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RAINFALLRUNOFFMODELINGANDPRELIMINARYREGIONALFLOODCHARACTERISTICSOFSMALLRURALWATERSHEDSINTHEARKANSASRIVERBASININCOLORADOByRussellKLivingstonABSTRACTBothrecordedandsyntheticrainfallrunoffandannualpeakdischargedatafor17ruralwatershedswereanalyzedtoevaluatethemagnitudefrequencyandvolumeoffloodsintheplainsregionoftheArkansasRiverbasininColoradoFloodfrequencyrelationsfromanalysisofrecordeddatawereweightedorcombinedwithfloodfrequencyrelationsfromanalysisofsyntheticdatatoprovideimprovedestimatesofselectedfloodcharacteristicsfor15ofthesewatershedsThe102550and100yearpeakdischargeswereregionalizedusingmultipleregressionandstationyearmethodsRegressionrelationsweredevelopedtodeterminepeakdischargefromeffectivedrainageareastandarderrorofestimate30to50percentandfloodvolumefrompeakdischargestandarderrorofestimate62percentforungagedbasinsbetween05and15squaremilesinsizeUsingthesetwofloodcharacteristicsadimensionlesshydrographmethodprovidessynthetichydrographsverysimilarinshapetorecordedfloodhydrographsINTRODUCTIONThemagnitudeandfrequencyofflooddischargesandvolumesaremajorconsiderationsinthedesignofhighwaybridgesandculvertsExtensivestreamflowdataavailableforlargeperennialstreamshavegenerallyprovidedthefloodinformationnecessaryforthedesignofmajordrainagestructuresPreviousreportsontheestimationofthefloodcharacteristicsofColoradostreamsincludePatterson19641965jPattersonandSomers1966jMatthai1968jLivingston1970andHedmanMooreandLivingston1972jThemethodsdescribedbythesereportshoweverdonotgenerallyapplytoverysmallwatershedsparticularlythosehavingephemeralstreamsMcCainandJarrett1976jpresentedregressionequationsapplicabletobasinswithintheplainsregionofColoradowithdrainageareasgreaterthan1squaremileTheseequationshoweverwerebasedonlyonlimiteddataforsmallwatershedsonly2of36watershedsstudiedhadareaslessthan30mi2ProceduresdescribedbytheUSSoilConservationService19751977applytosmallwatershedsbutarebasedprimarilyontheoreticalrainfallrunoffrelationshipsdevelopedforregionsextendingovermanyStatesratherthanlocalhydrologicareaswithinanyparticularStatesuchasColorado1



PurposeandScopeIn1968theUSGeologicalSurveyincooperationwiththeColoradoDivisionofHighwaysandtheFederalHighwayAdministrationbeganastudytomonitorrunofffromsmallruralwatershedsresultingfromintensethunderstormactivityintheplainsandplateauregionsofColoradoandtoprovideimprovedtechniquesofestimatingtheirfloodcharacteristicsThedatacollectionphaseofthisstudywaslimitedtonaturalflowstreamsthathavedrainageareasbetween05and30mi2andthatdonotexperiencesignificantsnowmeltflooddischargesgenerallybelowabout8OOOftaltitudeUsingthesecriteriasiteswereselectedintheplainsregionofeasternandextremeplateauregionsofwesternColoradoasshowninfigure1ThisreportsummarizesthedatacollectionandpreliminarydataanalysisfortheplainsregionoftheArkansasRiverbasininColoradoshownastheshadedareainfigure1FuturereportswilladdressthefloodcharacteristicsofsimilarareasinColoradosuchasintheSouthPlatteRiverbasinandtheplateauregionofwesternColoradoAcompanionstudyonthefloodcharacteristicsinfoothillregionsgenerallyfromabout8000to9000ftintheArkansasRiverbasiniscurrentlybeingconductedonstreamsthatexperiencemixedpopulationrainfallandsnowmeltfloodsRDJarrettUSGeologicalSurveyoralcommun1980AcknowledgmentsInstallationoftherainfallrunoffstationsineasternandextremewesternColoradowasfacilitatedbythecooperationofmunicipalandcountygovernmentstheColoradoDivisionofHighwaysandnumerousprivateindividualsTheauthorparticularlywishestothankMrDelRouppoftheColoradoDivisionofHighwaysforassistanceandsupportintheplanningandexecutionofthestudyDATACOLLECTIONThecollectionofrainfallandrunoffdataonsmallruralwatershedsintheplainsregionoftheArkansasRiverbasininColoradobeganwiththeinstrumentationoffoursitesinJune1969ByApril1970thetotalnetworkof17stationswasinoperationfig1andtable1Thetotaldrainageareasofthesitesvariedfrom234to170mi2andaveraged688mi2AllstationswereoperatedseasonallygenerallyAprilthroughSeptember2
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InstrumentationEachofthe17stationsconsistedofstagefloodhydrographandrainfallrecordersbothlocatedatthedownstreamlimitofthestudywatershedStagerecordedinhundredthsoffeetwasmeasuredinsidea4inchstillingwellpipebyasmallfloatconnecteddirectlytoadigitalrecorderrunoffenteredthepipethroughnumerous14inchholesdrilledatseverallevelsinthepipeRainfallrecordedinhundredthsofaninchwasmeasuredinsidea3inchpipebyasmallfloatconnecteddirectlytoadigitalrecorderrainfallenteredthepipefroma5inchby10inchrectangularcollectorlocatedontopoftheshelterThedigitalrecorderspunchedalldataon16channelpapertapeat5minutetimeintervalsAsinglecamtypetimerwasusedtoactivatebothrainandstagerecordersthusassuringtimesynchronousdataTheoreticalStageDischargeRelationsRecordedstagedatawasconvertedtodischargethroughuseoftheoreticalstagedischargerelationsFormoststationstheserelationsweredeterminedbystepbackwateranalysesasdescribedbyBaileyandRay1966BecausechangesinchannelconfigurationmayaffectthistypeoftheoreticalrelationsiteswereresurveyedandstepbackwateranalyseswererevisedthroughoutthestudyfollowingmajorfloodeventsorevidentchannelchangesThestagedischargerelationforstation07154800wasdeterminedbyculvertanalysisasdescribedbyBodhaine1968Thebasisofthestagedischargerelationforeachstationisgivenintable1InadditiontothetheoreticalstagedischargerelationsdevelopedforeachsiteindirectdeterminationsofpeakdischargewereobtainedduringthestudytoprovideadditionalstagedischargeinformationforsignificantfloodeventsAtotalof12suchdeterminationswasmadeat11ofthe17studysitesSTATIONFLOODFREQUENCYANALYSISWhenannualfloodinformationisavailableatasitearelationcanbedevelopedbetweenfloodmagnitudeexpressedintermsofeitherpeakdischargecubicfeetpersecondorrunoffvolumeacrefeetandfrequencyofoccurrenceexpressedintermsofrecurrenceintervalRecurrenceintervalistheaverageintervaloftimeusuallyinyearswithinwhichthegivenfloodwillbeequaledorexceededonceChow1964AuniformtechniquebywhichthisrelationshipisdevelopedhasbeenestablishedbytheUSWaterResourcesCouncil1977TheseguidelinesaregenerallyacceptedbyFederalandStateagenciesandwereusedtodevelopthefloodfrequencyrelationspresentedinthisreportThefollowingguidelinesarenoteworthy1ThelogPearsonTypeIIIdistributionappliedtotheannualfloodseriesshouldbeused2Ageneralizedskewcoefficientisrecommendedforanalysisofshortrecordswhileaweightedskewcoefficientisrecommendedforlongerrecords5



3Probabilitycalculationsaremodifiedforincompleterecordsandzeroflowyears4TheexistenceoflowoutliersisstatisticallyjudgedandiscorrectedforinprobabilitycalculationsAnalysisofRecordedFloodsSeasonalflooddataforthe17studysiteswererecordedduring8to10consecutiveyearsasshownintable1Theaveragerecordlengthwasabout9yearsTherangeinannualmaximumdischargesrecordedateachsiteisshowninfigure2Themaximumpeakdischargerecordedduringthestudywas7880ft3sattheWolfCreeknearCarltonstation07134300onAugust231969Intermsofrunoffperunitareaamaximumof866ft3smj2wasrecordedattheMuddyCreektributarynearNinaviewstation07129200onMay201977Noflowoccurredat13sitesduringatleastonewateryearofthestudyPeakdischargeFrequencyResultsofthefrequencyanalysisoftherecordedannualpeakdischargesforeachsiteareshownintable2Theseanalysesindicateprobable100yearpeakdischargesrangingfrom270to14400ft3sAcomparisonbetweentherangeinfloodfrequency10to100yearpeakdischargesfromthisanalysisandtherangeinrecordedannualpeakdischargesisshownforeachsiteinfigure2Thefrequencyanalysisoftherecordedfloodsindicates15sitesexperiencedoneormorefloodsgreaterthantheexpected10yearpeakdischargethetotalyearsofstationrecordforthestudywas155FloodVolumeInadditiontoinformationonexpectedpeakdischargesdesignersofbridgesandculvertsmayrequireestimatesoffloodvolumeswhenplanningforembankmentstorageorflooddetentionAlthoughempiricalmethodsarefrequentlyusedtomakethesevolumeestimatesthelargenumberofrecordedfloodhydrographsobtainedduringthisstudyprovidedsufficientdatafromwhichmoreaccuratepredictiontechniquesweredevelopedThissectiondescribesonlytheanalysisofrecordedfloodvolumesanalysisofsyntheticfloodvolumeswillbediscussedinsubsequentsections6
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Althoughnonuniformrainfalldistributionrainfallintensityanddurationandsoilmoistureconditionsresultinvariationsinrunoffvolumeforfloodsofthesamemagnitudearelationbetweenpeakdischargeandfloodvolumewasdeterminedfromthe61largestfloodhydrographsrecordedatthe17sitesThesehydrographswerecharacteristicallytheresultofshortdurationhighintensityrainfalltypicalofconvectivestormsorthunderstormsbutnottypicaloffrontaltypestormsFortheseeventspeakdischargesrangedfrom53to3300ft3Sandfloodvolumesrangedfrom3to150acreftTherelationisV0112Qp0922S60R079e1whereVfloodvolumeinacrefeetQppeakdischargeincubicfeetpersecondSaveragestandarderrorofestimateinpercentandeRcorrelationcoefficientInapreviousstudyof105floodsonsmallWyomingbasinsCraigandRankl1978foundthefollowingsimilarrelationV0131Qp0878S55R090e2AnalysisofSyntheticFloodsAccuracyinestimatingthemagnitudeandfrequencyoffloodsatasiteimproveswiththenumberofyearsoffloodinformationonwhichtheanalysisisbasedThetimesamplingerrorassociatedwithanestimateofthe100yearpeakdischargebasedon10yearsofstationdataisconsiderablygreaterthanifitwerebasedon50yearsofstationdataForexampleLivingston1970foundthatforstreamsinthemountainousregionofColoradothestandarderrorforthe25yearpeakdischargedecreasedfrom24percentwith10yearsofrecordto11percentwith50yearsofrecordToimprovethefloodfrequencyrelationsforstationsinthisstudyarainfallrunoffsimulationmodeldescribedindetailbyDawdyLichtyandBergmann1972wascalibratedandusedtosynthesizealongtermannualfloodseriesfor15ofthesitesDescriptionofModeledRainfallRunoffDataFromallrainfallrunoffdatacollectedatthe17studysitesadatasetconsistingof141floodswasselectedforuseinthecalibrationoftherainfallrunoffmodelSelectionoffloodsforinclusioninthisdatasetwasbasedon1therelativecompatibilityofrainfalltotalsorintensitieswithrunoffvolumesorpeakdischarges2thereliabilityofrecordedstageandrainfalldata3the9



timebetweenbeginningofrainfallandrecordingofrunoffasanindicationofuniformprecipitationoverthebasinand4thepreferenceforlargerrainfallrunoffeventsduringwhichtheentirewatershedrespondsTherangeinthepeakdischargesofthefloodsusedformodelcalibrationisshownforeachstationinfigure2These141floodsrangedinpeakdischargefromlessthan10ft3Sto3300ft3Sbutonly20floodsoccurringatjust10ofthesiteshadunitdischargesexceeding100ft3smj2Forthe141stormstheaverageandmaximumtotalrainfallamountsrecordedat5minuteintervalsisshowninfigure3Greatestaveragetotalprecipitationwas016inch19inhroccurringintheintervalbetween5and10minutesafterthestormbeganandtheaveragestormlastedabout45minutesThemaximumrainfallaccumulationrecordedina5minutetimeperiodwas051inch61inhrTheseasonaloccurrenceofthe141floodsisshownby10dayintervalsinfigure4fortheapproximateperiodMaytoSeptemberAbout78percentofthesefloodsoccurredbetweenMay21andAugust18about28percentoccurredbetweenJuly20andAugust8InasimilaranalysisoffloodoccurrencesintheFrontRangeUrbanCorridorofColoradoHansenChronicandMatelock1978found83percentoccurredbetweenMay21andAugust18Therainfallrunoffsimulationmodelrequiresdailyprecipitationanddailyevaporationinadditiontounit5minstormrainfallandrunoffdataDailyprecipitationwasasrecordedeitheratthesiteoratthenearestUSWeatherServicestationduringmissingrecordperiodsDaiIyevaporationwasfromtheclosestofeitherPuebloCityReservoirQrJohnMartinReservoirNationalWeatherServicestations6743and4388respectivelyFortheperiodofseasonalstationoperationthesedataandtheobservedunitstormdataareusedtocalibratetheinfiltrationsoilmoistureaccountingandsurfacerunoffroutingcomponentsinthemodelCalibrationofRainfallRunoffModelThecalibrationphaseofthemodelingprocessresultedinanoptimumsetof10parametersforeachbasinAnexplanationofeachparameteranditsapplicationinthemodelingprocessismodifiedfromLitchyandLiscum1978p35inthefollowingtabulation10
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w24Occurrenceof56floodsinthe22FrontRangeUrbanCorridorHansenandothers197812018Uwu16zwaaJ14Uu001200JUu100awD8JZ6420000DN1i000droc1iNNNl7gUro0dJjUroroMccg0lNDrocllFigure4Seasonaloccurrenceofthe141floodsusedtocalibraterainfallrunoffmodel



Thecorrelationcoefficientrootmeansquareerrorandslopeoftheregressionlinebetweenrecordedandsyntheticpeakdischargesforthecalibrationofeachsiteallofwhicharemeasuresoftherelativesuccessofthecalibrationalsoaregivenintable6Therelationbetweenrecordedandsyntheticpeakdischargeforall141floodsusedinthecalibrationprocessisshowninfigure5Thisrelationhasacorrelationcoefficientof090andtheslopeoftheregressionIineis093ThesestatisticsindicatetheoverallmodelcalibrationphasewassuccessfulandunbiasedHoweverstations07126450and07129100hadstatisticallyunsuccessfulcalibrationsandwerenotusedinthesynthesisphaseofthemodelingprocessStation07126450hadcalibrationstatisticsindicatingalowcorrelationcoefficientO56ahighrootmeansquareerrorJ100percentandtheslopeoftheregressionlinewasconsiderablylessthan100047Basedononlythreestormstheslopeoftheregressionlineforstation07129100wasconsiderablygreaterthan100320SynthesisofLongTermAnnualFloodSeriesRecordedrainfallrunoffdatawereusedtocalibratetheinfiltrationsoilmoistureandflowroutingparametersinthemodelforthe15basinsLongtermdailyrainfalldailyevaporationandunit5mintimeintervalstormrainfallwerethenusedasinputtothecalibratedrainfallrunoffmodelofeachbasintogeneratesyntheticpeakdischargesandfloodvolumesforeachhistoricalstormperiodThefollowingNationalWeatherServiceclimatologicalstationsprovidedtheclimaticdatarequiredbythesynthesisphaseofthemodelingprocessDenverColostation2220rainfalI18981970JohnMartinDamColostation4388evaporation19501975PuebloColostation6740rainfalI19001969PuebloCityReservoirGolostation6743evaporation19501975Amari110Texstation23047rainfall19141974WichitaFallsTexstation13966evaporation19501974RainfalldataconsistedofbothdailyrainfallfortheindicatedperiodandunitstormrainfallforthethreetofivegreateststormsoccurringineachoftheseyearsItwasassumedthatoneofthesethreetofivestormswouldproducetheannualpeakdischargealthoughthispeakdischargewouldnotnecessarilybeassociatedwiththegreatesttotalrainfallEvaporationdataconsistedofseasonaldailypanevaporationfortheindicatedperiodTobecompatiblewiththelongtermrainfalldatadailypanevaporationfortheperiodpriorto1950wassynthesizedbasedon3daymovingaveragescalculatedfromtheobservedevaporationdataforthe1950through1975periodDenverandPueblolongtermrainfallwasusedalongwitheitherJohnMartinDamorPuebloCityReservoirevaporationwhileAmarillolongtermrainfallwasusedalongwithWichitaFallsevaporation14
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Foreachbasinthesynthesisphaseresultedinthesimulatedpeakdischargeandfloodvolumeforatotalofover10000floodsderivedfromthelongtermrainfalldataforDenverPuebloandAmarilloThesedatawereincludedinbothafrequencyanalysisoftheannualfloodseriesandaregressionanalysisoffloodvolumePeakDischargeFrequencyThefloodfrequencyanalysisofeachannualfloodseriesprovidedthreeseparateestimatesofthefloodfrequencyrelationforeachstationBecausethefrequencyresultsoftheDenversynthesiswaswithin20percentofthePueblosynthesisitwasnotconsideredindeterminingasinglebestestimateofthesyntheticfloodfrequencyrelationforeachstationThetworemainingsyntheticrelationsthosecreatedusingthePuebloandAmarillolongtermprecipitationwerecombinedbyweightingthe1hour100yearprecipitationateachstationrelativetothatforPueblo27inandAmarillo35inThe1hour100yearstormwasselectedforthisprocedurebecausestormsrecordedintheArkansasbasinaveragedabout45minutesinlengthfig3andbecauseprimaryemphasisinthestudywasonthelessfrequentstormsTheweightingequationusedwas35I1lOOQSynthetiaQPueblo08QAmarUloI1lOo27083whereI1lOO1hour100yearprecipitationintensitySeesectiononIndependentVariablesandtable8Forprecipitationintensitieslessthan27inchesfullweightwasgiventothePueblosynthesisThefinalsyntheticpeakdischargefrequencyresultsusingthisprocedurearesummarizedintable2Asshowninfigure2andtable2thevaluesforsyntheticfloodfrequencyrelationsweregenerallylargerthanthevaluesforrecordedfloodfrequencyrelationsIntermsofrunoffpersquaremileofcontributingdrainageareatheaverage15stations100yearflooddischargewasfoundtobe1140ft3smPfromthesyntheticdataand959ft3smPfromtherecordeddataForthe15stationsmodeledthecomparisonsshowninfigure2indicatethatfoursitesexperiencedafloodgreaterthanthesynthetic10yearpeakdischarge155yearsofstationrecordandthatonly2stations07099250and07124700hadacalibrationeventwithafrequencyofoccurrencegreaterthanonceinabout10years16



FloodVolumeAspreviouslydiscussedtherainfallrunoffmodelproducesbothpeakdischargeandfloodvolumeduringthesynthesisphaseAsimplelinearregressionofthevolumeassociatedwitheachpeakdischargewascompletedtodetermineifthesyntheticdatamightyieldarelationsimilartothatdevelopedfromtherecordeddataequation1ThisanalysiswasaccomplishedusingdatafromfirstonlythePueblosynthesesthenonlytheAmarillosynthesesandfinallythecombinedsynthesesDenversyntheseswerenotusedaspreviouslydiscussedThePueblosynthesesyielded1044floodsranginginpeakdischargeQpfrom3to12900ft3SandfloodvolumeVfrom098to1884acreftForlhe521floodsfromtheAmarillosynthesespeakdischargesrangedfrom5to15680ft3Sandfloodvolumesrangedfrom098to3893acreftThefollowingrelationsweredeterminedPueblodataV0141Qp0919562RO924eAmarillodataV0139Qp0964556R0935eCombineddataV0123Qp0958562R0936eOfthesethreeequationstherelationbasedonlyonthePueblosynthesesequation4isprobablymostrepresentativeoftheArkansasRiverbasininColoradoandresultsinestimatedfloodvolumesabout23percenthigherthantherelationbasedontherecordeddataequation1Comparedwithequation1resultstheequationdevelopedfromtheAmarillosynthesesequation5yieldsvolumeestimatestwiceasgreatwhilethecombinedequationequation6givesresults30to60percentgreaterREGIONALFLOODFREQUENCYANALYSISVeryseldomisfloodfrequencyinformationrequiredatornearagagingstationwheredataareavailableforastationfloodfrequencyanalysisMoretypicallyparticularlyforsmalldrainagebasinsinthearidWestdataofthistypearerequiredatanungagedsiteAsaresultstationfloodfrequencyinformationismanytimesregionalizedareallyextrapolatedforplanninganddesignpurposesFortheArkansasRiverbasininColoradoexamplesofrecentregionalfloodfrequencyanalysesincludePatterson1964andMcCainandJarrett1976ForthisstudytheresultsoftworegionalizationmethodsarediscussedinthefollowingsectionsmultipleregressionanalysiswithbasincharacteristicsandstationyearanalysisofrecordedfloodsiMultipleRegressionMethodOneofthemosteffectivewayspresentlyknownfordefiningstreamflowcharacterisitcsonaregionalbasisistorelatethemtobasinandclimaticcharacteristicsbyuseofmultipleregressiontechniquesappliedtopastdataBensonandCarter1973Multipleregressionanalysisofflooddatagenerallyincludeslogtransformationofthedataandthereforeresultsinanequationoftheform17
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