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1 Introduction

State and federal roadwagseessentiapaths for the transportation of goods and people
among states, thutheyrequire robust infrastructure designed to withstaticessesrom
weatherfrelated hazards (Pedre2muna et al. 2016). Roadway resilience has become essential
for cities and statess they support the safety and wealth of the economy, especially within the
context of a global economy that has become increasingly reliant on the mobility of goods,
information, and people (Rodrigue and Notteboom 2013). This is especially true forkeelsas
the transportation system consisting of 10,000 miles of road and over 3,500 bridges are the
backbone of tyJamshidi 2021900 an aenaabbasi$n4 billion milesare
traveledin Nebraskaand this contributes tanontrivial portion of the $229 billion worth of
commodities shipped to and from the sttaually(National Transportation Research Nonprofit
(TRIP) 2022) Sincethe start of th1%' century surface transportatiomileage hagncreased
17%whilet he st at eidcseaspdolPUbdfetytcosy tnavel time, and regularity of
serviceare valued in reliable surface transportation sys{&uostse and Rietveld 2009).
Furthermore, maintaining constant traffic flow volume and limiting disruptions is critical for
productionand logistics (Jenelius et al. 2006).

Flooding can impact reliability, sustainability, and productda roadwayn a number
of ways This includedoth direct impacts, such as physical damage to trarsjoort
infrastructure, and indirect impacts swhdisruption to traffic flow, business interrupspand
increased emissions (Walsh et al. 2012; Hammond et al. 2015; Brown and Dawson 2016). The
historic flooding events during March of 2019 across central and eastern Nebraska, along with
the major flak flooding in the summer of 2019 across central Nebraska, continues to highlight

the need tainderstand roadway water obstructigwiich will be referred to as water



obstructions herejrand their frequenciemore completelyRecognition of thaignificant
economic impacts of disruptions in the transportation sect@dtracted increased interest in
such analyses due to the threat to human safety and infrastructure impacts of extreme flooding
eventg(Pregnolato et al. 2017 xpected changen climatic conditions, including increased
frequency and intensity of precipitation wilirthercomplicatethe water obstructionhallenge.

This research presents a unique analysis USorglition Acquisition Reporting System
511 CARS51) data providingspecific insight into problem areas for roadwegter
obstructiosin Nebraska that may prove critical for stakeholdé€h& CARS511 historical
dataset, stored within the Nebraska Department of Transportation (NDOT), provides when and
where water obstruicins have occurred in Nebraska since June ZDd 6educe economic and
infrastructure losses, it is necessary to utliagous datasets, like the CARS511 dataset, and
methods that guarantéeth highway safety and miniméion ofdamages associateddevice
interruptions Determiningwater obstructiompatterns prior to anwater over the pavement
situationcan produce valuable information regarding road vulnerability (Kalantari and Folkeson
2013).The main objective of this investigation is to furthee awarenessf water obstructions
on federal and state highways across Nebraska. In addition to the locations of the water
obstructions, meteorological information was investigated for a specific weatherd cause of
eachwater obstruction. Once théstructions and their root weathedated causes are
identified, increased knowledge of these roadway water obstruction situations will be better
understood and could lead to sodikéerentforms of mitigation. Overall, this research will
produce a bettarnderstanding of 1) where water obstructions have taken place for the study
period, 2) the weather conditions associated with each water obstruction, and 3) how closely

related water obstructions are to climate patterns across Nebraska.



2 Background

Flooding and flash flooding, which are attributed to longer and shorter duration
precipitation eventgespectivelyare the predominant causes of weatkéated disruptions to
surface transportation (Brown et al. 2014) anglexpected to continue intbe future (Dawson
et al. 2016)Water obstructionwents may lead taumerouslirect andndirect damages and
societal impacts derived froevena single closed road (Lwin et al. 201Water obstructions
impactroadway production, logistics, and econasiirough direct impactgor example,
physical damage tmadwayinfrastructure and indirect impacter exampledisruptiors to
traffic flow, business interrupti@increased emissions (Walsh et al. 2M@mmond et al.
2015 Brown and Dawson 2016)hese impacts include the direct caa$sociated withvater
obstructions involvingublic agencies and utilitiggovidingemergency managememtany
repais needed to restore roalShang et al. 2011Yhe directcostscouldinclude bridgs,
culvers, dranage repairs, pavement resurfacing or replacement, signs, guardrails, striping,
landscaping, as well as repairs to public utility infrastrucfGteang et al. 2011)

In addition, water obstructiortmncreate a hazardous situation for driversnase peofe
are killed each year in the United States by flash floods than by any other wekdtest hazard
(Boselly 2001) A majority of these deathisave been noted to be oyadways (Boselly 2001).
From 2015 through 2019, 1170 people diedombr as kadés hi ghways, an av:
fatalities. Nebraskads traffic fatality rate
is higher than the national average of 1(IRIP 2022) It only takesl8 24 inchesof moving
wateron paement to move &uck, while only six inchesare needed tmovea small cafDas et
al. 2020) Existing approaches to assess the disruptive impaehiafr obstructions typically do

not capture the dynamics and complex interactions between floodwateurdack



transporation Pregnolato et al. 2016)Vhile rainfall intensity creating flooding and flash
flooding scenariobave repeatedly been shown to be a factor in transport disruption, the
correlation is not always strorfBregnolato et al. 2016iHoweve, measuring only rainfalit a
weather stationloes not take into account thgatial distribution of the falling precipitatiptine
surface puddling and subsequamoff movements, which frequently makes these hazardous
situations occur osuch a locascale that it iglifficult to forecast (Boselly 2001)

Highwaywater obstruction causean be classified into naturedusege.g, rainfall,
groundwater, ice jammingsocialcausesandhuman related impagtalthough the
meteorologcal conditions generallinducewater on pavement{©u-Yang et al. 2014
Figure 2.1 illustrates the complex interactions between natural causes, and damaging floods in
general, thatouldresult in water obstructions and damages to the roadway (Bretkel
Downton 2000; Polemio and Lollino 201 For natural causes, current meteorological
conditions and past climate scenarios both contribute to water obstructions, while social and
humanrelated causes can be grouped into three additional categoriggnk)finng flood
conditions from land use and land cover changes, 2) policies such as the current structural and
nontstructural mitigation implemented, and 3) floodplain occupancy, meaning properties and
people at risk within the floodplain. Since natwalises are the primary inducers to water
obstructions, it is critical to understand how precipitaggant placement and total rainfall
productionaffects the obstructioriMoreover thesensitivity ofselecthydrological basins to
flooding varies considably and depends on a varietytioé humanandnon-meteorological
factors relating to local topograpkiyeters and Roebber 2014). Thilng sameorecipitationmay
causdloodingin hydrological basins that are maesceptiblé¢o flooding while having

nedigible effecs on otherbasirs.



Factors Contributing to Damaging Floods
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crews (e.g., impaired pavingvhich ultimately lead to some degree of disruption on the roadway

(Pisano et al. 2002k xtreme raiffiall events can be separated into five general types: mesoscale

convective systems (MCSs), higinecipitation supercellsropical, terrain forced, and synoptic

scale systemsuch as extratropical cyclongschumacher and Johnson 2005substanal
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percentage aheseextreme rainfall eveniespecially in Nebraskegsult fromthe organizations
of deep convectigror heavy rainfalin MCSs which causes a rathslow or repetitive storm
motion over a particular area (Moore et al. 2003; SchunnaetteJohnson 2005, 2008).
addition, hgh rainfall totals often occur whehunderstornt el | s or gachoze i nto a
t rai ni na colBvectve teamihgwhich isrecognized as the movement of convective echo
returns on radar over the same loaaifposwell et al. 1996; Davis 2001 other wordsthe
training refers tdhe storm motioras itbecomes tangent to the line of storamsl redevelopment
downstream continues, thuen increase in the total rainfall occuU8gnoptic scale extratropical
cyclones (ETCs)especially the ones that form arouddlorado and have a mean track favoring
Nebraska for frontal precipitation (Fritzen et al. 2021) anatbaen known to produce heavy
and extreme precipitation events (e.g., March 2019 historical flopding

Ice jams can cause substantial damage to highways and bridges annually as they are
often attributed to very damaging flood events (Shattuck 1988; Healy and Hicks 2006). Ice jams
pose a significant threat tmman safety and property and represent étigeomost dynamic of
river ice processd$iealy and Hicks 2006). The occurrence of ice jamming is highly dependent
on thehydrometeorological conditionghich isalsothe primary caustor the severity of each
ice jamming evenBreakup ice jams am@ssociated with rapid runoff, usually due to a
combination of rapid melt and heavy ré8hattuck 1988)Hydrodynamic forces a riverare
adequate to lift and bredkeice cover beforeubstantial and widespreathermaldeterioration
of large blocksan occurThe main cause of breaj icejam formationis abarrier of the
downstream movement of ice blocksdiggnanice coversegments, resisting the movement of
the ice blocks downstrea(®hdtuck 1988) While an ice jam can form anywhere on a river,

there are certain geomorpHeatures highly conducive to jammimdnich includessharp bends



and abrupt reductions in slope or flow velogitythe river In addition, ice jams are alkaown
to most commonly occuat bridge locationgShattuck 1988).

Another contributor to roadway water obstructions is groundwater flooding. For
Nebraska, the most groundwater obstructamslikely tooccurin the Sandhills regiohecause
of the Ogallala Aquiferalso commonly known as the High Plains Aquiferoundwater
provides a freshwater source that is relatively reliable, and consiiouwtards the security and
sustainability of irrigated agricultuie the state (Steward and Allen 2016heregionally
extensive groundwater floodingcenariccan be caused by the water tablenraquifer rising
above the land surfackieto precipitation(Macdonald et al. 2008).r€cursorriver basin
conditions predeterminthelikelihood and severity of #iood (Kundzewicz et al. 2014When
waterstorages limited in basinsbecause groundwater levelsewhere are above nornaald
soil moisture is at maximum capacity, then elem to moderateainfall totalscaninitiate a
water obstrutton (Kundzewicz et al. 2014Pn the other handrery drysoils after a prolonged
periodcan also rapidly convert rainfall to runaésulting in gootential water obstructiomvhich
then would not be groundwater relafgaindzewicz et al. 2014)

There are several case studies documented across Nebraska where each of the primary
weatherrelated causes as defined by this project lésterically created flooding and water
obstruction issues. In recent time, the most notable and perhaps mostdlistant to date was
the flooding on March 1:35,2019across a large portion of the state. The event was the
combination ofneteorological, climatological, and hydrological conditiorsglileg to largescale
flooding across thdlebraskaegion(Flanagan e&l. 2020) These conditions included:

1) precursor soil moisture conditions from a warmer and wetter early winter relative to February
and March, 2) above normal runoff in river systems prior to significant freezing in the river

system in February whichllowed for above normal river ice depths, 3) above normal



precipitation with frozen soils which did not allow for infiltration of moisture from melting
snow, 4) rapid surface cyclogenesis of a synoptic scale extratropical cyclone that produced
prolonged ainfall and blizzard conditions on March-18, and 5) rapid snow and ice melt due
to warm air advection from the synoptic system resulting in substantial ice jamming and
historical flooding. As a resul,04 cities, 81 countieand 5 tribal nations in Neaska received
State or Federal Disaster Declarations due to the flood eidgtisaska Department of Natural
Resources 2021The Federal Emergency Management Agency (FEMA) declared a major
disaster for both Nebraska and lowa, with a preliminary danmstgeate of at least $3 billion.
Other events include September 2013 flooding which resulted in record water gagefbeights
the time in the Platte River, the May 2015 record rainfdlich caused cities in southeast
Nebraska to evacuate due to tha that some levees may be overtopped, and the July 2019
extreme rainfall in and around Kearney, Nebraska that resulted in evacuations and record water
gage levels on the Wood River.

There have beeseveralstudies that havievestigatedveather impacts oroad networks,
includingresearchhat considerdaspects of the relationship between surface transportation and
weather/climate hazards (e.ggetse and Rietveld 2009aroszweski et al. 2014; Faturechi and
Miller-Hooks 2015; Hammond al. 2015 Kramer et al. 201;GMartinezGomariz et al. 2016
However fewerresearchasbeenconductedn theperformance of transportatioelated
infrastructuresuch agulvertsandbridges exposed to futureeatherextreme (Kalantari et al.
2014).1n addition when financial resources for flood risk management are restricted, it is crucial
to understanavhere thampacts ofwater obstructions occunost ofterto prioritizeinvestment
decisions with the mostformedanalygs(Pregnolato et al. 2016At the nationallevel, there is
a$786 billion backlog in needed repairs and improvementsads and bridgescross the

United StatesConsequently, it has been recommended by the Department of Transportation to



increagt he nati onds ndnuestmentrintroads hril Briddes Hy P9odo $136 billion
annually(FHWA 2020) The Infrastructure Investment and Jobs Act (IlB%ned in November
of 2021, will provide $2.43 billion in state funds for highway, bridge, and transit investments in
Nebraskahrough 2026Therefore, futurdighway developmerdgndor improvement in the
transport system for specifezeas across Nebraskdl need an integrated approach for
mitigationdesign thats reliable and resilierdgainstextremeweatherPedrozeAcuna et al.
2016).

In terms of mitigation on roadways that flood frequently,-strnctural options may
includepassive and active warnisigsed towvarn driversof water over a roadway (Boselly
2001) The implementation ofgssive warnings inees warning signs that indicate a location
on the road may flood or that there might be standing water during heaeyeaits while
active devices require a sensor to deternifirveater is over a roaday before triggerindglashing
lights on signs to wa drivers (Boselly 2001)As for structural mitigation, these come at a
higher costthey may be worth implementing in some of the most flood prone areas to increase
resilience and reduce risk of water obstructions. These may include a lift in the rpddepgr
culverts and ditches, drainage pipes, levaeddikesto mitigate against ice jamming, river
flooding, and water obstructing the roadway. Furthermare] use planning is likely to focus on
prevention andlood-risk/water obstruction mitigatiothatthe parties fiected may need to
consider longerm protectiorof open space in floodplaims areaghoughtto be a cause of
water obstructions on roadways (Chang et al. 2011).

A related issue is thahere is potential for drivers tanisunderstandhe potential or real
danger of entering a location whehere isanongoingwater obstruction (Boselly 2001).
Furthermore, een if the location is knowfor apotential hazard, there edtenno wayfor

drivers to knowwhether theoadwaycondition is @ is not a hazardshich may cause the driver



to venture onward into a difficult situation. Therefore, the availability for driver education to
learn about these situations in the form of an online course or facts sheet may prove heneficial
especially if mver encountering these situations in the.gastddition, research has suggested
thatthe National Weather Servi¢RWS) and other public warning agencies need to focus
education efforts on ensuring that the pubhclerstandvatches, advisories, amearnings, the
importance of paying attention tikese and the dangers inherent in driviaga roadway with
water obstructios (Drobot et al. 2007)

TheTransportation Research Board (TRRIit forward hree key climate factors that can
challengehe surfacdransportation systein the United Statesising sea leveldncreases in
intense precipitation, aridcreases in hurrane intensityNational Research Council et al.
2008. For Nebraska, increasesvireathesrelated hazardare what makes research involving
transportatiorand understanding theseathefrelated hazards to further assessgating the
societal and econamimpacts essential. There is high confidence tbat/f precipitation events
in most parts of the United States have increased in both intensity and frequency since 1901
(Easterling et al. 201 Flanagan and Mahmood 202The central United States, inding
Nebraska, has experienced an increase in MCSs, whecamain mechanism for warm season
precipitation (Easterling et al 2017). In addition, the precipitation amounts associated with MCSs
have increased, and the frequency and intensity of heauvpipaion events are projected to
increase under both lower and higher CO2 emission scenarios (Easterling et al. 2017)dIncrease
precipitation events include the intensity of synoptic scale ETCs, such as the one experienced in
March 2019As a result ofncreasing extremgrecipitation and soil moisture content, water
tables are likely to increase, leading to more frequent flocatagwater obstructiona

locationsalreadyfrequentlyaffectedby precipitation and groundwater (Chang et al. 2011)
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Intotd , 18% of Nebraskads major roads are i
Meanwhil e, 42% of the st atwhifes8% df bridgdgiretise state e a't
are rated in poor condition (TRIP 202€pnditions on theurface transportatiasystem are
deteriorating, as the need for transportation improvements far outpaces the amount of state and
federal funding availabléVhile there are specific locatiomghere water obstructions have
occurred frequently, these locatemay not be documented and are often only krtown
highway agencies ambtto the local traveling publiBoselly 2001) Therefore, reemphasizing
the I mportance o fasittaims te quantifg gpaiaempaosal wateralbstyustions
climatdogy across Nebraska to better undamsiflooding and associated meteorological
conditions. This project targethe highfrequency water obstruction locations to implement
structural or nosstructural mitigation strategies and to improve the predictalofithe onset of

potential future water obstructions on state and federal highways.
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3 Data and Methods

3.1Data

3.1.1Water Obstruction Data

Raw historical water obstruction data from the CARS511 historical archive were
obtained from the Nebraska Department of Transportation (ND@The period June 2016
through August 2021 (NDOT 2021). The study domain for this analysis is Nebraska, and
obstuction data were summarized by NDOT district (Figug, 3y county (Figure 3.2jor all
state and federal highways (Figur8)3and by riveFigure 3.4). These aforementioned figures
are to serve as reference throughout the manuscript. Raw wateictbetdata consisted of the
event ID, date and time of obstruction, route designator, route mile marker of start and end of
obstruction, latitude/longitude of the start and end of obstruction, link direction, and the level of

obstruction (water on pavemig lane closure, or complete closure). The end date of the water

\

Figure 3.1Study area with NDOT District labels.
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Figure 3.2Study area with county outlines (gray) and labels along with NDOT district outlines

(red).
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Figure 3.3Study areawith all state and federal highways examined.
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Figure 3.4 Study area with the Nebraska major river network.

obstruction was also included in the obtained dataset; however, due to data reliability and
uncertainty, the end dates were not considerélde analysis. Ending dates were illegitimate, or
unrealistic, with respect to the starting date of the water obstruction in manyraasiestmore,

the ending dates for a majority of events were set to 12/31/2020 no matter the starting date, thus
making these unusable for the analysisaddition, many event IDs were repeated in the dataset

if an obstruction was reduced expandedh mileage due to improvingr worseningconditions.
Therefore, any events that were duplicatederemoved from the ahgsis to avoid potential

spatial bias. In other words, only the first unique event ID is considered per water obstruction
event, which resulted in 298 unique roadway water obstruction events over th@Q@216

period. For the ending points to the watertnb®ion latitude and longitude points, there were a
significant number of events that had ANULLO
only the starting point latitude and longitude points along with the starting and ending highway
mile marlers were used. Other information for each water obstruction event including the
respective county, NDOT district, and obstruction distance were also obtained and incorporated
into the analysis.
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3.1.2Meteorological and Climatological Data

To understand #hoccurrence of roadway water obstructidetterprecursor weather
and climatic conditions were assessed. With the given information in the water obstruction
dataset, meteorological and climatological data were extractearéi&i$). For the
climatol ogical analysis, which acts to fAset
obstructions, data from the National Centers for Environmental Information (NCEI) Climate at a
Glance were gathered from 192021 (NCEI 2021). Climate data considtof monthly average
temperatures, precipitation, Palmer Drought Severity Index (PDSI), and Palmer Hydrological
Drought Index (PHDI) values. The PDSI was chosen because the index attemptsure the

duration and intensity of the loigrm droughinducing circulation pattern@Palmer 1965)

‘ Literature Review ‘

}

‘ Data Collection ‘

l

NDOT Archived Water || Meteorological Data || Climatological Data
Obstrtuction Data (2016-2021) (2016-2021) (1990-2020)
Determining Root Weather- Nebraska Climate Averages
Related Cause and Trends Analysis

I

‘ Statistical Analysis ‘

!

‘ Spatial Analysis ‘

l

Final Assessment of Weather and
Roadway Water Obstructions

l

‘ Conclusions

Figure 3.5Research framework.
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Long-term drought is cumulative, so the intensity of drought during the current month is
dependent on the current weather patterns plus the cumulative patteregiafis months
(NOAA 2021) The reverse can be said for the ftbought (moist) periods dime when the soill
is saturatedThe PHDIlalsomeasuresiydrological impacts of drougland moisture surplus
scenarioge.g., reservoir levels, groundwater leveiger levelg which take longer to develop
and longer to recover froffPalmer 1965)This longterm drought index was developed to
guantify these hydrological effects, and it responds more slowly to changing conditions than the
PDSI.From here, the 3@earaverage (19912020) was computed to understand the baseline
means for each county across the state. The climatological data were collected for each county
and were informed by meteorological season:
Januay and February); spring (March, April, May); summer (June, July, August); and fall
(September, October, November). More specifically on the winter season, if the winter of 2019
was being examined, then December 2019, January 2020, and February 202Msidezarh
The PDSI and PHDI were the only variables that could not be informed by county, thus, were
displayed by each climate division in Nebraska. For all climate variables, theedPgeasonal
and annual rankings were collected at Nebraska letaeéaggregation to compare how the
study period (201:2021) and climatological period (192D20) compared with the entire
climatological record (1892021).In addition, groundwatdevel percentiles were gathered for
each of the prospectiygroundwater obstruction everid aid in the confirmation process
(NDMC 2022). These 0.125 gridded ceflitswere based on the 1948 through 2014 period for
the United States.

Meteorological data were also collected with respect to theadaltme of eat
roadway water obstruction. First, NWS advisory data were assembled to assess if there was a

flood orflash flood watch/warning or related advisory ongoing during or prior to the water
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obstruction (ISU 2021). Archived radar imagery was assessed to dedefithiere was
precipitation ongoing awithin seven daygrior to the water obstruction, and if so, then what the
duration of the precipitation was prior to the obstruction, start and end times, and if the
precipitation return was convective or stratiforConvective precipitation is defined as a radar
return greater than 45 dBZ locateid260 km out from the radar site, and greater than 35 dBZ
when the rainfall return is greater than 250 km from the radar site (Qi et al. 2013). Any
precipitation not meetg these radareturn requirements is classified as stratiform precipitation.
The categorization of stormdés precipitation t
the water obstruction location. In other words, if a storm had convective ipagoipfollowed
by stratiform, then that storm was classified as conved®rexipitation assessed by radar was
also categorized by storm mode or storm type. ThEsen typecategories were subjectively
assigned from radar analysising guidancérom Schumacher and Johns@0095, as either
being a part o& synoptic scale extratropical cyclone (ETC; which is a Colotame in this case
having a mean track from the southwest directian)AlbertaClipper system (mean storm track
from the northwest diion), mesoscale convective system (MCS), supercell, qtiukiier
cells, or convective training.

Automated surface observing system (ASOS) precipitation data from the nearest
observing location to the water obstruction were obtaineehaut, 3hour, 6hour, 12hour,
1-day, 2day, #day, and 3@ay intervals for each water obstruction (ISU 2021). These data are
different than the already collected precipitation data for the climatological analysis since these
are actual precipitation amounts for a spedocation and time, while the climate precipitation
data were summarized by county, month, season, and year by the NCEI. The closest ASOS
station to the obstruction was used, and these data along with the NWS advisory and radar

imagery were obtainedrthugh the lowa Environmental Mesonet website (ISU 2021).
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National Oceanic and atmospheric AdministratiN®AA) Atlas 14 precipitation
frequency and recurrence intervals were obtained for each water obstruction location based on
the precipitation duratioprior to the water obstruction (HDSC@H). The NOAA Atlas 14
database consists of precipitation frequency estimates with associated confidence limits for any
given location in the United Stateshere the nearby weather observing station has at least 20
years of data for (NOAA 2008). Thus, there is not a definitive period of record the NOAA Atlas
14 uses for daily, hourly, and stiourly durations. So long as the station has at least 20 years of
data, there could have been upwards of 150 years examirmeyi,ithe average length of data
used for stations were 68 years for daily station durations, 41 for hourly station durations, and 26
for subhourly station durations (NOAA 20085or reference, Figre 3.6 shows the precipitation
totals in a 24hourperiodthat would be representative of ayarreoccurrence precipitation

event

NOAA Atlas 14, Volume 8, Version 2

Mt estors Statcs Isopluvials of 50-year 24-hour precipitation in inches

B 170-200 0401-500 @7.01-800 [110.01-1053
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Figure 3.6 NOAA Atlas 14 precipitation estimates (in) for at&sur period that isonsidered a

50-year precipitation event in Nebraska (Source: NOAA 2008; HDSC 2005).
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The Atlasprovidesthese estimates forfinute through 6@lay durations at average recurrence
intervals of tyearthrough1000yeass (NOAA 2008). Therefore, the duration of the
precipitation event prior to the water obstruction being documented is whase$o
determine the duration. For example, 3 inches of precipitation may have fallen over the course of
1 hour prior to the water obstruction, which translates togeh@reoccurrence precipitation
eventaccording to the NOAA Atlas 14 fdhe selectetbcation in Nebraska.

In addition, Nebraska river ice jam ddtam 1991 2021 were gathered from the Cold
Regions Research and Engineering LaboratmrRREL CRREL 2021). These data include
the name of the water body, the city and state where tleére took place, the month, year,
and date of the ice event, the ice event type (if known), a brief description of damage (if known),
the names of the Corps personnel familiar with the event or site (points of contact), latitude and
longitude,andUnited States Geological Sirvey (USGS gage number (if available). This
database is especially usefubt only for the historic records of river ice jam evehtd,also for
potential applications using this information includthgidentification of potential ice jam
stages, problem areas, and mitigation areas (White and Eames 1999). An important note with the
CRRELIice jam databass that the USG§agingstation ecords consist of about 80% of the
historical information in the database, while the National Weather Service (NWS) is the primary
source sinceneaeatt i me moni toring began in the mid 199
hydrometeorologicajagesmakingthem highly reliable data sources and makingdbgam
databaseeliable (White et al. 2007Nebraska ice report summaries were collected, if available,
to increase the confidence if an ice jam event was taking place (NDNR 2022).

Streamflow conditionsii the form of river gage levels and river discharge were obtained
via the USGS and Nebraska Department of Natural ResaoiNB#¢R 2021, USGS 202). Thus,

the data on streamflowaxrecompiled using both USGS and NDNR stregagesites.
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Streamflow data werebtainedbefore, during, and aftéine time of the obstruction to understand
if river levels or river discharge increased due to the precipitation, contributing to the roadway
water obstruction. If there were no stregagesites near the water obstructigmthin ~5

miles), then data were not collected for that specific roadway water obstruction. Thegeiggam
data for each qualifying water obstruction were then subtracted from the dgbadtedian

for thatgageheight and discharge number to forre theparture at that time.

Finally, climatological data in the initial analysis were also used with respect to the
occurrence of each water obstruction event. This includes the values, means, and anomalies of
average temperature, minimum temperature, pitation, PDSI, and PHDI for the month when
the water obstruction occurred and for the month prior to the water obstruction. River ice jam
data gathered for the climate analysis were also used with respect to potentiatircdujeed
water obstructions.

3.2 Methods

3.2.1Determining Root WeathdRelated Cause

The next step in the research framework was to use the NDOT water obstruction data and
the meteorological data to determine the root weattlated cause for each roadway water
obstruction evenfFigure 3.7). To determine the root weatheslated cause for each roadway
water obstruction, a combination of location and precursor meteorological conditions were used
to make the most accurate judgement. The types of flooding most prominent in Nebraska
highlighted inSection2 were used as the four root weathelated causes for this analysis.
Throughout this analysis, these root causes are displayed alphabetically in each of the figures.
Thus, they were not formatted by importance or relevdfmeeab water obstruction, the
method for determining the root weathretated cause is highlighted in Eig3.7 and

summarized below:
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Water obstruction occurs on roadway ‘

No precipitation prior to the event ‘ | Precipitation prior to the event ‘
Water obstruction occurring in Sandhills Water obstruction occurring Water obstruction
region or over portion of Ogallala Aquifer within 5 miles of a river occurring anywhere
Long duration of freezing conditions Freezing and melting
followed by rapid melting period periods not a factor
_.-/
Precursor PHDI values Any PHDI and PDSI
exceeding +3.0 precursor conditions
Precipitation duration Precipitation duration Precipitation duration
not a factor exceeded 6 hours is less than 6 hours
| Groundwater ‘ | Ice Jamming | | Long-Duration Precipitation | ‘ Short-Duration Precipitation |

Figure 3.7 Framework for determining root weathezlated cause. Green path represents
groundwater inducedbstructions; grg path represents ice jamming induced obstruction; red
path represents londuration precipitation induced obstructions; blue path represents

shortduration precipitation induced obstructions.

1 Groundwaten PHDI values exceeding +3.0 (very moist conditions) vedrgerved
Precipitation does occur prior to the water obstruction, thpugtipitationduration
did not matter. Locations of groundwataduced water obstructions need todver
the Ogallala Aqiier, generally located in the Sandhills region of Nebraskehived
groundwater level percentiles were also used to confirm the occurrence of
groundwater flooding.

1 Ice Jamming A combination of below freezing (<32°F) temperatures for at least a

10-day duration, followed by a rapid warming of temperatures to above freezing
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(>32°F) temperatures. Confidence of the ice jam increased when the rapid warming
was associated with either shast long-duration precipitation. Location of water
obstruction needs toe within 5 miles of avaterway CRREL ice jam datand

Nebraska ice report summarigsre also used to aid in this assessment.

1 LongDuration Precipitation(LD Precip)i Typically associated with flood warnings,
which is defined as longer, mageadual flooding usually beginning after 6 hours of
excessive rainfall (NWS 20). Therefore, obstructions were flagged as {dngation
precipitation if the precipitation prior to the water obstruction was 6 or more hours in
duration (if the possibility fogroundwateor ice jamming have been eliminated).

1 ShortDuration Precipitation(SD Precip)i Typically associated with flash flood
warnings, which is defined as sharation (less than 6 hours), intense flooding
resulting from torrential rain (NWS 20@). In other words, precipitation events that
were less than 6 hours in duration prior to the water obstruction were flagged as
shortduration precipitation (if the possibility of groundwater and ice jamming have
been eliminated).

While these may be the roweatherrelatedcause to each water obstruction, it is important to
understand there are likely other physjmadcesses contributirtg these obstructions, including
land-use, infrastructure, etc., as highlightediection2. In addition, each analysigas

performed with and without March 2019 to avoid potential bias since the aforementioned March
2019 historic flooding event was responsible fot (58%) of the total roadway water

obstructions from June 20llAugust 2021.

3.2.2Statistical analysis

Given the information in the CARS511 historical dataset, other information was extracted

using a merge geoprocessing technique. In other words, the point locations of each water
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obstruction were taggdd its respective county and NDOT district. Thus, sumnsaayistics

were able to be computed to inform the number of water obstructiorscthated in each

county and NDOT district. Furthermore, summary statistics were computed on a monthly,

seasonal, and annual basis by county, NDOT district, and for Nelasaskahole. For climate

averages, a simple mean was computed over #ye&O0period to inform county, climate

division, or statevide averages. In order to assess trends in climate variablesSEneslope

analysis was chosen due to its efficient cotapon and insensitivity to outliers (Wilcox 2010).
Kendall 6s U was used to assess the statistica
level. In addition, for all box and whisker plots presented inthe analysisk ey HSD (fAhone
significantd i f f er ence 6) mul t compueedatche &% @nfidesce levelt e st was
Tukey HSD determines if the relationship between two sets of data is statistically significant in

terms of their difference in sample means (Ott and Longnecker.2@Xfher words, it is a way

to quantify the statistical differences between each box and whisker plot in each chart.

Furthermore, &ch box and whiskgglot preserd a six number summary: whiskers represbat

1.5x multiple of the interquartile range; outgrvalues outside the 1.5x multiple of the

interquartile range); thieoxes represent first quartile {2percentile) and third quartile (5

percentile) values; black line horizontal within boxes represent the median value; white squares
represent the &rage value

3.2.3Spatial analysis

ArcMap (ESRI 2019ajvas used to perform all spatial analyses for this study. This
allowed for indepth assessments of specific water obstruction spatial patterns and causes. All
water obstruction events, along with theaspective meteorological observations and root
weathesr el at ed causes, were Iimported i nWaterAr c Map

obstruction hespots weredentifiedby using the Line Densitgnd Kernel Densityools, which
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calculate a magnitie-perunit area from point features that fall within a neighborhood around
each cell (ESRI 21Bb, §. Only the lines (road segments) within the neighborhood are
considered when calculating the dendiyen returning a density raster for the outpigrnd
densities were calculated on a seasonal and annual basis by root snedatbdrcause, and also
when the four primary causes and all years in the study were compiled togetbelensities
were used for a finer analysis when examining obstructiodagver specific areas identified as

hot-spots with the Kernel Density tool.
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4 Results

4.1 Roadway Water Obstructions

4.1.10verview of Water Obstructions

Over the study period June 20thBoughAugust 2021, longluration precipitation and
ice jamming water obstructions are the most common in occurrence and account for 71% of all
water obstructions (Fige4.1a). With March 2019 possessirg)® of the water obstruction total
in the study periodt is no surprise that lorduration precipitation and ice jamming account for
over twathirds of the obstructions (Rige4.1a). However, the distribution of water obstruction
root weatherrelated causes shows distinct differences when March 2019 is rérinonethe

dataset (Figre4.1b).

d.

Short-Duration
Precipitation

56 [19%] Short-Duration

Precipitation
46 [37%]

Long-Duration
Precipitation

114 [38%]

Long-Duration
Precipitation
56 [44%]

Figure 4.1a) Distribution of water obstruction by root weatheslated cause. First number
representshe total number of obstructions while percent in brackets signify the distribution of

100%(20162021);and b) is the same as (&jithout March 2019 obstructions.
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Without March 2019 in the dataset, the distribution of {dogation precipitation and ice
jamming water obstructions decrease to only 48% of the total water obstructions, with most of
this new distribution being accounted for by leshgration precipitatin. Overall, longduration
and shorduration precipitation are the two leading causes for water obstructions in Nebraska
between June 2016 and August 2021, which consist of 80% of the water obstructions in
Nebraska when March 2019 is removdth the remeal of the extra summer in the dataset,
whether it is summer 2016 or summer 2021, {argl shorduration are still the two leading
causesTheprevalenceof groundwater water obstructiormmainsrelatively consistent when
considering March 2019, as thenge of the distribution is on the magnitude of only 5%. When
all is considered, the order of frequency in which these causes lead to water obstruction is as
follows: 1) longduration precipitation, 2) sheduration precipitation, 3) groundwater, 4) ice
jamming.With March 2019 in the dataset, ice jamming takes the number 2 spot while
shortduration moves to 3 and groundwater move to 4.

Over the study period, there are 19 tonailti-obstructionevents which are defined as
having at least two or moreadway water obstructions associated withawent(Table 4.1).
Thesemulti-obstruction eventsan include both longand shorduration precipitation water
obstructions along with groundwater and ice jamming obstructions. Theiviahrole these 19
multi-obstruction eventplay in the overall distribution warrants further examination, as not only
do they contribute to the overall distribution, the events also contribute to the monthly and
annual water obstruction climatologies. The March 2019 ehasthe most water obstructions
(171), which leds to the highest number of accumulated miles impacted (1334), and the most
obstructions that resulted in a road closure (121 out of 171; 71%). Over 88% of those closures
are due to ice jamming and lowlgrationprecipitation, whicloccus during a time of year when

ice jamming occurs frequently and when/where extratropical cyclones indicative of
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Table 4.1AIlmult-o bst ructi on events (O 2 obstructions)
andremained open within the roadway water obstructions, and 2) the root weathtd

causeassociated with each event.

Precipitation Event Obstructions Roadway Status Distance Weather-Related Cause
Water on " p . .
Count Paveniont Lane Closure Full Road Closure| Obstructed Miles | Groundwater Ice Jamming L.D.Precip.  S.D. Precip.

March 2019 ETC Precipitation Event 171 44 6 121 1334 10 93 58 10
May 2019 Precipitation Event 15 5 1 9 45 13 2
July 2019 Central NE MCS Event 14 2 12 54 1 13

June 2018 Northeast NE Precipitation Event 12 1 11 135 10 2
August 2017 Central NE Convective Training Event 7 6 1 11 3 4
September 2016 Northeast NE Convective Training Event 6 4 2 8 S 1
July 2020 Southern NE MCS Event 4 2 1 1 17 4
August 2021 Eastern NE MCS Event 3 1 2 3 3
July 2019 Northern NE MCS Event 3 3 3 2 1
June 2016 Eastern NE MCS Event 3 3 5 2 1
June 2020 Eastern NE Convective Training Event 3 1 2 3 2 1
May 2017 South and Eastern NE MCS Event 3 3 3 1 2
August 2021 Southeast NE Severe Storms Event 2 2 v 2
July 2017 Northern NE Convective Training Event 2 2 2 2
July 2017 Southeast NE Convective Training Event 2 2 4 2

June 2017 Eastern NE Convective Training Event 2 2 2 2
May 2017 Eastern NE ETC Precipitation Event 2 2 2 2
May 2019 Southeast NE MCS Event 2 2 5 1 1
September 2019 Northern NE MCS Event 2 1 1 6 1 1
Other (single obstruction events) 40 23 17 68 15 6 4 15
Total 298 98 13 187 1712 29 99 114 56

long-duration precipitation events occur frequently (more on this climatolo§gdtion4.2). No
othermulti-obstruction evenbver the 5year period caused ice jamming water obstructions in
Nebraska. In other wordall other ice jamming water obstructions contribute to the single
obstruction case totah which ice jamming accousfor 6 of the 40 total single obstruction
casesTwo months following the March 2019 historic flooding event, the next highest water
obstruction evenfor multi-obstruction eventdccurred in May 2019 across central and eastern
Nebraskawith 15 total obstructions, nine of them leading to a road closane iongduration
precipitation. Not even two months later, the July 2019 central Nebraskauoatonmulti-
obstruction eventausd 14 total obstructionsl2 of these leading to a road closure. In summary,
the top threenulti-obstructioneventsin terms of total water obstructions in Nebraska since June
2016 occur within a fivemonth period in 2019. However, teecondand third leadingnulti-
obstruction eventdo not possess the highest number of accumulated miles impacted4Tgble
The Jur 2018multi-obstruction evenin northeast Nebraskaasthe second most mileage

impacted behind March 2019 with 135 obstructed miles, with most of these obstructions being
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caused by longluration precipitation further leading to 92% of the obstructionsing a road

closure. Otherwise, there are 15 othmidti-obstruction eventahere shorduration precipitation

is the dominant cause tie obstructions, and 40 total single obstructbasesvhere

groundwater and sheduration precipitation are the prary caussover the 5Syear study period.

Overall, every year in the study period (202621)hasat least onenulti-obstructionevent:

2016 with two; 2017 with six; 2018 with one; 2019 with six; 2020 with two; and 2021 with two.
Multi-obstructionevents ad single wateobstructioncaseslongside their root

weatherrelated cause magontributeto whether or not a road closure or lane closure is in place

(Figure4.2). Over 80% of the ice jamming water obstructions cause either a lane closure or a full

road closure. With the removal of March 2019, all ice jam water obstructions result in a full

closure. Loneduration precipitation events also cause a larger number of roadways to have a

lane closure or a full closure accounting fd#«/ (84 of 114) ofong-duration precipitation water

obstructions. Thus, 25% (30 of 114) of ledgration precipitation obstructions result in water on
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Figure 4.2 Total number of water obstructions that resulted in just having water over a roadway
(no closures)lane closue, or full road closure (a) with March 2019 and (b) without March

2019 from 201&021.
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The pavement and no lane or full closteeorded. However, this is not the case for
shortduration precipitation water obstructions as only 41% (23 of the 56-dtiation water
obstructions) of these events result in a lane closure or full road closure. The same can be said
with groundwater water obstruction events as only 17% (5 of 29 groundwater obstructions) of
these events result in a lane or full road closure.

Accumulating thenumber of miles impacted by each water obstructmmjamming and
long-duration precipitation water obstructiocsusethe highest number of miles impacted by an
obstruction on average at 10 and 6 miles, respectivelyr@dg3a). Without March 2019, the
averages drop slightly to 7 miles anthBesrespectively with both causes still having the
highest number of miles impacted (&ig4.3b). Also,miles impacted byce jamming and
long-duration precipitation arstatistically significant differeresthan shorduration and
groundwater water obstructions to the 95% confidence level (when excluding March 2019). In
other words, the less frequent ice jamming andrtbeefrequent longduration precipitation
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Figure 4.3Box and whisker plots of distance (miles) impacted per water obstruction event by
each obstructio@s root weatherelated cause (a) with March 2019 and (b) without March 2019

from 20162021.
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Obstructions tend to not only result in road closutiesy also impact a higher number of miles
that close. However, when excluding March 2019, it is the shgetion precipitation induced
water obstructiosthat have the most outliers, with distances of obstructions uprol@®

impacted since June 20Tkhis suggests that shattiration precipitatiombstructiongend to not
closeroadsand to not impact as many miles as the other weagteted causes (average of

3-4 miles impacted)Thereareshortdurationprecipitation obstructionsausingoutlier events
thatimpactmore extremenileagethan any other weatheelated caus@-igure4.3b)

Groundwater obstruction miles show similar results with stioration precipitation in terms of

the average number of les typically impacted; however, there are not any outliers when
excluding March 2019This increases confidence in determining the number of miles impacted
during the onset of a groundwater water obstruction, ranging from 1 to 6 miles impacted (when
excluding March 2019). An important caveat, and likely a larger contributor to some of the water
obstructions than the meteorology, is the number of miles impacted per obstruction event is
dependent on the location of the obstruction, thus impacting the détiher routewvhich can

also be considered a direct impact of water obstructibms is likely the case for obstructions
that occur in a sparser road network, such is the case in the central and western portions of
Nebraska (Figre 3.3). With less stateighway options, the mileage on an obstructietour

may need to be much longer than the roadway segment being impacted by the obstruction.
Where these obstructions occur and the density of the road networks cannot be controlled for;
however, the mileag@iormation provided in Figre4.3 may still aid in where potential

mitigation effortscouldtake place.

4.1.2TemporalDistribution of Water Obstructions

The topthreeevents causing the most water obstructions occur wathiwe-month span

in 2019.The year2019 alondhas225 water obstructions, which accounts for 76% of the total
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dataset (Figre4.4a). Even when excluding March 2019, the yearts#iat least 25 more water
obstructions than any other year (lig4.4b), furtherjustifying that while 2019 is an outlier
year in terms of obstructions, these years can continue to happen. Eaelxgeatrfor2021,has
at least 13 or more water obstructions. While 28@lLhas twomulti-obstruction evenighe
eventsonly cause aambinedfive water obstructions while all other years eithavemore
multi-obstruction eventoor more water obstructions per event. For example, 201&asbne

multi-obstructionevent however, that one event is responsible for 12 obstructghen
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Figure 4.4.Number of obstructions by root weathretated cause on an annual basis (a)
with March 2019 and (b) without March 2019. In addition, the annual distribution of
obstructions by causamre represented out of 100% (c) with March 2019 anda{diout March

2019 from 201&021.
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Excluding March 2019, the average number of water obstructions annually is 21; while the
median number of water obstructions per year, which is likely a better representation of the
actual number of water obstructiong gear given the skew 2018ings to the resuliss 16
obstructions per year. This places the year 2016 (only 6 months included in the study period),
2020, and 2021 (8 months included in the study) below normal in terms of total number of water
obstructims. For the root weatheelated causes of water obstructions, the annual median
number per year (excluding March 2019) is as follows: groundwaterice jammingone
long-duration precipitationseven shortduration precipitationseven On a mediamasis, this
places the annual distribution for groundwater and ice jamming at 6% each and 44% each for
long-duration and shomuration precipitation (Figre4.4d). Therefore, water obstructions in
Nebraska are more likely to occur via lergpd shorduraion precipitation as they account for
88% of the water obstructions in Nebraska annually.

Throughout the year, water obstructions tend to peak during late spring through late
summer and are at an annual low during the fall, winter, and early spring theeoccurrence
of long- and shorduration precipitation water obstructions (fig4.5a and). While the study
period does have an extra summer represented in the data as reflected in Figure 4.5, this does not
change the frequency of water obstructi@eurrences within these months. When removing
summer of 2016 for the dataset, June had a total of 22 (4 less), July had 28 (same number if July
2016 was included), and August had 15 (only 2 less). If the summer of 2021 is removed, June
and July have theame amount if the data were included at 26 and 28, respectively, while
August would only have 7 (10 les3he frequency of the weathezlated causes for water
obstructions are highly dependent on the time of year for their peak occurrence
(Figure4.5c and d). Groundwater induced water obstructions can occur at any time of the year,

though typically peak in occurrence during late summer. During late fall through early spring
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(November through March), groundwater and ice jamming are the top occurrieg tausater
obstructions accounting for 100% of the total water obstruction causes when excluding March
2019. This is attributed to the climatology of lergd shorduration precipitation, as the
frequency of these events are lower during this time fréireept for ice jamming, it needs to

be stated that the other three weatledaited causes can happen at any time of the year with a

varying level of frequency. This will be further investigate®ettion4.2 with the climate data.

Figure 4.5.Number of obstructions by root weathretated cause summarized by month (a)
with March 2019 and (b) without March 2019. In addition, the monthly distribution of
obstructions by causare represented out of 100% (c) with March 2019 and (d) without March

2019 from 20162021. The Bsrepresent months when no water obstruction occurred.
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