ABSTRACT
PIRHALLA, MICHAEL . UrbanWind Flow andDispersionAnalyses forilmprovedEmergency
Preparation and Respon&#nder the directioof Dr. Viney P. Aneja and Dr. S. Pal Arya

Accidental or intentional airborne releases withiban areas pose sigodnt human
health, exposure, and environmental risks due to the complex layouts of buildings anthsireets
influence the channeling and dispersion of contaminants. The interconnected streets and
intersections that separate rowsdagroups of buildingdead to alterations in atmospheric
turbulence, boundary layer wind speed profiles, and effluent plume behdvian areas are
prime settings for improved emergency planning and response strategies due to high population
densities ad complicatedbuilding morphologies that could impede the response process.
Atmospheric dispersion modelifgasbeen shown tbe a critical componernh response efforts
that help approximatethe potential hazard zondsom a toxic releaseplume To expand on the
current knowlege of urban dispersion research, this dissertatioataiprovide a comprehensive
background and review of current dispersion models that could be used during emergency
situations, and theoffer insights on urban dispersiog bombininga series of angses from data
gathered ina field study, wind tunnel laboratory, Computational Fluid Dynamics (CFD)
simulations, and a Gaussian dispersion model.

The first portion of this study includea comprehensive repothat describesthe
fundamental concepts ofraospheric transport and dispersicesources currently available to
decisionmakers, an extensive reviek96 dispersion modejsaand & in-depth reference guide of
sixteen models that may be usefukemergencyscenariosWhile no single moddkndsto have
all the requirementthat are desireduring the consequence managemefita wide area event,
severalobservationsareprovided It is shown that a balance betwemodel speedyerformance,
ease of usevailability of detdeed input data, and propeser knowledge are some of the most
important characteristics that should be cleagtablished when choosing a dispersion moakel
a result, Gaussiatispersiommodelsmay offer valuable support inperational settings due fast
runtimes and less inpand postprocessing requirements.

The second part of thieesearch descriseand analyze the wind flow and turbulence
patterns from sonic anemometers deployed withimockurban arrayof buildingsduring the
20152016 Jack Rdit 1l (JRII) field study A comparison between the approach and lagcadl

flow shows that the wide simulated street canyons and staggered intersections often cause a



complete flow redirection at some places within the building array. Each songd#ssified to

follow one ofthree generalized flow regimes thatidhapplicability over a wide range of wind

speeds, directions, and atmospheric stabilities in comparison to an unobstructed measurement

outside the building arrayrhe analysis shoswthat samics as close as3 m frombuildings and

other soniczould have vastly different flow patterttsat would therefore impact the dispersion

of effluentreleasedvi t hi n the windds streamline fl ow.
The final component of this project coraplent the JRII fidd study by using variations

of the building layoutto analyze the dispersion pattewfsa neutrally buoyant releasathin a

series of wind tunnel, CFD, and Gaussian dispersion model experim@mteentration

measurements obtained within the street oamyof the wind tunnel studghow excellent

guantitative and qualitative comparisons among lateral and vertical profiles extracted from the

CFD model.The CFD model captusghe plume structurevidth, andcenterlineconcentrations.

Profiles from both datsets fit well to the Gaussiadistribution equationand provideplume

spreading termsThe first few rows of buildings kathe most significant impacin the ptimed s

width. Small variations of obliquencoming wind directionsare shown to causeonsiderable

plume channeling withirhie canopyindicating thabuilding structuresffset theexpectegplume

centerline axis, especially with greater wind obliquidditionally, results froma Gaussian

dispersion modedrecompared to the CFD plumBy using turbulence datzrovidedby theCFD

model, theGaussiarmodel show improvement by reducing lateral plurapreadandincreased

centerline concentrations, especially in the naad midfield regions.Based on these analyses,

several observationseaoffered for Gaussiagispersiormodding in urban areas.



© Copyright 2@1 by Michael A. Pirhalla

All Rights Reserved



Urban Wind Flow and Dispersion Analyses lmprovedEmergency Preparation and Response

by
Michael AlexandePirhalla

A dissertation submitted to the Grede Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

Marine, Earth, &Atmospheric Sciences

Raleigh, North Carolina
2021

APPROVED BY.

Dr. Viney P. Aneja Dr. S. Pal Arya
CommitteeCo-Chair Committee CeChair
Dr. David Heist Dr. Brian Eder

External Member

Dr. Anantha Aiyyer



BIOGRAPHY

Michael Pirhalla graduated from Plymouth State Unive($ityU)in 2012 with a Bachelor
of SciencgBS) degree in Meteorologgfteran early childhoodascinationwith weatherHe then
receiveda Master of Science (MS) in Atmospher&ciences from the University of Alaska
Fairbanks (UAF). His thesis examined the air quality impattsruise ship emissions trapped
beneath temperature inversions in Gla®day National Park. Particulate matter was simulated
using an activitypbased invetory of cruise ship emissisrwith the WRF/Chem model. After
graduaing in 2014, he worked with the National Park Service (NPS) Inventory and Monitoring
(I&M) Program toandyzerainfall depositiorand developmairborne contaminantampling plan
for three national parks in Southeast Alaska.

After reluctantly leaving Alaska in 2015, Michael joined the PhD prograrNaath
Carolina State UniversityNCSU) in the Marine, Earth, and Atmospheric SciencMEAS)
Department. He was a teaching assistant (TAMBAL135: Introduction to Weather and Climate
LabandMEA100: Earth Systems Science: Exploring the Connectionsdzai fotwo semesters
In 2017,he was hired as a FedeRdthways Intern at the United Stakgs/ironmental Protection
Agency (US EPA) wihin the Office of Research and Development (ORD), Center for
Environmental Solutions and Emergency Response (CESER), Homeland Security and Materials
Management Division (HSMME). This research grougonducts many unique Homeland
Securityrelated research imatives The Pathwaygosition supported fullime employmentfor
his dissertatiomesearctwhile also being enrolled asgaaduatestudent at NCSU, permitting him
toworkwi t hin EPAG6s dmargmangy termwned reseaecihedsfter he started
wor kKing regularly at EPA&6s Fluid Modeling Faci
laboratory alongside his mentors, Dr. David Heist and Dr. Steven Pkerydirectionof his
research switched from air quality to more generic atmospheric dispenmstbrmigroscale
planetary boundary layer (PBL) procesdaes2020, Michael was nominated and selected as the
recipient of theJohn S. Irwin Award for Scientific Excellenddis dissertation has been focused
onthe analysis oflata from the Jack Rabbit(URII) mock urban field study aritie examination
of urban dispersion problems within the wind tunnel labtanalighcomputer model simulations.

After graduationMichael plans to continue working at the EPA as a Physical Scientist.
Outside of atmospheric istice,his interests includérail running,skiing, hiking, traveling,and

spending quality time with friends and family



ACKNOWLEDGMENTS

| owe manyindividuals my sincere gratitude for the successful completion of my PhD
program. Without their patiencen@ generosity, | wouldhever have reached this important
academiaenilestone First and foremost,would like to thankmy mentor®Dr. David Heist an®dr.
Steven Perrynow retired)who conduct their research BPAS §MF Wind Tunnel Laboratory
They havebeen instrumental in guiding me through my PhD research and have provided
outstanding mentorshipver the past several yearsvould not havesucceedd without working
alongsidethemnearly every day as | navigatdutoughthis PhD journey. Dave and Stewere
always there to answer a questibalp with coding, provide technical feedbaoksimply have a
friendly conversation. | owe so much of my success to them andiégmgratefulthatl was able
to find suchamazingcolleagueswithin the agencyA special acknowledgemertisogoesout to
Lydia BrouwerandDr. Laurie Brixey who have be@xcellentcoworkersand have helped collect
data (and troubleshoot issues) within the wind tunnelrktbry.

The core of this dissertation research was inspired bperen Hannayho has worked
his entire career oadvancingatmospheric dispersion reseh. Dr. Hannalesignedthe JRII
Special Sonic Anemometer Study (HS) and offered my mentors and | a chatmexamire the
data | am grateful for the opportunity have analyzed these data and the ability to collaborate
with him. The JRHS analysisomprisél a third of this dissertation and inspired additional mock
urbanrelated researchwouldlike to acknowledge some of the masgientists studying the JRII
datg includingDrs. Thomas Spicer, Bertrand Carissimo, Silvia Trini Castelli, and MidBeaeson
for sharing their insights and resulfthanks alsdo the field technicians andugway Proving
Ground (DPGstaff, especially Donny Storwold, who ran the J&ldy, deployed the sensors,
and collected theaw data.

| would alsolike to acknowledg my research group withii P A ©ORD/CESER/HSMMD
for providingbothemploymentnd a supportive environment to work on my dissertation research
as a Pathways Internh& staff withilHSMMD, especially Dr. Paul Lemieux and Dr. Shawn Ryan
has allowed signifcant flexibility for me to pursue a PhD topic fitting my meteorolcagyd
atmospheric science backgroumkile supporting Homeland Securigsearch needswould like
to thank my colleagues withiHSMMD who helped formulate my dissertation topic, provide
advice,guidance,mentorship, and administrative support, especially Dr. Anne Mikelonis, Dr.

Katherine Ratliff,Leroy MickelsonDr. Lukas Oudejan®r. Stuart Willion, Dr. Robyn Conmy,



Dr. Jacky RosatiJchn ArcherDr. Sangdon Lee, Timothy Boége Wood, Dr. Russel Wienand
Tanya CurtisThe first chapter of this dissertation has also breetivatedby conversatioswith
FederalEPA On Scene Coordinators (OSCsgluding Elise Jakabh&zy ar@hristine Waner
whom | met in 2018 on a voluntary EPA Emergency Response deployment in St. Croix after
Hurricanes Irma and Maria.

| would also like to recognize the important contributionsngfcommittee member®r.
Viney Aneja, Dr. S. Pal Arya, Dr. David Heist, DBrian Eder, and Dr. Anantha Aiyyer, as well
asthe support oNC St at ebds Air Qual ithe MEAR ®epartsentextra Gr ou p
thanks go to Dr. Jay Levirend Dr. Lonnie Leitholdor being supportive duringly challenging
early days at NC State foee | beganmy EPA position

Thank you toall my family members for the love and encouragement, especially my
parents Alex and Helen Pirhalliean Beezefrandma Barbara Lischa&ndaunt Barbara Foyer,
who havealways been there for nterough the upsind downsAdditionally, | owe a special
acknowledgement tOr. Robert Swiftaretired prdessor at Plymouth State University (PSU) who
| 6ve kept in regular cont actinspiingamdsgpportivesf 200 9 .
my journey through higher educatibfrom Exploring Music at PSUp my MS degree in Alaska,
andfinally throughait my PhD at NC State. Finally, thanks to all my friends who have been an
amazing support system throughout this challen@ih® processincluding, but definitely not
limited to: Ashley Tomlinson, Mike Madden, Derek Starkenburg, Nicole Peftim Maggio
(Norris), Dianna Francisco, and Casey Bray.



TABLE OF CONTENTS

LIST OF TABLES ... .ttt ettt e e e e e ettt e e e e e e e e e e e e e e e e s e s s s s ammne e e e e e e e s s nannanes X
LIST OF FIGURES .....ccoo oo eeee ettt eees ettt e e e e e e e s emmmreeeaaaaaeeaeas Xii
INTRODUGCTION ..ttt eee bt ettt e s sees s s e e e et eeeaaaaaaeaeeeesssmmeaaaeeeaaeasasnnanns 1
S (=TT 1o TP 6
CHAPTER 1: Dispersion Modeling Systems Relevant to Homeland Security
Preparedness and RESPONSE........oooiiiiiiiiitteeee s eeeeas bbb e e e e e e e e e e e e eeeneees 10
00 R 1 11 £ To [ o 1o TR TTTPPP 24
1.2 Project Background and GOalS..........cccceeeeeieiiiiceciiiiii e eeee e 28
1.2.1 ProjeCt MOUVATION ... ...uuuiiiiiiiiiiiieiee e ettt e e e e e e e e e s e e e e e e e e e e e e e e e e e nnee s 28
1.2.2 Background and Premiis Model Review Efforts...........cccovvvviiiiiiineccecceei 30
1.2.3 PrOJECE GOAIS.....uuiiiiiiiiiiiiiiiie ettt e e e e e e nnne e 32
1.2.4 Literature QUAIILY ASSUIANCE. ......uuuiiiiiiiiiiiieieeeeereeite et et e e e e e e e e e e ssimmme e e e e 33
1.3 Emergency Response and Dispersion Modeling...........cccceeeeevieeeevvviiniiiieeee e 35
1.3.1 Dispersion Modeling DefinitioN............cccoiiiiiiiieiicceeiiccce e eeeeeeeeeeeeeee e 35
1.3.2 CBRNE TerminNOIOQY........cccotiiiiiiiiiiiiiiimmme e e et s e e s emrs s s e e e e e e e aeaeeeaan 35
1.3.2.1  CREMICAL.....coieieeeeee e rrrn s e e e e e e e e e e e e e e e e eernnneeeeeees 36
1.3.2.2 BIOIOGICAL. ...ttt ettt e e e e e e e e e e s mnne e e e 36
1.3.2.3 RAAIOIOGICAL . ...uvvieiiiiiiiiiiii et eene e eeenne 37
1.3.2.4  NUCIBAT......eeieie ettt emme e et s smenneennnnes 37
1.3.2.5 EXPIOSIVE .. .ot eee ettt e e e e e e e e e e e e e s st e e e e e ns 38
1.3.3 Stages of an EMergenCyeBPONSE........ccouvuiiiiiiiiiiii et e et 38
1.3.3.1 Prevention FrameWOLK .............uuuuuuummiiireeeeiiiiinnee s e e s e e e e ememsnnnneneeeeeeas 39
1.3.3.2 Protection FrameEWOIK ............uuiiiiiiiiiiiieeeiiiiiiiie e eimmme e 39
1.3.3.3  Mitigation FramMeEWOrK...........ceeviiiiiiiiiiiieeeiiiiiiiee e ssrmmme e e 39
1.3.3.4 Response Framework ..........ccccciiiiiiiiimmmiiiiiiiiiiiiiiieceeeeeceesesnnneeeeeeeeeeeee . 40
1.3.3.5 Recovery Framework ..........ccooiiiiiiiiiiimemniiiiiiiiiiieeeeeeeeeesssssseseeeeeeeenenn . 40
1.3.4 Operational Dispersion Modeling and Reach BacK..............ccoeeeveeeeiciieenenn. 41
1.3.4.1 Interagency Modeling and Atmospheric Assessment Center (IMAAC)...42
1.3.42 Models Used in IMAAC RESPONSES......ccuuvuriiiiiiieeeeeesiiiiiiinnneeeeeeeeeeeennn 44
1.3.5 Hazardous Release Mitigation Programs and Risk Evaluation.......................46
1.3.5.1 Emergency Planning and Community Rigttknow Act (EPCRA).............46
1352 EPA6s Ri sk Manag.ement..Pl.an..Ru.l.e.47
1.3.5.3 BIOWALCH.....o e anen 48



1.3.5.4 Chemical Facility Antiterrorism Standards Program............cccccccceveeeenneee. 49
136 EPAGs Contributions to Emeregienrncy Response

1Yo Yo =1 71 Vo S SPPPRUPR 49

1.3.6.1 EPA Support Center for Regulatory Atmospheric Modeling.................... 51
1.3.6.2 RMPHCOMP. ..ttt et e rmnr e 51
1.3.6.3 CAMEO/ALOHA ..ot 52

1.4  Atmospheric and Micrometeorological Fundamentals in Dispersion Modeling..54
1.4.1 AtMOSPhEriC TUIDUIENCE.......cooe e 54
1.4.2 Planetary BOUNJAry LAYEL........cccccuuuuiiiiiiiiieeeiiiiiiiinieee et eeeeeee e e e e e e e e e e e 56
1.4.3 Modifications to Urlan Flow from Building Structures............cccccevvvviiieecnnnnnnn. 58
1.4.4 Vertical WiNd Profil@...........ouiiiii e 62
1.5 Types of Atmospheric Dispersion MOGEIS..........oovviiiiiiiieen e, 64
1.5.1 BOX MOUEIS...coiiiiiiiiieeeeee et ennr e 65
1.5.2 Gaussian Plume MOAEIS.........coooiiiiiiiiieeee s 66
1.5.3 Gaussian PUff MOEIS...........ooooiiiiiieeee e 67
1.5.4 Lagrangian Stochastic Particle Models.............ccccovvviiieeee e, 68
1.5.5 Eulerian Grid MOUEIS..........oooiiiiiiiiiicmme et e e e e e e e e e e aan 68
1.5.6 Higher Order MOAEIS..........coooieieiiiiimme s e e e e e e e 69
1.57 Street NetWOrk MOGEIS. ......uuuiiiiiiiiiiiiiii ettt 71
1.5.8 Comparisons, Strengths, and Limitations for Atmospheric Dispersion Models2
1.6 MOl REVIEW PrOCESS.....cceiiiiiiiiiieeeee et enens s e e e e e e eeeeeeean 76
1.6.1 QUICK ReferencCe Table............uuuuiiiiii i e e eeeee s e e e e e e e e eeeeeeeees 76
1.6.2 Expanded Model DESCH0N ..........uuiiiiiiee e eeeeeee e mmne e e e e eeeeaenees 78
1.7 Dispersion Models Quick Reference Table............oooooiiiemniceeee 81
1.8 Expanded Model DeSCIPLONS........ccieiiiiiiiiiiiiiicme e e e 97
1.8.1 ADAM TOO ...ttt e ettt e e eeet et e e e e e e e e e e e e e e e e e s s e e e e e e e e s 97
1.8.2 ADAPT/LODI ... eeee e aeenss e e e e e e e e e e e e e ennreeeeees 100
1.8.3 ABOIUS. ...ttt ettt e e eee— ettt et e e e e e e e e e e e e e s ammt e e e e e e aaaeaa e e 102
1.8.4 AERMOD ... ..coiiiiiiiiiiie et eees sttt e seess sttt et e et e e e e e e aeeeeeeammreaaaeaaeeens 104
1.8.5 ALOHA (CAMEDO) ...cooiieiii i eeee et seeess s aeeeaaeaaaeeeeenn 107
1.8.6 CALPURF ... .t eeer et eeeet ettt et e et e e e e e e aeeeeesamamraaaeeeaeeeas 109
1.8.7 CASRAM ..ottt ettt e ee bbbttt e e et e e e ettt aaaaaeaas 111
1.8.8 CT-ANAIYSL....uiiiiiiiiiiiiiii e 113
1.8.9 DEGADIS. ...ttt eees ettt e enes ettt et e e et e et e e e e e e e e e amt et aaaaaaeeas 115

Vi



1.8 LOHOESPOL ... 117

IR T80 | | PP 119
IR T80 102 1 ORI 122
IR T80 G ¥ =Y RO PPPPPPPPI 125
1.8.1AMELCOR and MACCS.......cco oo ieiicceeee st sanens e eeeaeaaeeeas 127
108 701 15 1 1 [T 130
1.8.16SHARC/ERAD......cettiiiiiiitiie e eene e 132
1.9 Concluding REMAIKS..........oooiiii e e e e e e e e 134
1.10 REMBIENCES...cci ittt ettt et et e e e e e e semr e e e e e e e e aeaens 137
CHAPTER 2: Urban Wind Field Analysis from the Jack Rabbit Il Special Sonic
ANEMOMETET STUAY.....ceiiiiiiiiiie et ee bbb eeene bbb e e e e e 150
Y 0153 = Lo PSP P PR 151
V22 A 1 11 {0 To [0 T i o PP PP PP PUPP P PUPPRPPPPR 152
2.2 Description Of JRHS ...t ree et eeee e e e e e e e e e e e e e 155
2.3 Data and MethodOlOgY.........ccoeiiiiiiiiiiiiieee e 157
2.3.1 Sonic Anemometers Withithe CONEX AITAY........ccuviiiiiiiiiiiiiiiieeeeeeeeeeeeens 157
2.3.2 Unobstructed 32 M SONIC TOWEK........uuuuiiiiiiiiee s ceeeeeeeiininsee s e e e e e e e e e snensnnne s 159
2.4 RESUILS...ceiiiiiiiiiee e 161
2.4.1 Overview of General Mebrological Conditions During March 2016............... 161
2.4.1.1 Meteorological Analysis of a Sample Day.........cccceeeeeiiiiiccciiieeeeee 163
2.4.1.2 CONEX Array Flow PatternsroMarch 24, 2016........ccccoevveeeeeeeeirieeeeeennn. 164
2.4.2 Unobstructed Tower vs. Building Array FIQW..............cooooiiiiiiieeeiee 167
2421 EAStWESE REQIME.....oiiiiiiiiiiiieee e 168
2422 Prevailing REGIME.......ooiiiiie e 171
2423 NOrth-South REQIMe.......ccooiiiiiiiiiic e 172
2.4.2.4 FIOW CharacCteriStiCS......cuuuiiiiiieeeeieie i e e e 173
2.4.3 Effect of Stability on Turbulence..............ccciiiiee e 175
2.5  Summary anDiSCUSSION.........cccciiiiiiiiiiiiiiieeee e s 178
2.6 Acknowledgements and Data Availability..............ccccooiiiiieeer i 181
2.7  REIBIENCES.....ciiieeeeeei s e e e e e e erees s e e e e e e e e e e e e e e e e e e eannnraeaaaeaaeeeeees 182
APPENTIX A2, e ettt et ee et ettt ettt ettt et e e e e e e e e e e et a e e e e e e e e e aeaaaaaas 188
CHAPTER 3: Simulations of Flow and Dispersion through an Irregular Urban
[T UT| o T aTo TN 1 > Y PSSP 189
ADSTIACT. ...t e e e et en e e e e e e e e e e e eeererabaanae 190

Vil



120 M [ { (o o [ U1 1o  FUU SRR 191

3.2  Wind Tunnel and ELES Experim@itDesign................uuvvueiiiiiicemeenriiiiineeee e 194
3.2.1 Experimental Design and Case DeSCriptionS..........ccceeeeeeeivieeeiiieee e, 194
3.2.2 Description of the Wind Tunnel Study..............uuuviiiiiiiiceceeiiiieee e e e 198
3.2.3 Description of the ELES Simulations............cccuuvviiiiiimeeiiiiiiiieeeeeeeee e 202
3.2.4 ELES Model EValUALION..........ccouuuiiiiiiiiiieeieiiiiis e erenss e e e e e e e e e 203

3.3 ANalysis and RESUILS...........ocouuiiiiiiiimr e e e e erre e e e e e e e e e e e e eeaeees 208
3.3.1 Spatial Description of the Plume...........ccccoooiieiiiiieeeei e 208
3.3.2 Fitting Lateral and Vertical Profiles..............uiiiiiiiiiceeiiieeeeeeeeeeee, 209
3.3.3 PlIUME ParameterS........ccoviiiiiiiiiiiceeeeeeeiiiisns e e e e e eera s e e e e e e e e e e e e eeeanene s 213
3.3.4 WINd DIireCtion SNif.............oooiiiiiiiiiiiiiee e e 214

3.4 Gaussian DiSpersion MOOBY ...........oooueiriiiiiiiiiee e 220
3.4.1 Model Simulation Based on Readily Available Meteorological Data (Model Run

) PSSR 221
3.4.2 Gaussian Modeling with Enhanced Input DatarfleLES (Model Run 2).......... 223

3.5  ConCluding REMAIKS.......coeiiiiiiiiiiieii e eeas 228

ACKNOWIEAGEMENTS. ... .ottt ee e erer e e e e e e e e e e e e e ammteeeeaaaeeens 231

3.6 REIBIENCES. .. ciiiiiiiiiiiiii e 232

CONCLUDING REMARKS ..ottt ettt smmne e 237
Y o N5 P PPPPP 242
A.1 20th International Conference on Harmonisation within Atmospheric Dispersion

Modelling for Regulatory Purposes (HARMO)...........oovvviivvmmiiiireeeeeeiininnns 243

A.2 Joint USUK Air Quality Modeling and Exposure Science Workshap............... 245

A.3 100" American Meteorological Society (AMS) Annual Meeting........................ 246

A.4 11"US EPA International Decontamination Research and Development (R&D)

CoNTErenCe (2019).... ... ieeeii ettt e et a e e e e e e e nnne s 248

A5 100" American Geophysical Union (AGU) Fall Meedin.............ccccevivveeeeeennnen.. 250

A.6 10" US EPA International Decontamination Research and Develnp(R&D)

CoNfErenCe (2018).....uu it 252
A.7 NCSU Graduate StudeneRearch SympoSsium.............ccoevviiiiiceeri e 254
A.8 19" International Conference on Harmonisation within Atmospheric Dispersion

Modelling for Regulatory Purposes (HARMO).........ccooooviiiiiiiiieeei e 255
A.9 37th International Technical Meeting on Air Pollution Modelling and its

Application (ITM) CONfEIENCE.........couuiii i eeeane 257
A0 EPA BIrOWN Bag. ... iccuuiiiiiiiiiiii s emmei ettt e et snens s et e e e et e e e aa e e e s mmmra e 259



A1l Jacobs INETS SEMINAL........coiiiiiiiiiiiieeersiibb bbb e e e sners e e e eeeeeaeaaaeeeeeas 260
A.12 Massachusetts BioWatch Advisory Committee.............coovvvvvvieeeeeeeeeeveeeeeeeiinns 261



LIST OF TABLES

Table 1.1:Summary of strengths and limitations for different types of atmospheric
(o 115 o =T £ 1] o T 1 0T = 1R 74

Table 1.2:Model classification critéa for inclusion or omission in detailed model review.79

Table 1.3:Model criteria and explanation of information provided in theasded model

ESCIIPHONS.. ..ot e e e bbb e e et e e eeer e e ne e e e 80
Table 1.4:Quick reference table of dispersion models............ocoooeeiiiiieeeiii e 81
Table 1.5:Accident Damage Analysis Module (ADAM) TQQl............eeeiiiiiiiiicecciiiiinnn. 97
Table 1.6: Atmospheric Data Assimilation and Parameterization Tool (ADAPT)/

Lagrangian Operational Dispersion Integrator (LODI).........cooovvveiiiiiiiiacennennn. 100
TADIE 1.7 ACOIUS. ...ttt e e e e 102
Table 1.8:American Meteorological Socigggnvironmental Protection Agency

Regulatory Model (AERMOD)..........ccooiiiiiiiiieeeeeee e 104
Table 1.9:ComputerAided Management of Emergency Operations/Areaktioos of

Hazardous Atmospheres (CAMEO/ALOHA) ..., 107
Table 1.10:California Puff Model (CALPUFE)........co e 109
Table 1.11:Chemical Accident Statistical Risk Assessment Model (CASRAM)............. 111
Table 1.12:Contaminant Transport Analyst (GANAlYSt)..........oooviiiiiiiiiiiireee e 113
Table 1.13:Dense Gas Dispermi Model (DEGADIS).........ooovviiiiiiiiiiis i 115
Table 1.14ATHOISPOL......coo it ettt e e e e e e e e e e e s ammr e e e e e e e aeeeeas 117
Table 1.15:Hazard Prediction Assessment Capability (HPAC) Madel.......................... 119

Table 1.16:Hybrid Single Particle Lagrangian Integrated Trajectory Model (HYSPLIT)122

Table 1.17:Joint Effects Model (JEM).........uvuuriiiiiiie e eeeer e 125
Table 1.18:MELCOR Accident Consequence Code System (MACCS)...........ooevviiinnen 127
Table 1.19:Quick Urban and Industrial Complex (QUIC) Model.........ccccccooevvviiieemennnnnnn. 130

Table 1.20:Specialized Hazard Assessment Response Capability/Explosive Release
Atmospheric Dispersion (SHARC/ERAD).........cooiiiiiiiiiii e, 132

Table A2.1: Desirable time periods for those wishing to perform further analyses on the
JRII-S database in which the prevailing wind flow was incident on the long,



front faces of the CONEX building# tolerance of +15° from north and south
as well as relatively moderate wind speeds (U > 2.5 m/s) characteristic of more
neutral flow were identified............cccvuiiiiiiii e 188

Table3.1:Wi nd tunnel and ELES cases. Buldngnaming co
Configuration_Approach Wind Direction_Source Height (mam).The hei ght of
the building at CONEX position 6.5 wabl3..............ccooiiiiiiiimmmniiie 195

Table 3.2: Performance statistics for the ELES and wind tunnel normalized concentrations

(6). Target values for a perfect performance are indicated in parentheses in the
FIFST COIUMIN.... e e e e e e e e e s e 205

Xi



LIST OF FIGURES

Figure 1.1:Summar y of | wéspoGsibsitiesangtretimetypical dispersion
model used, based on information from DTRA (Runyon 2017)............cccceeu.. 46

Figure 1.2: The common, but idealized, diurnal evolution of the Planetary Boundary Layer
(PBL) adapted from Stull (1988)..........uuuuruuiiiiiiii i i e e ereerea s 57

Figure 1.3: Scheméc of a) cavity and wake flow zones associated with a building or other
square obstacle in the mean flow and b) its relationship with the vertical wind
profile, after HalitsSKy (1968).........ccoiiiiiiiiiiiiiieeee e 60

Figure 1.4: Schematic of streamlines when perpendicular flow encounters a street canyon,
based on Dabberdt et al. (197.3).....cceeeiiiiiiiiieeieieeee e 61

Figure 1.5: Various perpendicular flows for urban canyons with a) isolated roughness, b)
wake interference, and c) skimming flow aspect ratios, based o(19&®&).......... 61

Figure 1.6: Components of an atmospheric dispersion model, modified after OFCM
(2002) and TUINET (1979)uciiieeeeeeeeeeeee e 65

Figure 1.7:Visual comparison of dispersion models that can be applied for homeland
security, emergency preparedness, and emergency respotise.madels
increase in complexity, so do their computational and user requirements. Many
have special applications for urban use. Figure adapted from presentation:

Nati onal Atmospheric Release Advisory Cen
Modeling Capability ér Radiological SourceBy Gowardhan et al. (2018) with
additional MOdIfICALIONS...........coiiiiiiiiiiteree e e e e e e eeeeeas 73

Figure 2.1:a) Full plan view of the 12 rows of 80 total CONEX containers with the focus
area outlined by a red box. The array was orieritddb° from true north to
account for the local climatological prevailing wind flow. b) Subset of the
CONEX array and the sonamemometer deployment locations in March 2016.
Color dots indicate the sonic instrumentation heights and locations. The sonic
anemometers and CONEXs were numbered in a grid fashian...................... 158

Figure 2.2:a) Photograph of part of the CONEX meaiban array and the sonic
anemometer instrumentation towers looking southeast from the top of the
stacked ¥\, x 3H tall CONEX building. Sonics were glwyed on 1 m masts on
the ground and on top of the CONEXs, as well as on 10 m towers at 1, 2, 5, and
10 m heights. A tall sonic anemometer tower can also be seen in the distance in
the top right of a) to gather unobstructed flow. The tower is seen iithb) w
sonics at 2, 4, 8, 16, and 32 m. (Photo: DPG Meteorology Divisian)............. 159

Figure 2.3: Wind rose of the unrotated wind direction aeked distributions (m/s) from
the 2 m sonic on the unobstructed 32 m tower. Prevailing winds were
predominately from the soutoutheast and northwest. The wind rose is based
on 30minute average observations over theda§ period in March 2016.......... 161

Xil



Figure 2.4 Histogram of the inverse of Obukhov lengtil{ 1/m) from the 2 m sonic on
the unobstructed tower shaded by stability classibn. Each bin represents a
0.01 INCreMENT /L. ..eeviiiiiiiiie e 163

Figure 2.5: Meteogram of 3@ninute averaged wind spedd, (m/s), wind diregon (°),
sonic temperaturel( K), Obukhov lengthl{, m), and heat fluxi(&2gm K/s)
for March 24, 2016 from different levels of the 32 m unobstructed sonic towss5

Figure 2.6:a) Spatial example of 3@in average sonic wind vectors at 1 m for 1130 UTC
(black) and 2130 UTC (red) March , 22016 to show neaurface wind
interactions within the CONEX array under slightly different approach flows.
b) A vertical profile of the x = 0 centerline sonic anemometers..................... 166

Figure 2.7a:Rotated wind direction (in relation to the CONEX arr&))fér the sonic
anemometers within the array vs. the 2 m unobstructed tower measurement.
The figure shows the northernmost sonic clusterswoundi ng t he o6t al |
CONEX 11.4 (see red box on inset plot). Each sonic is lalpetahiling,
north-south or eastwest fitting a flow regime that was influenced by its
location, along with afi? value for the goodness of fit for that regimeldo
bars differ by regime so that warmer colors indicate a better fit. Shading for the
prevailingplots reflects the absolute value of thebstructeavind direction
subtracted from the sonic wind direCtion..............ceeiiiiiiiceceiceee e 169

Figure 2.8:Nondimensional, V, Wwind components and¥0 ‘@ersus the 2 m
unobstructed sonic tower wind direction for select sonic anemometers of each
flow regime typeprevailing (S111),north-south(S72),eastwest(S11L1) and
unobstructed (2 m tower). Thg V, W components are normalized byfrom
the 2 m height on the unobstructed sonic tower. Wind spg¢ed® m/s are
shaded in blue for thid, V, and"Y0 ‘Plots. Negate vertical velocity is shaded
FEd iN thEW PIOLS. .. ..ot e e e e e e e e e eneas 174

Figure 2.9: Vertical velocity variance{,?) normalized by the southerly quadt of the 2
m unobstructed tower scalar wind spegd {1 ¢) for a) the five heights on
the unobstructed 32 m tower, b) the four heights on sonic tower S61, and c) the
1 m sonics along the array centerline.............ooooiiiiiiic e 177

Figure 3.1: TheBase_WD180_zlfock urban building layout with buildings shaded by
height and labeled by CONEX number. The crosshairs indicate the origin and
source release location for all cases. Six sonic anemometer sites from the field
study are also labeled to indicate positiongkehturbulence data was extracted
in our modeling work. The only difference from the field study geometry
(Tank_WD180_zJ0wvas the addition of six buildings on the release pad (gray
circle around the origin) and the removal of the tank.................cccoovccennnnn.n. 197

Figure 3.2:1:50 scale wind tunnel model of theBgse WD180 zl1énd b)
TB6.5 WD180 zl16ases; c) the scaled, dinted gas release tank usedha t
Tank_WD180_z16ase with the porous, omnidirectional source ball centered at

Xiii



z=0.H; d) the HCA sampling rake used to obtain vertical concentration
1011 L=E SRR PPPPPPPPPPPN 201

Figure 3.3: Scatter plots of the ELES natimensional concentrations) (versus the wind
tunnel observations for height#H = 0, 2, and 5. The solid, dashed, and dotted
black lines indicate the 1:1 relationshfAC2, andFACS5Iimits, respectively.....207

Figure 3.4: Spatial contour plots ofconcentrations from the aank_WD180_z1M)
Base WD180 z1@) TB6.5 WD180_zl@nd d)Base_WD180_ z7BLES
simulations at ground levet/H = 0). The source location is denoted with a
YEIOW IBMONGuc .. e eeenanee 209

Figure 3.5: Lateral profiles and Gaussian fits for four downwind locatiofid € 2, 6, 9.5
(10 for theTB6.5_WD180_z1@ase), and 17) at ground levelH = 0) for the
four wind tunnel and ELES cases. The black points indicate the EkEE8e
the solid black line is the Gaussian fit. The red points are the wind teinnel
concentrations with the Gaussian fit as a solid red.line...........cccccccovvieeenneen. 211

Figure 3.6: Same as Figure 3.5, but vertical profiles and Gaussian fits alogg-hke0
(07T 01 (=T 11 = PSSP 212

Figure 3.7:a) 0y atzZH = 0 and b)/H= 2; and c)J; and d)z, along the plume centerline
(y/H = 0) versus downwind distance for tBase _WD180_ z10,
Base WD180 z7andTB6.5 WD180 z1BLES cases under 0° oblique
winds. Shading indicates the 95% confidence interval................c..ovveeeeeen. 214

Figure 3.8: Spatial plots at ground level and above the canafpy< 0 and 2) for the
Base WD185 zl#ndBase WD195 z1BLES simulationsvith 5° and 15°
oblique wind directions. The red and black dotted lines show the expected
plume centerline and actual plume centerliypg fespectively, for each height.
The red parallel lines indicate where we bilinearly interpolated lateral and
verticd profiles everyx/H = 2 downwind of the source. The source location is
denoted with a yellow diamond.............ooooiien e 217

Figure 3.9: Lateral (atzH = 0) and vertical profiles and corresponding Gaussian fits for
four downwind locationsx{H = 2, 6, 10, and 18) for the two ELES oblique
wind direction cases. The black points indicate the E&&&ile the solid black
line is the Gaussian fitat and ale@/H=1..........cccooveeiiiiiiiiiiiiceee e 218

Figure 3.10:a)yp atz/H=0; b)ly atz/H= 0; c)y, atz/H= 2; d)(y atz/H= 2; e)z, along
the maximum concentration centerlinez&ti = 2 (y/H = yp2ry); and f), along
the maximum concentration centerlinez&t = 2 (y/H = yp[2H]) versus
downwind distance for thBase WD180 z10, Base WD185 =il
Base WD195 z1(@°, 5°, and 15°) olgjue wind ELES cases. Shading indicates
the 95% confidence iNterval.............oooovviiiiiiie e 219

Figure 3.11:a) Velocity profile used in Model Run 1 and 2d)ealong with the
normalized wind speedY) with height at each corresponding sonic location

Xiv



from the ELES simulation (wind tunnel study) shown with black shapes (blue
shapes). The 6@ @z ¢, (/6 2, andly turbulence profiles from the various

sonic lo@ations in the ELES are shown in b), ¢), and d), respectively. The
average turbulence profile, normalized®¥, for all seven locations is shown

by the solid black line in c) and d). The oa@xfr and, 06z p&
relationships are plotted on b) anda@r reference..............ccccoevvviiiiieeen e 225

Figure 3.12:a) Gaussian model plume at ground lex#H= 0) using an urban wind
profile and parameters thatagnbe known without advanced observational or
model data (Model Run 1). b) Improved plume result with the same above
parameters but using turbulence data from the ELES simulations (Model Run
12 TSP PPPPERPPUPRPR 226

Figure 3.13:Lateral ground level profiles atH = 6, 10, 16, and 2downwind of the
release source, as simulated by the ELES simulations (black solid line),
Gaussian model using only theban wind speed profile in Model Run 1 (blue
dashed line), and Gaussian model using the urban wind and dlfE&iles in
Model Run 2 (blue SOld lIN@).....vueeeiiieei e e 227

XV



INTRODUCTION

Accidentd or intentional airborne effluent releases pose significant human health,
exposure, and environmental risks. The hazardous effects associatethewtical, biological,
radiological, nuclear, and explosive (CBRNe) relesase ofteimagnified in urbamreas since the
complex layouts of buildings and streets lead to turbulence, dispersion, and flow regimes that
significantly influence pollutant concentrationdhe interconnected streets, avenues, and
intersections that separate rowsl gnoups of buildigse f f ect i vely create fAstr
in channeling contaminants throughout the roadway system (DePaul and Sheih 1986). This effect
can increase ground level concentrations by restricting the entrainment of fresh air from aloft
(Belcher et al. @15; Soulhac et al. 2013), spreading effluent through the city by channeling off
the expected wind direction axis (Marucci and Carpentieri 2020), alteringritlaeboundary
laye® wind speed profile with height (MacDonald 2000), andegating additionaimedanical
turbulence due to the building structures (Britter and Hanna 2088).resuls in reduced wind
speeds, greater turbulent intensities and turbulent kinetic energy (TKE) in the lee of buildings, and
a tendency toward neutrabbility due to adedmechanicaturbulence (Arya 2001; Briggs 1973).

Urban areas are prime settafgr improved emergency planning and response strategies
due to theirhigh population densitieDuring all stages othe emergency response process, a
variety of tools are sedto aid in evacuationand lifesaving measuressample forpotential
contamination, decontaminate surfaces, and matiagevaste generated from the recovery
process Atmospheric dispersion modelintas proen to be a critical component during the
emergeny preparationresponsgand postresponse stag€keitl et al. 2016)n orderto determine
the extent of a toxiceleaseplumeandto identify potential hazard zoneA dispersion modek a
mathenatical representation of the transport of air pollutamthe ambient atmospherm@ndit is
used tocalculate concentrations ktcations downwind of the emissi@ourcés) (Holmes and
Morawska 2006)The gyuations governingollutiondispersiorarefrequently based on a Gaussian
(bell-shaped) downwind conceation distribution andare usually solved through computer
modeling software

Dispersion models have evolved tremendously over the past 100 years while still retaining
many of theheoretical and mathematical representations of the fundamental disgeps#nons.
Many of the mathematical foundations are still based upon the original building blocks of Gaussian
dispersion models (i.ePasquill 19621974), Lagrangiaparticle modés (which track a particle



or puff under a moving frame of referencgthhastic (random walk)or other statisticalhbased
models, oPuff models By the 1960s and 70s, computers begampidly solve Gaussian plume
equations instead afsershaving tocomplee the computations by hand. As computers advanced
in the 1980s, Lagngian Puff models and simple Eulerian models (with a fixed frame of reference
as patrticles are free to move throughout the domain) were introduced. The 1990s and 2000s saw
an advanement of Eulerian 3D grid modeés algorithms and model resolution imyped. Today,
higherorder computation fluid dynamics (CFD) models are commonly used in resedticlys
but are seldom used by emergency responders in the field. For this reassig ahdeduced
order Gaussiarbased dispersion moddisve widespread ppott in operationalsituationsand
continue to be at the forefront of emergency response due tordaglily availableinput
requirements, fast runtimes, and minimal garstcessig stepgPhilips et al. 2013)Consequently,
an acceptable balance betwespeed, model performance, ease of use, and applicgtiopose
must be established when employing a dispersion model for emergency response (Hertwig et al.
2018).Even though no spgle model tends to have alithe capabilities that ateeneficial during
the consequence managemeita wide area release, dispersion models are important tools that
require continuous I mprovement for todayds ev
Effluent flow and dispersion within urban environments has beeactveresearh ara
for many decades because a better characterization of these processes, and subsequent
improvements to the models that estimate these impacts, could save lives andhtoeite
emergency action following a release episode. While the current knavlefighese
micrometeorological concepts has greatly improved, gettingréapbnse dispersion models to
accurately simulate these effectsven the complicated features ofban environmentsstill
requires advancemenbispersion may bevell-representedas a Gaussian distribution when
considering the average plume at citywide scales, but the complex flow around individual or small
groups of buildings requires a more detadedcription of the pollutant plume. As a resuligtter
understanding of turbent wind flows within urban areas iBindamental to the successful
development of improved urban parameterizations inrtasting dispersion model&dteb et al.
2016 and nay be accomplished through modehsitivity studieswind tunnel experimentsnd
field campaigns.
Meteorological wind tunnel experiments (eFuka et al. 2018; Garbero et al. 2010; Brixey
et al. 2009; Heist et al. 2009) have helpeelop afundamenthunderstanding of flow and



turbulence within an array of urban structures &agde supported the development afany

dispersion modelse(g, Nasstrom et al. 200TCimorelli et al. 2005)However, mosbf these
meteorological wind tunnel studibave incoporated simplified, symmetrical, or regularly square

or rectangular shaped argagf buildingsthat result in gstematically oriented avenues and street
canyons(e.g, Marucci and Carpentieri 2020; Fuka et al. 2088rtwig et al. 2018; Kanda and

Yamao 206, and others)Laboratory experiments have also informed wwelh o wn fAr ul es
thumd ( Brown and Streit 1999) wused by emergenc:
for various source heights and simple building configurations.

Field experimentge.g, Hahn et al. 2009Arnold et al. 2004 Yee and Biltoft 2004,
Clawson et al. 208 Biltoft 2001) are alsocrucial to help researchensnderstand how urban
structures channel wind flows, enhance turbuleand,affect atmospheric stabilitysingtracer
releases and network of sonic anemometers, these types of experirpent&le disperson on
fine, neighborhoogcaleswhile employingactual, complex urban morphologies. Fadhle field
studies are invaluable, but the immense logistical challenges and financial burdens associated with
these projects make them rather rare. As such, I@&@Is may be employed in research settings
andpromse to offer detailed descriptionslkeof a p
obstacles. Some CFD studies (gQastro et al. 2017; Kumar et al. 2015; and Boppana et al. 2014,
and others)within urbanlike areasare insightful but are computatinally intensive and
comparisons against dense datasets are often lacking.

To expand andbridge some of the shortcomings in urban dispersion research, this
dissertatiorfirstly aimed to provide a comprehsive background and review of current dispersion
models, and then combine a series of micrometeorological analysesdasingathered from a
field study wind tunnellaboratory CFD simulations and a Gaussian dispersion model. The
structure of this dseration is trifold. The first publication encompassa publicly available, peer
reviewed EPA reporthat describesthe fundamental concepts of atmospheric transport and
dispersion(US EPA 2020) The reporprovides a comprehensive database of dispersnmtkels
that can be used for emergency preparati@hrasponsén order tofacilitate discussion between
public, private, academic, and/or government secidrs.workwas motivated by the fact thate
abundance ofvailablemodelng options creates céusion and results in challenging decisions
regardingthe type of model tde used duringgariousemergencyscenaris. A comprehensive

dispersiormodel review of this magnitude has not occurredearly two decadef order to lay



the foundation for thispdated databasejis report provides a literature reviewmfevious model
review efforts offers introductory concepts on boundary layer meteorology and the types of
dispersion modelswvailable (e.g. Gaussian Plume or Puff, Lagrangian, or CFD modeald),
outlines a comprelmsive list of 96 dispersion models that could be considered for-aveste
release risksSixteen of those models were selected for a more detailegdg® review due to

their potential applicability and usefulnessemergencyprepaation andresponseThis model

review was not meant to recommend or endorse a specific model, but to provide users with a
comprehensiveesource oavailable modelingptions.

The seconguublication is a peereviewed journal article published in a Spétssue of
AtmosphericEnvironment(Pirhalla et al. 2020)The Special Iss ®ntains eighteen journal
articlesandi s e n Contpdrisods: of WideNJsed Dense Gas Dispersion Models using
Observations from the 2042016 Jack Rabbit Il Chlorine ReleasgpEiment. The focusof
Pirhalla et al. (2020yvas to analyz¢éhe wind flow patterns from a series of sonic anemometers
deployed withinand arounda mock urban building arrafconstructed from CONEX shipping
containers) during the recedaick Rabbit 11 JRII) Field Study(Fox et al. 2021; Nicholson et al.
2017) The JRII project, which occurred Dugway Proving Ground in 2015 and 2016, involved
a series of chlorine gas releagoexaminethe dense gas source teramsiplume behavior, employ
variousden® ga dispersion models, and practice emergency response measures.

The JRII Special Sonic Anemometer Study (3®Janalyzed in this papevas void of the
chlorine gas releaseand was meant tgatherflow and turbulence measurements around the
CONEX obstalesover a wide range of atmospheric conditions since the data were collected
consistently over a period of 26 consecutive daje dense gasxperiments produceslich high
concentrations thaheywould havepermanentlydestroyed the sonic equipment.digonally, the
emission rate and density of the releases would have altered the overall flow within and around
the buildings.Pirhalla et al. (2020)lescribes the JRB sonicanemometer study, data analysis
methodologies, and observed wind flow and d$tgbitrends adjacent to the structures in
comparison to the frestream boundary layer flowlhis is the first and only publication that
describes the JRB portion of the filel study.The purpose of this projeatasto identify various
flow regimes andurbuence patternsseen withinan idealized urban environmerand then
examingheflow patternsaround the structures better understand complex flow problems when

an effluentis releasedvithi n t he windobés streamline fl ow



The final publication is a joual article submitted toAtmospheric Environmerthat
compkements the JRII field study by usiitg general building layout as a starting pdmtritically
analyze the dispsion patternof a neutrally buoyant releaskbrougha series of wind tunnel
experments n EPAOGs FIl ui d MaAlteough degse §aa dispdrsion experjnerisF )
have occurred within the FMF wind tunnel in the pasg(Briggs et al. 2001Snyder 2001Zhu
et al. 1998, a neutrally buoyant tracer was chossna surrogattr a wide variety of dispersion
problems that could occur ifarious particlesor gases were releas&dthin the flow. Direct
comparisons of concentran measurements from the field study were also not possible since most
of the sensors near and withirethuilding array reached their maximum thresholds, while others
were deployed several kilometers downwind to enablédh plume detectionMlazzola2020.

To promote a closer inspection of thhew and dispersiorand to provide much denser
evaluation dta®ts, several CFD simulations with different building geometries and oblique wind
directions weralsogeneratd This project was motivatelly the fact thatdditional research is
required to further refine urbarharacterizationssuch as plumehannéng and spreadingand
initial dispersiongspecially within the presence of a nonhomogeneous array of struEinedly,

a Gaussian dispersion model was to gauge its performance atalinform the best running
practicesfor use within this mock urbagroup of buildings.Observations and suggestions on
improved Gaussiadispersion modgberformance is also offere@/hile dl urban areas possess
unigue and complex characteristiesearch advancements in urbamfend dispersion (and their
fundamentaimocels) could promote a more enhanced toolset for use in emergency preparation

and response scenarios.
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CHAPTER 1: Dispersion ModelingSystemsRelevant to Homeland Security Preparedness
and Response

This chapter is deriveflom the external peetreviewed EPA report:

US EPA 2@0: DispersionModeling Systems Relevant to Homeland Security Prepassdnd
Responséd)).S. EPA Office of Research abavelopment, Washington, DC, EPA/6062R/338,
October2020, 119 pp., available online at:

https://cfpub.epaovi/si/si public record report.cim?Lab=CESER&hitryld=349940

(M. Pirhalla is the sole author of this publicalion
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The U.S. Environmental Protection Agency (EPA) through its Offafe Research and
Developmentfunded and managetis project through intramuraksearch. It has been gedted

to the Agencyods review and has been approved f
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does not endorse any commercial products, services, or enterprises.
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Michael Pirhalla, M.S.

U.S. Environmental Protection Agency (US EPA)

Office of Research and Development (ORD)

Center for Environmental Solutions and Emergency Resq@is8ER)
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Abstract
As one of its core research focusesh e U. S. Environment al Prot e
Homeland Security Research Program (HSRRteestal in refining its tools and methodologies
to better characteriztne fate and transport of hazardous contamindatsg all phases of an
emergency responsAtmospheric dispersion modeling is one tool that can be used for effective
emergency preparat a response from hazardoctsemical, biological, radiological, nuclear, and
explosive (CBRNe) releasesspeciallyin urban areasvhere population densities are high and
wind flow becomes altered between buildings and street canybmesgoal of this ngort is to
explain the fundamental concepts of atmospheric transport and dispersion and provide a
comprehensive database of dispersion models that can be used for emergency preparation and
response to facilitate discussion between public, private, acadamdior government sectors.
The abundance oévailable modelng options creates confusion and results in challenging
decisionsregardingthe type of model tde used duringlifferent scenarig. A comprehensive
dispersiormodel review of this magnitude hakso not occurredecently.This report provides a
literature review oprevious modeteview effortsto lay the foundation for this updated database,
providesintroductory concepts on boundary layer meteorology and the types of dispersion models
availabe (eg. Gaussian Plume or Puff, Lagrangian, or CFD models), and outlines a
comprehensive list of 96 dispersion models that could be considered foamsamleclease risks.
Sixteen of those models were selected for a more detailepgag® review due to threpotential
applicability and usefulness for emergency respoi$es model reviewis not meant to
recommend or endorse a specific model, but to provide users with a resawagatifie modeling
options.Even though no single model tends to have alctpabilities that arébeneficial during
theconsequence managemenhi wide area release, this report is meant to identify the strengths
and limitations so users can make informed decisions.
This report covers sesearchperiod fromSeptember 2018 Jure 2@0 and work was

completedasafuly 2020 as part of the authordéds Ph. D.
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Foreword

The U.S. Environmental Protection Agency (EPA) is charged by Congress with protecting
the Nation's land, air, and water resources. Under a mandate ofahatisronmental laws, the
Agency strives to formulate and implement actions leading to a compatible balance between
human activities and the ability of natural systems to support and nurture life. To meet this
mandate, EPA's research program is providoga and technical support for solving
environmental problems today and building a science knowledge base necessary to manage our
ecological resources wisely, understand how pollutants affect our health, and prevent or reduce
environmental risks in the fure

The Center for Environmental Solutions and Emergency Response (CESER) within the
Office of Research and Development (ORD) conducts applied, stakekoildsn research and
provides responsive technical S u pcpdtemges. Theo hel p
Centeros research focuses on i nnovative app
associated with the built environment. We develop technologies and destigipart tools to help
safeguard public water systems and groundwater, gsugé@inable materials management,
remediate sites from traditional contamination sources and emerging environmental stressors, and
address potential threats from terrorism and natural disasters. CESER collaborates with both public
and private sector partreto foster technologies that improve the effectiveness and reduce the cost
of compliance, while anticipating emerging problems. We provide technical support to EPA
regions and programs, states, tribal nations, and federal partners, and serve asagetinter
liaison for EPA in homeland security research and technology. The Center is a leader in providing

scientific solutions to protect human health and the environment.

Gregory Sayles, Director

Center for Environmental Solutions and Emergency Response
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Acronyms and Abbreviations

2D

3D
ABC
ADAM

ADAPT
ADEME
ADMLC
ADMS
AER
AERMIC

AERMOD

AES
AFTOX
AIR
AMS
ANL
APGEMS
AQPAC
ARA
ARAC
ARCHIE
ARCON
ARGOS
ARL
ASPEN
ATD
BAR
BERT
BLP
BNL
BNLGPM
CAA
CALINE
CALPUFF
CAMEO/ALOHA

Two-Dimensional

ThreeDimensional

Atomic, Biological, and Chemical

Air Force Dispersion Assessment Model; Accident Damage Analys
Module

Atmospheric Data Assimilation and Parameterization Tool
French Ministry and Environmental Agency

Atmospheric Dispersion ModeliLiaison Committee

Atmospheric Dispersion (and Dose Assessment) Modeling System
Atmospheric and Environmental Research

American Meteorological Society/EPA Regulatory Model Improvem
Committee

American Meteorological Society/Emonmental Protection Agency
Regulatory Model

Atmospheric Environment Service

Air Force Toxics Model

Atmosphere, Impact, and Risk

American Meteorological Society

Argonne Nationalaboratory

Air Pollutant Graphical Envinemertal Monitoring System

Air Quality Package

Applied Research Associates

Atmospheric Release Advisory Capability

Automated Resource for Chemical Hazard Incidergluation
Atmospheric Relative Concentrations

Accidert Reporting and Guidance System

Air Resources Laboratory

Assessment System for Population Exposure Nationwide
Atmospheric Transport and Diffusion

BioWatchActionable Result

BioWatch Event Reconstruction Tool

Buoyant Line ad Pant (Source Model)

Brookhaven National Laboratory

Brookhaven National Laboratory Gaussian Plume Model

Clean Air Act

California Line (Sourc®ispersion Model)

California Puff (Model)

ComputerAided Managerantof Emergency Operations/Areal
Locations of Hazardous Atmospheres
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CAPARS
CASRAM
CATS-JACE

CBRNe
CERC
CERCLA

CESER
CFATS
CFD
CISRO
CMAQ
CMI
CML
CcO
COOP
CSA
CsCl
CTDMPLUS

CUDM
DCB
DEGADIS
DELFIC/FPTool
DERMA
DHHS
DHS

DNS

DOC
DOD

DOE

DOT
DRIFT
DSTL
DTRA

EC

EMS

EOC

EPA

ComputerAssisted Protective Action Recommendations System
Chemical AccidenStochastic Risk Assessment Model
Consequence Assessment Tool Set/Joint Assessim€atastrophic
Events

Chemical, Biological, Radiological, Nuclear, and Explosive
Cambridge Environmental Research Consultants
Comprehensive ivironmental Response, Compensation, and Liabil
Act

Center for Environmental Solutis and Emergency Response
Chemical Facility Antiterrorism Standards

Computational Fluid Dynamics

Commonwealth Scientific anddustrial Research Organisation
Community Multiscale Air Quality (Modeling System)

Christian Michelsn Institute

Convective Mixed Layer

Carbon Monoxide

Continuity of Operations Plan

Combat Support Agency

CesiumChloride

Complex Terrain Dispersion Model Plus (Algorithms for Unstable
Situations)

Canadian Urban Digpsion Model

Disaster Characterization Branch

Dense Gas Dispersion (Model)

Defense Land Fallout Interpreti@ode/ Fallout Planning Tool
Danish Emergency Response Model of the Atmosphere

U.S. Department of Healtmd Human Services

U.S. Department of Homeland Security

Direct Numerical Simulation

U.S. Department of Commerce

U.S. Department of Defense

U.S. Department of Energy

U.S. Department of Transportation

Dispersion of Releasdnvolving Flammables or Toxics

Defence Science and Technology Laboratory

Defense Threat Reduction Agency

European Commission

Emergency Medical Service

Emergency Operations Center

U.S. Environmental Protection Agency

18



EPCRA
EPICode
EPRI
ERG
ERT

ESCAPE

EU
EULAG
FEM3MP
FEMA
FLACS

FLEXPART

FOI
FRERP
FRMAC
FRP
GAO
GENII

GIS
GMU
GUI
HASP
HIGRAD/
FIRETEC
HOTMAC
HPAC
HSE
HSIN
HSMMD
HSPD
HSRP
HYROAD
HYSPLIT
IBL

ICS

IED

IEM

Emegency Planning and Community RigotKnow Act
Emergency Prediction Information Code

Electric PoweiResearch Institute

Environmental Response Guidebook

Environmental Response Team; Environmental Research and
Technology, Inc.

Expert System for Consequence Analysis and Preparing for
Emergencies

European Union

EUlerianLAGrangian (Model)

Finite Element Model in-®imensions and Massively Parallelized
Federal Emergency Management Agency

FLameACcderation Simulator

Flexible Particle (Dispersion Model)

Swedish DefencResearch Agency

Federal Radiological Emergency Response Plan

Federal Radiological Monitoring and Assessment Center
Federal Response Plan

Govenment Accountability Office

Generalized Environmental Radiation Dosimenftware Syster
Hanford Dosimetry System (Gen. Il)

Geographic Information System

George Mason University

Graphical User Interface

Hazard Assessment Sitaion and Prediction

High-Resolution Model for StronGradient Applications Fire Behavio
(Model)

Higher Order Turbulence Model for Atmospheric Circulation
Hazard Prediction and Assessment Capability

Health and Safetixeaitive

Homeland Security Information Network

Homeland Security and Materials Management Division
Homeland Security Presidential Directive

Homeland Security Research Program

Hybrid Roadway (Intersection Model)

Hybrid SingleParticle Lagrangian Integratdadajectory

Internal Boundary Layer

Incident Command System

Improvised Explosive Device

Innovative Emergency Management, Inc
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IMAAC
INL
INPUFF
ISC

JEM
JOULES
JRC

JRII
KBERT

KDFOC
LANL
LAPMOD
LBNL

LES

LFA

LLNL
LODI
LPDM
MACCS
MAHB
MATHEW/
ADPIC
MIDAS -AT

MOU
MSS
NAAQS
NAM
NAME
NARAC
NBC
NCAR
NCEP
NCHRP
NEF
NHSRC
NOAA
NOx
NRC

Interagency Modeling and Atmospheric Assessment Center
IdahoNational Laboratory

(Gaussian) Integrated Puff (Model)

Industrial Source Complex (Model)

Joint Effects Model

Joint Outdootindoor Urban Largdddy Simulation

Joint Research Centre

Jack Rabbit Il

KnowledgeBasdsystem forEstimating hazards of Radioactive
material release Transients

AKO Division (Defense Nucl ear)
Los Alamos National Laboratory

LAgrangian Particle MODel

Lawrence Berkeley National Laboratory

Large Edg Simulation

Lead Federal Agency

Lawrence Livermore National Laboratory

Lagrangian Operational Dispersion Integrator

Lagrangian Particle Dispersion Model

MELCOR Accident Consequence Code System

Major AccidentHazards Buzau

MassAdjusted ThreeDimensional Wind Field/Atmospheric Diffusion
Particlein-Cell

Meteorological Information Dispersion and Assessment System An
Terrorism

Memorandum of Understanding

Micro-Swift Spray

Nationd Ambient Air Quality Standards

North American Model

Numerical Atmospheri®ispersion Modeling Environment
National Atmospheric Release Advisory Center

Nuclear, Biological, and Chemical

National Center for Atmospheric Research

National Centers for Environmental Prediction

National Cooperative Highway Research Program

National Essential Function

National Homeland Security Research Center
NationalOceanic and Atmospheric Administration
NitrogenOxides

Nuclear Regulatory Commission
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NRF
NWP
NWS
O3
OBODM
OCD
OECD
OFCM
OMEGA
ORD
ORNL
0osC
OSHA
OSPM
PANACHE
PBL
PHAST
Pl
PLUVUE
PM
PMEF
PNNL
PPE
PUMA
QuIC
RA/HA
RANS
RAPTAD
RASCAL
RCRA
RDD
RIMPUFF
RL
RLINE
RMP
RSAC
RTDM
RTVSM
SAIC
SBL

National Response Framework

Numerical Weather Prediction

National Weather Service

Ozone

Open Burn/Open Detonation Dispersion Model
Offshore and Coastal Dispersion (Model)
Organsaton for Economic Cepperation and Development
Office of the Federal Coordinator for Meteorology
Operational Multiscale Environment (Model) with Grid Adaptivity
Office of Research and Development

Oak Ridge National Laboratory

On Scene Coordinator

Occupational Safety and Health Administration
Operational Street Pollution Model

Atmosphere Pollution and Industrial Risk Analysis
Planetary Boundary Layer

Process Hazard Analysis Software

Principd Investigator

Plume Visibility (Model)

Particulate Matter

Primary Mission Essential Function

Pacific Northwest National Laboratory
PersonaProtective Equipment

Puff Model of Atmospheric Dispersion

Quick Urban Indstrial Complex

Risk Assessment/Hazard Assessment
Reynoldsaveraged NavieBtokes

Random Puff Transport and Diffusion
RadiologicalAssessment System for Consequence Analysis
Resource Conservation and Recovery Act
Radbplogical Dispersal Device

Risg Mesoscale Puff Model

Residual Layer

Research Linsource (Dispersion Model)

Risk Management Plan

Radiological Safety Analysis Computer (Program)
Rough Terrain Dispersion Model

Realtime Volume Source Model

Science Applications International Corporation
Stable Boundary Layer
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SCIPUFF
SCRAM
SDM

SHARC/ERAD

SIP

SL

SNL
SOARCA
SRC

SRS
STILT
TAPM
TIC

TKE
TOPOFF
TRAC
TRACE
uU.S.

UBL

UDM

UHI

UK
UoR-SNM
USDA
USGS
VAFTAD
VAPO
VLSTRACK
WADOCT
WINDS
WMD
WRF
YSA

Seconedorder Closuréntegrated Puff (Model)
Support Center for Regulatory and Atmospheric Modeling
Shoreline Dispersion Model

Specialized Hazard Assessment Response Capability/ Explosive
Release Atmospheric Dispersion

State Implementation Plan

Surface Layer

Sandia National Laboratory

Stateof-the-Art Reactor Consequence Analyses
Sigma ResearcBorporation

Savannah River Site

Stochastic Timdnverted Lagrangian Transport (Model)
The Air Pollution Model

Toxic Industrial Chemical

Turbulent Kinetic Energy

(National) Top Officials (Exercise)

Terrain Response& Atmospheric Code

Toxic Release Analysis of Chemical Emissions
United States

Urban Boundary Layer

UrbanDispersion Model

Urban Heat Island

United Kingdom

University of Reading Street Network Model
U.S. Deparinentof Agriculture

U.S. Geological Survey

Volcanic Ash Forecast Transport and Dispersion
Vulnerability Analysis and Protection Option
Vapor, Liquid, and Solid Tracking

Wind and Diffusion Over Complex Terrain
Weathe Information and Display System
Weapon of Mass Destruction

Weather Research aR@recasting Model
Yamada Science and Art (Corporation)
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1.1Introduction

After the events of September 11, 2001, the United States quickly became aware of its
vulnerability to external terrorisfrelated threats. To minimize and prepare for potentially adverse
future stuations, the Federal government established the U.S. Departmentradl&tal Security
(DHS) . The agencybs goal was to prepare and
presence of border security, and prepare for and manage disaster scexitronggh the
responsibilities of DHS are broad, an important compoagits homeland security efforts is the
preparation, detection, response, and mitigation of hazardous substance releases into the ambient
atmosphere, as these situations have the pattemaffect the health and welfare of the American
people.

To help fdfill the core objectivesDHS works alongside various government entities,
including the United States (US) Environmental Protection Agency (EPA). In September 2002,
the US EPA formetheNational Homeland Security Research Center (NHSRC) to lead sicientif
based research and provide technical expertise for a variety of environmental and human health
related homeland security threats. |l NnR@O19, E
reorganized and much of the same research is now handled the RrBeleurity Research
Program (HSRP)E P A BSRPandits partnes work to developrisk-preventionstrategieghat
strengthen the o u n tabilify doswithstand and recover from futuresdsers and widearea
incidents whether the hazards stem from natuaakidental, or terroristelatedsources These
wide-area events could span the spatial distance of several city blocks or more, such as within an
urban area like lower Manhattan,brdaug hout a muni ci pal i tyds dri nki
(EPA 2020. Situationsthat involve the releas®r potential releaseof hazardous chemicals,
microbial pathogens, or radiological materilsther complicatedisaster scenaricand require
specidized expertise durintheresponse and recovery process one ofits core research focuses,

HSRP is particularly interested in refining its tools and methodologies for a better understanding
of thefate and transport ¢fazardousvide-areacontaminats(EPA 2020). This need for tool and
methodology refinemergxtends to all phases of amergency responséom the neaterm to

the extendedemediatiorand recovery stages.

Upon its creation, DHS was slated to develop new countermeasurashdonical,
biological, radological, nuclear, and explosive (CBRNe) edes, which would include improved
knowledge of atmospheric transport and diffusion (ATD) through computer dispersion modeling.
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A dispersion modet a mathematical representation of the trartsg@ir pollutants in the ambient
atmosphere whicls used o calculate concentrations at various locations away fhenemission
sourcés) (Holmes and Morawska 2006).he euations governing pollutandispersionare
frequently based on a Gaussian ({séljped) downwind concentratia@hstributions andre solved
through computer modeling softwatgnderstanding complex atmospheric flow and dispersion
processes, especially in urban areas, is important when modeling hazardous air quality scenarios.
These #orts are supported by the U.S. Department of Commerce (e of the Federal
Coordinator for Meteorology (OFCM) and several collaborating federal agencies that developed
guidance for dispersion modeling implementation (OFCM 2002).

In the federal gosrnnment, operational dispersion modeling is a multiagency campr.
Hazardousaccidental releasscenariognay arise from accidental industrial and transportation
related contaminant spills and intentional acts of terroriBnprovide a single point fohée
coordination and dissemination of hazard prediction prajueHS established a multiagency
working group in 2004 called the Interagency Modelimgl &Atmospheric Assessment Center
(IMAAC). IMAAC was not intended to replace individual dispersion modedifigrts but is able
to be activated quickly if a hazardoudegse occurs and an emergency plume estimation is
required under tight time constraints. Dispersion modeling in its research, regulatory, or academic
role, is a mulfiaceted scientific tool usedeveloped, and improveldy many private, university
state,and federal government entitjescluding the EPA.

While considerableesearch and developmeetfort has beerneveragedin dispersion
modelingimprovement®ver the pasteveraldecades, espedly for CBRNe releases, there is still
room forfurther devéopment The critical need for advancements in atmospheric modeling and
plume predictiorhasbeen rekindledrom the events oseptember 11as well as other numerous
hazardous situations, indung the threat of wide-areaBacillus anthracis(anthray releases
(Amerithrax) the 2011 Fukudsma nuclear reactor accident, the 2017 Portl@rdgonasbestos
fire, or more recently the 202@isakhapatnanstyrene gas leak, which could have had a result
similar to the 1984 Bhopal disaster. These scenarmgust a few cases demonstrating critical
needfor dispersion models to be continuously tested, developed, and improved, usually by
evaluating theiperformance against extensive field and laboyatiata. Since it is impossiblé
predictthe timing and location of the negatastrophic incident, emergency responders must be

prepared fora multitude of hazardous releasBsspersion modeling offers eritical insight in
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emergencypreparatioror plaming so responders can become better equipped for various release
scenarios. lis alsoa critical component dool for efficient and precise emergen®sponséLeitl
et al. 2016) especially for determing the extent of a toxic plumand informing whez to
evacuate, sample, decontaminate surfaces, and manage waste

Building on the fundamental concepts and physical understanding of atmospheric transport
and diffusion that emerged in the eaidymid twenteth century when the foundation of ATD
research w&s hid (Richardson 1922; Taylor 192Pasquill 196 , and others), t o
development activities focus on more complex circumstances. These situations are particularly
challenging in urban areas withgh population densities and the potential fouta exposure
effects (Schmidtgoessling 2009)The complex nature of a cityscape results in substantial
challengesn determining pollutiomispersiorthroughouthe urban canopy (Garbero 2008)ind
flow patterrs become altered by the urban geometry,tartailent flows aregenerated between
buildings and streets (Belcher et al. 20Rarlow and Coceal 200®ritter and Hanna 2003Jhe
urban canopy also tends to modify the local boundary layer by redagidgspeeds, increasing
turbulent intensities antiirbulent kinetic energy (TKE) in the lee of buildings, and increasing
episodes of neutral stability instead of extreme stability through added turbulence and heat fluxes
(Arya 2001; Briggs 1973). The sinifying assumptions in many dispersion modaiskeurban,
industrial,and smaklscale modeling quick and efficient for rapid results but also introduce errors
that could propagate to poor model performance (Chang et al. 280%cceptable balance
betweenspeedmodel performance, ease of use, and purpbsgplication must be established
when employing a dispersion model for emergency response. As a result, the use, analysis, and
implementation of atmospheric dispersion models, along with improvementa@edndepth
understanding of mickaand mesosda transport processes, are key research priorities within the
EPA. Improved dispersion research calso aid the EPAG £mergency response mission in
preparing for and responding to largealeCBRNe incidentsas part of the Bmeland Security
Research Pragm (HSRP) (EPA 2020).

This document first outlines the project background, justification, and goaésction1.2,
along with a short literature review of previous dispersion model datigps. Section 1.3
identifies the role of dispersion modeling in emergency preparation and response, details the
available operational dispersion modeling resaairce and defi nes EPAGSs r c

responseSection 1.4 provides an owerview of atmospheric turbulen@nd the fundamentals of
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dispersion within the PlanetaryoBndary Layer (PBL) and urban areas. The types and
corresponding strengths and limitations for different dispersion models are covBeatiam1.5.
Section1.6 describes the model review procesgecific detailsncluded inthereview, and the
criteria used to determine inclusion or omission of the modékidetailedreview. An extensive
quick reference tdé for 96 different dispersion models is providedSectionError! Reference
source not foundand 16 of those models are selected for additional rem&g&dtion1.8 due to

their applicability and sefulness for emergency response.
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1.2 Project Background and Goals

Dispersion model users often must make challenging idasi®n the type of model to
select for their unique scenario depending on release type, terrain, urban geometry, and time
consideratios. The abundance of publicly aladle, proprietary, or ntongersupported
at mospheric di spersisopnermodel smoded s&8) mplf y e fi d i
confusion for investigators attempting to select and use a model for their purposeallgspeci
research and scientific kwledge of atmospheric dispersion continues to advance. Although the
assessment is nasomewhat dated, the OFCM noted that there were over 140 types of public and
proprietary dispersion models developed for a variety gigaes (OFCM 2002). However, only
a small subset of those models is readily accessible or still being used in regeff@idsyand
urban emergency planning initiatives while others are not designed for emergency planning or

response.

1.2.1 Project Motivation

The purpose of this report is togvide a comprehensive database of dispersion models
while also briefly explaining thtundamental concepts of atmospheric transport and dispersion
incorporated in each model. This document outlines and alphabeticafiydspérsion modeling
systems andcts as a comprehensive guide for modelers to rapidly relay risk, sampling, and
variousmodel choices to decision makers. The ATD background informa8ecatibn1.4) and
model {ype summariesSection1.5) are intended to provide a quick reference for those new to air
dispersion modeling or for those seeking to expand their knowledge base butmeanitto
replace primary literature soces such as textbooks. Literauis introduced from various
academic journal articles, textbooks, government documents, and various reports to provide a
diverse synthesis of information. Currently available disgpemnodels, situations where they are
most applicable, model availabilitgnd runtime, and notable studies and publications from
academic articles are also detailed. Many models can simulate atmospheric transport and diffusion;
however, this report emphass dispersion models that have spe@fnergency preparation and
resporse applications, urban or complex environment capabilities, and those that can simulate
scenarios related to a variety of hazardous CBRNe c&msause individual models are
necessaly limited in scope and may not havitthe components required to berficial during

consequence management of a wide area response (Mikelonis et al., 2018), this report aims to
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document the capabilities of dispersion models within the framework efgemcy response and
preparedness.

Thegoal is to provide EPA researcheesnergency response planners (federal, regional,
and/or local), and policymakers an additional resource to make informed decisions regarding
dispersion model use. Emergency planmeay find this document a useful refecenand ideal
starting point whenedarning about potential modeling resources. This document may also be
beneficial when attempting to select a dispersion model to assess local emergency planning
exercises such as withareas with high levels of potenti@iman exposure. EPA scientists may
use this document as a resource when developing research projects or field studies that involve an
airborne release. This report is also intended to facilitate discussion betwdien jmiNate,
academic, and/or governmtesectors to aid in the selectioha useful dispersion model during
the preparation, response, or recovery phases.

The need to periodically review the state of dispersion modeling arises from the continuous
growth in our understanding of boundary layéurbulence, dispersion, ongoing deb
development, and the sheer numbedispersionrmodelvariations. Somef these models have
not been updatececentlyandareretired, while others are proprietary and may be wség by
their developersr paid substibers Other dispersion modelseaonlysuitablefor specific releases
(i.e., radiologicalrelease explosions, dense ga#n a charge recommended the Atmospheric
Dispersion Modeling Liaison Committee (ADMLCyppoi nt ed i n the anited
qualitativea s s e s s me n 1abilib joBatmbdel skbuidksbe undertaken, considering the extent
to whichthe modelis useffriendly, the data requirements of the model, and accessihildy a
availabil it yADMLC 2018 Asimitao rdoedstsvasisedin the U.S.at the22™
Annud George Mason University (GMU) Conference of Atmospheric Transport and Dispersion
Modeling in June 2018. THBFCM called upon a joint action working group of various agencies
to revise the 2002 and 2004 atmospheric modegjuidebooks for homeland secydtpplications
(see: OFCM 2002; 2004but the status of this update is not knofa these documentsre 16-

18 years old(at the time of this reporth considerablenumber ofchangesmay be warranted.
Additionally, OFCMused to publish directoryof corsequence assessment dispersion models,
but that document has not been updated in over two decades (OFCM 1999)

The US. Government Accountability Office (GAO) alsoted in a 2008 report for DHS

that confusion and lack afoordination between governmenteagies has existed whehese
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agenciesrespond to simulated homeland security incidents, demonstrating that the federal
governmentstruggles to efficientlyii ¢ o o re camdnpeoperly use atmospheric transport and
dispersionomodel so (US GAO 8&idh® Bith orscéne coordindtorand EPA
researchersas well asliterature and guidance documents, considerable confusion still exists
regarding the options for ceemt dispersion models, their capabilities, and applitabf use.The

need for a coordated and centralized resporises led to the establishmentiIMAAC andthe
National Atmospheric Release Advisory Center (NARA&Yesource such as this report nieey
usefulfor individuals who want to select a dispersimodel for research or planningesarios

1.2.2 Background and Previous Model Review Efforts

The OFCM, which leads a collaboration with at least 14 federal agencies including the
National Oceanic and Ataspheric Administration (NOAA), U.S. Department of DefefDOD),
and U.S. Department ofnergy (DOE), and EPAeveloped a series of comprehensive dispersion
modeling directorie§OFCM 1993, 1999, 2002, 2004)hdse reviewslast publisted in the late
199G, provided an indepth compilation and description ofmaspheric dispersion models
available to those with consequence assessment requirements, especiatighiosgreattime
information onchemical, radiological, or biological weapon emergendigs.first version of the
report published by OFCM in 18%vas titlediiDirectory of Atmospéric Transport and Diffusion
Models, Equipment, and Projeots ( HZ1993)(OFCM 1993), followed by an update in 1995.
The last and final version broadened the cqueace assessment scope of the model directory to
incorporate fires and explosions (OFCN@99). The OFCM then issued a report after the 9/11
tragedy noting that while there were currently over 140 dispersion modeling systems used for
regulatory, researctand emergency response, only approximately 23pmoprietary models
were used by first gponders, with even fewer used operationally in gogsponse modeling
facilities (OFCM 2002). The report featured these models sorted by scenario to address end use
needs.

The U.S. DOEEmergency Management Advisory i@mittee and Subcommittee on
Consegence Assessment and Protective Actiatso published an early report logging 93

dispersion models known to be used within the DOE consequence assessment community
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(Mazzola et al. 1995. Many of the models on the survést are not used frequently oresspecific
to individual DOE sites. In addition, another review of existing dispersion modeling software
concluded that no one system had all the features that desmmed critical for emergency
preparation and responseatinal Research Council 2003).r8@ of the models fell short on the
confidence in predicted dosages and urban and complex topography. The report suggested that
users focus on models with short runds for response applications and more accurate bueslow
models for preparedness andaeery phases.

Vardoulakis et al. (2003) compiled a comprehensive review paper of urban dispersion
models capable of use in street canyons following gaseous rel€asdecus was to document
the effects of buildings withithe urban street canyon and themrovide information on the 47
dispersion models found to simulate some form of gaseous release within the urban canyon,
particularly for trafficrelated emissio;m Holmes and Morawska (2006) produced the first
overviewof dispersion models capable dfaracterizing particle dispersion. The authors reviewed
18 commercial and publicly available box, Gaussian, and Lagrangian/Ewesjemsion models,
as well as 1laerosol dynamics models or modules, noting that subsitatitierences existed
between thenodels, and that considerable thought must be given when selecting a model for each
application. It was not possible to rank the models based on performanceubrassefiue to large
model differences and the lack of ficle evaluation field studies test the integrity of each model
(Holmes and Morawska 2006).

The ADMLC working group called upon its membershipgaivernment departments,
utilities, andresearch ayanizationsto develop a review of urban dispersion mouglefforts,
current advances, arfigture needs, including a section detailing currently available models and a
review of dispersion modlag advance$rom accidental releas@surban areasince the previous
review in2002(ADMLC 2013). A follow-on publication by Belcher et al. (2013) égrétssed this
request, but the document does not generally describe more than ten modeling systems or provide
a useflland comprkensive table as seen in other resources.

Most recently and within the homeland security realian Leuken et al. (2016) condadt
a review of dispersion modeling studies that assessed pathogenic bioaerosols to humans and

livestock. The authonslentified 16 models capable of simulating bioaerosol dispersion, provided

The document entitled fAAt mospher tcesseDontinpatr si on Model i ng
http://www6.uniovi.es/gma/admr.pdf
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background information on dispsion modeling and potential berasols, and developed a
comprehensive table of atmospheric pathogen dispersion studies, including the modelscemploy
Most emergency preparedness models only consideradthracisas their bioagent of focus, and

all sudies lacked full quantitative ksassessments (most were simply qualitative). Hertwig et al.
(2018) evaluated eight variations of atmospheric dgper models (including Gaussian,
Lagrangian, large eddy simulations (LES), and street network model)ck umban areas with
building obséacles. The goal was to compare results based on the necessary balance of model speed
and accuracy during emergencgesarios. The authors suggested that the emerging, simple
variations of street network models may providecurate results comparable to qbex
Lagrangian models (Hertwig et al. 2018), but the emerging models are not relatively well known

or extensivelydsted.

1.2.3 Project Goals
The objective of this report are as follows:

1. Introduce CBRNe terminology and illuate how atmospheric dispersion dets can
simulate these releaseection1.3.2.

2. Define the responsibilities of government agencies and IMAAC during a hazardous
atmospheric releas&éction1.3.41.3.5.

3. Document EPAOGs contribution to dispersion
recommended models, role in emergency respapsrations and modeling efforts
(Secton 1.3.6.

4. Provide a brief background oRBL processeshat control the dispersion of hazardous
releases,including an overview of urban flow phenomenology from city structures
(Section1.4).

5. Introduceand discuss the advantages and disadvantages of tcdrspersion models
including Gaussian Plume and Puff models, Eulerian grid models, Lagrangian stochastic
models, and computational fluid dynamic (CFD) mod8isction1.5.1:1.5.7).

6. Briefly identify dispersion model uncertainties and potential sources of &emtign
1.5.8.

7. From peerreviewed literature, technical repartend developer websitesdentify

dispersion models used by private companies, universities, and federal, state, and local
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agencies that are designed for CBRNe applications. Summarize the models that are
primarily used ad developed within the U.S. intccancise reference tabl8dctionError!
Reference source not foud.

8. Develop a quick reference guide (less than three pages each) for a selection of models that
are recommendefibr use in emergency preparation or response scenarios by agand
upont he model 6 s ussfgnessandapplicability to GBRNe releaseS€ction
1.8).

1.2.4 Literature Quality Assurance

EPA quality assurare policies and procedures were followed for this reseaffort. Any
literature obtained and cited within this report has been subject to a rigorous selection process. As
also outlined in the dispersion model selection processtion1.6.1), the sources of secondary
dataand any cited literature in the report included peer reviewed journal articles, federal agency
reports, technical documents, model manuals, and published books (including textbooks). The
topics pertained to dispersion modeling systems and-deslumented mrometeorological
concepts. Additional information was gathered through reputable websites associated with the
model s 6 daevtetheaxgmelexay.and lengthy history of dispersiodé use, previous
model applications and wedistablished conceptgere introduced, but emphasis was placed on
recentpublications, documents, and website information. Ofmesrreviewed journalarticles
referenced in more recent articlesre alsaconsideed if deemedo contain relevant background
information for intoducing the materialSome dispersion models that were documented
previously in other resources that currently could not be found with a relativegpih internet
search were not inatled n the model review and reference tal3edtion1.8).

During the literature search, secondary data sources were qualitatively assessed according
to the source document type. Knowledge of the document type prowidaddication of
trustworthiness of the informatioand secondey data contained therein, based on general
professional judgment of each document tyfpech source of information and/@ce®ndary data
was also considered according to the following categofocus, verity, integrity, rigor, utility,
clarity, soundnes uncertainty and variability, and evaluation and review. Additionaflg, t

literature searchwas limited to articles, websites, and documemsblished in the English
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language An emphasis @as placed on modetteveloped or used within the U.S., althosgime
well-known and flexible international models were featured.

Internet search criteria included lists ofraségic keywords anticipated to elicit
identification of relevant secondary datadanformation, and the arrangement of the keywords
with Booleanoperators were used to execute the searches. Boolean searches were performed using
strategically selected kesprds with the operators AND and OR. After each search, the resulting
identified iterature was reviewed to determine the effectiveness of thehsaad the relevancy of
the results. Based on the search run results, the Boolean search strategy wasareleseother
run was performed. Internet searches were also run using parenthBseso ) to ensure

keywords were obtained.
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1.3Emergency Reponse and Dispersion Modeling
1.3.1 Dispersion Modeling Definition

In the simplesterms a dispersion model is a thematical representation of the transport
and diffusionof air pollutants in theambient atmospherthat is used to calculateffluent
concentrabns at various locations away from a source (Holmes and Morawska 20f&er
1979. Equations governing thdispersion of pollutants, frequently based on a Gaussian downwind
concentratiomistribution can be calculated manually or through a varietypoffuter algorithms.
Computing programs and software permit thousands (or millions) of calculations in pestait
of time, resulting in rapieéstimatef downwind concentrations that carfarm policymakers,
regulatory entities, researchers, or emecgersponders following the release or potential release
of a hazardous substance. Most dispersion models Imaiations related to their simplified
meteorolog, terrain,and release assunmnts, basic physics, and parameterizations (mathematical
simplification) of complex processes (Arya 1999)e3hassumptionsan propagate errors in the
dispersion calculatim but the errors are oftentimes outweighed when considering the
computationabpeed and relative accuracy thfeir prediction.

This section intrduces CBRNe terminology, describes the stages of an emergency
response, and identifies the available fedeeslources for emergency dispersion modeling,
including IMAAC. The sectionalsoclarf i es EPAGs responsibilities
as wdl as roles during an emergency response scenario. EPA is not technicallyresfisiding
agency and gendha does not mobilize to a scene until 72 hours after the event, once state and
local partners have addressed immediate lifesaving operatiorsmp hasi s i s pl aced
role in hazardous release mitigation strategies and risk evaluation, as wellrasammended
models developed by the agency. This section satisfies objectitesuh 3 as described in
Section1.2.3

1.3.2 CBRNe Terminology

Disperson modelingprovides significant insight tanderstand the fate and transport of
CBRNe (pronounceé s dwn-eo, or simply CBRN or CBIRreleasesas these situations pose
significant environmental and humarxpesue risks (Schmidtgoessling 2009C B RNe 0 s
(chemical, biological, radiological, nucleandexplosivéd smodern etymology is adapted from

the Cold WaracronymsABC (Atomic, Biological, Clemical) and NBC (Nuclear, Biological,
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Chemical), which were usdd describe agents intentionally (arcalentally) released that inflict
harm (Hendricks and Hall 2007a). These agents are sometimes referreddapasis of mass
destruction(WMDs), but wafighting, emergency response, and scientific professionalshaese t
CBRN or CBRNe identification to bett characterize the release agents. CBRNe releases are often
associated with terroriselated events intended to inflict mass casualties and/or cayse ma
infrastructural and systematic disruptions. However, modRK8releases are inadvertent and
typicdly the result of poor maintenance or structural upkeep, vehicular accidents, or human error.
Oftentimes, hazardous substances such as toxic industeiadicals (TICs) are transported near

or through cities and stateclose to inhabited locations (Brow®12) where theyhave the
potential to enter the environment accidentally or intention@ite. following subsections define
terminology used to descrite broad overview of CBRNe releases to set the stage for their
application within dispersion models.

1.3.2.1 Chemical

Gaseous chemical releases may refer to various types of chemical weapons or TICs such
as nerve, choking, and blister agents that can incapaaitateividual. Certain pesticides, mustard
gas,sarin, and chlone are examples of chemical agentshigh concentrations, these chemicals
can kill or directly harm their target. The release of sarin gas (extremely toxic at low
concentrations) in Nazi @many was an instance of an intentional chemical release.984e 1
Bhopal disaster in India is ofteocd s i dered one of t he worl dos
chemicalrelated disasters. Over a half million people were exposed to deadly concentftions
methyl isocyanate gas used in the production of carbamdieiges. The incident led to almost

4,000 immediate deaths with several thousands more dying from complications (Broughton 2005).

1.3.2.2 Biological

The intention of biological warfare is to relegs&thogens such as bacteria, viruses, or
toxins so that a persaontracting the agent will have advetsslth effects. This release can be
achieved through the poisoning foimites (an inanimate object such as clothing or utensils) or
food or water supp#is with infectious materials (Hendricks and Hall 2007b). Onthefbest
known intentional biologicahtreats was the release of weaponized particlBaaflus anthracis

(anthrax) spores in the United States mail stream in 2001, commonly referred reeathrax.
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The Yersiniapestisbacteria or Black Death duringehl300s, which killed over a third dfig
European population, can be considered an example of an unintentional biological event (Perry
and Fetherston 1997). The pandemic was spread by #easdcby rodents that resided among

the population. The curre@OVID-19 pandemic may also fit thisaien, as well.

1.3.2.3 Radiological

A radiological release combines radioactive material with explosives but without the
detonation of a nuclear device. Thip&yof release is generally achieved in the form of improvised
explosives containing radioactive materials such d&tg bomb,alsoknown as a radiological
dispersal device (RDD) containing an agent HR&s and®’cesium chloride }’CsCl). The
objectve of an RDD is not necessarily to inflict mass casualtiesplnstuse widespread structural
and systematic disruption thatistosy t o repair and decontaminat
masdisruptioro ( USNRC 2018) . Th e ikblytacause nore psychdlogicala | re
than physical harm, as levagradiation from the RDD are not likely to be high enough to cause
illness or death, especially far from the blast zone. Most of these events, such as the foiled attempts
of Chechen terroristwho tried to explode an improvis€dCs RDD in a park in Mogw in 1995
are intentional (Stewart 2014). An RDD has not been ssbaéy detonated by a militant group
thus far. Accidental radiological spills may occur at laboratories and hospitals¢hatdioactive
chemicals, especially during radiation therapyt are not expected to precipitate walea

incidents.

1.3.2.4 Nuclear

Nuclear releases involve accidents at nuclear power plants, the detonation of a nuclear
device, or a weapon caused by an esiplo due to nuclear fission, where atoms undergo
unstoppable digion. A nuclear weapon releases an incredible amount of energyaslesrt
period of time, immediately killing individuals close to the blast site and sickening others through
radiation poisning. Although many intentional tests have been carried ouiclear device has
only been detonated twice as a WMD, i.e., thed&&World War Il bombs dropped on Hiroshima
and Nagasaki, Japan. Some of the bétt@wn nuclear accidents occurred ir86%at Chernobyl,
1979 at Three Mile Island, and, more recentiy2011 at thé-ukushimaDaiichi Nuclear Plant, all

of which happeng at nuclear power plants. Nuclear releases pose some of the most effective
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measures for inflicting mass casualties and thee subject of numerous emergency planning

measures throughoutd world.

1.3.2.5 Explosive

Improvised Explosive Devices (IEDs) are expl@sweapons carrying conventional, ron
radioactive materials with the primary intention of inflicting harm on a subject. @oiyrased
as a warfighting or suicide bombing tactic, IEDs aymstimes deployed by terrorists to injure
soldiers and other indivigals. The 2013 Boston Marathon bombing and the 1995 Oklahoma City
bombing are primary examples of intentional explosive esveviarious accidental explosions

occur occasionally, which mdgad to homeland security concerns.

1.3.3 Stages of an Emergency Response

Most disasters occur at the local level, requiring municipalities to be prepared for a wide
range of scenarios. If a logatisdiction does not have the proper resources to resportidaster,
state or federal government assistance may berequireel.Sfe ef f ort s must be
governor, who then applies to the President for federal relief. Under the IHedsponse Plan
(FRP), the Federal Emergency Management AgeR&MA) coordinates and activates the
response effort with collaboran from the appropriate federal agencies. Regardless of the degree
of emergency, FEMA states that emergency managemenn&aijg broken down into four
phases: 1) mitigation, 2) prepansss, 3) response, and 4) recovery, although adherence to the
four dages is not a statevel requirement for grant funding (FEMA 2010). Mitigation and
preparedness occur before or in anagipn of a release scenario while response and recovery
ensue dung or after the event.

While every emergency response effort @nswhat different, a similar structure for
developing and maintaining plans for emergency operations should be kept stahdaeteral
government uses a fivaategory emergency resporfsamework approach that differs slightly
from the standard emerggnmanagement process. In 2011, Efresidential Policy Directive 8:
National Preparedneg$PD-8) replaced thélomeland Sectty Presidential Directive HSPD
8) and was intended to befederal level guide on how the nation can prevent, respond to, and
recover from homeland security threats (Lindsay 2012). The HBP®ablishes five emergency

management frameworks that ardended to assign roles toriwaus federal agencies fitting
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misgon-specific areas (Lindsay 2012). The five frameworks are: 1) prevention, 2) protection, 3)
mitigation, 4) response, and 5) recovery, and are expanded in this section. This report uges the fi
frameworks when referringo stages of an emergency respori3espersion modeling may
therefore occur at any stage of the response and provide vital den@kimg guidance caused by

the effluent release.

1.3.3.1 Prevention Framework

The key to preventing aamergency scenario from ocaag in the first place or to
minimize its disastrous effects is to practice mitigation activities (FEMA 1998). In the general
emergency management sense, these activities include taking actions to reduce the chance of the
impact of an emergency on humafe] property, and the environmemntcluding shortand long
term exposure effects. These activigesure individuals and authorities are trained and prepared
to handle an emergency before it happens, which includes dsitadpks/acuation plans, stookj
up on food and supplies, andmhéng how to respond and rescue lives (FEMA 1998). The National
Prevention Framework assigns roles and responsibilities to federal agencies to help prevent
imminent terrorist threats (Brown 20). It helps coordinate infmation sharing and intelligence
among agencies and assists in detecting terrorist threats before they occur. The DOD and DHS
have many specific roles related to the surveillance, prevention, and detection of potential
terrorign and WMDs.

1.3.3.2 Protection Framevork

The National Protection Framevk provides guidance on how to secure the country
against homeland security threats from acts of terrorism or natural disasters (Brown 2011). This
would include the defense against WMD thseatritical infrastructure pitection (including
transportationutilities, and agriculture), border security, and cybersecurity (Brown 2011). This
framework relies on the coordination of existing capabilities to protect the homeland.

1.3.3.3 Mitigation Framework
The National Mitigation Fraework presents a risk managemerdtsigy to reduce the loss
of life, property, and impacts following natural or manmade disasters (Lindsay 2012). Since

mitigation exists at all levels of the emergency response process, ahdaotaidy at the local
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level,some examples of mitigation effennight involve: the procurement of insurance policies to
mitigate financial impacts, retrofitting building structures to withstand severe weather or external
conditions and making informed @sions on where to build ¢row to design structures (FEMA
2010. The federal National Mitigation Framework establishes large scale risk reduction strategies,

initiatives to improve homeland resiliency, and efforts to reduce future risks (Brown 2011).

1.3.3.4 Response Framework

Immediately following the manmade or naturalsdister, the response stage puts any
preparedness plans into place and encompasses actions that are taken to save and sustain lives,
reduce the loss of property, and support critical infragiracafter the incident hascaurred
(FEMA 2010). The National &ponse Framework provides a foundational guide informing how
the country will respond to all types of disasters and emergencies by initiating the flexible National
Incident Command System (8} and then aligning roles tarious federal agencies (Brown
2011). If federal emergency response support is approved through a presidential order, FEMA will
organize the response through its partner government agencies through the FRP and deploy
individuals following ICS. This fram&ork closely mimics the general ergency response phase,
but below the federal level, the immediate response will involve the deployment and mobilization
of emergency first responders such as firefighters, police, and meelicales. External response
support will also be activated indal, regional, or federal emergency operations centers (EOCs)

to coordinate and direct logistics for those deployed in the field.

1.3.3.5 Recovery Framework

After the immediate danger of the episddes passed, the National Recovery Framework
encompasses the shoand longterm efforts of rebuilding, restoring, and bringing the affected
area back to prdisaster conditions or better (Brown 2011; FEMA 2010¢pé&nhding on the
situation (such as Huriame Katrina in New Orleans), the recovery stage could take, yedhrse
affected area may never be fully remediated. Recovery may also happen concurrently with
response efforts. Specific efforts include rebuildanigical infrastructure, providing hougnto
survivors, restoring community services, and promoting @oor development (Brown 2011).
During a federal emergency response activation, EPA may be deployed for certain spills or releases

that pose risks to mian health and the environment (more idietre presented iBection1.3.6.
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EPA is generally involved with the recovery and remediation phasesahargency response
since EPA is not a firgiesponding agency.

Three important components within therrediation role of consequence management are:
sampling, decontaination, and waste management (Mikelonis et al. 2018). These areas are
typically whereh e r emedi ati on met hodol ogies developed
Sampling is first conductedybair monitors or surfacbased methods through vacuuming or
swébbing (Calfee et al. 2013), which is tirsensuming and expensive. Predictive modeling of
atmospheric dispersion or stormwater runoff (Mikelonis et al. 2018) may be used to inform
sampling loations. Decontamination methods such as spraying, fogging,shideans are then
employed to mitigate the effects of the hazardous material (Ryan2&1dl). Decontamination
approaches can lead to large amounts of contaminated byproducts from supplpessamal
protective equipment (PPE), along with the waste geeé from the actual disaster. Effective
waste management is the final critical compdrerthe recovery phase to minimize contaminant

exposure and remediate the affected area (Boe etld).20

1.3.4 Operational Dispersion Modeling and Reach Back
Historically, the first dispersion models were developed to design control strategies for air
pollutants released from industrial exhaust stacks (Beychok 1979). The development led to the
implementationof dispersion models in the federal government for regulatayirusew stack
construction or compliance with air quality standards such as the Natioraént Air Quality
Standards (NAAQS). However, dispersion modeling was also found to be a usefifgaetdd
scientific toolto inform public officials during acdental or intentional environmental releases,
particularly due to their fast run timesispersion modeling for both regulatory and emergency
response applications are part of the analyseplanting required by the Clean Air Act (CAA).
During times of dsis, first responders (local firefighters and police) are usually the first
on the scea, typically within fifteen minutes of notification.u@lance information for evacuation
and samplinggoftenneeded withirthirty minutesof a releasewhencontainnentis mostcritical
(van de Walle and Turoff 2008)hile other key decisions are gerigranade within one hour.
To take advantage of dispersion model resuits timeframeavould require mergency responders
to 1) have the necessary knowledge to rdispersion model, and to 2) know most of the physical
details of the release and atmogph@arametersas well as the model domain and boundary

41



conditions. Local meteorology and releaseice strength (mass of the release per unit time) are
some of thenost important components to initialize a dispersion model (OFCM 2002), in addition
to seondary sources caused by the trapping amdlease of material in the wake of obstructions,
leadingto critical variations in contaminant concentration over shstadces (Coceal et al. 2014).
These variables are usually not known immediately andddatdoduce significant bias into the
modeling results.

Since emergency responders generally do nat hiave to setup, run, and process results
from a dispersion modieoperational modeling options are available for lasgale and potentially
high-impactsituations when time is critical, and a modeled plume cannot feasibly be generated
without external asi st anc e. These operational clmobdaetknbg
support, which is known in the military as the opportunity to reach outside a uns t r adi t i
information flow to obtain additional intelligence and remain wetbrmedon specifc matters
(Radzikowski 2008). This section explains those clmices well as federal reach back
responsibilities and t h edspersiohemodelinf foeeamergecAd s ¢

preparation and response.

1.3.4.1 Interagency Modeling and Atmospheric Assaent Center (IMAAC)

To provide a single point for the coordiftam and dissemination of hazard prediction
productsduring an actual or potential incigieinvolving federal government coordination, DHS
establishedMAAC as part of the National Responsearfrework (NRF;U.S. Department of
Homeland Security 20)@o prefre and provide a more unified Federal response to disasters and
emergencieCurrently led by FEMA, IMAAC is a collaboration between seven federal agencies,
including DHS, DOE, DOD, NOAA, EPANuclear Regulatory Commission (NRC), and the U.S.
Department b Health and Human Services (DHHS), each with its own responsibilities for
atmospheric plume modeling or a support role. IMAAC was formally recognized in April 2004
through a memorandum of umdtanding (MOU) through the Homeland Security Council
DeputiesCommittee of DHS and is governed under the Homeland Security Act of 200Bifr D
to respond to and prepare for natural and manmade crises. FEMA assumes a key role in IMAAC
under the PosKatrina Emergency Response Management Reform Act of 2006 to prpleare,
respond, recover, and mitigate effects to key infrastructure and resdotiowing catastrophic

incidents.
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One of the primary reasons for | MARICO s
agencies to properly coordinate dispersion modeling effértaoteworthy example occurred
during the 1999 National Top Officials Exerei§TOPOFF) when various modeling systems
produced confusing and contradictory results (US GAO 2008). TOPOFR&-dafy full-scale
simulated exercise, was intended to realififidast federal, state, and local emergency response
systems should a higtrofile CBRNe situation occur. During the exercise, dispersion models
produced conflicting results because actudlraonck meteorological inputs were used by different
modelers witout prior discussion. The resulting dispersion plumes, which were meafdra in
emergency responders and the general public of potentially affected areas following a hypothetical
release snario, had the plumes impacting two different areas: one bedpPdcific Ocean and
another over the city of Seattle. The dispersion plume$d an embarrassing appearance by the
Washington State governor on television and ended with blame being plategd officials for
the misunderstanding (Mongeon 2018). Thalgaf IMAAC was therefore to provide a single
official government dispersiorrgdiction using the best possible government resources to lessen
the chances of a repeated embarrassing scematim aleliver the information more efficiently to
first respondes.

When requested by any state, local, federal, or tribal agency, IMAAGngdhize a rapid,
around the clock Federal response to produce a simulated atmospheric dispersion model plume.
These products can be usedfirgt responderso makeinformed detsions following an actual or
potentialhazardouseleasescenarioPlumes care requested by email or through the Homeland
Security Information Network (HSIN) helpdesk (phone number: (7632D03) under significant
realworld emergencies. IMAAC can agrovide dispersion plumes for planning scenarios or
national exercises, bwt planning request will not take priority if another situation requires
immediate attention.

IMAAC was also develped to support emergency responders in field response efforts.
Following a hazardous release, the three primary questions from emergenanektgpically
are: 1) when and where the greatest impacts could occur, 2) which areas are confidently out of
danger from exposure, and 3) how long the response and remedititids eould take. IMAAC
results can be disseminated to emergency responmdesslittle as 20 minutes after the request
with simple information such as where, when, and what was releasél. pidliminary

information can provide the initial best gueseaed to identify regions in the hot zofiée first
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modelpredictions tend toverestimagthe actual event because details ofsithiérce characteristics
are rarely known in emergency situatso(OFCM2002. The model results are then refined as
additionalinformation is reported from the scene.

Another justification for IMAAC wasto reduce confusion over who should perform
modeling in emergency situations and which models should be chatde IMAAC was not
intended to replace agenspecific dispersionmodeling activities, no permanent IMAAC
dispersion provider has been officyaitlentified. Instead, IMAAC fulfills its mission by providing
a variety of dispersion resources througlachbadk support where agencies or centers with
specific scientific egertise (e.g., chemical, nuclear, biological) become activated and assume
opemtional responsibility (Dadosky 2010). These agencies establish a baseline set of dispersion
models that are regadly implemented and improved through research and development
initiatives.NARAC, operated out oD O E &asvrence Livermore National Laborayo(LLNL),
has been designatedths primaryIMAAC emergency operational hub with routtte-clock staff
support, nodelers, nuclear experts, and radiological monitoring teamser@ly, NARAC is the
default reaclback option foradiological and nuclear ents but may also provide airborne hazard
predictions for chemical and biological releases (Nasstrom et al. Z00&)Defense Threat
Reduction AgencyldTRA) , t he D OQobinkat Sugpdrti Ageney (CSA) for countering

WMDs, is theofficial technicalreach back for bidogical and cherical agent releases

1.3.4.2 Models Used in IMAAC Responses

NARAC employs a comprehensiweite of proprietary modeling systems that integrate
multiple LLNL models during a radiological or nuclear incident. Sotecen models are teinto
rapideffectsp r ocessi ng model s -dmensibhadl BB)@thespherie disperdion e e
models. For mst cases, NARAC will use theAtmospheric Data Assimilation and
Parameterization Tool (ADAPT)nodel to construct 3D meteorology fields for usethe
dispersion model.agrangian Operational Dispersion Integrator (LONasstrom et al. 2007).
NARACsimulaes t he i nput meteorol ogy f basicparBeRRrE§0s i n
obtained from the National Weather Service (NWS), or if tieea® ongoing atmospheric release
that is expected to continue for an extensive period of time, a reggaddmesoscale weather
prediction model called the Weather Researol BRorecasting (WRF) Model may be used
(Nasstrom et al. 2007). Through a Lagyen stochastic Monte Carlo approach (which calculates
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an average based on a nearly Gaussian distribution ofplraac turbulence), LODI then solves
the 3D advectiomiffusion equation to produce a rapid and detailed plume witHibd Bninutes.

IMAAC reach back through DTRA uses thiazard Prediction and Assessment Capability
(HPAC) dispersion model suit€he maindispersion code for HPAC is built upon the Lagrangian
Secoml-order Closure Integrated Puff (SCIPUFR)odel but has many advanced capabilities,
including atmospheric transport and dispersion calculations, urban parameterizations, deposition,
dose, and humagtffectshazards. Reaime meteorology from the NWS is autonealiy pulled in
t hrough DTRA ¢ad datmservers, windh algoi host worldwide numerical weather
predication (NWP) products from climate reanalysis data such as the National Centers for
Environmental Prediction (NCEP) or the North American Model NAThese products can also
be used to inii at e WRF. HP A C 0 sordes tloswehRul model ensuses that n d
computations take only a few minutes, and an initial response can be Hantéquestor within
20 minutes.

Other advanced dispersion natel such as Los Alamos National Laboratosy ( LANL 6 s)
Quick Urban Industrial Complex (QUIC) mod&lelson and Brown 2013¥e not part of IMAAC
since QUIC lacks the integration of the SCIPUH$persion model. IEPA or NOAA is activated
based on releasgpe (such as inland oil spills), eithereaigy may use the relatively simple-co
developedCAMEO/ALOHA (ComputerAided Management of Emergency Operations/Areal
Locations of Hazardous Atmosphsyenodel(seeSection1.8.5, which is already used by many
emergency responders. Dose projections for atmospheric radiological releases could be calculated
by NRC6s Radiological A s s dsalysisRASCAB)ynedeleThe f or (
progression ofadiological releass in nuclear reactors may be calculated througivitBeCOR
Accident Consequence Code SystdMACCS) code. A summary of IMAAC agency
responsibilities and models typically used for each relegse is shown irFigure 1.1. More

detailed information on each of these models will be presented later in this report.
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Figure 1.1: Summary of IMAAQ agency respongilities with thetypical dispersion modeised,
based on infor@tion from DTRA(Runyon2017).

1.3.5Hazardous Release Mitigation Programs and Risk Evaluation
1.3.5.1 Emergency Planning and CommunitgRito-Know Act (EPCRA)

EPAG6s chi ef r es poagudatoly adency fgr erivionmierdal amcchumaa s a
health concerns. @ated in response to the hazardmeshyl isocyanateelease in Bhopal, India,
E P A dEsnergency Planning and Community RigbiKnow Act (EPCRA) establishes
requirements for federal, state, alodal governments to report on hazardous chemicals and
increasepublic knowledge of the hazards in their local community. EPCRA contains four major
provisions, including emergency plannjrrglease notification protocols to the public, chemical
storage rporting requirements, and a toxic chemical release inventorj (ER 0 1 7 ) . EPCRA
hazardous chemical inventory contains Tier | and Il chemicals defined by the Occupational Safety
and HealtrAdministration (OSHA). Dispersion models may be used to inform EP@iRdelines,
but community planners are required to performahazd anal yses usi(BRA AThe
et al. 1987) to calculate threat, vulnerability, and screening zones around cHewiliteds or

storage areas.
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1352 EPAG6s Ri sk Management Plan Rul e

The Federal government has mandated all facilities that possessfatiame, and handle
certain quantities of distinct regulated hazardous chemicals to develop risk and contingency plans
should a harmful environmental release occur. To identify the poteffeatseof a chemical
accident, document methods for hazard pnéwa, and establish emergency response procedures,
facilities with hazardous substances must develop a Risk Managétant(RMP) that is
submitted to the EPA and revised every five yearsGER, Chapter |, Subchapter C, Part 68).

The RMP rule was devgbed in response to the 1990 CAA Amendments (section 112(r)) so
regulatory guidance is available to prevent chemicatlants and expedite remediation. The RMP

rule considers the use, storaggnufacturing, handling, or movement of an extremely hazardous
substance at a stationary source site based on an extensive list of regulated chemicals (EPA 2009a).
A f aci | i usyidchide ReMdral alements based on the type of program or processes th
occur at the site. Generally, all facilities must includeescdption of the site and its regulated
substances or processes that occur, theyiae accident history, the hazassessment for the
process, the potential worsase scenario, and angesspecific emergency response programs
should there be an emgnmental release (EPA 2009b).

A key element of an RMP is completion of a hazard assessment of the potential impacts
from a release at the facilityeffectively called an offsite consequeraalysis. EPA provides
guidance for this consequence analysiSRA (2009c¢), which requires two elements: a woeste
scenario release and an alternative release scenario (ieffettteof a hypothetical accident under
more realistic circumstances)RE 2004). The EPA guidance document offers several methods to
cary out this analysis, including the use of dispersion models. However, the guidance is optional
if the methodology omodels can be substantiated (EPA 2004). The simplest guidance relies on
lookup tables to provide conservative estimates of downwinagndikdoes not require computer
modeling. More accurate sigpecific consequences could be generated through dispersion
modeling results. In this capacity, facilities have the option to chtbegeown dispersion model,
fire or explosion model, EPAstablshed model, or another computational method (EPA 2009c).
EPA6s RMP*Comp dispersi on mbaemployedgndisdisclssed s o n

in more detail irSection1.3.6.2
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1.3.5.3 BioWatch

The mechanism, l@tion, and timing of a chemical, radiological/nuclearegplosive
release may be possible to pinpoint (and thus remediate, model, evacuate residents, and
decontaminate). However, biologicatctors are often more challenging. Bacteria, spores, and
otherbiological agents may be passively dispersed througdirtioe from person to person. During
the 2001 Amerithrax events, it was unclear when, where, and how any further biological releases
could occur. As a result, the DHS launched the BioWatch progré&@d8 with the primary goal
of detecting the presencelmbterrorism agents in large, densely populated urban areas. Deployed
as a series of samplers, t ity pnondoaslot ity high dumanc e nt  t
traffic indoor and outdoor locatios the BioWatch programngi s the
system to detect certain known biological threats (NAS 2018). While the premise of the program
is beneficial, it has received cdism for its monitoring methodology and high falarm rate.

The BioWatch program does not operate any-tiead samples and therefore has minimal value

for first responders seeking to obtain fBale information on biological pathogens (US GAO
2008).The only way to determine the presence of a harmful agentisalyze the filter sample

by completinga full laboratoryanalysis, which may take Z#burs or moreafter the sample is
collected(NAS 2018). If a sample tests positive for any of a suiteaddbbical agents, a Bio\atch
ActionableResult (BAR)is createdandcan trigger federal, state, and local response tlhrdiog
means of teleconferences and potentially the activati@cohsequence management plam.,
sampling, public communicationpeironmental surveillance, event reconstructigNAS 2018).

More t han 50 BARs have been generated since th
alarms due to naturally occurring organisms in the environment (NAS 2018). These BARs have
led to mixel response and criticism for the program.

Even hough LANL is na part of IMAAC, an aroundhe-clock modeling team may be
activateddirectly by the BioWatch programf a not ewort hy BRBiBVaick det e
Event Reconstruction Too(BERT) is run tosimulatesource inversior{(determining a source
location and sength based on dispersion modeling) or forward plume calculationQUHe
dispersion model has also been employed to simulate biological releases for special events where
BioWatch detectorsare deployed. The future goal is to li@UIC with Argonne National
Labor at or yBebw GreuhLMode) so belowand aboveground bidogicalagent
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transport and dispersiaan be captured and simulatdtichael Brown, personal communication,
2018).

1.3.5.4 Chemical Facility Antiterrorism Standards Progna

The nature ofcertain facilities such as industrial chemical plants producing and using
hazardous materials, power plants, or storage facilities makes them high profile targets for
potential sabotage or adental releases. To identify and help prevemd anitigate chemcal
releases from these types of higgk facilities, the DHS has developed the Chemical Facility
Antiterrorism Standards (CFATS) program. The purpose of CFATS is to identify and regulate
high risk facilities to ensure that security measuand contingeey plans are in place to reduce
the effects of a terrorigelated attack associated with TICS. More than 300 chemicals,
manufactured at plants that produce certain quantities, have besfiedemd must be regulated
by CFATS. Based othe level of pagntial impact, CFATS focuses its efforts on the highest risk
facilities and then employs a ridased tiering system (6 CFR, Chapter |, Part 27). For example,
any site that possesses more th@y900 pounds of anhydrous ammonia must corplseporting
thar holdings to the DHS CFATS program. The importance of the CFATS program for the
interests of this report is that established, physased dispersion models may be used as part of
theriskanal ysi s met hodol ogy RMP<Congpalidperisnftoolg8hCFRoy i n g
No. 71). Potential release scenarios could be run by IMAAC for planning initiatives, although
DHS does not disclose what types of dispersion models might be employed. Th& Gfoyfam
is important for EPA emergency resperefforts in thait identifies these highisk facilities, tiers
their potential impact, and provides an inventory on the amount of hazardous TIC present should

an incident occur.

1.36EPAG6s Cont ringanty Resposse InitativEsmaed Dispersion Maddgl

A wide-area CBRNe incident undoubtedly causes lasgale human safety,
environmental, infrastructure, and economic concerns. If a local or state jurisdiction does not have
the appropriate resources negdie respond to an emergency, federal emergessponse may be
required. In this capacity, FEMA is responsible for coordination and activation of the FRP.
Response to widarea incidents requires coordinated, multiagency approaches. Under the
Homeland Sagity Presidential Directive 1QHSPD-10), DHS oordinates witlthe appropriate
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federal agencies to respond to homeland security incidents. Before, during, and following natural
disasters, terrorist attacks, or accidental emergencies, the federal govemayerenact a
Continuity of Operations Plan (CG¥)to sustain ogrational order. While the federal government

has a series of eight National Essential Functions (NEFs) to continue leading the country during
times of hardship, each agency is responsibleit®orPrimary Mission Essential Functions
(PMEFs) The EPAhasone PMEF: to prevent, limit, and/or contain chemical, radiological,
biological, oil, and other hazardousontamination incidentsand provide environmental
monitoring, assessment, and reportiogthe incident. As a result, the EPA may adhasprimary

agency responsible foorganizing the event with escene actions and local governmentsin

some capacity to be the lead federal agency (LFAgse responsibilities are outlined under the
DHS National Response Framewotld.§. Homeland Secity 2016). In most cases, the EPA is

LFA when the response is relatedte Comprehensive Environmental Response, Compensation,
and Liability Act(CERCLA: Superfundi, EPCRA(planning for chemical emergensjethe Clean

Water Act, the Safe Drinking Watekct, the Oil Pdlution Act, the CAA, and the Resource
Conservation and Recovery Act (RCR#azardous and general solid waste dispoéalditional
responsibilities involve the cleanup of impacted buildingsatural areas, recovery framrrorist

attacks or natural disters, and support to drinking water systems.

For initial radiological and monitoring assessments, the DOE is generally considered the
LFA, but EPA would assume intermediate and loegn respnse once the initial threat ia
subsided .S. Homeland Secuyit2016. EPA would also be the LFA with accidents involving
shipments of radiological materials not licensed or owned by a federal agency, as dictated by the
Federal Radiological Emergency RessePlan (FRERP)When EPA isthe LFA, onscene
coordinatorsQSCs) assume the position of the | ead f
personnel assess, monitor, and control the response with the incident command and employ
research developeby scientists in the agendylikelonis et al. 2018) to streamé the response
process.

Even though EPA is not technically a fastspondingagencyas opposed to local or
regional police, fire, and emergency medical service (EMS), dispersion modelynglayaan
important role in agecy actions after EPA assumesp@ssibility at least 72 hours after the
release. Various tools and strategies such as predictive computer modeling can be employed to

protect human health and the environment and responddi avea incidents (Mikelonis at.
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2018). Thes@lume predictios could help guide field sampling efforts, atlie sampling results
could then be used to updahe plume and refine estimates. The dispersion models developed,

used, and improved by the ER®e expanded in the followirggctions.

1.3.6.1 EPA Support Center fdRegulatory Atmospheric Modeling

EPA implements dispersion and predictive modeling tools for regulatory applications,
emergency preparation and response, and research and development pErpo8eS8.s Suppor
Center for Regutory Atmospheric Modeling (SCRAMwebsite provides public access to air
guality and dispersion models and resources developed by the agency. SCRAM also delivers
training and resources, reports and journal articles, and wibe@eling guidance. The EPA has
also established a list of aggrgreferred and recommended models for screening purposes, state
implementation plans (SIPs9nd downwind calculations from source to receptor for regulatory
and permitting use (Appendix W 4DFR part 51). The models idéed as preferred agency
options are assessed for quality assurance so that criteria are met for scientific rigor, model
development and evaluation, peer reviewed theory, and the ability to provide transparent, reliably

disseminated informationwww.epa.gov/quality . Some of EPAG6s preferre

dispersion models, all of which are Gaussian plume models, are AERMOD (American
Meteorological Society/Environmental Protectidigency Regulatory ModglCimoreli et al.

2005; se&section1.8.49, CTDMPLUS Complex Terrain Dispersion Model Plus Algorithms for
Unstable Situations and OCD Offshore and Coastdbispersion Modgl These modsl are
identified later in this report, but only AERMOD is expaddn further detail since these models

are not generally used for emergency response. EPA also suggests alternative and screening
models on the SCRAM websiterfother applications.

1.3.6.2 RMP*Comp

As part of the EPAGs RMP r ucthemical fatiidessogency
they can develop their sispecific consequence analyses. The facilities may employ their own
public or proprietary dispersion modeldfoice if they are willing tolgre the results, the model
is recognized within the industrihe model is applicable for the chemical release being simulated,
and it defines the appropriate parameters and warst scenarios (EPA 2009c). However, EPA

alo provides a free, web and degk computedbased RMP*Comp dispersion modeling tool,
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which wasco-developed by EPA and NOAA. The program incorporates database tables of
regulated materials including7 acutely toxic substances and 63 flammable gases datilevo
liquids. Based on the amunt released, RMP*Comp determines the downwind distances to an
endpoint location for probable and wecstse scenario events for standard atmospheric
temperatures (2&), low winds (1.5 m/s), and stable conditions (stabdlgss F). The program

can hante vapor cloud fires for flammable gasimt ardiquefied unde pressuréEPA 2009c).
However, RMP*Comp is not a model to be used for emergency response as it only allows the user
to select the amount released, liquid temperature or chemical physiealasid sometimes the
surrounding terrain type. Moderate ambiamttempeatures, lowto-moderate wind speeds, and
stable atmospheric conditions are assumed during the planning scenario, which does not always
reflect the atmospheric state during an actekdase, potentially lofting the chemical or allowing

it to travel farthe downwind.

1.3.6.3 CAMEO/ALOHA

RMP*Comp is meant to easily plan and identify hygiority hazards for an RMP, but
more sophisticated eBPA-developed modeling tools are available for egeacy response use
such as the CAMEO Software Suite. CAMEO (aseSecton 1.8.5, which includes four distinct
entities: 1) CAMEO Chemicals, 2) CAME®, 3) ALOHA, and 4) MARPLOT. CAMEO
Chemicals is a comprehsixe, propietary database of hazardous chemical datasheephgsidal
properties, which provides information similar to the information seen in the classic orange US
Department of Transportation (DOT) Emergency Response Guidebook (ERG). The ER@G is still
go-to resource for most first responders, as it provideschsidance to determine the extent of a
and its approximate evacuation distances (Christine Wagner, personal communication, 2018), as
well as chemicas peci fi ¢ hazards. A LaQsHign, plm&Adddt, Cah e s i mp |
used for orscene chemical releassisice results are generated within seconds from only a few

details about the release and current meteorology. ALOHA was first developed by EPA and

NOAA in the late 1980s specifically for usg tirstrep onder s, i ncluding EPAD®
Response TeartfERT). The plotting software in CAMEO is MARPLOT. The entire CAMEO
software package is available as a free downl

Office of Response and Restoration
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ALOHA is identified in this section because it can also bé te@erform RMP guidance.
Since ALOHA performs more sophisticated dispersion analygedo specific and refined input
parameters, it may provide results that do not closely match RMP*Cdowever, ALOHA
cannot be used to inform EPCRA hazard analyseause the quick and simple calculation
met hodol ogies in EPA et al. (1987) (i .e., ATh
capabilities are available in the CAME®, which is used tonanage plamng data such as details
about a particular facilitychemical transportation routes, and emergency response procedures
about chemicals in alocal community. The Green Book may also provide results that do not closely
match ALOHA due to its siplifying assumptions. While also simplified, ALOHA can account
for different atmospheric stabilities, dispersion parameters based on terrain, temperatures, liquid

evaporation rates, and buoyant or dense gases (Jones et al. 2013).
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1.4 Atmospheric and Micrometeorological Fundamentals in Dispersion Modeling

The purpose ofhis section is to outline fundamental components of boundary layer
meteorology and micrometeorology (meteorological processes on a spatial scalEddmhnd
a temporal scale of ~ our tol day) that dictate the transport and dispersion of a hazardous
release. This section is not meant to be a comprehensive explanation of PBL processes, but more
of a resource to introduce salient concepts employed within dispersion models. Megghn
explanations of micrometeorology and its associated processes\aeed in Stull (1988) and
Arya (2001; 1999). Dispersion models simplify the complex atmospheric state byegsitipns
that governthe dispersion of pollutantsnder the assumptienof stéionarity and horizontal
homogeneity frequently based oaussan downwind concentratiorpatterns.However, the
atmosphere is very turbulent, especially close to the ground surface where roughness elements
(e.g., trees, buildings, vegetation, tgpaphy)create complex and variable flows, and physical
variables (duea solar heating, moisture, and the overall lssgale atmospheric state) are in
constant flux. Since the fate and transport of contaminants is significantly influenced by turbulent
exchange m the PBL, the fundamental concepts are introduced here. Ttli®rnseatisfies
Objective 4 as described $ection1.2.3

1.4.1 Atmospheric Turbulence

The dispersion (transport and diffusion) of atmospheric contaminants is strongly
influenced by microscale physics. While pollutant transportisgrily a function of the mean
wind, smaliscale atmospheric turbulence is the fundamental driver of plunpersisn.
According to Arya 2001), atmospheric turbulends defined ashe highly irregular, random, and
almost unpredictable chaofiactuations ofwind velocity, temperature, and scalar concentrations
aroundtheir mean valus. The irregular fluctuatios in a turbulent flonarefunctions of time at
fixed points in space. Turbulenoec cur s i n t he PBL stironglyinfluericdse ear t
small scale motiortemperature, water vapor, and pollutaiisrbulent flow constantly undergoes
random changein both magnitude and direction, visualized as irregubatexlike swirls of
motion callededdies These vortices are not clearly definedistures or features, but more of a
concept to qualitatively describe turbulence on the order of 0.001 m tari@0diameter in the
PBL (Stull 1988).Turbulence consists of many different edsuperimposed on each othwere

the strengths of eddies wérious scales define the turbuterspectrumHowever, turbulence is
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not as easy to precisely define, as éertgave motions in the atmosphere may be irregular and
chaotic but not necessarilurbulent.

Useful rules of thumb to describe atmospheric tiehee can be defined by the five
following criteria provided by Arya (2001) where the flow is:

1. Irreqular and random These motions make turbulengearly unpredictable and

irreproducible, meang that a statistical description of turbulence must be emgl(ye,
wind fluxes are described by means, variances, fluxes, etc.).

2. 3D and rotational Threedimensional veicity fields and the presence of vorticity or

rotation that are highly variabla space and time.

3. Ability to mix turbulent diffusivity is respasible for the dispersion and spread of pollutants
in the PBL and is also effective at exchanging momentunhead This is often regarded
as the most important property of turbulence.

4. Ability to dissipateturbulent motion is continuously dissipated dnched into heat or

internal energy by viscosity, meaning that turbulence will decay if it is not produced
coninuously.

5. Multiple scales of motiarturbulent flows contain a wide range of lesa and the ability to

transfer energy from one scale to thlestis important and key to larger atmospheric

processes.

Turbulent eddies create fluctuat®im wind velocity, temperature, humidity, and scalar
concentrations cairgy their components to wa irregularly in time or space around their mean
guantities. Tks can be thought of as a fluctuating component superimposed on thejuaasty,

The basis oReynolds averagg (Reynolds 1894) for windescrie s t he wi nd&s c¢comp
v, andw for longitudinal, lateral, and vertical, respectivetpnsistingof their characteristic mean

(6) and fluctuating ¢ portions, calledReynolds decompositionMany meteorological
applications use average wind over time, but in dispersion modeling, theaflagtcomponents

are key considerations that pointheP B L \@ersical structure (Pasquill and Smith 1983)nple

Gaussian dispersion models may only requneawind speed and direction averaged over a longer

time period. However, more complex mod#ést track and simulate a puff or particle over

numeroustimeé@&r at i ons may b e n e-$caldfluctuatonm t he wi ndobs fi
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1.4.2 Planetary Boundary Layer

Dispersionmodels are commonly used for multiple simulations over short durations (on
the order of ondour averages) and relatively small areas of spatial interé%0 km) in the
at mospheric region closest to -Bkmertedlayerrofs sur
atmosphere connects larger scale weather patterns (mesoscaté¢084@x kn, and synoptic:
>1000 km) to those driven by surfacdated eflects Eigure 1.2). The PBL is a dynamic and
constantly changing portion of the atmosphere that is influenced by terrain, vegetation, water
bodies, heatand moisture fluxes, and humanroduced influences such astlopogenic
emissions, urban canopjemnd alterations to the ground surfatkee PBL varies diurnally based
on solar heatingnd seasonality.

During the middle of the day, the PBL has tydicarown to its thickest point due to
surface heating from theis and the formation of buoyant theais This daytime layer is referred
to as theonvective mixed layglCML). The CML grows byentrainmentor the downward mixing
of air from a more stablyer above. It begins to grow just after sunrise, reachesaxgmum
point during the day, and shks in height (collapses) by sunset. Conditions that include an
unstable boundary layer and high air flow during the daytime hours (due to increasepeeithsl s
buoyancy, or turbulence) usually mean that a releasealisjierse faster than during the ewen
although detrimental effects can be transported farther downwind.

As the sun slowly sets, solar heating to the surface is cut off and the PBL stovelptms
into astable(nocturna) boundary laye(SBL) nearesto the surface and residual laye(RL)
above. The RL is a neutrally stratified zone
and tends to be equal in intensity from all direcdi¢8tull 1988). The SBL is characterized by
stable atmosphericaditions (where vertical motions aseppressed) with light or calm winds
and minimal turbulence directly above the surface. The lower part of the RL is transformed into
the evening SBL duetits contact with the ground and radiational cooling. A capigingerature
inversion usually devefis above the RL. Air in the SBL is statically stable with the potential for
intermittent weak turbulence (lelgvel or nocturnal jets), making the eveningundary layer
perhaps one of the most difficult to predict iispkrsion modeling due to complexrsport,
diffusion, and spurts of turbulence in combination with natural and anthropogenic surface effects

(OFCM 2002). The increase in atmospheric stabditd a general decrease in wind speed during
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the evening and @rnight hours may mean that a releadlé disperse more slowly than during
the day but also remain concentrated near the emission source.

As the sun rises in the morning hours, solar heatnug again grows turbulence and starts
to mix the two layers bgntrainment and gradually builds t@nvective boundary layer, resulting
in theentrainment zonextending to the surface as the SBL erodes. During all periods of the day
and night, thesurface layer(SL) is generally defined as approximately the lowe i the PBL
and is a complicated aewhere turbulent fluxes, stresses, surface roughness, and other
perturbations affect wind flow directly above the ground surface (Stull 1988). WhileLtiee S
arguably one of the most important regions for understgnalifiutant dispersal, particularly a
breathing levels after a release, it is also one of the most difficult to predict, simulate, or otherwise
parameterize in dispersion models. Complex PRlationships are often simplified when
parameterized in dispeosi models, which can translate inlower model performance.
Specifically, complex terrain effects, coastal influences, and urban canopies introduce fine scale

meteorological variations thabmplicate modeling efforts.
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Figure 1.2: The common, but idealized, diurnal evolution of the Planetary Boundary Layer (PBL)
adapted from Stull (1988).
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The PBL is also significantly modified over urbareas due to increased roughness effects
from the presence ofubdings and other mamade landscape alterations. With lower surface
albedo due to dark pavement, concrete, and lack of vegetation, as well as increased anthropogenic
emissions, urban areaseduently result in localized regions of hey temperatures datl the
urban heat islanqUHI) effect. This phenomenon results in higher overall temperatures both
laterally and vertically around the urban area based on the density of buildingsirbEme
boundarylaye( UBL) cr eat edso me g r ;afd nMecehadmatusesimcamparison
to more rural | ocations, where a fAcliffo or a
of rural to subur ban | osutban portiors bfthe auterctitylagydaa i p |
fipeak o ov eenter {Okel1988). Diwnal changes in temperatures may be a few degrees
warmer due to the increase of incoming longwave radiation, as well as absorptioreansisien
by the polluted urbantosphere (Arya 2001). A decease in suri@bedo may cause &crease
in outgoing longwave reflection or shortwave radiation emission, causing a greater daytime heat
storage and decreased evaporation. During clear skies and calm wind conditions, thermal
modifications of the UBL tend to dominateeswoughness effectseated by the buildings (Arya
2001). As the boundary layer erodes during the evening and overnight hours, the UBL tends to
decrease in altitude but remains higher than in rural locationsevgh®ng atmospheric stability
suppressesitbulent vertical miing.

The sections of the PBL are therefore not always homogeneous. When the approach flow
is modified by changes in roughness or temperature differences over the surface, a change in the
meanwind profile and turbulence may be seenrrtba surface. Thimodified layer is called an
internal boundary laygiBL) because it grows within another boundary layer associated with the
approach flow (Arya 2001). Notable examples occur when thereranaatic change of surface
roughness where ¢hiflow suddenly mowebetween a grassy field to a stand of trees, from a water
body to a shoreline (leading to land and sea breezes), or upon entering an urban area to a rural

location.

1.4.3 Modifications to Urban Fbw from Building Structures

While the UBL irfluences the local esoscale flow regime, complex wind behaviors exist
within the urban canopy. Buildings and streets alter the overall wind flow patterns and cause
complicated turbulence that could disperse Hiakmollutants and affect the exposure foban
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inhabitants. Inaddition to the effect of industrial emissions on poor air quality, transportation
related emissions associated with vehicles and other releases have a large effect on localized urban
air polution. Especially under low wind conditionbuildings can restt ventilation and keep
localized concentrations of pollutants very high at breathing level or in isolated recirculation zones.

A street flanked with buildings on either side is classicaferred to as atreet canyon
(Nicholson B75), although somerban geometry may contain discontinuous street canyons with
intersections and building breaks. The schemattegare 1.3 from Halitky (1968), as desibed
in Arya (2001), shows how the mean velocity profile aadkground flow become altered and
separated when the windward end of the building is encountered. In the lower portion of the UBL,
flow on the windward side of the obstacleates a clockwisturbulent eddy due to pockets of
low pressure and reversed flawvvarious locations around the building (Monbureau et al. 2018).
Once the flow is forced up and over the building, high turbulence intensity and reverse flow form
arecircuh t i ng fmeawthetleg side pfahe building (Monbureau et al. 2018),hwhiy
bring contaminants to the street surface and lead to downwind stagnation, especially when the
mean wind speed is < 1.5 m/s (DePaul and Sheih 1986). This effect can euntsale pollubn
and/or accumulate contaminants emitted inside the cavatgting to high concentrations as wind
speeds remain low but wind shear and turbulence intensity is high (Arya 2001). The size of the
cavity depends on the length, width, anéghe(L,, Wb, H) of the building or obstacle, as well as
the characteristics ofi¢ approach flow. The mean velocity profiles are also showigure 1.3Db,
depicting the small countgradient flow in the cavity. The flow separatibatween the regions
in the cavity and farther downwind are eallthe near and far wake regions, respectively. The far
downwind wake is associated with enhanced turbulencesity@ndnegative vertical velocity as
the flow begins to recover from the eonter with the building. Wind tunnel studies have shown
that the influence of buildings and their wakes can extend {8Building lengths downwind and
beyond (Arya 2001)These flow separation effects occur as the fluid flow of the air attempts to
transfer from high to low pressure to remain in equilibrium.

Figure 1.4 shows he influence of pollutant dispersion within an idealized symmetrical
street canyon based on the findings of Dabberdt et al. (1973). Duessup and turbulence
effects, some of the mean synopticallyuondd wind flow above the rooftops enters the street
canyon and creates a localized vortex, thereby restricting the recirculation of anything that is

emitted within. However, the aspect rattbg average building heighitlf divided by the street
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canyon widh (W)) strongly influences street canyon flowre®it canyons tend to have aspect
ratosHW;da 1, whil e wide avenue canyons could
medium, and log length canyons can be characterized by their approximatd l¢rpdivided
by height suchas/Ha& 3, spectively,(Vadalakis et al. 2003). Wide canyons Wit/

~ 0.3 Figure 1.5a) create an isolatedughness flow that develops a cavity directly indééhe

be

first upwind building and on the windward side of the second, but the center of the canyon may

remain coupled with the mean flow. For wake interference flow g & OFighre 1.5b),

the disturbed air does not haeough distance to modify its flow before encountering the next

obstacle (Vardoulakis et al. 2003, Oke 1988). Findlj\c > 1 results in skimming flow in the

street canyonHigure 1.5¢), allowing the formation of aingle vortex. Additional areas of low

pressure and wind recirculation zones could occur on street corners or intersections. Low wind

speeds and/or deep canyons Wil > 1 may create re@ulating cavities that leave thedathing

level largely stagnanGrimmond and Oke 1999). In addition, the presence of a taller building

among shorter buildings, as well as the distance and orientation between them, can significantly

modify the flow downgeam (Arya 2001), as shown in wiitunnel experiments with alltéower

among an array of shorter buildings (Heist et al. 2009).
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1.4.4 Vertical Wind Profile
A vital input to most ahospheric digersion models is an accurate representation of the
vertical wind velocity profile (the change in wind speed with height) just above the ground surface,

as it will dictate how fast and far alfutant disperses. As a igeral principle, mean wind speed

typically increases with height because the effects of friction and surface roughness are lessened

farther away from the ground surface. Two commonly used wind profiles in dispersion models are
the logarithmic wind profilend the power lawl helogarithmic wnd profileori Law of t he
is asemiempirical relationship that depicts wind speeds close to the suridee well developed,
neutralboundary layer conditions

., 0., 0 Q
e (1)

Q
whereo is the wind speed at heighto. is the friction velocity k is the Von Karman constant
(0.4),znis the surface roughness length, dnsithe zereplane displacement due to obstacles. Ten
meters is commonly used agtreference height to avoid suraelated effects. The logahnitnic
wind profile is generally applicable in the lowest several hundred meters of the PBL (Stull 1988).

A simple alternative to the logarithmic wind profile is the power law expression:

LA @

0 a
whereo is the man windspeed at heiglt andd andz are the reference wind speed at reference
height, respectively. The exponenis based on the type of surface and is approximately 0.1 for
smooth surces and roughly 0.4 for urban areas (Arya 19B19. logarithme wind profile(1) is
commonly used in many dispersion models and is considered more effective than th&apower
wind profile, and (2) isn thelowest20 meters above the surface. Both md#frovide a good
estimatiorup to 100 mbut he poweflaw is hen more appropriate above 1iGand in the lowest
part of the PBL (Cook 1985).

The urban canopy boundary layprofile, anothertype of vertical wind profile used in
dispersion models, is uséor situatiors in which there are buildings upwirad a releas source,
and the user wants to account fwban drag orhe inflow profile The urban canopy boundary
layer pofile is not intendedfor large downtown highise structures.(M. Brown, persoal
communication, 2018Y.he formularepresents vertical wind spd with height for two conditions:

above and below in the domainwhereH is the average height of the urbaumlding canopy)
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Theurban canopyrofile accourd for lower wind speeds belol as it is slowed by the drag from

the buildings:
6a 0 6ABB 5 »p (3)

whered is the mean velocity measured-hindA is the attenuation coefficient representing the
average impact of the buildings or vegetation carmpthe flow (Nelson and Brown 2013). This
equation(3) was originallypresentedby Ciorco (1965), who developed a wide range of empirical
values forA (Cionco 1978). These values were introduced to modify flow based on vegetation
canopies for a wide variebf grasses, shrubs, and trees. The values reprasettered airflow
response to vegetation roughness and density, with vafusgsproximatelyl-2 for small trees,
rice, and corn, anglp to4.5 for maple, fir, and gum trees. Lower values represadtaigl sparsely
arranged objects, while higher numbéndicate dense and flexible obstructions (Ca1978).
Buildings are undoubtedly dense as welkiggd, sothere is not a widely accepted value for
sincethe equationwas not intended fatenseurban use.

At heights higher thahl, a transition to anodified logarithmiowvind profile is introduced:
6 a0
oa O 3 4

o &g~

<

whereL is the Obukhov length, which accounts for stability effectpiafion(4) is used to avoid
discontinuities in thevelocity profile (Nelson et al. 2009). Ehpremise behind the equatiass
discussed in further detail in MacDonald (2000). Nelson et al. (2009) recomsegtiagz..s equal

to H (and thereforeieris the upwind velocity at) to avoid the wind spedahllooring above the

canopy heighthat mayintroduce erroneous results.
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1.5Types of Atmospheric Dispersion Models

Atmospheric dispersion modeling has evolved tremendously over the past 100 years while
still retaining many of the tloeetical and mathematical representations of the fundamental
disperson equationsEven though dispersion modeling has seen improvements throughout the
decades, many of the mathematical foundations are still based upon the original building blocks
of Gausg&n dispersion models (i,82asquill 1962, 1974), Lagrangipartide modelgwhich track
a particle or puff under a moving frame of referencpchastic (random walkdpr other
statistically basethodels, oPuff models By the 1960s and 70s, computieegan to be commonly
used to solve Gaussian plume equations rajndiyead of completing the computations by hand.

As computers advanced in the 1980s, Lagrangian Puff models and simple Eulerian models (with
a fixed frame of reference as patrticles are foemove throughout the domain) were introduced.
The 1990s and 200Gsw an advancement of Eulerian 3D grid models as algorithms and model
resolution improved. Today, higherder CFD models are commonly used in research
applications but are rarely used é&ayergency responders in the field. For this reason, classic and
relatively simple Gaussiabased dispersion models continue to be at the forefront of emergency
response due to their fast output times, although higher fidelity models are also usedgeneyner
preparation exercises.

Dispersion and diffusion models predise distribution and concentration of a constituent
downwind and in a typical study, the local meteorological scenarios are defined in terms of a
characteristic wind speed, direction, atchospheric stability. The atmospheric state and stability
(i.e., gable, neutral, or unstable/convective) may be represented by the discrete Pasquill stability
class (Pasquill 1961), a function of wind speed, solar radiation, and cloud cover, as terbulen
measurements are rarely available for the model domain of in{B@sers et al. 1994). More
recent advances in dispersion modeling parameterize atmospheric stability usingMbokov
similarity theory (e.g., Cimorelli 2005). Models also requireidagormation on the amount of
material released (source term) aaohoval mechanisms. The process components of a dispersion
model are shown in the flow chartkiigure 1.6. The rest of this section provides a broad overview
of the different types of dispersion models starting whthsimplest and progressing to the more
advanced. A visual comparison of the models can be se€igume 1.7. The strengths and
limitations of different types of dispersion models are also providdabte 1.1. This section
satisfies Objectives 5 and 6 as detaile8éttion1.2.3
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1.5.1 Box Models
These simple models assume thatdbmain is one large homogeneous volume, and any

substance entering thvolume is uniformly and instantly mixed throughout the box (Arya 1999).

Box models are generally stationary (considering a city area or the transport between two regimes
such as the e’posphere and stratosphere) and may consider fluxes or flow in anfitbatbox

(Fin and Fou), production P), chemical lossL(), deposition D), and emissionK) terms to
understand production and destruction in simplistic terms (5). Box models earbefsolved on

paper through thaddition or subtraction of producti@nd loss terms and are best used for quick,
simplistic transport calculations. The mass balance of a box model is the sum of the sources minus

sum of the sinks:

— i €01 Qi QO O 0 O O O (5)
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Figure 1.6: Components of an atmospheric dispersion madetlified after OFCM (2002xnd
Turner (1979).
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1.5.2 GaussianPlume Models

The Gaussian plume model is often used as the fundamental basis for many dispersion
models and is particularly useful for quick calculations that assume conditions to be horizontally
homogeneous. Most Gaussian plume models also imply thgtolthgant souce is released
continuously and that the concentration profile downwind of the release has-aesties that
resembles the classic Gaussian -Balped distribution. The formulas are derived assuming
steadystate conditions because theesults repremnt ensemble averages. Since the model
assumes that meteorological conditions will remain constant across the horizontal domain over
time, a Gaussian plume model is best used for estimates witfih Rt of the release location
as long as thevind directon and speed are consistent. Therefore, it is essential that the source term
characteristics be accurate for the best model results. Gaussian plume models are challenged in
urban areas with complex building geometries because localized scletsmct wih street
canyons and building wakes, especially in the fietd region close to the release point (Belcher
et al. 2013). Comprehensive field, model, and laboratory understanding are generally lacking for
nearfield dispersion effects (Cocleeat al. 2014.

Early solutions to the diffusion equation implemented in basic Gaussian diffusion models
were based on turbulent transport of Mat eri al
Theond, i n which model s aswas pr@drontl koahe gradientdithd e nt |
mean concentration, and a proportionality factor, or diffusivity, was implemented to represent
turbulent transport. Boundaries usually play a large role in dispersion, including the presence of a
temperature inversn or interaton of the plume with the ground. Therefore, when the plume
deflects off a surface, an fimaginaryo source
(1970). The Gaussian dowind concentrationd() at downwind distance, lateral distancg, and
vertical distance for a continuous point source is represented as:

— 'Qd)r‘]g 2 ‘er‘lg P L

6 afuiu (6)

whereQ is the source strength, or emissiater of the released material, usually in grams or
milligrams per second) is the mean transport wind speed in meters per second, which usually
represents the wind at source height or lthr containing the plume; and(x, y, 2) is the
longitudinal (abngwind), lateral (crosswind), and vertical dispersion coefficients in meters,
which may be based on the classic Briggs (1973) equations or the R&sioitl-Turner (PGT)
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stability clases and curves (Gifford 1961; Pasquill 1961; Turner 1970) and fotimeunlations,

andH accounts for the source release height. Arya (1999) and Bowers et al. (1994) expand on
these equations in much more detail, and a complete set of Gaussian plumeedoatarious
sources (such as line, point, or area sources that contain contineasssgis provided. Examples

of Gaussian Plume models are AERMOD (Seetion1.8.4 or ALOHA (seeSection1.8.5.

1.5.3 Gaussian Puff Models

This model type (also known as a segmented plume) divides the emission into a series of
overl apping dApuffso, all owi ngifdegired. Thehbreantale s o u
meteorologtal conditions also do not need to be homogeneous. Puff models may treat releases as
point, line, or area sources where a pollutant is released as one instantaneous amount (as in an
explosion) and then tracked withetEulerian or Lagrangian frame of reface. Puff models may
also encompass a series of successiveineas t ant aneous releases or fAp
tracked discretely into the ambient environment, since even continuous releases could be thought
of as a series of overlapping puffsrgd 1999). Each individual puff is simulated by numerically
integrating the 3D advection diffusion equation as it diffuses into the air based on constant or time
varying wind conditions. According to the statistida¢ary of diffusion, the mean concenioat
of a puff is Gaussian in all directions (unless affected by an external barrier like a temperature
inversion or obstacle), and the spread of the plume puffs is related to statistical diffusion
parameters (Arya 199. Each puff of material is assumedo® horizontally symmetrical and the

average concentratiob in the puff follows the Gaussian form from Slade (1968):

. L w w
slefofs ———Qan g 2 Qo g 2
C ” ” ” (7)
a o & o
nwng‘ nmng'

The lateral plume dispersion paramaigin the first denominator is assumed to be equal
to Ux as a simplifying assumption in the integrated plume methbd Gaussian Puff approach
leads to calculations that could be more accurate since eagssive puff responds to the overall
wind conditions and is tracked across multiple sampling periods. Puff models can be used for

chemical or radioactive releases arré aetter applied to continuous releases over a longer
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sampling period (instead of imsttaneous). However, the plume shape may vary based on
sampling time versus puff travel time from source to receptor (Hanna et al. 1982). Urban areas
within the trajectoy of a puff are often parameterized as roughness elements, so the effects of
single buldings, clusters, or full cities are not generally captured. SCIPUFF is the main Lagrangian
Gaussian puff dispersion code of the HPAC model commonly used through INARByency
response (DTRA 2004).

1.5.4 Lagrangian Stochastic Particle Models

A Lagrangianmodel divides emissionsto small particles or parcels that are tracked
individually as they are stochastically transported and diffused downwind. At each time step in the
model, the particles are moved by 1) the mean wind, 2) turbulent diffusion by raodtmations
in the torizontal and vertical winds, and 3) molecular diffusion. The trajectories of particles in the
3D wind field are calculated by the random walk method. Lagrangian dispersion models are
typically employed for incidents involving complexeteorology, strong ind shear, or complex
wind schemes in urban areas (OFCM 2002). Since the trajectories of thousands (or millions) of
particles are tracked on each model time step and based on the turbulent deviation of the wind
from the previous time ep, the simulation auld be computationally intensive. However,
met eorol ogi cal variables including wind field
(i.e., not at the same time). Some researchers and operational modeling centers believahagrangi
modelssuchasNRAC6s LODI model wused in | MAAC (Bradl €
and simulate turbulent diffusion in greater detail than Gaussian models. The QUIQNeiseh
and Brown 2013is another example of a Lagrangian stochastic madel, we | | HybridNOAAOG s
SingleParticle Lagrangian Integrated TrajectéH¥ SPLIT) modelthat is widely used for lorg

range trajectory and dispersion calculations (Stein et al. 2015).

1.5.5 Eulerian Grid Models

In a Eulerian grid model, the domain is dividetb a 3D array ofectangular grid cells
where within each cell, the mixing of a substance is uniform and instantaneous. This type of model
is best used to understand regional air quality issues such as ozprEa(culate matter (PM),
and nitrogen oxles (NQ), and is nere commonly referred to as a regional air quality or mesoscale

atmospheric model, rather than a dispersion model, although they can be applied to regional
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di s per s iGommuniti MultiScale Air QualitfCMAQ) model (EPA 2019) is aexample

of a Euleran Grid model. Since these models are usually meant for larger spatial or temporal scales
and regional air quality issues, they will not be covered in this document since this work is more
focused on nedleld dispersion.

1.5.6 Higher OrderModels
Dispersionm complex urban environments often involves complex phenomena that lower
order dispersion models are unable to capadequately. However, due to the dramatic increase
in computational power over the past few decades, CFD model advamiseusing LES or
Reynoldsaveraged NavieBtokes (RANS) methods can provide a more detailed description of the
flow and dispersion surrounding complicated urban obstacles with varying geometries (Tominaga
and Stathopolous 2013). Traditionally, CFD modige been useful fsesearch, case studies, or
emergency planning initiatives and are best applied to understarsphadific phenomena rather
than for operational use due to their complex input data preprocessing requirements and longer
computationalimes. In this capaty, reduceebrder Gaussian dispersion models are still of prime
significance due to their widespread use in operational settings and timely simulation results
(Philips et al. 2013). However, CFD and LES simulations can provide dersdeattan datasets
than field or laboratory studies and can be used to improve algorithms in other dispersion models.
CFD models portray the advection and diffusion of pollutants in a fluid flow. The transport
of a contaminant is solved through the Nax8rkes equations, wih describe the mathematical
basis of a fluids flow. RANS equations are thaneeraged expressions for the motion of a fluid and
are essentially derived through Reynolds decomposition where an instantaneous value is broken
into its flucuating and timeavelaged components. The atmospheric equations for continuity,
motion, and thermodynamic energy express the conservation of mass, momentum, and heat in a
volume of fluid. However, the set of RANS equations consists of one or more extrawnkn
values comparetb the number of equations, thereby not permitting a solution to exist for the
highly norlinear system of equations in a turbulent flow (Arya 2001). This situation is regarded
as the Afundament al pr obl eost clalfengingl isms facegé i@ an d
simulating turbulent flows (Arya 1999). The closure method chosen defines the speed of
processing and the amount of detail in the simulation. Different methods of closure for modeling
t he Reynol doés s toduisgseddy \ascosismixinglengtth or atlser turbulence
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Amodel 0 | awshava bedn developede Thése methods are beyond the scope of this
report and can be referenced in micrometeorology textbooks such as Arya (2001, 1999).

Another CFD modelingechnique using thilavierStokes equations is direct numerical
simulation (DNS), where no turbulence closure models are needed in solving the HNakes
eqguations. Instead, the spatial and temporal scales of turbulence are resolved using a fired numeric
grid to capture laturbulence scales. This method of CFD modeling is extremely computationally
intensive, even in lovturbulence environments (Arya 2001).

CFD modeling through LES is a less resourtensive approach than DNS that
parameterizes themallest scales of aimulation through a Naviegbtokes equatichased filter
(Arya 2001). The initial concept for LES modeling was introduced in the early 1970s for weather
and boundary | ayer meteor ol og-pamededtinmand ¢ Dear
spacebaed method that removes smsadlale motions and employs a syid scale model
parameterization to address the most resemtemsive processes of turbulence. As a result, CFD
modeling with LES is a more advanced higbeder approachhat more appropriale captures
some of the important physics compared to RANS (Castro et al. 2017). Since LES requires less
computational power than DNS, LES promises to be an important area of CFD modeling research,
especially for urban flows where LE&sbeen shown to priole better results for simulating
concentration distributions around obstacles (Tominaga and Stathopolous 2013).

While CFD codes may appear to be a more accurate option for understanding dispersion,
they have their own set of challersgend limitationsThe models are more likely to be used for
research purposes rather than for emergency response or operational use due to longer processing
times, computational requirements, and greaterlesening curve. The local area of simulation
has also been shownt t end t o be somewhat AfAdi sconnected?o
because assumptions about the vertical structure, surface energy fluxes, and wind patterns are
parameterized for computational reasons (OFCM 2002). However, CFD npdtérs a realisti
and detailed computational approach for detailing the development and dispersion of a plume
within the neaisource canopy region (Philips et al. 2013). The U.S. Naval Research Laboratory
has introduced a hybrid plume dispersion maséhg LES called C-Analyst (Boris et al. 2003).

The model produces near réghe contaminant transport predictions of CBR agents in complex
urban settings, although pathways for the release scenario and several databases, including the

wind fields, musbe extensively setpuand calculated in advance (Leitl et al. 2016).
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1.5.7 Street Network Models

A newer generation of higresolution urban dispersion models that simulate a network of
interconnected street canyons and intersections among rectangular bunkbrg=en introduced
by Soulhac (2000) and further developed by Hamlyn et al. (2007) and Belcher et al. (2015). These
street net work models require only a few bas
Gaussian dispersion models (Ben Salem et al. 28%%)pmplex buildingtructures are simplified
and not explicitly defined. SIRANE was the first operational street network dispersion model to
simulate line and point sources within the urban canopy (Soulhac et al. 2011). Instead of portraying
a large plumever a domain, thenodel domain is composed of a 3D network of interconnected
streets surrounded by simplified cube shaped buildings. The effects of the flow within the streets
have their own parameterizations and are decoupled from the overlying PBé& thgourban
canopy.A Gaussian plume approach above the canopy accounts for the overall atmospheric
dispersion throughout the UBL as pollutants are dispersed within the street canyon based on
building geometries. The model has been evaluated againstdm@loaign data withithe city of
Lyon, France, and shown to perform reasonably well, although some errors existed among spatial
and temporal evolution of the source emissions in the simulation (Soulhac et al. 2012). A more
recent adaptation of SIRANE isalSIRANERISK dispeisn model, which can simulate steady
and unsteady releases above and within the street network and has performed well when compared
with wind tunnel studies (Soulhac et al. 2016).

Another street network model called the University oa@Reg StreetNetwork Model
(UoR-SNM) has also been introduced but avoids velocity flow parameterizations that must be
calculated externally before the model can be run (Belcher et al. 2015). In -do-esdi
comparison among UeBNM, SIRANE, CFD models,ral QUIGgenerated @w fields, Hertwig
et al. (2018) found that the relatively simple street network models performed equally as well as
or better than Lagrangian models with 3D wind fields, while also saving computational time and
cost. The goal was to usty urban dispersiomn scales of interest for emergency response
applications. SIRANE is currently the only operational stresttvork model since the UeBNM,
which is still under development. While these models show promise for urban dispersion
modeling considerable testg and modification is required to make the models frontrunners for
urban dispersion applications. One of the biggest hurdles is to adapt the urban morphology

employed in these models for use in other locations with vastly differerstatbastics (Hertvwg
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et al. 2018). Most of the idealized testing was done in European cities that often do not resemble

the layout of cities in the United States.

1.5.8 Comparisons, Strengths, and Limitations for Atmospheric Dispersion Medel
Figure 1.7 andTable 1.1 provide a visual comparison and show strengths and limitations

for the different types of dispersion models.
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Figure 1.7: Visual comparison of dispersion models that can be applied for homeland security,
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Table 1.1: Summary of strengths and limitations for different types of atnergpHispersion models.

MODEL TYPE STRENGTHS LIMITATIONS
Box Model 1 Commonly used as a screening model 1 Uniform distribution and single value are calculated for th
. . ; o . entire domain
T rezsji?:ri;rgple SACENEIS Sl Dl e 9 Poor representation for point sources in the near field
9 Can account fosimple photochemical production and T SimplesF el O iUt (prodimn_).and rEmeEl (22s)
loss mechanisms and atmospheric conditions
T Multiple fiboxesathotharn i nt
Gaussian Plune 1 Uses simple and wetested, peer reviewed empirical T Eﬁg’?}?igﬂfg;m applications no greater thar5@km
Model formulas that provide results quickly with relative . . .
accuracy, but under simplified conditions 1 Cag b(T calccl;lated olnly(ljmder a S|Pgle wind observation
. ' . X under limited spatial and temporal ranges
T tzrr?w\*n”gg\slrvﬁ3vsirc1)dni?)lr?cfgrifiiztgté%giigfr average or-lon o Errors in input meteorology strongly impact the resu
) . . especially in more complex and lomind situations
T g?gs;zaeclw'th the random nature of atmospheric 9 Best used for simple terrain without large fluctuations in
- . atmospheric stability
T gii';';gﬁl ;?sz Z?qﬁ:tieoidded or removed to modify d 1 Misrepresentation of source term could significantly chan
model esult
3 Ezgp%rf:efg;;eﬁj IT::%:tse 1 Rudimentary representation of nocturnal boundary layer
1 cC ryt ¢ man T pnt dispersion model d for 1 May lack spatial concentratiorariability based on obstacle:
er?weergencs s)i/tli;tic?ns spersion models used 1o 1 Inherent uncertainty due to stochastic nature of turbulenc
. . . . 9 Similar limitations to th&aussian plume model
Gaussian Puff Model | \I?e;terr t;]?n fguss:ine ptlugu(a)itrezrporelsegtguioncofaulme . i Unable to capture strong changes in wind variations
9 Strength similar to the Gaussian plumedal but can Il Dif.ﬁCUIt to predict groundevel impacts baseon puft
predict ensemblaveraged puff concentration as a UEE) . L
function of time as wind speed/direction changes. Il qua_metenzed urban and complex topography (no indivic
1 More accurate in low wind spesduations. UG SEE) . .
1 Frequently used in emergency situations I May be less accurate than Gaussian pluradghwhen wind
1 Sometimes coupled to or implemented as preprocesse observations are not representative for release location
another model
i Best applied to continuous releases over longer sampl

period to account for puff travel time
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Table 1.1:(continued)

MODEL TYPE

Lagrangian Particle
Model

Eulerian Grid Model

Higher Order

(CFD and LES
Models)

Street Network
Model

STRENGTHS LIMITATIONS
1 Predicts dispersion under time varying meteorological T g/ilr?]rsecronTopdlgzted o e (e (SR GRS Hieh
conditions with differenstabilities . : .
. : 1 May take a longer time to run depending on domain (<1
1 Continuous, short term, and instantaneous releases hour) so not always applicable to emerge —
1 Particles are tracked on ea}ch t|me. 2 En &) ra'?d.f’m F 9 More detailed meteorology and source term requirements
to allow greaterepresentation of wind characteristics
1 Includes a type of parameterization for complex or urb
terrain
1 More flexibility in source release type
1T Some variat-i pkedabet NC&ED
. . 1 Complex to set up and run, precluding use for emergency
1 Concentration values are calculated for each grid cell response
the3D model for greater spatial coverage, detail, and P : . :
accuracy i I~\leed to mterpolgtmetgorology using reanalysis data or rt
T Includes photochemical reactions i :/Ic?strl1 Irelserrlvsdofor r\gsle;r;p Ii(t:atk;oﬁs medel
9 Detailed plumeriteraction from local meteorology and y P
source characteristics
_ . . i Solves timeaveraged RANS equations and users must of
Il Oﬁefs a realistic and deta|led_ computaﬂonal approac n outweigh tradeoffs betweeartosure methodologies (i.e.,
detail the development and dispersion of a plume with DNS vs. LES)
the neafsource canopy region o . .
f One of the best current representations of dispersion i Computathna[ly intensive and usually reserved for resea
around obmcles in complex environments grade_appllc_atlons_ rather than operational use
1 Provides a denser dataset to evaluate field or laborata el S e .b € somew h
studies from the larger mesoscale systematic behavior
9 Flexibility with source type, domain geometry, and me
sizes
. . . . . 1 Research gradieconsiderable future testing and
1 A newer generation of highesolution urban dispersion P : !
models that simulate a network of interconnected stret m.odlfl_c.atlon are required to. make the modelsrapional.
canyons and intersections among rectangulédings 1 Simplified building geometries that must be adapted to th
1 Requires only a few basic input conditions urban mqrphology in other Io_catmns .
1 Performs equally as well as better than Lagrangian 1 Most testing has been done in European cities that may r

dispersion models while saving on computational time

resemble cities of the United States.
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1.6Model Review Process

The remaining sectis of ths report address Objectives 7 and 8 to document and
summarize currently known atmospheric dispersion models into a concise retalde(@ection
Error! Reference source not foupdlhen, a selection of thoseodels is screened for a more i
depth description, intended to serve as a quick reference guide for federal, state, and local agencies
and stakeholders requirimiispersion model guidance femergency preparation or response. The
current section briefly@scribes the model review pess, readyeference table, and methods for

choosing a subset of models as part of a twahreepage reference guide 8ection1.8.

1.6.1 Quick Reference Table

Ninety-six dispersionmodels thatsimulate the fate,ransport, and diffusion from an
effluent sourcéhavebeen identifiedn this report. The quick reference table includes dispersion
models that can be used for a wide variety of applications, including air pollution dispersion,
particles dispersed within ¢hwind flow fields, as well as release agents specific to homeland
secuity threats. Some models are designed for more specific CBRNe applications involving gas,
biological particles, and nuclear and explosiNspersion The purpose of this reference geids
not to recommend or endorse a specific model but to providewitlers resource that documents
the currently available models so that the user can make informed decisions. Attempts have been
made to keep the informatimoncise and applicable to ergency response official§Vhile this
is a reasonablycomprehensive ltsand assessment of current dispersion models, it is not a
completely exhaustive compilation of every known dispersion nimatel past and present

The stating point for this list waghe early reports from NOAA and US DOE summarizing
conseqguence assessmmodels (OFCM 1999; Mazzola et al. 1995). These documents were used
as the foundation of this work and are described in greater deSattion1.2.2 However, many
of the models on these lists have not been updaeehtly, are no longer supported and are
obsolete, are specific to certain facility sites (such as particular nuclear power plants or national
laboratories), absorbed into newmodel formulationsor even included as modules in more
powerful and modernized models. One example of this is SCIPUFF, which drives HPAC. In
addition, the 3D meteorological fields generated from CALPUFF can also drive MRS,
CTDMPLUS, or ISCSTS3. Scezing-level dispersion models are also not included in this list, but
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the nonscreening version of the model is described. For example, SCREEN3 is the screening
model for ISC3.

Literature reviews of peeeviewed journals, témical reports, internet sedes, and
discussions with emergency response personnel also led to the current dispersion model list.
Models documented in OFCM (1999) that could not be found with a relativelgath internet
search were not included in theodel review and referencebta. The internet search included
model documentation or mention of the model in any report or journal article. For example, limited
i nformation about the outdated AARCHI EO mode
eliminated from review. The justd@ion for this elimination is that if an internet search cannot
easily find information about a particular model, an emergency response official may use
something else. Emphasis has been placed on documenting dispersios aeediped or used
within theUnited States, although some wieiown and flexible international models are featured
in this document.

SectionError! Reference source not fourpovides a quick reference tabte bbtaining
model summaries and other key information. Tiseis numbered and sorted alphabetically by
model name. The second column provides the model name in its expanded and abbreviated form.
The best reference source for the model is hyperlinkedlore model 6 s short name
This link is likelyt o be a website with currently avail e
description from the developer. For those models, a link is provided to the next best source such
as a journal article roother reference document, since some models lack a gawmdesof
information online. For printed versions of this report, access to the hyperlinks is available through
the digital version. (Note: Some word processors may have trouble opening links fibeBDT o
access these websites and documents that are, BRDpy and paste the link into your internet
browser or convert this document to a PDF and then try accessing the link.) The model developer
is then provided in the third column. Immediately aftés, a onesentence description outlines
t he mo d éhcbos and purpese. The group of column$l6consists of check boxes to
identify the model type (e.g., Gaussian Plume, Puff, Lagrangian, Eulerian, or CFD). Columns 11
14 provide check boxesfo t he model 6s i ntended CBRNse appli
scenario. There is some flexibility in the identification aifemica) as general air pollution
dispersion models technically simulate chemical transport. Thedlémn identifies the motled s

best emergency application aligned with the Nationahittegy Framework: eithgoreparedness
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(including prevention, protection, and mitigatiorgspons€including recovery), oboth, and is
shaded in orange, purple, or blue, respectivEhe five energency response frameworks are
grouped into two to simpliff he model 0s b ex postavgnp $ome madelscare pr e
better designed for planning or response purposes, and it is important for responders to have this
key information. The 18colum obj ecti vely defines thdoremodel 6
directly related to its response classification. The yes (Y) or no (N) identification in columns 17
19 indicates whether the model simulates terrain or building effactswhether the modes
proprietary. The latter would be Y if the model is-specific or does not provide the code to users
outside its developing entity.

The two rightmost columns in the quick reference table identify if the model was selected
for additional review latemi this document. A threger classification system was ajgal to the
model list where the model was either: 1) excluded from the detailed list (pink), 2) possibly of use
for emergency preparation and response, but excluded from the detailed review)(ysilb 3)
included in the detailed review (green). If thedsl was not selected, a brief reason is provided in
the final column for yellow and pink classifications. An explanation of this process and number of
identified models is outlined ihable 1.2.

1.6.2 Expanded Model Desption

Out of the 96 dispersion models, 40 show viable use for emergency preparation and
response purposes, but only 16 wesatected for expanded model descriptioD$.those 16
models, four wer identified to be best used for emergency planning purpasdsonly one was
best suited solely for response. Twelve could be applied toopostrelease timeframes.hé
16 modelsmost viable for emergency preparation, response, or both are exparalédo or
threepage reference guide which includes thfeimation outlined inrable 1.3.

The information used for each model review was derived from several sources: 1)
description, documentation, manuals, dnédect sheet s | i sted on,2t he mo
literature searchesf themo d e | 0 iscludiraypeerreviewed and gray literatur8) a review of
field, laboratory, and reaase studies of model applications obtained from internet seaatttes
4) outreach to model developeather specialistusefgiclu di ng t hi s reportds al
team) and emergency responde@ven the broad range of models considered, direct testing of
each model was beyond the scopé¢hid review. Ranking eacimodel by a scoring system was
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also beyond the scope of thigport since each model has widely differeapabilities and

purposes.

Table 1.2: Model classification criteria for inclusion or omission in detdimodel review.

Classification

Color
Code

Number of
Models

Reasoning

Useful for
Emergency
Response
Applications

16

Developed specifically for emergency
preparation, response or for CBRNe
applications

Widely used and referenced within literature
with significant support base

Fast and straightforward for most user

Free or minimal cost

Operational or research grade

Includes some application to urban
environments

Developed and used for applications within {
us

Possibly of
Use for
Emergency
Response
Appli cations

24

E ]

E

Simulates dispersion for some CBRNe
applicationsvith someemergency response
use

Use dependent on
Too specific for generic use

Not as easy or intuitive for use by ron
modelers

Moderate to slow running

Significant selresearch required
Mainly research and/or development grade
Incorporatedvithin other dispersion models
Developed or primarily used for internationa
applications

nee¢

Not Useful

56

Not applicable to emergency preparation or
response use

Site-specific for cerin facilities (i.e., specific
nuclear power plants or natial laboratories)
Not widely used or discontinued

Difficult or impossible to find information or
references

Not recently updated or replaced by more
advanced model(s)

Too expensive, proprietaryr 0ot open source
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Table 1.3: Model criteria

descriptions.

and explanation of information provided in the expanded model

Model Criterion

Explanation

Model name and

Short and expanded model name

Abbreviation
Developer Name of company, agency, or individual wilevebped the model
Type of Model If the model is built upon a Gaussian Plume, Puff, Lagrangian, Eule

Grid, or CFD framework

Response Phase

Whether the model is best applied to emergency prepassdresponse
or both

Original Application

Whether the mael is meant mainly for urban, rural, or complex terra
or has capabilities to simulate around buildings; additionally, the typ
CBRNe release(s) the model is best applied for

Model Description

1-2 paragraph description ofahmodel framework, purposeapabilities,
and recent studies, if available

Pros and Cons

Known model advantages, benefits, disadvantages, or shortcoming

Runtime

A general qualitative speed in setting up, running, astgrocessing
the modelesults

Input Data Requirements

Typical information or data the user needs to initialize the model an
difficulty of preparing these datasets from publicly available informal

Outputs

Nature and format of outputs

Data assembly
requirements during or
after emergency response

As above, ht specifically considering the potential of rapidly setting
a model to respond to an emergency

Code language

If known, the computing code foundation the model is developed or
potential déugging

Public or Propri etary,
Cost

Model availability andorice for government officials, researchers, or
individuals

Ease of use

Qualitative measurement of simplicity for responders or researchers
including any barriers to the widespread use in terhtiining or
specialized hardware or software requirements

Ease of obtaining
information and
availability of technical
support

Ability to request external help, including a user support group, web
help pages, or technical support contacts

Source cale availability

If the source code is available for disseation for modification or
debugging, if needed

Installation requirements/
software

Hardware computing requirements or specialized technology neede€

Maintenance Status

If the model is availableof use, undergng continuous development
and improvement,amplete, or obsolete, including current version

Documentation I'f information on model use an
guide or website
Link to Website Hyperlink to the besknown souce of the modeas of Summer 2020
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1.7 Dispersion Model$ Quick Reference Table

Table 1.4: Quick reference table ofspersion modsl

Model Type CBRNe Type -
@ ~ % o
o o) 2] o
Model £ 2 E Emergency g o | & < 5
Full Name and - £ 08 z L= 58 Se3
# . Developer Description £ & o Z = Response |Speed i W 2 7 " o o
Link to Best 8o O _ = 8 © 3l L g cco
c g 82 Q § 8 © ¢ Stage £ £ 2 EZ =]
Source 5w c8 8 L |2 & 2 B ST 5/ 38| 253
29 85 508|528 2 T35 S|SE| ©C3w
8 8 gL S L sl 2 & x  mo|lOoO x o
O O Jn w O o0Jo m o u
Two-dimensional (2D) modeling system f
. use alongside Area Evac and the Weath|
Westinghouse ; . Not updated
1 2DPUF Savannah River Infor_mat|on andjlsplay SEEN (\.NIND.S) X X Response | Fast N N Y since 90s ang
graphical user interface (GUI) foadiological . .
Company . site-specific
releases under flat terrain at the Savann
River Site (SRS) power plant region
BLAK. TS, Inc. N erating effets of thermodynamios Fast Not updated
2 cortractor to U.S. porafing ynamicsy x| x Both (<5 N N N L up
; ; ; - chemistry, heat transfer, aerosol loading ) since 90s
Air Force Dspersion Air Force N mins)
Assessment Model vapor, and dense gas scenarios
Joint Research  Consequence assessment tool develope(
S ol Centre of the the European Union used to simulate toxi
00 ; ; |
3 ey o European alrbo_rne concentrations and exposures fr X X X | Preparednes Fast N N v
; Commission, Majo chemical fires, explosions, and gaseciosid
Accident Damage . . . . -
Analysis ModuleTool Accident Hazard releases from industrial facilities built on tl
Bureau (MAHB) SLAB dispersion moel
ADAPT/ LODI
. 3-D, operational IMAAC advectiodiffusion
Atmospheric Data NARAC. LLNL | Mmodel that calculates possible trajectorie Mod-
4 Assimilation and ! ' concentations, and deposition of fluid X X X X X Both erate 'Y 'Y Y
Parametszation Tool DOE iparticleso in a toi (<1h)
(ADAP.T ) Lag_rang_|an various types ofiazardous releases.
Operational Dispesion
Integrator (LODI)
Used primarily
ADMS 5 Cambridge within the UK
Environmental Advanced model to calculate air quality for air pollution
Research impacts fronmpoirt, line,volume, or area Fast assessments|
5 Atmospheric Dispersiol  Consultants  industrial sources with algorithms for buildi XX S PipaliEies (mins) WA T limited
and DoseAssessment (CERC), United and topographical effects. emergency.
Modeling System Kingdom (UK) response,
license require]
Research model to simulate higésolution Mod-
6 Aeolus NARAC, LLNL, | flow and dispergan d hazardou_s matc_arlal i X X X X X |Preparedned erate Y v Y
e DOE urban areas and complex terrain environm| (<1h)
for emergeny planning guidance.
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https://www.osti.gov/servlets/purl/10156991
https://apps.dtic.mil/dtic/tr/fulltext/u2/a236070.pdf
https://adam.jrc.ec.europa.eu/en/adam/content
https://narac.llnl.gov/tools/operational-modeling/dispersion-model-lodi
https://www.cerc.co.uk/environmental-software/ADMS-model.html
https://narac.llnl.gov/research-and-development/urban-dispersion-modeling

Table 1.4:(continued)

Model Type CBRNe Type
) g S c‘\” 5]
Model qé 8 E Emergency % g ol 5 = '5
Full Name and - s 3 z = 2£3
# . Developer Description £& o B = Response|Speed i W &| § 0 o<
Link to Best c - 88 O - = £ o c o5&l €20
§ 8 28 c T 8§ 9 S Stage s ==l 252
Source W m S3 & 2 52 % Sog|dg| @357
5255 802l 235 3 53 2|S2| 8338
23 928 22|25 8§ 2 L 3a|lod] x£3
OO0 Jn w O oJlo m o w
AERMOD Rapid, steadystate dispersion model for us
e E=RI M Ear pael various atrospleric stability conditions for
. b the calculation of downwinceceptor
! _Somety (AMSJ . US EPA, AMS concentrations from surface and elevate] 48 s Eel RN i
Emz‘ronmergal Plrottectlo upwind, stationary
gencl\slllod?agl]u ey preferred and recommended models.
Alternative EPA preferred puff/plume mod
AFTOX US Air Force that deterrimestoxic and maximum chemici Not updaed in
Phillios Laboratory 985 concentrations at specific locations fj recently;
8 Dirpectorate of Y “continuous or instant surface or elevate| X X X Both Fast N/N N replaced with
Air Force Toxics Model . relea_ses, sometimes coupled_ with Wind ¢ more compre
Geophysics Diffusion Over Complex Terrain (WADCT) hensive model
for complex terrain.
Radiological asessment model used to Not emergenc
estimate exposure, health effectsd around response;
& Al LA level contamination effects from radioactiy 2 XX R Fast (N R Y Specific to
waste tank explosions Hanford Site
ALOHA (CAMEO)
Simple hazard modeling component of th
ComputerAided U.S. EPA and the CAMEO software suite designed for use |
Management of NOAA Office of = emergency responders to rapidly plan ar|
10 Emergency Response and = respond to numerous types of cheahigas X X Eell Fast N/ NN
Operations/Areal Redoration clouds, jets, fires, and dense gas release;
Locations of Hazardou detemining threat zones
Atmospheres
APGEMS Dispersion and dose assessment predict]
- Pacific Northwest model for planning, preparedness, and Mainly used a
i . National response applications of stack chemicals a
11 Air Pollutant Graphical | aboratory radiological effiient that can be run in thre X X 2 B FE b D Esﬁes i
Environmental (PNNL); DOE different modes depending on nature of
Monltorlng SyStem release
AQPAC é;r\r/llcr)cs)ﬁrgﬁ Emergency response model for the predic '\llJO &Zf:gt
h . of hazard zones from accidental puff or ply p ’
12 Service (AES); hemical rel included f | X X X Response | Fast N N Y proprietary an
_ _ Emvironment chemical reheas_es,I |(;1c ube rom a largg no longer
Air lity Pack
ir Quality Package Canada chemical database supporte
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https://www.epa.gov/scram/air-quality-dispersion-modeling-preferred-and-recommended-models#aermod
https://apps.dtic.mil/docs/citations/ADA246726
https://www.osti.gov/servlets/purl/1374992
https://www.epa.gov/cameo/aloha-software
https://mepas.pnnl.gov/earth/apintro.stm
https://link.springer.com/chapter/10.1007/978-94-009-1433-9_40

Table 1.4:(continued)

Model Type CBRNe Type -
© [ (I) —
o o) ) o
Model g £ E Emergency S 3 |8 = -5
Full Name and - € 8 z LE S Se3
# . Developer Description £& o B = Response|Speed i Y | § 0 o<
Link to Best So O _ - 8 o | Q c o
§ & % c g § o | Stage £ £ 258 g352
Source D n S8 & 2528 Sz g|dg| 3%
5255 802l 235 3 &S S|SE| 8TS3
23 928 22|25 8§ 2 L 3a|lod] x£3
OO0 Jn w O oJlo m o w
ARCONO96 Constant straigHine Gaussian dlspersmn‘ Mostly for Not an
e model used to calculate nuclear power plj Prepardness emergency
13 q n NRC, PNNL control room concentrations and habitiéy | X X par Fast N Y N response
Atmospheric Relative . R of accidental e
. from accidental releases of raduclides model, specifi
Concentrations F releases :
through air intakes to NRC sites
AREA EVAC Westinghouse Transport and dispersion code used a!ong No recent
. 2DPUF for the WINDS GUI to predict -
14 Savannah River di lide di . db I X X Preparednes) Fast N N Y updates, site
Area Evacuation Company radionuclide dispersion and best rally are specific to SR
upon accidental release
ASPEN Alternative EPA Gaussian dispersion an| LAl for ar
. . L pollution,
mapping tool to ésnate toxic air pollutants mostlyreplace
15 Assessment System fc EPA aﬁg%sastign\’g? raerI(ZZsoef tgﬁ dU;;’:)Tsdig;} 2 X X Preparednes) Fast N N N by ISC3,
Population Exposure o ’ 9 AERMOD, ang
A A conditions, and removal processes for
Nationwide . other eyosure)
calculating exposure by census trac models
Dose assessment code usethatSRS to
predict hypothetical regby and shosterm
Westnghouse downwind radionuclide doses from inhalati . -
16 AXA%('I'AI-I:ER XL Savannah River plume, and ground shine. AXAIRQ consid| X = X X Preparednes Fast Y N Y Site sspr\c’aglflc '
- Company light to moderag winds while AXAOTHER
XL simulates hidp velocity winds and
tornadoes for safetselated documentain
LP g Alternative EPA model designed to simulg LI
LU Environmental . - . h : i applications
Research and dl_spe_rsmn a_lssomatmzit stationary line an( (.., industrial
17 ) ) hnol point industrial sources, particularly alumin| X X Prepaednesy Fast N Y N ’ I -
Buoyart Line and Point  Te€chnology, mc. oy, i plants, with buoyant plume rise auminum
Source Model (531 downwash algorithms PEME, ey
AERMOD
BNLGPM Brookhaven | Stte specific dispersion code used tovide
18 Brookhaven National National rctie_aktlmlt_edpronlectlondoff dowEr)}\\/lvllnd doksets) 0< X X Response | Fast N N Y Site ;?\lelfmc tq
Laboratory Gaussian L aboratory (BNL) radionuclideseleased from stacks bag
Plume Model on local onsite meteorology
B&M Workbook A rapid norcomputerbased screening Not an
- method based on a set of nomograms t emergency
Britter and provide a hazard estimate of dergas response
L Britter and McQuaid McQuaid (1988) dispersion anq downwind, _groumelvel RS S RS Fast (N NN model; _for
Workbook concentration from continuous or screening
instantaneous releases purposes
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https://ramp.nrc-gateway.gov/content/arcon96-overview
https://www.osti.gov/servlets/purl/10145522
https://www3.epa.gov/ttn/scram/userg/other/aspenug.pdf
https://inis.iaea.org/search/search.aspx?orig_q=RN:27062133
https://www.nrc.gov/docs/ML1016/ML101600006.pdf
https://www3.epa.gov/ttn/scram/userg/regmod/blpug.pdf
https://www.osti.gov/servlets/purl/1374992
http://www.hse.gov.uk/research/crr_pdf/1988/CRR88017.pdf

Table 1.4:(continued)

Model Type CBRNe Type -
3 o G =
Model 0 = E Emergency 28 < c g
Full Name and . £ 3 z RS E= Sc3
# . Developer Description £& o E = Response [Speed i Y §| 8 ® o2
Link to Best c c 82 O % £ o Stage c 25|Es| SE£3
Source 28 288 _|€ 3¢ 3 St 5 28| 235%
2 2 85 5 6|5 & 2 2 o S 2| 8E 005
T 8 I8 S oL Ss|lec 8 & =  oalOo x £ o
OO0 Jn w O oJlo m o w
CALINE4 and Steady state model foalculathg pollution Notan
Al A, California concentrations at receptor locations downyj
CAL3QHCR h .
20 CALSQHER Department of of highway line sources to assess X X Preparednes Fast N N N regn;irsgsgod
L Transportation transportatiorrelated air quality impacts. P rep laced b
California Line S(éurlce (Caltrans) Repla ed by AERMOD af AlpERMODy
Dispersion Mode preferred and recommended misde
Multiple component, noisteady state Puff
CALPUFF Originally Sigma ~ model used to simulate buoyant, puff, o
Research continuousrelease, longange transport of Mod-
2L Corporation (SRC) pollutants, emission and removal process 2 ¢ X~ Pliepeiedies erate. W
California Puff Model K now Exponat, Inc. and sometimes es to drive othedispersion
models through high resolutioneteorology.
Requires
Hazard assessment model used to model purchase fron
. dispersion fron pressurized, superheated, i consultirg
22 CANARY Quest Icr:ﬁ:nsultant\ refrigerated liquidspools, jets, fires, and | X X X Both Fast N N Y company,
) explosions for a database of many wealbwn designed for
chemicals. industry
applications
CAP88-PC A set of programs and packages for estimg
the dispersion, dosand risk from Not an
23 Clean Air Act DOE and EPA radionuclide emissions from up to six sour| X X Preparednes Fast N N N emergency
Assessment Package at DOE facilities to ense compliance with response mod
1988 the CAA
CAPARS A modernized version of the TRAC Risk
AlphaTRAC Assessment/Hazard Assessment (RA/H/ Designed for
o4 Comput_erAssis_ted (Terraln_ mode_l used to produce r_etahe emergency| X X X Both Fast Y N VY use at
Protective Action Responsive planning and response gersion, depositiot Rocky Flats
Recommendations | Atmospheric Code plumes, and associated health impaats f facility
System releases within complex terrain at DOE sii
A statistical analyis model that determines
e the distribution of hypothetical outcomes {
affected populations associated with
25 ) ) ANL hazardous chemical release matsr&bred of X X Response | Fast N N N
Chemical Accident transported through an area, using loca
Stochastic Risk meteordogy and Gaussian/dense gas plul
Assessment Model relationships for neorting in the ERG.
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https://www.weblakes.com/products/calroads/resources/docs/CALINE4.pdf
https://www3.epa.gov/scram001/userg/regmod/cal3qhcrug.pdf
http://www.src.com/
https://www.questconsult.com/software/canary/
https://19january2017snapshot.epa.gov/sites/production/files/2015-05/documents/V3userguide_020913.pdf
http://www.alphatrac.com/Products/CAPARSSystem.aspx
https://publications.anl.gov/anlpubs/2014/05/79035.pdf

Table 1.4:(corntinued)

Model Type CBRNe Type -
3 PR =
o o) ) )
Model 2 £ 3 Emergency g8 |8 = '5
Full Name and . Ex 3 z TN Se3
# ; Developer Description 22 o 2 © Response (Speed {7 Y &| § ® o2
Link to Best L - sg O = =5 £ ol st c 2%3g|&sg| 2€o
§ 8 o8 < S 8 9 = age s =<=lg=s| T2
Source DB S8 & 2 5 5 B o) Sl ag e
5255 802l 235 3 53 2|S2| 8338
23 928 22|25 8§ 2 L 3a|lod] x£3
OO0 Jn w O oJlo m o w
CATS-JACE Capability
. largely
Estimates the consequescof humarand
) . encompassed
natural disasters to the population, within HPAG
26 Consequence As_sessm DTRA: FEMA |nf_ras1ruc_:ture, and resources using underly, X X X X X Both Fast Y N Y and HAZUS
Tool Set/Joint dispersion models within a GUI and outpy suite: JAE
Assessment of results in geographic information systen only évailable
Catastrophic Events (GIS) formats for reatime response to U.S. Federz
government
CT-Analyst An instantaneoussD LES model depiction ¢
U.S. Naval CBRN releases within complex urban ared Fast
27 Research aid emergency responders in accidental X X X X X Both (secs.) Y Y N
Contaminant Transpor Laboratory intentional Winc_jbo_rne contaminan_t transpi :
Analyst threats with finescale resolution
Mostly for
CIDMPLUS Refined elevated poirgource steady st complex
dispersion model for use in various terrain-related
Complex Terrain atmosphed stabilities and terrains, especig routine air
28 Dispersion Model Plus EPA for receptors on or near 3D terrain feature X X | Fast | Y NN pollution
Algorithms for Unstable andoneoEPAGs preferrect emissions, no
Situations models. emergency
response
sl Semioperatonal, building aware CBRN Limited online
dispersion modeling system similar to QU documentatiory
Environment and and LODI with numerous features that Mod- model still in
29 ) Climate Change simulate complex urban flow and X X X X X X Both erate Y Y Y improvement
C‘anadllan Urban Canada concentrations from toxic relsas at multiplg stages, mainly
Dispersion Model scales to & implemenred into Canadian Rea for Canadian
Back Services applications
Innovative A puff/plume model originally designed in ]
Emergency late 1980s as the D2PC model to estima Now integrate
30 D2-Puff Management, Inc downwind exposure values of toxic chemi| X | X X X Both Fast N N Y within the JEM
releases, especiglthose stoed at U.S. Army|
(IEM) °
arsenals and DOD sites.

85


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1828719/
https://www.nrl.navy.mil/lcp/ct-analyst
https://www.epa.gov/scram/air-quality-dispersion-modeling-preferred-and-recommended-models#ctdmplus
https://eer.cmc.ec.gc.ca/projets/CUDM/urbanDispersion_page4.html#Section7
https://apps.dtic.mil/dtic/tr/fulltext/u2/a368286.pdf

Table 1.4:(continued)

Emergencies
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DEGADIS An altemative EPA dense gas dispersior
model used to simlate the concentrations ¢
University of  toxic chemicateleases, especially for gase]
st Dense Gas Dispersior Arkansas; EPA  aerosols heavier than taenbient air, and X X el Fast | N N
Model evaporating, upwardly, or zermomentum
releases ahjets over flat terrain.
c/ | A nuclear fallout and olud rise predictin and| One of the to
DELFIC/FPTool gk Ridge Natinal consequence assessment software pack| nuckear fallouf
Laboratory built on SCIRJFF dispersion model and v/ codes but har
32 (ORNL) and integrated within the Fallout Planning Tod X X Preparednes| Fast Y N N to find
Defense Land Fallout pefense Nuclear used to predict radiological contteations, information
Interpretlve_Code/ Agency particle sizes, and dose rates resglfrom from ORNL
Fallout Planning Tool accidental radialgical detonations
DERMA An operational emergency response, lon
_ Danish range (20 km to global), 3D dispersion mo Used primarily]
) . that incaporates hybrid stochastic (biologic| Mod- within
33 Danish Emergency Metlﬁgtri?lljct)glcal paticle-puff diffusion that is integrated with X X| XX el erate. AL Denmark and
Response Model of the the Accident Reporting and Guidance Sys| Europe
Atmosphere (ARGOS), used primdy within Europe.
Paid alternativ
DRIFT 3 Light and dense gas integral dispersion m( to DEGADIS
UK Health and for simulatingol f id L ;
34 | Dpj i f Rel . Safety Executive or simu a_ltlngp umes from accidenta !nsta X X | X Preparednes) Fast N N Y rom UK
ISpersion or kelease (HSE) and continuous stace releases of toxic an| developers, b
Involving Flammales or flammable subsinces extensively
Toxics peer reviewed
EPICode Software codé¢hat rapidly calculates sourc onlv for use il
terms based on material, height, duration, yDOE
Homann form, and neutrally buoyamownwind v/ Emergency
35 Emergency Prediction Associates; concentrations of ch(_amlcals (gas, vamr | X X X X Both Fast N N N Management
: NARAC; LLNL  aerosol) released during hazardowustrial ;
Information Code f ; : Issues Specid
and transportation accidents for use in D(
applicaions InterestGroup
ESCAPE A simple Finnish internet browsdased Developed for
Finnish dispersion model and consequencalysis the neegs of tf
Expert System for . tool used to rapidly estimate flammablela i
36 Consequence Analysit Mefggtri?lljct)glcal hazardous continuous, instantaneous, aj XX X Both Fast \N /NN er';'grm:?]c
and Prepang for groundlevel gas and TIC plume releades authogritiesy
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https://www.epa.gov/scram/air-quality-dispersion-modeling-alternative-models#degadis
https://apps.dtic.mil/dtic/tr/fulltext/u2/a088367.pdf
https://www.ornl.gov/division/nsitd/projects/fallout-inject-tool-fit
https://www.sciencedirect.com/science/article/pii/S1352231098001782
https://www.esrtechnology.com/index.php/2-uncategorised/227-drift
https://narac.llnl.gov/tools/hotspot-epicode
https://en.ilmatieteenlaitos.fi/chemical-accident-model
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NARAC
FEM3MP A 3D, time-dependent, CFIRANS, parallel integrated thig
computing model used to iestigate the model within
37 o _ NARAC: DOE effects pf turbulence| alrflow, andspersion X X X Preparednes Slow Y Y N an(_)ther qrbar
Finite Element Model ir of chemical and biological agents released| dispersion
3-Dimensions and complex urban environment under \sdnie modcel
Massively Parallelized winds (AUDIM, now
Aeolus)
. . . . Notan
FLACS
ELACS Chrigian A CFD _model used prlmarlly \hin the oil emergency
. . and gas industry to simulate the ceqsence Mod-
38 " Michelsen Institute - ; . - X X X | Preparednes N N Y response
FLame ACceleration (M) from fires, explosions, and toxic gas dispe erate. model, require
Simulator i i i iliti ’
out of industrial processing facilities costly purchas
Powerful physicshased, researegrade mode - alli\:t)i:: ally
39 Fluent ANSYS, Inc. eI £V IE D g D) iz TS (ﬂ.OW' X X Preparednes Slow Y Y Y applicable for
turbulence, heat transfer) of g@aor particled emergency
developed for a multitude of engiering use] response
A powerful and flexible longange, -
FLEXPART Institute of Lagrangian dispersion model used to simu '\1',:'5”;3;:;:
Meteorology and forward or backward trajectories of patrticlg Mod- UIDOSes
40 . ) Climatology gases, vaponr radionuclides from source { X X X X X Both erate Y N N (?oupled tc;
Flexible Particle (BOKU-Met), receptor (ke HYSPLIT) and recently modF::AIs like
Dispersion Mdel Austria incorporated into research gradeather WRE
forecasting models.
GENIlV.2 A GUI padage of radiological consequen Neor:]:’agsn
. analysis software containing five independ gency
EEmeEllmEn atmospheric, exposurencdispersion mode el response
41 Environmental Radiatio PNNL to es?imate’chr%nic ar'acutepdose and rishH X X X Preparednes) Mod- N Y N model; used t
Dosimetry Software : ) - erate estimate risk
. from radionuclide releases itnaosphee or
SRl (e water, developed for EPA exposure reseg Ve IR
Dosimetry System v.2 ' P P from NRC site
HASP Nextgereration information managemen Vr:%bézl:ﬂcgig
UK Defence suite of software tools and models to quicl res oge
Science and | simulate CBRN dispersiomiurban and rurg Fast platfc?rm but
. S »
42 Hazard Assessment Techrology areas to permit emerge_nayd military ? X X X X Both (mins) Y Y Y proprietary,
- : Laboratory personnel to more effectively respond ar :
Simulation and ; : . license neede
o . (DSTL), Riskaware contin hazardous releases for marine, cyl :
Prediction Suite : : - and designed
urban, ad biological applications. for UK/EU
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https://journals.ametsoc.org/doi/pdf/10.1175/BAMS-87-12-1713
https://www.gexcon.com/article/FLACS-Functionality/29/en
https://www.ansys.com/products/fluids/ansys-fluent
https://www.flexpart.eu/
https://www.pnnl.gov/main/publications/external/technical_reports/pnnl-14583rev3.pdf
https://www.gov.uk/government/news/emergency-services-to-be-better-equipped-for-cbrn-incidents
https://www.riskaware.co.uk/what-we-do/urbanaware/
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Like
An alternative EPA dispersion modeling DEGADIS in
system of several computaigorithms used { Fast many waysno
43 HGSYSTEM Shell Research, simulate the sourcerr_a anddlffe_rent types g X X Preparednes (1-10 N N N rece_nt_update
_— Ltd. hazardous chemical and nateal gas mins) limited
releases, especially dense gas (originally emergency.
UFe). Includes HEGADIS model. response
applications
HIGRAD/ FIRETE C
LANL and United Research 100
High-Resolution Model States Departent Physicsbased 3D code to simatk constantly o
gh-Resolution Mode . A . - only; main
44 for Strong Gradient of Agriculture changing interactions betee forest fires, X X Preparednes Slow Y N Y anplication is
Lo - SDA) Forest = wind flows, fuels, and complex topograph pp !
Applications Fie u h for forest fires
Behavior Model Service
HORT:/IID'?E\:Snd No recent
e — An alternative EPApreferred 3D Eulerian updates or
Yamada Science weather model coupled with a puff dispers| model sipport;
45 Higher Order Turbulenc and Art (YSA) model to sinulate pollutant flow and X X X Preparednesy Fast 'Y Y Y use phased in{
Model for Atmospheric Corportion dispersion througout canplex terrain and Atmosphere td
Circulation Random Pu simple urban areas CDF (A2C)
Transport and Diffusn Model
Fast running, &ld-portable dispersion
modeling tools developed for emergenc)
46 HotSpot NARAC; LLNL  response personnel and planners to pmwai| X X Both Fast ' Y N N
closerange (< 10 km), conservativetiesate
of releases from radingical incidents.
A comprehensive, robust, operational, ar
HPAC researckgrade CBRN dispersion modeling
system but uponthe SCIPUFF model
foundation that predicts the eftsof Mod- Y/
47 DTRA hazardous releasés civilian and military X X X X X Both . Y Y N
Hazard Pediction and populations by integrating high resolutior
Assessment Capability weather data and modifications for dense
and urban paraeterizations (from Urban
Dispersion Mode]UDM])
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https://www.osti.gov/biblio/285108-hgsystem-dispersion-models-ideal-gases-version-microcomputers-data-file
https://www.fs.fed.us/rm/forest-woodland/higrad-firetec/
http://www.ysasoft.com/solution/system.htm
http://www.ysasoft.com/solution/system.htm
https://narac.llnl.gov/hotspot
https://journals.ametsoc.org/doi/full/10.1175/JAM2205.1
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HYROAD
National Hybrid roadway puff model that predicts| Limited to no
48 - ‘ Cooperative concentrations of carb_on monoxided) an(_j X X Preparedess| Fast N N emergency
Hybrid Roadway  Highway Resarch PM from vehicle emissions at receptors wi response
Intersection Model  Program (NCHRP 500 meers of roadwayntersections. application
NOAAOGs robust di stgmng
HYSPLIT that calculates forward and backward ai
parcel trajectories, pollutant transport,
Noan s hemmealarstrmaton ad deposton
49 Resources ~ Paricies g e X X X X Both Y N N
Hybrid SingleParticle | |aboratory (ARL) interactivey through an irgrnet browser or (sec$
Lagrangian Integtad downloaded to a computer. HYSPLIiEes
Trajectory high-fidelity weather data for local or long
range dispersion (>1000 miles) with
applications for emergency response.
INPUFF A simple, single stationary or moving sour| Not recentl
GaussiarPuff model that calculates updated Y
. EPA down\_mnd concentrations from degition ang X X Preparednes Fast N N N replaced by
Gaussian Integrated Pt settling at up to 25 receptors from traily newer models
Model buoyant gases released from stack or j¢ like AERMOD
sources
ISC3 Alternative EPA steady state Gaussian m( Replaceq by
oo > AERMOD; not|
used to assess pollutant concentraifran a an emerdenc
51 EPA large number of industrial complex emissi| X X Preparednes) Fast N 'Y N res or?se )
Industrial Source sour@s, ircluding deposition and downway disp%rsion
Complex Model 3 from stacks. model
A comprehensive, DOfaccredited, web
JE basedpperational dispersion modeling
software built upon SCIPUFF used to simul
accidental or inteional CBRN incidents an(
52 DOD; Aeris,LLC. weapon strikes across the U.S. ikdity with X X X X X Both Fast ' Y Y Y
_ advanced qaacities for complex terraif|Cs,
Joint Hfects Model human health indications, and urban
environments, encompassing many standa
dispersion model codes
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https://www.epa.gov/scram/air-quality-dispersion-modeling-alternative-models#hyroad
https://www.ready.noaa.gov/HYSPLIT.php
https://cfpub.epa.gov/si/si_public_record_Report.cfm?Lab=ORD&dirEntryId=47242
https://www.epa.gov/scram/air-quality-dispersion-modeling-alternative-models#isc3
https://asc.army.mil/web/portfolio-item/joint-effects-model-jem/
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An experimental physiesased LES modelir|
JOULES Aeris. LLC and systemthat produces higfidelity simulationg Slow S
Lawren,ce Berkele' of urban and indoor contaminant dispersij (mins ang currentl
53 ) . ) - for use in peratioral urban emergency X X|X X X X |Preparednes toa N Y Y
National P research grad
Joint Outdoosindoor Laboratory (LBNL) "€SPOnse tools such as the HPAdel, few ol 9
Urbar_1 Larg_eEddy 157 where it is slated to identify performance hrs) y
Simulation limitations.
KBERT A risk analysis tool containing a basic Nggsﬂgefoés
KnowledgeBased dispersion model, based on stipitlass, related to
system for Estimat Sandia Na@bnal = used to estimate the risks and doses for
54 hgzards of Radio:g(f;ive Laboratory (SNL) facility workers and the nearby public expo X X X R Fast [N /NN regmoenrg:rns(fﬁt
material réease to accidentateleases from chemical and I?ece nly '
Transients nuclear facilities updated
A nuclear fallout mdule nav incorporated Not an
KDFOC4 within NARACOs #&shatd .
. calculates the spread of gamma radiatio) gency
55 LLNL; NARAC produced during above or belayound X X X Both Fast N N Y response
T\“ilz ar FD a:l o\lﬁfgq:cile fissionrsource @étonations by calculating tinj d'ﬁfézllon
and weathedependent plume rise
LAPMOD 3D Lagrangian dispersion model used t( resg/laa:::nr:ygra d
. simulate dispersion and transpofigass, .
56 L Agrangian Particle Enviroware ltaly odors, and inert or radioactive particles o\ X X X X Preparednes) Fast Y N N Wgr%g(:;g;z;h
MODel complex terrain from local meteorology. response Use
LPDM A researckgrade modemost recently Resarch arad
National Center fo combl med i N, and lar %I
57 Atmospheric Lzl (LT LS ek Lessl i X X X X X |Preparednes ge- Y N Y incor| o?ateyd
Lagrangian Particle Researcr?(NCAR‘ simulate realiic turbulent environments an P erate withinpNCAR
Dispersion Malel 1 hazardous release seeios based on EULAG model
traditional Lagrangian particle dispersion
MATHEW/ADPIC ] ) )
Atmospheric Operational 3D wind model coupled with Replaced by
) . Lagrangian random walk dispersion mode,
58 MassAdjusted Three Release Advisory ™% (oo ehe impat of neutrally buoyat, X X X Both Fast 'y N vy newer model
Dimensional Wind Field ~ Capability . : (mins) (LODI) from
TV (ARAC), LLNL hazardous first order elmical and NARAC
Atm;);ﬁ!li;l% %gﬁswn : radiological releases
iclein-
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https://aerisllc.com/item/urban-coupled-indoor-outdoor-modeling-synthetic-environments/
https://inis.iaea.org/collection/NCLCollectionStore/_Public/31/049/31049978.pdf
https://www.sciencedirect.com/science/article/pii/S0265931X16303952
https://www.enviroware.com/lapmod/
https://ral.ucar.edu/nsap/transport-and-dispersion-td-and-sensor-data-fusion
http://www.oecd-nea.org/tools/abstract/detail/ests0279/
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Mesosale emergency response puff mod
NOAA Air used to calculate the transport and disper Site specific fo
Resources of airborne material teases near |d@ use at INL, no
35 SEIEE Laboratory Field National Laboratory (INL), infamed by loca % % ReERER] | Fast (NN N recently
Research Divisior weather Mesonet and an offsggiof original updated
MESODIF model
MELCOR and MACCS MACCS_ is a compredrsive, straighiine
Gaussian plume model package used t
) simulate the ecosystem and human dose
60 MELCOR Accident SNL exposure impacts of severe nuclear powi X X Sl Fast \N /NN
Consequence Code plantaccicents, widely used across DOF|
System facilities fromMELCOR model output.
MIDAS -AT An ant'rterrorismpuff disp_ersion _modeling
system capable of simulating potel hazard Limited
. ABS Consulting:  27€8S and aftereffects caused by a chemic information
61 Meteorological G 9 biological agent attack inside a building d X X X X Both Fast Y Y ilabl
Information Dispersion FLE e urban area, icluding the spread of an agel| avara }?’ mus
and AssessmentyStem betveen floors and rooms of a building ar purchase
Anti-Terrorism throughout the urban street canyon.
MSS A CFD-like 3D dspersion model coupled Mod- Mostly Frenchi
PMSS Aria Technologies  With ARIA View designed to simulate orate and EU
62 France and SgAIC complex urban and industrial dispersion | X X X Both (min to N 'Y Y applications,
(Parallelized) Micre generating massonstant streamlines and d <1 h) requires
Swift Spray or paticle plumes around obstacles purchase
NAME III A sophisticated 3D, random walk, shaot Mainly used by
- long range digersion model used in resear( UK MetOffice
) operational, and UK emergency respong Mod- butavailable
63 Numerical Atmospheric Ui erines situations that employs flexibBD A AR el erate LA for external
Dispersion Modeling meteorological inputs, unlimited sourcesd research usej
Environment forward/backward simulations, etc. with license
OBODM AIterqative EPAmode] that _predicts '
downwind transport, dispersion, and air| Limited
U.S. Army, quality impacts using existing plume riseda emergenc
64 Dugway Proving dispersion algorithms from open burning g X X X | Preparednes Fast Y N N gency
Open Burn/Open - I response
Detonation Dépersion Ground detonations of obsolete munitis and uses applications
Model algarithms from the Reaime Volume Sourc
Model (RTVSM)
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https://www.noaa.inel.gov/capabilities/modeling/T&D.htm
https://energy.sandia.gov/energy/nuclear-energy/nuclear-energy-safety-technologies/melcor/
https://maccs.sandia.gov/maccs.aspx
https://www.abs-group.com/What-We-Do/Software-Solutions/MIDAS-Software/
http://www.aria.fr/aria_view.php
http://www.aria.fr/aria_view.php
https://www.metoffice.gov.uk/research/modelling-systems/dispersion-model
https://www3.epa.gov/ttn/scram/userg/nonepa/obodmvol1.pdf
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SR Line, point, and area source déspion mode Not updated i
to determine the impact of offshore emissic mary years;
65 EPA plume, and air quality near coastal regior| X X Preparednes| Fast Y N most features
Offshare and Coastal andone of EPAG6s pref now in
Dispersion Model models. AERMOD
OME GA/ADM OMEGA is an operational multiscale Not recently
numerical weather prediction model updated/
Operatimal Multiscale embedded with an atspheric dispersion replaced with
66 Environment Model witt SAIC model for use at adaptalarge (Eulerian) tq X X X X Preparednes| Slow Y N Y newe model;
Grid Adaptivity / small (Lagrangian) spatial scaleshwibany Minimal
Atmospheric Dispersior types of parameterizations to simulate gas| internet
Model particle transport presence
One A suite of reaftime, cloud-based emergenc] _Vlablereal-
- - : : time responsg
modeling software useld monitor, simulate platform, but
67 SAFER One SuHER Sy L0 MUTELR GuEmIEE e 1)eming X Both Fast Y Y Y proprietary
SAFER One HazMat users to collaborate across platforms. requires licens
Resggnssz a Designed for emergency responders, and g nd do
many ways similar ttlASP. S (TR
OSPM i
Natioral An advanceq Da_nlsh pI_ume and box mod No CBRNe
) usel to predict air quality (CO, PM, ND C
Environmental inside urban seet canyons from traffic applications
68 ) Research Institute o Y b X XX Preparednesy Fast N 'Y N andnot an
Operational Street of Denmark emls_i;or)s frgn_wlj_ource teceptotr) Y emergency
Pollution Model o considering building geometryrban
Aarhus Uniersity turbulence, and chemical conversions. response mod
PANACHE f i
French_Mmlstry French proprietary suite of8finite fluid REGUITS U
2] ErITEnETE mechanics modules for industrial, urban, 4 Mod- to pay
69  Atmosphere Bllution  Agency (ADEME) . - y 74 X X Preparednes| Y Y Y consulant from|
h ) . complex terrain applications of hazardou erate . .
and Industrial Risk At A accidental or continuous releases FEhn e L,
Analysis Transoft analysis
Gaussian plume model used to calculate s
term, groun-level, downwind radiological Notan
70 PAVAN Battelle; PNNL ' ' X X Preparednes Fast N N N emergency

response mod

92


https://www.epa.gov/scram/air-quality-dispersion-modeling-preferred-and-recommended-models#ocd
http://camp.cos.gmu.edu/omega.html
https://www.safersystem.com/products/safer-one/
https://envs.au.dk/en/research-areas/air-pollution-emissions-and-effects/the-monitoring-program/air-pollution-models/ospm/
https://www.fluidyn.com/fluidyn/panache
https://ramp.nrc-gateway.gov/content/pavan-overview
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PHAST Proces analysis and hazard consequence Hazard anlgsis
for mainly indusrial sites that examines th software rathe
71 DNV Software, UK behavior of an indent from an initial releas| X X X Preparednes Fast X X Y than an
Process Hazard Analys to far field dispersion of leaks, ruptures, sp emergency
Software and toxic clouds. response mod
PLUVUEI Alternative ERA dispersion model that
calculates the vislisange and atmospheri No emergency
72 EPA discoloration (opacity) of plumesused by | X X Preparednes) Fast N N N response
Plume Visibility Model single SQ or NO combustion emission application
souces in Class | (wilderness) areas
73 PUFF-PLUME PNNL Eme{r?:tng?/egrcfgngh(;?:‘]it’lgl']ggﬁuriilgrz”rgw X X X Response | Fast N N Y ssgifﬁgﬁigfivté
radionuclide transport, wet/dry depasit, P Site
exposure pathways from an accidentiéase
PUMA A real-time puff model using Lagrangian Mainly used in
Swedish Defence disperson trajectories, with neutral and der EU; still
74 Research gency = gas chemical capaliies, designed for third X X Preparednes Fast N N N undergoing
Puff Model for (FOI) arty integrationssic as F Ol 6s development
Atmospheric Dispersiol party Integ : N bmel
Enginedo softwar and evaluatio
uIC Relatively fastresponse model that compuy Mod-
various CBRNe agent dispersals, includir erate/
dense gas, patrticles, jets, and explosions
[ Quick Urban hdustrial LA the urban buildingo-neighborhood scale wi %8 XX (X X | AR (é::csst_ VN
Complex Model the abilityto track dispersion and flow field h
o ours)
around buillings and struares.
City-scale, Pytho#bbased dispersion modelil Mainly for
Ricardo Enerav an system using AERMOD coupled with stre Mod- traffic
76 RapidAir : vy canyonmodel equations where model outy X X Preparednes| erate 'Y 'Y N emissions, no
Environment, UK L .
kernelsare @ssed over roadway emissior (mins) an emergency
sources (NG to simulateurban air quality response mod
RASCAL 4.3.3 Consequence assessment tool that thees| Nl used_ 5
. : . : the Protective]
RATCHET dispersion model for radiologic
77 U.S. NRC releases from nuclear facilities and X X Both Fast Y N N Mi?ilué%sfg?a
Radiological Assessme = powerplants to determine source terms ower pants
System for Consequent transport, dose, potential dowind effects, an stgra 5
Analysis and whether to evacuate oettierin place. facilitiesg

93


https://www.dnvgl.com/services/process-hazard-analysis-software-phast-1675
https://www3.epa.gov/ttn/scram/userg/other/PluvueUG.pdf
http://www.oecd-nea.org/tools/abstract/detail/nesc9800/
https://publications.ffi.no/en/item/asset/dspace:2618/16-01299.pdf
https://www.lanl.gov/projects/quic/
https://ee.ricardo.com/air-quality/city-scale-air-quality
https://ramp.nrc-gateway.gov/RASCAL%20Overview
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An advanced, extensively tested, near-re Operationally
RIMPUFE time messcale (<100 km) emeegcy incorpaated in
Risg National ' response model usedmarily within Europe decision
78 Laboratory to predict the transport drdispersion of X X X X X Both Fast ' Y Y N support
Risg Mesosda Puff (Denmak) CBRN materials and is also incorporate( systems but
Model within European emergency centers an primarily
respnsesysems (i.e., ARGOS). within Europe
A researchgrade, linesource dispersion )
) ; - For traffic
RLINE moIQeI_used to gv?ne chem|cally_|nert|a related
79 EPA quality impacts in t eearroad environmen X X Preparednes) Fast N N N emissions, no
from mobile sources along dmearby to an emergenc
Research ine-source maj or roadways us res mse?nodé
Dispersion Model meteorology preprocessor. P
RSAC 7.2 Modified-Gaussian plume programeath Mainly for use|
cdculates the dose, inhalation, ingestion, § at INL but can
) ) air immesion consequences frompwind Mod- be applied to
80 Radiological Safety I atmospheric radiorulide releases at nucle: 2 2 ER erate N Y N exposure of
AnalysisComputer powerplant facilitiesfom accidental or fissionproduct
Program sabotage scamios on a personal compute| elsewhere
A Gaussian model to #ate groundlevel
RTDM3.2 concentrations of chemically stable poéints NSci);thgcé%tsd
81 s ERT and buoyant plme behavior in areas of rgi| X X Preparednes| Fast Y N N - \
Rough Terrain Diffusior R S limited (BBRNe|
| or flat terrain in the nearby vicinityf@neor application
Mode more collocated point sources. pp
SCIPUEF An alternative EPA secorarder closure puf
SCICHEM diffusion model used to simu&asequences |
_— Titan Corporation; 3D, timedependent puffs from aide variety)|
Sage Managemer of source geometries and types with flexik
(Xator Corp.) meteorology inputs. The chemistry versid Mod- See HPAC or
82 . ) . X X Both Y Y N
Electric Pover  modds the transport, dispersion, and chem erate JEM entry
Secondorder Closure ; >
Research Institute reactions ofjases and aerosol eakes from
Integrated PufModel . - .
SCIPUFF with cemistry (EPRI) single or multipe sources. SCIPUFF ibe
transport and dispersi code of HPAC, JEM
and is also integrated with other models|
SDM An alternative EPA model used to determi
ground levecone@ntration from tall stationa Not emergenc
83 Shoreline Dispersion EPA point sources |nﬂuencdny_ meteo_rologlcal X X Preparednes Fast 'Y N N response
phenomena near shoreline erofments related
Model . . o
affecting plume behavior and fumigation
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https://www.vindenergi.dtu.dk/english/Research/Research-Projects/Completed-projects/RIMPUFF
https://www.cmascenter.org/r-line/
https://inldigitallibrary.inl.gov/sites/sti/sti/4731779.pdf
https://www3.epa.gov/ttn/scram/userg/screen/rtdm3.2.pdf
http://www.scipuff.org/about/
https://github.com/epri-dev/SCICHEM/releases
https://www3.epa.gov/ttn/scram/userg/other/SDM_User's_Guide.pdf

Table 1.4:(continued)

Model Type CBRNe Type -
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SHARC/ERAD A suite offive models (Nuke, AIRRAD,
Blast, and ERAD/PUFF, MCKthatsimulate
the release of radioactivity from nuclear
Specialized Hazard weapon explosions or deton_atlons. The
84 P SNL Gaussiarpuff model, ERAD, is used to X X X Both Fast N N N
Assessment Respons : . : . o
e : predict the radiological detonation dispers
Cagpability/Explosive : L
Release Atmspheric and to assess timepmndem, dynamic
Dis : explosive buoyant plume rise for expos and
persion h o
evacuation criteria.
Atmosphere The first and_currently only flnecale street Currently in
. nework dispersion model designed to
Impact & Risk simulate the flow and dispersion through develpment
85 SIRANE (AIR), Ecole . p roughy X | X Preparednes) Fast N Y N stages; mainly
network of interconactedstreets with a
Centrale de Lyon, ) h ) for European
France Gaussian appraa to the adjacentrban city geometrie
boundary layer above the street canopy
Alternative EPA dese ga model ado
incorporated in ALOHA and ADAM Tool tc Fag See ALOHA o
86 SLAB LLNL simulate jet, volume, evaporating pool, alf X X X Both (mins) N N N ADAM Tool
volume continuous or instant releases frg entries
accidental or intentional episodes.
Harvard University A researckgrade, Lagrangian partie Generally for
STILT MPI-Jena, dispersion model used to derive upwind air oIIut)ilon
Universty of source regioron@ntrations and fluxes, su a ‘I)icationS'
87 Stochastic Time d Waterbo, and | as greenhouse and trace gas releases, ba X X Preparednes Fast 'Y N N p%d an ’
tfc astic 'r_T_ bk Atmospheric &  fixed downstream measment recejrs ano emergenc
agran'%]/llag Iransport Environmental = driven by high resolution weather predicti( res onsge mg/d
ode Research (AER) models P
TAPM Commonwealth An advanced 3D model coupled with a For air
Sciertific and weather and Lagrangian particle model t .
. h — o Mod- pollution; not
88 Industrial Researc simulate the dispsion of emissions source| X X X Preparednes erate Y Y N an emergenc
The Air Pollution Model  Organisation  in locatto-urban areas, includingume rise, res onsegmod)
(CISRO), Augralia’ building wakes, and atmpkericchemistry. P
TRACE Consequece asessment chemical mass Risk
TRACE balance tool to simulate drvisualize airborn| assessment; n
hazard material releases from chemica an emergency
89 Toxic Release Analysic SAFER Systems incidents, including sprays and dense ¢a¢| XX X IREEEEERE Fast| N N|Y response
of Chemical Emissions update risk assessments and EPA RMP p model; e
at chemical sites. One Model
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https://nirp.sandia.gov/Software/SHARC/
http://air.ec-lyon.fr/SIRANE/index.php?Lang=EN
https://www3.epa.gov/ttn/scram/models/nonepa/SLAB.PDF
http://stilt-model.org/index.php/Main/HomePage
http://www.cmar.csiro.au/e-print/open/hurley_2005b.pdf
https://www.safersystem.com/products/safer-trace/
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UDM The urbarbased model currently incorpded
- within HPAC that modifies a plume based Mod- See HPAC
90 UK DSTL street alignment and building density in urt X X X Prepaednesg erate Y'Y entr
Urban Dispersion Mode areas btidoes not resolve dispersion arour y
individual buildings.
A researckgrade, street network urban Requires LES
UoR-SNM dispersion model similar to traperational flow fields;
University of  SIRANE model, int without flow parameter research grad
91 Universty of Reading Reading, UK that represents patte flow within an urban XX ERREIES Slow \N | Y Y S0 not realistid
Street Network Model area as a system of e¢wcted boxes at for energency|
intersections. response
An EPA alternative steaestate screening to
for ruraland complex terrain to estate 24h Screening
92 VALLEY EPA average pollutant concentrations foirgar | X X Prepareiness) Fast Y N N dispersion
areasources (stacks or industrial areas) model only
related to predecessor VALDRIFT mode|
VAPO A 3D vulnerability and risk assessment Assesses risk
—_— DOD, DTRA,  software tol (rather than aispersion model Fast and structural
93 Applied Research  that predicts effects of structural damag X X Both (mins) Y'Y impacts from &
Vulnerability Analysis | AssociatesARA) | injury, and human riskrém terrorist related blast raher
and Protection Option CBRNe blasts at buildingtsis in urban area than dipersion
Not recently
VENTSAR XL . An Excetbased @ussian dispersion mode updated; not
UisilligheLEe thatincorporates plumése and building emergency
o Sa\é%nmnagan effects, used to determine dowind doses 2 X %8 e | F2st (N Y Y response;
VENTSAR-Excel pany and risk from exhaust effluent. desgned for
SRNL
VLSTRACK. Hazard prediction model used by DOD t{ Incorporated
05 u.s. Nfaval Surfact provide dor\‘/vnvx(mc: hazar_ﬂrledl_ctl?ns frcf>r a X x| X Preparednes Mod- N N Y within JEM
Vapor, Liquid, andSolid Warfare Center range ofchemica gnd _blo ogical warfare erate model
' : agent attacks, @luding munitions.
Tracking
Gaussian dispersion meldused to calculatg Not an
long-term, routine, interntient, or expected emergenc
96 XOQDOQ PNNL release concentrations and deposgiat | X X Preparednes) Fast N N N . %nsey
radial distances up to 50 miles out from modeilj retired
nuclear reactor site. ’
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https://www.yumpu.com/en/document/read/22174201/the-udm-a-model-for-estimating-dispersion-in-urban-areas
http://centaur.reading.ac.uk/38654/1/paper.pdf
https://www.epa.gov/scram/air-quality-dispersion-modeling-screening-models#valley
https://www.ara.com/projects/vulnerability-assessment-and-protection-option-vapo
https://www.intechopen.com/books/chemistry-emission-control-radioactive-pollution-and-indoor-air-quality/effect-of-updating-meteorological-data-on-assessment-modeling-using-ventsar-xl-
https://www.arl.noaa.gov/wp_arl/wp-content/uploads/documents/reports/arl-218.pdf
https://ramp.nrc-gateway.gov/content/xoqdoq-overview

1.8 Expanded Model Descriptions

1.8.1 ADAM Tool

Table 1.5: Accident Damagdé@nalysis Module (ADAM) Tool

Developer

Joint ReseattCentre (JRC) of the European Commission (EC), Ma
Accident Hazards BurediVIAHB)

Type of Model

Gausian Puff and Plume Dispersion Model

Response Sige

Emergency Preparedness

Original
Application

Chemical and explosive releases from hazardous induatcidents

Model Description

The ADAM Tool is a software package develdpeby t he E
assesghe consequences and damages assdaiatle anaccidental,
hazardous indusal chemical releaséDAM is designed to be a
comprehensive consequenss@ssment tool to simulate toxic airborn
concentrations and exposures fronemical fires, explosiongnd
gaseous cloud releases from indiastiacilities for prevention and
preparedness. The modelrcaupport industrial risk management, lan
use and eergency planning, enforcement of regulations, inspection
monitoring, anddentify weak areas for sitimprovement (Fabbri and
Wood 2019).1 containsan extensive database obstances, their
physial properties, and exposure effects (i.e., LD50 &idH)). The
ADAM Tool can calculate the physical hazard situations and humat
health impacts that may ari$em thermal radiation, over
pressuriation of fanks, flammable releases pdosions, and loss of
containment of a toxic chemical. The model contai@% mapping
tool to assess spatial risk of the affected area.

ADAM containsthree modules that trackelilangerous substance froi
loss of corinment tampact on affected populatis. The first module
requires the source term, including the amount retbdtow rate, and
thermodynamic state of the released agent. The secondemodu
estimates the physicaffects from the release (i.e., firexpéosions,
toxic clouds) and its localispersion. The vulmability is calculated in
the third module to infornthe potential level of harm to exposed
individuals based on intensity, dosed exposed duration foreh
specific release to initiate proteatiactionand lifesaving measures. T}
dispersion modelingamponent is built upon the existing and well
verified SLAB Gaussian Puff/Plume model developed by LLNL. SL/
is commonly appliedat dense gas scenarios, alilgh it can simulate
neutrally buoyanand lighte than air releases. ADAM namodel
continuous, fiite, and instantaneous releases from source types
including groundevel evaporating pools (area releases), horizontal
verticd jets, and stacks or eleea releases. All effluent can be gases
aerosolsor a combination of liqugland gases. The SLA®de was
rewritten and streamlined into the ADAM Todl comprehensive
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Table 1.5:(continued)

model evaluation was performed by Fabbri and Wood (2019) by
conducting a series of mlant releasscenarios and benchmarking the
resuts with similar softwarend experimental field datasets. The
ADAM Tool was found to simulate variouslease scenarios well usin
the default model options. The most recent eaadm has been done
with the Jack Rabbili (JRII) chlorine field study datset (Fabbri et al.
2020).

Modern, evaluated modeling tool built upon a weded dispersion

Pros modelng platform; calculates vulnerability and physical health effec
Doesnot consider environmentabnsequencegrimarily used for

Cons emergency prepation within EU nationstequires detailed informatior
about the release

Runtime Fast

Input Data General knowledge of meteorological conditions; detailed specifics

Requirements

about the release mechaniand agent

Outputs

Dispersion plume of effluersind hazard arezontour naps;
vulnerability and physical harm regions for exposed individuals; gra
of relevant parameters from the release; lethality curves

Data assembly
requirements
during or after
emagency
respone

Knowledge of meteorological conitins; release echanisnmand agent
information

Code language

C++

Public or
Proprietary, Cost

The modeis primarily an EU tool used to support implementation of
the Seveso Dirente (control of major hazdous accidenjslt is
available to EU countriear otherregulators assdated with chemical
safety and security. However, it is also available to Qisgdion for
Economic Ceoperation and Development (OECD) countries (the U.
is an OECD country). Distrution is mae on request to interested
governmat userdand some nogommercial research users) that fit
these criteria. It is not available to cohiants.

Ease of use

Not known

Ease of obtaining
information and
availability of
technical support

Geneal queries ca be sent taJRCMINERVA -Info@ec.europa.eu

Source code

availability No
Installati on

requirements/ Not known
software

Maintenance Status

The model was launcten 2019 and is availabte interestedounties
and governmerarganizatims (Fabbri and Wood 2019)
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Table 1.5:(continued)

| The technical guidance document is available at:

Documentation . https//publicatons.jrc.ec.europa.eu/repository/lieam/JRC10833/k
' na28732enn.pdf
Link to Website | https://adam.jrc.ec.europa.eu/en/adam/content
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https://publications.jrc.ec.europa.eu/repository/bitstream/JRC107633/kjna28732enn.pdf
https://publications.jrc.ec.europa.eu/repository/bitstream/JRC107633/kjna28732enn.pdf
https://adam.jrc.ec.europa.eu/en/adam/content

1.8.2 ADAPT/LODI

Table 1.6: Atmospheric Data Asimilation and Pameteriation Tool (ADAPT)/Lagrangian
Operational Dispeaion Integrator (LODI)

National Atmospheric Release Advisory Center (NARAC), Lawrenc

Developer Livermore National Laboratory (LLNL), DOE

Type of Model Lagrangian Particle Dispgion Model

Resporse Stage Both Emergency Prepadness and Response

Original Various CBRNe releases for operational use throughout urban or n
Application areas

ADAPT/LODI is a 3D, Lagrangan, operational transport and diffusic
model that calculate possiké trajectories, concentrations, and
depositionsb f |l ui d Aparticlesdo in a
intended to represent various types of haaas CBRNe releases,
ranging from hermal or momentum driven releases froacks or fires,
to detonatimsfrom chemical explosives or nuclear sourcdse model
i s NARACOGs chief operational e
| MAACOGs pl ume ¢ Ehe gysteantcontains tveo enodels:
1) ADAPT, which is used to construct 3D metelogy fields foruse in
2) LODI, the Lagrangian dispersion model. ADAPTvdps key
meteorological parameters including winds, temperature, pressure,
humidity, and precipitatio. These variables are obtainedhirthe most
recent NWS observations (suchairport sites, wather bkhoons, and
weather networks) when results areded instantaneously. For
extended or ongoing atmospheric releases, gridded model dataset:
other wetgher models, such as WRF, may bedugNasstrom et al.
2007). ADAPT creates ivd fields usinghe finiteelement method (a
Model Descrption | method of solving equations ewva large area divided into smaller anc
simpler parts), which is also beneficial over nonhomogenaudis a
complex terrain. ADAPT can proda input for LODI within one
minute (Bradéy 2005).

The LODImodel enploys a Lagrangian stochastic Monte Carlo
approat (which calculates an average based on a nearly Gaussian
distribution of atmospheric turbulence) ahén solves the 3D
advectiondiffusion equations. The model can produce a Berées of
instananeous amtime-integrated effluent concentrations and
depositions, as well as a detailed plume withih%minutes. The mode
can simulate dispersion for a ety of spatial and temporal scales,
including dispersion over regional to Bcales. LODI aaintegrae
multiple point, line, area, spherical, or megisources, including
variable emissions rates. Particle size distributions, radiological dec
wet ard dry deposition, and resuspensalgorithms are also
incorporated within tt model. Resultsan be oytut to GIS mapping
tools where spatial analysesncinform responders of protective actiol
zones, exposure guidelines, and regions where doses extetxl/aks.
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Table 16: (continued

ADAPT/LODI has evolved from the MATHEWADPIC and ARAC
models sine the 1990s.

Pros Producesesults rapidly; proven to be an effective operal model;
Not fine scale enough to predict dispersion at the street or neighbo
Cons o
level within urban areas
Runtime Generally fast, within 8.5 minutes deperiay on tke domain
Input Data

Requirements

Location of the release and source chamstics

Outputs

Processed outputs result in maps of air or ground contamination, d
and health e#cts reslting from the release, including protective actic
zones

Data assenbly
requirements
during or after

Location of the releaséocal meteorology, and source characteristics

emergency
response

Code language Unknown

Public or Proprietary, but use may be granted for some research and develop
Proprietary, Cost | applications

Ease of use Moderate

Ease of obtaining
information and
availability of
technical support

Questions can be directeddewne-naracweb-spt@listserv.linl.gov
who will forward the regest to tke appopriate individual

Source code
availability

No

Installation
requirements/
software

Unknown

Maintenance
Status

Currently used as an operational model within NARAC for IMAA

Documentation

Link to Website

https://narac.linl.qov/tools/@sationalmodeling/dispersiomodeHodi

2 See information about ARAC dittps://narac.linl.gov/content/mods/publicationsfopdeldescription
evaluation/lUCREIG125034.pdf
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1.8.3 Aeolus
Table 1.7: Aeolus

Developer

NARAC (National Atmospheric Rehse Adviery Center)Lawrence
Livermore National Laboratory (LLNL); DOE

Type of Model

Computation Flid Dynamics (CFD) Model

Response Stage

EmergencyPreparedness

Original
Application

CBRNe CFD modeldr complex terrain and urban research applicat

Model Description

Aeol us is NARACOGs primary thates e
simulates high resolian flow and dispersion of hazardous material
through urban areas and complex terrain environmentsniddel,
which is generally used for emergencyrpiang gudance, is a physies
based and buildingesolving CFD code based dretfinite volume
method (stving equations on the small volume surroundingpant on
the computational mesh/grid). Aeolus isdisewi t hi n NAR
operational emergency responselaationsalongside ADAPT/LODI,
but mainly for emergency planning guidangEgen though Aeolus is
still a researclyrade model, it is being phased iofgerational use for
the generation of urban produéts state and local agencies though
IMAAC (Gowardhan et al2018). The model can simulate releases
from nuclear power plant aicents, detonations, toxindustrial
chemical spills, RDDs, and biologicahd chemical agents.

Aeolus can be run under a fagperational mode using a RANS solve
for potentid operatonal use or when many simulations are needed.
Alternatively, it carbe run at high resolutiomtough the more detailec
LES method for resear@nd planning. The operational mode can
produce resu#t within 510 minutes on a laptop, but the LES slation
takes several hours. As with other RANS models, Aeolus solves the
incompressible NavieBtokes quations on a staggered Cartesian gri
Aeolus RANS consists of a solver to produce the steady stat and
turbulence fields as well as a Lagrangiisperson model to predict the
contaminant dispersion throughout the urbamphology. Radiological
souce terms and halffe behaviors have also beariegrated into
Aeolus based on explosive plume risee model can also simulate
buoyant and dense gasand ptticles. To facilitate faster model setup
times in urban areas, bdihg profile domains haveslen generated anc
stored within obhAdRtAbESE Br ogerl@@cities p h
across the US. Teliradata are also available on a 10 m grid across
US. Meteorology can be input through forecast model data (i.e., HR
NAM, GFS), or through a wind pfile specified by the user. Aeolus h
evolved fom the FEM3MP model to AUDIM over the past several
years. It has been extensively evaluated agaiaesidmtUrban 2003
field study and shown to produce good agreement (Lucas2216).
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Table 1.7: (continued)

RANS modelgenerally has fast runtimes; resolves buildinofifes for

Pros urban dispersiarEvaluated against field data and showed good
agreement

Cons Highest resltion smulation could take hours; mainly for research a
development purpEes

. Variable depeding on simulation choice; RANS simulation ab&tt0

Runtime ; . .
minutes, high resolutioLES takes several hours on laptop

Input Data Latitude andongitude of the release, domain size, resolution, periot

Requirements

simulation, and etails about the source, merology

Outputs

Time evolving spatial plots x@ortable to GIS mapping dofare) of the
dispersion of particles downwind of releasB; @eposition a surfaces,
effective dose and hazard zones near release

Data assembly
requir ements
during or after

Location of the release, sourceachcteristics, and meteorghp
(expected to take only about 2 minutes)

emergency
response

Code language Unknown

Public or Proprietary, but use may be granted for some researatieaetbpment
Proprietary, Cost | applications

Ease of use Moderate

Ease of obtaining
informati on and
availability of
technical support

Questions can be directeddewnernaracweb-spt@listserv.lIinl.gov
who will forward the request to the @opriate individual

Source code

availability No

Installation

requirements/ Unknown

software

I\S/Itzutrlljtsenance Currently being usedna developed bNARAC
Documentation See website for more information

Link to Website

https://narac.linl.gv/researctand-development/urbadispersion
modeling
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1.8.4 AERMOD

Table 1.8: American Meteorological Society/Environmental Protection Agency Regule
Model (AERMOD)

U.S. EPA andAmerican Meteoroloigal Society (AMS); Developeby
Developer AERMIC (American Meteorologal Society/EPA Regulatory Model
ImprovemeniCommittee)

Type of Model Gaussian Plume Dispersion Model

Response Stage | Both Emergency Preparednessl &esponse

Gaussian plug model to determine regulagpisource permitting, and
dowrwind concentrations from sourcereceptor in steady state
conditions

Original
Application

AERMOD is EPAG6s preferred amd r
model to simulate the coantration of gaseand particles at downwind
reeptors from surface and elegdtstationary sourcé€imorelli et al.
2005). It is a steadgtate modefor use in various atmospheric stability
conditions based on the PBL strugtuThe model incorporateswelk
establishedoundary layer, scaling, andrbulence concepts and
paramegrizations. Under stédatmospheres and low turbulence
conditions, the mdel applies a Gaussian approach. During unstable,
convective periods, it usea norGaussian method fahe vertical
compaent of the plume. AERMOD inatles special treatment for gla
or multiple pointarea, and volume sources. It accounts for pluse the
effects of building downwash, complex terrain for point sourcestdani
interactions within urbn areas, and wehd dry deposition. The model
produces concentrations for array of downwind reqeors. The user car
specify the quantity and densibf the receptor sites for the most
appropriate dispersion representatioE RMOD i s EPAOGS
reguatory dispersion mdel to assess concentratioglds at emission
sites. It isspecifically used foNew Source Review (to issue emission
source permg, such as at industrial locations), to develop State
Implementation Planspfmulate mitigation planf nonattainment eeas
using NAAQS, and to genalty evaluate the effects abehavior of
downwind dfluent dispersion.

AERMOD simulations are set upitv the use of two data input
preprocessors. AERMET is the meteorologicappoeessor that defines
themeteorological statof the PBL. AERMAP is a team data
preprocessor that ingments U.S. Geologit&urvey (USGS) Digital
Elevation Data and has alghms that determine the terrain features us
by AERMOD. Other preprocessomay optionally be used.
AERSCREEN can rapigirun the AERMOD algorithms wth preselected
meteorology as screening tool toettide if a full simulation is needed.
AERSURFACE acounts for lanelise and lana@over to develop the
surface characteristics i¢tion velocity, Bowen rat, and albedo), and
BPIPPRM incorporates multipleuilding dimensions near tls®urce to

Model
Description
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Table 18: (continued)

provide an #ective building for building downwash calculat&n
AERMOD simulates the effects of single buildings adjacent to the sol
but generally lacksabust uban flow field capabilities. Its development
wasstrongly influenced by micrometeorological theosvaell as researc
and development from field andmd tunnel studies. The model has als
been extensively evaluated throughditests. AERMOD hasepla@d or
incorporated many older models such as BhBOCDS. It was originally
promulgated as a replaoent to ISCST3

Pros

Fast runtimes; widely supged by EPA as the preferred regulatory mo
for source permitting, SIP analg, and traffic coformity studies; free;
theoretical concepts supportedfisid and laboratory studies

Cons

Susceptible tall limitations of Gaussian plume models; may undesutjct
concentrations in some situations; model setup may be somewhat
challerging for some usersimited to downwind receptor distances of
about 2650 km; does not account for different types@BRNe releases

Runtime

Fast; within seconds, but dependsnoimber of sources, receptors, and
simulation periods

Input Data
Requirements

Meteorological st of he PBL (e.g. wind, temperature, stability), saef
and terrain characteristics, source loaa and release characterization,
location of the downwindeceptors

Outputs

Concentrations at downwind receptors

Data assembly
requir ements
during or after

Local wind speed and direction mehe source to construct a vertical
wind profile, effluent source characteristics

emergency
response
Code language | FORTRAN
Free through EPAOGOs S GuehablLakes b s i t
Public or Environmental(https://www_.weblakes.com/produc'_ts/germod/index.htn
Proprietary B.reeze Softwqre, and Envirawe oﬁgr AER_MC_)I_Z) within more user
Cost ' friendly GUI _Wlndows, but the cost is n(ntsngnlflcant (over $,600 br
AERMOD View by Lakes). Some companies offaefecounts for EPA
or government employees
Moderate, runs from a Windows command linenppd. The model is
Ease of use : : i
easier to run if used through paid GUIs
Ease of
obtaining Support for the EPA SCRAMebste can be obtained by contacting

information and
availability of
technical
support

George Bridgerdaridgers.george@epa.govhe SCRAM website posts i
wide range of support docuents, test cases, Gevalwation reports. Many
companies also provide consung services

3 See:https://www.epa.gov/scram/aguality-dispersioamodeling preferredandrecommendednodels#aermod
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Table 18: (continued)

Source code Yes, available on EPAG6s SCRAM v

availability

I nstallation

requirements/ 32- or 64bit Windows PC

software

Maintenance Continuously updated anghproved by EPA, most recemersion as of
Status mid-2020 is AERMOD v19191

A comprehensive user guide is available at:

Documentation | https://www3.ep.gov/ttn/scram/models/aermodfianod userguide.pdf
Severalguick reference gdes are also available on the SCRAM websi
https://www.epa.gov/scramfagiuality-dispersiormodelingpreferred
andrecommendedmodels#aermod

Link to Website
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1.8.5ALOHA (CAMEO)

Table 1.9: ComputerAided Management of Emergency Operations/Areal Lonatiof
HazardousAtmospheres (CAMEO/ALOHA)

Developer

U.S. EPA and the NOAMffice of Response and Resition

Type of Model

Gaussian Plume Dispersion hiel

Response Stage

Both Emergency Preparedness and Response

Original
Application

Local dispersion anthreat zone gsnation duringaccidental chemical
releases

Model Description

CAMEO/ALOHA is a simple hzard modeling package designed fol
emergency rggonders. The software can help decisiakers rapidly
plan and respond to numerous types of chemislotpuds, jetdires,
anddense gas releases within a range of100@00meters of the
releasé Thesoftware determines threat zones which provide an
estimate of downwind distance where proactive measures should
taken. If NOAA or EPA is activated HMAAC reach bak support,
CAMEO/ALOHA may be used. The software packagetams four
distinct entities1) CAMEO Chemicals, 2) CAMEfDn, 3) ALOHA,
and 4 MARPLOT. CAMEO Chemicals is a comprehensive,
proprietary database of hazardous chemical datasheethamical
physcal properies that provides information similar to thattie
classic orange US DOT ER CAMEO Chemicals rapidly displays
descriptive poperties of the chemical of interest. CAMiaQUSs a
database used to develop planning guidance abeunticals withina
local comnunity such as details about a specific facildyemical
transportation roats, and emergency response procedures. Thenplc
software in CAMEO is MARPLOT.

ALOHA i s CAMEOG6s simple Gaussi
simulateghe approximat spatial etent of a release hazard zone (Jo
et al. 2013. It can be used directly e scene since results are
generated within seads from only a few details about the chemical
release and current meteorology. Although simplifieldDNA can
accoun for variatons in atmospheric stabilities based on-day
nighttime releases, dispeosi parameters that account for terrain, air
and tiemical temperatures, and liquid evaporation rates (Jones et
2013). Modules for fires, explosiveleases, ruptusefrom presgrized
tanks, and mists or pools of evaporatigmicals have also been
addel to the most recent version. ALOHA assessesateeat which
chemicals are released and vaporized from their containment devi
calculate the souecstrength. Nomeutrally luoyant, dense gas releas
have also been incarmted into the model. Thesemplified
algorithms are based on the DEGADISdeb(Spicer and Havens
1989). ALOHA was first developed by EPA and NOAA in the late
1980s specificallyor the use by P A 6 s nfantai Response Tea
(ERT). It may also be used perform RMP guidance fahemical

4 For moreinformation, seehttps://www.epa.gov/cameo/whaameasoftwaresuite
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Table 19: (continued)

storage sites. The model largely repkatiee legacy Automated
Resource for Chemical Hazard Incident Evaluation (ARCHIE) moc
devebped by the).S. DOT.

Simple, eay to use model forrst responders; free and weig

Pros distributed; compreheng database of chemicals; fast model result
Lacks some simple additions like plume rise and certain custom u

Cons inputs; susceptible tall limitations of Gaussian plume meld; results
best usedor informative guidelines

Runtime Fast, seconds

Input Data Local atmospheric conditionglentity of the chemical, and details

Requirements

about the spill scenario

Outputs

Threat zone estini@s withina grid in ALOHA can be plééd on maps
in MARPLOT, GIS software, or Google Bh

Data assembly
requirements
during or after

General dea of local weather conditions (wind speed and direction
chemical type released

emergency

response

Code lamguage C andsome Python

Public or Freeyavai |l abl e thiteough EPAOGs wetk
Proprietary, Cost https://www.epajov/cameo/alohaoftware

Ease of use Easy, software used through the CAMEO GUI

Ease of dtaining
information and
availability of
technical support

Questions, comments, suggesis, and software issuesdae
addressed by emailing the RMP Reporting €ent
RMPRC@epacdx.net NOAAGs Of f i c Restor&tiornR e
orr.caneo@noaa.gqwr by callingthe CAMEO help desk at (3)
227-7650. Training can be found through:
https//response.restoration.noaa.govfimag-and
education/trainingdorkshops/cametraining.hinl

Source code

Yes, but since thehemical database is a proprietary component, a
license must be set up with the Amernidastituteof Chemical

availability Engineers at the cost of $3,400 pear througtwww.aiche.org/dippr

The source code itself isgke, but a license is still required.
Installation Most Windows PQr Mac opeatingsystems, with capability as far
requirements/ back as Widows 7 and iOS Mountain Liof10.8); portable versions
software on smartphones are also available

Maintenance Shatus

Regular updates to the chemical library, user interface, program
functionality, and hgd documentdon. Most recent version as of mid
2020 is Versin 5.4.7, last updated in @ember 2016

Documentation

ALOHA Technical Documentation for v5.4.4 is faliat:
https//response.restoration.noaa.gov/sites/defaldgfALOHA Tech
Doc.pdf

Link to Website

https//www.epa.gov/cameo/aloksoftwareand
https://respose.restoration.noaa.govkaihdchemicadspills/chemial-

spills/aloha

108


https://www.epa.gov/cameo/aloha-software
mailto:RMPRC@epacdx.net
mailto:orr.cameo@noaa.gov
https://response.restoration.noaa.gov/training-and-education/training/workshops/cameo-training.html
https://response.restoration.noaa.gov/training-and-education/training/workshops/cameo-training.html
http://www.aiche.org/dippr
https://response.restoration.noaa.gov/sites/default/files/ALOHA_Tech_Doc.pdf
https://response.restoration.noaa.gov/sites/default/files/ALOHA_Tech_Doc.pdf
https://www.epa.gov/cameo/aloha-software
https://response.restoration.noaa.gov/oil-and-chemical-spills/chemical-spills/aloha
https://response.restoration.noaa.gov/oil-and-chemical-spills/chemical-spills/aloha

1.8.6 CALPUFF

Table 1.10: California Puff Model CALPUFF)

Developer

Sigma ResealcCorporation (SRC), now Exponent, Inc.

Type of Model

Lagrangian, Gassian Puff Dispersion Model

Response Stage

Emergency Preparedness

Original
Application

Moderate to log-range transport of gaseous substances througyh e
and complex terrain

Model Description

CALPUFF is a norsteady stateagrangian Puff modeised to
simulate buoyant, instantaneous, or continu@lsase, longange
transporof airborne contaminants.€i., PM, SQ, NOx, or inert
particles) (Scire etl. 2000). As opposed to a steestgite model,
CALPUFF carsimulate multiple emission and renal procases at
various rates by not necessarily maintaining equilibrium. The medt
| i st ed as ternative digperdioR radleds fom dssessing lo
range transport of pollutants and impacts on human heakind the
environment. It has theapability of simulating timevarying point and
area sources, domains as small as femdhed meters to a large as
hundreds of kilometers, simulation times from -¢roir to oneyear,
chemical convision and removal mechanis, and special treatments
for conplex terran (Scire et al. 2000). It consists of wet and dry
deposition, building downash, and fumigation algohins. The model
can also account for low wind spise neadffield impacts from soure

to receptor, and regulaty air quality applications (sucs attaiment
areas, visibility, and criteria pollutants).

CALPUFF includes three mamodules that aid in pr@nd post
processing. CALMET is a 3D meteorologicabdel to develop hourly
wind andtemperature fields for ¢hgridded domain. Specificationt o
the PBLand local topography (including terrain blocking flows or
bodies of water) & also included. CALPUFF the transport and
dispersion model that advegisffs of effluent released frommrassion
sources. The modekes the meteorology generateshirCALMET to
predict the downwind dispersion and puff behavior. {gadded,
simplified wind profile data may alsbe used if CALMET is not run.
CALPUFF then prodees hourly concentration and depimn values at
userspedfied receptor locations downwinaf the rekase. CALPUFF
tracks the puffs using a Lagrangian frame of reference. Tak fin
component called CALPOSdrocesses the model output to summat
the resiis into average and maximum cemdrations at the recepgor
Additional modules aid in quayi controlchecks and flexibility for
reading in meteorological or terrain data. Toamte the functionality,
ead component of the model can be run through diog GUI
window to prepare, cdigure, and run the modeCALPUFF also
interfaces with othemeteorabgical models such as MM5 and WRF-
allow greater support for localized metelogical processes.
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Table 110: (continued)

Continuously updated, wetésted, and listed @& EPAalternative

Pros dispersion model; permits long run tisnat dishknces as great as 200
km downwind & source
Limited emergency response use, mainly used to perform asdhgate
Cons help address regutaty and air quality issues; could have a large
learning awirve
: Depends on number of sources, receptand éngth of simulation;
Runtime
could be secats to hours
Input Data At a minimum, a wind and temperature iy source type, emission

Requirements

rate, and locations of receptors

Outputs

Average and maimum concentrations at the ussyecified downwind
receptos; indication of atmospheric visllty and regulatory air quality
attainment at each receptor

Data assembly
requirements
during or after
emergency
response

Wind and temperature profilesmissia source specifics

Code language

FORTRAN

Public or
Proprietary, Cost

Freely availabletoanype t hr ough Exponent,
userfriendly version is also aylable with a streamlined &l and
postprocessing system by Lakes Environrakot Breeze Software:
https://www.breee-software.com/software/calpudithough the price
is $3,595. Private conkants will also run the ndel for a cost.

Ease of use

Moderate, when usedith a GJI window.

Ease of obtaining
information and
availability of
technical support

The GUI windowscontain an extensive help system. Training can b
obtained from the Exponedevelopers. EPA providesme reference
guides on SCRAM website.

Source ode
availability

Yes

Installation
requirements/
sdtware

Windows PC

Maintenance Status

As of mid-202Q the standard, stable distribution version is CALPUF
v7.2.1. CALPUFF v7.3.1s also available as a laatelease. V5.8.8 is
EPAGs appr oveguatopersiennofrthe model.e r

User 6 s g uiUdkve ¢aon e ddvAldadked at:
http://www.src.com/dauff/download/CALPUFF Version6 Userlnst

Documentation uctionspdf with an addendum for v7 at:
http:/www.src.com/calpuff/download/download.htm
Link to Website http://www.src.com/
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1.8.7 CASRAM

Table 1.11: Chemical Accident Statistal RiskAssessment Model (CASRAM

Developer

Argonne National Laboratory (ANL)

Type of Model

Statistcal Analysis tool incorporating a Gaussian Plume Dispersior
Model

Response tage

Emergency Response

Original
Application

Straight line Gaussian plumeoatel forchemical releases over
simplified, even terrain

Model Description

CASRAM is a statistical angsis model that determines the
distribution of hypothetical outcomes of affed populations
associadwith hazardous chemical releases of materialedtor
transported through an area. Using chemical shipment profilessyot
and meteorology inputshé model runs tens of thousands of inciden
for rail and highway chemical eiclents (Brown et al. 20). The
statistical plume results are then repoitetheU. S. DOT6 s
protective action distances and routivgsed 8k assessments (Browr
et al.2001). Most recently, CASRAM was run for technical guidanc
in the 2016 ERMook (Brown et al. 201Ayith a forthcoming report
for the 2020 ERG. The metlpredcts hazard zone distributions to
identify the threshold chemical moentration where local polations
could be affected. It employs a Monte Carlo statistical analysis
framework, which sets it apefrom other Gaussian models like
ALOHA or SCIPUFF.CASRAM determines the distribution of
possible outcomes to provide a prbiity for each specific relase
consequence. EPA and OSHA health exposure guidelines and
associated coesjuences are also estime

The model simulates both the physical and tloelynamierelated
effects of a hazardous chemical release by computing dixgche
varying release ras from tanks in liquefied, compressed, evaporate
or flashed chemical stateA dense gas algorithweas added after the
2000 ERG using empirical entrament paameterizations from the
DEGADIS model formulation (Brown et al. 20). Chemical
reactivity, d@osition, and various empirical surface types and
atmospheric stabilities ae#so incorporated withithe model. A
weather and climate database for o2@0 ciies customizes the
statistical analyses based on region and state.

Theoretical atmospheridispersion framework built upon existing an

Pros sound principles; model ressilpublished and updat@deach ERG
version for practical emergency respondse

Cons Model is not generally available for use outside ANL umgd to
inform resources used bgsponders

Runtime Fast
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Table 111: (continued)

Input Data
Requirements

Chemical release rate, ty@nd amount; general metetwgical
conditions (wind and atospheric stabity)

Outputs

Statistical analysis of hazard zones followaugidental container
releases

Data assemby
requirements
during or after

Chemical release rate, ®mnd amount; general metetogical
conditions

emergency
response

Code langlage Unknown

Public or Proprietary; the model is not pubfidistributed outside ANL
Proprietary, Cost '

Ease of use Unknown

Ease of obtaining
information and
availability of
technical support

The best point of contactisve of CASRAMOGs Dudd
F. Brown atANL: dbrown@anl.gov

(https://www.anl.gov/profile/david-brown).

Source code

availability No
Installation

requirements/ Unknown
software

Maintenance Status

Still used as of mi2020. The code is updated amdintained every-2
3 years, as per communicatiorthwDavid Brown.

Documentation

Information about the model can be founddlesihis 2017 technical
docunent, although there is no offaipublicly avaibble manual:
https://www.phmsa.dot.gov/sites/phnusat.gov/files/docs/traininhaz
mat/erg/7486/201@rgtechncaldocument.pdf

Link to Website

See documentation above
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1.8.8 CT-Analyst

Table 1.12: Contaminant Transport Analyst (€Analyst)

Developer

U.S. Nawal Research Laboratory

Type of Model

LES CFD Model

Respong Stage

Both Emergency Prepedness and Response

Original
Application

Flexible for all types of CBRN releases witliomplex urban areas

Model Description

CT-Analyst is a hybrigplume dispersiomodel that provides an
instantaneous, 3D, CFD LES model a#ipn of CBRN releases witn
complex urban areas to aid emergency respsndeaccidental or
intentional airborne contaminant transport threats. The nsimelates
plume dispesion and propagi@n within the urban canopy at firseale
resolution. Normby, LES simulations requé lengthy processing and
computational times, b@T-Analyst can produce dispersion results
within seconds. Before a potential atmntal release scenayvelocity
fields are preeomputed for numerous meteorological conditiosisg
NRLO6s hi g hEStransport motel FAST3DT. The
simulateddataase structure (called ¥
processed into an efficient forused by CIAnalyst.It has also been
shown to produce more detailed dispersion information vétteb
results than more camon Gaussian puff and plume models (Boris €
al. 2003). The model was designed after 9/11 as adapbnse
dispersion resourcéat can run with limiéd information abut the
source type.

CT-Analyst can incorporate inputs frdimed and mobile sensors o
inform the optimal locations for placing momitag sites for model
evaluation. The model uses principles of fluid dynamicstarizlilence
to simulateurban dispersiarEven though the steering wind directior
and velocity magnide influences the direot of plume spread, the
specific urban morphologs and orientation of structures and street:
control localized concentrations. &jifically, the modehas high
enough esolution to simulate building vortex shedding, recircuiatio
zones, solar heating vations, and surface roughness (Boris et al.
2003) The model aims to better predict hazardous dispersion to a\
additional fataties, exposures, artd plan the bestourse of
evacuation.

Pros

Rapid results, which are idearfemergency response ubas been
evaluated through field studies and psivéd conference proceedings

Cons

Preprocessing velocity fields is a lengthy process and may beutliffi
for respondes; requires that FAST3ZT be run for the specific case
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Table 112: (continued)

Simulation results @ neasinstantaneous and can be produced withi

Runtime seconds, but computational fields stipe prepared ahead, which car
take hours
Input Data Measurements from isolated sensors (for modefigation), general

Requirements

meteordogical conditions (wind sged and direction)

Outputs

Dispersion plume thatan be output to mappirsgrvices and rapidly
disseminated

Data assembly
requirements
during or after

Limited information is neededhcluding a general senséthe release
location, type, and local meteorology

emergency

response

Code language Much ofthe source code amdodules are written in Fortran
Public or The model cabe downl@aded by request at:

Proprietary, Cost

https://www.nrl.navymil/lcp/ct-analyst/download

Ease of use

CT-Analyst has an eagyp-use interface that is simple to run once
transport fields are generatdatdugh FAST3D-CT

Ease of obtaining
information and
availability of
technical support

Questions or comments cae Birected through the contact form at:
https://www.nrl.navy.mil/lcp/ctnalystéontact

Source code

availability No
Installation

requirements/ Windows PC
software

Maintenance Status

Modelis still used and supported by NRL

Documentation

See: Boris J.P., G. Patnaik, T. Young, Jr., 2003:ADalyst:
Verification and Validation, NR Report4-12263377.

Link to Website

https://www.nrl.nav.mil/lcp/ct-analyst
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1.8.9 DEGADIS

Table 1.13: Dense Gas Digysion Model (DEGADIS)

Developer

University of Arkansas and the U.S. Environmental Protectigen&y

Type of Model

GaussiarPlume Dispersion Model

Response Stage

Both Emergencyreparedness and Response

Original
Application

Dense chemical gas release®r even terrain

Model Description

DEGADIS is a dense gas dispersion model used to simukate th
concentrations of toxic chemical releases, especially for gases or
aerosols heavighan the ambient air. Threodel can simulate
evaporating pools and upwaditecting or zeranomentum releasesd
jets, primarily over fslalgenatve | ev
models, it can also predict the dispersion processes accompanying
gravity-driven flow and emainment of the dense gas into the
atmospheric bandary layer (Spicer and Havens @98 EGADIS is
designed for zeronomentum, groundevel, aressourca released from
gas or aerosol clouds. The model can predict the downwipdrdisn
as a stably stratéd plume or gas cloud. It has also been modifed
simulate the vertical plume oross section using the Pasq@lifford
parameters to represt tubulent entrainment within the gas cloud.
Although the model is primarily degied for groundevel soures, it
can simulate the plume centerline and mraxin concentration as a jet
plumelofts and then slumps back towards the surface due toygravit
Themodel can simulate continuous, finite (a constant rate over a sh
period oftime), or transient (tim@arying) release durations.
DEGADIS, which is lile the HGSYSTEM model in many ways,
freely available, evaluated, and recommended as an aitvernadel by
EPA. DEGADIS has been tested and evaluated against some dens
field and laboratory studiedtf@ough robust opportunities for these tes
andevaluations are somewhat limitegeSifically, DEGADIS was
evaluated using eight field experinis inHanna et al. (1993) with a
more recent evaluation against chlorine measuresieam the JRII
field study that is forthcoming.

Quick and accuratesamations of dense gas releasesgeh formulated
on peeireviewed dispersion principles (suak PGTstability classes,

Pros boundary layer similarity theories, and dense gas bel)avibier
models use DEGADI®rmulations for their core dense gas dispersic
The free version of the moldis run on a command line; otherwise, a

Cons . . .
paid GUI is availatg

Runtime Fast

Input Data General meteorological and boundary layamnditions; specifics about

Requirements

the release agent, duration, amount, and method
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Table 113: (continued)

Outputs

Prediction of the downwind concentrations at various heights

Data assembly
requirements
durin g or after
emergency
response

General meteorological conditions; specificewathe release agent,
durdion, amount, and method

Code language

The souce code isvritten in Fortran 77

Public or
Proprietary, Cost

Available for free download throhg E PSICBAM website, or

through the Breeze Software platforinttps:/ivww.breeze

software.com/Software/LFEGire-Risk/Prodict-Tour/DEGADIS

Model/. However the Breeze GUI is not free

Ease of use

Moderate; runs from a Windows command limerppt. Versions using

the GQJI window make operation more straightforward

Ease of obtaning
information and
availability of

Support for the EPA SCRAM weilbs canbe obtained by contacting
George Bridgerdoridgers.georg@epa.govSpecific model support or

guestions an be direted to one of the developers, Dr. T&picer:

technical support | tos@uark.ed

Sou.rce.qode Yes, on EPAOGs SCRAM website
availability

Installation

requirements/ WindowsPC

software

Maintenance
Status

Minor changes that do nohange thenodel computations were

introduced into DEGADIS v2.1 in September 2012

Documentation Ausebs guide is available onlin
https://www3.epa.gov/ttn/scram/userg/other/desghdf
Link to Website https://www.epa.gov/scram/aguality-dispersioamodelingalternative

modelg¢tdegadis

116


https://www.breeze-software.com/Software/LFG-Fire-Risk/Product-Tour/DEGADIS-Model/
https://www.breeze-software.com/Software/LFG-Fire-Risk/Product-Tour/DEGADIS-Model/
https://www.breeze-software.com/Software/LFG-Fire-Risk/Product-Tour/DEGADIS-Model/
mailto:bridgers.george@epa.gov
mailto:tos@uark.edu
https://www3.epa.gov/ttn/scram/userg/other/degadis2.pdf
https://www.epa.gov/scram/air-quality-dispersion-modeling-alternative-models#degadis
https://www.epa.gov/scram/air-quality-dispersion-modeling-alternative-models#degadis

1.8.10 HotSpot
Table 1.14: HotSpot

Developer

Nationd Atmospheric Releas&dvisory Center (NARAC), Lawrence
Livermore National Laboratory (LLNL)

Type of Model

Gaussian Plume Dispersion Model

Response Stage

Both Emergency Prepareglss and Response

Original
Application

Radiological releases in simple terraegions

Model
Description

HotSpot is a simplified Gaussian Plume model that provides engsgrge
plamers and responders a fast, fiplortable set of software tools for
evaluatng radioactive release imEnts. The model is designed for ne¢
surface retases under shatispersion ranges and durations (less thal
km and 24 hours). The model praxbs tle best results under open
terrain and simple meteorological conditions. Duéhese limiting
factors, HbtSpot provides a fast but somewhat conservatieans of
approximaing the effects of an accidental or intentional radioactive
release. It canstimatecontinuous or instantaneous releases from
explosions, fuel fires, and wiekea contamination eventshé& core
dispersion model is built upon the genéaussian Plumeggiation and
accounts for various atmospheric stabilities, surface types and
roughnessdeposition, and plume rise (Homann and Aluzzi 2014). Al
additional tool estates the effect of nucleaveapons, including
neutron and gamma, blastdatiermal effectsThe software also
computes a firsbrder approximation of radiation and inatbn cse
effects associated with explosions dadilities that handle nuclear
matrials. The model contairm extensive source term database and
simulae the dispersionfglutonium, uranium, tritium, and other
radionuclides through plume, explosjdire, and resuspension modelir
methods.

First released in 1985, HotSpot hasediglotting and contour piting
capabilities, and results can be exporte@bogle Earth oother GIS
plotting software. The fast, yet conservatégtimation of the radactive
release is designed so emergency responders can get a general se
the gisode (for example, ionizg radiation from the deposition of
particles iggnored (Hill 2003). Effective doses are estimated for the
immediate and acute radiological ieqt oninternal organsThe code
also can estimate the potential fallout and artivaé, dose rate, and
propaation of the fallout radioactivity after the ealse and as far as
several weeks postvent.

Pros

Simple and fast, reasonable dose, exposaedasgersion predication tc
inform emergency responders
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Table 114 (continued)

Not for use during icidents with complex termaior variable weather

Cons conditions; may underestirsasomeeffects and provide a conservative
prediction; susceptible to all limitations of Gaussiispe&sion models

Runtime Fast, 1530 seconds or less

Input _Data Isotope release type, masadageneral meteorological conditions

Requirements '

Outputs Hazard zones and dose estimates from release plume

Data assembly
requirements
during or after
emergency
response

Information about the release type and amount, general weather
conditons

Code language

Visual Basic, Microsoft .NET Framework

Public or
Propri etary, Cost

The latest version can be freely downloaded by filling out by registe
as a HotSept userat:
https://naracweb.lInl.gov/w&hotspot/registerUser.htmlithout having
to have a NARAC account.

Ease of use

Very easy for most users, simplified GUI

Ease of obtaining
information and
availability of
technical support

While a public help forum does notistx questions or problentan be
directed tchotspot@Iinl.gov

Source code

availability No
Installation

requirements/ Windows FZ
software

Maintenance

Currently operated and updated by LLNL to incorporagernost curren
radiologicd dose conversiomethodologies; Current Versi@l.2 as of

Status mid-2020

Documentation The userds manual can be_ downl
https://narac.linl.gv/content/assets/docs/HpRUserGuide3-0.pdf

Link to Website https://narac.linl.gov/hotspot
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1.8.11 HPAC

Table 1.15: HazardPredictionAssessrant Capability (HRC) Model

Developer

U.S. Department of Defense (DOD), De$e Threat Reduction Agenc
(DTRA), andApplied Research Associates, INcCRA)

Type of Model

Gaussian Puff Dispersion Model

Response Stage

Both Emergency Preparednessl&kespnse

Original
Application

Various CBRN releases in complex terrain and udoaas

Model Description

The HPAC model is a comprehensive, operatiomal,rasearciyrade
CBRN dispersion modeling system that integrates high resolution
meteorologicatlata DTRA 2004). It carbe usedor hazardous
releaseagent planning purposes (i,e A f or war d thobegp
reach back service for civilian and rntaliy populations. The model ca
be applied to a wide variety of defense, industrial, or traiesamn
related accident$iPAC isthe primary model used by DTRA for
IMAAC emergencyresponse plumes and capitally be delivered to
customers within 2@0 minutes after the initial request. The model ¢
be activated quickly because DTRA automaticatliigin reattime
NWS wedher dataand archives it on their meteorological data sesv
These databases algore worldwide NWP products and climate
reanalyss data. Historical weather for numerous locations can also
accessed. The model has been msiacel995 and is managl by
DTRA out of Ft. Belvoir, VA. HPAC is used extensivelyth the

DOD and has beesvaluated for several urban field experiments
(Chang et al. 2005), and most recently by Miner et al. (2019).
HPACGs pri mary tioneoddip it ap odhe d  «
SCIPUFF Gaussian puff model (Sykes et al. 2007) thatldeen
extensively testedna developed since the 1980s. SCIPUFF, which
also been incorporated within many other dispersion models, pern
fast computational times (thin minutes) and many &enced
cgpabilities, including atmospheric transport anspeirsion plume
estimationsurban parameterizations, deposition, dose, amalam
effectshazards. The source term can be identified by a particle siz:
distribution and camcorpaate continuousnistantaneus, and finite
duration r el eas &MateriaNSOukdR tesm Ha z
Estimation too? is also being used and developedwitHPAC to
streamline the input process. SCIPUFF uses the detailed NWS
meteorology to simulateéme ard spacevarying pufs from the effluent
source that travel downwind and disgpes resulting in an accuea
representation of the atmosphere at the tingelacation of the release
including splitting puffs when they grow too large due to wind sheg
and tubulence (Miner eal. 201). Recent additions to SCIPUFF
simulate the effestof potential radioactiveeleases from nuclear

SVisit this link for more informationhttps://nar.ucar.edu/2018/ral/hazardonaterialsourceterm-estimation

119


https://nar.ucar.edu/2018/ral/hazardous-material-source-term-estimation

Table 115: (continued)

weapons or power plant reac accidents and modifications for dens
gas and simple chemistry and aerosols. HPAC/SCIRAlBeFuses
urban canopy modificatiato account for changes in the wind spee
profile (Cionco 1978) aswellashiran par amet eri zz¢
UDM (Hall et al 2002). While UDM does not resolve dispersion
around individual buildings, it modifies a plehased a street
alignment and biding density in urban areas. SCIPUFF can also
accaint for variations in theetrain and land surfaces, which tends tc
have adrge influence on the plume transport. Digital terrain elevati
files are used to develop nsaonsisent wind and turbulence thiin

the model through natural obstacles. Many tholdial capabilities are
also built into HPAC, all of which is run throughGUI window.

Fast access to reaime weather data through meteorological data

Pros servers; gtensivel evaluated withield data and shown to have goo
performance; used operatigly by many government gties

Cons May be complicated to use withoutdwledge of the software; not a
large online support base (but HPAC instructional classeg exist

Runtime Moderately fast (within 1330 minutes or less)

Input Data

Requirements

Time and location of the relsa, information about the source term

Outputs

Dispersion plume with estimated hazard zones downwind of the st

Data assembly
requirements
during or after
emergency
response

Time and location of the release, information alibatsource term;
HPAC is dso used when resources are requested througABIA

Code language

The core SCIPUFF code is written in FORTRAN 90 but operation !
HPAC isstreanlinedthrough a GUI window

Public or
Proprietary, Cost

Available for free to US Ggernment employees and crattors, other
governmentelated uses, and toademia by emailing the software
distribution officer:.Bonnie.a.cassano.ctr@mail.roil the first email
address under the techal support box below. Arpalication is
required and will be submitted tolRA for approval.

Ease of use

Moderate, due to input options

Ease of obtaining
information and
availability of
technical support

User support and assistance can be obtained bifiegn
dtra.belvoir.rd.mbx.Reachbad&oftwareDistribution@mail.mil Help
regarding he meteoological data server and archived weather can |
directed todtra.belvar.rd.list. meteorologicatlataservices@mail.mil
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Table 115: (continued)

Source code

availability No

Insta_llat|on Windows PC with at least 226 GB of free hard drive space it
requirements/ , hived ical data is desired

software entire archived meteomgical data is desire

Maintenance Status

Continuously updated and improved by DTRA and its contractor A
A recent gable release was HPAC w6(mid-2018)

Documentation

The HPAC v4. 04 userd6s gui de a\
ftp://ftp.atdd.noaa.gov/pub/gunter/hpac_404 users_manutdmdf
online viewing; the newest HPAC modedleags include the
documentation within the root directory on the CD shipped from
DTRA

Link to Website

HPAC s currently (as of mk2020) not posted on DTRAsS Re s «
and development websitettps://www.dtra.mil/Mission/Mission
Directorates/Reearchand Developmentbut information about the

model can be obtained tugh
https://www.acqg.osd.mil/ncbdp/nm/narp/Radiation Data/Specialize

Radiologicalhtm andthe followingpapes: Miner et al. (2019), Chanc

et al. (2005), andeveral others.
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1.8.12 HYSPLIT

Table 1.16: Hybrid Single Particle Lagrangian Integrated Trajectory Model (HYSP

Developer

NOAA Air Resources Laboratory (ARL)

Type of Model

Lagrangian Stoclstic ParticleDispersion Malel

Response Stage

Both Emergency Preparednessl&esponse

Original
Application

Localto-regional forward and backward trajectory of partidesir
parcels

Model Description

HYSPLI T is NOAAOGs Lagr dcagulaesn
simpleforwardand backward air parcel trajectories, contantinan
transport chemical transformation, and deposition of particles, gas
or aerosols over regmal (mesoscale) or longanges (syoptic; >1000
miles) (Stein et al. 2015). Due t3 high fidelity of operatin, it is one
of the most used transport and @ispon modks in the world. The
model can generate trajectories using archived, gridded
meteorobgicalmodel data for past episodesgridded model
simulations for future predians (Draxler et al. 2020HYSPLIT can
be run rather quickly through an imtet browse  on NOAAG
READY website for archived episodes, or through reanalysis date
from as farback as 1949. Additionallyt can be downloaded and rur
locally on a Window$*C, Mac, or LINUX workstabn through a GUI
or script. The latter is usedaimly for research purposes and can be
driven with weather forecast data generated from moitelSVRF.
There are at least 15 optis for gridded®D meteorology inputs using
globd or North American datasetThe griddedvind fields on the
READY website ontain horzontalresolutions ranging from 3 km to
1° and various vertical resolutions usinggauwe and elevation
related coordiate systems. Many users run a backward trajector
analysis at a receptottaito determine the origin of an air mass or
conaminant sotce. The model can calculate the dispersion of an
unknown material point source (iastaneas or long duration),
whereit calculates the forward trajectory of generartirles. It can
also simudite prescribed burns, wildfire smoke, and volcani
eruptions

HYSPLIT calculates the advection and diffusion using a Lagrangi.
moving frame of eferene as the trajectory of partes or parcels
move from their original locatiorThe model simulates trgoert
interactions at and between multiple levai®ve thear t h 6 s
Pollutant dispersion is calculated through a series of puffs as they
advectdownwind. Many options suds wet and dry deposition,
radioactive decay, raspension, the addition afore than one
contaminant source and rates, aadaus turllence parameters hav
been incorporated. As such, HYSPLIT has been used to ag$ist wi
emegency dispersion analyseNDAA is called to provide reach
back service apart of IMAAC. HYSPLIT hageen under continuout
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Table 116: (continued

developmensince the latd980s and continues to undergo routine
i mprovement s. I't has replaced
Trangort and Dispersion Model AFTAD) and the TRIAD model
from 1970s80s.

Fast, free, and wetlocunented with large support base; nebtas
been extnsively evaluated and used in the atmospheric sciences

Pros and is used operationally withinOMA,; provides an accurate
represerdtion of plume due to timearying and higkresoltion
meteorology
May not provide as much detail on kdaispersiorrelated effects as

Cons some emergency responders require; needs complex gridded wir
input datasets

Runtime Fast (seconddrough the READY website platform)

Input Data 3D gridded meteorological ndel data, basic information about

Requirements

release source

Outputs

Dispersion plume or (forward or backward) spatial trajectory of
source or receptor, wth canbe plotted or otput to Google Earth

Data assembly
requirements

during or after
emergency response

Meteorological model data from the ntagcent NOAA nodel runs
(i.e., NAM, GFS, or HRRR) can be gathered through the READY
website; basic informatioaboutreleasesource

Code language

Most of the source code is written in Fortran

Public or
Proprietary, Cost

Freely available through NOAAARLs website

Ease of use

Web-based use is very simple, and results can be generated with
minutes with limitedprior use. Otheversions (i.e., through the
LINUX command line and using forecasbdel data) may be more
comgicated for some users

Ease of oltaining
information and
availability of
technical support

A large support forum to communicate questions, im@noents
problams, and ideas is available through:
https://hysjiitbbs.arl.noaa.govNarious tebnical tutorias are also
available for selpaced training:
https://www.ready.noaa.qov/HYSPLIT Tutorials.php

Source code
availability

Source code repositpis available for nortommercialuse only to a
limited number of registered users. Interested parties can send a
request via email tarl.webmaster@noaa.gdvut granting the reque:
is subject to the disciien of HYSPLIT developers. Modifations or
improvements to the source code are expected to be shared with
HYPLIT user community
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Table 116: (continued

Installation
requirements/
software

Model can be run through a browser, or locally on-@8&4Nindows
PC, Mac, or througthecommand line on LINUX systems. Users di
notneed to register to use the wieksed trajectory or dispersion
software using archiveaheteorolgical cata. Registration is only
required to use forecast data or to download tihNdJX or registered
versionsfor PC or Mac computers. Registration is pernalitier
government, commercial, educational/academia, oypmofit users.

Maintenance Status

Cortinuoudy updated and improved. The most recent version as ¢
mid-2020 is HYSPLIT v3.0 released in April 202 atus updates
are posted orhttps://www.arl.noa.gov/hysplit/hysplimodel
updates/

Documentation

Acompletewedbased userd6s guide is
https://www.readynoaa.gov/hysplitusersquider through NOAA
Technical Memo ERARL 230 Draxler 1999) along win othe self
paced resources

Link to Website

https://www.ready.noaa.qgov/HYSPLIT.php
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1.8.13 JEM

Table 1.17: Joint Effects Model (JEM)

Developer

Department of Defense (DOD); Aeris, LLC.

Type of Model

Gaussian PufDispesion Model

Response Stage

Both Emergency Prepateess and Response

Original
Application

For most CBRNeaeleases in remote or urban areas

Model Description

JEM is acomprehensive and operational dispersion modeling softv
application used to sinfate a&cidental or intentional CBRNe incident
and weapn strikes. The model is wetly used within the U.S. riiary
with advanced capacities for complex terrd’1Cs, huma health
indications, and urban environments. The model is brebased and
runsthroughan internet application to allow for portabledamear real
time simulationdollowing various types ofeleases or strikes,
although it can also be rum a stanehlone system. JEM is primarily
supported, maintained, and used by the US Army anD.DOs
currently the only accredited tool to effeclivenodel impacts from
hazaraus releases by assistingifighters in planning for and
mitigating the efécts of WMD. The model simulates the impact of
downwind dispersion based on various weather itiond (wind
speed, direction, and atmospheric stabilitgrrain, local structures
and release material imgetions. The DOD can generate JEM result
on a 21/7 basis throgh its internet and telephone reach back servic
JEM can also be implemented &irategjic or tactical use within the
U.S. or overseas.

JEMOGs cor e disbupteporsthe®BIPURB&IsSsiAN Puff
Model (Sykes et al. 2007) to simwdime and spae-varying puffs
from the effluent source that travel downwind and disperse.ig ke
same model that drives the dispersion compomeHBPAC. For more
informationabout SCIPUFF, see the gnfor HPAC inSection1.8.11
JEM contains two options for urban dispersion: an urban canopy
paramegrizaton based on wind and turbulence profiles from
SCIPUFF, and the UDM model fromSTL (Hall et al. 2004). DM
was also provided in the quick reference taBleomprehensive
evaluation of JEM from four different urban field studies has been
reported inChangand Hanna (2010) and Hanna and Chang (2012).
JEMversions 1 and 2 are currnin use, although JEM Eibeing
phased out to support more modern compigiehnologies. JEM
replaces and/ or incorporates
dispersion model®r chemical releases. As of FY20, work is
underway tdetter align JEM 2 and HPAGS for time and cost
consderations since the model framework, individuainponents, anc
user interfaces are somewhat similar.
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Table 117: (continued)

The only DODaccredited tool to simate CBR\e dispersion for

Pros warfighting and tactical purposes; uses vagltumented andvaluated
SCIPUFFmodel famework

Cons Main_ly for military use, althoughmne external research use is
possible

Runtime Fast

Input _Data Wind direction andpeedyelease specifics

Requirements

Outputs Spatial estimation of plume from release

Data asembly
requirements
during or after
emergency
response

Meteorology (wind spek wind direction, and a general indication of
weather conditions and atmospheric stability)rrika elease location,
methodand type of release and rate of emission

Code languaye

Thecore of SCIPUFF is vitten in FORTRAN 90 but operation of
JEM is stramlined through a GUI for most uses

Public or
Proprietary, Cost

Mainly for use by DOD, contraets, aml some foreign militaes (e.g.,
Spain and Canada)

Ease of use Web-based GUkimplifies operation
Easeof obtaining
information and
L Not known
availability of
technical support
Source code
. - No
availability
Installation Windows PCbased; also deployed @iNIX systems and is integratec
: into Command an@ontrd C2 systems across the DODhe model is
requirements/ iable i I ] h h K
software available in a standlone versioror through a networked or web

platform

Maintenance Status

The latest version is JEM 2 as ofdv#020with planned continual
development, integration, aw@ployment, and additiahcloudbased
capabilitiesto at least FY23. JEM 2 is still being evaluatedi
improved with field study data

Documentation

A comprehensive technical document for thi&ldBodeldoes not exist
(Hannaand Chang 2012). The transpand dispersion model spifics
can be found in thECIPUFF documentation by starting at:
http://www.scipuff.org/

Link to Website

https://asc.army.mil/web/ptiolio-item/joint-effectsmodeljem/
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1.8.14 MELCOR and MACCS
Table 1.18: MELCOR AccidentConsequence Code System (MACCS)

Developer

Sandia Nationalaboratey (SNL)

Type of Model

Gausg&n Plune Dispersion Model

Response Stage

Both Emergency Preparedness and Response

Original
Application

Around and adjacent to nuclear power plant sitesptadical/nuclear
releases

Model Description

MACCS is acomprehensie straightline Gaussian plme modé
package used to develop a probabilistic risk assessment from a se\
accicental atmospheric releastradioactive material from light water
nuclear pwer plants (Chanin et al. 1998). Mainly developed aswtiu
for andby the NRC since 1990, MACC$muléges ecosystem and
human dose and exposure impacts within and adjacent teanydwer
plants. It can dignose potential land contamination levels, expoand
risk to susceptible populations based on recontted respase actions
and economic lossaesuting from an accident. MACCS incorporates
wind and atmospheric turbulencerfrdimevarying meteorology,
plume rise, wet and dry deposition, inhalaticloud and ground shine,
ingestion, and shielding. Theitof cods contains MeIMACCS (the
prepocesso code that interfaces MELCOR, the process analysis co
simulating the chainf events during a meltdaowwith MACCS),
WIinMACCS (a graphical user intexée), SecPop (a program to gener
consequence calcuiahs base@n population, land use, ardonome
databases), and COMIDA2 (a food pathway model to estimate dos:
radionudides from consumption). MBCS provides a comparative
assessment of variodssethreshold models to more objectively
guantify the mcertaintyof various inputs. The modalso ircorporates ¢
road network model to suggest the best evacuation routes to limi
exposure from the radiotiee release and corresponding plume.
MACCS is ugd to inform emergency preparation and response
guidancearound reetor sites. The NRC requiredl nudear power
plants applying for or renewing operating licenses to perform cost
benefit analyses using MATS. The software suite is currently the on
codeused by the NRC to inform Level 3 critical nuclear egesrisk
assessments postlease. Addibnally, the DOE uses MACCS to asse
safety by demonstrating emissions at powergdtaundaries remain
below regulatory limits. The NRC may also use MACCSrwrdeling
and risk analysis support for IMAAC. Recent artainty alyses
called the Statef-the-Art Reactor Consequence Analyses (SOARC#
project have documented best modelingcpces from numerous
studies and current knowledge on severe nuclear ausig€hang et al.
2012). SNL also provided severe accilmodelingsupport during the
FukushimaPowerPlant disaster.

Pros

No other U.S. publicly available dispersion modelind aonsequence
analysiscode ur rently offers al IntyMAC
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Table 118: (continued)

supported by the NRC for risk agaés, planning,ral power plant
licensing; continuouslyrdhancedand improved

Mainly used by staff at DOE facilities; model is susdaptio all
inherent limitatons and simplifying principles of Gaussian plume

Cons models; MELCOR is complex to use iftliser is not farhar with
power plant controls

Runtime Model runs rapidly (within seconds to minutes) once configured

Input Data Local meteorology, ndear powerplant information. WinMACCS

Requirements

contains debases of local populations, econositaations, and land
use.

Outputs

Series of risk and caequene analyses

Data assembly
requirements
during or after
emergency
response

Local, timevarying meteorolog (wind speed, windlirection, and a
general indiation of weather conditions), methoidagcident and
potential rate of emission

Code language

FORTRAN

Public or
Proprietary, Cost

Public distribution to domestic utilities, vemd, academic institutions,
commercial enterpses, and some internationagjanizations by filling
out a nondisclosure agreement. The software is free to academic
institutions,NRC contractors, U.S. federal government, and some
international governmentganizations although nodenical assistance
is provided. There is a $2,500etime fee for shipping, handlingnd
installation service for commercial organizations only

Easeof use

Running, setting up, and producing the output from MELCOR is
potentidly time-consuming. However program called MeIMACCS
has been developed streamline the source integration d@hd
dispersion component to the consequence analysigaseftwich acs
as a preprocessor interface.

Ease of obtaining
information and
availability of
technical support

No technical assistance is provided, butaiarprogram assistance anc
guestions ca be provided througivg-maccsentity@sandia.gower for
a fee.

Source code

availability No

Insta_llauon The software runs through an applioaticall WinMACC34.0, a
requirements/ hical interf h i | |
software graphical useinterface that streamlines model setup and results

Maint enanceStatus

The latest version of MACCS is 4.0 as of rR2020. The software is
currently implemented across@E platforms with continuous
maintenance for cuent and future reactor designs. Codelsraization
is underway. The MACCS Development Team iskiitg to coupk the
model with HYSPLIT as an alternate and improved dispersion mod
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Table 118: (continued)

Additional features to etuate economic impacts on gross domestic
productfrom powerplant accidents is also underway.

Documentation

An extensive description of the MATS disgrsionmodel is available
at:

https://maccs.sandia.gov/ddeACCS facthieets/MACCS%20Model
%20Description.pdf

MACCS User 6s gui de:
https://maccs.sandia.qov/doeBACCS factsheets/Code%20Manual%
0for%20MACCS2%20%1%201.pdf

MELCOR also has its own set of code manuals:
https://www.nrc.gov/docs/ML1704/ML17040A429.pdf

Link to Website

https://maccs.sanaligov/maccaspx
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1.8.15 QUIC

Table 1.19: Quick Urban and Industrial Complex (QUIC) Model

Developer

Los AlamosNationd Laboratory (LANL), DOE (PI: Michael Brown)

Type of Model

Lagrangian partie, random walk urban dispgon model

Response Stage

Emergency Preparedrses

Original
Application

Various CBRNe releases within urban areas

Model
Description

QUIC is arelatively fast Lagrangian dispersion model that can compute
pollutant dispersal othe buildingto-neighborhod scale (Nelson and
Brown 2013)likedo I'it n i tsh & Cdnddtes detailedwind
flow and pressure fields around obstacles bus netaively quickly on a
laptop depending on the domain size and release speoificalhe model
contains aorithms that calculate flow fields around buiidi profiles and
through $reet canyons (Brown 2014) based on the work of Rockle (19¢
with improvemens from Nelson et al. (2008, 2009) and others. The
addition of buildings coul produce more realisticgdts around obstacles
and through street interstéons since certain ndiporhoods could receive
higher pollutant concentrations while othensagn reéatively unaffected
due to building wake and cavity effects. When settinthepQUIC
simulation throughts GUI, a shapefile can be imported with builgli
dimensions, or the usean develop their own domain usi@gyBuilder.
The model can be rumsing & inner and outer domain to expedite the
simulation and to develop the appriape turbulence fields dake wind
encounters the inner focus area. QUIGudes a 3D wind field nael
called QUIGURB that generates the flow conditions around the urban
obstades. The local meteorology (wind speed and direction) is added v
theMetGereratortool. A module calclates the vertical wind profile basec
on theorettal boundary layer scaljpequations, or the user can import the
own profile. Various wind pifiles can also be implemented within the
domain as a function of time.

The placemenaind specification of theelease parameters are defined in:
transport ad dispersion model call&e@UIC-PLUME. This is a Lagrangian
random walk dispersion model that@malhtesconcentration and depositior
fields from the flow generated in QUHGRB. QUIC can account for a
variety of point, area, and line CBRNe releases with eradvanced
properties, ioluding dense gas, evaporation, and buoyant dispersion el
Custompropertes related to the release type such as specifications of ¢
toxic gas or partle size distribution, amot, location, and more specific
thermodynamic dails can be defined. QQlcan also track individual iner
particles downwind from the sourcexgerimental building infiltration,
exposure, and raerosolization algorithms havésa been implemented, bt
these options require more testing. The resulgihgne can be plotted
withh n t he model 6s GUI or exportec
mapsfor addtional analysis.
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Table 119: (continued)

Relatively fast running and accounts for building atréet canyon effects

Pros in arealistic way; evaluated against field and latory data (Brown edl.
2013), many flexible input options
c The learning curve can be higkepenthg on application; lack of model
ons !
support, lack of output formats for postpessing
Runtime Seconds te& 1 hour
Input Data Buildings mustbe inshapefile format or constructed within QU@®EUI,

Requirements

accurate details about source terms meteordogy

Outputs

2D and 3D spatial plots of contaminant deposition or concérirat

Data assembly
requirements
during or after
emergency
response

Moderatehigh due to complex source term classifications

Code language

FORTRAN in executables, run thrglu MATLAB

Public or
Proprietary,
Cost

Free for researchers, government employes#yators, and academia

Ease of use

Moderate; requires user be familiarwi t h user 6 s

GUI window

manu

Ease of
obtaining
information and
availability of

No formal user support group but users can email developguéstons or
assistancanbrown@Ilanl.@v

technical
support
Sou_rce_(_:ode No, unless working with developer to improve model
availability
Installation None; works within MATLAB, but an executable is providedua the
requirements/ | model as a standalerversion. Runs on 32nd 64bit Windows and Mac
software computers.
Maintenance Continuously improved, currently v6.26 in 2018
Status
Weldocunent ed user 6s manual :
Documentation | https://www.lanl.gov/projects/gaiopen_filegQUICv6.01_StartGuide.pdf

Several peer reviewed publications and conference proceedings.

Link to Websgdte

https://www.lanl.qov/mjeds/quic/
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1.8.16 SHARC/ERAD

Table 1.20: Specialized Hazardssessment Response CapafgiExplosive Release
Atmospheric Dispersion (SHARC/ERAD)

Developer

Sandia National LaboratoNL)

Type of Model

GaussiarPuff Dispersion Model

Response Stage

Both Emergency eparedness and Response

Original
Application

Radiological dispersal devis¢dRDDs), radiological/nuclear and
explosive release types over flat terrain

Model Description

SHARC/ERAD is a suite of fivenodels that simulates the release of
radioactivity fran nuclear weapon explosigiRDDs,or other
accidental or intentional detamans. The software assesses the time
dependent dynamic explosive buoyant plume rise and thiemaéssthe
associated humarxgosure and evacuation decisions through an
integratedyeographic information syam andpopulation databases. Tt
SHARC model pakage contains Nuke 2.0 to predict the immediate
nuclear and radiation effects, AIRRAD 2.0 forctear gllout
estimations, Blst 2.0 to provide effects from the explosion, ERAD 7.
for the dispersal of radawtivity by explosively driven plume rise or
through conventional nebuoyant releases, and MCK, which is the
Monte Carlo Gaussian puff model folumedispersiofi. The 3D puf

di spersion model was ©oassessthemge v
dependenbuoyant rise and atmospheric transport for déffie
meteorological conditions. It incorporates various surface roughnes
lengths for even termatypes and models verticaiftusion using a
Monte Carlo method, a random and pablhistic appoach adaptetbr
turbulent dispersion.

SHARC can simulate mutle scenarios based on the time and locati
of the event. It can predict nuclear fallout patteandprovide guidance
for short-term relocations and loAgrm evacuations. Faités,
casualties, and expore estimates are detemad though U.S. Census
and Landscan data with the ability to export graphical products to
Google Earth or other GIS ptarms. The software producesitomated
graphical displays of areas affected by rdiation and can develop
integrated reports on thecident for respondergVith advance notice o
a nuclear or RDD threat, SHARC contains a decision support tool t
detemine the best way to move thaevice out of the area. In addition,
SHARC is incorpaated within the Turbo FRMAQFederal
Radiological Mortoring and Assessmefitenter) software toalculate
official federal response guidance and inform the proper actescea
between federal, regiohand localemergency responders and planni

5For more informatia, seehttps://www.osti.gov/servlets/purl/1124469
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Table 120: (continued)

Moderate input data requireents, vertical variatiom meteorology,

Pros fast canputational time (which allows for multiple scenarios to be ru
population databases for a wigtarety of locations
Able to simulate only under flat and open terrain,gafe restricted to
Cons :
explosive and RDD releases
Runtime Fast, approximately-8 minutes execution time
Input Data

Requirements

1-D vertical wind and temperature profiles Bosngle time period

Outputs

Fallout pattern, casualties, sheltering, evacuaiades, containment
and mitgation effects

Data assembly
requirements
durin g or after
emergency
response

Local 1D meteorology, source term and knowledge of the release

Code language

Not known

Public or
Proprietary, Cost

Available to the international esngency response communitgon
request through SNLmssPrdgnam at.e ar
https://nirp.sandia.gov

Ease of use

GUI simplifies operation

Ease of obtaining
information and
availability of
technical support

Questions can bemdicted tonirp-support@sandia.gaw nirp-
fogbugz@andiagov regarding specific inquiries abt the software

Source code

availability No
IrgStlilrljr[;Oer;ts/ Windows PC or Workstation; runs tugh GUI and combined with
v ool SNL6s Turbo FRMAC

Maintenance Status

Continuously maintained; curreversion is SHARC 2019 ERAD v7.0
as ofmid-2020

Documentation

User 6 s mable omned softvareaaind aacdlare requested and
created on SNLO6s website

Link to Website

https://nirp.sandia.gov/Sofard SHARC/
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1.9 Concluding Remarks

Atmospheric dispersion models have evolvedstarttially since their ingduction into the
emergency response communitjelfoundations of atmospheric transport and dispersion theory
were developed almost 100 yearsoagpu simple dispersion modelthat calculate downwind
plume concentrations were tiatroduced until the 1980 These modelsieveloped extensively
over the bllowing decadeswere used mainly to assess pollution levels from point emission
sources, suchs sngle effluent stacks anithdustrial sites. The terrorison US soil in 200,lard
subsequent fear pe8tll encouraged the growth and improvement of hidiulity dispersion
models, especially for urban areas with greater threats for human expoguzehomeland
security threa, such as powerplant accidents, biological releases;hemical spills also
denonstrate the critical need for dispersion modglio be continuously tested, developed, and
improved. Dispersion modeling offers a crucial instgfor emergencypreparationor planning
scenariosso responders can be weljuippel and make knowledgeable aikdons. Dispersion
modeling has also proved te la critical component during the emergency response (Leitl et al.
2016) and postesponse stageto inform evacuation of afficted communities, sample for
contamination, decontanate surfaces, and managesteagenerated from the recovery process.

The goalof this reportis to briefly explain the fundamental concepts of atmospheric
transport and digrsian and provide a comprehsive database of dispersion models that can be
used fo emergency preparation amesponse to facilitate discussion between pulgrovate,
academic, and/or government sectors that use them. The abundance of model opti @restef
confusion and rests in challenging decisions on the type of model t® fas a specific scenario.
A comprehensive model review of this magnitude hat recently occurred. This report also
provides background information and a literature mew@ previous model review &rts. Much
of those databasdaid the foundation forthis work, with modificatios and additions for the
current state of dispeo modeling. The report also proviiatroductory concepts on boundary
layer meteorology anché vaious types of dispersiomodels. A basic understanding of the
physical process governing how dispersiamodels work is crucial when interpreting theules
This work is intended to provide a quick reference for those new to dispersion modefmrg or
those seeking to expatideir knowledge base. It is not meant to replace pgirii@rature sources

such & textbooks.
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This report outlines and alphabetlgasorts dispersion modeisith potentialapplications
for CBRNe risksAn extensive quick refencetable for 96 differendispersion modelis provided
in SectionError! Reference source not foun8ixteen of those modelgereselected foa more
detailed, twepage review inSection 1.8 dueto ther potential applicability and usefulness for
emergency response. Twesibur models were also identifidat could be potentially useful, but
additionalresearch is needed by the user to decitlgifmodel is aviablefit. The model review
was n@ meantto recommend or endorse a specific model but to provide users with a eegburc
options that documerthe currently available models so they can mdier town informed
decisions Additionally, this resourceas not meanta take the place of othérederadispersion
modeling options and reatfack services such as IMAAC and NARAC
Similar to the results psented in Mikelonis et al. (2018pd EPA (2018)no one single
model is found to have all the requirements conceivesl lzeneficial during congeence
management of a wide area respor@at of the 16 dispersion models selecfed detailed
analysis, sixvere Gaussian Plume models, four were Gaussitfmiwlels, four were Lagrangian
particle models, and two were CEIDLES model A few models inorporaed both Gaussidpuff
andPlume relationshipsThe model review results in éfollowing observations:
1) Most dispersion models are developed and mairddigd-ederafjovernment agencies or
National Latoratories
2) Most CBRNe mdels are not widely disbutedto the public and require certain criteria to
obtain the model, such as bemgovernment employee,moactor, or within academia
3) Most emergency respsa models are Gaussian plume or puff models that run quickly,
while emegency preparation modedse Lagrangian or CDfased
4) Model runtime is usuallity related to the mo
5) Finding model supporinay be difficult for many models, and some are widely
described or documented online
6) Model complexity depends mainlgn t he us e avdikbe baxdwae, the s e,
overarching model framework, and the input data requirements
7) Input data, especially tine detail most models require, may not be akilanmediately
postrelease. This is a crucial time when the modatasded for emergency respse

guidance.
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8) A quantification of model uncertainty is usually not depicted diyeayl the model, but
may beaccomplished by rerunning the model with différerput options or tuning the
parameters

9) Most dispersion models are buipon the same underhg framework and mathematical
eqguations based on fundamental dispersion and tudmitbeories

10)There isextensve overlap in the capabilities of dispersion ralsd with additional elements
built for specific purposes relatedteth agency 6 s mi ssi on

11)Many nodels ae sitespecific or research grade

12)Source codes are generally not releasethéyevelopers

13)More userfriendly and mobile model options are needed,i@agrly with intuitive user
interfaces though laptops, smartphone appghrough remote cloudomputng.

Based on the review presented hereaeceptable balance of speed, nigmformance,
ease buse,and purpose of application shouwlkkarly be esablished when choosing a dispersion
model. The review shows that comypleagrangian or CFD modehavegreater data requirements
and runtimes that may not be readily availablenremergency scenariés naed by Mikelonis
et al. (2018), the choice of melthg software may also be influenced by existing software and
personnkexpertise in an affectelocaton. Among EPAdeveloped models, users have a variety
of choices in dispersiomodels since manyakie ben developed for research or regulatory use.
Most of the model codes are open source and easily obtainable. User suygpwaubleshooting
isavailabe, and models are well documented. isAs a r
a viable optiond congder for future development for contaminant fatel transport following a
hazardous release event because of the aildylaf the source codand rdoust model framework
that has been extensively designed by, and evaluatedfigltl and laboraty dag. In particular,
AERMOD could benefit from adddnal beta (test) options to better account for wind profiles
influencal by buildings and streetanyors. Urban modifications or parameterizations may be
some of the most importamtevelopments for fute vesions of dispersion models used in

emergency prgaration and response.
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Abstract

The Jack Rabbit Il Sgrial Sonic Anemometer Sty@JRII-S), a field project designed to examine

the flow and turbulence within a systematically arranged rumbknenvironment constructed
from CONEX shipping containers, is described in detail. The studglired the deploymerdf 35
sonic anemometers atultiple heights and locations, including a 32tat, unobstructed tower
located about 115 m outside the building atcadocument the approagvindflow characteristics.
The purpose of this work was tosieibe the experimealt design, analyze the sonilata, and
report observed wind flow patternsthin the urban canopy in comparison to the approaching
boundary layerldbw. We show that the fle within the building array follows a tendency towards
one of hree generalized flowegimes displaying chanmed over a wide range of wind speeds,
directions,and stabilities. Two or more sonic anemometers positioned only adéaapart can
have vady diff erent flow patterns that are dictated by the buildingcstires. Within théuilding
array, turbulencealues represented by normalized vertical vejogiriance {?) are at least two
to three times greater than that in the approach fltnere & also little evidence thé? measured
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at various heights docations within theJRII array is a strong function of stability type in contrast
to the approat flow. Theresults reinforce how urban areas create complicated wind patterns,
channeling effets, and localized turbulence that can impact the dispersian effluent release.
Thesdfindings can be used to inform the development of improved winddigevithms to better
characterize pollutant dispersion in fassponse models.

Keywords: Jack Rabit Il, turbulence, microscale meteorology, sonic anemomeiryan
dispersion, buding wakes

2.1Introduction

Dense and irregular building geometries withinairkareas lehto complex turbulence,
dispersion, and flow regimes that significantly influenckam pollutant concentrations. These
situations present challenges in estimatinguefft dispersal and assatgd human exposures in
highly populated regionBoundary lagr wind profiles are altered by wake turbulence around
buildings and channeling with streetcanyons (Belcher et al. 2013; Barlow and Coceal 2009;
Britter and Hanna ZIB). This resut in redued wind speeds, greater turbulent intensities and
turbulent knetic energy (TKE) in the lee of buildings, and a tendency toward neutral stdbdity
to added mechanicairbulence (Arya 2001; Briggs 1973).b&tter understandingf the turbulent
wind flows within urban areas fsindamental to the succégisdevelopnent of improved urban
parameterizations in fastinning dispersion modeld gteb etal. 2016, such as those that are
Gaussian or Lagrangidmased In relation to acciental or intentional hazdous releases, these
models help inform emergengpyeparatiorand response efforts by approximating the extent of a
released plume and indicateevh to evacuate, sample, decontaminate surfaces, and manage waste
generated from thaemediation process. Improved dispersion research can aid the US
Environmenal Protecb n Agencyds ( EPA) emergency respons
responding to lamgscale tiemical, biological, radiological, and nuclg@BRN) incidents As
such, be focus oftie work presented in this paper is to analymewind flow paterns from he
recent Jack Rabbit Il (JRII) Field Study within a mock urban building aorayform wind flow
and dispersion algorithms.

Dispersion may be fairly well representesla Gaussiagistribution when considering the
average plume at citywide aes, but tB complex flow around individual or small groups of
buildings requires a more detail description of the pollutant plume. As the airflencounters an
obstacle, suchsaa buildingwith sharp edges, separatiohtheflow occurs due to the sug c e 0 s
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abruptdiscontinuity. As the flow (and plume) is forced up and over the building, highlesce
intensity and reverse flow form a recirculating cavity zone on the leeddidiee buildng
(Monbureau et al. 20)}8which may quickly bring contaminanto the seetlevel and lead to
downwind stagnation, especially under low wind speeds (DelRrdubheih 1986). Thitow effect
can entrain outside pollution and accumulate antaminants mitted inside the cavity, leading
to elevated concentrationsalto low wird speeds, but high wind shear and turbulence intensity
(Arya 2001). The size of theavity depends on tredongwind length (), crosswindwidth (W),
and height i) of the buildirg, aspect ratio of the street canydt'\{l;, whereW indicatesthe
street anyon width)and the characteristicd the approach flow. Sufficiently wide stremtnyons
(H/We < ~0.3) may retainmuch of thebuilding-induced wakeeffects seen arand isolated
structures However,the disturbed air might not have enoudpwnwind distance to return to
ambient conditions before encountering the next obsaadbelildirgs become more closely spaced
(HW;4& 0.5), creat i ng(Vadoukis etah 208 OKe 298% Withienarfolv o w
streetcanyons(H/W. > 1), skimming flows ove the tops of buildings ofteleawe conditions at
breathing level relatively stagnaiGrimmond and Oke 1999)

Effluent dispersiorwithin urban environments has beepapular research area for many
decades through field and laboratostudies and mathematal modeling approaches.
Meteorological wind tunnel experiments (e.g. Fuka et@l82 Garbero et al. 2010; Brixey et al.
2009; Heist et al. 2009) have helpddvelopafundamental understanding of flow and turbulence
within an array of urbarstructuresand have supported the development of regulatory and
operaional dispersion modelusc h as EPA6s AERMOD mo5)iand the( Ci mor
Interagency ModelingandtAmo s pher i ¢ As s e s s neodet suit€anstramretd s (| N
al. 2007. Laboratory egeriments have also informed wklln own fir ul es of t humb
Streit 1999) usé by emergency responders to predict downwirsghetsion for various source
heightsand simple building configurations.

Field experiments are also invaluabledoderstanthg how urban structures channel wind
flows, enhance turbulencand affect atmosplne stability. In 2001, the Mock Urban Settiigst
(MUST) was performed at the USrAmy 6 s Dugway POPG)wsing@n aBaymiu nd (
CONrtainer EXpressGONEX) shipping ontainers designed to represerdimplified, near fuH
scale urbammreawith neutrdly buoyant tracer releas¢Biltoft 2001). While there were only five

sonic anemonter towers to measure turbulence, the MUST experiment focused on the
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concentation fields by quantifying the degree to which the lateral and vertical plume spread was
enharced, and how the centerline concentratienrasedcompared to an opeerrain plune (Yee

and Biltoft 2004).Various tracer experiments have also been caoigdvithin isting urban
environments, such &se Join Urban 2003 (JUO03) Tracer Field Tes®Skiahoma City (Clawson

et al. 206) , L o mopemsidnsof Air Pollutants and tmePenetration into the Local
Environment (DAPPLE) (Arnold et al. 2004), akdP A 6 s B fraffc IRéaiTime Ambient
Pollutant Penetration and EnvironmenBakpersion (BTRAPPED)study (Hahn et al. 2009).
Usingtracerssuch as Sfand a network of sonimamometers, these types of experiments inform
dispersion on fine, neighborbd-scales (@rpentiri and Robins 2015) and in street networks
(Hertwig et al. 201B8while employng actual, complex urban morphologies

More recently, a series of field studies éad Jack Rabbit have simulated the accidental
release and dispersion fronxio industral chemicals (TICs). When the release involves a dense
gas such as chlorine or amnmin a builtup area, the dispersion of TICarclead to elevated
risks of exposurby adversely affecting human healithe2010Jack Rabbit | release trialgere
led bythe Department of Homeland Security (DHS) to examine a chemical jet relea#eand
associated dense gas behavior (Hanna et a2, Fak and Storwold 2011). In 201562016, the
DHS performed an expanded study called JRII at DPG (Gant22X8) wherea portion of the
experiments were performed within a maakan environment designé@m CONEX shipping
containers. Large quanss of chlorine gas were released tadg downwind dense gas
concentrations for improving dispersion models amergency rgsonse techniquedN{cholson
et al. 2017.The JRII release trials and accompanyintadeve been documentedthin several
works (Mazzola 2020Chang and Mazzola 202Blanna 2020Nicholson et al. 2017; Gant et al.
2018;Spicer et al. 2019ndarefully described within the introductory paper of this special issue
(Fox et al. 2020).

After the first phase of JRII, a network of somicemometers was deployed within the
CONEX array to examine the localized effects of urban wind flow modificatioh tast the
parameterizations in existing urban flow and dispersion models. This secondamerperalled
the JRII Special Sonic AnemoneetStudy (JRHS) was void of the chlare gas release and was
meant to collect flow and turbulence measuremerdaral the COMRX obstacles. JRIE was
performed aside from the chlorine trials for two reasomstl¥, the gas was released at such high

corcentrations (10,06@00,000 ppm) thaht sensors would have been severely damaged. Also,
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t he r el eas anwaesb pomrfulntiatniteaused a local modification to the boundary
layer as it dispersed il @irections around the CONEXs out to distas of about 50 m.

JRII-S offers a valable opportunity to study atmospheric turbulence within an array of
building-like strucures due to its extensive sensor network and study duration. This paper
describes th JRIFS sonic anemometer study, data analysethodologies, and observed wind
flow and stability trends adjacent to the structures in comparison to thetrram boundy layer
flow. The purpose of this projeatasto identify various flow regimes anirbulencepatternseen
within anidealizedurban environmerdnd therexaminethe flow patternsaround the structures
Analyses from JRIE may help us bettenderstandomplex flow problemsvith the implication

that any neutrally buoyant releasewddlb di sper sed within.the windos

2.2 Description of JRII-S

JRII was cared out at DPG, a US Army facility located in remote northwest Utah, west
of the Great SaLake and adjacent to the Bonneville Salt Flats. DPG is a cool;a@ndesert
region (Koppen climateBSK with less than 4@m of annual precipitation. The flggacked salt
playa surface of the field site has an overall roughness lefgih- 0.5mm and is considered to
have a horizontally homogeneous boundary layer but is dildeejp mesoscale drainage flows
from distan topographical features. The first geaof JRII involved the deployment of 80 CONEX
shipping containers in 12 egjly spacedows Figure 2.1a) staggerediaterally by various sizes.
This arrangement was choserallow for the development of a recirculating cavityhia wake of
obstacles. The rows were spaced 6.71 m from the back edgeugviired CONK to the front
face of the next row, creating a widge®t canyon aspect ratiblfiN: & 0 at #hé boundary
betweerthe isolated roughness awdkeinterferencedlow regimeqOke 1988). The row spacing
was very similar to the MUST field studyhich reflects a flow regime typical for many U.S. and
European than areas (Biltoft 2001). THRONEXs, numbered by row (from south to north) and
position from west to east, vadien size by manufacturer but were generally of two main sizes,
6.1 and 12.2n (20 and @ ft) long with a cross section of 2.44 m (8 ft) wige2.442.59 m (8
8.5 ft) high(we define the average building heigHt= 2.5 m). A few smaller containers in the
front of the array were as short as 34687 m long in the direction penpeicular tothe CONEX
centerline. I n r owo CONEXs vdde stacKked by fimthigh andirotated 90 o f
from the rest of the array{= 2.4H, Wp= 1.96H, H = 3.1H), was arranged to simulate the effects
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of a tall building among an array dafimilar sizd, uniform structures. Wind tunnel and
computationafluid dynamics (CFD) modelingxperiments have shown that this causes dramatic
effects on street canyon and theegfstream flow aloft (Heist et al. 2009). In addition, all containers
had fla roofs excet for two trailers with a Spitched roof (maximum hght = 3.4 m) placedo

the Idt of the tall building and used for indoor dispersion measurements during theeh&ease
trials.

A common methodology for characterizing building degndias been noposed by
Grimmond and Oke (1999), who described ebtaristics of groups of builigs for use in
dispersion models for the estimation of average wind and turbypeofiles. The closeness of the
buildings is important and is characterizgdtvo dimengnless morphology parametegs,and
a The first,ap, is defined as the ratio of the total horizontal plan area of the buildings to the plan
area of the ground thtte set of buildings covers. The secomds defined as the ratio of thatal
frontd area (which the wind encoum$g of the buildings tohe plan area that the set of buildings
covers. Short, flat buildings would hagg > 1. In a large city, theotal plan area might be the
whole city, a neighborhood, or a few blocks.nida (2020) eports that these JR Il buildjrarray
parameters ara = &= 0.18.

The chlorine release tank was positioned in the center of a 25 m diameter circular concrete
pad lad between rows 3 and 5. This central release point was designated agith@o0)for
the coordinate system folt 4RIl field tests.The entire building array was placed on a packed and
graded gravel pad that was 120 m wide by 180 m long and apm@t®ty 1 m thick above the
playa surface and rotated approximatdlg.5° cainterclockwse from true north. This was e
to account for thelienatological wind patterns at DPG such that the alegd flow at around 8
am, when the chlorine release trialsre planned, would intercept the long faces of the CONEXs
most of the timeThis effectwould also cause the downwinows to be directly witin the wake
of the upwind rows.

A plan view of the CONEX numbering and sonic anemometer deployment from March
2016 is shown inFigure 2.1b. Thirty sonic anemometemere instded in two main clusters
surraunding CONEX 9.4, which was 12.2 m long, and CONEX 11.4, the tall, stacked building
structure. Locations denoted with black dots had +meminted sonics 1 m above the ground
surface. Red dots indicate sonics an inasts ondp of a CONEX. Locations withrgen dots had
three sonics mounted on a small tower at 1, 2, and 5 m heights, while orange dots represent four
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sonics on towers at 1, 3,, and 10 m above the ground. Soni c

the smic height kvel (i.e. L1 is the lowest 1 sonic height on that tower). The sonic towers, as
seen from the tall building vantagepoint, are shownFigure 2.2a. An additicmal 32 m
meteorology tower was positioned approximately dilgouth othe CONEX array with sonics at
2,4,8, 16, and 32 m to provide a characterization of the unobstructed approaétigioe 2.2b).

The readeis referred to Fox et al. (2020) for a more detailed schematic of thadtrlhimentatin

and CONEX layout during theéhlorine release trials.

2.3Data and Methodology
2.3.1 Sonic Anemometers Within the CONEXrray

The sonic anemometers recorded data for atd®@® daysunder a variety of atmospheric
states. The JRIS project occurm in two phaes: from 2100 UTC October 1@ 1700 UTC
November 2, 2015 and from 2100 UTC March 2 to 1600 UTC March 28, 2014.d¥ithe sonics
were in nearly continuous operaticalthough some experienceaps in data collection. Since
many interruptionsccurred inOctober 2015, our analysis wWagused on the 24 complete diurnal
cycles captured during March 2016. All sonigsept S74, S75, S83, S101, and S111 had between
93-100% data completeness during the March 2016 collection period. Those fies gathered
data between 483% of the timeduring the same period.

A total of 35 threedimensional sonic anemometékéodel 8000, R.M. Young Company,
Traverse City, MI) recordedata at 10 Hz (10 samples per second) at an accuracy0di5-his
and +/-2° for wind geeds belowd0 m's (R.M. Young Company 2010). Data from the sonic
anemometers were output to a datalogger anévett every three days. Meaalues, heat fluxes
andturbulence statistiosere produced from the raw 10 Hz dafith aneddy-covariance sofvare
developed at DP@pwers ¢al. 1994) The softwarealso provided quality assurance methods for
spikes, statinarity, and missing data. Thirtyinute averages weselected for analysis separate
turbulence effects frortinelargerscalemesoscale ahsynopticchanges in atmospheiconditions
(Stull 1988.
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Figure 2.1: a) Full plan view of the 4 rows of 80 total CONEX containers with the focus area
outlined by a red bo The arraywas oriented14.5° from truenorth to account for the local
climatological prevailing wind flow. b) Subset of the CONEX array and the sonic anemometer
deployment locions in March 2016. Color dots indicate the sonic instrumentation heigtits a
locations The sonic anenmeters and COBIXs were numbered in a grid fashion.
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Figure 2.2: a) Photgraphof part of the CONK mockurbanarrayand he ®nic anerometer
instrumentation towers lookingostheast frm the topof the stacked2Wh, x 3H tall CONEX
building. Sonics were deployed on 1 m masts on the ground and on top of the CONEXs, as well
as on 10n towersat 1, 2, 5, ad 10 m heights. A tall sonic anemomdtarercan also be seen in

the distacein thetop rightof a) to gatherunobstucted flow.The tower is seen in yith sonics

at 2, 4, 8, 16, and 32. (Photo: DPG Meteorology Division)

Since the centerline throbghe CONEX array was orienteti4.5°counterclockwisdrom
true north, a maified coordnate systemvas introduced whre the newnorth-south &is (0-18(°)
ran parallel to the shorsides of the CONEX containers in the array (i.e.farmerly 169 wind
direction would now be 18) to simplify the description of local flow phenomemadrhis
conwersionwas appliedo all themean windcomponents and turbulence terms such as the fluxes,
variances, and stresses. For the mean wikl 4 andW refer to wind compnents from the west,
south and upward, respectively. From this point forsvaany winddirections reported in this
paper, unless therwise noted, reflect the new, transformed coordinate system in relation to the

orientation of the CONEX array.

2.3.2Unobstruded 32 mSonic Tower

To characterize the approach boundary layer charaaterésd atraspheric stability just
above he desert surface, data from sonics on a tall, unobstructed tower were acquired for the same
March 228, 2016 time period. The tower hadnics positioned &, 4, 8, 16, and 32 m heights.
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These data had not bepreviously pocessed by DPG. We analyzeé tlaw datanto 30-minute
averagesvith the opersourceQA/QC software package calledur bl enz Knecht 3 (AT
Kni ght o, T3 okenM@LlE TK8 was @eveloped to process, quality control, despike,
and average rawdata from sonic anemometers (Mker and Foken 2004; Foken and Wichura
1996). The data were first checked for missing data and then spikes (where values exceeding the
median +£ 7 times thestandard deviation) were detected based on an algoititnmMauderet
al. (2013) and replaced wWita missing data value. Thirtyinute averaging periods with less than
90% of datacompletenessvere discarded. Covariangesiean wind cmponents, standard
deviations, and heat fluxes were summarized with a dagdity flag (Foken 1999). Stationarity
was checked by comparing-finute averages with the 30inute interval to be sure thtte
statistical parameters did not vary largely witthe averagindime (Foken et al. 2004).

SinceTK3 is a different softwaregrkage thathe one used by DPG, westedusing raw
10 Hz data within thbuildingarrayby comparing the TK3 resultith the QA/QC dataset provided
by DPG. Results were nearly ahtical to the DP&rocessed results for our test cagssg three
randomlychosen soms at various dates, heightsidaocations The average percent difference
for a few select variables including the mean vector wind spegthd component variancé.f),
heat flux ( @42 U andV component eddy covariancéagag and friction velocity () between
DPG and TK3processed variables for the S73 and S61L1 sonic on March 10 and 21 were
generally less than 0.25%ne of the possible sources of diface was that DP@rovided 30
minute averages rounded to two or four decimal places. TK3 generated values to six decimal
places. Most 30ninute values were comparable to the hundredth or thousandths place. The error
was slightly greater for the sonics fimmed higher abo the surface.

In processing the 32 m tower data, some spikes were detected, bunerd@minute
periodexceeded the r o g rl@%spilethresholdand was eliminated. A final quality control
flag was assigned, which was a combinabbthe steady staftag for friction velocity (based on
the eddy covariances or fluxes for tdHeandW andV andW components) and the highest flag
value for the integral turbulence characteristic (ITC) for the sepdraté and sonic temperature
(T) conponents. Ten 3@ninute periodsvere eliminated, leading to ¥B% data completeness.
The data were then rotateti4.5° to match the sonic data from the building array.
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2.4Results
2.4.1 Overview of General Meteorological Conditions During March 2016

The broad anélat deserwalley in which JRII took place is flanked with distant and gently
sloping mountains, resulting in drainage flows and vertical directional shear (Hanna 2020). During
the nighttime and daytime hours, a dominant sewiltheasterly and nortiorthwesterly
prevailing flow developed as the desert surface cooled and warmed, respectively. A wind rose of
the unrotated wind distributioffrigure 2.3) demonstrates tharevailing flow observed at the 2 m
sonic on the unobstructedwer for all 30-minute aerage observation3he wind distribution at
the remaining sonic heights were similslost wind speeds fell within the range e#2n/s with
a mean wind speed of 3.62/s. Winds most frequently blew from the soestiutheast, althagi
the strongest winds originated from the westthwest. Hanna (2020) noted that the lowest levels
of the boundary layer were indicative of prevailing devatiey drainage flows from the stid
southeast, while the overall synoptic flow above 100 m wa® the west. Note that all wind
directions reported in this paper refer to the direction that the wind is coming from.

Wind Speed
I 14 t0 15.173
12 to 14
10 to 12
810 10

6to8
4106
I 2t04
Oto2

(m/s)

mean = 3.6412
T_S_ cam= 0%

Frequency of counts by wind direction (%)

Figure 2.3: Wind roseof the unrotated wind direction and speed distributions (mdg) the 2 m

sonic on the unobstructed 32 m tower. Prevailing winds were predominately from the south
southeast and northwest. The wind rose is based-omr3fie average observations over #te

day period in March 2016.
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March 2016 was generally charatzed by long stretches of low to moderate winds. The
average 2 m sonic temperature wa$@ ®ith an average daily high of 14Gand low of 2.9C.

The daily maximum and minimum temperatutesially occurred -B hours before sunset and
sunrise, respectilye due to the arid, sparsely vegetated surface. The climatological average
minimum and maximum temperature for March is 32.8nd-1.9°C, respectively with 19.3 mm

of average precipitation.rém a synoptic perspective, the test area was influenced leyrtiide
latitude cyclones with strong cold fronts, gusty winds, and rapidly changing weather including rain
and snow. The periods around 2100 UTC March 6, 1800 UTC March 14, and 0600 UTC March
22 are interpreted with caution, as there were large wind anditsedhiftsdue tofrontal passages.

Atmospheric stability was classifiagingthe 1/L (1/m) stability parameterom the 2 m
sonic on the unobstructed towerhereL is the Obukhov lengthrhe quantity was generated by
the TK3 softwaraisingthe friction velocity and heat flux at that sonic height. A histograr/bf
is shown inFigure 2.4. We defined three stabilityategories with units 1/m, wheneutral is-0.02
O1LO 0.02, stlabl . 25, 0a A0R5ALAO0.65DNeehose o classify
periods that we2 moderately to stronglgtable or unstable while also eliminating the large positive
and negative outliers. The gapelectedetween neutral and stable ameutral and convective
servesto more clearlydefinethe stabilitycategoriesOur choice was imffrmed by the Pasquill
Gifford stability class curves referenced in Rander&®84) for the given DPG roughness length.
Many periods were classified within the neutral range with a lesser frequency oinstéble and
stable cases.

To analyze the prevailig wi ndés e f fuebantflew behaviot, thexe isnvalue k
in considering time periods when the flow veggproximately perpendicular to the long fat¢he
CONEXbuildings to maximize the asso@dtbuildinginduced wakeeffects A tolerance of15°
in the rotated ambient approach flow was sele@pgroximateo northerly and southerly winds
between 3485° and 165.95°, respectivelyModerate wind speedb (> 2.5 m/s) characteristic
of more neutal boundary layer flow was desirable tabulenceis relativelycontinuousrertically
througlout the boundary layer compared siable conditionsA list of these time periods is
provided inTable A2.1 in Appendix , as a guide for selecting periods for comparison to other
studies in this special issue, including Gb&sed building wake characterizations (Carissaino

al. 2020) and magnetic resonance velocimetry (MRV) in a scaled JRII muodgl(Owkes et al.

162



2020). The selection of time periods was informed by thenBute averaged 8 m sonic data on

the 32 m tower.

2 m Unobstructed Tower
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Figure 2.4: Histogram of the inverse of Obukhov lengitil{ 1/m) from tle 2 m sonic on the
unobstructed tower shaded by stability classification. Each bin represents a 0.01 incrédithent in

2.4.1.1 Meteorological Analysis of a Sample Day

A time series meteogram of wind sp€eld m/9, wind direction {), T (K), L (m), and0 &¢e
(m K/s) for March 24 at the unobstructed tower is showkigare 2.5to demonstrate some of the
diurnal meteorological patterns. This day is also simulated by Carissimo et al. (2020) since the
wind flow was moderately strong andrparily from the south in relation to the CONEX array,
which provides a good case to studyiding wakes in their CFD simulations. The synoptic pattern
for March 24 was mostly dominated by clear skies and a broad area of (approximately 1025 hPa)
high presure building from interior portions of the Pacific Northwest in lee of an easterly
advancingmid-latitude cyclone and trailing cold front east of the Rockies. At DPG, the UTC time
difference was UT& hours until March 13, 2016 and then UB@ours undelMountain Standard
Time (MST). Therefore, sunset for March 23 occurred at 0145 UTC, midnight0a00 UTC,

sunrise for March 24 was around 1330 UTC, andothak heatingf 0 &ésvas around 2100 UTC
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(1500 MST). Sunset is evident as the temperature began to slowly fall a few hours after reaching
its greatest value while the heat flux dropped ta meeo by 0200 UTC as surface heating was cut

off. As stability increased, remained positive during the overnight hours and a sutfased
inversion developed.

As remaining effects from the weather system were departing during the overnight hours,
northeasterly winds subsided by sunset and gently shifted from the-mwttiwest A
considerable wind speed difference with height of abeBtrnd/s between 2 m and 32 m was
observed throughout the evening as the winds shifted to be from a more prevailing sou
southeasterly flow and dominated during the daylight hours of March 24affeewas due to

downsl|l oping winds as the valleybds sur-fl4@@ e coo

UTC as temperature amdégradually started to rise and lsiléty rapidly changed from stable to
unstable. A missing data value for L 400 UTC is due to a spike where TK3 flagged the u*
guantity. The atmosphere was likely transitioning through neutral stability during thisdualf
period. The atmosphere remad unstable throughout the day as the wind speed and direction
stayed stead with some reductiohy sunset. Less variability of wind speed with height was seen

during the daylight hours.

2.4.1.2 CONEX ArrayFlow Patternson March 24,2016

Figure 2.6 shows a gatial depictionof 30-minute average sonic wind vea®on March
24, 2016within the mockurban array. The horizontal patternFigure 2.6a was measured at the
1 m height. Two hathour periods from 1130 UTC (black) and 2130 UTC (red) showadnslight
difference in direction and singth of southerly winds can change the channeling flow through the
building array. During the overnight hours at 1130 UTC, the incoming 2 m wind speed was calmer
(3.2 m/s) and oriented nearly southerly (38&hile the wind was 4.5 m/s from the sowtutheast
(159%) at 2130 UTC. The weaker winds at 1130 UTC directed flow around CONEX 9.4 and caused
a slight fl ow reversal in the buildingds <cav
CONEX). This features seen in sonics S31 and S#ilthe vertcal profile Figure 2.6b),
especially closer to the surface. At 2130 UTC, the flow was forced to the west around the building
inaddition to reversal in fl ow CONEXO9MES2Yand!| di ng
on tower 31 at 2 and 5 m heights shdlat the wind speed increased as it ascended over the top
of the CONEX.
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Figure 2.5: Meteogram of 3@minute averaged wind speed,(m/s), wind direction ), sonic

temperaturdT, K), Obukhov lengthl({, m), and heat flux{(8&2¢m K/g for March 24, 2016rom
different levels of the 3th unobstructed sonic tower.
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and 2130UTC (red)March 2, 2016 to show neasurface wind interactions within the CONEX
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Acceleration of the airflow up, oveand around the buildiisgs also seen from the sonics
around the top of the tall stacked CONEX 11.4 building (S61L4, S73, and S82L4). The data from
the S61 sonic show that as the wind approached the upwind face of the building, air was generally
forced downward and outwards anodi the sides of the obstacle. Despite the approach flow
direction, the flow was nearly calm at the lower sonics at S82 (1 and 5 m) in lee of the tall building.
In these locations, TKE and turbulence intensity were high whenaWweafas weak or reversed.
S101, which was 2.44 m from the downwind edge
wake, but S111 (twice the distance downwind at 4.88 m) experienced less of an effect of the tall
building, at least for the 2130 UTC pattidn general, the buildgnarray acted to slow the flow
near the ground level and around some structures in relation to the unobstructed approach flow.
Additional analysis for 1100 and 1330 UTC March 24 has also been shown through CFD modeling
of buildingwakes (Carissimo et al020) within this special issue.

2.4.2 UnobstructedTowervs. BuildingArray Flow

The CONEX buildings strongly influenced the localized flow and often caused an abrupt
flow redirection at some places within the mock urban array. A Misuaparison of the averag
30-minute wind directions for all-in high sonics within the building array versus the 2 m sonics
on the unobstructed tower is depictedFigure 2.7a and b for each cluster of sonics, one
surrounding the tall building (CONEX M).and the other around a long, low building (CONEX
9.4), respectively. The subplots are arranged to approximeiterelative positions with respect
to the CONEXs they surround. The data would fall along the 1:1 diagonal line if both the wind
direction measured within the array and approach flow wind direction were sillatata from
the 26day period in March2016 are displayed on this plot regardless of flow direction or
atmospheric stability.

We have classified each sonic as following one of thréteow fAr egi mes o t hat
prevailing north-south oreastwestflow and have indicated the classificatiotiowing the sonic
number inFigure 2.7. Fornorth-south for example, flow at the sonic was forced nearly northerly
or southerly most of the time regardless of theming wind direction or stability. Theastwest
regime had flow forced mainly easterly or westerly, wiptevailing generally followed the
unobstructed flow for at least half of the potential wind dioest The color bars adjacent to each
subplot inFigure 2.7areflect the strength of the fit to the flow regime where warmer colors (reds)
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show data that fit the regime the best. Thereforegéiséwestregime data is shaded redhen the

wind direction is aligned with the street canyon (i.e. 90° or 270°), but cooler colors (blues) when
the flow is perpendicular (0° or 180North-southfollows the same concept. Shading for the
prevailing flow reflects he absolute value of the &stream wind direction subtracted from the
sonic wind direction to show the difference. Very low wind direction differences are shaded in
warm colors and tend to fall along the 1:1 line or on the edges due to wind directammpsngr

from 0° to 360°. A godness of fit R%) value is also reported next to each sonic plot to display how
well the data fit that regime. It is important to note that these regimes held their relationships
throughout a range of atmospheric stabilitiesdspeeds, and wind direatis. Even for southerly
winds where the flow would have encountered eight rows of CONEX containers before

intercepting the first sonic anemometer, these regimes are still observed.

2.4.2.]1 EastWest Regime

The southernmost sonic (S1JL.vhich was positioned 1.22 south of the middle of
CONEX 9.4 Figure 2.7b), followed a remarkably consistent flow regime of either easterly or
westerly regardless dhe unobstructed direction. Its flow was almost entirely dictated by the
building forcingthe flow either one way or another as it encountered the obstacle. If the free
stream flow was from about 3B0° (180°345°), the local flow was forced mainly ealte
(westerly). The only anomaly was when the unobstructed wind flow was coming direntlyhie
northerly or southerly direction. This perpendicular flow in relation to the CONEX then forced the
flow southerly as the wind loaded on the windward facéefuilding and caused air to reverse
in direction. For this reason, ti& relationship wa only 0.78. The rest of the sonics positioned
along the centerline (except for S111) also followed thewest regime. The flow for S31LR{
= 0.93), S41R2= 0.94), and S51R¢ = 0.84), which were centered laterally and positioned 1.22,
2.44, and 4.8 m north, respectively, from CONEX 9.4 followed a similar pattern as S11L1, with
a few exceptions. When the incoming flow was directly from the south, the somiedteed from
northeasterly or northwesterly, which can be explained by the wake indutieel lyilding. The
S51 data resembled that of S11L1 since S51 was 2.44 m upwind of the front face of CONEX 10.4.

This sonic displayed a near reversal of flow whenapproach wind was from the north.
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Figure 2.7a: Rotated wind direction (in relation to the CONEX array) for the sonic
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anemometers within the array vs. the 2 m unobstructed tower measurement. The figure shows the

nort

her nmost

soni
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s 4 (see eedboxdoimsetgplot). h e
Each sonic is labelegrevailing north-south or eastwest fitting a flow regime that was
influenced by its location, along with &3 value for the goodness of fit for that regime. Color bars
differ by regime so that warmeolors indicate &etter fit. Shading for therevailingplots reflects

the absolute value of thenobstructeavind direction subtracted from the sonic wind direction.

169

7

ot

q



o
= = :l. = /= = q v
60+
/| /| s I s I s | - ‘ % a
L B e e e R J - vl
= = = = == = R?=0.84
> 201 DOoOODOE DS D
0{ EE=E= N s O s s ] | B -
= == = === T e
o IO EoEEE= )
5 —-— e . - THERIE e L4
~ . : ; , +R?=0.94
g -40 20 0 20 40
g xm S31L1 (E-W)
0 : v
a SN
©
£ .
= ] . R?=0.93
XS] 521 (Prevailing) S22 (Prevailing) T T 524 (Prevailing) S25 (Prevailing)
C
S| 1T # e AR LS S g T'R=0.71 ¢ =1 fre=0.84 g
] f/’ Fan i ... [ R
I R>=0.784| |- + R?=0.81; ] Mﬁr & 12 w4 o
S11L1 (E-W)
3601
270 AP
18074 . $ ®
90 4 e
o0 4 R?=0.78
© 90 180 270 360

2 m Unobstructed Wind Direction ()

Figure 2.7b: Same as a) but showing the southernmost sonic clustelda@iINEX 9.4 (see inset
plot).

For the specific wind direction of 180we now consider the expected wake dimensions

for CONEX buildings 8.5 and 9.4. Earlier, weentioned that JRII street canyon aspect rativ\g

a4 0.4) is situat adolated rougimess dnad wekeefarenye flbvardgimese
(Oke 1988).The H/\W value defining the boundary decrease&#d (the crosswind length af
typicd building divided byits height) increases. That is, lomgauildings require wider streets
canyons to be considered isolated and avoidakeinterferenceflow regime According to
formulas reported in Hosker (89) and Schulman et al. (2000) for isolated dmgs, the length

of the recirculating cavityLk) dovnwind of CONEX 8.5 is expected to 4©.0m and 6.8 m,
respectively, while downwind of CONEX 9(#hich was twice the length of CONEXS.Lr &

13.3m and 9.9 m, respectively\ = 6.71 m for both street canyorEhe manner in which the
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wind direction in the canyotransitionsbetween 90° and 270° as the approach flow nears 180°
(Figure 2.7b) swggests whether the songcwithin a recirculating regioor not Specifically, ®nic
S11L1 which was 5.5 m from the downwind edge of CONEX Bdsan observed wind direction
of 180° when the approach flow nears 180°, suggesting that it is outsidevityeregion of
CONEX 8.5 While the above calculations indicate that the sonic should be within the cavity, the
results inFigure 2.7b show that the cavity ismaller due to wake interferendeor sonicsS31,
S41, and S51he wind direction transitionsrbugh O as the approach flow nears 2&dvelopng
the sonics in the recirculating cavity of the lonG&NEX 9.4

Three anemometers from the northernmosstelu of sonics around the tall building
(CONEX 11.4; se&igure 2.7a) had less of a clearly defineshstwestflow pattern compared to
what is seen in the southern dkrsof sonics. Sonics S61LRY{= 0.78) and S82L1R¢ = 0.78)
were 1.22 m south and north of the tall building, respectively, while $¥31Q.94) was 2.44 m
north. The recirculation length of the cavity associated with CONEX 11.4 is expectetlie-be
4.8 m and 8.2 m for Hosker (1984) and Schulman et al. (2000), respectively. The shorter
recirculation length for CONEX 11.4 compared to CONEX 8.5 and 9.5 imdueincrease in the
alongwind building dimensionl(,) and reduction in crosswind width relativeHavhich leads to
a decrease in cavity length (Hosker 1984). The datgure 2.7a confirm that S82L1 and S101

are withinthe recirculating building cavity when the frestream flow was southerly.

2.4.2.2 Prevailing Regime
The flow at some locations followed a mgmeevailingwind direction as it was relatively
unaltered from the incoming flow. The best example of this was 9214 .91) which was
located far enough north of thel building (4.88mY o experience | ittl e i mg
wake, except under direct southerly flow. The Hosker (1984) calculatikrsabbve supports the
conclusion that S111 may have been ideatshe recirculating wake of CONEX 11.8111 may
have also been rather unaffected since no buildings were directly north, east, or west of its position.
Similar prevailing effects were seen fro®81 and S83, which were positioned 2.44 m from the
sides and nohernmost corners of the tall building. It could be argued that these sonics loosely fit
either theprevailing or north-southflow regimes(for S81,R?= 0.86 vs 0.75; and S8B?= 0.93
vs 080). The sonics were also influenced by the horseshoe vortitesk¢r 1984) within the
buil dingdés wake but were I|ikely centered far
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to experience prevailing flow. The relationship did not hold when ltve intercepted the tall
building first and then downwashed héetsonic site (i.e. ESE for S81 and SSW for S83).

Four other sonics fitting therevailingregime, S21R2= 0.78), S22R%= 0.81), S24R2=
0.71), and S25R%= 0.84), were sited 1.22 and4Z m on each short side of the long CONEX 9.4.
S21 and S25 wergenerally in the middle of the street canyons between the adjacent buildings
both laterally, northerly, and southerly (7.92 m from rows 8 and 10). The pairs of sonics on either
side of the biding followed an almost identical, but mirrored, prevailingwfl relationship that
was influenced by CONEX 9.4. When the unobstructed flow was within the range e3@@®0°
S22 followed the prevailing pattern since the flow did not intercept any patitime nearby
building within the street canyon. S24 held thens trend but from the range 6fl80°, since the
building was on the opposite side. At S22 (and opposite for S24), if the flow came from the easterly
direction, the sonic flow resembled a eesed westerly direction as the sonic was now positioned
within the wake and cavity created by the short end of the building. However, as the incoming
flow shifted to be more northeasterly (~45°) or southeasterly (~135°), flow at the sonic responded
with an opposite range of wind directions from wastthwesterly to wstsouthwesterly. This
can be due to influences of the ndigtorted cavity region and subsequent flow separation. In a
similar sense, wind tunnel and CFD studies have demonstrated thateoflean wind incident
on a long narrow building creates a latetaft in any effluent entrained in the cavity (Monbureau
et al. 2018). The effluent is thus moved laterally along the building and reemitted at the lee edge,
causing what appears as a seespcemission source (Yang et al. 2020). Direct northerly or
souherly unobstructed flow also showed considerable variation, as flow was directed outwards
and around the building obstacle viitthorsehoe vorticeson thelateral sidesS21 and S25
followed a similar pattern as the neighboring sonics around the noshigashd southwesterly
range, respectively, but were less susceptible to the previously mentioned features and more

aligned with the prevailing flow.

2.4.2.3 North-South Regime

The north-southregimewas prevalent for the four sonics surrounding the long sides of
CONEX 11.4 (S71, S72, S73, and S75) and was the result of channeling flow between the street
canyons formed by CONEX 11.3 and 11.5. The structure created a narrow 3.66 m alley on its west
side, resulting in a consistenbrth-southflow redirection for saics S71 R2= 0.94) and S72R¢
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= 0.91), especially when unobstructed wind directions wboit + 1509rom the north or south.
Specifically, incoming flow from about 9@40° resulted in local flow to be consistently from the
south (180°). Varying appach flow from about 27680° channeled the sonic flow northerly (~0°).
Spread was seen when the unolutéd wind direction transitioned to easterly or westerly,
resulting in an opposite flow at the sonic. As seen from some of the other sonics, thiselyas li

due to downwash as the flow was forced up and over the building, creating a recirculating vortex
onthe lee side. A similar, but looser relationship was observed from the sonics on the east side
(S74 R?=0.80) and S75¢= 0.67)) of the tall buildig because the street canyon was much wider
(We=6.71 m).

2.4.2.4 Flow Characteristics

Several patterns weréeantified within the mean turbulence variables under each flow
regime.Figure 2.8 shows rotated 3thinute averaged, V, andW wind components, and Y0 O
versus the 2 minobstructeavind direction for select sonics of each flow regime typevailing
(S111), north-south (S72), eastwest (S11L1). The 2 m unobstructed measurements are also
provided for comparison. THe, V, W components were normadid by he scalar wind speet))
from the 2 m measurement on the 32 m sonic tower, which was calculated from the alderaged
andV components after Merceret (1995). TKE was normalized by the local scalar wind speed at
that sonic. Since the flow resulted iregterfluctuations at low wind speeds due to the nature of
turbulence, wind speedd < 2 m/s were shaded in blue for tbeandV wind component and
YU ‘lots to visualize the spread for nominal winds. Negative vertical velocity is shaded red in
theW componenplots.

The freestreamU andV component plots exhibit the expected sinusoidal aneshalbed
curves, respectively, whetdJ indicates wind blowing from west to east art¥ is from south to
north. Low positiveéN-component values are generally seenughmut the entire wind direction
distribution at the unobstructed tower, indicating upward momentum %) @alues were
generally lowand homogeneous with wind direction at the 2 m sonic, with somewhat of a gap in
observations from southeasterly orstexly flow since the wind direction rarely blew from these

direction rangesHigure 2.3).
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Figure 2.8: Nondimensional, V, W wind components and”Y0 ‘@ersus the 2 m unobstructed
sonic tower wind direction for select sonic anenetens of each flow regime typprevailing
(S111), north-south (S72), eastwest (S11L1) and unobstructed (2 m tower). The V, W
components are normalized biyfrom the2 m height on the unobstructed sonic tower. Wind

speeddJ < 2 m/s are shaded in blue for theV, andiA"YO ‘@lots. Negative vertical velocity is
shaded red in the/ plots.

Both theprevailing sonic (S111) anéastwestsonic (S11L1) showed a loos&gsoidal
curve for thdJ component, however their amplitudes were stretched and compressed, respectively,
relative to the unobstructed flow. This follows the fact that both a positive and netative
component distribution wdd indicate crosswind flow frortihe east or west. Together, both the
andV components show the most spread forpteailing case since wind flowed freely around
the unobstructed coordinate plane. The absen@ecomponent spread and a sinusoidal edor
the U component at S11L1lignifies flow forced towards the east or west, while limitdd
component spread andvacomponent bell shape for S72 indicated flow directed mainly towards

the north or south. This observation is also reflected ivtN® ‘@lots where the lowest valse
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were observed along tipeevailingwind flow pattern. Outside of those regimeBY0 ‘@as high
due to a greater buildingenerated shear.

There were some exceptions to these general observationaoithe&outhsonic (S72)
showed a nearly flat distrution of theU component with some negative spread between 180 and
27 when the sonic encountered the wake of the tall building. This feature is evideniNi the
component, as all values in this wind direction range were negafiost of the positiveartical
velocities for S72 occurred in the northwest and northeast directions as the flow encountered the
lateral side of the tall building and was drawn upwards. S111, which was abduan2 the lee
face of the tall building, ab experienced a dip M-component observations to zero where the
apex of the bell curve was expected. Values of zero foroth and (in generaV components

indicate that the wind was mostly stagnamtler southerly approach flolwow to no wind velocity

in the building wakelso resulted in a spike ii'Y0 O

2.4.3 Effect of Stability on Turbulence

We examined the relationship between stability category and turbulence both within and
upwind of the building array using the varianceveftical velocity as a surrogate for turbulence.
Figure 9 shows a box andhisker panel plot of the effect on vertical variance normalized by the
average 2 m unobstructed wind speed squarefify ) for a) the five levels of the unobstructed
tower, b) he four heights of the S61 sonic tower, and c) the 1 m sonicsthlexg= 0 centerline.

All stabilities are based on the 2loon the unobstructed tower and numbers on the plot indicate
then-value (number of occurances) for each stability class. Ousfiocthis stability analysis was

on the southerly quadrant of wirmirections (i.e. 135225°) which follows the prevailing wind
flow.

For the approach flow shown Figure 2.9a, our data is consistent with the findings of
Panofsky et al. (1977) in that the mean and median valués’ @honotonically increase with
height for the convective stability cases. Instability is indicative of greater values of vertical
turbulence and buoyancy seen in the figure. Arya (1995) reports that standard deliafienr(d
components, when normadid by u*, are universal functions of the Mor@bukhov stability
parameterZ/L) in a convective environment, and the values increase with height. The neutral and

stable cases show minimal 1} variability and variation with height.
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In contrastto the umbstructed approach flow, the flow within the building array exhibits
an increase in turbulence for both sonics near the ground and throughout the canopy. Turbulence
is at least two to three times greater in the building array compared to ¢hstré@m fow
measured at similar height$ is interesting to note that 7f} shows little variation with height
for the S61 sonic toweF{gure 2.9b), possiblybecause these sonics were within the influence of
the nearby B tall building even though the 5 and 10 m sonics were above thenguddnopy
created by the shorter buildind#/ith a southerly flow, this would position the S61 tower just 1.22
m upwind ofthe tall CONEX building. There also appears to be no indication of a relationship
between the frestream stability and the turbulemvalues in the S61 profilen contrast to the
unobstructed tower, there is very little to distinguish among the thabgitgt categoriesSome
higher values of 7| may be attributable to the very light wind speeds associated with extreme
stabilities rather than an increaseig.

Figure 2.9c shows the results of the m sonicsalong the array centerlingithin the
building canopy. While there is considerable variation in the magnitudé.8flong the array
centerline, the turbulence leveiseasured at any height or region amt a strong function of
stability categoryn contrast to the approach flow measurements. A notawotiservation is that
the Gw? values, especially at S82, are lowest immediately downwind of the buildings as the sonics
are enveloped in the building wak& considerable increase i?then occurs at S101 and S111
in the recirculating wake in lee of thadl building but note that the data completeness of S101 and
S111 is much lower than the other upwind soniémd tunnel measurements reported in Uehara
et al. (2000) and large eddy simulations (LES) from Boppana et al. (2014) demonstrate stronger
relaionships between turbulence levels over a wide range of stabilities. A possible explanation for
the lack of stability dependence &f? in the JRII canopymeasurements may be a stronger
generation of mechanical turbulence produced in this irregular and staggered building array, in

contrast to the more regular arrays of Uehara et al. (2000) and Boppana et al. (2014).
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To compare the turbulence within the JRII array to measurements within actual cities, we
note that Hanna et al. (2007) found average values fif| 4 . 1z .3 usingsonc anemometer
data from field campaigns within three large US cities (With ih&ing the wind speed at sonics
within the canopy). Hanna et al. (2007) further reportswirad speeds at the street level drew
1/3 of their unobstructed vals€at locations such as airports), which suggest& ~ 0.1 for
those fultscale field studiedVe report, 71 to be approximately 0.12 within the CONEX array,
whereU is the 2 m unobstructed wind spe®¢ile Hanna et al. (2007) mentions thatbuence
levels are often higher & compared to street level, their results also support the postulation that
overall turbulence levels are greater within the canopy due to meandering of wakes and mechanical
turbulence generated by the structures gimereducing the overall effects of stability (Hanna and
Chang 1992).

2.5Summary and Discussion

JRII-S occurred during Fall 2015 and Spring 2016 at DPG to study the flow and turbulence
within a systematically arranged meagkban style environmerntonstructedrom 80 CONEX
shipping containers. The JRH study occurred between the two phases of chlorine release trials
with the goal of characterizing the flow between streets, intersections, and in wake of the buildings.
Thirty sonic anemometers wesited at mitiple heights and locations around CONEXs of various
sizes, including one tall building approximately three times the height of the surrounding array.
An additional 32 m unobstructed tower of five sonics was operated concurrently outside of the
array to @cument the approach wind flow. The March 2016 dataset, with over 26 days of
consistent data collection, was chosen for our analysis due to its completeness.

While the overall JRII project has been described within other papers (i.e. FORG2Q!.
Gantet al. 20B; Nicholson et al. 201)7 the sonic anemometry component (38)lhas not been
discussed nor analyzed in detail until this work. Analysis from this study has helped inform
components of other JRiklated projects within this speciabue (Cassimo et al. 2020; Owkes
et al. 2020. For example, Carissimo et al. (2020) uses our processed sonic datasets to inform
boundary conditions and ideal time periodpgendix A2) for their CDF model simulations. This
papoer describes the JRE project in detail, documents the data analysis methodologies, and
reports some of the observed flow patterns within the mgldirray in comparison to the free

stream boundary layer flow.
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We have provided a mego-microscale metarological overview of the JRII site from
March 2016 by analyzing data from the unobstructed sonic anemometer tower. Since the flat, arid
site was sitated away from topographical features, the month was characterized by long periods
of classic diurnal vaations indicative of a desert. Radiational cooling led to episodes of
temperature inversions and stable boundary layers in the evening hours, vakiiestability and
a frequent occurrence of somewhat neutral flow was observed. Prevailing southerlgrwirtd
a lesser extent, northerly, aided to narrow our analysis when the incident flow intercepted the entire
CONEX array.

We have also shown a commg®n between the approach and local flow where the wide
simulated street canyonsl/fiVc& 0 . 4 )  eedidtersedticmgaften caused a complete flow
redirection at some places within the mock urban array. We have classified the sonic locations to
follow a generalized flow regime of eithprevailing north-south or eastwestin relation to the
free-streamflow. Despite some caveats, our results show a tendency of channeling over a wide
range of wind speeds, directions, and atmospheric stabilities. Tekg®nships hold quite
strongly and point to the fact that wind direction within the urban canopyoisgsy connected to
the proximity and morphology of the adjacent buildings and obstacles. Our analysis has shown
that flow patterns at two sonics piiened less than 4 m horizontally from each other can show a
great degree of variation which is dictateyl the presence of the buildings, such as the flow
patterns seen between sonics S72 andob&I101 and S111. In addition, a sonic as close@as 3
m from an obstacle may show little difference in flow in comparison to the unobstructed wind
pattern, as obseed at sonics S25, S81 or S111. Although not totally unexpected, these findings
reiterate just how complicated wind patterns, channeling, and tudeubee within urban areas
and infers an associated difficulty in simulating pollutant dispersion. Quitsedso demonstrate
how a small variation of incoming wind direction can significantly alter the streamline flow
between buildings and streethiesechallenges are further compounded when buildings of various
heights, shapes, and sizes are presengpasat for any complex urban environment.

In addition, our analysis reinforces the fact that urban areas tend to neutralize atmospheric
stability within the building canopy despite the characteristics of the approach boundary layer. In
the approach flomi? values increase with height for the convective (unstable) cases but do not
show much variability for neutral and stable periods. Within the buildmngy and within the

canopy, values dii? are at least two to three times greater and show littleticariwith height.
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There is also little evidence of stability effects on turbulence in the mock urban array in contrast
to the approach flow charactdits, regardless of the height or location within the array. In actual
cities, urban heat island effectgy further exacerbate stability differences than what is seen in
our idealized mockirban setup.

Findings from the JRIE project may help us bettenderstand complex urban flow with
the implication that any neutrally buoyant release, whether it isrelaod security concern or a
routine release, will be dispersed by the local flow. These radudn findings may elucidate flow
and dispersion phenomei@ad support the development of improved algorithms within fast
response Gaussian dispersion modelyaus EPAG6s AERMOD regul atory n
model ing and concurrent studies within EPAOGS
Tunnel are cuently being pursued to complement the flow and dispersion study within the JRII
mock-urban array underacefully controlled atmospheric conditions. The wind tunnel offers
flexibility in changing building geometries, incoming wind directions, and traceasellocations
and heights. Other wind tunnel and CFD studies subtaascciandCarpentier{2020) orSoulhac
et al. (2013) provide a characterization of neutral to stable flow and the associated fate and
transport of effluent plumes within urban areasl street canyons. The combination of wind
tunnel, CFD, and field studies provides a solid basis fomaxag urban flow characteristics
including turbulence, wind profiles, and street canyon flows with the ultimate goal of dispersion

model improvement.
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Appendix A2

Table A2.1: Desirabletime periods for those wishing to perform further analyses on theSJRII
database in which the prevailing wind flow was incident on the long, front faces of the CONEX
buildings. A tolerance of £15° from north and south as well as relativelyratedeind peeds (U

> 2.5 m/s) characteristic of more neutral flow were identified.

Date Time Range (UTC)

Northerly Flow:

March 4 003030530
March 8 083031100
March 13 02000430
March 14-15 22000100
March 19 02001300
March 20 06000930
March 22-23 10061200, 21060030
March 23 17061900
March 26 16062000
Southerly Flow:

March 3 09001100
March 5 163062330
March 6 00031300
March 7 12301830
March 10 05000700, 12060000
March 11 10061500
March 12 01000700
March 13 13062130
March 15 1430-1930
March 16 133031800
March 17 133031700
March 24 07302100
March 27 060031500
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CHAPTER 3: Simulations of Flow and Dispersionthrough an Irregular Urban Building
Array

This chapter is derived from the jourmaticle submittedo Atmospheric Envonment

Pirhalla, M. A., D. K. Heist, S. G. Perryy. Tang, and.. Brouwer, 2021:Simulations of Flow

and Dispersion through an Irregular Urban Building Arré&ubmitted to Atmospheric
Environment
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Abstract

Following a release of a harmful substance within an urban environment, the preseiildigsbu
and street canyons create complex ftegimes that aéct dispersion and effluembncentrations.
While somefastresponse dispersion models can capture the effects of individual buildings,
research is required to further refine urbararacterizationssuch as plumehanneling and
spreadingand initial dispesion, especially within the presence of a honhomogeneous array of
structuresField, laboratory, and modeling experimentisat simulate urban releases are critical in
advancingdispersion modelsThis projecieverages the configuration of buildings used full-

scale, moclurban field studyo examineconcentrations of a neutrally buoyant tracer in a series
of wind tunnel and Embedded Large Eddy Simulations (ELES) experinm&msbehavior,
propagation, and magnitude of the plumes veenmpared an@é@xanmined to identify microscale
effects.

After demonstrating excellent quantitative and qualitative comparisons between the wind tunnel
and ELES via lateral and vertical concentratioofites, it is shown that the plume remained
Gaussian in form, even witham array of buildings and network of street canyons. Despite some

variability in the initial plume dispersion, which strongly depended on the structures immediately
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adjacent to theelease, the neaurface plume spread rapidly to its widest point in theyaby the

first three street canyons downwind of the source. ELES modeling showed, under slightly oblique
incoming wind directions of 5° and 15°, an additional 5° and 14° ofthaisneling of the plume
occurred at ground level, respectively, indicativayv building structures can cause considerable
plume drift from the otherwise expected centerline axis, especially with greater wind obliquity.
Additionally, AERMOD, was used to gge the performance of a fasinning Gaussiatype
dispersion model and fiorm best practicefor use within this mock urban group of buildings.
Using an urban wind speed profile and other parameters that may be locally available after a
release, AERMOD was shown to qualitatively represent the groetenel plume, but underestinea

peak concentrations throughout, overestimate lateral plume spread, and was challenged in the near
field. Adding a turbulence profile flrinpun the
improved model estimates of lateral plume spread and centerlieertcations, although peak
concentrations values were still underestimated in théeflak We offer some observations and

suggestions for Gaussian dispersion modeling basedsomtitk urban modeling exercise.

Keywords: urban dispersion, wind tunnétLES models, gaussian plume models, emergency
response
3.1lIntroduction

Densely populated urban areas, along with their complex layouts of buildings and streets,
pose considerable chhahges to assess potential human exposure, and environmental risks
following a hazardous airborne effluent release. The interconnected streets, avenues, and
i ntersections that separate rows and groups
channdéng contaminants throughout the roadway system (DePaul and Sheih, 1686gfféct
can increase ground level concentrations by restricting the entrainment of fresh air from aloft
(Belcher et al., 2015; Soulhac et al., 2013), spreading effluent thrbagtity by channeling off
the expected wind direction axis (Marucci andg@atieri, 2020), altering the boundary layer wind
speed profile with height (MacDonald, 2000), and generating additional mechanical turbulence
due to the building structures (Brittand Hanna, 2003). The solution to this urban flow and
dispersion problerhas been investigated for several decades because a better characterization of
these processes, and subsequent improvements to the models that estimate these impacts, could

save lives and better inform emergency action following an unexpected releasethghalirrent
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knowledge of these urban micrometeorological concepts has greatly improved, getting fast
response dispersion models to accurately simulate these effects, given pieatethfeatures of
urban environments, still requires advancement. ToexeGaussiattype dispersion models may
offer valuable, widespread supportoperational settings due to their rapid simulation results
(Philips et al., 2013) and less input armsprocessing requirements.

A number of meteorological wind tunnel studmrase examined the flow and dispersion in
simulated urban environmentshere manyhave incorporated simplified, symmetrical, or
rectangular shaped arrays of buildirthat result insystematicallyoriented avenues and street
canyonge.g., Marucci and Carpgeri, 2020; Fuka et al., 2018{ertwig et al., 2018; Kanda and
Yamao, 2016, Brixey et al., 2009; Heist et al., 2009, and otl@os)putational Fluid Dynamics
(CFD) modeling studis (e.g., Castro et al., 2017; Kumar et al., 2015; Boppana et al., 2014, an
others) have offered detailed descri pdkeons
building arrays. These types of simulations are computationally intensive and sompagainst
field or laboratory measurements are desirable-gaale feld studies such as the Mock Urban
Setting Test (MUST,; Biltoft, 2001) are also invaluable at understanding urban flows, but the
immense logistical challenges and financial burdess®@ated with these projects makes them
rather rare.

This project was degned to build upon previous research from the kagge mock urban
field study calledJack Rabbit II (JRII)Fox et al., 2021; Nicholson et al., 201The study
simulated dispersion within an irregular urban area forming street canyons and complexterb
between and in the lee of buildings. To complement the field swithyin a controlled
experimental settingwe used the JRII building layout as a startingnpand then critically
analyzed the dispersion pattemwisa neutrally buoyant release dhgh a series of wind tunnel
experiments. To promote a closer inspection offline and dispersiorand to provide an even
denser evaluation dataset for comparisositnpler models, we also ran several CFD simulations
of the wind tunnel experiments. Fihglwe compared the wind tunnel and CFD results to the
performance of a steadyate Gaussiatype dispersion model and then offer suggestions to
reproduce the plummore effectively within an urban setting.

JRII was goint field study between thgS Depatment of Homeland Security (DH&hd
several governmental and private entities. It was desigmddl emergency responselated

knowledge gaps frortarge,accidental, or intentional releasef densegas within an urban or
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industriatlike setting(Nicholsonet al.,2017).JRII took place between 2681and2016 atthe US
Army Dugway Proving Groun{DPG)test facility in theUtah deser{Gantet al.,2018)where a
sequence of nine controllettnsegasrelease were performedvithin, and in the absence @h
array of 80 CONEX shipping containers. In contrast to otherstdle field studies includin
MUST andDispersion of Localised Releases in a Street Net{DHRLOS) (Castro et al., 2017),
the JRII array featured a staggered arrangement of buildinga single talleistructure of two
CONEXs wide stacked by thre@igh. The JRII project permittedthe study of the release
mechanismand sourcebehavior toxic inhalation hazards, atmospheric dispersion to improve
chemical hazard dispersion modelirige deermination of downwind concentrations and safe
distancesand the further development efficient emergency response and lifesaving measures
(Nicholsonet al.,2017).

After thefirst phase oflensegas experiments, a secondary experiment was designed to
study the wind flow, turbulence, and micrometeorology witttie mock-urban environment
(Pirhalla et al., 2020)Thirty sonicanemometers were deployativarious heights and locations
aroundthe tal building and adjacent shorter CONEXspromote analysisf complex wind flow
regimes arounthe obstructionsIt was found that the flow within the canopy was characterized
by three distinct flow regimes which could vary strongly only a few meters dgpending on
location of the sonic relative to an obstian. In addition, atmospheric stability tended toward
neutral within the canopy compared to the approach boundary layer flow, which has implications
on effluent dispersion in the street canyon.

TheJRII field study was described in detail in Fox et &02@. The reader is also referred
to Mazzola et al. (2021), Gant et al. (2021), Chang et al. (2021), Pirhalla et al. (2020), Hanna
(2020), and several other articles published within the recensg&gial issue for a more complete
description of the fiel study, release trials, dispersion results, and findings from the special sonic
anemometer studylthough a gas was released in JRII experimentspthjgctis still applicable
to fine particlebased releases (such as the threat of a-aneéa@Bacillus anthracis (anthrax)

episode), since any effluent will disperse in
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3.2Wind Tunnel and ELES Experimental Design
3.2.1 Experimental Design and Case Descriptions

The dispersion congment of the JRII field study was focused entirely on deayeas
releases. In addition, there was only a single arrangement of CONEX buildings deployed for all
release scenarios. Laboratory and computational simulations offer the flexibility in modifging th
building array orientation, characteristics and locatioh effluent releases, and the ability to
specify the approach wind directions. In this project, a series of six experimental cases were
simulated though an extremely figseale CFD model using Eratlded Large Eddy Simulations
(ELES). Four of those caseswe al so replicated within EPAOGS
Meteorological Wind Tunnel (MWT) laboratory using a neutrally buoyant tracer gas (rather than
dense gas) to characterize the disperpaiterns(Table 3.1). In the wind tunnel, an extensive
dataset of tracer concentration profiles and limited velocity profile measurements were gathered
throughout the scaled building array model. We will demonstrate that the stiviafitions show
excellent agreement withe limited wind tunnel datasets and therefore, provide the primary basis
for much of the conclusions drawn within this paper.

The six @ses listed inTable 3.1 are named using a combination of the building
configuration, approach wind direction, and effluent source hemhn nillimeters above ground
at the origin é.g.,Base_WD180_z}0In the wind tunnel and ELES experiments, the model was
oriented with the incoming wind initially from a southerly (180°) dimttso that the incident
wind encountered the first row of CONEX®d generated mechanical turbulence downwind
throughout the array. The array was also oriented this way in the field study based on the
climatological prevailing wind pattern (Hanna, 2020hBlla et al., 2020F-romthe source origin,
which was defined s the center of the dense gas release tank as seen in the fie|dk stiady
measured positive in the downwind directignwas positive to the left of center looking
downwind, andz was meaured positive upward from thground surfaceforming a rightharded
coordinate systerfFigure 3.1).
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Table 31: Wi nd tunnel and ELES <cases. T hBeildinga mi n g
Configuration Approach Wind Direction_Source Height (mimifhe height of thebuilding at
CONEX position 6.5vas3H.

Case Case Name Description Wind Tunnel ELES
# P Concentration Simulation
JRII geometry from the field study o
includingthe dense gag énk; - n
1 | Tank_WD180_z10 effluent source = 0.2H (plus limited i}
velocity data)
Modified JRII geometry with a more
2 Base_WD180 z10 consistent mock urban setupase; n n
effluent source = 0.2H
3 Base_WD180_z75 Same as 2; effluent sourze 1.4 n n
Tall building (TB) moved closer to the
4 TB6.5 WD180 z10 source in place of CONEX building n n
6.5; effluent source= 0.2H
5 | Base WD185 z10  Sameas2, butincoming wind n
direction at 5° oblique angle
Same as 2, but incoming wind n
6 Base_WD195_z10 direction at 15° oblique angle -

The full-scale mock urban building array was primarily constructed of CONEX containers
with dimensioms of either 6.1 or 12.2 m20Q or 40 ft) long with a cross section approximately
2.44 m B ft) wide by2.44 to 2.59 m§to 8.5 fi) tall. Straddling the boundary between isolated
roughness and wake interference flow regimes (Pirhalla et al., 2020, Oke, 1988), the JRII array
resulted in flow that was similar to that of th&rlier MUST study, but with somewhat wider street
canyons than those of the DIPLOS project. The geometry of the JRIl array resulted in the
horizontal and fronfacing dimensionless morphology parametayandar= 0.18 (Hanna, 2020),
which represent thratio of the horizontal and frontal area of the buildings, respectively, to the
total surface area of the building array (Grimmond and Oke, 1999). All dimensions in the wind
tunnel experiments were scalleg 1:50. The most common CONEX height £ 50 mmfor the
simulations or 2.5 m full scale) was used to nondimensionalize all measurements for comparison
between the laboratory and modeling work. Buildings were numbered by row with incrgasing
and withinrows from left to right, i.e., CONEX 1.1 began thre bottom left, which can be seen
in the building layout irFigure 3.1.

The original CONEX arrangement from the field study was simulated in thecdisst
cal Memld. i The effluent source was centered bet we
surface (0.B or 10 mm), similar to the downward jet release during field tests. Two additional
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cases were examined with a modified geometry of theldRbut that snulated a more regular
urban layout consistent with street canyons or avenues spanning between edeigumv3(1
andFigure3.2a) , whi c Basave FE al | ttifeéaskevascemsveds and sidétnal
buildings were added near the source (CONEX13.3.32, 3.33, 4.31, 4.32,5.21). The source
height was simulated at bott 0.2H for a near surface release andHL.d&s an elevated release.
The fourth case rained theBasebuilding configuation but swapped theH3tall building with
CONEX 6.5 Figure 3.1) . We <cal |l TB6M st os cexiamii me it he ef f e
evolution around a single, largacture immediately downwindf ehe effluent sourcéFigure

3.2b). All approach wind directions in the first four scenarios were from the southerly direction
(180°) and were modeled in both the ELES and wind tunnel. With the flexibility of iclyatig
incoming wind direction in the ELES, tigasecase was repeated by varying the incident wind
direction by 5° and 15° to observe the plume dispersion in the downwind street canyons.
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Case: Base_WD180_z10
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Figure 3.1: TheBase_WD180_zltock urban building layout with buildings shaded by height
and labeled by CONEX number. The crosshairs indicate the origin and source releaseftacation
all cases Six sonic anemomet sites from the field study are also laueto indicate positions
where turbulence data was extracted in our modeling work. The only difference from the field
study geometryTank_WD180_ zJ)0Owas the addition of six buildings on the release pad (gray
circle around the origin) and the removal of tank.
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3.2.2 Description of the Wind Tunnel Study

All | aboratory experiments were perfor med
Park, NC (Snyder, 1979). The wind tunnel facility has been usedufoerous air quality and
dispersion model development amdhluation studies since its inception in 1973. The wind tunnel
test section is 3.7 m wide, 2.1 m high, and 18.3 m long and the wind speed can be varied from 0.3
to 8.6 m/s. Air is drawn into thernel test section through a honeycomb flow straightdaer,
screens, and a contraction. An additional honeycomb at the entrance of the test section provides
improved lowspeed uniformity. An instrument carriage permits the tdieeensional positioning
of measuring devices anywhere within the test section tcauracy of + 0.1 cm.

The CONEX buildings were cut from high density polyisocyanurate faadsanded to
the nearest 0.5 mm in the 1:56aled length, width, and height dimensiofise scaled mod&as
constructed onhree identical 12.7 mm (Y2 in) thiddoardswith dimensions ofL..24 m (49 in) by
2.46 m (97 in)to represent the 182.88 m (600 ft) by 121.92 m (400 ft) mock urban test plan
(Nicholsonet al.,2017).A 0.5 m diametecircle, centered d@he origin, was painted on the middle
board to represerihe 25 m concrete release pddhe thickness of the boards represented the
slightly elevated (approximately 0.5 m) aprbwat theurban test grid was builtpon during the
field study.

The simulatedplanetary boundary layer (PBL) wastiated using five tiangular Irwin
(1981) spires mounted near the entrance to the test sesdicim with a height of 147.1 cm and
base width and depth of 11.5 cm and 36.8 cm, respectively. The spires vBecen7gart center
to-center with a spiro-wall spacing of 36.7 m. An array of metal roughness tabsgan
immediately downwind of the spiraad weraffixed in staggered rows throughout the entire wind
tunnel test section. The roughness elements w8ren3long and 1.25 cm high and installed with
centerto-center alag-wind and crosswind spacing of 36 cm. As air flowed through the
honeycomb flow straighteners and entered the test section, it encountered the lrwin spires,
initiating the turbulence regwd to develop the scaled boundary layer. The floor tabs acted as
roughness elements on the ground surface to mimic natural earthen materials and create surface
drag.The resultingvind speed profilavasnearly logarithmiavith heightand neutrally stable

All wind tunnel experiments were run with the wind tunnel tachensadt to the freestream
velocity (Up) of 4.2m/s. This was chosen to ensure that the flow over the model was independent
of the Reynolds numbeR@ (Snyder1981), resulting in

198

\



V'O G8T-Z B

YQ z— pixmm (1)

pd p T
whereUy is the reference wind speedtdtzoi s t he roughness | ength,
viscosity of air around room temperatuRe independence means that the scaedmust be
sufficiently high so that the scaled flow does not change as theigah@eased (Snydet981).
According to Snyder (1972), a criticReof 11,000 is recommended for flow around buildings,
therefore the value for thiroject exceeeld that Imit.

Laser Doppler Velocimetry (LDV) was used to characterize the scaled bguagear and
to measure velocity and turbulence within the building array. The LDV methodology is described
in detail in Pernet al.(2016). The LDV system consisted of a tammponent, singlprobe sensor
that used the 48&nd 514.5nm lines from an Innea 70C argonion laser (Coherent Inc., Santa
Clara, CA). A TSI Colorburst multicolor beam separator (Model 9201, TSI Inc., St. Paul, MN)
performed the beam splitting, frequershyifting, and coupling of laser light to fibeptic cables.
The fiberoptic probe (TSI Model TR220), which measured velocity of seeded theatrical smoke
particles, was mounted the instrument carriag® obtainprofile measurements throughout the
array. The approach flow in the wind tunnel was characterized using the standarthfogar
profile:
Y op. . Q

— U&=
0. | a

(2)

whereU is the mean velocity as a function of height 6. is the friction velocity,ll is von
Karman's constant (taken to be 0z)is the roughness length scale, ahi$ the displacenm
height. The logarithmic profile equation was fit to data by varymmgndd until 6. matched the
value indicated by the shear stress measurent@ased o theseboundary layer measurements
betweerz = 50 and 600 mmif wasdeterminedhat6. = 0.15 m/szo= 0.02 mmandd = 0. At a
scale of 1:50, this correspondszie= 1 mm at full scale, which is close to the estimategof 0.5
mm at the DPG field study site (Hanna, 2020).

Hydrocarbon tracer gas was delivered to the source location withinind tunnel model
through a 2.5 mm brass tube with a 10 mm diameter porou@-izalre 3.2c) attached to the end
of the tube, which served as a npaint source. This allowed for a continuous omnidirectional
flow of theethandracer gagCoHe; CP grade; minimum purity 99.5 mole percent). The molecular

weight of ethane (30 g/mol) is only slightly heavier than that of air and can be considered neutrally
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buoyant due to the high levels of turbulence within thayaand thdow rate of the tracer release.
A mass flow controllerNlodel C100L, Sierra Instruments, Monterey, CA) was used to supply 1
g/min of pure ethane and was mixed with 0.875 g/min of-filtexed zerehydrocarbon air.

Vertical concentration proféls were measurday collecting samples of ethane released
from the upwind omnidirectional source through 0.24 cm outer diameter (0.16 cm inner diameter)
brass tubes that were positioned in a group of six on a vertically oriented sampling rake attached
to the wind tunnel caiage systen(Figure 3.2d). The sampling rake had a spacing of 50 mm
between sampling ports. Each air sample was drawn through the respective tulvge aixd
individual Beckman/RosemouniModel 4O0A hydrocarbon analyzersHCAs) with flame
ionization detectors (FIDs) operating in continuous sampling mode. The concentration profiles
were collected by moving the sampling rake throughout the model, dgr@aleen the street
canyons formed by eacbw of buildings The HCAs were calibrated at the beginning of each
measurement day against a range of reference gas concentrations to ensure consistency. The
sampls drawn through the end of each sampling rakdinto the HCAwere averaged over a
period d 120 secondsTo enable comparison of the wind tunnel and ELES results, all
concentrations were normalized such that:

... 6 cahuy Y O

...afufo - (3)

whereC is the backgrounddjusted concentraticandQ is thetracer gas emissionate
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b)

Figure 3.2: 1:50 scale wd tunnel model of tha) Base_WD180_zléndb) TB6.5_WD180_z10
cases c) the scaled, 3Bprinted gas release tank used in Trenk_WD180_ zl1@ase with the
porous, omitirectionalsourceball centered az = 0.2H; d) the HCA sampling rakased to obtain

vertical concentration profiles
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3.2.3 Description of he ELES Simulations

Computational Fluid Dynamics (CFB)mulations are commonly used to exanthmeflow
and dispersio surrounding urban obstacles with complex geometries (Tominaga and
Stathopolous2013). For thisproject, a series of six hybrid Reynoldseraged NaviefStokes
(RANS) model runs with Embedded Large Eddy Simulations (El(&®lar to those of Foroutan
etal., 2018)were designed to match the fgltale field study and specifications of the wind tunnel
model from cases-4. CFD modeling wh LES is a more advanced, higieeder approach that
more appropriately captures unsteady, large scale motions campaRANS (Castreet al.,
2017), although the latter is less computationally intensivie ELES simulations provide
greater spatial detahan our measurements in the wind tunnel and two additional (babke
3.1) allowed us to study wind direction variations not measured in the laboratory.

The ANSYSFLUENT model version 17.0 (ANSY,Snc., Canonsburg, PAUSA) was
used to conduct the initial steady RBNshear Stress Transport (S simulations and the
subsequent unsteady ELES simulations. The SST model used a turbulent Schmidt nGmber of
0.7 and solved for the eddy viscosity by combiningkthemodel near the surface akdImodel
in the outemregion for wall bounded flows (foutan et al., 20)8 LES was used in the inner
portion of the domain whera more resolved flow was desired around the buildings and street
canyons while RANS was applied everywhere else, leading to a transition betot#en b
computational zones (Sagaatital., 2006). Turbulence closure in the LES region was performed
by the WallAdapting Local Eddyiscosity (WALE) model (Nicoud and Ducrp4999) to
reproduce proper scaling at the walls. The randomdiwensional vortexnethod (Mathet al.,
2006) wasemployed to generate the tirdependent perturbed conditions atititerfacebetween
the RANS and LES zones. The reader is directed to Foretitain(2018) for a comprehensive
description of the methodology and founda#ib equations of these ELES simtibns. Many
studies referenced in Foroutahal.(2018) show that the ELES technique provides comparable
results as full LES with about half the computational costs.

For all six simulations, the computational domain edéshfrom-48H to 484, from -36.6H
to 36.64, and from O to 2A in the streamwisex], lateral ), and vertical Z) directions,
respectively. The embedded LES zone ranged kb -16 to 44y/H= % 22, andz/H=0to 10
The domain wasliscretized with a hedominated mesh that variedl $ize based on proximity to
the surface and buildings. Grid cells around the source had the smallest size of 9, Q@GRS
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the cells adjacent to the buildings and apron surface had a sizeldf B\0&y from the buildings,

the cell size grew graduallp & maximum of 0 within the LES zone, and then to a maximum

of 0.8H in the RANS zone, resulting in a mesh of about 6.91 million grid cells in the RANS zone
and over 21 million grid cells in the LES zoid&e number of cells only varied slightly among th
different building array geometries. Wind angle did not affect the grid cell count.

Mean profils of velocity and turbulent kinetic energy (TKEjere extracted from a
separate SSk-¥ simulation using aratmospheric boundary layer with no buildings. This
simulation agreed well with the approach flow in thad tunneland wasused as inleboundary
conditions of thenmain simulations. Symmetry boundary conditions, i.e., zero normatityebnd
zero normalgradient of all variables, were applied at the top and side boundéeies static
pressure and zero gradient conditions were used at the obiblomdary.and neslip conditions
were applied to the building, tank, and grosudface.

For the unsteady LEES simulations, a model timestep gt = Uo gpt /=19.0294 was
chosen so that the CourdrtiedrichsLewy (CFL) number remained less than 1.0 (Foroutan et al.,
2018). The time averaged mean flow and concentration quantities were obtained by averaging the
unsteady results over more than I8wthrough times or 60,000 timesteps. At each time step, the
solutions were considered to be converged when the residuals were lowered by two orders of
magnitude, which usually took-B) subiterations. Simulations wereonducted using 512
processors andegerally took 10140 hours of walc | oc k t i me -pemfornaltd 6s hi
supercomputing system. Data were then extracted from the large ELES simulation files to simplify
postprocessing and permit direct comparison wiihd tunnel data. From all ELES rurdata
were extracted with Bngitudinal and lateraiesolution of 0.B from -16 to 4H and-20 to 2(H,
respectively. Vertically, data were extracteaim Oto 2H in 0.2H increments, and theinom 2H
to 12H in 0.5H incrementg(since wind tunnel concentrati data extended to #] which also
neared the edge of the LES zane)

3.2.4 ELES ModelEvaluation

To build confidence in the use of the ELES simulations as a basis for mdeptin
analyses where wind tunnel data were absent, a statistical evaluation ahthatishs was
performed against the wind tunnel dataset. The model performance metricdeifpyeShang
and Hanna (2004), with consideration of the urban modifications in Hanna and Chang (2012), were
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used.The ELES data were matched to the nearest tmtafi the pointwise wind tunnel data. The
statistics defined in equations {@®) were then alculated, wher&€, and C, were the observed

wind tunnel and predicted ELES normalized concentrationthe number of paired datapoints

(n), respectively. The ttowing metrics were assesseuactionalbias (FB), normalizedmean
square error (NMSE, geometric mean (MG), geometric variance (VG), geometric standard
deviation §Q); fraction of modeled values within a factor obRthe measured valu¢sAC2),

and tre Pearsorcorrelationcoefficient (R). MG andSGwere calculated aftérenkatram (2008)
which has been shown to portray those statistics more accurately for pairs with very low

concentrations that may be off by a few orders of magnitude.
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whereAgr is the fraction of the ratie———— between ¥ andF.
e 0
00 ™ 5 s (8)

Y

(9)

Wherel, andl, are the standard deviation for the predicted and
observed concentrations, respeely.

In our statistical comparison, theinimum thresholdconcentratiorvalue forthe wind
tunnel measurementwas set t00.001,as recommendedy Chang and Hanna (28D This is
strongly suggested when calculativgs andVG because these metrics dam skewed by very
low values close to 0. This level of quantification (LOQ) was chosen to eliminate 20% of the
lowest concentrations and additionally to avoid the largeadiises between low concentrations
at the edge of the plume for each datagenkatram (2008) recommends using the lowest factor

when calculatingsG which can be determined by plotting the factor value ag&@siThe Ar
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value in Egn(7) begins to converge when the fraction of values is about 0.5. For our anglyses,
a 11.3,2ut tls may be as high &= 2 for other cases.

Performance metrics for the four ELES simulations versus the wind tunnel are shown in
Table 3.2. In general, the datasets showed excellent statistical agreement, building confidence in
the use of the ELES simulations, particularly for spatial locations and scenarios notesiniulat
the wind tunnel (e.g. the 5ndal5 incomingwind direction cases). The wind tunnel measurements
tended to be slightly higher than the averagalues for met of the scenarios but median values
for both datasets were nearly identical, pointinthefact that the ELES probabipderpredicted

concentrations very close to the release location. Chang and Hanna (2004) and Hanna and Chang

(2012) sugdy@sruralat( digman) mo drB|O e r3fODNMSBa 6¢7e |, s

O 3 ( 6) onofCymithinfaFAL20fCG, O % (BO%), respectively. As evaluated in Hertwig
et al. (2018) and Monbureau et al. (2018), these statistical metrics were applied over the entire

extent of the plume.

Table 3.2: Performance statistics for tii ES and wind tunnel normalized concentratiog)s (
Target values for a perfect performance are indicated in parentheses in the first column.
Tank_WD180_z10 Base_WD180_z1( Base_WD180_z7t TB6.5 WD180 z10

(n=672) (n =822) (n=724) (n =904)
FB (0 0.143 0.023 0.020 0.043
NMSE (o) 1.18 0.216 0.119 0.233
MG () 1.050 0.957 1.010 1.020
SG @ 1.206 1.420 1.260 1.231
FAC2 () 0.926 0.894 0.931 0.952
R @ 0.9 0.988 0.986 0.988

In the four cases, all metrics easily fell well it the suggested guidelines for both urban
andrural applications, with th&ank_WD180_z10ase resulting in a slightly lower performance
than the other three. TheB was around 0.1%or theTank_WD180 zl16ase and < 0.05 for the
other cases, which is mudower than the suggested value of less th& 86m the mean. These
metrics measure the systematic bias of the model and can be affected by compensating high and

low values (Changnd Hanna, 2004MG indicated very similar and small levels of bias tioe
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four scenarios, possibly due to the treattmeinvery low values when finding median of the
concentration ratiosSGcan provide a measure of uncertainty and insight if the ocaenvcould
overpredict the model result. Values of ~1.2 indicate som spread from the calculat®diG.
TheNMSEwas aound 1.2 folTank_WD180_ zl@nd ~0.2 for the other three cases, meathat
some random scatter of the former dominated due to a ifghwvdoncentrations. ANMSE ~3
means the random scatter would be ~1.&s¢irthe mean, so the values seen here are ved; go
While Chang and Hanna (2004) noted fR&t not a reliable metriof model performance because
a few poor data pairs can affebetresult, and the fact thatends to decrease downwind of the
source, our results show surprisingly good correlatiofRs>a0.98.

The datasets indicate that nearly@&o (99%) of the pairks values were within 8AC2
(FACYH), elucidating that the dagat was not influenced by mamutliers. Figure 3.3 shows
scatterplots of the paired observed and simdlastues for three representative heights in the four
scenarios. The ELES model slightly overpredicted low concentratidhs atirfacez/H = 0) and
upto aboutz/H= 1-1.5 (not shown here). Above the canopy, concentrations fell along the 1:1 line,
but higher concentrations tended to be slightly underpredicted while low concentrations were still
generally overpredicted. Abovaboutz/H = 5, very low concetrations were then somewhat
underpredicted by the model. Despite this, most data pairs fell withFPAG2 margin with only
very low concentrations outside this range. Some of the- avet undetpredictions seen with

heightmay help explain the competisg factors leading to the goédB andMG statistics.
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ELES y

Tank_WD180_z10
zIH=0

Base_WD180_z10 Base_WD180_z75 TB6.5_WD180_z10
zZH=0 ; ZH=0 1 ZH=0
T T - 10 % T T 107 % T T L A

Wind Tunnel ¢

Figure 3.3: Scatter plots of the ELES nahimensional concentrations)(versus the wind tunnel
observations for heightgH = 0, 2, and 5. The solid, dashed, and dotted black lines indicate the

1:1 relationshipFAC2 andFACS5Iimits, respectively
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3.3 Analysis andResults

Given the excellent performance of the ELES agamsttind tunnel measurements, we
elected to use tHELES simulations to examine the behavior of the plume and its behavior in this
mock urban area. In addition tiee performance statistics, we also examined lateral and vertical
concentratiorprofilesandassessed the extent to which the plumes were Gau3sia Gaussian
fits were hen used to generate other plume characteristics including the lateral and vertical plume
spreading term@ly, and(l,) as well as the lateral and vertical offset from the expected center line
(yp andz). These analyses providespatialdescriptionof dispersion within and above the street

canopythat may not be revealed by thiatisti@l analyss.

3.3.1 Spatial Description of the Plume

An example of the effluent plume for tBase WD180 z10scenario is shown iRigure
3.4b. The plume was immediately influenced by the long building (CONEX pdpproximately
4H downwind whit caused the plume to spread laterally around the structure. The plume spilled
through he gap on either side of the long structure and continued to meander downwind. By the
third street canyon downwind of the source, the plume had grown rapidly up tithaofvabout
+10-12H and then slowed in lateral growth beyond that downwind distancenWhe source
height was elevated WwH = 1.5 Figure 3.4d), a similar effect was seen at ground level although
concentrations were generalbwer (near the surface) the near field. When the buildings were
removed adjacent to the source, such as imTémk WD180 zl16ase(Figure 3.4a), the plume
gradually grew with downwind distaa until it reached the first row dduildings about B
downwind. The plume took longer to grow laterally, demonstrating that obstacles near the source
strongly impacted the initial and downwind dispersion. When the tall building (CONEX 6.5) was
relocatedcloser to the source in theB6.5 W80 zl0Ocase(Figure 3.4c), more initial lateral

dispersion occurred, but the plume still resembled the other cases as irfithd.far
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a) Tank_WD180 z10, 0° wind b) Base WD180 z10, 0° wind
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Figure 3.4: Spatial contour pits of . concentrations from the ajank WD1802z1Q b)
Base WD180z1Q ¢) TB6.5 WD180z1Q and d)Base WD180 z75 ELES simulations at ground
level (z/H= 0). The source location is denoted with a yellowrdiad.

3.3.2 Fitting Lateral and Vertical Profiles

Theinitial and shorrange dispersion from the effluent source depended strongly on the
building configuration in its immediate vicinity, but reverted to a nearly Gaussian distribution
farther downwindas we Wl show below The extent to which the plumes withthis simulated
urban areavere Gaussian in natureould determine whetheeducedorder, Gaussian dispersion
models may be useful in simulating some urban release circumstdespite channeling effects
caused by buildings and street canyons. Thigarticularly important when rapid results are
essential in emergency resperscenarios.

For each row of concentrations gathered downwind and within the street canyon, we fit
both lateral profiles in transects across the plume and vertical profiles héplye centerline.
The profiles were fit by the nonlinear least squarés fnethod, which estimatesibased on the
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Gaussian equation and solved for thandy, unknowns in the lateral profiles afigandz, in the
vertical profiles. The following equation was used for the vertical profiles:

p aQ pa a

R 'c‘)AQDE Aob= (10)
And for the lateral profilefor eachx andy data pair:
W W
a BA gag =22 (12)

The A and B constants were initialized at 1 but were adjusted during thg fpitbcess. Only
profiles with a high enaghconcentrationo6O 0 . 0 1 using thig apgrdadh.

The Gaussian fits, depicted with solid black and red lines for the ELES and wind tunnel,
respectively, are shown Figure 3.5 and Figure 3.6Error! Reference source not found for the
four cases at four locations downwind of the release. In getteedELES model did an excellent
job at capturing both the lateral ground level pesfiland the plume centerline vertical
concentrations in comparison to the wind tunnel results. Both the ELES and wind tunnel results
were wellrepresented by a Gaussiantdmition. Close to the sourcexdt = 2, the ELES model
tended to slightly underestate the peak concentration when the emission source was close to the
ground ¢/H = 0.2). With the source increased toH,3he model somewhat overestimated the
concentation at the surface (which albeit, was rather low) but captured the elevated pleak in
vertical profile. Atx/H = 9.5 downwind of the source, the model adequately captured the plume
peak and the increased plume width in the lateral profile, which soeethbecame flattened or
slightly skewed due to channeling influences with the bugslihe density of the wind tunnel
data was typically not fine enough to show these small intricacies. At this location, the plume was
influenced by three short buildingapwind (CONEX 6.4, 6.5, and 6.6), and for the
TB6.5 WD180 z10case, directly downwindf the tall 34 building. The vertical profile in lee of

the tall buil ding showed a rather utopthadb r m co
rapidly dropped ofa b o v e . I n this situation, effluent wa
vortces and was then drawn up behind the buildin

began to show how the plumebds maxi mumceconcen
downwind, peaking betweeriH= 1 and 1.5.
The plume continued to widen, as shoatix/H = 17 Figure 3.5), while still exhibiting

evidence of the effects of individual buildings. Despite these channeling and wake effects, the
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plume was well represented with a Gaussian fit. The lateral plumengaltout slighy around

y/H = +5-7 as the plume was channeled between the shorter buildings upwind (CONEX)8.3
and blocked downwind by a long building (CONEX 9.4), forcing the effluent to flow one way or
another around the structure. This again catisedround le& lateral profile peak to be slightly
flattened; however, the fit was still strongly Gaussian. In summary, the ELES model very slightly
overpredicted the width of the plume for ground level lateral profiles and slightly underestimated

the \ertical profilepeak, but very adequately captured the plume structure for all cases
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Figure 3.5: Lateral profiles and Gaussian fits for four downwiadations ¥/H = 2, 6, 9.5 (10 for
theTB6.5_WD180_zl6ase), and7) at ground levelz{H = 0) for the four wind tunnel and ELES
cases. The black points indicate the Eld&hile the solid black line is the Gaussian fit. The red
points are the wind tunnelconcentrations with the Gaussian fit as a solid red line.
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Figure 3.6: Same as Figurg5, but vertical profiles an@aussian fits along théH = 0 centerline.
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3.3.3 Plume Parameters

Thely, Oy, yp andz, plume parameters from theaGssian fits arplotted inFigure 3.7 for
the ELES data. The lateral plume spre@ajighowed the masariability and was quite dependent
on the obstacles impacting the initial plume dispersion. After a large initial dispehgarowth
rate slowed as the plume propagated through the canopy. The three cases shown had a somewhat
similar plume behavicand a maximum spread of abayt H 4-&5 at the downwind end of the
building array 0y tended to grow rapidly upon emissionpesially as the plume encountered the
first row of buildings and caused the effluent to spread outward and through the gaps in each street
canyon. This feate was most pronounced for th86.5 WD180 z10case ak/H = 5 downwind
of the source. The first tgy building (CONEX 5.21) caused the ground level plume to reach its
greatest lateral extent 6f/H = 4, and then the encounter with thie &ll building caised the
plume to narrow slightly and then flatten off. A similar feature was seen BatbeWD180z10
case, but with a bit lesser extent of plume spread. The three cases also showed a slight constriction
of the plume ax/H = 28, which was due to theclaof three buildings in the last row of the array.
The plume became channeled through thisigatead of spreading laterally. Above the building
canopy atz/H = 2, a narrower but smoother and more consistent plume growth closely followed
the magnitude ahslope of the Briggs (1973) neutral (stability class D) urban parameterization,
which isplotted inFigure 3.7 for reference. Within the canopll, exceeded the Briggs reference
line.

They, for all four cases (nahown) incurred only a sligltf f set al owld=1t he pl
0 centerline. Thd&ase WD180z10andTB6.5 WD180 z10cases favored a slighty, direction
as more of the effluent was forced by the first long building. This plume meander was expected
and genally hovered along thg/H = 0 centerline despite some minor channeling effects caused
by the building array.

All cases resulted in similal, behavior, even with a raised sourgdthough there was
greater vertical spread initially, the slopelipfvas surprisingly like the Briggs (1973) rural line.
The plume only grew to abolt/H = 2 along the entire length of the array, which was probably
due to the rather short and uniform building heights. The only slightly different feature occurred
in the TB6.5 WD180 z10case with a slight increase @fH to 1.5 after interacting with the tall
building. The maximum vertical offsetf also exhibitedsimilar features among the scenarios.

When buildings were close to the sourg#i = 1.5 byx/H = 5 with a gradual leveling of thg
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slopedownwind, resulting in a maximum/H = 2-2.4. The near uniformity of the building heights
reduced the impact of wécal dispersion over that of a typical urban area. In addition, the three
cases showed limited uncertainty for all variables. The 95% confidence interval is indicated by

any shding seen irFigure 3.7.

—@— Base_WD180_z10 .
—@— Base_WD180_z75 "
—@— TB6.5_WD180_z10 el

0 5 10 15 20 25 30 0 5 10 15 20 25 30
x/H x/H

Figure 3.7: a) 0y atz/H= 0 and b)z/H = 2; and c)i; and d)z, along the plume centerling/H =

0) versus downwind distance for th&ase WD180z1Q Bas WD180z75, and
TB6.5 WD180z10ELES cases und€X oblique winls Shading indicates the 95% confidence
interval.

3.3.4Wind Direction Shift
To consider the plumeds behavior with small
to assess the degree of channeling caused by the street canyons, the simulations wetle aerun w
wind direction shifted by 5° and 15° from the original 180° (85° and 195°) for the
Base WD180 z10scenario. As in the cases with wind tunnel data, lateral profiles of ELES data

were extracted in thg-direction across the model domain butimef downwind increments of
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2H to fit lateral and vertical profiles and talculate other plume parameters. A more regular and
greater density of data were extracted since specific downwind locations did not need to be
matched with wind tunnel measurengenfonsequently, some profiles intersected buildings and
did not necessdy fall between street canyons. The data were interpolated onto a rectilinear grid
that was rotated 5° and 15° to align with the wind direction. These interpolated data were used
when fitting Gaussian profiles.

The plumes for the 5° and 15° cases are showigure 3.8 for both ground level and/H
= 2. The red parallel lines indicate the interpolated profile locations. The red dotteduistesté
the expected plume axis if it were to follow the windediron. The black dotted lines depict the
actual plume centerling/{) where the maximum concentration occurred at laéth= 0 and 2.
The lateral and vertical Gaussian fits and ELES datdofior downwind locations are shown in
Figure 3.9. As with the perpendicular wind directions, the Gaussian fits were generally good,
despite some gaps in the data where the profiles intersected buildings. The abidiELES
data displayed more variability than the 0° case due to channeling effects, but the fits captured the
plume width and peaks well. The fits also matched the elevated concentration maximums above
the surface as the plume propagated downwind.|&taeal profiles demonstrate how the plume
centerline ¥p) curved with downwind distance as the peak value drifted away from the expected
y/H = 0 centerline.

A plot of yp versus downwind distance from the sourc#/lHt0 can also be seenfigure
3.10a for all wind directions While there was some lateral plume centerline deflection for the 5°
wind shift, channeling caused by the buildings was more pronounced for the 15° case. For both
cases the plume was channetedre within the building canopy than aloft, causing a diffeeen
between the locations of maximum concentrations within and above the canopy. Specifically, for
the 5° case a/H= 2 (Figure 3.10c), the plume centerline offset ireased from aroungy=-0.2H
to -1H at x/H = 20 downwind of the source, and then shifted to as mugh asl.6H farther
downwind. At the surfacej, values ranged froml.5 to-2H within the building array, but the
plume centerline returned toward th@ectedy, = 0 once outside of the array. In contrast, for the
15° case alofty, surpasseelH by x/H = 10 downwind of the source and grew to as higypas
4.4H. Within the canopy, strong channeling caused by the buildings caiteegtow dramatically
to -6.7H at x/H = 16 before leveling off and reaching a maximunyof -7H atx/H = 24. The
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plume then appeared to curve back towards the centerline upon éx@iagay, although the full
extent of this behavior is less welharacterized being at teelge of the domain.

To quantify the plume drift caused by channelietated effects, we converted the average
yp values throughout the length of the plume immerof degrees from the expected plume
centerline. For the 5° oblique wind, this resultednadditional 3° and 5° offset above the canopy
and at the surface, respectively. The values for the 15° oblique wind corresponded to
approximately an additional® and 14° offset from the expected plume centerline above the
buildings and within the capg, respectively. These observations show that building structures
cause considerable plume drift from the expected centerline axis, especially with windseat great
oblique directions.

The lateral plume spreadiy) shown inFigure 3.10b andd was also dependent on the
incident wind direction. As with the perpendicular 0° casgdor the 5° casegrew rapidly
immediately upon emission as the plume interacted with the dwstof buildings. Byx/H = 6
downwind of tle source and within the canopy, the plume was nearly at its widest point of about
Oy/H = 4. As the plume continued to propagate through the building array, it did not grow much
wider. For the 15° case, the plumeldiot abruptly encounter the front faceeaich building as in
the 0° and 5° cases. The plume grew more linearly, and due to the greater channeling effects, led
tolyHa 5.5 at the far edge of the domain.t Above
less than at the street level but wagenmonsistent for all wind directions. The initial plume grew
rapidly up to aboux/H = 12 and then spread only slightly more through the rest of the domain.
Comparing the plume growth to the Briggs (1973) ne(stability class D) parameterizatial,
within the canopy exceeded the slope and | ate
t humbo. Abov elywabgreaterabotohp slope washsamilar to Briggs urban line until
aboutx/H = 20 as the lpme became more elevated.

Both the 5° and5° cases displayed a simifabehavior as the plume traveled through the
array Figure 3.10f). Although there was generally greater vertical spread initially, the slape of
was surprisingly like the Briggs rairline. The plume only grew to abdiyH = 2 along the entire
length of the array, which was probably due to the rather short andmri@aght of the building
array. The vertical concentration offseg)(tended to increase to abagtH = 1.5 byx/H = 5
downwind of the source for both cases as the plume initially became elevated when encountering

the first row of buildingszy/H gradudly grew to about 2 and 2.5 in the 5° and 15° scenarios,
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respectively, demonstrating that maximum concentrations mipedbove the canopy. Ballhand
Z, were analyzed at the maximum concentration of the plume centerlikk(aé2y/H = yp) due
to chameling effects. All cases and variables again showed limited uncertainty with the 95%

confidence interval, which is indicated by any shadingigure 3.10.
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Figure 3.8: Spatial plots at ground level and above the cangiy € 0 and 2) for the
Base WD185z10 and Base_WD195210 ELES simulations with 5° and 15° oblguvind
directions. The red and black dotted lines show the expected plume centerline and actual plume
centerline Y¥p), respectively, for each height. The red pafdihes indicate where we bilinearly
interpolated lateral and vertical profiles evefy = 2 downwind of the source. The source location
is denoted with a yellow diamond.

217



Figure 3.9: Lateral (atz/H = 0) and vertical profiles and corresponding Gaussian fits for four
downwind locations/H = 2,6, 10, and 18) for the two ELES oblique wind direction cases. The
black points indicate the ELESwhile the solid black line is the Gaussian fit at and alziMe=

1.
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