph 
m figure 17 Is analogous to the hydrograph m figure 4, 
which Illustrates the selectiOn of volumes for each of 
the six duratiOns However, to simphfy the computa­
tiOns, the hydrograph m figure 17 has been constructed 
symmetncally and m a bar graph form. An actual 
hydrograph of such long duratiOn would probably be 
asymmetncal The figure 17 hydrograph IS also based 
on the assumptiOn that the maximum volumes for all 
six duratiOns came from the same flood event In fact, 
this IS often, but not always, true Thus, the cumulative 
volume data plotted m figure 18 IS an approximatiOn 
based on these assumptiOns 

COMPARISON OF VOLUME-ESTIMATION 
TECHNIQUES 

The precedmg sectiOns descnbe two methods 
for estimatmg flood volumes Figure 19 IS a graph 
showmg the volume-duratiOn curve estimated from 
the 100-year volume-duratiOn-frequency (dV100) equa­
tiOns (eq 40-45) and the volume-duratiOn curve esti­
mated by mtegratmg under the estimated hydrograph 
for the 100-year peak discharge (VQ 100, fig 14) for an 
ungaged urban stream m Toledo, Oh10 Both curves 
represent the estimated maximum volume for the Indi­
cated duratiOn as Illustrated m figure 4 In the example 
shown m figure 19, both methods of volume computa­
tiOn produce similar results up to a duration of about 2 
hours The VQ 100 curve ends at 2 47 hours (total dura­
tiOn (D) of the simulated hydrograph) with a relatively 
small mcrease m volume from 2 to 2.4 7 hours The 
dV10o curve ends at 32 hours with a sigmficant 
mcrease m volume from 2 to 16 hours 

Estimates of volume obtamed by application of 
the volume-duratiOn-frequency (dVT) equatiOns are 
not mtended to replace the volume estimates obtamed 
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Table 14. Computations of cumulative volume as a funct1on of t1me ( VOnn) from 
volume as a function of duration (dVr) for an ungaged urban stream 1n Toledo, Oh1o 
[d, durat10n (m hours), t, ume (m hours), dVr, volume (m mllhons of cubic feet) of d hours duration and 
T years recurrence mterval, VQJ{t), cumulative volume (m mtlhons of cubic feet) oft hours time and T years 
recurrence mterval] 

d or t dVT VQ,( t) Equation Computation VQJ(t) 

0 00 VQwo(O) OVwo 0 0 

1 090 

2 146 

4 2 18 

8 311 VQwo (8) 1 (32Vwo -16Vwo) 1 (411-3 83) 0 14 2 2 
12 VQwo02) 1 (32Vwo- 8Vwo) 1 (4 11 - 3 11) 050 2 2 
14 VQwo04) ~ (32Vwo- 4Vwo) ~ (4 11-2 18) 096 

15 VQwo05) ~ (32Vwo- 2Vwo) ~ (4 11- 1 46) 1 32 

16 3 83 VQwo06) ~ (32Vwo) ~ (4 11) 206 

17 VQwo01) 32Vwo- VQwo05) 4 11- 1 32 2 79 

18 VQwo08) 32Vwo- VQwo04) 4 11-0 96 3 15 

20 VQwo(20) 32Vw0 - VQ10o(12) 4 11-0 50 3 61 

24 VQwo(24) 32Vwo- VQwo (8) 4 11-0 14 3 97 

32 411 VQwo(32) = 32V100 

by mtegratmg the area under an estimated hydrograph, 
but rather to provide additional InformatiOn for design 
situations m which mflow and outflow rates for a 
hydraulic structure may not be equal Both methods 
yield similar results for volume estimates of short 
duration The dV T equatiOns can be used to compute 
volume estimates of long and short duration because 
the dVTequatwns are based on maximum-annual­
volume data of long and short duration The dimen­
SIOnless-hydrograph method Is based on flood hydro­
graphs of average duratiOn and cannot be used to 
compute volume estimates of long duratiOn Volume 
estimates of long duration may be considerably greater 
than volume estimates of short duratiOn It may be 
necessary to estimate flood hydrographs for many 
design situatiOns because the hydrographs provide a 
means of routmg discharges through a hydrauhc struc­
ture, so that concurrent outflow discharges can be 
estimated 

The two methods, m effect, provide estimates of 
resultant runoff volumes from two different types of 
storms, both of which occur regularly m OhiO. The 
dVTequations would be more appropnate for estimat­
mg runoff volumes from frontal-type storms character­
Ized by moderate to heavy ramfall of long duration, 
whereas the hydrograph method would be more appro­
pnate for estimatmg runoff volumes from convective-

411 411 

type storms (thunderstorms) charactenzed by mtense 
ramfall of average duratiOn 

SUMMARY 

A study was conducted to develop methods to 
estimate peak-frequency relatiOns, flood hydrographs, 
and volume-duratiOn-frequency relatiOns of small, 
ungaged urban streams m OhiO The methods were 
developed to assist planners m the design of hydraulic 
structures for which hydrograph routing may be 
reqmred or where the temporary storage of water IS an 
Important element of the design cntena 

The data base for the analyses consisted of 
5-mmute ramfall-runoff data collected for a penod of 
5-8 years at 62 small dramage basms located through­
out Ohio. The U.S. Geological Survey ramfall-runoff 
model A634 was calibrated for each site The cali­
brated models were used m conJunctiOn with long­
term (66-87 years) ramfall and evaporatiOn records to 
synthesize a long-term senes of flood-hydrograph 
records at each site. A method was developed and used 
to mcrease the variance of the synthetic flood charac­
tenstics m order to make them more representative of 
observed flood charactenstics 
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F1gure 18. Est1mated 1 00-year volumes as a funct1on of 
t1me for an ungaged urban stream 1n Toledo, Oh1o 
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The loganthms of the annual peak discharges 
for each site were fit by a Pearson Type III frequency 
distnbutiOn to develop a peak-frequency relatiOn for 
each site The peak-frequency data were related to var­
Ious physical and chmatic charactenstics of 30 urban 
basms by multiple-regressiOn analysis Multiple­
regressiOn equations were developed for estimatmg 
peak discharges havmg recurrence mtervals of 2, 5, 
10, 25, 50, and 100 years 

The explanatory vanables are dramage area, 
average annual precipitation, and basm-development 
factor Average standard errors of predictiOn for the 
peak-frequency equatiOns range from ±34 to ±40 
percent 

A method was presented to estimate flood 
hydrographs by applymg a specific peak discharge and 
an estimated basm lagtime to a dimensiOnless 
hydrograph An equation was developed to estimate 
basm lagtime m which mam-channellength div:~ed 
by the square root of the mam-channel slope (L! 'I SL) 
and basm-development factor are the explanatory van­
abies and the average standard error of predictiOn IS 
±:53 percent A dimensiOnless hydrograph developed 

1-
UJ 
UJ 
u. 
u 
co 
:::> 
u 
u. 
0 
(/) 
z 
0 
:::i 
...J 

~ 
~ 
w' 

4 -

3 -

~ 2 -
:::> 
...J 
0 
> 
a: 
<t 
UJ 
>;-
0 
0 ...... 

0 

....._______ Volume est1mated from 100-year 
volume-duration-frequency equat1ons 
(dV100) 

Volume mtegrated under 100-year 
est1mated peak d1scharge hydrograph 
(V0100) 

8 16 24 32 

DURATION, IN HOURS 

F1gure 19 Volume est1mated from 1 00-year volume­
duration-frequency equat1ons and volume Integrated under 
1 00-year est1mated peak-discharge hydrograph for an 
ungaged urban stream 1n Toledo, Oh1o 
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by the USGS for use m Georgia was venfied for use m 
urban areas of Oh10 

The largest runoff volume for each of six dura­
tiOns (1, 2, 4, 8, 16, and 32 hours) was computed for 
each water year of synthetic hydrograph data The log­
anthms of the annual peak volumes for each duratiOn 
were fit by a Pearson Type III frequency distnbutiOn to 
develop a volume-duratiOn-frequency relatiOn for each 
site The volume-duratiOn-frequency data were related 
to physical and chmatic charactenstics of 62 urban 
and rural basms by multiple-regressiOn analysis 
Multiple-regressiOn equatiOns were developed for esti­
matmg maximum flood volumes of d-hour duratiOn 
and T-year recurrence mterval (dVT) Flood-volume 
data for all combmat10ns of SIX duratiOns (1, 2, 4, 8, 
16, and 32 hours) and SIX recurrence mtervals (2, 5, 
10, 25, 50, and 100 years) were analyzed The explan­
atory vanables m the resultmg 36 equatiOns are dram­
age area, average annual precipitatiOn, and basm­
development factor Standard errors of prediction for 
the 36 dV T equatiOns range from ±28 to ±44 percent 

Examples of how to use the methods are pre­
sented Volumes estimated by use of the volume-

40 Est1mat1on of Flood Character1st1cs of Ungaged Small Urban Streams m Oh1o 



duratiOn-frequency equatiOns were compared with 
volumes estimated by mtegratmg under an estimated 
hydrograph. Both methods yield simllar results for 
volume estimates of short duratiOn that are apphcable 
to convective-type storm runoff The volume­
duratiOn-frequency equatiOns can be used to compute 
volume estimates of long and short duratiOn because 
the equatiOns are based on maximum-annual-volume 
data of long and short duratiOn The dimenswnless­
hydrograph method IS based on flood hydrographs of 
average duratiOn and cannot be used to compute vol­
ume estimates of long duratiOn Volume estimates of 
long duratiOn, which are apphcable to runoff from 
frontal-type storms, may be considerably greater than 
volume estimates of short duratiOn 
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Coal Investigations Maps are geologic maps on topographic 
or planimetnc bases at vanous scales showmg bedrock or surficial 
geology, stratigraphy, and structural relations m certam coal­
resource areas 

Oil and Gas InvestigatiOns Charts show stratigraphic mfor­
mation for certam ml and gas fields and other areas havmg petro­
leum potential 

Miscellaneous Field Studaes Maps are multicolor or black­
and-white maps on topographic or plan1metnc bases for quadran­
gle or Irregular areas at vanous scales Pre-1971 maps show bed­
rock geology m relation to specific mmmg or mmeral-deposit 
problems, post-1971 maps are pnmar1ly black-and-white maps on 
vanous subjects such as environmental studies or wilderness mm­
eral mvestigations 

Hydrologic Investigations Atlases are multicolored or 
black-and-white maps on topographic or plan1metnc bases pre­
sentmg a w1de range of geohydrologic data of both regular and 
megular areas, pnnc1pal scale IS 1 24,000, and regiOnal studies are 
at 1 250,000 scale or smaller 

Catalogs 

Permanent catalogs, as well as some others, givmg compre­
hensive listmgs of U S Geological Survey publications are avail­
able under the conditions mdicated below from the U S 
Geological Survey, Information Services, Box 25286, Federal 
Center, Denver, CO 80225 (See latest Pnce and Availability List ) 

"Publications of the Geological Survey, 1879-1961" may 
be purchased by mail and over the counter m paperback book form 
and as a set of microfiche 

"Pubhcabons of the Geologacal Survey, 1962-1970" may 
be purchased by mall and over the counter m paperback book form 
cytd as a set of microfiche 

"Publications of the U.S. Geological Survey, 1971-1981" 
may be purchased by mall and over the counter m paperback book 
form (two volumes, publications hstmg and mdex) and as a set of 
microfiche 

Supplements for 1982, 1983, 1984, 1985, 1986, and for sub­
sequent years smce the last permanent catalog may be purchased 
by mall and over the counter m paperback book form 

State catalogs, "Last of U.S. Geological Survey Geologic 
and Water-Supply Reports and Maps For (State)," may be pur­
chased by mall and over the counter m paperback booklet form 
only 

"Prace and Availability Last of U.S. Geological Survey 
Publications," Issued annually, IS available free of charge m 
paperback booklet form only 

Selected copies of a monthly catalog "New Publications of 
the U.S. Geological Survey" are available free of charge by mall 
or may be obtamed over the counter m paperback booklet form 
only Those wishmg a free subscnption to the monthly catalog 
"New PublicatiOns of the U S Geological Survey" should wnte to 
the US Geological Survey, 582 NatiOnal Center, Reston, VA 
22092 

Note--Pnces of Government publications listed molder cata­
logs, announcements, and publicatiOns may be mcorrect There­
fore, the pnces charged may differ from the pnces m catalogs, 
announcements, and publicatiOns 
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