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The service of a critical infrastructure, such as a municipal wastewater treatment plant
(MWWTP), is taken for granted untd flood or another low frequency, high consequence
crisis brings its fragility to atteiun. The unique aspects of the MWWTP call for a method
to quantify the flood stagdurationfrequency relationshifBy developing divariatejoint
distributionmodelof flood stage and duration, tresudyadds a second dimension, time,
into flood risk stidies.A new parameter, intezvent time, is developed to further illustrate
the effect of event separation on the frequency assessifiemtmethod is tested on
riverine, estuary and tidal sites in the MAdlantic region.

Equipment damage functions areacdcterized by linear and step damage models.
The ExpectedAnnualDamage(EAD) of the underground equipment is furtlestimated
by the parametric joint distribution model, which is a function of both flood stage and

duration demonstrating the applicatioh the bivariate model in risk assessment.



Flood likelihood may alter due to climate changesensitivity analysis methad
developedo assess future flood risk by estimating flood frequency under conditions of
higher sea level and stream flow respottséncreased precipitation intensitgcenarios
based on steady and unsteady flow analysis are generated for current climate, future climate
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1 INTRODUCTION

1.1 Problem Statement
Floodng is the mostwidespread naturahazard! NP dzy R c &> 2F (K Svesg 2 NI RQ2
within 60 km of the coastn the United States,raund 10% of the population ligavithin 106
year flood plais. Twothirds of all federail-declared disasters are floogSmith & Ward, 1998)
Flood loses exceed billion dollas each yearaccording tca 30-yearaverage(NWS, 2016)

Floods influence many aspects of human life and can cause catastrophic d&reagie
the increasing attention tolédod damageto residential properties,tte servicability of a critical
infrastructureelementis taken for granted until a low frequency, high consequence ¢issish
as a major floodbrings its fragility to attentionLow lying critical civil infragicture, such as a
wastewater treatment plant (WWTP), is especially vulnerable to flooding. When an authority
needs to estimate the investment dbod mitigation ordamage recovery, broad assumptions
must be madeRskcontingencyplansmay becopied fromother localities with little thought given
to their applicability at the current locationTherefore, asystematic flood risk assessment
approach is needed for a specific type of infrastructwith unique characteristics.

The traditional engineering depi paradigm has paid considerable attention to
guantifying flood magnitudes, both discharge rates and stagewlett (1982stated that it is not
the peak discharge in the headwaters that produces the downstream flood, but rather the volume
of stormflow released by the headwater are&vil infrastructures commonly refer to base flood
elevation (106year flood) and 50§ear flood elevation reported by Federal Emergency
Management Agency (FEMA) Flood Insurance Study (FIS) for decisions associated with extreme
wet weather evens. It remains a question whether this approach prowadefficient information
for civil infrastructure design and flood mitigation. Underground transportatiatility, and

service systems lva increased with urbanizatiorOnly a limited number oftudiesaddress the
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issue of subsurface floodinBrobabilistic assessments of floethge and discharge are essential
for some analyses but insufficient for others. To many of those subjectedodirfig, the duration
of flooding, not only the depthis critical. For example, those responsible for managing water
treatment infrastructureare concerned with theluration that afacility will be offline. Even after
floodwaters recede, the time required to restore the facility to full function is essentially part of
the flood duration. The traditional univariate, stagependent approach to dlod evaluation
needs to be broadened to include duration as a critical variable, thus better connecting the
probabilistic behavior of flooding to damages and service disruptibrikis time dimensioris
introduced toflood risk assessment, the 18@ar food and the expected annual damageed to
be redefinedasthe flood stagedurationfrequency relationships, thus providing information to
guantify the subsurface flooding riskd outof-service time

Statistical analyss of flooding are mostly basedn the assumption of stationarity
However, as the images of melting glaciers and reports of sea levahdisate, climate change
is underway Difficulties often arise when designing or retrdfity a local civil infrastructure to
withstand the impact of lomate changeFor a micrescale, agencybased flood risk assessment,
applying the public available hydrologic and hydraulic tools in inieeatanners may yield great
potential in solving the computationglintensive problem, and address the climateanlge

impact with the best available data.

1.2 Research Questions
Giventhese problemsthis researctaddresseshe following questios usingquantitative
analysesQualitativejustificationin sectionsl.2.1to 1.2.2supportsthe rationality of threse

researchquestions and this approach



1.2.1 Why Is Flood Duration Critical for Flood Risk Assessmen?

Based on the perceptions of 289 building surveyors, flood duration ranked the fourth most
important flood claracteristic after sewagecontent, contaminant contentand flood depth
(Soetanto and Proverbs, 2002he extent of flood damage is a function of flood depth, duration,
velocity of water flow, the quantity of debris carried by the water and the silt tgubsited, and

any contaminats carried by the watenPenningRowsell & Fordham, 1994lood duration
analyss measure the severity of floothgin terms of timing.lt is vitalfor characterizingnany
hydrauic and hydrological phenomena.

Recent flood disasters have highlighted the effects flobd duration on urban
infrastructure damage. In October 2012, Hurricane Sandy caused one of the most destructive
flooding events in recorded history on the northeast coast of the U.S.A. In addition to visible
surface damage, flood waters intruded into dafilled the underground tunnels that house
essentialequipment in wastewater treatment plants. Millions of gallons of untreated sewage
were discharged into receiving watgisenward, Yawitz, & Raja, 2013)

Flood duratim is a critical factor for transportation disrupti¢butta, Herath, & Musiake,
2003; PennindgRowsell & Wilson, 2003; Pfurtscheller & Schwarze, 20B8)ricane Sandy
inundated the New York subway tunnels, sigaifity disruptngthe daily commute. A July 2013
flash flood resulted in the closure oToronto Subway stati®) another storage related
transportation disaste(Nirupama, Armenakig Montpetit, 2014) Longer durations of flooding
may bring greater volumes of debris and sediment, which can inctbéaseosts and duration of
cleanup.

Flood duration is an essential consideration for structural damage. The risk of material
damage inceases with the duration of flood inundation, since corrosion and fungus growth are

more severe when a structure is exposed to wdidtagenaar, 2012)t has beerreported that



the damage to a variety of building materials and construction, such as mortar, drains, and stud
partition walls, increases with the flood duratigRenningRowsell & Wilson, 2003)

Duration has been identified as a factin flood management policies. 8J.S. Army
Corps of Engineer8JSACE, 1995uggested that sump pumps and other standby generating
equipment should be operable for a period of 125 percent of the anticipatedtaur of the
design flood, and that holding tanks in sanitary sewer systems should be able to store 150 percent
of the anticipated demand for the duration of a design flood. Flood duration is also an essential
predictorin modelinglevee breaching, seepagierough dikes, andhe erosion of sand cores
(Allsop et al., 2007; Jaffe & Sanders, 2001; Messner & Meyer,.2006)

Knowledge of potential flood durations can also assist agricultural and ecosystem
planning and maagement. Flood duration affects soy bean and lowland rice weed gr@vttiin
& Saxton, 1988; Kent & Johnson, 2001; Scott, DeAngulo, Daniels, & Wood,a88)| as the
species richness, diversity, and plaristdbution patterns in floodplain forest¢Ferreira &
Stohlgren, 1999)

Socieeconomic assessments of flood consequensash as anxiety damagkeekuthai &
Vongvisessomjai, 2001and mortality/fatality(Jonkman, 2007also depend on flood duration.
Downtime damages, both to production facilities subjected to flooding and unemployment of
people inside and outside of the flood zone, are also closely blatéood duration(\WWagenaar,
2012)

Floodduration affects bottthe natural and built environments. It matters for the various
aspects of social and economic consequences, ranging from civil infrastructurgyariztion
facilities, and building structure integrity, to agricultural field inundation and wildlife habitat

guality. For any storage related system, the length of the flood event determines the volume of



intruding water, which directly affects flood dages This urges the research to quantify the time

dimension of floods.

1.2.2 What Are the Unique Aspects ol WWTP Vulnerability to
Flooding?

The water and wastewater system seci®one of the 6 sectors of critical infrastructure system
defined byUS Departmen of Homeland Security (20Minicipal wastewater treatment plants
(MWWTR) are located downstream of the wastewater collection syst&hey are usually close
to the receiving water bodyl heirgeographical locatiamare a significant factoin their potential
vulnerability to flood hazarsl

The majority oMWWWTPessentialequipmentis located insidaeindergroundgalleries and
tunnels. Traditionalflood depth-damage elationship is not applicable ®ubsurface flooding and
damage prediction. Regression equatiahst are reported for a region are usually not site
specificAmunicipal wastewater treatment plant differs from a residential building in that its main
function is significantly affected by wet weather everftoocke et al., 2006)The treatment
capacityand biological process stability are affected by the magnitude of receiving wastewater
influent, which is highly correlated to the severity of a flood event. Although hgdomomic
modek, such as BzusMH (FEMA, 208), include adamage module for WWEPthey do not
elaborate the uniqueness of each WWTP and characterize the damage in detail.

Existing hydreeconomic models are not adequate for the critical infrastructure (such as
WWTP) for the following reasons:

1. Foraccurate quantification of flood riske@th-damage curvesust be developed for a

specificfacility.



2. Thedepth-damage curves developed for surface flooding do not adequately capture
damage to underground infrastructure.
3. The location of the WWTP on a tidedtuary makes it particularly susceptibte¢hanges
in downstreamsea level andipstreamfreshwater input.
Thisresearchaddresgs the above concerns for thprincipal study site,proposes quantitative

models,anddiscusseshe potentialapplication tosimilar infrastructure.

1.2.3 How Can Climate Change Impactbe Consideredin a Micro -scale
Site-specific Study?

Growing awareness of climate change has attracted increasing attentiaiserdecision making

0l &SR 2y TFdziidzNB Of A Y I (i Srisitesgedfic studly-irdiSate® thaRnidi & LINS
scale analysis with acceptable accuracy and complexity is critical for civil infrastructure planning,
design, and resources allocation. Translatingstheeeds to thestudy of flood riskthe question

will be howto quantify the likelihood of flood damage in the future climate, considering the

tradeoff of model scale, accuracy and complexity.

Global and regional scale chte change research providesstimates of future
temperature, precipitaibn, etc. Thoseprojected outcomes provide valuable estimateof the
impact ofclimate changeHoweverthe resolution is too coarse for mokasinscalestudies For
examplethe regional climate modelsf the North Americamegionaldimate ChangeAssessment
Program(nestedwithin multiple atmosphereocean general circulation modelsiicuated future
precipitation and other variablest a 50-km spatial resolutioiMearns et al., 2007, updatie2014)
which is considerably larger than most of the study basins for the rsicate flood risk study.

Assume thaafuture precipitation estimate is available and the scale is suitablatbasin

wise study a calibratedhydrologic/watershedmodel is needed to convert the precipitation to



runoff, thus estimating the flood stage and likelihooH. projected futureclimate based
information are available for the upstream andwinstream boundary conditiong hydraulic
model is applicable to estimaté¢ water surface elevatioprofile along the reach. The flood
stagefrequency information can then be extracted from the model outpbbr both the
hydrologic and hydraulimodels, stream gauge and tidal gauge information is particuteiiyful
for providng model input and for model calibration.

The followingpreliminary sepsare recommended for considering climate change impact
on the micrascale flood risk analysis:

1. Study the literatureon the climate change projections of precipitation, runeiid sea-
level rise Sources of information includgvernment eports, journal publicatios, news
items and repors from the weh The studies for a region that is geographically close to
the study site, or have the similar hydroclimate characterisgeserallyprovidethe most
valuable information.

2. Obtain the best measurement for precipitation, runoff and deael rise, including
stream/tidal gauge measurements and remote sensing measurements, and record the
sample size of the data (data length and record rived).

3. Identify the applicablemodel, hydrologicand hydraulic, based on the available ddta

guantify the impact of climate change on flood stage and discharge at the study site

1.3 ResearchGoal and Objectives

Given the research questions identifiedsaction1.2, the goal of this research is to provide
guantitativemethod of developing a flood magnituakiration risk assessment, with the method
illustrated using a municipal WWTFhe goal of this studseflects threemajortasks:(1) Develop

a sensitivity analysis framework to estimate current and future flood stage of the tidal Potomac



(2) Incorporateflood duration intoflood risk model; (3pemonstrate the application of the new
flood risk model by ssessng the flood risk of critical infrastructure based on various model
scenarios.

The objectives for the first task are

1 Develop a moddb estimate the frequency distribution of flood stage.

1 Createa sensitivity analysimethod to assess future flood fisby estimating flood
frequency under conditions of higher sea level and stream flow respotse
increased precipitation intensés

The objectives for theecondtask are

91 Develop aivariatejoint distributionmodel to assess flood staghirationfrequency
relationship.

9 Test the model on riverine, estuand tidal sites.

The obijective for the third task are

1 Develop a GIS database for thesentialequipment inside the underground tunnels
and galleries for the study site.

1 Develop a method to generatunderground equipment deptturation-damage
curves.

1 Integrate the flood stagelurationfrequency model witlihe flood damagemodel to
estimate the expected annual damage of #sentiakquipment

1 Estimate building percent damagservice disruption lasand evacuation risk, and
develop multidimensional vulnerability curves

9 Visualize flood risk by flood inundation mapping and-&dSisted Risk Register

(GARR).



The methods developefbr the objectiveswill be implemented on a principal study site, a
municipal wastewater treatment plant on the tidal Potomadich will be introduced in section

3.2



2 LITERATURE REVIEW

2.1 Flood Risk AssessmenFramework
A flood system encompass all physical andorganizationalsystems that influence or are
influence by flooding,including(1) the physical attributes of thearthQ surface involved in the
water cycle, e.g., processes of rainfall and run@fthe artificially created systems of drainage,
storage and flooddefensestructures (3)the economic, socighnd environmental assets thate
located in the floodplains (4) the organizationsthat are responsiblefor managingflood risk,
insurers who provide cover for flood risksd broader stakeholdegroups that haveaninterest
in flood risk managemen{Hall, Meadowcroft, Sayers, & Bramley, 2003; Thorne, Evans, &
PenningRowsell, 2007)Growing awareness of the criticality of flood risk assessment bas b
developed along with the knowledge of climate change, rural land cover change, intensive grazing,
arable farmingand urbanizatiorfAshkar, 2008; Thorne et al., 200Flood riskanalysesombines
the hydrologtal information about event frequency, hydraulic knowledge about inundation
behavior and economic information on damage assessmémta public policy view, flood risk
analysis supports decisions of allocation of tagnies project appraisaland accourability
(Messner et al., 2007)

PenningRowsell and Fordham (199d@scribed the flood vulnerability by its general fgrm

Vulnerability =f (PhysicalCharacteristicstHumanCharacteristic$ (2-1)

The indicatorsfor flood vulnerability analysiconsist of elements at risk, exposure and
susceptibility, as summarizedkigure2-1 (Messner & Meyer, 2006J oassess the consequences
of floods,a conceptual franework should be established before detailed modeling and analysis

to define thescope of the flood risk assessment.
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Figure2-1. Indicators in flood vulnerability analygiglessner & Meyer, 2006)

The sourcgpathwayreceptor (SPR) model is a wetitablished framewrk for
environmental risk assessment, where source is the weather events or sequences of events that
may result in floodingpathways are the mechanisms that convey floodwaters to places where
they may impact the receptors, e.g., fluvial flows, overlataw$, failure of flood defense
structures;and receptors are the people, industrieand built or natural environment that may
be affected by the flood (Gormley, Pollard, Rocks, & Black, 2011; Thorne et al., 208&)
pressurestate-impactresponse (PSIR) model conceptuaittee change in the flood system. It
deals with the chnge in the system state with the direction indicated by the ardhorne et al.,

2007; Turner et al., 1998)
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Socieeconomic drivergy environmentalpressure®y changes in environmental stafg
environmental and socieconomic impactsh stakeholder gains/losse policy regonses.

Based on the sourcgmathwayreceptorconsequence model, flood risk can be expressed by

Flood risk =f ([p,m,W,}source [i,8,Clpathway [S,Mreceptor [V,dconsequende (2-2)
wherepis the probability of flood events with magnituda);w is early warningt is the retention
capacity of the source area of inland flodd; the inundation with attributesa) and flood control
(0); siis the susceptibility with interventions to strengthen resilience and resistance i the
value of damageavith interventions to decrease or to compensate théuh) (Schaze, 2006)

Fgure 2-2 illustrates abasic framework for flood managemeiRRisk analysis is a process
to provide information orpast, current and future flood risk, including hazard determination,
vulnerability cetermination and risk determination. Risk assessnseahal with risk perception
and evaluationThe ultimate goal is risk reductipwhich consigof pre-reduction, flood event

reduction and postflood reduction(Schanze, 2006)

Hgure2-2. Basidramework of flood risk manageme(chanze, 2006)
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DEFRA (2009)escribal the stages in the strategic framewofkr flood and coastal
erosion risk managemerfEigure2-3), outliningstrategies from national to local levedigh level

plans are egected to inform and influence local options and chgiie project appraisalDEFRA,
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Figure2-3. An indicative illustration of the relationship between high level plans, strategies,
schemes and other planning initiativESEFRA, 2009)

Flood assessment models can be categorized into four typefio@t) behavior model,
(2) flood hazard estimation model, fB)odloss estimation mode&nd (4)flood mitigation model.
The categorization of each model aitsl focus are summarized ifable2-1 (Harsson, Larsson,

Danielson, & Ekenberg, 2011)
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Table2-1. Types of flood assessment modétansson et al., 2011)

Flood behavior Flood hazard Flood loss Mitigation
Type of model L _ =
- model estimation model estimation model model
Understanding Vulnerability Assessing
Focus how floods occur,  assessment, likelthood — Assessing losses  costs/benefits
predictions, assessment, flood given a location  from mitigation
frequencies characterization strategies

A modernflood risk assessment framework is an integrated apprahehencompasses
geospatiabata(includinghydrology, climate, topography, vegetation and galsd multi-criteria
decision makingChen et al., 2015Vinsemius, Van Beek, Jongman, Ward, and Bouwman (2013)
proposeal a globd framework for risk assessment of river floodts their framework, lazard is
evaluated at ~1krhresolution using global forcing datasets of the current or future climate, a
global hydrological model, a global flooauting model, and an inundation dowraing routine
Muller (2013)developed a flood risk assessment framework at the scale of the administrative unit
of an urbanbuilding block using gedata based approacHJnder the spatial riskevaluation
framework,Clen et al. (2015)veighted the spatial indices using analytical hierarchy process (AHP)
and integrated the indices into an suitability assessment mdsieted on a GIS platfor@iang,
Wang, Lung, Guo, and Li (2042yeloped a generic framework to delineate warning araad
perform reaktime risk assessmeafor chemical spidlin river.

The scope of flood risk management and the scale of flood models are widely debated by
policy maker, stakeholders arlde communities involvedThe flood damage evaluatianethod
can becategorizedas micre, meso and macrescale. The micrgcale methodsapply tosingle
properties, such as a local building. The mssale methods are designed for regional analysis,
such as residential or industrial areas. The mawale methods are national or internationaé
assessmers, which considethe whole administrative unit, such as a natiiMiessner & Meyer,

2006; Messner et al., 2007or modern flood project appraisd’enningRowsell et al. (2014)

14



suggested catchment and coastal dmlsed approacks and risk management to consider
multiple benefits, including economic, environmental and social aspects. Communityaiodus
partnership working are recommended. All aspects and the wlil@eostsof investments sbuld
be considered, including adaptida climate change and future potential risk@enningRowsell

et al., 2014)

2.2 Type of Floods
The National Weather Service Hydrologic Glossary defines floaangshigh flow, overflow or
inundation by water which caes or threatens damagé€éNWS, 2015)Chow (19563lefines flood
asda relatively high flow which overtaxes the natural channel provided for ran®ffe major
causes of floods are excessively heavy or prolonged precipitation, snowmelt, flood defense
structure failure, coastal storm surge, earthquake, landslédel storm drain surcharge. Floods
can be intensified by factors associated with catchment airdrge networks, as well as funneling
effectsof estuary shape and coastal configurations. Water storageeinoil, basin shapgattern
of the drainage network, channel slopand offshore slope othe seabedalso affect flood
magnitude and timingTheabsolute flood magnitude generally increases with basin area and the
specific magnitude, such as discharge per unit area, generally decreases with baSméize
Ward, 1998)
The major types of flood are
1 Coastal flood:occurs in lowlying coastal area, including estuaries where flood is a
consequences of large fresfater input upstream and storrsurge downstreanfSmith &
Ward, 1998) When high tide is coincidemvith low atmospheric pressure, a tidal gar

may occur and result in floodir{@enningRowsell et al., 2014)
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91 Riverine/fluvial flood: occurs when water draing from the surrounding land exceeds
the capacity othe stream or river channel. River flood results from overspill and surface
ponding in natural banks or afitial embankmen{Smith & Ward, 1998)

9 Surface/pluvial flood:occus when surface water accumulatédm heavy rainfall and
pondingoccurs more rapidly thathe flood watercandrain to the nearest waterbody.

1 Groundwater flood occurs when ground water level risabove the surface level
(PenningRowsell et al., 2014)

{1 Structure failure flood occurs when structures, such assewer network, dampor
detention pond are overwhelmed by heavy rainfall, stream floov tidal wave, orare
blocked by sediments.

Perry (2000 summarizedthe most devastating floodi®m the U.Sin the 20" century. The map
(Figure2-4) shows the location oftte floods listed irTable2-2.

In terms of timing andluration, flash floochas thegreatest potential for loss of life and
local damageA flash floodis ¢a flood that rises and falls quite rapidly with little or no advance
warning usually as the result of intensainfall over a relatively small aré4dAMS, 2015)Flash
floods are localized phenomena that usually occur in small and medium size watershe@®6f 10
km? or less. Rapid basin response to intense precipitation due to steep basichandel slope,
saturated soils and impermeable surface as a result of urbanization may cause flash floods. Six
hours is an approximate threshold to distinguish a flash flood from a-g#img flood(National

Research Council, 2005)
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Table2-2. Significant floods in the U.S. during thé"2@ntury(Perry, 2000)

Flood Map Date Area or stream with flooding Reported Approximate  Comments
type no. deaths cost
(uninflated)
Regional 1 Mar.—Apr. 1913 Ohio, statewide 467 $143M Excessive regional rain.
flood 2 Apr—May 1927 Mississippi River from Missouri to Louisiana unknown $230M Record discharge downstream from Cairo, lllinois.
3 Mar. 1936 New England 150+ $300M Excessive rainfall on snow.
4 July 1951 Kansas and Neosho River Basins in Kansas 15 $B00M Excessive regional rain.
] Dec. 1964-Jan. 1965  Pacific Northwest a7 $430M Excessive rainfall on snow.
6 June 1965 South Platte and Arkansas Rivers in Colorado 24 $570M 14 inches of rain in a few hours in eastern Colorado.
7 June 1972 Northeastern United States 117 $3.2B Extratropical remnants of Hurricane Agnes.
8 Apr—June 1983 Shoreline of Great Salt Lake, Utah unknown $621M In June 1986, the Great Salt Lake reached its highest
June 19831986 elevation and caused $268M more in property damage.
9 May 1983 Central and northeast Mississippi 1 $500M Excessive regional rain.
10 MNov. 1985 Shenandoah, James, and Roanoke Rivers in 69 $1.25B Excessive regional rain.
Virginia and West Virginia
n Apr. 1990 Trinity, Arkansas, and Red Rivers in Texas, 17 $1B Recurring intense thunderstorms.
Arkansas, and Oklahoma
12 Jan. 1993 Gila, Salt, and Santa Cruz Rivers in Arizona unknown $400M Persistent winter precipitation.
13 May-Sept. 1993 Mississippi River Basin in central United States 48 $20B Long period of excessive rainfall.
14 May 1995 South-central United States 32 $5-6B Rain from recurring thunderstorms.
15 Jan.-Mar. 1995 California 27 $3B Frequent winter storms.
16 Feb. 1996 Pacific Northwest and western Montana 9 $1B Torrential rains and snowmelt.
17 Dec. 1996-Jan. 1997  Pacific Northwest and Montana 36 $2-3B Torrential rains and snowmelt.
18 Mar. 1997 Ohio River and tributaries 50+ $500M Slow-moving frontal system.
19 Apr.—May 1997 Red River of the Morth in North Dakota 8 $2B Very rapid snowmelt.
and Minnesota
20 Sept. 1999 Eastern North Carolina 42 6B Slow-moving Hurricane Floyd.
Flash vl June 14,1903 Willow Creek in Oregon 2725 unknown City of Heppner, Oregon, destroyed.
flood 22 June 9-10, 1972 Rapid City, South Dakota 237 $160M 15 inches of rain in 5 hours.
23 July 31, 1976 Big Thompson and Cache la Poudre Rivers 144 $39M Flash flood in canyon after excessive rainfall.
in Colorado
24 July 19-20, 1977 Conemaugh River in Pennsylvania 78 $300M 12 inches of rain in 6-8 hours.
;ﬁ;:éam 5 May 1992 Yukon River in Alaska 0 unknown 100-year flood on Yukon River.
Storm- 26 Sept. 1900 Galveston, Texas 6,000+ unknown Hurricane.
surge 2 Sept. 1938 Northeast United States 494 $306M Hurricane.
flood 28 Aug. 1969 Gulf Coast, Mississippi and Louisiana 259 $1.4B Hurricane Camille.
Dam- 29 Feb. 2,1972 Buffalo Creek in West Virginia 125 $60M Dam failure after excessive rainfall.
failure 30 June 5, 1976 Teton River in Idaho " £400M Earthen dam breached.
flood N Mov. 8,1977 Toccoa Creek in Georgia 39 $2.8M Dam failure after excessive rainfall.
Mudflow 32 May 18, 1980 Toutle and lower Cowliiz Rivers in Washington 60 unknown Result of eruption of Mt. St. Helens.
flood

Note: M=Million;B=Billion
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2.3 Flood Frequency

Flood frequency is a statistical measowent of the probable occurrence of a flood of a given
magnitude(Smith & Ward, 1998t is frequently used in flood risk assessment, as well as in the
concept of design flood when sizing civil structire

The 100year flood is typically usefibr describing a flood that has 1 pert chance of
being equal or exceeded in any given year, which can also be referredtie lbase flood. The
100year flood plain is another concegthe land area surrounding a river or water body whose
outer edge hasn annual probability of percentof being inundatedPlatt, 1995)Generally,n
terms of level of protectionthe concept of theT-yearreflects aparticular flood flow witha 1in T
change of being exceeded in any yd&iatt, 1995) An expected probability, or expected
exceedance probability, B conceptto incorporate hydrologic uncertainpyfirst introducedby
Beard (196Q)Beard (1960dlefined the expected exceedance probability of a given magnitude as
the average of the true exceedance probabilities of an infinite number of magnitudes that might
be determined in the same manner fro@mndom samples of the same size derived from the same
parent population.

Flood frequency is generally characterizedaarametric distributionor probability
function. Gumbelwasa pioneerin studying the theoretical basis of extreme value distributiof
flood frequency analysi§Gumbel & Lieblein, 1954His early work includes flood discharge
plotting position(Gumbel, 1943)theory of largest values, flood return period and distribution
(Gumbel, 1941)and the extreme value distribution of flood discha(@mbel & Lieblein, 1954)
The Gumbel (Type ), Frechet (Type Il), and Weibull (Tygesttiputionsare three special cases
of the generalized extreme value distribution (GEV). The GEV is comnsedlyfar annual peak
time series. It iparameterized with locatiofmu), scalg(sigma)and shap€k) parameters When

k>0, the distribution has heavy tail (Type II); wkef, the distribution has light tail (Type I); when
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k<0, the upper tail is boundedy(pe Il). Type | extreme value distribution (Gumbel) is frequently
applied in flood frequency analygi3am & Singh, 1987mith (1987ppplied the extreme value
distribution to estimatethe upper tail of the flood frequency distributions, which is the flood
guantiles of 1e20% of the flood peakslawn (1992)applied the extreme value distribution
(Gumiel) to estimate theprobabilityof annual maximum hourly sdavels.

The logarithmic Pearson type (LUPIIdistribution, with parameters of mean, standard
deviation, and skew, is recommended totfie annual maximunstreamflows for gauged sites
(Interagency Advisory ainmittee on Water Data [IACWD], 1983j is a shifted gamma
distribution [F.(2-3)]. The procedure of fitting the sample data with the LPIII distribution is well

documented in Bulletin 17BACWD, 1982)

__ 1 eéy-quw -9 .
5638 5 1% ¢ b &3

where y is the logarithm (base 10) ostream flow U is the shape parametef is the scale
parameter anct is the location/shift parametefArora & Singh, 1989)

Adjustments may be needed if the dataset is not homogeneousaloéxed populations,
location differences, missing events, climate cycles, or the effect of basin developmemnak&o
a homogerous datasefrom the mixed populationghe IACW1982)recommends separating
hurricane events from the nehurricane eventsA conditional probability adjustment may be
needed for incomplete records for high floods, low floods, or zBood years. If records exist but
are not long enough for the frequency analysis, the mean and standard deviation of aestuwd
station canbe adjusted using crosmrrelation with a longecord station using the twatation
comparison method. It should be noted that equations are available for the direct adjustment of
the mean and standard deviation, but not the skew coefficient. A weigbkesv coefficient can

be estimated using the generalized skew coefficient and the computed station skew coefficient.
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The equivalent record length is also estimated for the shecbrd station. Norstationary peak
dischargesanbe adjusted to form a statiwary seriedollowing procedures suggested ikCWD
(1982)

Other statistical models are used in additionttee two commonly used distributian
(Gumbel and_RIl). Hermanson and Johnson (1968&edthe log-normal digribution to model
flood flow. Weibull plotting position is used to model annual flood extrenfgsang, 1982)A
regional Weibull model is used to estitraannual flood quantileiBoes, Heo, & Salas, 198Bhe
binomial distribution can be applied for estimating the probability of the exact number of flood
events occurring over a period of several geasingthe exceedance probalitiy of the annual
events(USACE, 1993)

Annual peak event analysis generally ensures event independence, but may not cover all
of the significant extreme event3he second largedtood event in a year may be much larger
than the largest flood in another yeaWhen modeling extreme or rare events, the modeler may
chooses either théAnnual Maximum (AM) series or the Peaks above Threshold (PoT) series. The
generalized Pareto distribitn can be used to model the PoT time seriesttw upper tail
distribution (Coles, Bawa, Trenner, & Dorazio, 2001; Dupuis, 2007; Smith, 1987)

For an ungauged locationegression egationscan be appliedo estimate peakflood
dischargewhena flood hydrograph is not requiredRegional regression equations are obtained
by regression analysis of various gages in the region for estimating flood flows y&thi®-, 50,

100, and 500year recurrencenterval (Maryland Hydrology Panel, 201®or example, the fixed

region regression equation for the 1§@ar flood of the Western Coastal Plain of Maryland is:
Q=143 56DA*® (1A+1)°2%(S, +1)**° (2-4)

where DA is the drainage area in RilA is the impervious area in percer is the percentage

of Group D soilSauer, Thomas Jr, Stricker, and Wilson (1983)ided techniques to adjust the
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flood discharge values computed with rural equatiémsurban conditionslf significant lad use
changehas occurred the regression equations developed before the chamgmild not be
applicable(Sauer et al., 1983)f a gagewith a data records located inside the study site or on
the same stream stemand the drainage area of the study site is within 50% to 150% of the
drainage area of the gage, the flood discharge of the study site could be estimated by weighting
the single station record and the regional regression estim@esyland Hydrology Panel, 2010)

If a nearby stream or tidal gage is available on the same stafaarungauged locatign
the transposition of the discharges can be made usiegirainage area ratio methaghd{ I dzS NI &
weightingfunction method(McCuen and Levy, 200@0Yhen a calibrated rainfatunoff model is
available, the modatanbe used instead of the regional regression equatiotransposition TR
20 is a deterministic rainfatlnoff modelrecommended byhe Maryland Hydrology Panel (2010)
FEMA (2013kecommenctdthe use of the rainfaltunoff modelsunder the list othe Numerical
Models Meeting the Minimum Requirements for tidational Flood Insurance Prograffhe
model results shouldbe compared to other hydrologic estimates, such as UB@&ssion

equationsor the gaged site neahe studied sitd FEMA, 2013b)

2.4 Flood Damage
2.4.1 Types ofFlood Damage
Flood damage is a consequence of physical expasud system vulnerability. Physical exposure
accounts for the type of flood and its magnitude and location, while system vulnerably reflects
the population and assets subjected to flood damage, as well as the state of the flood defense
structures(Smith & Ward, 1998)

Flood damage can be classified as dicg@hdirect Direct damage is the physical damage

causedby contactbetweenflood waterand humars or property. Indirect damage includes the
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loss of business and productioemergency response and preparedness cddtsod loss caalso

be categorized asangible andntangible. Tangible loss can be directly quantified by a monetary

value such as damage to buildings and contents. Intanddse cannot be quantified by a price

such as loss of an archaeological gRenningRowsell & Wilson, 2003; Smith & Ward, 1998;
Soetanto & Proverbs, 2004/2 Y1 Yl Y= . 261 NB2 @I I listé®tieExahpe® . SNJ/ |

for eachcategory(Table2-3).

Table2-3. Qassification oflood damages

Tangible and priced Intangible andunpriced
Residences Fatalities
Capital Assets and inventory Injuries
Business interruptiofiinside the flooded area) Inconvenience and moral damag:
Vehicles Utilities and communication
Direct Agricultural land and cattle Historical and culturabkses
Roads, utility and communication Environmental losses
infrastructure
Evacuation and rescue operations
Reconstruction of floodefenses
Cleanup costs
Damage for companies outside the flooded = Societal disruption
area
: Adjustmerts in production and consumption = Psychological traumas
Indirect .
patterns outside the flooded area
Temporary housing of evacuees Undermined trust in public
authorities

Source:Jonkman et al. (2008)

Flood losses can also be grouped into primary and secondary I&sdith and Ward (1998)

explained the primary and secondary losses for the 3 combinations of flood damageTgples (

2-4).
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Table2-4. Primary and secondafjood losses

Primary Secondary
Direct,tangible Direct physical damage to Restoration of the direct damage
losses property
Direct,intangible Mortality - Enhanced rags of Morbidity - Physical and mental
losses death caused by disaster illness result from injury and diseas
Indirect,tangible Disruption of economy and socie Longterm effects such as reducec
losses activities tourism income at the flooded aree

SourceSmith and Ward (1998)

2.4.2 Flood Damage Valuationand DecisionCriteria
Flood damage valuation is a critical step for hydoonomic flood risk assessmeir general,

damage can be calculated by the simplified function:

Damagez'é né'_vaqu 3 susceptibility
=1 2 ' ' (2-5)

Susceptibility,

2-6
= f (entity characteristics, inundation characigtics, , socioeconomic characteristjg: (2-6)

wherei is category of tangible elements at riskdategories possible);is entity in an elements
at-risk category rf entities possible)k is flood type/specific flood scenarib;is type of socie
economic gstem. Susceptibility is measured in perc@viessner et al., 2007)

The total economic value is defined as the summation of use value ands®ralue
(Pearce & Turner, 1990 he usevalue is the value an individual gains from consuming or
accessing some quantity of a goddhe nonuse value is the value given to a good over and above
the use value the consumer attaches to that gg@egnningRowsell et al., 1992he usevalue
includes all valuesetated to the physical conjunction of individual and agg&tnningRowsell et
al., 2014) while the non-use or passiveise valueis frequently used for natural resources

valuation, e.g. damage of oil sgiarson et al., 1992annual recreationand amenity benefits
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(PenningRowsell & Wilson, 2003)ndividuals vino make no active use of particular naalr
resources may derive satisfaction fraheir existence(Arrow & Solow, 1993)

In terms of the scale of the damage valuatidtenningRowsell and Fordham (1994)
distinguished the economic and financial losdesm flood evens. The economic analysis
considers the total net change in resources and consumption across the nation in consequence of
adecision or change. The financial analysis only deal with the chthmjexfect the organization
for which the analysis is being undertak@®enningRowsell et al., 1992)The government may
be more concerned with the economic analygdimwever, the nsurance companies are interested
in the financial losses. Financial loss per property can be significantly higher than the economic
loss per propertfPenningRowsell & Wilson, 2003)

PenningRowsell et al. (2014ummarized the followingpur strategies for deriving values:

(1) using market prices, which is also referred to as the revealed preference teeh(@yusing
inferential methodsjn whichstatisticalanalysisnfersthe value of a norobservable price, such

as travel cost methodClawson, 1959and hedonic price techniqgu€éRosen, 1974)(3) Using
expressegpreference methods, such as conjoint analy§dreen & Srinivasan, 1978&)r
contingent valuation methodArrow & Solow, 1993)and (4) Benefit transferMarket Prices
assuming equilibrium pricas the simplest method. Travel Cost is an indirect method to value
public good based on the distance traveled and sasdtvisiting a particular site. It involves the
regression analysis of visitor rates to the site and visitor origin and is often used for recreational
benefit evaluation. Hedonic Pricalso an indirect methodinfers the value of one good by
evaluating he consumption of another good which is associated with the good of interest. It is
often used to evaluate amenity benefits.&@ontingent/aluation methodevaluates goods using

social survey. It is a direct method applicable to all gg@#sningRowsell et al., 1992Benefit
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Transfer is a method to derive unit value of some benefit or cost using another context, standard
or average value, or sitgpecific value with a prediet equation(PenningRowsell et al., 2014)

A damage functioris the most common practice tquantify flood damage foa specific
damage categoryDamage is quantitatively predicted as a function of some flood property,
usually depthFlood damagdunctionscan bedevelopedusingsurvey data and synthetic data
(Messner et al., 2007 Specialized assessors, e.g., insurance loss adjusaerestimate the loss
of a particular property in a flood of a given magnitu@hoi and Fisher (20038)sed insured
catastrophe data of Midhtlantic region and everby-event hurricane losses data for North
Carolina to develop regression equations to estimate catastrophe losssgever,surveys are
costly since the samglsize required is large.

A synthetic approach is to assess the losses that would be experienced by a specific
property type. It is independent of a particular flood experience. Market research data can be
used for this methodPenningRowsell & Chatterton, 1977; PenniRpwsell & Fordham, 1994)

An early study of flood damage estimate is an analysis @080urban prperties inthe
Susquehanna River Basin based on synthetic depth/damaggd&t®epament of Agriculture

Soil Conservation Service, 197@tagedamage curves are developed for combinatoof
residential property type, age, and social class of occug@ssningRowsell & Chatterton, 1977)
Damage can be quantified by absolute value or percent dgm@& dmensionless damage axis
can be used to enable comparison between different damage measurements. For example,
Higgins and Robinson (198iptted relative damage against flood stagagtwdamage expressed

as a proportion of a baseline damage.

With standard datasets, flood damage calso be estimated bwnit loss approaches
(PenningRowsell & Fordham, 1994 he unit loss approach estimates the loss as a proportion of

the value at risk, which is applicable for a system waitiable ddabase of building and contents,
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e.g., a taxation database. The disadvantage of the method is that the database may not have
information on the vertical distribution of the building andntents. An areal depthdamage

curve can be used when the database is not available. Site staveywsually required for the

floor levels(PenningRowsell & Fordham, 1994)

Willingness to payWTP) measude f 23aSa o0& SftAOAGAY3aA GKS
value they put on maintenamcor enhancement of recreational and environmental activities
(PenningRowsell et al., 2014Acording toa study of WTBy surveyDEFRA (2005%commend
a value of £200 per household pggarto representthe benefits of reduced health impacts as
consequence of eeduced flooding riskVeronesi, Chawla, Maurer, and Lienert (20d@ncluded
from a discrete choice experimertin a representative Swiss population samiblat about 71%
of the respondents are willing to pay a higher annual local tax to reduce the riskeveér
overflowing in rivers and lakes, while about 54% are willing to pay to reduce the risk of flooding
in streets.Based on the contingent valuation methdealancaran (2015estimated a WTP of
US$0.170.29/m* of water use for improved sewage and sanitation seniitereducion of
waterborne disease$n Metro Manila, PhilippinesGenius et al. (2005jound that WTP for
gl aidSel §SNI (NS {torbe paid asfah additionalicharga én the wated bidlsed
on 326 households interviewis northwest Crete Hensher, Shore, and Train (20@e&finedthe
marginal willingness to pay (MWTP) for an attribatthe derivative of utility with respect to the
attribute divided ly the (negative of the) derivative of utility with respect to pri€ae residential

Odza 2 YSNR 27F /dIMNIESdkWhsEwatedsariiddattridutesOare summarized in

Table2-5. The studyfurther concludedhat the custor SNEQ gAt f Ay3dySaa (2 LI

increment of interruption they face per ye@densher et al., 2005)
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Table25. wWS&ARSY G AL €

(Hensher et al., 2005)

OdzaG2YSNARAQ YINHAYL

Frequency Mean

Sid. Dev.

25tile

Median

T5tile

Panel A: To reduce the frequency of overflows. Expressed as share of water and sewerage

bill

Once in 10 years 0.2794
Every other year 0.2049
Once a vear 0.1537
Twice a vear 0.1025

In Australian dollars

Once in 10 years 212,32
Every other year 155.70
Once a year 116.77
Twice a year 77.85

Expressed as share of bill:

Time until fixed Mean
Panel B: To reduce repair times
1 hour 0.1232
2 hours 0.0821
4 hours 0.0493
8 hours 0.0274
12 hours 0.0190
24 hours 0.0099
In Australian dollars:

1 hour 94.06
2 hours 62.71
4 hours 37.63
% hours 20.90
12 hours 14.47
24 hours 7.53

0.3406
0.2498
0.1873
0.1249

273.90
200.86
150.64
100.43

Std. Dev.

0.0916
0.0611
0.0367
0.0204
0.0141
0.0073

75.87
50.58
30.35
16.86
11.67
6.07

0.0504
0.0370
0.0277
0.0185

35.59
26.10
19.58
13.05

25tile

0.0625
0.0416
0.0250
0.0139
0.0096
0.0050

43.72
29.15
17.49
9.72
6.73
3.50

0.2794
0.2049
0.1537
0.1025

197.96
145.17
108.88
72.59

Median

0.1232
0.0821
0.0493
0.0274
0.0190
0.0099

87.88
58.59
35.15
19.53
13.52
7.03

0.5076
0.3722
0.2792
0.1861

373.73
274.07
205.55
137.03

T5tile

0.1857
0.1238
0.0743
0.0413
0.0286
0.0149

137.81
91.87
55.12
30.62
21.20
11.02

gAttAYy3IYS

In terms of project appraisaPenningRowsell and Wilson (2008)ggested the following

two criteria to compare options: (1) benefibst ratio; (2) net present values. The benefist

ratio (B/C) is the ratio of the present value of all of the streams of berwfis the present value

of all of the streams of cost. The net present value is the difference between the present value of

all of the streams of benefits and the present value of all of the streams of EestsingRowsell

et al., 2014)The desirable project is usually the one with kiigher overall benefitost ratig the

marginal benefiicost rdio above unity or higher net present value. The best risk reduction

alternative maximizes the probability of the target benéAlyyub, McGill, & Kaminskiz007)
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Q -

where benefitB is the difference between the risk before and after implementation; €bistthe
equivalent annual cost to implement the risk mitigation solution roaespecified time domain;

andh is a target benefit cost ratiPAyyub et al., 2007)

The benefit or cost in future year can legpressed in terms ahe present value by
applying the discount ratéPenningRowsell & Wilson, 2003y he cost/benefit that occurs inne
@SIFNDa GAYS A& GNBFGISR Fa KIFEIGAy3 | £26SNI NBIf

(PenningRowsell et al., 1992)

t.=.T Xt
PV= 2-8
a (wery &9

where PV is the present value of the benefit or cost occurring in a future ye&rithe discount
rate, t is the number of years into the future the benefit or cost occurs after the base date of
analysis X: is benefitor cost in yeat, T is theprojected life of the scheméenningRowsell et

al., 1992)

In the National Economic Development (NBBENefit evaluatiorstudy (Water Resources
Council, 1983)benefis associated with the urban ft@l hazard reduction features of water
resource plans and projects adefined for the following three categories:

(1) Inundation reduction benefitif floodplain use is the same with and without the plan, the
benefit is the increased net income generated hgttuse. If an activity is removed from the
floodplain, this benefit is realized only to the extent that removal of the activity increases the

net income of other activities in the economy.
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(2) Intensification benefitlf the type of floodplain use is unchabut the method of operation
is modified because of the plan, the benefit is the increased net income generated by the
floodplain activity.

(3) Location benefitif an activity is added to the floodplain because of a plan, the benefit is the
difference between aggregate net incomes (including economic rent) in the economically
affected area with and without the plan.

The following ten steps are recommendeal compute the NED benefitd) Delineate
affected areaj2) Determine floodplain characteristig8) Project activities in affected areéd)
Estimate potential land us€5) Project land us€6) Determine existing flood damagég) Project
future flood damages(8) Determine other costs of using the floodplai®) Collect land market
value and relatedata; (10)Compute NED benefits. When historical damage data is not sufficient,
the existing flood damage can be estimated by standard darraggiency integration technique,
with historical hydrological flood variables as inputs. Future flood damagebecassessed by
the projection of future hydrological, economic and demographic charfgéster Resources

Council, 1983)

2.4.3 DamageFrequency Integration Technique and Expected Annual
Damage

The standard damagiequency integration technique, alsknown as the classical foypart
diagram(PenningRowsell & Wilson, 2003)s a commonly used rnieod to assess the likelihood

of flood damageThe classical riskased approach tdlood impactanalysisis to conjoin the
relationships between flow, probability, stage, and damage, as illustratédgure2-5 (Davis,
Faber, & Stedinger, 20088y plotting flood loss against exceedance probability, the average

annual flood damage can be estimated by the area under the curve.
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This method can be used for project appraishflood defense structurs. The Above
Design Standard (ADS) benefits can be derived using the flood daxegedance probability
curve (PenningRowsell & Wilson, 2003 o determine the optimal capacity of a flood control
structure, Leclerc and Schaake (197@lIculatedthe expected annual flood damage and net

national income benefits:

a:ﬁ;d(x) f( % dx (29)

p(=d {3 { 13 d ¥ dk (210

where'dis expected annual flood damagg;is the flood magnitude of annual flood at a given

location;” ( % fet national income benefits(x)is the cost of flood controlThe integr&of K.

(2-10) removes the contribution to the expected annual fbdamage due to depth exceedirg
USACE Hydrologic Engineering Center (188&¢d that damage can be computed in

three modes: (1)The damage associated with a specific flood event, e.g., the estimated damage

when the standard project flood occur. (2) The expected annual deraasociated with a specific

year or several selected years. (3) The equivalent annual flood damage associated with a

particdar discount rate and period of analysis.
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Figure2-5. Conjoining of relationships between flow, probability, stage and damage
(a) Deterministic solution (b) solution considering uncertaintyrétationships altered by a levee

(d) relationships altered by a reserv@Davis et al., @08)

Expected (Average) Annual Damage (EAD) is a concept for evaluating project risk. It is the
frequency weighted sum of damage for the full range of possible damaging flood events and can

be viewed as what might be expected to occur in the preseangrfuture yea(fUSACE Hydrologic
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Engineering Center, 198%) can be computed by the integrapproach based on the clastoair-

part diagram Figure2-5). This concept can alfe understoodas existing flood damages, which

is the potential average annual dollar damages to activities affected by flooding at the time of the
study (Water Resources Council, 1983)

Whether the expected annual damage changes over tadapends on whether the
damage andrequency change each year. Damagesisallytreated as a singular value. There are
several different concegtinvolved, such as event damage, equivalent annual damage, and
expected annual damage. The equivalent value assumed a uniform distributione@srerear)
2F Lyydadt @FtdzS FyR A& OFtOdzZ | 6SR 068 RAaO2dzy/i
damage value over the period of analysis. It is commonly used to compare alternative plans or
compare cost with the damag& SACE Hydrologic Engineering Center, 1989)

The expected annual damag€D) can be calculated by
E(D|q*) =), (9 f(9 do (2-11)

whereqg:* is the flow @pacity of hydraulic structure with grobability density functiori(q). D(q)
is the damage function corresponding to the flood magnitude @ao, Tung, & Hasfurther, 1987)
Eq.(2-11) is the commonly used function for expected annual damage.

Bao et al. (1987also proposed a way to consider hydrological uncertaifke expected

damage for albod magnitude of return period T can be computed by
E(D; [q*) = Q X q) H q) dg (2-12)

where E(Dr|qc*) is the expected damage corresponding td gear flood;h(qr) is the sample
probability density function of flood magnitude of a given return periodyr is the dummy

argument ofT year flood(Bao et al., 1987)
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The annual expected damage can then be expressdfjai-13) by considering the
hydrological uncertainty represented bf(q) and the hydrologic parameter uncertainty,

represented byn(qr) (Bao et al., 1987)
E(DIq") =f.[ . fa)Ha) dg €} (213)

Equation. (2-11) is an asymptotic soldh when sample size dig. (2-12) and Eq. (2-13)
approaches infinity

When consideng design cost, the annual total expected co8TEQ is computed by

ATEC= FC* CRF +E D (2-14)
where FC is the total installation cost an€RF is the capital recovery factor to convert the
present worth of the installation cost to an annual bg8so et al., 1987)

Oneearly application of the expected annual damage conceprieell (198632 Zonal
average annual damagmmputation. It isndexed by flood hazard factodefined aghe depth
differencebetween thel0 year and 100 year flood. The sum of damage of the individual property
is close to the aggregate of the annual damaeell (1986%elected he Gumbul distribution to
represent the stag-frequency relationship fot0 gaging stations in BritaiRingel and Watkins Jr
(2009)studied the possible approach to estimate EAD based on multiple flood sources.

Merz, Elmer, and Thieken (200&)ncluded from three case studies in German riverine
flood-prone area that high probability/low damage flood exg dominate the EAD, while the low
probability/high damage floods have minor contribution. Approximately 80% ef fthod
protection benefitsresults from the reduced damage due to events with return period of up to
100year. This result is not mgreemaent with the general perception of flood risk in the societal
view. This leads to the quantification of risk aversion into the evaluation prqéésiz et al.,

2009)
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Expected probability is another concept to address the flood danf@gard, 1997)This
theory is extensively compared wwitthe expected annual damage concept. The controversy
centers onwhether the expected probability is a biased estimate. The National Research Council
prefers the expected damage approach considering hydrologic uncertainty while the USACE

recommendthe expected probability approactBeard, 1990, 1997; Platt, 1995; Stedinger, 1997)

2.4.4 Model Flood Damage in dnterdependent System

Whenpredictingflood damage in a complex system, the cascading effect and system regpons
a major food eventare vital for flood risk assessment. The system can be as big as a nation
(macroscale flood model) or as small as a process plant (rsicate flood model). The complexity
of the model depends on the details requireddocuratelydescribe thesystem.

Tree or diagram based anadgsare helpful for structuring the cascading effect and
probability propagation, thus assisting tlselectionof the systematic risk strategyrault tree,
event tree, decision trees, fishbone diagram, btiev diagrams, andnfluence diagram are
commonly used methodgRausand & Hgyland, 2004)noperability Inpuoutput models
(Crowther, Haimes, & Taub, 20@&f)d Bayesian networfLi, Wang, Leung, & Jiang, 2048 also
applicable for assessing the flood impact propagation in a sysiperts may have difficulty
decidngwhether to assign a Ifor 108 probability to a rare evenffault tree and event tree helps
decompose the problerfiGoodwin & Wright, 2007)

Risk indicators are frequently used for systbased risk assessmeid provide a
standard of measurement for network interdependenZymmerman (2004gonstructed a set of
indicators toassess critical infrastructure interdependenZimmerman (2004defined he Effect
Ratio(ER), asthe ratio o (being a cause of failuyéo (being affected by failupgo assess the role

of oneinfrastructure sector among the systefdimmerman, 2004)
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ER = number of times infrastructure causedui of other infrastructure (2-15)
number of times infrastructure was affst by other infrastructure failure

LaRocca and Guikema (20tthduceda survey of network theoretic approaches for risk
analygs of complex infrastructure systems and exandirsproaches for asssing both the
robustness and resilience of infrastructure systefigsy characterized thetructure of a network
by the average path lengththe clustering coefficient the degree distribution and the
betweemess Network performancevas measured by

NSS
s= > X
NS (2-16)

whereNSis the number of nodes in the largest connected component of the netwefirethe
failureandN Sié the number of nodes in the largest connected componerthehetwork after

the failure Cascading failuresvere simulatedby network efficiencyE), defined as:

1 1
“N(N- 1) 1) q_, (10

where N is the number of nodes in the netwoind d; is the distane of the shortest path
betweeni andj. For example, lie performance of electric power gridsan bemeasured by
connectivity losgCL), defined as:

1

.. nd N
Ndai N
Ng

CL

1
[EEN

(2-18)

where Ny is the totalnumber of generatorsNy is thetotal number of distribution substations

and0 is the number of generators connected to substati¢haRocca & Guikema, 2011

Zio and Sansavini (201dharacterize the criticality of components in power network

system bythe followingspecific indicators
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_ number of failures of componer

f. - (2-19
number of cascades simulate
time when component i enters the casc
= . (2-20)
total number of cascades simulated
5 = final size of a cascade following théldee of component i (2-21)

total number of cascades simulated

where fi is a measurement of importance of a compondntthe buildup of a cascadd; is an
indicator of howearly in time a component gets involved in a cascade pro@sss indicates
the criticality of a component in the networkn terms of the subsequent failure of other
component as a result of the failure of componei{Zio & Sansavini, 2011)

A systemlIbod damage model requisappropriate application oftatistical inferencdo
characterize failure and damagpeyond the distribution of flood stage and discharge (introduced
in Section2.3). This involves the probabilistic estimation of system behavotriangular
distribution is commonly used in decision and uncertainty analysis softwark,a81Crystal Balls
and @isk, for subjective estimateshat use lower and upper boundsalong with themode. A
standard, two-sided power family of distributions &ppropriatefor fitting peaked histogramm A
four parameter,two-sided power distributionrcould be usedor expert elicitation of extreme
event consequence as well as th risk and uncertainty problertihat involvesactivity duration,
such as "Project Evaluation and Review Technique" (RB&Ker & Haimes, 2009n wneven
two-sided power distribution would treat the type of distribution that is asymmetric, with a jump
discontinuity at a single poinKotz & Van Dorp, 2004)ncertainties of probabilitiesfchuman
error are frequently described by the rectangular distributigtauptmanns, 2010)The failure
rate distribution can be characterized by a bathtub cuifiRausand & Hayland, 2004)

The DormanWeibul Formula iselected forpredicting probabilies of dam failure due

to its components and systemd).S. Bureau of Reclamation (USBR) & U.S. Army Corps of
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Engineers (USACE), 2D1R may also be adopted to characterize the failure praobgb of
equipment in a MWWTRt isa modification of the Weibull foroia to consider thedurations of

time when a product is not in use

An-1t- g6, € & g
(0]

&, 0 expe-
& n 2778 &

wherenis the number of times the component operated in its |Rgjs the probability of failure

P, =1-exp (2-22)

over the entire intervah; lis the characteristic life parametdhat is,is the point in time when
63.2%o0f the components under studgre expectedo have failede.g., if the characteristic life
of a component is 50 years, 63 out of 100 components would be expected to faihbtmbe in
history); Nis derived by expert elicitatigf is the shape parameter, which is derived for the failure
modes that equipment experienced.g.,b=2.0 for cloggind) =3.0 for cavitatiol gis the location
parameter, whichs the difference iryears between when the component was originally installed
and when it was replaced)(year) is the inspection interval or time since last operafie log
normal distributionis used to represent uncertaies of failue rates of technical components in

the framework for flood protection decisions of process plgitauptmanns, 2010)

1 - (In/

f(x):/Jz_;seXF( 23?2

where ais the failure ratee isthe mean value of its logarithmsis the correponding standard

- ')7) (/>0) (2-23)

deviationof the logarithms

Bier, Haimes, Lambert, Matalas, and Zimmerman (1888s that the probability odn
extreme event may be viewed as the tail probability distribution of another distribution. For
example, the probability of a failure mode of the dam could be represented as the tail probability
of the flood height distribution A thresholdvalue may playa critical rolein the probability

distribution. For example, flood damage may be characterized as a function of wave heights that
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exceed a threshold, regardlesbthe number of waves that occur below the thresh@Bier et al.,
1999)

When the weight of evidence is involved, one could update the prior probability
RA &l NXR o dzi A 2 Vi et@@(2010p08s8ucted aayeésBdNetwork to predict flood losses
when domain knowledge and spatial data are available. Catastrophic risk was modeled by the

following(Li et al., 2010)
R=A GV RV| AR Advd (2-24)

whereP(A)is the probability of the disaster eveA; P(V|A)is the probability of vulnerability for
a certain individuaV given eventA; C(V)is the damage potential of.

If the distribution cannot be derived directly using an analytical approadinsteorder
secondmoment approximation, point estimate method and Monte Carlo simulation can be

applied(Christian & Baecher, 1999; Kortenhaus, 2007; Rosenblueth, 1975)

2.4.5 Contemporary Flood Damage Assessment Tl

Theacceptance angbopularity ofa flood risk modeling tool vgrwith geographical location and
the purpose of the study. Several tools developed or partially developed in thandBe multi-
colored manual developed e Flood Hazard Research Centit Middlesex University, UK
(PenningRowsell et al., 2014are introduced in this section.

HazusMH isthe Federal Emergency Management Agency's (FEMA's) methodology for
estimating potential losses from earthquakes, floods, and hurricadagusMH Flood Model is
designed to provide flood loss estimates for risk mitigation, emergency preparediesgonse
and recovery(FEMA, 2009)It is capableof characterizing riverine and coastal flood hazard

(Scawthorn, Blais, et al., 2008he Hazus Flood Model ssiepth-damage functions to estimate
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damage for general building stock, essential facilities, lifeline systeghicles, and agriculture
(Scawthorn, Flores, et al., 2006)

The HazudMH Flood Model is composed of five componeitgentory data, flood hazard,
direct physical damage, inded physical damagend economic and social impact. They are
interrelated and supported by Geographic Information System (GIS) to handle spatidlaats.

MH supports both the default and the usspecified inventory data and damage cur{EEMA,
2009)

Three levels of analysare available irHazusMH Flood ModelLevel lisbased on input
built into the modeling programLevel 2is based on the,evel 1 analysis with addition of user
supplied datathe Flood Information Tool (FIT) is used to handle the user specifiedldatal 3
requires extensive usereveloped information comparkto Leves 1 and 2. The major difference
of the analysis levels lies in the amount of user defined input, including parameters, inventory
data, hydrology and hydraulic analysis to define flood elevations(lEEMA, 2009)in thelLevel
1 analysis, riverindlood hazard is characterized by regional regression equations and rating
curves. The vehity effects are considered wWelocityspecific damage curves. The coashabd
hazard is modeled by base flood elevation or wave crest elevations along mgandicular
transects.Dune erosion and wave effects are also considdf®chwthorn, Blais, et al., 2006)

HazusMH Flood model can be extended to assist flood vulnerability study in a broader
rangethan estimating dollar damage&Cummings, Todhunter, dnRundquist (2012¢xamined
lakeshore flood hazards and evaluated community relocation as a flood mitigation response.
Remo, Pinter, and Mahgoub (208velopeda flood vulnerability index using HazuiH coupled
with a parametric social vulnerability index.

In terms of uncertainty and application scalate, Mufioz, and Suchan (20%t)died the

global sensitivity of the Haz#dH Flood Model and concluded that DEM model component has
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the greatest influence on model uncertainty, compared to river hydraulics, residential buildings
and depthdamage functios. Banks, Camp, and Abkowitz (20tdhcludel from a study of May
2010 Davidson County (Nashville), Tessee flood that HazudM is useful in predicting county
level flood damage, but limited at the subcounty level.

In the flood moduleHazusMH values the wastewater sectors as shownTlable 2-6
(FEMA, 2009)Flood vulnerability to inundation, erosion ancbsir, debris impact and hydraulic

pressure are summarized by the risk matial§le2-7).

Table2-6. Hazusvaluation of wastewater systeifrEMA, 2009)

Occupancy Thousands of dollars

Sewer & interceptors 1

Small WWTPs 60000
Medium WWTPs 200000

Large WWTPs 720000

Gontrol vaults and control stations 50

Small lift stations with wet well/dry well 300
Medium/large lift stations with wet well/dry well 1050

Small submerged lift stations 300
Medium/large subrarged lift stations 1050

Table2-7. Hazudlood subhazard vulnerabilityFEMA, 2009)

Inundation  Scour/Erosion  Debrisimpact/ Hydraulic

pressure
Treatment plants high low low
Pumpl/Liftstations high none none
PipelinesBridgecrossings low none medium
PipelinesBuriedriver crossings none high low
Collectionsystems high none none
Controlvaults (meter pits, control valves) high low low
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In Hazus the study site of this research can be classified lasge wastewater treatment. The
large watewater treatment plant is wortf720 million dollaHazusvalue. TheHazusmodel

evaluates the percent damage dgpth of flooding $eeFigure2-6).

Al
o O

N
o

Percent Damage
= w
o o

o

0 2 4 6 8 10
Depth of flooding (ft)

Figure2-6. Percent damage of large wastewater treatment plant
SourceFEMA (2009)

TheHazusflood model estimates the percent equipment damage of the wastewater treatment
facility byEq. (2-25) andE.(2-26). The percent damage is based on the funcibowed inFigure
2-6 (FEMA, 2009)
% Damage= Damage at (depth of water - equipmhaeght) (2-25)
($ Loss)=(% Damage)* (Inventory $ ual (2-26)
When dealing with site specific loss estimates, such as a municipal wastewater treatment plant,
Hazuganay not be able to consider the uniqguenedshe sector in great detail. It only deals with
the ground level damagdn a municipal wastewater treatmenignt, most equipment above
ground are designed to be wet.
Another tool that provides the guidelines of damage assessment of water and wastewater
aSO0G2N) Aa GKS Cct22R 1 F1TFNR wSaS| Nbided m&wyali NB
(PenningRowsell et al., 2014}t is awidely adoptedmanual and handbook on the benefits of
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flood and coastatisk management, which is developedthe form ofBlue (PenningRowsell &
Chatterton, 1977)Red(Parker, Green, & Thompson, 198&hd Yellow(PenningRowsell et al.,
1992)manuals. A range of data and techniques are provided for various practical aspects of flood
risk management, includindglood damage assessment of residential and -nesidential
properties, utility services, schools, hospitals, traovsgtion networks and agricultureMulti-
criteria analysis is used to broaden the criteria involved in the flood risk ¢RetyningRowsell
et al., 2014)
Based orPenningRowseél et al. (2014)the total flood damage of wastewater

treatment plant is summarized ihable2-8, and thecost ofservicedisruption can besstimated
as

Estimated cost of disruption=N xUxWTPx (2-27)
whereN is the number of househotthffected by the servicé) is the hourly usage/consumption,
WTPis willingness to pay value per hour to avoid the outaDeis the estimated length of

disruption to supply.

Table2-8. Average damages per square meter expected from different depths of flooding for a
sewage treatment workéPenningRowsell et al., 2014)

Depth (cm) -50 0 25 50 100 150 200
Short duration floods (<12hour 0 5 30 40 70 100 145

Total damage (£/r) Long duration floods (<12 hour 0 10 45 70 110 145 180

TheFlood Damage Reduction Analysis (HfB@) is developed by the USACE Hydrologic
Engineering Center (HEC) to perform an integrated hydrologic engineering and economic analysis
(USACE Hydrologiodineering Center, 2008{{EGFDArequiresstudy configuration data, water
surface profiles, exceedance probability functions, regulation inflotflow functions, stage
discharge functions, levee data, damage categories, structure modules, structureanydata

43



and stagedamage functions. The risk analysis procedures are consistenUSBCE (1996)he
classical four part diagram and damagequencyintegration technique are the theoretical bas
of the HEEGFDA damage assessment.

HEGC5! Q& RIF Y 38 | atéashdctuny Sy dontentalantade YHRzE Ras
a greater breadth of damage functie in terms of occupancy. HEDA is more powerful in
hydrologic analyses, including stream and reach creation and modification,-disderge
relationship development, and levee impact assessment.

To meet the requirements of the National Flood Insuerferogram (NFIPFEMA
Substantial Damage Estimator (SDE) is attoaksist Federal, State and local officials to assess
substantial damage for residentiahd non-residential structuresBefore using this tool, it is
necessaryo determine if thestructural damage within a mapped Special Flood Hazard Area (SFHA)
meets the criteria for Substantial Damage. SkdHdefinedas the land in the floodplain within a
community subject to the 1 percent or greater chance of flooding in any given year (i.e., the 100
year flood) NFIP regulationdefines Substantial Damaged &5 Yl 3S 2F Fy& 2NA3IA
structure whereby the cost of restoring the structure to its befoemaged condition would

equal or exceed 50 percent of the market value of the structuré BeNBE (1 K RIFEYIF3S 20

(FEMA, 2014)rable2-9 showsone examplef the percentdamage threshold
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Table2-9. Foundation damage threshold and descript{eiEMA, 2013a)

| Damage Threshold
IFoundation 0-25% 25.50% 50.75% Over T5%
Continuous perimeter foundations, footings, and Water level rises just above  Water level is 4-T feet Water level is 7-10 feet Water level is more than 10
piers for internal beams and floor loads. Materials first floor level. against the outside of the against the outside of the feet against the outside of
include masonry o concrete masonry units building. building. the building.
{CMUs) or piles. ) o . o . - .
Mo scouring around Limited scouring around Limited scouring around Limited scouring around
foundation. foundation. foundation. foundation.
Some undermining but no Soils are saturated. Soils are saturated and Foundation is notably
visible cracking at concrete unstable. cracked and'or displaced.
slab. Structure has been
= knocked off its foundation.
=
3 Undermining of the Cracks noted on or along Portions of the foundation
E foundation, especially at the foundation walls. are damaged or missing.
£ corners - hairline cracks
only.

= Significant undermining of Significant undermining of
% the foundation - significant  the foundation - major
= cracking is visible. cracking and separation of
g the foundation.
Shori-ferm inundation to Short-term inundafion - Floodwaters extend over the Settlement noted at the
limited heights. Limited foundation is inundated with top of the foundation system -  foolings due to erosion or
scouring and erosion - low- flood waters but for a limited significant inundation for over  unstable soils. Foundation
flow and low velocity duration. Limited scouring or 12 hours. Some cracking of wall damage - sections of the
8 floodwaters. No noticeable undermining of the the masonry/concrete walls cracking, displaced,
E’ cracking of the masonry or foundation or footings is foundation walls. Some and missing, causing an
= displacement of the found. Minor cracking from damages to the foundation inherent instability to the
foundation walls. some settliement but no wall from debris or settlement  support for the building. Use
displacement, heaving, or noted. caution when approaching or
discontinuities of the entering the building.
structural support systems.

A . B Coastal floods may have more evidence of scouring at the supports - the foundation system may be better designed to resist
Special Considerations for this scouring action.

Coastal/High Velocity Floods High-velocity floodwaters may create erosion/scouring that the building has not been designed to resist.
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2.5 Impact of Climate Change on Flood

Climate change may affect the magnitude and timing of flodds. flood risk study, peak flow
and sea level are the majopncerrs, eitheras deterministic boundary conditions for hydrology
and hydraulic models or deribedas random variabkto derive expected value over a given time.

In order to estimate the peak flow and sea levele@pitation and temperature are
consdered the two major climate change driveRrecipitation is the main driver of riverine flood.
Temperature is usually considered when modeling evapotranspiration, ice/snow melting and
thermal expansion of oceangcean expansiois a less significant camvutor for the regional
water balance. The effect of individual components on-lse&l| rise can be assessed by the
expected change in global temperatuifeenningRowsell & Fordham, 1994)

Precipitation has increased by about 10% across the contiguous United States since 1910.
Positivetrends in the upper 10 percentiles of the precipitation distributiame responsible for
over half (53%) of the total increase of precipitation. An increase in the intensity of the
precipitation events is also significantly contributing (about half) topteeipitation increaséKarl
& Knight, 1998)

Thorne et al. (20073tated that decreases in average rainfall could also increase flood
probability if the mean decrease is coupled with an increase in intensity or clustering of events.
Based on a regression analysthoi and Fisher (200&stimated that 1% increase in annual
precipitation will cause 6.5% increase in annual flood loss irBds&d on the global scale analysis
with grid resolution o0.5FP 5 Armelt and Gosling (201#)und thatapproximately 450 million
people would be exposed to a doubling of flood frequency in 2050, based on one climate model
pattern (HadCM3Band future scenario (AlbJhe percentage change in the magnitude of the-100
year floodbased on seven climate moddBigure2-7) indicatedconsistentincreases in flood

magnitudein high latitude North AmericéArnell & Gosling, 2014)
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The geneal assumption for calibratingimate model is that if the model parameters and
forcing are appropriate for the current climate, the model output shouldlose to the observed
climate. The parameters cahen be used to predict the climate changlele to changes in the
forcing (PenningRowsell & Fordham, 19945uture climate projections are commonly used as
input to hydrologianodekto simulate future flows in the watershed. Thee of arainfallrunoff
model assumes that the relationship between the rainfall and runoff captured by the model will
be preserved in the future. By inputting a future precipitation scenario, the model predicted
runoff is the best estimate of future floods. Théwee, the keyto future flood assessment is to
guantify the future precipitation.

For most regional rainfatunoff models, theRegional Climate ModelRCM3 are the
preferable input due tdheir higher spatial and temporal resolutions. The GCM projastinust
be downscalé to finer resolution for hydrological modeling. Statistical downscaling and dynamic
downscalingan both serve this purpog&owler, Blenkinsop, & Tebaldi, 200W)inh et al. (2016)
used bias corrected downscaled future precipitatétaia as the input to the hydrolimate model,
WEHY, to simulate hourly flow along the main Cache Creek brank for2P@80 An increadng
trend of flow was observed for the study periodvloglen and Rios Vidal (201d¥plored the
detention basin response to downscaled future precipitation. Greater uncontrolled peak
discharge, controlled peak dischargrere projected under future climateMoglen & Rios Vidal,
2014) Lu, Qin, and Xie (20l1éjsed a hybrid model based orutamated regressiotbasal
statistical downscaling tool and-iéarest neighboto downscag rainfall. Condtional Density
Estimate Networkvas applied for downscaling nmimum temperature and relative humidity from
global circulation models (GCMs) to local weather statidrie projected weather information

canthen be used for flood risk studgLu et al., 2016)

47



dimate change can also be characterized by changbegbarametes of the frequency
distribution of a physical variable such as precipitation or flood st&ferin and Zwiers (2005)
treated the GEV parameters as a time dependent variable for annual extreme of precipitation and
temperature.Gilroy and McCuer2Q12)varythe GEV parametsito estimate the distribution of
future precipitation. Boettle, Rybski, and Kropp (201&83suned that increasing the location
parameter of the GEV distribution of flood level reflects the sea level Instheir study, he
damage function is approximated by power lawse expected damage of the case study site is
derived as a function of varyidgcation and scale parameters.

When discussing sea level rigeg tifferencebetweenthe two concepts, global mean sea
level (GSL) and relative sea level rise (RSLR), sometimes @anfsision. GSL is the elevation of
the oceanas aneffect of largescak warming asreported in the Intergovernmental Panel on
Ot AYIGS /KIy3aS oL/ tt0Qa NBELRNIA® w{atadefiReBad ONR O S
location, whichcombines theglobaleffectand local factorsuch as local vertical land motion.®u
to oceanographic and geophysical drivers, large spatial and temporal variability of RSLR is
observed. Relative sea level is more applicable for local planning and flood risk assessment

(Williams, 2013)
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Figure2-7. Percentage change of estimated 1¢€ar flood under SRES Alb emissions in 2050
(Arnell & Gosling, 2014)

Note: Consistency is expressed as a percentdghe total number of models in projected change
across 21 climate mode{garnell & Gosling, 2014)
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For the MidAtlantic Regionin the U.S, sealevel, temperature and stream flow are
projected to increase due to higher level of atmospheric M@jjar et al., 2000As indicated by
Najjar et al. (200@ & & dzY Vablé2HO, theyprediction of the stream flow is less certain due
to the combined uncertainty of temperature, precipitation, £z0d their contributiorto modeked
streamflow (Najjar et al., 2000)For the Chesapeake Baajjar et al.(2010) reviewed and
synthesized the scientific literature on climate change agbrted increases in sea level, £O
concentrations, and water temperature of @7.6 m, 5@160%, and &6 °C, respectivelyThe
highest stream flow projectiofor the Northeag U.S. is around 30¥iajjar et al., 2010Barros,
Duan, Brun, and Medina Jr (20183tected positive trends in annual maximum stream flow for
the Atlantic Coastal Plaimsing thetwo-tail MannKendall testAccordingto Armstrong, Collins,
and Snyder (2019 a anmKendall trend test at p=0.05 level, 71% of study gaug®&id-Atlantic
region (53 out of 75) show increasing trends in annual maximum discharge; 75% of the study
gauges (50ut of 67) show increasing trends in tbecurrenceof peak over threshold ia water

year (POT/WY).

Table2-10. Mid-Atlantic coastal regionlimate projections for 2030 and 2095 with respect to
1990(Najja et al., 2000)

Parameter 2030 2095 Reliability of
Mean Range Mean Range mean prediction
CO, (2)® +25 +20 to +30 +92 +52to+118 Very high
(ppm) +90 +70 to +105 +325 +185 to +420

Sea level (cm)® +19 +11 to +31 +66 +39 to +102 High
Temperature (°C)¢ +1.3 +1.0to +1.5 +4.0 +2.7to +5.3 High
Precipitation (%)° +4 -1to+8 +15 +6 to +24 Medium
Streamflow (%) +2 -2 to +6 +11 -4 to +27 Low

aMean reflects 1S92a and range reflects 1S92d and 1S92f CO, emission scenarios; see Fig. 5b from technical summary of
Houghton et al. (1996). 1990 CO, concentration was 355 ppm

bLow, middle and high projections of Warrick et al. (1996) for IS92a scenario with varying aerosols (see their Fig. 7.7), plus a
local component of 2 mm yr!

‘Range is given by Hadley Centre and Canadian Climate Centre (CCC) models for the mid-Atlantic region (Polsky et al.
2000). Mean is average of 2 models. Changes are with respect to 1983-1994 model output

dFor the Susquehanna River Basin, using a water balance model forced with the CCC and Hadley output (Neff et al. 2000)
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For the operating authoritiem the United KingdoprDEFRA (200@)yoposed the regional
net sea level rise allowanc&dble2-11) and indicative sensitivity rangebable2-12) as guidance
for sea level rise, rainfall, peak river flow, offshore wind speed and wave height change due to
climate change. The uncentdy of DEFRA (200@)20% adjustment is discussed Kuklicke and

Demeritt (2016)

Table2-11. Regional net sea level rise allowarfBEFRA, 2006)

Administrative or Assumed Net Sea-Level Rise (mm/yr) Previous
Devolved Region Vertical allowances
Land 1990- | 2025- | 2055- | 2085
Movement | 2025 | 2055 | 2085 2115
(mmiyr)
East of England, East
Midlands, London, SE
England 08 40 | 85 | 120 | 150 Smmiyr.
{south of Flamborough Head)
5 mmbyr®
South West and Wales 0.5 35 8.0 11.5 14.5 constant
NW England, NE England,
Scotland 4 mmfyr*
+0.8 25 7.0 10.0 13.0 constant
(north of Flamborough Head)

Table2-12. Indicativesensitivityranges(DEFRA, 2006)

Parameter 1990- 2025- 2055- 2085-
2025 2055 2085 2115
Peak rainfall intensity (preferably +5% +10% +20% +30%

for small catchments)

Peak river flow volume (preferably +10% +20%
for larger catchments)

Offshore wind speed +5% +10% +10%

Extreme wave height +5% +10% +10%
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2.6 Uncertainty

¢2 | @2AR GKS WAdN® | &80 dzyEA AY NOY 3B 22R NA A |
is an important factor for flood risk analysis. The uncertainty imported into the flood damage
estimate will be exported to the decision domain and affect the allocation of resources and
project appraisalMessner et al., 2007JSACE (1992)fined uncertainty as thesituations in

which the probability of potential outcomes and their results cannot be described by objectively
known probability distributions, or the outcomes themselves, or the results of tlmageomes

are indeterminate.

The generic sources of uncertaintare lack of knowledge, statistical variation,
measurement error and subjective judgemeffhorne et al., 2007)For hydrologial flood
damage modeling, the soursef uncertainty can be limited knowledge of system processes and
the lack of accuracy when spedifg model parameters to describe the natural procesgelstt,

1995) For example, the flow rate time series maybe too short to represent the historical flood
record. Change may have occurred otigre suchthat the historical dataloes not represent the
natural regime A datistical distributioninferred from a small samplmay not adequately capture

the tails of thedistribution, representing possiblextreme values.

Hall and Solomatine (2008)yoposeda framework for uncertainty analysis in flood risk
management Figure2-8). The major steps are (1Bstablish purpose and scope of uncertainty
analysis; (2) Identify and define uncertainties; (3) Assemble evidence about uncertainties; (4)
Construct appropriate functions quantifying uncertainties; (5) Propagate uncertainties thtough
outputs of interest; (6) tBre the results in a databasé€f) Perform uncertainty-based sensitivity
analysis; (8) Examine the effects of uncertainties on option choices; and (9) Report and discuss

results(Hall & Solomatine, 2008)
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Establish purpose and scope of
uncertainty analysis through >
interaction with stakeholders

Identify and define Peer
uncertainties review

l * |
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, [ ooeument]
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h 4

Review uncertainty Construct functions quantifying Identify severe uncertainties that P
i : S L - eer
quantification and if uncertainties at present and under require scenario, robustness and/or | " review
necessary acquire more data conditions of future change info-gap analysis
[y I
l L
Propagate uncertainties Propagate Analyse effect of uncertainties Store
through to measures of uncertainties on assessment of environmental | = resultsin
flood risks through to costs and other impacts a database
Examine, using plausible variations in Analyse the relative contribution of the
model response functions, the input and model uncertainties to the total
potential effects of model uncertainties uncertainty in outputs of interest
' y
< gi?&jlf;e:gsi?tds * Rank uncertainties in
S e order of importance
and implications l
. Wh?re appropl_‘late use Analyse robustness
optimisation (under uncertainty) to severe
techniques in S_prerws_ed search uncertainties
for preferred options
 J
Examine the effects of Document and
uncertainties on option .| discuss results
choices, based upon agreed " and
decision criteria implications

Figure2-8. Uncertainty analysis framewo(kall & Solomatine, 2008)

With the development of quantitative computing tools and big data approach,
researchers explored and documented uncertainty with digengthods.Sensitivity analysisan
be used to describdifferences amonglternatives, thus examine the uncertair(fylatt, 1995) It
is one way to report the uncertainty, which is especially applicable when the truth is unkarown
unknowable SaintGeours, Grelot, Bailly, and Lavergne (2@)eloped a variancbased global
sensitivity analysis method that considered the uncertainty propagatisimg Monte Carlo
simulation. The digital elevation model uncerta@gare modeled by Gaussian noise without
spatial correlation; the uncertaiigsin annual maximum discharge data (short time serag)

modeled by the confidence interval of the fitted dischafgequency relationship; the uncertainty
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of depth-damage curve is naeled by random multiplicative coefficiestangngfrom 0.5 to 1.5;

and the project cost uncertaintys modeled by triangular distribution based on expert opinion
(SaintGeours et al., 2015)nfo-gap theory starts from the best estimate of the futurss the
actualconditions depart from expectation, alternative decisions are evalu@tedl & Solomatine,
2008) This approactlis applcable for the robust decision making in flood and climate change
related decision analys{#iall et al., 2012; Matrosov, Woods, & Harou, 20E8ntanazza, Freni,
and Notaro (2012)applied Bayesian uncertainty analysis to flood damagelyasis and
demonstrated thatthis approach is effective idefining model uncertainty. The model can be
updated when new data are available and the uncertainty can then be redicedses Wwen

the best model structure is unknowNpotaro, Fontanazza, Freni, and La Loggia (28dgdl)ed the
Bayesian modehveraging technique to flood ainage modelsthe Bayesian modedverage
prediction performs better thanthe best single modelSu and Tung (2013jevelopal a
framework for evaluating a floeadamagemitigation project by considering epistemic uncertainty
due to sampling errorin this study, the standard error of the Gumbel flood quantile was
estimated by three parameter estimation methods. Uncertainty af firoject net benefitwas
then evaluatedHauptmanns (201Qyeated the uncertainty of component failure rates atog-
normal dstribution and propagated th uncertainty througha process plant flooding fault tree
analysis. When the uncertainty of parameter is considered in a system, Monte Carlo simulation is
often usedto assess the uncertainty propagati@@onkman, Van Gelder, & Vrijling, 2003)

Risk register is a table that records the risk numbisk type description, likelihood,
interdependencis, expected consequences, risk owner and risk stakigufe 2-9(a), HM
Treasury (2003) Theservice disruption chart ofu (2010)s an application of risk matrix to flood
risk analysis. Five levels of service disruption are develégredastewater and other simajor

infrastructure sectorgor four flood eventgYu, 201Q)
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Consistent terminology on uncertainty is expected when preparing journal articles and
research repds. Consistency ithe usage oterms to describe probability estimates is necessary
for a risk analysis project to avoidnaiguity (Kent, 1964) Manning (2006)suggested the
GNBFGYSyld 2F dzyOSNIFAYyGdASaE & NARA]l YIFIGNRE
adopted byNajjar et al. (201QMastrandrea et al. (2010and manyclimate changetsidies. An

example summary matrix is shownkigure2-9 (Mastrandrea et al., 2010)
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Figure2-9. Riskmatrix
(a) Risk registe(HM Treasury, 2003fb)Summary matrix of agreement, evidence and likelithoo
(Mastrandrea et al., 2010)
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2.7 Flood Duration

2.7.1 Current Approaches to Quantfying Flood Duration

Flood duration is affected bitydro-meteorological factors, such as river size, morphological
peculiarities of the valley, and formation of the riverb@dukharchyk, 208). Only a limited
number of studies have tried to quantify the likelihood of flood duration. This deficiency is partly
due to the lack of a precise definition of flood duration.

Duration is sometimes defined as the fraction of time in a year that theematvel is
above a particular elevation. For examglaw (20@) developed a watetevel duration curve for
lowlands, sinkholes, caves, and wells by computing the percentage of time each water level is
equaled or exceeded in a given year. A linear shape of an inundation curve indicates slow and
constant drainage rats, while the commonly assumed exponential shape indicates fast and
variable drainage rates.

Duration can also be defined as a fixed time interval that is applied to filter a stage time
series. The duration filter method applies a moving window of a fipddiength of time and
extracts the associated depth, discharge, or volume information. Variables such as maximum
stage, average stage, total volume and average discharge are calculated within the moving time
window, and analyzed statistically, analogaasiepth- or intensity-durationfrequency (DDF or
IDF) analysis of precipitation. For examplayelle, Ouarda, and Bobée (2003kd the flood
dischargedurationfrequency (QdF) study davelleet al. (2002)which involves a moving average
window, to extract a new time series of the maximum stream flow for catchments in Quebec and
Ontario, Canada. By using the time dependent parameteusiderlik and Ouarda (200@sted
the moving window concept and the QdF approach to a changing environment.

Finally, duration can be defined as the actuald that a flood event lasts. This definition

requires identifying the points in time at which the flood event begins and ends. The methods
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used to separate flood events and extract flood duration information can be grouped into the
following two categoris: (1) the riseecessioAamethod, which detects the time between the
abrupt rise and flattening of the recession limb of the hydrograph; and (2) the threshold method,
which extracts a time series of duration above or below a specified threshold. Thaditsbd is

an eventbased separation methodue (2001 ppplied the riserecession method to the flood

time series in Madawask Basin in Quebec, Canada. However, due to the irregular and asymmetric
shape stage hydgraphs, this method is Ind to apply in a robust mannefhe threshold method

is a hydrological application of Theory of Runs, which is commonly used in drought likelihood
analysigGuerrereSalazar & YevjevichQ15; Mishra & Singh, 2011; Shiau & Shen, 2001; Yevjevich,
1967) A run is a sequence of observation of one variable succeeded and preceded by values of
another variablgRodriguedturbe, 1969) A timerun, whichis a timesequence of observations,
provides a method to treat the hydrological data for frequency anal@éévjevich, 1967)A
truncation level(Chang, 1990js usel to separate the time seriegositive and negéve run

lengths (GuerrereSalazar & Yevjevich, 197%r upcrossings and downcrossin@Rodriguez

lturbe, 1969) Because it can be implementadthout manual analysis of event hydrographs, the
threshold method holds great potential for frequency analyses associated with the actual flood
event duration distribution.

Joint distribution functions are an approach to guantifying the associationoof fl
duration and depth or volumelavelle et al. (2002)sed a Generalized Extreme Value (GEV)
distribution to fit the T-year quantiles of discharge as a functionctf(-In(1-1/T)) for a set of
defined durations.Yue, Ouarda, Bobée, Legendre, and Bruneau (1p8fjosed a bivariate
extreme value distribution with Gumbel marginals for the joint distribution of flood duration and

volume. Yue (2001)characterized the joint distribution of flood volume and duration by a
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bivariate gamma distribution. Copula functions have also been applied to estimate the bivariate

joint distribution of flood diration and dischargé . | 6 2 @t aA G123t 3 | Y20t 3
The growing awareness of the importance of the time dimension in assessing flood risk,

coupled with the limited body of literature on robust flood duration assessment urges the

research needs on modeling the time dimemsbf the floods. Models that completely describe

the flood duration characteristic and likelihood are needed. Such models would be especially

valuable to those responsible for returning flooded facilities to$ulile operation.

2.7.2 Flood Duration Database

Flood duration sample data can be obtained by observations, reported by the local weiiéss

a flood event, or recorded by instrumentation, such as stream gauges. Analogous to the high
water mark in flood depth observation, duration of flood can be deti@ed by visual inspection,

local information/witness, bulletin issued by environment agency, environment agency, water
authority, public health of local authorifsoetanto & Proverbs, 2004)

Databass can be developed for recording the flood observations. The U.S. Flash Flood
Observation Database recarthe start time, end timeand peak time based on USGS stream
gauge data and the National &iither Service Storm repor{&ourley et al., 2013he duration
of large floods from 1985 to present are presented in the Global Actigkiver of Large Flood
Events Database of the Dartmouth Flood ObservatBrgkenridge, 2010InFEMA (201%)a Cf 2 2 R
Risk Database (FRD) tabfedam release scenarigs_Dams_XS_MDL_Resultg)e attribute is
TIME_DURNhe time ofthe duration of the flood wave measured in minutes. In this database, a
raster dataset (the dam release flood inundation duration grghows the timsat whicha flood

wave arrive at, pasgsthrough, and leavea particular location.
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2.7.3 Flood Duration as aPredictor Variable for Flood Damage

Flood durationis a key predictor varidé for flood damagemodels Based on the survey of
floodplain residence in Ontarid)cBean, Gorrie, Fortin, Ding, and Monlton (198&)cluded that
the total damages should be increased by 6% for longer duration figakisn as greater than 24
hourg). The increment of damage is mbi due to the structures with baseme(i¥icBean et al.,

1988) The tangible flood losseatre illustrated byThieken et al. (200&)s spacdime diagramsas

shown inFigure2-10.
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Time
Long term loss of Macro-economic effects
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After the Los_s; of
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business
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event
Disaster control, flood defence, emergency and protection
measures, evacuation efc.

Inundated Area Outside the inundated area Space

(b)

Figure2-10. Spatial and temporal occurrence of tangible flood losses (a) diogdndirect
(Thieken et al., 2008)

Flood durationis mostly treated asn interval or thresholdn the current flood damage
models and handidas a modifierPenningRowsell and Chattertoare the pioneers to consider
flood duration in the flood damage assessmééenningRowsell & Chatterton, 1977ywoflood
damage curves angotted againsflood depth one for duration exceddg12 hoursand the other
for duration below12 hours(PenningRowsell & Chatterton, 1977; PenniRpwsell & Wilson,
2003; Smith, 194). In the FEMA Substantial Damage Estimator (SDE), the 12 hour flood duration
threshold is a criterion for estimating percent interior and plumbing danzgiinctions of depth
for nonresidential structur(FEMA, 2013afor theMethods for the Evaluation of Direct and
Indirect Flood Losses (MEDIS) Prgjecindation duration is classifiedto 4 categories (B days,

4-7 days, 811 days, > 11 days) for the agiicral damage modelThe flood inundation duration

is codednto a damage impact factor, which is a multiplier of the overall damage fun(idnrster,
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Kuhlmann, Lindenschmidt, & Bronstert, 2008; Pfurtscheller Bwarze, 2008; Thieken et al.,
2008) In Hazusaduration modifier is used to estimate crop damadjeis developed foa set of
duration factors for 0, 3, 7, and 14 dgyEMA, 2009)

Initial Loss =Yield in flooded area>»$%o damaged cro (2-28)
Duration Loss = Initial Loss x duratiomodifier (2-29)

In the 1993 floods in Stoi@ounty, lowa crop lossvas attributed topotholes- the standing water
from accumulated rainfaFEMA, 2009)he flood loss is estimated by

=A(pY- H)- X(-R) (2-30)
where L is loss ($)A is cultivated area (acresl, is price ($/bushel)Yo is normal annual yield
(bushels/acre)H is harvest cost ($/acrel(t) is crop loss at day t of the year (% of maximum net
revenue), andk(t)is the crop loss mdifier for flood duration (percent of maximum potential l0ss)
(FEMA, 2009)

Nicholas, Holt, and Proverbs (20Qipposed a flood damage repair index for building
properties. It is a functionof flood characteristics and building characteristiélong with the
velocity and contminant content of flood waterduration of flood isone of the threepredictor
variables to describehe flood characteristics.

Dutta et al. (2003modeledtraffic interruption loss due to flood by marginal cdstC)

anddelay cos{DQ. They are botliunctions of flood duration.

MC =3 ¢ AlE () Fali) + 2 ()i, i)’ bh(u ixd] (2:31)
i=1 @j 2 | V( ’ )
n ém ]

DC=3a e a[E ()v(i, j)De()T, (i, jd] u (2-32)
i=1 @j 2 u

wheren is number of roads floodednis mode of transport in any roddg E(i) is extra length to
be covered due to floodwater in roada(j), b(j) andc(j) are fuel colsumption related constants

for mode of transport; v(i,j) is average speed of model of transport j at road, is total volume
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of traffic for mode of transporj in roadi per hour;t is total duration of flood in hours] is factor
to consider the vadtion of traffic volume in weekdays and weekends; &nds delay cost per
unit time for roadi.

Emergency cost during flood eveistrelated to flood duration. Based on a catastrophic
flood event inthe alpine province (Tyrol, Austria) in 2008Rfurtscheller and Schwarze (2008)
developedregression models for cleanup cost.

log (CLEAN UP)
= 2.35 +0.06 log INHAB ) - 0.14 logAREA ) (2-33)
+ 0.37 log (NUND ) * +0.37 DAYS) +0.43 ADD HAZ) @&

where CLEAN UPis the cleanup costINHAB is the number of inhabitats; AREAis the
settlement areaINUND is the inundation areaDAYSis the duration of flood in daaand ADD
HAZ measures the occurrence of multiple extremes sucHedwis flows, rock falls, etand e is
the prediction error

Socio-economic assessment of flood damage, sudmadality, can be expressealy dose

response function, such as Probit functi@mb), which is alsdriven byduration(Jonkman, 2007)
Prb = a +b () (2-34)

F (Prb) = F, (—P”; 1) (2:39

D
where a, b, and n are probit castants;c is concentrationt is the exposure duration~ is the

cumulative normal distributionand Prb is the probit value.

2.8 Flood Impact on WWTPs
The municipal wastewatdreatment flooding can be trigged by (fi¥erine flooding; (2) storm

surge; (3heavy precipitation and extreme influent sewer; and (4) internal flooding by accident.
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These events are highlikely to occur simultaneouslyccording toTen Veldhuis and Clemens
(20100a &aiddzReé ol aSR 2y GKS Ydzy A OBUIMDf thd flobdrés 2y  dzN
wastewater related.
Floodsmay cause the following problems for a mupal wastewater treatment plant
(Copeland, 2005; Sanders, 1993ortage or loss of electric supplunctionalloss ofessential
equipment, bss of communication and process control systerastrictions to acces®verload
of the treatment system de to extreme storm water inflyxbackwater effectsat plant outfalls
chemical and/or fuel leakages or overflowsdisturbance of biological environment of the
treatment processesAny of these factors can cause a total or partial shutdown of WWTP
processs and operation. Théreatment capacity losgan result in significant environmental

damage as well as public health problefhable2-13).

Table2-13. Onsite wastewgr treatment system related hazard and contributing factors

ltem Keyhazard Contributingfactors

Soil; Planning (lot size);
Environmental sensitivitytlooding;
Topography; Loading rates

Wastewater Release of contaminants due to failure of
treatment site = onsite wastewater treatment system

Inakility to renovate effluent angrevent
Surrounding | contaminants from reaching groundwater
soil and/or surface water

Soil type; Depth of soil horizons;
Physical characteristics; Chemical
characteristics; Water tdb depth

Contamination of water/surrounding

environment such that a considerable health Surface exposure; Water supply
Public health | risk is evident due to the release of (ground surfacg Aerosols; Pests

contaminants (hamely pathogens) which hav (mosquitoes, etc.)

an impact on human health

Release of contaminants into the receiving

environment (ground/surface waters) causin(
Environmental  environmental degradation (such as

eutrophication) and causing the environment

to be unsuitable

SourceCarroll et al. (2006)

Surface runoff; Graudwater
discharge; Flooding; Water table
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During the 1993Midwest U.Sflood, 109 wastewater treatment facilities in the state of
Missouriexperienced damage or service interruption, ranging fimmor operational problems
to complete inundationSanders, 19970Dne month after the occurrence of Hurricane Katrina,
Louisiana officials estimated that $35 billia@msneeded to restore the wasteater treatment
infrastructure in the state, with an assumption that 50% of Westewatertreatment plants and
20% of the sewage collection systewsuld need to be rebuil{Copeland, 2005)

Recently, he 2012 superstorm Sandyhat impactedmany populated parts othe East
Qoast highlightedthe effects of extreme events on urban flooding agritical infrastructurein
urban/suburban areag-orNew York Statean estimated$1.1 billionwasneeded torepair the
treatment plantsdamaged by Hurricane San{fychwirtz, 2012)The underground tunnels and
galleriesof the Newark Bay Treatment Plantere inundated by over 200 million gallons of flood
water (State of New Jersey Passaic Valley Sewerage Commission, 20diBes for the main
pumping system iBay Park sewage treatment plamere under 12 feet of water in less than 30
minutes. Nine feet of saltwater surgedarthe plant's basement and stiitasement Figure2-11).
Wastewater overflowed into lowlying streets and homes, causing environmental and public
health problems.Seventyfive million gallons of untreated wastewatéiowed from Middlesex
County Utility AuthorityPlant (Sayreville, N.J.) into Raritan Bay for nearly a week before power
was restored(Schwirtz, 2012)More than 50,000 gallons overflow was estimated fthree
location in the Lexington Park sewerage system on October 29, 20120 @ al NB Qa
Metropolitan Commission, 2012%tructural and functional damage thfe municipal wastewater
treatment plants in New Jersey and New York has brought attention to the urgentfoeed
systematic method ofinfrastructure vulnerability assessment and the development of

response/recoverylans.
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Figure2-11. Underground tunnel inundation of Bay Park Sewage Treatment Btaaen and

Sawyer, 2012)

During Hurricane Sandglevenbillion gallons of untreated angartially treated sewageolluted
receiving waterbodiefKenward et al., 2013Jable2-14 summarizes th bypass flow, plant down
time and flood impact on selected WWTRGity of New York, 2016; Climate Central, 2014;

Kenward et al., 2013; State of New Jersey Passaic Valley Sewerage Commission, 2014)
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Table2-14. Impact of Hurricane Sandy amunicipalwastewatertreatmentplants

Partially = Duration of = Duration of

. Design Untreated .
. Receiving . treated = completely partially
Location capacity Consequences sewage
waterbody (MGD) (MGD) sewage  shutdown shutdown
(MGD) (day) (day)
Bay Park Sewage Treatmer Nassau Rockaway Underground tunnel inund&id; equipment
County, Long 400 ’ 104 2200 1.83 44
Plant Bay damage
Island NY
Basement chambers flooded and power;cut
YonkerslreatmentPlant Westchester, Hudson River m_otor removed, disassemblednddried, 49 1200 0.58 14
NY wires corroded by the salt water and
completely replaced
4-foot wall of water hit the @nt, destroyd
Passaic Vallev Sewage buildings, flooded underground substructure
c valey 9 Newark, NJ = Newark Bay 330 washed away vehicles shostircuited 840 3000 7.00 14
Commission .
automated systems, and damagessential
equipment.
Yonkers Joint Wastewater Yonkers, NY = Hudson River Power out 1100 14
Treatment Plant
SayrevillePump Sation .
. . Washington . .
(Middlesex County Sewage SayrevilleNJ Two pumping stations damaged 1200 90
i Canal
Authority)
O Street Combined Sewer = Washington, A_nacostla hOSNFf26 Ay (KS OAGE 30,475
Overflow D.C River
BridgeportSewage Bridgeport, Pequonnock 17 25
TreatmentPlants CT River ’
Mystic Sewage Treatment = Stonington, N
Plant cT Mystic River 2.3
City of Lewes Wastewater Lewes, Delaware Plant shutdowrto prevent further losss 2.4
Treatment Plant Delaware Bay
Little Patuxent Water Little Power losspn-site emergency generator ran
. . Savage, MD = Patuxent O. . gency g 19.5
Reclamation Facility River out of fuel within a few hours
Town of Snow Hill Worcester Pacomoke
Wastewater Treatment ' Plant flaoded 2.4

Plant MD River
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ContinueTable2-14

Partially = Duration of = Duration of

. Design Untreated -
. Receiving . treated = completely partially
Location capacity Consequences sewage
waterbody (MGD) (MGD) sewage  shutdown shutdown
(MGD) (day) (day)
The Coney Island
Wastewater Treatment Coney Sheepshead 110 Inundated 213 284 0.08 1
Island, NY Bay
Plant
The Oakwood Beach Staten Lower New
Wastewater Treatment 39.9 Key electrical equipment damaged 237.5 4
Plant Island, NY York Bay
Rockaway Wastewater .
Treatment Plant Queens, NY = Jamaica Bay 45 201
Hunts Point Wastewater Bronx, NY Upper East 200 153.8
Treatment Plant River
Newtown Creek Inundation out of power-operated b
Wastewater Treatment Brooklyn, NY | East River 310 n P per v 143
Plant backup generators and electrical turbines
26th Ward Wastewater Brooklyn, NY Jamaica Bay 26 Power cut to prevent further damage 89
Treatment Plant
North River Wastewater New York, . .
Treatment Plant NY Hudson River 170 First floor of planinundated pump out 83
Owls Head Wastewater Upper New
Treatment Plant Brooklyn, NY York Bay 120 Power loss 76.2
Port Richmond Wastewater Staten . .
Treatment Plant Island, NY Kill Van Kull 60 Equipment damage 30
Bucklin Wastewater EaSt. Seekonk
Treatment Facily Providence, River Power loss 17.5
Rhode Island

aARRESUZGY QA oy gland 0.075
PumpingSation
bSgLRNIQa 2 S
Avenue CSO structure Rhode Island 0.76
Front Royal Wastewater Front Royal, = Shenandoah 6 53

Treatment Plant VA River

SourceClimate Central (2014Kenward et & (2013) City of New York (20165tate of N&v Jersey Passaic Valley Sewerage Commission
(2014)
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3 UNIVARIATE FLOOD STAGE -FREQUENCY ANALYSIS
INCORPORATING CLIMATE CHANGE !

3.1 Overview
Climate change and sea level rise are expected to alter the likelihood of extreme events, such as
floods, within the desig lifetime of infrastructure components. Critical civil infrastructure
facilities, including wastewater treatment, transportation, and enengged sitespecific flood
contingency plans that reflect the effects of changing climbitehis section, aensiivity analysis
methodis developedo assess future flood risk by estimating flood frequency under conditions
of higher sea level and stream flow response to increased precipitation intensity. The method was
applied to an ungauged location on a tidal estuin theMid-Atlantic region as a case study.
Onedimensional steady and unsteady flow analyses were performed usthg
|l @RNBf23A0 9y 3IAAYSSNRY I HESRAG)S pravlit dischadi&besahdy | £ & & A &
water surface elevatiomalongan estuary reach, subject to prescribed boundary conditions of
upstream discharge and dowtteam water surface elevatiotror the steady flow analysis, the
dischargs and water surface elevati@associated with specific return periodere applied as
the upstrean and downstream boundary conditionSor the unsteady flow analysia current
climate floodstagefrequency curve was estimated for the study site based on simulations of high
flow events in the 18 years for which simultaneous upstream and downstreaordeavere
available.
To develop the future climatbased stage frequency curved)et simulations were

repeated, applying additive Water Surface Elevation (WSEL) perturbations at the downstream

L A version of this chapter has been published. This chapter is expanded from the publishestrignu

Feng and Brubaker (20165ensitivity of Floodepth Frequency to WatersheRlunoff Change and Sea
Level Rise Usj a OneDimensional Hydraulic ModelJ: Hydrol. Eng., 10.1061/(ASCE)HE 1943
5584.0001378, 05016015.

68



boundary (to represent anticipated sea level rise) and middplve event discharge
perturbations at the upstream boundary (to represent anticipateldarmge in watershed
hydrology). The perturbations were applied separately and together. Revised flstade

frequency curves were calculated for each set of pertudoai

3.2 Study Site

The study site is a 370 MGD municipal wastewater treatment plaet,Blue Plains Advanced
Wastevater Treatment Plant (BPAWWTP)idtiocated on the southern tip of the District of
Columbia andon theleft bank of thePotomac RivefFigure3-1). The drainage area of the study

site is 11890 mf. The Anacostia River flows into the Potomac River above the BPAWWTP, with a
minor contribution of 122 nii During a flood event, the rivawater surface &evation (WSEL3t

the study location can be affected by the upstream freshwater irfpoin the Potomac and
Anacostia Riverghe downstream tidal surgigom the Chesapeake Bagr both fFigure3-2). The
tidal-riverine boundary is believed to be close to the Little Falls. The Potomac River at Little Falls
has a drainage area of EBOmi%. The WWTR @pstream processes are generally at higher ground
elevation than the downstream procesg@&sgure3-3). Thus, the downstream processes are more
vulnerable to floods. Iaddition,the facility would be vulnerable to both surface and underground
inundationin a major flood event. Surface flooding can disrupt WWTP processes anataper
access/egress. In addition, water can enter underground tunnels and galleries (indicated by
polygons irFigure3-3) if the surface water level rises to the elevations of hatches, staitsead
houses (indicied byred dotsin Figure3-3). Essentiabquipmentthat are underground may be
damaged by inundation F{gure 3-4). Disruption to service can contribute to significant
environmental damage by way of environmental overflows of untreated or partially treated

wastewater.
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Figure3-1. Location of the study site

70



—— Mode! extent
DA of Anacostia River
|| DAof Potomac River@ study site

Miles

051 2 X

Vulnerability

* Surface Inundation
* Underground Inundation

Potomac River

= Head House ’%\ >
® Point Elevation (NAVD 88.11) (i

[ TunnelGallery/8asement

e Ty I e |
o 175 350 Tod 1,050
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Figure3-4. Essentiabquipmentinside the tunnel and gallery

3.3 Steady and Unsteady Flow Simulation

¢KS | @8RNRBf23IA0O 9y 3IAAYSSNRY I -RAS,WersONRBKO., defefd@et) ! v I §
by the US Army Corps of Engine@ySACE), was the modeling environment used for this study.
HEGRAS is a hydraulic analysis software currentlysttpd and upgraded by USAGESs widely

used for analyses of open channel hydraulics, watarface profile computationsjoodplain
mapping dam breach analysiand sediment transport analygi€ook & Merwade, 2009; Knebl,

Yang, Hutchison, & Maidment, 2005; Pappenberger et al., 2006; Suriya & Mudgal, 2012; U.S. Army
Corps of Engineers Hydrologic Emgiring Center (USACE HEC), 2014; Yerramilli,].Z04&
software package and its GIS extension, ¥#EGRas, are available to the public freecbérge

The U.S. Army Corps of Engineers' Hydrologic Engigegenter Data Storage System (HESS)

is a datdase systenusedto store the HERAS input and output sequential data, such as the

time series of unsteady flow boundary inptt.this chapterpne-dimensionsteady and unsteady
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flow analyses are performed to estimate the flood stage and frequency éocuirent and future

climate.

For the steady flow analyside conveyanceorresponds to the ability of a cross section

to convey flow

Q=KS 12 (3-1)
K= :I"T:(SBARZ’3 (3-2)

whereK is conveyances is the friction slopenisa I Y Y ArgighfQeds coefficieniAisthe flow

area(ft?); and Ris hydraulic radiugft). Each cross section is subdivided into three compasient

left overbank (LOB), right overbank (ROB) and the main channel (CH)I T¥ie/ Ay 3 Q& O2STTFA
for the model extent of Potomac River and the Anacostia are listdalole3-1. K is calculated

separately for thethree subdivisionsThe summation of the conveyance is then used for

computing the flow(Brunner, 201Q)

Table3-1.al yyAy3aQa O2SFTFAOASYRASMaANI GKS t202Y1F 0 wA(

River Reach MaxMI Y'Y Ay 3¢ MinMF Yy A Yel Q
LOB CH ROB LOB CH ROB

Potomac River Upperreach 0.0 0.049 0.070 0.049 0.028 0.049
Potomac River Lower reach 0.025 0.021 0.025 0.0175 0.015 0.0175
Anacostia Rivel Lower reach 0.016 0.015 0.016 0.016 0.015 0.016

The standard step method is ustdsolve the energy equation iteratively to calculate the

water surface elevation (WSEL) from one cross section to the next.

avz 2
Z,+Y, "é_gz Z !'H'%"'he (3-3)
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where Z; and Z; are the elevation of the ma channel invertsy: andY: are the depth of water
at the cross sectiond/; and V; are the average velocitiegh and U are the velocity weighting
coefficients;g is the gravity acceleratigmndhe is the energy head logBrunner, 201Q)

The energy loss between thevd cross sectionsompriseghe friction loss, the first term

in B. (3-4), and the contraction and expansion losses, the second te . i(3-4).

h=LS €& W
e f 2 g 2 g (3'4)
L - I‘|ob@ + L(LQ_ch -I-Lron_rob
Qlob + Qch -'Qrob (3'5)

wherelL is the discharge weighted reach lengtli;is the representative slope between two cross
sedions;Cis the expansion or contraction loss coefficidd;, Len, Liob are the cross section reach

lengthsspecifiedfor flow in the left overbank, main channel, and the right overbank, respectively;

Q. +Q, Q. is the arithmetic averagef flows between sections for the left overbank, main

channel, and the right overbank, respectivéByunner, 201Q)

The interactive procedure of the steady flow analysis starts by assuming a water surface
elevation at the upstream cross séwt (if subcritical) and comping the total conveyance
[E0.(3-2)], velocity head, representative slop¥ [E9.(3-1)], and then solvindx. (3-3) for the
energy losshe [(.(3-4)]. The downstream water surface elevatjafa+Ys, is then solved b¥.

(3-3). The value is compared with the assumed water surface elevation and the iterative
procedure is repeated until aserdefinedtolerance issatisfied Note that the energy equation is
only applicable to gradallyvaried flow. If theflow passes throughbritical depth, the momentum
equation is appliedBrunner, 201Q)

For the unsteady flow analysis, the prineipf conservation of mass, represented by the

continuity equation, and theprinciple of conservabn of momentum, represented by the
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momentum equation, are the governing physical law@runner, 201Q) The implicit finite
difference scheme is used to solve three-dimensional unsteady flow equatienThe detailsre

explained iBrunner (2010Q)

3.4 Model Input

The HEQRAS 1ydraulicmodel requires three types of input: geometry, boundary conditions,

and parametersA calibratedHEGRAS model was provided by the NOAA NWS Middle Atlantic

River Forecast Center (MARB@ashriqui, Halgren, & Reed, 201#)is studydza SR G KS a! wC/
geometry upstream of the Potomac/Anacostia confluence, and generated new river cross

sections for the tidal Potoma@he model extent is illustrated Figure3-5.

3.4.1 Model Geometry

A seamless bathymetric and topographic digital elevation model (DEM) was detdbgp
combining 1/3 arcsecond (about 10 meter) digital elevation raster data from the National
ElevationDataset (NED) witthe National Ocean Service's (NOS) Estuarine Bathymetry product
with a grid resolution of 30 meterdNOAA, 2012)The NOS bathymetry dataset is availableafor
sectionof the Potomac Rivahat isdownstream of the District d€olumbia Figure3-5). TheNED
uses the North American Vertical Datum of 1988 (NAVD88), and the NOS Bathymetry uses a tidal
datum, mean lower low water (MLLWItansformation grids provided byDatum(NOAA, 2013b)
were resampled to match the cell size of the bathymetry dataset and then used for datum
conversiorbetween MLLWANANAVD88The NOS bathymetry raster was then mosaicked to the
NED land topography raster.

The geometry input, including the cross sections, reach lengths, and bank points, were

prepared using HEGeoRas andrcGIS Kigure 3-6). The cross sections were cut from the
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mosaicked continuous surface described above. Bank points were defined by the intersection of
the crosssection cutlines with the National Hydrography Data@NHD) Stream/River boundary
(USGS, 2013For the river reaches outside the extent of the bathymetayad the MARFC cross

section geometry was preserved.
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Figure3-5. HECRAS model extent
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Figure3-6. HEGRAS model geometry input

3.4.2 Boundary Conditions
3.4.2.1Gauge Selection

The hydraulic computatia require boundary condition inputs of flows or water surface
elevations at the open ends of the river system. Measured gauge data are the best available
information for prescribing boundary condition$he gauges torpvide appropriate boundary
conditions for hydraulic modeling need to be selected by the following criterig:record length,

time series resolution, location, and gauge continuity/calibration. These criteria are discussed

below.
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(1) Long record length

A longer annual peak time segerovides a larger sample sitleus leading to greater confidence

in the frequency analysis. Therefore, gauges with longer records are desirable for setting up the

boundary conditionsAccording toFEMA (2002)annud maximum flood record with aecord

length equalo or longer than 10 years could be ugedestimate probabilities ogaged streams.

The gauge sites near the study site with data records longer than 10 yedistedanTable3-2.

Table3-2. Description of the riverine and tidahgge sits nearthe study site

Station

Sitename D
Ei?ttlgnllzﬁsRliDvljar;;e;raﬁizington, D.C. | 1646500
\Ijvoatgmsgtsr:vgr gt Wisconsin Ave, 1647600
Washington DG e 8594900
Potomac River at Lewisetta, VA 8635750

Anacostia River at Aquatic Garden | 1651750

Northeast Branch Anacostia River at

Riverdale, MD 1649500

Northwest Branch Anacostia River

near Hyattsville, MD 1651000

(2) Time series resolution

Datatype

Discharge
(hourly)

Stage
(15min)

Stage
(hourly)

Stage
(hourly)
Stage
(6 min)

Discharge
(hourly)

Discharge
(hourly)

Data

available

period

1972 to
present

1991 to
present

1933 to
present
1996 to
present
2007 to
present
1990 to
present

1990 to
present

Gauge
type

Riverine

Tidal

Tidal

Tidal

Tidal

Riverine

Riverine

Drainage
area (mf)

11,560

NA

NA

NA

NA

72.8

49.4

The temporal resolution determines the simulation accuracy, el as the computational cost.

The annual peak flows of the Potomac River at Little Falls obtained from th@nl8ata are

higher than those from the daily dat&ifure3-7). The following is a measure of the réla bias

(RD:
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Rb= AMlSmin - AM daily

AM 5 (3-6)

where AMisminiS the annual maximum stream flow based on theniit time seriesAMgaiy is the

annual maximum stream flow based on ttiailytime series The relative biasRp) of the annual

peaks using min data and daily data is 8.9%q[ (3-6)]. The 15min time series is the best
temporal resolution for the Potomac River at Little Falls. Suppose that theiriSlata are the

most accurate data available, then an increase of 8.9% accuracy is gained by sacrificing 96 times
of the data length or simulation cosbmpared to a daily time stepVhether it is worthwhile is a
judgment call for the modelers. In this styy onehour time series data was used for the upstream

and downstream boundary conditions.

o AMisnin 4 AMg, Relative bias
¢ 400000 0%
& 2
£ 300000 : : 15% g
T 200000 2 <5 i 10% >
g N S & E
a ‘9 g% g%p <4 I
& 100000 &8¢ 2! cop &
3 : akfg
£ 0 . , , B P
1990 1995 2000 2005 2010
Year

Figure3-7. Annual peak discharge of Potomac River at Little Falls Pump Station (daily data v.s.
15-min data)

(3) Reasonable location with respect to the modeling purpose

The Potomac River HRASnodel simulaesthe upstream freshwater input and the downstream
tidal influence and their combined effects on the study site. The ideal gaugetsifgrovide
boundary condions for the model should capture the characteristic of the upstream freshwater

input and downstream tidal fluctuatiorrigure3-8 shows the location of the upstream gauge sites.
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The tidal effect ends approximayeat the Potomac River near Chain Bridge, which is downstream
of the Potomac River at Little Falls and upstream of all the other sitégume3-8. Therefore, the
Potomac River at Little Falls is the best candidar the upstream flow boundary, reflecting the
riverine effect aloneThe downstream gauge, Potomac River at Lewisetta, is located at the mouth

of the ChesapeakBay Figure3-5). It is the best representativefdhe tidal effects.
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Figure3-8. Gauge sites upstream of the study site

(4) Continuous operation and calibration
It is preferable to select a gauge site with continuous time seriesttiatas well calibréed over

the operation periods. Instantaneous flood peaks may be missing due to a discontinuity in the
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time series data. Gaps in time series data also create difficulty in matching the other boundary
condition time serieslin this studythe Potomac Riveat Lewisetta constrained the simulation

length since it had shorter records availabtempared to the other gauges.

Based on the selection criteridhe upstream boundary conditiorisr HEGRAS model are
the flow of the Potomac River at Little Falls (LGS 01646500) and the summation of Northeast
Branch of the Anacostia River at Riverdale (USGS 01649500) and the Northwest Branch of the
Anacostia River near Hyatille (USGS 0165100(Figure 3-5). The downstram boundary
condition ishe WSEL at LEW (NOAA 8635758gPotomac River at Washingt@nC (DQ (NOAA
8594900) is the closest gauge to the stugite with long record length. It serves as a model
validation site.

The anual maximum time series are pesged in Figure 3-9. The sample quantiles
corresponding to the given probability of 0.5, 0.75 and 0.95pdoded as the dashed line$he
values shown areomputed by the Type 8 sample quantile definition recomihed byHyndman
and Fan (1996)The orrelation between the sites can be visualizedrigure3-10. Each point
represents a water year, in some cases theumtmaximum at two locations was associated with

the same event (black dots); in other cases, with different eveets dots).
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3.4.2.2Steady Flow Boundares

For steady flow analysis, it is assumed ttit upstream and downstream boundary conditions

with the same retun period occur simultaneoushBased on this assumption, the HRE&S

profiles are defined by the return perio@he boundary conditions corresponding tg 50, 20,

50, 100, and 500yea events are used as modeaput (Figure3-11). This requires the frequency

analysis of the upstream flow annual peak series and the downstream WSEL annual peak series.

-

Steady Flow Boundary Conditions

. g—

N ——
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(% Sethoundary for all profiles

Auwailable External Boundary Condtion Types

Critical Depth

Selected Boundary Condition Locations and Types

MNormal Depth

(" Sethoundary for one profile at a time

Rating Curve Delete

%= Steady Flow Data - steady_flow
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FPotomac River Upper all Junction=UpperZLower
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3|Potamac River Lower 21617 51 |396E2R 445029 522101 580508

|

Figure3-11. HECRAS model steady flow input

To select the best frequency distribution for the WSEL, annual peak series of WSEL of four

gauged sitesn the Mid-Atlantic region of the U.S. were selectéthey representndependent

WSEL samples df/erine and tidal sitesThe two sites with semidiurnal tidal influence are the

Potomac River at Washington,@(8594900), and the Battery, N8518750). The two riverine
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sites are the Susquehanna River at Harrisburg, PA(01570500), and Western Rusteah \Ren,
MD(01583500)Kigure3-12). The Battery, NY(8518750), is a station in the Upper New York Bay at
the southern tip of Manhattan, NY, and is directly affected by the tigddGAA, 2016a)The
Potomac River at Washington,d(859490), is a tidal estuary. It is influenced by the upstream
freshwater input from the Potomac River and the downstream tidal effect from the Chesapeake
Bay(NOAA, 2016b)The Susquehanna River at Harrisburg, PA (015705005 ehitimage areaf

24,100 square mile@JSGS, 2016a} representative of a large riverine site. The Western Run at
Western Run, MD (01583500), is a smaller riverine site with a drainage area of 59.8 square miles

(USG, 2016h)
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region
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Log Pearson Type Il (LPgdmma log normal andyeneralized extreme valugGEV)
distribution were tested to fit the stage time serig&igure3-13). TheKolmogorovSmirnov(KS)
one-sampletest was applied for all four sites assuming the null hypothesis that the sample is
drawn from the reference diribution. The pvalues are reported ifmable 3-3. The pvalue
represents theprobabilityof observing a test statistic greater than or equal to the one calculated
if the null hypothesis is true. It indicateghether the data population ¢ as inferred from the
samplec differs substantially from the theoretical expectations. very small falue implies
rejection of the null hypothesidt should be noted that the KS test is based on the largest
difference detectedbetweenthe sampe distribution and the assumed population. A smaf-
value does not necessarily indicate a better madilshould be considered with the graphical
analysis, as well as the range of interest for the analysis purpose, e.g., for the flood risk assessment,
the upper tail is more critical.

Based on thgraphical analysis iRigure3-13 and KStestresults GEV is the overall best
choice Table3-3). ForDCGEV and LPIII apeth acceptableHowever LPIlI provides slightly more
conservative estimation of WSEL at the upper(Edure3-13). It is selected as the choice for this
Chapter.Bulletin 17B provides regional skew coefficgefor river discharge, but ndbr river
stage(IACWD, 1982 he relationship between stage and discharge is nonlinear; therefore, the
regional (or generalized) discharge skew should not be applied to stage. However, a regional value
is not required inhis caseFollowingFEMA (2010)he Potomac River Basin is a large watershed

and the sample skew can be used without weighting by the generalized skew.
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Figure3-13. Sample distribution and inferred population distributiohWSElfor the four study

sites

Table3-3. P-value of the Kolmogore®mirnovone sampldaest on probabilistidistribution of
WSElfor the four study sites

LPIII

Gamma LogNormal GEV
DC 0.7904 0.0165 0.0528 0.9244
The Battery 0.0410 0.1447 0.2838 0.6717
Susquehanna 0.9734 0.6946 0.8104 0.9741
Western Run 0.3883 0.5369 0.5874 0.5345

For the study site]8years of annual peak event data (192613) were usetb estimate
the LogPearson Type III (LPIII) distribution of the annual peak stage adettemthe annual peak
dischargeof LF, andthe annual peak discharge AhacostigFigure3-14, Figure3-15, and Figure
3-16). For the steady flow simulations, the boundary conditions corresponding to specified

probabilities were drawn from tbse inferred LPIII distributions.
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Figure3-16. LPIII distribution of annual peak flow at NW+NE Anacostia

3.4.2.3Unsteady Flow Boundaies

To avoid longluration continuous simulatiofor the unsteady flow analysishe following event

simulaton procedure was followed. For each yetiree events were simulateda) the event

that produced the highest WSEL at the ldagn gauge nearest to the study site, the Potomac

River atWashington DC. (DQ (NOAA 8594900); (b) the event associated with thaximum
upstream inflow at LF; and (c) the event associated with the maximum downstream tidal WSEL at
LEW. The Anacostia River contributes about 1/10 of the flow in the Potomac River on an annual
basis;the Anacostia flow was not used to define the anhpaak events. In a given water year,

the maximum WSEL or flow at the three gauged sites (NOAA 8594900, USGS 01646500, and NOAA
8635750) are not always temporally coincident; furthermore, the time lags betweempeak

WSEL or flow at these measured poiatgl peak WSEL at the study site are variable. Therefore,
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For each water year, a HRAS simulation was run for each bktthree annual peak event

periods, as defined by the three gauges. For each run, simultaneous observed hourly upstream

flow input and downstream WSEL input were used as the boundary conditionsniAuie

simulation time step was used. The peak WSEL auatpthe study site was collected from each

of the three runs. The maximum of the three simulated peak WSELSs was used as the maximum

WSEL at the study site for the water year.

Time period selection — Run simulation —| Output annual peak at study site

Simulation period
defined by event (1); N

A
Flow @ LF simultaneous boundary
conditionat DC, LEW
—_—

= -
g Annual peak event (1) simylation period Annual peak event (1)
& | WSEL @ DC defi .
S efined by event (2);
'E. simultaneous boundary
-; condition at LF, LEW
= Annual peak event (2) Simulation period
S 1 .
= WSEL @ LEW defined by event (3);
g simultaneous boundary
conditionat LF, DC
——» —_—_— -
Annual peak event (3) Annual peak event (3)
Water year Water year

‘ 3 simulations per year Select maximum at study site,
result 18 annual max at study

site for frequency analysis

54 simulations
per scenario

18 annual peaks
per observation site

Figure3-17. Maximumof-the-maxima approach to determine the annual peak water surface
elevation

It is conceivable that the highest water level at the study site in a given year might be
associated with neither the peak downstream elevation nor the peak upstream inflow, but with
simultaneous occurrence of high, but nenaximum, values at both boundaries. The maximaum

of-the-maxima method described above would miss such events. The DC gauge (NOAA 8594900)
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is about 5 miles upstream of the study site. A check of the time of 18 annued peaDC showed

that for allflood events greater than aear event magnitude, the annual peak of at least one of
the other two sites, LF and LEW, occurred within 5 days of the DC greakalThis means that

the annual peak at DC is temporally assamat with the annual maximum
upstreamfreshwaterinput or downstream WSEL, or both. Taking the DC observed data as an
indicator of the annual peaks at the study site, it is reasonable to conclude thah&éxémumof-
the-maxima' method covers alif the possible upstream and downstream events that cause the
annual peak in the study site.

In a given water year, the maximum WSEL or flow at the three gauged sites (NOAA
8594900, USGS 01646500, and NOAA 8635750) are not always temporally coincident;
furthermore, the time lags betweeithe peak WSEL or flow at these measured points and peak
WSEL at the study site are variable. Simulated events used in this study were defined to begin 4

days before the observed peak (at LF, LEW, or DC, respectively) and end 4edays af

3.5 Scenario Development for Changed Hydroclimate and Sezaevel
Rise

3.5.1 General Approach

Futureclimate scenarios were developed by perturbing the boundary conditions, both upstream
freshwater and downstream tidal effects. The expected increase in theniwag of large
precipitation events in the region was incorporated as incremental multiplicative increases in
freshwater event discharge at the upstream flow boundary. The predicted sea level rise was
incorporated as incremental additive increases in #heent WSEL at the downstream WSEL

boundary. The geometry and hydraulic parameters of the-RES model were unchanged.
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Boesch et al. (2013pcommend a projecte®.7 feetof RSLR for the Maryland coastal
plain, for irfrastructure with life that isiot intended to extend beyond this century, abdr feet
for infrastructure with life that is intended to extend beyond this century. Assuming that the
22 ¢t Q8 LIXLFYYAYy3d K2NRAT 2y A& yz2i ddéwnsrgaR SRk & OSy
increasing river WSEL at Lewisetta frorft @ 4 ft in 0.5 ftincrements. This perturbation was
applied by adding the specified depth to the entire event hydrogrdfigure3-18 (a)], which
would reflect the constant increase in water surface elevation due to regional RLSR only,
independent of any increased precipitation in the watershed.

In contrast to RSLR, neither the precipitation nor the stream gauge record gives a clear
indication ofatrend in the magnitude, frequency, or severity of runoff flood events in the region.
However,GCMsindicate that in the midAtlantic region, while total annual precipitation may
decrease, the intensity of individual storms may increase. In an intercompaisone different
GCMs,Meehl, Arblaster, and Tebaldi (2008und a consistent signal of up to 2 standard
deviatiors increase in average precipitation intensity in the northeastern United States.
Interstate Commission on the PotomawétiBasin (2013)redicted the impact of climate change
2y aGNBFIYTFt2g o0& GKS /KSalLSKFTS .F& tNRINIYQa
inputs based on 18 downscaled global climate model projections. For the Potomac River Basin
above Little Fliés, scenario B_B1 givé®e highest increase (11%n average annual stream flow
in the year 2040. To study the impact of climate change onMliantic region streamflow change,

Neff et al. (2000)anthe Susquehanna River water balance mowigh the British Hadley Centre
climate change scenarios. @ kimulation output indicated a 7% increase of annual stream flow
for 20252034 period and a 24% increase fdine 2090 to 2099period. In addition to climate
change, urbanization, decreasing evapotranspiration due to increasece@idsion can also

cause fiture streamflow increas@Neff et al., 200Q)
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This study apped a flow multiplier to the upstream boundary input of hifibw event
discharge (Potomac River at Little Falls), increasing the discharge by 0 to 30% in increments of 5%
[Figure3-18(b)]. All possible combinatins of theninedownstream andevenupstream boundary
settings (including the nohange or 0 perturbation) generated 63 climate change scenarios

(Figure3-19).

multiplier

time time
(a) b
Figure3-18. Boundary conditions represent climate change
(&) Downstream WSEL incremefiv) Upstream flow increment

Scenario

0/1,1.000 0.54,1.000 [1£,1.000] ...... 4£,1.000

0/1.1.050 0.5/1,1.050 1/.1.050 ... 411,1.050
0£1.100 . 4£.1.100

Q multiplier

0/%,1.30Q 0.5/.1.300 1/t.1.30Q0 ... 41,1300
Relative Sea Level Rise(RSLF;)

Figure3-19. dimate change scenariateveloped for the steady and unsteady flow analysis by
prescribed flonmultiplier and relative sea level rise

3.5.2 Steady Flow

For steady flow analysi#he current climate scenario boundary condition is set up based on the
LogPearson Type lll analysis for the upstream and downstraanual peaks, asxplainedin
Section3.4.2.2 The procedures of the steady flow analysis forc8Bhate change scenarios are

illustrated inFigure3-20.
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Log-Pearson Type Ill analysis for upstream flow (current climate)=>0,.0......0,
Log-Pearson Type Ill analysis for downstream WSEL (current climate)—> WSEL ,WSEL,,...,WSEL,

'
Set up profiles based on return period
Profile 2-yr 10-yr ... 1000-yr
Upsiream (cfs) 0,-0,,,(1) 0,0, 0,0,
Downstream (ft) WSEL, + RSLR(i) WSEL, + RSLR(i) ...... WSEL, + RSLR(i)
!
RuQ steady flow simulation for each scenario
Scenario

0/,1.000 0.5,1.000 [ 1/:,1.000] ...... 41,1000

0/1,1.050 0.5/,1.050 11,1.050 ... 4411050
01100 e 41,1100

Q multiplie

02,1300 0.5£,1300 1f,1300 ... 41,1300

Relative Sea Level Rise (RSLR)

!

Get node (cross-section) outputs of WSEL for each profile

{

Flood risk mapping

Figure3-20. Summary oprocedures (Steady floanalysi$

3.5.3 Unsteady Flow

For unsteady flow analysithe appropriate upstream and downstream perturbations
were applied to each of the three maximum events per ykaread frequency estimation
scenario Three sinulations per year and8 years of data resulted i64 HEGRAS unsteady flow
analyses per scenario, for a total of 3402 unsteady flow runs. A customized external C# code
automatically generated the HERAS unsteady flow (.u) and plan files (.p), ran theailsitions,

and stored the output. With a simulation time step of one minute, the run time using a desktop

computer with average performance was 45 minutes per scenario.

93



For each scenario, thEe8 annual maximum WSEL at the study site were identified using
the maximurmof-the-maxima approach and fit with a Log PearsoriLURIldistribution (Figure

3-17). The procedures are summarizedrigure3-21.

Define simulation period 18 years
and annualmaximum events | 3 datasets

. By LEW dataset
".U-Q;% By LF dataset
By WC dataset

u"ls_f::_::g \f{f '._E:..'.;:Q -‘ﬁ;:_::g 63 scena rios/dataset
Run unsteady flow simulation for
each scenario; Get node (cross-
section) outputs of WSEL
¥
Take the maximum WSEL of the 3
datasets for each of the 18 years

¥
Run Log-Pearson Type Il analysisfor WSEL

i

Flood risk mapping

18x3x63
=3402 plans

Figure3-21. Summary oprocedures(Unsteady flowanalysi3

3.6 Automating HEC-RAS Simulation

The understanding of regional climate change and the associated water resources change are
continuously being updated. Design standards and policies gitaamanagement should be
upgraded at an acceptable frequen@nnual peak event simulation with various combination of
climate change scenarios is extremely time consuming if manually runnindgRRNEQ@ising its
graphical user interface (GUI). This invelgetting up unsteady flow file, plan file, running the

simulation and collecting output data for each scenario. It is not practical to work with thousands
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of climate change scenarios without an automation tdbls necessary to develop an approach
that is reproducible and costffective as climate change scenarios are updated.

HEGRASContoller enables the possibility of probabilistic analysis usinfR NECAs part
of the HEERAS application programming interfat®Pl), HERASController is a collectiai
programming classes. HIRAS specific functions and subroutines can be called during run time.
HEGRAS API is compiled as a component object m@ieM) dynamic link librapLL), which
can be used by any programming language that calls a DLL. Autose#ting of input data,
running HEERAS plans, and retrieving of output data can be achieved by prograni@amaglell
& Brunner, 2014) For RAS41, there are three programming classes (HECRASController,
HECRASFlow, ariECRASGeometry) and 266 variables aldée.

In this study, a objectoriented programming language, C#, is the programming language
for the HEERAS automationand Microsoft Visual Studio is the integrated development
environment (IDE). By calling theopedures in the HECRASController class, variable outputs can
be generated for probabilistic analysifany change is made, e.g., revised estimates of regional
sealevel rise or future hydroclimate or updated hydraulic parameters, the analyst can reset th

model and rerun it in a consistent and timely fashion.

3.7 Resultsof the Steady and Unsteady Flow Simulation

3.7.1 Flood StageFrequency for Current Climate

The model outputs for the study site based on the observed boundary input time series were
considered aample of the current climatdrigure3-22 shows the LM stagefrequency curve of
WSEL at the study sifgotted on a normal probability papeFor the steady flow analysis, the
blue cross on the curve shows thaadysis points assuming simultaneous occurrence of the

upstream and downstream boundary condition with specific return period or exceedance
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probability. For example, the 3year WSEL at the study site based on the steady flow analysis is
6.3 feet, which asumes that the 1§ear upstream flow at LF and the-¢$8ar downstream WSEL

at LEWI occur at the same timiéor unsteady flow analysidyé circlesare the Weibullplotting
positionfor the 18 annual peaks. Thigick black dasheline is the inferred_Pllpopulation model
based on Bulletin 178ACWD, 1982T helight blackdashed lines are the 95% confidence interval
[LPIlIplots in this study werénspired byMatlab code byBurkey (2009) The WSEL based on the
steady and unsteady flow analysis déisted inTable3-4.

For the lowfrequency eventsT >5 yr)the predicted WSEL at the study site based on the
steady flow analysis is higher than the unsteady flow analysis. The lower the frequency, the
greater the differenceFor the low frequency range, which is the region of ies¢of the flood
risk study, the WSEL predted by the steady flow analysis lies within the 9606f the unsteady
flow analysisHowever, for the high frequency events, the steady flow analysis output is outside

the range of the 95% CI of the unsteady flow analysis.

Return Period

of ¥ FEEEEEE 55 EEyss
18l = N — B O O o W o d oo o
o S~ N I & O - N Dnoo o
16 t - I e [ — N Inoy
14 r i
127
1071
— 8r
£
o 6
[4p)
=
4r
.o
O = = 1| Pl - unsteady flow
P T 95% CI - unsteady flow
ol 2 Weibull - unsteady flow |
4 =t | PIIl - steady flow

[#2] [=] [ -] [ [ = T o0 T e | o O o oW e

[=2] [=2] wn o [ = R (o] [ B o0 T s | S W N O OO0

2 2 & ® © © WM N 9 00000

[=] [=] o O o O [ R e B e | o O ooo OO
Exceedance Probability

Figure3-22. Stagefrequencydistribution (steady v.sunsteadymodel outpu) (BPAWWTP)
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Table3-4. Comparison of steady and unsteady flow analgsiputs (BPAWWTP)

Returnperiod (T-year) Stage at BPAWWT#®, NAVD 88)
Steady flow analysi: Unsteady flow analysi

2 3.7 4.3

5 5.2 5.3

10 6.3 6

20 7.4 6.6

50 9.0 7.4
100 10.1 8.1
200 11.3 8.7
500 13.0 9.5
1000 14.2 10.2

3.7.2 Model Accuracy Assessment Based on Current Climate
To assess adel accuracy, wdelgenerated annual maximum WSEL at the location of the nearest
tide gauge was determined usibgth the steady flowdoincidentoccurrence of events witthe
same return periodand unsteady floimaximuniof-the-maximag analysis methoddescribedn
the previous sectiondhe resultswere compared tathe observationsThe WashingtoyD.C (DQ
tide gauge NOAA 8594900), the closest gauge to the WWTP study site, has 81 years of hourly
WSEL (1932013). As explained above, the model analyisirestricted to 18 years of annual
maximum WSEL prediction due to the availability of simultaneous upstream and downstream
boundary time series. The modeéérived annual maximum WSEL were compared to the
corresponding observed values oC

For unstedy flow analysisthe modeled 18 annual peaks are compared with the
corresponding observed annual peakke root-meansquare error (RMSE) of themodel
prediction is0.88 ft and the mean bias is 0.32xith sample size 18. The model underpredicted
the maxmum WSEL for Water Year 2003, when the annual peak event was associated with
Hurricane Isabel, probably because the equations of the 1D unsteadiRAE@o not include the

wind and pressure effects acting on the river between its Chesapeake Bay mouttheastdidy
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site (2.6 mile) The modeled annual peakse afair match to the observationsSince event
simulation is not applied for the steady flow analysis, the RMB&énnot a measurement for
the simulationaccuracy

Without being an exact match the observations, the modeled annual peak WSELs may
still give a reasonable estimate of the frequendgstribution. Twoquestions arise: (1) Because the
study of the ungauged site is restricted to 18 years, how well do those 18 years capture the LPIII
distribution inferred from the full 83year record, and (2) Does the LPIII model inferred from the
18 simulated annual peaks match the one inferred from the same 18 years of observations?

The LPIII frequency analysis of the observed WSEL at WashiDgiofor the 18 study
years was compared with the analyses based on tieBi-year record aDC(seeFigure3-23).

The frequency distribution derived from the §&ar observed peak WSEL represents the best
available iformation (although it is still a sample ah unknown population). The difference
between the 18year observed LPIII and the-g&ar observed LPIIl indicates the bias due to the
limitation of the length of the records. The 95% confidence intervals (C8ydar observed LPIII

and those of the 84ear observed LPIIl overlap for the range of frequency estimates. This
indicates that the 18 years available for the study period are reasonably representative of the full
81-year record (which is not availablerfthe model boundary conditions), in the sense that the
two samples give estimates of the population probabilities that do not disagree at a 5% level of
significance.

The difference between the }gear observed LPIIl and the-§8ar modelderived LPIII
indicates the error introduced by the mobéFigure 3-24). The distribution by the 18year
unsteady flowmodel is less skewed than the-§8ar observe@nd the 18year steady flow model
Theunsteady flonmodel underestimatesthe 500year, 200year and 106year WSELsompared

to the observed WSELSs, while the steady flow model slightly over estimates the WSELs for the
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100year and 20&/ear events, but converges to a good match for the-$@ar eventsFor the
events wth return periods lower than 20 years, thensteady flow simulatiorslightly over
estimates the peak WSEL with respect to observéte steady flow simulation does not predict
the low frequency events as well as the steady flow simulation.

The conclusionf this accuracy assessment at a gauged site upstream from the study site
is: The steady flow simulation is a better candidate to predict the WSEL for the low frequency
events. In contrast, unsteady flow simulation provides better estimates of the higludrey
events. Although the unsteady flow simulation seems to be an overall better method, given that
the best estimate always lies within the 95% CI of the obserkague3-24), the steady flow

analysis is a merconservative choice for the flood risk assessment.

21 5 5% 5 5 5 5 5 55 sy
L2 §L 8555488 dgged
16 - A NIy — ol m§
14 i"} 4
12 + 7 4
10| /’/}' 1
81 & 1
— /‘
E /‘f‘i
4 6 /‘?.a _
7 w
g /’:.-"‘
qr - ':,a‘
’-".‘-"M
___,-—"__p,..,-"'
______ ey
R 81-year observed
2| — — — - 18-year observed
95% CI of 18-year observed
95% Cl of 81-year observed
o S 00 O~ O m © O G COBb N
o] I3 Hn O O © O ¢ O O M N0 oD
@ ok @@ @ e n MmN g agggag
S S S O 0 O S O O d oo o0
Exceedance Probability

Return Period

Figure3-23. LPIII distribution of 1year and 81year observed WSEL (Potomac River at
WashingtonD.C)
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Figure3-24. LPIII distribution of 1-§ear observed and predicted WSEL (Potomac River at
WashingtonD.C)

The model derived currertlimate WSEL frequency distribution for the ungauged study
site is haccurate due to both factorsnonrepresentatieness of the 18ear sample, and
inaccuracy of the hydraulic model. The second source of inaccuracy is greater. All model errors
present in simulating the current climate are also present in the future climate scenarios;
therefore, the comparisons betweett OdzZNNB y i Of A Ydiniaeé & Ry I oNBRd2(adzNGBI
interpreted as sensitivity study or planning guidance, not accurate predictions of future flood

depth probabilities.
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3.7.3 Flood StageFrequency for Changing Climate
The LPIII analysis of annuaximumWSEL at the study sitéth downstream sea level rise alone
(0% increase in upstream dischardiest row of the table irFigure3-19) appears irFigure3-25.
Each line denotes the LPItbpability of annual maximum WSEL with the specified rise in sea level
at the Chesapeake Bay mouth of the Potomac River. The heavy line corresponds to the current
climate LPIII curve Figure3-22. For unsteady @iw analysis, nder current climate, the 1% annual
exceedance elevation &ft; with 1 ftof sea level rise, this elevation has a 2% probability of being
exceeded in a given year, but widhft of sea level rise, the probability rises to 67Bthe effect of
sea level rise on flood frequency assessment is less significant for the steadyéitysis which
is observed by the convergence of the set of curves at the low frequencyFaatd3-25 (a)].
The probability associated witihe steady flowl00-year elevation10.1ft)changes to 1.5% and
5.5% for the 1 ft and 4 ft of sea level rise, respectively.

The LPIII analysis for changegtroclimate alone (upstream flow increment scenarios,
RSLR = 0, first column of the tableFigure3-19), are shown irFigure3-26. The 1% annual
exceedance WSHhased on unsteady flow analysisider current climate (8 ft) becomes
increasimly likely, with return periods of about 60 w0 yr, and 30 yr, respectively, for the 10%,
20% and 30% increasisevent discharge. For the steady flow analysis under current climate, the
100-year flood elevation (10.1 ft) will be redefined@&yr, 50 yr and 36 yfor the 10%, 20% and
30% increassin event discharge, respectiveljhe curreniclimate 0.2% annual exceedance (500
yr) WSEL has an average return period of 75 yaai< 44 years the 1.3Q scenaridor unsteady
and steady flow simulation, respectively

For the unsteady flow analgsithe 100year flood WSEL in the 30% flow incressenario
(Oft, 1.3Q) is 1.8 feetbove the baseline scenario (0ft, 1Q) j@Gar WSEL. The difference between

scenarios for the less frequent floods is greater than for the more frequent floods; for exampl
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500year WSEL rises from 9t5o 12.6 ft, a difference 08.1 ft. A smilartrend is observed for the

steady flow analysis.
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All 63 combinations of the SLR and hydroatiEincrements were simulated, as shown in
Figure3-19. The worst case scenarid ft, 1.3Q] is illustrated ifrigure3-27, together with (a)
current climate, (b) the highedtow increasealone scenario (0ft1.3Q), and (c) the highest sea
level ree alone scenario [4f0Q].Taken alone, each perturbation (SLR or upstream flow increase)
increases the likelihood of exceeding a specified depth and increases the depth associated with a

specfied exceedancerobability. Howeverthe effects are not additiv€Table3-5).
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Table3-5. Additive effects evaluation

Unsteady flow Steady flow
N 9 tso& @i sir 10 12.4ft¢9.5ft=291t 15.21ft ¢12.96 ft = 2.25 ft
N 9 fso&Brsir, 139 12.6 fig 9.5 ft= 3.1 ft 15.35¢12.96=2.39 ft
N 9 fso&Drsir 130 12.9fg9.5ft=3.41t 17.11¢12.96=4.15 ft
Conclusion N 9 oD sirizgf Bodd N 9 fo&rnsir, 136 Ro&dk S
stradp N Soby, @R, 130) stradp N Soly, @R, 130)
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This result indicates that when planners consider multiple physical factors that may
change the probaibity of flood depths, superposition does not apply. In fact, it appears that
predicting the effects of the two factors separately, then adding them, would give an overly
conservative estirate of their combined effectdMathematically, the equationshat descrite
flow in rivers are nonlinear. Physically, the propagation and attenuation of a flood signal depend
on water depth. A dynamic model, such as the unsteadyRIEE used in this study, is needed to
explore and understand the combined factors that affegers such as the tidal Potomac.

When dealing withifuture climate prediction, observed data are not available to assess
the simulation accuracy. Howevehe difference among the models yielded useful information
for model selection. As shown Figure3-28 to Figure3-30, the steady flow analysis provide
higher estimate of the WSEL for low frequency floods compared to the unsteady flow analysis.
The opposite trend is aerved for the high frequency floods. The transition point is indicated by
the intersection of the solid red curve and the dashed diagonal referenceHorethe sea level
rise only scenarios, the transition points tend to move upward towards the raped$lavhen the
effect of sea level rise is increased. In contrast, for the filogvement only scenarios, the
transition points tends to move downward towards the frequent flood when the flow increments
is increased.

The LPIIl analysis of annual peak WSHL repeated for each combination of relative sea
level rise and event discharge increase. The 1% annual exceedanegeétPdepth for all 63
scenariods summarizedoy the contour lines ifrigure3-31. The diffeences between the steady
and unsteady flow analysis are shownHigure3-32. The contours presera difference surface
by subtracting the unsteady flow outputs from the steady flow outputs. Smaller difference is

observed at higher RSLR and lower flow increment for they&a® flood.

104



+1.0ft,1Q

=3
20 20 20
o
16 16 16
=
g 12 12 12
0=
> 8 8 8
s
©
& 4 4 4
2
o 0 0 0 0 0
0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20
— — ~reference line (steady=unsteady) Steady flow WSEL (ft)
Figure3-28. Comparison of steady and unsteady flowtjputs ¢ the sealevel rise only scenarios (Potomac River at WWTP)
. 1.0Q,0 ft, 1.1Q,0 ft 1.2Q,0 ft 1.3Q,0 ft
=
:20 20 20 20
% 16 16 16 16
=
=12 12 12 12
o
o=
> 8 8 8 8
-
1]
& 4 4 4 4
w
c
20 0 0 0
0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20
—— — - reference line (steady=unsteady) Steady flow WSEL (ft)
Figure3-29. Comparison of steady and unsteady flow outpgthe flow increment only scenarios (Potomac River at WWTP)
_ 4f1.3Q
524 —
o 20 L
w A
= 16 e
= Vs 002
12 M
< 8 g
@ /eD.E)Q
I
b s
20
0 4 8 12 16 20 24 — — — reference line (steady=unsteady)

Steady flow WSEL (ft)
Figure3-30. Comparison of steady and unsteafiow outputsg the worst casescenarios (Potomac River at WWTP)
Note: the numbers with an arrow point to the curyEBigure3-28, Figure3-29, Figure3-30) are the correspondingxceedance probability.

105



1.3 < 1.3 \
’n.? \ -
1.25 1.25 G o o
7 o -
- (]
©s % %
. 1.2 < o 1.2
o 7 o
e & =3
s 1.15 s 1.15
£ £
e 1.1 > o 1.1
1.05 et 1.05 o =
7 7 < o @ < ‘-f;. < b -
s "\ \
1 1 \ L
0 1 2 3 4 0 1 2 3 4
Relative Sea Level Rise, ft Relative Sea Level Rise, ft
(a) Seady (b) Ungeady

Figure3-31. Contour 0f1% annual exceedanc&Q0-yean flood WSELf() for WWTP

1.3 ll \\ — -
R
| 4 -
. -
1.25 H\ =, 7 //
| \q_g’/// /rl;b /
o 1.2 ! - v
. , - q,
2 N e A
E— . N /// // ,\
£ 1150, 23— Yy
£ | // - e
o | // // // <
141 ° - 2T
: \%_52_2/ // // /»\,%/
\’—J’/ ST N
1.05 s P "‘6/
- 27T RN
F——- P N
< - - - - '
1 —
0 1 2 3 4

Relative Sea Level Rise, ft

Figure3-32. Difference contoumf 1% annual exceedanc&Q0-year) flood WSEL (ftior WWTP

The results of this case study are intended to help decision makers to consider the increasing
likelihood of inundation at the WWTP in future years. Supposing that the head haluses,
entrances to the undergroundihnels, are at elevation 11.5{AVD88), the contour plot of
annual exceedance probability of this critical elevation provides information for unaiemgr
safety assessment (s&égure3-33). In the current climate, the underground equipment is safe
based on the unsteady flow assessmé&n0.001 annual probability of exceedand®)t unsafe
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based on the steady flow analysis if a 5@&ar flood prevention regulation is applied.ittWa
downstream sea level rise of 4 the probability of flooding above that elevation increases to
0.0075for the unsteady flow analysitying between the 1% annual exceedance (§68r) and
the 0.5% annual exceedance (20€ar) eventFor the steadylbw analysis, a 4 ft sea level rise
increasethe likelihood of overtopping from 0.005 to 0.0Zkelihood of exceedance becomes

increasingly sensitive to both incremental sea level rise and event discharge at higher sea levels.
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Figure3-33. Contour plot of annual exceedance probabibifyl1.5 ft (Potomac River at WWTP)
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3.8 Conclusions

This study analyzed the exceedance frequency of annual peak flood WSEL for a wastewater

treatment plant located along a tidal estuary under conditions of environmental change that are

expected in thenext 50¢ 100 years. The upstream freshwater input (river flow) and downstream
sea level were increased numerically and annual maximum WSEL values were estimated for the
ungauged study site under these conditions using-RBS irsteady andunsteady modeThe
simulation input and output were automated by calling the HRASController. Eighteen years of
annual peak events were used for the edienensional flow simulation. The exceedance

probabilities associated with flood WSEL were calculated for all cotidriseof sea level rise (9

increments) and increased flood flow (4 increments).

The keyfindingsare:

(1) The steady flow analysis predicts higher WSEL for the study site for low frequency floods
compared to the unsteady flow analysis. The opposite trendhiserved for the high
frequency floods.

(2) Based on the observations in WashingtbrC, the steady flow estimate of the WSEL is more
accurate for the low frequency floods compared to the unsteady flow analysis. The opposite
trend is observed for the highdquency floods.

(3) The effects of sea level rise and increased event discharge on probability of exceeding a given
depth, or the depth associated with a given probability, are not additive, and combine

differently for different elevations and probabilities

Eighteenyears of annual peak eventwere usedto estimate future flood WSEL
probabilities. Although this is the best available information for this analysis of the sitiedgnd

the 18year period was shown to be reasonably representative of thgedrperiod of record for
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a gauged site on the estuary, it is a short time period for flood frequency analysis. Nonetheless,
this 1-D analysis is an efficient method to examine infrastructure vulnerability through the
sensitivity of water level to changing upsam and downstream boundary inputs, and can provide
valuable knowledge to stakeholders. The analysis can and should be updatetbras

measurements become available.
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4 BIVARIATE FLOOD STAGE -DURATION FREQUENCY
ANALYSIS

4.1 Overview

Most flood risk studies aantify flood likelihood and damage as functions of flood depth.
Traditional flood frequency studies provide estimates of exceedance probabilities of various
stages or discharggBavis et al., 2008 he length of tim¢duration)that a flood remains above

a stage is also necessary to define the critical state of a flood and the vulngrabilwlying
infrastructure.

As an alternative to the conventional singlariable assessment, the 1% annual
exceedance (109ear) flood can be redefined to reflect both flood stage and duration. The
guidance curve provided by the traditional univariateodel is twoedimensional, that is,
probability is a function of a single variabldure4-1 (a)]; the 1% probability corresponds to a
single stage. With the additional dimension of time, the flood stdgetionfrequency curve
developed from the bivariate model is threffmensionalj.e., a function of two variabledg=jgure
4-1 (b)]; the 1% probability corresponds to a set of (stage, duration) pairs. The proposed method
is applicable for gauged strearestuaries, and tidal sites.

The implementation of this concept can be illustrated Figure 4-2, which showsa
hypothesized WWTP service interruption diagram superimposed on a flood stage hydrograph.
The duratim of plant inundation, service interruption and outage, and duration of repair is critical
to a wastewater teatment flood risk assessmenin Section2.8, large sample variation is
observed for the time required for serviceténruption and repair. The data available is not
sufficient to develop aite-specificservice interruption model. However, for the duration of plant

inundation, analy®s of the joint distribution of flood stage and event duration associated with
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stage carbe used to quantifghe likelihood thatthe critical infrastructure may be inundated for
a certain period of time.

By developing a joint distribution of flood stage and duration, this approach adds a second
dimension, time, into flood risk studieshe food stageduration-frequency curves serve as new
guidance curve for the flood risk management community, as an alternative to the traditional
flood stagefrequency curves. By developing the stajgation-damage relationship, this joint

distribution apprach also leads to a new concept @tpectedannual damagdo the critical

infrastructure.
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Figured-1. Information added to the traditional flood exceedance probability curve
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Power loss

Transportation
to or out of the
plant restricted

Duration of plant inundation

Critical equipment inside the tunnel and basement inundated;
Untreated sewage discharged to the receiving waterbody

Power restored

Floodwater inside the plant drains
to the river by gravity or pumping

Lower plant inundated

Flood stage

Partial treatment starts

Heavy rainfall and extreme influent

Duration of outage

Start to repair the equipment

Equipment repaired
or replaced,
Partial treatment recovered

Plant completely

Duration of service interruption yfunctional

Duration of repair

Time

A 4

Figured-2. Hypothesized service interruption during a flood event

4.2 Methods

4.2.1 Bivariate Flood Model Governing Equation

This study proposes a new method of quantifying the probabilistic relation between flood event

duration and the water surface stage. This requires a statistical model that simultaneously

considers the two random variables, flood stageand event duration{y. Beyond the widely
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Pr(z2 z) ina given yee (4-1)

the focus igo quantify the likelihood of exceeding a specified elevation for more than a ggecif

time in a given year.

Pr(z2 z .t 2 ¢)inagiven yes (4-2)
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When calculated for allzg, ), this probability gives a joint exceedance probability function. It
describes the stage/everturation/frequency relationship for a specified locatidnis believed

a priorithat flood stage and duration are dependent variables, since lower stagasare likely

to be exceeded for longer periods of time. The bivariate exceedance probability can be expressed

in terms of a conditional and a univariate probability:

Pr(zz z.t 2 ¢inagiven yeay 3
=Pr( 2 ¢inagivenyear| z 2z inthat yegr P€§ z , 2 in a given ye “3)
Thejoint exceedance probability is the product of the coratital probability that duration()
exceeds a certain time spatj)(given that the stagez) exceeds a specified dept)( and the

probability that flood stageZzj exceedsn. The former portrays the relationship between flood

duration and stage, while the latter equates to the traglital univariate practice.

4.2.2 Hydrological Event Separation and Time Series Extraction

To develop the bivariate flood model, individual events in either a measured database or a
simulated sequence need to be identified before being subjected to a statiatiadfsis. In order

to estimate exceedance probabilities and determine the distribution that adequately represents
the variables of interest, the data sample needs to be developed from a continuous record of
instantaneous staged he flood duration time ségs associated with flood stage are prepared
using the following steps.

Step 1.ldentify a specified stagezn. For an annual time series of stage, identify all of the
upcrossing durations and alf the downcrossing durations associated with this stagd=igjure

4-3, 14, t3, ts are the upcrossing durations, which are the time periods when the ordinates lie above
stagez; t, andts are the downcrossing durations, which are the time periods when the ordinates

lie below z.
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Step 2.Specify the interevent durationTiy. Tint IS theprescribedminimum time interval between

two different, consecutive events. The end of an event almve assured when the stage stays
below z, for a period ofTin: or longer. ThusTi: defines the maximum allowed downcrossing
duration within a single flood event; if the downcrossing duration is less Tharthe upcrossing
durations before and after it are considered as a single event. An example of this step is illustrated
in Figure4-3; if to<Tin: and ts>Tint, the durations collected for this time series dbg= t1+,+s, Do=

ts, whereD is the duration after consideringx:. In this example, ifintis set to 0, theD1=t1, Do=t3
andDsz =ta.

Step 3.ldentify the annual maximum exceedance duration|¢>z). The value of annual
maximum duration for any one year is the longest period of time over which the stage does not
drop belowz. It can alsdbe viewed as the maximum length of time that the hydrograph stays
above stageoin a given year. For agged site s a function of, and Tin. For example, suppose
that Figure4-3 shows the stage time series for a water year (WY )y#ft2<ts, the annual maximum
exceedance duration above stagsis U. In thiscaset; andtsare large enough compared G

to separate the stage time series into three separate event(andts) and the event with the
longest duration in this water year Id=t;. Fort,<Tin<ts and t;<ts<T, the annual maximum
duration exceeds stagen are U and U, respectively. For simplicity, the annual maximum
exceedance duration is referred to as the annual maximum duration.

Step 4 Assemble the record of annual maximum duratioriBhe record is developdyy repeating

step 1 to 3 ér all stages in the observed range, which provides the conditional annual maximum
duration( 2>z for all available water years. This record consists of at most one duration per year

of record and depends an and Tin:.
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Figure4-3. Effect of interevent timeT,, on extracting event duration from stage time series

The fhourly stage time series from WY 1933 to 2013 of a tidal gauge, Potomac River at
WashingtonD.C, (NOAA 8594900), enalyzedas an examig. Figure4-4 shows thehourly data
for WY 1996The river stageexceededs.5 ftduring three eventswith exceedance durati@of
6, 3, and 4 houtstherefore, he annual maximum duration)(of 6.5 ft is 6 hours. The raw

instantaneous data can be viewed as an equivalent to seftings zero.
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