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Executive Summary

Ozone concentrations in Georgia have decreased ovpash@5years On October 1, 2015, the
8-hourozone National Ambient Air Quality StandgidAAQS) was lowered from 75 ppb to 70
ppb. In 2016, six Metropolitan Statistical Are@dSAS) experienced ozone exceedadess
wherethe measured-Bour average ozone concentratwasabove70 ppb For each ozone
exceedancday, theData and Modeling Unit developeadhinitial exceedance reportitl
preliminary analyss of air quality, meteorologicahnd emission data tid in determininghe
cause otheozone exceedancéf ozoneexceedances occur frequentlye design value3fyear
average of % highest maximum daily-8our ozone concentians)can exceed the ozone
NAAQS, andEPA can classify the area as nonattainm@iie recently certified2016 ozone
measurements show that Atlargdhe only area in Georgiaurrentlyviolating the 2015 ozone
NAAQS.

A final, in-depthozone exceedance reparasdeveloped for th&letro Atlanta aredo identify
causes ofhe 2016 ozone exceedancd he report includesend analysis of ozone
concentrationand meteorological conditions in Atlanta during 12906, multiple linear
regresion(MLR) analysis and classification and regression (@R T) analysis to understand
therelationshipbetweernozone and environmental variables, Hybrid Single Particle Lagrangian
Integrated Trajectory (HYSPLIT) back trajectory analysis to determineritp@ of air masses

and establish sourgeceptor relationships on ozone exd&ece days, and analysis of V@ad

NOx measurement® understantheimpacts of precursors on ozofemation

In summary, the following factors likeontributed t®20160zone exceedances in Atlanta:

1) Low relativehumidity in the afternoon;

2) High daily maximum air temperature

3) Low cloud coverage;

4) High ozone on previous days

5) Low wind speed

6) NOx emissionsmainly from local on-road mobile sources;

7) VOC emissions, mainly from biogenic sources in the summer muiitthsdditional
contributions fromocal onrroad mobile sources the evening and morning houend

8) Local transport of emissions from the Atlanta urban core to monitors outside the urban
core.

This final ozone exceedance repaah be used tquide future air quality management practices
in Georgia taid in preventinduture ozoneexceedance
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1. Introduction

Ozone pollution can impair lung function and cardiovascular health. Gleuatozone is
formed in the atmosphere by chemical reactidnstatile organic compound¥(©Cs) and
oxides of nitrogenNOX) in the presence alunlight. Sources of VOCs includeiel combustion,
fuel evaporationpaints, solventsand vegetation. NOx emissions are primarily from the
combustion of fuels. The.S. Environmental Protectiohgency(EPA) loweredthe National
Ambient Air Quality Standards (NAAQS) for growhelel ozondrom 75 ppb (2008 ozone
NAAQS) to 70ppb (2015 ozone NAAQSD better protect public health and welfare.

Ozone concentrations in Georgia have decreased ovgedngFigurel) in various

Metropolitan Statistical Areas (MSAsY.heMetro Atlanta areavasthe onlyareain Georgia
designated nonattainment for tB@08ozone standard, butasredesignated to attainment in
June2017. It is expected that EPA will complete designations for the 2015 ozone standard of 70
ppbin 2018.

In 2016, six MSAs experienced ozone exceedawtesethe measured-Bour average ozone
concentratiorwasabove70 ppb(Figure2). For each ozone exceedamtay, the Data and
Modeling Unit developedninitial exceedance report witpreliminary analysis of air quality,
meteorologicaland emission data teelpunderstand the causetbeozone exceedancés
ozoneexceedances occur frequertthe design value3fyear average of'4highest maximum
daily 8-hour ozone concentrationsdn exceed the ozone NAAQS &BEA can classify the area
as nonattainmentBased on 2012016 ozone datatlanta will likely bedesignated
nonattainment for the 2015 ozone standesfive monitors areurrentlyabove 70 ppb

Theelevenozone monitors in th®letro Atlanta aredave altogether experienc2él ozone
exceedance days in 20ledure2). Detailed @one exceedance days by mondog displayed
in Figure3 and summarized by month rablel. In addition, ozone concentratioby ozone
monitors in Atlanta on ozone exceedance days during 2016 are summafizédein Most of
the 20160zone exceedanseccurred at the @hfederate Avenumonitor located in downtown
Atlanta Figure3). In some case®zone exceedances occurakdeveral monitors on the same
day, indicating a mre regional pollution episode. Alternatetlyereweredays whertheozone
exceedance only occurred at oneves tmonitors whichwere likelycaused byocal production
under specific meteorological conditions

A final in-depth ozone exceedance repuasdeveloped for thtetro Atlanta are#o identify
causes ofhe 2016 ozone exceedancd he report includesend analysis of ozone
concentrationand meteorological conditions in Atlanta during 129016, multiple linear
regressior{fMLR) analysis and classification and regression (@R T) analysis to understand
therelationshipbetweerozone and environmemteariables, Hybrid Single Particle Lagrangian
Integrated Trajectory (HYSPLIT) back trajectory analysis to determine the origin of air masses
and establish souraeceptor relationships on ozone exdaece days, and analysis of V@ad

NOx measurement® understandheimpacts of precursors on ozofeemation This final

ozone exceedance repodn be used tguide future air quality management practices in Georgia
to help prevent future ozorexceedance
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Figure 1. Trend of Ozone design values by various Metropolitan Statistical Areas (MSAS)
in Georgia.
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Figure 2. 2016 ozone exceedance days by MSAs in Georgia
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Table 1. Summary of 2016 ozone exceedancis elevenozone monitors inMetro Atlanta

area
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Table 2. Ozone concentrations (ppbJor elevenozonemonitors in Atlanta on exceedances
days during 2016

L o n = () = = = = () c
s2 5| 9|5 |3s|88/L [§|2 |5 |&
S | 2| 2| B | a5 |sFE | 2| 2|5 | 3
Month |Day| 8% | § | § | & a | s 0 c s | 3 9
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April 29 78 64 63 59 74 66 54 59 54 54 55
May 23 67 69 74 64 61 64 68 66 62 58 63
May 24 74 82 78 66 74 73 67 70 63 64 69
May 25 69 71 | 70 65 68 72 71 69 64 78 65
May 26 65 64 | 58 54 61 78 55 59 55 56 56
May 28 55 54 | 50 71 52 53 49 64 71 48 57
May 31 71 48 | 49 60 65 59 58 63 58 52 63
June 8 64 70 | 78 61 60 55 67 59 60 49 60
June 9 74 65 65 75 70 67 78 65 60 58 87
June 10 88 77 70 86 82 82 75 | 105 | 78 76 69
June 11 66 68 60 54 78 82 54 54 50 58 56
June 13 75 75 89 58 74 59 62 68 55 50 56
June 21 62 73 68 58 63 60 62 54 54 50 61
June 25 64 70 72 58 63 53 56 57 52 52 52
June 27 74 57 52 52 64 80 50 54 50 50 51
June 29 71 76 84 62 67 57 70 63 62 51 59
June 30 85 61 70 62 83 59 47 64 59 65 63
July 1 68 77 73 57 66 67 61 65 61 58 59
July 2 64 73 | 63 50 64 57 59 54 56 52 60
July 20 | Missing| 60 | 61 74 71 59 58 76 53 50 61
July 25 72 49 | 48 44 62 53 38 51 36 46 42
August 3 66 63 71 53 62 54 59 48 49 39 51
August 23 75 51 54 54 65 55 44 71 36 42 49
September | 7 74 68 61 57 59 64 51 59 54 52 55
September | 8 61 72 58 51 60 66 58 51 47 53 54
September | 15 57 51 49 71 51 54 51 62 69 52 55
September | 25 55 49 44 71 52 53 46 60 67 50 50
October 3 63 51 48 71 56 57 60 60 53 53 65
October 13 58 65 64 61 | Missing| 54 74 59 60 51 60




2. OzoneExceedancelrends in the Metro Atlanta Area during 1990-2016

Ozone exceedande=ndsin Atlantaduring 19962016wereanalyzed using ozone concentrations
measured ahenine GeorgiaEPD ozone monitorgocated in thétlantanonattainmenérea
(Table3 andFigure3). The 19902016 ozone data were downloaded from EPA Air Quality
System (AQS)Note that the pone measurements at Dawsonville and CASTNET monitors are
not included in the following analysssnce they are not ithe Atlantaobzone nonattainment area

Table 3. Nine Georgia EPDozone monitors inthe Atlanta nonattainment area.
ID Site Name

130890002 | South DeKalb
131210055| Confederate Avenue
131350002 | Gwinnett Tech
132230003 Yorkville
132470001 | Conyers
130970004 | Douglasville
130770002 | Newnan
131510002 | McDonough
130670003 | Kennesaw

Maximum daily 8hour average ozone concentratiom®@A803) in Atlanta were calculated as
the maximunMDA8O3 for the nine ozone monitors in Atlanta. The anmaakimum, mean

and mediarMDAB8O3 from April to Octoberin 19962016showstheinter-annualvariability

with aslightdownward trend through the yedFsgure4). The annual meaMDA8O3 in 1999

is the highest at 71.8 ppb, and decreases to the lowest in 2013 with 47 Ehpatoincides

with GeorgiaNOx emssion reductiosstarting in 200&nd continuing to the presegfftigures).
The annual mealDA8O3 increased slightly to 55.4 ppb in 203#hich washigher than the
last four years from 2012015. Although he maximumMDAB8O3 decreases through the years
the minimumMDA8O3increased as a resultlessozone titratiorby NOx

TheMDA8O3 were compared with the 2015 ozone NAAES ppb)to identify ozone
exceedance days. The number of exceedance days theil®902016 ozone seasons shoavs
similar pattern There weredss than 20zmne exceedance days during 2@035,butthe
number increased to 29 days in 2016. We see a high number of ozone days abovia 70 ppb
1993, 1999, 2006, 2011, and 2016. There seems toJeyadr periobetweerthese
occurrenceslt is similar to the 27 year period oEl Nifiol Southern Oscillatin (ENSO), but not
peaking in the same yeaFurther workis needed taletermine if there is potential connection
between ozoneoncentrationand climate patterns.
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Figure 4. Annual meanMDAB8O3 concentrations (top) andthe number of days with
ozone >70 ppb (bottom) in April to October in 19902016 in Metro Atlanta area. 2016 is

highlighted in blue.
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The monthlyaverageozone exceedanckays and percéageof exceedance occurring in each
montharesummarized by different time periods durit@202016 inMetro Atlanta aredFigure
6). Typically, more than 70%f theozone exceedanseccurduring June, JulyandAugust
when temperature is higher and $fight is strongerand less than 5%f theozone exceedanse
occurin April and October when air temperatiseelatively low. In 2016,0zone exceedanse
during Junencreasedo 10 days and 35%andmore ozone exeedanceoccurredduring May
and Septembehanduring July and AugusClose analysis of ozone exceedauhering 2011
2016 Figure7) showstrongyearto-year variation irthedistribution of number of exceedance
by months, buimost exceedance still occurs during May to September.

Also, daily patterrs of ozone exceedanswereinvestigated figure8). Generally, more ozone
exceedanceoccurduring weekdays than weekends, though the differémemall before 2010.
Starting in 2011manymore ozone exceedarsaeccurduring weekdays than Sunday. Ozone
exceedance on Saturdays is also fiighm 19901999
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Figure 6. Monthly averagenumber of
percentageof exceedances occurring

ozone exceedance days 70 ppb) (top) and
in that montiibottom) in ozone season by different

time periods during 19962016 inthe Metro Atlanta area.
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3. Meteorological Conditions inMetro Atlanta area during 1990-2016

Trends of meteorological conditions Atlanta during 1992016wereanalyzed using
meteorological observations Atlanta International Airpor(Table4) downloaded from
https://mesonet.agron.ias¢.edu/request/download.phtml?network=GA_ ASOBe
observational intervals varietbin one hour to several minutes depending on variables.

Table 4. Observed meteorological variables at Atlanta International Airport

Variables Definition Unit
tmpf Air Temperature, typically @ 2 meters degree of Fahrenhe
dwpf Dew Point Temperature, typically @ 2 meters degree of Fahrenhe
relh Relative Humidity %
drct Wind Direction degree from north
sknt Wind Speed knots

One hour precipitation for the period from the observati

pOli time to the time of the previous hourly precipitation rese

alti Pressure altimeter inches
mslp Sea Level Pressure millibar
vshy Visibility miles
gust Wind Gust knots
skycl | Sky Level 1CloudCoverage %
skyc2 | Sky Level 2CloudCoverage %
skyc3 | Sky Level 3CloudCoverage %
skyc4 | Sky Level 4CloudCoverage %

Ozone seasomeans ofhe meteorologidavariables were calculated feach year and ashown

in Figure9, exceptpressure andiind direction which hee insignificantinter-annual variations.
For the periodrom April through October, 2016 is the warmest on record for Atlanta since 1878,
according to NOAA/NCE(Figure 10) Thesecond warmest April through October period was
in 2010 (NOAA/NCEI). The daily mean maximum temperaturg.§Tin 2016 is 85.%, the

daily meanaverageemperature (&9 in 2016 is75.8F, and the daily meaminimum

temperature (i) in 2016 is 65.7F. 2016 also has the loweslbud fraction which is defined

as the percentage of sky covered by clowisth AM andPM cloud fraction ag less than 5.

In addition, 2016AM relative humidity (RH)s 68.0%the 3° lowest following 2007 and 2011
and 2016PM RH is 48.0%, the™ lowestfollowing 2011. No significant deviation has been
found for other meteorological variables in 2016.summary, 2016 is one of the warmest and
driest years on record with ample direct solar radiat®mchmeteordogical conditions are
favorablefor ground level ozone formatiorAlso, there have been higher ozone concentrations
in additionalyears withsimilar meteorological conditiond-igure4 andFigure9).

The meteorological conditiorfer the 29 ozone exceedarat&ysthatoccurred in 2016 are
further investigated. The relative humidity, cloud fraction, wapded in the morning and
afternoon, and daily maum and minmum temperaturgon the day beforand after each
exceedance are comparedtose on thexceedance dayigure 1). For the days without
observations, the data from two days before or after are used. Continuous exceledéinge

13


https://mesonet.agron.iastate.edu/request/download.phtml?network=GA_ASOS

more than one dagreconsidered as one eveht.general lhe 0zone exceedance ddgature

relatively lower RH, less cloud coverage, lower wind speed, and higher daily max temperature.

Other meteorological variables such as dew point temperature, pressawen d wi nd di r ect
showaclear correlation with ozone exceedancknis is consistent witthe analysisof

meteorological and air quality data durithg period fron19902016 mentioned above.
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4. Ozone Regression Model

Multiple linear regression (MR) analysiswasused taguantifythe relationship between Atlanta
MDA8O3 and environmentalariablesin a previous study (Cardelino, 2011). le tt011study,
15 environmental/ariables(12 meteorological variables and 3 additional variables (i.ed@®2,
weekdayandjday)) are usedTable5). O3-day?2 is used to represent chemical production
backgroundassuming slow changeseekdayfor emission variabn due to human activitieand
jdayto represent the seasonal variation of ozone formabaily data ofMDA80O3 and 17
environmental factorare used in MLR to build linear relationship of AtlantsidDA8O3 and
environmental factorassuming independeneynong these environmental factors:

U 4 B 1 @ .Where y stands fdiDA80O3, & stands for the environmental factag is
an adjustment factpanda; is a weighting factor MLR analysis is updated in this study by
including two new environmentahriablegrelhl and relh2) according to findings identified in
the fAiMeteorol ogical ComRdilt6ioomsse citn oAt.l ant a

Table 5. Daily variablesused for the MLR analysis

Name Meaning Unit
Tmax Daily maximumtemperature degree of Fahrenhe
T min Daily minimum temperature degree of Fahrenhe
TDmax Daily maximum dew point temperature degree of Fahrenhe
TDmin Daily minimum dew point temperature degree of Fahrenhe
presl Mean surface pressure in timrning (612 am) millibar
pres2 Mean surface pressure in the afternoon@iin) millibar
wdirl Mean wind direction in the morning-& am) degree from north
wdir2 Mean wind direction in the afternoon (62pm) degree from north
wspl Mean wind speeah the morning (612 am) m/s
wsp2 Mean wind speed in the afternoon {8m) m/s
skyl Mean cloud coverage in the morning(B am) %
sky?2 Mean cloud coverage in the afternoon-@Lgm) %
Os-day?2 | Daily Maximum 8hr average ozone two days a ppbv
weekday| Day of week n/a
jday Day of year (Julian day) n/a
relhl Mean relative humidity in the morning-& am) %
relh? Mean relative humidity in the afternoon ¢62m) %

Correlation Analysis

The correlation coefficients ®iDA8O3 and thel7 environmental variables during ozone
season were calculated ferenttime periods during 1992016 in Atlanta Table6 and
Figurel?). Only data in a particuldgime periodwere used to caltate the corresponding
correlation coefficients. The difference of correlation coefficients among different time period
illustrates whether the relationship between Atl&AMRA803 and environmental variables
change through the years. The ranking of caticglacoefficients isimilar for different time
periods.Thetop 6 most correlated environment variables Yiegiables with theéop 6 highest
absolute rareAM andPM relative humidity AM andPM cloud coverage, daily max

18

dur



temperatureandozonelevels2 daysprevious Daily max temperature is the most correlated
environmental variable before 2000, & relative humidity is the most correlated
environmental variable after 2008.2016,daily max temperature is only th& fost correlated
variable, ad PM wind speedeplaced ozone 2 dapsevious being one of the top 6 correlated
environmentalariables. This indicates the uniquenesezwine production in 2016 compared to
other years.

In general the ozone exceedance days were associated withilitheing meteorological
conditions:

Low relative humidity (dry)

High daily temperature (hot)

Low cloud coveragehigh solar radiation

High ozone on previous dajysersistence)

Relatively low wind speed (calm)

arwnE

The above meteorological conditions favor the chemical production of ozone in the lower
troposphere. Low relative humiditgayreducethe ozone loss through the reaction with water
vapor(Seinfeld and Pandis, 19980zone formation increases with hggliemperaturge and bw
cloud coverageéue to highesolar radiationleading tomore active ozone production. High
ozone on previous daysight indicatethat the ozone builduwasbe a multipleday process.
Calm conditios correspondb poor dispersion andds longrange transport, indicating that the
local ozone production is relatively more important for ozone exceeslené#danta.

Table 6. Correlation coefficients of MDA8O3 and environmental variables during ozone

season by time periods during 199Q016 inMetro Atlanta area.

Name | 19902016] 19901999] 20002005] 20062010] 2011:2015] 2016
Osday2| 0.492 0.48 0.475 0.499 0.452 0.3
skyl -0.512 -0.559 -0.565 -0.549 -0.55 -0.379
sky2 -0.476 -0.515 -0.498 -0.485 -0.523 -0.451
Timax 0.545 0.592 0.581 0.571 0.526 0.342
Tmin 0.272 0.317 0.265 0.32 0.219 0.063
TDmax | 0.076 0.136 0.04 0.057 0.003 -0.146
TDimin 0.066 0.128 0.043 0.035 -0.017 -0.126
jday -0.119 -0.095 -0.101 -0.195 -0.184 -0.018
presl | 0.028 -0.027 0.09 0.059 0.018 0.152
pres2 | 0.005 -0.056 0.066 0.041 0.002 0.11
wdirl 0.139 0.231 0.11 0.056 0.132 0.026
wdir2 0.154 0.25 0.125 0.063 0.147 0.039
wspdl | -0.262 -0.316 -0.237 -0.333 -0.231 -0.271
wspd2 | -0.235 -0.266 -0.206 -0.318 -0.206 -0.372
relhl | -0.473 -0.475 -0.545 -0.555 -0.577 -0.515
reh2 | -0.567 -0.573 -0.627 -0.618 -0.641 -0.597
wkday | -0.027 -0.011 -0.019 -0.062 -0.013 -0.174

Note: Top6 absolute values are highlighted in redeTighest absolute valus in bold.
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Figure 12. Correlation coefﬁments ofMDA803 and environmental variables durlng ozone
season by time periods during 199Q016 in Atlanta. Variables with positive correlation
with MDAS8OS are labeledin red, and variables with negative correlationare labeledin
blue.

Updated MLR Ozone Model

The MLR ozone model developég Cardelino 2011 employed dataluring19871998and
tends to overestimate ozone concentrations by more than 5 ppb when it was used during Georgia
EPDS ezone forecastingn 2016 Thereforean updatedLR ozone mode(added RH as a new
variable)was developed using ddtam 20112016 to capture the receOx emission
reductiors. The updated MLR modelasthen used to predict 2016 ozone. Perforneavfche
updated MLR ozone models were evaluated by comparing the predieitr2016 ozone
observationsTable7). The updated MLR ozone model aaxplain about 60% dheozone
variance (or B). Themean biasNIB) andnormalizedmean biasNMB) decreases significantly
by using recent data (i.e. MB and NMB for 262@15 are less than those for 215 and
2011-2015), while theMean Absolute ErrofMAE), Normalized Mean ErroNME), andRoot
Mean Square ErrdRMSE) are similar amang the updated MLR ozone models. The MLR
model based on the ddtam 2011-2016 isrecommendetb be used for future ozone forecast
The coefficients of the MLR ozone model with 262016 datasedrelisted inTable8.

Table 7. Performance of updated MLR ozone model using various datasets during 2011
2016

Datarange| R R MB? | MAE?® | NMB? | NME? | RMSE

20112015 | 0.764 | 0.584 | 2.395 | 6.813 | 4.3% | 12.3% | 8.889

20122015 | 0.768 | 0.590 | 1.86 6.726 | 3.4% | 12.1% | 8.742

20132015 | 0.762 | 0.581 | 1.556 | 6.797 | 2.8% | 12.3% | 8.761

20112016 | 0.784 | 0.615 | 1.784 | 6.488 | 3.2% | 11.7% | 8.45

20122016 | 0.788 | 0.621 | 1.327 | 6.426 | 2.4% | 11.6% | 8.337

20132016 | 0.788 | 0.621 | 1.06 6.441 | 1.9% | 11.6% | 8.312

& MB is Mean Bias, MAE is Mean Absolute Error, NMB is Normalized Mean Bias, NME is Normalized
Mean Error, RMSE is Root Mean Square Error
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Table 8. The coefficients of the MLR ozone model using dataset during 202016

Variable | Coefficient

Constant | 456.14800
Os-day?2 0.19112
skyl -2.69005
sky?2 -4.77386
Tmax 0.67914
Tmin 0.09940
TDmax -0.11265
TDmin -0.19118
jday -0.03037
presl -1.76369
pres2 1.36482
wdirl -0.01127
wdir2 -0.00090
wspdl -0.05748
wspd2 -1.06804
relhl -0.18427
relh2 -0.25455
weekday | -0.46420
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5. CART Analysis

Classification and regression tree (CART) analyss used to understand the relationship
between AtlantVIDA80O3 and environmental variables. CARBreiman et al., 1984s a non
parametricstatisti@l tool whichcan estimate the hierarchstbé importance of each variable,
especiallywhen the relationship between these variables is complicated and nonlinear. Since
linearity has been assumed in MLR ozone model as discussed above a@alRdis was
performedo further investigate theauses of ozone exceedance using the CART package for R
which isavailableonline.

CART uses similar regression techniqueth@dMLR model,althoughit fits themodel locally at

each split instead of gbhally. A sequence of questions related to different variables (or attributes)
are asked, and the answer ,dlagegroupib slitinthtywe s o or
distinct subgroups based on a single variable. The recursive partition witlelvidataset into a

binary tree chart. There are two types of trees, regreasiciassification treg In regression

trees, the response variable is continuous anditted nodes featurthe mean values of the

response varialdeln classification treg the response variable (iIMDA8O3) is categorical and

the final nodes are assigneddifferent categories (classeBpth regressiornree and

classificationtree analysis were conducted in this study.

The same@0112016datasetised in MLR analysiw/as also used fdyoth CART analyss. In
comparison to the actu’IDA8O3 concentrations used for regression CART anal{i3A803
concentration$or the classification CART analysigeredivided into 4 categoried @ble9)
following the definitionused in EPA air quality index (AQI) for the 2015 ozone NAAQS.

Table 9. Four ozone categoriesisedfor the classification CART analysis

Category| Ozone (ppbv)
1 0-54
2 5570
3 71-85
4 > 85

Regression treeCART analysis

The kest split of regression tree CART analysis §8& nodesvhich represent ozone clusters

grouped after a sequence of filters with sagconditions. The mean ozone concentrations

generally increase from left to rightigure13). There aredur nodesvith mean ozone

concentrations higher than 70 pghd nine nodes with mean ozone concentrations ranging from

60 to 70 ppbKigureld). Sixfi ¢ r | bodes with mean ozone concentrations higher than 65

ppb were investigated to understand the patterns of environmental conditions on high ozone days
(Tablel0).

The sixcritical nodesare always associated with three environmental varidbde®M relative
humidity (RH), daily maximum temperature,{zl), andPM wind), and five of the six nodes are
associated withamne concentrations on 2 days ago (O3-RpyPM pressure showassoa@tion
in three nodes, andiM relative humidity (RH)AM pressure, Julian Day, and Week Day only
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shows association in one node. The environmental variablesheitiigher number of
associated nodes for high ozone days are more responsible for the hghdays.

ThePM RH is less thar3.86%for the six hodegxcept for node 25 in which tiM RH is 44
56%,indicating high correlation of high ozone days with low relative humidi¢y (elatively

dry conditions). This finding is consistent witthe MLR analysis.The Tnaxis higher than 83.48
°F for all six critical nodes, in particular Jaxis higher than 95.5% for node 3iwhich has the
highest meawzoneconcentratior{87.9 ppb). Highertemperaturge increasehemical reaction
ratesresulting in faster ozone production. Al&agh solar radiation can enhance the
photochemical production of ozon&he PM wind shows high ozone days can be associated
with both high and low wind condition¥he higher ozone concentratioms 2 days ago are
higher than 66.5 ppb for four of the siKtical nodes, implying occurrence of consecutive high
ozone conditions lasting more than one daysummary, the ozone exceedance days are usually
associated witkry andhot meteorological coritibns.
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Figure 13. Best split for the regression tree CRT analysis for Atlanta ozone during2011-2016.
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Table 10. Conditions for top 6 high ozone nodes of the regression tréART analysis

Node Number 29 25 28 30 32 31
Mean Q (ppb) 65.1 68.7 72.4 72.6 81.9 87.9
PM RH (%) <43.86| 43.86-56.39| <43.86] <43.86 |<43.86|<43.86
AM RH (%) <70.42
Tmax (°F) >83.48 >83.48 |>83.48|83.48-95.54|>83.48| >95.54
PM wind (m/s) | >6.55 <7.155 |<7.213 >6.55 <6.55| >6.55
O3 Day-2 (ppb) | > 66.5 <66.5 > 66.5 >66.5| >66.5
PM Pressure (mb < 1015 <1015 <1015
Julian Day < 256.5
Week Day <6.5

Classification treeCART analysis

The kest split ofclassificationtree CART analysis fire23 nodes which represent ozone clusters
grouped after a sequence of filters with various conditions. The mean ozone concentrations
generdl increase from left to rightHijgure15). There arghreenodes with mean ozone
corcentrations fgher than 70 pplnd nine nodes with mean ozone concentrations ranging from
60 to 70 ppbKigurel6). Sixii ¢ r i hodes with Mean ozone concentrations higher than 65
ppb were investigated to understand the patterns of envirorimenthtions on high ozone days
(Table 1), similar to the regression tree CART analysis conducted above. The mean ozone
concentrations for the soritical nodes irtheclassification tree CART analysis are less than
those intheregression tree CART analysighis can be partially gxained by the fewer number

of ozone day# each nodén theregression tree CART analysis doanoretotal nodes found

in this analysig32 vs. 23nodes).
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The sixcritical nodesin the classificabn tree CART analysiare always associated with two
environmental variables (i.M relative humidity (RH) and daily maximum temperaturg£J).

PM wind is associated with four of the siktical nodes in this analysis, compared to association
with six nodes in the regression tree CART analysis. Four of theriibal nodes are also
associated with daily minimum temperaturg,t), which is not found in the regression tree
CART analysisAM relative humidity (RH)PM pressure and the maximum dpwaint

temperature (Tghy) are respectively associated with three, two and one nodes, indicating less
association with the nodes for high ozone days and thus less responsibility for the high ozone
days.

ThePM RH is less than 39.25% for the top four nodedless tharb1.42% for nodé.8
indicating that high ozone days are associated with low relative humidity (i.e. relatively dry
conditions), though node 6 is associated WikhRH greater than 51.42%h& Tnaxis higher
than 83.48F for thesix critical nodes, in particulail maxis higher thar87.89°F for nodes.

They are both consistent with the results in the regression tree CART analyti® (@zone
exceedance days are usually associated with dry and hot meteorological conditions

High ozone d& conditions

Bothregression and classification tréART analyss have found that high ozone days are
alwaysassociated with lol?M RH and high T.ax which are typical summer negrological
conditions in Atlanta due to high pressure systdumder sucltonditions, bcal ozone formation
would be largely enhancetlhelargeimpact of the low RH and high air temperatureazone
formations has also been found in previous studiethéosoutheastern United Sta(Btanchard

et al., 2014; Zhang and Wang, Z).1In addition, other factors such @st wind, ozone
concentrations on previous daydyl RH, and T,i, may also cause elevated ozone conditions
though their impact levels may vary. Strong correlation of cloud coverage (skyl and sky2) with
ozone exceedance dayasfound in the MLR analysidut not found inthe CART analyse as

cloud coveragés strongly correlated with RH.
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Figure 15. Best split for the classification tree CART analysis for Atlanta ozone during 2012016.
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Table 11. Conditions for top 6 high ozone nodes of the classification tree CART analysis

Node Number 6 18 20 21 23 22
Mean Q (ppb) 65.9 66.6 67.5 70.3 77.5 79.5
PM RH (%) >51.42| 39.25-51.42| < 39.25| < 39.25| < 39.25| < 39.25
AM RH (%) >52.61| >52.61 <52.61
Tmax (°F) >87.89] >83.48 |>83.48|>83.48|>83.48| >83.48
Trmin °F) <70.52| <70.52| >70.52| <70.52
PM wind (m/s) <7.184 <745 | <7.45 <7.45
PM Pressure (mb >1019| <1019
Tdmax (°F) <70.52
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6. MeteorologicalTime Series Analysis

Time series of hourly ozone antkteorological variable@emperaturerelative humidity and

solar radiatiof during 2016were developetbr the Southeastern Aerosol Research and
Characterization (SEARCHMonitorlocatedat Jefferson Streen Atlanta(Figurel? - Figure

27). The time serieweredeveloped for all exceedance days in Atlanta when there is at least one
ozone monitoexceeding the NAAQS and include thetal for at least one day befdhe

exceedance evenOzone exceedanséend to be associated with high temperature and low
relative humidity, as well as high solar radiation as identified in the previous sections.
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Figure 17. Time series of thour ozone oncentrations (left y-axis) andsolar radiation (the
first right y -axis), 2m temperature (the second right yaxis), and relativehumidity (the
rightmost y-axis) for April 28-30, 2016
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Figure 18. Time series of thour ozone oncentrations (left y-axis) andsdar radiation (the
first right y -axis), 2m temperature (the second right yaxis), and relativehumidity (the
rightmost y-axis) for May 22-28, 2016
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Figure 19. Time series of thour ozone oncentrations (left y-axis) andsolar radiation (the
first right y -axis), 2m temperature (the second right yaxis), and relativehumidity (the

rightmost y-axis) for June 7-13, 2016
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Figure 20. Time series of thour ozone @ncentrations (left y-axis) andsola radiation (the
first right y -axis), 2m temperature (the second right yaxis), and relativehumidity (the

rightmost y-axis) for June 2627, 2016
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Figure 21. Time series of thour ozone oncentrations (left y-axis) andsolar radiation (the
first right y -axis), 2m temperature (the second right yaxis), and relativehumidity (the

rightmost y-axis) for June 28July2, 2016
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Figure 22. Time series of thour ozone oncentrations (left y-axis) andsdar radiation (the
first right y -axis), 2m temperature (the second right yaxis), and relativehumidity (the

rightmost y-axis) for July 19-25, 2016
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Figure 23. Time series of thour ozone oncentrations (left y-axis) andsolar radiation (the
first right y -axis), 2m temperature (the second right yaxis), and relativehumidity (the

rightmost y-axis) for August 2-3, 2016
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Figure 24. Time series of thour ozone oncentrations (left y-axis) andsola radiation (the
first right y -axis), 2m temperature (the second right yaxis), and relativehumidity (the

rightmost y-axis) for August 22-23, 2016
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Figure 25. Time series of thour ozone oncentrations (left y-axis) andsolar radiation (the
first right y -axis), 2m temperature (the second right yaxis), and relativehumidity (the
rightmost y-axis) for September 68, 2016
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Figure 26. Time series of thour ozone oncentrations (left y-axis) andsolar radiation (the
first right y -axis), 2m temperature (the second right yaxis), and relativehumidity (the
rightmost y-axis) for September 1415, 2016
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Figure 27. Time series of thour ozone oncentrations (left y-axis) andsolar radiation (the
first right y -axis), 2m temperature (the second right yaxis), and relativehumidity (the
rightmost y-axis) for September 2425, 2016
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7. HYSPLIT back trajectory analysis

The Hybrid Single Particleagrangian Integrated Trajectory (HYSPLIT,
http://www.arl.noaa.gov/HYSPLIT _info.phppack trajectory analysisasconducted to
determine the origin of air masses and establish seaoeptor relatioships on ozone
exceedance days. The HYSPLIT model is one of the most extensively used atmospheric
transport and dispersion models in the@pheric sciences community.this analysis

HYSPLIT 24-hour backtrajectories were computed for each ozexeeelancein 2016at every
Atlanta ozonamonitor using North American Mesoscale (NAM) meteorological data, which is
available at a 1-Rm resolution, from National Oceanic and Atmospheric Administration
(NOAA). For eacl2016 ozonexceedancat a monitoy three backtrajectories are computed
for air parcels ending at heights of 200m, 500m and 1000m at the time elfitlpe8k ozone.

HYSPLIT trajectories for five monitors whose 202@16 design values are above 70 ppb (i.e.
2015 Ozone NAAQS) are shownhiigure28 - Figure32. The long trajectories are associated
with higher wind speednd indicate morepportunities fotransport impactswhile short
trajectories are associated with lower wind spaedlindicate stagnant conditions and more
opportunities fotocal impactsThe trajectories for the height of 10@Gmthese five monitorare
mostly short indiating a strong local impaci@T hese trajectorieat the Confederate Anele
(Figure28) and South DeKalbRigure29) monitors {.e.two monitorslocatedinsidethe Atlanta
urbancore)may come from any direction§ hetrajectoriesat theGwinnett Tech Figure30),
McDonough Figure31), andConyers Figure32) monitorsmainly come fronthe southnorth,
and west directionsespectivelywherethe Atlantaurbancore is located. Howevehere area
few trajectoris originating from otheareas.
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Figure 28 HYSPLIT 24 hour back-trajectories for exceedances at the Confederate Avenue
monitor and trajectory path heights (bottom).
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Figure 29. HYSPLIT 24 hour back-trajectories for exceedancest the South DeKalb
monitor and trajectory path heights (bottom).
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Figure 31. HYSPLIT 24 hour back-trajectories for exceedances at the McDonough monitor
and trajectory path heights (bottom).
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8. Ozone and NOXx precursor

Ozone is not emitted directly into the air, but is formed by the reaction of volatile organic
compounds (VOCs) and nitrogen oxides (NOx) in the presence of heat and siihkght.
relationship of ozone and N(pxecursor is very nonlinear since NOx can not only help ozone
formation, but also deplete ozone through titratid@®x can be emitted from automobiles, trucks
and various nomoad vehicles (e.g., construction equipment, boats, etc.) as well as industrial
sources such as power plants, industrial boilers, cement kilns, and turbitiresMietro Atlanta
area during 2014Approximately58% of NOx emissionsverefrom on-road mobile sourcesnd
20% from ronrroadmobile sourcegFigure33). In this studytheimpacts olocal NOx on ozone
exceedanczare investigated by analyzing NOx observations at the South DeKalb monitor and
two roadside monitordMRC and Georgia Tech) located adjacent to major interstates during
multiple ozone seasor(&igure34). The two roadside monitors are invegstied to identify

impacts fromon-roadmobile NOx emissionsScatter plots oMDA80O3 and NOx measurements
at 8AM and 4PM (Figure35) imply thathigh ozoneconcentrationgenerally occur when NOXx
concentrations are within a specific winddWwhen NOx concentrations are low, ozone
concentrations are also low sinoat enough radicals are propagatddwever, when NOx
concentrations am®o high (>150 ppb at 8:0 AM or >11 ppb at 4:00 PM}heexcess N@
removes ozoneia NOX titration Figure35 shows thahigh ozone concentrations in Atlanta are
highly correlated with low relative humidifies (i.e. dry conditions).
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Figure 33. 2014 NOx emissiongtons/year)by source sectors in Metro Atlanta area.
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Diurnal p atterns of NOx observationson ozone exceedance days

The boxplots showing the statistics (i.e. mekH,, 25", 75", and 98 percentiles) are developed
by hour of day foNOXx observationsluringthe 2016 ozone seas@t the threéOx monitors.

These boxplots are overlaid wiNOx observations on ozomsceedances for the Confederate
Avenue(Figure36), South DeKalb [figure37), Gwinnett TechKigure38), McDonough Figure

39) and ConyersKigure40) monitors. NOx observations at the two roadside monitors are higher
than those at the South DeKalb monitodicating large impacts from mobile sources. There is
alsoaclear diurnal variation in NOx observation, peaking in the morning when NOXx ensissi
are high due to commuter traffic and Xl@€missions are trapped at low altitu@dsshe planetary
boundary layer (PBL) is still quite low. NOx observations then rapidly decrease when the PBL
expands and photochemistry becomes stronger during the diancasase again at nigivhen

the PBL collapse$On ozoneexceedance daysiorning timeNOx observations tentb be higher
than theaverageNOx observationsespecially from &M to 8 AM when traffic volumes are
highestthough no clear patterns have been found for NOx observations during
evening/nighttime.However, here aralsooccasions when mornirtgne NOxis not high
compared to typical valueg multiple monitors on ozone exceedance dagh as theeriod

from June27 toJuly 1, 2016. These orningtime NOx observationsend to be very low

compared to the mean, especially at the South DelK@bb monitor. As identified by the
HYSPLIT modeling analysis, ozone exceedances duhiisgepisodere impaatdby air pacels
traveling down from high altitudes, which may likely cause the relatively lower NOx
observations during this period.

Day-of-Week patterns of NOx observations on ozone exceedance days

Variation of NOx observations by day of week is analyzeddeloping similar boxplots for

NOx observations at 8M at the three NOx monitorgigure4l). The NOx observations at

8 AM are chosen since they are likely correlated with high ozone levels as identified in the
diurnal pattern analysis for the NOx observatiohke NOx observations are higher on

weekdays than the weekends, corresponding to similar traffic psiter heaver commuter

traffic during weekdays than weekend). Sunday morning NOx is typically lower than Saturday
morning. Friday morning NOXx also tends to be slightly lower than other weekday NOx at the
South DeKalb and thBMRC roadside monitors. The boxplots anerlaid with NOx

observations on ozone exceedance day labeled as red circles. The size of the circle indicates the
number ofozonemonitors that exceeded 70 ppb on a particular day. At all N@eemonitors,

NOXx observations usually tend to be higheroaone exceedance daygh minimal exceptions.
Mostozoneexceedance days occur during the weekdays. There zoneexceedance event
thatoccurred on a Sunday when observed Nasrelatively higker compared to most Sundays.

Monthly patterns of NOx observations on ozone exceedance days

Variation of NOx observation by month is then analyzed by developing similar boxplots for NOx
observations at 8M at the three NOx monito&igure42). The mean morning time NOx
observations at the two roadside monitors range between 25 and 60 ppb, usually higher than the
South DeKalb monitor. The mean morning time NOx observations at the South DeKalb monitor
tend to be less than 20 ppb throughout neb#he ozoneseason except in OctobddOx begins

to increase through the winter because there is less photochemistry to remove atmospheric NOX.
NOx observations at tHeMRC roadside monitor also starts to increase in Octdimvever,

this trend is nobbserved for the Georgia Tech monitor. The boxplots are overlaid with NOx
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observations on ozone exceedancesdapeled as red circlesThe size of the circle indicates

the number obzonemonitors that exceeded 70 ppb on a particular day. Most excesdaok

place in May and June wittme day inJune havinggzone exceedances at nmenitors. Usually,
morning time NOx observations on an ozone exceedance day are higher than the mean NOXx
observations in a month when the exceedance took place. Atohngi&€ech roadside monitor,
any exceedance day with more than one exceeding monitor, morning time NOx is much higher
than the meameaching over 120 ppb on June 10, 2@4%ch is the day when nimaonitors
exceeded thezonestandard.
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NOx during Confederate Ave. exceedances
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Figure 36. Boxplots by hour of dayfor NOx observations during 2016 ozone seasons at

three NOx monitors. Colored lines areNOx observations onozoneexceedance at
Confederate Aveue.
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Figure 37. Boxplots by hour of day for NOx observations during 2016 ozone seasons at
three NOx monitors. Colored lines are NOx observations on ozone exceedaat&outh

DeKalb.
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Figure 38. Boxplots by hour of day for NOx observations during 2016 ozone seasons at
three NOx monitors. Colored lines are NOx observations on ozone exceedaat&winnett

Tech.
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NOx during McDonough exceedances
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Figure 39. Boxplots by hour of day for NOx observations during2016 ozone seasons at
three NOx monitors. Colored lines are NOx observations on ozone exceedaate
McDonough.
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NOx during Conyers exceedances
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Figure 40. Boxplots by hour of day for NOx observations during 2016 ozone seasons at
three NOx monitors. Colored lines are NOx observations on ozone exceedarmteConyers.
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South DeKalb NOx at 800 LT
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Figure 41. Boxplots by day of week for NOx observations at BM during the 2016 ozone
seasons at three NOx monitors. Red dots are average NOx observations on ozone
exceedance days in Georgia. The size of red dots refers to the number of monitors
exceeding the20150zone NAAQS
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South DeKalb NOx at 800 LT
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Figure 42. Boxplots by month for NOx observations at M during the 2016 ozone seasons
at three NOx monitors. Red dots are average NOx observations on ozone exceedance days
in Georgia. The size of red dots refers to the number of monitors exceeding tk@150zone
NAAQS.

49



Indicator analysis

The ratio of Qto NOx is calculatedor 20112016 data at the South DeKalb monitothis
study as an indicator ¢dcal Os; production efficiency (Tonnesen et &Q00) When the ratio of
O3 to NOx is highradical propagation is reducadd thu€s is not produced efficientlywhile
when the ratio 003 to NOx is low,NO canremoveO; through titration.In the 2010 Tonnesen
study,Oz is produced most efficienthyith the ratio ofO3; to NOx being ~8 during morning
period(0900 to 1000 LT)theratio being~15 duringnoon(1200 to 1300 LT)andthe ratio
beingl16 to 20 duringanafternoonperiod(1600 to 1700 LT)

Diurnal profiles of media®; and NOx for each ozone season and exceedance days during 2011
2016(Figure43 andFigure44) have shownhat NOx concentration decreases whgnn@reases

and vice versaln addition, NOxconcentrationsluring low-ozone hours are much higrar

ozone exceedance days. Thgos of O; to NOx calculated here ammpared withltheratios

suggested ithe 2010 Tonnesestudy(Figure45). In the morningeriod(0900 to 1000 LT), the
ratio>sof Osto NOxf or ozone exceedance days areg | ower t
production and there is no clear difference between the ozone exceedareedibgsaverage

conditions duringheozone season. During noon (1200 to 1300 Lfig,atios of Q to NOx for

ozone exceedance days are mostly higemthose for the average conditions during ozone
season. Such ratios ar e | eproduction (hea-15), Excaptifor s en o s
the ratios corresponding to exceedance days in 2011 and 2014aftetheon period (1600 to

1700 LT) the ratios of @to NOXx for ozone exceedance days are mostly higifagrthose for

the average conditions duritige 0zone season. The ratios for exceedance days difirg

20l4dand 2016 are cl ose t gprodustiom(ieesl&®).dnsgeneralttheo f or
ratio of G; to NOx is still a good indicator for high ozone days, implying a strong impact of NOx

on ozone formation.
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Figure 43. Diurnal profile of median ozonefor each ozone season (dashes) and exceedance
days 6olid lineg) during 2011-2016
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Figure 44. Diurnal profile of median NOXx for each ozoneseason (dashes) and exceedance
days &olid lineg) during 2011-2016.The profile for exceedance days during 2013 is missing
since there is only one exceedance day in 2013 and some NOx measurements for that day

are missing.

Figure 45. Diurnal profile of median O3 to NOx ratio for each ozone season (dashes) and
exceedance dayss6lid lineg) during 2011-2016. The black bars at 9 to 10 am, 12 to PM

and 4 to 5PM represent the ratios where peak G production occurs according to
Tonnesenbos. Teprbfike fos exaeedgnce days during 2013 is missing since there
is only one exceedance day in 2013 and some NOx measurements for that day are missing.
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