ABSTRACT

BURR, MICHAEL J. Source Apportionment of BMusing ThreeDimensional Air Quality
Models: Analysis and InteComparison of Two Source Apportionment Methods. (Under the
direction of Dr. Yang Zhang).

Source apportionment is a vital first siagreating the most effective reduction
strategies in no@attainment areas. Receptmased models that utilize observationatied
have been the traditionallysed source apportionment methods. More recent studies have
made use of-8limensional air qualy models to conduct source apportionment. These
sourceoriented methods have the potential to provide a much more robust source
apportionment dataset, both spatially and temporally. This research evaluates two source
oriented source apportionment metbptthe Particle Source Apportionment Technology
(PSAT) and the Brut&orce direct sensitivity analysis Method (BFM). PSAT is
implemented in the Comprehensive Air Quality Model with extensions (CAMx) while the
Community Multiscale Air Quality (CMAQ) modeig system is utilized to conduct source
apportionment via the BFMSourceapportionment is condwsd for 10 source categories
(i.e., biogenic, biomass burning, coal combustion, diesel vehicles, gasoline vehicles,
industrial processes, miscellaneous ameaces, other combustion, other mobile sources, and
waste disposal and treatmemver the eastern U.&t a horizontal grid spacing of k2n for
both January and July of 2002 using both BFM and PSAT.

In the baseline simulation,s@nd PM s are overpedicted by both models in January
and underpredicted by both models in July, with CAMx generally predicting higher values
than CMAQ in both months. When compared to satellite data, CMAQ shows good

agreement for CO and AOD in January, with larger biase@ and Q. In July, CMAQ



underpredicts all column variables, with the largest bias occurring for. A@Danuary,
CMAQ gives biomass burning as the most important source gERMth a contribution of
13.7% to domakwide monthlymean PMs. Miscelaneous area sources and coal
combustion are the next two largest contributors to domvade PM; s from the BFM, with
contributions of 11.8% and 10.8%, respectively. PSAT, however, gives different rankings in
terms of the most important sources of 2lvh January. PSAT identifies coal combustion as
the most important source in January, with a montidyan percentage contribution of 14.0%
to domainwide PMys. The next two largest sources from PSAT are biomass burning and
other mobile sources, with caittutions of 11.3% and 6.8%, respectively. The two methods
are in agreement that coal combustion is the most important source efrPlly, with
contributions of 30.8% and 21.0% to domaiide PM s from BFM and PSAT, respectively.
The BFM and PSATIao agree on miscellaneous area sources being the next largest source
in July, with contributions of 8.9% and 8.1%, respectively. The next most important source
from both the BFM and PSAT is industrial processes, with mointidgin percentage
contributionsof 6.9 and 6.2%, respectively.

While PSAT is found to be more computationally efficient than BFM and also has the
ability to account for 100% of the baseline P{VBFM can better ableapture the indirect
effects that radt from interactions betweeseondary PM specieand their gaseous
precursors.However, BFM is also subject to limitations, including its relative computational
inefficiency and its assumption that the emissions of all the source categories are linear and
additive. It is found that fo primary PM species whose concentrations are linearly related to
emissions, BFM and PSAT are equivaleHbwever, the two methods differ significantly for

secondary’M species; these deviations are found to be larger in January due to higher NO



concentations and lower concentrations of radical spedieis. important to exercise caution
when using each of these tools while being mindful of the strengths and weaknesses of each

method in different situations.



Source Apportionment dPM, s Using ThreeDimensional Air Quality Models: Analysis and
Intercomparison of Two Source Apportionment Methods

by
Michael J. Burr

A thesis submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the degg of
Master of Science

Atmospheric Sciences

Raleigh, North Carolina

2010

APPROVED BY:

Dr. Christopher Frey Dr. Viney Aneja

Dr. Yang Zhang
Committee Chair



BIOGRAPHY

Michael Burr was born and raised in Perry, OH where his interest in meteorology
began as a childhood fear of thunderstorms. He graduated from Perry High School in 2003
upon which he entered Ohio Universitytop sue a Bachel ords degree
During his undergraduate studies, he was an
meteorology club. During his first three years at Ohio University, he was a staff forecaster
for the Scalia Lab for Atmosphericnalysis where he provided detailed daitgd&®y weather
forecasts for resident of Southeast Ohio. In the spring of 2007, he was awarded the
Voinovich scholarship for outstanding students and began funded research with the Ohio
Uni ver si ty 6 suallye Adae undefgmduatéiresearcassistant, he provided
daily fine particulate matter forecasts for Northeast Ohio. In addition to forecastisg) M
assisted in daily maintenance of the Centerd
researching the effects of wet deposition of mercury throughout the Ohio River Valley. This
research experience shifted his interests from operational forecasting to air quality. He
graduated from Ohio University in June 2008 with a Bachelor of Sciemngeals
meteorology with minors in physics and mathematics.wds accepted to North Carolina
State Universityodés Mari ne, Earth, and At mosp
and beganvorkinginDr . Yang Zhango6s Air QiunAdgust2908.For e c a
Before he began working with Dr. Zhang, he served as an intern during the summer of 2008
at the U.S. EPA National Center for Environmental Assessment. He also worked as an intern

at the North Carolina Division of Air Quality during thensmer of 2009.



ACKNOWLEDGEMENTS

| would first like to thank my committee members, Drs. Yang Zhang, Christopher
Frey, and Viney Aneja. | would like to extend further gratitude to Dr. Zhang for giving me
the opportunity to further my studies at Northr@ma State University while conducting
this research. She gave me endless support and guidance while providing me with numerous
opportunities to advance my scientific knowledge and experience throughout my graduate
studies, all of which | am extremelyageful for. 1 would also like to thank my
undergraduate professors (Dr. Ronald Isaac, Christopher Towe) in the meteorology
department at Ohio University as well as my advisors at the Ohio University Center for Air
Quiality (Dr. Kevin Crist, Gary Conley, fungwoo Kim) for providing me with the
knowledge base required to further my education through my graduate studies.

| would like to acknowledge and thank the U.S. EPA for funding this project through
the Sci@ce to Achieve Results granR833863and theaUSDA National Researdmitiative
Competitive grant 20083511218578. Thanks are also due to numerous people who have
contributed to this research in one way or anothernidavicNally, Cyndi Loomis, and
regory Stella, Alpine Geophysics, Inc; Pat BeeywMichael Abraczinksas, George Bridgers,
Bebhinn Do, and Chris Misenis, North Carolina Department of Environmental and Natural
Resources; and Gary Wilson, Ralph Morris, and Greg Yarwood, ENVIRON, Inc.

| wish to extend special gratitude to all the memlmdrthe Air Quality Forecasting
Lab, past and present. Each has provided endless guidance and assistance throughout my

graduate studies and | greatly cherish the friendships formed during all those long days of



hard work in the lab. Extra thanks gokosten Olsen, who took extra time and went far

beyond what was required in helping me with my research. Lastly, to my family: my mom,
dad, and sisters, thank you for everything. Itis with your love and support throughout my
entire life that | am ableotbe where | am today. And to Renee, your love, encouragement,
support, and most importantly your patience throughout this long and challenging experience

has made the seemingly impossible possible, | could not have done this without you.



TABLE OF CONTENTS

LIST OF TABLES.... ...ttt e et e e e e e s e e e e e e ennnees viii
LIST OF FIGURES. ...t e e e ees) Xi
LIST OF ACRONYMS.....ettieiiiitiiiie ettt ettt e e e st ee s mmneee e e e e e e ensneeeeeeeeanes XX
1 CHAPTER 1. INTRODUCTION. ettt e e 1
1.1  Backgound and MoOtiVation.............ooeieiiiimeiiiiiiirreee e, 1
1.2 IMPACES OF PM 5. 1
1.3  State Implementation Plans..........ccc.ccooiiiii, 2
1.4 ODJECHIVES. ..ttt 4
2 CHAPTER 2. LITERATURE REVIEW........oe e 5
2.1 Theoretical Basis of Source Apportionment Methods..................... 7
2.1.1 Receptor Based Methods..........ccccuuiviiiiiiiiiiiiiiiiieee, 7
2.1.1.1Chemical Mass Balance...........cccccceeeeeiiiiiiiiinnnnnnnnnn. 7
2.1.12 Positive Matrix Factorization...............cccccccoevieiieennenn, 9
2.1.2 SourceOriented Methods...........cceiiiiiiiiiiieiiieeeen 10
2.1.2.1Sensitivity Analysis Methds...............ccooevvvviiiiiiiinennn. 11
2.1.2.1.1The BruteForce MethodBFM)...................... 11
2.1.2.1.2TheDecoupled Direct Method (DDM)........... 12
2.1.2.2Reactive Tracers Method...........ccccoevvviiiiiiiccceeeeenn, 13

2.1.2.2.1The  Particulate  Source  Apportionm
Technology(PSAT)....coooii 13
2.1.2.2.2Tagged Species Within CMAQ.................... 16

2.1.2.2.2Comparisons of Source Apportioemt an
Source SenSitiVity.......cceeeeeeeeeeeiiiiiieeeees 17

2.2 Current Status and Major Challenges of Source Apportior
STUAIES. .ttt 25

2.2.1 Major Sources of Fine Particulate Matter over the Ea
O TP UPPPRR 25
2.2.2 Current Status and Major Challenges.............ccccccvviviiiininnns 27



CHAPTER 3. SOURCE APPORTIONMENT METHODOLOGIES AND

BASELINE SIMULATIONS. ... e 31
G 300 R Y/ o To 1= [T o IS (= 1 PP 31
.11 MM 31
3.1.2 SMOKE . ..iiiiiiiiiiiiiee et 34
3.1.3 CMAQ/BFM ..ot 34
.14 CAMX/IPSAT .ottt 35
3.2 EPISOde DESCIPLON. ....cciiiiiieeeeeeee e 35
3.3 Evaluation of Baseline SImulations...........ccccccceeeeiiiiiiiiiiiiiiiiininee, 38
3.3.1 Observational Datasets.............uuuuriuiiiiiiinieeeeeeeeeeeeeeeeeiieiinens 38
3.3.2 Evaluation Protocol.............cccociiiiiiiiiiiii 39
3.3.3 Surface Evaluation of £and PMs..........ccccooiiiiiiiiiiinciiin 41
3.3.4 Spatial Distribution of @and PMs..........coovvvviivieeiviiiiiiieenn. 63
3.3.5 Wet Deposition FIUXES.......coeiiiiiieeeieiiiiiieeiicee e 64
3.3.6 Column Variables............ccovviiiiiiiiiccii e 67
R S 011 ] .0 =1 V2P 76
CHAPTER 4. SOURCE APPORTIONMENT SIMULATIONS USING
CIMAQ . .ottt ettt e e et e e e e e e e st r e e e e e e e ree e enaaaan 78
4.1  Source Selection and Analysis Method...........cccccciiinns 78
4.2  Source Apportionment Results using CMAQ/BFM......................... 80
4.2.1 DomainWide ANalYSIS...........uuuueiiiiieee s eeeeeeeeeeeeeeeaaaenaannn 80

4.2.2 Spatial Distribution of Emissions and Source Contributions 88
4.3  Site SPeCific ANAIYSIS.......ciiiiiiii i 138
I S T U1 1 0] 0 =1 Y2 150

CHAPTER 5. SOURCE APPORTIONMENT USING THE PSAT AN
INTERCOMPARISON WITH THE BFM......ccooiiiiiiieeees 152

Vi



5.1  SIMUIAtIONSEIUP......cceieieeeeeeeiice e e e e e e 152
5.2 Source Apportionment Results and Intercomparison
CMAQ/BFM.....oiiiiiiiieee ettt e e e e e e e s ennnneeens 152
5.3  Spatial Distribution of CAMXx/PSAT Source Contributions.............. 155
5.4  Site SPecific ANAlYSIS........uiiiiiiiiie e 192
5.5 Comparison of Computational Speeds of BFM &BAT.................... 219
5.6 Implications of Source Apportionment to the State Implementatior
(SIP) and Humaiealth Based Epidemiological Studies................. 219
6 CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS...........cceeeu... 224
REFERENGCES.........oiiiiiiii ittt ettt e e e et e e e e e s s e e e e e e snseneeeeeeans 232

Vii



Table

Table2.1

Table2.2

Table2.3

Table2.4

Table2.5

Table2.6

Table3.1

Table3.2

Table3.3

Table3.4

Table35

LIST OF TABLES

Summary of existing source apportionment methads.........................

Contributions of major sources of Blas resolved by previous studia
the southeastern U.S. inthewinteo nt hs ( expr es see

Contributions of major soues of PM sas resolved by previous studie
the southeastern U.S. in the spring months (expressed in percentac

Contributions of majosources of PMsas resolved by previous studie
the southeastern U.S. in the summer months (expressed in percent

Contributions of mjor sources of Phsas resolved by previoususlies ir
the southeastern U.B. the autummmonths (expressed percentagg......

Contributionsof major sources of Phkas resolved by previoususlies ir
the southeastern U.S. (muftionth, expressed in percentage).............

MM5 Model ConfigUrationS.........ccccoieeieeeiiiiiiiieeee e e e

CMAQ and CAMx configurations used in this research....................

The observational networks and satellites used in moddéladian, a
well as the variables evaluated, the sampling frequency, and the 1
of sites within the 1ZKmM dOmMaiN. ... ...

Performancetatistics for Qin January 20B..............ccvvvvvveiiivmmenienenens

Performancetatistics for monthlymean PMsin January 2002.............

viii

19

2C

21

22

23

33

36

4C



Table3.6

Table3.7

Table3.8

Table3.9

Table3.10

Table3.11

Table3.12

Table3.13

Table3.14

Table3.15

Table3.16

Table3.17

Table3.18

Table3.19

Table3.20

Table3.21

Performancetatistics for monthlymean BAn January 2002...............
Performancetatistics for monthlymean OGn January 2002...............
Performancetatistics for monthlymean TAn January 2002................
Performancetatistics for monthlymean NQ in January 2002.............
Performancetatistics for monthlymean SG in January 2008 é .........
Performancetatistics for monthlymean NH" in January 2002 é é .....
Performance Statistics fors@ July 2002.......ceoooiiiimeeiiiiiiiiie,
Performancetatistics for monthlymean PMsin July 2002....................
Performancetatistics for monthlymean BC in July 2002.....................
Perbrmance mtistics for monthlymean OC in July 2002.....................
Performancetatistics for monthlymean TC in July 2002.....................
Performancetatistics for monthlymean NQ in July 2002.....................
Performancetatistics for monthlymean SG in July 2002....................
Performancetatistics for monthlymean NH* in July2002 ¢é é é é ..

Performance statistics for wet defpios in January 2002.....................

Performance statistics for wet deposition in July 2002.....................

45

46

47

5C

51

52

53

55

56

65

66



Table3.22

Table3.23

Table4.1

Table4.2

Table4.3

Table4d.4

Table4.5

Table4.6

Table4.7

Table5.1

Table5.2

Table5.3

Performance statistics for satellderived varidles in January 20l
(simulatedvalues a& from CMAQ).......coeiiiiiieeeeeeeieieieeer e

Performance statistics for satellite derived variables in July
(simulated values are from CMAQ).....cccoeviiieeiiiiieeeeeee e e

Source categories analyzed in this study..............ooveeeeeeeiiivmeennn,

Monthly-mean percentage contributions of each source categ:
speciated emiSSIONS IN JANUAIY........cc.uuuuuiiiieemmmmeeeeieeeeeeeeeeeeeeemm e

Monthly-mean percentage contributions of each source categt
speciated emiSSIONS IN JUIY........uuuuiiiiiiiiiiiiieieeeee e

Domainwide monthlymean percenge contributions to Pbk in
January from BFEM........ooo e

Domainwide monthlymean percentage contributions to 2Mn July
L1100 . T =1 S

Monthly-mean percentage contributions to R\t representative sites
July (top 3 sources in red, bottom 3 iN green). . o eeeeeeeeeeeeeeeerennnnnns

Monthly-mean percentage contributions to R\t representative sites
July (top 3 sources in red, bottom 3 in green).......ccccceeeeeeiiimmeeeeaneenen,

Domainwide monthlymean percent contributions to RMin Januar
FOM P S AT e

Domainwide monthlymean percent contributions to Ryn July fromr

68

69

79

82

82

83

83

136

137

154



Figure

Figurel.l

Figure3.1

Figure3.2

Figure3.3

Figure3.4

Figure3.5

Figure3.6

Figure3.7

LIST OFFIGURES

Page

U.S. EPA area designations for 2006-i&ur fine paticle (PM5s)
standardghttp://www.epa.gov/pmdesignations/index.htm).................. 3

The domain used in this research:Ki horizontal grid spacingver the
eastern U.Séééééééecééeééeééaesd 32

Wet deposition of 6,7 from CMAQ (lefty and CAMx (right) ir

Januaryééeééeeececeééeeéeecéeecéeed 58

Spatial distribution monthly mean maximum-h8ur average §
concentrations simulated by CMAQ (left) and CAMXx (right) overlaid
observations from AIRAQS, CASTNET, and SEARCH in January (tc
and July (DOttOM)........oooiiiiii e s e 61

Spatial distribution monthly mean BM concentrations simulated
CMAQ (left) and CAMx (right) @erlaid with observations from AIR
AQS, IMPROVE, STN, and SEARCH in January (top) and
(oo 1C0T1 ) R PP PP TP PPPT 62

Monthly-mean column CO from MOPIT{top) and CMAQ(bottom) fc
January (left) and July (right)..........ccoooiiime e 70

Monthly-mean column N@from GOMES (top) and CMAQ(bottom) fc
January (left) and July (Fight).........cooerreiiiiiiiie e el

Monthly-mean column @ from TOMS (top) and CMAQ(bottom) fc
January (left) and July (right)..........cooooi oo 72

Xi



Figure3.8

Figure4.1

Figure4.2

Figure4.3

Figure4.4

Figure4.5

Figure4.6

Figure4d.7

Figure4.8

Figure4.9

Monthly-mean column AOD fromMODIS (top) and CMAQ(botton
for January (left) and July (FQN).eeeoeeeiiiiii e

Spatial distribution of monthiynean percentage contributions of «
combustion emissits to baseline emissions in January (top) and
(0010 1) TSRS

Domainwide monthlymean contributions of coal combust
emissions to PMs ard its individual components in Jaary.................

Domainwide monthlymean contributions of coal combust
emissions to Pl and its individual components in the fiGtayers il

,,,,,,,,,,,,,,,,,,,,,,

Domainwide monthlymean contributions of coal combust
emissions to PMs and its individual components in July.................

Domainwide monthlymean contributions of coal combust
emissions to Pl and its individual compomes in the first 6 layers

Spatial distribution of monthiynean percentage contributions of di
vehicle emissions to based emissions in January (top) and .
(00 10] 1 1) TSRO

Domainwide monthlymean contributions of diesel vehicle emiss
to PMysand its individal components idanuary..............ccecceeeeeee,

Domainwide monthlymean contributions of diesel vehicle emiss
to PMp s and its individual components in JUly..............omeeveeeeenns,

Spatial digribution of monthlymean percentage contributions
biomass burning emissions to baseline smrss in January (top) a
JUIY (DOTEAM)..ee e

Xii

73

89

90

91

92

93

94

95

96

97



Figure4.10 Domainwide monthlymean contributions of biomass burr
emissions to PMs and its individual components in January...........

Figure4.11 Domainwide monthlymean contributions of biomass burr
emissions to PMs and its individual components in July..................

Figure4.12 Spatial distribution of monthlynean percentage contributions
gasoline vehicle emissions to baseline emissions in January (tc
[0V (0o 1 1o 1 1) TP

Figure4.13 Domainwide monthlymean contributions of gasoline veh
emissions to PMs and its individual components in January...........

Figure4.14 Domainwide monthlymean contributions of gasoline veh
emissions to PMs and its individual components in July..................

Figure4.15 Spatial distribution of monthlynean percentage contributions
industrial processes emissions to baseline emissions in Janual
and July (DOttOM)..ccc..oeee e

Figure4.16 Domainwide monthlymean contributions of industrial proces
emissions to PMs and its individuatomponents in January.............

Figure4.17 Domainwide monthlymean contributions of industrial proces
emissions to Pl and its individual omponents in July....................

Figure4.18 Spatial distribution of monthiynean percentage contributions of w
disposal and treatmertnissions to baseline emissions in January
and JUly (DOTEOM)......eveiiiiiiiiiiee e e

Figure4.19 Domainwide monthlymean contributions of waste disposal emiss
to PM s and itsindividual components in January..........ccccccceeeeeeennn.

Xiii

98

99

10C

101

102

103

104

105

106



Figure4.20 Domainwide monthlymean contributions of waste disposal emiss

to PMpsand its individual compaant s i n Jul yeée, g

Figure4.21 Spatial distribution of mahly-mean percentage contributions
biogenic emissions to baseline emissions in January ¢@ogd)Jul

/////////////////////

Figure4.22 Domainwide monthlymean contributions of biogenic emission:
PM,sand its individual comgnentsin January..........cccccceeeeeeeeeeneenee.

Figure4.23 Domainwide monthlymean contributions of biogenic emission:
PM,sand its individual components inlYu.............coooevvvviiiiiiccinennn.

Figure4.24 Spatial distributon of monthlymean percentage contributions of o
combustion emissions to baseline emissions in January (top) at
(00110 1.0 T

Figure4.25 Domainwide monthlymean contributions of other combust
emissions to PMs and its individual components in January...........

Figure4.26 Domainwide monthlymean contributions of other combusi
emissions to PMs and its individual components July....................

Figure4.27 Spatial distribution of monthiynean percentage contributions of o
mobile source emissions to baseline emissions in January (top) a
(00110 1) T PP PPUOSO

Figure4.28 Domainwide monthlymean contributions of other mobile sot
emissions to Pl and its individual components in January...........

Figure4.29 Domainwide monthlymean contributios of other mobile sour
emissions to Pl and its individual components in July.............c...

XV

109

110

111

112

113

114

115

116

117



Figure4.30 Spatial distribution of monthlynean percentage contributions
miscellaneous area sources emissions to baseline emissions any

"""""""""

Figure4.31 Domainwide monthlymean contributions of miscellaneous
source emissions to PMand its individual omponents in January...

Figure4.32 Domainwide monthlymean contributiom of miscellaneous ar
source emissions to PMand its individual components in July........

Figure4.33 Monthly-mean baseline NHemissions in January (left) and J

,,,,,,,,,,,,,,,

Figure4.34 Monthly mean PBL Heighin January (left) and July (right) as well
monthlymean daytime (8arm 7pm) and nighttime (8prih 7am) PBI
heights in January and JUlY..............oooiriiiiiiiiiii e,

Figure4.35 Monthly-mean contribution §i ppb) of miscellaneous areas sourct
HNO; in January (left) and July (right) (Note that negative nun
indicate an increase of HNOwhen miscellaneous area sot
emissions are eliMiNAted)emmm . .uueeeeieeee e e

Figure4.36 Monthly-mean percentage contributions to BPMat urban, rura
remote and coastal sites in January (top) and July (botto...............

Figure4.37 Comparison of SA results with other studies at JST in Janugry gt
JUIY (DOLEOM)...ciieeee e e

Figure4.38 Comparison of SA results with other studies at CTR in January
and July (bOttOmM)........oooviiiiiii e

Figure4.39 Temporal variations of source contributions at JST in January (to
JUlY (BOTEOM)...ceee e

XV

118

119

120

122

126

133

140

141

142



Figure4.40

Figureb.1

Figureb.2

Figureb.3

Figure5.4

Figure5.5

Figure5.6

Figure5.7

Figure5.8

Figureb.9

Figure5.10

Weekend effect for each source category in January (top) and
8 [0V {00 1 1o 0 SO

Domainwide monthlymean contributions of coal combusi
emissons to PMsand its individual components in January...........

Domainwide monthlymean contributions of coal combusi
emissions to Pl and its individual components in July.............c....

Domainwide nmonthly-mean contributions of diesel vehicle emiss
to PMy s and its individual components in January........ccccceeeeeeeeennn.

Domainwide monthlymean contributions of diesel vehicle emiss
to PMy s and its individual comp@nts in JUlY...........eevvvvaccceeeiiiiiiinnn)

Domainwide monthlymean contributions of biomass burr
emissions to PMs and its individual components in January...........

Domainwide monthlymean contribubns of biomass burnii
emissions to PMs and its individual components in July..................

Domainwide monthlymean contributions of gasoline veh
emissions to PMs and its individual components in January...........

Domainwide monthlymean contributions of gasoline veh
emissions to PMs and its individual components in July..................

Domainwide monthlymean contributions of industrial proces
emissions to PMs and its individuatomponents in January.............

Domainwide monthlymean contributions of industrial proces
emissions to Pl and its individual components in July..................

XVi

156

157

158

159

160

161

162

163

164



Figure5.11 Domainwide monthy-mean contributions of waste disposal
treatment emissions to BMand its individual components iaduary.

Figure5.12 Domainwide monthlymean contributions of waste disposal
treatment emissions to RBMand its individual components dly.......

Figure5.13 Domainwide monthlymean contributions of biogenic emission:
PM,sand its individual components in January....ccccce.ccoeeiameeeeeeee.

Figure5.14 Domainwide monthlymean contributions of biogenic emisssonx
PM,sand its individual components in Yul.........cccooooeeeiiiiiiieeeeeeennn.

Figure5.15 Domainwide monthlymean contributions of other combusi
emissions to Pl and its individual components in January...........

Figure5.16 Domainwide monthlymean contributions of other combusi
emissions to Pl and its individual components in July............cc....

Figure5.17 Domainwide monthlymean contributions of other mobile sot
emissions to Pl and itsindividual components in January............

Figure5.18 Domainwide monthlymean contributions of other mobile sot
emissions to Pl and its individual components in July.............c...

Figure5.19 Domainwide monthlymean ontributions of miscellaneous a
source emissions to PMand its individual components iaduary......

Figure5.20 Domainwide monthlymean contributions of miscellaneous
source emissions to PMand its individual components in July........

Figure5.21 Monthly-mean PM s contributions (ug 1if) from coal combustion fro
BFM (left) and PSAT (right) in January...........cccoeesmmmeeiiveeeeeeeeeenn.

XVii

166

167

168

169

170

171

172

173

174

175



Figure5.22 Wet deposition fluxes of PS@rom CMAQ (left) and CAMXx(right) in
January and July and the monthean absolute difference in P§
wet deposition (CAMX CMAQ).......uuuueiiiiiiieeeeeeee e

Figure5.23 Monthly-mean biogenic VOC emissions and baseline
concentrations frm CMAQ and CAMx in January (top) and J

/////////////////////////

Figure5.24 Simulated baseline ¥, concentrations (ppb) from CMAQ (left) &
L7 A 1Y T (o ] | SR

Figure5.25 Absolute difference in monthlpnean baseline £ (ppb) betwee
CAMx and CMAQ iN JUIY.......uoiiiiiii e eeee e

Figure5.26 Monthly-mean simulated cloud fraction from MMbJuy 2 0 0 2 é..

Figure5.27 Monthly-mean PM5s contributions at Jefferson Street (Atlanta),
(top) and Yorkville, GA (bottom) in January (left) and July (right
2002 from PSAT and BFEM........cccciiiiiiie e ssmiiiiiieeeeeeeee e e eesiees

Figure5.28 Monthly-mean PMs contributions at Birmingham, AL (top) a
Centreville, AL (bottom) in January (left) and July (right) of 2002 1
PSAT aNnd BFM......cooieeeiiieee et emmee s eesnnees,

Figure5.29 Monthly-mean PMs contributions at Gulfport, MS (top) and C
Grove, MS (bottom) in January (left) and July (right) of 2002 -
PSAT @Nd BFM.....cooiiiiiiiiie ettt it

Figure5.30 Monthly-mean PM s contributions at Pensacola, FL (top) and Outl
Landing, FL (bottom) in January (left) and July (right) of 2002 f
PSAT and BFM.....coo ittt mmeneee e e a e e

xviii

178

185

188

189

189

193



Figure5.31 Monthly-mean PM ;s contributions at Great Smoky Mountain Natic
Park (top) and Charlotte, NC (bottom) in January (left) dulg (right

,,,,,,,,,,,,

Figure5.32 Monthly-mean PMs contributions at Jassville, NC (top) an
Chicago, IL (bottom) in January (left) and July (right) of 2002 1
PSAT @NnNd BFM.... ot e e

Figure5.33 Monthly-mean PM;s contributions at New York B/, NY (top) anc
New Orleans, LA (bottom) in January (left) and July (right) of :
from PSAT and BEM........oocccciiiiiiee e

Figure5.34 Monthly-mean PMs contributions at Cincinnati, OH (tppanc
Knoxville, TN (bottom) in January (left) and July (right) of 2002 f
PSAT and BFM......coooiiiii e eeie et em e e e e e e e e e eens

Figure5.35 Monthly-mean PM s contributions at Norfolk, VA (top) and Nauville.
TN (bottom) in January (left) and July (righd) 2002 fromPSAT an

//////

Figure5.36 Miscellaneous area source contributions tosN@d NH, from CMAQ
and CAMXx at JST (top left), YRK (top right), BHM (bottom left) :
CTR (bottom Ight) iN JANUAIY..........eeiiiiiiiiiiiii e

Figure5.37 Comparison of PSAT and BFM results at urban sites (top) anc
sites (bottom) in January (left) and July (right)..........cccccceeiiiiiinnnn

Figure5.38 Comparison of PSAT and BFM results at remote sites (top) and «
sites (bottom) in January (left) and July (right).............cocceeeeee e eai

XiX

197

198

199

20C

201

209

214



3-D
AIRS-AQS
AOD
AQM

BC
BCON
BEIS
BFM
BHM
CAMXx
CASTNET
CB-IV
CHI

CIN

CLT
CMAQ
CMB

CO

CTR

DDM

LIST OF ACRONYMS

ThreeDimensional

Aerometrc Information Retrieval SysteinAir Quality Subsystem

Aerosol Optical Depth

Air Quality Model

Black Carbon

Boundary Conditions

Biogenic Emissions Inventory System
Brute-Force Method

Birmingham, Alabama

Comprehensive Air Quality Model with Extensions
Clean Air Status and Trends Network

Carbon Bond IV

Chicago, lllinois

Cincinnati, Ohio

Charlotte, North Carolina

Community Multiscale Air Quality modeling stem
Chemical Mass Balance

Carbon Monoxide

Centreville, Alabama

Decoupled Direct Method

XX



DU

EC

FB
FDDA
FGE
GOME
GFP
GRM
H20;
H,SOy
Hg
HNO;
IMPROVE
IPCC
JMS
JST
KNX
LGO
LRT
M3DRY
MAGE

MB

Dobson Unit

Elemental Carbon

Fractional Bias

Four Dimensional Data Assimilation
Fractional Gross Error

Global Ozone Monitoring Experiment
Gulfport, Mississippi

Great Smoky Mountains National Park
Hydrogen Peroxide

Sulfuric Acid

Mercury

Nitric Acid

Interagency Monitoring of Protected Visual Environnsgen

International Panel on Climate Change
Jamesville, North Carolina

Jefferson Street (Atlanta), Georgia
Knoxville, TN

Lipschitz Gobal Optimization

Long Range Transport

Models 3 Dry Deposition Module
Mean Absolute Gross Error

Mean Bias

XXi



MCIP
MM5
MNB
MNGE
MNGFE
MODIS
MOPITT
NAAQS
NC
NCAR
NCDENR
NEI
NEO
NH3
NH,4"
(NH4)2SOy
NH4NO3
NMB
NMBF
NME
NMEF

NMFB

MeteorologyChemistry Interface Processor
PSU/NCAR %' generation Mesoscale Model
Mean Normalized Bias

Mean Normalized Gross Error

Mean Normalized Gross Fractional Error
Moderate Resolution Imaging Spectroradiometer
Measurements of Pollutants in the Troposhpere
National Ambient Air Quality Standards

North Carolina

National Center for Atmospheric Research
North Carolina Departnme of Environmental and Natural Resources
National Emissions Inventory

New Orleans, Louisiana

Ammonia

Ammonium

Ammonium Sulfate

Ammonium Nitrate

Normalized Mean Bias

Normalized Mean Bias Famt

Normalized Mean Error

Normalized Mean Error Factor

Normalized Mean Fractional Bias

XXii



NMFGE Normalized Mean Fractional Gross Error

NO Nitric Oxide

NO, Nitrogen Dioxide

NOs Nitrate

NOR Norfolk, Virginia

NOy NitrogenOxides

NYC New York City, New York
O3 Ozone

OAK Oak Grove, Mississippi

oC Organic Carbon

OIN Other Inorganics

OLF Outlying Landing, Florida
OoM Organic Matter

OSAT Ozone Source Apportionment Technology
ORV Ohio River Valley

PA Process Analysis

PBL Planetary Boundary Layer
PM Particulate Matter

PMF Positive Matrix Factorization
PNS Pensacola, Florida

POA Primary Organic Aerosols

PPM Piecewise Parabolic Method

xXXxiii



PPTM
PSAT
PSU
RADM
RMSE
RRTM
SA
SEARCH
SIP
SMOKE
SO,
SO~
SOA
SOAP
SORGAM
STN

TC

TOC
TOMS
TOR
TOT

TSSA

Particle and Precursor Tagging Methodology
Particle Source Apportionment Technology
Pennsylvania State University

Regional Acid Deposition Model

Root Mean Square Error

Rapid Radiative Transfer Model

Source Apportionment

Southeastern Aerosol Reseaand Characterization
State Implementation Plan

Sparse Matrix Operator Kernel Emissions
Sulfur Dioxide

Sulfate

Secondary Organic Aerosol

Secondary Organic Aerosol Partitioning
Secondary Organic Aesol Model
Speciation Trends Network

Total Carbon

Total Organic Compound

Total Ozone Mapping Spectrometer
Thermal Optical Reflectance

Thermal Optical Transmittance

Tagged Species Source Apportionment

XXIV



u.s. United States

U.S. EPA U.S. Environmental Protection Agency

VISTAS Visibility Improvement State and Tribal Association of the Southeast
VOC Volatile Organic Compound

YRK Yorkville, Georgia

XXV



CHAPTER 1. INTRODWTION

1.1  Background and Motivations

Particulate matter with an aerodynamic diameter of less than or equal to 2.5 microns
(PM,5) is a well researched and documented pollutant due to its adverse health effects and
contributions to visibility degradation and climate change. In Decemlioér, #te U.S.
Environmental Protection Agency (EPA) lowered then®dir National Ambient Air Quality
Standards (NAAQS) for PM from 60 to 35 pgn™. In order to attain this standard, thgear
average of the 98percentile of 2shour average P concentrations must not exceed 35 pd/m

(http://www.epa.gov/air/criteria.htl In order to develop the most castective reduction

strategies, it is essential to have an understanding of which sourcesieuting to these
elevated PMs concentrationsThe research presented in this thesis work will focus on source
apportionment of PMs using two commonly used threlgmensional air quality models-(3
AQMS): the Models3 Community Multiscale Air Quély (CMAQ) model (Byun and Ching,
1999; Binkowski and Rosell e, 2003; Byun and S
Air Quality Model with extensions (CAMx) (ENVIRON, 2006). The briitece method (BFM)
is used within CMAQ along with the Particle SoarApportionment Technology (PSAT) within
CAMx in order to assess the impacts of 10 prescribed source categories godRbentrations
over the eastern U.S.
1.1.1 Impacts of PM,5

PM, s is of particular concern with respect to human health becausédhleythe ability

to penetrate deeper into the lower respiratory system, as opposed to lager particles that


http://www.epa.gov/air/criteria.html

can be trapped and potentially removed in the upper respiratory system (Brunekereef and
Holgate, 2002). Acute and chronic exposure to elevatetsle¥® M, s has been linked to
increased mortality rates, heart attacks, decreased lung function, increased asthma attacks, and
even premature death (Dockert et al., 1993; Ebelt et al., 2000; Laden et al., 2000; Peters et al.,
2001). PMalso scattersral absorbs light in the atmosphere, thus altering the amount of solar
radiation that reaches the Earthods surface.
2007 synthesis report (IPCC, 2007) stated that anthropogenic contributions to aerises part
produce a cooling effect with a total direct radiative forcingdd W/nf. In addition to the
direct effects, smaller particles can lead to more reflective clouds, thus increasing the albedo of
the Earthoés sur face. iredtbleuddbBds forcingesprothetorelad-oft h a t
0.7 W/nf. Additionally, particles can lead to visibility degradation by scattering and absorbing
light at wavelengths similar to the particle size. These fine particles are thus important in
degradation of igible light which have wavelengths of 0.4 to 0.7 pm.
1.1.2 State Implementation Plans

Because of the aforementioned adverse effects, the U.S. EPA has designajad &
of the six criteria pollutants regulated under the NAAQS. Any area thatdaneét these
standards based on ambient monitoring data is designated as#anoment area. Figure 1.1
shows the PMs nonattainment areas designated by the EPA as of October, 2009. As the figure
shows, the most problematic regions in terms of garpollution are the northeastern U.S. and
southern California. When an area is designated as nonattainment, the state where that

nonattainment area resides is required to formulate a state implementation plan (SIP) that



EPA Designation

Attainment/Unclassifiable
Monattainment - VWhole County
Monattainment - Partial County

Figure 1.1  U.S. EPA area dagmations for 2006 2#our fine particle (PMs) standards
(http://www.epa.gov/pmdesignations/index.hth
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outlines a plan to achieve compliance within a nonattainment area. Failure to successfully
achieve this task can result in economic sanctions imposed by the federal government on that
state. In order for the state governments to develop the most effectivetion strategies,

there must be an understanding of which emission sources are wimgrilhe greatest to
PM_s.formation. The work in this thesis will contribute to a broad body of work in the

scientific community apportioning PMto potential emission sources that can be used as a
reference in formulation of the aforementioned reiduncstrategies

1.2  Objectives

The objectives of this research are to:

(1)  conduct source apportionmentR¥, s for 10 major source categories for
January and July 2002 using CMAQ with the brute force direct sengsitivi
analysis method and the CAMB&GAT reactive tracer methad order to
determine the major sources of Pibver the eastern U.S

(2) analyze predicted contributions from each source category for both methods
and discuss the relative importance of each source along with potential
implications for emission reduction strategies and compebase¢d
epidemiological PMs studies.

(3) compare and contrast simulated source contributions from each method, and
identify sources of major discrepancies in results obtained with both methods

in order todetermine the major strengths and weaknesses of both methods



CHAPTER 2. LITERATURE REVIEW

The determination of major sources of fine particulate matter in the United States has
become an increasingly important area of research, particularly oveasheégeade. Several
different methods of apportioning B¥mass to probable emission souregsst, each with
their own inherent strengths and limitatioigble 2.1lists some of the major source
apportionment methods currently used along with thertenand limitations Perhaps the
mostwidely-usedsource apportionment tools are recejmoented methods that aim to infer
contributions from different emission sources using measurements taken at a specific
receptor site. These methods have beendaglumented in terms of their mathematical
formulation and developme(€ooper and Watson, 1980; Waston, 1984; Hopke, 1991;

Henry, 1997; Watson et al., 2002; Hopke, 200@pre re@nt studies have implemented 3
dimensional air quality mode(8-D AQMs) asa sourceoriented method for apportioning

fine particle mass to potential sources. This thesis will compare two source apportionment
methods that utilize-® AQMs. An overview of the theoretical basis of two widaeked
receptororiented approaches aglvas two classes agburceorientedmethods for source
apportionment is given in section 2.1. Section 2.2 provides an overview of major sources of
fine particulate matter as resolved by other studies, with a particular emphtssouarces

of PM, s over the eastern U.SAlso, the current status and major challenges with respect to

source apportionment are discussed.



Table 2.1. Summary of existing source apportionment methods.
Type Example Strength Limitation
Sparse Observations;
Oservaonbased; i CE N eion
Receptotbased CMB, PMF Accurate, sources (e.g., CMB);

BFM (this study)
DDM

3-Dimensional
Sensitivity Analysis

3-Dimensional

Tagged Species PSAT, TSSA

Conceptually Simple;

Conceptually simple;

Accurate follinear
chemistry and small
emission changes;
Directly related to
development of
emissioncontrol
measuresinclusion
of indirect effects

Spatial Distribution;
Handles non
linearity; One model
run; Variety of
0 s 0 u;rPctentialdy
true source
apportionment with
appropriate model
treatments

linear independence of
source profiles

Computationally
ExpensiveResults often
nortlinear and non
additive;Not true
Afsource apeg
Dependence ondseline

simulation
Uncertainty in emission:

Uncertairty in
emissionsPependence
on baseline simulation

Omission of indirect
effectsand oxidant
limiting effects;
assumptions in source
apportionment for
secondary PM species

CMB: Chemical Mass Balance; PMF: Paositive Matrix Factorization; PSAT: Particle&ourc
Apportionment Technology; TSSA: Tagged Species Source Apportionment; BFM: Bnae
Method; Indirect effectghereduction of one PM species PM precursoaffecting anothethrough
aerosol thermodynamic partitioning procesggs phase oxidationndaqueougphase neutralization
Oxidantlimiting effect: the brmation of secondary PM species limited by availability of oxidants



2.1  Theoretical Basis of Source Apportionment Methods
2.1.1 ReceptorBased Methods

Receptororientedsource apportianent methods ameidely-usedtools throughout
the atmospheric science community that aim to resolve possible emission sources of a
particular PM s sample based on its mass and chemical compagsitioich can then be
linked to the composition of possil#enission sourcesThesaeceptorbasednethods are
based on the conservation of mass of species, whose general form is given by:

n
Xi] = Z gikfy + &,
k=1 (2.1

wherey; is the ambient concentration of spegiessampld, fi; is themass fraction of
specieg in sourcek, gi is the source contribution of sourcé sample, ande; is the error
(Ke et al., 2008 Two of the mostwidely-usedreceptor models are positive matrix
factorization (PMF) and chemical mass balance (CMB)chivill be discussed in the
following sections.
2.1.1.1Chemical Mass Balance

CMB uses a leastquares fitting method to minimize the difference between
measurements and modeled concentrations. CMB is a single sample receptor model to solve
equation 1, ssuming that emission source profilgg @re known. Similar to the object
function of PMF, CMB aims to minimize the difference between measurement and modeled

concentration by mini (Watzonetgll98he value 62,
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wherex; is the ambient concentration of spegi@ssampld, fj is the mass fraction of
specieg in sourcek, g is the source contribution of sourkc& sampld, Oy;is the
uncertainty of the ambient concentration of spegiasd Uk is the uncertainty in the fraction
of specieg in the source profilé&.

CMB is a powerful tool for solving the mass balance equation for source
apportionment, given that there is knowledge of all sources impacting a receptor. CMB has
been widely sed and documented, making it widely available and fairly simple to
implement. CMB is also observatithased, and is thus generally believed to be accurate,
though sparse observational data can often limit the robustness of the dataset. However,
CMB modsds are based on assumptions (among others) that all sources with a potential for
significantly contributing to the receptor are included in the analysis, and also that the source
compositions are linearly independent of each ote®.(EPA,1998). Thisihear
independence of source profiles is one of the major assumptions that limit the ability of CMB
to accurately identify and apportion mass between sources that share relatively similar
profiles(Marmur et al.2005. To help address this issue, Schaieal.(1996 developed a
CMB receptor model based on the use of organic compounds as tracers. Organic markers
within CMB have beemvidely-usedin PM, s source apportionment studig&chauer et al.,

2000; Zheng et al., 2002; Robinson et al., 2006; Zietad;, 2006; Ke et al., 2008 Marmur

et al.(2005 also developed an extended CMB approach which incorporates indicative gas to



particle ratios with the hypothesis that sounéh fairly similar PM, s emissions may have
significantly different gase@emissions.The extended CMB is useful in addressing the
problem of cdinearity between source profiles. In addition to issues wilnearity, CMB
approaches do not typically account for species transformations from the source to the
receptor (Leeteal., 2009). CMB is also limited by the requirement of previous knowledge
of the composition of emission sources impacting a receptor site. Additionally, sparse
observations available for CMB analysis limit spatial coverage of source contributioiss that
often desired, particularly in the case of exposure modeling.

2.1.1.2Positive Matrix Factorization

PMF (Paaterp1997 aims to iteratively solve the equation

p
E=X-Y=X-) GF
h=1 2.3

whereG andF are the left and right factor matriceshi® determined, and is the difference
matrix between measuremefyt and modelY; (Rizzo and Scheff, 2007)The solution
provided by PMF minimizes an object function, Q (E), based on uncertainties for each
observatior(Paatero, 1997; Polissar et 4998. This function is defined g&im et al.,
2004:

2

m n E ..
QIBE)=2>_> 5 > 2.4
i=1 j=1 i

ij
With regards to equation (1), PMF is advantageous as it does not require prior

knowledge of;. Hence, PMF provides only one of an infiniterher of solutiongo



equation (2.1jMaykut et al., 2003) Another major advantage of PMF is its ability to handle
missing and below detection limit data (Liu et al., 2005). Howeéxezause PMF does not
require prior knowledge of the composition of emission sourcesga humber of samples

are required in order to resolve source factbe et al., 2008 PMF is also limited by its

inability to link observed factors directly with actual sources due to the fact that PMF is
based on statistical patterns of correlatjoather than source profiles (Sarnat et al., 2008).
However,PMF has shown to be a valuable alternative to traditional receptor models, and has
been widely applied in source apportionmen®Pbf s (Kim et al., 2003; Kim et al., 2004,

Liu et al., 2005; Lu et al., 2006; Hwang et al., 2007; Jaeckels et al., 2007).

2.1.2 SourceOriented Methods

A second group of source apportionment tools used is base®@dx(BVs. These
emissionbased models, as opposed to recepssed models, use a processed emission

inventory as the starting point. The continuity equation, givéByam and Ching, 1999)

z—(:W(UC.) =VpDV(G/p)+ R(G G, £, T B+ S(X] -
is then solved tgimulatethe fate and transport of pollutants. In equafB), ¢; is the
concentration of speciesU is the wind velocity vecto; is the molecular diffusivity of
species, R is the rate of concentration change of speicieschemical reaction§(x,t) is
the source/sink dfat locationx and timet, J is the air density, analis the number of

predicted species. Marmur et @005 suggestdthat receptor models may capture more of
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the temporal variation in source impacts a specific receptor site, while entissed
models may be more spatiallgpresentative. Two classes of source apportionment methods
using 3D AQMs are discussed in the following sections.
2.1.2.1Sensitivity Analysis Methods

Sensitivity analysis methods measure the model output response to a chiapge in
While these metbds are a valuable tool for poliegakers in analyzing the effects of
emission reductions on the atmosphere, they will not provide true source apportionment if the
relationship between the model input and output is non lfyeawood et al., 2005 as is
often the cas@Ansari and Pandis, 1998, 1999; Hakami et al., 2004; Cohan et al., 2005;
Dennis et al., 2008 Two widely-usedsensitivity analysis methods withinRL3 AQMs are
discussed in the following section.
2.1.211 The Brute-Force Method (BFM)

The lrute-force method (BFM) is the most straigbtward sensitivity analysis
method, in which a baseline simulation is compared against a sensitivity simulation in which
emissions of a certain source category are eliminated. The difference in simulated PM
between the baseline and sensitivity simulation can be attributed as the contribution of the

source to PMs concentrations A mathematical representation of this concept is:

Si: Chase— (2.6)

base sen i

C

sen i

C:base_
S ,=100*

2.7
base 7)
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(2.8)

i=1
where§ is the absolute contribution of souiida the same unit as the concentratifis
the percerggecontribution of source Cpasels the PM s concentration from the baseline
simulation, andCsey;i is the PM s concentration from the sensitivity simulation in which the
emissions from sourdeare eliminated, an& is the total contribution from number of
sources.

This method is simple and can be applied to any model, but is inefficient and
computatonally expensive, as a complete model simulation is required for each source
category. This method is also rooted in the assumption that the emissions from all source
categories within the emission imtery are linear and additivéhis assumptiomay nd
hold in highly norlinear systemsHowever, BFM is advantageous in its ability to capture
the indirect effects that result from the interactions between secondary PM species due to
their thermodynamic relationshipélso, the smaller concentration clygs between
simulations may be influenced more by numerical noise within the model than by the change
in emissiongKoo et al., 20%).
2.1.2.1.2 The Decoupled DirectMethod (DDM)

Thedecoupled direanethod (DDM)(Dunker,1981, 1984is an efficient and
accurate alternative to the BFM. I n the DDN
differentiated with respect to a particular sensitivity parameter. The resulting set of equations

is solved simultaneously alongside the original model equat@arsduet d., 2003. An
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advantage of DDM is that decouples the sensitivity equations from the governing model
equations, thus enhancing computational efficigik@mo et al., 200y. DDM has generally
been applied to calculate firstder sensitivities of gasas specie¢Dunker et al 2002a,
2002D. Its use has recently been extended to(Ripelenok et al., 2006; Koo et al., 2007
While DDM has been applied to solve higher order sensitivities for gaseous $pkediami
et al., 2003, 2004; Cohan et al. 080 Koo et al., 2008 its use for PM is currently limited to
first order sensitivitiesTherefore, DDM is limited in its ability to represent higher order
sensitivities associated with the formation of secondary PM spéecasy et al(1997)
developed version of DDM known aBDM-3D that has been applied iLBAQMs
(MendozaDominguez et al., 2000; Hakami et al., 2p0While DDM directly solves
sensitivity equations derived from the governing equations of the model while using the same
time steps athe chemistry routine, DDMBD uses separate, less complex algorithms with
different time steps to solve the chemistry sensitivity equativos et al., 2007, 20G$.
2.1.2.2Reactive Tracers Method

More recent studies have implanted a reactive tracetagdged species) method for
source apportionment of P These reactive tracers are extra species added DbACEV
that track contributions of pollutants from specific source categories. These tagged species
undergo the same processes,(Wwet, drydeposition) within the model as the bulk chemical
speciegBaker and Timin, 2008 For a pollutant with a total concentrationXfvith i
number of sources, a reactive trages assigned to each source such that the sum of the
reactive tracers will agal the total concentration of the speci¥s ( =x;). XThe reactive

tracers method differs from sensitivity methods in that it has the potential to provide true
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source apportionmelf¥arwood et al., 2006 Two recentlydeveloped tagged species source
apportionment methods implemented in twadely-used3-D AQMs are described further in
the following sections.

2.1.2.2.1 The Particulate Source Apportionment TechnologyPSAT)

The Particulate Source Apportionment Technology (PSAT) is a reactive tracers
algorithm that has been implemented in the Comprehensive Air Quality Model with
Extensions (CAMXx) and is publicly availahf¢arwood etal., 2004 Wagstrom et al., 2008
PSAT calculates source apportionment using tagged species that undergo the same
atmosphed processes as the bulk chemical species within the main model, closely
resembling the methodology of the Ozone Source Apportionment Technology (OSAT)
(ENVIRON, 2009, also developed by ENVIRONPSAT aims to conduct source
apportionment by solving the alge in concentrations of the reactive tracers over each time
step. This is accomplished by solving for the production and destruction of the reactive
tracers due to different processes, as described in equaignar(d 2.10), respectively

(ENVIRON, 209):

a.
a.(t+At)=a () + AA——
(t+A) =a (1Y) Sa (2.9)
b.
b, (t+At) =b, (1) +AB=— (2.10)

0

whereg; is the reactive tracer for specisb; is the reactive tracer for speci@sandt is the

modeltime step
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PSAT is designed to apportion sulfate ($)Q nitrate(NOs), ammonium (NH"),
mercury (Hg), secondary organic aerosol (SOA), and six primary PM speciesl|@gntal
carbon (EC), primary organic aerosol (POA), fine crustal particles, other fine particles,
coarse crustal particles, and other coarse pastidarwood et al. (2005) providea@mmplete
description of the reactive tracers added for each species for the source category of interest
along with a detail ed desc PEATiIsamofflinessburcé he al ¢
apportionment methodhat calculates source contributions with separatecsou
apportionment algorithmsther than by the host model routir{Bsker and Timin2008§.
PSAT is advantageous in that it is an efficient method in comparison to the sensitivity
methods, allowing fosource apportionment for several different source categories in a single
model simulation. Additionally, it can handle the issues ofliearity that often limit
sensitivity methods, and thus have the potential to provide true source apportionment.
However, a major challenge of PSAT is the development of a feasible manner to assign
concentration changes to the reactive tracers due timear processes, as there is no
unique way to accomplish thigsdditionally, because PSAT is designed to apporéiach
PM species to its primary precursor, it is unable to capture the indirect effects and oxidant
limiting effects that result from interactions between secondary PM species and their gaseous
precursors.Wagstrom et al(2008 developedan orine partiailate source apportionment
algorithm(OPSA)that was implemented into al3aerosol chemical transport model
(PMCAMX) (Gaydos eal., 2007 and compared ivith the offinePSATimplemented by
Yarwood et al. (2005)The offine PSAT algorithm uses the saraquations as the dime

algorithm but simplifies the treatment during the transport and removal calculations. Instead
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of tracking the source spécispecies separately, thelofé algorithm uses the
apportionment of the upwind grid cell to apporteach species after the transport
calculations (Wagstrom et al., 2008)agstrom et al. (2008pund thatthe offine version
of PSAT compagd well to the more rigorous lome algorithm and has the advantage of
beingmore computationally efficier#nd sinpler to implement.
2.1.2.2.2 Tagged Species within CMAQ

Similar tagged species source apportionment algorithms have also been implemented
in CMAQ. The Particle and Precursor Tagging Methodologyl PRwvas initially
implemented into CMAQ with the capabiéis of tagging sulfur, nitrogen, and mercury
(Myers et al., 2006ICF International, 2007a, 2007bBhave et al(2007) later implemented
tracking of primary organic and elemental carbon. The Tagged Species Source
Apportionment (TSSA) algorithm was sulgsently developed and implemented into CMAQ
with the capability of tagging approximately 20 new spe€i@esnesen et al., 2005; Wang et
al., 2009. Like PSAT, TSSA is advantageous in its efficiency and ability to handle non
linearity. Wang et al(2009 compared TSSA to PSAT and found that the two algorithms
produced similar results in terms of ranks of source contributions. Thdyouvever find
differences between ttsource apportionment results from th® algorithmshatin many
casesan beattributed in large part to differences in underlying model formulation (e.g.
vertical advection scheme, vertical eddy diffusivity values) as opposhfierences in the
source apportionment methodologies. Baker and T{2008 also found that the two

algaithms agreed well in determining source contributions.
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2.1.2.2.3 Comparisons of Source Apportionment and Source Sensitivity

While comparisons of different sensitivity methods have been widely conducted
(Dunker et al., 2002a; Hakami et al., 2004; Cohtaal.2005; Napelenok et al., 200690 et
al., 2007) as well as a few attempts at comparing different source apportionment methods
(Baker and Timin, 2008; Wagstrom et al., 2008; Wang et al.,)20@&e have been limited
studies comparing recenttagge¢gp eci es (or MAsource apporti onme
sensitivity methods. Dunker et €002 compared source apportionment of ozone using
OSAT with first order DDM sensitivities in terms of emissions and initial and boundary
conditions. They founthat OSAT and DDM agreed reasonably well on the most important
contributors to the highest ozone concentrations but dishgreabout 20% of the important
contributors. Zhang et gR009 also compared OSAT with DDM and Process Analysis
(PA). They foud that the NQversus VOGsensitivity of ozone chemistry predicted by the
three probing tools was similar over most of the domain, except in a few areas where O
formation was predicted to be V@&nsitive by PA and DDM but N&imited by OSAT.

In termsof ranks of Q contributors, they found that DDM and PSAT agreell on the sets
of top 10 Q contributors, but prediet different rankings among those sets of top 10
contributorgto the highesti- and & hour average ©concentrations.

Baek et al(20095 compared the brute force method with a tagged species algorithm
in CMAQ (CMAQ-TR) for predicted contributions of 5 source categories to primary organic
aerosols (POA). They found that predicted contributions to POA of the 5 source categories
agreed welbetween the two methods, as is expected due to the linear relationship between

emissions and concentrations of POA. Koo et28l0%) provided one of the comprehensive
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comparisons of source apportionment and source sensitivity for PM. They compaAied PS
and DDM to bruteforce predicted contributions of point source,®@issions, ofmoad

mobile source emissionandanthropogenic NglandNOy emissions to PMs contributions
within CAMx. PSAT and DDM were compared to the bridece method for various
emission reductions of 20 and 100%. They found that PSAT agreed well with théobcate
method in situations where the emissiaosicentration relationship was linear (epgimary
aerosols). They also found that PSAT agreed well with the-botte method n situations
where the emissienoncentratiomelationship was highly nelinear but there were no
indirect effects PSAT and BFMdisagreedn situations where the emisstoancentration
relationship is highly notinear and there arggnificantindirect effectsand oxidanimiting
effects For example, contributions of PSAT to sulfate formation near a large point source
of SO, were found to be smaller than the brtdece predicted contributions. This is due to
more availability of oxidants aen an emission source is completely remowasdq the case
for BFM); PSAT does not take this indirect effect into accqiob et al., 2009b) This is

an issue that will bdiscussedn detail inChapters 4 and.5
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Table 2.2. Contributions of major sources of PMfrom previous studies in the southeastern U.S. in the winter months (expressed in percentage)

om | e | 550 | e | s | oo | St | B | e | s [ [ vy | ity | e | oot | over
Urban Atggga' 23(";(')‘2' PMEL | PMps | 20 | 319 9.6 11.6 16.0 17.3 3.0 17 6.9
Urban Atggga' 23(";(')‘2' PME2 | PMps | 12 | 238 19.5 15.2 7.0 32 49
Rural Ce“/:’f‘g’”'e' nggb CMB PMys 1.4 19.3 10.1 3.4 2338 10.9 5.1 0.8 24.8
Urban Bimj‘;g*;am nggb CMB PMys 2.5 27.4 24.1 41 17.1 12.1 2.8 1.4 7.3
Rural Oa"MGSr;"’e* o | cme PMys | 34 | 325 128 28.6 8.0 5.0 16 8.4
Urban G“,{;ps%”’ 23&')‘6 CMB PMys 19.7 17.0 20.7 5.1 2.3 2.1 33.9
Rural | Yorkville, Jan. cmvB PMas 23.1 135 29.8 14.7 5.6 3.8 12.0
GA 2000
Urban | Atan@a, Jan. cmvB PMas 313 23.2 7.1 17.4 115 2.6 42 8.1
GA 2000
Rural | Pemsegola | Jan g PMas 195 19.4 235 5.0 3.8 11.4 23.1
Urban | Pefsagola | Jar | ey PMas | 37 | 642 22.6 5.0 24.3 5.6 47 6.4
Urban B"rj“;\‘f?oam ZD:ch. CMM,\;BI' PMys 00 | 233 15.7 18.2 24.5 1.9 00 6.4 3.2 0.0 21.9
Urban Birﬁ‘fi‘oam ng‘& CMM'\;BI' PM,s 0.8 9.0 25.0 8.9 135 4.8 0.0 4.7 0.5 0.0 59.5
Rural Ce'XrLel‘{)i"e' e VB | PMys | 24 | 58 6.6 1.0 34.6 0.6 0.0 38 10 0.0 47.8
Rural Ce'j,:lr_el‘{)i"e' ng& C,\'AV',\;BI' PMys 0.1 30.4 1.8 1.4 16.2 1.7 0.0 2.5 3.9 0.0 416
Urban Age:‘fé’" e VB | Pmps | 11 | 96 12.7 3.4 325 0.8 0.0 3.2 11 0.0 49.7
Urban Age:‘fé’" . VB | Pms | 08 | 277 9.3 12.8 13.9 5.3 0.0 7.6 3.8 0.0 417
Urban | Pesagola | Dee | CMB- | pvys | 03 | 213 40 3.4 235 05 0.0 0.1 9.6 0.0 395
Urban | Pensagola ) Jan | CMB- ) ey, | 01 | 212 7.1 5.2 17.2 1.0 0.0 5.4 147 0.0 38.1
Urban AgaA”f?' son | M e | 14 | 120 9.6 121 226 137 05 28.1
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Table2.3 Contributions of major sources of Phsfrom previous studies in the southeastern U.S. irspgiingmonths(expressed in percentage)

. Sample . Wood Diesel Gasoline Sec. Sec. Meat Vegetative Coal
Type Site Date Method Species | Dust Smoke | Vehicles | Vehicles Sulfate Nitrate Industry Cooking Burning Combustion Other
Centreville, Apr.
Rural AL® 1999 CMB PM,.5 4.3 9.7 12.2 3.6 38.0 2.1 6.3 14 22.1
Birmingha Apr.
Urban m, AL® 1999 CMB PM.s 2.9 16.3 25 5.8 29.6 4.0 2.4 1.4 11.4
Oak Grove, Apr.
Rural Ms°® 1999 CMB PM.s 2.6 20.7 11.4 37.9 2.5 2.7 1.0 21.4
Urban Gulfport, Apr.
MS°® 1999 CMB PM,.5 2.6 6.0 10.1 0.6 315 2.9 0.7 2.0 44.6
Rural Yorkville, Apr.
GA® 1999 CMB PM..s 6.7 15.2 34.1 4.7 3.0 0.9 32.9
Urban Atlanta, Apr.
GA® 1999 CMB PM.s 1.9 11.3 29.9 4.3 31.7 5.2 3.4 1.9 18.6
Urban Pensacola, Apr.
FL® 1999 CMB PM..s 3.0 2.1 13.1 44.1 2.5 1.3 0.5 33.4
Urban Pensacola, Apr.
FL® 1999 CMB PM.s 2.2 11.2 20.9 2.6 32.1 3.3 3.9 0.3 23.1
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Table2.4. Contributions of major sources of Phfrom previous studies in the southeastern U.S. irstiememonths (expressed in percentage)

. Sample . Wood Diesel Gasoline Sec. Sec. Meat Vegetative Coal
Type Site Datz Method | Species| Dust Smoke | Vehicles | Vehicles | Sulfate | Nitrate Industry Cooking Bgrning Combustion Other
36-km Jul. PM-
- domain’ 2001 CAMX EC 0 11.7 77.7 4.7 8
36-km Jul. PM-
- domain’ 2001 CAMX OoM 4 10.5 18.3 19 38.3
Jul.
Urban Atlanta, GA® 2001 PMF1 PM, 5 5.1 9.7 11.6 1.3 41.3 2.9 3.7 1.5 22.9
Urban 8 Jul.
Atlanta, GA 2001 PMF-2 PMy 5 3.2 4.6 51.9 25 5.8 2.9 19.8
Rural Center\g/ille, Jul.
AL 1999 CMB PM, 5 3.1 1.7 7.5 25.7 0.7 0.2 61
Urban Birming?am, Jul.
AL 1999 CMB PM,s 3.8 3.9 25.5 1.1 33.6 2.4 3.6 0.9 25.3
Rural Oak Grgove, Jul.
MS 1999 CMB PM,s 9.9 14.1 10.9 31.8 1.1 9.5 0.7 22.1
Jul.
urban | & ifport, Ms® | 1999 CMB PMys | 8.4 5.8 11.3 0.8 30.9 1.4 3.0 1.0 38.2
Jul.
Rural | yorkille, GA® | 1099 | cMB PMps | 2.0 1.8 7.7 35.2 1.8 11 0.3 50.3
Jul.
urban | atianta, GA° | 1999 | cwmB PMps | 3.1 2.7 13.7 0.4 35.3 2.8 11 414
Jul.
urban | pensacola, FE | 1999 | cwmB PMps | 33 2.7 9.6 31.8 1.4 0.8 0.7 50.2
Jul.
urban | ponsacts, FL® | 1999 | cMB | PMps | 56 5.1 13.9 0.6 29.8 1.2 4.7 2.2 38.4
Urban B} Jul. CMAQ-
Gulfport, MS 1999 BFM TC 54 20.0 22.3 6.9 3.1 3.8 0.8 36.9
Rural Oak Gg(zve, Jul. CMAQ-
MS 1999 BFM TC 1.6 20.3 8.9 2.4 12.2 1.6 0.8 51.2
Urban Birmingham, Jul. CMAQ-
ALY 1999 BFM TC 2.3 21.4 13.9 3.3 12.1 3.3 4.3 39.8
Rural Centreville, Jul. CMAQ-
ALY 1999 BFM TC 1.5 17.3 7.5 1.5 3.0 0.8 3.0 63.2
Urban Jul. CMAQ-
Atlanta, GA* 1999 BFM TC 2.8 14.2 23.9 7.1 11.6 8.0 0.7 32.6
Rural Yorkville, Jul. CMAQ-
GA® 1999 BFM TC 2.4 22.6 12.2 2.7 8.1 2.4 1.7 48.3
Urban Pensalciola, Jul. CMAQ-
FL 1999 BFM TC 3.7 42.6 13.8 4.8 2.7 3.2 1.6 28.2
Urban - Jul. CMB-
Atlanta, GA 2001 LGO PM; 5 3.8 7.0 6.0 4.4 45.7 3.0 0.5 29.5
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Table2.5. Major sources of Pl resolved by previous studies in the southeastern U.S. autliennmonths (expressed in percentage)
. Sample . Wood Diesel Gasoline Sec. Sec. Meat Vegetative Coal
Type Site Date Method | Species | Dust Smoke | Vehicles | Vehicles | Sulfate | Nitrate Industry Cooking Burning Combustion Other
Centreville, Oct.
Rural AL® 1999 CMB PM,s 16.0 10.9 24.4 2.4 8.4 2.2 33.6
Birmingham, Oct.
Urban AL® 1999 CMB PM,s 3.5 10.1 32.0 3.6 20.9 4.0 2.7 1.8 19.3
Oak Grove, Oct.
Rural MS® 1999 CMB PM,s 1.2 22.1 9.6 29.8 1.2 15 0.9 33.6
Urban Gulfport, Oct.
MS® 1999 CMB PM,s 1.3 115 14.2 1.3 29.9 3.2 3.2 1.8 34.8
Rural Yorkville, Oct.
GA® 1999 CMB PM,s 1.0 18.2 8.9 35.4 7.4 2.9 1.1 25.8
Urban 9 Oct.
Atlanta, GA 1999 CMB PM.s 1.0 18.8 31.1 5.2 26.0 6.4 4.0 1.9 9.7
Rural Pensacola, Oct.
FL® 1999 CMB PM,s 2.0 5.5 7.5 32.8 2.3 2.3 47.7
Urban Pensacola, Oct.
FL® 1999 CMB PM.s 0.0 14.6 18.5 0.9 30.7 2.3 2.8 35 28.6
Urban Birmingham, Sep. CMB-
AL 2003 MM PM,s 2.0 11.0 24.4 3.9 29.1 0.0 0.0 2.3 0.3 0.0 38.4
Urban Birmingham, Oct. CMB-
AL 2003 MM PM,s 1.8 13.2 28.4 19.5 16.6 1.8 0.0 13.3 1.3 0.0 39.4
Urban Birmingham, Nov. CMB-
AL™ 2003 MM PM,.5 0.7 9.5 34.0 5.3 18.0 0.2 0.0 10.3 2.1 0.0 57.0
Rural Centreville, Sep. CMB-
ALY 2003 MM PM,.s 0.9 2.4 1.4 0.0 425 0.0 0.0 1.6 0.1 0.0 28.8
Rural Centreville, Oct. CMB-
AL 2003 MM PM,s 1.6 1.6 35 0.0 24.7 0.0 0.0 3.0 0.7 0.0 57.9
Rural Centreville, Nov. CMB-
AL 2003 MM PM,s 0.6 4.6 5.8 0.0 21.8 0.3 0.0 3.8 1.2 0.0 58.1
Urban Sep. CMB-
Atlanta, GA'® | 2003 MM PM,.s 1.2 2.7 4.8 0.7 41.8 0.0 0.0 4.1 0.1 0.0 37.3
Urban Oct. CMB-
Atlanta, GA™® 2003 MM PM,s 3.0 4.7 16.3 1.9 18.0 0.1 0.0 4.8 0.6 0.0 53.5
Urban Nov. CMB-
Atlanta, GA™® 2003 MM PM,s 0.9 6.9 16.9 4.6 16.1 0.3 0.0 6.6 1.0 0.0 63.0
Urban Pensacola, Sep. CMB-
FLY 2003 MM PM,s 0.5 8.6 2.6 1.6 38.2 0.0 0.0 4.9 0.9 0.0 29.6
Urban Pensacola, Oct. CMB-
FL 2003 MM PM,.s 1.7 10.9 3.8 25 24.2 0.0 0.0 9.6 1.1 0.0 33.0
Urban Pensacola, Nov. CMB-
FL® 2003 MM PM,.s 0.0 14.3 3.1 3.4 15.1 0.4 0.0 2.9 10.1 0.0 475
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Table2.6. Major sources of Pk from previous tudies in the southeastern U(Bwlti-month,expressed in percentage)
. Sample . Wood Diesel Gasoline Sec. Sec. Meat Vegetative Coal
Type Site Datz Method | Species | Dust Smoke Vehicles Vehicles | Sulfate | Nitrate Industry Cooking Bgrning Combustion Other
Jan 2000
Urban Atlanta, GA*® Dec 2002 PMF8 PM,s 3.1 22.2 10.9 4.4 28.4 8.7 75 1.9 12.8
Yorkville, Jan 2000
Rural GA! Dec 2002 PMF~8 PM, s 1.0 16.6 0.3 42.9 15.3 6.6 0.7 16.6
Birmingham, Jan 200i
Urban AL?! Dec 2002 PMF8 PM;5 4.1 10.7 6.4 5.4 27.4 8.1 11.6 8.9 16.4
Rural Center\{ille, Jan 2000
AL Dec 2002 PMF8 PM;5 1.6 19.2 55 2.7 39.8 5.2 8.3 1.5 16.1
Urban | chicago, IL2 | 20012003 | CMB PMgs 2 31 20 11 4
urban | chicago, IL2 | 20012003 PMF PMy5 6 37 21 2 5 8
Urban . Aug1998
Atlanta, GA Aug 2000 PMR2 PM.s 1.2 10.8 55.7 7.3 2.8
Urban . Aug1998
Atlanta, GA Aug 2000 ME-8 PM.s 2.2 2.9 11.2 14.6 56.2 8.9 5.9
Urban . Aug1998
Atlanta, GA Aug 2000 PMF~8 PM.s 2.8 6.5 10.5 6.4 55.6 8.5 9.7
Urban . Jul, Jan
Atlanta, GA 2002 CMB PM,s 6.6 29.7 29.4 315 2.8
Urban . Jul, Jan CMB-
Atlanta, GA 2002 LGO PM,s 8.0 31.8 31.3 26.8 2.12
Urban . Jul, Jan CMAQ-
Atlanta, GA 2002 BF PM,s 33.8 27.3 29.3 8.3 1.3
Rural Yorkviéle, Jul, Jan
GA 2002 CMB PM.s 6.6 38.9 21.2 30.3 3.0
Rural Yorkville, Jul, Jan CMB-
GA® 2002 LGO PM,s 10.6 56.5 18.0 11.8 3.1
Rural Yorkville, Jul, Jan CMAQ-
GA® 2002 BFM PM,s 40.3 38.5 14.9 3.6 2.7
Urban Birming?am, Jul, Jan
AL 2002 CMB PM, 5 2.1 21.2 6.5 68.2 2.1
Urban Birming?am, Jul, Jan CMB-
AL 2002 LGO PM.s 8.1 39.4 29.3 20.3 3.0
Urban Birming?am, Jul, Jan CMAQ-
AL 2002 BFM PM, 5 28.8 52.9 14.2 4.2 0
Rural Centergille, Jul, Jan
AL 2002 CMB PM,.5 7.7 42.3 120 34.1 3.9
Rural Centergille, Jul, Jan CMB-
AL 2002 LGO PM,s 11.3 73.2 5.2 8.3 2.1
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Table2.6. Continued.

. Sample } Wood Diesel Gasoline Sec. Sec. Meat Vegetative Coal

Type Site Date Method | Species | Dust Smoke Vehicles Vehicles Sulfate Nitrate Industry Cooking Burning Combustion Other
Rural Centerville, Jul, Jan CMAQ-

AL® 2002 BFM PM,.5 14.0 77.5 6.3 1.9 0.4
Urban Atlanta, Aug1998 CMB-

GA™ Aug 2000 LGO PM,.5 7.9 39.9 26 23 3.1 0.1
Urban Atlanta, Nov.1998

GA™ Dec. 2001 PMF PM,.5 3 7 13 8 47 6 16
Urban Atlanta, Nov.1998 CMB-

GA™? Dec. 2002 LGO PM..s 2 6 9 7 39 8 29
Urban Atlanta, Jan. 2000

GA® Dec. 2002 PMF PM..s 2 13 37 8 9 3 11
Rural Yorkville, Jan. 2000

GA® Dec. 2002 PMF PM..s 2 20 45 7 7 6 13
Urban | Birmingham, | Jan. 2000

AL Dec. 2002 PMF PM.s 3 9 30 9 10 8 14

L Liu et al.(2006); 21 Rizzo and Scheff (2007¥i Kim et al. (2003a)?i Kim et al. (2003b)®i Kim et al. (2004)°1 Marmur et al. (2006)"i Lane et al.
(2007):81 Ke et al. (2008)?1 Zheng et al. (2002)°1 Zheng et al. (2006} i Marmur et al. (2005)**i Sarnat et al. (2008¥3i Liu et al. (2005) i
Bhave et al. (2007)°1 Lee et al. (2009)
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2.2  Current Status and Major Challenges of Source Apportionment Studies
2.21 Major Sources of Fine Particulate Matter over the Eastern U.S.

Tables2.27 2.6 summarizeource contributions t8M;, s resolved by major source
apportionment studieonducted over the eastern U.S. Biomass burning is the most
important source of Ppsduring the winter months in the majority of the studies, with
contributions ranging from 5.8%64.2%. Diesel vehicles are also an important source at
most sites in January, with contributions of greater than 10% occurring in the majority of
studies. Contributions ranging from 13.5%4.6% from secondary sulfate indicate that a
large portion of PMs mass in the winter months is comprised of secondary sulfate fram SO
emissions sources, possibly indicating the importance offitedlpower plants on the
eastern U.S. Secondary nitrate is also found to be a significant component of PM mass in
January, with contributions of 0.594.7.3%, possibly indicating the importance NO
emissions from motor vehicles. However, all studies during the winter matilithe
receptororiented source apportionment approaches that are unable to apportion secondary
PM mass, and thus, the sources of these secondary species cannot be directly inferred.
Because all studies during the winter months conduct source apportiarsimgnteceptor
models (primarily CMB), the results from studies in the winter months are generally
comparable. The largest difference between contributions at urban and rural sites in January
occurs for gasoline and diesel motor vehicles, with largeribotibns from these source
categories at urban sites due to heavier vehicle traffic in these more densely populated areas.
Secondary sulfate is the dominant component of PM mass in the spring months, with

contributions of at least 30% occurring in alldies. This increased contribution of
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secondary sulfate to PM in the spring months may be due to warmer temperatures favoring
SQ,* formation. Diesel vehicles are again an important source in the spring, with
contributions ranging from 10.1929.9%. ®condary nitrate is not as important in the

spring months, with contributions of less than 5% occurring in most studies. This may be
due to warmer temperatures in the spring months not favoringfdl@ation. Contributions
from diesel vehicles are agagenerally larger in urban areas due to increased traffic activity
in these regions. Additionally, contributions from dpatticlesare generally higher at rural
sites during the spring months. However, as all studies in spring months utilized CMB, the
results are generally comparable among studies.

Secondary sulfate is again the dominant component of PM mass in the summer
months, with contributions ranging from 25.7%1.9%. As stated previously, these larger
contributions are likely due to favorabteeteorological conditions for SO©formation.

Diesel vehicles are also an important source of £iMthe summer months, with
contributions raging from 6.0% 77.7%. @condary nitrate ialsonot as important in July
due to meteorological condition3he largest discrepancy betwaaihan and rural sites is
contributions of diesel vehicles, with smaller contributions occurring at rural sites. Source
apportionment in the summer months was conducted by both recejetoted methods (e.g.,
CMB, PMF)and sourceriented methods (e.g., PMCAMx, CMABFM). The largest
difference in contributions between the two source apportionment methods occurs for
biomass burning contributions, with sowamgented methods generally giving higher
contributions. Thisnay indicate uncertainties in emissions of various burning types (e.qg.,

prescribed, agricultural) that ansed as inputs fahe 3D AQMs as well as uncertainties in
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simulated mixing depths (i.e., underestimated mixing depths lead to more buildup 6f PM a
the surface).

Secondary sulfate the most important source in the majority of the studies
conducted in autumn months, with contributions ranging from 15426%. Diesel
vehicles and biomass burning are the ttier largest sources, with the adloditions of
1.4%- 34.0% and 1.6%22.1%, respectively. Similar to other seasons, diesel and gasoline
vehicle contributions are generally smaller at rural sites.

There is a much more even distribution of source contributions in studies whose
contribuions are averaged over longer time periods, likely due to the loss of seasonal
variation that occurs when averaging source contributions. Secondary sulfate, wood
combustion, gasoline vehicles, and diesel vehicles are generally the largest sources among
the studies. The most notable difference between studies using-egarted and receptor
oriented approaches is larger contributions from the dust source category from tbe sourc
oriented methods, due possibiytheaforementionedeasons. For exampl®armur et al.
(2006) found that BFM gives a contribution of 28.8% from ghasticlesat Birmingham.
Conversely, they found that CMB gives a contribution of 2.1% for the same sampling
location and period. Diesel and gasoline vehicles again have dgsaraller contributions
at rural sites due to less vehicle activity in these less populated areas.

2.2.2 Current Status and Major Challenges

A number of source apportionment methods have been developed with the goal of

determining the largest potentiardributors to PMs (as well as other pollutants) formation.

Receptororiented approaches aim to infer source contributions based on a speciated sample
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taken at a specific observation site. A main area of development for CMB approaches has
been the idetification of unique organic tracers that can help distinguish specific sources and
thus reduce the impacts of-toearity between source profiles. For CMB, which requires
prior knowledge of the composition of emission source impacting the receptancagvin
the devel opment of the U.S. EPAO sheBliBHIQI ATE d
ofthismethod$ PECI ATE i s t he U.otdlorgaBi®chroppund (AQCrdmé s e 0 |
particulate matter (PM) speciation profiles of air pollution sogrc&se growth of this
database will lead to improvements in the ability of CMB to distinguish additional sources.
More development in the receptornented approaches has come in the factor analytic
techniques (e.g., PMF) that aim to conduct source @pparent in situations where source
profiles are not known. The main area of interest has been developing new and efficient
ways in which to solve equation (3.1Methods such as PMF2 and the multilinear engine
(ME) have been developed in order to sdahe various PMF factor analysis leasjuares
problems. Generally speaking, receptor models are limited by the frequency and quality of
observational data. As the EPA continues to refine federal standards fgrfBither
implementation of more advarctenonitoring techniques will provide a more extensive
source observational data that can be used for reepémted source apportionment
methods. In addition tagreater spatial coverage of monitoring networks, improvements in
the structure and accunaof the monitoring equipment are needed in order to ensure reliable
observation data is used for analysis.

As discussed, souragiented methods have been of recent development in order to

address the spatial limitations of receptoiented approacheslowever, these source
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oriented methods are limited by the accuracy and reliability of-heA®Ms that they

utilize. In order to produce more reliable source contributions, there must be continued
development and refinement of the representation dfipalyprocesses (e.g., meteorology,
dynamics, thermodynamics) within these models. Improved estimation of emissions from
various sources is also essential in improving the accuracy of simulated concentrations of
both gaseous and PM species. Sensitiniglysis methods are conceptually simple
approaches that are advantageous due to their direct relationship to the development of
control strategies; however, they are limited by their inability to handldinearity as well

as their relative inefficiencyDevelopments of more advanced methods (e.g., DDM) have
led to more computationaHlgfficient sensitivity methods; however, they suffer the same
inability to handle nodinearity in the formation of secondary PM species due to their
limitation to firstorder sensitivities. Recent studies have developed a higher order DDM that
computes higher order sensitivities, though its use has generally been limited to gaseous
species. More recent studies have attempted the implementation of higher order DDM for
PM goecies (Zhang et al., 2010). Further development of higher order DDM for calculating
sensitivities for PM species is needed in order to more efficiently calculate higher order
sensitivities that better represent Aomear processes in PM formation. Alteanative to
sensitivity methods, known as tagged species methods, has recently been developed and
implemented. While these methods are able to handle thineanity that limits various
sensitivity analysis methods, there needs to be further woddiressing the interactions of
different PM specieand their relationships with gaseous precursors through aerosol

thermodynamic partitioning
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Perhaps the greatest challenge in all source apportionment methods is determining a
reasonable manner in whichdwaluate the resolved source contributions, as their accuracy is
vital if they are to be used in the development of regulation. The results of-somed
methods can be indirectly evaluated by assessing how well the model correctly simulates the
temporal and spatial concentrations of the observed air pollutants. However, good agreement
between model predictions and measurements does not always indicate that the predicted
source impacts are correct, as there may be compensatory errors within théUSdaeA,

2007; Zhang et al., 2009). The evaluation of recepti@nted approaches is an even larger

issue. It has been suggested that models can be tested on certain days in which impacts from
specific sources are known to dominate. Additional stuldée aimed to compare results of
various receptor models with the thought that agreement between models may be indicative
of a good performance. However, this may not be true as agreement between models may
simply indicate a ammon assumption dimitation in their formulations The development

of a feasible manner in which to evaluate source apportionment results is a major challenge
that requires further work in order to assure reliability and accuracy of source apportionment

results.
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CHAPTER 3 SOURCE APPORTIONMENT METHODOLOGIES AND
BASELINE SIMULATIONS
Two source apportionment methods, the BFM within CMAQ and PSAT within
CAMYx, are used in this research to conduct source apportionment,gffeML0 major
source categories at a-kéh horizonal grid spacing over the eastern U.S. in January and
July 2002. Figure 3.1 shows the-krd domain covering the eastern U.S. Both CMAQ and
PSAT use meteorological fields simulated by the Pennsylvania State University
(PSU)/National Center for AtmospheResearch (NCAR)"%generation mesoscale model
(MM5) (Grell et al., 1995). The following sections will provide descriptions of MM5,
CMAQ, and CAMx used in this research ahdsimulation desigror source apportionment
using CMAQ and CAMx In additionthe CMAQ and CAMx baseline simulations will be
evaluated in terms of surface concentrations£dr@ PM sas well as column abundance
and optical properties of chemical species.
3.1 Modeling System
3.1.1 MM5
MMS5 (Grell et al., 1995) version 3.7 with &oDimensional Data Assimilation
(FDDA) is used to simulate meteorological fields used in this research. The simulation is
conducted by Olerud and Sims (2003) in support of the Visibility Improvement State and
Tribal Association of the Southeast (VISTAS)able 3.1, modified from Olsen (2009), lists
configurations used for the 2n MM5 simulation conducted by Olerud and Sims (2003).
The boundary and initial conditions for the-&& simulation are extracted from the-[8@

simulation conducted by VISTASThe boundary and initial conditions for the-la@
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Figure 3.1. The domain used in this research:Ki horizontal grid spacing over the
eastern U.S.
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Table 3.1. MM5 model configurations used in this work (Ols2009)

Horizontal Grid Spacing 12-km
Number of Grid Cells 168 in xdirection, 177 in ydirection
Vertical Spacing 34 layers from 0 to15 km;™layer height of 36 m
Land Surface Model Pleim-Xu
Planetary Boundary Layer Model | PleimXu (Axisymetric Convective Modg!
Cloud Microphysics Reisner 1 (Mixed Phase)
Cumulus Scheme Kain-Fritsch 2
Shallow Convection None
Longwave Radiation Rapid Radiative Transfer Model (RRTM)
Shortwave Radiation Cloud-Radiation
Analysis Nudging
Temperature | Aloft (nudging coefficient: 1x10)
Moisture | Aloft (nudging coefficient: 1x10)
Wind (u and v) | Surface and Aloft (hudging coefficient: 1x10
Observational Nudging | None
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simulation are extracted from the Et®#mesional Data Assimilation System (Olerud and
Sims, 2003). Theneteordogical fields are prepared for CMAQ using Meteorology
Chemistry Interface Processor (MCIP) (Byun et al., 1999) vesiband for CAMXx using
the MM5CAMX preprocessor available from ENVIRON

(www.camx.com/dwn/support.php

3.1.2 SMOKE

The emissions inventory used in this research is based on the 1999 National
Emissions Inventory version 2 and is provided by Alpine Geophysics, Inc. The emissions are
processed using the Sparse Matrix Operator Kernel Em&§SMOKE) version 2.1
(http://www.smokemodel.org/index.cfm). SMOKE prepares hourly, gridded, speciated files
based on the emissions inventories provided. Biogenic emissions are modeled within
SMOKE using the Biogenic Emissions Inventory Sys{&IS), version 3.09and mobile
sources are modeled using MOBILE6. The SMOKE output files are converted to binary
format for use within CAMx using CMAQ2CAMX, a preprocessor tool available from

ENVIRON (http://www.camx.com/down/support.php

3.13 CMAQ/BFM
CMAQ version 4.5.1 with the BFM is used in this study to set up source sensitivity

simulations. CMAQ is configured identically to VISTAS Phase Il modeling

(http://www.vistassesarm.org/documents/FinalDocs.aEp¢ model configuratiorsre

shown in Table 3.2 (modified from Olsen (2009)). Boundary and initial conditions for the
12-km domain are extracted from-Bén simulations completed by VIAS (Morris et al.,

2007). The boundary and initial conditions for thek&6 simulation were based on the 2002
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simulation of GEOSCHEM.

The BFM, described in section 2.1.2.1.2, is used to conduct source apportionment for
the 10 source categories exagdrin this study for both January and July of 2002.
Emissions of all species from each source category are excluded, one at a time, for each
sensitivity simulation. The difference in simulated RMetween the baseline and
sensitivity simulations is atbuted as the contribution of that source category te £M
concentrations.
3.1.4 CAMXx/PSAT

PSAT, as described in section 2.1.2.2.1, has been implementedBREN, Inc. in
CAMx version5.00 Baseline emissions as well as the emissions of each sategery
examined in PSAT are identical to those used in the BFM within CMAQ. Model
configurations similar to CMAQ are selected for CAMx wherever possible in order to
minimize differences between baseline simulations. Olsen (2009) provides a detailed
explanation of the main differences between CAMx and CMAQ (see Table 3.2). These
include differences in SOA modules, vertical mixing schemes, wet and dry deposition
modules, and PM size representatiombe selection of different-B AQMs for each
respectiveéSA method (e.g., BFM and PSAT) allows for insights into the strengths and
weaknesses of the respective models in addition to the SA methods.
3.2  Episode Description

As mentioned, the source apportionment for this research is completed for January
and Julyof 2002. Morris et al. (2007) provide an explanation for the selection of 2002 by

VISTAS for their base year simulations. 2002 meets EPA guidelines under the Regional
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Table 3.2 CMAQ and CAMx configurations used in this reseai©hsen 2009)

CMAQ v4.51 CAMx v5.00
Horizontal Advection YamartingBlackman Cubic | PPM
Horizontal Diffusion Explicit Explicit
Vertical Advection YamartingBlackman Cubic | Implicit
Vertical Diffusion Semilmplicit K-theory Implicit
GasPhase Chemistry CB-IV CB-IV
AqueousPhase Chemistry | RADM RADM
PM Size Representation Modal (i.e., nuclei, Sectional (2 bins)
accumulation, coarse)
Inorganic Aerosol ISORROPIAV1.5 ISORROPIAV1.6
Thermodynamics
Secondary Organic Aerosols SORGAM SOAP
Dry Deposition M3DRY Wesley (1989)
Wet Deposition Accumulation and coarse | All PM assumed in
mode particles absorbedin [c | oud wat
water; nuclei mode slowly | law for gases
scavenged; He
gases

PPM: Piecewise Parabolic Method; @& Carbon Bond 1V; RADM: Regional Acid
Depasition Model; SORGAM: Secondary Organic Aerosol Model; SOAP: Secondary
Organic Aerosol Partitioning3DRY: Models 3 Dry DepositioModule.
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Haze Rule that requires a representative modeling year to capture the best 20% and worst
20% visibility days at Class | monitoring sites between the years-2008. January and

July are selected to represent a typical winter and summer month, respectively, for the source
apportionment conducted in this thesis.

The selection of both a winter and summemth allows for insight into the possible
effects of seasonality on emissions and source contributions. According to the National
Climatic Data Center, January 2002 is ranked as the seventh warmest January in record. The
nationally averaged temperatunethis month is 2.5°C above historical averages. The
Northeast U.S. and Upper Midwest had an especially warm winter, with mean temperatures
more than 3C abovehistorical means in most areas. Precipitation in January of 2002 is near
historic averagesitoughout the majority of the Imn domain, with some coastal states in
New England being slightly below average. July 2002 is also warmer than historical
averages nationally and is ranked as thev&rmest July on record. The nationadlyeraged
tempeature (24.PC) in this month is 1.2C above the longerm mean. Most of the I
domain is below average for precipitation in July 2002, with some areas in New England
being much below average.

It has been well established that meteorological conditam have significant
impacts on both emissions and also the fate of these pollutants once they reach the
atmosphere. Summer months are typically warmer and have stronger solar radiation, thus
promoting photolysis and the formation of ozone and othdutpolks that favor warm
temperatures for formation (e.g., Q0 In the winter, temperatures are typically colder and

thus sources emitting large amounts of,May become more important, as colder
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temperatures strongly favor N@ormation. The work irthis thesis will assess potential
impacts of seasonality on source contributions.
3.3  Evaluation of Baseline Simulations

Source apportionment of any pollutant within-® :AQM can only be as accurate the
host model that is used. It is important to beraved the limitations of D AQMs in
accurately reproducing concentrations of chemical species when considering the resolved
source contributions produced by these models. When conducting source apportionment
using 3D AQMs, it is essential to validatedtbaseline simulations by evaluating against
surface observations in order to gain an understanding of the possible uncertainties in the
accuracy of the source apportionment results. In this section, the CMAQ and CAMx baseline
simulations will be evaluatkin terms of surface concentrations afadd PM sas well as
column abundance and optical properties of chemical species based on satellite data.
Meteorology will not be evaluated in this thesis, as evaluation of these variables has already
been condcted in previous works (Olerud and Sims, 2004; Olsen, 2009). For example,
Olsen (2009) found that MM5 at K2n underpredicted temperature in January and
overpredicted in July. Both relative humidity and wind speed are overpredicted in January,
while pregpitation is overpredicted by ~13%. In July, relative humidity and wind speed are
both overpredicted, while precipitation is overpredicted by ~115%. These results are
consistent with similar evaluations conducted by Olerud and Sims (2004).
3.3.1 Observational Datasets

The collection of observational data, particularly ZMoncentrations, has become

increasingly important as federal standards continue to become more stringent. This data can
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be used for verification of attainment under the NAAQS anal falsvalidation of air quality
forecasts. The networks used in this research include the Clean Air Status and Trends

Network (CASTNET) Lttp://www.epa.gov/castngtthe Speciation Trends Network (STN),

the Interagncy Monitoring of Protected Visual Environments (IMPROVE) network

(http://vista.cira.colostate.edu/imprQy¢éhe Southeastern Aerosol Research and

Characterization (SEARCH) networkt{p://www.atmospherac

research.com/studies/SEARCHY/index.htrtlie Aerometric Information Retrieval Systém

Air Quality Subsystem (AIRZ\QS) (http:/www.epa.gov/ttn/airs/airsajjsand the National

Acid Deposition Program (NADP)These networks are used to evaluate model predictions
in the surface layer. In order to evaluate the model through the depth of the troposphere,
satellite data are also wseData from the following satellites are used: the Moderate

Resolution Imaging Spetroradiometer (MODIS8Itg://modis.gsfc.nasa.gpvthe

Measurements of Pollution in the Troposhpere (MOPITT)

(http://terra.nasa.gov/About/MOPITT/index.phthe Global Ozone Monitoring Experiment

(GOME) (http://earth.esa.int/erc/homeéand the Total Ozone Mapping Spectrometer

(TOMS) (http://jwocky.gsfc.nasa.ggv Table 3.3 summarizes information on the networks

and satellites used in this research.
3.3.2 Evaluation Protocol

The baseline simulations in this thesis are compared to olises/asing statistical
evaluation. In order to compare model simulations against observations, simulation data for
the species of interest are extracted at the grid cell that corresponds to the monitoring site that

is being used for observation. The paeters used for statistical evaluation include:
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Table 3.3. The observational networks and satellites used in model evaluation, as well as
the variables evaluated, the sampling frequency, and the number of sites
within the 12km domain.

Variables Samolin Number of Number of
Network Gas PM Fre upencg:] Sites Sites (Gas)
quency (PM/AOD)
PM,5, NH4", ~
AIRS-AQS | 05 | SOZ, NOs, Hourly ~650 192 (January
BC, OC, TC ~683 (July)
PM.s, SQ7,
IMPROVE | - | NOs,BC, |24hour e ~32
OC. TC (1-in-3 day)
2. ) Hourly for O;;
CASTNET | Os SO4N|,_|I\103, 7-day average ~45 ~45
4 for PM species
PM,s, SQF, | 24-hour average
STN ---- | NOs, NH,*, | (daily, 1-in-3, ~97
TC or 1-in-6 day)
PM, 5, SQ7,
SEARCH | O; | NOs, NH/', iﬁgoclgn%‘ﬁrg‘gg ~100 -3
BC, OC, TC
Wet
NADP | - %e&cz’.s'f\'%‘s-o‘c Weekly Total ~100
NH,4"
3-day global o
MOPITT CcO coverage Domainwide
3-day global o
GOME NO, coverage Domainwide
Daily global o
TOMS O3 coverage Domainwide
MODIS | —- |  AOD Dally global | - 5 ainwide
coverage

40



normalized mean bias (NMB), normalized mean error (NME), correlation coefficient (Corr),
mean bias (MB), mean absolute gross error (MAGE), root mean square error (RMSE), mean
normalized bias (MNB), mean normalizgbss error (MNGE), fractional bias (FB),

fractional gross error (FGE), normalized mean fractional bias (NMFB), normalized mean
fractional gross error (NMFGE), mean normalized fractional bias (MNFB), mean normalized
gross fractional error (MNGFE), normzadid mean bias factor (NMBF), and normalized

mean error factor (NMEF). Their definitions can be found in Zhang et al. (2006a).

In addition to statistical evaluation, each P)\dpecies as well as ozone will be
evaluated spatially against observations.sThesis will include spatial plots that consist of
monthlymean simulated values of species of interest overlaid with memé&an observed
values.
3.3.3 Surface Evaluation of G and PM s

Tables 3.43.19show the statistical evaluation for PM species. (PM.s, NH,",
SO%, NOs, BC, OC, and total carbon (TC = BC + OC)) and maximumant 8hour
average @concentrations for January and July, respectively, for both CMAQ and CAMX.
Different networks use different protocols to distinguish OC from BTN and AIRSAQS
usethe Thermal Optical Transmittance (TOT) method (U.S. EPA, 1999), which is different
from theThermal Optical Reflectance (TOR) protocol used at IMPROVE and SEARCH
(Hansen et al., 2003; Yu et al., 2004, 1007) (the latter is consigtarthe protocol used to
estimate OC and EC emissions in the NEI used in CMAQ). The observed OC data from
STN are thus not comparable with those of IMPROVE and SEARCH as well as the model

predictions. TC, instead of separate EC and OC, at the STN Hierefore used to evaluate
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Table 3.4 Performance Statistics fors@ January 2002.

Variable 1-hour max Os (ppb)
Network AIRS-AQS CASTNET SEARCH
Model CMAQ | CAMx | CMAQ | CAMx | CMAQ [ CAMXx
Number 6191 1321 62
MeanObs 31.26 33.37 34.38
MeanMod 3246 | 3540 | 3487 | 36.17 | 3151 35.02
Corr 0.72 0.72 0.68 0.68 0.64 0.65
MB 0.83 3.78 1.49 2.77 -2.86 0.65
MAGE 6.24 7.53 5.93 6.80 7.13 6.97
RMSE 8.05 9.61 7.47 8.62 8.98 8.93
MNB 0.09 0.19 0.07 0.10 -0.05 0.05
MNGE 0.26 0.31 0.20 0.23 0.23 0.23
NMB 0.03 0.12 0.04 0.08 -0.08 0.02
NME 0.20 0.24 0.18 0.20 0.21 0.20
FB 0.02 0.10 0.03 0.06 -0.10 0.00
FGE 0.22 0.25 0.18 0.20 0.24 0.23
NMFB 0.03 0.11 0.04 0.08 -0.09 0.02
NMFGE 0.20 0.23 0.17 0.20 0.22 0.20
MNFB 0.04 0.14 0.04 0.08 -0.14 -0.02
MNGFE 0.31 0.36 022 0.25 0.32 0.30
NMBF 0.03 0.12 0.04 0.08 -0.09 0.02
NMEF 0.20 0.24 0.18 0.20 0.23 0.20
Variable 8-hour max Oz (ppb)
Network AIRS-AQS CASTNET SEARCH
Model CMAQ [ CAMx | CMAQ [ CAMx | CMAQ | CAMx
Number 6189 1317 61
MeanObs 26.27 30.14 27.71
MeanMod 28.28 | 3073 32.13 | 3349 [ 26.28 27.50
Corr 0.72 0.73 0.66 0.66 0.74 0.76
MB 1.61 4.08 1.99 3.35 -1.43 1.75
MAGE 6.05 7.27 6.01 7.01 6.12 6.32
RMSE 7.66 9.22 7.56 8.76 7.60 7.90
MNB 0.14 0.24 0.10 0.15 -0.02 0.09
MNGE 0.31 0.37 0.23 0.27 0.25 0.26
NMB 0.06 0.15 0.07 0.11 -0.05 0.06
NME 0.23 0.27 0.20 0.23 0.22 0.23
FB 0.05 0.12 0.05 0.09 -0.07 0.04
FGE 0.25 0.28 0.20 0.23 0.26 0.25
NMFB 0.06 0.14 0.06 0.11 -0.05 0.06
NMFGE 0.22 0.25 0.19 0.22 0.23 0.22
MNFB 0.08 0.19 0.08 0.12 -0.10 0.05
MNGFE 0.37 0.42 0.26 0.29 0.34 0.31
NMBF 0.06 0.15 0.07 0.11 -0.05 0.06
NMEF 0.23 0.27 0.20 0.23 0.23 0.23

Corr: Correlation Coefficient; MB: Mean Bias; MAGE: Mean Absolute Gross Error; RMSE: Root Mean Square Error; MNB: Mean
Normalized Bias; MIKGE: Mean Normalized Gross Error; NMB: Normalized Mean Bias; NME: Normalized Mean Error; FB: Fractional
Bias; FGE: Fractional Gross Error; MNFB: Mean Normalized Factor Bias; MNGFE: Mean Normalized Gross Factor Error; NMBF:
Normalized Mean Bias Factor; NMERprmalized Mean Error Factor
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Table 3.5

Performance Statistics for monthlyean PMsin January 2002.

Variable PM,5(ug m°)
Network SEARCH STN IMPROVE AIRS-AQS
Model CMAQ | CAMx | CMAQ | CAMx | CMAQ | CAMx | CMAQ | CAMx
Number 1218 518 292 8489
MeanObs 10.23 12.87 7.70 12.98
MeanMod | 15.56 | 16.62 | 16.75 | 16.67 | 9.14 9.29 15.10 14.5
Corr 036 | 034 | 048 | 046 | 069 | 068 | 058 | 051
MB 5.33 6.39 3.88 3.80 1.45 1.60 2.12 1.52
MAGE 7.90 8.45 6.28 6.32 2.93 2.78 4.73 4.79
RMSE 10.54 | 12.06 | 9.27 9.94 3.98 3.89 7.22 7.68
MNB 0.82 0.78 0.43 0.41 0.28 0.31 0.24 0.19
MNGE 1.01 0.90 0.59 0.57 0.46 0.43 0.42 0.41
NMB 0.52 0.63 0.30 0.30 0.19 0.21 0.16 0.12
NME 0.77 0.83 0.49 0.49 0.38 0.36 0.36 0.37
FB 0.36 0.46 0.20 0.18 0.13 0.18 0.11 0.05
FGE 0.65 0.62 0.41 0.40 0.37 0.3 0.33 0.34
NMFB 0.41 0.48 0.26 0.26 0.17 0.19 0.15 0.11
NMFGE 0.61 0.63 0.42 0.43 0.35 0.33 0.34 0.35
MNFB -0.89 0.73 0.34 Inf 0.20 0.27 0.15 Inf
MNGFE 3.72 2.43 0.69 Inf 0.54 0.47 0.50 Inf
NMBF 0.52 0.63 0.30 0.30 0.19 0.21 0.16 0.12
NMEF 0.77 0.83 0.49 0.49 0.38 0.36 0.36 0.37

Corr: Correlation Coefficient; MB: Mean Bias; MAGE: Mean Absolute Gross Error; RMSE: Root Mean Square Error; MNB: Mean
Normalized Bias; MNGE: Mean Normalized Gross Error; NMB: Normalized Mean Bias; NME: Normalized MegrFBrrBractional
Bias; FGE: Fractional Gross Error; MNFB: Mean Normalized Factor Bias; MNGFE: Mean Normalized Gross Factor Error; NMBF:
Normalized Mean Bias Factor; NMEF: Normalized Mean Error Factor, INF: Infinity
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Table 3.6 Performance Statiss for monthlymean BAn January 2002.

Variable BC (ug m°)
Network IMPROVE SEARCH
Model CMAQ | CAMx | CMAQ | CAMXx
Number 294 743
MeanObs 0.43 1.50
MeanMod | 0.42 0.45 1.89 2.38
Corr 0.50 0.51 0.16 0.15
MB -0.02 0.01 0.38 0.87
MAGE 0.19 0.18 1.45 1.73
RMSE 0.34 0.35 2.05 2.41
MNB 0.02 0.10 1.30 2.02
MNGE 0.44 0.41 1.62 2.24
NMB -0.04 0.03 0.25 0.58
NME 0.44 0.42 0.97 1.15
FB -0.14 | -0.04 0.34 0.54
FGE 0.43 0.36 0.81 0.85
NMFB -0.04 0.03 0.23 0.45
NMFGE 0.45 0.42 0.86 0.89
MNFB -0.29 | -0.04 | -0.24 1.83
MNGFE 0.74 0.54 3.16 2.44
NMBF -0.04 0.03 0.25 0.58
NMEF 0.46 0.42 0.97 1.15

Corr: Correlation Coefficient; MB: Mean Bias; MAGE: Mean Absolute Gross Error; RMSE: Root Mean Square Error; MNB: Mean
Normalized Bias; MNGE: Mean Normalized Gsdsrror; NMB: Normalized Mean Bias; NME: Normalized Mean Error; FB: Fractional
Bias; FGE: Fractional Gross Error; MNFB: Mean Normalized Factor Bias; MNGFE: Mean Normalized Gross Factor Error; NMBF:
Normalized Mean Bias Factor; NMEF: Normalized Mean Eramtér
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Table 3.7 Performance Statistics for monthlyean OGn January 2002.

Variable OC (ug m°)
Network IMPROVE SEARCH
Model CMAQ | CAMx | CMAQ | CAMx
Number 294 62
MeanObs 2.25 3.44
MeanMod | 1.49 1.59 2.96 3.54
Corr 0.54 0.52 0.82 0.71
MB -0.12 -0.01 | -0.48 0.11
MAGE 0.70 0.73 0.97 1.21
RMSE 1.09 1.16 1.29 1.51
MNB 0.05 0.13 0.00 0.21
MNGE 0.48 0.49 0.35 0.47
NMB 007 | -001 [ -0.14 0.03
NME 0.44 0.45 0.28 0.35
FB 013 | -005 | -0.11 0.04
FGE 0.45 0.42 0.30 0.36
NMFB -0.08 | -001 [ -0.15 0.03
NMFGE 0.45 0.46 0.30 0.35
MNFB -0.27 | -0.07 | -0.09 0.13
MNGFE 0.80 0.68 0.44 0.55
NMBF -0.08 | -001 [ -0.16 0.03
NMEF 0.47 0.46 0.33 0.35

Corr: Correlation Coefficient; MB: Mean Bias; MAGE: Mean Absolute Gross Error; RMSE: Root Mean Squar&/BiBoiMean
Normalized Bias; MNGE: Mean Normalized Gross Error; NMB: Normalized Mean Bias; NME: Normalized Mean Error; FB: Fractional
Bias; FGE: Fractional Gross Error; MNFB: Mean Normalized Factor Bias; MNGFE: Mean Normalized Gross Factor Error; NMBF:
Normalized Mean Bias Factor; NMEF: Normalized Mean Error Factor
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Table 3.8 Performance Statistics for monthtyean TGn January 2002.

Variable TC (ug m)

Network IMPROVE SEARCH STN AIRS-AQS
Model CMAQ | CAMx | CMAQ | CAMx | CMAQ | CAMx | CMAQ | CAMx
Number 294 1132 633 620

MeanObs 2.03 5.41 5.31 4.91

MeanMod | 1.90 2.04 5.47 3.71 3.94 3.% 365 | 3.64
Corr 055 | 033 | 538 | 032 | 028 | 028 | 038 | 055
MB -0.13 0.00 0.05 -1.61 | -1.38 [ -1.38 | -1.27 | -3.89
MAGE 0.85 0.88 3.60 2.80 2.90 290 223 | 4.64
RMSE 1.37 1.45 4.92 4.11 4.30 430 | 311 [ 7.90
MNB 0.03 0.11 0.97 0.19 0.25 025 | -0.01 [ -0.34
MNGE 0.45 0.45 1.36 0.83 0.87 0.87 0.61 | 0.67
NMB -0.07 0.00 0.01 030 | 026 [ 026 | -0.26 | -0.52
NME 0.42 0.43 0.67 0.53 0.55 0.5% 045 | 0.62
FB -0.14 | -0.05 0.15 032 | 029 [ 0.9 | -033 | -0.70
FGE 0.43 0.39 0.72 0.58 0.58 058 | 051 [ 0.83
NMFB -0.07 0.00 0.01 -0.36 | -0.30 [ 030 | -0.30 | -0.70

NMFGE 0.43 0.43 0.66 0.62 0.63 0.63 052 | 0.83
MNFB -0.26 | -0.06 0.55 -0.49 Inf Inf -0.45 Inf

MNGFE 0.74 0.62 1.78 1.50 Inf Inf 1.06 Inf
NMBF -0.07 0.00 0.01 043 | 035 [ 035 | -0.35 | -1.07
NMEF 0.45 0.43 0.67 0.75 0.74 0.74 0.61 1.28

Corr: Correlation Coefficient; MB: Mean Bias; MAGE: Mean Absolute Gross Error; RMSE: Root Mean Square Error; MNB: Mean
Normalized Bias; MNGE: Mean Normalized Gross EridMB: Normalized Mean Bias; NME: Normalized Mean Error; FB: Fractional
Bias; FGE: Fractional Gross Error; MNFB: Mean Normalized Factor Bias; MNGFE: Mean Normalized Gross Factor Error; NMBF:
Normalized Mean Bias Factor; NMEF: Normalized Mean Error Fattér, Infinity
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Table 3.9

Performance Statistics for monthlyean NQ in January 2002.

Variable NO3 (ug m>)

Network SEARCH STN CASTNET
Model CMAQ [ CAMXx CMAQ | CAMXx CMAQ | CAMx
Number 1319 565 173
MeanObs 1.66 3.67 2.25
MeanMod 2.60 1.68 3.81 3.33 2.33 1.71
Corr 0.25 0.18 0.48 0.47 0.73 0.70
MB 0.94 0.01 0.14 0.3 0.08 -0.54
MAGE 1.90 151 2.07 2.09 0.95 1.11
RMSE 2.68 2.25 3.02 3.11 1.26 1.40
MNB 2.94 1.61 0.34 0.10 0.54 0.02
MNGE 3.45 2.42 0.75 0.71 0.88 0.71
NMB 0.57 0.01 0.04 -0.09 0.04 -0.24
NME 1.15 0.91 0.57 0.57 0.42 0.49
FB 0.16 -0.35 -0.01 -0.26 0.07 -0.32
FGE 1.04 1.11 0.60 0.70 0.56 0.69
NMFB 0.44 0.01 0.04 -0.10 0.04 -0.27
NMFGE 0.89 0.90 0.55 0.60 0.42 0.56
MNFB Inf Inf Inf Inf -8.24 -16.14
MNGFE Inf Inf Inf Inf 9.65 16.87
NMBF 0.57 0.01 0.04 -0.10 0.04 -0.31
NMEF 1.15 0.91 0.57 0.63 0.42 0.65
Network IMPROVE AIRS-AQS

Model CMAQ | CMAQ CMAQ | CAMx

Number 292 545
MeanObs 1.48 3.12
MeanMod 1.79 3.65 3.65 3.10

Corr 0.76 0.64 0.64 0.63

MB 0.31 0.52 0.52 -0.02

MAGE 0.83 1.48 1.48 1.54

RMSE 1.26 2.25 2.25 2.22

MNB 0.32 0.30 0.30 0.05

MNGE 0.86 0.64 0.64 0.64

NMB 0.21 0.17 0.17 -0.01

NME 0.56 0.48 0.48 0.49

FB -0.16 0.03 0.03 -0.27

FGE 0.74 0.50 0.50 0.65

NMFB 0.19 0.16 0.16 -0.01

NMFGE 0.51 0.44 0.44 0.49

MNFB Inf -1.05 -1.05 Inf

MNGFE Inf 1.99 1.99 Inf

NMBF 0.21 0.17 0.17 -0.01

NMEF 0.56 0.47 0.47 0.50

Corr: Correlation Coefficient; MB: Mean Bias; MAGE: Mean Absolute Gross Error; RMSE: Root Mean Square Error; MNB: Mean
Normalized BiasMNGE: Mean Normalized Gross Error; NMB: Normalized Mean Bias; NME: Normalized Mean Error; FB: Fractional
Bias; FGE: Fractional Gross Error; MNFB: Mean Normalized Factor Bias; MNGFE: Mean Normalized Gross Factor Error; NMBF:
Normalized Mean Bias Factor; NBf: Normalized Mean Error Factor, INF: Infinity
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Table 3.10 Performance Statistics for monthtyean S@ in January 2002.

Variable SO, (ug m) |
Network SEARCH STN CASTNET
Model CMAQ | CAMx | CMAQ | CAMx | CMAQ | CAMXx
Number 1334 645 173
MeanObs 2.23 3.36 2.46
MeanMod 2.54 3.73 2.58 3.10 1.87 2.35
Corr 0.16 0.13 0.30 0.28 0.55 0.39
MB 0.32 1.51 -0.78 -0.26 -0.59 -0.11
MAGE 1.43 2.21 1.51 1.61 0.63 0.66
RMSE 2.03 3.42 2.78 2.88 0.78 0.82
MNB 1.06 2.18 0.47 0.67 -0.22 -0.02
MNGE 1.42 2.39 0.93 1.02 0.25 0.27
NMB 0.14 0.68 -0.23 -0.08 -0.24 -0.05
NME 0.64 0.99 0.45 0.48 0.26 0.27
FB 0.10 0.41 -0.19 -0.05 -0.27 -0.07
FGE 0.62 0.69 0.42 0.43 0.29 0.27
NMFB 0.13 0.51 -0.26 -0.08 -0.27 -0.05
NMFGE 0.60 0.74 0.51 0.50 0.29 0.28
MNFB 0.05 2.07 0.08 Inf -0.35 -0.09
MNGFE 2.43 2.49 1.32 Inf 0.37 0.34
NMBF 0.14 0.68 -0.30 -0.08 -0.31 -0.05
NMEF 0.64 0.99 0.59 0.52 0.34 0.28
Network IMPROVE AIRS-AQS
Model CMAQ | CAMx | CMAQ | CAMXx
Number 292 625
MeanObs 2.35 2.89
MeanMod 2.02 2.76 2.51 2.94
Corr 0.72 0.67 061 0.61
MB -0.33 0.41 -0.35 0.08
MAGE 0.76 1.03 0.94 1.03
RMSE 1.09 1.69 1.33 1.53
MNB -0.09 0.23 0.47 0.69
MNGE 0.32 0.46 0.85 0.97
NMB -0.14 0.17 -0.12 0.03
NME 0.32 0.44 0.33 0.36
FB -0.17 0.08 -0.14 | -0.02
FGE 0.34 0.36 0.34 0.34
NMFB -0.15 0.16 -0.13 0.03
NMFGE 0.35 0.40 0.35 0.35
MNFB -0.25 0.16 0.31 Inf
MNGFE 0.48 0.53 1.01 Inf
NMBF -0.16 0.17 -0.14 0.03
NMEF 0.38 0.44 0.37 0.36

Corr: Correlation Coefficient; MB: Mean Bias; MAGE: Mean Absolute Gross Error; RM8Bt Rean Square Error; MNB: Mean
Normalized Bias; MNGE: Mean Normalized Gross Error; NMB: Normalized Mean Bias; NME: Normalized Mean Error; FB: Fractional
Bias; FGE: Fractional Gross Error; MNFB: Mean Normalized Factor Bias; MNGFE: Mean Normalized Gitos<ERar; NMBF:
Normalized Mean Bias Factor; NMEF: Normalized Mean Error Factor, INF: Infinity
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Table 3.11 Performance Statistics for monthiyean NH* in January 2002.

Variable NH," (ug m?)
Network SEARCH STN CASTNET AIRS-AQS
Model CMAQ | CAMx | CMAQ | CAMx | CMAQ | CAMx | CMAQ | CAMXx
Number 822 646 173 626
MeanObs 0.91 2.15 1.26 1.59
MeanMod 1.54 1.45 1.90 1.89 1.26 1.16 1.84 1.79
Corr 0.31 0.26 0.31 0.28 0.79 0.73 067 | 063
MB 0.63 0.53 -0.25 -0.26 0.00 -0.10 0.26 0.21
MAGE 0.89 0.79 1.20 1.24 0.27 0.32 0.60 0.63
RMSE 1.17 1.05 2.58 2.63 0.36 0.41 0.90 0.94
MNB 3.41 3.58 1.19 1.20 0.06 0.01 Inf Inf
MNGE 3.61 3.70 1.47 1.51 0.25 0.29 Inf Inf
NMB 0.68 0.58 -0.12 -0.12 0.00 -0.08 0.16 0.13
NME 0.97 0.86 0.56 0.58 0.21 0.25 0.38 0.40
FB 0.53 0.61 0.09 0.06 0.01 -0.05 0.16 0.12
FGE 0.85 0.76 0.49 0.50 0.23 0.27 0.38 0.40
NMFB 0.51 0.45 -0.12 -0.13 0.00 -0.08 0.15 0.12
NMFGE 0.72 0.67 0.59 0.61 0.21 0.26 0.35 0.37
MNFB 0.96 3.53 0.86 Inf 0.03 -0.05 Inf Inf
MNGFE 6.06 3.76 1.80 Inf 0.29 0.35 Inf Inf
NMBF 0.68 0.58 -0.13 -0.14 0.00 -0.09 0.16 0.13
NMEF 0.97 0.86 0.63 0.66 0.21 0.28 0.38 0.40

Corr: Correlation Coefficient; MB: Mean Bias; MAGE: Mean Absolute Gross Error; RMSE: Root Mean Square
Error; MNB: Mean Normalized Bias; MNGE: Mean Normalized Gr&sror; NMB: Normalized Mean Bias;

NME: Normalized Mean Error; FB: Fractional Bias; FGE: Fractional Gross Error; MNFB: Mean Normalized
Factor Bias; MNGFE: Mean Normalized Gross Factor Error; NMBF: Normalized Mean Bias Factor; NMEF:
Normalized Mean Error&ctor, INF: Infinity
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Table 3.12. Performance Statistics fors@ July 2002.

Variable 1-hour max O; (ppb)
Network AIRS-AQS CASTNET SEARCH
Model CMAQ | CAMx | CMAQ | CAMx | CMAQ [ CAMXx
Number 20306 1349 60
MeanObs 65.05 64.09 73.92
MeanMod 61.99 | 72.4 59.60 | 68.59 | 71.08 88.65
Corr 0.76 0.66 0.77 0.67 0.85 0.69
MB -3.05 7.84 -4.49 4.50 -2.85 14.72
MAGE 10.78 | 14.21 9.65 11.28 8.59 16.78
RMSE 14.08 | 18.61 12.47 14.46 | 10.86 22.20
MNB 0.00 0.19 -0.03 0.12 -0.03 0.23
MNGE 0.18 0.26 0.15 0.20 0.11 0.25
NMB -0.05 0.12 -0.07 0.07 -0.04 0.20
NME 0.17 0.22 0.15 0.18 0.12 0.23
FB -0.02 0.13 -0.05 0.08 -0.04 0.18
FGE 0.17 0.22 0.16 0.18 0.11 0.20
NMFB -0.05 0.11 -0.07 0.07 -0.04 0.18
NMFGE 0.17 0.21 0.16 0.17 0.12 0.21
MNFB -0.02 0.18 -0.06 0.11 -0.04 0.23
MNGFE 0.21 0.27 0.18 0.21 0.13 0.25
NMBF -0.05 0.12 -0.08 0.07 -0.04 0.20
NMEF 0.17 0.22 0.16 0.18 0.12 0.23
Variable 8-hour max Os (ppb)
Network AIRS-AQS CASTNET SEARCH
Model CMAQ [ CAMx | CMAQ | CAMx | CMAQ | CAMx
Number 20297 1341 57
MeanObs 57.01 57.24 60.28
MeanMod 56.61 | 66.76 | 55.94 | 64.58 | 62.78 79.18
Corr 0.77 0.68 0.77 0.67 0.81 0.64
MB -0.39 9.71 -1.30 7.33 2.49 18.90
MAGE 9.45 13.81 8.69 11.69 7.78 19.41
RMSE 12.20 | 17.71 | 1110 | 14.82 | 11.03 23.98
MNB 0.06 0.25 0.03 0.19 0.10 0.44
MNGE 0.20 0.31 0.17 0.25 0.18 0.44
NMB -0.01 0.17 -0.02 0.13 0.04 0.31
NME 0.17 0.24 0.15 0.20 0.13 0.32
FB 0.02 0.18 0.00 0.14 0.06 0.29
FGE 0.18 0.24 0.16 0.21 0.14 0.30
NMFB -0.01 0.16 -0.02 0.12 0.04 0.27
NMFGE 0.17 0.22 0.15 0.19 0.13 0.28
MNFB 0.04 0.24 0.01 0.18 0.10 0.44
MNGFE 0.22 0.32 0.19 0.25 0.18 0.44
NMBF -0.01 0.17 -0.02 0.13 0.04 0.31
NMEF 0.17 0.24 0.16 0.20 0.13 0.32

Corr: Correlation Coefficient; MB: Mean Bias; MAGE: Mean Absolute Gross Error; RMSE: Root Mean Squard/BRiBoriMean
Normalized Bias; MNGE: Mean Normalized Gross Error; NMB: Normalized Mean Bias; NME: Normalized Mean Error; FB: Fractional
Bias; FGE: Fractional Gross Error; MNFB: Mean Normalized Factor Bias; MNGFE: Mean Normalized Gross Factor Error; NMBF:
Normalized Mean Bias Factor; NMEF: Normalized Mean Error Factor.
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Table 3.13 Performance Statistics for monthiyean PMin July 2002.

Variable PM,s(ug m®)
Network SEARCH STN IMPROVE AIRS-AQS
Model CMAQ | CAMx | CMAQ | CAMx | CMAQ | CAMx | CMAQ | CAMx
Number 1203 806 342 8386
MeanObs 19.66 20.95 17.37 20.19
MeanMod | 14.48 | 1578 | 1471 | 1499 | 1056 | 10.80 | 13.89 | 14.17
Corr 038 | 033 | 051 | 045 | 066 | 059 | 060 | 0.54
MB 518 | 389 | 624 | 597 | 682 | -6.58 | -6.30 | -6.02
MAGE 8.36 9.15 9.89 9.98 8.02 8.15 8.64 8.80
RMSE 11.78 | 1257 | 1421 | 1459 | 10.88 | 11.19 | 12.07 | 12.49
MNB -0.02 0.05 Inf Inf 030 | -0.26 Inf Inf
MNGE 0.53 0.59 Inf Inf 0.50 0.51 Inf Inf
NMB -0.26 | 020 | -0.30 | -029 | -0.39 [ -0.38 | -0.31 | -0.30
NME 0.43 0.47 0.47 0.48 0.46 0.47 0.43 0.44
FB 026 | 022 | 032 | -030 | -051 | -047 | -0.36 | -0.35
FGE 0.49 0.52 0.57 0.57 0.62 0.61 0.52 0.53
NMFB 030 | 022 | 035 | -033 | -049 | -047 | 037 | -0.35
NMFGE 0.49 0.52 0.56 0.56 0.58 0.58 0.51 0.51
MNFB -0.60 | -0.36 Inf Inf -1.18 | -0.96 Inf Inf
MNGFE 1.11 1.00 Inf Inf 1.38 1.21 Inf Inf
NMBF -0.36 | 025 | 042 | -040 | -065 | -0.61 | 045 | -0.43
NMEF 0.57 058 0.67 0.67 0.76 0.76 0.62 0.62

Corr: Correlation Coefficient; MB: Mean Bias; MAGE: Mean Absolute Gross Error; RMSE: Root Mean Square
Error; MNB: Mean Normalized Bias; MNGE: Mean Noalized Gross Error; NMB: Normalized Mean Bias;

NME: Normalized Mean Error; FB: Fractional Bias; FGE: Fractional Gross Error; MNFB: Mean Normalized
Factor Bias; MNGFE: Mean Normalized Gross Factor Error; NMBF: Normalized Mean Bias Factor; NMEF:
NormalizedMean Error Factor, INF: Infinity
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Table 3.14 Performance Statistics for monthiyean BC in July 2002.

Variable BC (ug m°)
Network IMPROVE SEARCH
Model CMAQ | CAMx | CMAQ | CAMXx
Number 317 1233
MeanObs 0.42 0.82
MeanMod 0.36 0.40 0.73 0.92
Corr 0.48 0.49 0.47 0.50
MB -0.06 -0.02 -0.09 0.11
MAGE 0.29 0.27 0.51 0.59
RMSE 0.46 0.46 0.77 0.90
MNB Inf Inf 0.57 0.97
MNGE Inf Inf 1.06 1.39
NMB -0.13 -0.04 -0.11 0.13
NME 0.69 0.66 0.62 0.72
FB -0.38 -0.21 -0.04 0.11
FGE 0.76 0.66 0.67 0.72
NMFB -0.14 -0.04 -0.11 0.12
NMFGE 0.74 0.67 0.66 0.68
MNFB Inf Inf 0.03 0.54
MNGFE Inf Inf 1.60 1.82
NMBF -0.15 -0.04 -0.12 0.13
NMEF 0.80 0.68 0.70 0.72

Corr: Correlation Coefficient; MB: Mean Bias; MAGE: Mean Absolute Gross Error; RMSE: Roat Bigaare
Error; MNB: Mean Normalized Bias; MNGE: Mean Normalized Gross Error; NMB: Normalized Mean Bias;
NME: Normalized Mean Error; FB: Fractional Bias; FGE: Fractional Gross Error; MNFB: Mean Normalized
Factor Bias; MNGFE: Mean Normalized Gross FactaoENMBF: Normalized Mean Bias Factor; NMEF:
Normalized Mean Error Factor, INF: Infinity
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Table 3.15 Performance Statistics for monthiyean OC in July 2002.

Variable OC (ug m°)
Network IMPROVE SEARCH
Model CMAQ | CAMx | CMAQ | CAMx
Number 317 62
MeanObs 2.65 3.40
MeanMod | 1.29 1.62 1.67 2.45
Corr 0.54 0.54 0.70 0.71
MB -1.36 | -1.03 | -1.74 | -0.90
MAGE 1.86 1.65 1.74 1.11
RMSE 3.49 3.36 2.01 1.36
MNB -042 | -024 | 050 | -0.25
MNGE 0.78 0.69 0.50 0.32
NMB -051 | -039 | -051 | -0.27
NME 0.70 0.62 0.51 0.33
FB -088 | -0.60 | -0.70 | -0.34
FGE 1.01 0.78 0.70 0.40
NMFB -069 | -048 | -0.69 | -0.31
NMFGE 0.95 0.77 0.69 0.38
MNFB 288 | -1.34 | -1.38 | -0.55
MNGFE 3.25 1.79 1.38 0.62
NMBF -1.05 | -0.63 | -1.04 | -0.36
NMEF 1.45 1.02 1.04 0.44

Corr: Correlatim Coefficient; MB: Mean Bias; MAGE: Mean Absolute Gross Error; RMSE: Root Mean Square
Error; MNB: Mean Normalized Bias; MNGE: Mean Normalized Gross Error; NMB: Normalized Mean Bias;
NME: Normalized Mean Error; FB: Fractional Bias; FGE: Fractional Gross EtNFB: Mean Normalized

Factor Bias; MNGFE: Mean Normalized Gross Factor Error; NMBF: Normalized Mean Bias Factor; NMEF:
Normalized Mean Error Factor
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Table 3.16 Performance Statistics for monthiyean TC in July 2002.

Variable TC (ug m°)
Network STN SEARCH IMPROVE AIRS-AQS
Model CMAQ | CAMx | CMAQ | CAMx | CMAQ | CAMx | CMAQ | CAMx
Number 98 1256 317 931
MeanObs 9.13 5.04 3.06 7.53
MeanMod | 3.36 3.80 2.13 3.08 1.65 2.02 3.20 3.64
Corr 0.49 0.45 0.37 0.42 0.53 0.54 0.58 54.8
MB 577 | 533 | -291 | -195 | -141 | -1.04 | -433 | -3.89
MAGE 6.72 6.37 3.11 2.59 2.10 1.87 4.99 4.64
RMSE 11.67 | 1159 | 3.97 3.40 3.75 3.61 8.03 7.90
MNB 041 | 032 | -051 | -028 | -0.37 [ -021 | -044 | -0.34
MNGE 0.80 0.76 0.61 0.54 0.77 0.68 0.71 0.67
NMB -063 | 058 | -058 | -0.39 | -046 | -034 | -058 | -0.52
NME 0.74 0.70 0.62 0.51 0.68 0.61 0.66 0.62
FB 091 | 076 | -0.85 | -053 | -0.80 [ -055 | -0.85 | -0.70
FGE 1.05 0.92 0.91 0.69 0.95 0.73 0.95 0.83
NMFB 092 | 082 | -081 | -048 | -060 [ -041 | -0.81 | -0.70
NMFGE 1.08 0.99 0.87 0.64 0.89 0.74 0.93 Inf
MNFB -3.51 Inf 319 | -1.34 | -234 | -1.08 | -2.43 Inf
MNGFE 3.90 Inf 3.29 1.60 2.73 1.55 2.70 0.83
NMBF -1.72 | -140 | 137 | -063 | -0.86 | 052 | -1.35 | -1.07
NMEF 2.00 1.68 1.46 0.84 1.27 0.92 1.56 1.28

Corr: Correlation Coefficient; MB: Mean Bias; MAGE: Mean Ahge Gross Error; RMSE: Root Mean Square
Error; MNB: Mean Normalized Bias; MNGE: Mean Normalized Gross Error; NMB: Normalized Mean Bias;
NME: Normalized Mean Error; FB: Fractional Bias; FGE: Fractional Gross Error; MNFB: Mean Normalized
Factor Bias; MNGFEMean Normalized Gross Factor Error; NMBF: Normalized Mean Bias Factor; NMEF:
Normalized Mean Error Factor, INF: Infinity

54



Table 3.17

Performance Statistics for monthtyean NQ in July 2002.

Variable NO; (ug m?)
Network SEARCH STN CASTNET
Model CMAQ | CAMx | CMAQ | CAMx | CMAQ | CAMx
Number 1444 938 183
MeanObs 0.57 2.19 0.42
MeanMod 0.13 0.23 0.27 0.23 0.12 0.07
Corr 0.08 0.08 0.04 | -0.01 0.12 0.09
MB -0.45 -0.35 -1.92 | -1.96 -0.29 -0.35
MAGE 0.56 0.64 2.02 2.10 0.35 0.38
RMSE 0.92 1.25 6.15 6.20 0.58 0.61
MNB -0.69 -0.39 -0.68 | -0.74 -0.28 -0.61
MNGE 1.00 1.30 0.87 0.96 0.91 0.91
NMB -0.78 -0.60 -0.88 | -0.90 -0.71 -0.84
NME 0.97 1.11 0.92 0.96 0.85 0.92
FB -1.57 -1.54 -1.38 | -1.57 -0.91 -1.32
FGE 1.69 1.72 1.48 1.66 1.17 1.45
NMFB -1.28 -0.86 -157 | -1.62 -1.08 -1.44
NMFGE 1.59 1.59 1.65 1.74 1.31 1.58
MNFB Inf -4199.14] Inf Inf -1763.64 | -362.89
MNGFE Inf 4200.05 | Inf Inf 1764.27 | 363.19
NMBF -3.57 -1.52 -7.26 | -8.64 2.34 -5.08
NMEF 4.43 2.79 7.63 9.24 2.85 5.60
Network IMPROVE AIRS-AQS
Model CAMx | CMAQ [ CAMx | CMAQ
Number 349 864
MeanObs 0.38 0.89
MeanMod 0.13 0.06 0.27 0.23
Corr 0.19 0.20 0.28 0.41
MB -0.25 -0.33 062 | -0.66
MAGE 0.35 0.36 0.75 0.76
RMSE 0.51 0.46 0.99 0.99
MNB -0.65 -0.86 067 | -0.77
MNGE 0.92 0.94 0.86 0.91
NMB -0.65 -0.85 069 | -0.74
NME 0.91 0.94 0.84 0.86
FB -1.41 -1.71 -1.34 | -155
FGE 1.52 1.75 1.44 1.62
NMFB -0.97 -1.48 -1.06 | -1.18
NMFGE 1.35 1.64 1.28 1.36
MNFB Inf -3401.26| Inf Inf
MNGFE -Inf 3401.35| Inf Inf
NMBF -1.89 -5.67 227 | -2.90
NMEF 2.62 6.27 2.73 3.33

Corr: Correlation Coefficient; MB: Mean Bias; MAGE: Mean Absolute Gross Error; RMSE: Root Mean Square Error; MNB: Mean
Normalized Bias; MNGE: Mean Normalized Gross Error; NMB: Normalized Mean Bias; NME: Normalized MearHBrrFractional
Bias; FGE: Fractional Gross Error; MNFB: Mean Normalized Factor Bias; MNGFE: Mean Normalized Gross Factor Error; NMBF:
Normalized Mean Bias Factor; NMEF: Normalized Mean Error Factor, INF: Infinity
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Table 3.18. Performance Statistics fanonthlymean S@ in July 2002.

Variable SO (g m®)
Network SEARCH STN CASTNET
Model CMAQ | CAMx [ CMAQ | CAMx CMAQ | CAMx
Number 986 1016 183
MeanObs 5.88 7.65 7.30
MeanMod 7.75 7.95 6.13 6.28 6.49 6.69
Corr 0.26 0.17 0.50 0.49 0.86 0.80
MB 1.86 2.06 -151 | -1.36 -0.84 -0.60
MAGE 4.49 5.19 3.51 3.66 1.38 1.51
RMSE 6.20 7.45 6.30 6.35 1.86 2.10
MNB 1.94 2.37 0.10 0.13 -0.11 -0.07
MNGE 2.18 2.68 0.58 0.62 0.19 0.21
NMB 0.31 0.35 -0.19 | -0.17 -0.11 -0.08
NME 0.76 0.87 0.46 0.47 0.18 0.20
FB 0.33 0.27 -0.17 | -0.17 -0.14 -0.11
FGE 0.67 0.70 0.50 0.53 0.22 0.23
NMFB 0.27 0.29 022 | -0.19 -0.12 -0.08
NMFGE 0.65 0.74 0.51 0.52 0.20 0.21
MNFB 1.60 2.13 -0.43 Inf -0.23 -0.17
MNGFE 2.51 2.92 1.11 Inf 0.32 0.31
NMBF 0.31 0.35 024 | -0.21 -0.13 -0.09
NMEF 0.76 0.87 0.57 0.58 0.21 0.22
Network IMPROVE AIRS-AQS
Model CMAQ | CAMx [ CMAQ | CAMx
Number 349 942
MeanObs 6.69 6.88
MeanMod 5.65 5.76 6.50 6.34
Corr 0.81 0.74 0.76 0.81
MB -1.03 -0.93 -0.39 | -0.54
MAGE 2.25 2.54 2.53 2.32
RMSE 3.17 3.62 3.69 3.34
MNB -0.03 0.03 0.20 0.16
MNGE 0.45 0.52 0.58 0.53
NMB -0.15 -0.13 -0.06 | -0.08
NME 0.33 0.38 0.37 0.34
FB -0.21 -0.18 -0.08 | -0.08
FGE 0.44 0.45 0.44 0.40
NMFB -0.16 -0.14 -0.06 | -0.08
NMFGE 0.36 0.40 0.38 0.35
MNFB -0.38 -0.22 Inf -0.06
MNGFE 0.80 0.78 Inf 0.74
NMBF -0.18 -0.16 -0.06 | -0.09
NMEF 0.39 0.44 0.39 0.37

Corr: Correlation Coefficient; MB: Mean Bias; MAGE: Mean Absolute Gross Error; RMSE: Root Mean Square Error; MNB: Mean
Normalized Bias; MNGE: Mean Normalized Grdasor; NMB: Normalized Mean Bias; NME: Normalized Mean Error; FB: Fractional
Bias; FGE: Fractional Gross Error; MNFB: Mean Normalized Factor Bias; MNGFE: Mean Normalized Gross Factor Error; NMBF:
Normalized Mean Bias Factor; NMEF: Normalized Mean Errotdfatnf: Infinity
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Table 3.19 Performance Statistics for monthiyean NH* in July 2002.

Variable NH," (ug m?)
Network SEARCH STN CASTNET AIRS-AQS
Model CMAQ | CAMx | CMAQ | CAMx | CMAQ | CAMx | CMAQ | CAMx
Number 1412 1016 183 942
MeanObs 2.07 3.25 2.12 2.15
MeanMod | 1.80 1.81 1.54 1.54 1.28 1.26 1.59 1.58
Corr 0.42 0.39 0.20 0.20 0.66 0.65 0.73 0.76
MB 2027 | 026 | -1.71 | -1.71 -0.84 -0.87 -0.57 -0.57
MAGE 0.93 1.03 2.10 2.09 0.90 0.92 0.9 0.2
RMSE 1.28 1.40 5.77 577 1.13 1.16 1.41 1.3
MNB 0.44 0.45 0.34 0.29 -0.35 -0.36 Inf Inf
MNGE 0.84 0.93 0.96 0.93 0.40 0.40 Inf Inf
NMB 013 | -013 | -053 | -053 | -0.40 -0.41 026 | -0.27
NME 0.45 0.50 0.64 0.64 0.42 0.43 0.43 0.43
FB 006 | -011 | -030 | -033 | -0.49 -0.49 -0.19 -0.21
FGE 0.49 0.54 0.62 0.63 0.53 0.53 0.49 0.51
NMFB 014 | -014 | -0.71 | -0.71 -0.49 -0.51 0.30 | -0.3L
NMFGE 0.48 0.53 0.87 0.87 0.53 0.54 050 0.49
MNFB -0.07 0.10 -1.07 Inf -0.85 -0.82 Inf Inf
MNGFE 1.36 1.28 2.36 Inf 0.90 0.86 Inf Inf
NMBF 015 | 014 | 111 | -111 | -0.65 -0.69 0.3 | -0.36
NMEF 0.52 0.57 1.36 1.35 0.70 0.73 0.59 0.58

Corr: Correlation Coefficient; MB: Mean Bias; MAGE: Mean Absolute Gross Error; RMSE: Root Mean Square
Error; MNB: Mean Normalized Bias; MNGE: Mean Normalized Gross Error; NMB: Normalized Mean Bias;
NME: Normalizd Mean Error; FB: Fractional Bias; FGE: Fractional Gross Error; MNFB: Mean Normalized
Factor Bias; MNGFE: Mean Normalized Gross Factor Error; NMBF: Normalized Mean Bias Factor; NMEF:
Normalized Mean Error Factor, Inf: Infinity
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Figure 3.2. Wet demsition of SQ* from CMAQ (left) and CAMX (right) in January.
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simulated TC It is also noted that some statistical measures such as MNFB and MNFGE
rangefromb t o B, i ndicating a number approaching
values. Maximum Xhr Gz is overpredicted by both models at all sites in January with the
exception of the SEARCH site, where CMAQ slightly underpredicts. NMEs for maximum
1-hr O; are in the range of 0.180.24 at all sites for both CMAQ and CAMx and are slight
higher than NMBs. While NMBs describes the model tendency te ovenderpredict,

NMEs assess the overall model discrepancy. Larger NMEs indicate possible compensations
between positive and negative biases within the models. Similarly, maxiru@3s
overpredicted at both AIRBQS and CASTNET sites by both models, while slightly
underpredicted at the SEARCH sites by both CMAQ and CAMx. Atthe CASTNET and
AIRS-AQS sites where gs overpredicted by both models, CAMx gives higher
concentrationsitan CMAQ for both 1and 8hour average © This may be due to weaker
vertical mixing within CAMx as described in Olsen (2009). Weaker vertical mixing may
also influence PMsformation, as CAMx generally gives higher P§lthough both models
overpreditin January at sites from all 3 networks. Additionally, Similarly, CAMx gives
higher concentrations of all carbepecies (TC, BC, and OC) at all sites in January, further
indicating the effects of weaker vertical mixing. In addition to weaker verticang,
differences in SOA modules between the two models may also influence differences in
simulated OC concentrations between CAMx and CMAQ. As reported by Olsen

(2009), CAMx simulates SOA formation from condensable gases that form the VOCs (i.e.,
paraffins, toluene, xyleneresol, and terpenes). The SOA module used in CMAQ is also

modified by ENVIRON to include sesquiterpenes, additional SOA formation from isoprene,
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and polymerization of SOA specidbdseprocessearealso included in CAMx). \Wile
these models are conceptually simitiifferences in simulated concentrations oftam
radical species mayfact the differences in simulated OC between CAMx and CMAQ. For
example, Table 3.18 shows that CAMXx tends to predict significantly higher
concentrations than CMAQ in July. Higheg €dncentrations can lead to higher oxidation of
VOCs, ultimately leading to more simulated SOA. Although weaker vertical mixing and
differences in assumptions within the SOA modules may influence the ovetijoredf
PM; 5, analysis of speciated performarstatistics show that additional processes such as wet
and dry deposition and/or PM size representations may be important. For example, in
January, CMAQ overpredicts NQat all sites while CAMx underpreis at all sites. This
may be partially due to differences in the u
the heterogeneous reaction gf®. CMAQ follows the approach of Riemer et al. (2003)
and uses upper and lower bounds of 0.002 0.02.uptake coefficient in CAMx is based on
Brown et al. (2004) and has an upper and lower bound of 0.001 and 0.017. The slightly
| ower o9 values used in CAMx may partially ex
concentrationy CAMx in both months. ConverselgMAQ tends to underpredict $O
concentrationsvhile CAMx overpredictshem Figure 3.2 shows that CMAQ gives higher
wet deposition of Sg3*in January than CAMx, partially explaining the overprediction by
CAMKx relative to the underprediction by CMAQ.

In July, CMAQ tends to underpredict both maximunafd 8hour average ©while
CAMXx overpredicts. This may further indicate the importance of the weaker vertical mixing

within CAMx. Additionally, the underprediction of CMAQ is generally less in magieitu
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Maximum 8-hr 03 Maximum 8-hr 03

Predictions vs. Observations Predictions wvs. Observations
(AIRS-AQS, CASTNET, and SEARCH) (AIRS-AQS, CASTNET, SEARCH)
0.08 177 0.08 177
0.07 0.07
0.06 0.06
0.05 0.05
0.04 0.04
0.03 0.03
0.02 0.02
0.01 0.01
0.00 1 0.00 1
ppm 1 168 ppm 1 168
Min= 0.00 at (151,163), Max= 0.05 at (168,91) Min= 0.00 at (1,1), Max= 0.05 at (124,50)
Maximum $-Hr 03 Maximum 8-hour 03
Predictions vs. Observations Predictions vs. Observations
(AIRS-AQS, CASTNET, and SEARCH) (AIRS-AQS, CASTNET, and SEARCH)
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Min= 0.02 at (112,33), Max= 0.07 at(139,142) Min= 0.00 at (1,1), Max=0.08 at (139,141)

Figure 3.3.  Spatial distribution monthly mean maximurh8ur average ©
concentrations simulated by CMAQ (left) and CAMXx (right) overlaid with
observations from AIR&QS, CASTNET, and SEARCH in January (top)
and July (bottom).
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24-hr Average PM2.5 24-hr Average PM2.5

Predictions vs. Observations Predictions vs. Observations
(AIRS-AQS, SEARCH, STN, and IMPROVE)
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Figure 3.4. Spatial distribution monthly mean BMconcentrations simulated by CMAQ
(left) and CAMx (right) overlaid with observations from AIRE)S,
IMPROVE, STN, and SEARCH in January (top) and July (bottom).

62



than the overprediction by CAMXx. In July, all R¥components are underpredicted by both
models at all sites. This underprediction again may be due to factors other than vertical
mixing such as uncertainties in emissions and biases in meteorological predictions. NMEs
are again consistently larger thaMBs, particularly for N@, with NMEs ranging from

0.841 1.11 for both models. This again indicates possible compensation ebadennder
predictions not accounted for in NMBs.

3.3.4 Spatial Distribution of O3 and PM s

Figure 3.3 shows the spatiaktiibution of simulated monthlgnean maximum -8
hour average ¢by CMAQ and CAMx overlaid with observations from AIR®)S,

CASTNET, and SEARCH in January and July, respectively. The models predict similar
spatial distribution of @in January, with higheroncentrations across the southern half of
the domain. Both models perform reasonably well in reproducing observations, though
CAMx shows a slight overprediction ok@cross the Gulf States. CAMx predicts higher O
throughout the domain in July, indioag weaker vertical mixing within CAMx. CAMx
performs better across the upper Midwest in July, while CMAQ performs slightly better
across the MidAtlantic States.

Figure 3.4 shows the spatial distribution of simulated mostidgn PM sby CMAQ
and CAMx werlaid with observations from IMPROVE, SEARCH, and STN in January and
July, respectively. Both models show similar spatial distribution, capturing the general
spatial distribution throughout the Miitlantic States in January, though they overpredict in
the Atlanta area, possibly due to overestimation of emissions of gaseous PM prestigisors

as SQ, NO,, and NH (Zhang et al., 200§. Similarly, both models overpredict BNin the
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northeast U.S., again indicating the overestimation of emissions@bgs PM precursors
such as S@andNOy in these urban regions. The majority of the ugdawest shows an
overprediction, with the exception of Chicago and St. Louis, which show underpredictions.
In July, both models consistently underpredict,Rilcrass the entire domain, indicatitige
underestimation of emissions of PM precursor species such,adlBg) and NQ as well as
emissions of primary PM specié&hang et al., 2009). For examptllee underprediction of
fire emissions in July (Tian et aRP09) may attribute to the underestimation of all carbon
species in this month. Uncertainties in boundary conditions and biases in meteorological
variables such as precipitation may also contribute to the gross underestimatiossai PM
July.
3.3.5 Wet Deposition Fluxes

Wet deposition is an important pollutant removal processDnAMs. Tables 3.20
and 2.31 present statistical evaluation of wet deposition ¢f 3@D5, and NH" from
CMAQ and CAMx against the NADP measurements in January and dspeatively.
CAMXx underpredicts wet deposition of FONOs, and NH" in January with NMBs of
68.8%,-96.4%, and82.0%, respectively. CAMx overpredicts wet deposition 0f’S®
July with a NMB of 21.6% and underpredicts wet deposition of ld@d NH;" with NMBs
of -99.6% and47.0%, respectively. CMAQ performs significantly better for all 3 species in
January, with NMBs 0f20.3% to 1.3%. Both models overpredict wet deposition af SO
and underpredict wet deposition of Bl@nd NH;" in July, thogh CMAQ performs slightly
better. Figure & shows the absolute difference (i.e., CAMEMAQ) in wet deposition

fluxes of NH,", NOy, and S@ in January and July. The difference plots are consistent with
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Table 3.20 Performance statistics for wetptisition in January 2002.

Variable | WD NH," (kg ha!) | WD NOj (kg ha’) | WD SO, (kg ha?)
Network NADP NADP NADP
Model CMAQ | CAMx | CMAQ | CAMx | CMAQ | CAMXx
Number 335 335 335
MeanObs 0.30 1.56 1.28
MeanMod 0.24 0.05 1.48 0.06 1.29 0.40
Corr 0.20 0.18 0.12 0.17 0.31 0.28
MB -0.06 -0.25 -0.08 -1.50 0.02 -0.88
MAGE 0.26 0.25 141 1.51 0.92 0.94
RMSE 0.48 0.45 2.22 2.21 1.46 1.37
MNB Inf Inf Inf Inf Inf Inf
MNGE Inf Inf Inf Inf Inf Inf
NMB -0.20 -0.82 -0.05 -0.96 0.01 -0.69
NME 0.86 0.84 0.90 0.97 0.72 0.74
FB Inf Inf Inf Inf Inf Inf
FGE Inf Inf Inf Inf Inf Inf
NMFB -0.23 -1.39 -0.05 -1.86 0.01 -1.05
NMFGE 0.95 1.43 0.93 1.86 0.72 1.12
MNFB Inf Inf Inf Inf Inf Inf
MNGFE Inf Inf Inf Inf Inf Inf
NMBF -0.26 -4.56 -0.06 -26.67 0.01 -2.20
NMEF 1.07 4.68 0.95 26.71 0.72 2.36

Corr: Correlation Coefficient; MB: Mean Bias; MAGE: Mean Absolute Gross Error; RMSE: Root Mean Square
Error; MNB: Mean Normalized Bias; MNGE: Mean Normalized Gross Error; NMB: Normalized Mean Bias;
NME: Normalized Mean Eor; FB: Fractional Bias; FGE: Fractional Gross Error; MNFB: Mean Normalized
Factor Bias; MNGFE: Mean Normalized Gross Factor Error; NMBF: Normalized Mean Bias Factor; NMEF:

Normalized Mean Error Factor, Inf: Infinity
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Table 3.21

Performance statiss for wet deposition in July 2002.

Variable | WD NH," (kg ha!) | WD NOj (kg ha’) | WD SO, (kg ha?)
Network NADP NADP NADP
Model CMAQ | CAMx | CMAQ | CAMx | CMAQ | CAMXx
Number 324 324 324
MeanObs 0.39 1.65 2.07
MeanMod 0.24 0.20 0.73 0.01 2.16 2.51
Corr 0.28 0.14 0.22 0.01 0.35 0.30
MB -0.15 -0.18 -0.92 -1.64 0.09 0.45
MAGE 0.27 0.30 1.20 1.65 1.38 1.73
RMSE 0.43 0.47 1.61 2.12 2.22 3.01
MNB Inf Inf Inf Inf Inf Inf
MNGE Inf Inf Inf Inf Inf Inf
NMB -0.39 -0.47 -0.56 -1.00 0.05 0.22
NME 0.70 0.78 0.73 1.00 0.67 0.84
FB Inf Inf Inf Inf Inf Inf
FGE Inf Inf Inf Inf Inf Inf
NMFB -0.48 -0.61 -0.77 -1.98 0.05 0.20
NMFGE 0.86 1.02 1.01 1.99 0.66 0.75
MNFB Inf Inf Inf Inf Inf Inf
MNGFE Inf Inf Inf Inf Inf Inf
NMBF -0.64 -0.89 -1.26 | -240.32 0.05 0.22
NMEF 1.14 1.48 1.64 240.99 0.67 0.84

Corr: Correlation Coefficient; MB: Mean Bias; MAGE: Mean Absolute Gross Error; RMSE: Root Mean Square
Error; MNB: Mean Normalized Bias; MNGE: Mean Normalized Gross Error; NMB: Normalized Mean Bias;
NME: Normalzed Mean Error; FB: Fractional Bias; FGE: Fractional Gross Error; MNFB: Mean Normalized
Factor Bias; MNGFE: Mean Normalized Gross Factor Error; NMBF: Normalized Mean Bias Factor; NMEF:

Normalized Mean Error Factor, Inf: Infinity
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the statistical angisis, with CMAQ predicting higher wet deposition of N@nd NH;" in
January and July and $0in January while CAMx predicts higher wet deposition 050
in July. The differences in wet deposition fluxes between the two models may be explained
by differences in wet deposition treatments between the two models. In CMAQ, at a
horizontal grid spacing of greater thaiki®, subgrid size clouds are treated in addition to
completely resolved clouds. Conversely, in CAMX, aqugih&se chemistry is treatedlp
in resolved clouds that encompass the entire grid cell (Byun and Schere, 2006). This
difference in number of clouds treated may explain larger wet deposition fluxes;cimO
NH," in January and July and $0n January. The higher wet deposit@nSQ,* from
CAMXx in July may be related to differences in PM size distribution representation. In
CMAQ, all accumulation and coarse mode particles within a cloud are completely absorbed
while nuclei mode particles are slowly scavenged. ConverseRivathass within a cloud is
assumed to be in the cloud water by CAMx (ENVIRON, 2009), possibly explaining the
higher wet deposition of S® by CAMx in July.
3.3.6 Column Variables

The performance of CMAQ throughout the depth of the troposphere is edaluate
using satellite observations of CO, N@s;, and AOD. CMAQ simulated PMvalues are

used to directly calculate simulated AOD using the approached of Zhang et al. (2009):
N
TZZ((TSp—I—Gap)IXAZi 3.1)
i=1

wherpémid i s the scatt gmlisthe spesific abfsarptidn eoefficiers, n d
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Table 3.22 Performance statistics for satellderived variales in January 2002

(simulatedvalues are from CMAQ)

Variable CcoO NO, O3 AOD
(1 x 10" molecules cnif) | (1 x 10" molecules crif) | (DU)

Satellite MOPITT GOME TOMS | MODIS

Number 29736 29732 29736 | 29736
MeanObs 19.69 5.46 29.71 0.08
MeanMod 19.48 6.49 39.85 0.08
Corr 0.21 0.80 0.40 | 0.19
MB -0.21 1.33 10.13 0.00
MAGE 2.24 1.93 10.19 0.03
RMSE 3.58 2.95 11.41 0.05
MNB 0.37 0.40 0.38 0.30
MNGE 0.48 0.52 0.38 0.61
NMB -0.01 0.19 0.34 0.00
NME 0.11 0.35 0.34 0.40
FB 1.00 0.22 0.30 0.53
FGE 0.13 0.36 0.30 0.41
NMFB -0.01 0.17 0.29 0.00
NMFGE 0.11 0.32 0.29 0.40
MNFB -0.01 0.40 0.38 -0.17
MNGFE 0.12 0.52 0.38 0.48
NMBF -0.01 0.19 0.34 0.00
NMEF 0.11 0.35 0.34 0.40

AOD: Aerosol Optical Depth

MOPITT: Measurements of Pollutants in the Troposphere
GOME: Global Ozone Monitoring Experiment

TOMS: Total Ozone Mapping Spectrometer

MODIS: Moderate Resolution Imaging Spectrometer

DU: Dobson Unit
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Table 3.23 Performance statistics for satellite derived variables in July 2002 (simulated
values are from MAQ).

Variable CO NO, O3 AOD
(1 x 10" molecules cnf) | (1 x 10" molecules crif) | (DU)
Satellite MOPITT GOME TOMS | MODIS
Number 29736 29736 29736 | 29736
MeanObs 18.73 2.78 40.53 0.34
MeanMod 17.13 2.48 36.72 0.22
Corr 0.39 0.64 0.39 | 0.66
MB -1.60 -0.04 -3.81 -0.13
MAGE 3.05 1.08 5.11 0.13
RMSE 3.88 1.78 5.59 0.16
MNB 0.79 -0.12 -0.09 -0.37
MNGE 1.02 0.40 0.13 0.40
NMB -0.09 -0.11 -0.09 -0.37
NME 0.16 0.39 0.13 0.39
FB 0.06 -0.25 -0.10 -0.52
FGE 0.19 0.43 0.13 0.55
NMFB -0.09 -0.12 -0.10 -0.45
NMFGE 0.17 0.41 0.13 0.48
MNFB -0.09 -0.45 -0.11 -0.98
MNGFE 0.18 0.59 0.14 1.00
NMBF -0.09 -0.12 -0.10 -0.59
NMEF 0.18 0.44 0.14 0.62

AOD: Aerosol Optical Depth

MOPITT: Measurements of Pollutants in the Troposphere
GOME: Global Ozone Monitoring Experiment

TOMS: Total Ozone Mapping Spectrometer

MODIS: Moderate Resolution Imaging Spectrometer

DU: Dobson Unit
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Figure 3.5
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Figure 3.6  Monthly-mean column N@from GOMES (top) and CMAQ(bottom) for January (left) and July (right).
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Figure 3.7  Monthly-mean column @from TOMS (top) and CMAQIbottom) for January (left) and July (right).
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Figure 3.8  Monthly-mean column AOD from MOIS (top) and CMAQ(bottom) fodanuary (left) and July (right).
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mpz i serthibkeessl(m)tand N is the total number of layers. The AOD is evaluated by
extracting the simulation hours close to the overpass time of the satellite (10 AM and 11 AM
local time, daily) and averaged for the month. Tables 3.22 and 3.23 displayfthenpace
overall good performance, some discrepancies exist in the magnitudes and spatial
distributions.

In January and July, CMAQ performs well in simulating troposhperic CO, with
NMBs of -1% and 9%, respectively. CMAQ does well in capturing highes@tved column
CO in the northeast U.S. in both months; however, CMAQ tends to underpredict column CO
abundance across the southern states, leading to the overall underprediction. The higher
observed column CO abundance in the northeast is likely dugttddmal CO emissions
from motor vehicles in large urban areas (e.g., NYC, Washington, D.C.). Possible sources of
error for CMAQ simulated column CO may include uncertainties in the CO emissions and
boundary conditions used in the upper layers.

CMAQ doeswell in capturing higher column NGbundance in some source regions
in January (e.g., Chicago, Detroit, Atlanta), however, it overestimates column NO
abundance in the northeast U.S. (e.g., NYC, Washington, D.C.) and southern U.S. While the
model is abldo capture the trend of lower values in July, it tends to overpredict colurgan NO
abundance across many of the source regions. This overprediction at many of the source
regions is offset by underpredictions in other areas, leading to an overall undiqmeadi
July. Discrepancies can be attributed to several factors including uncertainties in NO

emissions and boundary conditiq@hang et al., 2009)
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Column Q abundance in January is overpredicted, with an NMB of 34% and
underpredicted in July witan NMB 0f-9%. Though the statistical performance of the
model is relatively good in July, CMAQ does not capture well the spatial distributions,
reflected in the low correlation between simulated and observed values. Discrepancies
between simulated arabserved column £abundance may be attributed to uncertainties in
upper boundary layer conditions fog & well as uncertainties @missions of gaseous
precursors at the surface (e.g.,N@hang et al., 2009)The domairwide monthly mean
boundary @ mixing ratios for upper layers (layers-19) are 52.2 ppb in January and 47.7
ppb in July. Wang et al. (200%eported upper boundary;@ixing ratios of 42.5 and 37.3
ppb in January and July, respectively; these boundary conditions were for a 108 km
horizontal grid resolution and were extracted from GECQ$EM. The value of 52.2 ppb in
January for this study may be too high and may partially explain the overprediction of
column Q in January. Similarly, the value of 47.7 ppb in July may be too lowjrigrto
the underprediction of column;®@y CMAQ.

In January, CMAQ performs very well statistically for AOD, with an NMB of 0%.
CMAQ is able to capture the general spatial distribution of AOD across the northeast and
Mid-Atlantic States, while underpretiens across the Midwest compensate overpredictions
across Texas, Louisiana, and Arkansas. CMAQ does well in capturing the spatial
distribution of AOD in July, with higher values across the entire domain corresponding well
with higher surface Pkt conceitrations. Column AOD abundance is, however,
underpredicted across much of the domain in July, particularly over source regions on the

Atlantic seaboard (e.g., NYC, Washington, D.C.). Several factors may contribute to the
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underpredictions of both PMand AOD in July. As mentioned, underestimation of wildfire
emissions in the summer may partially explain the underestimati@moéntrations cdll
carbon speciesvhich likely influences the underprediction of column AOD abundance.
There also existsneertainties irtheemissions of gaseous PM precursors (e.g3, '$Qy,
andNH3) that may also contribute to the underprediction of AOD in JAlyditionally,
uncertainties imower boundary conditions for PH4 used in CMAQ may contribute the
underpredition of surface PMsand corresponding AODs in July.
3.4  Summary

This chapter evaluates the two air quality models used in this study, CMAQ and
CAMY¥, in January and July of 2002 at aHr2 horizontal grid resolution. Both models
overpredict PMsand maimum 1- and 8hour G in the surface layer in January, with
CAMx generally predicting higher values. Conversely, both models underpredigti®M
the surface layer in July, with CMAQ generally having a larger underprediction. The
underpredictions of Pisby both models in July may be attribtued to uncertainties in
emissionf PM precursors such as §0®IO, and NH; as well as boundary conditions for
PM,sused in CMAQ CMAQ tends to underpredict maximum i@ the surface layer in
July, while CAMXx tends to overpredict. These differences can be attributed to differences in
the model formulations (e,gry and wet deposition, verticalixing schemes, assumptions
in SOA modulesandPM size representation)n January, CMAQ overpredictdO, and Q
column abundance throughout the troposphere while showing good agreement for CO and
AOD. In July, CMAQ underpredic@ll pollutants throughout the depth of the troposphere,

with the worst underprediction occuring fog.CDiscrepancies for simulated column
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variables can be attributed to uncertainties in emissions of precursor sueties S¢)

NOy, and NH and upper level boundary conditicios O; andused in CMAQ. Overall, the
performance of CMAQ is found to be consistent with that of previous st{Eties and Yu,

2006; Zhang et al., 200662009 ). The evaluation performed in this chapter serves as a
benchmark to be used when analyzing SA results, as the accuracy of SA contributions when
using 3D AQMs can be only as accurate as the model that is uReel following chapters

will provide SA results for 10 major source categories in January and July of 2002 using two

separate SA methods (e.g., BFM and PSAT).
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CHAPTER 4. SOURCE APPORTIONMENT SIMULATIONS USING CMAQ

4.1  Source Selection ad Analysis Method
Source categories for this study are selected based on a review of previous literature
concerning major sources of BM particularly over the eastern U.S. (see TableBp A
list of each source category along with the sourcesded within that category is shown in
Table 4.1. Before conducting source apportionment simulations, a number of source
categories were analyzed in terms of their relative contributions to the baseline emissions at
the surface. The source categories toatribute a relatively small portion of the baseline
emissions were not considered in this study; these include primarily aircraft emissions and
offshore/shipping emissions. Also, the Canadian point source inventory is not publically
available despiteheir inclusion in the modekady emissionfor the model simulatign
therefore, the Canadian point sources are also not included in the 10 source categories.
While these source categories are not selected for analysis, their effects may be approximated
to be part of the Al eftover 0o orAdditionally,esol ved?o
contributions from initiaknd boundary conditiongere also not considered explicitly and
wi || al so contribute to the fAleftovero porti
Eachsource category is analyzed in terms of its monthéan percentage
contribution to domakwide PM s and its individual species. Spatial plots of monfmigan
percentage contributions to each species are presented along with discussions of the spatial
distributions and trends. In addition to the doraaide analysis, source apportionment

results at several representative sites throughout the domain are presented in order to analyze
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Table 4.1.

Source categories analyzed in this study.

Source Category

Sources Included

Biogenic

Forests and Vegetation, Wetlands, Wind Erosion, Lightnin

Biomass Burning

Wildfires, Prescribed Burning, Agricultural Burning,
Residential Wood Burning, Open Burning at Landfills,
External Combustion Boilers

Coal Combustion

Electric Generation, Industrial and Commercial External
Combustion Boilers; Electric utility, Industrial, Commercia
and Residential Stationary Source Coal Combustion

Diesel Vehicles

On-Road and OfRoad Diesel Powered Vehicles (Emission
from marine vesds and aircrafts excluded)

Gasoline Vehicles

On-Road and OfRoad Gasoline PowerectKicles
(Emissions from marineessels and aircrafts exclud&d)

Industrial Processes

Solvent Utilization, Chemical Manufacturing, Food
Processing, Metal Production

Miscdlaneous Area
Sources

Agricultural Production, Animal Waste, Repair Shops

Other Combustion

Natural Gas, Distillate Oil, Residual Oil, Liquefied Petroley
Gas, Compressed Natural Gas, Solid Waste

Other Mobile Sources

Railroads, Aircrafts, Marine VesseRpad Dust, Pleasure
Crafts

Waste Disposal and
Treatment

Solid Waste Disposal, Incineration, Site Remediation, Sew
Treatment

*

These emissions are included in the model simulation, but excluded in the amplicati

of PSAT.
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how theapportionmehresults vary based on the nature of the site (i.e., urban, rural, and
coastal). Thesmclude 8 sites from SEARCH¢éffersorStreet(JST),Atlanta, GA,
Yorkville (YRK), GA, North Birmingham(BHM), AL, Centreville(CTR), AL, Gulfport
(GFP),MS, OakGrove(OAK), MS, PensacoldPNS),FL, andOutlying Landing(OLF),
FL), 3 sites from AIRSAQS (Chicago (CHI), IL, Great Smoky National Park (GRM), TN,
and New York City (NYC), NY), an urban/rural pair in North Carolina (Charlotte (CLT), NC
and Jamesville (JMSNC), two coastal urban sites (New Orleans (NEO), LA and Norfolk
(NOR), VA), and 2 urban sites in the Ohio River Valley (Cincinnati (CIN), OH and
Knoxville (KNX), TN). These sites represent a mix of urban/suburban, rural, coastal, and
park sites that diffeconsiderably in emissions and meteorology. Additionally, source
apportionment has been previously conducted in the literature at many of these sites,
allowing for qualitative comparisons with this study.
4.2  Source Apportionment Results using CMAQ/BFM
4.2.1 Domain-Wide Analysis

The following section will assess the impacts of the 10 source categories from a
domainwide perspective as resolved by the bifotee method. Monthiynean
contributions for individual species are taken as the percentage atintribf the species
with respect to the overall PMcontribution. Spatial plots are shown as the mortidyan
percentage contributions.

Table 4.2 shows the monthigean percentage contribution of each source category
to the baseline emissions in bd@muary and July. In both January and July, nitrogen oxides

(NOy) emissions are dominated by gasoline and diesel vehicles, with each contributing ~30%
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in both months. Emissions of volatile organic compounds (VOCs) are dominated by gasoline
vehicles andbiogenic sources in January with contributions of 29% and 25.7%, respectively.
In July, VOC emissions are dominated by biogenic sources which contribute to over 70% of
the baseline VOC emissions. The largest contributors of sulfur dioxid¢ ¢8ssionsare

coal combustion and other mobile sources in both months. Other mobile source emissions
contribute the greatest to primary PMemissions in both months. Table 4.2 shows that the
10 source categories in this study account for greater than 95%ssi@nsi of VOCs, N

and primary PMs. However, only 80.5% and 81.1% of S&e accounted for in January

and July, respectively. Similarly, 88.8% and 93.1% of M@issions are accounted for in
January and July, respectively. This is attributed teethissions of the source categories

not considered ithe application of PSAT, though they are included in the model simulation
(e.g., Canadian point sources asftshore/shipping emissions). These categories account for
15.8% and 18.6% of S&missions idanuary and July, respectively. They also account for
6.7% and 6.6% of NQemissions in January and July, respectively. The remaining
percentage of emissions may be attributed to initial and boundary condBoaxN).

Tables 4.4 and 4.5 show the domaiide monthlymean percentage contributions of
each source category to the concentrations of 2ivid its individual species in January and
July, respectively. While positive values indicate that the removal of emissions from a
particular source categorgsult in a decrease in a particular species, negative values indicate
that the removal of emissions from that source category resulted in an overall increase in that
particular species when averaged over the entire domain. In January, biomass burning

contributes the greatest to domaiide PM, 5, with a monthlymeancontribution of 13.%.
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Table 4.2.

Table 4.3.

Monthly-mean percentage contributions of each source category to speciated emissions in January.
. . . . Coal Coal . . . . Other | Other
Species | Biogenic | Biomass (Iyr1) (Iyrs 1-6) Diesl | Gasoline | Industrial | Misc. Comb. | Mob. Waste | Sum
NO, 2.8 1.4 1.2 8.4 29.4 33.4 0.7 00 | 129 | 6.8 0.2 88.8
VOC 25.7 8.8 0.1 0.1 1.0 29.0 14.8 0.3 1.6 7.9 10.2 | 99.4
SO, 0.0 1.2 27.4 55.5 6.7 7.2 1.3 00 | 316 | 47 0.4 80.5
NH, 4.6 3.8 0.1 0.2 0.4 16.2 5.2 67.2 | 1.3 0.0 0.9 99.7
Pgmary 0.7 24.7 4.2 6.5 0.2 15 10.6 27 | 67 | 435 | 1.7 | 965
2.5
Monthly-mean percentage contributions of each source category to speciated emissions in July.
. . . . Coal Coal . . . . Other | Other
Species | Biogenic | Biomass (Iyr1) (yrs 16) Diesel | Gasoline | Industrial | Misc. Comb. | Mob. Waste | Sum
NO, 9.1 0.7 1.0 5.9 36.4 27.7 0.8 0.0 6.4 10.8 | 0.2 | 93.1
VOC 70.1 0.5 0.0 0.0 0.6 13.4 6.5 0.2 0.3 3.3 42 | 99.1
SO, 0.0 1.1 27.1 50.9 13.9 9.1 2.7 0 17.8 | 8.9 05 | 81.1
NH, 2.2 0.6 0.0 0.1 0.2 9.2 3.3 83.3 | 0.3 0.0 0.5 | 99.6
Pgmary 0.5 6.2 2.5 3.9 0.1 1.1 201 | 228| 08 | 416 | 13 | 97.0
2.5
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Table 4.4. Domainwide monthlymean percentage contributions to 2¥h January from BFM.

NH, | SO~ NO3 EC POA | SOA | OIN PM,s

Coal Conbustion (lyr 1) 1.57 8.44 -0.26 | 0.03 | 0.03 | -0.10 | 1.12 | 10.82
Coal Combustion (lyrs 16) 1.58 8.74 -0.19 | 0.03 | 0.03 | -0.10 | 1.15 | 11.24
Diesel Vehicles 0.17 | -0.26 0.80 0.89 | 0.40 | -0.05 | 0.02 1.97
Biomass Burning 0.39 0.48 0.67 1.16 | 744 | 049 | 3.06 | 13.69
GasolineVehicles 1.05 | -0.21 2.45 0.05 | 0.29 | 0.08 | 0.15 3.86
Industrial Processes 0.63 1.55 0.87 0.04 | 0.78 | 0.14 | 2.38 6.39
Waste Disposal and Treatment| 0.05 0.04 0.11 0.02 | 0.26 | -0.01 | 0.20 0.69
Biogenic 0.27 0.23 0.60 001 | 0.03 | 270 | 0.14 | 3.98

Other Combustion 0.39 1.24 0.62 0.25 | 2.05 | 0.04 | 1.05 5.64
Other Mobile 0.09 0.08 0.24 0.04 | 0.48 | 0.06 | 5.44 6.43
Miscellaneous Area Sources | 3.58 0.40 7.45 0.00 | 0.02 | 0.01 | 0.35 | 11.81
Sum 8.19 | 11.99 | 1355 | 2.49 | 11.78| 3.36 | 13.91| 65.28

Negative value indicagan increase in conceations of species resulting from the elimination of a source

Table 4.5. Domainwide monthlymean percentage contributions to 2Nh July from BFM.

NH,* SO~ NO3 EC POA | SOA | OIN PM, 5

Coal Combustion (layerl) 4.00 25.78 | 0.17 0.02 | 0.03 | 0.11 | 0.66 | 3077
Coal Combustion (lyrs 16) 3.98 30.03 | 0.18 | 0.02 | 0.03 | 0.10 | 0.65 | 34.99
Diesel Vehicles 0.24 1.02 0.23 1.08 | 0.45 | 0.27 | 0.03 3.32
Biomass Burning 0.07 0.20 0.01 0.22 144 | 0.12 | 0.79 2.85
Gasoline Vehicles 0.68 0.44 0.22 0.05 | 033 | 0.24 | 0.17 2.13
Industria |l Processes 0.53 2.90 0.08 0.03 0.58 0.14 2.63 6.89
Waste Disposal and Treatment| 0.03 0.03 001 | 001 | 028 | 0.01 | 0.14 0.41
Biogenic -0.27 | -1.73 | -0.16 | 0.01 | 0.03 3.42 | 0.15 1.45

Other Combustion 0.35 2.20 0.09 | 0.03 | 043 | 0.13 | 0.22 3.45
Other Mobile -0.01 | -007 0.01 0.03 | 0.37 | 0.04 | 4.37 474
Miscellaneous Area Sources 5.37 -0.03 0.71 0.01 0.20 0.01 2.65 8.92
Sum 10.99 | 30.74 | 1.37 149 | 404 | 449 | 11.81| 64.93

Negative value indicagan increase in concentrations of species resulting from the elimination wfce so
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Primary organic aerosols are the largest constituent of biomass burning contributions,
accounting for 7.4% of the overall contribution. Miscellaneous area sources and coal
combustion are the other top two source categories for demdePM s with monthly

mean domauwide contributions of 11.8% and 10.8%, respectively. The dowiia

impacts of other mobile sources, industpedcesses, and other combustion are comparable

in January, with contributions of 6.4%, 6.4%, and 5.6%, respectivelgoli@a vehicles and
biogenic sources both contribute ~4%gdtomairwide PM,5in January. Diesel vehicles and
waste disposal and treatment have the smallest impacts in January, with-dacheain
contributions of 2.0% and 0.7%, respectively. In July, coalbustion is the dominant

source category, contributing to nearly 31% of donveitle monthlymean PM, with SQ*
accounting for nearly 26% over the overall contribution. Miscellaneous area sources and
industrial processes are the next top two sowsitegories with contributions of 8.9% and

6.9%, respectively. Other mobile sources contribute 4.7% to demdePM s while

biomass burning, diesel vehicles, and other combustion each contribute ~3%. The impacts of
gasoline vehicles are less in Julyttw& domairwide contribution of 2.1%. The biogenic

and waste disposal and treatment source categories have the smallest impacts in July, with
contributions of 1.5% and 0.4%, respectively. In both January and July, approximately 35%
of the monthlymeanPM, s is not accounted for within the 10 source categories. This may
indicate the influence of initial and boundary conditions as well as the unresolved sources not
considered in this study. The impacts of boundary conditions may also provide an estimate
on the role of long range transport (LRT) of pollutants from upwind sources into the

simulation domain. Westerly flow will enhance the transport of pollutants from the central
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and western U.S. and thus increase the impacts of boundary conditions.

The dfects of seasonality are apparent when comparing the contributions in January
and July. Coal combustion shows the biggest seasonality, with a contribution of ~31% to
surface PMsconcentrations in July, but only ~11% in January. Analysis of speciated
contributions shows that the importance of,S$®om coal combustion also exhibits a strong
seasonality, with a differencef 15% in contribution This may be due to several reasons,
including the preference of high temperatures fof"S@rmation in Jly. The removal of
coal combustion emissions in January also leads to an overall increase in PM nitegte (NO
domainwide, as opposed to a slight decrease in July. The reduction,@nd€sions from
coal combustion leads to more oxidants also avaitabdxidize NQ, leading to increased
production of N@. Thisoxidantlimiting effectis particularly important in January when
colder temperatures favor NGormation.

The contributions to domaiwide PM 5 of biomass burning also show considerable
seaonality. In January biomass burning contributes to nearly 14% of dewdgnmonthly
mean PM s, as opposed to only ~3% in July. This discrepancy is largely due to differences
in the emissions of POA, OIN, and EC between the two months, with consideigtidr
emissions in January. This is likely due to the increased use of wood stoves and other
biomass burning methods as a means of heating homes during the colder months. This is
reflected in Tables 4.2 and 4.3, which show that emissions of all sgeme biomass
burning are considerably higher in January as opposed to July.

Miscellaneous area sources, comprised predominantly of agricultural emissions, are

also a major contributor to domaivide monthlymean PMs. The contributions of

85



miscellaneas area sources are slightly higher in January, due mainly to a much higher
contribution to N@ when compared to July. This contribution to Ni@ January is again

an indirect effect within the bruferce method. Large reductions in the emissions of
ammonia (NH) from agricultural activities lead to a decrease in the formation of PM
ammonium (NH"). This in turn limits the production of NNOs, leaving more HN@in

the gas phase instead of partitioning into the particulate phase. This is appBrgutan

4.35 in the following section, which shows the changes of spatial distributions of O

to the removal of miscellaneous area sources. This effect is not nearly as important in July
when warm temperatures do not favor\formation and the ca®ntrations of N@ are

low.

The contributions of biogenic emissions to doraide monthlymean PM; also
show an interesting trend, with a larger overall contribution in January as opposed to July.
While the contributions of this source category to S&élarger in July as opposed to
January, the main reason for the larger contributions is the increase in BNhSQly as a
result of the elimination of biogenic emissions. Emissions from biogenic sources are
comprised predominantly of VOCs that mdyiconsume radicals and ultimately form SOA.
In July, a large reduction in the emissions of VOCs from biogenic sources leaves more
oxidants available to oxidize SOThis results in a considerable increase in*IBroughout
the domain that compensatés contribution of biogenic sources to Pjdoncentrations,
leading to lower net source contributions to M July than in January. Such an effect
does not occur in January when colder temperatures do not fayof@®ation.

The contributions ofliesel vehicle emissions to $0and SOA also show large
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differences between January and July. As seen in Tables 4.4 and 4.5, the impacts of diesel
vehicle emissions on S®differ considerably between months, with a reduction of 1.02% in
July, but @ increase of 0.26% in January. The increase qf 8QJanuary illustrates the
enhanced effects of indirect effects during winter months. Elimination of diesel vehicle
emissions reduces concentrations of,NCthe atmosphere which can indirectly aff8©,*
through two different pathways. The first is the increased availability of oxidants and
radicals to oxidize S@n the gagphase when NQemissions are greatly reduced. The
second indirect effect occurs in the aquephase production of S&. Reductions in
emissions of NQwill reduce the production of nitric acid (HNJ which will in turn lower
the acidity of the aqueous phase solution. This reduction in acidity will allow for mafe SO
to enter into the aqueous phase. These indirectgfiee found to be not as important in
July when oxidant concentrations are higher and Mot a significant PM component.

The impacts of gasoline vehicles domuairde are slightly higher in January than in
July, primarily due to higher contributiots NO;” and NH;" in January. Tables 4.2 and 4.3
show that this is due to higher emissions ofd@d NH; in January. Additionally, colder
temperatures in January will favor N@rmation. The contributions of industrial processes
to PM, s are similatbetween the two months with contributions of 6.9% and 6.4%,
respectively. OIN contributions are slightly higher in July due to higher emissions of
primary PMys. SQ contributions are higher in July while N@ontributions are higher in
January. Talels 4.2 and 4.3 show that there is little difference in emissions pahN{DSQ
from industrial processes between the two months; hence, these differences in source

contributions are likely due to differences in meteorological conditions. Other mohite sou
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contributions are slightly higher in January, due primarily to larger OIN contributions.
Tables 4.2 and 4.3 show that emissions of primary PM species from other mobile sources are
slightly larger in January. Contributions from waste disposal r@adhtent are also slightly
higher in January due to larger contributions tosNPOA, and OIN. Tables 4.2 and 4.3
show that this is attributed to higher emissions of W@ primary PM species in January.
4.2.2 Spatial Distributions of Emissions and Souce Contributions

Figures 4.1 4.32 show the spatial distributions of emissions of major species from
all 10 source categories in the surface layer in both months followed by the contributions of
each source to PMin January and July. Coal combusti@mtributions averaged over the
first 6 layers(~300 m)are also included in Figures 4.3 and 4.5 in ordext@mine the
impacts of elevated release and plume rise fromfoea power plants.
Coal Combustion

Coal combustion emissions are dominated by iB8®oth months, with the highest
emissions occurring throughout the Ohio River Valley, including Kentucky, Tennessee,
Virginia, and Indiana, Pennsylvania, and Ohio. Emissions gfa#@ primary PMs show
similar spatial distributions in both monthsthwvthe highest emissions occurring in
Pennsylvania, Virginia, Indiana, and Georgia. Emissions of &ftd VOCs are fairly
insignificant in both months. There is little difference in emissions of all species from coal
combustion between January and Julyefiected in values in Tables 4.2 and 4.3.

Coal combustion is a major contributor to P\h both months; however, the spatial
distribution and magnitude of the contributions differ considerably. In January, the largest

percentage reductions in BMoccur throughout the Mid\tlantic States and off the Atlantic
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Figure 4.1  Spatial distribution of monthiynean percentage contributions of coal combustion emissions to baseline emissions
in January (top) and July (bottom).
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Figure 4.5. Domainwide monthlymean contributions of coal comhias emissions to Pl and its individual components in

the first 6 layers in July.
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Figure 4.9. Spatial distribution of monthiynean percentage contributions of biomass burning emissions to baseline emissions

in January (top) and July (bottom).
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Figure4.12. Spatial distribution of monthiynean percentage contributions of gasoline vehicle emissions to baseline emissions
in January (top) and July (bottom).
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Figure 4.13. Domainwide monthlymean contributions of gasoline vehicle emissionsMig £and its individual components in
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Figure 4.14. Domainwide monthlymean contributions of gasoline vehicle emissions t@ £Md its individual components in
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Figure 4.15. Spatial distribution of monthiynean perentage contributions of industrial processes emissions to baseline
emissions in January (top) and July (bottom).
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Figure 4.16. Domainwide monthlymean contributions of industrial processes emissions tosBNI its individual components
in Jaruary.
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Figure 4.17. Domainwide monthlymean contributions of industrial processes emissions tosBNI its individual components
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Figure 4.18. Spatial distribution of monthiynean percentage contributions of waste digpasd treatment emissions to
baseline emissions in January (top) and July (bottom).
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Figure 4.19. Domainwide monthlymean contributions of waste disposal emissions tg4¥d its individual components in
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Figure 4.23. Domainwide monthlymean contributions of biogenic emissions to RMeind its individual components in July.
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Figure 4.24. Spatial distribution of monthiynean percentage contributions of other combustion emissions to baseline emissions
in January (top) and July (bottom).
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Figure 4.27. Spatial distribution of monthiynean percentage contributions of other mobile sources emissions to baseline
emissions in January (top) and July (bottom).
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Figure 4.29. Domainwide monthlymean contributions of other mobile source emissions tgsfRd its individual components

in July.
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Figure 4.30. Spatial distribtion of monthlymean percentage contributions of miscellaneous area sources emissions to baseline
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Figure 4.31. Domainwide monthlymean contributions of miscellaneous area source emissions;toaPilits individual
components in January.
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coast. In July, almost the entire interior portiorthe domain experiences reductions of over
40% resulting from coal combustion emissions. Both months have the greatest contributions
in and around the Ohio River Valley (OVR) region. This is a higidistrialized area, as 9

of the count plant s tetms pf SEeMissipns rewde in this region
(Seehttp:/imww.dirtykilowatts.org/index.cfin SO is the most affected species of coal
combustion, contributing well over 75% of the overall Rlveduction in most areas.

SOy contributions are much higher in July when warmer temperatures faydrf@@ation.

In addition, reduction in S£emissions from coal combustion sources in January leads to a
fairly significant increase in N The increase is most noticeablghe areas where the
largest SG reductions occur, indicating that this is a result of indirect effects described
previously. The increase in NOs not seen as extensively in July when oxidant
concentrations are higher and warmer temperatures doveotN®; formation. OIN
contributions are similar between January and July, with the largest contributions occurring
on the Atlantic coast of South Carolina and also northern Indiana. However, the
contributions to OIN are generally larger in January, ghuarily to higher emissions of
primary PM species as well as lower mixing depths. Coal combustion emissions show
relatively insignificant contributions to SOA in January with slightly higher contributions (1
2%) in July across the Gulf States. Relalyvmnsignificant VOC emissions from coal
combustion in both months (see Figure 4.1) indicate that this SOA contribution in July may
be due to indirect effects. For example, reductions in the emissions,oh&iead to
reductions in oxidants and radicgecies (e.g., £OH, and NQ) that in turnlead to slight

reductions in SOA Spatial distributions of elevated coal combustion contributions vary little
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Figure 4.33. Monthly mean baseline Ndemissions in January (left) and July (g
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in comparison to surface contributions in January, as reflected in Figure 4.3 and Table 4.4.
However, elevated coal combustion contributions te P&e considerably higher in July in
comparison to surface contributions. This increase is dqurémarily by increased SO
contributions in the upper layers, indicating the importance of elevated release and plume rise
of SO, emissions from coafired power plants. These effects are not as important in

January, likely due to lower mixing depttisring the winter months, as shown in Figure

4.34.

Diesel Vehicles

Emissions from diesel vehicles are dominated by, &i@ SQ in both months.
Emissions of S@are higher in July, particularly in the upper Midwest. This may be due to
increased use ofi@sel powered offoad equipment (i.e. farming equipment) during the
summer months. Spatial distributions of N&e similar between the two months, with
slightly higher emissions in July, as reflected in Tables 4.2 and 4.3. Emissions,of NH
primary PM s, and VOCs are similar in January and July.

Diesel vehicle PM5 contributions are the greatest over the large urban areas of the
domain in both January and July (e.g., Detroit, Chicago, Atlanta, Miami, New York City,
Raleigh/Durham, and Charlotte). Heeheavilypopulated areas experience much heavier
vehicle traffic, resulting in contributions generally greater than 10% in both monthg. NO
and EC are the most affected species in January, whife &@ EC are the most affected
species in July. Asith other source categories, N@nd SQ” contributions show an
inverse trend, with S§& contributions being greater in July and N€bntributions greater in

January. Reductions in emissions of,N®January leatb an increase in SO, particularly
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in areas where S{&missions are the highest (see Figure 4.6). A similar indirect effect is
shown in the contributionsf diesel vehicles to SOA, as reductions in@issions free
more radicals to oxidize VOCs, resulting in a slight increase in BGAme areas.
Reducing NQemissions is also shown to have an effect on'Nék less N@is available to
consume the NiH. As a result, reductions in NHin both months are observed over areas
where NQ' reductions are the greatest. This effectadipularly important over eastern
N.C. and northern Georgia in January as well as eastern N.C., northern Georgia, and the
upper Midwest in July. As shown in Figure 4.33, these are areas having the highest baseline
NH3 emissions, likely due to agriculturactivity, in each respective month. Therefore,
reductions in NQemissions will have the largest impacts onsNid these areas.
Biomass Burning

Figure 4.9 shows that biomass burning emissions are dominated by primary PM
species in both months, withresiderably higher emissions in January. In January,
emissions of primary Pp4 are the highest in southern Georgia, northern Florida, and
western North Carolina. Primary BMemissions in July are the highest in northwest Florida
and northern Louisianand are considerably smaller across the northern portion of the
domain in comparison to January. Neinissions from biomass burning in January are the
highest in northern Florida, western North Carolina, central Louisiana, and southeastern
Ohio. NH; emissions are also smaller in July, with the largest emissions occurring in
northwest Florida and across Louisiana. Similarly, the largegteNissions occur across the
Florida panhandle and along the Atlantic coast in January. Emissions,@irél@so

smdler in July, with the highest emissions again occurring across the Florida panhandle.
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SO, emissions follow a similar trend as Némissions in January and July, with slightly
higher emissions across the central plains states in both months. VO®mesisgdanuary
follow a similar spatial distribution as N@missions while emissions in July are
considerably smaller.

In January, biomass burning contributions to,B&re the largest in the southeastern
U.S. (southwest Georgia; Florida panhandle)wbstern half of North Carolina, and New
Orleans.Barnard and Sab@008) reportedhat, within the VISTAS domain, agricultural
burning and prescribed burning emissions are the highest in Florida, land clearing fire
emissions are the highest in N.C., aviltifire emissions are the highest in Georgia. POA is
the most affected species, displaying a similar trend as the overadlrBdictions in both
months. The biggest difference between biomass burning contributions in January and July
is the much great extent of the contributions spatially in January, which correlate directly
with higher emissions across the northern half of the domain in January (see Figure 4.10) as
well as lower mixing heights in January (see Figure 4.34). Figure 4.34 also shoRBlh
heights are much larger during the day, indicating that the effects of these primary PM
species may be greater during the nighttime when buildup of primary PM species will be
greater due to lower mixing depths. The higher emissions of primary edesmuring
January are likely a result of the use of wood stoves during the winter months as a means of
heating homes. The same major sources (e.g., agricultural burning/éandg fires,
wildfires, and prescribed burning) exist in July over thelseastern U.S. and North
Carolina; however, contributions over the northern half of the domain are much smaller in

July.
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Figure 4.34.
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Gasoline Vehicles

Figure 4.12 shows that gasoline vehicle emissions are dominated,ddy N&h
months, with the highest emissions occurring in the northeast U.$elNiSsiors show
similar spatial distributions between January and July, with slightly higher emissions across
most of the domain in January. Blemissions also show similar spatial distributions in
January and July, with the highest emissions occurring overuaoge areas. Emissions of
primary PM s are higher in July than January, with the highest emissions occurring across
western North Carolina and throughout the northeast U.$.e®@sions are significant
across much of the domain in both January and Wity the highest emissions occurring in
North Carolina, Florida, and Mississippi. $€missions are slightly higher across the upper
Midwest in January. VOC emissions are higher in January than July, with the largest
emissions in both months occurriagross the Midwest.

Similar to diesel vehicles, the largest reductions inp PMsulting from the
elimination of gasoline vehicle emissions occur in the large urban areas of the domgin. NO
and NH;" are the most affected species in January whilg'dii SQ” are the most
affected species in July. Increases in’Si@ January similar to that of diesel vehicle
contributions are again observed in areas wherege8ssions are the greatest, resulting
from the indirect effects of reduced NE€missions or8Q,*. The overall contributions are
greater in January when colder temperatures favay fdfonation. POA and OIN
contributions are the greatest in both months over large cities where vehicle activity is high
(e.g., Chicago, Detroit, Atlanta, New Yokty, Miami, Charlotte). Figure 4.12 shows that

the higher contributions of POA and OIN in these areas correlate well with emissions of
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primary PM species. While POA and OIN contributions are the highest over similar areas in
January and July, contribans over the rest of the domain are considerably higher in
January, despite insignificant discrepancies in emissions between the two months. The
difference in contributions between January and July is likely attributed to lower mixing
depths (see Figu#e34) in the winter allowing for more buildup of pollutants near the
surface. Despite relatively higher VOC emissions over the northern portion of the domain,
gasoline vehicle contributions to SOA are the highest along the Gulf coast in both months,
likely due to stronger solar radiation promoting photo oxidation in this region.
Industrial Processes

Figure 4.15 shows that industrial process emissions are dominated by primary PM
species in both months, with the largest emissions occurring over largeauehanthe
emissions of primary PM species are slightly higher across most of the domain in Jyly. NO
emissions are small across much of the domain, with the exception of an area of high
emissions in Texas in both months. Ngnissions are similar betwedanuary and July,
with the highest emissions occurring in the New Orleans region and across the central plains
states. S@emissions are also similar in January and July, with the largest emissions
occurring along the Gulf coast. VOC emissions ardnifjleest across the upper Midwest in
both months, with higher emissions occurring in January.

The contributions to Pikfrom industrial process emissions show similar spatial
distributions in both January and July, with the largest contributions occurnumgan areas
(e.g., Birmingham, New Orleans, and Chicago). Speciated contributions show jfias SO

an important species across the southern half of the domain, particularly along the gulf coast.

128



MACTEC (2008) reports that Mississippi and Alabamatae two states with the highest
emissions of Sefrom petroleum processes and related industrial activities in 2002 with total
emissions of 15,560 and 22,991 tons per year, respectively; no other state bagsS®ns
of more than 8,000 tons per yeesrf petroleum related industrial processes4*SO
contributions in Mississippi and Alabama are greater in summer when warmer temperatures
favor SQ” formation. Similarly, N@ contributions are greater in January when colder
temperatures favor NOformation and extend from New Orleans up through the Midwest
and into the Great Lakes region. POA contributions are the highest in urban areas in both
months (e.g., Chicago, Houston, and Pittsburgh, New York City). POA contributions are
slightly higher in Jauary, likely due to lower PBL heights. OIN contributions are the
highest across the Midtlantic States in January, with hot spots over Birmingham and
Houston. In July, the highest OIN contributions occur throughout the upper Midwest,
including Indianaplis, Chicago, St. Louis, and Des Moines. The higher contributions across
the upper Midwest in July correlate well with higher emissions of primary PM species in this
region in July (Figure 4.15).
Waste Disposal and Treatment

Waste disposal and treatmemhissions are dominated by primary PM species in both
months, with a large source located in Pennsylvania Maryland.ah®VOC emissions are
also the highest in this region in both months., 8@issions are similar in January and July,
with the largesemissions occurring in North Carolina, lllinois, and lowa.

Waste disposal and treatment contributions are fairly insignificant across the domain

for both months with the exception of an area ofl5@6 reductions in the northeast U.S.
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The species contnilling primarily to these reductions are POA and OIN, indicating a likely
combustion source in this region, possibly waste incinerations” ¢d@tributions are higher
in this region in January than in July, despite simila Bi@issions in both months,
indicating that favorable meteorological conditions are the primary cause of higher NO
contributions in January.
Biogenic
Figure 4.21 shows that biogenic emissions are dominated by SOA in both months,
with considerably higher emissions occurring in JWyimary PM emissions are small
across much of the domain, with the exception of an area of high emissions in Arkansas.
NOy emissions are the highest across the upper Midwest in both months, with higher
emissions occurring in July. Nmissions are thadghest across the central plains states.
Spatial distributions of biogenic emission contributions to montidan PM s show
that the most affected region in both January and July is the southern portion of the domain,
including primarily the Gulf Stateg(g., Alabama, Mississippi, Georgia, Florida). SOA
dominates the overall contributions in this region where larger concentrations of forest land
lead to increased biogenic VOC emissions. There is a biogenic source iddtéd in the
western portion ofhe domain, spanning Arkansas to lllinois. Analysis of the emission
inventory indicates that these hemissions are from soil emissions from forest lands as
well as agricultural lands. This reduction in Neiissions leads to a reduction in Nihat
in turn leads to a reduction in N@ue to the indirect effects described previously. The
major difference in PMscontributions between January and July is the difference in

contributions to N@, SQ, and NH* between the two months. In July, moiedenic
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activities lead to higher emissions of VOCs throughout the domain. Eliminating these
emissions frees more radicals that become available to oxidize other precursors of secondary
PM species. This is shown in the biogenic contributions & $QJuly, where a monthly
mean increase is observed over the majority of the domain. These increasgs 8O
and NH," in July offset the overall PM reduction, leading to smaller contributions in July
as opposed to January. As mentioned previotisiy is a result of indirect effects simulated
by the bruteforce method. Figure 4.21 also shows a biogenic source of primary PM over
Arkansas, proven to be a result of wipldwn dust. While emissions of primary PM species
are similar between months ihis area, contributions to primary PM species (e.g., POA,
OIN) are higher in January, likely due to lower PBL heights in the winter months.
Other Combustion

Figure 4.24 shows that other combustion emissions are dominatec,oMSQOand
primary PM inboth months. Emissions of these species are higher in January than July. SO
emissions are the highest in Louisiana, Mississippi, and the northeast U.S. in both months.
Primary PM emissions are significantly higher in January, with the largest ersission
occurring throughout the Midtlantic States. Similarly, NOemissions are significantly
higher across the entire domain in January than in July.

Other combustion contributions to B¥are slightly higher in January as opposed to
July. Both months siw high contributions in and around the New Orleans and Miami areas,
with higher contributions to NiI, SQZ, POA, and EC in these areas, which after analysis of
the emissions inventory, was found to be a result of stationary source fuel combustion from

electric utilities and industrial plants in these areas. However, in January, the effects of other
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combustion emissions are more important in the northern half of the domain, particularly
along eastern seaboard. Speciated contributions from other cnlersissions show that
POA contributions are a primary reason for the differences in overal Bdtributions
between January and July, with larger POA contributions in January. Figure 4.24 shows
higher emissions of primary PM species across the domadianuary is the primary reason
for higher POA contributions in January. This may be attributed to increased use of space
heaters and other alternative heating methods during the winter months as well as lower
mixing depths during the wintésee Figue 4.34) SQ? contributions are similar spatially
between the months, with higher contributions in July due to warmer temperatures. The
other primary species (OIN, EC) also show higher contributions in January, indicating more
use of these fuels.
OtherMobile Sources

Figure 4.27 shows that other mobile source emissions are dominated by primary PM
species in both January and July, with the highest emissions occurring across the central
plains states. SONO, and VOC emissions are the highest alongMississippi river and
across the Great Lakes in both months, with slightly higherat@ SQ emissions in July,
particularly throughout the Midtlantic States. Nklemissions are small across much of the
domain, with the exception of areas of high eroiss across the Great Lakes.

Other mobile source contributions to RPyare fairly similar in both months, with the
greatest percentage contributions occurring across the western half of the domain spanning
Texas to lllinois. The species contributing mimsbverall PM s reductions is OIN, which

consists mainly of primary PM species, including crustal materials. This indicates that re
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Figure 4.35. Monthly mean contribution (in ppb) of miscellaneous areas sources tg@ HNO
in January (leftand July (right) (Note that negative numbers indicate an
increase of HN@when miscellaneous area source emissions are eliminated)
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suspended dust may be an important contributor tesfiMhese areas that are
predominantly rural. There &@so a band of relatively higher contributions of {Y®IH,",
and POA in the same region, indicating possible combustion sources. Again, contributions to
SO are higher in summer, while NQrontributions are higher in winter. The area of
higher SQ” contributions throughout Mississippi and eastern Louisiana is shown to be a
result of higher S@emissions along the Mississippi River in July (see Figure 4.27), likely
from marine vessel activities. POA contributions are similar in January and Jufg)land
similar spatial distributions as OIN contributions, though their magnitude is much smaller.
Though VOC emissions from other mobile sources are similar in January and July, SOA
contributions are higher in July, particularly along the Gulf coassipty due to higher
photo oxidation in this region due to stronger solar radiation in July.
Miscellaneous Area Sources
Figure 4.28 shows that miscellaneous area source emissions are dominatedrby NH
both months, indicating the dominance of agricultaddivity within the source category.
NH3 emissions are slightly higher in July than January. Primary PM emissions are higher in
July than January, with the largest emissions occurring across the central plains states and
across eastern North Carolinemissions of N@ SG, and VOCs are small in both months.
Miscellaneous area source contributions are significant in both months, with the
largest contributions occurring over eastern North Carolina and the upper Midwest where
agricultural activities arbigh. Both months show significant reductions in/4Hurther
indicating that miscellaneous area source emissions are dominated by agriculgural NH

emissions. The main difference between seasonal contributions is a result of the differing
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effects of NH emissions on N@in January and July. As mentioned previously, colder
temperatures in January favor N@rmation. Reduction of NHemissions in January leads

to less NH" available to neutralize NQ As a result, more nitric acid is left in thesgzhase

as opposed to partitioning into the particle phase, resulting in a significant reductiog in NO
in January; despite insignificant reductions inNissions (see Figure 4.30). Figure 4.35
clearly shows that reductions in miscellaneous area&s@missions in January lead to an
increase in nitric acid in the same areas that decreases in aergsatéN@bserved. Figure
4.35 shows that this effect is not as important in July wheg &&dcentrations are not as

high due to warmer temperaturesh¥ reductions in Nt are slightly higher in July as
opposed to January, perhaps due to increased animal activities during the summer months,
the indirect effects mentioned above lead to a significantly higher contribution from
miscellaneous area sourgeslanuary. OIN and POA contributions are higher in July than in
January and follow similar spatial distributions, whilgher contributions throughout
Mississippi and Tennessee as well as the upper Midwest. The higher contributions in July
correlate wi to higher emissions of primary PM species in July, likely a result of increased

agricultural activities
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Table 46. Monthly-mean percentage contributions to Mt representative sites in Januéop 3 sources in red, bottom 3
sourcesn green).

Site Type Biogenic | Biomass | Coal | Diesel | Gas | Industrial Misc. Other Comb Other Mob Waste | Leftover
JST Urban 4.2 17.9 123 | 80 20.7 6.1 8.5 13.8 3.0 1.1 44
YRK Rural 7.3 21.4 13.7 34 7.3 6.9 17.7 8.0 6.3 0.5 7.5
BHM Urban 4.4 10.5 8.9 4.6 115 29.5 6.8 14.3 2.7 1.1 5.7
CTR Rural 131 16.1 145 19 3.9 11.9 9.6 7.3 4.7 0.5 16.5
GFP Urban 59 10.0 8.4 2.6 4.9 9.6 5.3 12.2 4.3 0.4 36.4
OAK Rural 14.4 10.7 14.0 1.8 29 9.4 8.3 7.8 4.7 0.4 25.6
PNS Urban 3.6 14.2 11.1 1.8 3.9 14.2 4.5 8.3 3.4 0.3 34.7
OLF Rural 49 24.4 6.2 3.5 6.7 12.8 51 15.7 4.9 0.2 15.6
GRM Park 3.8 36.6 14.3 2.4 4.6 5.3 9.4 4.2 2.7 0.4 16.3
CLT Urban 4.9 22.7 14.4 6.4 12.8 6.0 10.6 9.2 3.2 1.9 7.9
JMS Rural 7.8 22.1 15.8 4.4 7.8 6.5 29.3 6.3 2.6 1.0 -3.6
CHI Urban 1.6 6.7 6.3 7.3 12.5 16.3 7.1 11.2 6.4 4.5 20.1
NYC Urban 2.1 17.1 10.3 6.2 7.4 9.1 8.4 18.8 1.9 14 17.3
NOR Coastal 3.7 9.3 5.6 6.4 4.7 15.7 10.3 21.8 4.8 1.2 16.5
CIN Urban 2.8 11.3 13.0 3.2 7.8 9.6 20.7 8.2 7.5 0.7 15.2
KNX Urban 3.7 134 10.0 3.2 8.8 33.2 10.7 4.8 3.1 0.3 8.8
NFK Coastal 39 14.3 14.3 3.7 13.1 8.1 13.9 12.8 2.4 1.6 11.3
NSH Urban 3.7 14.2 13.7 5.3 9.2 121 17.6 8.3 54 0.5 10.0

JST: Jefferson Street (Atlanta), GA; YRK: Yorkville, GA; BHML Birmingham, AL; CTR: Centreville, AL; GEHfport, MS; OAK: Oak Grove, MS;
PNS: Pensacola, FL; OLF: Outlying Landing, FL; GRM: Great Smoky Mountain National Park, TN; CLT: Charlotte, NC; JMS: lgaRES\@HI:
Chicago, IL; NYC: New York City, NY; NOR: New Orleans, LA; CIN: Cincinnati, OH; KN&noxville, TN; NFK: Norfolk, VA; NSH: Nashville, TN
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Table 4.7 Monthly-mean percentage contributions to Mt representative sit@s July (top 3 sources in red, bottom 3
sourcesn green)

Site Type Biogenic | Biomass | Coal | Diesel | Gas | Industrial Misc. | Other Comb | Other Mob Waste | Leftover
JST Urban 6.4 1.8 48.9 8.4 10.6 6.9 4.8 5.0 5.9 0.9 0.4
YRK Rural 6.3 3.9 52.9 4.7 4.2 6.4 11.0 4.3 5.5 0.3 0.5
BHM Urban 45 1.6 29.3 5.3 7.2 35.4 2.8 7.6 2.7 1.0 2.6
CTR Rural 11.7 3.3 42.1 4.1 3.2 11.8 6.5 55 3.9 0.2 7.7
GFP Urban 26 1.6 21.3 35 4.0 14.1 2.3 10.6 145 0.3 25.2
OAK Rural 20.3 2.6 29.0 3.7 3.0 11.3 51 6.8 5.3 0.3 12.6
PNS Urban 0.0 1.8 33.9 26 2.3 9.4 25 4.3 4.2 0.1 38.9
OLF Rural 4.4 3.7 25.9 6.9 6.3 15.8 4.8 4.2 8.8 0.1 19.1
GRM Park 29 1.2 30.2 3.6 3.5 5.6 8.9 2.6 2.0 0.3 39.2
CLT Urban 44 1.2 53.2 6.3 6.6 54 5.8 3.6 8.3 15 3.7
JMS Rural 33 14 45.5 3.8 24 4.4 14.6 3.6 2.0 0.5 18.5
CHI Urban 0.2 0.2 22.7 9.9 6.7 23.9 55 4.7 6.5 3.9 15.8
NYC Urban 0.0 0.3 233 | 101 6.9 9.2 6.6 6.6 29 1.0 33.1
NOR | Coastal 2.3 5.0 9.0 7.8 3.2 25.2 3.6 211 11.0 0.4 114
CIN Urban 0.8 1.0 51.7 4.9 3.4 9.3 9.4 2.4 7.2 0.4 9.5
KNX Urban 2.9 29 41.9 3.2 3.5 30.6 6.2 1.9 3.2 0.2 35
NFK Coastal 0.1 0.7 381 | 43 5.1 6.0 5.0 4.7 6.7 0.8 28.5
NSH Urban 0.3 44 50.8 6.3 4.1 10.8 9.6 35 4.0 0.2 6

JST: Jefferson Street (Atlanta), GA; YRK: Yorkville, GA; BHML Birmingham, AL; CTR: Centreville, AL; GFP: Gulfport, MS; OAK:&ove, MS;
PNS: Pensacola, FL; OLF: Outlying Landing, FL; GRMe&rSmoky Mountain National Park, TN; CLT: Charlotte, NC; JMS: Jamesville, NC; CHI:
Chicago, IL; NYC: New York City, NY; NOR: New Orleans, LA; CIN: Cincinnati, OH; KNX: Knoxville, TN; NFK: Norfolk, VA; NSHsNille, TN
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4.3  Site Specific Analysis

Figure 436 shows averaged source apportionment results at urban, rural, remote, and
coastal sites in January and July. The top 3 sources at urban sites in January are industrial
processes (~15%), biomass burning (~14%), and other combustion (~11%) and ie July ar
coal combustion (40%), industrial processes (16%), and diesel vehicles (~6%). At rural sites,
the top 3 sources in January are biomass burning (~19%), miscellaneous area sources
(~14%), and coal combustion (~13%) and in July are coal combustion (~#hdUstrial
processes (~10%), and biogenic (~9%). The top 3 sources at remote sites in January are
biomass burning (~40%), coal combustion (~14%), and miscellaneous area sources (~9%)
and in July are coal combustion (~30%), miscellaneous area sources &@%)dustrial
processes (~6%). At coastal sites, the top 3 sources in January are other combustion
(17.3%), miscellaneous area sources (~12%), and industrial processes (~12%) and in July are

coal combustion (~24%), industrial processes (~16%), and ctihgbustion (~13%).

Differences in the top source categories at varigpss of sites are apparent when
analyzing sitespecific contributions in Talbdet.6and 4.7 For example, the top 3
contributors at JST in January are gasoline vehicles (~21%)absburning (~18%), and
other combustion (~14%). Conversely, the top 3 sources at a closely located rural site
(YRK) in January are biomass burning (~21%), miscellaneous area sources (~18%), and coal
combustion (~14%). Higher contributions from gasoliehicles at JST in comparison to
YRK can be attributed to heavieehicle traffic at JST due to a more dense population in the

urban region. Conversely, higher contributions from miscellaneous area sources at YRK
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may indicate higher agricultural actiaat the rural site. A similar comparison can be

made between elocated urban/rural sites in Mississippi. The top 3 sources at GFP (urban)
in January are other combustion (~12%), biomass burning (~10%), and industrial processes
(~10%). Conversely, thiop 3 sites at OAK (rural) are biogenic (~14%), coal combustion
(14%), and biomass burning (~11%). Higher contributions from industrial processes at the
GFP may battributed to increased activitiéB®m various industrial plants (e.g., solvent
manufactuing, chemical manufacturing) in this urban region. Higher contributions from
biogenic sources at OAK can be atttidaito higher biogenic activities this rural site as
opposed to its urban counterpart. The top sourcesaatal sites are similar tboseof urban

sites, likely due to the influence of NOR, which is an urban coastal site with large

contributions from other combusti@urceg~22%) and industrial processes (~16%).

Discrepancies between source contributions at the different typassése much
smaller in July, with coal combustion having the largest impact at each of the respective
group of sites (e.g., urban, rural, coastal, remote). There exstsdiscrepancidaa the
contributions of biogenic sources in July, with the largagiacts occurring at rural sites.
This is reflected in sitepecific contributions from Table 4.6, with OAK and CTR having
contributions of 20.3% and 11.7%, respectively, from biogenic sources; conversely, the co
located urban sites of BHM and GFP han&Ber contributions of 4.5% and 2.6%,
respectively. The contributions of industrial processes are also shown to be larger at urban
and coastal sites than at rural and remote sites in July. This is reflected in Table 4.6 at BHM,

CHI, NOR, and KNX whereantributiors from industrial processes in July all exceed 20%.
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Figure 4.36. Monthly-mean percentage contributions to 2\t urban, rural, remote and
coastal sites in January (top) and July (bottom).
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Figure 4.37. Comparison of SA rests with CMAQ/BFM, CAMx/PSAT, and other

methods at JST in January (top) and July (bottom). Ke et al. (EFEL
and Ke et al. (2008PFM2 denote PMF with five gaseous components and 8
thermairesolved carbon fractionsespectively and Zheng et al. (200803

and Zheng et al. (2004)/04 denote results from December 2003 and January
2004, respectively.
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Conversely, the largest contribution from industrial processes at rural or remote sites is
15.8% at OLF. Discrepancies in other source categories (e.g., biomass burning, gasoline
vehicles, diesel vehicles, miscellaneous area sources, other combustion, other mobile) are
generally smaller in July. This may be due to smaller impacts from indirect effects (e.g.,
indirect effects of N reduction on N@) in July as well as differees in emissions (e.g.,
smaller emissions from biomass burning and other combustion in July) between months.

As mentioned earlier, the Al eftoyero sour
mass that is unexplained by the 10 prescribed source categ@mmed in this study.

Large contributions from the leftover source category (> 30%) occur at GFP, PNS, GRM,

and NYC. GFP and PNS are coastal sites that are likely influenced more by offshore sources
whose emissions are not considered in this study. @Rihational park site with few local
sources, and thus may be influenced more by transport from upwind sources. Similarly,
studies have shown that a significant portion oi,BMass in NYC can be a result of long

range transport (Zhang et al., 2005ll lemd Thurston, 2006). The leftover source category

is thus an indicator of the impacts of both long range transport and also sources not
considered in this study.

Figure 4.37 shows a comparison of source apportionment results at JST from this
study withthose from previous studies using various methods in January and July,
respectively. Sources most consistent with those examined in this study are chosen to ensure
a fair comparison. Those sources include gasoline vehicles, diesel vehicles, industrial
processes, biomass burning, and coal combustion. Additionally, studies conducting source

apportionment for similar meteorological conditions are chosen whenever possible (i.e.,
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January results from this study compared to results obtained from othes studiey winter
months). Zheng et al. (2002) results were obtained for January 2000 and July 1999 using
CMB with particle phase organic compounds as tracers. The Zheng et al. (2006) results were
obtained using moleculanarker based chemical mass batanwdeling (CMBMM). The
January results from Zheng at al. (2006) were obtained by averaging resulBeitember

11 and 17 of 2004denoted as W03 in Figure 7) adahuary 13, 16, and 22 of 20@#enoted

as W04 in Figure 7)Ke et al. (2008) results we obtained for July 2001 and January 2002
usingpositive matrix factorizationRMF) with five gaseous componer{tsenoted as PMF1)
and eight thermalesolved carbon fractior{denoted as PMF2)The Lee et al. (2009) results
were obtained for January 2088d July 2002 using CMBR.ipschitz Generalized

Optimization (LGO). Bhave et al. (2007) used CMAQ v4.4 instrumented to track primary
EC and OC in July 1999. The 5 studies used for comparison all only apportion the primary
fraction of PM, s mass to eackource, with Bhave et al. (2007) only considering primary
carbon species. The biggest discrepancy between the BFM and the redepted studies
occurs for coal combustion contributions in both January and July. This is due to the
receptorbased studis limitation to primary PM species. Figures 4.37 also shows
contributions from secondary sulfate and nitrate as resolved by the relsapéal studies.

As shown, secondary $0is a significant contributor, particularly in July. If we consider
that asignificant portion of this mass is likely due to coal combustion, the results from the
receptorbased approaches and BFM become more comparable. The BFM agrees well in
differences in the importance of biomass burning between January and July, with larger

contributions occurring in January. The contributions are comparable in magnitude, though
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differences are expected due to larger temporal variations in biomass burning emissions. The
BFM gives higher contributions from gasoline motor vehicles in bathths, again likely
due to the exclusion of secondary species such asai® SQ* within the receptebased
approaches. Source contributions from secondary nitrate may explain some of the
differences in gasoline vehicle source contributions betwedRNeand the receptdvased
approaches. Contributions from diesel vehicles are comparable among all the studies, though
Zheng et al. (2002) gives significantly higher contributions than the other 4 studies, likely
due to differences in meteorology and ssions for that particular episode. Diesel vehicle
emissions are comprised more of primary PM species (e.g., EC, POA) than gasoline vehicle
emissions, explaining the more comparable contributions among studies.

Figure 4.38 shows a similar comparisonhed BFM with receptebased methods at
CTR, a rural site, in both January and July. The approach of Zheng et al. (2002, 2006) and
Bhave et al. (2007) are identical to that at JST. The contributions of gasoline vehicles from
the BFM are consistent with tee of other studies, with contributions of less than 5% in both
months. Coal combustion is not a resolved source in any studies at CTR in January, though
estimates of secondary sulfate from the other studies are somewhat comparable to the coal
combustiorcontribution from the BFM. The contributions of biomass burning at CTR in
January vary considerably among the studies, again indicating a large variation in biomass
burning emissions due to significant variation in burning activities. Similar to JST in
January, Zheng et al. (2002) gives higher contributions from diesel vehicles at CTR in
January, again indicating possible differences in meteorology and emissions for that

particular episode. Industrial processes are not a resolved source from anyafidsead
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Figure 4.39. Temporal variations of source contributions at JST in January (top) and July
(bottom).
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CTR in January, and thus no comparison is made. The contributions from diesel vehicles in
July are comparable among studies. Bhave et al. (2007) give higher contributions from
biomass burning, while Zheng et al. (20029l &mis study are comparable. Gasoline
vehicles, industrial processes, and coal combustion are resolved only by this study and Bhave
et al. (2007). While contributions from gasoline vehicles are comparable, the BFM gives
higher contributions from indus#ii processes and coal combustion, likely due to the
limitation of Bhave et al. (2007) to primary carbon species.

Differences between emissichased SA approaches and receptased SA
approaches may also be due to a larger role of meteorology in emisas®tsapproaches.
Marmur et al. (2005) found that receptmased approaches can better capture fine scale
temporal variations in emissions while emissibased approaches often lacks a significant
daily variation in source contributions based on emrssdue to dominance of meteorology,
as opposed to emissions. This is illustrated in Figure 4.39, which shows the temporal
variation of diesel vehicle, gasoline vehicle, industrial processes, biomass burning, other
combustion, and miscellaneous area sewantributions at JST in January and July. Each
source follows a very similar trend in terms of overall contributions from day to day. This
indicates that changes in meteorology, as opposed to daily variations in emissions, may be
the dominant factor &cting source contributionsAlso of interest, particularly for source
categories whose emissions show considerable daily variation are the weekend versus
weekday contributions of sourcategories.

Figure 4.40 shows the weekend effect of each soategory at urban, rural, coastal,

and remote sites in January and July. The values are the average contribution of each source
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onweekends relativthaton weekdays. Therefore, a value of greater than unity indicates a
larger contribution on weekenddatve to weekdays while a value of less than unity

indicates a larger contribution on weekdays relative to weekends. The source showing the
greatest overall weekday strength between both months is the diesel vehicle source category,
particularly at rurakites in January and at coastal sites in July. Gasoline vehicles show
marginal weekday strength at rural and remote sites in January and at coastal sites in July,
with little effect observed at other sites. These are the source categories expeatedhe ha
greatest variation between weekdays and weekends due to heavier commuter traffic during
the weekdays. The greater weekday strength of diesel vehicles relative to gasoline vehicles
is consistent with previous studies examining weekday/weekend smnrdbutions, and

may be attributed to the diesel vehicle source category being comprised primarily of
commuter buses, railroad traffic, delivery trucks, and other weekday heavy sources (Kim et
al., 2003; Maykut et al., 2003; Kim et al., 2004; Hwang.e2@07). The weekend effect of
source categories at remote sites show fairly different results in January than in July. In
January, biomass burning at remote sites has higher contributions during the weekends,
possibly due to differences in emissionsl aneteorologye.g. mixing heights, wind speed,
precipitation) Conversely, source such at coal combustion, gasoline vehicles, industrial
processes, miscellaneous area sources, and other combustion show considerably higher
contributions during the weekgs This may be due togreater transport of pollutants from
urban regions during the weekdays when emissions are higher for some source categories.
Conversely, in July, several source categories have higher contributions during the weekends

at remote ies (e.g., diesel, gas, other combustion, other mobile, waste disposal and
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treatment). This may be attributed more to differences in meteorological con(igns

mixing heights, wind speed, precipitatioajher than differences in emissions.

4.4  Summary

In January, the top three source categories are biomass burning, miscellaneous area
sources, and coal combustion with contributions of 13.7%, 11.8%, and 10.8%, respectively,
to domainwide PMys.  In July the most important source of PNk coal ombustion with
a contribution of 30.8% to domaimide PM 5 (~35% in the first 6 layers). The next two
largest sources are miscellaneous area sources and industrial processes with contributions of
8.9% and 6.9%, respectively. Sources showing the strosgasonality include coal
combustion, miscellaneous area sources, and biomass burning. Differences in coal
combustion contributions between January and July are due primarily to warmer
temperatures in the summer months favoring?S0rmation as well athe indirect effects of
SO, emission reductions on NQas described previously. Differences in contributions from
miscellaneous area sources between January and July are due to the indirect effegcts of NH
emission reductions on NOn January; an effa that is not as important in July when
warmer temperatures inhibit NQormation. The differences in biomass burning
contributons between January and July Bkely due in part to increased use of wood stoves
and other various heating alternativesimg the winter month

Comparisons of results from the BFM with previous studies at JST and CTR show
decent agreement in contributions from diesel vehicles. The BFM gives significantly higher
contributions from coal combustion due to the limitationhaf previous studies to primary

PM species. However, these studies generally resoly® &0an important component of
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PM s in both months, a considerable portion of which is likely due to coal combustion
emissions. Biomass burning contributions aresgerably variable among all studies in

both months, likely due to the high temporal and seasonal variation in burning activities.
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CHAPTER 5. SOURCE APPORTIONMENT USING THE PSAT AND
INTERCOMPARISON WITH THE BFM

5.1  Simulation Setup

Souce apportionment is also conducted using CAMx/PSAT with an identical
simulation design as that of BFM analysis. The source categories chosen for PSAT analysis
are identical to those selected for BFM (see section 4.1). All inputs including emissions,
initial and boundary conditions and meteorology are identical to those used for BFM
analysis. Identical model configurations between CAMx and CMAQ were chosen whenever
possible in order to ensure that differences in source apportionment results are due in mos
part to differences in source apportionment algorithms as opposed to the underlying model
formulations. Nevertheless, there are slight differences in model configurations that may
cause differences in source apportionment results; this will be disdustest in the
following sections. The results from the PSAT analysis will be presented in a similar fashion
to those of BFM in chapter 4 and direct comparisons will be made with possible explanations
for differences.

5.2  Source Apportionment Results andntercomparison with CMAQ/BFM

The following section will assess the impacts of the 10 source categories from a
domainwide perspective as resolved by CAMx/PSAT. Montimgan contributions for
individual species are taken as the percentage contribudttbe species with respect to the
overall PM s contribution. Spatial plots are shown as the montidan percentage
contributions. It is noted that contributions from initial and boundary conditions are tracked

separately within CAMx/PSAT, while in BFMhey are not explicitly resolved.
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Tables 5.1 and 5.2 show the domuaille monthlymean percentage contributions of
each source category to Rhand its individual species in January and July, respectively. In
January, coal combustion contributes theatgst to domakwide PM, 5, with a monthly
mean percentage contribution of 14. ;S the largest Pikconstituenbf coal combustion
contributions, accounting for 11.4% of the overall contribution. Biomass burning sources
and other mobile sources dhe other 2 top source categories with monthgan domain
wide contributions of 11.3% and 6.8 %, respectively. In July, coal combustion is the
dominant source category, contributing to nearly 21% of domvae monthlymean PM,
with SO accountingfor approximately 20.2% of the overall contribution. Miscellaneous
area sources and industrial processes are the other 2 top source categories with monthly
mean domakwide contributions of 8.1 and 6.2 %, respectively. In January, approximately
5% of themonthlymean PMis not accounted for within the 12 source categories
(including initial and boundary conditions) along with approximately 10% in July. This may
indicate the influence of the source categories not examined apflication of PSATeg.,
aircrafts, offshore/shipping, Canadian point sources). As previously mentioned, the
contributions of both initial and boundary conditions are tracked separately within PSAT.
Within PSAT, boundary conditions contributed~30% and ~27% of momntlelgn PMsin
January and July, respectively. Additionally, initial conditions contributed ~4% and ~5% of
monthlymean PMin January and July, respectively. These relatively large contributions
from boundary conditions may indicate the impacts of transp@altutants from outside

the domain; these large contributions are consistent with Wilson et al. (2009), who found that
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Table 5.1. Domainwide monthlymean percentage contributions to 2¥h January

from PSAT.
NH,” | SO | NOy | EC | POA | SOA| OIN | PM,s
Coal Combustion 0.02 | 11.39| 1.32 | 0.03| 0.02 | 0.00| 1.21 | 13.99
Diesel Vehicles 004 | 0.28 | 1.19 | 0.90| 0.37 | 0.00| 0.02 | 2.80
Biomass Burning 029 | 031 | 0.08 | 1.17| 6.36 | 0.06 | 3.03 | 11.30
Gasoline Vehicles 120 | 028 | 1.46 | 0.06 | 0.26 | 0.06 | 0.17 | 3.49
Industrial Processes 0.68 205 | 0.25 | 0.04| 0.70 | 0.08 | 2.49 | 6.29
Waste Disposal and Treatment| 0.05 | 0.02 | 0.01 | 0.02 | 0.21 | 0.00 | 0.18 | 0.49
Biogenic 030 | 0.00 | 0.15 | 0.00| 0.01 | 1.87| 0.11 | 2.44
Other Combustion 014 | 231 | 0.83 | 0.26| 1.83 | 0.01| 1.11 | 6.49
Other Mobile 0.00 | 0.13 | 0.43 | 0.22| 0.69 | 0.03 | 5.28 | 6.78
Miscellaneous Area Sources | 4.61 | 0.00 | 0.00 | 0.00| 0.02 | 0.00| 0.35 | 4.98
Initial Conditions 046 | 1.41 | 0.68 | 0.13| 0.45 | 0.03| 0.76 | 3.92
Boundary Conditions 285 | 15.07| 3.77 | 0.84| 3.05 | 0.13 | 4.24 | 29.95
Sum 10.64| 33.25| 10.17| 3.67 | 13.97 | 2.27 | 18.95| 92.92

EC: Elemental Carbon; POA: Primary Organic Aerosol; SOA: Secondary Organic Aerosol; OIN: Other
Inorganics

Table 5.2. Domainwide monthlymean percentage contributions to £2V¥h July from

PSAT.
NH," | SO | NO; | EC | POA | SOA| OIN | PM,s
Coal Combustion 0.01 | 20.24| 0.06 | 0.01| 0.01 | 0.00 | 0.66 | 20.99
Diesel Vehicles 0.02 | 055 | 0.10| 1.10| 0.40| 0.00| 0.02 | 2.19
Biomass Burning 0.07 | 0.19 | 0.00 | 0.25| 1.33| 0.00| 0.82 | 2.66
Gasoline Vehicles 0.79 | 0.38 | 0.07 | 0.05| 0.29| 0.03| 0.15 | 1.76
Industrial Processes 0.33 | 258 | 0.02|0.083| 0.52| 0.03| 2.68 | 6.19
Waste Disposal and Treatment| 0.04 | 0.04 | 0.00 | 0.01| 0.15| 0.00 | 0.13 | 0.37
Biogenic 0.19 | 0.00 | 0.05| 0.00| 0.00| 4.22| 0.07 | 453
Other Combustion 0.05| 3.25 | 0.04 | 0.05| 0.48 | 0.00| 0.30 | 4.17
Other Mobile 0.00 | 0.39 | 0.04|0.33|] 057 | 0.01| 417 | 551
Miscellaneous Area Sources | 5.57 | 0.00 | 0.00 | 0.01| 0.14 | 0.00 | 2.39 | 8.11
Initial Conditions 0.44 | 3.84 | 0.01|0.10| 0.32| 0.04| 0.36 | 5.11
Boundary Conditions 239 | 1580| 0.05|1.36| 5.16 | 0.12 | 1.82 | 26.70
Sum 9.9 | 47.26| 0.44 | 3.3 | 9.37 | 4.45| 13.57| 88.29

EC: Elemental Carbg POA: Primary Organic Aerosol; SOA: Secondary Organic Aerosol; OIN: Other
Inorganics
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boundary conditions extracted from GEQEEM for a 12km domain consistently
contributed over 30% to monthipean SG and primary PM species.

In January, PSATives fairly different source apportionment results than
CMAQ/BFM in both magnitude and overall rankings of source contributions. While the
CMAQ/BFM givesbiomass burning, miscellaneous area sources, and coal combustion as the
top 3 source categories @nder from £'to 3%, PSAT gives coal combustion, biomass
burning, and other mobile sources as the top 3 source categories (in orde¥ foo&f)1 In
July, the results from the two methods are more comparable overall, with both BFM and
PSAT giving ®al combustion, industrial processes, and miscellaneous area sources as the
top 3 source categories. However, there are fairly large discrepancies in the contributions of
coal combustion (~31% from BFM, ~21% from PSAT) and biogenic contributions (1.5%
from BFM, 4.5% from PSAT) between the two methods in Juhich can be more
adequately analyzed using spatial distributions of contributions in the following section.
5.3  Spatial distributions of CAMx/PSAT Source Contributions

This section will provide spal distributions of source resolved contributions to
PM, s and its individual components from all 10 source categories from PSAT. These plots
will be used to make a detailed comparison of source apportionment results from both PSAT
and BFM. Figures 5.1 5.20 show the spatial distributions of source contributions tgsPM
and its individual components for all 10 source categories in both January and July as

resolved by CAMx/PSAT.
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Figure 5.1. Domainwide monthlymean contributions of coal shustion emissions to PMand its individual components in

January.
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Figure 5.2. Domainwide monthlymean contributions of coal combustion emissions te £aAd its individual components in
July.
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Figure 5.3.

Domainwide monthlymean contributions of diesel vehicle emissions toRMnd its individual components in

January.
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Figure 5.5 Domainwide monthlymean contributions of biomass burning emissions tg £¥d its individual components in
January.
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Figure 5.8. Domainwide monthlymean contributions of gasoline vehicle emissions tg £id itsindividual components in
July.
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Figure 5.9. Domainwide monthlymean contributions of industrial processes emissions tosBN its individual components

in January.
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Figure 5.11. Domainwide monthlymean contributions of waste disposal and treatment emissions;toaRilits individual
components in January.
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Figure 5.12. Domainwide monthlymean contributions of waste disposal and treatment emissions;toaRilits individual
components in July.
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Figure 5.13. Domainwide monthlymean contributions of biogenic emissions to Rlend its individual components in

January.
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Figure 5.14. Domainwide monthlymean contributions of biogenic emissions to RMind its individual components in July.
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Figure 5.15. Domainwide monthlymean contributions of miscellaneous area source emissions;toaPi itsindividual
components in January.
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