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Research Impact Statement: The maximumrainfall totalsfor somedurations during thday
1-3, 2010stormeventat Nashville, TN exceededhe 1000-yrainfall valuesfrom NOAA Atlas

14 warrantinga reevaluation adlesignstorms.

ABSTRACI.. . This paperaralyzesthe May 1-3 2010rainfall eventthat affectedthe south-
central United"States including parts of Mississippi, Tennesseeand Kentucky.The stormis
evaluatedin terms of its synoptic settingalong with the temporaldistribuions, and spatial
patternsof the rainfall. In addition, therecurrenceinterval of the storm is assessednd the
implicationsfor hydrologic structuredesignsare discussedThe eventwas associatedvith an
upperievel trough andstationaryfrontal bounday to the west of the rainfall region, which

remainedquasistationaryfor a period of 48 hourddeavyrainfall was produced bytwo slow-
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moving mesoscaleconvective complexes (MCC), combined with abundant atmospheric
moisture.Stormtotalsexceeding330 mm occurredwithin alarge elongatedareaextendingirom
Memphisto Nashville. Isolatedrainfall totals over 480 mm were reportedin someareas,with
NEXRAD weatherradar rainfall estimatesup to 501 mm. An extremevalue analysisvas
performed for,1- and 2- dawinfall totalsat Nashville andBrownsville, Tennesseeaswell as
for griddedrainfall estimategor theentireregion usinghe StormPrecipitationAnalysisSystem
(SPAS).Resultssuggesmaximumrainfall totalsfor somedurations during theMay 1-3, 2010
eventexceededhe 1,000-yrrainfall valuesfrom NOAA Atlas 14 for a large portion of the
region andreachedup to 80 percentof the ProbabléMaximum Precipitation(PMP) valuesfor

someareasizesand durations.

(KEYWORDS: flooding; meteorology; iecipitation statistics)

INTRODUCTION

OnMay:1-3, 2010recordbreakingrainfall dramaticallyaffectedthe region surrounding
Nashville, Tennessee. Theserains led to severeflash flooding in the city and river basin
flooding, particularlyon the CumberlanRiver. The flooding caused26 deathsn Tenneseeand
Kentucky,but the hardesthit areawas Nashville (National WeatherService,2011). The storm
broke previougecordrainfall totals for a large portion of thesouthcentralU.S. Prior to this
event, themost extremerainfall recordsin this regionwere associatedvith tropical cyclones,
suchasHurricaneFredericin 1979 andHurricaneKatrinain 2005 (Durkeeet al., 2012). This
storm stands.out, not onlgecausat exceedegreviousrainfall recordsby substantiaimargins,
but also becausat was initiated by a mid-latitude cyclonethat interactedwith extremelyhigh
atmosphericmojsture levels. A number of studies have=xamined various aspectsof this
significantandimpactful storm.The storm’s physicalmechanismsvere explored bytwo studies
(Moore et al., 2012; 2015)while othersinvestigatedthe synoptic environment (Durkeet al.,
2012),forecastingdifficulties (Lynch andSchumacher2014), and potential enhancement tiue
climatechanggLackmann 2013).However,adetailedanalysisof the arenes®f this stormand
its implicationsfor hydrological planning andsk managemenin the hardesthit areashas not

beencompleted.
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TheMay 2010 flood event thatsultedirom theserecordrainsestablishedhe newflood
of record for most of the CumberlandRiver (U.S. Army Corps of Engineers, 2010)The
flooding nearly overwhelmedthe locks andlamsalong theriver. At Cordell Hull Dam near
Carthage, TN, water was within 0.05m of overtopping the locgates(U.S. Army Corps of
Engineers, 2010). A similar situationoccurredat Old Hickory Dam immediatelyupstreanof
Nashville, where water was within 0.16mof overtoppingthe lock wall (U.S. Army Corps of
Engineers;2020)Given thevicinity of Old Hickory to Nashville, overtopping aihe lock gates
would haveresultedin acrestapproximatelyl.22m highein Nashvilleitself (U.S. Army Corps
of Engineers, /2010)Therefore, it is important to consider this storm event for future
infrastructuredevelopmentin the region,especially hydrologic structue designs.Given the
extreme nature” of thestorm and its impacts, this paper 1)summarizesthe meteorological
conditionsassociatedavith the storm,2) describeghe spatialpatternand temporal distributioof
therainfall, 3) discusseshe implicationgor probablemaximumprecipitation(PMP) studies, and
4) assesséthis storm’srecurrencenterval usingextremevaluestatistics

This=study addsto a growinglist of casestudy papers on heawgainfall, including
Caracenaand Fritsch (1983) on thelTexas Hill Country Flash Floodsof 1978, Leatherset al.
(1998) ontherain on snowfloodsof Januaryl996in North-CentralPennsylvaniakeim (1998)
on therecerdrainfalls during thecoastalstormin Mainein October 1996, Changnon and Kunkel
(1999) who examned therainstormsand flooding of July 199éh Chicago, andNVang et al.
(2016)who,performedan attribution study of the Louisiana flood of August 2016, amomany
others. This'stermis alsoone ofseveraimpressiverainfall eventsthat haveoccurredacrossthe
EasternUnitedStatesoverthe past8-10years includingin SouthCarolina(October 2-4, 2015),
West Virginia (June 23-24, 2016),Ellicott City, Maryland (July 30, 2016), and Hfricane
Harveys rains in southeasternTexas (August 25-31)(See the list of reports from the
Hydrometeorogical Design Studies Center

at http://www.nws.noaa.gov/oh/hdsc/aep_storm_analysisCollectively, this assemblageof

recentheavyrainfall eventsdoesraisethe question whether globelimate changes havingan
impact on the.heavyrainfall climatology of the region. Two recentpapersdid note that climate
changeenhancedhe probabhlity for sucheventsto occur, e.g.,in Louisianain August2016(vanderWiel

etal. 2017)andduringHurricaneHarveyin Texas(vanOldenborghetal. 2017).

METEOROLOGICAL SETTING OF STORM
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At 1200UTC on May 1, 2010, theentire easternhalf of theUnited Stateswasin some
way underthe influence ofan occludedmid-latitude cyclone with its associatedsurfacelow
pressurecenteranchored ovelNorth Dakota,Minnesotaand southern Manitoba, Canada (Figure
1). A warm front extendedacrossthe Great Lakes into southernNew England, with an
associatectold/stationary front extending ovére MississippiRiver Valley. Precipitationwas
ongoingacrosswvesternTennesseandKentucky.At this time, the Nashvilleeegionandmuchof
the southeasterb/nited Staeswaswithin thewarmsectorof the stormsystem

Thenext'set of imagesat 1200UTC on May 2 shows that theenterof low pressure
migratedslowly southeastward, and thriling cold front onlyadvanceaastwardnodestly.The
slow movementof the suface front was associatedwith the stagnant 500mb pattern
characterizedby winds parallel to the frontal boundaryRainfall was enhancedby the
propagation of @eriesof 500 mb shortwave troughs that moved over the Nashvélgion on
May 1 and Zand initiated a pair of slow-movingMesoscaleConvective Complexe@VCCs).
Most of the rain fell during thesetwo calendardays. By May 3, the cold front had moved
eastwardpast*Nashville, endingthe rainfall over the Nashville regionLittle rainfall was
produced by theecondarycold front that followedloselybehind.

While_ the overall synoptisettingof the stormwas not particularly unusual, thequast
stationarynatureof the storm,combinedwith very high precipitablewaterlevelsthat originated
over the Caribbean ar@&ulf (Higginsetal., 2011; Lynchand Schumacher, 2014yereunusual.
An extremelymoist atmospheri@irmasswasin placethat originatedfrom the Caribbeanand
Gulf of Mexicoyasshownin Figure 2 by thedYSPLIT atmospheridrajectorymodel(Draxler
and Rolph;»2014; Rolph, 2014This modelcanbeusedto determinethe sourceegionof anair
particleusing a backwardtrajectoryover aperiod of days, whichn this caseis steppedackin
time over 72 hoursThis flow regimefrom the Caribbeantermedthe Maya Express byDirmeyer
andKinter,(2009),is oneof severaltypes of “atmospheridvers” (Mahoneyetal. 2016)thatare
responsibldor_rapid moisturetransportfrom tropical regionsto the mid-latitudes.The highest
precipitablewater valuesever observedn 60 yearsof recordswere measuredat both Jackson,
MississippiandNashville, Tennesseen May 1-3 2010This rarecombination of eventallowed
the historic flooding evento unfold. For a more detailedsynopticanalysisof the storm,referto
Durkeeetal. (2012).

SPATIAL AND TEMPORAL PATTERNS OF RAINFALL
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The primary hydro-meteorologicatainfall analysistool usedin this studyis the Storm
PrecipitationAnalysis System,or SPAS (Parzybok and Tomlinson, 2006PASis a gridded
rainfall analysissoftwarepackagehat combinesall availablerainfall data,includingrain gauge
data (daily, hourly and sub-hourly), supplemental/bucket surveginfall data, dynamically
calibrated NEXRAD weatherradar data, and climatological basemapsto produce a high
resolution,spatially continuous griddedanalysis of rainfall amounts. Rainfall values are
producédattimeiintervalsasshortas5-minutes, anat spatialscalesasfine as1 knt (Parzybok
and Tomlinsen; 2006).The systemis designedto reproduce thespatiotemporalpatternof a
rainfall eventacrossa region. It provides highly accurateestimatesof rainfall valuesbetween
rainfall observation locations, therelaiowing for an accuraterepresentatiorof accumulated
rainfall in bethsspaceandtime acrossthe rainfall domain.In our databasef stormsacrossthe
United States the Nashville stormis No. 1208, which appearsn severalof the figuresusedin
this paper.Additional detailon theSPASsystemarefoundin Parzybok and Tomlinson (2006).

While_rainfall totals exceeding125 mm were observedfrom northernMississippi to
central Kentueky, theheaviestrainfall produced bythis storm systemwas concentratedn an
elongated ‘band extendifiggm Memphisto Nashville(Figure3). The analyzedainfall fell from
May 1 at0L200UTC to 3 May at 1200UTC. Stormtotalsexceede®30mm for mostof thearea
in this band’Evenhigherprecipitationtotalswere nestedwithin the band, includingstormtotals
of over 480mm at multiple locaions. The SPASanalysisproduced atorm maximumrainfall
total of 501 mm at 36.06 N and 86.91W, or about 6kilometersnorth-northeast o€amden,
Tennessegrhislocationis thestormcenterfor this event.

An hourly time-seriesof rainfall from May 1 at 0100UTC to May 3 at 1200UTC at the
storm centershowsseveralintenseshortdurationrainfall periods, imbeddedithin two longer
periods ofheavyrainfall (Figure4). Thetiming of thetwo wavesof heavyrainfall corresponds
to the passag@f.two uppertevel shortwavesandassociated1CCs. Thefirst waveof rain began
on May 1 at.2100UTC and ended about 01Q0TC on May 2, with two hourly accumulations
thatexceede®5 mm. Thefirst wave produced over 256m of rain. The secondvave of rainon
May 2 begarafter 1200UTC andendedaround 230QJTC, with threehourly accumulations that
exceeded®5 mm. The secondvave producedan additional200 mm of rain.

HYDROLOGIC DESIGN APPLICATION
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To quantify the magnitude arektentof therainfall, a Depth-Area—Duration(DAD) table
wasgeneratedor the stormevent usingSPAS.The maximumaveragedepth ofprecipitationat
varioustime durationswas computedor areasizesupto 129,500km? (50,000mi?) surrounding
the storm center(Table 1). The nontraditional areasizesin kn? are used hereto maintain
continuity with,other hydrometeorological publicationsedin the United Stateg(i.e., Schreiner
and Riedel(1978) and U.S. Army Corps of Engineers (1973torm studies). This type of
analysisis'very importantfor assessindgnydrologicalimpacts,becauset providesthe volumeof
rainfall thatfell"over variousareasizesduringthe storm. This analysisshowsthatan averageof
197 mm of rain fell acrossa regionof 129,500km? (50,000mi?) over a 60 hour period anarea
larger thanthewentire stateof Tennessee.In addition, 416mm of rainfall fell over an areaof
5,180 km* (2,000 mi®) over thesameduration, and 118nm was the absolute 1-hourainfall
maximum,which fell at latitude 35.61 N and 89.28V, near Brownsvillen westernTennessee.
The impressiveamount ofrain that fell over such a large areacompounded byhe extreme
rainfall intensity over shorttime durations help to explain why this event causedsuch
catastrophidleading throughout the region.

To further demonstrate hownpressivetheserainfall totals are for the region, theyare
comparedto, Probable Maximum Precipitation (PMP) estimatesfrom Hydrometeorological
Report No«51 (SchreinerandRiedel,1978)for varying durations andreasizes.PMP asdefined
by Corriganet al. (1999, p. 5)is "theoretically,the greatestdepth ofprecipitationfor a given
durationthatis physically possible over a givestormareaat a particulargeographical location
at a certaintime,of the year." As such,rainfall valuesevenapproaching®MP estimatesvould
suggest avery‘rare storm. The 48-hour/25,900 ki (10,000 mi?) and the 48-hour/51,800
km? (20,000mi?) rainfall valuesarefoundto be approximately 8percentof the PMP valuesfor
the region (SchreinendReide| 1978). This givestestamento the unusual nature tis storm.
This hasutility. becausé®MP is one of themostimportantparametersisedto developdesign
criteriafor damsandevaluateexistingstructuredor damsafety

In thedeterminatiorof PMP values,not only arerare stormsanalyzed put they arealso
maximizedto estimatehow much more rainfall could have been producedif the maximum
amountof atmospherianoisturehad beenavailableto the stormat the time of its occurrence.
This process,called storm maximization, requires that the atmosphericmoisture actually
associateavith the stormsystembe quantified usingurfacedew pointtemperaturebservations
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(World MeteorologicalOrganization 2009). This dew pointtemperaturevalueis knownasthe
storm representativadew point (Schreinerand Riede| 1978). To maximize the rainfall, a
climatologicalmaximumdew pointtemperaturas determinedor the samelocation wherethe
stormrepresentativelew point was observedThe 100yearreturn period maximumdew point
temperaturgs.oftenusedfor themaximumdew pointtemperaturevalue (e.g. Kappeétal. 2014;
Kappeletal. 2015).

Usingmethods provided by th&orld MeteorologicalOrganization (20099MP Manual,
the storm representativadlew pointtemperaturdocation for this storm was determinedto be
31.50° Nfand 90.00W, approximately 360miles south-southwestf the storm center. It is
inappropriateto, use dew point valueswithin the area of rainfall production,as dew point
temperaturesindertheseconditions do noalwaysreflect the incomingairmass. This location
was determinedio bestrepresenthe atmospheric environmerthat contributedto the event’s
rainfall production. A parceltrajectorymodel(HYSPLIT; Draxlerand Rolph, 2014yvasusedto
assistin identifying this location and timing aheadof the stormfrom which to selectthe dew
points (Figurey2). Surface dew point temperature observations surrounding thstorm
representativelew point locatiorwerecollectedandthe 12-houraveragedew pointtemperature
value wasdeterminedby averagingobserveddew point temperaturevaluesfrom the following
weather stations;Jackson,Mississippi (KJAN); McComb, Mississippi (KMCB); Hattiesburg,
Mississippi (KHBG); and Slidell, Louisiana (KASD). From these stations, the storm
representativelew pointwasdeterminedo be 24.0°C.

To determinePMP valueslike those providedn Hydrometeorological Report No. 51
(SareinerandRiedel, 1978),stormsare “maximized” to increasethe storm’srainfall to its full
potential basedon the largest possibledew point for the time of year in which the storm
occurred, plus or minus a window tirine of 2 weeksfrom the occurrencedateof thestorm. In
this casethe 100yearl12-hourrecurrencenterval valuefor maximumdew pointtemperatures
the southeasterntnited Statesfrom Tomlinsonet al. (2013)was usedto maximizethis storm.
The 100year12-hourrecurrenceinterval value was determinedto be 25.0°C. Assuminga
saturatedatmospherethesedew pointtemperaturegstormrepresentativelew pointtemperature
of 24.0°C and the 10@ear return period dew point temperatureof 25.0°C) correspondo
precipitablewater valuesof 72 mm and 78mm, respectively(U.S. Departmentof Commerce,
1951). Using proceduresecommendetby theWorld MeteorologicalOrganizatiorPMP Manual
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(2009),thesetwo values produce maximizationfactor of 1.08 (78mm/72mmyvhich indicates
thatin aworst-casescenariothis stormcould have produced @ rcentmorerainfall thanit did,
assumingthe maximumlevel of moisturewasavailableto the stormfor rainfall production and
the stormdynamicsemainedconstant.In hydrologic designtheselargervalues(Table 1 values
multiplied by-1.08) would bausedto representhis stormat thelocationof occurrenceand then
the storm\could be transposedto other locations and modified according the World
MeteorologicalOrganization(2009) guidelines. Factoing in maximizationand transposition,
recentsiterspecific PMP analysis have showthat the inclusion of this storm impacts PMP
estimatedor partsof the soutlcentralU.S. (Tomlinsonetal., 2013; Kappeéktal., 2014; Kappel
etal., 2015a; Kappettal. 20150).

RECURRENCE INTERVALS

Recurrencentervals are often calculatedfor an eventfor a variety of different time
durationsjtypically rangingfrom hoursto days (i.e.,seeKeim, 1998). This often leadsto
confusion,becausdhe recurrencenterval values vary depending on the duratibatis being
examined. Foexample,the 100-yrreturn period calculatedfor a 24-hour durations not the
sameasthe-100yearreturn periodcalculatedfor a one-day duratio(Hershfield 1961).Return
periodscalcubtedfor 24-hour durationsre determinedirom the greatest24-hourrainfall that
occurredduring an event,which is derivedfrom hourly rainfall observationghat are passed
through a_ moving window anthnspancalendardays. However, the number aftesthatrecord
hourly rainfall observationss limited. Therefore,it is commonto calculatereturn periodsfor
observational day durationshich arecollectedat alargernumber ofsitesandthereforeprovide
improvedspatialcoverage oain event.However,using observationalay datalimits the amount
of temperakanalysithatcanbe appliedo thedata.Conveniently SPASprovides hourlyainfall
valuesforieachgrid cell for the duration othe event, allowingfor both a thorough temporal
analysis and a complegpatialanalysisof thestorm’srecurrencentervals.In this analysis both
SPASdata combinedavith regionaldatafrom NOAA Atlas 14 (NA14) Volume 2 (Bonniretal.,
2006)areusedin oneanalysisand individuaktationdataareanalyzedn another.

With both datasetsan extremevalue analysiswas performedfor the entire regionusing
guantileestimatingmethods identicalo thoseusedin the currentPrecipitationFrequencyAtlas
of the United States(NA14) Volume 2. The quantileestimatesn NA14 weredetermined using
annualmaximumseries(AMS) rainfall data,which are convertedto represenpartial duration
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246 series(PDS) data. AMS data vere usedin conjunctionwith L-moment analysisand the
247 generalizedextremevalue (GEV) distribution (Hosking, 1990; Stedingeat al., 1993; Hosking
248 and Wallis, 1997). L-momentsare definedas expectations otertainlinear combinations of
249 orderstatistics(Hosking, 1990).Theyareanalogougo conventionamomentswith measuresf
250 location (mean), scale (standarddeviation), and shape(skewnessand kurtosis). The GEV
251 distributionis amathematicaform that incorporates Gumbel’s tybdl, andlll distributionsfor
252 maxima(Stedingeret al., 1993). The parameterof the GEV distribution are the & (location
253 parameter)g(scaleparameterand k (shap@arameter).The Gumbel,typel, is obtainedwhen
254 k =0. Fork > 0, thedistributionhasfinite upper bounat¢ + o /k and correspond® the type
255 Il distributionfor maximathatis boundedfrom above (Stedingeet al., 1993). Stationswith
256 records ofsufficient length (30yearsfor daily stationsand 20years for hourly stations)
257 extendingup to December2000wereusedin NA14 (Bonninetal., 2006) andhis criterionwas
258 usedhere. Thestationsweregroupednto smallregions and the appropriatestributionfunction
259 among theGEV family of distributionswas determinedfor eachregion using goodness-oftf
260 tests.Oncedetermined, theappropriatedistribution was usedto fit the AMS and generate
261 quantileestimatesat eachstation,which are then adjustedto represenprecipitationfrequency
262 estimatesia,aPDS(Bonninetal., 2006).

263 The~quantile estimateswere spatially interpolatedto produce continuous quantile
264 estimatedor the entire region. To determinethe recurrencentervalsfor the extremerainfall
265 eventin the Nashville region, quantileestimatesfor recurrenceintervals of 2-yearsthrough
266 1,000yearswere extractedfrom NA14 for the centerof eachSPASgrid cell for the 24-hour
267 period withwthe heaviestrainfall. The SPAS rainfall values were translatedinto average
268 recurrencéntervalsbasedon wherethey fell in the spectrumof recurrencenterval estimates
269 from NA14. Resultsarepresentedn Figure 5. A significantareain centralTennesseand part
270 of northerpAlabamahas 24-houmaximumrainfall recurrencentervalsof 1000yearsor more
271 surrounded by progressivelarger areas exceeding e 500year and 100year recurrence
272 intervak.

273 To further putthis rainfall eventinto perspective, theecurrenceintervalsfor rainfall
274 totals at the stationsof Nashville andBrownsville, Tennesseat 1- and 2-day durationsvere
275 determined, and comparedith therecurrencentervalsof previousheavyrainfall eventsatthese
276 sites. Note that the Nashville and Brownsvill@nalyseswvere an "at-site” statisticalanalysis,
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whereas the SPAS data to NA14 comparison, previouslydiscussed,provided spatially
continuousrecurrencantervalsbasedon a regionahnalysis. Nashville has aainfall record of
74 yearswhile at Brownsvillethereare 109yearsof data.Nashvillewaschoserbecausét is the
location ofthe historic flooding and BrownsvilleTennesseavas chosenbecauset is located
neartheareathatreceivedthe maximumprecipitationduring the evenfTherecurrencentervals
for the topfive largesteventsat eachlocationfor one-day andéwo-day durationsaredisplayedn
Tables 2' and'3." Again, the recurrenceinterval estimateswere determinedbasedon the GEV
distribution,which wasthebestfit for both locationsFor all four instancesthelargestrainstorm
on recordoccurredduring this 2010 eventin Nashville,therecurrencenterval for the stormat
the one-day duratiowasnearly800years(Table 2). In addition, thefirst andthird highest one-
dayrainfall'eventsoccurredon May 2 andMay 1, respectivelyWhencalculatedor thetwo-day
duration, therainfall total is 345mm, which is overtwice the magnitude of the previodargest
2-day rainfall event Nashville produced byhe remnant ofHurricane Frederickin September
1979.Therecurrene interval for the stormat Nashvillewasdeterminedo be almosta 14,000-
year eventyandggreatly exceedsthe recurrencenterval for any othertwo-day durationstorm.
This recurreneéinterval is extrapolatedwell beyond the Nashville period oécordard as a
result,thisseturninterval mustbe interpretedjudiciously; however,he rarity of this eventdoes
punctuatejust how large of an outlier this storm is relative to the otherrainfall eventsat
Nashville. The one-daymaximumrainfall eventat Brownville is alsoproduced byhe May 2010
eventat 406 mm (Table 3). This valueis alsoovertwice the value of the previoudargeststorm
on record,Fherecurrencanterval at Brownsvilleis over900 yearsfor the 1day duration.Due
to its locationfurtherwest,the majority of therain fell at BrownsvilleonMay 1, 2010.Thetwo-
dayrecurrencentervalat Brownsvilleis over 1,000/ears.

SUMMARY AND CONCLUSIONS

The heavyrainfall eventof May 1-3 2010was causedby the interactionof two upper-
level shatwavetroughswith a stationaryfront andabundant atmosphenmoisturethat persisted
in the régionfor nearly 48 hours.This storm producedrecordamounts ofrainfall and caused
catastrophiaiver flooding in Mississippi, Tennesseeand KentuckyThe highestrainfall totals
from the eventoccurredalong abandfrom just north of Memphiso Nashville, andetone- and
two-day rainfall recordsthroughouthe region, exceeding previouscordssetby the remnanof
HurricaneFredericin 1979 by oved 00 percent. The maximum24-hourrainfall totalsduring the
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period of May 1-3 2010exceededhe 1,000year rainfall estimatesn a large portion of the
region.Rainfall valuesfor theregionfor somedurationsanddrainageareasizescamewithin 80
percentof NOAA PMP estimategSchreinerandReidel,1978) andarecontrolling (setsthe upper
limit) of updated®MP valuesin severalrecentsite-specificandregionPMP studies (e.g. Kappel
etal., 2014).After factoringin maximizationandtransposition othis starm, our datashowthat
recentsite-specific PMP analyseswvould indeed bempactedin otherpartsof the southeentral
U.S. by“this'storm. This stormwas a remarkablyefficient rain producer;PMP maximization
found thatthis'stormin a worstcasescenariovould have only produced 8%ore precipitation
than theeventthat actually occurred. While this efficiency is impressive,it is importantto
recognizethat.greaterrainfall totals are theoreticallypossiblein the region andto accountfor
that possibilly in future hydrological planningndrisk management.

There is)clearly need to continueto analyze both old and newstormsto further
understand_andefine our understanding d?MP acrossthe United Statesand beyond. The
implicationsarethatdamdesignacrosshe United Stateds eitheroveror under engieered.The
only way tesmakethis determinatioris throughPMP analysiswhich is frequently conducted on
a site-specificbasis- in otherwordsfor only asingle watershedanddamat atime. As such,
results(varying rainfall amounts over varyingreasizesfor durationsfrom 1 to 60 hours)rom
this stormeanbeusedascandidate valueis PMP analysis alongwith similar informationfrom
other storms.With thatin mind, the methodssedin this paperalso provide aframeworkfor
analysis of othestormsof varying shapesandsizesrelevantin the world of PMP — downto
sizesof lessthan 1km to well over 50kmi. However,we note that theseanalysesare only as
robustasthe.data quantity angliality available Furthermore, Kunkel (2013)) amdnderWiel
etal. (2016) suggeghatimpactsof climatechangealsobe considereth suchanalyses.
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TABLE 1"Maximumareallyaveragediepthsof precipitationat 1-, 3-, 6-, 12-, 18-, 24-, 36-, 48-
, and 60-heurduratiorfer areasrom 1.0km? to 129,500 krhgeneragédfrom the SPASanalysis
for May 442010 (010@WTC) to May 3, 2010 (1200 TC) Nashvillestorm.

Maximum Average Depth of Precipitation (mm)

May 1 (0100 UTC) — May 3 (1200 UTC) 2010

Area Area Duration (hours)
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(km?) | (mi®) 1 3 6 12 18 24 36 48 60

1.0 0.4 118 227 389 451 466 467 492 499 501

2.6 1.0 116 224 383 445 458 460 485 492 494

26 10 113 224 380 440 456 459 484 486 494

65 25 109 219 372 434 449 452 480 484 489

130 50 103 210 359 424 437 440 474 478 483

259 100 94 196 336 404 420 422 465 470 475

389 150 91 187 321 390 407 408 455 466 469

518 200 87 181 309 381 395 401 451 460 465

777 300 80 171 294 368 383 388 440 453 458

1036 400 75 164 281 358 372 379 429 448 453

1295 500 71 157 270 343 364 371 428 442 449

2590 | 1000 58 134 228 319 337 343 416 428 433

5180 | 2000 45 106 188 282 304 321 399 410 416

12950 | 5000 35 76 133 235 262 278 359 376 381

25900 | 100004 25 58 9% 188 214 219 310 330 334

51800 | 20000 | 17 41 74 138 161 182 260 280 283

129500 |..50000 8 22 40 81 104 117 168 194 197

447
448

449 TABLE 2. Top/five heaviestone- andtwo- day rainfall eventsat Nashville, Tennesseavith
450 estimatedecurrencantervalfor eachstormevent.Periodof recordfor this stationextendsrom
451 Januaryl940becembe013.

Top 5 1-Day Precipitation (mm) GEV (years)
May 1, 2010 184 792
September 13, 1979 168 308
June 4, 1998 161 205
May 6, 1984 129 35.3
March 12, 1975 120 21.2
Top 5 2-Day Precipitation (mm) GEV (years)
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452
453
454
455
456

457
458

459
460
461
462
463
464

May 1, 2010 345 13,833
September 13, 1979 170 33
June 4, 1998 154 18
May 6, 1984 153 17.8
March 12, 1975 152 17.0

TABLE 3"Topfive heaviest one- antvo- day rainfall eventsat Brownsville, Tennessesvith
estimatedecurrencentervalfor eachstormevent. Periodof recordfor this stationextendsrom
Septembef895Decembe2013.

Top'5 1-Day Precipitation (mm) GEV (years)
May 1, 2010 406 929
December 25;:1987 185 38.0
January 29,1956 170 27.1
October 6, 1910 152 17.7
March 17, 1919 152 17.7
Top 5 2-Day Precipitation (mm) GEV (years)
May 1, 2010 457 1093
December 25, 1987 226 34.8
January 8, 1930 208 24.2
January 29,4956 202 21.6
November 29,2001 194 18.1

LIST OF FIGURES
FIGURE 1. Compositeveathermapsdepictingsurfaceatmospherigressurgsolid lines), areas
of precipitation(shaded)and frontal positiongleft column) and 50@nillibar (mb)
heights (solid lines), temperaturgdashedlines), and wind barbs depictingvind
speedanddirection (right column) at 1200UTC (0700EST) for May 1-3 2010.
Maps are adaptedfrom the Daily Weather Map series provided by National
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465 Oceanographic and Atmosphedaministrations (NOAA) Hydrometeorological
466 PredictionCenter.

467 FIGURE 2. HYSPLIT backwardtrajectoryfor the May 1-3, 2010ainfall eventnearNashville,
468 Tennesseeshowing the sourceegionfor the moistureich airmassn placeduring

469 thestorm.Dataarefrom theNOAA'’s Air Resourcesaboratory.

470 FIGURE 8=Sixty-hour rainfall totals for May 1 (0100UTC) to May 3 (1200UTC) 2010in
471 millimeters. The rainfall isohyetalpatternis generatedyy the Storm Precipitation
472 AnalysisSystem(SPAS).

473 FIGURE 4. Hourly accumulations aniticrementalrainfall at the May 1 to 3, 2010 Nashville
474 storm centerfrom the SPASanalysisbeginning orMay 1, 2010at 0100UTC and
475 progressingor 60 hours.

476 FIGURE 5. The maximum24-hourrecurrencdntervalsin yearsgeneratedrom hourly SPAS
a77 rainfall valuesfor theMay 1-3, 2010 Nashvillstorm.
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