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Xii



daily maximum temperature. Hourly emission ratios were estimated frorminge

data collected at thed5 NR site in Howard County, MD for November 2016 and
February, Mvember, and December 2017, then averaged daily. Data were placed into
ten bins, each containing an equal number of points. The black lines correspond to the
median emission ratios in each bin, bounded by tHea@8 7% percentiles of the

bins represented by the light gray lines. The solid red lines represent ordinary, linear
leastsquares regression fits of the binned median emission ratios. The uncertainty of
the slope parameter of each trend was estimated using adMetMaximum

Likelihood, following Bevington and Robinson (2002)..............cccceevvvvieeenennn. 131
Figure A. pC O/ N ®) ,2/ p8BOb ), &ng@C @C(Oc ) fronghei mat ed
slopeparameters of linear regressions for every teArmimeite observations as a

function of the average temperature of each corresponding temioote set.
Observations of CO, NQCQ,, and meteorological variables were collected from
November 1, 2016 throlig-ebruary 28, 2017 and November 1, 2017 through
December 31, 2017 at th@®b NR Site........ccoeiriiiiiiiiiiieren e 133
Figure A110.Bi nned qu@/fugpdidd of temperature at th@3 NR site for
November 1, 2016 through February 28, 2017 and November 1, 2017 through
December 31, 2017 using three different background methods to calculate emissions.
The black line represents the median of tes bémch containing an equal number of
points, while the lower red line represents th& gércentiles and the upper red line

the 7%" percentiles. The median was fit with an ordinary leastares regression that
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Figure A11.Bi nned q@/fupdidd oftemperature at th@3 NR site for
November 1, 2016 through February 28, 2017 and November 1, 2017 through
December 31, 2017. Theurly emission ratios were calculated by subtracting the
hourly concentrations of CO and N@& a background site in Beltsville, MD from

those at the-95 NR site to yield hourly values of CO and Néhhancement at the

NR site. The black line representte tmedian of ten equalzed bins, while the lower

red line represents the ®Hercentiles and the upper red line th& pbrcentiles. The
median values were fit with an ordinary leaguares regression that is shown by the
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Figure A12.Rates of CO, N@Q and CQ emissions calculated from average emission
ratios weighted by vehicle speed and model year from MOVES output for Howard
County, MD, using Deember 2014 input data. Plotted are the emission rates as a
function of temperature sorted by vehicle source type for weekdays on rural restricted
roads. Each point represents an emission rate at the indicated temperature or the
specific humidity calculatefrom Figure A2, an exponential bditof the observed
specific humidity values at thedb site. Passenger cars, passenger trucks,
motorcycles, and light commercial trucks are assumed to run on gasoline (based on
county vehicle fuel data), whereasater vehicle types operate on diesel. Turquoise
stars represent a weighted average of each pollutant u8thygdhicle fractions from
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Figure A13. qCO/INOyx, qCO/gNOx, andgCO/qiCO calculated from average
emission ratios weighted by vehicle speed and model year from MOVES output for
Howard County, MD, using December 2014 input data. Plotted are the emission
ratios as a function of speafhumidity sorted by vehicle source type for weekdays
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on rur al restricted roads. Each point repr
to 24°C, similar to the range of temperature seen in the observations. Passenger cars,
passenger trucks, motorcyclasd light commercial trucks are assumed to run on
gasoline (based on county vehicle fuel data), whereas all other vehicle types operate
on diesel. Essentially all vehicles (98%) fall into the categories of passenger cars and
trucks and SH plus LH trucksTurquoise stars represent a weighted average of each
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Figure C1. Daily total number of vehicles passing th@3 NR site in Howard

County, MD, from January through July 2020............cccovviiiiiiimemiiiiiiiieeeee, 143

Figure D1. Preliminary analysis of VOC temperature dependence at3beNR site

in Maryland. Suppliers change the composition of fuel with ambient temperature.
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Chaptlenrt rlooducti on

Nitrogen oxides (NQ NOx=NO + NO), carbon monoxide (CQandblack
carbon (BCare air pollutants thatdversely impadhiuman healtifWorld Health
Organization, 2022)Nitrogen oxides and CO also contributeseondarypzone
pollutionin the urbar{HaagerSmit et al., 1953; Pusede and Cohen, 2012; Sather
and Cavender, 201@nd remote atmosphe(e. J. Crutzen, 1973and particulate
formation(Ng et al., 2007; Xu et al., 2014Black carbon, a component fifie
particulate matterRM2s)wi t h an aerodynami c ,hscameter of
absorbs radiation and contributegtobal warminglRamanathan and Carmichael,
2008)

Nitrogen oxidesCO, and BC areommonlyproduced by combustion
processes, both anthropogenically and naturally. According to the 2017 National
Emissions Inventory (NE)xompiledevery three yearsy theUnited States
Environmental Protection Agency (US ER&)e dominant sources for all three
pollutants are motor vehicles andldfires (data available at
https://lwww.epa.gov/aiemissionsanventories/201-hationatemissionsnventory
nekdata) Nitrogen oxides are also enatt naturally by microbial processiesm
vegetation and soilssavell adightning.

Ambient pollutants are regulated by i& EPA Early federaregulation
into air pollution began in 1955 with the enactment of the Air Pollution Control Act
and was expanded to include air pollution cdntrith the Clean Air Act of 1963

(US EPA, 2021a) Major revisions were implemented in the Clean Air Act of 1970,
1



including thedevelopmenof the National Ambient Air Quality Standards (NAAQS)
thatset limits forkey air pollutantsSince their initial enactment, the NAAQfave

led toimprovements inair qualitywithin the USby reducingambient concentrations
of criteriaair pollutant CAPs) Currently, the national standafiar the ambient

NO:2 mixing ratiois set at100 ppbvionehour averagefor CO mixing ratiosat 35
ppmv (onehour average), and PMconcentrationstl 2 . 0 ' ¥agnualrmean
averaged over three yeat$S EPA, 2021h)

Reductions in the ambienbtrcentrations of key air pollutants havecurred
over the past several decadesesponséo widespread implementation of emission
control measure@assler et al., 2016; McDonald et al., 2Q12he use of catalytic
convertersn motor vehicles haled to significant reductions in NQvolatile
organic compounds (VOCsnd CO emissions, whitbe installation ofow-NOx
burnersn stationary sources hatsodecreasetNOy production Control strategies
specificallytargeting PM:s include electrostatic precipitatoasdPM cycloneson
stationary sourceanddieselparticulate filters (DPFnN motor vehiclegTucker,
2000) The trend irthe nationalaverage ambient NQCO, and PMs levelsover
the past several decadsshown inFigure 11; nationataverage N@and CO
decreased by 64% from 1980 to 2020, whilecBNecreased by 41% from 2000 to
2020 Figure 11). Although most of the US is well below the NAAQS set for CO,
ambientNO, andPM> s abundances still have the potentiatéach unhealthy leels

near major sources, such as highways.
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2000 to 2020 : 41% decrease in National Average
Figure 1.1. Historic trends in the nationalveragesurfacelevel abundance of
ambient NQ (a), CO (b), and PWk (c). Figures available at

https://www.epa.gov/aitrends

Tropospheric ozone @D one of the seven criteria air pollutants regulated by
the US EPA for its adverse impacts on public health, is procsemmzhdarily
through chemical reactions in the atmosph&eth CO and NQ@are precursors to
surfacelevel Oz formation While reductions ints precursors have generally led to
a decline in ambient Qevelsacross the UgH. He et al., 2013; Sather and
Cavender, 2016; US EPA, 2021sdpme cities and argancluding parts of

Maryland,continue to struggle with attainment of the current 70 ppbv NAAQS set



for eighthour average © These areas are classified as being in nonattainment of
the standard and must devise plans to reach attainment.

Ambient concentrations of air pollutants includinga@esimulatedusing
computer models, such as tBBA Community Multiscale Air QualitfCMAQ)
model These models rely on accuratissions estimates from a variety of segtors
including vehicular emissionsAs detailed below,acent studies suggest that there is
a discrepancy in measured and modeled &l BCemissions With mobile
sourcesrepresentinghe largesemitterof anthropogenic N©and BC,
inconsistenesbetween the NEI and observations warrant further investigation into
emissions from the mobile sector.

In the remainder ahis chapterl will first provide anoverview of the
motivation for the research in this dissertatitren focus on mobile emissions and
the mechanisms that produce and control air pollutant emissions from vehicles.
Next, | will describe the observations used in this dissertation and howemob
emissions are inferred from ambient air measuremdiits.last section of the

Introduction providesn overview and discuss of thescope of the dissertation

1.1 Motivation

1.1.1 Ambient Temperature and Mobile Emissions

The NEI is developedsingpollutantemissions data provided by state and
local agenciefor various sectors including fires and stationary area, point, nonpoint,

onroad, and nomoad sourceslhe Sparse Matrix Operator Kernel Emissions



(SMOKE) modeling systens used to apportion emissions data from the &tk
Canadian, Mexican, and offshore inventoriey spatially and temporally gridded
emissions by chemical specigsed byair quality moels (Reff et al., 202Q)
Thedependabilityof air qualitysimulations and forecastiepends on the
accuracyof the emissionsiput Recent studies reveslibstantiatliscrepanciesm
measured and modeled mobile N&nissionsthe NEI appears tbave
overestimatd mobile NQ. emissionsomparedo observations, especially in the
summer(Anderson et al., 2014; Li et al., 2018; Mao et al., 2018; McDonald et al.,
2012; Qin et al., 2019; Travis et al., 2016; Wang et al., 20b9ontrast tahese
findings, wintertime observations the Baltimore Washington Region (BWR)
showedgood agreemernih NOx emissionsvith the NEI(Salmon et al., 2018)
In addition to the inconsistencies in N@missions reported in the literature,
ambient BC level®ave previously been found be underestimatday CMAQ in
the summer andonsistent with observations in the wintappel et al., 2008)
While seasonal concentratioosBC are affected by several factors including
changing planetary boundary layer height, they may also be impacted by variations
in thestrength okource andsinks. Contrary to the general seasonal cycletber
air pollutants also emitted by vehicles, aemb BC concentrations measured at Fort
Meade, MD a site influenced by vehicular emissioslpwed no discernible
seasonal cycléChen et al., 2001)Studying cevariations in pollutants, such as
through emission rats, is a useful way to minimize the effects of changing
planetary boundary layer heights on atmospheric speCiesn et al(2001)also

examined nf erred &@BC/ &CO emi ssion ratios

and



at the warmest temperatures and during the summer, and lowest emission ratios at
the coolestemperatures and during the wintd&ihe authors attributetthe absence of
aseasonal cycle in BC concentrations and hi
ratios to greater BC source strength in the summerpossibly by diesel vehicles
(Chen et al., 2001)Diesel exhaust is a significant source of ambient BC and a
temperature sensitivity in vehicular BC may contribute to the underestimation of
modeled summertime BC concentrations.

The fasonal variabilityn the owerestimation of NQand the
underestimation of BC suggests thatdiscrepanciemay be seasonally, and thus
temperature, sensitivalith motor vehicles representing the largest anthropogenic
source of BC and Ngaccording to the 2017 NEI, vehicles are a likely source for the
disagreemerthietweermeasured and modeled BC.

On and offroad vehiculaemissions within the NEI are estimated using
tool that integratethe MOtor Vehicle Emissions Simulator (MOVES8)to
SMOKE. Neither the current version (MOVES3) or the previous version
(MOVES2014) of MOVESwhen employed as recommendetjorporates a
temperature sensitivity for hotinning (engine properly warmed ugDx emissions
While MOVESS lacks a temperatuadjustment for running BC emissions,
MOVES2014b, the version used for the 2017 Nialy incorporates a slight
adjustment for gasoline vehicles of model year 2004 and eaflms. provides us
motivation to investigate the impact of temperatmenobile emissions of CO,

NOy, and BC inferred from NR observat®iThe temperature sensitivity of



vehicular NQ, CO,and BC emissions will be explored in greater detail in Chapters

2 and3.

1.1.2Traffic ImpactsResulting Fronthe COVID-19 State of Emergency

Vehicular emissions depend on a variety of factditsetype number, and
speed o¥ehicles driving on roads, as well as the amount of traffic congestion and
type ofexhaust aftertreatment used by vehicles, a#fatssions opollutantsby the
vehicle fleet. Emergency measures were implemented in March gD20rtailthe
spread of C®¥ID-19. In Maryland, a mandatory telework order for ressential
employees went into effect on 13 March 2020 and aatApme order was issued
on 30 March 2020These events led &irong reductions in the total number of
vehicles driving on roads, and inadwemtly provided researchers with an interesting
scenarioto examineéhow vehicular emissions respond to sudden decreases in on
road traffic. Such studigsincludingthe work presentedh Chapte# of this
dissertationcanprovide guidance for future polf decision®n how tofurther

reduce air pollution from a major source: vehicles.

1.2.Productionand Control of Emissions from Motor Vehicles

The focus of this dissertation is to investigate vehicular emissions and how they
respond tovarious factors such as temperature, vehicular speed, and trafficlfiow.
the following sections | wiltliscuss how motor vehicles operate and kioewr
emissiongare both produced and controliedcompressionand sparkgnited

vehicles.



1.2.1. The For-Stroke Internal Combustion Engine

Motor vehicles are driven by an internal combustion engine that cootaéns
or several engine cylinders&ach of these cylinders actsasinternal combustion
chambeiin whichthe movement of a piston, crankshaft] many other parts and
gears work in harmony tdrive a vehicle The number of cylinders within an engine
depend on the power demand of the vehi@asoline cars generally have four to six
cylinders, while diesel trucks have six to eigRbwerthat divesmostvehiclesis
produced through the fowstrokecycle, discussed herdn sequencehese four
strokesare intake, compression, power, and exhaust.

The cycle begins with thgiston located at the top of the combustion
chamber in a positiocalled top dead centéfDC). The intake valve is opened at
the beginning of the intake stroke so that as the piston moves downward, air or an
air-fuel mixture enters the combustion chamb@nce the piston is at its lowest
position in the chamber, catldottom dead centéBDC), the intake valveloses
and thecompression step begin®Vith the intakeand exhaustalves closed and the
piston moving towards TDQir is compressed within the chamb&heignition of
fuel, whether diesel or gasoline, hapg when the piston rearthe top of the
chamber and the air (or duel blend) has been compresséxktails on the two
types offuel ignition, compression and spark, are discussed in the following
sections.

The actuaknergythat drives the vehicle is produced in the third part of the
cycle, called the power strokélere,the pressure created by the gases produced

from combustion pushes the piston down to BB@ally, theexhaust valve opens

8



so thatcombustion gases are peshout of the chamber by the piston on its way up
to TDC.The cycle repeats once the piston is back at TDC and the exhaust valve has

been closedde Nevers, 2010)

1.22. Compressiotignited Vehicles

Vehicles running on diesel fugenerally us¢he fourstroke mechanism and
initiate combustion during the power stroke through compresgiotion (CI). Air
enters the combustion chamber during the intake step and is comprebddiitto
1/20" of its initial volume. This level of compression rel$s in a rapid increase in
theair temperature above the autoignition point for diesel(fudD0°F or205°C),
resultingin spontaneous ignition of the diesel ftieht isinjecteddirectly into the
chamber during this steiesel fuel is typically comosed of hydrocarbor{iC)
containing between 8 and 25 carbon atomsi (Czs), while gasoline consists of
HCs with 4 to 12 carbon atoms{C C12). The largetHCs contained within diesel
fuel lead to ~15 9%nore energy per unit volume of fuel thargiasoline, making
diesel a suitable fuel for use in vehicles that require high pomeng ranggU.S.
Department of Energy, 2021)

The airto-fuel ratio (A/F)quantifies thenassof air relative tahe mass of
fuel within the combustion chambeihe stoichiometric ratio, or the ratio
representing the ideal balance between air and fuel needed for complete combustion,
varies depending on the number of carbon and hydrogen at@nis/drocarbon

Using Equationl.l, the stoichiometric A/F ratio faanaveraggormula representing



diesel fuel (G2H23) is 14.6, indicating that 14.6 grams of air are required to fully
combust 1 gram dhis diesel fuel(Equation 1.1).

00 pPpBEW OpPU p@O0L (Equation 11)

Engines are -ls@earmo twhemnunt idrueli s an excess
the mixturechanawhieéehuéhere is a deficit in
fuel.

Theamount ofenergyproduced in a diesel engine is controlled by adjgstin
the amount of fuel dispensed into the combustion chamber. Unlike gasoline engines,
theamountof air enteringthe chamber is relatively constant, causing diesel engines
to operatduel-lean. The combined effect of higher compression and A/F ratios
yield a higher thermal efficiency (the amount of useable energy produced relative to
the amount of energy contained within a given amount of fuel) in diesel engines
compared to gasoline engines (discussed in the next seet@hhigher tailpipe
NOx emissiondf left uncontrolled.

Despite the number of benefitacluding higher fuel and thermal efficiency
compared t@asoline vehiclediesel engines struggle witligh NOx andBC
emissions.Nitrogen oxide (NO) is produced during combustioltowing the
simplified Zeldovich mechanism belof@eldovich, 1946)

O O P ¢0 0 (Equation 12)

The production of thermal N@& dependent on peak combustion temperature and
increases rapidly for peakmperatures greater than 2000°F (1093fCNevers,
2010) These high temperatures are conducive for the formation of O and N radicals

(Equations 1.3 and 1.4hat go on to produce NO witholdnd Q (Equations 1.5 and
10



1.6). The anount of NO produced in an IC engine also depends on the amoust of O
relative to fuel in the combustion chamif&F ratio), as a fuelean mixture leads to
higher NO productioifEquations 1.8L.6). The high AF ratio (fuelean) in ClI

engines is one of the reasons why NO formation is higher in Cl vehicles than in
sparkignited (Sl)vehicles.

0 P ¢0 (Equation 13)
0 P g0 (Equation 14)
¢c0 U P ¢O0 U(Equation 15)
¢c0 0 P ¢0 0O(Equation 16)

Black carbon is byproduct of incomplete combustion produretigher
guantitiesby CI engines than Sl engineSince fuel in a Cl engine is injected
directly into the compressed air, the fuel does not have the chance to thoroughly mix
with thecompresseadir before combustion. This results in fuielh pocketforming
within the conbustion chambethatproduceelevatedBC emissiongelative to
premixed aiffuel mixtures

Vehicle acelerations known to impact BC emissions from CI vehicles,
including trucks.Heavy traffic congestion, with frequent acceleration, prosluce
highertailpipe BC emissions than drivingt highway speed$iakoumis and
Zachiotis, 2021; Rakopoulos and Giakoumis, 20@ring acceleration, more fuel
is needed to supply sufficient power to the vehidiéost cmmpressiorgnited
vehicles contain a turbocharger used to quickly compress andguditpnalair
into the engine tbalance the excess fuel that is requiegdrovide more power
(Figure 12). Higher engineout air pressure, resulting frooombustion with

increased fueldrives aturbinein the turbochargethatalsospinsa turbinein the air

11



intake and compresses the incoming AimMmomentary lagknown as turbocharger
lag, results from the difference in thiene excess fuel is added to the cylinders and
the timewhen enough engipeut air pressure has builpto supply additionadir to
the engines.Turbocharger lag results in excess BC emissions becéhtise

addition of extra fuel to already fugth pockets within the combustion chambers.

COMPRESSOR 1
INLET I
[ |
'l
I al\ /&

COMPRESSOR
DISCHARGE

TURBINE
EXHAUST

TURBINE
INLET

INTAKE
CHARGER MANIFOLD
AIR COOLER

EXHAUST
MANIFOLD

ENGINE

Figure 1.2. A simplified diagram of a typical turbochargam a spark ignited engine
Image from https://www.turbodynamics.co.uk/technical/understanding

turbochargers/

Severakontrolstrategies exist to reduce the amourdiopollutants released
by CI vehicles. Pollutants may be reducédring combustion, postombustion, and
through changing the fuel compositiarit{a-low-sulfur diesel fue| for example)
Reducing emissions during combustion often requires altering the conditions under
which the fuel combustion occuréin example of a contrahethodused to reduce
NOx in the combustion chamber is exhaust gas recirculation (E®Rhis method,

a portion of the exhaust gas, low in@nd relatively high in C& N2O, and N, is
12



recirculated back into the air intake for the engine cylindBecause thermal NO
production is sensitive to the amount offfdesent, less £n the combustion
chamber resultsiilower NO formation.

Vehicles alsautilize control strategiethattargetengineout emissions before
they leave the tailpipeExamples of these methods in CI vehicles inclutiesel
oxidation catalystsselective catalytic reduction (SCRBanNOy traps and diesel
particulate filters (DPF)Oxidation catalysts in diesel engines contaimoaeycomb
structurecoated witha platinumbasedor similar)catalystmixturethat oxidizes CO
andHCs to CQ and HO with an efficiency of 1860% for CO and 405% forHCs
(US EPA, 2010a) Some of theengineout NO may oxidize to Ng&) however the
SCR method works to remove N@om the exhaust streanfror this reason, the
oxidation catalyst is often located upstream of the SCR sydtkimagenoxides are
removed from the exhaust stream using SCR ian@inesThe process involves
spraying @esel exhaust fluid (DER)ontaining ammoniar ureaover a catalyst,
typically vanadiumbasedinto the exhaust strear8elective catalytic reduction
works to remove NOfrom the exhaust stream by reducing NONO, into inert
N2. Equations 1.7, 1.8, and Ir@present several of the reactipasiong otherghat
occur within the SCR syste(de Nevers, 2010)

@ 0 10 0% L0 @OOU (Equation 17)
T00 T0O0 0 910 @O0 (Equation 18)
¢cO0 TOO 0 © o0 @O0 (Equation 19)

Selective catalytic reduction in diesel engines depends on several factors including
the type ofcatalyst used and the exhaust terapge, and can reach efficiencies of
>90% when properly warmed ({@/ang et al., 2021)In addition toSCR, oxidation

13



catalysts, and lean N@raps diesel vehicles alsatilize DPF technology to reduce
particulates including BCThe DPF works to remove most palég; including BC,
from the exhaust stream with an efficiency of >90%, depgndn the type and age

of the filter materia(Barone et al., 2010)

1.23. Sparklgnited vehicles

Most S| engins use the same fotatroke mechanism detailed in the prior
section, but with several key differences compared to a Cl entyiierms of fuel,
Sl vehicles use gasoline, a type of fuel blend consisting of compounds that each
contain betweed and 12 carbon atom®ne of the key differences is how the fuel
enters the combustion chamber in the intake sBparkignited enginegquipped
with portfuel injection (PFIdiffer from Cl engines in that the fuel is goended
into a homogeneous riurewith air before entering theylinders resulting in better
control of the AF ratio.Modern Sl engines also utilize gasoline direct injection
(GDI), which offers better fuel economy and reduced €@issions compared to
PFI. In GDI, fuel isinjected at higkpressure directljnto the combustion chamber
instead ofmixing with the intake air prior to entering the cylinddhe GDI
mechanism leads @ cooling effect due to the evaporation of fuel in the chamber,
reducing NQ emissionsand allowing the use of a higher compression makich
further increases the thermal efficiency of the en@iheang et al., 2021)TheUS
EPA estimates that ~ 50% ofrroad Sl vehicles in the US are equipped with GDI

technology(US EPA, 2020a)
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Conditions inside S¢nginesaresometimekeptoxygen deficient (fuetich),
indicating that the AF ratio is typically below the stoichiometric ratid4.8)
needed for complete combustifie Nevers, 2010)Running the engine fugich
produces more powéut lowers the overall fuel efficiency because theneat
enough oxygen to fully ecobustthe fuel.

Sparkignited engines typically attain a compression ratio of between 1/8 to
1/10" of the initial volume during the compression strokethe compression ratio
is too high in a sparlgnited engine, the afuel mixture mayignite prematurely in
the cylinder and cause a loud knpak event that is appropriately calleugine
knock In general,te lower compression ratio Sl enginesesults in lowethermal
and fuelefficienciescompared to Cl engines becaless of thduel is combusted in
the fuetrich environmenthowever Sl engines equipped with GDI rather than PFI
lead to less engine knock and higher thermal efficiency than their PFI coursterpart
(Huang et al., 2021)

One of the most important differences betw€tmand Sl engines how the
air-fuel mixture is ignited during the combustion phase. Asxlrae suggests,
sparkignited enginsuse a spark plug to ignite the mixture, while compression
ignited enginsuse the heat of compression to ignite the mixtikéaen the piston is
near TDC, a spark is produced by the spark plug at the top of the cylinitiating
the combustion proces3he exhaust gases are then pushed out of the combustion
chamber in the exhaust strakethe same manner as@ engines.

Differences inengine mechanismffect the relative amount of air pollutants

producedduringcombustion The fuetrich environmenin Sl enginsleads to
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higher levels of enginreut CO andHCs relative to Cl enginesCarbon monoxide

and HCs are the products of incomplete combustion of fuel and are fasithed
fuel-rich pockets in the combustion chamber or when tisaresufficient oxygen for
complete combustionSparkignited engines tend to produce more CO and HC
because theofmation of CO is highest in a fuach environment with a low
compression ratiand at high temperatures, such as during combus8park

ignited vehicles also generate N®ut the amounproduceds less than from CI
vehicles. This is because the conmdtion chamber in SI engines is often oxygen
deficient and attains a lower peak temperature than in Cl engsasoline direct
injectionequipped Sl vehiclggroduce more BC than PEQuipped vehicles

because the gasoline is directly injected into the cylinders with GDWever, he
difference in engin®ut BC emissions between GDI and PFI is significantly smaller
than the difference betwedime averag€l ard S| enginewhile GDI-equipped Sl
vehicles emit ~ 5 times more BC than fguipped vehicleSaliba et al., 2017;
Zimmerman et a).2016) Cl engines produce up to 50 times more BC than the
average Sl engin@anWeiss et al., 2008; Dallmann et al., 2013p combat

higher BC emissions, Sl vehicles with GDI also contain a gasoline particulate filter
used to remoeparticlesincluding BC, from the exhaust.

The primary emission control strategy used in modern Sl engines is the three
way catalytic converterAn earler version of the catalytic converter was the two
way converter, which onltargetedHC and CO emissionsThe newerthreeway
catalytic convertershown inFigure 13, reduca emissions of N@Q CO, and HCé€y

up to ~ 95%using aceramicmonolith in the shape offeoneycomixoated with a
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catalyst mixture containindnodium and either platinum or palladiyde Nevers,
2010) Catalytic coverters work by reducing N@o inert N and Q, and oxidizing

CO and HCs to C&and BHO. These reactions are typically slow in the atmosphere,
however thgresence ofatalysts works to lower the activation eneagyl speed up
the reactions.Thecatalysts do not function well until they are properly heated
resultingin hightailpipe concentrations of N CO, and HC if the vehicland
emission control devicemrenot properly warmed upuch as during a cold stas

will be discussed in latehapters, emission control equipment that has not been

properly warmed up may lead to higher tailpipe emissions of certain pollutants

includingNOx.
Reduction Catalyst
to Reduce NOx
’?fv HT‘; % 2 T Oxidation Catalyst
HERE . ‘ to Reduce HC & CO

Heat Shield

Contains Combustion
Byproducts

CO02, CO, H20, HC & NOx

Stainless Steel
Housing

Ceramic Honeycomb .~
Substrate is coated
with Platinum, A
Palladium & Rhodium Ceramic Honeycomb

Substrate is coated EXHAUST EXITS

(Catalyst forumula will with Platinum & HERE
vary with application Palladium Downstream (CO2, H20 & N2)
and vehicle mir) (no rhodium) Oxygen Sensor :
Monitors
Catalyst Efficiency AA1Car.com

Figure 1.3. Diagram of the structure of a thraay catalytic converter. Image from

https://aalcar.com/library/converter.htm.

1.3.Measurements
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Theambientobservations used in this research were colleatedstationary
nearroad (NR)monitoring sitdocated at a rest area along Interstigl-95)
southbound, midway between Baltimore and Washindd@h(Figure 14). Traffic
measurements, includirurly total vehicle counts and speed information, were
collected ~ 8 km (~5 miles) north of the NR gifggure 15). Theobservationsised
in this work span from late 2016 througtpril 2020. Togetherthe ambient and
traffic observations are used in this dissertation to study patterns and sensitivities in

mobile emissions.

Baltimore

1 = T Interstate 95

Figure 1.4. Ambientmonitoring site located alongd5 in the BaltimoréVashington

DC area. Imagefrom Google Eartlhttps://earth.google.com/

Figure 15. Closeup view of the 195 traffic counter used in this study.
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1.3.1. NeatRoad Measurements

The F95 NR site is part ad greater network of thousands of ambient
monitoring sites located through the US, as part of the US EPA Air Quality System
(AQS). Thevariables measuredat each site varies, however typical measurements
include airborne CAPs, hazardous air pollutant&®kl), meteorological data, among
others. The location of each site is carefully chosen to meet certain objectives, such
as measuring highest concentratiggmpulation exposur@ndbackgroundevels
The F95 NR site used in this study is designated asurceoriented monitor to
measure highest concentrations of a variety of air pollutants, including CO,
NO/NO/NOy, BC, PM, andrariousvolatile organic compounds

The work in this dissertation utilizes NR measuremenB&QfCO,NOx,

CO,, andmeteorological variablesAs part of the AQS network, the analyzers are
held to specific standards set forth in the Code of Federal Regulations 40
Subchapter CRart 58 (sedttps://www.ecfr.gov/for more information)he

discussion presented below highlights key aspects of the principles of operation for
each analyzer, while more-aepth estimates of analyzgrecificationsare provided

in Chapters 2.

Meteorological varibles including temperature, pressure, relative humidity,
wind speed, and wind direction are measured above the NR trailer using a Vaisala
WXT 520 instrument.

Black carborconcentrations are measured with a fibesed, optical
techniquausing a Magee Scientific TAPI M633 (AE33) Aethalometi@take air

with a volumetric flow ratécalculated from a mass flometerat a specific
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temperature and pressurgpassed through filter inside of the analyzer, allowing
aerosols tdoe collectedn the filter. The light attenuatiofEquation 1.10)s then
measureat seven distinct wavelengths (ranging from 370 to 950amudfombined
with the spot size, the time intery@minute in the NR observationsjhe
volumetric flow rate, and wavelengtipecific mass cross sections to calculate the
mass concentration of B(Grimes ad Dickerson, 2021; Magee Scientific, 2018)

I OOAT OA @EUdH 1— Equation 110.
Here,| represents the light intensity through a fitevered with particleswhile lo

represents the reference light intensity through a clean portion of the filter.

The typical wavelength used teport BC concentrations is 880 rsm we
can minimize interferences froatherlight-absorbingaerosols such as brown
carbon which caninterfere with the BC signal at lower waveleng{@son et al.,
2015) A problem arising in this filtebased method ison-linearity inthe analyzer
responset high concentrations duettee spotloadingeffect, in which the
instrumentsignalbecomes less sensitias the aerosol loading on the filgrrface
increass. To addresshisissue the Aethalometer is equipped with Digpot
technologyjn whichtwo filters, rather than one, are used to simultaneously measure
BC concentrationsintake air passes through one of the filters at a faster flow rate
than through the other, leading to different amount of aerosol that are collected on
the two filters. The Aethalometer estimates a loading compensation parameter from

the reported BC concentrations on each filter spot, then uses this parameter to
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minimize the spetoading effect andalculate the adjusted BC concentration
(Magee Scientific, 2018)

NearroadCO levels areneasured using Teledyne Advanced Pollution
Instrumentation (API) model 300Urhe CO analyzer operates on the principle of
infrared(IR) energy absorption and measures the amount of energy at 4,700 nm
transmitted through a measurement.cell

Due to interferences at this wavelengthgagesther than COincluding

water vapor, &afion Dryef is placed at the instrument inlet to remove water vapor.
To further minimize potential interfering gas#dse analyzer is equipped with a Gas
Filter Correlation(GFC)wheelin the measurement chambdithe wheel has two
sealed cavitiesyne housing a high concentration of only G&€férencecell) and the
other containing inert Ngas (easuremertell). During the reference cycldried
intake air is fist passed through a CO scrubber before entering the measurement
chamber.The GFC wheel turns so that tliebeam passes through the cell
containing high levels of CO that abssrbuch of the energy at 4,700 nm, leaving
significantlylessenergy left to be absorbed bgses withirthe air sampl€API,
2017) In the measurement cycle, th® beam passes freely through the inert N
measurementet! and any absorbing gases within the air sample will alswrizof
the IR energyThe concentration of CO is then estimated from the ratio of the
measuresignaland the referenceignalusing a lookup table(API, 2017).

Ambient NO/NQ/NOx is sampled using a Teledyne API 200U analyzer

throughchemiluminescenceln the presence of YHDNO may react vi&quatins
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1.11 and 1.1%0 producean excited N@molecule that generatesdetectabléght
signalin its return to ground sta{@PI, 2018; Fontijn et al., 1970)

./ | o . [ [ (Equation 111)
./ 0./ EO (Equation 112

Because N@would notchemiluminesceavith Os within the reaction chambeany
NO2 present in the air sampiefirst converted to NO before reacting with ©
measure total the total N@oncentration.The nitrogen dioxide concentratids
thencalculated as the difference between the amount©giaNd NO. To switch
between NO and NOneasurements, air entering the analyzer alternates between
flowing directly into the reaction cell or passing through a cartridge filled with a
catalyst before reacting with:OWhen air flows directly into the retion chamber,
only NO in the sampled air reacts with, @husthe data is sensitive the amount of
NO in the air. When the intake air passes through the cartridge, however, any NO
present in the air is catalytically converted to NO with the aid ofrtodybdenum at
315°C Equation 1.14API, 2018.
@/ U-T10o@./ - | (Equationl.13)

The latter process results in the sum of NO and,MONQ,, being measured
in the reaction cell, so that the difference between this measurement and the prior
measurement represents the abundance efilNthe sampled ailOther reactive
nitrogen species, including nitric acid and alkyl nitrates, that are present in air may
also be converted to NO in the molybdenum convébekerson et al., 2019;
Dunlea et al., 2007; Fehsenfeld et al., 198A0 we assume these are detected along

with fresh tailpipe emissions ingiNO, measurements at the NR site.
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The ambient C@abundances prior to 2020 were measured using a Los Gatos
Research (LGR) Fast Greenhouse Gas Analyzer with the Enhanced Performance
option(Los Gatos Research, 2013)his instrument uses a type of laser absorption
spectroscopy that depends on Beer's Lseimi(ar toEquation 1.1} to calculate the
amount of a C@in the sampled airAs air enters the optical cavity, a tunable laser
emitsa beam at ~ 1650 nm into the optical cavithe beam is then reflected many
times within the cavity by highlyeflective mirrors to produce an effective optical
pathlength of several kilometefilsos Gatos Research, 2013)he enhanced
performance model employs @fis IntegratedCavity Output Spectroscopy to
lengthen the effective pathlength within the absorption @stjihg to a higer
sensitivity for CQ than the base mod@los Gatos Research, 2018)he presence
of CQyin the optical cavity leads to absorption of some of the IR energy, thus
reducing the intensity of the beam as it exits the caBince March 20Q, rear
road ambient C&levels have been measured with a Picarro Model G23G1CE
analyzer.Like the LGR, the Picarro uses a modified type of laser absorption
spectroscopy toalculateCO, concentrations from the absorption of IR energy
within an optical cavity.To do so, the Picarro uses its patented cavity-dmgn
spectroscopywvith a threemirror cavity thatproduces an effective path length of up
to 20 km(Picarro, 2019) Unlike the LGR which detects the intensity of light
exiting the cavity, the cavity ringown system calculates the €€ncentration
from the time it takes for an initial light intensity to make it through the cavity, based

on the reference time withoahy COy in the cavity Even with these differences in
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operation, the C&measurements taken by each analyzer agree very well and will be
discussed further i@hapter 3.

The observations collected at the NR s#gresenambient, rather than
direct emissiog measurementsThe emissiorof a particular gasto the
atmosphere igypically taken to be thenhancemerdbove background leveln the
absence of a background site located directly upwind of the NRhertd, use
emission ratios tonfer mobile emissions from the air measuremehislike
absoluteconcentrations,mission ratios are useful in studyinwpbile emissions
because tropospheric abundances of BC, CQ, B CQ co-vary underchanging
atmospheric aaditions including the boundary layer heigiithanges in the types of
vehicles passing the NR site, however, reflect in the mobile emissions and provide
insight into the vehicle fleet compositioMore details on how emission ratios are

inferred from theambient observations are provideddhapters 23.

1.3.2. TrafficObservations

Thel-95traffic sensor is part of a network 87 automatic traffic recorders
(ATR) that are operated by the Maryland State Highway Administrafibe
counter used in this study (ATR #38)located 8 km north of tfdR monitoring site
and isembedded within-B5. The sensoclassifiesvehicles by type and speed,
counting the total number of hourly vehicles in each of 13 vehicle and 12 speed bins.
To distinguish vehicles, the site uses a combination of inductive loops that determine
the presence of a metal object above them, and piezo sensors that act as pressure, or

axle, sensor@Briedis et al., 2010) The site uses a logpezoloop configuration to
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determine theype and speed of a passing vehicle fronmilvaber of and spacing
betweertheaxles Figure 16 shows the groups of vehicles distinguished by the
counter. The speed bins are ediive miles per houfmph)apart except for the

slowest (0o 30 mph or0to ~ 48 kmhr' ) and the fasteggreater thar30 mph, or ~

48km ht ) speed bin

Class | Class 7 G
Motorcycles % Four or more h- \Lﬁ@
axle, single unit ks -
Class 2
Passenger cars ” wm
—=dlee o —
Four or less axle,
[ PON aay —
= [ e
Four tire, o
single unit E Class 9 m
5-Axle tractor :
P . .
Class 4 mﬂ ™mn Nciass 10 I _ == ,,,,,,,,a, Ii
Buses Six or more axle, e .
w single trailer '_"‘ﬂ
Class ||
ﬁ Five or less axle, m
multi trailer
Class 5 @i Class 12 m
Two axle, six Six axle, multi-
tire, single unit % trailer -m
Class 13 _
axle, multi-trailer
Class 6
e | (g e
single unit

Figure 1.6. Federal Highway Administration vehicle classification scheme. Image
from https://www.fhwa.dot.gov/policyinformation/tmguide/tmg_2013/vehicle
types.cfm

The overall accuracy dghetraffic counter depends on a number of
conditions, including the type and condition of the seswand for sometypes of
sensorsgaylightand weathe(Briedis et al., 2010; US Department of Transportation

Federal Highway Administration, 2006 he counter located aBb consists of
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inductive loops that are used to count the total yaurmber of passing vehicles
and classify each vehicle into one of 13 FHW®signated vehicle types and 16
vehicle speed bins. Inductive loop sensors are the most widely employed class of
traffic counter and are often used as a reference when evaluetingarffic
technology due to their high accuratyng-termuse, and consistency across
different types of weathdBellucci and Cipriani, 2010; Briedis et al., 2010; US
Department of Transportation Federal Highway Administration, 20B&yvided the
traffic counter and pavement are in good condition, as is the case @3isite the
accuracy of total vehicle counts by inductive loops geneeaiteed95% (Briedis

et al., 2010) One challenge faced by traffic sensors is the classification of
individual vehicles into the 1BHWA vehicle types. For instar, due to the
similarities between passenger cars (class 2) and passengapicicks (class 3),
the accuracy of classified vehicle counts can be increased from ~79% to 96% by
grouping classes 2 and@jether(Georgia Department dfransportation, 1995)To
improve the overall accuracy of the classified traffic observations ugbisin
dissertationyehicle classes with similar traits have been placed into four distinct
vehicle families, and these are passenger vehicles (€l&83ebuses (class 4),

single-unit trucks (class&), and combinaticwnit trucks (classes 83).

1.4.0Overviewof This Dissertation

The goal of this work is to improve our understanding of the factors that
influencevehicular emissions, thereby providing useful guidance on hdwttzer

regulatemobile emissionsSince \ehicular emissions account for the majoaty
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CO, NQ,, and BCemissionsn the U.S, thework discussed in this dissertation
provides usefulguidancefor policy decisions aimed at improving air qualit.
summary of the measurements and instruments used in this dissertation is provided
inTable1l. Usi ng emi ssi ony r &C®NGC a(naeC &0 8N O
first investigate how mobile emissions of N@O, and CQrespond to ambient
temperature and specific humidity using observations collected along a NR site
(Chapter 2. The observed temperature and humidity sensitivity is then compared to
output fromMOVES, the model used by the US ER#Asimulatemobile emissins.
A potential source for this sensitivity ticedusing traffic measurements, and more
specifically, the split between gasoline and diesel vehicles bydirday and
weekday. This work was published in April 2020 in the scientific journal of
Atmosimeric Environment

To further explore the impact of temperature on mobile emissitimepter 3
investigates the response of vehicular BC emissions to ambient tempe#fature.
detailed investigation of traffic information and observed emission ratios by
weekday and howwf-day, combined with the fact that diesel trucks emit most of the
BC in the NR environment, is then used to determine the types of vehicles most
likely to exhibit a temperature sensitivitflhe observed sensitivity is compared to
emissias output from the newest version of MOVES, MOVESS. Together with the
work in Chapter 2the results fronChapter Jrovide insight into hovobserved

vehicularemissions respond to aiges inambient temperature and how well this

sensitivity is represented in the US EPAOGs
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Changes in traffic patterns, such as the amount of traffic congestion and the
types and number of vehicles driving on roads, @oenceon-road vehicular
emissions Chapter fprovides a detailed examination of observed emission ratios
and how COVID19 travel restrictions imposed in early 2020 impacted vehicular
emissions of BC, CO, NQand CQ at the NR site.To better estimate thelative
contribution of cars and trucks to changes in 8Oy, and BC in April 2020, |
investigate the weekday/weekend and tiohelay differences in emission ratios and
traffic composition (the split between car and truck vehicle counts) in April 2020
relative to prior yearsChapter 4also provides an analysis of how traffic patterns,
specifically the amount of stegndgo traffic and the average vehicle speed,
changed in April 2020 compared to prior years. Using this information, | identify an
importantmechanism driving the changes in the observed emission ratios in April
2020. The work inChapters 3 and 4 currently in preparation for submission to
Atmospheric Environment

The last chapteChapter 5presents conclusions from the work in Chapters

2, 3 and4 and suggestions for futuresearch projects
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Variable Measurement Technique/ Accuracy

Analyzer
CcO Infrared Energy Absorption 2.3%
Teledyne API 300U
NO/NO2/NOx Chemiluminescence 4.7%
Teledyne APl 200U
BC Filter-based, optical measuremen{ ~ 5%
technique (Grimes et al., 2021
Magee Scientific TAPI M633
(AE33) Aethalometer
C(O, (20162018) Laser Absorption Spectroscopy | 0.089%

Los Gatos Research Fast
Greenhouse Gas Analyzer

CO, (2020) LaserAbsorption 0.025%
Spectroscopy/Cavity Ringown
Picarro Model G2301

Classified Traffic Inductive loops and piezo sensors ~ 5%

Counts (Briedis et al., 2010

Temperature/Pressursg T:0.3°C

Relative Humidity/ | Vaisala WXT 520 P: 0.51 hPa

Wind Speed/ RH: 35%

Wind Direction WS: 35%
WD: 3°
*Manufacturer
specifications

Table 11. Ambient observations measured at tH#INR site in Maryland. Traffic
information collected along95, 8 km north of the NR sitéMore details on the
accuracies listed above are provided in Chapters 2
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Chapter 2:Roladi mlOp seagaraty,i onrsd o f

(

CQt o I nvestigate Emissions from

| mpact of Ambient Temperature

The work in this chaptexraspublished under the same title in the journal of
Atmospheric EnvironmeniThe articlewas made available online on April 27, 2020
aspart ofVolume 232 | am the first author of this paper and collaborated with eight
co-authorsfrom the University of Maryland and the Maryland Department of the
Environment. Numbered references within this chapter have been adjusted to reflect
the numbering system of thargerdissertation Supplemental material from this

article is provided in Appendix A and referenaeithin this chapter

2.1 Introduction

Emissions of carbon monoxide (CO) and nitrogen oxides, (NAO+NQy)
from mobile sources have steadilgclined over the past decade throughout the United
States (US) due to the implementation of emission control technolasgesa(so
https://lwww.epa.gov/aiemissionsanventolies/airpollutantemissiongrendsdatg
Bishop and Stedman, 2008; Hassler et al., 2016; He et al., 2013; Krotkov et al., 2016;
McDonald et al., 2012; Parrish et al., 2014; Silvern et al., 20N&@)etheless, CO and
NOx remain major precursors of ozones)Pollution in the troposphel®. J. Crutzen,
1973; Haagetsmit et al., 1953; Pusede and Cohen, 2012; Sather and Cavender, 2016)

and contribute to the formation of fine particles.
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The National Emissions Inventory (NElpmpiled by the EPA every three
years provides detailed emission data of criteria, precursor, and hazardous pollutants
from various sectors, including mobile and point sources. According to the 2014 NEI,
mobile sources account for 56% of the total (inclgdwvildfires) national emissions
of CO and for 59% of the total emissions of N®@/ithin Maryland, mobile sources
are estimated to account for 81% of CO and 74% of &ifissions (data available at
https://www.epa.gov/aiemissionsnventories/aipollutantemissiongrendsdata).

Longstanding discrepancies between measured and modeled mixing ratios of
NOy ([NOy] or total reactive, oxidized nitrogen, including NO, NEINO3z;, HONO,

NOg, peroxyacetyl nitrates (PAN), and alkyl nitrates) suggest more work is needed to
improve the accuracy of the anthropogenic emissions of (@d@nty et al., 2015;
Castelanos et al., 2011; Souri et al., 2016; Yu et al., 206E8) example, measured
[NOy] at surface sites in urban areas is consistently lower than indicated by simulations
conducted using the EP#&pproved Community Multiscale Air Quality (CMAQ)
model, driven by emissions from the NECastellanos et al., 2011; Souri et al., 2016)
Similar overestimation of [Ng) by CMAQ has also been observed in comparison to
aircraft data(Yu et al., 2012)Canty et al. (201bused observations of tropospheric
column NQ, a component of N from the National Aeronautics anfipace
Administration (NASA) Ozone Monitoring Instrument (OMI) to show that AW
overestimates the urbdo-rural NG ratio over the Eastern US.

Anderson et al. (2014demonstratedhat the NEI appears to substantially
overestimate total emissions of N@Quring the summer of 2011 for the mAdlantic

region of the Eastern US, most likely due to mobile sources. Using satellite and aircraft
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observations from the NASA Deriving Inforn@d on Surface COnditions from
Column and VERtically Resolved Observations Relevant to Air Quality
(DISCOVERAQ) field mission over the Baltimore, MD and Washington, DC area
(Crawford, 2010) Anderson et al(2014) found a modest overestimate in the
abundance of CO simulated by CMAQ (~15%) while simulated levels gfve

nearly twice as high as observed. The generation of CO from isoprene oxidation may
be underestimatad the study byAnderson et al. (2014but the substantial excess of
NOy is robust. The authors also evaluated peoirce emissions of NOby
comparing reported values in the Continuous Emissiamsitgring System or CEMS
(https://www.epa.gov/emc/ertmntinuousemissioAmonitoringsystems) to point
source NQ emissions processed by the Sparse Matrix Operator Kernel Emissions
(SMOKE) modeling system that prepares emissions inventories for use in CMAQ
This modeling system merges emission data of various source categories from
databases including the NEI and the MOtor Vehicle Emissions Simulator (MOVES
US EPA, 2015a)o match the spatial and temporal resolution required as input for air

quality models [ittps://www.cmascenter.org/smoke/documentation/4.0/html/

Anderson et al. (2014pund good agreement between peaatirce emissions of NO
in the CEMS and the SMOKE modeling system. Therefore, they attributed the
discrepancy between measured and modeleg tdCan overestimate of mobile
emissions of N@within MOVES2010.

The overestimate in mobile emissions of N@ported byAnderson et al.
(2014)has been confirmed in various other studies, including one that used emissions

derived from a fuebased approadMcDonald et al., 2018, 2012)ravis et al. (2016)
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confirmed these ffidings and demonstrated that the overestimate of éidssions
appears to apply to the entire contiguous US. Subsequent studies have also reported
an overestimation of the emission of Nfor the Southeast US from mobile sources
(Mao et al., 2018and nonstationary sourcef.i et al., 2018) Kota et al. (2014)

found that concentrations of N@nd CO from ofroad emissions using CMAQ run

with MOVES were overestimated relative to measurements collected at urban and
industrial sites in Southeast Texas. Tunnel studies suggest overestimationr of NO
(McDonald et al., 2012and CO from vehiclegFujita et al., 2012)A 2015 tunnel

study in Baltimore, MD, observed higher N@mission factors in the wintertintiean

in the summertime, however the authors did not specifically correlate emission factors
and temperature and the relationship between the ambient temperature inside and
outside of the tunnel is unknovwWang et al., 2019)n the Great Lakes area, a 30%
reduction of modeled eroad mobile NQ emissions yielded better comparison of
CMAQ simulations to observatiorf®in et al., 2019)but this is a lower limit to the
necessary reduction because importanty NSpecies were not accounted for
(Dickerson et al., 2019A recent comparison of aircraft data acquired during the 2015
winter (as opposed to the summer season from DISCONERIn the Baltimore
Washington Region (BWR) to the 2011 and 2014 NEI reported good agreement with
the NG emission inventories, whereas CO emission rates inferred from observations
were a factor otwo lower than in the NE(Salmon et al., 2018)These winter
observations suggest that the discrepancy between observationg @ND,) and
inventory estimates may be seasonally dependent, as most studies reporting an

overestimate for N©emissions in the NEI werconducted during summesimon et
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al. (2018)questioned the utility of using field experiments to evi@uamission
inventories. However, their model runs also indicated good agreement with
concentrations of CO and substantial overestimation gf M@esult consistent with
the findings ofAnderson et al. (24) and numerous other studies.

Since most studies reporting an overestimate of emissions pin\ide NEI
were conducted in the summer andNissions from stationary sources have been
found to peak on hot, summer d4gsy., He et al., 2013¢valuating the temperature
sensitivity of vehicular NQemissions becomes increasingly import&8dha et al.
(2018)showed that emission factors of N@ext to a highway in North Carolina were
20% higher in the winter than in the summer. The authors attributed much of this
difference to slower dispersion of air pollutants in the winter. Two recent studies in
Europe hae shown that emissions of N@om light-duty diesel vehicles decrease
with rising temperature, while gasoline vehicles do not show a significant temperature
dependencéGrange et al., 2019; Weber et al., 2QX#)houghKo et al. (2019) and
Prati et al. (2019%ound the opposite effect for diesel vehicles. In the US, the fraction
of NOx emissions generated by diesel vehicles has been increasing and now probably
exceeds that from spaignited vehiclegDallmann and Harley, 2010; McDonald et
al., 2018)

Emissions of pollutants from emad vehicles within the NEI are estimated
using MOVES,; this model calculates pollutant inventoriegmissions rates (e.g.,
grams milet) on the county, state, and national scale using input parameters such as
speed distribution, vehicle fleet composition, and meteorological ({BaEPA,

2015a) Both MOVES2010 and MOVES2014 incorporate the effect of temperature
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on coldstart CO, hydrocarbon (HC), and N@missionJUS EPA, 2015b, 2010p)
however MOVES with the recommended settings doesadpist the hotunning
exhaust (all engine processes besides ergjarg including vehicle idling) emissions

of CO, NQ, or HC for a direct temperature effect. Instead, these running emissions
are impacted by a smaller, indirect effect of temperaturealaie conditioning (AC).
Emissions of N@within MOVES decrease with increasing specific humidihg
mass of water vapor per unit mass of moistdaig to quenching during combustion.
Specific humidity does not impact direct running exhaust emissions of CO and CO
in MOVES. While users are free to adjust these factors, EPA docuhEntsEPA,
2015b)do not stipulate how these parametésutd be changed. The default value of
unity for the direct temperature effect results in-hwotning exhaust emissions
independent of ambient temperature for most air quality simulations.

In this study, we quantify vehicular emissions of CO and rred from
ambient measurements at a remEd (NR) site in the BWR and compare the results
to output from the MOVES model. We examine£QO, and NQinferred from one
minute averaged observations at the NR site for their sensitivity to ambient
temperatureand specific humidity. Fleet composition impacts the emissions, with
gasoline passenger cyaaticof ~0rot mdl land dieadd a

trucks at a ratio less than 1 mol m&Bureau of Transportation Statistics, 201\8)e

study the temperature and humidity dependence using all hours and also for various

times of the day. Additional analysis comparing NR CO and dGCO: provides

insight into the efficiency of emission control technologies of passing vehicles.
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2.2 Methodology

2.2.10bservational Data

Aircraft measurements of [CO] and [MQvere made aboard the NASA B3
aircraft in July 2011 over the BWR during DISCOVE®). In addition, the
concentrations of NO, N HNOs, peroxy nitrates, and alkyl nitrates were also
measuredDay et al., 2002; Farmer et al., 2006; Ridley and Grahek, 1990; Wooldridge
et al., 200). As discussed i\nderson et al. (2014measurements of [NPwere
used in place of the mixing ratio of NQNOy]) to account for the conversion of NO
and NQ to other reactive nitrogen speciesthe several hours between emission and
sampling. More details about the instruments can be found else(#nelerson et al.,

2014; Brent et al., 2015; Ridley andaBek, 1990; Sachse et al., 1987)

Concentrations of trace pollutants were measured at a NR monitoring site
within the BWR from November 1, 2016 to December 31, 2017. Details about the
measurements and the analyzers are provided in sekHoof Appendix A. The
analysis used here focuses exclusively on the colder months, hereby defined as
November 1, 2016 through February 28, 2017 and November 1, 2017 through
December 31, 201790 minimize the impact of biospheric activity on mixing ratios of
CQO, ([CO7)) and [CO]. The 495 site, managed by the Maryland Department of the
Environment, is located along the southbound leg of an-&gkthighway near a rest
area in rural/suburban Laurel, Howard Coun
4 5 . 5 3 Kgurd/Alin Appendix A). To isolate the impact of highway emissions on

ambient measurements of [CO], [NOand [CQ], we only include measurements of
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pollutants vihen winds blew from the adjacent highway, defined as 25° to
225°Compass (or clockwise from North) at th@5I site Figure Al). The site is
located witlin ~12 m of this major highway, and thus measurements of ambient [CO]
and [NQ] are dominated by erpad vehicular emissions. Using the entire dataset,
i.e., all wind directions, has little impact on our results and is discussed in section
2.3.2.1 andAppendix A. The very close proximity to the highway makes the NR site

suitable for the analysis of mobile emissions.

Vehicle fleet composition and speed are measured hourly at an automatic
traffic counter located ~8 km North of the NR site alor8bland is oprated by the
Maryland State Highway Administration. A summary of the vehicle fleet composition
passing this counter is given irable AlError! Reference source not found.in
Appendix Aand shows that passenger vehicles represent the majority of vehicles,
although multiaxle trucks are common. A sample of observations of vehicle speeds
at this counter for Octolbel3 through November 17, 2016 showed that the average
and median fractions of total vehicles driving at speeds faster than 81 Kmehe

86% and 98%, respectively, for all times of day.

EPA protocols for data quality were strictly followed and calibreg for
[CO,] were conducted with NIS€ertified standardéMartin et al., 2017)The CO
and NQ analyzers follow quality control procedures as documented in the Code of
Federal Regulations (CFR) 40 part 58: the measurement precision must be within
+10.1% for [CO] and +15.1% for [NdP(guidelines awilable under Title 40, Part 58,

Appendix A at http://www.ecfr.gov/cehin/ECFR?page=browse ). Quality control
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checks were performed every 14 days to determine compliance with the precision

standard.

Co-variations of [CO], [NQ], and [CQ] due to variabity in meteorology and
atmospheric dynamics, including boundary layer height, can be used to infer emission
ratios, useful for studying air pollution plumes near sou¢é@smoura et al 2016;
Crutzen et al., 1979)Emission ratios are traditionally derived from the ratio of the
enhancement of two pollutants, defined as the background subtracted from a peak
height. In the absence of a monitoring site upwind of t88 NR site to spply
ambient pollutant background levels, we estimate the hourly emission ratios as the
slopes of linear regressions of CO and x\NGQ; and CO, and C®and NQ,
effectively repx e sE@AN M gan@dd Q@™ O Sever al
techniques for testing the background confirm the robustness of the results and are
discussed in sectiod.3.2.1. We focus on the dependence of vehicular emissions
(inferred from observed measurements) on ambient temperature and specific

humidity.

2.2.2 Analysis oEmissionRatio Trendswith Temperature an8pecific Humidity

In this study we used the slope of a linear geometric mean regression fit to one
minute averaged measurements of [CO], {Nénd [CQ], for all data acquired within
anhour , to determine the hou@C®NGMiI ssi on
PC&® pCO) . This regressi on me tvariable amdithe i mi z e s

x-variable separately by computing the geometric mean of the slope parameters
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estimated from the ondary leastsquares regressions of eménute measurements of
CO vs. NQ and NQ vs. CO. Since the orminute averages may contain outliers that
can affect the regression slope,, the emission ratios, data farther than 2 standard
deviations from the meawere excluded prior to calculating the geometric mean
regression for each hour. Totestthd2 cr i t eri on, we repeated t
definition of outliers based on the interquartile range, but the difference did not change
the outcomes of our atysis.In addition, replacing the geometric mean regression
with a robust regression, which places less weight on outliers when estimating a best
fit, also does not change our conclusions (see detailed reskitgine A6 andFigure
A7 of Appendix A. Only hours with more than 40 cn@nute observations wetsed
in the final analysis. Measurement uncertainties are not included in calculating the
hourly linear regressions, however they are included in our calculations of the overall
uncertainty in the temperature dependence of the emission ratios in 26202

As a test of our method of determining the temperature dependence of hourly
emission ratios, we presesgveralalternative ways of calculating hourly emission
ratios detailed irAppendix Aand discuss these through@hapter 2In addition to
these methods, an alternate approach of estimating the temperature sensitivity of
emissions from slope values of linear regressions performed every 10 minutes instead
of every hour is presented in sectidd1 in Appendix Aand mentioned in section
23.2.1.

The change in vehicle fleet composition throughout the day may impact the
effect of temperature on the emission ratios inferred from observations. We performed

the analysis for all hours of the day and for three individual time windows: 0:00 to
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4:59, 5:00 t0l0:59, and 15:00 to 20:59 Eastern Local Time (ET). The morning and
afternoon rush hours (time periods starting at 5:00 and 15:00, respectively) were
chosen to reflect periods with minimal changes in fleet composition, while the early
morning window (0:0Go 4:59 ET) represents the time with the highest fraction of
diesel fueled, compressiagnited vehicles (CIV) of the 2hour cycle Figure 21).

The number of total vehicles is defined as the sum of the number of CIV and the
number of sparkgnited gasoline fueled vehicles (SIV). The average percentage
(xstandard deviation) SIV to total vehicles in the early morning, morning rush hour,
and afternoon h hour time windows, respectively, were #¥%, 88+3.8%, and
94+2.0% near the 95 site. The split between diesel and gasegtioerered vehicles is
important because N@mission factors (grams N(Rg fuel) are nearly a factor of ten
higher from diesel ehicles than from gasoline vehicles in the continental US
(McDonald et al., 2018)and even more per vehicle mile traveled. To minimize the
influence of daily traffic trends on the temperature analysis, we also show the
temperature sensitivity of the daiwveraged emission ratios as a function of gy d

maximum temperature in sectid\i0in Appendix A
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Figure 2.1. Vehicle fleet composition, represented by the fraction of sjggriked
vehicles (SIV) of total vehicles as a function of local time of day November&td 6
February, November, and December 2@17he 195 NR site Highlighted are the
three time windows used in the analysis. Midnight to 4:59 AM represents the early
morning hours with the maximum CIV, 5:00 to 10:59 AM represents the morning rush
hour, andL5:00 to 20:59 represents the evening rush hour. The split between SIV and
compressiofignited vehicles (CIV) is important because CIV emit \dD ~ten or

more times the rate of SIV per kg of fuel, and even more by vehicle miles traveled.

The statisticasignificance of each data trend (e.g., emission ratio as a function
of temperature and specific humidity) was evaluated using th@a@ametric Mann
Kendall trend test at a confidence level of 988tlbert, 1987; Kendall, 1975; Mann,
1945) The uncertainty of the slope parameter of each trend was estimated using a

Method of Maximum Likelihood, followingdevington and Robinson (2002)

2.2.3 Model Simulations

MOVES2014a was run for Howard County, MD for December 2014, the latest

year for which all necessary model input data are available. December was chosen to
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represent wintertime because the selection of month within MOVES is only used to
alter the fuel typeand winter fuels are used from September through April in the
model(US EPA, 2016) The direct effect of temperature on {nohning exhaust (all
engine processes besides engteet, including vehicle idling) emissions of
hydrocarbons (HC) CO, and NQ is estimated in MOVES by multiplicative
adjustment factors calculatewin polynomial functions. These adjustment factors are
set to one for the baseline configuration of both MOVES2010 and MOVES2014,
which means simulations run using this setting have no direct dependence of hot
running exhaust emissions of HC, CO, andxN® ambient temperatur@S EPA,
2015b, 201B). However, temperature does affect all modeled emissions indirectly,
through a multiplicative air conditioning (AC) adjustment factor applied to running
emission rates at higher temperatures for the baseline configuration. Temperature
sensitivity forrunning emissions due to AC use is accounted for only at temperatures
above ~20°C.

The direct temperature adjustment setting of unity and specific humidity
settings for emissions of HC, CO, and N@thin MOVES have not been updated
between 2014, the yeaf the MOVES input data used here, and 20067 when
observations were made.

The MOVES model was run in emission rates mode at the coendl/scale.

This model run produced emission rates of CO, NO;,@d CQ in grams per mile
using countyspecific inputs such as the fuel type, speed distribution,
weekend/weekday split, vehicle age distribution, model year distribution, speed

distribution, and all others that were available. The MOVES output is not specific to
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any particular time scale, but ratheraigunction of temperature, humidity, vehicle
type, fuel type, road type, model year, weekday or weekend, and speed. Ratios of
emission rates were estimated by calculating average emission ratios weighted by the
contribution of each speed and model yeanloimation at each fuel, road, vehicle,
emission, and day type. We tested for an impact of temperature in MOVES emission
ratios by using a realistic temperature and relative humidity profile as meteorological
input for MOVES derived from an exponential ftioo fit to temperature and specific
humidity observations at thedb site, following a method similar @hoi et al. (2010

Figure A2 in Appendix A. To test for the effect of specific humidity on emissions,

we varied the humidity from 1 to 10 g'kgH20 to air by massjor all temperatures

in the range WVeadedthe emissdoh AtEs ovet te éemperature range

at each specific humidity.

2.3 Results and Discussion

2.3.1 Aircraft Observations

Measurements of [CO] and [NDfrom the 2011 DISCOVERQ field campaign
were used to investigate ttemperature dependence of inferred emissions of CO and
NOx (Anderson, 2016jor comparison to the EPA 2011 NEI. Aircraft observations
downwind of cities integrate many sources, so comparison to the total emissions in
these areas is appropriate. Because vertical profiles are use toleat e ¢gCO/ NO
we study this ratio as a function of poten

as an air parcel moves vertically and adiabatically within the planetary boundary layer
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(PBL). A discussion on the estimation of the PBL height durifg@DVERAQ is
given in Sectiom5 in Appendix Aand the accompanyirigigure A3 and Equation
Al The CenissipN @tios from DISCOVERQ are defined as the
calculated slope of the geometric mean regression of CO apdniig ratios in
each spiral and transect within the P&sing a method similao that developed by
Crutzen et al. (1979)he potential temperature for each emission ratio used is the
average of the potential temperature measured in each spiral and transect. Emission
ratios from a total of 282 spirals and transects were used in our analysis.

Figure 22 depicts the temperature and specific humidity dependence of the
i nferredyeqBson g @r the vertical profiles of the DISCOVVEAR
campaign. The 25 median, and ?5percentiles of the individual determinations of
pC O/ gpNe&e calculated in bins that each contained an equal number of points.
Between potential temperatures of 23.9°C and 26.6°C (the first three median values
in Figure 22a) the average ratio was 8.7 mol mMpMwhereas at higher potential
temperatures between 32.4°C and 35.9°C (the last three median viligesen?2a)
the average emission ratiowas 18.7mol'! The v al u ginceefisedp O/ N O
114% for a rise in temperature of 8.7°C between 25.4°C and 34.1°C, the average
values of these two temperature ywasnges, r
determinedtobe 8.3 molmél si mi | ar tyemissitneatiopal@ bf@.H O
mol mot ! from the 2011 NEI for Maryland, averaged over all sources. Above ~29°C,
the observed emission ratio was much higher than the 2011 NEI. The DISCOVER
AQ observations of [CO] and [NPsupport the notion of a temperetidependence

of emissions, not present in the NEI.
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Figure 22. T h e oC QénigdioD ratio (inferred from observed [CO] and [[NO
measurements) as a function of potential temperature (°C) and specific humidity
(gr20 kg' 3 for the entire July 2011 DISCOVERQ flight campaign over the
BaltimoreWashington regiorData were split into bins with equal number of points.
The black lines represent the median values and the red lines indicaté& tred25

75" percentiles of the binned observations. The leftmost solid blue lines represent
the average of the emission ratios in the first three bins, while the rightmost solid
blue lines represent the average of the ratios in the last three bins. The average
tempeature values of the first three and last three median points are connected by
the dashed bl ue ydstimateddrom the 2041 NECOLshawNy the
dashed green lines. Potential temperature indicates the temperature a parcel of air
would have ifadiabatically compressed from the altitude of observation to near the
surface (assumed to be 1000 hPa).

In a study byHe et al. (2013)the authors found that summertime emissions of
NOx from stationary sources wesensitive to ambient temperature and peaked on hot,
summer days. The temperature dependence observed in the DISCAYERta
collected in the summer may indicate that emissions of fikdn stationary sources
become increasingly important relative to emussi from vehicles at higher

temperatures in the summer.
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The correlation between ydupngthe f i ¢ humi di
DISCOVERAQ campaign is shown iRigure 22b. While there is a general increase
in emission ratios with specific humidity, the rise is smaller than for temperature. At
specific humidity values of 6.9t0 8.6 gBlkd 1 t he av e DEdsBF mapC O/ N
mol' while at humidity values between 16.3 and 19.3@Kgd ‘the average
@C O/ N B5.1 mol mdl {(Figure 22b). Thisyieldsanineras e i n yghCO/ NO
85% between 7.8 and 17.7 gbikd ! the average of the two humidity ranges, less
of a rise than the impact with temperature, but still an important consideration when
analyzing emission ratios inferred from aircraft observations. $&mesperature and
specific humidity are coupled in the atmosphéiigiire A2 in Appendix A), part of
t he i ncr ea s withiempeg@©shapl ke to the effect of humidity.
However, there appears to be another contributor to the greater sensitivity of
emission ratios to temperature than to humidity, which can be better explained with
nearroad observations.

The discrepancy betweamissions of N@from the NEI and those inferred
from DISCOVERAQ suggests a sensitivity of vehicular emissions ofx N@
temperature and humidyg t eCOMO® aanndd logExI@ PC O/ «
from vehicles along a major highway to focus on the changehicwlar emissions of
NOx with ambient temperature and specific humidity. The DISCOV&Rcampaign
was conducted during July 2011, one of the hottest months on record for the
BaltimoreWashington regionHigure A4 in Appendix A). The observed trend in the
i nf er r e dxeopusson rgndlvith increasing temperatUf@(re 22a) suggests

a strong response of vehicular emissions to ambient conditions. The latest version of
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the 2011 NEI uses MOVES2014 to estimate highway emissions and does not apply a
direct effect of temperature on running emissions©f Ahd CO in the default mode.
This offers a possible explanation for the discrepancy between measured and modeled

NOy reported byAnderson et al. (2014)uring the summer.

2.3.2 NeatRoad Observations

Observations of [CO] and [N{at a NR monitoring site along95 in the
BWR were examined for an impact of temperature and humibiiyle 21 shows a
summary of the data collected at th89 site for November 2016 and February,
November, and December 2017, when measurements gf {{@@eavailable. During
this time, the median mixing ratios were 30.2 ppbv for {N@68 ppbv for [CO], and
443 ppmv for [CQ]. These ambient pollutant levels are substantially elevated relative
to regional background abundances, reflective of the close pigaiithe NR site to

the adjacent-85.
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Table 21. Statistics for [CO], [NG)], and [CQ] data collected at a NR site alon§3

for November 2016 and February, November, and December 2017.

|-95 Site Number of 5th ogh Median Mean Standard

onemin valid datd percentile percentile deviation
data

[CO] 110,237 140 571 258 296 146

(ppbv)

[NOy] 133, 03 3.10 119 30.2 42.339.7

(ppbv)

[CO7] 118, 86 414 504 4 43 449 30.5

(ppmv)

#Thenumbers of observations of each variable differ slightly due to missing values

Ambient levels of [CO] and [N¢ measured at thed5 NR site reflect
mobile emissions from vehicles traveling at ~81 kn*r50 miles per hour or
mph) on the adjacent highway. Due to the proximity of 8B NR site to a rest
area, cold starts or idling may represent a small fraction of the observations;
however, we are not presently able to quantify directly the impadidftarts on
measurements of [N [CO], and [CQ]. To minimize the effects of cold starts on
the temperature and humidity analysis, we exclude observations collected when
wind blew from norhighway angles. The adjacent highway represents angles
betweer25° and 225Compass relative to thedb monitoring siteigure A2 in
Appendix A). The monitoring site is located ~100 m Southeast of the closesif part
a rest area that holds parking spaces for 90 passenger vehicles and 50 large diesel
fueled trucks. There is a second, smaller rest area located ~200 m Southeast of the |

95 site on the other side of the highway, which holds parking spaces for 75
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passengr vehicles and 20 large diedakled trucks. Restricting the analysis to 25°

to 225°Compass wind directions limits the influence of emissions coming from the
rest area Northwest of the site but does not exclude emissions from the smaller rest
area Southast of the monitoring site. An analysis of [CO], [jl@nd [CQ] as a

function of wind direction, however, shows that ambient levels were much higher
when wind blew from the highway as opposed to from the rest area Northwest of the
monitoring site, by 8& for [CO], 400% for [NQ], and 8% for [CQ] (Figure A5).

Since this rest area has a greater vehicle parking capacity than the second area
located Soutbast of the monitoring site, and the average number of total vehicles
passing the site alongfb was roughly 8,430 vehicles per hour for the period of
study, the impact of running emissions outweigh vehicle start or idling emissions

from either rest area.

2.3.2.1 Influence ofemperature an8pecific Humidity onEmissions at the

Interstate95 NR Site Using One-Minute Observations

The positive de pxaithdmrbrea emperhturea@dspeqiit O
humidity found during DISCOVERAQ can be further explored by analyzing
emission ratios inferred from [CO], [Nfpand [CQ] observations at thed5 NR site.
The relationship boEQ@nOe a n ¢p/CTa@@Nadtdoor
temperature is shown iRigure 23 for temperatures betweerb°C and 25°C. The
light gray dots represent the individual hourly emission ratios estimated from

regressions of the ofmainute observations, which have been sorted by temperature
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into ten bins, each containing an equal number of data points. The bldahagday

lines connect the median,25nd 7% percentiles of hourly emission ratios in the ten

bins. An ordinary besdfit line to the median values is given by each red line. The
positive relati onsgéandpempbratirevshems a qidsly N O
significant increase of 113% over the temperature rfmoge’ 5 AC t &Figuke5 AC (
2.3a). We have also tested the sensitivity of the daigragd hourlygpC O/ N O
PC® pNO and/ @@ to the daily maxi mum temper
minimize the impact of daily traffic trends on the analysis, which shows an increase

i n bot h xgpCHCq@NNah rising temperature similar teigure 23 (Figure

A8in Appendix A. An alternative method of estimating the impact of temperature on

PC O/ PNOPCON,O an d/ oqodoaD b a s estbpe wauesnof lindare
regressions conducted for every 10-omeaute set of observations, results in a similar
positive trend inpC O/ &l ©d Ap G X &nd is shown ifrigure A9 in Appendix

A.
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of the day and all values of specific humidity dsiaction of ambient temperatuag
the F95 NR site in Howard County, MEmission ratios were estimated from ene

minute data collecteth November 2016 and February, November, and December

2017.Individual oneminute observations are shown by thght gray dots, which

were placed into 10 bins, each containing an equal number of points. The black lines

correspond to the median emission ratios in each bin, bounded by'tem@y 4’

percentiles of the bins represented by the light gray linessdlltered lines represent
ordinary, linear leastquares regression fits of the binned median emission ratios. The
uncertainty of the slope parameter of each trend was estimated using a Method of

Maximum Likelihood, followingBevington and Robinson (2002)
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The temperature dependence of emissions was further investigated by
analyzing thed tpd®@radiApPOOf aspC® function of
|l n our a madpNiBcreased byplt2¥% (p<0.08)h i | e gqop€O® s howed
no statistically significant trend (p=0.59
(Figure 23 bic). Since over 99% ofvehicle emissions of carbasontaining
compounds are in the form of GQhe emission of C&s unlikely to have changed
by a factor otwo in the- 5°C to 25°C range of temperature. Therefore, our roadside
measurements indicate that vehicular emissiondl©f decrease with increasing
ambient temperature, while no C@ni ficant

By estimating hourly emission ratios from the regression slopes ahonge
observations as donehigure 23, there is no need to assume a background to subtract
from hourly averaged concentrations of each pollutant. To verify, we tested the results
of the temperat ur exusngsesgeraltmethads of estoratinggaC O/ N O
constant background to calculate the hourly emission ratios that gave nearly identical
results to those shown igure 23 (see SectioA12 andFigure ALOandFigureAll
in Appendix Afor more information). These constant background valueS©f pnd
[NO,] were estimated from theé"ercentile of the dataset, the mean concentration
from a cleaner wind corridor, a scatterplot method, and a suburban AQS site located
~10 km South/Southwest of thedb NR site(SectionA12 in Appendix A. The
aver age s | opasaduhctiopd @mpmppidt@re for these four background
met hods was 0. 098 )N %othe@HbiZe of backgrounahdokes nat o |

alter the general conclusions. In addition to -onieute and hourly olesvations
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collected at the-85 NR site, hourly data are also available at a NR site along highway
DC-295 within the District of Columbia that will be examined in future work.

The temperature dependenceqo€ O/ qoBhOwn inFigure 23a was lower
than the slope observed during DISCOVER (1.14 mol madl 1°C" § possibly
because the DISCOVERQ campaign took place 4 years prior to the NR
observations and terapatures were higher in July 2011. The aircraft campaign may
have captured the temperature dependence of vehicles under many types of conditions,
whereas the emissions inferred at the NR site were mostly of vehicles traveling above
81 km ht ! During the smmer an important source of CO is isoprene oxidation
(Miyoshi and Washida, 1994froduction of CO from this source would increase the
ratio at high temperatures when isoprene emissions are large. Aircraft measurements
integrated emissions from a variety of sources (i.e., vehicles, vegetation, power
plants). Since the emission of isepe is temperature sensitive, more CO would have
been produced from biogenic sources at higher temperatures, complicating the
observed trend (see Sectidi3 in Appendix Afor more information). This effect
was likely captured by the aircraft measurement would have been overwhelmed
by vehicular emissions at the NR site, especially during winter.

The ri se ixwith iqpGéaging Mi@bient temperature during the
summer DISCOVERAQ campaign was most likely caused at least in part by a
temperature demdence of vehicular emissions since the dominant source of CO and
NOx in Maryland is vehicles; those results motivated this research. The mechanism
controlling the observed temperature sensitivity of xN@missions during

DISCOVERAQ at the high temperates may differ from the mechanism controlling
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the sensitivity of N@emissions along95 at the low temperatures, however this is a
subject for further investigation and out of the scope of this study. We have not studied
the impact of temperature on eniss at the495 NR site in the summer, however an
i ncr ease §with rpd@@mgekbre observed in the winter at the NR site
shows that vehicular emissions of N@ith current technology, are strongly sensitive
to ambient temperature.
The impactof specific humidity (gHO kg 3 on emission ratios is also
examined. As noted above, temperature and humidity are positively correlated in the
atmosphere (sdeigure A2 in Appendix A. Figure 24 (a@itb) s hows t hat @CO/
and Ap® A doth increased with higher specific humidity. However, the
magnitudes of the trends are much smaller than those observed with temperature. The
humidity dependence of these two emission ratios is not statistically significant (p=1
and p=0.37, respectivelyan.d WWigerideraasedv al ues
by ~110% over a5 to 25°C range of temperature, emission ratios increased by only
34 and 23%, resptively, for a change of specific humidity from ~1 to 10@Hd 1
Similar to what was found for temperaturFegure 23c ) , JgEE@®O does not exh

a statistically significant trend with humidity (p=0.#2gure 24c).
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hours of the day and all values of temperature as a function of ambient specific

humidity. Emission ratios were estimated fromeminute data collected at th&5b

NR site in Howard County, MOndividual oneminute observations are shown by
the light gray dots, whictvere placed into 10 bins, each containing an equal number

of points. The black lines correspond to the mediarsgion ratios in each of 10

bins, bounded by the $%nd 7% percentiles of the bins represented by the light
gray lines. The solid red lines represent the ordinary-kepsdres regression fits of

the binned median emission ratios.

To account for the variability of fleet composition with local time of day

(Figure 21), we investigated three designated time winddveble 22): 0:00 to 4:59,
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5:00 to 10:59, and 15:00 to 20:59 Eastern Local Time (Eafle 22 summarizes the
ordinary leassquares regression p®values of unbinned scatterplotgm€ O/ gN O
pC&® pN,O an d/ ggda® function of temperature and specific humidity, in
three time windows. Values @pC & N @dmpC & g Cdbowed a statistically
significant increase with temperature from 0:00 to 4:59 ET, which may indicate a
decrease in both N@nd CO emissions with rising temperatures during these hours.
Over the entire day, the bulk of the N&ises from diesel combusti while the bulk

of CO is from gasoline combustidm.the morning hours from 0:00 to 4:59 ET, when
truck traffic is highest relative to cars, diesel emissions of CO are at the highest
fraction of the total and improved functioning of control devices iesdi vehicles
appears to become detectable. The simultaneous decreases in ho#ndNQOO
emissions likely cancel each other out, which explains why there is no significant trend
in C O/ pNvith temperature fromD:00 to 4:59 ET. BothgppC O/ p Nu@l

pC @ gy exhibited a positive slope from 5:00 to 10:59 ET (0.073 mot'ral !
p<0.05; 8.5 mol mot °C' ! p<0.05), but statistically insignificant slope values in the
afternoon rush hours (15:00 to 20:59 ET). Note that the ratio oft@total vehicles
changd by a factor of approximately four (from 26% to 6%) from the 0:00 to 4:59
ET time period to the afternoon rush hours. The change in fleet makeup over the course
of the day may impact our analysis when all hours of the day are consiBayet (

2.3 andFigure 24). Temperature impacts are still observed even when the analysis is

divided into time windows.
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Table22.S1 ope values ofy unmpCiPh,@ean ¢p GPERN O
function of temperature (mol mot°C' § and specific humidity (mol mbft(gnzo

kg' ¥ ) at the 195 NR site in Howard County, MD@he data have been divided into
three Eastern Local Time windows. Values of statistical significance are shown in
bold. The percentages of SIV and CIV are indicated in each time window.

Slope as a function All day 0:0004:59 ET 5:00010:59 ET 15:00 20:59 ET
of temperature, 0:0023:59 ET
mol molt °C' 1 87% SIV 74% SIV 88% SIV 94% SIV
13% CIV 26% CIV 12% CIV 6% CIV
pCO/ pNO 0.070+£0.015 10.023+0.036  0.049+0.025 0.020+0.036
(p<0.05) (p=0.62) (p<0.05) (p=0.40)
pC® PNO 9.9+1.8 5.4+4.7 8.8+3.5 4.8+4.8
(p<0.05) (p<0.05) (p<0.05) (p=0.21)
pC® pCO 10.67£0.86 3.0+1.3 0.098+0.75 10.48+0.64
(p=0.59) (p<0.05) (p=0.60) (p=0.53)
Slope as a function All day 0:0004:59 ET  5:00010:59 ET 15:00 20:59 ET
of specific 0:00023:59 ET
humidity, 87% SIV 74% SIV 88% SIV 94% SIV
mol mol! (g kg 2)'* 13% CIV 26% CIV 12% CIV 6% CIV
pCO/ eNO 0.096+0.051 0.021+0.091 0.11+0.066  0.047+0.086
(p=1) (p=0.78) (p=0.074) (p=0.78)
pPC&® pNO 9.5+5.6 16.4+12 1349.2 110+11
(p=0.37) (p=0.60) (p=0.089) (p=0.46)
pPC8® pCO 11.8+2.0 4.8+3.4 11.1+2.0 10.68+1.5
(p=0.72) (p=0.092) (p=0.81) (p=0.38)

A possible explanation for the increase in bgilc & N é@ndgpC & @C O
at the 195 site from 0:00 to 4:59 ET, when the ratio of ClV/total vehicles was at its
highest of the day at 26%, is that running emissions of CO andrb@ CIVs may
be more sensitivio temperature than emissions from SIVs. Recent studi€sdnge
et al. (2019) and Weber et al. ( 20i9ported a decrease in running emissions of NO
with rising temperatures from European ligtiity CIVs, most of which use similar

combustion aftetreatment devices found in the US fleet. In addition, the selective
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catalytic reduction technology found in most trucks must reach ~200°C before the
system begins to rededNO emissiongPreble et al., 2019 hesdindings, coupled

with the much higher ambient levels of [CO], [NCand [CQ] when wind at the NR

site blew from the highway as opposed to the adjacent restrageae A5), suggest

that the ambient temperature sensitivity of emissions of dB8erved in the 0:00 to
4:59 ET timeframe at the95 NR site is dominated by a sensitivity in running
emissions from CIVs, rather than cedthrts or idling.

Theincrease ipC O/ qpBNAmPC & g N With rising temperatures during
the morning rush hours (5:00 to 10:59 ET) at tH85 Isite, accompanied by no
statistically siJd p@6Ofiicanti kelenwddua pP&Oa de
NOx with increasingemperature. The ratio of ClV/total vehicles was 12% during the
morning rush hourshtis we attribute the decrease in O both CIV and SIV.
However, even though the fraction of CIV to total vehicles is on average less than
10% for the morning andfternoon rush hours (15:00 to 20:59 ET), vehiculax NO
emissions are likely dominated by truck emissions during these times due to their
higher NQ emission factors (@x kgre) and greater consumption of fuel per mile
traveled.

The same mechanismathdrives the decrease in N@&missions with rising
temperatures during the morning rush hours (5:00 to 10:59 ET) may be responsible
for the majority of the trend in NQobserved from 0:00 to 4:59 ET; simultaneous
changes in CO and N@ancel outandleado no signi ficamnt <change
with temperature in the latter time window. Slow wind speeds at the monitoring site

from 0:00 to 4:59 ET may cause a portion of the vehicular-si@id effect i(e.,
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increasing CO and NCemissions with falling tempetares) from the adjacent rest
area, especially from gasolufigeled cars, to be sampled and included in the analysis.
When low wind speeds of less than 0.5 hfabout 30% of the hourly data in this time
period) are excluded from the analysisTiable 22, t he sl @B @Hf @CO
temperature changes by only ~10% and remains positive and statistically significant;
the trendpCOn wp@d temperature remains posi
significance Table A2in Appendix A).

Sensitivity of emission ratios to humidigre more difficult to quantify. The
analysis inTable 22 shows that for all hours of the day, baCO/dNOx and
gCO/gNOy increase slightly with rising specific humidity, however these trends are
not statistically significant (p=1 and p=0.37, respectively). The greatest sensitivity in
gCOINOx and qCO/gNOx to specific humidity occurs during the morning rush
hours, from 5:0i 10:59AM, with slope values of 0.11 mol rhd{g kg ¥' }(p=0.074)
and 13 mol mdl{g kd ¥ Yp=0.089). The significance and sensitivity of these trends

are weaker than for temperature.

2.3.2.2 UncertaintAnalysis forTemperature andlumidity Trendsat1-95 NR Site

The known sources of uncertainty in the trends showngiare 23 andFigure
24 originate from uncertainty in the measurements of COy, \EO), temperatug,
and relative humidity, estimates of the hourly emission ratios, and the regression with
temperature or specific humidity in those figures. Ustigure 23a as an example,
the relative uncertainty (summation in quadrature of the accuracy, defined as the

difference between concentration indicated in the standard and that indicated by the
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instrument, uncertainty in the calibration standard gas, andmtbhen uf act ur er 6's
specified precision, zero drift and noise at the zero) was 8.0% for CO measurements,

4.9% for NQ, and 0.15% for C®(replacing the drift and noise at the zero reading

with the maximum drift in the uncertainty calculation). The accuracgnmperature
measurements is about +0.2°C. We estimate 12% uncertainty in the hourly emission

ratios shown by the light gray dots Kigure 23 (the averge of the relative

uncertainties in the hourly emission ratios, calculated by the absolute uncertainty in

each hourly emission ratio, not showrFigure 23, divided by the emission ratio in

t hat hour), and 21% rel ati veasafonctendf ai nty i
temperature fromFigure 23a. The final uncertainty estimate for the trend in

C O/ qoWitd temperature at thed5 NR site Figure 23Error! Reference source

not found.a) is 26%, calculated by adding the squares of the relative uncertainties in
guadrature. Repeat i nf ph@sa fuscaomef temperbtire d f or
yi el ds a simil aCOf mpC®b etrh,i sbuctor fred atpi on i s
uncertainty of 129%. The relative uncertainty in the trend with specific humidity is

higher Figure 24), 55%f o r PCO/ PNGo f/opN,Cap@ ©L2% for

pC& pCoOo.

2.3.3 Comparison of Observations with MOVES model

The temperature dependence of the inferred hourly emission ratios é5hssté
was compared to MOVES2014a model output for Howard County, MD, where the |
95 site is locatedFigure 25 shows the temperature dependencegGO/IgiNOy,

qCO/gNOy, andglCO/qCO from MOVES output. The color of each line represents
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the vehicle class. Motorcycles, passenger cars, passenger trudightacommercial
vehicles were assumed to run on gasoline, while buses, refuse trucks, andsihgle
combinationunit trucks were assumed to use diesel fuel. The most likely fuel used by
each vehicle type shown Figure 25 was determined from county model input data.
The turquoise diamonds represent averaged emission ratiogEC@i/giNOx,
gCO/gNOx andgilCO/qiCO, weighted to reflect actuabntributions of NQand CO,
respectively, by each vehicle class using traffic counts al®@ag(see sectioAl5 in
Appendix Afor more information). Although the majority of vehicles passing the |
95 site were passenger cars, passenger trucks, lightermmhtrucks, and singleand
combinationunit trucks, the impact of temperature on the weighted average emission
ratios in the model output showed very little sensitivity to fleet makeup. That is, the
average trend in emission ratios with temperaturgnslar among gasolintueled
passenger cars, passenger trucks, and light commeraks tand between diesel
fueled singleand combinatiofunit trucks. Therefore, normal temporal variations in

the fleet makeup do not impact our conclusions.
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Figure 25. pCO/ pNO@C®N,O and/ q® cal cul ated from
emission ratios weighted by vehicle speed and modelgreaural restricted roads

from MOVES output for Howard County, MD, using December 2014 input data.
Plotted are the emission ratios as a function of temperature sorted by vehicle type for
weekdays on rural restricted roads (such-25 in Howard County, MD). Each point
represents an emission ratio at the indicated temperature and a specific humidity
cdculated fromFigure A2 in Appendix A an exponential besit of the temperature

and specific humidity observations at th@3 site.Passenger cars, passenger trucks,
motorcycles, and light commercial trucks are assumed to run on gasoline, whereas
buses, refuse trucks, and singéend combinatiofunit trucks were assumed to use
diesel (based on county vehicle fuel data). Combl tBucks denotes combination
shorthaul trucks while Comb.4H trucks represents combination lehgul trucks.

The sensitivity of MOVES emissions output to model temperature appears to

be due to an indirect effect in the model that adjusts the emission rétesuse of
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air conditioners (AC). Below 20°C (68°F), MOVES emissions do not show any
temperature dependence. Between 20°C and 25.6°C (78°F) the output of MOVES
depends on temperature alone, and above 25.6°C emissions of GCardGCQ
from MOVES are adjsted for heat index which includes both temperature and relative
humidity (Figure 25; Equation A2 in Appendix A).

Over the temperature ranffemT 5 AC t &igue 25\ ®OVYES showed
increases of x4 126 % nl goC@CAOPNIO 1 5/ %pCRgurepC O
A12in Appendix Ashows the change with temperature of COxN@d CQemission
rates(molmile'y from MOVES output. The cxandse for t
PC & N @ MOVES is a rise in emissions of CO and Cé»mbined with a
decrease in NOemissions as temperature rises. A test for the effects of specific
humi dity on emission kand ofpGE Bceaseddy t hat C
16% and 14%, respectively, fromtd 10 gHO kd (Figure AL3 in Appendix A).
MOVES does not adjust CO and &€€émissions in response to specific humidity, thus
there is nof p6@nyget hnsp€Oi fic humidity. Th
and Ap@AiOdue to a direct decrease of N€dnissions with increasing specific
humidity unrelated to the AC factor. Thus, specific humidity effects in MOVES can
account for a change of only 16%gmC O/ cpfdo® 1 to 10 gHO kg *

Model guidance suggests that the direct AC effects are only applied to
passenger vehicles and light commercial trucks, which does not explain the increase
in the CQ emission rate for all other vehicle types evidenEigure 25 andFigure
A12in Appendix A While only CO, NQ, and HC are affected by the AC adjustment

term in the model, the energy consumption increases as AC usage increases. The
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calculated C@emission rates use tle@ergy consumption in their calculation, which
in turn £ aCOe a nkp® YEDO all other vehicle types to increase
slightly due to a rise in Cwvhen the AC in the model is turned on at temperatures of
20°C and above.
In the temperature rangd - 5°C to 25°C, MOVES exhibits a much smaller
increase iPC O/ pA @®d ApGA than was observed during DISCOVER)
and at the two NR site3¢ble 23) . The 113% i nandthald2 i n @CO/
i ncr eas e @NmttpA¥ site cannot be explained by a temperature
dependence of CO and @@missions from air conditioner use, as in MOVES. Rather,
these increases are likely due to a decrease in mobile emissions @fitN@ising
ambient temperatures. As shown kigure Al2 in Appendix A over the same
temperature range as the observations, MOVES estimates thatr@3ions increase
by only 3.5%. Assuming this increase in vehicularn@@issions with temperature is
similartothatatthe®s si t e, the primary f acetgNOgoverni
and oC ovitlpBh@erature observed a8®% must be a decrease in the emission

of NOx as temperature rises.

Table23.Compari son of the ch@QMe@ ainmd/ @ @NO
with ambient temperature from aircraft and NR observations and MOVES output.

Percent change with  Temperature @@C O/ N C& pNC pC& pC
temperature range

DISCOVERAQ 26°Cto 32C 114%
[-95 NR Observations 15°Cto 25C 113% 112% -13%
MOVES 15°Cto 25C 41% 16% 15%

IMOVES run for Howard County, MD only, wheréb NR site is located.
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2.4 Conclusions

Observations collected in the Baltimore Washingtegionat a surface NR
monitoring site along-95 (a major eightane interstate highway) in the cold season,
and aboard an aircraft in the summer indicate a significant decrease in vehicular NO
emissionswith increasing temperatur@ailpipe emission®f CO appear relatively
insensitive to temperature or humidity, bbetween-5°C and 25°C highway
emissionsof NOy decrease by a factor of approximately twihis result is robust to
changes irsampling time, time of day, wind direction, and methods for determining
background. NR observations also indicate a modest (~23%) inaneps2& o N,O
marked by a decrease in N@missions, with increasing specific humidity between 1
and 10g kg 1!

We canot presently quantify the impact of cedtarts, but the close proximity
of the NR analyzer to the highway (~12 m) and high hourly counts of passing traffic
(8430 vehicles ht) suggest that running vehicular emissions are primarily responsible
for the nsitivity of NQ emissions to temperature and humidity.

The higher fuekpecific NQ emission factors, combined with the greater
amount of fuel used per vehicle mile traveled, suggest that trucks dominate vehicular
emissions of N@throughout the dayThe greater sensitivity at thedb NR site of
PC pPNOnd HGPOO t o t etheparly marning rours (G100 to 4:59
ET), when the ratio of diesel trucks to total vehicles is highest of theaddyNQ
emissions from diesdleled vehicles outweigh those from lighity gasoline
vehicles the most, suggests that truck emissions eéxilsirong dependence on

temperature.
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Analysis of CO and N@altitude profiles from DISCOVERQ in July 2011
indicate an increase impC O/ qpMO~110% between 25 and ¥ surface
temperaturé consistent with a decrease in Nénissions. These aircrafata reflect
integrated biogenic and anthropogenic sources from across the entire urban areas
including vehicles and power plants. This ratio also decreased by ~85% as specific
humidity increased from ~8 to I8kd !

MOVES, the official model used by th&S EPA to calculate mobile
emi ssions, i ncl ud e swithmsing temperatuseofell% and imgpC O/ pN O
PC® pN®f 16% over the range 15 to 25AC, and
and 14 %/ ipM&:pecfic humidity increased from 1 to 10 § kfhe model
underpredicts both the temperature and specific humidity impacts compared to the NR
site, indicating that the default setting of unity in the multiplicative temperature
adjustment factor of runing emissions within MOVES may need to be reexamined.

The sensitivity of NQemissions to temperature may help explain why studies
conducted during the summer find overestimates of, M@issions in the NEI
(Anderson et al., 2014; Mao et al., 2018; McDonald et al., 2018; Souri et al., 2016;
Travis et al., 2016)but a study conducted in the winter suggests gooeeagent
(Salmon et al., 2018According to our analysis, higher N@&missions occur at lower
temperaturesobservations should better match the higher NEI estimate during the
winter.

Air quality models provide the means to forecast hazardous air pollution. The
discrepancy between modeled N&hd the emission of NOfrom inventories is

especially importanitinvestigat€Canty et al., 2015; Duncan et al., 2010; Goldberg
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et al., 2016)Our next steps will be to investigate the MOVES2014a code to improve
agreement with the NR observations, repeat thilysisat a different NR site located

in the District of Columbia, where trucks are fewer, and assess the implications of
these changes to future surface ozone attainment strategies. Incorporating the impact
of temperature on emissions of N®ithin MOVES will allow air quality models to

better represent mobile emissions inferred fromwaald measurements.
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Chaptlenrve3s:tigation of a Temperat

Emi ssions of BC and Comparison t

The work in thischapterand Chapter #& currentlyin preparation foa paper
to be submittedo the journaAtmospheric Environmeninder the titléi N e-Road
Observations of BC, CO, NQand CQ: Impacts of COVIDB19 Restrictions, Traffic
Patterns, andd mp e r a tamthe first author of this paper and collaborated with
five co-authors from the University of MarylandNumbered references within this

chapter have been adjusted to reflect the numbering system of the dissertation.

3.1 Introduction

The temperature sensitivity observed in mobilexM@ningemissions
(Chapter 2) warrants further investigation into similar air pollutants commonly found
in vehicular exhaustncluding BC Black carbon, a carbonaceous component of
fine particulate matteis a public health hazard because of its negative impact on the
respiratory system and possible cancer rBlesetpowered trucks, whictve found
to exhibt a temperaturdependencen NOx emissionsn Chapter 2are the
dominant emitter of highway B@missionscontributing approximately 77% of en
road BC emission&017 NEI; datavailable ahttps://www.epa.gov/aiemissions
inventories/201-hationatemissionsanventoryneidatg. With on and offroad
vehicles accounting for 42% of total BC emiss (2017 NEIl)populations living

nearhighwaysmay experience the largest health impacts to elevated ambient
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BC levels from the nearby roadwakn this Chapter Will examine the temperature
sensitivity of inferred BC emissions at th83 NR site across the different seasons
as well as within the cold season ordiymilar toChapter 2.

Ambient temperature has been found to impaetoan vehicular emissions
(Grange et al., 2019; Hall et al., 2020; Li and Lu, 2021; Saha et al., 2018; Weber et
al., 2019) Inferred mobile N@emissions athe F95 NR site in Marylandavere
lower at higher outdoor temperatures whil@ @d CQ emissions remained
relatively constangHall et al., 202@Gnd Chapter2 A similar temperature
sensitivity was reported at a NR site in North Carolina (US), with highaer NO
emission factors in winter than in summgaba et al., 2018)Further studies
examining the European vehicle fleet found declining mobile &fissions with
rising ambient temperatures in ligthtity diesel vehicle@Grange et al., 2019; Weber
et al., 2@9). In addition to mobile N@emissionsBC emissions also appear
temperature sensitive. Some evidence suggests that mobile BC emissions from
dieselfueled vehicles peak at the highest ambient tempergiBoek et al., 2015;
Chen et al., 2001; Kondo et al., 200®ther studiefound litle seasonal difference
in the contribution of PMs mass concentration from diesel vehiqlksn and
Hopke, 2012)gasolinepowered vehicles maywen emit higher BC emissions at
colder temperatures, such as during «ilits(Schauer et al., 2008)

Mobile emissions reported in the NEI are estimated using output from the
MOVES modeldeveloped by the US EPAJS EPA, 2015a) MOVES incorporates
multiplicative factors to adjust mobile hninning emissions of CO, NQand BC

for ambient temperature. In both thewous version (MOVES2014b) and the latest
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version (MOVES3), the adjustment factors for CO and Bi@ set to unity and
running emissions from any gasokhree dieselpowered vehicle are not adjusted for
temperaturdUS EPA, 2020p2015b) MOVES2014kncludes an adjustmefdr
hotrunning BC emissions for gasoline vehicles of model year (MY) 2004 and earlier
but does not modify running BC emissions from didgeled vehiclegUS EPA,
2015b) The temperature sensitivity in running BC emissions from MY 2004 and
older gasoline vehicles was removed in MOVEBS EPA, 2020h) More details
on the temperature impact on running /NOO, and C@emissios in
MOVES2014b are provided idall et al. 020) The absence of a temperature
sensitivity in mobile BC emissions simulated by MOVES may also help to explain a
previous study showing that t@MAQ model, which indirectly uses mobile
emissions simulated by MOVES, underestimates ambient BC doaibens in the
summer but is consistent with observations in the wi#tppel et al., 2008)

In this study we use ambient measurements of BC,a8® CQ collected at
a fixed NR monitor located alongfb in Maryland to infer mobile emissions using
ratios. We present evidence for a temperature dependence in mobile BC emissions
and compare thresultgo the temperature sensitivity of BC emissions from

MOVESS.

3.2 Methodology

3.2.1 Interstat®5 NearRoadObservations

Ambient pollutant concentrations and meteorological data were collected at a

NR site located ~12 m from the southbound leg®@B,|an eightane interstate
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highway in MarylandFigure31;, 39 A 86 35.380 N, 76A 500

managed by the MD Department of the Environment as part of the US EPA Air
Quality System (AQS), and the monitoring site follows standard measurement
collection and qualt control protocol outlined in the Code of Federal Regulations
(CFR) 40 part 58 (available at http://www.ecfr.gov/bgi/ECFR?page=browse).
Hourly-averaged data were calculated fromse@ond averaged N@nd CO mixing
ratios, Emin averaged BC concenti@ns ([BC]), and 2 averaged C@abundances.

To isolate highway emissionsnly hours when winds were blowing from the
adjacent highway (25° to 225° clockwise from North) were used in these analyses.

Allowing wind fromall direction had little impactmotheresults
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Figure 3.1. Location of the 195 neairoad (NR) monitoring site in the Baltimere
Washingtorregion (a). The trailer housing the ambient measurement analyzers is
shown in (b). A rooftop view of thgroximity of the trailer to the adjacent major
highway is presented in (c).

The observations used in this chapter were colldmédeen January 2017
and December 2018. Meteorological variables including temperature, pressure,
relative humidity, and md direction were sampled using a Vaisala WXT 520

instrument. Carbon monoxide levels were sampled by infrared radiation absorption
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using a Teledyne API 300 U analyzer and exhibited a mean relative calibration
accuracy of 2.3% at 500 ppbv. Ambient measwnts of C@concentrations were
collected using a Los Gatos Research (LGR) Fast Greenhouse Gas Analyzer
(FGGA) with the Enhanced Performance Opfibos Gatos Research, 2013)he
relative accuracy of CQevels collected with the LGR analyzer is 0.0888616
parts per million by volume (ppmv) by comparison to known concentrations from
the National Institute of Standards and Technology. More details about the
analyzers used to measure CO, and @@ing ratios can be found elsewhékall
et al., 2020; Martin et al., 2017)While the accuracy of the analyzers is important,
the conclusions of this study depend more on precisiomegr@tability because we
compare differences in emission ratios by temperature. The owecalitaintyof
the BCandCO analyzersas employeds better than 10%API, 2017; Grimes and
Dickerson, 202l For CQ;, the relative uncertainty is less than {26s Gatos
Research, 2018; Martin et al., 2017)

Black carbon concentrations were collected with a Magee Scientific TAPI
M633 (AE33) Aethalometer following standard EPA AQS operating and quality
control procedres outlined in the CFR. The Aethalometer measures light
attenuation at seven wavelengths, but 880 nm is typically chosen to ref@€sent
concentrations ([BC]) The AE33 analyzer uses the dapbt technique, in which
aerosols are simultaneously colktion two spots of filter paper at different flow
rates, to minimize the filter loading effgdflagee Scientific, 2018)While
Aethalometers are widely used to measure [BC] within the AQS netasskssing

theuncertaintyof [BC] can be challenging due to a number ofdeg including the
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lack of calibration standard$srimes & Dickerson (2021)sed BC surrogate

particles to show that [BC] measured by a Magee AE 31 Aethalometer was within
5% of concentrations derived from ansitu technigque at 880 nm and for mass
concentrati ons ¥foreet®nce, thexpergentite [BCloat thi-95

NR site in all of 2917 and 2018 was 1.8 =tg

3.2.2 Inferred EmissioRatios and Temperature Sensitivity Analysis

The proximity of the NR monitor to the highway provides an ideal setting to
analyze mobile emissions. Black carbon, CO, and £P@re vehicles as a common
source, resulting in similar patterns for ambient measurements of BC, CO, and CO
in the NR environment. Covariations in pollutants are useful to study trends in
vehicular emissions through inferred emission ratios often apglitrace specific
sources in plume analysis. Here we cal cul
& B C/ & @dn the slope parameter of linear geometric mean regression fits
performed orfive-minute average mixing ratios of two pollutants sampled within
that hour. For example, the regression slodevefminute averaged [BC] and CO
mi xing ratios represents the hexrly &BC/ &C
observations are used in the analysis.
The types of vehicles passing th@3 site impact the eissionsi diesel
powered trucks emit much higher BC emissions relative to CO an@@{3sions
the exhaust from trucks often comtio®i ns muc

than gasolingoweredligitd ut 'y vehi cl es. For instance, a
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MOVES3 for Howard County is two to three orders of magnitude higher in CIVs

than in SIVs Figure 32).

Source Type

Comb. S-H Trucks (61
Motor Homes (5

Comb. L-H Trucks (62

Single Unit S-H Trucks (52

Single Unit L-H Trucks (53

Intercity Buses (41

School Buses (43

Refuse Trucks (51

Transit Buses (42

Light Comm. Trucks (32

Pass. Cars (21

Motorcycles (11

Pass. Trucks (31

)
4)
)
)
)
)
)
)
)
)
)
)
)

0.0002 0.0005 0.001 0.002 0.005 0.01 0.02 0.05 0.1 0.2
ABC/ACO (pg/m3/ppmv)

Figure 32. MOVES3 si mul ated &BC/ &CO for Howard C
input data, the latest year with available data. Emission ratios represent an average
from 15 to 20AC.

Compressiofignited vehiclegCIVs) may represent the minority of vehicles
passing the NR site, however their contribution to highway emissions of BC and
NOx can be substantial. The fraction of CIVs exhibits both a weekday and-aftime
day dependence, with higher fractions occurring oekaays and in the overnight
period (Table 31). We use Eastern Local Time (ET) for the analysis by hour of day,
which is equivalent to Eastern Stand&ihe from earlyNovember to mieMarch
and includes daylight savings for the remainder of the yBaiinvestigate the type
of vehicles responsible for the temperature sensitivity, | will perform the analysis for
all days and hours, as well as by weekdag time frame (overnight, morning rush

hours, and afternoon rush hours).
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Table 31. The fraction of vehicles that were CIVs for April 2017 and 2018 at the
[-95 NR site. The fraction isalculated based oall days and hours, as well as
separated by weekday and local time window.

April 2017 & 2018 Fraction CIV
All Days andHours 12%
Weekdays Only 14%
(M-F)
Weekends Only 7.4%
(SS)
Overnight Hours 22%
(23:00i 4:59 AM Local)
Morning Rush Hours 11%
(5:007 9:59 AM Local)
Afternoon Rush Hours 7.3%

(14:0071 20:59 Local)

3.2.3 MOVES3 Temperature SensitivBymulations

The latest version of the US EPA MOVES model, MOVES3, was used to
simulate mobile emissions for Howard County, MD, in the winter using 2017 input
data, the latest year with available data. The primary difference between summer
and winter morisin the model and in the realorld is thevolatility of thefuel,
with winter fuel used from September through April and summer fuel used from
May through AugusfUS EPA, 2021d) In this study, MOVES3imulations were
performedfor the month oDecember when winter fuels are used. Repeating the
analysis for summer yields little differee in our results.

MOVESS requires countgpecific input data including vehicle speed, road
type, and age distributions; vehicle miles traveled (VMT) by vehicle group, hour,
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day, and month; an average-R2dur profile of temperature and relative humidity;
vehicle population; inspéon and maintenance; and fuel informatidmifle 32).

MOVES3 was run in emission rates mode and at the cdewmgy scale. All input

except for fueinformation,was supplied by the Maryland Department of the
Environment (MDE) For input an fuel specifics, MOVES3 default data for Howard
County, MD, was useds this information has not yet been finalized by MDE

Emission rates generated by MOVES arfeinction of temperature, relative

humidity, vehicle type, fuel, speed, road type, model year, and weekday/weekend. A
detailed explanation of how weightegterage emission ratios are calculated using

the average fleet composition alor§3 is providedn Hall et al. (2020)

Table 32. Input data required for MOVES3 courgvel simulations used in this
study. Data for Howard County, MD, are compiled by the Maryland Department of
the Environment.

Input Group MOVESS Input

Road Type
Hour
VMT by: Day

Month
Source Type
Fuel Supply
Fuel Formulation

Fuel Information Alternative Vehicle Fuel
Technologies (AVFT)
Fuel Usage Fraction
Average Speed Distribution
Source Type Population
Vehicle Age Distribution
I/M Coverage
Meteorology Data
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MOVES3, does not incorporate a temperature adjustment feuhning BC
emissions from either CIVs or SIVs. While neither MOVE®8 the previous
version, MOVES2014adjusts hetunning BC emissions from CIVije default
setting ofMOVES2014incorporate an adjustment faunning BC emissions from
pre-2004 model year SIVs for temperature using a multiplicative fAXSrEPA,
2020b, 2015hb) To verify the documented absence of a temperature sensitivity in
MOVES3 output, weigted average emission ratios are calculatelfC incremens

from T5AC to 25AC and t3B2 results presente

3.3 Results and Discussion

3.31 Temperature Sensitivity iNearRoad Ambient Observations

This section discusseshieular BC emissions, especially those from diesel
trucks,and theirsensitivity to ambient temperature using observations collected at
the 195 NR site. As demonstratedhtall et al. (2020)vehicular NQ emissions
from diesel trucksr@ dependent on ambient temperatuvegh emissions decreamsj
as temperatures rise. Hevee x ami ne trends i n =aBhC/ &CO and
ambient temperature during the cold season (Noveimbebruary) from 2017 to
2018. We then compar e t hexwithrteenpedatireton a&BC/ &
those from MOVES3 outg inthese coldnonths.

Previous studies report a seasonal cycl
and urban sites. For example, bGimen et al. (2001) and Kondo et al. (2006)

examined ambient BC and CO observations an
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ratios in the summer than in the winter. Although these sites were not classified as
nearroad, measurements offBand CO exhibited strong correlation indicative of a
shared source: vehicles.

Chen et al(2001)also examined the seasonalityabsoluteambient levels
of BC and CQat Fort Meade, MDand found no discernibkeasonatrend in BC
concentrationsvhile CO mixing ratiosvere highest in the winter and lowest in the
summer. With vehicles being an important source of both BC and CO, the authors
speculated that greater BC source strength during the summer, such as from vehicles,
may contributéo summertime concentratiomad partially explain the difference in
seasonal cyctebetween BC and C(QChen et al., 2001)An analysis of ambient
abundances at the9b NR site suppostthe findings of Chen et al. (2001), with
ambient BC and CO abundances following opposite seasptiak(Figure BL).

| find aseasonal cycle ieB C/ ae@i€sion ratios similar to prior studies
(Chen et al., 2001; Kondo et al., 20@6evidentat thel-95 NR site.Figure 33
shows the seasonal v a95iNR bite, withthighest n &BC/ &CO
&BC/ &®CO occurring in t hedumgwntee Seasonal | owe st
averages of &BC/ a«CO, calculated from the h
correlated with ambient temperatur&(Q.96 and increased by 81% from winter
(~5AC) to summer (~25AC). The sefasonal <ch
the NR site to a major highway suggests a temperature sensitivity in vehicular

emissions, particularly those from diesel trucks.
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Figure33.Seasonal vari abi I'{ppy?inferrecdBC/ &2CO [ (&g |
observations collected at th®5% NR site from January 2017 thru December 2018.
Blue stars represent winter (Decembétebruary), green diamonds represent spring
(Marchi May), red circles represent summer (Juraugust), and orange triangles
representall (Septembef November). The average emission ratio in each season
is represented by the filled black circles, fitted using a linear geometric mean

regression (solid black line) with regression statistics provided on the bottom of the
plot.

To avod potential impact®f seasonal fuel switchingn emissionswe focus
on the temperature dependence of &BC/ &CO d
& B C/ ai@f@red from ambient observations at tH@5I NR site exhibit a positive
correlation with ambiertemperature considering all hours and days of the week
during the cold months, defined as November, December, January, and February, in
2017 and 2018. Ho ur hweregBc€dinmeéh&quat nd a&BC/ &CO
numbered bins, sorted by ascending temperatigure 34 shows the median
(black diamonds), and #5and 7% percentile (black dashed lines) values for each of

these bins, along with an ordinary linear lestpiares regression fit to the median
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values (red line). Considering all data, both emission ratios exhibited a statistically

significant increasing trenditih temperature: [1.6 +0.42x16( ¢ d § ppbv! °CY

in @BC/ a&CO and¥ §dJppbviNO?Y 4 4 h 1 eeBauivaehtio

an increase of 54% in @®BCbH@CD5AFidued 3%B0AL ¢
3.4). Similar temperature sensitivities were obtained when hourly emission ratios

were calculated with an orthogonal linear regression instead of geometric mean

regression.

T 0.025[ I | | ]
2 - Slope: 1.6e-04 + 4.2e-05 (g m™) ppbv™' °C” a. J
a c pe: 1. : #9 M) ppbv ]
2 0.02 - p<0.05; 54% increase from -5 to 20°C .
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Figure34.Hour |l y a&BC/ &CO {(@ infereedfom@BNR/ a&C O
observations as a function of ambient temperature for the months of November,
December, January, and February in 2017 and 2018. Hourly ratios (light gray
points) wereestimated from the slope values of linear geometric mean regressions
(xstandard erroperformed on Sninute averaged data within each hour. Only
hours with winds originating from the highway were included in the analysis.
Hourly data were compiled inten equakized bins, with the median value of each
bin represented by the black diamonds, and tHea28 7%' percentile values by the
dashed black line. An ordinary leasjuares regression was fit to the binned median
values (red line) and the dd&of the regression provided in the top left of each plot.
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The statistical significance of each trend was determined by thparametric
Mann-Kendall tes{Gilbert, 1987; Kendall, 1975; Mann, 1945)

As shown previously, vehicular emissions of CO and @®not appear
sensitive to temperature during the cold seabtatdl €t al., 2020) Thus, the increase
i n &BC/ &CO ais tikelysElBeQd azeidcBease in BC emissions from
mobile sources at higher temperatures. Some evidence suggests that gasoline
vehicles utilizing direct injection and pgiEulate filters appear to remove BC more
efficiently at lower intake temperatur@Shan et al., 2013)Direct injection, the
mechanism in diesel engines, may also be employed with gasoline engines and has
been on the rise in recent yefdsS EPA, 2020alo provide more power and
increase fuel efficiency. Like in diesel engines, this mechanism of injecting fuel
directly into the cylinder producesore BC emissions. Howevelieselengines
emit the vast majority of BC at the NR s#ted thus a more plausible explanation
the temperature sensitivity lies within diesel vehicles. In diesel engittes
turbocharges, the process of compressing intake air in the turbocharger leads to
hotter air with lower density entering the engine cylindé&wer air densityof the
air entering the cylinders may favor elevated BC production in diesel eragirtiee
air-to-fuel rato is reducedChen et al., 2001; Ghazikhani et al., 201B)esel trucks
equipped withturbochargestypically dso uilize chargeair coolers, or turbo
coolers In an aifto-air turbo cooler, the hot and compressed air is passed through
the device on its way to the cylinders and cooled via heat exchange with coole
outside air(Joshi et al., 2009; Sher, 1998)he purpose of the coolers is to reduce

the temperature, anmdise thedensity, of the intake air, resultinglower NOx and

81



BC emissionqCipollone et al., 2017)Becauseompressed air is cooled by heat
exchange with ambient amnd also because the coolers degrade over(fioshi et
al., 2M9), warmer ambient temperatunesylead to less cooling of the intake air
and, in turnhigherBC emissionat warmer temperaturedhis procesgan leado
increasing BC emissions, amndihtrisingr ef or e &BC
temperatures, as arved inFigure 34.
To further explore the contribution of the vehicle fleet composition on the
temperature sensitivity, we repeat the analysiddyof week and at different times
of the day. Bot h »exBilit AnamCréaseamithdrisiigB C/ & C O
temperature on weekdays (p<0.05), however a statistically significant trend was
absent on weekend§dble 33). Both the totatruck traffic (1,022vehicles/houon
weekdays and 43&hicles/houon weekends) and the fraction of CIVs (14% on
weekdays and 7.4% on weekends) drop by a factor of ~ two from weekdays to
weekends. Additionally, traffimms are typically more frequent aveekdays than
on weekendgiesulting in higher weekday BC emissions from diesel trucks due to
the stopandgo effectthat will bediscussed ilChapter 4 With diesel trucks
emitting the bulkofor oad BC emi ssions, the increase i
& B C/ a@trising temperatures on weekdays suggests that diesel vehicles are

sensitive to temperature.
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Table 33. MeasuredeB C/ &eC O a n ¢ asa Bifioeed @nbient temperature
during the months of November, December, January, and February in 2017 and 2018
at the 195 NR site. Hourly emission ratios were placed into ten egjmat bins and

an ordinary linear regression fit to the medianssioin ratios of each bin, the same as

in Figure 34. The analysis was conducted for all hours and dayshemdseparated

by weekday, weekend, overnight, morning rush hours, and afternoon rush hours.

| T95 F (®eBC/ &CO) ( &BC/@TO
CIV/SIV (ed3ippbv *°C't (edJppmy °C' !
All Days and 12% / 88% 1.63 (+0.45) x 104 1.82 (+0.49) x 103
Hours (p<0.05) (p<0.05)
Weekdays Only  14% / 86% 1.88 (+0.78) x 104 1.91 (+0.33) x 103
(p<0.05) (p<0.05)
Weekends Only 7.4%/92.6% 1 0. 098 ( Nd 0.13(x0.44) x 10°
(p=0.72) (p=1)
Overnight 22% | 78% 3.25 (+0.96) x 104 1.73 (x1.0) x 103
(2371 4:59 ET) (p<0.05) (p<0.05)
Morning Rush  11%/89%  4.15 (+0.95) x 104 2.67 (x0.57) x 103
Hours (p<0.05) (p<0.05)
(57 9:59 ET)
Afternoon Rush 7.3%/92.7% 1.82 (+0.49) x 104 1.80 (+2.67) x 103
Hours (p<0.05) (p=0.074)
(147 20:59 ET)
A positive trend in @&@BC/ a&CO with temper

ti me

wi ndows.

" § pplv €°C' & s loighest d{irihgetie mamning rush

hours [4.15 (+ 0.947) x1d p<0.05], followed by thevernight period [3.25 (+

0.963) x10 4 p<0.05], and is lowest in the afternoon rush hours [1.82 (+ 0.493)

x10 %p<0.05] Table 33) indicating that bdt fleet makeup and driving conditions

contribute to BC emissions

Patterns

n the temperature

diel trends in the fraction of CIVs and vehicular traffic. The overnight period

experiences the highest fraction@is to total vehicles even though the total
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number of trucks on the road is lower than during the rest of the day. The

temperature dependence in BC emissions observed in the overnight period is likely

driven by the high fraction @%0) of diesel vehiclegTable 33).

The morning rush hour exhibits the largest stapé

&B C/ awutbtemperature. While the fraction of CIVs to total vehicles in the
morning (11%) is lower than overnight (22%), sepgo traffic is more common
during the morning rush hour than during the overnight pdfiatile 34). A

plausible explanation for the observed temperature sensitivity in the morning is that
elevated BC emissions from CIVs due to frequent acceleratitopic of discussion

in Chapte 4, duringthe morning rush hour enhance the temperature effect from

diesel engines.

Table34. Wei ght ed aver agemgy ¥and the lfractios qf \elkiokes
driving under 22m s (frac<zompy at the 195 traffic counter site fothe months of
Novembey December, January, and February in 2017284@. Values are reported
for all hours and days artlen separately weekday, weekend, overnight, morning

rush hours, and afternoon rush hours

®&BC/ &CO and

Time Period

Speed and Traffic Congestion

All days and hours e =2Zens!
frac<oomps= 21.0%

Weekdays ( Mo g = 263!
frac<oomps= 246%

Weekends (Sa and Su) e =58s!
frac<2omps= 10.0%

23:00i 04:59 (early morning) g =3ons?
fl’aC<22mps: 1.2

05:0071 09:59 (morning rush) g = Bénd!?
fraC<22mps: 20.8%

14:007 20:59 (afternoon rush) g = Bans!?

fracczomps= 32.5%
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The trend in &BC/ a&®CO with temperature i
lowest slope considering all timesdady [1.82 (+ 0.49) x10% p<0.05](Table 33).
The sl ope wdsalseBt@/mai@n inthe afternoon rush hours, but the
trend was statisticallgnly significant at the-90% confidence level (p=0.074).
Given that CIVs make up 6n7.3% of the vehicles passing the NR site in the
afternoon, the sensitivity in a&BC/ a&CO |ike
ClIVs due to a peak in stegndgo traffic during the afternoon rush hara

combination of CIV and SIV

3.32 Temperatue Impact orMOVES Estimated BC Emissions

Here we compare t he :tenp&atlacGensitvityth 2B C/ &CO
mobile emissions inferred at th®b NR site to MOVES3 output. MOVES3 was
run using 2017 input data, the latest year with available data, ediiylithe
Maryland Department of the Environment for Howard County, MD. Mobile
emissions were simulated for Howard County, MD, the county in which the NR site
resides. Data used as input for the model include average speed distribution,
meteorology, roatype distribution, fuel information, and vehicle age, populations,
and miles traveled by hour, weekday, and month for Howard County, MD.

Unlike prior versions, MOVESS3 does not adjust-hatning exhaust of
PMa s from any gasoline or diesel vehicle fanlkient temperature; The temperature
adjustment for gasoline vehicles of MY 2004 and earlier was removed in the
development of MOVESBJS EPA, 2020aTable 35). Figure 35 documerd the

lack ofsensitivityin BC emissions to temperature in MOVES3. Témperature
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dependence simulated by MOVESthe 9 5 wei ght ed average from
is negligible for botteB C/ &C O ( 0. 0 4 %) (0.02%)dand aiB&3 beedlis2

of a small indirect adjustment to CO and £&¥nissions due to increased air

conditioner use at higher temperatures that exists in both MOVES3 and

MOVES2014(Hall et al., 2020; US EPA, 2020bYhe absence of a trend is robust

regardless of \@cle type and fuel use. Temperature adjustment factors for hot

running emissions in MOVESS do not appear to represent conditions &béng |

well: The observed increase i-95NRsite,ssi on r a
considering all weekdaysandlur s of the day, was 56% i n aE
& B C/ aEigure 34). With the air conditioning effect at a minimum in the

observed temperature rangelanferred mobile emissions of CO and Gdthe NR

site exhibiting an insignificant temperature imp@dall et al., 2020)the trends in

&BC/ &®CO an oarediRely/camsedby an increase in BC emissions with

rising temperatures.
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Figure 35. MOVES3 si mul at ed &BLsaddQonoohd &BC/ &CO
temperature for the thirteen different vehicle types modeled in MOVES. The

dominant type of fuel (G for gasoline and D for diesel) is provided next to each

vehicle type and is based on coutdyel data compiled by the Maryland

Departmenof the Environment mobile emissions team. The weighted average

emission ratios were calculated using the fractions of various vehicle types derived

from traffic counts collected at the traffic counter site ale8§.1 SH indicates

shorthaul while L-H represents longaul combination unit trucks.
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Table 35. Temperature adjustments in MOVES2014b and MOVES3 ferdmoting
emissions of BC, CO, and N@om gasoline and diesel vehicles.

(See https:/inepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P1010M29.pdf for more
information)

MOVES2014b MOVES3

Gasoline

BC Model Year 2004 and earlier None
(6{0) None None
NOy None None
Diesel

BC None None
(6{0) None None
NOy None None

3.4 Conclusions

Inferred vehicular BC emissioriske NOXx) exhibit a sensitivity to ambient
temperature. For two years prior to COVID
80% from winter to summer, as has been reported previ@Dkbn et al., 2001;

Kondo et al., 2006) We conirmed this conclusion by confining the analysis to the

cold seasons of 2017 and 2018 to minimize seasonal differences in fuel and fleet
composition and find a 50% increase in inferred BC emissisrtsmperature

increase$ r om 15 t o 20 ACdayswithima seasoare toosideresl. a n d
The overnight period, when the fraction of CIVs is at a maximum, has a strong

i ncrease i n @&BCjwatCénparaiude, segBesStingBC@missions

from diesel trucks are sensitive to temperature. The sensitild result from

lower air density at higher temperatures producing elevated BC emissions from

diesel enginefChen et al., 2001; Ghazikhani et al., 2013)
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A comparison of the observed temperature impact to that from MOVES3
suggests that hatinning emissions of BC are not adjusted for ambient temperature
in MOVES3as generally useir any vehicle type. The lack of a temperature
sensitivityin the documentatioJS EPA, 2020bjs supported by our MOVES3
simulations that show an increaseoofy0 . 04 % i n a&BC/ &CO and 0. 02
®BC/ &fCtOom 15 to 20AC. M GsvaE &fact, lhoweves i ncl ude
considering the proximity of thed5 NR site to the adjacent eighnhe highway
(200,000 passing vehicles a day) and focusing the analysis on wind directions
coming only from the highway, fresh emissions from passing vehicles overwhelm
potential coldstartemissions from the nearby rest area. The lack of a trend in BC
emissions withtemperature may also help to explain a previous study that found
CMAQ modeled BC concentrations consistent with observed summer but not winter
concentrationgAppel et al., 2008)

Mobile emissiongor the NEI andair quality models are estimated with the
SMOKE-MOVES tool that sesMOVES. Emission inventories such as the NEI
provide the means to assess the ttaissionf a pollutantandalso to determine
the most important sources of each air polluta@dcording to the 2017 NEI, en
and offroad vehicles are the dominant source of BC emis&iotisnationallyand
within Maryland Poor agreement in the observed and simulated temperature
sansitivity of vehicularBC emissiongliscussed in this chapter may be partially
remedied by incorporating an appropriate temperatiieetwithin MOVESS. Such

an adjustmentvould enhancehe overall accuracy ohobile emissiongstimates.
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By identifying ambient temperature as an important factor influencing
vehicular BC emissions, the results of this study provide podilgvant insight into
how to further reduce BC emissions from vehicles. Modifying engine and exhaust
aftertreatmentlevicesmay help lower BC emissions at higher temperatures and
lower the contribution of vehicles on overall ambient BC concentrations. Further
reductions in mobile BC emissions would benefit the healgoptilationdiving

near roadways and other areas strpmyfluenced by vehicalr exhaust

90



ChaptReers pdoins eRoodfcdh Nerared Vehi cul
Emi ssioomCshanges i nduBfTafobvek Pat't
Restrioaheogg®OVYI Pandemi c

The work in this chapter and Chapter 3 is currentigreparation for a paper
to be submitted to theurnal Atmospheric Environmentn d er t heRoadi t | e A Ne ¢
Observations of BC, CO, NQand CQ: Impacts of COVID19 Restrictions, Traffic
Patterns, anldamihefinspaathoadf this paper. and collaborated with
five co-authors from the University of MarylandNumbered references within this

chapter have been adjusted to reflect thmlmering system of the dissertation.

4.1 Introduction

Vehicles emit substantial amounts@®, NQ (NO + NG = NOy), BC, and
COu. Both CO and N@are criteria pollutants regulated by the BBA due to their
hazards to human health and role as precsiteathe formation of ©P. Crutzen,
1973; Pusede and Cohen, 2012; Sather and Cavender, ZNIR)5, including BC,
is regulated by the US EPA due to the adverse health and visibility infp&ts
EPA, 2021e) Both BC and C@absorb radiation and can haadverseadiative
forcing (US EPA, 2021f)

According to the 201REI, the mobile setor is the dominant emitter of CO
and NQ both nationally and within Maryland, contributing to 54% of total CO
(including wildfires) and 59% of total N@missions nationally and 86% of total
CO and 76% of total Nemissions within MarylandThe mobilesector is also the

largest contributor to BC emissigmepresentingt2% of total emissions nationally
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and58% in Maryland Within theon-road mobile sectan Maryland diesel engines
emit 75% of BC, 4% of NO, and only3.8% of CO, withsimilar percentage on the
national scale(2017 NEI data is available https://www.epa.gov/aiemissions
inventories/201-hationalemissionsnventorynetrdatg.

Lockdown mandates imposed in response to the C@W@public health
emergency in early 20 resulted in a sharp decline in the number efcad
vehicles, a decrease in traffic congestion, and lower vehicular emi¢Biomes al.,
2021; Harkins et al., 2021; Hudda et al., 2020; Yang et al., 2021; Zeng et al., 2021)
In Maryland, he largest decrease in commuter vehicles and diesel trucks occurred in
April 2020.

Differences in orroad vehicle fleet composition, such as the $@itveen
diesel trucks and gasoline cars, can affect the concentrations of various mobile air
pollutants disproportionall§Grieshop et al., 2006; Hudd# al., 2020) Diesel
engines inject the fuel directly into the engine cylinders (known as direct injection)
and tend to operate fulkdan, while gasoline engines typically premix the air and
fuel upstream of the engine cylinders and operate at lawés-fuel ratios and
lower maximum temperature. The latter process results in higher CO emissions and
lower BC and N@emissions in gasoline compared to didseled vehiclegBan
Weiss et al., 2008; Park et al., 201 Epr example, tailpipe emissions from diesel
trucks contairhigherae N @@ e G @nission ratioselative to gasoline vehicles
because CIVs produce more NtbBan SIVs and diesel enginggically runmore
efficient, resulting in lower Cé&xthanfrom a gasoline engine of comparable size

( ©O6 Dr i s c ol .lTurlkeothargel lag, resdltthd fibrm acceleration in diesel
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trucks, produce soofi a mix of BC, metals, unburnt fuel and oil, and sulfates
(Rakopoulos and Giakoumis, 2009)herefore fewer stances of acceleration result
in lower BC emission§Giakoumis and Zachiotis, 2021)

In this study we use ambient measurements of BC, CQ, &id CQ
mixing ratios collected at a fixetlR monitor located along Intersta®® (I-95) in
Maryland to infer mobile emissions using emission rati@ar goal is to quantify
the impact of chages in orroad vehicle fleet composition and thearelimination

in traffic jams orhighwayemissions.

4.2 Methodology

4.2.1 Interstat®5 NearRoad and Traffic Observations

The ambient observations used to infer emission ratios were coléthed
[-95 NR monitoring site in MarylandThe site is managed by the MDE and follows
all US EPA AQS collection and quality control proceduigall et al., 2020)

Hourly-averaged data were derived fromddgrond averaged N@nd CO
mixing ratios, Iminute average8C concentrations ([BC]), and 2r 5second
averaged C@levels. Only hours with winds blowing from the highway (25° to 225°
Compass) were used in results presented in this chapter, haweendercting the
analysis for all windlirections yields similaresults.

Observations at the NR site used in this study were collected between
January 2017 and December 2018, then again from March 2020 thru December
2020. Temperature, pressure, relative humidity, and wind information were

collected using a Vaisala WXT 520 ingtnent. NOx mixing ratios were measured
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by chemiluminescence using a Teledyne Advanced Pollution Instrumentation (API)
Model 200 U analyzefAPI, 2013) The analyzer is equipped with a hot
molybdenum converter thegéducegeactive nitrogen species other than,NO
(Dickerson et al., 2019; Fehsenfeld et al., 1980wever fresh NOemissions from

the adjacent highway dominate the N@easurements. The mean relative

calibration accuracgf the NQ analyzey defined here as the average relative
difference between analyzmeasurements and a calibration standard at set
concentrations, was 4.7% for abundances between 9 and 12 parts per billion by
volume (ppbv) following routine quality control checks performed twice a month as
outlined in the @de of Federal Regulations (BFfor AQS sites.

Carbonmonoxidewas measured using a Teledyne API 300 U analyzer, BC
usingthe 880 nm channel ofMagee Scientific TAPI M633 (AE33) Aethalometer,
and CQ using a LGR FGGA analyzer (20172018) and a Picarro Greenhouse Gas
Analyzer (2@0). The API 300 U, Aethalometer, and LGR instrument
specifications, including parameters contributing to instrument uncertainty, have
been described in detail in Chapters 2 and 3. Ambient measurements of CO
concentrations prior to March 22, 2020 weo#lected using the LGR FGGA.

Starting March 23, 2020, G@nixing ratios were measured by cavity ringdown
spectroscopy using a Picarro Greenhouse Ga
relative accuracy of better than 0.025% between 300 and 500 (Bpoavro, 2019)

An intercomparison of C&abundances measured by the LGR and Picarro analyzers

is presented ifrigure 41 and shows excellent correlation between 400 and 580
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ppmv (F =0.99994) and nearly identical mixing ratios with relative differences of

less than 0.06%.
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Figure 4.1. Comparison of ambient GOnixing ratios (ppmv) measured with a Los
Gatos Research (LGR) FGGA analyzer and a Picarro Greenhouse Gas Analyzer,
shown in a time seriesf onesecond datga) and a scatterpladf oneminute
observationgb). The intercomparison data were collectedJon | v 181 19,
Figures courtesy of Dr. Xinrong Ren.

Hourly traffic observations along95 were collected by an-ioad traffic
sensor, operated by the Maryland State Highway Administration. The sensor is
located 8 km north of the ambient NR traiderd had a daily average of ~200,000
passing vehicles prior to March 2020. Vehicle information is measured using a
combination of piezo pressure sensors and inductive loops that count the number of
axles and spacing between axles. This technique allovgstéhi® count the hourly
total number of passing vehicles, as well as types of vehicles passing over the
sensors and vehicle speed using the number of and distance between tfi¢Saxles

Department of Transportation Federal Highway Administration, 2014)
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4.2.2 Inferred Emission Ratios amdaffic PatternAnalysis

Due tovehicles emitting BC, CO, NQand CQ, ambient measurements of
these gases often follow similar patterns. These covariations are used here to
estimate hourly emission =RANECOs/ e0xBC/ &CO
and aCgdinsdd@ ©Chapters 2rd 3. The hourly emission ratios are
calculated as the slope of a linear geometric mean regression performed every hour
onfive-minute averaged data of tyollutants sampled within that hour. Only hours
with more than 30 minutes of observations are ts@alculate an hourly ratio.
The vehicle fleet composition passing the NR site impacts the emission ratios
as different types of vehicles emit varying amounts of BC, CO, and Ee}
specific BC emission factorsggkgre)) from CIVs are up to 50 times higher than
those from lightduty SIVs(BanWeiss et al., 2008; Dallmann et al., 2018hile
CO emission factors are roughly half of those from §IMallmann et al., 2013)
Combined, this | eads to much higher a&BC/ &C
While CIVs represent the minority of vehicles passing the NR site, the
fraction of CIV varies drastitly from weekday to weekend and over the course of
the day. The fraction of CIVs on weekdays (14%) drops by almost a factor of two
on weekends (7.4%). In contrast, the frachod total numbeof SIVs changes
relatively little, from 86% on weekdays t@.8% on weekends. The overnight
period (23:00 to 4:59 ET) has the highest fraction of CIVs and this fraction drops by
50% into the morning rush hours and by ~67% during the afternoon rush hours. To

minimize the effects of a changing vehicle fleet ongpeed and temperature
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sensitivity,our analyses are presented by weekday/weekend anebfiaey, as well

as all days and hours combined.

4.3 Results and Discussion

4.3.1 Vehicle Fleet and Speed Characteristics Before C&IBnd in April 2020

Patternsaand changes in vehicular traffic flow are useful to study trends in
mobile emissions. Travel restrictions for the COMIBD pandemic began mid-
March 2020 in the Baltimor#/ashington Region (BWR) and led to a peak decrease
in onrroad vehicle counts ingkil 2020 Figure 42 and Figure C)L The average
daily total number of vehicles passing the site was ~192,0060@KMD (April 2017
and 2018) andecreased to ~96,300 in April 2020. Lighity passenger vehicle
counts were 60% lower in April 2020 relative tojorevid levels, while the number
of buses was down by 85%, singieit trucks by 21%, and trailer (combinatianit)

trucks by 8.6%Kigure 42).

| ® Cars, Motorcycles, and Pick-Up Trucks Buses Single-Unit Trucks Trailer Trucks
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Figure 4.2. Relative difference (%) in monthly 2020 traffic counts compared to
2017 and 2018 for the months of January through July at36eNR site. Vehicle
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type is represented by the symbol and color shown in the legend and error bars
represent the 95% confidemc i nt er val s (20) .

Of the vehicles passing the traffic sensor, the typicalQ@#/ID fleet
composition was 88% cars, motorcycles, and ity pickup trucks; 1.3% buses;
3.0% singleunit trucks; and 7.7% tractdrailer trucks. The highe$taction of
CIVs (singleunit and tractotrailer trucks) typically occurs overnight from 23:00 to
4:59 ET, with an av diguegtd). Dkingdh)s pesidd 0. 22 NO .
there are few passenger cars on the road. The fraction of CIVs drops down to 0.11
+0.027 during the morning rush hour (5:00 to 9:59 ET) and further declines to 0.073
+0.024 during the afternoon rush hour (14i(®0:59 ET). Interms of dayof-week,
the fraction of CIVs decreases by a factor of ~ 2 from 0.14 on weekdays to 0.074 on

weekendsKigure 43f).
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Figure 4.3. Traffic composition by local time {e) and weekday ) of vehicles
passing the-85 NR site preCOVID (April 2017 & 2018) and in April 2020. Changes

in total gasoline (a, d) and diesel (b, e) vehicle counts are represented by the average
hourly numbeiof vehicles at each hour or day of the week. The CIV to total vehicle
split is shown as a fraction by time of day (c) aag of the weekf).

The traffic composition in April 2020 was 79% cars, motorcycles, and pick
up trucks; 0.010% buses; 4.9% smghit trucks; and 16% tractdrailer trucks.

The number of omoad passenger cars declined more than the number of trucks,

resulting in adoublingof the fraction of trucks relative to SIVs o195 from 10.7%




preCOVID to 20.9% in April 2020. Mobile eissions inferred from ambient
observations in April 2020 thus had a greater contribution from diesel trucks than in
prior years. A comparison of vehicle fleet composition in April 2020 and April 2017
and 2018 is provided ihable 41 and shows higher CIV fractions in April 2020 for

all days and hours due to the greater decrease in passenger car volumes compared to
truck counts.l examineall hours and days of the week, in addition to a detailed
breakdown by weekday and local time womdto account for the variability in the

vehicle fleet.

Table 41. Traffic composition of vehicles passing th€3 NR traffic counter pre
COVID (April 2017 and 2018) and in April 2020 by weekday and local time. SIV
representsparkignited vehicles and CIV indicates compression ignited vehicles.

April 2017 & 2018 April 2020
SIV (CIV) SIV (CIV)
All Days and Hours 88% (12%) 79% (21%)
Weekdays Only 86% (14%) 77% (23%)
(M-F)
Weekends Only 93% (7%) 84% (16%)
(SS)
Overnight Hours 78% (22%) 63% (37%)
(23:0071 4:59 AM Local)
Morning Rush Hours 89% (11%) 82% (18%)
(5:007 9:59 AM Local)
Afternoon Rush Hours 93% (7%) 88% (12%)

(14007 20:59 Local)

4.32 Traffic Pattern Changes and the Impact on Mdbitessions

Significantreductions in the number of @pad vehicles in April 2020

affectedfleet composition, speed, and stapdgo traffic trends. The weighted
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average Vvehi ebwas Bphei egdh e(re )i no nApimgtifor2 020
reference, In § £2.2 miles hr £3.6 km hr  compared to prior years

( £ = 2n6s?l) &nd the fraction of vehicles driving slower thann23* was nearly
eliminated in April 2020Figure 44). The threshold of 2¢h s* (~48 mph)was

selected because the speed limit on this portion of the highwaymss2965 mph)

and speeds slower than 22stypically indicate traffic jamsnarked by more

frequent braking and accelerating. Repeating this analysis by weekday and local
time shows consistent results with higher speeds and virtually eradicatexhgigp

traffic in April 2020 relative to prior year3 @ble 42). The only hours with

comparable average vehicle speed and lack of traffic congestion between April 2020
and prior years are 23:004:59 AM ET,when there are fewaehcles on the road

andlittle traffic congestior(Table 42).

1800 Dzow &2018: ;1 = 26.6 ms™' i

1600 - [ frac_,, .= 23.6% N o |
1400 - | o020: 1 =30.3ms" 1
1200 - frac(zzmpf 1.40% — h

1000 - n

AL

600
400
0-13.4 15.7-17.9 20.2-22.4 24.7-26.8 29.2-31.3 33.6-35.8
13.5-15.6 18.0-20.1 22.5-24.6 26.9-29.1 31.4-33.5 35.9-44.7

200
Speed Bin (m 3'1)

Hourly Mean Number of Vehicles

Figure 4 .4. Hourly total number of vehicles averaged in each of 12 speed bins in
April 2017 and 2018 (turquoise) compared to April 2020 (purple) at a traffic sensor
located on495 in Howard County, MD. Provided in the top {eéind corner is the
weighted average spé and the fraction of vehicles driving at less tham22
(frac<22mpg preCOVID and in April 2020.
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Table42Wei ght ed averagem ¥ Pdnd tieelfractios of echides
driving under 22m S Y(fracompd at the 495 traffic counter site for all data aatko
separatedby weekday and locdime, preeCOVID andin April of 2020.

April 2017 and 2018 April 2020

All days and hours £ =2mMsb e =3msdB

frac<oomps= 23.6% frac<2omps= 1.40%
Weekdays £ =263dY4 e =3msk

frac<2omps= 24.3% fraccoomps= 1.28%
Weekends e =28&sb € =3 msH
(Sa and Su) fracc2omps= 11.0% fraccoomps= 1.97%
23:001 04:59 € =3ms3 € =3mMms3s
(early morning) frac<2omps= 0.80% frac2omps= 1.40%
05:007 09:59 e =2@msb € =3Mms3
(morning rush) fracc2omps= 24.1% frac2omps= 1.23%
14:007 20:59 £ =24ms3sH e =3msd5
(afternoon rush) frac<2omps= 35.4% fracoomps= 1.54%

Fewer vehicles on the road in April 2020 resulted in reduced mobile
emissions as well as lower ambient levels of BC, CO,,ld@d CQ compared to
prior years at the-95 NR site Table 43). Rather than using absolute
concentrations, affected by other processes including changingdmyuayer
height, we use concentratioatios to infer emissions arnd better understand the

impact of fewer vehicle miles traveled and changing traffic patterns.
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Table 43. Summary of fiveminute averaged ambient measurements of [BC], [CO],
[NOy«], and [CQ] at the 195 NR site in Howard County, MD for p@OVID (April
2017 and 2018) and April 2020.

1-95 Site Number of valid 5 95" Median Mean Standard
five-min data data points percentile percentile deviation

April 2017 and 2018

[ BC] ™ (e 17,225 0.060 3.04 0.80 1.05 1.02
[CO] (ppbv) 15,554 150 433 238 259 94.1
[NO,] (ppbv) 16,531 4.90 71.5 25.6 30.8 223
[COZ] (ppmv) 13,075 417 491 439 444 254
April 2020

[ BC] ¥ (& 8629 0.076 2.0 044 067 0.71
[CO] (ppbv) 7,844 131 351 205 218 78.1
[NOJ] (ppbv) 8,381 2.52 64.1 148  22.0 205
[COZ (ppmv) 8,455 420 488 434 442 219

A comparisorof inferred emission ratio®r April 2020 andpre-COVID by
weekday and local time is presented able 44. April 2020 was slightly cooler
than the reference yearBaple 44) and BC emissions kia previously been
demonstrated to be temperature sens{Bleapter 3) Using the temperature
sensitivity discussed in Chaptenid presented iRigure 34, the difference in
temperature between April 2020 relative to prior yéassnall(2.2°C)andcan only

accountfora34 % decrease in the2.:eBC/ &®CO and
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Table 44. Median inferred emission ratios fé&rp r i | 2017 -CGOVA D16Y

and April

2 0 2 @05 NRiske0 Alsb provided ts the relative difference

(%), with the statistical significance indicated byadue, between each pair of median
values for each emission ratio and time peridéercentages of CIVs and SIVs
provided are for typical pr€OVID traffic composition. A comparison of the vehicle
fleet preCOVID and in April 2020 is shown ifiable 41.

T°C &BC/ & &®BC/ a#(&N@ &C &CO/ & &NQ@ &Gt

(edyr (edym moimol! molmof! molmol?
ppbv ? ppmv !

All Days and Hours

(PHEOVID: 12% CIV, 88% SIV)

Pretl CC144
2020 12.2
Relative
Change (%)

0.0119 0.0920 0.247 0.00802 0.00205
0.0087 0.0675 0.276 0.00840 0.00237
1T26. ¢ 1T26.6 11.7% 4.74% 15.6%

(p<0.05)  (p<0.05)  (p=0.074) (p=0.41)  (p<0.05)

Weekdays Only

(Pre-COVID: 14% CIV, 86% SIV)

Prei CC13.9 00143 0.0997 0.282 0.00769  0.00221
2020  11.7 0.0110 0.0761 0.313 0.00719  0.00249
Relative i23.1 123.7 11.0% T6.5C 12.7%
Change (%) (p<0.05)  (p<0.05)  (p<0.05)  (p=0.26)  (p<0.05)

Weekends Only

(Pre-COVID: 7.4% CIV, 92.6% SIV)

Preil CC 153
2020 12.2
Relative
Change (%)

0.0064 0.0596 0.159 0.00909 0.00141
0.0044 0.0496 0.169 0.0125 0.00205
T31.¢ 1T16. 8 6.29% 37.5% 45.4%

(p<0.05)  (p=0.27)  (p=0.68) (p<0.05)  (p<0.05)

23:0071 4:59 AM Local Time (PreCOVID: 22% CIV, 78% SIV)

Preil CC11.7
2020 10.0
Relative
Change (%)

0.0173 0.1150 0.439 0.00662 0.00303
0.0146 0.0813 0.549 0.00526 0.00294
T15.¢ 129. 3 251% 1T20. ¢ 1T2.97

(p=0.12)  (p<0.05)  (p<0.05) (p=0.21)  (p=0.76)

5:007 9:59 AM Local Time (PreCOVID: 11% CIV, 89% SIV)

Preil CC11.7 0.0141 0.0955 0.280 0.00763 0.00196
2020 10.0 0.0109 0.0708 0.296 0.00645 0.00208
Relative 122. 7 1T25.9 b571% T15. ¢ 6.12%
Change (%) (p<0.05) (p<0.05) (p=0.17) (p=0.23) (p=0.76)
14:007 20:59 Local Time (PreCOVID: 7.3% CIV, 92.7% SIV)
Preil CC 183 0.0087 0.0764 0.189 0.00893 0.00163
2020 14.4 0.0043 0.0547 0.169 0.0128 0.00248
Relative 1T50. 128.+« 1T10. 43.3% 52.1%

Change (%)

(p<0.05)  (p<0.05)  (p=0.12)  (p<0.05)  (p<0.05)
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Most notable frontheresultsin Table44i s t hat &BC/ &@CO i n Apr
was 26.9% (p<0.05) lower than in prior years, considering all days and hours.
Li kewi s e,>wasB6B)&E0M5) lower in April 202With SIVs
exhibiting a much larger decline in numbers than CIVs in 20@8initial
hypothesis was that the reduction in mobile CO and &issions would be greater
than that for BC and thus lead to an increase ileB C/ &8CO a nauringeBC/ a&CO
April 2020. |l nstead, we observed consitetentl y |
wholetime period &eB C/ a&Xi@bited a statistically significant decrease in all
considered time periods except for weekends, which hadististdly insignificant
decrease in the emission ratio. egb findingdikely indicate that the influence of
vehicle fl eet c¢ han goevasowershadeBed bysa@r@sticceB C/ &&CO
change in anothdrighwaycharacteristic: stopndgo traffic.
While thedifferences in mean traffic speeds were generally minon(<63,
the fraction of vehicles driving below 22 s* (frac2mpgd dropped down from 28%
in prior years to less than 2% in April 20Fdure 44 andTable 42). The
afternoon rush hour (14:0020:59 ET), when the fragmpsis highest of the day at
354% (Table42) , exhi bited the | argest decrease I
from April 2017 and 2018 to April 2020 &ble 44). The morning rush ho also
saw a significant improvement in traffic flow, with the percentage of vehicles
driving slower than 22n s decreasing from 24.1% p@OVID to 1.23% in April
2020, and a concurrent decrease aof 22.7% i

(Table 44) . The drop i n @&BC/ &CO diuwubhd9ET)Y the ove
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when traffic flow did not differ much in April 2020 compared to previgears, was
|l ess remar kable and statistically insignitf
The difference i n @Bweédnmeéiklayggand a&BC/ &CO
weekends suggests that CIVs are the primary contributor to mobile BC emissions at
this site. The medianp@ OVl BC#&&CO rati o on weékdays was
ppbv compared to t he we e Kmpndadeadaseaf5953% 0. 006 4
(Table 44) . Si nG/l sag@crgased &yBW% from 0100e g ' Jppmv !
on weekdays 'tppmv0iondéeRefds.cThe datrease in both ratios
from weekdays to weekends follows the change in the fraction of CIVs passing the
NR site:the fraction of CIVs dropped from 1486 weekdays to 7.4% on weekends,
resulting in a decrease of 47.1%. €6k observatiorovide strong evidence that
CIVs dominate the BC emissions at tHe5I NR site.
Figure 44 shows that the typical traffic congestion, markedrbguent
braking and accelerating, was nearly eradicated in April 202@ mechanisms
may help toexplainthis finding enhanced BC emissions frdirake pads and
acceleration in ClVsVehicular hake padscomposed of various metals and
graphite are known to emiBC anda variety ofotherspeciegLyu and Olofsson,
2020) Significant reductions in stegndgo trafficin April 2020thus ledto lower
BC emissiongrom brake padsBlack carbon islsoreleased from the exhaust of
CIVs during acceleratioftGiakoumis and Zachioti2021; Rakopoulos and
Giakoumis, 2009) With CIVs representing the dominant sourceaiipipe BC
emissionsthe neatelimination of traffic jams in April 2020 produced a larger

reduction in mobile BC emissions than the effect of feweroaa SIVs onCO
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emissions. With a decrease in SIVs of ~60% in April 2020 and assuming a
comparable reduction in CO emissions, the
(considering all days and hours) indicates that BC emissions likely decreased by

~70% a number compatible thi the decrease themedian BC concentration of

nearly a factor of two.

I n addi t i o nlabled4 pess ttae @6uts for various other
emission ratios. Comparison of CO and:N@®CGQ; provides better understanding
of the effectiveness of exhatedtertreatment devices, specifically catalytic
converters, installed in vehicles passing the NR sitecké generally emit less CO
relative to CQ, resultinginl o we r  seQhar caa& QVith fewer SIVs on roads
relative to CIVs in April 2020pne mightt x pect | o waswelkeCl@/ & CO
& C O/ =&halysis presented fable 44 shows no significant trend for all hours,
however we observe higher ratios on weekends and during the afternoon rush hour
in April 2020 than in previous years. A plausible erplion for this trend is that
vehicles emit more CO at high speédgckman et al., 1999; OECD and ECMT,

2006; Wang et al., 2018)With less traffic congestion on roads in April 2020,
vehicles were drivind4%faster than usudFigure 4.4)and likely emitted more CO
relative to CQ.

Astatistically sigmeCasomavedforncr ease i n
weekdays, weekends, and duu &e@igcreashdby aft er no
45.4% (p<0.05) on weekends and 52.1% (p<0.05) in the afternoon rush hours,
compared to 12.7% on weekdayable 44) . Hi g hee@i@needN\G

combined with a greater fractionofonoad CIl1 Vs | i kel y a&8G0d t o el e
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(but lower NQ mixing ratios)in April 2020 compared tthe same montim prior
years. Gasoline vehicles also exhibit a slight increase in mobileM@sions at
high speeds that | ikely cene@@Aprii202s t o t

(OECD and ECMT, 2006)

4.4 Conclusions

The results in thishaptethighlight the significance of traffitow on BC
emissions from diesel trucks. Traffic and ambient pollutant observations were
collected at stationary sites alonr§3, a major highway in the Eastern US. Strong
reductions in ofroad vehicle counts in April 2020 relative to prior years resuited i
the neatelimination of traffic jams and a 14% increase in the average vehicle speed.
Significant i mprovements in traffic flow
and @B & A ZD20 relative to prior Aprils. The reduction of a factor of
~twoi n @B C/ a&C O, anectBeldractod 6f ClVs from weekdays to
weekendss consistent wittirucks & the dominant emitter of BC emissions. A
|l i kely explanation for tlaethusB® emissiegeBrC/ s&CO
April 2020 compared to prior yeais that diesel trucks emitted far less BiGpring
2020than under typical, congested traffic conditions with frequent acceleration.
Less frequent braking in April 2020 also likegntributecto lower BC emissions
from vehicular brake padear Thes resultsuggest thaglimination of traffic jams
could reduce highwaBC emissions from diesel trucky ~70%(i.e., to ~30%evel
of normal emissions)Further reductions in mobile BC emissions may be possible

with diesel engine designs that reducdaaharger lag.
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Peak travel restrictions at the beginning of the COYfpandemidn April
2020enabled us to study the effects of traffic emissions on air quality. Due to the
strong impact of traffic speed on vehicular emissions, a topic for fututeisviar
evaluatemodels of mobile BC emissions, especially their sensitivity to-atmayo
traffic. The first step would be to modify SMOKHEOVES to account for the
strong decrease in traffic jams on simulated levels of restricted access highway BC
emissionsSome preliminary work discussing vehicle speeds and BC emission rates
from MOVES3 is discussed iChapter 5.Assessing how air quality models perform
given drastic changes in specific variables such as the numberaddrehicles or

stop-andgo traffic can help to improve the accuracy of future modeling endeavors.
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Chapt@and®maasnnid Future Wor k

The work presented in this dissertation characterizes vehicular emissions in
the nearoad environment and examines various elements that #féeat Since
vehicles are a major source of N@O, and BC, understanding how mobile
emissions changeith weather and traffibas important health and environmental
impacts. Mobile emissions were estimated using amb#bservations of NQ
CO, BC, and C@at a stationary monitoring site located aloffgplin the Baltimore
Washington aga, while traffic counts along-95 were used to investigate the impact
of changes in the passing vehicle fleet on inferred emissibms focus of the first
part of the dissertation is to improve our understanding of the impact of temperature
on mobile enissions. The second part focuses on how changes in the vélaete
composition and speed impact emissions.

Discrepancies between measured and modeled atmosphetiesp@cially
in the summertime, have been widely reported in the literature andatiitéxited to
inconsistencies isimulatedmobile emissionsThis gap in knowledge acts as
motivation for the work in Chapter 2, where | discuss a temperature sensitivity in
vehicular NQ emissions as eontributor tothe reported discrepancy. To infer
highway emissions from ambient NR observations, | used several techniques to
isolate influence of traffic from background levels that all led to the same
conclusion; vehicular NOemissions appear to decrease with gsambient
temperatures. Carbon monoxide and,@® not show much sensitivity to
temperature. A smaller change in mobileN@th specific humidity is not enough

to explain the temperature effect, suggestingdbatbustion processes and/or
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pollution contol equipmengrelikely sensitive to ambient temperature. By using
traffic observations andonductingthe analysis for various time windows, such as
the overnight period when the fraction ofad trucks is highest, we conclude that
NOx emissions frontdieselpowered trucks exhibit a strong dependence on
temperature.

Chapter 2 alsmcludes arevaluaton of mobile NQ: emissions simulated by
MOVES. By comparison to the observations, MOVES underestimates the
temperature sensitivity of N@missions, idicating that the default setting used in
the temperature adjustment factor for running emissions needs further assessment.
Adjusting the temperature settings within MOVES may help to bring observed and
modeled NQ abundances into agreement during themvaeason, thus reducing
some of the discrepancies reported in the literat8mme preliminary work to
incorporate a temperature effect into MOVES has already been accomplished,
however more work is needed to translate this modificdtionse inNSMOKE-

MOVES. With diesetpowered trucks being the dominant source of BC emissions in
the NR environment, the temperature analysis from Chapter 2 was extended in
Chapter 3 to include vehicular BC emissions. | evaluated highway emissions of BC
using inferred emion ratios at the95 NR site. The results of this study suggest
that BC emissions vary both seasonally and by temperature. Wiéhfour

seasons, with highest emissions occurring during the summer and lowest in the
winter, similar to other studiebat found a seasonal cycle in BC emissi(isen et

al., 2001; Kondo et al., 2006; Wang et al., 2018 minimize seasonal differences

such as in fuel and traffic, | focedthe analysis on the cold season and observe
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greatemmobile BC emissions at higher temperatures. A strong temperature
dependence during the overnight perdod on weekdaysvhen the fraction of

trucks is at a maximum, suggests that BC emissions from gliesared trucks

increase wittambient temperatur@nehypothesis worth explorinig that higher
temperatures result in lower air density entering the combustion chamber, which in
turn leads to elevated BC emissi@@hen et al., 2001; Ghazikhani et al., 2013)

These results suggest that improvements in diesel engine design may help to lower
BC emissions, especialbn hotter days when vehicular BC emissions are elevated,
and can improve air quality for populations living close to diesel sources.

Like mobile NQ emissions, the temperature adjustment for BC emissions in
MOVES does not agree with observations. The latest version of the model,
MOVES3,makes no adjustment tanning BC emissions for ambient temperature.
Since on and offroad diesepowered vehiclge account for the majority of BC
emissions (2017 NEI), the lack of a temperature adjustment in MOVES and
SMOKE-MOVES suggests that modeled ambient BC levels may not agree well with
observations Theabsence of a temperature adjustment helps to explaevieps
study that found CMAQ modeled BC concentrations consistent with obsgmrest
but notsummerconcentrationgAppel et al., 2008) Thefindings for Chapter 3
supportincorporating a temperature adjustment for BC emissions in MOV&S3
help improve the accuracy of modeled BC concentrations, especially in areas with

high BC emissions from diesel engines.
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Nearroad observations can also be effectively used to study the impact of
traffic patterns on emissions of BC, CO, N@nd CQ. In Chapter 4] utilize
vehicle speed information to determine the impact that changing traffic conditions
(both speed and number of vehicles) have on mobile emissions. The total number of
onroad vehicles fell significantly in April 2020 due to the sttiavel limitations
implemented ilMarch2020. With fewer vehicles on the roagpeeds were faster
and traffic flow greatly improvedSignificantly less stofandgo trafficon I-95 led
to an outsized improvement in BC emissions relative to the reduntioQi
emissions resulting from fewer -@nad car countsA similar pattern in weekday
weekend differences in emission ratios and the fraction of trucks suggests that trucks
are the dominant source of BC at the NR site. We conclude fraafthéingsthat
dieselpowered trucks benefit greatly from redudeaffic congestion Additionally,
fewer instances of vehicles braking ledower BC emissions from brake pads, and
this effectmay havecontributed to lower BC emissions in April 2028uch insight
into theimpact of traffic flow o vehicular emissions can help shape policy decision
makingin further reduohg BC emissions.

There areseveralfuture projects thatxpand orthe workpresented ithis
dissertation.One area ofuture study is tatestfor the presencef brake emissions
the NR environmentWhile tailpipe emissions a@nimportantsource of CO, NQ
PM, and VOCsemissions from brake pads contain a varietytbérchemicals that
are hazardous to human heattb¢ch as metalsFuture work couldfocus on
evaluating the correlation between ambient BC and other species commonly emitted

by brakes, such as coppdérhel-95 site does not measure ambient concentrations of
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the metals commonly found in brake pdusweverother sites do meaee these as
part of the EPAnetwork of monitors.

An area of consideration iso conduct a full evaluation afferred VOC
emissionsatthe NR observations arlde impact ombient temperaturen
vehicular VOC emissionsWhile thisdissertation discussed CO, N@nd BC,
VOCsrepresent #arge group of compounds emitted by vehicles through exhaust
and evaporative emission¥he F95 monitoring site samples 56 VOCs via grab
canisters once per week. A preliminary analy$iseweraNOCsemitted by
vehiclessuggestghatseveral including propene, ethenebiitene, and benzene
exhibit decreasing emissioas temperatures increg$egureD1), similar tothe
trendobservedn mobile NG, emissions.Future work shoulgrovideinsight into
the specific processdsy which vehicles emit VOCs at the NR site by grouping
VOCs by tailpipe (propene and benzene, for exangmdevaporative emissions+(n
pentaneand butane, for example).

A preliminary analysis of methane (@Hbbservations at thed5 sitesuggest
that véniclesalsoproduceCHa. FigureD3 depictsa strongcorrelationbetween Ch
and CQ (r? = 0.98)atthe 95 siteduringwinter months (December, January, and
February) from December 2016 through December 201B.e e @I €nission
ratio, estimated by the slope value of the Hiédb the observationss 2.47
ppbv/ppmv at the NR sité&-igureD3). While vehicles are known to emit some £H
future work could focus on using the obseriglemission ratio in combination

with CQ; inventoriesfrom the onroad sector to quantifyehicularCHs emissions.
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This is especially important becauseroad vehicles, both diesel and gasoline,
generate-34% of CQ emissions reported in the 2017 NEI.

Certain vehicleemit ethangspecifically thoseisingnatural gaguel. A
scatterplot oR4-hour averagethane and methane at the NR site for October 2016
through December 2018 shows a correlation between the two species with a slope of
0.022 ppbwinanéppbinethancand F = 0.46 FigureD4). Thisemissiorratio is lower
than that observeid aircraft observations collecteder the BaltimoraVashington
area 0.033 to 0.043®pbv/ppbv) byRen et al(2018) andshouldbe studiedurther
to examine tailpipe emissions of ethane at the NR site.

Another area of future wonkayfocus on improving MOVES by adjusting
parameters controlling the impact of temperature and humidity on vehicujeardO
BC emissionsvithin the simulator. Té goal of this ito better represent the
behavior of realvorld vehicular emissions arassess the implications of these
changes to future surface ozone attainment strategsiag the temperature
dependence in mobile emissions at #9® INR observatios (Chaptes2 and 3), one
coulddevelop an appropriate modification to the temperature adjustment factor for
running emissions of NCand BC within MOVES. Since the SMOKEOVES
modeling platform is used fareparevehicular emissions for use in air quli
models, the temperature adjustment developed for MOVES must also be compatible
for use in SMOKEMOVES to produce the observed temperature effect. | have
made some progress in developing a preliminary temperature adjustment for
vehicular NQ emissions whin MOVES based on the observations, however future

work should focus on developing a similar adjustment for BC emissions and then
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including these modifications into SMOKOVES. One could alter the base
emission rates within MOVES (g Nfnile) to reflect the observed temperature
dependence by adding a multiplicative adjustment factor toed@ssions
G 6 a0 QY d@EEXOEND M p XY X UL

where T is the ambient temperature in °F, however this would only be applicable to
interstate lghways such as95. Figure D5 shows a comparison of unadjusted,NO
CO, and C@emission rates from MOVES output, as well as model output obtained
from a simulation using identicadodel inputbutincludingthe temperature
modificationshownabove. MOVES outputfrom a simulatiorwith the temperature
adjustmenshownearly a50% decreaseinN@ mi ssi on rates from
consistent with NR observationgicorporating the impact of temperature on,NO
ard BC emissions withiSMOKE-MOVES will ultimatelyallow air quality models
to better represent mobile emissions inferred fromweald measurements.

Investigating how vehicular BC emissions respond to-atapgo traffic in
MOVES3 (and SMOKEMOVES)would also be interesting-or a preliminaryjook
into the response of BC emission ratesehicle speeds MOVES, | ran MOVES3
using Howard County input data and again using Baltimore County input (input data
compiled and provided by MDE). Because of pineximity of Baltimore County to
the downtown Baltimore area, we would expect to see higher BC emission rates due
to vehicles driving slower (Chapter 4) in urban ardéigureD shows that emission
rates in both counties are similar and that BC emission rates in Baltimore County are
generally not higher than in Howard County. This brief study suggests that more

work is necessary is to evaluate the effect of speed (and traffyestion) on
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vehicular emissions, perhabyg varyingthe speed information that is udeyl
MOVES, similar to how the meteorology input data was modified to study the
impact of temperature on emissions (Chapters 2 and 3).

The emissions studied in this skstation areepresentative of typical
highway conditions An interesting topic for future work is to expand #ak on
temperature anstopandgo trafficto other types of roadways, including Ron
highway monitoring sites such assaburban locationdike Baltimore County
Doing so would allow us to bettanderstandrehicular emissionm areas that are
largely residential in nature and could provide important ing@htlp strengthen

existing public health policies.
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AppendSiuxppA:ement al | nf or mati on

Al. Map of 195 nearroad site and 2011 DISCOVERD aircraft
campaign

.. Baltimore
(70} o

e

é <@
Rockville '\

1-95 NR site

Washéngton

Figure Al. Map of DISCOVERAQ aircraft campaign over the Baltimere
Washington region in July 2011 (a). Tingperleft panel shows the Cessna and P3
flight tracks with respect to the entire state of Maryland, while the right inset shows
the overlap between the DISCOVER) campaign and the location of the neaad
monitoring site along-95 used in this study JbThe bottom image shows a clage
view of the 95 NR site (c; images from Google Earth and Google Maps).
DISCOVERAQ image publicly available at https://discover
ag.larc.nasa.gov/multimedia.html.
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A2. Measurement details and analyzer specifications

TheDISCOVERAQ flight campaign was carried out in Maryland over 14
flight days and included segments flown ov@®5| an eightane interstate highway
with heavy truck traffiqAnderson et al., 2014)Carbon monoxide was measured
using a diodéaser spectrometer and [MQvas measured using a fecinannel
chemiluminescent instrument.

Measurements of meteorological data, [CO], @, at the 95 site were
collected using instruments similar to those stationed at other EPA Air Quality
System AQS) sites. Observations of [CONQy], and meteorological variables at
the F95 site were made every 10 seconds, and fop[€@ery 2 s. Oneninute
averages were calculated from the 40d 2second values.

Meteorological variables including temperaurelative humidity, pressure,
wind direction, and wind speed were measured using a Vaisala WXT 520. A
Teledyne Advanced Pollution Instrumentation (AP1) Model 300 U analyzer was
used to determine [CO] based on infrared radiation absorption. Accordimg to
manufacturer's specifications, the drift in the zero readings of the CO analyzer may
be up to 20 ppbv over 24 hours with noise of up to 10 ppbv, as measured by the root
mean square of the zef@&PI, 2017) Routinequality control checks performed
twice a month show that the mean relative accuracy, defined as the average
percentage difference between calibration standards and analyzer readings during
regular quality control checks using emenute data, for [CO] wa2.3% at 500
ppbv, calculated from the difference between measured and known concentrations.

We consider observations of [CO] less than 100 ppbv to be below the regional
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background. The omminute measurements a®@b used in this analysis contain up
to 1%of measurements for which [CO] was below 100 ppbv; however, these data
have passed the official quality control filters mandated by the US EPA for all AQS
sites and excluding them would introduce a high bias. We attribute measurements of
[CO] below 100 ppb to total instrument noise, which suggests that ~1% of the
measurements are farther than +3 sigma from the mean. Our analysis includes these
data; omitting them does not have a significant impact on any of the scientific
conclusions.

NOx concentrationsvere measured by a Teledyne API Model 200 U
analyzer based on chemiluminescence. The analyzer contains two channels, one in
which the mixing ratio of NO ([NOJ]) in ambient air is measured directly by its
reaction with Q. The other channel indicates [MQand other oxidized reactive
nitrogen species, by first converting to NO on hot molybdenum at 315° and then
reacting with Q (API, 2018; Fontijn et al., 1970)The difference between these two
measurements (i.,e. [ND T [ NO] ) a pzjp Thechemiuminessencg N O
technique for measurements of [N@ sensitive to other reactive nitrogen species
such as HONO, HN¢) and peroxyacetyl nitrate (PAN), as noted by, for example,
Dickerson et al. (2019), Dunlea et al. (2007,) Fehsenfeld et al. (198&)assume
all emitted NDy species were detected because air parcels were sampled within ~12
m of a dominant source of NQwith little time to lose reactive nitrogen to dry
deposition. Mixing ratios of NOmeasured with the NO/NENOx analyzer exhibit

a zero drift of up to 0.1 fgv in a 24 hour period, noise at the zero level of up to 25
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parts per trillion by volume (pptv; 1
abundances between 9 and 12 p@kI, 2013)

Measurements dCO.] were acquired at the9d5 site using a Los Gatos
Research (LGR) Fast Greenhouse Gas Analyzer (FGGA) with the Enhanced
Performance optio(Los Gatos Research, 2013he LGR FGGA uses offixis
Integrated Cavity Output Spectroscopy (ICOS) in the Niefrared Region (NIR)
and has been described previoy8lger et al., 2002; Martin et al., 201The
manufactureros specified Judlestedasa on f or mea
temporal resolution of 1 Hz is 0.3 pprtbos Gatos Research, 2013he maximum
drift over 24 hours is 0.3 ppmv, while the drift iretAnalyzer over a-thonth period
has been discussed elsewhere and is ~1.2 ppmv (~0.3%) ovelag BériodLos
Gatos Research, 2013; Martin et al., 20The relative accuracy as calculated by
comparison of the analyzer readings to known concentrations based on the NIST

standard is 0.089% at 516 ppmv.
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A3. Vehicle fleet composition at th% nearroad site

Table A1. Summary of vehicle types passing th@5l neasroad site.

% of total vehicles Average hourly number
of vehicles

Motorcycles 0.10 Motorcycles 7.00

Passenger cars 76.0 Passenger cars 6620
Passenger trucks 10. 9 Passenger trucks 9514
Buses 1.78 Buses 121
Singleunit trucks 3.16 Singleunit trucks 204
Combinationunit trucks 8 . 0 6 Combinationunit trucks 3 4 9

1 Single-unit trucks are a collection of Federal Highway Administration (FHWA)
vehicle classesiy.

2 Combinationunit trucks are a collection of FHWA vehicle classi$3

3 More details regarding traffic classes can be found at

https://www.fhwa.dot.gov/publications/research/infrastructure/pavements/ltpp/13091
/002.cfm

A4. Creating meteoroloqy input for MOVES

The impact of temperature in MOVES waseéstigated by using the
correlation between ambient specific humidity and temperature aBth@&lR site in
Howard County, MD, the county for which MOVES was run. We used the
relationship between ambient temperature and specific humidity, insteadtiokrela
humidity, in preparing the meteorology input for MOVES because combustion
temperatures respond to specific, not relative, humidity, following a method similar
to Choi et al. (2010)

We first converted observed enenute relative humidity measurements to

specific humidity, then used the exponential equation givéigure A2 to esimate
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t he ambient specific humidity for each deg
Since MOVES requires temperature and relative, not specific, humidity as input for

the meteorology, we convert the specific humidity values estimatedigume A2

back to relative humidity for use in the model. Results are presented in detail in

Chapter 2f thedissertatiorandFigure AL2. In general, there is a slight decrease in

NOx emissions (11%), and an increase of 23% in CO and 3.5% imATiOrising

temperature between T 5Rdureald)d 24AC within M

-
N

Exponent'ial best-fit:
y = 2.1960.064*Temp

-
o

(o¢]

Ambient specific humidity, o - kg'1
(o)}

-20 -10 0 10 20 30
Ambient temperature, °C
Figure A2. The correlation between observed ambient temperature and specific

humidity observations collected at th@3 NR site in Howard County, MD. The red
line represents an exponential biisto the oneminute measurements, with the

equation ¢ @ °

To analyze the impact of spCapNi@d ¢ humi d
pC&® CO i n MOVES, we performed additional I

temperature range as T5AC to 25AC and adju
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temperature so that for the entire temperature range the humidity was constant at 1,

2,4, 6,8, or 10 g Kgt To determine the sensitivity of emissions to specific

humi dity, we then took an average across t
each specific humidity | ewahd ApHEaGe i s an

16% and 14% in MOVEGQ/ qpCHEge Al change in o

A5. Use of potential temperature in DISCOVER analysis

Potential temperature was used in the DISCOV&Raircraft analysis
because this measure of temperature has the benefit of remaining constant as an
unsaturated air parcel moves vertfocal |l y. T
the appropriate surface temperature. Thus, in a dry adiabatic process where there is
no net clange of energy in the closed system or any phase changes of water,
potential temperature represents the temperature of the air parcel at 1000 hPa where
most pollutants are emitted. During DISCOVARQ , wasl observed to be nearly
constant over a given pridiin the planetary boundary layer (PBL), as expected.

The oC Qénpdod ratios were estimated from measurements of CO
and NQ collected during spirals and vertical profiles within the PBL of the aircraft
flights. The PBL height was approximated a& Kim in the morning and 1.5 km in
the afternoonFigure A3 shows the fraction of free troposphere air within the PBL
estimated usingquation AL, where [COpsL represents the CO mixing ratio at the
bottom of eak airplane profile, [CQ}sis the measured value of CO, [G@fhe CO
mixing ratio within the free troposphere, angdig-the fraction of air from the free

troposphere. This supports our approximation of the PBL height as the fraction of
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free tropospherair entrained in the PBL is close to 0 below 1 km altitude and less

than 20% below 1.5 km.

Equation Al. Simple mixing line calculation used to estimate fraction of free
troposphere air within the PBL during aircraft spirals.
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Free Troposphere Fraction

Figure A3. Estimates of the fraction of free tropospheric air entrained within the
PBL as a function of altitude during the 2011 DISCOVAER aircraft campaign

over the BWRThe filled blue circles represent the median free troposphere fraction
in each altitude bin, while the endpoints of the horizontal lines correspond tdthe 25

and 7% percentiles in each bin.
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A6. Average July temperatures for Washington, DC
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Figure A4. Temperature history for the month of July in Washington, DC. The black
dots represent the monthly averaged temperatures, the blue dotsykartetnning
mean of the monthly temperatures, and the red star the avenagerature in July
2011, the year of the DISCOVERQ aircraft campaign over the Baltimere
Washington region. Data obtained from
https://www.weather.gov/media/lwx/climate/dcatemps.pdf.

A7. 1-95 ambient pollutant concentrations as a function of wind

direction

The ambient mixing ratios of CO, NCand CQ as a function of the wind
direction at the-B5 NR site foNovember 2016 and February, November, and

December 2017 are shownFkigure A5.

126



| + 1-minute observations| |

3 . |~¢~Median values
Q
g
©
o
()]
=
X
=
O
O
0 90 % D 778, "8y 1y 200 %3 )
Wind Direction, deg from North
400'b : = ‘ 640 | ‘ — — 1
> 350> - 1-minute observations| | > C. : ; - 1-minute observations
a Median values J g_ 610 P : |~o—Median values ‘
S 300 i ' | S0 :
k) ; ' g
= 250 ¢ \ © 550
1 i 14
o 200 ] o 520
£ c
X 150 X 490 &
b=
= 100 EN 460
®} 0
Z 50 O 430
0 P 5 . oV 400 Tty " s . " s N H P X 1
0 % % D 778810200 %% %8, 0 % %D D 78’810 % 20 %
Wind Direction, deg from North Wind Direction, degrees from North

Figure A5. CO, NQ,, and CQ mixing ratios as a function of wind direction at the |
95 NR site during the cold season in 2016 and 2&{ighway angles are defined as
25° through 225°Compass and are marked by thehaded rectangle. The rest area
located North/Northwest of the mamiing site, which has more parking spaces for
passenger cars and trucks than the rest area located Southeast of the site,
predominantly influences ambient pollutant measurements when winds were from
between 310° and 360°Compass. The median mixing raties the wind blew

from the highway were elevated by 160 ppbv (86%) for CO, 43 ppbv (400%) for
NOx, and 34 ppmv (8%) for CQrelative to the median mixing ratios when the wind
came from the Northwestern rest area.

A8. Temperature dependence@C O/ pdHO D N @nd
PCO® pCO using the interquartile range

We repeated the analysis using the interquartile range (IQR) rather than the 2

standard deviation method to define outliers prior to calculating the geometric mean
regressions every hour. Based on this definition, outliers are defined as points that

arelessthanthe®percentile 1T 1.5x1 QR and"™points th
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percentile + 1.5xIQR. This change does not impact our main conclusion that NO

emissons decrease with increasing temperatures.
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Figure AG.Hour Il 'y oC@) qppN®RBOb ), angC @C(Oc )

for

hours of the day and all values of specific humidity shown by the light gray dots, as

a function of ambient temperature. Emission ratios were estimated fremioote
data collected at thed5 NR site in Howard County, MD for Novemberl®land

February, November, and December 2017. Outliers, defined by the interquartile

range rather than theo standard deviation method @hapter 2were removed
prior to estimating each hourly regression. Data were placetembins, each

containingan equal number of points. The black lines correspond to the median

emission ratios in each bin, bounded by th€ &3d 74" percentiles of the bins

represented by the light gray lines. The solid red lines represent ordinary, linear
leastsquares regressi fits of the binned median emission ratios. The uncertainty of
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the slope parameter of each trend was estimated using a Method of Maximum
Likelihood, followingBevington and Robinson (2002)

A9. Tempeaiture dependence gdC O/ pN Gp/CHN @nd
PCOY CO using robust regression rathe

regression

We also repeated the analysis using the robust regression technique instead

of the geometric mean regression method wdaculating hourly emission ratios.
The robust regression assigns less weight to outliers, or points that are farther from
the besfit line, and therefore we did not exclude any points prior to calculating the

hourly regressions.
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Figure A7Hour |l y ®C@) qpdN®PROb) , ang@C@COc) for al/l
hours of the day and all values of specific humidity shown by the light gray dots, as

a function of ambient temperature. Emission ratios were estimated fremioote

data collected at thed5 NR site in Howard County, MD for Novemberl®and

February, November, and December 2HGurly emission ratios were estimated

using a robust regression, including outliers, rather than a geometric mean regression
as in Chapter.2Data were placed inttO bins, each containing an equal number of
points. The black lines correspond to the median emission ratios in each bin,
bounded by the 25and 7% percentiles of the bins represented by the light gray

lines. The solid red lines represent ordinary, linear isqsares regression fits of the
binnedmedian emission ratios. The uncertainty of the slope parameter of each trend
was estimated using a Method of Maximum Likelihood, followl®yington and

Robinson (2002)
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A10. Temperature dependencemf O/ N Gp/CHN @nd

PCOYL pCO as a function of daily maxi
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Figure A8.Daily-aver aged howu(rd)y, doBDOPN,O a/na@gC @CO
(c) for all values of specific humidity shown by the light gray dots,fasetion of

daily maximum temperature. Hourly emission ratios were estimated from one

minute data collected at th®b NR site in Howard County, MD for November

2016 and February, November, and December 2017, then averaged daily. Data were
placed into te bins, each containing an equal number of points. The black lines
correspond to the median emission ratios in each bin, bounded by'tha®3%'
percentiles of the bins represented by the light gray lines. The solid red lines
represent ordinary, linedeastsquares regression fits of the binned median emission
ratios. The uncertainty of the slope parameter of each trend was estimated using a
Method of Maximum Likelihood, followindgevington and Robinsof2002)
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All. Estimating the temperature dependence on emission ratios from

oneminute observations at the9b NR site using an alternate technique

In addition to the technique described in Chapter 2 for calculating hourly
emission ratios ofpC O/ N ORLCOAN,O a n d/ g f rnanote o n e
observations, a second method using sets of teimamée observations was used
for comparison. Linear regression analyses were performed for every temrarte
observations and emission ratios weremnested by the slope parameters. Only
emission ratios from-95 highway angles (25° to 225°) were used in the analysis. As
di scussed i n Chaanpdt efpGEEXhibieD Dérepde @ith rising

temperatur#£ pCw®hidloe s di8®©rniblesrénd.w a
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a/ng@C @C(Oc ) frommghei mat ed

slope parameters of linear regressions for every temmmgte observations as a
function of the average temperature of eaatresponding ten orminute set.

Observations of CO, NQCGQ,, and meteorological

variables were collected from

November 1, 2016 through February 28, 2017 and November 1, 2017 through

December 31, 2017 at th®b NR site.
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Al2. Temperature dependencemf O/ gld$i@y various methods of

estimating the background in calculating hourly emission ratios9ét |

nearroad site

Three different methods of calculating background concentrations of [CO]
and[NQ] wer e used t oxaetlsettod NRdite tegt @CQlieqN O
sensitivity of the temperature trends to the method of background determination. In
the first method, the background was calculated as'tipegentiles of hourly [CO]
and [NQ] for November 1, 2016 through February 28, 2017 and Novein#17
through December 31, 2017. In the second method, averaged [CO] ag]drw®
wind directions 270° to 330° (not intersecting the highway) represented the
background. In the third, a geometric mean fit was found for a scatterplot of [CO]
and [NQ], where the background [NPwas the minimum [N¢] for the entire time
period and the background [CO] was theajue of the bediit line at the minimum
[NO4]. The background [CO] used in each method was 192 ghpeEentile), 193
ppb (upwind methodjand 150 ppb (scatterplot method). The backgroundNO
used was 19 ppb {5percentile), 15 ppb (upwind method), and 4.5 ppb (scatterplot
method). These background values were then subtracted from each value of [CO] or
[NOx] and the emission ratio estimated by the ratio of their differences
( pC O/ YpMBse hourly emission rasiavere placed into ten bins, each bin
containing an equal number of data points, and the mediéna@8 74 percentiles
calculated for each bin and plottedHigure ALO. The average trend in emission
ratio with temperature between the three methods was 0.10+0.017 mdiGhd

similar in magnitude to the slope calculateCimapter 2
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Figure A10.Bi nned mq@¥/fugpdidd of temperature at th@3 NR site for
November 1, 2016 through February 28, 2017 and November 1, 2017 through
December 31, 2017 using three different background methods to calculate emissions.
The black line represents the median of ters b&ach containing an equal number of
points, while the lower red line represents th& gércentiles and the upper red line

the 7% percentiles. The median was fit with an ordinary leastares regression

that is shown by the blue line.

In additionto the three background methods discussed above, we also used a
background site locateadnkm south/southwest of thedb NR site in determining
t he hour | yatteGRditepNarly [CO] and [NPmeasured at the

Beltsville site were subtracted fraifmose measured at the NR site to determine the
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enhancement of [CO] and [NfXi.e.,(pC O  =.95NR1CCOgeitsvilea N d  xpN O

NOx,1-95NR T NOxy,Beltsville) - The ratio of thexswreenhancement
divided intotenbins, each containing an equal number of points, that were sorted by

ascending ambient temperature and plotted as a function of tempé¢Faguire

All). The sl op easafunctmppCoDtenippéidure using the Beltsville site

as a background was 0.09 (mol mpPC' ! similar to the slope values shown in

Figure ALOQ.

T T T

15 w = x
Slope=0.09 (mol mol ') °C

r’=0.74, N =114 |
bin

X
—
© N
T
1

ACO/ANO_ (mol mol™
w ()]

Inferred Emission Ratio
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Outdoor Temperature, °C

Figure A11.Bi nned q@/fupdidd oftemperature at th@3 NR site for
November 1, 2016 through February 28, 2017 and November 1, 2017 through
December 31, 2017. The hourly emission ratios were calculated by subtracting the
hourly concentrations of CO and W@ a backgrond site in Beltsville, MD from

those at the-95 NR site to yield hourly values of CO and Némhancement at the

NR site. The black line represents the median of ten egrd bins, while the

lower red line represents the'2percentiles and the upped line the 79

percentiles. The median values were fit with an ordinary-lEgsires regression that
is shown by the blue line.
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Al13. CO production from biogenic oxidation

Recent work byMarvin et al. (2017has shown that formaldehyde production
from isoprene oxidation can be underestimated in the CB0O5 chemical mechanism used
in CMAQ. This result indicates that the CO produced from isepoxidation would
also be underestimated and may have been partially balanced by an overestimate of
anthropogenic CO emissions in the NElAnderson et al. (2014which led to the
aut hor 6 s hatahe CEMAQsmodeled GO mixing ratios were in reasonable
agreement with the observations (the NEI was 15% higher). This overestimate in CO
emissions from the NEI within the BWR has been confirme8ddynon et al. (2018)
who reported that emission rates of CO are a factor of 2 higher in the NEI compared
to wintertime &craft observations. However, vehicular caliirt emissions of CO
from the urban area may have impacted this findin(Saymon et al., 201&jnce the
study took place in the wintertime.

As shown inFigure Al2, CO emissions modeled by MOVES increase at
higher temperatures due to a multiplicative A/C factor whilg Bissions decrease
only slightly (11%). This could explain part of an overestimate of CO andbyO
CMAQ at higher temperatures since the NR observations show a decrease of a factor
of two in inferred emissions of NCand relatively constant emissions @O with
increasing temperature. In comparison to the NR sites, there still appears to be a large
temperature sensitivity of emissions of Ntbat is not captured by MOVES with

default settings.
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Al4. Impacts of excluding slow wind speeds on temperature and

humidity sensitivity

Table A2S| ope values of x,p@®d ph@ad gpG@ds@N O
function of temperature (mol mbIC' § and specific humidity (mol m3dl (guz20

kg' 3" } at the 495 NR site in Howard County, MMourly wind speed observations

of less than 0.5 mswere excluded in this experiment. The data have been divided
into three Eastern Local Time windows. Values of statistical significance are shown
in bold. The percentages of SIV and CIV are indicateshith time window.

Slope as a All day 0i4:59ET 5i10:59 ET 15/20:59 ET
Functionof 0i 23:59 ET
temperature, 87% SIV 74% SIV 88% SIV 94% SIV
mol mof! °C'? 13% CIV 26% CIV 12% CIV 6% CIV
PCO/ N O 0.072+0.018 10.047+0.042 0.048+0.027 0.044+0.04
(p<0.05) (p=0.60) (p<0.05) 2 (p=0.12)
PC® pNO 8.7+25 4.914.7 7.613.7 7.7¢5.3
(p<0.05) (p<0.05) (p<0.05) (p=0.06)
PC® pCO 11.4+0.85 1.5+1.5 -0.11+0.80 10.95+0.71
(p=0.15) (p=0.24) (p=0.85) (p=0.34)
Slope as a All day 0r4:59ET  5i10:59 ET 15 20:59
Functionof 0i 23:59 ET ET
specific humidity, 87% SIV 74% SIV 88% SIV
mol moft (g kgH)'?  13% CIV 26% CIV 12% CIV 94% SIV
6% CIV
CO/ N O 0.11+0.058 0.022+0.10 0.097+0.069 0.84+0.10
(p=0.28) (p=0.72) (p=0.087) (p=0.35)
PC&® pNO 8.2+4.0 13.7£12 9.5+9.6 122412
(p=0.11) (p=0.47) (p=0.13) (p=0.87)
pC&® pCO 13.3+1.8 0.88+3.9 11.442.1 11.0£1.7
(p=0.15) (p=0.63) (p=0.86) (p=0.35)
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Al5.Estimatingt9 5 wei ghted ayemp@@®PRaendCO/ pNO
PpPCY pCO from MOVES output as a functi
specific humidity

The weighted cav@&nda gp@@TOwer e estimated fro

output to reflect traffic at the95 site. The catribution of each vehicle type on the

weighted average emission rates and ratios was estimated by multiplying the emission

rate of a specific vehicle type by a weighting factor, calculated by the product of the

fraction of the vehicle typeT@ble Al andthe NQ or CO emission rate (mol milg

of that vehicle type in MOVES. This ensured that the large contribution af NO

emi ssions from combination unity (p@Qcks wa:¢
despite these trucks making up only a small fraction eftdtal number of vehicles

passing the site. A similar procedure was followed to calculate the weighted average

PCO/ pNOexcept an aver agseweighted bytiN@&nd 60 of @CO/

emissions separately.

A16. Calculating heat index within MOVES
Equation A2. Heat index calculation within MOVES

OQWEE QQor @ X Ye8TT wmpIYC PR T OO oPOXTR ¢T XLVULTP
OYOY'O epo x Bty vd Yp xJaxOY'O pg C Y T
IJBPY YO B ¢ YOgdt m TOYOY 'O p&o 68t 11 T MY

yO

T is temperature in degrees Fahrenheit
RH is the relative humidity in percent
Source: https://www.epa.gov/moves/moadgorithms
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Al7. MOVES CO, NQand CQ as a function of temperature and

specific humidity

o
®

I I I I T
a. 11% decrease in mean NOX

o
o))

o
~

X

o
[N}

NO_. mol mile™

o

T T T T T

| b. 23% increase in mean CO

o
w

o
(N}

CO, mol mile”’
©

T T T T
| c. 3.5% increase in mean 002

COZ, mol mile”™

10
Temperature, °C

5 15

| — Motorcycles

Pass. cars
Pass. trucks
— Light comm. trucks
— Intercity buses
= Transit buses
School buses
Refuse trucks
Single unit S-H trucks
Single unit L-H trucks

| =— Motor homes

—— Comb. S-H trucks

"| == Comb. L-H trucks

-7 1-95 Weighted Avg

Figure A12. Rates of CO, N@Q and CQ emissions calculated from average

emission ratios weighted by vehicle speed and model year from MOVES output for
Howard County, MD, using December 2014 input data. Plotted are the emission
rates as a function of temperature sorted by vehicle sourcedlypeékdays on

rural restricted roads. Each point represents an emission rate at the indicated
temperature or the specific humidity calculated fifeigure A2, an exponential best

fit of the observed specific humidity values at tF#blsite. Passenger cars,

passenger trucks, motorcycles, and light commercial trucks are assumed to run on
gasoline (based on county vehicle fuel data), whereas all\@hale types operate

on diesel. Turguoise stars represent a weighted average of each pollutar9sing |

vehicle fractions from traffic counts.
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Figure A13. qCOINOy, qCO/gNOy, and qCO/qCO calculated from average
emission ratios weighted by vehicle speed and model year from MOVES output for
Howard County, MD, using December 2014 input data. Plotted are the emission ratios
as a function of specific humidity sorted by vehicle source type for weekdays on rural
restric ed roads. Each point represents an emi s
similar to the range of temperature seen in the observations. Passenger cars, passenger
trucks, motorcycles, and light commercial trucks are assumed to run on gasoline
(based orcounty vehicle fuel data), whereas all other vehicle types operate on diesel.
Essentially all vehicles (98%) fall into the categories of passenger cars and trucks and
SH plus LH trucks. Turquoise stars represent a weighted average of each pollutant
usingl-95 vehicle fractions from traffic
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Appendi x B: SupplfemerCthalptlemf Sr

B1.1-95 ambient BC and CO abundances by time of day and month
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Figure B1. Contrast maps showirambientBC ( & ¢3) and CO ppbv)
abundanceneasurements collectatithe 195 NR site as a function of time of de
and by month, using all available dét@ough Decembe2018.

142



Appendi

x C:

C1l. Time series of total vehiateunts along-B5

1-95 Daily Total Traffic Volume

Suppl ement al
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0

Figure C1. Daily total number of vehicles passing th83 NR site in Howard
County, MD, from January through July 2020.
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Appemdi Suppl ement al | nf or mati o

D1.Preliminary VOC analysis at95 NR site
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c. 1-Butene
%107 1-95 NR 2014-2018
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Figure D1. Preliminary analysis of VOC temperature dependence at3eNR
site in Maryland. Suppliers changbe composition of fuel with ambier
temperature. VOC measurements in each season (winter or summer) were
into five bins, each containing an equal number of points. The average of e¢
is plotted as the filled, round circles, with the barsrreps ent i ng
average. A linear geometric mean regression was fit to the binned values, w
regression parameters in winter and summer provided in the top left corner ¢
figure.
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D2. Vehicular emissions of methaakthe F95 NR site

1-95 NR Winter (DJF) CH4 Time Series
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Figure D2. Time series obneminuteCHs4 observationsit the 95 NR site from
October 2016 through December 20B3ack squaresepresenthe monthlymedian
values.

Figure D3. AmbientCH4 and CQ mixing ratios collected at thed5 NR siteduring
the months of December, January, and February from December 26d@thr
December 2018. Black poindeowoneminute observationandred diamonds
represent thenedian binned values after thbsrvationswereplaced into ten equal
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