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ACRONYMS AND ABBREVIATIONS

Acronym/Abbreviation

o
a-ATD
A4

AADT
ABI

Abs
ABTS*®~

ABTS?

ACS
ADRB?2
AERMOD

AHR
AHSMOG

3
AIRES

ARIES

AK
AKRA

AL
ALKP
ALRI
a.m.
AM
AMF
ANN
ANPR

APEX

January 2015

Meaning

alpha, exposure factor
alpha 1-antitrypsin deficiency

not classifiable for humans or
animals

annual average daily traffic
ankle brachial index
absorbance coefficient
2,2'-azino-bis

(3-ethylbenzothiazoline-6-
sulfonic acid) radical

2,2'-azino-bis
(3-ethylbenzothiazoline-6-
sulphonic acid)

American Cancer Society
beta-2-adrenergic receptor

American Meteorological
Society/Environmental
Protection Agency Regulatory
Model

airway hyperresponsiveness

California Seventh-Day
Adventists cohort

air exchange rate

Aerosol Research Inhalation
Epidemiology Study

Atlanta Aerosol Research
Inhalation Epidemiology Study

Alaska

mice strain with short life-span;
often used as model for aging

Alabama; alpine

alkaline phosphatase

acute lower respiratory infection
ante meridiem (before noon)
alveolar macrophages

air mass factor

artificial neural networks

advanced notice of public
rulemaking

Air Pollution Exposure model

XXii

Acronym/Abbreviation

APHEA

APHENA

ApOE~"
AQCD
AQI
AQM
AQS
AR
ARIMA

AT
ATS
AUSTAL2000

avg
AW
AZ

Bo
B1
Bz

BAL
BALF
BAMSE

BC
BD
BEIS

BHPN

BIR

Meaning

Air Pollution and Health: A
European Approach study

Air Pollution and Health: A
European and North American
Approach study

apolipoprotein E knockout

air quality criteria document

air quality index

air quality model

air quality system

Arkansas; airway responsiveness

autoregressive integrated moving
average

atascadero
American Thoracic Society

Ausbreitungsmodell gemal der
Technischen Anleitung zur
Reinhaltung der Luft

average
area wide
Arizona

beta

model intercept

effect estimate for the ambient
exposure

vector of slope related to each
covariate

bronchoalveolar lavage
bronchoalveolar lavage fluid

Children, Allergy, Milieu,
Stockholm, Epidemiology
Survey

black carbon
bronchodilator

Biogenic Emission Inventory
System

N-bis (2-hydroxy-propyl)
nitrosamine

birch
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Acronym/Abbreviation

BL
BMI
BP

BS
BSA
BTEX

BW
BWHS
CsHs

C&RT
Ca?
CA

Ca

Cacsm

CAA
CAMP

CAP
CAPES

CAPS
CARB
CASAC

CASNET
Ch

CBSA
CBVD

CC16
CDC

January 2015

Meaning

bronchial lavage
body mass index
blood pressure
bromide

black smoke
body surface area

sum of the VOCs benzene,
toluene, ethybenzene, xylene

body weight
Black Women’s Health Study
benzene

degrees Celsius; the product of
microenvironmental
concentration; carbon;

average concentration
normalized by the standard
deviation of concentration

classification and regression tree
calcium

California; cat allergen

ambient NO2 concentration

ambient concentration at a
central site monitor

Clean Air Act

Childhood Asthma Management
Program

concentrated ambient particle

China Air Pollution and Health
Effects Study

cavity attenuated phase shift
carachol

Clean Air Scientific Advisory
Committee

Clean Air Status and Trends
Network

NO2 concentration contribution
away from the influence of the
road

Core Based Statistical Area
cerebrovascular disease
club cell protein

Centers for Disease Control and
Prevention

xXiii

Acronym/Abbreviation

Char

CFD

CFR
cGMP
CHa4

CHD

CHF

CHS
CHIMERE

Ci

ClI(s)
cIMT
Cj

CJ-A
CJ-B
cl
CL/MC

CL/PC

CINO
CINO2
CMAQ

Cnear
CcoO
Co,j

CO2
COD
COLD
COMET
Cong.
COPD

C-R

Meaning

farthest concentration
computational fluid dynamics
Code of Federal Regulations
cyclic guanosine monophosphate
methane

coronary heart disease
congestive heart failure
Children’s Health Study

regional chemistry transport
model

average NOz concentration in the
ith microenvironment; substrate
concentrations

confidence interval(s)
carotid intima-media thickness

average NO concentration in the
jth microenvironment

Ciudad Juarez—site A
Ciudad Juarez-site B
chloride

chemiluminescence analyzer
with a MoOx catalytic converter

chemiluminescence analyzer
with measurements from a
photolytic converter

nitrosyl chloride
nitryl chloride

Community Multiscale Air
Quality

nearest concentration
carbon monoxide; Colorado

ambient exposure to NO2
outdoor concentration

carbon dioxide

coefficient of divergence
cold-dry air

single cell gel electrophoresis
congress

chronic obstructive pulmonary
disease

concentration-response
(relationship)
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Acronym/Abbreviation

CRDS
CRP
CT
CT™M
CTS
Cu

Cv

CcVv
CVvD
Cx

Cys®

D.C.Cir
DBP
DC

DE
DEARS

DEP
df
DHA
DL
DM
DNA
DOAS

DOCs
dPD
DPF
DPPC
Dt/dx

DVT
e.g.

January 2015

Meaning

cavity ring down spectroscopy
C-reactive protein
Connecticut

chemical transport models
California Teachers Study
copper

NO2 concentration contribution
from vehicles on a roadway

coefficient of variation
cardiovascular disease

NO2 concentration at a distance
x from a road

cysteine radical

molecular diffusion coefficient
of NO2

distance

distance in kilometers
Distric of Columbia Circuit
diastolic blood pressure
District of Columbia
Deleware

Detroit Exposure and Aerosol
Research Study

diesel exhaust particles
degrees of freedom
dehydroascorbate
distributed lag
diabetes mellitus
deoxyribonucleic acid

differential optical absorption
spectroscopy

diesel oxidation catalysts
change in provocative dose
diesel particulate filter
dipalmitoyl phosphatidylcholine

change in x with respect to time
as the limit of x approaches zero

deep vein thrombosis

exempli gratia (for example)

Acronym/Abbreviation

Ea

Eanj

EBC

EC
ECG
ECP
ECRHS

ED
EGR
EGU
Eij

ELF

eNO
eNOS
Eo

Eo,j

EP
EPA

EP-A
EP-B
ESCAPE

ESR

Er

ET-1

ETS
EXPOLIS
f

FEF
FEF25-75%

XXiv

Meaning

the sum of an individual’s
ambient NO2 exposure

indoor exposures from
nonambient sources

expired (exhaled) breath
condensate

elemental carbon
electrocardiographic
eosinophil cationic protein

European Community
Respiratory Health Survey

emergency department
exhaust gas recirculation
electric power generating unit

indoor NO2 exposures in the jth
microenvironment

epithelial lining fluid

the sum of an individual’s
nonambient NO2 exposure

exhaled nitric oxide
endothelial nitric oxide synthase

outdoor microenvironmental
NO2 exposures

outdoor NO2 exposures in the jth
microenvironment

entire pregnancy

U.S. Environmental Protection
Agency

El Paso-site A
El Paso-site B

European Study of Cohorts for
Air Pollution Effects

erythrocyte sedimentation rate
total personal exposure
vasoconstrictor endothelin-1
environmental tobacco smoke
exposure in polis or cities
female

forced epiratory flow

forced expiratory flow at
25-75% of exhaled volume
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Acronym/Abbreviation

FEFs0%

FEM
FEV
FEV1

GA
GAM
GASPII

GCLC

GCLM

GD
GEE
GEOS

GINI

GINI SOUTH

GINIplus

GIS
GLM
GLMM
GM-CSF

January 2015

Meaning

forced expiratory flow at 50% of
forced vital capacity

federal equivalent method
forced expiratory volume

forced expiratory volume in
1 second

Florida

Federal Register

federal reference method
forced vital capacity
gamma; uptake coefficients
semivariogram

gram

grams per brake horsepower-
hour

Georgia
generalized additive models

Gene and Environmental
Prospective Study in Italy

gene that encodes the catalytic
subunit for the human enzyme
glutamate-cysteine ligase

gene that encodes the regulatory
subunit for the human enzyme
glutamate-cysteine ligase

gestation day
generalized estimating equations

Goddard Earth Observing
System

German Infant Nutritional
Intervention

German Infant Nutritional
Intervention covers the urban
city of Munich, Germany, and its
surrounding areas
(approximately 28,000 km?)

German Infant Nutritional
Intervention plus environmental
and genetic influences

geographic information systems
generalized linear model
generalized linear mixed model

granulocyte macrophage-colony
stimulating factor

XXV

Acronym/Abbreviation

GP
GPS
GPx
GS*
GSD
GSH
GSNOR
GSR
GSS
GST
GSTM1
GSTP1
GSTT1
GW

H*
H2S04
HC
hCAEC

HCI
HDL
HDM

HERO

HEV
HF

HFE
HFn

HGF
HI
HIST
HMOX
HNO:2
HNOs
HNO4
HO-1

Meaning

general practice

global positioning system
glutathione peroxidase
glutathione radical

geometric standard deviation
glutathione

nitrosoglutathione reductase
glutathione reductase
glutathione synthetase
glutathione S-transferase
glutathione S-transferase Mu 1
glutathione S-transferase Pi 1
glutathione S-transferase theta 1
gestational week

hour(s)

hydrogen ion

sulfuric acid

hydrocarbon(s)

human coronary artery
endothelial cell

hydrochloric acid
high-density lipoprotein

house dust mite; house dust mite
allergen

Health and Environmental
Research Online

hold-out evaluation

high frequency; high frequency
component of HRV

human hemochromatosis protein

high frequency domain
normalized for heart rate

hepatocyte growth factor
Hawaii

histamine

heme oxygenase

nitrous acid

nitric acid

peroxynitric acid

heme oxygenase-1
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Acronym/Abbreviation

HO2
HO2NO:
HONO
HOONO
HR
HRV
HS

HSC
hs-CRP

ICS

IDW
IFN-y
IgE
IGM
IHD

IL-6
IL-8
lle
IM
IMSI

IMT6seg

IMTcca

IN

January 2015

Meaning

hydroperoxyl radical
peroxynitric acid

nitrous acid

pernitrous acid

hazard ratio(s); heart rate
heart rate variability
hemorrhagic stroke
Harvard Six Cities

high sensitivity C-reactive
protein

lowa

inorganic acid

id est (that is)

intravenously

intercellular adhesion molecule 1
Inner-City Asthma Study

International Classification of
Diseases; implantable
cardioverter defibrillators

inhaled corticosteroids
Idaho

inverse distance weighting
interferon gamma
immunoglobulin E
impaired glucose metabolism
ischemic heart disease
interleukin; Illinois
interleukin-6

interleukin-8

isoleucine

immediately after exposure

Integrated Mobile Source
Indicator

intima-media thickness of the
left and rifht common carotid
arteries, internal carotid arteries,
and carotid bulbs

intima-media thickness of the
common carotid artery

Indiana; isoprene nitrate

XXVi

Acronym/Abbreviation

INDAIR

INF;
iNOS
IOM
IQR
IRP
IRR

kcal
kg
ki

Ki
km
kPa
KS
KY

LA

LAT
LB
LBW
LDH
LE
LETO
LF

LF/HF

LIE
LIF

Meaning

probabilistic model for indoor
pollution exposures

infiltration of outdoor NO2
inducible nitric oxide synthase
Institute of Medicine
interquartile range

Integrated Review Plan
incidence rate ratios

ischemic stroke

Integrated Science Assessment
intratracheal

intrauterine growth restriction
in vitro fertilization
microenvironment

joint model estimate

reaction rate; decay constant
derived from empirical data

kilocalorie(s)

kilogram(s)

second-order rate constant(s)
decay rate

kilometer(s)

kilopascal(s)

Kansas

Kentucky

liter(s)

Louisiana; Los Angeles; Lake
Arrowhead

L-type amino acid transporter
Long Beach

low birth weight

lactate dehydrogenase

Lake Elsinore

Long-Evans Tokushima

low-frequency component of
HRV

ratio of LF and HF components
of HRV

Long Island Expressway

laser induced fluorescence
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Acronym/Abbreviation

LISA

LISAplus

LM
LN
LOESS

LOOCV
LOPAP
LOX-1
Lp-PLA.

LRTI
LUR

ug/m*

MA
M1

M2

M3
M4
MAAS

max

MCP-1

MD

MDA

ME
MESA-Air

MET

METH

January 2015

Meaning

Lifestyle-Related factors on the
Immune System and the
Development of Allergies in
Childhood

Lifestyle-Related factors on the
Immune System and the
Development of Allergies in
Childhood plus the influence of
traffic emissions and genetics

Lompoc
Lancaster

locally weighted scatterplot
smoothing

Leave-one-out cross-validation
long path absorption photometer
lectin-like oxLDL receptor

lipoprotein-associated
phospholipase A2

lower respiratory tract infection
land use regression

mu; micro

micrograms per cubic meter
meter

male

Massachusetts

Month 1

Month 2

Month 3

Month 4

Manchester Asthma and Allergy
Study

maximum

monocyte chemoattractant
protein-1

Maryland
malondialdehyde
Maine

Multi-Ethnic Study of
Atherosclerosis and Air
Pollution

MET receptor tyrosine kinase
gene

methacholine

XXVii

Acronym/Abbreviation

METS
Ml

min
ML
mL
MLI
MMEF

mmHg
MMP
MMP-3
MMP-7
MMP-9
MN

mo

MO
MOA
mol
MoOx
MPO
MRNA
MS

MT

N203
N204
N20s
NA

Na*
NAAQS

NAB
NaCl
NADPH

Meaning

metabolic equivalents

myocardial infarction (“heart
attack”); myocardial ischemia;
Michigan

minimum

Mira Loma
milliliter(s)

mean linear intercept

maximum (or maximal)
midexpiratory flow

millimeters of mercury
matrix metalloproteinase
matrix metalloproteinase-3
matrix metalloproteinase-7
matrix metalloproteinase-9
Minnesota

month(s)

Missouri

mode(s) of action

mole

molybdenum oxide
myeloperoxidase
messenger ribonucleic acid
Muississippi

Montana

sample size; total number of
microenvironments that the
individual has encountered

nitrogen; population number
dinitrogen trioxide
dinitrogen tetroxide
dinitrogen pentoxide

not available

sodium ion

National Ambient Air Quality
Standards

North American Background
sodium chloride

reduced nicotinamide adenine
dinucleotide phosphate
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Acronym/Abbreviation

NAL
NAMS
NAS
NC
NCEA

NCICAS

NCore
ND
NDMA
NE

NEI
NF«kB

NH

NHs
(NH4)2S04
NHAPS

NHS
NJ
NLCS

nm
NM
NMMAPS

NMOR
NO
NO2
NO2
NOs
NOs
non-HS
NOS
NOx
NOvy
NOz

January 2015

Meaning

nasal lavage

National Air Monitoring Stations
National Academy of Sciences
North Carolina

National Center for
Environmental Assessment

National Cooperative Inner-City
Asthma Study

National Core network

North Dakota
N-nitrosodimethylamine
Nebraska

National Emissions Inventory

nuclear factor kappa-light-chain-
enhancer of activated B cells

New Hampshire
ammonia
ammonium sulfate

National Human Activity Pattern
Survey

Nurses Health Study
New Jersey

Netherlands Cohort Study on
Diet and Cancer

nanometer
New Mexico

The National Morbidity
Mortality Air Pollution Study

N-nitrosomorpholine
nitric oxide

nitrogen dioxide

nitrite

nitrate

nitrate radical
non-hemhorragic stroke
nitric oxide synthase
the sum of NO and NO2
oxides of nitrogen

reactive oxides of nitrogen (e.g.,
HNO3s, HONO, PAN, particulate
nitrates)

XXViii

Acronym/Abbreviation

NQO1

NR

NS

NV

NY

O ACID
O3
OAQPS

oC

OH
8-OHdG
OK
OLETF

OLM
oMmI
OR
OVA
p

p

Pa

PA
PAARC

PAH(s)

PAMS

PAN

PAPA

Pb
PBL
pPC
PCA
PCO
PD

Meaning

NADPH-quinone oxidoreductase
(genotype)

not reported; no quantitative
results reported; near road

not statistically significant
Nevada

New York

organic acid

ozone

Office of Air Quality Planning &
Standards

organic carbon

hydroxide; Ohio
8-hydroxy-29-deoxyguanosine
Oklahoma

Otsuka Long-evans Tokushima
Fatty

ozone limiting method

Ozone Monitoring Instrument
odds ratio(s); Oregon
ovalbumin

probability

Pearson correlation

pascal(s)

policy assessment; Pennsylvania

Air Pollution and Chronic
Respiratory Diseases

polycyclic aromatic
hydrocarbon(s)

Photochemical Monitoring
Stations

peroxyacetyl nitrate; peroxyacl
nitrate

Public Health and Air Pollution
in Asia

lead

planetary boundary layer
provocative concentration
principal component analysis
protein carbonyl

provocative dose
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Acronym/Abbreviation

PE

PEF
PFK
PIAMA

Pizz

Pj
PK
p.m.
PM
PMao

January 2015

Meaning

pulmonary embolism
peak expiratory flow
phosphofructokinase

Prevention and Incidence of
Asthma and Mite Allergy

severe alpha-1 antitrypsin
deficiency

air pollutant penetration
pyruvate kinase

post meridiem (after noon)
particulate matter

In general terms, particulate
matter with a nominal
aerodynamic diameter less than
or equal to 10 pm; a
measurement of thoracic
particles (i.e., that subset of
inhalable particles thought small
enough to penetrate beyond the
larynx into the thoracic region of
the respiratory tract). In
regulatory terms, particles with
an upper 50% cut-point of

10 £ 0.5 pm aerodynamic
diameter (the 50% cut point
diameter is the diameter at which
the sampler collects 50% of the
particles and rejects 50% of the
particles) and a penetration curve
as measured by a reference
method based on Appendix J of
40 CFR Part 50 and designated
in accordance with 40 CFR Part
53 or by an equivalent method
designated in accordance with
40 CFR Part 53.

XXiX

Acronym/Abbreviation

PMao-2.5

PM2.s

PMA
PMN(s)

PNC
PND

Meaning

In general terms, particulate
matter with a nominal
aerodynamic diameter less than
or equal to 10 um and greater
than a nominal 2.5 ym; a
measurement of thoracic coarse
particulate matter or the coarse
fraction of PMuo. In regulatory
terms, particles with an upper
50% cut-point of 10 um
aerodynamic diameter and a
lower 50% cut-point of 2.5 pm
aerodynamic diameter (the 50%
cut point diameter is the
diameter at which the sampler
collects 50% of the particles and
rejects 50% of the particles) as
measured by a reference method
based on Appendix O of 40 CFR
Part 50 and designated in
accordance with 40 CFR Part 53
or by an equivalent method
designated in accordance with
40 CFR Part 53.

In general terms, particulate
matter with a nominal
aerodynamic diameter less than
or equal to 2.5 pm; a
measurement of fine particles. In
regulatory terms, particles with
an upper 50% cut-point of

2.5 pm aerodynamic diameter
(the 50% cut point diameter is
the diameter at which the
sampler collects 50% of the
particles and rejects 50% of the
particles) and a penetration curve
as measured by a reference
method based on Appendix L of
40 CFR Part 50 and designated
in accordance with 40 CFR

Part 53, by an equivalent method
designated in accordance with
40 CFR Part 53, or by an
approved regional method
designated in accordance with
Appendix C of 40 CFR Part 58.

phorbol myristate acetate

polymorphonuclear cell(s),
polymorphonuclear leukocyte

particle number concentration

postnatal day
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Acronym/Abbreviation

pNN50

pNO
pNO3
PPARY

ppb

ppm
PROtEUS

PTB
PVMRM

Q1
Q2
Q3
Q4
Q5
QC-TILDAS

QT interval

QTc
QTVI
QuIC

RZ

RAG
RANCH

RBC
RC(=0)
RC(=0)OONO;
REA

January 2015

Meaning

Proportion of pairs of successive
normal simus intervals exceeds
50 milliseconds divided by the
total number of successive pairs
of normal simus intervals

particulate nitrogen species
particulate nitrate

peroxisome proliferator activated
receptor gamma

parts per billion
parts per million

Prostate Cancer and
Environment Study

preterm birth

plume volume molar ratio
method

1st quartile or quintile
2nd quartile or quintile
3rd quartile or quintile
4th quartile or quintile
5th quintile

guantum cascade — tunable
infrared laser differential
absorption spectrometer

time between start of Q wave
and end of T wave in ECG

corrected QT interval
QT variable index

Quick Urban and Industrial
Commplex

Pearson correlation coefficient;
Spearman correlation coefficient

Pearson correlation coefficient

square of the correlation
coefficient

ragweed

Road Traffic and Aircraft Noise
Exposure and Children’s
Cognition and Health

red blood cells
acyl group
peroxyacylnitrates

Risk and Exposure Assessment

Acronym/Abbreviation

REGICOR
RH

RI

RIVM

rMSSD

RNS
RONO:2
ROS
RR
RSNO
RSV
RV

S. Rep
s/L
SIN
SALIA

SA-LUR
SAPALDIA

SAT
SBP
SC
SCR
SD

SDNN

SE

Se
SEARCH

sec
SEI
Se-L

XXX

Meaning

Registre Gironi del Cor
relative humidity
Rhode Island

National Air Quality Monitoring
Network of the National Institute
of Public Health and the
Environment

root mean square of successive
differences; a measure of HRV

reactive nitrogen species
organic nitrates

reactive oxygen species
risk ratio(s), relative risk
S-nitrosothiols
respiratory syncytial virus
Riverside

second(s)

Senate Report

seconds per liter
Signal-to-noise ratio

Study on the Influence of Air
Pollution on Lung,
Inflammation, and Aging

source-area land use regression

Swiss Study on Air Pollution
and Lung Disease in Adults

switching attention test
systolic blood pressure
South Carolina

selective catalytic reduction

standard deviation; South
Dakota; San Dimas

standard deviation of all normal-
to-normal intervals, an index of
total HRV

standard error
selenium

Southeast Aerosol Research
Characterization

second(s)
socio-economic index

low selenium
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Acronym/Abbreviation

SES
Se-S
Sess.
SFe
SGA
sGaw

SHARP
SHEDS
SHEEP
SICAM-1
SLAMS

SM
SNP
SO2
SO
SOA
SOD
SP-D
SPE
sRaw
SRTT
ST segment

sVCAM-1

TBARS

T1
T2
T3
TBARS

January 2015

Meaning

socioeconomic status
supplemented selenium
session

sulfur hexafluoride

small for gestational age
specific airway conductance

Study of Houston Atmospheric
Radical Precursors

Stochastic Human Exposure and
Dose Simulation

Stockholm Heart Epidemiology
Program

soluble intercellular adhesion
molecule-1

state and local air monitoring
stations

Santa Maria

single nucleotide polymorphism
sulfur dioxide

sulfate

secondary organic aerosols
superoxide dismutase
surfactant protein D
single-pollutant model estimate
specific airway resistance
simple reaction time test

segment of the
electrocardiograph between the
end of the S wave and beginning
of the T wave

soluble vascular adhesion
molecule-1

fraction of time spent in a
microenvironment across an
individual’s microenvironmental
exposures, time

thiobabituric acid reactive
substances (species)

first trimester
second trimester
third trimester

thiobarbituric acid reactive
substances

XXXI

Acronym/Abbreviation

TCHS
TEA
Th17
Th2
TIA
TIM
TIMP-2

tj

TLR
TN
TNF
TNF-a
TSP
TWA
X
usS.C.
ucb
UF1

UF2

UFP
UK
U.K.
ULTRA

UP

URI

us.

uT

VA

Val
VCAM-1

VEGF

VOC

Meaning

Taiwan Children Health Study
triethanolamine

T helper cell 17

T-derived lymphocyte helper 2
transient ischemic attack
timothy

tissue inhibitor of matrix
metalloproteinase-2

fraction of total time spent in the
jth microenvironment

Toll-like receptor

Tennessee

tumor necrosis factor

tumor necrosis factor alpha
total suspended solids
time-weighted average

Texas

U.S. Code

University of California, Davis

ultrafine particle number
beginning at 3 nanometers

ultrafine particle number
beginning at 15 nanometers

ultrafine particle(s)
universal kriging
United Kingdom

The Exposure and Risk
Assessment for Fine and
Ultrafine Particles in Ambient
Air Study conducted in Europe

Upland

upper respiratory infection
United States of America
Utah

Virginia

valine

vascular adhesion molecule-1
minute volume

vascular endothelial growth
factor

volatile organic compound
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VPTB
VT
VT

VWF
WBC
WHI
WHO
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Meaning

very preterm birth
tital volume

ventricular tachyarrhythmias;
Vermont

von Willbrand factor

white blood cell

Women’s Health Initiative
World Health Organization
Wisconsin

West Virginia

Wyoming

distance from the road

health effect of interest
fraction of time spent indoors

fraction of a day spent in each
indoor microenvironment

XXXii

Acronym/Abbreviation
Yo

Yo

yr

z

Z*
Zn

Meaning

fraction of all time spent
outdoors

fraction of a day spent in each
outdoor microenvironment

year(s)

covariate vector; the measured
concentration; standard normal
deviate

the true concentration
zinc

random error
half-time

radical species
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PREAMBLE

Process of Integrated Science Assessment Development

This Preamble outlines the general process for developing an Integrated Science
Assessment (ISA) including the framework for evaluating weight of evidence and
drawing scientific conclusions and causal judgments. The ISA provides a concise review,
synthesis, and evaluation of the most policy-relevant science to serve as a scientific
foundation for the review of the National Ambient Air Quality Standards (NAAQS).! As
described in the Preface, the NAAQS are established based on consideration of the air
quality criteria (represented by the ISA) for the pollutants identified by the Administrator
using Section 108 of the Clean Air Act (CAA). The pollutants currently identified are
carbon monoxide (CO), lead (Pb), oxides of nitrogen, photochemical oxidants, particulate
matter (PM), and sulfur oxides (CAA, 1990a, b). Figure I depicts the general NAAQS
review process. Information for individual NAAQS reviews is available online.?

In the process for each review, the development of the ISA is preceded by the release of
an Integrated Review Plan (IRP) that discusses the planned scope of the NAAQS review;
the planned approaches for developing the key assessment documents [e.g., ISA, Risk
and Exposure Assessment (if warranted), Policy Assessment]; and the schedule for
release and review of the documents and subsequent rulemaking notices. The key
policy-relevant questions included in the IRP serve to clarify and focus the NAAQS
review on the critical scientific and policy issues, including addressing uncertainties
discussed during the previous review and newly emerging literature. The IRP is informed
by a U.S. Environmental Protection Agency (EPA)-hosted public “kick-off workshop”
that seeks input on the current state of the science and engages stakeholders and experts
in discussion of the policy-relevant questions that will frame the review.

! The general process for NAAQS reviews is described at http://www.epa.gov/ttn/naags/review.html.
2 Information for individual NAAQS reviews is available at www.epa.gov/ttn/naags.
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Figure | Schematic of the key steps in the process of the review of
National Ambient Air Quality Standards.

This Preamble is a general discussion of the basic steps and criteria used in developing an
ISA. Details and considerations specific to an individual ISA are included in the Preface
and introductory section for that assessment. The general process for ISA development is
illustrated in Figure 1l An initial step (not shown) is publication of a call for information
in the Federal Register that invites the public to provide information relevant to the
assessment, such as new or recent publications on health or welfare effects of the
pollutant, or from atmospheric and exposure sciences fields.

The fundamental process for developing an ISA includes:

= literature searches;

= study selection;

= evaluation of individual study quality;

= evaluation, synthesis, and integration of the evidence; and

= development of scientific conclusions and causal determinations.
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Literature Search and

Study Selection
(See Figure I11)

4

Evaluation of Individual Study Quality
After study selection, the quality of individual studies is evaluated by EPA or outside experts in the fields of
atmospheric science, exposure assessment, dosimetry, animal toxicology, controlled human exposure studies,
epidemiology, ecology, and other welfare effects, considering the design, methods, conduct, and documentation of
each study. Strengths and limitations of individual studies that may affect the interpretation of the study are

considered.
1

Develop Initial Sections

Review and summarize new study results as well ~ Peer Input Consultation
as findings and conclusions from previous Review of initial draft matenials by scientists

assessments by category of outcome/effect and from both outside and within EPA in public
by discipline, e.g., toxicological studies of lung meeting or public teleconference.

function.

218

Evaluation, Synthesis, and Integration of Evidence
Integrate evidence from scientific disciplines — for example, toxicological, controlled human exposure, and
epidemiologic study findings for a particular health outcome. Evaluate evidence for related groups of endpoints or
outcomes to draw conclusions regarding health or welfare effect categories, integrating health or welfare effects
evidence with information on mode of action and exposure assessment.

11

Development of Scientific Conclusions and Causal Determinations
Characterize weight of evidence and develop judgments regarding causality for health or welfare effect categories.
Develop conclusions regarding concentration- or dose-response relationships, potentially at-nsk populations,

lifestages, or ecosystems.

l' t l Clean Air Scientific Advisory Committee
: Independent review of draft documents for scientific
Draft Integrated Science Assessment - : :
: . . : . quality and sound implementation of causal
Evaluation and 'nt?ﬂrg:'ggc?]f Qg‘#y published studies framework; anticipated review of two drafts of ISA in
: public meetings.
(] R Public Comments
Comments on draft ISA solicited by EPA

Final Integrated Science Assessment

Figure Il Characterization of the general process of Integrated Science
Assessment (ISA) development.

January 2015 XXXV DRAFT: Do Not Cite or Quote



~N oo o~ W N P

oo

10
11
12
13
14
15

16
17
18
19
20
21
22
23
24
25
26
27

28
29
30
31

In developing an ISA, EPA reviews and summarizes the evidence from studies on
atmospheric sciences, human exposure, animal toxicology, controlled human exposure,
epidemiology, and/or ecology and other welfare! effects. In the process of developing the
first draft ISA, EPA may convene a peer input meeting in which the scientific content of
preliminary draft materials is reviewed to ensure that the ISA is up-to-date and is focused
on the most policy-relevant findings, and to assist EPA with integration of evidence
within and across disciplines.

EPA integrates the evidence from across scientific disciplines or study types and
characterizes the weight of evidence for relationships between the pollutant and various
outcomes. The integration of evidence on human health or welfare effects involves
collaboration between scientists from various disciplines. As an example, an evaluation
of human health effects evidence would generally include the integration of the results
from epidemiologic, controlled human exposure, and toxicological studies, consideration
of exposure assessment, and application of the causal framework (described below) to
draw conclusions.

Integration of results on human health or welfare effects that are logically or
mechanistically connected (e.g., respiratory symptoms; asthma exacerbations) informs
judgments of causality on the broader health effect category (e.g., effects on the
respiratory system). Using the causal framework described in this Preamble, EPA
scientists consider aspects such as strength, consistency, coherence, and biological
plausibility of the evidence and develop causality determinations on the nature of the
relationships. Causality determinations often entail an iterative process of review and
evaluation of the evidence. Two drafts of the ISA are typically released for review by the
Clean Air Scientific Advisory Committee (CASAC) and the public, and comments
received on the characterization of the science as well as the implementation of the causal
framework are carefully considered in revising the draft ISA and completing the final
ISA.

Literature Search

In addition to the call for information in the Federal Register referenced above, EPA
maintains an ongoing literature search process to identify relevant scientific studies
published since the last ISA for a given criteria pollutant. Search strategies are designed a
priori for pollutants and scientific disciplines and iteratively modified to optimize

1 Welfare effects as defined in CAA Section 302(h) [42 U.S.C. 7602(h)] include, but are not limited to, “effects on
soils, water, crops, vegetation, man-made materials, animals, wildlife, weather, visibility and climate, damage to and
deterioration of property, and hazards to transportation, as well as effects on economic values and on personal
comfort and well-being.”
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identification of pertinent publications. In addition, papers are identified for inclusion in
several ways: specialized searches on specific topics, identification of new publications
by relational searches conducted using citations from previous assessments, review of
tables of contents for journals in which relevant papers may be published, identification
of relevant literature by expert scientists, review of citations in previous assessments, and
recommendations by the public and CASAC during the call for information and external
review processes. References identified through the multipronged search strategy are
screened by title and abstract. Those references that are potentially relevant after reading
the title are “considered” for inclusion in the ISA and are added to the Health and
Environmental Research Online (HERO) database developed by EPA
(http://nero.epa.gov/).r Additional review steps (described in Section 3 below) precede a
decision to include a study in the ISA. The references cited in the ISA include a hyperlink

to the HERO database. This literature search and study selection process is depicted in
Figure 111.

Studies and reports that have undergone scientific peer review and been published (or
accepted for publication) are considered for inclusion in the ISA. This includes only
studies that have been ethically conducted (e.g., approval by an Institutional Review
Board or Institutional Animal Care and Use Committee). All relevant epidemiologic,
controlled human exposure, toxicological, ecological, and welfare effects studies
published since the last review are considered, including those related to
exposure-response relationships, mode(s) of action (MOA), and populations and
lifestages at increased risk of air pollution-related health effects. Studies and data
analyses on atmospheric chemistry, air quality and emissions, environmental fate and
transport, dosimetry, toxicokinetics, and exposure are also considered for inclusion in the
document. References considered for inclusion in a specific ISA can be found using the
HERO website (http://hero.epa.gov).

January 2015

! The list of considered references and bibliographic information is accessible to the public through HERO.
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lllustration of processes for literature search and study selection
used for development of Integrated Science Assessments.

Each ISA builds upon the conclusions of previous assessments for the pollutant under
review. EPA focuses on peer-reviewed literature published following the completion of
the previous review and on any new interpretations of previous literature, integrating the
results of recent scientific studies with previous findings. Important earlier studies may
be discussed in detail to reinforce key concepts and conclusions or for reinterpretation in
light of newer data. Earlier studies also are the primary focus in some areas of the
document where research efforts have subsided, or if these earlier studies remain the
definitive works available in the literature.

Study Selection

References considered for inclusion in the ISA undergo abstract and full-text review to
determine whether they will be included in the ISA. The selection process is based on the
extent to which the study is informative, pertinent, and policy relevant. Informative,
pertinent, and policy-relevant studies include those that provide a basis for or describe the
relationship between the criteria pollutant and effects, including studies that offer
innovation in method or design and studies that reduce uncertainty on critical issues.
Emphasis is placed on studies that examine effects associated with pollutant
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concentrations and exposure conditions relevant to current human population and
ecosystem exposures, and particularly those pertaining to concentrations currently found
in ambient air. Other studies are included if they contain unique data, such as a
previously unreported effect or MOA for an observed effect, or examine multiple
concentrations to elucidate exposure-response relationships.

Evaluation of Individual Study Quality

After selecting studies for inclusion, the individual study quality is evaluated by
considering the design, methods, conduct, and documentation of each study, but not the
study results. This uniform approach aims to consider the strengths, limitations, and
possible roles of chance, confounding, and other biases that may affect the interpretation
of individual studies and the strength of inference from their results.

These criteria provide standards for evaluating various studies and for focusing on the
policy-relevant studies in assessing the body of human health, ecological, and other
welfare effects evidence. Particular aspects or the absence of some of these features in a
study do not necessarily define a less informative study or exclude a study from
consideration in an ISA. As stated initially, the intent of the ISA is to provide a concise
review, synthesis, and evaluation of the most policy-relevant science to serve as a
scientific foundation for the review of the NAAQS, not extensive summaries of all
human health, ecological, and other welfare effects studies for a pollutant. Of most
relevance for inclusion of studies is whether they provide useful qualitative or
guantitative information on exposure-response relationships for effects associated with
pollutant exposures at doses or concentrations relevant to ambient conditions that can
inform decisions on whether to retain or revise the standards.

In general, in assessing the scientific quality of studies on health and welfare effects, the
following considerations have been taken into account.

=  Were study design, study groups, methods, data, and results clearly presented
in relation to the study objectives to allow for study evaluation? Were
limitations and any underlying assumptions of the design and other aspects
stated?

= Were the ecosystems, study site(s), study populations, subjects, or organism
models adequately selected, and are they sufficiently well defined to allow for
meaningful comparisons between study or exposure groups?

= Are the air quality data, exposure, or dose metrics of adequate quality and
sufficiently representative of information regarding ambient conditions?

= Are the health, ecological, or other welfare effect measurements meaningful,
valid, and reliable?
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= Were likely covariates or modifying factors adequately controlled or taken
into account in the study design and statistical analysis?

= Do the analytical methods provide adequate sensitivity and precision to
support conclusions?

= Were the statistical analyses appropriate, properly performed, and properly
interpreted?

Additional considerations specific to particular disciplines are discussed below.

a. Atmospheric Science and Exposure Assessment

Atmospheric science and exposure assessment studies that are considered for inclusion in
the ISA focus on measurement of, behavior of, and exposure to ambient air pollution
using quality-assured field, experimental, and/or modeling techniques. The most
informative measurement-based studies will include detailed descriptive statistics for
measurements taken at varying spatial and temporal scales. These studies will also
include a clear and comprehensive description of measurement techniques and
quality-control procedures used. Quality-control metrics (e.g., method detection limits)
and quantitative relationships between and within pollutant measurements (e.g.,
regression slopes, intercepts, and fit statistics) should be provided when appropriate.
Measurements that include contrasting conditions for various time periods (e.g.,
weekday/weekend, season), populations, regions, and categories (e.g., urban/rural) are
particularly useful. The most informative modeling-based studies will incorporate
appropriate chemistry, transport, dispersion, and/or exposure modeling techniques with a
clear and comprehensive description of model evaluation procedures, metrics, and
technique strengths and limitations. The ISA also may include analyses of data pertinent
to characterizing air quality or exposure such as emissions sources and ambient air
pollutant concentrations. Sources of monitoring and modeling data should be clearly
referenced and described to foster transparency and reproducibility of any analyses. In
general, atmospheric science studies and data analyses focusing on locations pertinent to
the U.S. will have maximum value in informing review of the NAAQS.

Exposure measurement error, which refers to inaccuracies in the characterization of the
exposures of study participants, can be an important contributor to uncertainty in air
pollution epidemiologic study results. Exposure measurement error can influence
observed epidemiologic associations between ambient pollutant concentrations and health
outcomes by biasing effect estimates toward or away from the null and widening
confidence intervals around those estimates (Zeger et al., 2000). Factors that could
influence exposure estimates include, but are not limited to: choice of exposure metric,
spatial variability of the pollutant concentration, nonambient sources of exposure,
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topography of the natural and built environment, meteorology, instrument errors,
time-activity patterns, and differential infiltration of air pollutants into indoor
environments. The influence of these factors on effect estimates also depends on
epidemiologic study design. For example, when longitudinal studies depend on spatial
contrasts in exposure estimates, it is important that the exposure estimates correspond in
space to the population of interest. Likewise for time-series studies, the temporal
variability of the exposure estimate must correspond temporally to the true exposures of
the study population.

b. Epidemiology

In evaluating individual study quality for inference about health effects in epidemiologic
studies, EPA considers, in addition to the general quality considerations discussed
previously, whether a given study: (1) presents information on associations with short- or
long-term pollutant exposures at or near conditions relevant to ambient exposures;

(2) addresses potential confounding, particularly by other pollutants; (3) assesses
potential effect modifiers; (4) evaluates health endpoints and populations not previously
extensively researched; and (5) evaluates important methodological issues related to
interpretation of the health evidence (e.g., lag or time period between exposure and
effects, model specifications, thresholds).

In the evaluation of epidemiologic evidence, one important consideration is potential
confounding. Confounding is “... a confusion of effects. Specifically, the apparent effect
of the exposure of interest is distorted because the effect of an extraneous factor is
mistaken for or mixed with the actual exposure effect (which may be null)” (Rothman
and Greenland, 1998). A confounder is associated with both the exposure and the effect;
for example, confounding can occur between correlated pollutants that are associated
with the same effect. One approach to remove spurious associations due to possible
confounders is to control for characteristics that may differ between exposed and
unexposed persons; this is frequently termed “adjustment.” Scientific judgment is needed
to evaluate likely sources and extent of confounding, together with consideration of how
well the existing constellation of study designs, results, and analyses address the potential
for erroneous inferences.

Several statistical methods are available to detect and control for potential confounders;
however, none of these methods is completely satisfactory. Multivariable regression
models constitute one tool for estimating the association between exposure and outcome
after adjusting for characteristics of participants that might confound the results. As much
of the uncertainty in inferring causality may be due to potential confounding by
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copollutants, this topic is of particular importance when evaluating individual studies.
The use of copollutant regression models has been the prevailing approach for controlling
potential confounding by copollutants in air pollution health effects studies. Trying to
determine whether an individual pollutant is independently associated with the health
outcome of interest from copollutant regression models is made difficult by the
possibility that one or more air pollutants is acting as a surrogate for an unmeasured or
poorly measured pollutant or for a particular mixture of pollutants. In addition, pollutants
may independently exert effects on the same system; for example, several pollutants may
be associated with a respiratory effect through either the same or different MOAs.
Despite these limitations, the use of copollutant models is still the prevailing approach
employed in most air pollution epidemiologic studies and provides some insight into the
potential for confounding or interaction among pollutants.

Confidence that unmeasured confounders are not producing the findings is increased
when multiple studies are conducted in various settings using different subjects or
exposures, each of which might eliminate another source of confounding from
consideration. For example, multicity studies can provide insight on potential
confounding through the use of a consistent method to analyze data from across locations
with different concentrations of copollutants and other covariates. Intervention studies,
because of their quasi-experimental nature, can be particularly useful in characterizing
causation.

Another important consideration in the evaluation of epidemiologic studies is
effect-measure modification, which occurs when the effect differs between subgroups or
strata; for example, effect estimates that vary by age group or a potential risk factor. As
stated by Rothman and Greenland (1998):

“Effect-measure modification differs from confounding in several ways.
The main difference is that, whereas confounding is a bias that the
investigator hopes to prevent or remove from the effect estimate,
effect-measure modification is a property of the effect under study ... In
epidemiologic analysis one tries to eliminate confounding but one tries to
detect and estimate effect-measure modification.”

When a risk factor is a confounder, it is the true cause of the association observed
between the exposure and the outcome; when a risk factor is an effect modifier, it
changes the magnitude of the association between the exposure and the outcome in
stratified analyses. For example, the presence of a pre-existing disease or indicator of low
socioeconomic status (SES) may act as effect modifiers if they are associated with
increased risk of effects related to air pollution exposure. It is often possible to stratify the
relationship between health outcome and exposure by one or more of these potential
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effect modifiers. For variables that modify the association, effect estimates in each
stratum will be different from one another and different from the overall estimate,
indicating a different exposure-response relationship may exist in populations represented
by these variables.

C. Controlled Human Exposure and Animal
Toxicology

Controlled human exposure and animal toxicological studies experimentally evaluate the
health effects of administered exposures in human volunteers and animal models under
highly controlled laboratory conditions. Controlled human exposure studies are also
referred to as human clinical studies. In these experiments, investigators expose subjects
to known concentrations of air pollutants under carefully regulated environmental
conditions and activity levels. In addition to the general quality considerations discussed
previously, evaluation of controlled human exposure and animal toxicological studies
includes assessing the design and methodology of each study with focus on

(1) characterization of the intake dose, dosing regimen, and exposure route;

(2) characterization of the pollutant(s); (3) sample size and statistical power to detect
differences; and (4) control of other variables that could influence the occurrence of
effects. The evaluation of study design generally includes consideration of factors that
minimize bias in results such as randomization, blinding, and allocation concealment of
study subjects, investigators, and research staff, and unexplained loss of animals or
withdrawal/exclusion of subjects. Additionally, studies must include appropriate control
groups and exposures to allow for accurate interpretation of results relative to exposure.
Emphasis is placed on studies that address concentration-dependent responses or
time-course of responses and studies that investigate potentially at-risk populations (e.g.,
age or pre-existing disease).

Controlled human exposure or animal toxicological studies that approximate expected
human exposures in terms of concentration, duration, and route of exposure are of
particular interest. Relevant pollutant exposures are considered to be those generally
within two orders of magnitude of recent ambient concentrations. This range in relevant
exposures is to account for differences in dosimetry, toxicokinetics, and biological
sensitivity of various species, strains, or potentially at-risk populations. Studies using
higher concentration exposures or doses will be considered to the extent that they provide
information relevant to understanding MOA or mechanisms, interspecies variation, or
at-risk human populations. In vitro studies may provide mechanistic insight for effects
examined in vivo or in epidemiologic studies.
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d. Ecological and Other Welfare Effects

Ecological effects considered in the ISAs typically include several of the topics given as
examples by the Clean Air Act definition of welfare including soils, water, vegetation,
animals, and wildlife. Additional topic areas, often referred to as “other welfare effects
that may be evaluated by an ISA include visibility, weather, and climate, as well as

materials damage, economic values, and impacts to personal comfort and well-being. In
evaluating studies that consider welfare effects, in addition to assessing the general
quality considerations discussed previously, emphasis is placed on studies that evaluate
effects at or near concentrations of the ambient air pollutants. Studies conducted in any
country that contribute significantly to the general understanding of air pollutant effects
may be evaluated for relevancy to U.S. air quality considerations and inclusion in the
ISA.

For ecological effects, studies at higher concentrations are used to evaluate ecological
effects only when they are part of a range of concentrations that also included more
typical values, or when they inform understanding of MOASs and illustrate the wide range
of sensitivity to air pollutants across taxa or across biomes and ecoregions. In evaluating
guantitative exposure-response relationships, emphasis is placed on findings from studies
conducted in the U.S. and Canada as having ecological and climatic conditions most
relevant for review of the NAAQS. The type of experimental approach used in the study
(e.g., controlled laboratory exposure, growth chamber, open-top chamber, mesocosm,
gradient, field study, etc.) is also evaluated when considering the applicability of the
results to the review of criteria air pollutant effects.

In evaluating studies on climate and visibility, emphasis is placed on studies that use
well-established measurement and modeling techniques, especially those that report
uncertainty or compare results from an ensemble of techniques. Novel methods may also
be informative in addressing knowledge gaps not well characterized by existing
techniques. Relevant climate studies include those evaluating direct and indirect climate
impacts of criteria air pollutants at a global scale, while for visibility, studies conducted
in the U.S. and Canada provide information more applicable for review of the NAAQS.
In both cases, studies that evaluate effects by source sector or region, such as regional
climate modeling studies, are particularly informative. Studies that report impacts of
multiple PM components and, for climate, multiple criteria pollutants are useful in
evaluating interactions and the relative contributions of atmospheric constituents. For
example, ozone (Os) and hence its climate forcing depends on atmospheric chemistry
involving CO and NOx (the sum of nitric oxide and nitrogen dioxide). Visibility
preference and valuation studies that explicitly separate preferences for visibility from
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concerns about health risks of air pollution are particularly relevant in considering a
welfare-based secondary NAAQS.

Evaluation, Synthesis, and Integration of Evidence across
Disciplines and Development of Scientific Conclusions and
Causal Determinations

EPA has developed an approach for integrating the scientific evidence gained from the
array of studies discussed above in order to draw conclusions regarding the causal nature
of ambient air pollutant-related health or welfare effects. Evidence from all disciplines is
integrated to evaluate consistency and inconsistency in the pattern of effects as well as
strengths and limitations of the evidence across disciplines. Part of this approach includes
a framework for making determinations with regard to the existence of a causal
relationship between the pollutant in ambient air and health or welfare effects (described
in Section 5b). This framework establishes uniform language concerning causality and
brings specificity to the conclusions.

a. Evaluation, Synthesis, and Integration of Evidence
across Disciplines

The ISA focuses on evaluation of the findings from the body of evidence across
disciplines, drawing upon the results of all studies judged of adequate quality and
relevance per the criteria described previously. Evidence from across scientific
disciplines for related and similar health or welfare effects is evaluated, synthesized, and
integrated to develop conclusions and causality determinations. This includes the
evaluation of strengths and weaknesses in the overall collection of studies across
disciplines. Confidence in the collective body of evidence is based on evaluation of study
design and quality. The roles of different types of evidence in drawing the conclusions
varies by pollutant or assessment, as does the availability of different types of evidence
for causality determination. Consideration of human health effects are informed by
controlled human exposure, epidemiologic, and toxicological studies. Evidence on
ecological and other welfare effects may be drawn from a variety of experimental
approaches (e.g., greenhouse, laboratory, field) and numerous disciplines

(e.g., community ecology, biogeochemistry, paleontological/historical reconstructions).
Other evidence including mechanistic, toxicokinetics, and exposure assessment may be
highlighted if it is relevant to the evaluation of health and welfare effects and is of
sufficient importance to affect the overall evaluation. Causal inference can be
strengthened by the integration of evidence across disciplines. A weak inference from
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one line of evidence can be addressed by other lines of evidence, and coherence of these
lines of evidence can add support to a cause-effect interpretation of the association.
Interpretation of the body of epidemiologic associations as evidence of causal
relationships involves assessment of the full evidence base with regard to elimination of
alternative explanations for the association.

Evaluation and integration of evidence must also include consideration of uncertainty,
which is inherent in scientific findings. “Uncertainty” can be defined as a deficit of
knowledge to describe the existing state or future outcome with accuracy and precision
(e.g., the lack of knowledge about the correct value for a specific measure or estimate).
Uncertainty analysis may be qualitative or quantitative in nature. In many cases, the
analysis is qualitative and can include professional judgment or inferences based on
analogy with similar situations. Quantitative uncertainty analysis may include use of
simple measures (e.g., ranges) and analytical techniques. Quantitative uncertainty
analysis might progress to more complex measures and techniques, if needed for decision
support. Various approaches to evaluating uncertainty include classical statistical
methods, sensitivity analysis, or probabilistic uncertainty analysis, in order of increasing
complexity and data requirements. However, data may not be available for all aspects of
an assessment, and those data that are available may be of questionable or unknown
quality. Ultimately, the assessment is based on a number of assumptions with varying
degrees of uncertainty. While the ISA may include quantitative analysis approaches such
as meta-regression in some situations, generally qualitative evaluation of uncertainties is
used in assessing the evidence from across studies.

Publication bias is another source of uncertainty that can impact the magnitude of health
risk estimates. It is well understood that studies reporting non-null findings are more
likely to be published than reports of null findings. Publication bias can result in
overestimation of effect estimate sizes (loannidis, 2008). For example, effect estimates
from single-city epidemiologic studies have been found to be generally larger than those

from multicity studies. This is an indication of publication bias because null or negative
single-city results may be reported in multicity analyses but might not be published
independently (Bell et al., 2005).

Potential strengths and limitations of the body of studies can vary across disciplines and
are evaluated during data synthesis and integration. Direct evidence of a relationship
between pollutant exposures and human health effects may come from controlled human
exposure studies. These studies can also provide important information on the biological
plausibility of associations observed in epidemiologic studies and inform determinations
of factors that may increase or decrease the risk of health effects in certain populations. In
some instances, controlled human exposure studies can be used to characterize
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concentration-response relationships at pollutant concentrations relevant to ambient
conditions. Controlled human exposures are typically conducted using a randomized
crossover design, with subjects exposed both to the pollutant and a clean air control. In
this way, subjects serve as their own experimental controls, effectively limiting the
variance associated with potential inter-individual confounders. Limitations that must be
considered in evaluating controlled human study findings include the generally small
sample size and short exposure time used in experimental studies, and that severe health
outcomes are not assessed. By experimental design, controlled human exposure studies
are structured to evaluate physiological or biomolecular outcomes in response to
exposure to a specific air pollutant and/or combination of pollutants. In addition, the
study design generally precludes inclusion of subjects with serious health conditions, and
therefore the results often cannot be generalized to an entire population, which includes
populations or lifestages at potentially increased risk of air pollutant-induced effects.
Although some controlled human exposure studies have included health-compromised
individuals such as those with mild or moderate respiratory or cardiovascular disease,
these individuals may also be relatively healthy and may not represent the most sensitive
individuals in the population. Thus, observed effects in these studies may underestimate
the response in certain populations. In addition, the study design is limited to exposures
and endpoints that are not expected to result in severe health outcomes.

Epidemiologic studies provide important information on the associations between health
effects and exposure of human populations to ambient air pollution. In epidemiologic or
observational studies of humans, the investigator does not control exposures or intervene
with the study population. Broadly, observational studies can describe associations
between exposures and effects. These studies fall into several categories; for

example, cross-sectional, prospective cohort, time-series, and panel studies. Each type of
study has various strengths and limitations. Cross-sectional ecologic studies use health
outcome, exposure, and covariate data available at the community level (e.g., annual
mortality rates and pollutant concentrations), but do not have individual-level data.
Prospective cohort studies include some data collected at the individual level, typically
health outcome data, and in some cases, individual-level data on exposure and covariates
are collected. Time-series and case-crossover studies are often used to evaluate the
relationship between day-to-day changes in air pollution exposures and a specific health
outcome at the population-level (i.e., mortality, hospital admissions or emergency
department visits). Panel studies include repeated measurements of health outcomes, such
as respiratory symptoms or heart rate variability, at the individual level. “Natural
experiments” offer the opportunity to investigate changes in health related to a change in
exposure, such as closure of a pollution source.
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When evaluating the collective body of epidemiologic studies, consideration of many
study design factors and limitations must be taken into account to properly inform their
interpretation. One key consideration is the evaluation of the potential independent
contribution of the pollutant to a health outcome when it is a component of a complex air
pollutant mixture. Reported effect estimates in epidemiologic studies may reflect

(1) independent effects on health outcomes; (2) effects of the pollutant acting as an
indicator of a copollutant or a complex ambient air pollution mixture; and (3) effects
resulting from interactions between that pollutant and copollutants.

The third main type of health effects evidence, animal toxicological studies, provides
information on the pollutant’s biological action under controlled and monitored exposure
circumstances. Taking into account biological differences among species, these studies
contribute to our understanding of potential health effects, exposure-response
relationships, and MOAs. Further, animal models can inform determinations of factors
that may increase or decrease the risk of health effects in certain populations. These
studies evaluate the effects of exposures to a variety of pollutants in a highly controlled
laboratory setting and allow exploration of toxicological pathways or mechanisms by
which a pollutant may cause effects. Understanding the biological mechanisms
underlying various health outcomes can prove crucial in establishing or negating
causality. In the absence of human studies data, extensive, well-conducted animal
toxicological studies can support determinations of causality, if the evidence base
indicates that similar responses are expected in humans under ambient exposure
conditions.

Interpretations of animal toxicological studies are affected by limitations associated with
extrapolation between animal and human responses. The differences between humans
and other species have to be taken into consideration, including metabolism, hormonal
regulation, breathing pattern, and differences in lung structure and anatomy. Also, in spite
of a high degree of homology and the existence of a high percentage of orthologous
genes across humans and rodents (particularly mice), extrapolation of molecular
alterations at the gene or protein level is complicated by species-specific differences in
transcriptional regulation and/or signaling. Given these differences, there are
uncertainties associated with quantitative extrapolations of observed pollutant-induced
pathophysiological alterations between laboratory animals and humans, as those
alterations are under the control of widely varying biochemical, endocrine, and neuronal
factors.

For ecological effects assessment, both laboratory and field studies (including field
experiments and observational studies) can provide useful data for causal determination.
Because conditions can be controlled in laboratory studies, responses may be less
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variable and smaller effects may be easier to detect. However, the control conditions may
limit the range of responses (e.g., animals may not be able to seek alternative food
sources) or incompletely reflect pollutant bioavailability, so the responses under
controlled conditions may not reflect responses that would occur in the natural
environment. In addition, larger-scale processes are difficult to reproduce in the
laboratory.

Field observational studies measure biological changes in uncontrolled situations with
high natural variability (in organismal genetics or in abiotic seasonal, climatic, or
soil-related factors) and describe an association between a disturbance and an ecological
effect. Field data can provide important information to assess multiple stressors or
circumstances where site-specific factors significantly influence exposure. They are also
often useful for analyses of pollutant effects at larger geographic scales and higher levels
of biological organization. However, because conditions are not controlled, variability of
the response is expected to be higher and may mask effects. Field surveys are most useful
for linking stressors with effects when stressor and effect levels are measured
concurrently. The presence of confounding factors can make it difficult to attribute
observed effects to specific stressors.

Ecological impacts of pollutants are also evaluated in studies “intermediate” between the
lower variability typically associated with laboratory exposures and high natural
variability usually found in field studies. Some use environmental media collected from
the field to examine the biological responses under controlled laboratory conditions.
Others are experiments that are performed in the natural environment while controlling
for some, but not all, of the environmental or genetic variability (e.g., mesocosm studies).
This type of study in manipulated natural environments can be considered a hybrid
between a field experiment and laboratory study because some sources of response
variation are removed through use of control conditions, while others are included to
mimic natural variation. Such studies make it possible to observe community and/or
ecosystem dynamics and provide strong evidence for causality when combined with
findings of studies that have been made under more controlled conditions.

b. Considerations in Developing Scientific
Conclusions and Causal Determinations

In its evaluation and integration of the scientific evidence on health or welfare effects of
criteria pollutants, EPA determines the weight of evidence in support of causation and
characterizes the strength of any resulting causal classification. EPA also evaluates the
guantitative evidence and draws scientific conclusions, to the extent possible, regarding
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the concentration-response relationships and the loads to ecosystems, exposures, doses or
concentrations, exposure duration, and pattern of exposures at which effects are observed.

Approaches to assessing the separate and combined lines of human health evidence

(e.g., epidemiologic, controlled human exposure, and animal toxicological studies) have
been formulated by a number of regulatory and science agencies, including the National
Academy of Sciences (NAS) Institute of Medicine [IOM; (IOM, 2008)], the International
Agency for Research on Cancer (IARC, 2006), the U.S. EPA (2005), and the Centers for
Disease Control and Prevention [CDC; (CDC, 2004)]. Causal inference criteria have also
been described for ecological effects evidence (U.S. EPA, 1998; Fox, 1991). These
formalized approaches offer guidance for assessing causality. The frameworks are similar
in nature, although adapted to different purposes, and have proven effective in providing
a uniform structure and language for causal determinations.

The 1964 Surgeon General’s report on tobacco smoking defined “cause” as a
“significant, effectual relationship between an agent and an associated disorder or disease
in the host” (HEW, 1964). More generally, a cause is defined as an agent that brings
about an effect or a result. An association is the statistical relationship among variables;
alone, however, it is insufficient proof of a causal relationship between an exposure and a
health outcome. Unlike an association, a causal claim supports the creation of
counterfactual claims; that is, a claim about what the world would have been like under

different or changed circumstances (10M, 2008).

Many of the health and environmental outcomes reported in these studies have complex
etiologies. Diseases such as asthma, coronary heart disease, or cancer are typically
initiated by multiple agents. Outcomes depend on a variety of factors, such as age,
genetic background, nutritional status, immune competence, and social factors (I0M,
2008; Gee and Payne-Sturges, 2004). Effects on ecosystems are also often multifactorial
with a complex web of causation. Further, exposure to a combination of agents could
cause synergistic or antagonistic effects. Thus, the observed risk may represent the net
effect of many actions and counteractions.

To aid judgment, various “aspects”? of causality have been discussed by many
philosophers and scientists. The 1964 Surgeon General’s report on tobacco smoking
discussed criteria for the evaluation of epidemiologic studies, focusing on consistency,
strength, specificity, temporal relationship, and coherence (HEW, 1964). Sir Austin
Bradford Hill (Hill, 1965) articulated aspects of causality in epidemiology and public
health that have been widely used (IOM, 2008; IARC, 2006; U.S. EPA, 2005; CDC,

! The “aspects” described by Sir Austin Bradford Hill (Hill, 1965) have become, in the subsequent literature, more
commonly described as “criteria.” The original term “aspects” is used here to avoid confusion with “criteria” as it is
used, with different meaning, in the Clean Air Act.
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2004). These aspects (Hill, 1965) have been modified (Table 1) for use in causal
determinations specific to health and welfare effects for pollutant exposures (U.S. EPA
2009).t Although these aspects provide a framework for assessing the evidence, they do
not lend themselves to being considered in terms of simple formulas or fixed rules of

evidence leading to conclusions about causality (Hill, 1965). For example, one cannot
simply count the number of studies reporting statistically significant results or

statistically nonsignificant results and reach credible conclusions about the relative
weight of evidence and the likelihood of causality. Rather, these aspects provide a
framework for systematic appraisal of the body of evidence, informed by peer and public
comment and advice, which includes weighing alternative views on controversial issues.
In addition, it is important to note that the aspects in Table | cannot be used as a strict
checklist, but rather to determine the weight of evidence for inferring causality. In

particular, not meeting one or more of the principles does not automatically preclude a
determination of causality [see discussion in (CDC, 2004)].

! The Hill aspects were developed for interpretation of epidemiologic results. They have been modified here for use
with a broader array of data, i.e., epidemiologic, controlled human exposure, ecological, and animal toxicological

studies, as well as in vitro data, and to be more consistent with the EPA Guidelines for Carcinogen Risk Assessment.
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Table |

Aspects to aid in judging causality.

Aspect

Description

Consistency

An inference of causality is strengthened when a pattern of elevated risks is observed
across several independent studies. The reproducibility of findings constitutes one of
the strongest arguments for causality. Elevated risks are not defined by statistical
significance. If there are discordant results among investigations, possible reasons
such as differences in exposure, confounding factors, and the power of the study are
considered.

Coherence

An inference of causality from one line of evidence (e.g., epidemiologic, controlled
human exposure, animal, or welfare studies) may be strengthened by other lines of
evidence that support a cause-and-effect interpretation of the association. There may
be coherence in demonstrating effects from evidence across various fields and/or
across multiple study designs or related health endpoints within one scientific line of
evidence. For example, evidence on welfare effects may be drawn from a variety of
experimental approaches (e.g., greenhouse, laboratory, and field) and subdisciplines of
ecology (e.g., community ecology, biogeochemistry, and paleontological/historical
reconstructions).

Biological plausibility

An inference of causality is strengthened by results from experimental studies or other
sources demonstrating biologically plausible mechanisms. A proposed mechanism,
which is based on experimental evidence and which links exposure to an agent to a
given effect, is an important source of support for causality.

Biological gradient
(exposure-response
relationship)

A well-characterized exposure-response relationship (e.g., increasing effects
associated with greater exposure) strongly suggests cause and effect, especially when
such relationships are also observed for duration of exposure (e.g., increasing effects
observed following longer exposure times).

Strength of the
observed association

The finding of large, precise risks increases confidence that the association is not likely
due to chance, bias, or other factors. However, it is noted that a small magnitude in an
effect estimate may represent a substantial effect in a population.

Experimental evidence

Strong evidence for causality can be provided through “natural experiments” when a
change in exposure is found to result in a change in occurrence or frequency of health
or welfare effects.

Temporality of the
observed association

Evidence of a temporal sequence between the introduction of an agent, and
appearance of the effect, constitutes another argument in favor of causality.

Specificity of the
observed association

Evidence linking a specific outcome to an exposure can provide a strong argument for
causation. However, it must be recognized that rarely, if ever, does exposure to a
pollutant invariably predict the occurrence of an outcome, and that a given outcome
may have multiple causes.

Analogy

Structure activity relationships and information on the agent's structural analogs can
provide insight into whether an association is causal. Similarly, information on mode of
action for a chemical, as one of many structural analogs, can inform decisions
regarding likely causality.

Consistency of findings across studies is informed by the repeated observation of effects
or associations across multiple independent studies. Further strength is provided by
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reproducibility of findings in different populations under different circumstances.
However, discordant results among independent investigations may be explained by
differences in study methods, random errors, exposure, confounding factors, or study
power, and thus may not be used to rule out a causal connection.

In evaluating the consistency of findings across studies, EPA emphasizes the importance
of examining the pattern of results across various studies, and has not focused solely on
statistical significance or the magnitude of the direction of the association as criteria of
study reliability. Statistical significance is influenced by a variety of factors including,
but not limited to, the size of the study, exposure and outcome measurement error, and
statistical model specifications. Statistical significance is just one of the means of
evaluating confidence in the observed relationship and assessing the probability of
chance as an explanation. Other indicia of reliability such as the consistency and
coherence of a body of studies as well as other confirming data may be used to justify
reliance on the results of a body of epidemiologic studies, even if individual studies may
lack statistical significance. Traditionally, statistical significance is used to a larger extent
to evaluate the findings of controlled human exposure and animal toxicology studies.
Understanding that statistical inferences may result in both false positives and false
negatives, consideration is given to both trends in data and reproducibility of results.
Thus, in drawing judgments regarding causality, EPA emphasizes statistically significant
findings from experimental studies, but does not limit its focus or consideration to
statistically significant results in epidemiologic studies.

In evaluating the strength of the observed association, EPA considers both the magnitude
and statistical precision (i.e., width of confidence interval) of the association in
epidemiologic studies. In a large study that accounts for several potential confounding
factors, a strong association can serve to increase confidence that a finding is not due to a
weak unmeasured confounder, chance, or other biases. However, in a study that accounts
for several potential confounding factors and other sources of bias, a weak association
does not rule out a causal connection. The health effects evaluated in the ISAs tend to
have multiple risk factors that likely vary in strength of effect, and the magnitude of
effect of air pollution exposure will depend on the prevalence of other risk factors in the
study population. Further, a small effect size can be important from a public health
impact perspective. The air pollution-related change in a health effect observed in a study
represents a shift in the distribution of responses in the study population and potentially
an increase in the proportion of individuals with clinically important effects.

In making judgments regarding causality, the biological plausibility of effects resulting
from air pollutant exposure is considered. Experimental results from in vivo studies
involving animal models and humans, as well as from in vitro studies when appropriate,
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may be used to establish biological plausibility and to interpret other lines of evidence
(e.g., health effects from epidemiologic studies). Biological plausibility is often provided
from understanding the MOA by which exposure to a pollutant leads to health effects.
This understanding may encompass several different levels of biological organization
including, but not limited to, molecular and cellular events in the pathways leading to
disease. While a complete understanding of the MOA is not considered necessary for
making causal determinations within the ISA, biological plausibility plays a key role.

C. Framework for Causal Determinations

In the ISA, EPA assesses the body of relevant literature, building upon evidence available
during previous NAAQS reviews, to draw conclusions on the causal relationships
between relevant pollutant exposures and health or environmental effects. ISAs use a
five-level hierarchy that classifies the weight of evidence for causation.! This
weight-of-evidence evaluation is based on integration of findings from various lines of
evidence from across health and environmental effect disciplines that are integrated into a
gualitative statement about the overall weight of the evidence and causality. The five
descriptors for causal determination are described in Table 11.

! The CDC and I0M frameworks use a four-category hierarchy for the strength of the evidence. A five-level
hierarchy is used here to be consistent with the EPA Guidelines for Carcinogen Risk Assessment and to provide a
more nuanced set of categories.
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Table 1l Weight of evidence for causal determination.
Health Effects Ecological and Welfare Effects
Causal Evidence is sufficient to conclude that there is a causal Evidence is sufficient to conclude that there is a
relationship relationship with relevant pollutant exposures causal relationship with relevant pollutant exposures
(e.g., doses or exposures generally within one to two (e.g., doses or exposures generally within one to two
orders of magnitude of recent concentrations). Thatis, orders of magnitude of current levels). That is, the
the pollutant has been shown to result in health effects  pollutant has been shown to result in effects in studies
in studies in which chance, confounding, and other in which chance, confounding, and other biases could
biases could be ruled out with reasonable confidence.  be ruled out with reasonable confidence. Controlled
For example: (1) controlled human exposure studies exposure studies (laboratory or small- to
that demonstrate consistent effects, or medium-scale field studies) provide the strongest
(2) observational studies that cannot be explained by evidence for causality, but the scope of inference may
plausible alternatives or that are supported by other be limited. Generally, the determination is based on
lines of evidence (e.g., animal studies or mode of multiple studies conducted by multiple research
action information). Generally, the determination is groups, and evidence that is considered sufficient to
based on multiple high-quality studies conducted by infer a causal relationship is usually obtained from the
multiple research groups. joint consideration of many lines of evidence that
reinforce each other.
Likely to be a  Evidence is sufficient to conclude that a causal Evidence is sufficient to conclude that there is a likely
causal relationship is likely to exist with relevant pollutant causal association with relevant pollutant exposures.
relationship exposures. That is, the pollutant has been shown to That is, an association has been observed between
result in health effects in studies where results are not  the pollutant and the outcome in studies in which
explained by chance, confounding, and other biases, chance, confounding, and other biases are minimized
but uncertainties remain in the evidence overall. For but uncertainties remain. For example, field studies
example: (1) observational studies show an show a relationship, but suspected interacting factors
association, but copollutant exposures are difficult to cannot be controlled, and other lines of evidence are
address and/or other lines of evidence (controlled limited or inconsistent. Generally, the determination is
human exposure, animal, or mode of action based on multiple studies by multiple research groups.
information) are limited or inconsistent, or (2) animal
toxicological evidence from multiple studies from
different laboratories demonstrate effects, but limited or
no human data are available. Generally, the
determination is based on multiple high-quality studies.
Suggestive, Evidence is suggestive of a causal relationship with Evidence is suggestive of a causal relationship with
but not relevant pollutant exposures but is limited, and chance, relevant pollutant exposures, but chance,
sufficient, to confounding, and other biases cannot be ruled out. For confounding, and other biases cannot be ruled out.
infer a causal example: (1) when the body of evidence is relatively For example, at least one high-quality study shows an
. ; small, at least one high-quality epidemiologic study effect, but the results of other studies are inconsistent.
relationship shows an association with a given health outcome

and/or at least one high-quality toxicological study
shows effects relevant to humans in animal species, or
(2) when the body of evidence is relatively large,
evidence from studies of varying quality is generally
supportive but not entirely consistent, and there may be
coherence across lines of evidence (e.g., animal
studies or mode of action information) to support the
determination.

Inadequate to
infer a causal
relationship

Evidence is inadequate to determine that a causal
relationship exists with relevant pollutant exposures.
The available studies are of insufficient quantity,
quality, consistency, or statistical power to permit a
conclusion regarding the presence or absence of an
effect.

The available studies are of insufficient quality,
consistency, or statistical power to permit a conclusion
regarding the presence or absence of an effect.

Not likely to be
a causal
relationship

Evidence indicates there is no causal relationship with
relevant pollutant exposures. Several adequate studies,
covering the full range of levels of exposure that human
beings are known to encounter and considering at-risk
populations and lifestages, are mutually consistent in
not showing an effect at any level of exposure.

Several adequate studies examining relationships with
relevant exposures are consistent in failing to show an
effect at any level of exposure.
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This standardized language was drawn from sources across the federal government and
wider scientific community, especially the EPA Guidelines for Carcinogen Risk
Assessment (U.S. EPA, 2005), U.S. Surgeon General’s report, The Health Consequences
of Smoking (CDC, 2004). and NAS IOM document, Improving the Presumptive
Disability Decision-Making Process for Veterans (IOM, 2008), a comprehensive report
on evaluating causality.

This framework:

= describes the kinds of scientific evidence used in making determinations on
causal relationships between exposure and health or welfare effects,

= summarizes the key aspects of the evaluation of evidence necessary to reach a
conclusion about the existence of a causal relationship,

= jdentifies issues and approaches related to uncertainty, and

= classifies and characterizes the weight of evidence in support of a general
causal relationship.

Determination of causality involves the evaluation and integration of evidence for
different types of health, ecological, or welfare effects associated with short- and
long-term exposure periods. In making determinations of causality, evidence is evaluated
for major outcome categories or groups of related endpoints (e.g., respiratory effects,
vegetation growth), integrating evidence from across disciplines, and evaluating the
coherence of evidence across a spectrum of related endpoints to draw conclusions
regarding causality. In discussing the causal determination, EPA characterizes the
evidence on which the judgment is based, including strength of evidence for individual
endpoints within the outcome category or group of related endpoints.

In drawing judgments regarding causality for the criteria air pollutants, the ISA focuses
on evidence of effects in the range of relevant pollutant exposures or doses and not on
determination of causality at any dose. Emphasis is placed on evidence of effects at doses
(e.g., blood Pb concentration) or exposures (e.g., air concentrations) that are relevant to,
or somewhat above, those currently experienced by the population. The extent to which
studies of higher concentrations are considered varies by pollutant and major outcome
category, but generally includes those with doses or exposures in the range of one to two
orders of magnitude above current or ambient conditions. Studies that use higher doses or
exposures may also be considered to the extent that they provide useful information to
inform understanding of MOA, inter-species differences, or factors that may increase risk
of effects for a population and if biological mechanisms have not been demonstrated to
differ based on exposure concentration. Thus, a causality determination is based on
weight-of-evidence evaluation for health or welfare effects, focusing on the evidence
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from exposures or doses generally ranging from recent ambient concentrations to one or
two orders of magnitude above recent ambient concentrations.

In addition, EPA evaluates evidence relevant to understanding the quantitative
relationships between pollutant exposures and health or welfare effects. This includes
evaluating the form of concentration-response or dose-response relationships and, to the
extent possible, drawing conclusions on the concentrations at which effects are observed.
The ISA also draws scientific conclusions regarding important exposure conditions for
effects and populations and lifestages that may be at greater risk for effects, as described
in the following section.

Public Health Impact

Once a determination is made regarding the causality of relationship between the
pollutant and outcome category, the public health impact of exposure to the pollutant is
evaluated. Important questions regarding the public health impact include:

= What populations and lifestages appear to be differentially affected (i.e., at
greater or less risk of experiencing effects)?

= What exposure conditions (dose or exposure, duration, and pattern) are
important?

= What is the severity of the effect (e.g., clinical relevance)?

= What is the concentration-response, exposure-response, or dose-response
relationship in the human population?

= What is the interrelationship between incidence and severity of effect?

To address these questions, the entirety of quantitative evidence is evaluated to
characterize pollutant concentrations and exposure durations at which effects were
observed for exposed populations, including populations and lifestages potentially at
increased risk. To accomplish this, evidence is considered from multiple and diverse
types of studies, and a study or set of studies that best approximates the
concentration-response relationships between health outcomes and the pollutant may be
identified. Controlled human exposure studies provide the most direct and quantifiable
exposure-response data on the human health effects of pollutant exposures. To the extent
available, the ISA evaluates results from epidemiologic studies that characterize the
shape of the relationship between a pollutant and a health outcome. Animal data may also
inform evaluation of concentration-response relationships, particularly relative to MOAs
and characteristics of at-risk populations.
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a. Approach to Identifying, Evaluating, and
Characterizing At-Risk Factors

A critical part of assessing the public health impact of an air pollutant is the
identification, evaluation, and characterization of populations potentially at greater risk of
an air pollutant-related health effect. Under the Clean Air Act, the NAAQS are intended
to protect public health with an adequate margin of safety. In doing so, protection is
provided for both the population as a whole and those groups potentially at increased risk
for health effects from exposure to a criteria air pollutant. To inform decisions under the
NAAQS, the ISA evaluates the currently available information regarding those factors
(e.g., lifestage, pre-existing disease, etc.) that contribute to portions of the population
being at greater risk for an air pollutant-related health effect.

Studies often use a variety of terms to classify factors and subsequently populations that
may be at increased risk of an air pollutant-related health effect, including “susceptible,”
“vulnerable,” “sensitive,” and “at-risk,” with recent literature introducing the term
“response-modifying factor” (Vinikoor-Imler et al., 2014; Sacks et al., 2011; U.S. EPA,
2010, 2009). The inconsistency in the definitions for each of these terms across the
scientific literature has shifted the focus away from answering the key questions: Which

populations are at increased risk and what evidence forms the basis of this conclusion?
(Vinikoor-Imler et al., 2014). Due to the lack of a consensus on terminology in the
scientific community, the term “susceptible populations” was used in reviews and
previous ISAs (Sacks et al., 2011; U.S. EPA, 2010, 2009) to encompass these various
factors. However, it was recognized that even using the term “susceptible populations”
was problematic because it often refers to populations at increased risk specifically due to

biological or intrinsic factors such as pre-existing disease or lifestage. As such, starting
with the ISA for Ozone and Related Photochemical Oxidants (U.S. EPA, 2013), the
terminology “at-risk” was introduced to define populations and lifestages potentially at
increased risk of an air pollutant-related health effect. In assessing the overall public

health impact of an air pollutant, the ISA focuses on identifying, evaluating, and
characterizing “at-risk” factors to address the main question of what populations and
lifestages are at increased risk of an air pollutant-related health effect. Each “at-risk”
factor is evaluated with a focus on identifying whether the factor contributes to a
population at increased risk of an air pollutant-related health effect. It is recognized that
some factors may lead to a reduction in risk, and these are recognized during the
evaluation process, but for the purposes of identifying those populations or lifestages at
increased risk to inform decisions on the NAAQS, the focus of this ISA is on
characterizing those factors that may increase risk.
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It is recognized that factors may be intrinsic and increase risk for an effect through a
biological mechanism. Intrinsic factors include genetic or developmental factors, race,
sex, lifestage, or the presence of pre-existing diseases. In general, people in this category
would have a steeper concentration-risk relationship compared to those not in the
category. Additionally, increased risk may be attributable to an extrinsic, nonbiological
factor, such as SES (e.g., educational attainment, income, access to healthcare), activity
pattern, and exercise level. Some groups may be at increased risk because of increased
internal dose at a given exposure concentration. This category includes individuals that
have a greater dose of delivered pollutant because of breathing patterns such as children
who are typically more active outdoors. In addition, some groups could have greater
exposure (concentration x time) regardless of the delivered dose, such as outdoor
workers. Finally, there are those who might be at increased risk for experiencing a greater
exposure by being exposed at a higher concentration, such as populations that live near
roadways. Some factors described above are multifaceted and may influence the risk of
an air pollutant-related health effect through a combination of ways (e.g., SES).
Additionally, it is recognized that some portions of the population may be at increased
risk of an air pollutant-related health effect because they experience insults from a
combination of factors. The emphasis is to identify and understand the factors that
potentially increase the risk of air pollutant-related health effects, regardless of whether
the increased risk is due to intrinsic factors, extrinsic factors, increased dose/exposure, or
a combination due to the often interconnectedness of factors.

To identify at-risk factors that potentially lead to some portions of the population being at
increased risk of air pollution-related health effects, the evidence is systematically
evaluated across relevant scientific disciplines (i.e., exposure sciences, dosimetry,
toxicology, and epidemiology). The evaluation process first consists of evaluating studies
that conduct stratified analyses (i.e., epidemiologic, controlled human exposure) to
compare populations or lifestages exposed to similar air pollutant concentrations within
the same study design. Experimental studies also provide an important line of evidence in
evaluating factors that can lead to increased risk of an air pollutant-related health effect.
Specifically, toxicological studies conducted using animal models of disease and
controlled human exposure studies that examine individuals with underlying disease or
genetic polymorphisms can provide support for coherence with the health effects
observed in epidemiologic studies as well as an understanding of biological plausibility.
The potential increased risk of an air pollutant-related health effect may also be
determined from studies that examined factors that result in differential air pollutant
exposures. Building on the causal framework discussed in detail in Table I, the
characterization of each at-risk factor consists of evaluating the strength of evidence
across scientific disciplines and assessing whether the factor can contribute to increased
risk of an air pollutant-related health effect. The conclusions drawn consider the “aspects
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to aid in judging causality” discussed in Table I. The categories considered for evaluating
the potential increased risk of an air pollutant-related health effect are “adequate
evidence,” “suggestive evidence,” “inadequate evidence,” and “evidence of no effect.”
They are described in more detail in Table IlI.

Table Il

Characterization of evidence for potential at-risk factors.

Classification

Health Effects

Adequate evidence There is substantial, consistent evidence within a discipline to conclude that a factor results in

a population or lifestage being at increased risk of air pollutant-related health effect(s) relative
to some reference population or lifestage. Where applicable, this evidence includes coherence
across disciplines. Evidence includes multiple high-quality studies.

Suggestive The collective evidence suggests that a factor results in a population or lifestage being at

evidence increased risk of air pollutant-related health effect(s) relative to some reference population or
lifestage, but the evidence is limited due to some inconsistency within a discipline or, where
applicable, a lack of coherence across disciplines.

Inadequate The collective evidence is inadequate to determine whether a factor results in a population or

evidence lifestage being at increased risk of air pollutant-related health effect(s) relative to some
reference population or lifestage. The available studies are of insufficient quantity, quality,
consistency, and/or statistical power to permit a conclusion to be drawn.

Evidence of There is substantial, consistent evidence within a discipline to conclude that a factor does not

no effect result in a population or lifestage being at increased risk of air pollutant-related health effect(s)

relative to some reference population or lifestage. Where applicable, the evidence includes
coherence across disciplines. Evidence includes multiple high-quality studies.

January 2015

b. Evaluating Adversity of Human Health Effects

In evaluating health evidence, a number of factors can be considered in delineating
between adverse and nonadverse health effects resulting from exposure to air pollution.
Some health outcomes, such as hospitalization for respiratory or cardiovascular diseases,
are clearly considered adverse. It is more difficult to determine the extent of change that
constitutes adversity in more subtle health measures. These more subtle health effects
include a wide variety of responses, such as alterations in markers of inflammation or
oxidative stress, changes in pulmonary function or heart rate variability, or alterations in
neurocognitive function measures. The challenge is determining the magnitude of change
in these measures when there is no clear point at which a change becomes adverse. The
extent to which a change in health measure constitutes an adverse health effect may vary
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between populations. Some changes that may not be considered adverse in healthy
individuals would be potentially adverse in more at-risk individuals.

Professional scientific societies may evaluate the magnitude of change in an outcome or
event that is considered adverse. For example, the extent to which changes in lung
function are adverse has been discussed by the American Thoracic Society in an official
statement titled What Constitutes an Adverse Health Effect of Air Pollution? (ATS,
2000). An air pollution-induced shift in the population distribution of a given risk factor
for a health outcome was viewed as adverse, even though it may not increase the risk of
any one individual to an unacceptable level. For example, a population with asthma could
have a distribution of lung function such that no identifiable individual has a level
associated with significant impairment. Exposure to air pollution could shift the
distribution such that no identifiable individual experiences clinically relevant effects.
This shift toward decreased lung function, however, would be considered adverse
because individuals within the population would have diminished reserve function and
therefore would be at increased risk to further environmental insult. The committee also
observed that elevations of biomarkers, such as cell number and types, cytokines, and
reactive oxygen species, may signal risk for ongoing injury and clinical effects or may
simply indicate transient responses that can provide insights into mechanisms of injury,
thus illustrating the lack of clear boundaries that separate adverse from nonadverse
effects.

The more subtle health outcomes may be connected mechanistically to health events that
are clearly adverse. For example, air pollution may affect markers of transient myocardial
ischemia such as ST-segment abnormalities or onset of exertional angina. These effects
may not be apparent to the individual, yet may still increase the risk of a number of
cardiac events, including myocardial infarction and sudden death. Thus, small changes in
physiological measures may not appear to be clearly adverse when considered alone, but
may be a part of a coherent and biologically plausible chain of related health outcomes
that range up to responses that are very clearly adverse, such as hospitalization or
mortality.

C. Concentration-Response Relationships

An important consideration in characterizing the public health impacts associated with
exposure to a pollutant is whether the concentration-response relationship is linear across
the range of concentrations or if nonlinear relationships exist along any part of this range.
The shape of the concentration-response curve at and below the level of the current
standards is of particular interest. Various sources of variability and uncertainty, such as
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low data density in the lower concentration range, possible influence of exposure
measurement error, and variability among individuals with respect to air pollution health
effects, tend to smooth and “linearize” the concentration-response function and thus can
obscure the existence of a threshold or nonlinear relationship. Because individual
thresholds vary from person-to-person due to individual differences such as genetic
differences or pre-existing disease conditions (and even can vary from one time to
another for a given person), it can be difficult to demonstrate that a threshold exists in a
population study. These sources of variability and uncertainty may explain why the
available human data at ambient concentrations for some environmental pollutants
(e.g., PM, Og, Pb, environmental tobacco smoke, radiation) do not exhibit
population-level thresholds for cancer or noncancer health effects, even though likely
mechanisms include nonlinear processes for some key events.

Public Welfare Impact

Once a determination is made regarding the causality of relationships between the
pollutant and outcome category, important questions regarding the public welfare impact
include:

= What endpoints or services appear to be differentially affected (i.e., at greater
or less risk of experiencing effects)? What elements of the ecosystem
(e.g., types, regions, taxonomic groups, populations, functions, etc.) appear to
be affected, or are more sensitive to effects? Are there differences between
locations or materials in welfare effects responses, such as impaired visibility
or materials damage?

= What is concluded from the evidence with regard to other types of welfare
effects?

= Under what exposure conditions (amount deposited or concentration,
duration, and pattern) are effects seen?

= What is the shape of the concentration-response, exposure-response, or
dose-response relationship?

To address these questions, the entirety of quantitative evidence is evaluated to
characterize pollutant concentrations and exposure durations at which effects were
observed. To accomplish this, evidence is considered from multiple and diverse types of
studies, and a study or set of studies that best approximates the concentration-response
relationships between welfare outcomes and the pollutant may be identified. Controlled
experimental studies provide the most direct and quantifiable exposure-response data on
the effects of pollutant exposures. To the extent available, the ISA also evaluates results
from less controlled field studies that characterize the shape of the relationship between a
pollutant and an outcome. Other types of data may also inform evaluation of
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concentration-response relationships, particularly relative to MOASs and characteristics of
at-risk ecosystems.

a. Evaluating Adversity of Ecological and Other
Welfare Effects

The final step in assessing the public welfare impact of an air pollutant is the evaluation
of the level considered to be adverse. A secondary standard, as defined in

Section 109(b)(2) of the CAA must “specify a level of air quality the attainment and
maintenance of which, in the judgment of the Administrator, based on such criteria, is
requisite to protect the public welfare from any known or anticipated adverse effects
associated with the presence of such air pollutant in the ambient air.” In setting standards
that are “requisite” to protect public health and welfare, as provided in Section 109(b),
EPA’s task is to establish standards that are neither more nor less stringent than necessary
for these purposes.

Adversity of ecological effects can be understood in terms ranging in biological level of
organization from the cellular level to the individual organism and to the population,
community, and ecosystem levels. In the context of ecology, a population is a group of
individuals of the same species, and a community is an assemblage of populations of
different species that inhabit an area and interact with one another. An ecosystem is the
interactive system formed from all living organisms and their abiotic (physical and
chemical) environment within a given area (IPCC, 2007). The boundaries of what could
be called an ecosystem are somewhat arbitrary, depending on the focus of interest or
study. Thus, the extent of an ecosystem may range from very small spatial scales to,
ultimately, the entire Earth (IPCC, 2007).

Effects on an individual organism are generally not considered to be adverse to public
welfare. However if effects occur to enough individuals within a population, then
communities and ecosystems may be disrupted. Changes to populations, communities,
and ecosystems can in turn result in an alteration of ecosystem processes. Ecosystem
processes are defined as the metabolic functions of ecosystems including energy flow,
elemental cycling, and the production, consumption, and decomposition of organic matter
(U.S. EPA, 2002). Growth, reproduction, and mortality are species-level endpoints that
may be clearly linked to community and ecosystem effects and are considered to be
adverse when negatively affected. Other endpoints such as changes in behavior and
physiological stress can decrease ecological fitness of an organism, but are harder to link
unequivocally to effects at the population, community, and ecosystem level. Support for
consideration of adversity beyond the species level by making explicit the linkages
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between stress-related effects at the species and effects at the ecosystem level is found in
A Framework for Assessing and Reporting on Ecological Condition: an SAB report
(U.S. EPA, 2002). Additionally, the National Acid Precipitation Assessment Program
(NAPAP, 1991) uses the following working definition of “adverse ecological effects” in
the preparation of reports to Congress mandated by the Clean Air Act: “any injury

(i.e., loss of chemical or physical quality or viability) to any ecological or ecosystem
component, up to and including the regional level, over both long and short terms.”

Beyond species-level impacts, consideration of ecosystem services allows for evaluation
of how pollutant exposure may adversely impact species or processes of particular
economic or cultural importance to humans. On a broader scale, ecosystem services may
provide indicators for ecological impacts. Ecosystem services are the benefits that people
obtain from ecosystems (UNEP, 2003). According to the Millennium Ecosystem
Assessment, ecosystem services include: “provisioning services such as food and water;
regulating services such as regulation of floods, drought, land degradation, and disease;
supporting services such as soil formation and nutrient cycling; and cultural services such
as recreational, spiritual, religious, and other nonmaterial benefits” (UNEP, 2003). For
example, a more subtle ecological effect of pollution exposure may result in a clearly

adverse impact on ecosystem services if it results in a population decline in a species that
is recreationally or culturally important.

A consideration in evaluating adversity of climate-related effects is that criteria air
pollutants have both direct and indirect effects on radiative forcing. For example, CO has
a relatively small direct forcing effect, but it influences the concentrations of other
atmospheric species, such as Os and methane (CH.), which are important contributors to
climate forcing. PM has both direct and indirect effects. For example, black carbon and
sulfate contribute directly to warming and cooling, while aerosols are involved in cloud
formation. Thus, it is crucial to consider the role of multiple pollutants together in
evaluating the climate impact of criteria pollutants. Although climate effects of criteria
air pollutants impact terrestrial and aquatic environments in diverse ways over multiple
time scales, their effect on temperature is the main metric of adversity, with some
consideration of proximate effects such as precipitation and relatively rapid feedbacks
impacting the composition of the troposphere. Downstream effects such as land use
changes are more difficult to link back to changes in concentrations that would be
produced by the NAAQS. The relative adversity of U.S. versus global emissions and
concentrations is informed by regional climate modeling studies, including consideration
of uncertainty and spatial and temporal variability.

The adversity of visibility impacts may be expressed in terms of psychological stress,
such as impairment of aesthetic quality or enjoyment of the environment, or in monetary
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terms, such as willingness to pay to improve air quality. Understanding the relationship
between pollutant concentration and perception of visibility, including distinguishing
between concerns about health risks due to air pollution and perceived visibility
impairment, are crucial in evaluating the level of protection provided by a welfare-based
secondary NAAQS.

Adversity of materials damage is evaluated considering the impact to human and
economic well being. Physical damage and soiling impair aesthetic qualities and function
of materials. Additionally, damage to property and cultural heritage sites due to pollutant
deposition may be considered adverse.

b. Quantitative Relationships: Effects on Welfare

Evaluations of causality generally consider the probability of quantitative changes in
welfare effects in response to exposure. A challenge to the quantification of
exposure-response relationships for ecological effects is the great regional and local
spatial variability, as well as temporal variability, in ecosystems. Thus,
exposure-response relationships are often determined for a specific ecological system and
scale, rather than at the national or even regional scale. Quantitative relationships,
therefore, are estimated site by site and may differ greatly between ecosystems.
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PREFACE

Legislative Requirements for the Review of the National Ambient
Air Quality Standards

Two sections of the Clean Air Act (CAA) govern the establishment, review, and revision
of the National Ambient Air Quality Standards (NAAQS). Section 108 [42 U.S. Code
(U.S.C.) 7408] directs the Administrator to identify and list certain air pollutants and then
to issue air quality criteria for those pollutants. The Administrator is to list those air
pollutants that in her “judgment, cause or contribute to air pollution which may
reasonably be anticipated to endanger public health or welfare;” “the presence of which
in the ambient air results from numerous or diverse mobile or stationary sources;” and
“for which ... [the Administrator] plans to issue air quality criteria ...” [42 U.S.C.
7408(a)(1); (CAA, 1990a)]. Air quality criteria are intended to “accurately reflect the
latest scientific knowledge useful in indicating the kind and extent of all identifiable
effects on public health or welfare, which may be expected from the presence of [a]
pollutant in the ambient air ...” [42 U.S.C. 7408(b)]. Section 109 [42 U.S.C. 7409;
(CAA, 1990Db)] directs the Administrator to propose and promulgate “primary” and
“secondary” NAAQS for pollutants for which air quality criteria are issued.

Section 109(b)(1) defines a primary standard as one “the attainment and maintenance of
which in the judgment of the Administrator, based on such criteria and allowing an
adequate margin of safety, are requisite to protect the public health.”* A secondary
standard, as defined in Section 109(b)(2), must “specify a level of air quality the
attainment and maintenance of which, in the judgment of the Administrator, based on
such criteria, is requisite to protect the public welfare from any known or anticipated
adverse effects associated with the presence of [the] air pollutant in the ambient air.”?

The requirement that primary standards provide an adequate margin of safety was
intended to address uncertainties associated with inconclusive scientific and technical
information available at the time of standard setting. It was also intended to provide a
reasonable degree of protection against hazards that research has not yet identified.® Both

! The legislative history of Section 109 indicates that a primary standard is to be set at “...the maximum permissible
ambient air level...which will protect the health of any [sensitive] group of the population,” and that for this purpose
“reference should be made to a representative sample of persons comprising the sensitive group rather than to a
single person in such a group” S. Rep. No. 91:1196, 91st Cong., 2d Sess. 10 (1970).

2 Welfare effects as defined in Section 302(h) [42 U.S.C. 7602(h)] include, but are not limited to, “effects on soils,
water, crops, vegetation, man-made materials, animals, wildlife, weather, visibility and climate, damage to and
deterioration of property, and hazards to transportation, as well as effects on economic values and on personal
comfort and well-being”(CAA, 2005).

3 See Lead Industries Association v. EPA, 647 F.2d 1130, 1154 [(District of Columbia Circuit (D.C. Cir) 1980];
American Petroleum Institute v. Costle, 665 F.2d 1176, 1186 (D.C. Cir. 1981); American Farm Bureau Federation
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kinds of uncertainty are components of the risk associated with pollution at levels below
those at which human health effects can be said to occur with reasonable scientific
certainty. Thus, in selecting primary standards that provide an adequate margin of safety,
the Administrator is seeking not only to prevent pollution levels that have been
demonstrated to be harmful but also to prevent lower pollutant levels that may pose an
unacceptable risk of harm, even if the risk is not precisely identified as to nature or
degree. The CAA does not require the Administrator to establish a primary NAAQS at a
zero-risk level or at background concentration levels, but rather at a level that reduces
risk sufficiently so as to protect public health with an adequate margin of safety.! In so
doing, protection is provided for both the population as a whole and those groups
potentially at increased risk for health effects from exposure to the air pollutant for which
each NAAQS is set.

In addressing the requirement for an adequate margin of safety, the U.S. Environmental
Protection Agency (EPA) considers such factors as the nature and severity of the health
effects involved, the size of the sensitive group(s), and the kind and degree of the
uncertainties. The selection of any particular approach to providing an adequate margin
of safety is a policy choice left specifically to the Administrator’s judgment.?

In setting standards that are “requisite” to protect public health and welfare as provided in
Section 109(b), EPA’s task is to establish standards that are neither more nor less
stringent than necessary for these purposes. In so doing, EPA may not consider the costs
of implementing the standards.® Likewise, “[a]ttainability and technological feasibility
are not relevant considerations in the promulgation of national ambient air quality
standards.”*

Section 109(d)(1) requires that “not later than December 31, 1980, and at 5-year intervals
thereafter, the Administrator shall complete a thorough review of the criteria published
under Section 108 and the national ambient air quality standards...and shall make such
revisions in such criteria and standards and promulgate such new standards as may be
appropriate...” Section 109(d)(2) requires that an independent scientific review
committee “shall complete a review of the criteria...and the national primary and
secondary ambient air quality standards...and shall recommend to the Administrator any
new...standards and revisions of existing criteria and standards as may be

v. EPA, 559 F. 3d 512, 533 (D.C. Cir. 2009); Association of Battery Recyclers v. EPA, 604 F. 3d 613, 61718 (D.C.
Cir. 2010).

! See Lead Industries v. EPA, 647 F.2d at 1156 n.51; Mississippi v. EPA, 723 F. 3d 246, 255, 262—63 (D.C. Cir.
2013).

2 See Lead Industries Association v. EPA, 647 F.2d at 1161-62; Mississippi v. EPA, 723 F. 3d at 265.

3 See generally, Whitman v. American Trucking Associations, 531 U.S. 457, 465—472, 475—476 (2001).

4 See American Petroleum Institute v. Costle, 665 F. 2d at 1185.
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appropriate....” Since the early 1980s, this independent review function has been
performed by the Clean Air Scientific Advisory Committee (CASAC).!

Introduction to the Primary National Ambient Air Quality Standard
for Nitrogen Dioxide

Nitrogen dioxide (NO>) is the indicator for gaseous oxides of nitrogen [e.g., NO, nitric
oxide (NO)]. Consistent with Section 108(c) of the CAA (42 U.S.C.21 7408), EPA
considers the term oxides of nitrogen to refer to all forms of oxidized nitrogen including
multiple gaseous species (e.g., NOz, NO) and particulate species (e.g., nitrates). The
review of the primary NO, NAAQS focuses on evaluating the health effects associated
with exposure to the gaseous oxides of nitrogen. The atmospheric chemistry, exposure,
and health effects associated with nitrogen compounds present in particulate matter (PM)
were most recently considered in the EPA’s review of the NAAQS for PM. The welfare
effects associated with oxides of nitrogen are being considered in a separate assessment
as part of the review of the secondary NO, NAAQS and sulfur dioxide [SO-; (U.S. EPA
2013)].

NAAQS are defined by four basic elements: indicator, averaging time, level, and form.
The indicator defines the pollutant to be measured in the ambient air for the purpose of
determining compliance with the standard. The averaging time defines the time period
over which air quality measurements are to be obtained and averaged or cumulated,
considering evidence of effects associated with various time periods of exposure. The
level of a standard defines the air quality concentration used (i.e., an ambient
concentration of the indicator pollutant) in determining whether the standard is achieved.
The form of the standard defines the air quality statistic that is compared to the level of
the standard in determining whether an area attains the standard. For example, the form
of the current primary 1-hour NO- standard is the 3-year average of the 98th percentile of
the annual distribution of 1-hour daily maximum NO; concentrations. The Administrator
considers these four elements collectively in evaluating the protection to public health
provided by the primary NAAQS.

History of the Review of Air Quality Criteria for the Oxides of
Nitrogen and the Primary National Ambient Air Quality Standards
for Nitrogen Dioxide

In 1971, the EPA added nitrogen oxides to the list of criteria pollutants under
Section 108(a)(1) of the CAA and issued the initial air quality criteria [36 Federal

! Lists of CASAC members and of members of the CASAC Oxides of Nitrogen Primary NAAQS Review Panel are
available at: http://yosemite.epa.gov/sab/sabproduct.nsf/WebCASAC/CommitteesandMembership?OpenDocument.
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Register (FR) 1515, January 30, 1971]. Based on these air quality criteria, the EPA
promulgated NAAQS for nitrogen oxides using NO- as the indicator (36 FR 8186, April
30, 1971). Both primary and secondary standards were set at 100 pg/m? [equal to

0.053 parts per million (ppm)], annual average. The standards were based on scientific
information contained in the 1971 Air Quality Criteria Document for Nitrogen Oxides
(U.S. EPA, 1971). Since then, the Agency has completed multiple reviews of the air
quality criteria upon which the NAAQS are set and the primary standards themselves.
Table I provides a brief summary of these reviews.

Table | History of the primary National Ambient Air Quality Standards for
nitrogen dioxide (NOz2) since 1971.
Final
Rule/Decisions Indicator Averaging Time Level Form
1971 NO2 1 year 53 ppb? Annual arithmetic average
36 FR 8186
Apr 30, 1971
1985 Primary NO:2 standard retained, without revision.
50 FR 25532
Jun 19, 1985
1996 Primary NO:2 standard retained, without revision.
61 FR 52852
Oct 8, 1996
2010 NO:2 1 hour 100 ppb 3-year average of the 98th percentile of the
75 FR 6474 annual distribution of daily maximum 1-hour
Feb 9, 2010 concentrations

Primary annual NO: standard retained, without revision.

aThe initial standard level of the annual NO, standard was 100 ug/m?® which is equal to 0.053 ppm or 53 parts per billion (ppb).
The units for the standard level were officially changed to ppb in the final rule issued in 2010 (75 FR 6531, February 9, 2010).

January 2015

The EPA retained the primary and secondary NO; standards, without revision, in reviews
completed in 1985 and 1996 (50 FR 25532, June 19, 1985; 61 FR 52852,

October 8, 1996). These decisions were informed, respectively, by scientific information
contained in the 1982 Air Quality Criteria Document for Oxides of Nitrogen [(U.S. EPA
1982) which updated the scientific criteria upon which the initial NO; standards were
based] and the 1993 Air Quality Criteria Document for the Oxides of Nitrogen

(U.S. EPA, 1993). In the latter of the two decisions, the EPA concluded that “the existing
annual primary standard appears to be both adequate and necessary to protect human
health against both long- and short-term NO- exposures” and that retaining the existing
annual standard is consistent with the scientific data assessed in the 1993 Air Quality
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Criteria Document (U.S. EPA, 1993) and the Staff Paper (U.S. EPA, 1995) and with the
advice and recommendations of CASAC” (61 FR 52854, October 8, 1996).*

The last review of the air quality criteria for oxides of nitrogen (health criteria) and the
primary NO; standard was initiated in December 2005 (70 FR 73236,

December 9, 2005).23 The Agency’s plans for conducting the review were presented in
the Integrated Review Plan (IRP) for the Primary National Ambient Air Quality Standard
for NO; (U.S. EPA, 2007a), which included consideration of comments received during a
CASAC consultation as well as public comment on a draft IRP. The science assessment
for the review was described in the 2008 Integrated Science Assessment for Oxides of
Nitrogen—Health Criteria (U.S. EPA, 2008a), multiple drafts of which received review
by CASAC and the public. The EPA also conducted quantitative human risk and
exposure assessments, after consultation with CASAC and receiving public comment on
a draft analysis plan (U.S. EPA, 2007b). These technical analyses were presented in the
Risk and Exposure Assessment (REA) to Support the Review of the NO, Primary
National Ambient Air Quality Standard (U.S. EPA, 2008b), multiple drafts of which
received CASAC and public review.

Over the course of the last review, the EPA made several changes to the NAAQS review
process. An important change was the discontinuation of the Staff Paper, which
traditionally contained staff evaluations to bridge the gap between the Agency’s science
assessments and the judgments required of the EPA Administrator in determining
whether it was appropriate to retain or revise the NAAQS.* In the course of reviewing the
second draft REA, however, CASAC expressed the view that the document would be
incomplete without the addition of a policy assessment chapter presenting an integration
of evidence-based considerations and risk and exposure assessment results. CASAC
stated that such a chapter would be “critical for considering options for the NAAQS for
NO;"” (Samet, 2008). In addition, within the period of CASAC’s review of the second
draft REA, the EPA’s Deputy Administrator indicated in a letter to the CASAC chair,
addressing earlier CASAC comments on the NAAQS review process, that the risk and

L In presenting rationale for the final decision, the EPA noted that “a 0.053 ppm annual standard would keep annual
NO; concentrations considerably below the long-term levels for which serious chronic effects have been observed in
animals” and that “[r]etaining the existing standard would also provide protection against short-term peak NO,
concentrations at the levels associated with mild changes in pulmonary function and airway responsiveness observed
in controlled human [exposure] studies” (61 FR 52854, October 8, 1996; 60 FR 52874, 52880, October 11, 1995).

2 Documents related to reviews completed in 2010 and 1996 are available at:
http://www.epa.gov/ttn/naags/standards/nox/s_nox_index.html.

3 The EPA conducted a separate review of the secondary NO, NAAQS jointly with a review of the secondary SO
NAAQS. The Agency retained those secondary standards, without revision, to address the direct effects on
vegetation of exposure to oxides of nitrogen and sulfur (77 FR 20218, April 3, 2012).

4 Initial changes to the NAAQS review process included a policy assessment document reflecting Agency (rather
than staff) views published as an advanced notice of public rulemaking (ANPR). Under this process, the ANPR
would have been reviewed by CASAC (Peacock, 2006).
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exposure assessment will include “a broader discussion of the science and how
uncertainties may effect decisions on the standard” and “all analyses and approaches for
considering the level of the standard under review, including risk assessment and weight
of evidence methodologies” (Peacock, 2008). Accordingly, the final 2008 REA included
a policy assessment chapter that considered the scientific evidence in the 2008 ISA and
the exposure and risk results presented in other chapters of the 2008 REA as they related
to the adequacy of the then current primary NO, standard and potential alternative
standards for consideration (U.S. EPA, 2008b).* CASAC discussed the final version of
the 2008 REA, with an emphasis on the policy assessment chapter during a public
teleconference on December 5, 2008 (73 FR 66895, November 12, 2008). Following that
teleconference, CASAC offered comments and advice on the primary NO- standard in a
letter to the Administrator (Samet, 2008).

After considering an integrative synthesis of the body of evidence on human health
effects associated with the presence of NO; in the air and the exposure and risk
information, the Administrator determined that the then-existing primary NO. NAAQS,
based on an annual arithmetic average, was not sufficient to protect the public health
from the array of effects that could occur following short-term exposures to ambient NO..
In so doing, the Administrator particularly noted the potential for adverse health effects to
occur following exposures to elevated NO; concentrations that can occur around major
roads (75 FR 6482). In a notice published in the Federal Register on July 15, 2009, the
EPA proposed to supplement the existing primary annual NO; standard by establishing a
new short-term standard (74 FR 34404). In a notice published in the Federal Register on
February 9, 2010, the EPA finalized a new short-term standard with a level of 100 ppb,
based on the 3-year average of the 98th percentile of the annual distribution of daily
maximum 1-hour concentrations. The EPA also retained the existing primary annual NO;
standard with a level of 53 ppb, annual average (75 FR 6474). The EPA’s final decision
included consideration of CASAC (2009) and public comments on the proposed rule. The
EPA’s final rule was upheld against challenges in a decision issued by the U.S. Court of
Appeals for the District of Columbia Circuit on July 17, 2012.2

Revisions to the NAAQS were accompanied by revisions to the data handling
procedures, the ambient air monitoring and reporting requirements, and the Air Quality

! Subsequent to the completion of the 2008 REA, EPA Administrator Jackson called for additional key changes to
the NAAQS review process including reinstating a policy assessment document that contains staff analysis of the
scientific bases for alternative policy options for consideration by senior Agency management prior to rulemaking
(Jackson, 2009). A Policy Assessment will be developed for the current review as discussed in Chapter 7 of the 2014
Integrated Review Plan for the Primary National Ambient Air Quality Standards for Nitrogen Dioxide (U.S. EPA
2014).

2 See American Petroleum Institute v. EPA, 684 F. 3d 1342 (D.C. Cir. 2012).
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Index (AQI).! One aspect of the new monitoring network requirements included
requirements for states to locate monitors near heavily trafficked roadways in large urban
areas and in other locations where maximum NO- concentrations can occur. Subsequent
to the 2010 rulemaking, the EPA revised the deadlines by which the near-road monitors
are to be operational in order to implement a phased deployment approach (78 FR 16184,
March 14, 2013). The near-road NO, monitors will become operational between

January 1, 2014 and January 1, 2017.

! The current federal regulatory measurement methods for NO; are specified in 40 Code of Federal Regulations
(CFR) part 50, Appendix F and 40 CFR part 53. Consideration of ambient air measurements with regard to judging
attainment of the standards is specified in 40 CFR part 50, Appendix S. The NO, monitoring network requirements
are specified in 40 CFR part 58, Appendix D, Section 4.3. The EPA revised the AQI for NO, to be consistent with
the revised primary NO, NAAQS as specified in 40 CFR part 58, Appendix G. Guidance on the approach for
implementation of the new standards was described in the Federal Register notices for the proposed and final rules
(74 FR 34404; 75 FR 6474).
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EXECUTIVE SUMMARY

Purpose and Scope of the Integrated Science Assessment

This Integrated Science Assessment (ISA) is a comprehensive evaluation and synthesis of
policy-relevant science aimed at characterizing exposures to ambient oxides of nitrogen
and their relationships with health effects. Thus, this ISA serves as the scientific
foundation for the review of the primary (health-based) National Ambient Air Quality
Standards (NAAQS) for nitrogen dioxide (NO,).t NO; is the indicator for gaseous oxides
of nitrogen (i.e., oxidized nitrogen compounds), which also include nitric oxide and gases
produced from reactions involving NO; and nitric oxide (Figure 2-1, Section 2.2).%2 In
2010, the U.S. Environmental Protection Agency (EPA) retained the NAAQS of 53 parts
per billion (ppb) annual average concentration to protect against health effects potentially
related to long-term NO; exposures. In addition, EPA set a new 1-hour NAAQS at a level
of 100 ppb, based on the 3-year average of each year’s 98th percentile of the highest
daily 1-hour concentration. The 1-hour NAAQS was set to protect against respiratory
effects related to short-term NO- exposures in populations potentially at increased risk,
such as people with asthma or people who spend time on or near high-traffic roads. EPA
also set requirements for a network of monitors to measure NO2 near high-traffic roads,
one of the places where the highest concentrations are expected to occur.

This ISA updates the 2008 ISA for Oxides of Nitrogen (U.S. EPA, 2008) with studies and
reports published from January 2008 through August 2014. EPA conducted searches to
identify peer-reviewed literature on relevant topics such as health effects, atmospheric
chemistry, ambient concentrations, and exposure. The Clean Air Scientific Advisory
Committee (a formal independent panel of scientific experts) and the public also
recommended studies and reports. To fully describe the state of available science, EPA
also identified relevant studies from previous assessments to include in this ISA.

As in the 2008 ISA, this ISA determines the causality of relationships with health effects
only for NO- (Chapter 5 and Chapter 6). Key to interpreting the health effects evidence is
understanding the sources, chemistry, and distribution of NO; in the ambient air

(Chapter 2) that influence exposure (Chapter 3), the uptake of inhaled NO; in the
respiratory tract, and subsequent biological mechanisms that may be affected (Chapter 4).

! The ecological effects of oxides of nitrogen are being considered in a separate assessment as part of the review of
the secondary (welfare-based) NAAQS for NO, and sulfur dioxide (U.S. EPA, 2013).

2 Total oxides of nitrogen also include several particulate species such as nitrites. Section 108(c) of the Clean Air
Act, 42 U.S.C. § 7408(c) specifies that criteria for oxides of nitrogen include consideration of nitric and nitrous
acids, nitrites, nitrates, nitrosamines, and other derivatives of oxides of nitrogen. Health effects associated with the
particulate species are addressed in the review of the NAAQS for particulate matter (U.S. EPA, 2009).

3 The blue electronic links can be used to navigate to other parts of this ISA and to information on cited references .
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Further, the ISA aims to characterize the independent effect of NO, exposure on health
rather than its role as just a marker for other air pollutants. The ISA also informs
policy-relevant issues (Section 1.6), such as (1) exposure durations and patterns
associated with health effects; (2) concentration-response relationship(s), including
evidence of potential thresholds for effects; and (3) populations or lifestages at increased
risk for health effects related to NO, exposure (Chapter 7).

Sources and Human Exposure to Nitrogen Dioxide

January 2015

A main objective of the ISA is to characterize health effects related to ambient NO,
exposure. This requires understanding what factors affect exposure to ambient NO, and
the ability to estimate exposure accurately and accounting for the influence of factors that
are related to NO_ exposure, such as other pollutants and demographic characteristics.
For the U.S. as a whole and for major cities, motor vehicle emissions are the largest
single source of NO- in the ambient air (Section 2.3.1, Figure 2-3). Electric power plants,

industrial facilities, other forms of transportation, soil, and wildfires also can contribute
considerably to ambient NO, concentrations on a national scale and to differences in
concentrations and population exposures among locations.

Because many sources of NO; are ubiquitous, there is widespread potential for exposure
to NO,. However, given that motor vehicles are a major source, air concentrations of NO,
can be highly variable across neighborhoods (Section 2.5.2), depending on distance to
roads. NO; concentrations tend to decrease over a distance of 200—-500 meters from the
road and can be 30 to 100% higher within 10—20 meters of a road than at locations
farther away (Section 2.5.3). The first year of data from a new near-road monitoring
network for a small group of U.S. cities show that 1-hour NO, concentrations tend to be
higher near roads than at most other sites within a city (Table 2-8, Section 2.5.3.2). But,
peak NO; concentrations are not always higher near roads, indicating that in addition to
distance from road, factors such as other local sources, season, wind direction, chemical
reactions with ozone in the air (Figure 2-1), and physical features of the environment
(Sections 2.2 and 2.5.3) also affect the distribution of ambient NO, concentrations.

Because ambient NO; concentrations show variability among geographic regions, within
communities, and over time, there is potential for large variation in ambient NO;
exposure among people. Also contributing to variation in ambient NO; exposure are the
differences in the outdoor and indoor locations where people spend time and the amount
of time spent in those locations (Sections 3.4.1 and 3.4.3; Figure 3-3). NO;
concentrations vary by the type of location, including inside vehicles and buildings
(Figure 3-1), and the ventilation of buildings can affect the amount of ambient NO, that
penetrates indoors (Section 3.4.3.3). Therefore, understanding the extent to which the
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January 2015

methods used to estimate exposure adequately account for variation in ambient
concentrations across locations and people’s activity patterns is essential to characterize
relationships between ambient NO, exposure and health effects.

In this ISA, health effects are examined largely in relation to ambient NO; concentrations
measured at community monitoring sites. These monitors do not cover all locations
where people live or spend their time and are not sited to capture the variability in NO;
concentrations observed within cities, including near roads. Thus, NO, measured at these
sites have some error in representing people’s actual exposures. This error may be
reflected in the wide range of relationships observed between total personal NO-
exposure and ambient concentrations averaged over periods up to 1 week (Section 3.4.2).
Such relationships are not well characterized for exposure periods of months to years.
These uncertainties do not necessarily mean that ambient NO, concentrations are poor
measures of personal exposure because variation among people in indoor or in-vehicle
exposures and activity patterns may obscure relationships between ambient exposure and
concentrations. Compared with NO; concentrations at community monitors, there may be
more confidence in exposure metrics that account for local variability in NO2
concentrations and people’s activity patterns. These metrics can include short-term
personal, home, and school NO, measurements and long-term NO; exposure estimated at
people’s homes with models and are examined in some recent health effect studies.

Error in estimating exposure can impact associations observed between ambient NO;
concentrations and health effects in various ways. In studies of short-term exposure that
examine changes in NO; over time (e.g., day to day), NO, from community monitors has
shown lower magnitude associations with health effects (Section 3.4.5) compared with
NO; measured at people’s locations and/or more uncertainty in the association. In studies
of long-term exposure that compare people in locations that vary in ambient NO;
concentrations, NO, from community monitors has shown both smaller and larger
associations with health effects compared with NO. concentrations estimated for people’s
locations. The impact on health effect associations of using NO, concentrations at
community sites to represent near-road exposures is not clear. Given the impact of
exposure error, this ISA draws conclusions about health effects related to NO, exposure
by considering the availability of results for NO, measured at community monitoring
sites versus other locations where people live or spend time and considering how well the
various methods represent differences in exposure over time or across locations.

The important contribution of motor vehicles to ambient NO, concentrations not only has
implications for estimating NO, exposure but also indicates the need to consider other
traffic-related pollutants. NO, concentrations often are moderately to highly correlated

Ixxix DRAFT: Do Not Cite or Quote



O© 00 N o o B~ W N P

10
11
12
13
14
15
16
17
18
19

20
21
22
23
24
25

with pollutants also emitted by motor vehicles, such as PM2s ! UFP (see footnote 1),
elemental or black carbon (EC/BC), and carbon monoxide (Figure 3-6, Section 3.4.4.1).
Traffic-related pollutants show effects on many of the same biological processes and
health outcomes (Table 5-1). Thus, in characterizing relationships of NO; with health
effects, the ISA evaluates the extent to which an effect of NO; can be distinguished from
that of other traffic-related pollutants. Important lines of evidence include epidemiologic
studies that statistically adjust the NO; association for another pollutant and experimental
studies that inform the direct effect of NO, exposure on health outcomes and biological
mechanisms.

Health Effects of Nitrogen Dioxide Exposure

In this ISA, information on NO- exposure, the potential influence of other traffic-related
pollutants, and health effects from epidemiologic, controlled human exposure, and
toxicological studies is integrated to form conclusions about the causal nature of
relationships between NO- exposure and health effects. Health effects examined in
relation to the full range of NO, concentrations relevant to ambient conditions are
considered. Based on peak concentrations (Section 2.5) and the ISA definition that
ambient-relevant exposures be within one to two orders of magnitude of current
conditions (Preamble, Section 5.c), NO, concentrations up to 5,000 ppb? are defined to be
ambient relevant. A consistent and transparent framework (Preamble, Table 11) is applied
to classify the health effects evidence according to a five-level hierarchy:

1) Causal relationship

2) Likely to be a causal relationship

3) Suggestive, but not sufficient, to infer a causal relationship

4) Inadequate to infer a causal relationship

5) Not likely to be a causal relationship
The conclusions presented in Table ES-1 are informed by recent findings and whether
recent findings integrated with information from the 2008 ISA for Oxides of Nitrogen

(U.S. EPA, 2008) support a change in conclusion. Important considerations include
judgments of error and uncertainty in the collective body of available studies; the

consistency of findings integrated across epidemiologic, controlled human exposure, and
toxicological studies to inform an independent effect of NO, exposure and potential

1 PMys: In general terms, particulate matter with an aerodynamic diameter less than or equal to a nominal 2.5 um, a
measure of fine particles. UFP: Definitions vary but often refer to particles with an aerodynamic diameter less or
equal to a nominal 0.1 pum, a measure of ultrafine particles.

2 The 5,000-ppb upper limit applies mostly to animal toxicological studies and also a few controlled human
exposure studies. Experimental studies examining NO; exposures greater than 5,000 ppb were included if they
provided information on the uptake of NO; in the respiratory tract or on potential biological mechanisms.
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underlying biological mechanisms; consistency in epidemiologic evidence across various
methods used to estimate NO- exposure; and examination in epidemiologic studies of the
potential influence of other traffic-related pollutants and other factors that could bias
associations observed with NO, exposure (Section 5.1.2).

Table ES-1

Causal determinations for relationships between nitrogen dioxide

(NO2) exposure and health effects from the 2008 and current
Integrated Science Assessment (ISA) for Oxides of Nitrogen.

Exposure Duration and
Health Effect Category?

Causal Determination®

2008 ISA

Current Draft ISA

Short-term NOz Exposure (minutes up to 1 month)

Respiratory effects
Section 5.2, Table 5-45

Sufficient to infer a likely causal
relationship

Causal relationship

Cardiovascular and related
metabolic effects®

Section 5.3, Table 5-58

Inadequate to infer the presence or
absence of a causal relationship

Suggestive, but not sufficient, to infer a
causal relationship

Total mortality
Section 5.4, Table 5-63

Suggestive, but not sufficient, to
infer a causal relationship

Suggestive, but not sufficient, to infer a
causal relationship

Long-term NO2z Exposure (more than 1 month to years)

Respiratory effects
Section 6.2, Table 6-5

Suggestive, but not sufficient, to
infer a causal relationship

Likely to be a causal relationship

Cardiovascular and related
metabolic effects®

Section 6.3, Table 6-11

Inadequate to infer the presence or
absence of a causal relationship

Suggestive, but not sufficient, to infer a
causal relationship

Reproductive and
developmental effects®

Sections 6.4.2, 6.4.3, and 6.4.4,
Table 6-14

Inadequate to infer the presence or
absence of a causal relationship

Fertility, Reproduction, and Pregnancy:
Inadequate to infer a causal relationship

Birth Outcomes:

Suggestive, but not sufficient, to infer a
causal relationship

Postnatal Development:
Inadequate to infer a causal relationship

Total mortality
Section 6.5, Table 6-18

Inadequate to infer the presence or
absence of a causal relationship

Suggestive, but not sufficient, to infer a
causal relationship

Cancer
Section 6.6, Table 6-20

Inadequate to infer the presence or
absence of a causal relationship

Suggestive, but not sufficient, to infer a
causal relationship

2An array of outcomes is evaluated as part of a broad health effect category: physiological measures (e.g., airway
responsiveness), clinical outcomes (e.g., hospital admissions), and cause-specific mortality. Total mortality includes all
nonaccidental causes of mortality and is informed by findings for the spectrum of morbidity effects (e.g., respiratory,
cardiovascular) that can lead to mortality. The sections and tables referenced include a detailed discussion of the evidence that
supports the causal determinations and the NO, concentrations with which health effects have been associated.

bSince the 2008 ISA for Oxides of Nitrogen, the phrasing of causal determinations has changed slightly, and the weight of
evidence that describes each level in the hierarchy of the causal framework has been more explicitly characterized.

°In the current ISA, the cardiovascular effects category is expanded to include related metabolic effects. Reproductive and
developmental effects are separated into smaller subcategories of outcomes based on varied underlying biological processes
and exposure patterns over different lifestages.
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Short-term Nitrogen Dioxide Exposure and Respiratory Effects

January 2015

A causal relationship is determined for short-term NO- exposure and respiratory effects.
The conclusion is strengthened from the 2008 ISA for Oxides of Nitrogen from likely to
be a causal relationship (Table ES-1) based on the evidence demonstrating that NO>
exposure can trigger asthma attacks. There is some evidence relating short-term NO;
exposure to chronic obstructive pulmonary disease, respiratory infection, respiratory
effects in healthy populations, and respiratory mortality but uncertainty as to whether the
effects of NO. exposure are independent of other traffic-related pollutants (Table 5-45).

Supporting a relationship with asthma attacks, epidemiologic studies in diverse locations
consistently show that short-term increases in ambient NO, concentration are associated
with increases in hospital admissions and emergency department visits for asthma,
increases in respiratory symptoms and airway inflammation in people with asthma, and
decreases in lung function in children with asthma (Section 5.2.9). These associations are
found not only with community-average ambient NO; concentrations but also with
personal NO, and NO, measured outside children’s schools and inside their homes
(Sections 5.2.9.3 and 5.2.9.6). Correlations between NO; and other traffic-related
pollutants are weaker for total personal exposures than for ambient concentrations, and
the same may be true for indoor exposures. So, associations with personal and indoor
NO; may be less influenced by pollutants that are related to outdoor NO,. Further, studies
that measured pollutants at peoples’ locations tend to show that NO, remains associated
with respiratory effects after accounting for the effect of another traffic-related pollutant
such as PMs or (examined in fewer studies) EC/BC, metals, or UFP (Figure 5-16 and
Figure 5-17). The key evidence for an independent effect of NO; are the controlled
human exposure findings for NOz-induced increases in airway responsiveness and
allergic inflammation, which are hallmarks of asthma attacks (Figure ES-1). An effect of
short-term NO; exposure on asthma attacks also is plausible given that inhaled NO,
reacts with substances such as antioxidants in the fluid lining the lung (Section 4.2.2) to
form reactive species. The production of such reactive species is an early event involved
in increasing airway responsiveness and allergic responses (Figure ES-1).

The 2008 ISA described much of the same evidence and determined a likely to be causal
relationship, citing uncertainty as to whether results for NO; in epidemiologic studies
reflected the effects of other traffic-related pollutants. The 2008 ISA did not explicitly
evaluate the extent to which various lines of evidence supported effects on asthma
attacks. In this ISA, the determination of a causal relationship is not just based on new
evidence but on an evaluation and integration of findings related to asthma attacks. The
epidemiologic evidence for asthma attacks and controlled human exposure study findings
for increased airway responsiveness and allergic inflammation together are sufficient to
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rule out the influence of other traffic-related pollutants with reasonable confidence and
demonstrate an independent effect of short-term NO. exposure on respiratory effects.
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Note: Adapted from Figure 4-1 and Figure 4-2 (Section 4.3.5). White boxes and solid arrows describe pathways well supported
by available evidence. Gray boxes and dotted arrows describe potential pathways for which evidence is limited or inconsistent.

Figure ES-1.  Biological pathways for relationships of short-term and long-term
nitrogen dioxide (NO2) exposure with asthma.

Long-term Nitrogen Dioxide Exposure and Respiratory Effects

There is likely to be a causal relationship between long-term NO; exposure and
respiratory effects (Section 6.2.9) based on the evidence for development of asthma. The
conclusion is strengthened from the 2008 ISA (Table ES-1) because where previous
findings were inconsistent, recent epidemiologic studies consistently observe NO,-related
increases in asthma development in children who are followed over time. There is more
uncertainty about relationships with respiratory effects such as development of allergy
and respiratory infection (Table 6-5). Asthma development is associated not only with
community-level ambient NO; concentrations but also with ambient NO, exposure
estimated at children’s homes with models that well capture the spatial variability in
communities. Associations between NO, and asthma development are independent of
factors such as socioeconomic status and exposure to smoking, but the potential influence
of other traffic-related pollutants is not well studied. This uncertainty also applies to the
findings for NO,-related decreases in lung function and lung development in children.
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There is some support for an independent effect of NO, on asthma development provided
by findings of increased airway responsiveness in rodents (Figure ES-1). Also, evidence
relating short-term NO; exposure to airway inflammation in epidemiologic studies of
healthy people and allergic responses in experimental studies of rodents and healthy
people indicates that repeated short-term NO; exposure could lead to the development of
asthma. Together, the epidemiologic and experimental evidence for asthma development
supports a relationship between long-term NO- exposure and respiratory effects, but
because experimental evidence is limited, there remains some uncertainty about the
potential influence of other traffic-related pollutants in the epidemiologic evidence.

Nitrogen Dioxide Exposure and Other Health Effects

January 2015

There is more uncertainty about relationships of NO, exposure with health effects outside
of the respiratory system. NO- itself is unlikely to enter the bloodstream, and reactions
caused by ambient-relevant concentrations of NO; in the airways do not clearly affect
concentrations of reactive compounds, such as nitrite, in the blood. Only a few results
suggest that compounds that can cause inflammation or oxidative stress may enter the
blood from the respiratory tract in response to NO, exposure (Section 4.3.2.9). This
uncertainty about the effects of NO, exposure on underlying biological mechanisms is
common to nonrespiratory health effects.

For short-term and long-term NO; exposure, evidence is suggestive, but not sufficient, to
infer a causal relationship with cardiovascular and related metabolic effects, total
mortality, birth outcomes, and cancer (Table ES-1). For short-term NO- exposure, recent
epidemiologic studies continue to show associations with total mortality and add support
for cardiovascular and related metabolic effects by indicating a possible effect on
triggering heart attacks. Where there was little previous support, increases in recent
epidemiologic evidence result in strengthening conclusions for total mortality and cancer
related to long-term NO; exposure. New epidemiologic findings for heart disease and
diabetes and reduced fetal growth point to possible relationships of long-term NO,
exposure with health effect categories new to this ISA: cardiovascular and related
metabolic effects and birth outcomes. For fertility, reproduction, and pregnancy, as well
as postnatal development, evidence is inadequate to infer a causal relationship with
long-term NO; exposure (Table ES-1) because neither epidemiologic nor toxicological
studies consistently show effects. For all nonrespiratory effects, epidemiologic studies do
not account for the potential influence of other traffic-related pollutants, which combined
with the few or inconclusive results from controlled human exposure or toxicological
studies, produces large uncertainty as to whether short-term or long-term NO, exposure
has independent relationships with health effects outside of the respiratory system.
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Policy-Relevant Considerations for Health Effects Associated
with Nitrogen Dioxide Exposure

January 2015

Multiple durations of short-term and long-term NO; exposure are observed to be
associated with health effects (Section 1.6.1). For short-term exposure, asthma-related
effects are associated with total personal NO, exposure and NO, measured at children’s
schools or community monitors averaged over 1 to 5 days. These associations are
observed with both daily average and the daily highest 1-hour NO, concentration. No
particular duration of exposure shows a stronger effect. Controlled human studies
demonstrate increased airway inflammation and airway responsiveness in adults with
asthma following NO; exposures of 15 to 60 minutes. These results support the
epidemiologic evidence indicating that NO. exposures of 2 or 5 hours near high-traffic
roads can lead to respiratory effects in adults with and without asthma.

For long-term exposure, asthma development in children is associated with estimates of
residential ambient NO; exposure averaged over 1 to 10 years, representing various
developmental periods, such as infancy, childhood, and lifetime. The pattern of NO;
exposure underlying these associations is not well characterized, but some evidence from
experimental studies in humans and rodents suggests that repeated exposure over many
days or weeks can induce allergic responses, which are involved in asthma development.

Information on the shape of the NO; concentration-health effect relationship is limited
mostly to epidemiologic studies. A few results show that asthma emergency department
visits and diagnosis of asthma, respectively, increase with increasing short-term and long-
term average ambient NO, concentrations (Section 1.6.3). As analyzed for asthma
emergency department visits, the association with the daily highest 1-hour NO-
concentrations is present at low concentrations. But, uncertainty in the relationship is
noted at concentrations well below the level of the current 1-hour NAAQS.

Health effects related to NO, exposure potentially have a large public health impact.
Many people in the U.S. live, work, or spend time near roads and may have high
exposures to NO2. Higher NO; exposure also is indicated for urban, low socioeconomic
status, and nonwhite populations. Further, people with asthma, children (especially ages
0-14 years), and older adults (especially ages 65 years and older) are identified as being
at increased risk of NO,-related health effects (Chapter 7). Evidence does not clearly
identify other at-risk populations in terms of other diseases or behavioral, genetic, or
sociodemographic factors. Short-term and long-term NO; exposure is linked to clinically
relevant increases in airway responsiveness, emergency department visits and hospital
admissions for asthma, and development of asthma, which can have a large impact on
public health. Given that asthma is the leading chronic illness and the leading cause of
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missed school days and hospital admissions among U.S. children, NO.-related asthma
attacks and asthma development have the potential to affect children’s overall well-being.

Summary of Major Findings

January 2015

Expanding on findings from the 2008 ISA for Oxides of Nitrogen (U.S. EPA, 2008),
recent epidemiologic studies show associations of short-term and long-term NO;
exposure with an array of health effects. However, except for respiratory effects, there

remains large uncertainty about whether NO, exposure has an effect that is independent
of other traffic-related pollutants. As in the 2008 ISA, recent information shows that
motor vehicle emissions are the largest single source of NO; in the air and that NO-
concentrations tend to be variable across locations, decreasing with increasing distance
from roads. Information to assess whether NO, exposure estimates adequately represent
the variability in ambient NO, concentrations and people’s activity patterns varies among
the health effects evaluated in this ISA. The major findings from this ISA about NO;
exposure and health effects and related uncertainties are summarized below.

= Evidence for asthma attacks supports a causal relationship between short-term
NO. exposure and respiratory effects, and evidence for development of
asthma supports a likely to be causal relationship between long-term NO;
exposure and respiratory effects. These are stronger conclusions than those
determined in the 2008 ISA for Oxides of Nitrogen.

= Evidence is suggestive, but not sufficient, to infer a causal relationship for
short-term or long-term NO; exposure with cardiovascular and related
metabolic effects, birth outcomes, total mortality, and cancer. These also are
stronger conclusions than those determined in the 2008 ISA for Oxides of
Nitrogen.

= Recent and previous findings combined indicate that people with asthma,
children, and older adults are at increased risk for NO»-related health effects.

= There is continued evidence for increased NO; exposure among people living
or spending time near or on roads, low socioeconomic status populations, and
nonwhite populations.

= Data from the U.S. near-road network are starting to become available and
may help address gaps in understanding of the:

o variability in NO, concentrations within cities and NO; exposure in the
population,

health effects associated with NO exposures occurring near roads, and

potential for other traffic-related pollutants to influence associations
observed between NO; exposure and health effects.

= Epidemiologic studies continue to examine ambient NO, concentrations at
community monitoring sites, which represent exposure with error.
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o Error in representing changes in short-term exposure over time
(e.g., day-to-day) tend to decrease the magnitude of association with
health effects and/or increase the uncertainty of the estimates.

o Error in representing differences among people in long-term NO;
exposure can decrease health effect associations and/or increase the
uncertainty of the estimates but sometimes can overestimate associations.

0 NO; concentrations measured at people’s locations may better represent
exposure and improve understanding of relationships with health effects.

An independent effect of short-term NO; exposure on respiratory effects is
supported by additional epidemiologic evidence for ambient NO, measured at
people’s locations and personal NO; exposure and associations that are
independent of another traffic-related pollutant integrated with results from
previous controlled human exposure studies describing biological pathways.

For long-term NO; exposure and respiratory effects, there is new supporting
epidemiologic evidence for NO, exposure estimated at or near children’s
homes. Epidemiologic studies did not examine the influence of other traffic-
related pollutants, but limited findings from previous experimental studies
provide some support for an independent effect of NO exposure.

For nonrespiratory effects, there is continued or new epidemiologic evidence,
but epidemiologic, controlled human exposure, and toxicological studies
have not sufficiently addressed the uncertainty as to whether NO, exposure
has independent effects.

In limited investigation, the relationship between the daily highest 1-hour
NO- concentration and emergency department visits for asthma is present at
concentrations well below the current 1-hour NAAQS.
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CHAPTER 1 INTEGRATED SUMMARY

1.1 Purpose and Overview of the Integrated Science Assessment

The Integrated Science Assessment (ISA) is a comprehensive evaluation and synthesis of
the policy-relevant science “useful in indicating the kind and extent of identifiable effects
on public health or welfare which may be expected from the presence of [a] pollutant in
ambient air” (CAA, 1990). This ISA communicates critical science judgments of the
health criteria for a broad category of gaseous oxides of nitrogen (i.e., oxidized nitrogen
compounds) for which nitrogen dioxide (NO>) is the indicator. As such, this ISA serves
as the scientific foundation for the review of the current primary (health-based) National
Ambient Air Quality Standards (NAAQS) for NO,. Gaseous oxides of nitrogen include
NO,, nitric oxide (NO), and their various reaction products (Figure 1-1, Section 2.2)™.
There also are particulate oxides of nitrogen (e.g., nitrates, nitro-polycyclic aromatic
hydrocarbons)?, which were considered in the most recent review of the NAAQS for
particulate matter (PM) and evaluated in the 2009 ISA for PM (U.S. EPA, 2009). The
welfare effects of oxides of nitrogen are being evaluated in a separate assessment
conducted as part of the review of the secondary (welfare-based) NAAQS for NO, and
sulfur dioxide [SO2; (U.S. EPA, 2013c)].

This ISA evaluates relevant scientific literature published since the 2008 ISA for Oxides
of Nitrogen (U.S. EPA, 2008), integrating key information and judgments contained in
the 2008 ISA and the 1993 Air Quality Criteria Document for Oxides of Nitrogen

(U.S. EPA, 1993). Thus, this ISA updates the state of the science that was available for
the 2008 ISA, which informed decisions on the primary NO, NAAQS in the review
completed in 2010. In 2010, the U.S. Environmental Protection Agency (EPA) retained
the existing annual average (avg) NO, NAAQS with a level of 53 parts per billion (ppb)
to protect against health effects potentially associated with long-term exposure. EPA
established a new 1-hour (h) NAAQS at a level of 100 ppb NO- based on the 3-year (yr)
avg of each year’s 98th percentile of 1-h daily maximum (max) concentrations.® The

1-h standard was established to protect against a broad range of respiratory effects
associated with short-term exposures in potential at-risk populations such as people with
asthma and people who spend time on or near high-traffic roads. In 2010, EPA also set
requirements for a monitoring network in urban areas that includes monitors near (within

! The blue electronic links can be used to navigate to other parts of this ISA and to information on cited references.
2 Section 108(c) of the Clean Air Act, 42 U.S.C. § 7408(c) specifies that criteria for oxides of nitrogen include
consideration of nitric and nitrous acids, nitrites, nitrates, nitrosamines, and other derivatives of oxides of nitrogen,
including multiple gaseous and particulate species.

3 The legislative requirements and history of the NO, NAAQS are described in detail in the Preface to this ISA.

January 2015

1-1 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=80701
http://hero.epa.gov/index.cfm?action=search.view&reference_id=179916
http://hero.epa.gov/index.cfm?action=search.view&reference_id=2112435
http://hero.epa.gov/index.cfm?action=search.view&reference_id=157073
http://hero.epa.gov/index.cfm?action=search.view&reference_id=17649

N

o o1 B~ W

© 00

10

12

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

36
37
38
39

January 2015

50 meters [m]) of high-traffic roads, one of the locations where the highest NO,
concentrations are expected to occur (U.S. EPA, 2010).

This review of the primary NO, NAAQS is guided by several policy-relevant questions
that are identified in The Integrated Review Plan for the Primary National Ambient Air
Quality Standard for Nitrogen Dioxide (U.S. EPA, 2014). To address these questions and
update the scientific judgments in the 2008 ISA, this ISA aims to:

= Characterize the evidence for health effects associated with short-term
(minutes up to 1 month) and long-term (more than 1 month to years)
exposure to oxides of nitrogen by integrating findings across scientific
disciplines and across related health outcomes and by considering important
uncertainties identified in the interpretation of the scientific evidence,
including the role of NO, within the broader ambient mixture of pollutants.

= Inform policy-relevant issues related to quantifying health risks, such as

exposure concentrations, durations, and patterns associated with health

effects; concentration-response relationships and evidence of thresholds

below which effects do not occur; and populations and lifestages potentially

with increased risk of health effects related to exposure to oxides of nitrogen.
Although the scope of the ISA includes all gaseous oxides of nitrogen, much of the
information on the distribution of oxides of nitrogen in the air, human exposure and dose,
impact of errors associated with exposure assessment methods, and health effects is for
NO.. There is limited information for NO and the sum of NO and NO (NOx) as well as
large uncertainty in relating health effects to NO or NOx exposure. In the body, NO is
produced from nitrates and nitrites derived from diet and enzymatic pathways that are
enhanced during inflammation. Ambient NO concentrations generally are in the range of
endogenous NO concentrations exhaled from the respiratory tract. It is not clear whether
ambient-relevant NO exposures substantially alter endogenous NO production in the
respiratory tract or pathways affected by endogenous NO (Section 4.2.3). Thus, the
potential for detrimental health effects occurring from ambient-relevant NO exposure is
unclear. This lack of evidence leaves NO; as the component of NOx to consider in
evaluating health effects in relation to NOx exposure. Because of the varying ratio of
NO; to NOx across locations, time of day, and season (Section 2.5), NOx may not
represent NO, exposure consistently. The lack of support for ambient-relevant NO
exposure to result in potentially detrimental health effects and the exposure measurement
error related to using NOx to represent NO; exposure are the rationale for determining the
causal nature of health effects only for NO, exposure.

In addressing policy-relevant questions, this ISA aims to characterize the independent
health effects of NO, exposure, not the role of NO; as just a marker for a broader mixture
of pollutants in the ambient air. The potential influence of other traffic-related pollutants
was the main uncertainty in the conclusions drawn in the 2008 ISA Oxides of Nitrogen
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(U.S. EPA, 2008). As described in this ISA, recent epidemiologic findings together with
evidence from previous controlled human exposure studies sufficiently describe a
coherent, biologically plausible relationship between short-term NO, exposure and
respiratory effects ranging from increased airway responsiveness to increased symptoms,
emergency department (ED) visits, and hospital admissions related to asthma
exacerbation. Recent epidemiologic studies provide new evidence supporting a
relationship of long-term NO- exposure with respiratory effects, specifically, the
development of asthma in children, and a small body of previous experimental studies
provide some indication that NO, exposure may have an independent effect. Recent
epidemiologic studies continue to suggest that short-term NO, exposure may be
associated with cardiovascular and related metabolic effects and mortality, and new
findings potentially link long-term NO; exposure to cardiovascular and related metabolic
effects, poorer birth outcomes, mortality, and cancer. However, for nonrespiratory
effects, epidemiologic studies have not adequately accounted for effects of other
traffic-related pollutants, and findings from experimental studies continue to be limited.
The information in the ISA contributing to these findings will serve as the scientific
foundation for the review of the current primary 1-hour and annual NO, NAAQS.

1.2 Process for Developing Integrated Science Assessments

January 2015

EPA uses a structured and transparent process for evaluating scientific information and
determining the causality of relationships between air pollution exposures and health
effects (see Preamble). The ISA development process describes approaches for literature
searches, criteria for selecting and evaluating relevant studies, and a framework for
evaluating the weight of evidence and forming causal determinations. As part of this
process, the ISA is reviewed by the Clean Air Scientific Advisory Committee (CASAC),
a formal independent panel of scientific experts, and the public. As this ISA informs the
review of the primary NO, NAAQS, it assesses information relevant to characterizing
exposure to gaseous oxides of nitrogen and potential relationships with health effects.
Relevant studies include those examining atmospheric chemistry, spatial and temporal
trends, and exposure assessment, as well as EPA analyses of air quality and emissions
data. Also relevant are epidemiologic, controlled human exposure, and toxicological
studies on health effects as well as studies on dosimetry and modes of action.

EPA initiated the current review of the primary NAAQS for NO; in February 2012 with a
call for information from the public (U.S. EPA, 2012). Thereafter, EPA routinely
conducted literature searches to identify relevant peer-reviewed studies published since
the previous ISA (i.e., from January 2008 through August 2014). Multiple search
methods were used (Preamble, Section 2) including searches in databases such as
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PubMed and Web of Science. Also, recommendations were made by CASAC and the
public. EPA identified additional studies considered to be the definitive work on
particular topics from previous assessments to include in this ISA. Some studies were
judged to be irrelevant (i.e., did not address a topic described in the preceding paragraph)
based on title and were excluded. Studies that were judged to be potentially relevant
based on review of the abstract or full text and “considered” for inclusion in the ISA are
documented and can be found at the Health and Environmental Research Online (HERO)
website. The HERO project page for this ISA (http://hero.epa.gov/oxides-of-nitrogen)
contains the references that are cited in the ISA, the references that were “considered” for
inclusion but not cited, and electronic links to bibliographic information and abstracts.

Health effects were considered for evaluation in this ISA if they were examined in
previous EPA assessments for oxides of nitrogen or multiple recent studies

(e.g., neurodevelopment). Literature searches identified one or two recent epidemiologic
studies each on outcomes such as gastrointestinal effects, bone density, headache, and
depression [Supplemental Table S1-1; (U.S. EPA, 2013d)]. A review of these studies
indicated they are similar in design and conducted in areas and populations for which
associations between ambient NO, concentrations and other health effects have been
documented. These few studies were excluded from this ISA because they do not provide
new information on particular geographic locations, potential at-risk populations or
lifestages, or range of ambient NO, concentrations and because these studies more likely
are subject to publication bias.

The Preamble describes the general framework for evaluating scientific information,
including criteria for assessing study quality and developing scientific conclusions.
Aspects specific to evaluating studies of oxides of nitrogen are described in Table 5-1.
For epidemiologic studies, emphasis is placed on studies that characterize quantitative
relationships between oxides of nitrogen and health effects, examine exposure metrics
that well represent the variability in concentrations in the study area, consider the
potential influence of other air pollutants and factors correlated with oxides of nitrogen,
examine potential at-risk populations and lifestages, or combine information across
multiple cities. With respect to the evaluation of controlled human exposure and
toxicological studies, emphasis is placed on studies that examine effects relevant to
humans and NO; concentrations that are defined in this ISA to be relevant to ambient
exposures. Based on peak ambient concentrations (Section 2.5) and the ISA definition
that ambient-relevant exposures be within one to two orders of magnitude of current
levels, NO, concentrations 5,000 ppb? or less are defined to be ambient relevant.
Experimental studies with higher exposure concentrations were included if they informed

! The 5,000-ppb upper limit applies largely to animal toxicological studies but also a few controlled human exposure
studies.
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dosimetry or potential modes of action. For the evaluation of human exposure to ambient
NO., emphasis is placed on studies that examine the quality of data sources used to assess
exposures, such as central site monitors, land use regression (LUR) models, and personal
exposure monitors. The ISA also emphasizes studies that examine factors that influence
exposure such as time-activity patterns and building ventilation characteristics.

Integrating information across scientific disciplines and related health outcomes and
synthesizing evidence from previous and recent studies, the ISA draws conclusions about
relationships between NO- exposure and health effects. Determinations are made about
causation not just association and are based on judgments of aspects such as the
consistency, coherence, and biological plausibility of observed effects (i.e., evidence for
effects on key events in the mode of action) as well as related uncertainties. The ISA uses
a formal causal framework (Table 1l of the Preamble) to classify the weight of evidence
according to the five-level hierarchy summarized below.

Causal relationship: the consistency and coherence of evidence integrated
across scientific disciplines and related health outcomes are sufficient to rule
out chance, confounding, and other biases with reasonable confidence.

Likely to be a causal relationship: there are studies where results are not
explained by chance, confounding, or other biases, but uncertainties remain
in the evidence overall. For example, the influence of other pollutants are
difficult to address, or evidence among scientific disciplines may be limited
or inconsistent.

Suggestive, but not sufficient, to infer a causal relationship: evidence is
generally supportive but not entirely consistent or overall is limited. Chance,
confounding, and other biases cannot be ruled out.

Inadequate to infer a causal relationship: there is insufficient quantity,
quality, consistency, or statistical power of results from studies.

Not likely to be a causal relationship: several adequate studies, examining
the full range of human exposure concentrations and potential at-risk
populations and lifestages, consistently show no effect.

1.3 Content of the Integrated Science Assessment

January 2015

The ISA consists of the Preamble, Preface (legislative requirements and history of the
primary NO, NAAQS), Executive Summary, and seven chapters. Chapter 1 synthesizes
the scientific evidence that best informs policy-relevant questions that frame this review
of the primary NO> NAAQS. Chapter 2 characterizes the sources, atmospheric processes
of oxides of nitrogen, and trends in ambient concentrations. Chapter 3 describes methods
to estimate human exposure to oxides of nitrogen and the impact of error in estimating
exposure on associations with health effects. Chapter 4 describes the dosimetry and
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modes of action for NO, and NO. Chapters 5 and 6 evaluate and integrate epidemiologic,
controlled human exposure, and toxicological evidence for health effects related to
short-term and long-term exposure to oxides of nitrogen, respectively. Chapter 7
evaluates information on potential at-risk populations and lifestages.

The purpose of this chapter is not to summarize each of the aforementioned chapters but
to synthesize the key findings for each topic that informs the characterization of NO,
exposure and relationships with health effects. This chapter also integrates information
across the ISA to inform policy-relevant issues such as NO, exposure durations and
patterns associated with health effects, concentration-response relationships, and the
public health impact of NO--related health effects (Section 1.6). A key consideration in
the health effects assessment is the extent to which evidence indicates that NO, exposure
independently causes health effects versus indicating that NO, may be serving as a
marker for a broader mixture of air pollutants, especially those related to traffic. To that
end, this chapter draws upon information about the sources, distribution, and exposure to
ambient NO; (Section 3.4.5) and identifies pollutants and other factors related to the
distribution of or exposure to ambient NO; that can potentially influence epidemiologic
associations observed between health effects and NO, exposure (Section 1.4.3). The
discussions of the health effects evidence and causal determinations (Section 1.5)
describe the extent to which epidemiologic studies accounted for these factors and the
extent to which findings from controlled human exposure and animal toxicological
studies support independent relationships between NO; exposure and health effects.

1.4 From

Emissions Sources to Exposure to Nitrogen Dioxide

Characterizing human exposure is key to understanding the relationships between
ambient NO, exposure and health effects. The sources of oxides of nitrogen and the
transformations that occur in ambient air influence the spatial and temporal pattern of
NO; concentrations in the air. These patterns have implications for variation in exposure
in the population, the adequacy of methods used to estimate exposure and, in turn, the
strength of inferences that can be drawn from associations observed between NO-
exposure and health effects.

1.4.1 Emission Sources and Distribution of Ambient Concentrations

January 2015

The strength and distribution of emissions sources are important determinants of the
distribution of NO- in the ambient air and, in turn, human exposure. Information on
emissions is available for NOx, which is emitted primarily as NO. NO rapidly reacts with
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radicals and ozone (Os) to form NO; in the air. Based on the 2011 National Emissions
Inventory, the largest single source of NOx emissions in the U.S. overall and in major
population centers (city and surrounding communities) is highway vehicles (40-67%;
Section 2.3, Table 2-1). Sources such as electric utilities, commercial and residential
boilers, and industrial facilities are more variable across locations but can be important
contributors to ambient NO, concentrations for the U.S. as a whole and in certain
populated areas. Some of these sources can affect local air quality with large, transient
emissions of NOx. Natural sources such as microbial processes in soil and wildfires make
small (2% of the inventory) contributions to emissions in U.S. population centers, and
emissions from natural and anthropogenic sources from continents other than North
America (i.e., North American Background) account for less than 1% (typically 0.3 ppb)
of ambient concentrations (Section 2.5.6). Although highway vehicles are a large,
ubiquitous source of NOx, the varying presence and mix of specific emissions sources
across locations can contribute to heterogeneity in ambient NO, concentrations regionally
and locally, which has implications for variation in exposure to ambient NO, within the
population.

In addition to emissions sources, factors that influence NO, ambient concentrations
include chemical transformations, transport to other locations, meteorology, and
deposition to surfaces (Figure 1-1 and in more detail, Figure 2-1). NO and NO; react with
gas phase radicals and Os to form other oxides of nitrogen such as peroxyacetyl nitrate
(PAN) and nitric acid (HNOs; Section 2.2). NO and NO; also are involved in reaction
cycles with radicals produced from volatile organic compounds (VOCs) to form Os. The
reactions of NO and NO; into other oxides of nitrogen typically occur more slowly than
the interconversion between NO, and NO does, and NO and NO; are the most prevalent
oxides of nitrogen in populated areas. Compounds such as HNO3z; and PAN can make up a
large fraction of ambient oxides of nitrogen downwind of major emission sources.

Sources, atmospheric transformations, and meteorology contribute to the temporal trends
observed in ambient NO concentrations. As a result of pollution control technologies on
vehicles and electric utilities (Section 2.3.2), NOx emissions from highway vehicles and
fuel combustion decreased by 49% in the U.S. from 1990 to 2013 (Figure 2-2). During
that time (1990-2012), U.S.-wide annual average NO; concentrations decreased by 48%
(Figure 2-20). In addition to long-term trends, ambient NO concentrations show seasonal
trends, with higher concentrations measured in the winter than summer. Reflecting trends
in traffic, ambient concentrations at most urban sites are higher on weekdays than
weekends, and within a day, concentrations peak in early mornings, decrease until late
afternoon, then increase again in early evening corresponding with morning and evening
commutes. Diurnal trends in ambient NO; also are affected by meteorology, with
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referred to as NOy by the atmospheric sciences community.

Source: National Center for Environmental Assessment. For more details on the various reactions, see Figure 2-1.

Figure 1-1 Reactions of oxides of nitrogen species in the ambient air.

The spatial variation in emissions sources and chemical transformation of oxides of
nitrogen likely contribute to the variability in ambient NO, concentrations observed at
regional, urban, neighborhood, and near-road scales (Section 2.5). Measurements from
U.S. air monitoring networks? of several hundred sites (Section 2.5.1) show wide
variation in ambient NO; concentrations across the U.S. Across sites, the mean 1-h daily
maximum ambient NO, concentration for 20112013 was 19 ppb, and the 5th to 99th
percentile range was 2—55 ppb (Table 2-3). The mean annual average NO, concentration
was 8.6 ppb, and the 5th to 99th percentile range was 1.4—22.5 ppb (Table 2-4). Ambient

! The air monitoring networks serve many objectives: determining compliance with the NAAQS, providing the
public with air pollution data in a timely manner, and providing estimates of ambient exposure for research studies.
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NO; concentrations are higher in large cities than in less populated locations

(Figures 2-11 and 2-12). Ambient NO, concentrations also can vary widely across sites
within cities where vehicle emissions are the major source (Figure 2-14, Table 2-5).
Some city sites agree well in terms of temporal correlations or magnitude of
concentration; however, the siting of most monitors away from sources likely does not
capture the extent of variability in ambient NO; in a city. Preliminary data from the
near-road network for 1 year for a small group of U.S. cities tend to show higher NO,
concentrations near roads than at many other sites in the same city (Table 2-8). Across
near-road sites in five cities, mean 1-hour NO; concentrations in winter were 21-45 ppb,
and maximums were 52—97 ppb. Studies have measured 1-h to 2-week avg NO;
concentrations of 29 to 65 ppb within 20 m of a road, which are about 20 ppb higher than
concentrations 80 to 500 m from the same road (Section 2.5.3, Table 2-6). The wide
variation in ambient NO concentrations across spatial and temporal scales, largely
influenced by motor vehicle emissions, can contribute to variation in NO, exposure
within the population and has important implications for accurately characterizing
exposure.

1.4.2 Assessment of Human Exposure

January 2015

Characterizing the adequacy of various exposure assessment methods to represent the
variability in ambient concentrations in a location is key in drawing inferences from
epidemiologic associations with health effects. Exposure is determined by concentrations
in specific ambient, indoor, and in-vehicle locations and time spent in those locations
(Section 3.4.1). People vary in the locations where they spend time and time spent in
those locations (Section 3.4.3.1), and NO; concentrations can vary widely across outdoor,
indoor, and in-vehicle locations (Figure 3-1). Measures of NO, exposure that do not fully
account for the variability in ambient concentrations and people’s activity patterns have
some amount of error, and this error can alter associations observed with health effects.
The extent and impact of error can differ by exposure assessment method and between
epidemiologic studies of short-term exposure, which tend to examine temporal (e.g., day
to day) changes in NO,, and studies of long-term exposure, which tend to compare people
living in locations that differ in ambient NO, concentrations (Section 3.4.5).

Ambient NO; concentrations at central site monitors represent both short-term and
long-term exposure with some amount of error. Central site monitors do not cover all
locations where people live or spend their time and also are not likely to capture the
temporal or spatial variability in ambient NO, concentrations in a given area. Long-term
personal NO; exposures and their relationships with ambient NO, concentrations are not
well characterized. A wide range of correlations is observed between short-term total
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personal and ambient NO; concentrations (0.12 to 0.43; Table 3-6) and in ambient NO;
concentrations across sites within some cities (Section 2.5.2). On one hand, poor
correlations may not necessarily mean that concentrations at central sites are inadequate
exposure metrics because the data may not reflect relationships between ambient NO-
concentrations and the ambient component of personal exposure (Section 3.4.2). On the
other hand, the correlations could indicate heterogeneity among individuals in how well
short-term temporal changes in NO, concentrations at central site monitors represent
temporal changes in ambient exposure. The adequacy of long-term average ambient NO-
concentrations from central site monitors (from one monitor or combined across multiple
monitors) to represent variability in ambient exposures will depend on how close the
monitors are to the population or how well local emission sources are dispersed

(Section 3.4.5.2). In locations with few or well-dispersed sources and similar ambient
NO; concentrations across sites, concentrations at central site monitors may adequately
capture the spatial variation in long-term ambient NO, exposures of the population.

Proximity to roads may contribute substantially to short-term and long-term ambient NO;
exposure among people living or working near roads or commuting on roads, and the
2008 ISA for Oxides of Nitrogen cited the potential for in-vehicle exposures to dominate
short-term personal exposure (U.S. EPA, 2008). Data from the U.S. near-road monitoring
network are too preliminary to allow for meaningful comparisons of the temporal or
spatial patterns in NO- near and away from roads. Data from London, U.K. show that
24-h avg NO; concentrations often are higher (26—170%; Table 2-9) at roadside than at
background sites but tend to be moderately to highly correlated between sites (correlation
coefficient [r] = 0.63-0.86; Table 2-9). These data indicate that central site monitors may
capture the short-term temporal variability near roads but may not represent the
magnitude of long-term average NO- concentrations near roads. Another consideration in
estimating exposure from central site monitors is that the chemiluminescence
measurement method tends to overestimate ambient NO concentrations because of
interference from other oxides of nitrogen. However, interference generally is less than
10% in urban locations (Section 2.4.1) and may not vary widely day to day

(Section 3.4.3.4) to produce substantial error in characterizing daily changes in NO;
concentration. It is not clear how interference compares among locations and what impact
interference may have on comparisons of long-term average NO; concentrations among
locations.

In addition to concentrations at central site monitors, epidemiologic studies examined
short-term NO; exposures at people’s locations, including personal ambient and total
NO; exposure as well as measurements taken outdoors at schools and indoors at homes
and schools. A time-weighted average of NO; concentrations in people’s locations
correlated well with total personal short-term NO, exposures (Section 3.4.3.1), indicating
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that NO- concentrations in locations where a person spends time can represent a
component of personal exposure and aid in inference about NO»-related health effects.
Epidemiologic studies examining total personal or indoor NO, concentrations also have
important roles in characterizing health effects of NO, exposure because they can help
distinguish NO.-related health effects from the potential influence of other traffic-related
pollutants. Correlations between NO, and some copollutants are lower for total personal
or indoor metrics than ambient metrics (Section 3.4.4.3, Table 3-10). Results for total
personal and indoor NO- concentrations also can inform health effects related to ambient
exposure for populations with high total personal-ambient NO- correlations and
populations for whom indoor concentrations are affected by the penetration of ambient
NO; from open windows or other factors that increase building air exchange rate
(Section 3.4.3.3). There is an increase among recent studies in the use of LUR and
dispersion models to estimate long-term NO; exposures at the neighborhood scale or at
an individual’s residence. Dispersion models have uncertainties related to systematic bias
in representing ambient NO2 concentrations (Section 3.5). LUR models may account for
differences among individuals in residential distance to sources and have been
demonstrated to represent well the variability in long-term average ambient NO,
concentrations in many locations (Section 3.5).

Errors in representing the temporal and spatial variability in short-term and long-term
averages, respectively, of ambient NO, concentrations in a given area and exposures of
the population can impact the characterization of relationships between NO. exposure
and health effects. For short-term exposure, if ambient NO, concentrations and people’s
ambient exposures are temporally correlated, there may be little error in health effect
estimates. NO, measurements at people’s locations may include error because the metrics
may not represent potentially important exposures across the range of locations where
people spend time. However, larger magnitude health effects have been estimated for
more spatially resolved measures of short-term NO- exposure than for NO, measured at a
single central site monitor or averaged over multiple monitors in a city (Section 3.4.5.1).
Such findings indicate that not accounting for the varying population distribution around
a central site monitor or varying correlations in NO, across monitors can decrease
associations with NO; (Section 3.4.5.1). Compared with NO- estimated by LUR,
long-term average NO; concentrations at central site monitors often show smaller
associations with health effect but larger associations in some cases (Section 3.4.5.2).
Thus, spatial misalignment of long-term NO- exposure metrics can alter health effect
estimates in either direction. Exposure error also can impact the precision [i.e., 95%
confidence interval (CI)] of health effect estimates due to variable relationships between
personal and ambient NO; across people and time and differences in nonambient
exposures. It is unclear how error produced from using ambient NO concentrations at
central site monitors to represent near-road exposures impacts health effect associations

1-11 DRAFT: Do Not Cite or Quote



oS OB W DN

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

27
28
29
30
31
32

because differences in temporal or spatial patterns for near-road NO; concentrations or
correlations with personal NO; exposure are not widely characterized. For short-term and
long-term exposure, evaluating how well personal, central site, location-specific, or
modeled estimates of NO- exposure capture the variability in ambient concentrations or
exposure and the potential impact of exposure error is a key consideration in drawing
inferences from epidemiologic studies about NO»-related health effects.

1.4.3 Factors Potentially Correlated with Nitrogen Dioxide Exposure to Consider
in Evaluating Relationships with Health Effects

The large influence of motor vehicle emissions on the distribution of ambient NO,
concentrations not only affects the assessment of NO, exposure but also has implications
for co-exposure to other traffic-related pollutants. NO, concentrations are higher near
roads as are concentrations of elemental or black carbon (EC/BC), ultrafine particles
(UFP), carbon monoxide (CO), and VOCs (Section 3.3.1). The exact nature of gradients
varies among pollutants, but concentrations of traffic-related pollutants, including NO,
decrease with increasing distance from the road. PM.s* and organic carbon (OC) do not
show clear gradients; however, a portion of PM.s and OC comes from vehicle emissions.
These correlations and evidence that the copollutants show relationships with many of the
same health effects as NO, and have similar modes of action (Table 5-1, Section 5.1.2.1)
point to the importance of evaluating the potential for NO,-related health effects to be
confounded (i.e., biased) by other traffic-related pollutants or for NO- to represent a
mixture of traffic-related pollution. Common sources, atmospheric reactions, or similar
trends due to meteorologic conditions extend the potential for co-exposures to pollutants
beyond those emitted from vehicles. Factors such as socioeconomic status (SES), season,
and temperature also show correlations with NO, concentrations and relationships with
similar health effects. The potential for a particular factor to confound NO.-health effect
associations varies depending on the extent of correlation with NO, concentrations, the
nature of the relationship with the health effect, and study design (i.e., whether temporal
variation in short-term exposure or spatial variation in long-term exposure is examined).

Short-term average NO, concentrations show a range of correlations with traffic-related
copollutants, but high correlations often are observed (Figure 3-6, Table 3-8). For
example, for averaging times of 1 to 24 hours, the 25th to 75th percentile ranges of
correlation coefficients are 0.59—-0.96 for CO, 0.41-0.61 for PM,s, and 0.58—0.67 for
EC. Limited data indicate similar correlations with short-term averages of VOCs, and
lower correlations with OC. Long-term average ambient NO, concentrations show

L In general terms, particulate matter with an aerodynamic diameter less than or equal to a nominal 2.5 um, a
measure of fine particles.
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similar correlations with PM,s and CO as short-term averages, but the distribution of
correlations is shifted to higher values. Correlations of long-term averages of NO, with
EC/BC, VOCs, OC, and UFP are not well characterized (Figure 3-6). Information on
seasonal correlations between ambient concentrations of NO; and traffic-related
copollutants is sparse, but there is some indication of lower NO,—PM_ s correlations for
short-term averages in the warm season (Section 3.4.4.1). These data point to potentially
lower confounding by PM. 5 in the warm season. Although traffic-related copollutants
have been associated with many of the same health effects as NO, (Table 5-1), the wide
range of correlations with short-term and long-term average NO; concentrations indicates
variation among locations in confounding potential.

Much of the data characterizing correlations of NO, with traffic-related copollutants are
based on measurements at central site monitors. The varying spatial patterns among
pollutants may obscure true correlations across study areas or correlations in personal
exposure. Except for UFP, the few available data do not indicate systematically higher
correlations near roads (Figure 3-6). However, correlations of short-term averages of NO;
with PMa5 (r = 0.06 to 0.38), EC (r = 0.22 to 0.49), and VOCs (r = —0.42 to 0.14) can be
weaker for personal exposures than ambient concentrations (Table 3-11, Section 3.4.4.3).
Correlations of short-term averages of NO, with PM.s and BC sometimes can be lower
indoors than outdoors (Table 3-8 and Table 3-12). These limited data indicate that
associations of short-term personal or indoor NO; exposures with health effects may be
less subject to confounding by certain traffic-related copollutants. In some locations,
short-term average ambient NO, concentrations are related more strongly to personal PM
than personal NO; exposure. However, recent data show negative to moderate
correlations between ambient NO, concentrations and personal PM,s or EC (r =—0.19 to
0.44; Table 3-9), suggesting that ambient NO, concentrations are not necessarily just a
surrogate for personal PM exposure. The varying correlations between short-term
average concentrations of NO; and other traffic-related pollutants across various
microenvironments indicate that the potential for confounding by traffic-related
copollutants varies by the exposure assessment method. Similar information to compare
copollutant correlations among microenvironments is not available for long-term average
NO- concentrations.

Other potential confounding factors to consider for long-term NO; exposure are measures
of traffic proximity or intensity, which could represent exposure to other pollutants that
display gradients with distance to road. Although NO- is not unique to vehicle emissions
and can indicate sources such as off-highway vehicles and electric utilities (Section 2.3),
distance to roads, the length of nearby roads, and vehicle counts are predictors of ambient
NO; concentrations in LUR models (Section 3.2.2.1). Given recent findings linking
residential proximity to roads with respiratory effects and possibly with cardiovascular
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effects and mortality (HEI, 2010), roadway proximity could confound NO,-health effect
associations by indicating exposure to traffic pollution. Studies considering the potential
influence of exposure to traffic, including residential proximity to roads, are another line
of evidence to inform the independent effects of long-term NO, exposure on health.

Short-term and long-term averages of NO; also show a range of correlations with the
copollutants PMyo,* SO,, and Os. Short-term and long-term average NO, concentrations
tend to be moderately correlated with PMyq (r for 25th—75th percentiles = 0.40-0.66 for
short-term averages, 0.44—0.75 for long-term averages) and SO (Figure 3-6, Table 3-8).
Short-term averages of O3 often are inversely correlated with NO», and peak correlations
are moderate (r for 25th—75th percentile = —0.51 to 0.32) even in the summer, when O3
concentrations are higher (Table 3-8). Higher correlations are observed between
long-term averages of NO and Os (r for 25th—75th percentiles = 0.26—0.63). The wide
range of correlations observed for short-term and long-term average concentrations of
NO; with PM3g, SO, and Os indicates the variable potential for these pollutants to
confound health effect associations for NO,. For short-term average NO; concentrations,
the distributions of correlations with PMso and SO; are shifted to lower values compared
to correlations with most traffic-related pollutants, indicating the lower potential for
confounding. Specific to long-term exposure, relationships of long-term SO and Oz
exposure with many of the health effects evaluated in this ISA are uncertain (Table 5-1)
as is their potential to confound NO»-health effect associations.

Residence near traffic has been linked to higher noise or stress levels, but information on
whether noise or stress confounds health effect associations with short-term or long-term
NO; exposure is limited. Weak to moderate correlations tend to be reported between
noise and short-term (r = 0.14-0.62) and long-term (r = 0.22—-0.46) average ambient NO,
concentrations, but high correlations have been observed for short-term NO; averages

(r = 0.83; Section 3.4.4.4). The impact of short-term changes in noise or stress on health
effects is not well characterized, but some data link long-term noise exposure and stress
to cardiovascular effects (Section 6.3.2) and decreases in cognitive function

(Section 6.4.4). Thus, the potential for stress or noise to confound NO»-health effect
associations is uncertain for short-term exposure but may exist for long-term exposure.

Other potential confounding factors to consider include temperature and humidity for
associations of health effects with short-term NO, exposure because of similar
time-varying patterns as ambient NO; concentrations and health effects. Also, similar to
many health effects, short-term averages of ambient NO; concentration vary by day of
the week and season and exhibit long-term time trends. For studies of long-term NO-

L In general terms, particulate matter with an aerodynamic diameter less than or equal to a nominal 10 um, a
measure of thoracic particles.
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exposure that compare individuals living in different locations, it is important to evaluate
confounding by factors such as SES, race (Sections 7.5.2 and 7.5.3), and age, all of which
can covary with long-term NO; exposures among individuals and spatially with
long-term ambient NO- concentrations among communities.

For studies reviewed in this ISA, the main method to account for potential confounding is
multivariable models that include NO- concentrations and the putative confounder. The
NO; effect estimate represents the effect of NO,, keeping the level of the covariate
constant. Confounding is assessed by examining the change in the magnitude of the effect
estimate and width of the 95% CI, not a change in statistical significance. There are
limitations to multivariable models, and correlations between variables and the exposure
assessment method are important considerations in drawing inferences about
confounding (Section 5.1.2.1). High correlations between NO; concentrations and the
potential confounder can misleadingly decrease or increase the magnitude or precision of
the effect estimate for NO; or the covariate and particularly are a concern for models that
include a traffic-related copollutant or include three or more pollutants in the same
model. Potential differences in exposure measurement error between NO; and the
copollutant also limit inferences about an independent NO- association from copollutant
models. Inference from copollutant models may be stronger for pollutants measured at
people’s locations and for personal exposure than for pollutants measured at central site
monitors. As in the 2008 ISA for Oxides of Nitrogen (U.S. EPA, 2008), a key issue in
this ISA is the extent to which epidemiologic studies examined potential confounding by
traffic-related copollutants and the extent to which other lines of evidence support
independent relationships between NO, exposure and health effects.

1.5 Health Effects of Nitrogen Dioxide Exposure

January 2015

This ISA evaluates relationships between an array of health effects and short-term
(Chapter 5) and long-term (Chapter 6) exposures to NO, as examined in epidemiologic,
controlled human exposure, and animal toxicological studies. Short-term exposures are
defined as those with durations of minutes up to 1 month, with most studies examining
effects related to exposures in the range of 1 hour to 1 week. Long-term exposures are
defined as those with durations of more than 1 month to years. Drawing from the health
effects evidence described in detail in Chapter 5 and Chapter 6, information on dosimetry
and modes of action presented in Chapter 4, as well as issues regarding exposure
assessment and potential confounding described in Chapter 3 and Section 1.4, the
subsequent sections and Table 1-1 present the key evidence that informs the causal
determinations for relationships between NO; exposure and health effects.
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1.5.1 Respiratory Effects
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Relationships of short-term and long-term NO; exposure with respiratory effects are
supported by the dosimetry and modes of action characterized for inhaled NO,. Although
it is not clear how ambient-relevant NO, exposures compare with NO, produced
endogenously in the lung during inflammation and other immune responses

(Section 4.2.2.4), ambient-relevant concentrations of inhaled NO are absorbed
throughout the respiratory tract. Dosimetry models predict that total NO; dose is
relatively constant across the tracheobronchial region and rapidly decreases in the gas
exchange (i.e., alveolar) region (Section 4.2.2.3). NO- is a reactive gas that reacts with
antioxidants and other constituents of the epithelial lining fluid of the respiratory tract to
form secondary oxidation products (Section 4.2.2.1). Although these reactions are rapid,
antioxidant levels vary across regions of the lung, and untransformed NO; that reaches
the alveolar region of the airways may penetrate the thin layer of the epithelial lining
fluid to reach underlying tissue. Thus, the variable physical and chemical nature of the
respiratory tract may influence the site in the respiratory tract of NO, uptake and
NOz-induced respiratory effects. The formation of secondary oxidation products likely is
the initiating event in the sequence of events comprising the mode of action for NO;
(Section 4.3.2.1). These products can induce oxidative stress, inflammation, allergic
responses, and altered immune function, which are part of the mode of action for
respiratory effects (Figures 1-2 and 4-1) as described in the sections that follow.
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Characterization of potential modes of action for health effects
related to exposure to nitrogen dioxide (NO2).

Respiratory Effects Associated with Short-term Exposure to Nitrogen
Dioxide

A causal relationship exists between short-term NO, exposure and respiratory effects
based on evidence for asthma exacerbation. The conclusion is strengthened from the
likely to be a causal relationship determined in the 2008 ISA for Oxides of Nitrogen
because epidemiologic, controlled human exposure, and animal toxicological evidence
together describe a coherent and biologically plausible pathway by which NO, exposure
can trigger an asthma exacerbation (Table 1-1). There is some evidence indicating that
short-term NO; exposure may be related to other respiratory effects, such as exacerbation
of allergy or chronic obstructive pulmonary disease (COPD), respiratory infection,
respiratory mortality, and respiratory effects in healthy people. However, because of
inconsistency across disciplines and/or limited information to support biological
plausibility, there is uncertainty whether short-term NO, exposure has independent

relationships with nonasthma respiratory effects (Section 5.2.9, Table 5-45).

Supporting a causal relationship, recent epidemiologic studies continue to provide
consistent and coherent evidence for NO,-related exacerbation of asthma. Across diverse
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geographic locations, short-term increases in ambient NO, concentration are associated
with increases in hospital admissions and ED visits for asthma. As uncontrolled
symptoms are the major reason for seeking medical treatment, coherence is demonstrated
by observations of NO--related increases in respiratory symptoms and decreases in lung
function in children with asthma. Associations are observed in studies with maximum
concentrations of 48 to 106 ppb for 24-h avg NO, and 59 to 306 ppb for daily 1-h max
NO,. Epidemiologic evidence is consistent across the various methods used to estimate
NO; exposure: personal ambient and total NO, measurements, NO, measured outside
children’s schools, NO, measured inside children’s schools and homes, and ambient NO>
concentrations averaged across central site monitors in a city. NO, measured at people’s
locations may represent exposure better than NO, measured at central site monitors, and
along with findings for personal and indoor exposure, provide a strong basis for inferring
a causal relationship between short-term NO; exposure and asthma exacerbation.

NO; associations with asthma-related effects persist with adjustment for temperature,
humidity, season, long-term time trends, as well as a copollutant such as PM1o, SO, or
Os. In a few studies, NO_ associations are attenuated with adjustment for EC/BC, UFP, or
a VOC. However, for the most part, recent studies add findings for NO; associations that
persist with adjustment for a traffic-related copollutant such as PM;s, or as examined in
fewer studies, EC/BC, UFP, or CO. Potential confounding by OC, PM metal species, or
VOC:s is poorly studied, but NO, associations with asthma exacerbation tend to persist in
the few available copollutant models. In some cases, single-pollutant models indicate
asthma-related effects in association with NO; but not PM2s or EC/BC, which were
moderately correlated with NO, (r = 0.22-0.57). Recent epidemiologic results also
suggest asthma exacerbation in relation to exposure indices that combine NO, with EC,
PM2s, Os, and/or SO, concentrations, but neither epidemiologic nor experimental studies
strongly indicate synergistic effects between NO; and copollutants. Inference about
associations for NO, that are independent of PM2s, EC/BC, OC, or UFP is strong
particularly in studies that measure pollutants at people’s locations and for personal
exposure because of comparable measurement error among pollutants. Associations with
personal total and indoor NO, measurements also support an independent effect of NO-
exposure because the lower (e.g., r =—0.37 to 0.31) correlations observed with many
traffic-related copollutants compared to ambient NO, concentrations indicate that the
findings for personal and indoor NO2 may be less prone to confounding by the same
traffic-related copollutants than findings for ambient NO, concentrations (Section 1.4.3).
In the indoor studies, the relative contribution of indoor and outdoor sources to indoor
NO; concentrations are unknown. And, while associations of outdoor school NO, with
asthma-related effects persist with adjustment for indoor NO; in one group of children, it
is unclear whether indoor exposure alters responses of people to outdoor NO; exposure.
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Because copollutant models have limitations (Section 1.4.3) and are not analyzed for
every correlated copollutant or study, evidence from experimental studies is critical. The
key evidence for an independent effect of NO, exposure in exacerbating asthma are the
findings from previous controlled human exposure studies for increases in airway
responsiveness in adults with asthma following NO, exposures of 200 to 300 ppb for

30 minutes and 100 ppb for 1 hour. Airway hyperresponsiveness is a key feature of
asthma and can lead to poorer control of symptoms. A recent meta-analysis shows that
NO; exposure cut in half the dose of the challenge agent required to increase airway
responsiveness, which is a measure of a clinically relevant change. Such evidence for
clinically relevant increases in airway responsiveness induced by NO- exposures that are
not much higher than peak ambient concentrations (Section 2.5) provide plausibility for
short-term ambient NO, exposures inducing asthma exacerbation. Biological plausibility
also is supported by experimental studies of adults with asthma showing that NO,
exposures of 260 ppb for 15—30 minutes enhanced allergic inflammation, which is a key
event in the mode of action for asthma exacerbation via its role in increasing airway
responsiveness (Figure 1-2). These results support the NO--related respiratory effects
observed in populations with asthma that also had high prevalence of allergy. The results
for increases in airway responsiveness and allergic inflammation occurring after NO,
exposures of 100—300 ppb for up to 1 hour also support the few findings of increased
respiratory effects in adults with asthma and healthy adults associated with NO, exposure
(range: 5.7—154 ppb) occurring over 2 or 5 hours at locations near roads.

Not all evidence supports NO.-related respiratory effects. NO. exposure has variable
effects on oxidative stress in experimental studies. NO-related decreases in lung function
are observed in epidemiologic but not controlled human exposure studies. Neural reflexes
do not appear to be involved (Figure 1-2, Section 4.3.2.2), but NO-induced (500 ppb)
mast cell degranulation in rats suggests airway obstruction, which could lead to decreases
in lung function.

Much of the evidence from epidemiologic and experimental studies was available in the
2008 ISA. However, compared to the 2008 ISA, this ISA more explicitly evaluates the
coherence and biological plausibility for specific respiratory outcome groups. Rather than
new evidence, the integration of epidemiologic and experimental evidence for asthma
exacerbation—uptake of NO; in the respiratory tract and reactions to form reactive
oxidation products, allergic inflammation, airway responsiveness, asthma symptoms, and
hospital admissions and ED visits for asthma, associations with NO, measured in
people’s locations (which may better represent exposure), associations with adjustment
for another traffic-related pollutant—describes a coherent, biologically plausible pathway
to support a causal relationship between short-term NO. exposure and respiratory effects.
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Respiratory Effects Associated with Long-Term Exposure to Nitrogen
Dioxide

There is likely to be a causal relationship between long-term NO- exposure and
respiratory effects based on evidence for the development of asthma. The conclusion is
strengthened from that determined in the 2008 ISA for Oxides of Nitrogen because
whereas previous epidemiologic evidence was limited and inconsistent, recent evidence
consistently indicates associations between ambient NO, concentrations and asthma
incidence in children (Table 1-1). As with findings for short-term NO- exposure, the
evidence base varies across respiratory outcome groups, and there is more uncertainty as
to whether long-term ambient NO, exposure is related to decreased lung function or
development or to increases in COPD, respiratory infection, or respiratory mortality.

Epidemiologic studies are noteworthy for isolating the development of asthma from the
exacerbation of pre-existing asthma. Studies followed children over time, in several cases
from birth, and examined NO; exposure for periods preceding asthma diagnosis. Recent
epidemiologic studies also associate long-term NO; exposure with asthma in adults, but
asthma diagnosis or symptoms ascertained only during follow-up could represent
recurrence of childhood asthma. Asthma incidence is associated with NO, exposures
estimated at children’s homes based on outdoor measurements or LUR models that often
well predicted measured concentrations in study locations (R? = 0.42 to 0.69;

Section 6.2.9, Table 6-5). Such findings strengthen inference about NO--related asthma
development. Results also are consistent for less spatially resolved ambient NO;

concentrations at central site monitors. Asthma incidence is associated with the average
NO; concentration for the first year of life and NO- averaged over multiple years (study
means: 14 to 28 ppb), and no single critical exposure period is identified. Associations
with asthma are found with adjustment for SES, smoking exposure, gas stove use,
community of residence, and in one study, psychosocial stress. However, potential
confounding by traffic-related pollutants or proximity to roads is not examined.

A small body of previous experimental studies supports the biological plausibility for a
relationship between long-term NO- exposure and asthma development by demonstrating
effects on key events in the underlying mode of action. As illustrated in Figure 1-2, the
information on mode of action is coherent between studies of short-term and long-term
NO; exposure. NO, exposure (1,000 to 4,000 ppb) for 6—12 weeks increased airway
responsiveness in a study of rodents. A simultaneous NO-induced increase in airway
resistance suggests airway obstruction and airway remodeling, which also are linked to
asthma development. Findings across disciplines indicate increased oxidative stress and
inflammation in relation to long-term NO- exposure but not consistently across studies.
The temporal pattern of NO, exposure underlying the epidemiologic associations with
asthma is not well delineated. However, a few experimental studies show that repeated
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short-term NO; exposures over 4 to 14 days led to the development of allergic responses
in healthy adults and healthy rodent models (2,000—4,000 ppb) and to increased airway
responsiveness in rodents (4,000 ppb). This evidence for short-term NO, exposure
supports a relationship between long-term NO, exposure and asthma development
because it demonstrates the development of asthma-related effects in healthy humans and
animal models and indicates that repeated increases in exposure may be important. NO;
exposures that induce effects related to asthma development are higher than those that
induce effects related to asthma exacerbation as described in the preceding section but are
within the range of exposures considered to be ambient relevant (Section 1.2).

Epidemiologic studies continue to support associations of long-term NO- exposure with
decreases in lung function and development and increased respiratory disease severity in
children. These outcomes are associated with similar NO, concentrations and durations as
asthma development and similar exposure assessment methods (Table 6-5) Some studies
of lung function observed associations with long-term NO; after adjustment for
short-term NO; exposure, but associations for asthma symptoms do not exclude the
potential influence of short-term NO- exposure. Compared with asthma development,
there is more uncertainty whether long-term NO; exposure has an independent effect on
decreasing lung function or development or increasing respiratory disease severity. NO,
exposure does not alter lung function in experimental animals, and the hyperproliferation
of lung epithelial cells and fibrosis in adult animals are not directly related to the lung
function changes described in children. Associations of long-term NO; exposure with
bronchitic symptoms or lung function persisted when adjusted for PM, s, EC, OC, or
distance to freeway, but such findings are limited in number and not entirely consistent.

Together, evidence from recent epidemiologic studies and previous experimental studies
supporting effects on the development of asthma indicates there is likely to be a causal
relationship between long-term NO- exposure and respiratory effects. Epidemiologic
studies observe associations with NO; exposure estimated at children’s homes with LUR
models, which may better represent differences in ambient NO, exposure among subjects
compared with less spatially resolved NO, measurements from central site monitors.
Potential confounding by traffic-related copollutants largely is unexamined for asthma
development. However, findings from experimental studies for increased airway
responsiveness and allergic responses, which are part of the mode of action for asthma
development, are considered to provide some support for an independent effect of
long-term NO; exposure. Because such evidence is limited, some uncertainty remains in
attributing epidemiologic associations between long-term NO; exposure and asthma
development specifically to NO, among the array of traffic-related pollutants.
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Epidemiologic studies show associations between NO, exposure and health effects in
various organ systems, and associations are observed with a similar range of short-term
and long-term NO, concentrations as respiratory effects (Table 1-1). However, compared
to respiratory effects, there is more uncertainty in relationships with NO exposure,
largely in identifying an independent effect from other traffic-related pollutants. For some
health effects, epidemiologic findings also are inconsistent. A common source of
uncertainty across nonrespiratory health effects is the limited availability of controlled
human exposure and toxicological studies to inform understanding of how
ambient-relevant exposures to NO, may affect biological processes that underlie the
health effects observed beyond the respiratory system. NO; itself is not likely to enter the
blood (Section 4.2.2). Among the various products of NO; reactions that occur in the
epithelial lining fluid of the respiratory tract, nitrite has been identified in the blood.
However, nitrite produced from inhaled NO; may not appreciably alter levels derived
from diet or induce potentially detrimental health effects (Section 4.2.3). Nitrite can react
with red blood cell hemoglobin to form methemoglobin. Methemoglobin has been linked
with health effects but has not been found with ambient-relevant NO, exposure
concentrations (Section 4.3.4.1). A recent controlled human exposure study suggests that
mediators from the respiratory tract may spillover into the blood. This spillover could
lead to systemic inflammation and oxidative stress (Figure 1-2, Section 4.3.5), providing
a potential mechanism by which NO, exposure could lead to health effects beyond the
respiratory system.

Cardiovascular and Related Metabolic Effects

Although it is not clear how inhaled NO, affects underlying biological pathways,
epidemiologic evidence indicates associations of short-term and long-term NO_ exposure
with cardiovascular and related metabolic effects. For both short-term and long-term NO-
exposure, the 2008 ISA for Oxides of Nitrogen concluded that evidence was inadequate
to infer a causal relationship with cardiovascular effects. There was a lack of supporting
evidence for long-term NO; exposure. There was supporting evidence for short-term NO;
exposure but uncertainty about potential confounding by traffic-related copollutants. In
this ISA, the health effect category is expanded to include recent studies of metabolic
effects, most of which are for long-term NO; exposure. New findings relating long-term
NO; exposure to the development of diabetes and heart disease and additional findings
relating short-term NO; exposure to the triggering of myocardial infarction support a
suggestive, but not sufficient, to infer a causal relationship with cardiovascular and
related metabolic effects (Table 1-1). Evidence is inconsistent for the effects of
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short-term and long-term NO exposure on cardiovascular effects, such as arrhythmia,
cerebrovascular diseases, and hypertension. There still is uncertainty whether NO-
exposure has effects that are independent of other traffic-related pollutants.

Recent epidemiologic studies continue to indicate that short-term NO, exposure may
trigger a myocardial infarction. There are consistent findings for associations between
short-term increases in ambient NO, concentration and hospital admissions or ED visits
for myocardial infarction, angina, and their underlying cause, ischemic heart disease
(Section 5.3.12, Table 5-58). Coherence is found with epidemiologic evidence for
NO.-related ST segment changes, a nonspecific marker of myocardial ischemia, and
increases in cardiovascular mortality, of which ischemic heart disease is the leading cause
(Finegold et al., 2013). The robustness of epidemiologic findings is demonstrated as
associations consistently observed in studies conducted over several years, in diverse
geographic locations, and with data pooled from multiple cities. Also, as with findings for
asthma exacerbation (Section 1.5.1), associations of short-term NO, exposure with
effects related to myocardial infarction persist with adjustment for meteorology,
long-term time trends, and a copollutant such as PMig, SO, or O3 (Section 5.3.12.1).
Most of the epidemiologic evidence is based on NO; exposures assigned as the average
ambient concentration across multiple monitors within a city; however, ST segment
changes are associated with outdoor residential NO,, which may better represent
temporal changes in subjects’ personal exposures.

New epidemiologic evidence for increases in diabetes and heart disease in relation to
long-term NO; exposure is suggestive, but not sufficient, to infer a causal relationship
(Section 6.3.9, Table 6-11). The study reviewed in the 2008 ISA observed a weak
association with cardiovascular events. The most consistent recent findings are for
diabetes. Similar to asthma development, diabetes is associated with ambient NO»
concentrations estimated at subjects’ homes using LUR, which may capture differences
in ambient NO; exposure among subjects. Most studies examine concurrent 1-yr avg NO;
concentrations, but some aim to represent longer exposures more relevant to disease
development by examining people who did not change residence. There is also some
support for heart disease and mortality from ischemic heart disease related to long-term
NO; exposure. Heart disease is associated with 1- or 2-yr avg NO, concentrations
estimated at a neighborhood scale from central site monitors or dispersion models or at
subjects’ homes with LUR. Most studies assess heart disease by acute cardiovascular
events such as myocardial infarction or hospital admissions without considering the
potential influence of short-term NO- exposure. In some cases, exposures are assessed for
periods after the cardiovascular event, and it is uncertain the extent to which these
periods represent exposures during disease development. In addition to assessing
residential NO, exposures, many studies of heart disease and diabetes are noteworthy for
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their large sample sizes, prospective follow-up of subjects (up to 20 years), and
adjustment for potential confounding by age, sex, SES, and comorbid conditions.

Despite the epidemiologic evidence relating short-term and long-term NO, exposure to
cardiovascular and related metabolic effects, studies do not adequately account for
potential confounding by other traffic-related pollutants, as was the case in the 2008 ISA
(U.S. EPA, 2008). In limited examination of copollutant models with PM.s, UFP, or CO,
associations of short-term NO; exposure with effects related to myocardial infarction are
not consistently observed. Confounding by other traffic-related pollutants has not been
examined. Also in contrast with findings for asthma exacerbation (Section 1.5.1),
copollutant model results are based on NO, and copollutant concentrations measured at
central site monitors. Differential exposure measurement error may limit the reliability of
copollutant model results. Studies of long-term NO; exposure and heart disease and
diabetes do not examine potential confounding by stress or traffic-related copollutants.
Evidence for NO; associations that are independent of noise also is limited.

New findings from experimental studies point to the potential for NO, exposure to induce
cardiovascular effects and diabetes but are not sufficient to address the uncertainties in
the epidemiologic evidence. Consistent with findings that reactive products of inhaled
NO; or mediators of inflammation may spill over from the respiratory tract to the blood
(Figure 1-2), some recent experimental studies find increases in mediators of
inflammation and oxidative stress in the blood or heart tissue of healthy humans and
rodent models in response to short-term NO; exposure (Section 5.3.12.1). Evidence does
not strongly support the involvement of neural reflexes as examined by changes in
respiratory rate or decreases in heart rate variability (Figure 1-2, Sections 4.3.2.2 and
5.3.12.2). Findings for increases in inflammation and oxidative stress describe early,
nonspecific changes induced by NO; exposure that have the potential to lead to
myocardial infarction. Although the findings are mostly for single-day exposures, they
also may describe a possible way for recurrent NO exposures to lead to the development
of heart disease or diabetes. Limited findings of dyslipidemia in rats and epidemiologic
findings of vascular damage in adults in relation to long-term NO- exposure also describe
potential pathways for NO exposure to lead to heart disease. The limited extent and
consistency of findings from experimental studies and nonspecific nature of most of the
evidence is not sufficient to demonstrate an independent effect of NO, exposure.

In conclusion, evidence is suggestive but not sufficient to infer causal relationships for
cardiovascular and related metabolic effects with both short-term and long-term NO;
exposure. Conclusions were changed from the 2008 ISA based on more epidemiologic
evidence linking myocardial infarction to short-term exposure and new evidence linking
heart disease and diabetes to long-term exposure. However, an independent effect of NO,
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exposure is not clearly demonstrated. Examination of confounding by other traffic-related
pollutants is absent for long-term NO; exposure and gives inconsistent results for
short-term NO; exposure. Some but not all recent experimental studies show that
short-term NO; exposure increases inflammation and oxidative stress in the blood or
heart tissue. Increases in inflammation and oxidative stress describe a potential way for
short-term or long-term NO; exposure to lead to cardiovascular and related metabolic
effects, but because the findings are not linked to any specific health effect, unlike the
mode of action evidence for asthma exacerbation or development (Section 1.5.1), they do
not rule out chance, confounding, and other biases in the epidemiologic evidence.

Total Mortality

Similar to the evidence described above for cardiovascular and related metabolic effects,
epidemiologic evidence supports associations of both short-term and long-term NO-
exposure with total mortality from all nonaccidental causes. However, potential
confounding by other traffic-related pollutants remains largely unresolved, and it is not
clear what biological processes NO, exposure may affect to lead to mortality. This
uncertainty weighed with the supporting epidemiologic evidence is the basis for
concluding that evidence is suggestive, but not sufficient, to infer a causal relationship for
both short-term and long-term NO, exposure with total mortality (Table 1-1). For
short-term exposure, the nature of the evidence has not changed substantively, resulting
in the same conclusion as the 2008 ISA. For long-term NO- exposure, whereas evidence
in the 2008 ISA was limited, inconsistent, and inadequate to infer a causal relationship,
several recent epidemiologic studies report associations with total mortality, supporting a
stronger causal determination.

Evidence is suggestive, but not sufficient, to infer a causal relationship between
short-term NO; exposure and total mortality based on consistent epidemiologic findings
across geographic locations, including several studies pooling data across cities

(Section 5.4.8, Table 5-63). Ambient NO; exposures were assessed as the average
concentration across central site monitors within a city, which has uncertainty in
adequately representing the temporal pattern in personal NO, exposures. Similar to
findings for asthma exacerbation (Section 1.5.1), associations with mortality persist with
adjustment for meteorological factors, long-term time trends, and a copollutant among
PMj1o, SO, or Os. A multicontinent study suggests interaction between NO, and PMy,
with higher PM1o-mortality associations observed for periods of higher ambient NO-
concentrations. However, in contrast with asthma exacerbation, potential confounding of
associations between short-term NO- exposure and total mortality by traffic-related
copollutants remains unexamined.
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The generally supportive evidence from the large number of recent epidemiologic studies
is suggestive, but not sufficient, to infer a causal relationship between long-term NO-
exposure and total mortality (Section 6.5.3, Table 6-18). Epidemiologic associations are
observed in large cohorts in diverse locations followed for long durations up to 26 years.
Increases in total mortality are found in association with NO, concentrations averaged
over 1 to 16 years and assessed for the year of death and for periods up to 20 years before
death. Not all studies observe associations, but the inconsistency does not appear to be
due to differences among studies in long-term average ambient NO, concentrations or the
exposure period examined. Total mortality is associated with long-term NO; exposure
assigned from central site monitors and exposures estimated at people’s homes by LUR
models that well represented the spatial variability in ambient NO, concentrations in the
study areas (R? = 0.61 and 0.71). NO; associations persist with adjustment for potential
confounding by age, sex, smoking, education, and comorbid conditions. In a few studies,
associations between long-term NO; exposure and mortality persist with adjustment for
traffic density or proximity, but confounding by traffic-related copollutants remains a
concern because NO; associations are inconsistently observed with adjustment for PM. s
or BC exposures estimated from central site monitors or LUR models.

Evidence relating NO-. exposure to cardiovascular and respiratory effects can inform the
uncertainty as to whether NO- exposure has an independent effect on mortality by
indicating whether NO> exposure affects the underlying causes of mortality. In the U.S.,
cardiovascular disease, namely ischemic heart disease, is the leading cause of death [35%
as cited in (Hoyert and Xu, 2012)]. Respiratory causes comprise a smaller fraction of
mortality (9% in the U.S.), but COPD and respiratory infections are among the leading
causes of all mortality in the world. As described in the preceding sections, independent
effects of short-term and long-term ambient NO; exposure on myocardial infarction,
heart disease, diabetes, COPD, and respiratory infection are uncertain. Strong evidence
demonstrates NO,-related asthma exacerbation, but asthma is not a leading cause of
mortality. Thus, it is not clear what spectrum of cardiovascular and respiratory effects
NO; exposure may induce to lead to mortality and by what biological processes
short-term or long-term NO; exposure may lead to mortality.

In conclusion, evidence is suggestive, but not sufficient, to infer a causal relationship for
total mortality with both short-term and long-term NO- exposure based on supporting
epidemiologic evidence. The evidence bases for total mortality related to short-term and
long-term NO; exposure share many characteristics. Although there is supporting
epidemiologic evidence, studies do not adequately account for potential confounding by
other traffic-related pollutants. Thus, it is uncertain the extent to which epidemiologic
findings for total mortality can be attributed specifically to short-term or long-term NO-
exposure. Also uncertain are the independent effects of NO, exposure on the
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cardiovascular and respiratory morbidity conditions that make up the leading causes of
mortality. Because potential confounding by traffic-related copollutants is largely
unaddressed and the biological processes underlying the effects of NO, exposure on
mortality are unclear, the epidemiologic associations of short-term and long-term NO;
exposure with total mortality do not rule out chance, confounding, and other biases.

Reproductive and Developmental Effects

The 2008 ISA for Oxides of Nitrogen concluded that evidence was inadequate to infer a
causal relationship between NO; exposure and a heterogeneous group of reproductive and
developmental effects based on limited and inconsistent epidemiologic and animal
toxicological evidence for effects on birth outcomes. This ISA presents separate
conclusions for more defined categories of outcomes that are likely to occur by different
biological processes and exposure patterns over different stages of development:

(2) fertility, reproduction, and pregnancy (Section 6.4.2); (2) birth outcomes

(Section 6.4.3); and (3) postnatal development (Section 6.4.4). For all three categories,
there is a large increase in recent epidemiologic studies. However, only for birth
outcomes is there reasonable consistency in the findings to support strengthening the
causal determination to suggestive, but not sufficient, to infer a causal relationship with
long-term NO; exposure (Table 1-1). For all three categories of reproductive and
developmental effects, there is large uncertainty in identifying an independent effect of
NO; exposure. In particular, animal toxicological evidence to support biological
plausibility remains limited and inconclusive.

Fertility, Reproduction, and Pregnancy

Evidence is inadequate to infer a causal relationship between long-term NO, exposure
and effects on fertility, reproduction, and pregnancy (Section 6.4.5, Table 6-14). This
conclusion is based heavily on findings from the epidemiologic studies of pre-eclampsia,
a pregnancy complication related to hypertension and protein in the urine (Table 1-1).
Associations are inconsistently observed with for ambient NO, exposures estimated at
homes by LUR models that well predicted ambient NO, concentrations in the study areas
(R? = 0.59 to 0.86). Studies that observe associations considered confounding by
maternal age, smoking, SES, diabetes, and parity, but few examine other traffic-related
pollutants to assess the potential for confounding. Other lines of evidence to inform
biological plausibility are not available. Toxicological studies have not examined effects
related to pre-eclampsia, and there is a lack of coherence with epidemiologic findings for
conditions that contribute to pre-eclampsia, such as gestational hypertension and
placental function. Inconsistent and limited findings from animal toxicological and/or
epidemiologic studies for detrimental effects on sperm quantity and quality, fertility,

1-27 DRAFT: Do Not Cite or Quote



© 00 N o o b~ W

10
11
12
13
14
15
16
17
18
19
20
21
22
23

24
25
26
27
28
29
30
31
32
33
34
35

January 2015

maternal weight gain in pregnancy, and litter size add to the uncertainty regarding a
relationship of NO, exposure with fertility, reproduction, and pregnancy.

Birth Outcomes

Evidence is suggestive, but not sufficient, to infer a causal relationship between NO;
exposure and effects on birth outcomes based primarily on recent epidemiologic
associations with fetal growth restriction (Section 6.4.5, Table 6-14). The combined
epidemiologic and toxicological findings for effects on birth weight and infant mortality
are inconsistent as are epidemiologic findings for preterm birth and birth defects.
Evidence for NO»-related decreases in fetal growth is not entirely consistent, but many
studies observe associations with ambient NO, concentrations at homes estimated by
LUR models that well predict NO. concentrations in the study areas (R? = 0.68 to 0.91;
Table 1-1). A few studies observe stronger associations for children whose mothers spent
more time at home and less time outdoors in locations other than home, which may be the
result of improved relationships of residential ambient NO, with personal exposures.
Other strengths of recent studies include fetal or neonatal physical measurements and
analysis of confounding by season of conception, maternal age, smoking, SES, and in one
study, noise. However, epidemiologic studies do not examine potential confounding by
traffic-related copollutants. Further, toxicological studies have not examined fetal growth,
and a mode of action for NO; is not clearly described (Figure 1-2). Prenatal ambient NO,
exposure is associated with a marker of inflammation in fetal cord blood but not maternal
blood. The role of inflammation in affecting birth outcomes is not clearly established, and
epidemiologic findings do not rule out effects of other pollutants. Thus, despite the
supporting evidence for fetal growth restriction, there is considerable uncertainty in
attributing epidemiologic findings specifically to NO, exposure.

Postnatal Development

Evidence is inadequate to infer a causal relationship between NO; exposure and effects
on postnatal development based largely on the inconclusive findings across several recent
epidemiologic studies of cognitive function in children (Section 6.4.5, Table 6-14).
Associations are inconsistently found for concurrent, infancy, or prenatal NO, exposure
estimated at children’s homes or schools with LUR models that well represent the
variability in ambient NO, concentrations in the study areas (R? = 0.64 to 0.85;

Table 1-1). Further, potential confounding by traffic-related copollutants or stress is not
examined, although one study shows an association with decreases in memory, adjusting
for noise. The recent study indicating that short-term NO, exposure of adult rats induced
oxidative stress and neuronal degeneration, which potentially could lead to impaired
cognitive function, is not sufficient to address the uncertainties in epidemiologic findings.
Findings for other effects on postnatal development are both limited and inconsistent.
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Specifically, evidence integrated from epidemiologic and toxicological studies is
inconclusive for motor function and psychological or emotional distress. Evidence is
inconsistent for decrements in attention and limited for autism as examined in
epidemiologic studies and for physical development as examined in toxicological studies.

Cancer

The largest evidence base in support of a relationship between NO, exposure and cancer
is that for lung cancer (Table 1-1). A few recent epidemiologic studies indicate
associations between NO; exposure and leukemia, bladder cancer, prostate cancer, and
breast cancer, but findings for NO, exposure inducing carcinogenicity or mutagenicity in
bone marrow, spermatocytes, and lymphocytes is inconsistent and based on higher than
ambient-relevant NO; exposures. The findings from some recent epidemiologic studies
for associations of NO, exposure with lung cancer and mortality combined with previous
findings in rodents that NO, exposure may be involved in lung tumor promotion is the
basis for strengthening the causal determination from inadequate to infer a causal
relationship in the 2008 ISA for Oxides of Nitrogen to suggestive, but not sufficient, to
infer a causal relationship (Section 6.6.9, Table 6-20).

Among the many recent epidemiologic studies, some report associations for NO, with
lung cancer incidence or mortality; others do not. Findings are inconsistent for NO;
exposure assessed from central site monitors and estimated at subjects’ homes with
well-validated LUR models. In studies observing associations, NO, concentrations were
averaged over 1 year at the beginning of the study up to 30 years before the outcome.
Thus, in many cases, the exposure period is considered to be relevant for cancer.
However, it is not clear whether exposures assessed by LUR or dispersion models for
periods of 1 or 5 years before cancer or mortality adequately account for decreases in
ambient NO, concentration over years or represent longer duration exposures. Studies not
finding associations do not differ in mean NO; concentrations or exposure duration
examined. Many studies examined large numbers of cancer cases, followed adults for
7-30 years, and adjusted for potential confounding by SES, smoking, diet, and
occupational exposures. One study observes an association of residential NO. exposure
with lung cancer mortality that persists with adjustment for PM. s, but examination of
confounding by traffic-related copollutants is largely absent.

NO; exposure does not independently induce lung tumor formation in various animal
models or transform other chemicals in the body into carcinogens at ambient-relevant
concentrations. However, a potential role for high-concentration exposures in tumor
promotion is indicated by findings of NO, exposures of 4,000 to 10,000 ppb increasing
lung tumors in mice with spontaneously high tumor rates or with co-exposure to diesel
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exhaust particles or known carcinogens. The formation of secondary oxidation products
in the respiratory tract (Section 1.5.1) and limited evidence for NO-induced increases in
hyperplasia of the lung epithelium of rodents are early events that have the potential to
mediate NO,-related lung cancer. While NO; exposure impairs host defense in animal
models (Section 5.2.9), parameters more directly linked to antitumor immunity such as
cytotoxic or regulatory T cells and interferon-gamma have not been studied.

In conclusion, evidence is suggestive, but not sufficient, to infer a causal relationship
between long-term NO; exposure and cancer based primarily on lung cancer.
Associations between ambient NO, concentrations and lung cancer incidence and
mortality are found in some but not all epidemiologic studies. NO, exposures in rodents,
some at higher than ambient-relevant concentrations, show an effect on lung tumor
promotion, but experimental studies do not support direct effects of NO, exposure on
carcinogenesis. Because potential confounding by traffic-related copollutants is largely
unaddressed and information to support biological plausibility is limited, the associations
for long-term NO; exposure with lung cancer incidence and mortality observed in some
epidemiologic studies do not rule out chance, confounding, and other biases.
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Table 1-1

Key evidence contributing to causal determinations for nitrogen dioxide (NO2) exposure and health

effects evaluated in the current draft Integrated Science Assessment (ISA) for Oxides of Nitrogen.

Health Effect Category? and Causal Determination®

NO2 Concentrations
Associated with Effects

Respiratory Effects and Short-term Exposure (Section 5.2)
Current Draft ISA—Causal relationship. 2008 ISA—Sufficient to infer a likely causal relationship.

Key evidence
(Table 5-45)

Strongest evidence is for effects on asthma exacerbation. Consistent epidemiologic evidence for
decreases in lung function and increases in respiratory symptoms in children with asthma and
increases in asthma hospital admissions and ED visits. Associations observed with NO2 measured at
central site monitors and at subjects’ locations (i.e., personal ambient, outdoor school). Copollutant
models show NO2 associations that are independent of PM2s or as examined in fewer studies, EC/BC,
OC, UFP, VOCs, PM metals with pollutants measured at subjects’ locations, or CO measured at
central site monitors. NO2 associations persist with adjustment for meteorology, medication use, PMao,
SOz, or Os. Coherent findings available for total personal and indoor NO2 with lower potential for
copollutant confounding.

Independent effect of NO2 demonstrated in controlled human exposure studies. In adults with asthma,
NO2 exposures not much higher than peak ambient concentrations induce clinically-relevant increases
in airway responsiveness and increases in allergic responses, which are part of the mode of action for
asthma exacerbation. Inconsistent experimental results for effects on lung function and respiratory
symptoms in absence of challenge agent.

Uncertainty in independent effect of NO2 on other respiratory effects (i.e, allergy exacerbation, COPD
exacerbation, respiratory infection, respiratory effects in healthy populations) due to limited coherence
among findings from epidemiologic and experimental studies.

Reason for change in
causal determination

Epidemiologic evidence for NO2 exposures assessed for subject’s locations and in copollutant models
with a traffic-related copollutant plus evidence from experimental studies describing mode of action
demonstrate consistency, coherence, and biological plausibility for effect of NO2 exposure on asthma
exacerbation to rule out chance, confounding, and other biases with reasonable confidence

Uncertainty remaining

Strength of inference from copollutant models about independent associations of NO2, especially with
pollutants measured at central site monitors. Potential for NO2-copollutant mixture effects.

Overall study ambient
maximums

Central site monitors:
24-h avg: 55 to 80 ppb
1-h max: 59 to 306 ppb
Outdoor school:

24-h avg: 7.5, 16.2 ppb
Personal ambient:

2-h avg: 77.7, 154 ppb
Total personal:

24-h avg: 48, 106 ppb

Airway responsiveness:
200 to 300 ppb for 30 min,
100 ppb for 1 h

Allergic inflammation:
260 for 15 min and
581 ppb for 30 min
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Table 1-1 (Continued): Key evidence contributing to causal determinations for nitrogen dioxide (NO;) exposure and health
effects evaluated in the current draft Integrated Science Assessment (ISA) for Oxides of Nitrogen.

Health Effect Category? and Causal Determination®

NO2 Concentrations
Associated with Effects

Respiratory Effects and Long-term Exposure (Section 6.2)
Current draft ISA—Likely to be a causal relationship. 2008 ISA—Suggestive but not sufficient to infer a causal relationship.

Key evidence

(Table 6-5)

Strongest evidence is for effects on asthma development. Consistent epidemiologic evidence from
recent cohort studies for associations of ambient NO2 averaged over 1-10 years (early childhood,
lifetime) with asthma incidence in children. Associations found with NO2 estimated at homes and

measured at central site monitors. NO2z associations persist with adjustment for SES and smoking
exposure. Potential confounding by traffic-related copollutants or proximity to roads not examined.

Small body of experimental studies show effects on hallmarks of asthma. Long-term NO2 exposure
increases allergic responses and airway responsiveness in rodents. Short-term NO2 exposure induces
development of allergic responses in humans and rodents. Inconsistent epidemiologic associations
between long-term NO2 exposure and development of allergic responses in children.

More uncertainty in relationships with other respiratory effects because of limited coherence among
disciplines. Epidemiologic evidence for increased severity of respiratory disease and decreased lung
function and lung development in children. Animal toxicological evidence for respiratory infection.

Reason for change in
causal determination

New epidemiologic evidence for associations between estimates of residential ambient NO2 exposure
and asthma development and biological plausibility from a small body of experimental studies.

Uncertainty remaining

Some uncertainty remains in identifying an independent effect of NO2 exposure from traffic-related
copollutants because evidence from experimental studies for effects related to asthma development is
limited, and epidemiologic analysis of confounding is lacking.

Overall study ambient
means: 14 to 28 ppb for
residential annual avg
estimates

Individual city ambient
means: 9.6-51.3 ppb for
annual avg; 7.3-31.4 ppb
for 10-yr avg

Allergic responses: 2,000

ppb for 4 days in humans;
3,000 ppb for 2 weeks and
4,000 ppb for 12 weeks in
rodents

Airway responsiveness:
1,000 to 4,000 ppb in
rodents for 6 or 12 weeks

Cardiovascular and Related Metabolic Effects and Short-term Exposure (Section 5.3)

Current Draft ISA — Suggestive, but not sufficient, to infer a causal relationship. 2008 ISA — Inadequate to infer a causal relationship.

Key evidence
(Table 5-58)

Strongest evidence is for effects related to triggering myocardial infarction. Consistent epidemiologic
evidence for ST segment changes, increases in hospital admissions and ED visits for myocardial
infarction and ischemic heart disease, and cardiovascular mortality. Most evidence is based on NO2
averaged across central site monitors in a city. Associations persist with adjustment for meteorology,
PMzo, SOz, or Os. NO2 associations inconsistent in copollutant models with PM2s or CO.

Some, but not entirely consistent findings, from experimental studies for early, nonspecific effects with
the potential to lead to myocardial infarction: increases in markers of inflammation and oxidative stress
in plasma of humans and heart tissue of rats. Inconsistent epidemiologic findings for inflammation.

Inconsistent evidence for effects on cerebrovascular effects, arrhythmia, and hypertension.

Reason for change in
causal determination

Additional epidemiologic evidence for array of effects related to the triggering of myocardial infarction.

Uncertainty remaining

Effect of NO2z independent from traffic-related copollutants is uncertain because experimental evidence

is limited and not specific to myocardial infarction, and epidemiologic analysis of confounding is limited.

Potential exposure error associated with NO2 measured at central site monitors not well characterized.

Individual city ambient
24-h avg: 90th: 22 to 53
ppb, Maximums: 58 to 135
ppb

Overall study ambient

1-h max: 90th: 68 ppb

Oxidative stress in rats:
5,320 ppb, for 6 h
inflammation in rats: 2,660
and 5,320 ppb for 6 h

Inflammation in human
cells exposed to human
plasma, oxidative stress in
human plasma: 500 ppb for
2h
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Table 1-1 (Continued): Key evidence contributing to causal determinations for nitrogen dioxide (NO;) exposure and health
effects evaluated in the current draft Integrated Science Assessment (ISA) for Oxides of Nitrogen.

Health Effect Category? and Causal Determination®

NO2 Concentrations
Associated with Effects

Cardiovascular and Related Metabolic Effects and Long-term Exposure (Section 6.3)

Current Draft ISA—Suggestive, but not sufficient, to infer a causal relationship. 2008 ISA—Inadequate to infer a causal relationship.

Key evidence:
(Table 6-11)

Strongest evidence is for development of diabetes and heart disease. Generally supportive but not
entirely consistent epidemiologic evidence from recent cohort studies for associations of diabetes,
myocardial infarction, and heart failure with ambient NO2 averaged over 1-2 year periods around time
of outcome assessment. Coherence with evidence for cardiovascular mortality. Associations found
with NO2 estimated at homes and measured at central site monitors. NO2 associations persist with
adjustment for age, sex, SES, comorbid conditions, and in a few cases, noise. Potential confounding
by traffic-related copollutants, proximity to roads, or stress not examined.

Some but not entirely consistent findings from experimental studies for early, nonspecific effects with
the potential to lead to heart disease or diabetes: dyslipidemia in rats with long-term NO2 exposure,
increases in markers of inflammation and oxidative stress in plasma of humans and heart tissue of rats
with short-term NO2 exposure. Inconsistent epidemiologic associations between long-term NO2
exposure and inflammation.

Reason for change in
causal determination

Large increase in recent epidemiologic studies of heart disease and diabetes, with generally supportive
but not entirely consistent evidence. New evidence for estimates of residential NO2 exposure.

Uncertainty remaining

Effect of NO2z independent from traffic-related copollutants is uncertain because experimental evidence
is limited and not specific to heart disease or diabetes, and epidemiologic analysis of confounding is
lacking.

Overall study ambient
means: 4.2 to 31.9 ppb for
residential annual avg
estimates; 34 ppb for 9.5-yr
avg at central site monitors
Dyslipidemia in rats:

160 ppb for 32 weeks
Oxidative stress in rats:
5,320 ppb for 6 h,
inflammation in rats: 2,660
and 5,320 ppb for 6 h

Inflammation in human
cells exposed to human
plasma, oxidative stress in
human plasma: 500 ppb for
2h

Total Mortality and Short-term Exposure (Section 5.4)
Current Draft ISA and 2008 ISA—Suggestive, but not sufficient, to infer a causal relationship.

Key evidence:
(Table 5-63)

Consistent epidemiologic evidence for increases in total mortality in association with NO2 averaged
across central site monitors in a city. Associations persist with adjustment for meteorology, long-term
time trends, PM1o, SOz, or Os. Potential confounding by traffic-related copollutants not examined.

Evidence does not clearly describe independent NO: effects on biological processes leading to
mortality. Large percentage of mortality is due to cardiovascular causes, for which independent effect
of NOz is uncertain. The strongest evidence for respiratory morbidity is for asthma and is more limited
or inconsistent for COPD and respiratory infection, which are larger causes of mortality in adults.

Reason for no change
in causal determination

Uncertainty remaining

Effect of NO2z independent from traffic-related copollutants is uncertain because epidemiologic analysis
of confounding is lacking, and independent effect of NO2 on biological processes (i.e., effects on
morbidity) that lead to mortality not clearly demonstrated. Potential exposure error associated with NO2
measured at central site monitors not well characterized.

Individual city ambient
24-h avg maximums: 55 to
135 ppb

Individual city ambient
1-h max:

90th: 33 to 133 ppb
Maximums: 96 to 147 ppb
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Table 1-1 (Continued): Key evidence contributing to causal determinations for nitrogen dioxide (NO;) exposure and health
effects evaluated in the current draft Integrated Science Assessment (ISA) for Oxides of Nitrogen.

Health Effect Category? and Causal Determination®

NO2 Concentrations
Associated with Effects

Total Mortality and Long-term Exposure (Section 6.5)
Current Draft ISA—Suggestive, but not sufficient, to infer a causal relationship. 2008 ISA—Inadequate to infer a causal relationship

Key evidence:
(Table 6-18)

Generally supportive but not entirely consistent epidemiologic evidence from recent cohort studies,
including those with extended follow-up (up to 26 years) of existing cohorts. Associations found with
NO: averaged over 1 to 16 years for periods 0 to 20 years before death. Most evidence is based on
NO2 measured at central site monitors, but associations also observed with NO2 estimated at homes.
Associations found with adjustment for age, sex, smoking, education, comorbid conditions and in some
cases, neighborhood-level SES. In limited analysis, NO2 associations persist with adjustment for traffic
proximity or density but mostly are attenuated in copollutant models with PMz.s or BC.

Evidence does not clearly describe independent NO2 effects on biological processes leading to
mortality. Large percentage of mortality is due to cardiovascular causes, for which independent effect
of NOz is uncertain. The strongest evidence for respiratory morbidity is for asthma and is more limited
or inconsistent for COPD and respiratory infection, which are larger causes of mortality in adults.

Overall study ambient
means:

12.1 to 21.7 ppb for
residential annual avg
estimates

13.9 to 33.6 ppb for 1-yr to
15-yr avg at central site
monitors

Reason for change in
causal determination

Large increase in recent epidemiologic studies, with generally supportive but not entirely consistent
evidence. New evidence for estimates of residential NO2 exposure in some but not all recent studies.

Uncertainty remaining

Effect of NO2z independent from traffic-related copollutants is uncertain because epidemiologic analysis
of confounding is limited and inconclusive, and independent effect of NO2 on biological processes (i.e.,
effects on morbidity) that lead to mortality not clearly demonstrated. Potential exposure error
associated with NO2 measured at central site monitors not well characterized.

Reproductive and Developmental Effects Long-term Exposure®
2008 ISA—Inadequate to infer a causal relationship for broad category.

Fertility, Reproduction, and Pregnancy (Section 6.4.2)
Current Draft ISA—Inadequate to infer a causal relationship.

Key evidence
(Table 6-14)

Heterogeneous group of outcomes related to a successful pregnancy with little support for relationship
with NO2 exposure. Inconsistent epidemiologic evidence among several recent studies for associations
of pre-eclampsia, increases in blood pressure, and systemic inflammation in pregnancy with NO2
estimated at homes with LUR or measured at central site monitors. Studies adjust for maternal age,
smoking, SES, diabetes, and parity. Lack of toxicological studies to inform a potential effect of NO-.

More limited and inconsistent epidemiologic evidence for effects on fertility. No effect on fertility in
rodents, but change in estrous cyclicity found. No epidemiologic or toxicological evidence for effects on
sperm count or quality. Limited, inconclusive evidence in rodents for changes in pregnancy weight.

Overall study ambient
mean for pre-eclampsia:

31 ppb for residential 3rd
trimester avg estimate

Reason for no change
in causal determination

Uncertainty remaining

Increase in recent epidemiologic studies, but results lack sufficient consistency, including those for
residential estimates of NO2 exposure. Limited and inconclusive toxicological evidence does not
adequately inform a potential effect of NO2
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Table 1-1 (Continued): Key evidence contributing to causal determinations for nitrogen dioxide (NO;) exposure and health
effects evaluated in the current draft Integrated Science Assessment (ISA) for Oxides of Nitrogen.

Health Effect Category? and Causal Determination®

NO2 Concentrations
Associated with Effects

Birth outcomes (Section 6.4.3)
Current Draft ISA—Suggestive, but not sufficient, to infer a causal relationship.

Key evidence
(Table 6-14)

Strongest evidence is for fetal growth restriction. Generally supportive but not entirely consistent recent
epidemiologic evidence for decreased head circumference and fetal or birth length, particularly as
assessed with fetal or neonatal physical measurements. Associations found with NO2 estimated at
homes and measured at central site monitors. NO2z associations persist with adjustment for maternal
age, SES, smoking, alcohol use, and season of conception. Potential confounding by traffic-related
copollutants not examined, and no available toxicological studies to inform a potential effect of NO2.

Evidence for decreased birth weight in a study of rats, but large epidemiologic evidence base is
inconsistent. Inconsistent epidemiologic evidence for associations with preterm birth, birth defects,
early life mortality, and no or inconclusive toxicological evidence to inform a potential effect of NO..

Reason for change in
causal determination

Large increase in epidemiologic studies, with generally supportive but not entirely consistent evidence
for associations between residential ambient NO2 exposure and fetal growth restriction.

Uncertainty remaining

Effect of NO2 independent from traffic-related copollutants is uncertain because evidence from
experimental studies and epidemiologic analysis of confounding are lacking.

Overall study ambient
means:

Entire pregnancy: 15.5 to
20 ppb

Specific trimesters: 7.8 to
36 ppb

Decreased birth weight in
rats: 1,300 ppb for 3 mo

Postnatal development (Section 6.4.4)
Current Draft ISA—Inadequate to infer a causal relationship

Key evidence
(Table 6-14)

Inconsistent epidemiologic evidence from recent studies for associations with neurodevelopmental
effects such as cognitive function, attention, motor function, and emotional responses. Association
found with indoor NO2, but not consistently with ambient NO2 exposure estimated at home or school by
LUR. Associations found with adjustment for SES and in one study, noise. Potential confounding
inconsistently examined for smoking and not examined for stress or traffic-related copollutants.

Limited and inconclusive toxicological evidence for effects on motor function and emotional responses.
In a study of adult rats, short-term NO2 exposure induced neurodegeneration and oxidative stress,
which have the potential to lead to neurodevelopmental effects.

Limited and inconclusive toxicological evidence for impaired physical development in rats, and no
analogous epidemiologic investigation.

Reason for no change
in causal determination

Uncertainty remaining

Large increase in epidemiologic studies of cognitive function, but results lack sufficient consistency,
including those for residential or school estimates of NO2 exposure. Limited and inconclusive
toxicological evidence does not adequately inform a potential effect of NO2

Overall study ambient
means for cognitive
function:

16.5 ppb for concurrent
school annual avg estimate

15.4 ppb for prenatal home
annual avg estimate
Neurodegeneration in rat
brains: 2,500 ppb for

7 days

Oxidative stress in rat

brains: 5,320 ppb for
7 days
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Table 1-1 (Continued): Key evidence contributing to causal determinations for nitrogen dioxide (NO;) exposure and health
effects evaluated in the current draft Integrated Science Assessment (ISA) for Oxides of Nitrogen.

Health Effect Category? and Causal Determination®

NO2 Concentrations
Associated with Effects

Cancer and Long-term Exposure (Section 6.6)

Current Draft ISA—Suggestive, but not sufficient, to infer a causal relationship. 2008 ISA—Inadequate to infer a causal relationship.

Key evidence
(Table 6-20)

Strongest evidence is for lung cancer. Inconsistent epidemiologic evidence from several recent cohort
studies followed for 7-30 years for associations of lung cancer incidence and mortality with NO2
exposures averaged over 1 to 30 years. Inconsistency observed for NO2 estimated at homes and
measured at central site monitors. Associations persist with adjustment for smoking, diet, SES, and
occupational exposures, but confounding by traffic-related copollutants not widely examined.

Lack of toxicological evidence for direct effect of NOz in lung tumor induction, but findings for high NO2
exposures with co-exposure to carcinogens suggest possible role for NO2 in lung tumor promotion.
Evidence for formation of secondary oxidation products in the respiratory tract and limited evidence for
hyperplasia of lung epithelium, which have the potential to lead to carcinogenicity.

Limited epidemiologic evidence for associations with cancers of other sites, but inconsistent findings
for mutagenic and genotoxic effects in experimental animals to support independent effect of NO2.

Reason for change in
causal determination

Evidence in some but not all epidemiologic studies for lung cancer incidence and mortality, including
associations with residential estimates of NO2 exposure. Some toxicological evidence for role of NOz in
lung tumor promotion

Uncertainty remaining

Effect of NO2 independent from traffic-related copollutants is uncertain because epidemiologic analysis
of confounding and results from experimental studies that NO2 acts as a direct carcinogen are lacking.

Overall study ambient
means:

12.1 to 23.2 ppb for
residential annual avg
estimates

Individual city ambient
means:

1.2 to 33.7 ppb for 10-yr
avg at central site monitors

6.4 to 32.4 ppb for 3-yr avg
at central site monitors

Lung tumor promotion in
rodents: 4,000 to
10,000 ppb for 6 to

17 months

BC = black carbon; CO = carbon monoxide; COPD = chronic obstructive pulmonary disease; EC = elemental carbon; ED = emergency department; ISA = Integrated Science
Assessment; NO, = nitrogen dioxide; O3 = ozone; OC = organic carbon; PM, s = particulate matter with an aerodynamic diameter less than or equal to a nominal 2.5 pm;
PM;o = particulate matter with an aerodynamic diameter less than or equal to a nominal 10 um; SES = socioeconomic status; SO, = sulfur dioxide; UFP = ultrafine particles;
VOC = volatile organic compound.

A large spectrum of outcomes is evaluated as part of a broad health effect category including physiological measures (e.g., airway responsiveness, lung function), clinical

outcomes (e.g., respiratory symptoms, hospital admissions), and cause-specific mortality. Total mortality includes all nonaccidental causes of mortality and is informed by the nature
of the evidence for the spectrum of morbidity effects (e.g., respiratory, cardiovascular) that can lead to mortality. The sections and tables referenced include a detailed discussion of
the available evidence that informed the causal determinations.

bSince the completion of the 2008 ISA for Oxides of Nitrogen, the phrasing of causal determinations has changed slightly, and the weight of evidence that describes each level in
the hierarchy of the causal framework has been more explicitly characterized.

In the 2008 ISA, a single causal determination was made for the broad category of reproductive and developmental effects. In the current draft ISA, separate causal determinations
are made for smaller subcategories of reproductive and developmental effects based on varying underlying biological processes and exposure patterns over different lifestages.
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1.6 Policy-Relevant Considerations

As described in the Preamble and Section 1.1, this ISA informs policy-relevant issues
that are aimed at characterizing quantitative aspects of relationships between ambient
NO; exposure and health effects and the impact of these relationships on public health.
To that end, this section integrates information from the ISA to describe NO- exposure
durations and patterns related to health effects, the shape of the concentration-response
relationship, regional heterogeneity in relationships, the adverse nature of health effects,
and at-risk populations and lifestages. In addressing these policy-relevant issues, this
section focuses on respiratory effects, for which the evidence indicates there is a causal
and likely to be a causal relationship, respectively, with short-term and long-term NO-
exposure. Because of uncertainty in the independent effects of NO, exposure, other
health effects are discussed if they potentially provide new insight on a particular issue.

1.6.1 Durations of Nitrogen Dioxide Exposure Associated with Health Effects

January 2015

The primary NO2 NAAQS are based on 1-h daily max concentrations (3-yr avg of each
year’s 98th percentile) and annual average concentrations and were set to protect against
a broad range of respiratory effects associated with short-term NO, exposures and various
health effects potentially associated with long-term exposure, respectively (Section 1.1).
Thus, an important consideration in the review of the primary NO, NAAQS is whether
the nature of the health effects evidence varies among NO- exposure durations.

For short-term exposure, the majority of previous and recent evidence associates health
effects with 24-h avg ambient NO,, but a smaller body of evidence is equally consistent
for subdaily averages such as 1-h or 8-h max NO, and NO- averaged over periods of 2 or
5 hours. The 24-h avg and 1-h max ambient NO, metrics, assessed primarily from
concentrations averaged across multiple monitors within a city, are associated with a
spectrum of effects related to asthma exacerbation. In the few within-study comparisons
and based on typical increases in 24-h avg and 1-h max ambient NO, concentrations (20
and 30 ppb, respectively; Section 5.1.2.3), the magnitude of association with respiratory
effects did not clearly differ between 24-h avg and 1-h max NO; (Sections 5.2.2 and
5.2.7). A study of asthma-related ED visits in Atlanta, GA observed similar associations
for 1-h max and 24-h avg NO; with a 1-day lag, and a slightly larger association for

6-h nighttime avg NO- (12:00 a.m.—6:00 a.m.; Section 5.2.2.4). Based on measurements
from central site monitors, the distribution of concentrations and spatial heterogeneity
varied among the array of NO; averaging times, which may account for differences in
associations with asthma ED visits. For example, nighttime avg NO; had a wider range of
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concentrations than 24-h avg NO,. Nighttime avg NO, was similar to 1-h max NO: in
spatial heterogeneity but lower in concentration. The spatial heterogeneity in ambient
NO; concentrations within urban areas and with distance to roads (Sections 2.5.2 and
2.5.3) and diurnal trends with higher concentrations measured during morning commute
hours (Section 2.5.4) are not unique to Atlanta, GA. This heterogeneity in ambient NO,
concentrations along with diurnal variation in people’s time-activity patterns suggest that
the array of NO; averaging times vary in the extent to which they represent people’s
exposures, which could obscure true differences in association with health effects

NO; measurements aligned with subjects’ locations including total and ambient personal,
outdoor and indoor school, and indoor home NO; are associated with asthma-related
effects (Sections 5.2.2.2 and 5.2.2.5) and mostly are integrated over 1 or multiple days.
From these integrated exposure metrics, any diurnal pattern of NO, exposure that may
underlie associations with asthma-related effects cannot be discerned. The relative
importance of daily average exposures or acute peaks in exposure occurring as a result of
diurnal variation in ambient concentrations is not clear. Any contribution of acute peaks
in indoor NO; exposures (Table 3-4) to associations observed between 3-day or 4-week
avg indoor NO; and asthma-related effects also is not known. However, NO, exposures
of 2 or 5 hours during time spent in outdoor traffic and nontraffic locations are related to
pulmonary inflammation and lung function decrements in adults (Section 5.2.9.3).
Inference from these results is strong because they are based on personal ambient NO-
measurements or NO, measured at the locations of outdoor exposures. Controlled human
exposure studies showing clinically relevant increases in airway responsiveness

(Section 5.2.2.2) and allergic inflammation (Section 5.2.2.5) in adults with asthma in
response to 100—400 ppb NO- exposures in the range of 30 minutes to 6 hours provides
biological plausibility for subdaily ambient NO, exposures inducing asthma exacerbation.

With respect to long-term exposure, asthma development in children is associated with
1-yr avg ambient NO- concentrations estimated at children’s homes and 3-yr or 10-yr avg
NO; concentrations at central site monitors (Section 6.2.2.1). The NO; concentrations
averaged over 1 year during prenatal or infancy periods could represent critical time
windows of exposure for asthma development or represent longer durations of NO;
exposure for subjects who remain in the same home or neighborhood. Experimental
studies do not provide direct insight into what the epidemiologic findings may be
indicating are important periods of long-term NO, exposure for asthma development
because experimental studies examined NO; exposures of less than one year in
adulthood. However, findings for increased allergic responses and airway responsiveness
in humans or rodents indicate that repeated increases in NO, exposure over multiple days
or exposures over 1 to 3 months may play a role in asthma development (Section 6.2.2.3).
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Overall, asthma exacerbation and asthma development are linked to a range of short-term
and long-term, respectively, durations of NO, exposure. There is no indication of a
stronger association for any particular short-term or long-term duration of NO, exposure.

1.6.2 Lag Structure of Relationships between Nitrogen Dioxide Exposure and
Health Effects

January 2015

Characterizing the NO, exposure lags (i.e., time between exposure and effect) associated
with health effects can aid in understanding the nature of relationships between NO;
exposure and health effects. The lag structure for associations with NO, exposure may
vary among health effects depending on differences in the time course by which
underlying biological processes occur. Identifying important lag structures can depend on
whether the lag structure varies within the population according to differences among
individuals in time-activity patterns, pre-existing disease, or other factors that influence
exposure and responses to exposure. Another consideration in drawing inferences about
important lag structures is that differences in associations among exposure lags,
particularly single-day and multiday averages NO, concentrations, may not only have a
biological basis but may be influenced by differences in the extent to which single-day
and multiday average ambient NO; concentrations represent people’s acutal exposures.

Epidemiologic panel studies of children with asthma observed increases in pulmonary
inflammation and respiratory symptoms and decreases in lung function in association
with increases in NO; concentration lagged 0 day (same day as outcome) or 1 day and
multiday averages of 2 to 7 days (Section 5.2.2). Consistent with these findings, increases
in asthma-related hospital admissions and ED visits were observed in association with
NO; concentrations lagged 0 or 1 day or averaged over 2 to 5 days. Whereas no particular
lag of NO- exposure was more strongly associated with decreases in lung function,
several studies indicate larger increases in pulmonary inflammation, respiratory
symptoms, and asthma-related hospital admissions and ED visits for increases in
multiday averages of NO; than single-day lags. For measures of personal ambient and
total NO», outdoor school NO,, and indoor NO., which may better represent exposure
compared with measurements from central site monitors, asthma-related effects also were
associated with multiday average NO- concentrations (i.e., 2 to 4 days).

Studies in which adults with asthma and healthy adults were exposed for 2 or 5 hours in
outdoor traffic and nontraffic locations indicate decreases in lung function and increases
in pulmonary inflammation immediately or 2 hours after exposures (Sections 5.2.2 and
5.2.7). In both populations, decreases in lung function also were found the day after
exposures. In healthy adults, increases in pulmonary inflammation did not persist the day
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after outdoor exposure (Section 5.2.7.4). These data based on personal ambient exposure
assessment or NO, measured at the locations of people’s outdoor exposures support other
epidemiologic findings showing increases in respiratory effects at lag 0 or 1 day of NO-
exposure and also indicate a similar lag structure for respiratory effects in people with
and without asthma. Experimental studies show that NO, exposure affects the biological
processes underlying the asthma-related effects observed in epidemiologic studies on a
similar time frame. Controlled human exposure studies found airway responsiveness in
adults with asthma to increase immediately after or 20 minutes to 4 hours after a single
NO; exposure and over 4 days of repeated exposure (Section 5.2.2.1). In experimental
studies, NO; exposure enhanced allergic inflammation 30 minutes up to 19 hours after a
single or 2-day exposure in humans and 7 days after exposure in rats (Section 5.2.2.5).
Thus, the findings from experimental studies provide biological plausibility for the
asthma-related effects observed in epidemiologic studies in association with 2 or 5 hour
exposures, same-day NO, exposures, as well as exposures averaged over multiple days.

1.6.3 Concentration-Response Relationships and Thresholds
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Characterizing the shape of the concentration-response relationship aids in quantifying
the public health impact of NO, exposure. A key issue is whether the relationship is
linear across the full range of ambient concentrations or whether there are deviations
from linearity at and below the levels of the current 1-h NAAQS of 100 ppb and annual
NAAQS of 53 ppb. Also important for the review of the primary NO> NAAQS is
understanding at what ambient NO, concentrations there is uncertainty in the relationship
with health effects. Characterization of the concentration-response relationship in
epidemiologic studies is complicated by fewer observations in the low range of ambient
concentrations, the influence of other pollutants or risk factors for the health effects, and
heterogeneity among individuals in the population in their response to air pollution
exposures. The shape of the concentration-response relationship for health effects related
to short-term NO; exposure is examined in a limited number of epidemiologic studies
and is better characterized for respiratory hospital admissions and ED visits and total
mortality than for other health effects.

Recent U.S. studies support a linear relationship between short-term NO; exposure and
asthma ED visits (Section 5.2.2.4). For 1-h max NO; concentrations (lag 0—2 day avg)
combined across urban monitors by population-weighting, a linear association was
observed with pediatric asthma ED visits in Atlanta, GA during 1993-2004. Also, risk
estimates increased across quintiles of NO, between 28 and 181 ppb (with concentrations
less than 28 ppb as the reference). Results from nonparametric models provide evidence
of asthma ED visits in the warm season (May—October) increasing with increasing

1-40 DRAFT: Do Not Cite or Quote



O© 00 N o o B~ W N P

e
N o 0o~ W DN P O

18
19
20
21
22
23
24
25
26
27

28
29
30
31
32
33
34
35
36
37
38

January 2015

1-h max NO; concentrations between 11 and 37 ppb (5th to 95th percentiles). There is
similar confidence in the relationship throughout this range of NO. concentrations, with a
relatively tight 95% ClI even at 11 ppb NO,. There is uncertainty in the relationship at

1-h max NO; concentrations less than 11 ppb, where effect estimates were reported to be
unstable. The distribution of 1-h max NO, varied across monitors in the Atlanta area,
with higher concentrations measured in downtown Atlanta (mean 42 ppb). However, the
population-weighted average may better represent concentrations where study subjects
live and spend time. For the relationship between 24-h avg NO, and pediatric asthma ED
visits in Detroit, M1 during 2004—2006, evidence does not indicate that associations
differ below and above 23 ppb NO; (between the 82nd and 85th percentiles), where the
investigators tested for a deviation from a linear relationship. The risk was not assumed
to be zero below 23 ppb, and the model assuming a deviation from linearity did not fit the
data better than the linear model did. NO concentrations were averaged between two
Detroit sites, and information on how ambient NO, concentrations compared between
sites was not reported. These limited findings from Atlanta and Detroit indicate that the
association between short-term NO; exposure and asthma ED visits in children is present
at NO; concentrations well below the level of the current 1-h primary NAAQS.

The concentration-response relationship for short-term NO; exposure and asthma-related
effects is not well examined in controlled human exposure or animal toxicological
studies. Combining data across multiple studies, a recent meta-analysis observed that
NO; exposure cut in half the dose of the challenge agent required to induce an increase in
airway responsiveness (i.e., provocative dose) in adults with asthma, but the provocative
dose did not change with increasing NO, concentration in the range of 100—500 ppb
(_Figure 5-1). Experimental studies do not strongly inform whether asthma-related effects
increase with increasing NO, concentration because few studies examined multiple NO-
exposure concentrations, and the range of these NO, concentrations (greater than

100 ppb) exceed those examined in epidemiologic studies of concentration-response.

Linear concentration-response relationships also are indicated for mortality associated
with short-term NO; exposure in the U.S., Canada, and Asia based on comparisons of
linear and various nonlinear models with natural and cubic splines or quadratic and cubic
terms for NO- (Section 5.4.7). A few previous results point to nonlinear associations but
for health effects for which the concentration-response relationship has not been widely
examined, including cough in children in the general population or cardiovascular
hospital admissions in adults. These studies tend to find NO.-related increases in effects
that are larger in magnitude per increment in NO, concentration in the lower range of
NO; concentrations than in the upper range of concentrations. The implications of results
for these nonasthma health effects is less clear given the uncertainty as to whether NO;
exposure has independent relationships with nonasthma health effects.
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For long-term NO; exposure, there is evidence for a linear concentration-response
relationship with respiratory effects, although from only one or two studies per specific
outcome. For asthma development, in analyses of tertiles or quartiles of residential
estimates of NO; exposure, a linear concentration-response is indicated in one study but
not another (Section 6.2.2.2). In the study observing a linear relationship, annual average
NO; concentrations ranged from 1.8 to 24 ppb, but because tertiles of NO, concentration
were not reported, the range of NO, concentrations where there may be more or less
uncertainty in the relationship with asthma development cannot be assessed. Also based
on categories of NO, concentration or splines, linear relationships are indicated for
associations of long-term averages of NO; with asthma symptoms in children, chronic
bronchitis in adults, and asthma hospital admissions in adults (Section 6.2.3), but some of
these findings could reflect associations with short-term NO. exposure. Analysis of the
concentration-response with categories of long-term average NO- concentrations does not
provide a strong basis for assessing whether there is a threshold for respiratory effects.

In summary, the shape of the concentration-response relationship is better characterized
in epidemiologic studies and for short-term NO; exposure than long-term exposure.
Previous and recent evidence indicates a linear relationship between short-term NO-
exposure and hospital admissions or ED visits for asthma and multiple respiratory
conditions combined using various methods, including analysis of splines, higher order
terms for NO- (e.g., quadratic, cubic), and categories of NO, concentration. Few
controlled human exposure or toxicological studies of asthma-related effects examined
multiple NO, exposure concentrations; therefore, that evidence lacks strong insight into
the concentration-response relationship. Associations with asthma ED visits are present at
ambient NO; concentrations well below the level of the 1-h NAAQS. In Atlanta, GA, a
linear relationship is indicated for 1-h max NO2 concentrations averaged over 3 days,
with similar confidence in the relationship across the range of 11 to 37 ppb but
uncertainty in the relationship at concentrations less than 11 ppb. Another source of
uncertainty is that 24-h avg or 1-h max NO, concentrations were averaged across
multiple central site monitors within a city, which may not reflect varying distributions of
concentrations within the city or population exposures.

1.6.4 Regional Heterogeneity in Effect Estimates

January 2015

In addition to examining the shape of the concentration-response relationship for
NO.-related health effects across the distribution of concentrations, studies have
examined whether associations vary across geographical regions. In one study,
heterogeneity was noted among Asian cities in the shape of the NO,-mortality
relationship. Information on regional heterogeneity is limited, particularly for the U.S.
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and for relationships of NO exposure with asthma exacerbation or development. There is
no strong indication of heterogeneity in associations of short-term NO; exposure with
respiratory symptoms in children in the general population among Korean cities

(Section 5.2.7.3). A few studies observe regional heterogeneity in associations between
short-term NO; exposure and total mortality among European and Asian cities

(Section 5.4.7). A nonlinear concentration-response relationship observed in one of four
Asian cities was hypothesized to be due to differences among cities in mortality from
infection, air conditioning use, time spent by the population outdoors, or temperature. On
a smaller geographic scale, NO,-related respiratory effects do not clearly differ between
two cities in Ohio with similar ambient NO, concentrations (Section 5.2.2.4) or
neighboring urban and suburban communities in Europe that differed in ambient NO,
concentrations (Section 7.5.5). Limited results point to potential within-city differences in
asthma exacerbation in relation to short-term NO, exposure. NO,-related asthma ED
visits were larger in Bronx than Manhattan, NY (Section 5.2.2.4), and NO»-related lung
function and pulmonary inflammation among children with asthma differed between two
El Paso, TX schools (Sections 5.2.2.2 and 5.2.2.5). The reasons for the heterogeneity
were not explicitly analyzed. In the El Paso study the schools differed in proximity to
road, ambient NO; concentrations, racial composition, and asthma medication use.

For long-term NO; exposure, differences are observed among Chicago, Houston, San
Francisco, New York, and Puerto Rico in the association with asthma prevalence among
Latino and African American individuals ages 8—21 years (Section 6.2.2.1). A test for
heterogeneity was not statistically significant, but associations are observed only in the
San Francisco and New York cohorts. Odds ratios for the average ambient NO;
concentration for the first year or first 3 years of life are largest in the San Francisco
cohort, which comprised only African American individuals. Associations are not
observed in Chicago, Puerto Rico, or Houston. The reasons for heterogeneity among the
locations were not explicitly analyzed, but the locations differed in the distribution of
ambient NO,, SO, and PM; s concentrations, which may indicate varying air pollution
mixtures among locations. San Francisco had lower ambient NO, and SO, concentrations
than New York. PMs and SO were associated with asthma prevalence in Houston but
not in New York or San Francisco.

In summary, with limited available information, including one U.S. study of asthma
prevalence, it is not clear whether there is regional heterogeneity in the relationship
between short-term or long-term NO; exposure and respiratory effects. There is some
evidence of heterogeneity in associations of short-term NO. exposure with mortality
among cities in Europe and Asia. Given the uncertainty as to whether NO, exposure has
an independent relationship with mortality, the extent to which the regional heterogeneity
in risk is applicable specifically to NO2 exposure is uncertain.
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1.6.5 Public Health Significance

January 2015

The public health significance of air pollution-related health effects is informed by the
adverse nature of the health effects that are observed, the size of the population exposed
to the air pollutant or affected by the health outcome, and the presence of populations or
lifestages with higher exposure or increased risk of air pollution-related health effects.

Characterizing Adversity of Health Effects

Both the World Health Organization (WHO) and the American Thoracic Society (ATS)
have provided guidance in describing what health effects may be considered adverse.
WHO defines health as “the state of complete physical, mental, and social well-being and
not merely the absence of disease or infirmity” (WHO, 1948). By this definition, changes
in health outcomes that are not severe enough to result in a diagnosis of a clinical effect
or condition can be considered adverse if they affect the well-being of an individual. ATS

also has considered a wide range of health outcomes in defining adverse effects.
Distinguishing between individual and population risk, ATS described its view that small
air pollution-related changes in an outcome observed in individuals might be considered
adverse on a population level. This is because a shift in the distribution of population
responses resulting from an increase in air pollution exposure might increase the
proportion of the population with clinically important effects or at those at increased risk
of a clinically important effect that could be caused by another risk factor (ATS, 2000).

Increases in ambient NO, concentrations are associated with a broad spectrum of health
effects related to asthma, including those characterized as adverse by ATS such as ED
visits and hospital admissions (ATS, 2000). NO; exposure also is associated with more
subtle effects such as increases in airway responsiveness and pulmonary inflammation

and decreases in lung function (Section 1.5.1). Increases in airway responsiveness and
pulmonary inflammation are part of the mode of action for both asthma exacerbation and
asthma development (Figure 1-2) and show a distribution within populations.
NO;-associated changes in airway responsiveness or pulmonary inflammation may be
considered adverse on a population level because they can increase the proportion of the
population with clinically important changes that can lead to exacerbation or
development of asthma. A meta-analysis of controlled human exposure studies
demonstrates that NO> exposures of 140—200 ppb for 1-2 hours cuts in half the dose of a
challenge agent required to increase airway responsiveness in adults with asthma
(Section 5.2.2.1). Such observations that NO, concentrations not much higher than peak
ambient concentrations can induce clinically relevant effects related to asthma
exacerbation further support a role for ambient NO, exposures in inducing adverse health
effects.
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At-Risk Populations and Lifestages for Health Effects Related to Nitrogen
Dioxide Exposure

The primary NAAQS are intended to protect public health with an adequate margin of
safety. In so doing, protection is provided for both the population as a whole and those
groups potentially at increased risk for health effects from exposure to the air pollutant
for which each NAAQS is set (Preface to the ISA). Hence, the public health significance
of health effects related to NO, exposure also is informed by whether specific lifestages
or groups in the population are identified as being at increased risk of NO--related health
effects. The large proportion of the U.S. population living near roads, where ambient NO,
concentrations are higher compared to many other locations (Section 2.5.3), indicates the

widespread potential for elevated ambient NO, exposures. In 2009, 17% of U.S. homes
were estimated to be within 91 m of sources of ambient NO; such as a four-lane highway,
railroad, or airport (Section 7.5.6). The percentage of the population with elevated NO,
exposures may be greater in cities. For example, 40% of the Los Angeles, CA population
was estimated to live within 200 m of a major road (Section 7.5.6). In addition to those
living near roads, people spending time near roads and commuting or working on roads
have the potential for elevated NO- exposure, and in turn, potential for increased risk of
NO.-related health effects.

At-risk populations or lifestages also can be characterized by specific biological,
sociodemographic, or behavioral factors, among others. Since the 2008 ISA for Oxides of
Nitrogen and as used in the recent ISAs for Oz (U.S. EPA, 2013b) and lead (U.S. EPA
2013a), EPA has developed a framework for drawing conclusions about the role of such
factors in modifying risk of health effects of air pollution exposure (Table Il of the

Preamble). Similar to the causal framework, conclusions are based on judgments of the
consistency and coherence of evidence within and across disciplines (Chapter 7). Briefly,
the evaluation is based on studies that compare exposure or health effect relationships
among groups that differ according to a particular factor (e.g., people with and without
asthma) and experimental studies conducted in a population or animal model with a
particular factor or pathophysiological condition. Where available, information on
exposure, dosimetry, and modes of action is evaluated to assess coherence with health
effects evidence and inform how a particular factor may increase risk of NO.-related
health effects (e.g., by increasing exposure, increasing biological effect for a given dose).

There is adequate evidence that people with asthma, children, and older adults are at
increased risk for NO.-related health effects (Table 7-26). These conclusions are
substantiated by the fact that evidence is for asthma exacerbation, for which an
independent effect of short-term NO, exposure is demonstrated (Section 1.5.1). Limited,
supporting evidence suggests that females, people of low SES, and people with low
antioxidant diets have increased risk for NO,-related health effects. The inconsistent
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evidence is inadequate to determine whether genetic variants, COPD, cardiovascular
disease, diabetes, obesity, race/ethnicity, smoking, urban residence, or proximity to roads
increase NOy-related health effects. The uncertainty common to many of these factors is
that the evidence is for cardiovascular effects, diabetes, or mortality, which are not
clearly related to NO, exposure.

A causal relationship between short-term NO, exposure and respiratory effects is based
on the evidence for asthma exacerbation (Section 1.5.1). The increased risk for people
with asthma is supported further by controlled human exposure studies demonstrating
increased airway responsiveness at lower NO. concentrations in adults with asthma than
in healthy adults (Section 7.3.1). Differences in NO; dosimetry (Section 4.2.2) or
exposure among people with asthma are not well described. Epidemiologic evidence does
not consistently indicate differences in NO.-related respiratory effects between children
with asthma and without asthma. However, because asthma is a heterogeneous disease
and the populations examined varied in prevalence of asthma medication use and atopy,
the inconsistent epidemiologic results are not considered to be in conflict with controlled
human exposure studies, which examined primarily adults with mild, atopic asthma.

The increased risk of NO,-related asthma hospital admissions and ED visits for children
(Section 7.5.1.1) and older adults (Section 7.5.1.2) suggests that among people with
asthma the effects of NO. exposure may vary by lifestage. Although not clearly
delineated for NO-, several physiological and behavioral traits may contribute to the
increased risk for children. Compared with adults, children have developing respiratory
systems and increased oronasal breathing and ventilation rates (Section 4.2.2.3). Limited
data do not clearly indicate higher personal NO. exposures in children (Table 3-5) but do
indicate more time and vigorous activity outdoors (Section 7.5.1.1). Thus, children may
have greater NO; uptake in the respiratory tract or less exposure measurement error.
Many studies reported a higher proportion of asthma ED visits or hospital admissions
among children than other lifestages. Thus, higher incidence of asthma exacerbation in
children may be a reason for their increased risk.

Because the respiratory system continues to develop throughout childhood, it is possible
that critical time windows of exposure exist for NO,-related respiratory effects. However,
the evidence shows that asthma development in children is associated with several
different time windows of long-term NO- exposure: the prenatal or infancy period, the
first year of life, year of diagnosis, or lifetime exposure (Section 7.5.1.1). Studies do not
consistently identify a specific time window of long-term NO., exposure more strongly
associated with the development of asthma as ascertained in children ages 4—18 years.

Children not only comprise a large proportion of the U.S. population (24% in the 2010
U.S. census) but also have a higher rate of asthma health care encounters than adults
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(e.g., 10.7 vs. 7.0 per 100 persons with asthma).! Further, asthma is the leading chronic
illness (9.5% prevalence) and reason for missed school days in children in the U.S. Many
U.S. schools are located near high-traffic roads (7% within 250 m; Section 7.5.6). NO;
concentrations outside schools are associated with asthma-related effects in children
(Sections 5.2.2.2 and 5.2.2.5), and school could be an important source of NO; exposure.
Based on the large number of children in the U.S., the high prevalence of asthma

morbidity among children, and potential for high NO, exposures, higher risks of asthma
exacerbation for children compared with adults can translate into large numbers of people
affected, magnifying the potential public health impact of NO, exposure.

The public health impact of NO,-related health effects also is magnified by the growing
proportion of older adults in the U.S. As with children, it is not well understood why
older adults have increased risk for NO-related hospital admissions for asthma. Older
adults did not consistently have a higher proportion of asthma hospital admissions
compared with younger adults, so higher incidence of asthma exacerbation does not seem
to explain their higher NO,-related risk estimates. Differences in NO, dosimetry also are
not described for older adults (Section 4.2.2.3). Time-activity patterns have been shown
to differ between older and younger adults, but there is not a clear difference in time
spent in a particular location that could explain differential exposure to NO; in older
adults (Section 7.5.1.2). Older adults have higher prevalence of many chronic diseases
compared to younger adults (Table 7-2). COPD, cardiovascular diseases, and diabetes did
not consistently modify NO--related health effects, but studies have not examined
whether co-occurring morbidity contributes to the increased risk of NO»-related asthma
exacerbation among older adults or whether age alone influences risk.

Although evidence does not clearly identify increased NO,-related health effects in
populations of low SES or nonwhite race or populations living near roads or in urban
areas, there is an indication of higher NO, exposure among these groups. In particular,
some communities are characterized as having both higher ambient NO, concentrations
and higher proportions of honwhite and low SES populations (Section 7.5.2). Further, a
few studies characterize schools located near high-traffic roads as having higher
nonwhite and low SES populations compared to schools located farther away from roads
(Section 7.5.6). Nonwhite and low SES populations also are recognized to have higher
risks of health effects, including asthma, though it is not clear whether higher NO,
exposure and higher risk of health effects interact to influence NO.-related health effects
in these groups. A recent study observed higher risk of NO--related asthma hospital
admissions among Hispanic children compared with white children only in the low SES
group (Section 7.5.2). While these findings suggest that co-occurring risk factors in a

INational Center for Health Care Statistics Data Brief. Available:
http://www.cdc.gov/nchs/data/databriefs/db94.htm
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population could influence the risk of NOy-related health effects, information at present is
too limited to draw firm conclusions.

In summary, the public health significance of NO,-related health effects is supported by
many lines of evidence. A large proportion of the U.S. population lives near roads or
spends time near or on roads, resulting in a large number of people potentially with
elevated ambient NO exposure. NO- exposure is linked to health effects that are clearly
adverse such as ED visits and hospital admissions for asthma and development of asthma.
NO;-related effects such as increases in airway responsiveness can be considered adverse
on a population level because an increase in NO, exposure can lead to an increase in the
number of people with clinically important effects. The public health significance of
NO,-related health effects also is supported by the increased risk for people with asthma,
children, and older adults. The roles of co-occurring risk factors or combined higher NO,
exposure and health risk within a population in influencing risk of NO»-related health
effects is not well understood. The large proportions of children and older adults in the
U.S. population and the high prevalence of asthma in children can translate into a large
number of people affected by NO, and thus magnify the public health impact of ambient
NO; exposure.

1.7 Conclusions

January 2015

There is a causal relationship between short-term NO; exposure and respiratory effects.
This conclusion is stronger than that determined in the 2008 ISA for Oxides of Nitrogen
and is supported by the evidence integrated from epidemiologic and controlled human
exposure studies for asthma exacerbation. Asthma-related effects continue to be
associated with NO; concentrations at central site monitors. Further, recent epidemiologic
studies add evidence for associations with personal ambient and total NO, measurements
as well as NO; concentrations outside schools and inside homes. Epidemiologic evidence
continues to support independent associations of NO, exposure with asthma-related
effects in copollutant models with another traffic-related pollutant such as PM;s, EC/BC,
OC, UFP, CO, or a VOC. The potential influence of the full array of traffic-related
pollutants or mixtures has not been examined. Thus, the key evidence for an independent
effect of NO; are the findings from previous controlled human exposure studies that NO;
exposure not much higher than peak ambient concentrations enhances allergic
inflammation and induces clinically relevant increases in airway responsiveness. These
are hallmarks of the mode of action for asthma exacerbation. There is likely to be a
causal relationship between long-term NO; exposure and respiratory effects. The
strengthening of the conclusion from the 2008 ISA is based on new epidemiologic
evidence for associations of asthma development in children with residential NO-
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exposure estimated by LUR models that well represented the variability in ambient NO,
concentrations in study areas. Epidemiologic studies did not examine confounding by
traffic-related copollutants, but a small body of previous experimental studies showing
that long-term and short-term NO- exposure increase airway responsiveness and allergic
responses in healthy humans and rodent models provide some indication that long-term
NO; exposure may have an independent effect on asthma development. For both
short-term and long-term exposure, results for NO, measured in subjects’ locations,
which may better represent exposure, than concentrations at central site monitors provide
a stronger basis for inferring relationships with respiratory effects.

Evidence is suggestive, but not sufficient, to infer a causal relationship for short-term and
long-term NO; exposure with cardiovascular and related metabolic effects and total
mortality and for long-term NO; exposure with birth outcomes and cancer. While there is
continued or new supporting epidemiologic evidence for these health effects, there still is
large uncertainty as to whether NO, exposure has an effect independent of traffic-related
copollutants. Epidemiologic studies have not adequately accounted for confounding, and
there is a paucity of support from experimental studies. Some recent experimental studies
show NOz-induced increases in systemic inflammation or oxidative stress. Such changes
are not consistently observed or necessarily linked to any health effect, unlike the mode
of action information available for asthma.The insufficient consistency of epidemiologic
and toxicological evidence is inadequate to infer a causal relationship for long-term NO,
exposure with fertility, reproduction, and pregnancy as well as postnatal development.

As described above, key considerations in drawing conclusions about relationships
between ambient NO, exposure and health effects include evaluating the adequacy of
NO; exposure estimates to represent the temporal or spatial patterns in ambient NO;
concentrations in a given area and separating the effect of NO, from that of other
traffic-related pollutants. In the U.S., although motor vehicle emissions have decreased
greatly over the last few decades, vehicles still are the largest single source of ambient
NO; in U.S. population centers and can contribute to spatial and temporal heterogeneity
in ambient NO; concentrations. Recent information combined with that in the 2008 ISA
for Oxides of Nitrogen (U.S. EPA, 2008) shows that ambient NO, concentrations can be
30 to 100% higher at locations within 10—20 m of a road compared with locations farther

away. Additionally, the first year of data from the U.S. near-road monitoring network
generally show higher NO, concentrations at near-road monitoring sites than many other
sites within a city.

As in the 2008 ISA, many studies assess exposure with ambient NO, concentrations
measured at monitors whose siting away from sources likely does not capture the
variability in ambient NO, concentrations within an area. The resulting error in
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representing temporal variation in short-term exposure and spatial variation in long-term
exposure can produce smaller magnitude or less precise associations with health effects.
Such findings are similar to those reported in the 2008 ISA (U.S. EPA, 2008). This ISA
additionally indicates that error that results from using NO- concentrations at central site
monitors to represent long-term exposure in some cases can produce larger health effect
estimates compared with residential NO, exposure metrics from LUR models. Thus,

spatial misalignment of study subjects and ambient NO, concentrations potentially can
overestimate health effect associations with long-term NO; exposure if the difference in
exposure between groups that differ in the health effect systematically is underestimated.
Given the potential impact of exposure measurement error, the variable relationships
observed between short-term personal and ambient NO; concentrations, and largely
uncharacterized relationships between long-term personal and ambient NO;
concentrations, the increase in recent epidemiologic findings for exposures assessed for
people’s locations (e.g., ambient or total personal, outdoor or indoor home or school)
may increase confidence in inferences about relationships between ambient NO;
exposure and health effects. Also, data from the near-road monitoring network may help
address gaps in the understanding of the variability in ambient NO, concentrations and
people’s exposures within urban areas and the potential importance of the near-road
environment as a source of NO; exposure contributing to health effects.

In addition to characterizing causality, characterizing quantitative aspects of NO,-related
health effects is key to the review of the primary NO, NAAQS. Limited investigation
indicates a linear relationship for short-term ambient NO, exposure with asthma ED
visits. There is uncertainty about whether the relationship is present at 1-h max NO;
concentrations far below the level of the current 1-hour NAAQS. Recent evidence
continues to indicate that people with asthma, children, and older adults are at increased
risk for NO,-related health effects. While recent evidence points to higher NO, exposure
among people of low SES or nonwhite race or people living in urban areas or close to
roads, it is not clear whether this higher NO, exposure leads to increased health effects.
Large numbers of people in the U.S. live near (e.g., within 200 m) or travel on major
roads and potentially have elevated exposures to ambient NO, compared with people
away from roads. The large numbers of children and older adults in the U.S. population
and the high prevalence of asthma in children can translate into a large number of people
potentially affected by NO, exposure and thus magnify the public health impact of
ambient NO, exposure.
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CHAPTER 2 ATMOSPHERIC CHEMISTRY AND
AMBIENT CONCENTRATIONS OF OXIDES OF
NITROGEN

2.1 Introduction

This chapter presents concepts and findings relating to emissions sources, atmospheric
science, and spatial and temporal concentration patterns for oxides of nitrogen. It is
intended as a prologue for detailed discussions on the evidence for human exposure to
and health effects of oxides of nitrogen that follow in the subsequent chapters, and as a
source of information to help interpret those effects in the context of data about
atmospheric concentrations.

In the Integrated Science Assessment (ISA), the term “oxides of nitrogen” (NOy) refers
to all forms of oxidized nitrogen (N) compounds, including nitric oxide (NO), nitrogen
dioxide (NOy), and all other oxidized N-containing compounds formed from NO and
NO,. NO and NO,, along with volatile organic compounds (VOCs), are precursors in the
formation of ozone (O3) and photochemical smog. NO; is an oxidant and can react to
form other photochemical oxidants such as peroxyacyl nitrates (PANs) and toxic
compounds such as nitro-substituted polycyclic aromatic hydrocarbons (nitro-PAHS).
NO; can also react with a variety of atmospheric species to produce organic and
inorganic nitrates, which make substantial contributions to the mass of atmospheric
particulate matter (PM) and the acidity of clouds, fog, and rainwater. The abbreviation
NOx refers specifically to the sum of NO and NO.. This chapter describes the origins,
distribution, and fate of gaseous oxides of nitrogen. Aspects of particulate nitrogen
species [such as particulate nitrate (pbNOs)] were addressed in the 2009 ISA for
Particulate Matter (U.S. EPA, 2009) and will be addressed in the upcoming ISA for
Particulate Matter.

2.2 Atmospheric Chemistry and Fate

January 2015

The chemistry of oxidized nitrogen compounds in the atmosphere was reviewed in the
2008 ISA for Oxides of Nitrogen—Health Criteria (U.S. EPA, 2008a). The role of NOx
in O3 formation was reviewed in Chapter 3 of the 2013 ISA for Ozone and Related
Photochemical Oxidants (U.S. EPA, 2013b) and has been presented in numerous texts
(e.g., Jacobson, 2002; Jacob, 1999; Seinfeld and Pandis, 1998). The main points from the

2-1 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=179916
http://hero.epa.gov/index.cfm?action=search.view&reference_id=157073
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1508492
http://hero.epa.gov/index.cfm?action=search.view&reference_id=90667
http://hero.epa.gov/index.cfm?action=search.view&reference_id=91122
http://hero.epa.gov/index.cfm?action=search.view&reference_id=18352

N -

© 0O N o o b~ W

10
11
12
13
14
15
16
17
18
19
20

January 2015

2008 ISA for Oxides of Nitrogen will be presented here along with updates based on
recent material.

The overall chemistry of reactive, oxidized nitrogen compounds in the atmosphere is
summarized in Figure 2-1. Sources include naturally occurring processes associated with
wildfires, lightning, and microbial activity in soils. Anthropogenic sources are dominated
by emissions from electricity generating units and motor vehicles. Oxidized nitrogen
compounds are emitted to the atmosphere mainly as NO, with only 10% or less emitted
as NO. Further details about the composition of sources is given in Section 2.3. Freshly
emitted NO is converted to NO; by reacting with Os, and NO is recycled during the day
by photolysis of NO.. Thus, NO and NO; are often “lumped” together into their own
group or family, which the atmospheric sciences community refers to as NOx (shown in
the inner box in Figure 2-1). A large number of oxidized nitrogen species in the
atmosphere are formed from the oxidation of NO and NO-. These include nitrate radicals
(NOs), nitrous acid (HONO), nitric acid (HNOs3), dinitrogen pentoxide (N2Os), nitryl
chloride (CINOy), peroxynitric acid (HNO.), PAN and its homologues (PANS), other
organic nitrates, such as alkyl nitrates (including isoprene nitrates), and pNOs. These
reactive oxidation products are referred to collectively as NOz. All of the species shown
within the dashed lines of Figure 2-1 constitute NOy (NOy = NOx + NOz). The boxes
labeled “inorganic” and “organic” in Figure 1-1 (see Chapter 1) contain the species
shown in the left and right halves of Figure 2-1.
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decompose/stabilize, and R to an organic radical.

Source: National Center for Environmental Assessment.

Figure 2-1 Schematic diagram of the cycle of reactive, oxidized nitrogen
species in the atmosphere.

High NO concentrations found near heavy traffic and in power plant plumes are typically
associated with O3 concentrations much lower than in surrounding areas as Os can be
titrated away, or lost, by reacting with NO. In addition, the reaction of NO with O3 can
produce appreciable amounts of NO; rather quickly. For example, 10 ppb NO; can be
formed in about 20 seconds (for an initial NO concentration of 30 ppb and initial

O3 = 40 ppb at 298° K [25°C])?. Higher temperatures and concentrations of reactants

! Sample calculation based on solution to an equation for a second order reaction dx/dt = k([INO]o — X)([Os]o — X),
where x is the concentration of each species reacted; k is the rate coefficient for the reaction,

=3 x 10712 e13%0D ¢mi3/sec-molecule (Sander et al., 2011); T = emperature in Kelvin; [NO], and [Os], are initial
concentrations of NO and Os.
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result in shorter times, while dispersion and depletion of reactants increase this time. A
rough estimate of the time for transport away from a broad boulevard is is about a minute
(Diring et al., 2011), shorter for more open conditions and ranges up to the order of an
hour in Midtown Manhattan street canyons (Richmond-Bryant and Reff, 2012). The time
for reaction must be compared to the time for mixing away from the road and for
replenishment of Os, because it is the interplay between these factors that determines how
far NO will travel downwind before it is oxidized. These dependencies imply seasonal
variability and also geographic variability in the time scale for the reaction. In general,
cooler months present the most favorable conditions for NO to travel further before it is
oxidized (lower temperature, decreased vertical mixing of O3 to the surface, generally
lower O3). At any time of the year, if loss of O3 has been extensive near the surface as
happens in many locations at night, then NO could travel a kilometer or more before it is
oxidized, resulting in a more uniform downwind distribution of NO- than if NO were
being oxidized right at its source. The NO; that is formed depletes hydroxyl radicals
(OH), so that they cannot oxidize hydrocarbons to continue the cycle of new O;
formation. During the day, NO- photolyzes back to NO within a few minutes, setting up
the cycle shown in Figure 2-1. Although the assumption of a photostationary state to
describe the relations in the NO/NO2/Os triad might not be strictly valid, several studies
[eg., Diring et al. (2011) and Clapp and Jenkin (2001)] have shown the assumption of a
photostationary state can provide a useful approximation of the relationship among these
species. Once the sun sets, NO- no longer photolyzes to reform NO. If very little or no Os
is present due to titration in a statically stable, near-surface boundary layer, then NO;
accumulates through the night solely from direct emissions.

Because of the interplay between dispersion and chemical reaction, the distribution of
NO; downwind of roads would likely differ from that of a traffic pollutant that is present
in ambient air mainly as the result of direct emissions. In addition, day-night differences
in both transport and chemistry will also result in day-night differences in the patterns of
spatial and temporal variability of NO,. Examples of the behavior of NO; and NOx
downwind of streets and highways are examined in Section 2.5.3. In summary, the major
influences on NO; concentrations within and downwind of urban centers are the fraction
of emissions of NOx as NO;, dispersion, and the NO/NO,/O3 equilibrium, which is
established on a time scale of a few minutes during daylight.

All the other species mentioned above in the definition of NOy (i.e., NOz) are products of
reactions of NO or NO.. Inorganic NOz species are shown on the left side of the outer
box and organic species are shown on the right side of the outer box in Figure 2-1.
Ammonium nitrate and other inorganic particulate species (e.g., sodium [Na*], calcium
[Ca?'] nitrates) are formed from species shown on the left side of the figure; organic
nitrates are formed from species shown on the right side of Figure 2-1. The conversion of
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NOx into the inorganic and organic species in the outer box (collectively referred to as
NOz) typically takes place on much longer time scales than for interconversions between
NO and NO, e.g., about an hour for conditions in Houston, TX, in April-May of 2009
(Ren et al., 2013) but likely longer in many other areas, especially those at higher
latitudes and generally during the cold season. As a result, NOx emitted during morning
rush hour by vehicles can be converted almost completely to products by late afternoon
during warm, sunny conditions. However, note the conversion of NO, to HNO3 and
hence the atmospheric lifetime of NOx depends on the concentration of OH radicals,
which in turn depends on the concentration of NO- [eg., Valin et al. (2013) and Hameed

et al. (1979)].

Inorganic NOz species shown on the left side of the outer box of Figure 2-1 include
HONO, HNQO3, CINO,, HNO4, and pNOs. Pernitric acid (HNOs) is unlikely to represent
an important reservoir for NOx except perhaps under extremely cold conditions. Mollner
et al. (2010) identified pernitrous acid (HOONO), an unstable isomer of nitric acid, as a
product of the major gas phase reaction forming HNO3. However, because HOONO is
unstable, it is also not a substantial reservoir for NOx. Considering the troposphere as a
whole, most of the mass of products shown in the outer box of Figure 2-1 is in the form
of PAN and HNO:s. The stability of PAN at low temperatures allows its transport to
remote regions where it has been shown to exert strong influence on the local production
of O3 [see Fischer et al. (2014) and references therein]. Other organic nitrates (e.g., alkyl
nitrates, isoprene nitrates) increase in importance in the planetary boundary layer (PBL),
particularly at locations closer to sources (Perring et al., 2013; Horowitz et al., 2007;
Singh et al., 2007).

In addition to the above compounds, there is a broad range of gas-phase organic nitrogen
compounds that are not shown in Figure 2-1. They are emitted by combustion sources
and are also formed in the atmosphere from reactions of NO, NO,, and NOs. These
compounds include: nitro-aromatics (such as nitrotoluene), nitro-PAHSs [such as
nitro-naphthalene, e.g., Nishino et al. (2008)], nitrophenols [e.g., Harrison et al. (2005)];
nitriles [such as ethane-nitrile; e.g., de Gouw et al. (2003)]; and isocyanic acid (Roberts
et al., 2014).

Sources of NOx are distributed with height with some occurring at or near ground level
and others aloft as indicated in Figure 2-1. NOx emitted by elevated sources can be
oxidized to NOz products and/or be transported to the surface, depending on time of day,
abundance of oxidants, and strength of vertical mixing. During times of rapid convection,
typically in the afternoon on hot sunny days, vertical mixing through the PBL can take
place in aboutl hour [see e.g., Stull (2000)] and fresh emissions can be brought rapidly to
the surface. After sunset, turbulence subsides and emissions entrained into the nocturnal
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residual boundary layer, are not mixed downward to the surface. Also, because the
prevailing winds aloft are generally stronger than those at the surface, emissions from
elevated sources (e.g., the stacks of electrical utilities) can be distributed over a wider
area than those emitted at the surface (e.g., motor vehicles). Emissions from elevated
sources entrained into the nocturnal residual boundary layer can be transported over long
distances, up to a few hundred km overnight depending on location [see e.g., Husar et al.
(1978)]. Oxidation of NOx can occur during the night and in the morning in the residual
layer prior to its breakup.Turbulence then mixes NOx and its oxidation products
downward. Emissions directly into the free troposphere are unlikely except in areas such
as the Intermountain West where PBL heights can be <200 m during winter, or even
<100 m in some locations. Because people live closer to surface sources such as motor
vehicles, they are more likely to be exposed to NO and NO- from these sources. Thus,
atmospheric chemical reactions determine the partitioning of a person’s exposure to NO;
and its reaction products from different sources, and sources of a person’s exposure
cannot be judged solely by the source strengths given in the National Emissions
Inventory (NEI). Issues related to the transport and dispersion of NOx emitted by traffic
are discussed in depth in Section 2.5.3.

Oxidized nitrogen compounds are ultimately lost from the atmosphere by wet and dry
deposition to the Earth’s surface. Soluble species are taken up by aqueous aerosols and
cloud droplets and are removed by wet deposition by rainout (i.e., incorporation into
cloud droplets that eventually coagulate into falling rain drops). Both soluble and
insoluble species are removed by washout (i.e., impaction with falling rain drops, another
component of wet deposition), and by dry deposition (i.e., impaction with the surface and
gas exchange with plants). NO and NO; are not very soluble, and therefore wet
deposition is not a major removal process for them. However, a major NOx reservoir
species, HNQsg, is extremely soluble, and its deposition (both wet and dry) represents a
major sink for NOy.

Many of the species shown in Figure 2-1, including particulate nitrate (opNOs) and gas
phase HONO, are formed by multiphase processes. Data collected in Houston as part of
TexAQS-Il summarized by Olaguer et al. (2009) indicate that concentrations of HONO
are much higher than can be explained by gas-phase chemistry and by tailpipe emissions.

N2Os is the acid anhydride of HNO3, and its uptake on aqueous aerosol represents a major
sink for NOx. The uptake of N2Os by atmospheric aerosols or cloud droplets leads to the
loss of Oz and NOx and the production of aqueous-phase nitric acid, aerosol nitrate, and
gaseous halogen nitrites. Maclntyre and Evans (2010) showed that the sensitivity of key
tropospheric species, such as Oz, varies from very small to high over the range of uptake

coefficients (y) for N.Os obtained in laboratory studies. For example, global O3 loss
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ranges from 0 to over 10%, with large regional variability over the range of reported
N2Os uptake coefficients. However, uptake coefficients for N2Os, or y(N20s), on
atmospheric particles are not well defined, largely due to uncertainty and variability in
aerosol composition. As noted by Brown and Stutz (2012), y(N20s) is largest (=0.02) for
aqueous inorganic aerosols and water droplets, except for nitrate in aerosol, which can
reduce y(N2Os) by up to an order of magnitude. The uptake of N>Os by mineral particles

could also represent an important removal process. For example, values of y(N2Os) for
calcite and Saharan dust (e.g.) of =0.03. However, as noted by Tang et al. (2014) not
enough is known to permit a global assessment of the importance of N2Os uptake on

mineral surfaces. Organic aerosol and soot can reduce y(N2Os) by two orders of
magnitude or more, further complicating the task of assessing the importance of uptake of
N>Os on aerosol surfaces.

The uptake of N.Os by aqueous aerosols containing chloride (CI7) and bromide (Br~) has
been associated with the release of gaseous nitryl chloride (CINO;) from marine aerosol
(sea-spray) (Osthoff et al., 2008). Nitryl chloride has been found not only in coastal and
marine environments, but also well inland. For example, Thornton et al. (2010) found
production rates of gaseous CINO; near Boulder, CO, from reaction of N»Os with
particulate CI™ at levels similar to those found in coastal and marine environments. They
also found that substantial quantities of N-Os are recycled through CINO; back into NOx
instead of forming HNOs. Nitryl chloride (CINO,) readily photolyzes to yield Cl and NO-
and can represent a significant source of reactive Cl, capable of initiating the oxidation of
hydrocarbons (generally with much higher rate coefficients than OH radicals). Riedel

et al. (2014) found increases in the production of radicals by 27% and of Oz by 15%
during the 2010 CalNex [California Research at the Nexus of Air Quality and Climate
Change in May to June 2010 in Southern California (Ryerson et al., 2013)] field study.
However, CINO; was found to cause only modest Os increases (e.g., ~1 to 1.5 ppb for
nominal Oz concentrations between 60 and 85 ppb) in a model study of the Houston, TX,
airshed (Simon et al., 2009). Differences are likely related to differences in the NOx
sensitivity of the two airsheds. Therefore, caution is advised in extrapolating results
obtained in one airshed to another.

The lifetimes of PANs are strongly temperature dependent, but these compounds are
stable enough at low temperatures to be transported long distances before they
decompose to release NO,. Freshly released NO, can then participate in Oz formation in
regions remote from the original NOx source (cf. Figure 2-1). Nitric acid (HNOs) acts
similarly as a reservoir to some extent, but its high solubility and high deposition rate
imply that it is removed from the gas phase faster than PAN; thus HNO3 would not be as
important as a source of NOx in remote regions. The oxidation of many tropospheric
species is initiated by OH radicals during the day. During the night NO3 radicals, formed
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from the reaction of NO; and Os, assume the role of dominant oxidant for many species
such as biogenic and anthropogenic alkenes; for some species (e.g., dimethyl sulfide),
they are the overall dominant oxidant [see, e.g., Brown and Stutz (2012)]. The reaction of
NO; with alkenes results in the production of gas phase organic nitrates and secondary
organic aerosol formation. Many of the reactions shown in Figure 2-1 occur mainly
during the night when NO; radicals are most abundant. For example, the formation of
N2Os, which has a short lifetime with respect to photolysis and thermal decomposition, is
favored at low temperatures during the night. Many of the reactions of NOs, in addition
to those of O3, with alkenes also result in the production of OH and hydroperoxyl (HO,)
radicals during the night.

Isoprene nitrates (INs) and their reaction products could be important for controlling the
abundance of NOx and hence the abundance of O3 over the eastern U.S. [e.g., Perring

et al. (2009)]. Isoprene nitrates (INs) and their reaction products could also be important
for exporting reactive nitrogen species to remote areas. Yields for IN formation from
isoprene oxidation have been estimated to range from 4% (Horowitz et al., 2007) to 6 to
12% (Xie et al., 2013) based on model simulations of data collected during the
International Consortium for Atmospheric Research on Transport and Transformation
(ICART) campaign in 2004 and from 7 to 12% in laboratory studies (Lockwood et al.,
2010; Paulot et al., 2009; Perring et al., 2009; Horowitz et al., 2007; von Kuhlmann et al.,
2004). The initial step in the production of INs involves the reaction of isoprene with OH
radicals to produce isoprene peroxy radicals. Under low NOx conditions, isoprene peroxy
radicals will mainly react with HO; radicals to produce organic peroxides, with smaller
amounts of methacrolein, methyl vinyl ketone, and formaldehyde. Under higher NOx
conditions, isoprene peroxy radicals can also react with NO resulting in the production of
many of the same or similar compounds such as methacrolein and methyl vinyl ketone as
well as “first generation” INs. Lifetimes on the order of one to a few hours can be
estimated for these first generation INs based on their reactions with OH radicals and Os
(Lockwood et al., 2010; Paulot et al., 2009). The reaction products can further react with
NO (after internal rearrangement) to form secondary organic nitrates such as ethanal
nitrate, methacrolein nitrate, propanone nitrate, and methylvinylketone nitrate. Lee et al.
(2014) found that the rate coefficient for reaction of the first generation INs with O is a
factor of ~100 lower than in earlier studies, leading to greater stability and higher levels
of first generation INs, particularly at night. Greater stability leads in turn to increased
probability of deposition and transport away from source regions. The second generation
organic nitrates are more stable than the first generation INs because they lack a double
carbon (C=C) bond. Paulot et al. (2009) estimated the yield of NOx from the destruction
of second-generation nitrates to be ~55%. Obviously, the relative importance of pathways
forming nitrates or other products depends on the ambient concentrations of NO and
other oxides of nitrogen for which many key experimental details are still lacking.
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In addition to oxidation initiated by OH radicals, isoprene is also oxidized by NO;
radicals. Rollins et al. (2009) determined a 70% yield of first generation carbonyl nitrates
based on experiments in large reaction chambers. These first generation nitrates can be
further oxidized by NO, leading to the production of second generation organic (alkyl)
nitrates. Mao et al. (2013) estimated that the global mean lifetime is ~5 days for these
second generation organic nitrates. Mao et al. (2013) also suggested that the export of INs
and other organic nitrates followed by their decomposition is potentially a larger source
of NOx to the boundary layer of the western North Atlantic Ocean compared to the
export of PANSs. It should also be noted that some isoprene nitrates (INs) are low enough
in volatility that they can partition to the aerosol phase and form PM [e.g., Rollins et al.

(2009)].

Describing Oz formation accurately requires detailed knowledge of the chemistry of INs.
Regional or global models that assume a lower yield for forming these nitrates and a
higher yield for recycling NOx tend to over-predict Oz concentrations in areas with high
isoprene emissions, such as the Southeast, compared to those that have a higher yield for
the formation of these nitrates and/or a lower yield for their recycling back to NOx

(U.S. EPA, 2013b). The formation rates and the rates that are assumed to recycle INs and
other organic nitrates back to NOx also have implications for calculating the yield of Os;
from isoprene emissions. For example, Fiore et al. (2005) found a negative dependence of
O3 production on isoprene emissions in the eastern U.S. in summer, whereas Mao et al.
(2013) found a positive yield for O3 from isoprene emissions. Xie et al. (2013)
determined that the uncertainties in the isoprene nitrates could affect Oz production by
10% over the U.S. and that uncertainties in the NOx recycling efficiency had a larger
effect than the IN yield. These considerations underlie the importance of further
laboratory and field studies to more quantitatively determine the response of O3 to
changes in isoprene emissions at different NOx levels.

As mentioned earlier, NO and NO; are important precursors of Oz formation. However,
because O3 changes in a nonlinear way with changes in the concentrations of its
precursors (NOx and VOCSs), Os is unlike many other atmospheric species with rates of
formation that vary directly with emissions of their precursors. At the low NOx
concentrations found in environments ranging from remote continental areas to rural and
suburban areas downwind of urban centers, the net production of O3 typically increases
with increasing NOx. In this low-NOx regime, the overall effect of the oxidation of
VOCs is to generate (or at least not consume) radicals, and Oz production varies directly
with NOx. In the high-NOx regime, NO- reacts with OH radicals to form HNOs [e.qg.,
Hameed et al. (1979)]. Otherwise, these OH radicals would oxidize VOCs to produce
peroxy radicals, which in turn would oxidize NO to NO. In this regime, Oz production is
limited by the availability of radicals (Tonnesen and Jeffries, 1994), and Oz shows only a
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weak dependence on NOx concentrations. Reaction of Oz with NO in fresh motor vehicle
exhaust depletes Os in urban cores, but Oz can be regenerated during transport downwind
of urban source areas, and additional chemical production of O3 can occur, resulting in
higher Oz concentrations than found upwind of the urban center. Similar depletion of O
can occur in power plant plumes with subsequent O3 regeneration downwind.

Brown et al. (2012) conducted a field study comparing nighttime chemistry in the plumes
of two power plants in Texas, one with selective catalytic reduction (SCR) NOx
emissions controls and the other without these controls. They noted that the plume from
the power plant with SCR controls did not have enough NOx to deplete all of the Os;
present in background air. As a result, almost all of the NOx in the plume was oxidized to
NOz species, so the NOx that was oxidized was not available to participate in O
production the next day. This situation contrasts with that in the plume from the power
plant without controls. In that plume, there was minimal formation of NOz species.
Instead, NOx was more nearly conserved and the NO; that was formed from the reaction
of emitted NO with Os photolyzed the following morning, leading to higher Oz formation
rates compared to plumes from the plant with controls.

2.3 Sources

January 2015

2.3.1 Overview

Estimated total NOx emissions in the U.S. from all sources decreased by 49% over the
period from 1990 to 2013, as shown in Figure 2-2. The NEI is a national compilation of
emissions sources collected from state, local, and tribal air agencies as well as emission
estimates developed by EPA from collected or estimated data by source sector. Emissions
after 2011 for mobile sources and electric utilities are regularly added to the 2011 NEI,
but emissions for the other sectors are based on 2011 estimates. Through this process
some of the major sectors in the 2011 NEI have emission estimates more recent than
2011, while emissions from other source sectors are based on 2011 data. When emissions
for later years from these sources are added, the inventory is still referred to as a version
of the 2011 NEI.
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Figure 2-2
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U.S. national average NOx (sum of nitrogen dioxide and nitric
oxide) emissions from 1990 to 2013.

The major sources of NOx in the U.S. identified from the 2008 and 2011 NEI (U.S. EPA
20133, 2011) are described in Figure 2-3. The values shown are U.S. nationwide averages
and may not reflect the mix of sources relevant to individual exposure in populated areas.
For most sources, data are generally available for all 50 states and the District of

Columbia (in some cases, such as agricultural burning, data available in the NEI exclude
Alaska and Hawaii). Biogenic emissions were estimated using 2011 meteorology and
land-use information using the Biogenic Emission Inventory System, version 3.14 (BEIS
3.14) model. Although the BEIS domain includes Canada and Mexico, the NEI uses
BEIS estimates from counties that make up the contiguous 48 states.
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Figure 2-3 Major sources of NOx (sum of nitrogen dioxide and nitric oxide)
emissions averaged over the U.S. from the 2008 and 2011 National
Emissions Inventories.

The source categories used in Figure 2-3 represent groups of similar NEI source sectors.
Highway Vehicles include all on-road vehicles, including light duty as well as heavy duty
vehicles, both gasoline- and diesel-powered. Off-Highway vehicles and engines include
aircraft, commercial marine vessels, locomotives, and nonroad equipment. Fuel
Combustion-Utilities includes electric power generating units (EGUS), which derive their
power generation from all types of fuels, but is dominated by coal combustion, which
accounts for 85% of all NOx emissions from utilities in the 2011 NEI. Fuel
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Combustion-Other includes commercial/institutional, industrial, and residential
combustion of biomass, coal, natural gas, oil, and other fuels. Other Anthropogenic
sources include field burning, prescribed fires, and various industrial processes (e.g.,
cement manufacturing and oil and gas production). On a national scale, field burning and
prescribed fires are the greatest contributors to the Other Anthropogenic sources
category. Biogenics and Wildfires include NEI emission estimates for biogenic (plant and
soil) emissions and wildfires. For NOx, biogenic emissions are dominated by soil
emissions, which are one to two orders of magnitude greater than vegetation emissions.

Highway Vehicles are the largest source in the 2011 NEI, contributing 37% of the total
NOx emissions. Off-Highway vehicles and engines account for 20% of emissions, Fuel
Combustion-Utilities (by EGUs) for 14%, Fuel Combustion-Other for 11%, Other
Anthropogenic sources for 10%, and Biogenics and Wildfires for 8% of 2011 NEI
national emissions of NOx. Nationwide estimates of total NOx emissions in the 2011 NEI
are 13% lower than 2008 NEI estimates, decreasing from 18.0 megatons to

15.6 megatons. This decrease reflects lower emission estimates in the 2011 NEI than in
the 2008 NEI for the four largest categories in Figure 2-3: 17% lower for Highway
Vehicles, 10% lower for Off-Highway vehicles and engines, 33% lower for Fuel
Combustion-Utilities, and 6% lower for Fuel Combustion-Other. However, estimated
emissions were 17% higher for Other Anthropogenic sources, with the greatest increases
observed for oil and gas production, agricultural field burning, prescribed fires, and
mining. Although Biogenics and Wildfire emissions have increased as a proportion of
total national emissions, anthropogenic sources (i.e., the other categories) still account for
more than 90% of emissions in the 2011 NEI.

A somewhat different source mixture than the national average occurs in the most
populated areas. Figure 2-4 compares contributions from different groups of sources to
the 21 Core-Based Statistical Areas (CBSAS) in the U.S. with populations greater than
2.5 million, where 39% of the U.S. population lives. Relative to the national average, the
urban areas have greater contributions to total NOx emissions from both Highway
Vehicle emissions and Off-Highway emissions, and smaller contributions from Fuel
Combustion-Utilities (EGUs), Other Anthropogenic emissions, and Biogenics and
Wildfires.

Table 2-1 provides details on source distributions from individual CBSAs.
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Figure 2-4 Percentage contributions from major sources of the annual NOx
(sum of nitrogen dioxide and nitric oxide) emissions averaged
over the 21 largest U.S. Core-Based Statistical Areas with
populations greater than 2.5 million (blue—urban) compared to
the national average (red—national).
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Table 2-1  Source distribution of the annual NOx (sum of nitrogen dioxide and

nitric oxide) emissions in the 21 largest U.S. Core-Based Statistical

Areas with populations greater than 2.5 million—2011 National

Emissions Inventory.

Highway Off-Highway Utilities  Other Fuel Other Anth. Bio/Wildfire
% % % % % %

New York, NY 44.3 27.6 4.4 21.6 1.8 0.4
Los Angeles, CA 59.6 26.2 0.6 10.4 25 0.7
Chicago, IL 40.1 27.1 11.1 14.8 5.4 1.4
Dallas, TX 53.9 21.5 1.2 9.2 9.5 4.7
Houston, TX 46.0 25.6 3.0 9.5 11.4 45
Philadelphia, PA 51.2 22.5 4.0 14.7 6.7 0.9
Washington, DC 55.2 23.4 7.8 10.9 1.5 1.3
Miami, FL 50.5 32.2 7.6 4.8 2.7 2.2
Atlanta, GA 57.7 19.6 15.1 5.7 1.1 0.9
Boston, MA 46.4 27.3 2.7 18.7 4.6 0.4
San Francisco, CA 52.8 30.6 0.8 9.7 4.9 1.2
Riverside, CA 53.0 20.8 1.6 8.5 12.4 37
Phoenix, AZ 64.0 25.9 1.7 5.2 0.6 2.7
Detroit, M 52.5 19.4 8.4 14.4 4.1 1.2
Seattle, WA 66.5 25.7 0.1 5.1 2.3 0.4
Minneapolis, MN 50.2 19.4 11.3 13.9 33 2.0
San Diego, CA 64.3 25.5 0.6 4.3 0.8 4.6
Tampa, FL 52.7 23.2 135 5.6 2.1 2.9
St. Louis, MO 56.9 13.6 15.3 6.7 5.2 2.4
Baltimore, MD 48.5 21.4 11.5 11.0 6.6 1.0
Denver, CO 55.6 22,5 3.2 12.2 2.9 3.6
Urban Average 53.4 23.9 6.0 10.3 4.4 2.0

Source: National Center for Environmental Assessment Analysis of 2011 National Emissions Inventory Data (U.S. EPA, 2013a).
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2.3.2 Highway Vehicles

Nationally, Highway Vehicles account for about 37% of NOx emissions, according to the
2011 NELI. In the 21 largest CBSAs in the U.S. represented in Figure 2-4, more than half
of the urban NOx emissions are from Highway Vehicles, ranging from 40% in Chicago to
67% in Seattle, and together, Highway Vehicles and Off-Highway vehicles and engines
account for more than three quarters of total emissions. Other estimates of high
contributions from Highway Vehicles have also been reported. For example, on-road
vehicles were estimated to account for about 80% of anthropogenic NOx concentrations
in the Los Angeles area (Mcdonald et al., 2012) and 72% in the Atlanta area (Pachon

et al., 2012). Highway Vehicle NOx emissions nationwide are roughly equally split
between light duty gasoline engines (48%) and heavy duty diesel engines (46%),
according to the 2011 NEI. This is in spite of a national vehicle fleet distribution of more
than 230 million mostly gasoline-powered light duty vehicles compared to only

10 million mostly diesel-powered heavy duty vehiclest. Mcdonald et al. (2012) estimated
that diesel engines were the dominant on-road NOx sources in the San Joaquin Valley in
California, accounting for up to 70% of NOx emissions. In contrast in Fulton County, GA
it was estimated that 60% of on-road NOx emissions were from gasoline vehicles and
40% from diesel (Pachon et al., 2012). Mcdonald et al. (2012) estimated that in
California, gasoline engine-related NOx emissions steadily decreased by 65% over the
period from 1990 to 2010. They also found that the ratio of NOx emission factors for
heavy duty diesel versus light duty gasoline engines grew from ~3 to ~8 between 1990
and 2010 due to improved effectiveness of catalytic converters on gasoline engines.

However, NOx emissions from on-road diesel engines in the U.S. have also decreased
substantially as the result of stricter emission standards, and emissions continue to
decline (Mcdonald et al., 2012). Emission standards for heavy duty diesel trucks were
first established at 10.7 g/bhp-h in 1988 and the current standard of 0.20 g/bhp-h was
gradually phased in for model years 2007 through 2010 (66 FR 5002), so that emission
standards from heavy duty diesel trucks were reduced by more than a factor of 50
between 1988 and 2010. The current standard is achieved using a urea-based SCR
catalyst in engine exhaust placed downstream of a diesel oxidation catalyst (DOC) and a
catalyzed diesel particulate filter (DPF) used for PM emissions control. In extensive
testing of diesel engines substantial reductions in NOx were observed, averaging 61%
relative to the 2010 standard requirements and 97% relative to the 2004 standard
requirements (Southwest Research Institute, 2013). However, while total diesel NOx

1 https://www.fhwa.dot.gov/policyinformation/statistics/2010/vm1.cfm.
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emissions have substantially decreased because of urea-based SCR control, the NO2/NOx
ratio has increased. But these reductions for diesel emissions together with the recent
final Tier 3 rule for gasoline engine emissions and lower S 41 gasoline (79 FR 23414) are
likely to result in a substantial decline in NOx emissions as newer vehicles penetrate into
the on-road fleet over the next several years.

2.3.3 Off-Highway

January 2015

Off-Highway engines constitute the next largest group of NOx emission sources after
Highway Vehicles, both on a nationwide basis and in large urban CBSAs as shown in
Figure 2-4 and Table 2-1. Emissions from the nonroad source sector can also
significantly contribute to local and national air quality. The 2011 NEI estimated that
approximately 20% of nationwide NOx was from Off-Highway engines. Zhu et al. (2011)
estimated that nonroad diesel engines contribute 12% of total nationwide NOx emissions
from mobile sources. Off-Highway sources include aviation, marine, and railroad
engines, as well as nonroad agricultural and industrial equipment, all of which emit NOx
through combustion processes.

Examples of nonroad equipment include farm tractors, excavators, bulldozers, and wheel
loaders. Nationally, agricultural and industrial equipment accounts for more than 60% of
Off-Highway NOx emissions, mostly from diesel-powered equipment (U.S. EPA

2013a). EPA has set a series of standards to reduce NOx emissions from nonroad diesel,
referred to as Tier 1-4 standards. The most recent standard, Tier 4, was introduced in May
2004, and the phase-in is currently underway, covering a time period between 2008 and
2015. In most cases, advanced diesel engine design, exhaust gas recirculation (EGR),
and/or SCR have been used to comply with these standards, with DOC/DPFs used in
several engine categories.

Although Fuel Combustion-Utilities is generally a smaller contributor to total NOx in
urban areas than it is nationally, emergency generators are an emerging concern. In urban
areas emissions of NOx have been observed to increase substantially on days of near
peak electricity demand because of small natural gas and petroleum powered steam
turbines used to generate additional electrical power to meet demand. These generators
are classified in the NEI as nonroad equipment that fall into the category of Off-Highway
engines. They are typically operated in densely populated areas. They are usually older
units with higher emissions and lower stack heights than larger generators, and they are
often located close to residential neighborhoods. Because of these factors, emergency
generators can have substantial impacts on local air quality. For example, Gilbraith and
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Powers (2013) estimated that reducing emissions from emergency generators could
decrease NOx emissions in New York City alone by 70 tons per year.

Aircraft, commercial marine transport, and locomotive emissions account for the
remaining 40% of Off-Highway emissions, nationally. Aircraft includes all aircraft types
used for public, private, and military purposes, classified into four types: commercial, air
taxis, general aviation, and military. Airport-related NOx emissions can significantly
impact local and regional air quality. In the U.K., within a 2—3-km radius of London
Heathrow Airport, Carslaw et al. (2006) reported that airport emissions can comprise up
to 15% of total ambient NOx. In Atlanta, GA, Unal et al. (2005) showed that roughly
2.6% of regional NOx concentrations can be attributed to emissions from activities at
Hartfield-Jackson International Airport. Compared to airport-related emissions of other
gaseous pollutants (e.g., ammonia [NHs], carbon monoxide [CO], sulfur dioxide [SO-],
VOC), airport NOx emissions had the largest contribution to decreased regional air
guality in Atlanta, GA.

Commercial marine vessels include boats and ships used either directly or indirectly in
the conduct of commerce or military activity. Globally, marine transport is a significant
source of NOx emissions, accounting for more than 14% of all global nitrogen emissions
from fossil fuel combustion (mostly NOx) (Corbett et al., 1999). On a regional scale, the
contribution of shipping emissions to total NOx emissions is variable and can be a
substantial fraction near port cities (Kim et al., 2011; Williams et al., 2009; Vutukuru and
Dabdub, 2008). In Los Angeles, CA, Vutukuru and Dabdub (2008) estimated that
commercial shipping contributed 4.2% to total NOx emissions in 2002. Using the
NEI-05, Kim et al. (2011) estimated that roughly 50% of NOx concentration near the
Houston Ship Channel is associated with commercial shipping emissions. However, this
estimation is much higher than observed in satellite and aircraft measurements.

Locomotives powered by diesel engines are a source of NOx emissions. Using a
fuel-based approach to quantify emissions, Dallmann and Harley (2010) estimated that
diesel locomotives emitted on average 50% of total NOx from all nonroad mobile sources
and roughly 10% of total NOx from all mobile sources in the U.S. from 19962006
(Dallmann and Harley, 2010). Locomotives can comprise a much larger fraction of NOx
emissions for areas in or near large rail yard facilities (>90% of emissions), including
NO; nonattainment areas (U.S. EPA, 2010). In a year-long study at the Rougemere Rail
Yard facility near Dearborn, MI, 98% of NOx emissions was attributed to locomotive
operation, with only minimal impacts from other sources such as on-road mobile sources
and stationary sources (U.S. EPA, 2009). Cahill et al. (2011) measured gaseous and PM
pollutants during a 2-week period near the Roseville Rail Yard in Placer County, CA.
They observed several transient NOx emission events, where NO levels of 100s of ppb
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were observed downwind of the Roseville Rail Yard, which was roughly 7 times larger
than the observed urban background NO.

2.3.4 Fuel Combustion—Utilities and Other

January 2015

Fuel combustion for electric power generation and for industrial, residential, commercial,
and institutional purposes (excluding motor vehicles and nonroad equipment) accounts
for about 25% of NOx emissions nationwide. As indicated in Figure 2-3, Fuel
Combustion-Utilities accounts for the majority of fuel combustion NOx emissions in the
U. S., and about 14% of total NOx emissions. About 85% of the fuel used for power
generation is coal. However, in urban areas, fuel combustion for purposes other than
electric power generation appears to be a greater source of emissions (as shown in

Figure 2-4).

In contrast to Fuel Combustion-Utilties, coal accounts for only about 1% of Fuel
Combustion-Other emissions. However, Fuel Combustion-Other is still dominated by
fossil fuels, with natural gas contributing about 68% and oil combustion contributing
about 14% of other fuel combustion emissions. Thus, even though biofuels are an
important NOx source globally (Jaegle et al., 2005), only about 10% of Fuel
Combustion-Other emissions in the U.S. are due to biomass burning. For Fuel
Combustion-Utilities and Fuel Combustion-Other combined, fossil fuels account for
more than 90% of U.S. stationary source fuel combustion, and biomass only 4%.
Combustion of biofuels accounts for only about 1% of total NOx emissions nationwide.

Fuel Combustion-Other accounts for an additional 12% of urban NOx emissions, but
ranges as high as 22% in New York and 19% in Boston, as shown in Table 2-1.

Figure 2-5 shows that the contribution Fuel Combustion-Other to overall urban NOx
emissions varies with average January temperatures. This trend suggests that winter
heating is the driving factor for Fuel Combustion-Other emissions, and that in winter the
Fuel Combustion-Other contribution is likely to be considerably greater than the
contribution presented on an annual basis in Table 2-1, possibly rivaling Highway
Vehicle emissions in winter.
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Figure 2-5

Fuel Combustion-Other emissions vs. average ambient January
temperature for the 21 largest U.S. Core-Based Statistical Areas
>2.5 million population.

2.3.5 Other Anthropogenic Sources

January 2015

Other Anthropogenic sources include prescribed and agricultural fires as well as
industrial operations such as oil and gas production and mining. As emissions estimates
from other major source categories have decreased between 2008 and 2011, emissions
from these sources have increased by 17%, from about 1.4 megatons in 2008 to more
than 1.6 megatons in 2011. On a national scale, agricultural burning and prescribed fires
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are responsible for a large fraction of the Other Anthropogenic sources category and its
the increase in national emissions for Other Anthropogenic sources between 2008 and
2011. However, in urban areas, fires are less of a contributor, and Other Anthropogenic
sources are mainly industrial. Other Anthropogenic sources vary considerably among the
21 largest CBSAs with populations greater than 2.5 million. In three CBSAs, NOx
emissions from Other Anthropogenic sources exceed 10,000 tons per year. Emissions in
these three CBSAs are separated by industrial sector in Table 2-2.

In Chicago, emissions from several different sources make substantial contributions to
Other Anthropogenic emissions. In contrast, Other Anthropogenic emissions in Dallas are
dominated by oil and gas production, which is not an important source in Chicago. The
oil and gas production sector is an increasing source of NOx, with a 2011 emission
estimate of more than 600,000 tons, compared to slightly more than 400,000 tons in
2008. Pacsi et al. (2013) estimated that routine operating activities from the Barnett Shale
production facility near Dallas, TX can emit roughly 30 to 46 tons NOx/day, depending
on the demand for natural gas electricity generation. Nonroutine gas flares can also result

in episodic peaks of large NOx emissions, affecting local air quality (Olaguer, 2012).
Houston, TX, presents yet another variation, with anthropogenic emissions mainly from
petroleum refining and chemical manufacturing. These data demonstrate that sources
with relatively small nationwide or annual emissions may contribute substantially to
emissions on a local scale. For example, cement manufacturing, which is listed in
Table 2-2 as an important source in the local Dallas, TX, airshed, accounts for less than
1% of annual national emissions, but has been characterized by variable emissions with
high peaks (Walters et al., 1999).
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Table 2-2  Relative contributions to Other Anthropogenic NOx (sum of nitrogen
dioxide and nitric oxide) sources in selected cities?.

Chicago Dallas Houston
% % %

Bulk gasoline terminals nre nr nr
Fires—agricultural field burning nr 1 3
Fires—prescribed fires 1 4 1
Gas stations nr nr nr
Industrial processes—cement manufacturing nr 19 nr
Industrial processes—chemical manufacturing 8 nr 43
Industrial processes—ferrous metals 9 2 nr
Industrial processes—not elsewhere classified 35 6 3
Industrial processes—nonferrous metals 21 nr nr
Industrial processes—oil & gas production 0 66 9
Industrial processes—petroleum refineries 13 nr 37
Industrial processes—pulp & paper nr nr nr
Industrial processes—storage and transfer nr nr nr
Miscellaneous nonindustrial not elsewhere classified nr nr nr
Solvent—degreasing nr nr nr
Solvent—graphic arts nr nr nr
Industrial surface coating & solvent use 1 nr 1
Waste disposal 11 1 4
Total 100 100 100

aNOx emissions as percent of “Other Anthropogenic sources” emissions in the Core-Based Statistical Area.

bnr indicates that no emissions were reported for this sector, i.e., there were no sources with emissions above the reporting
threshold.

Source: National Center for Environmental Assessment Analysis of 2011 National Emissions Inventory Data (U.S. EPA, 2013a).
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2.3.6 Biogenics and Wildfires

The NEI’s Biogenics sector includes emissions from plants and soil. In the case of NOx,
biogenic emissions are dominated by emissions from soil. Biogenic emissions account for
about 6% of total NOx emissions in the 2011 NEI. However, spatial and temporal
variability in NOx emissions from soil leads to considerable variability in emission
estimates. For example, satellite-based estimates that 15—40% of the total NO, column in
various locations over the Great Plains region can be attributed to soil emissions in spring
and summer months Hudman et al. (2010). This is consistent with geographic differences
in soil contributions described in the 2011 NEI, in which soil contributions accounted for
13-34% of NOx emissions in lowa, Kansas, Nebraska, North Dakota, and South Dakota.
About 60% of the total NOx emitted from soils is estimated to occur in the central corn
belt of the U.S. Because of low population density and the wide area over which

emissions are distributed, soil emissions are a less important concern for exposure than
more concentrated sources in more highly populated areas.

Biogenic emissions for the 2011 NEI were computed based on the BEIS model. The
BEIS modeling domain includes the contiguous 48 states in the U.S., parts of Mexico,
and Canada. The NEI uses the biogenic emissions from counties from the contiguous

48 states and DC. Both nitrifying and denitrifying organisms in the soil can produce
NOx, mainly in the form of NO. Emission rates depend mainly on the amount of applied
fertilizer, soil temperature, and soil moisture. As a result, a high degree of uncertainty is
associated with soil emissions, and estimates obtained from satellite observations can be
greater than source-based estimates (Jaegle et al., 2005).

Emissions from wildfires can produce enough NOx to cause local and regional
degradation of air quality in some regions (Pfister et al., 2008). Roughly 15% of global

NOx emissions are from biomass burning (Denman et al., 2007). Burling et al. (2010)
reported that NOx emissions from Southwest U.S. vegetation ranged from 2.3 to 5.1 g/kg,
with the majority of the NOx present as NO. Emissions vary considerably among

different species of biota, making it difficult to estimate emissions for key ecosystems,
such as extratropical forests (Mcmeeking et al., 2009). Emissions from forest wildfires

can be more than double per amount of energy released than for shrubs (Mebust et al.
2011).

January 2015

2.3.7 Emissions Summary

Major categories of NOx emissions in the U.S. are Highway Vehicles, Off-Highway
vehicles and engines, Fuel Combustion-Utilities, Fuel Combustion-Other, Other
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Anthropogenic emissions, and Biogenics and Wildfire emissions. Of these,
Fuel-Combustion-Utilities and Biogenics and Wildfire emissions are less important in
populated urban areas with the highest NO, concentrations and thus, potentially have less
impact on human exposure to NO. Instead, in urban areas, emissions are generally
dominated by Highway Vehicles and Off-Highway vehicles and engines, which make up
more than three-quarters of emissions in the 21 largest CBSAs with populations greater
than 2.5 million. Other sources can make important contributions. For example, in cities
with average January temperatures below freezing, NOx emissions from Fuel
Combustion-Other can also be important, and episodic emissions from Other
Anthropogenic sources can be important locally. However, Highway Vehicles is
generally the greatest source of NOx emissions in urban areas.

2.4 Measurement Methods

2.4.1 Federal Reference and Equivalent Methods

January 2015

This discussion focuses on current methods and on promising new technologies, but no

attempt is made here to cover in detail the development of these methods, or of methods
such as wet chemical techniques, which are no longer in use. More detailed discussions

of the histories of these methods can be found elsewhere (U.S. EPA, 1996, 1993).

NO is routinely measured using the chemiluminescence induced by its reaction with O3 at
low pressure. The Federal Reference Method (FRM) for NO, makes use of this technique
of NO detection with a prerequisite step that is meant to reduce NO; to NO on the surface
of a molybdenum oxide (MoOx) substrate heated to between 300 and 400°C. On June 1,
2012, an automated Federal Equivalent Method (FEM) for measuring NO- using a
photolytic convertor to reduce NO; to NO met the equivalency specifications outlined in
40 CFR Part 53 and was approved by the U.S. EPA (77FR 32632). Although photolytic
convertors have lower conversion efficiencies than FRM-based analyzers, they have been
found to be stable over a period of at least two months (Pollack et al., 2011). Also, two

monitors using cavity attenuated phase shift (CAPS) spectroscopy have been approved
more recently as FEMs (78 FR 67360, November 12, 2013; 79 FR 34734, June 18, 2014).
These techniques are described below.

Because the FRM monitor cannot detect NO- specifically, the concentration of NO; is
determined as the difference between the NO in the air stream passed over the heated
MoOx substrate and the NO in the air stream that has not passed over the substrate.
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However, the reduction of NO, to NO on the MoOx catalyst substrate also reduces other
oxidized nitrogen compounds (i.e., NOz compounds shown in the outer box of

Figure 2-1) to NO. This interference by NOz compounds has long been recognized
following Winer et al. (1974) who found over 90% conversion of PAN, ethyl nitrate,
ethyl nitrite, and n-propyl nitrate; and 6—7% conversion of nitroethane to NO with a
MoOx converter. HNOs produced a response but its form could not be determined. As a
result of their experiments, Winer et al. (1974) concluded that “the NOx mode of
commercial chemiluminescent analyzers must be viewed to a good approximation as
measuring total gas phase ‘oxides of nitrogen,” not simply the sum of NO and NO,.”
Numerous later studies have confirmed these results (Dunlea et al., 2007; Steinbacher
et al., 2007; U.S. EPA, 2006; McClenny et al., 2002; Parrish and Fehsenfeld, 2000;
Nunnermacker et al., 1998; Crosley, 1996; U.S. EPA, 1993; Rodgers and Davis, 1989;
Fehsenfeld et al., 1987). The sensitivity of the FRM to potential interference by
individual NOz compounds was found to be variable, depending on characteristics of
individual monitors, such as the design of the instrument inlet, the temperature and
composition of the reducing substrate, and on the interactions of atmospheric species
with the reducing substrate.

Only recently have attempts been made to systematically quantify the magnitude and
variability of the interference by NOz species in ambient measurements of NO,. Dunlea
et al. (2007) found an average of about 22% of ambient NO; (~9 to 50 ppb), measured in
Mexico City over a 5-week period during the spring of 2004, was due to interference
from NOz compounds. However, similar comparisons have not been carried out under
conditions typical for state and local air monitoring stations (SLAMS) monitoring sites in
the U.S. Dunlea et al. (2007) compared NO, measured using the conventional
chemiluminescent instrument with other (optical) techniques. The main sources of
interference were HNOs and various organic nitrates. Efficiency of conversion was
estimated to be ~38% for HNO; and ~95% for PAN and other organic nitrates. Peak
interference of up to 50% was found during afternoon hours and was associated with Os;
and NOz compounds, such as HNOj3 and the alkyl and multifunctional alkyl nitrates.

Lamsal et al. (2008) used data for the efficiency of reduction of NOz species on the
MoOx catalytic converters to estimate seasonal correction factors for NO, measurements
across the U.S. These factors range from <10% in winter to >80% with the highest values
found during summer in relatively unpopulated areas. In general, interference by NO;

species in the measurement of NO is expected to be larger downwind of urban source
areas and in relatively remote areas because of the conversion of NO, to NOz during
transport downwind of source areas.
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In a study in rural Switzerland, Steinbacher et al. (2007) compared continuous
measurements of NO, from a chemiluminescence analyzer with a MoOx catalytic
converter (CL/MC) with measurements from a photolytic converter (CL/PC) that reduces
NO; to NO. They found the conventional technique using catalytic reduction (as in the
FRM) overestimated the measured NO, compared to the photolytic technique, on average
by 10% during winter and 50% during summer.

Villena et al. (2012) and Kleffmann et al. (2013) suggested that negative interference in
the chemiluminescent method using the photolytic converter could occur by the
production of HO; and RO- radicals by the photolysis of VOCs (e.g., glyoxal) in the
photolytic converter. Subsequent to photolysis and prior to detection, these radicals react
with NO that is either produced by the photolytic converter or already in the sampling
stream. Because the chemiluminescent techniques rely on detection of NO, a negative
artifact results. The most direct evidence for this artifact was found at high concentrations
in a smog chamber containing 1 ppm glyoxal, a concentration more than a thousand times
higher than typically found in ambient air. Similar indications were also found by
Kleffmann et al. (2013) in a street canyon (at the University of Wuppertal, Germany) and
in an urban background environment (University of Santiago, Chile). However,
Kleffmann et al. (2013) also found that the magnitude of the negative artifact is smaller
when a light source with a smaller spectral range is used and that this artifact is expected
to be most apparent under high VOC conditions, such as in street canyons.

Within the urban core of metropolitan areas, where many of the ambient monitors are
sited close to strong NOx sources such as motor vehicles on busy streets and highways
(i.e., where NO; concentrations are highest), the positive artifacts due to the NO;
oxidation products are much smaller on a relative basis. Conversely, the positive artifacts
are larger on a relative basis away from NOx sources. Data for PAN and HNO3 were
collected in Houston, TX in April and May of 2009 during the Study of Houston
Atmospheric Radical Precursors (SHARP) campaign (Olaguer et al., 2014). Median
concentrations of PAN and HNO; during the afternoon were 181 (interquartile range
[IQR] 94) ppt and 164 (IQR 158) ppt for NO, <1 ppb measured by CL/PC during
SHARP; and 157 (IQR 54) ppt and 146 (IQR 402) ppt for NO, >10 ppb. These results
suggest that potential interference in CL/MC caused by HNOs and PAN is estimated to
be <1 ppb using the conversion efficiencies obtained by Dunlea et al. (2007) and
concentrations of HNOs and PAN obtained during SHARP. However, the extent of
interference could be expected to be most problematic for NO, <~1 ppb.

In summary, the current FRM for determining ambient NOx concentrations and then
reporting NO; concentrations by subtraction of NO is subject to a consistently positive
interference by NOx oxidation products, including HNOs, PAN, and its analogues, and
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total organic nitrates (RONO-). The magnitude of this positive bias is largely unknown as
measurements of these oxidation products in urban areas are sparse.

2.4.2 Other
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Methods for Measuring Nitrogen Dioxide

Optical methods such as those using differential optical absorption spectroscopy (DOAS)
or laser-induced fluorescence (LIF) are also available. However, these particular
methods, even those that have been commercialized (e.g., DOAS), can be more
expensive than either the FRM monitors or photolytic reduction technique and also
require specialized expertise to operate; moreover, the DOAS obtains a path-integrated
rather than a point measurement. Cavity attenuated phase shift (CAPS) monitors are an
alternative optical approach requiring much less user intervention and expense than either
DOAS or LIF (Kebabian et al., 2008). At first glance, it might appear that this technique
is not highly specific to NOy, as it is subject to interference by species that absorb at

440 nm such as 1,2-dicarbonyl compounds. However, this source of interference is
expected to be small (~1%), and if necessary, the extent of this interference can be
limited by shifting the detection to longer wavelengths and adjusting the lower edge of
the detection band to 455 nm. In principle, detection limits could be <30 ppt for a

60 second time scale.

Lee et al. (2011) describe the development of a dual continuous wave mode quantum
cascade — tunable infrared laser differential absorption spectrometer or QC-TILDAS to
measure NO, and HONO simultaneously. The one-second detection limit (signal-to-noise
ratio [S/N] = 3) is 30 ppt. A field comparison of measurements of NO, by CAPS and by
chemiluminescence monitors with MoOx converters (CL/MC) is shown in Figure 2-6.
The CAPS—CL/MC (Thermo Electron 421) data were obtained over 4 days in a parking
lot located ~200 m from a major arterial highway (Route 3 in Billerica, MA) in October
2007. Figure 2-7 shows the results of a comparison of NO, measured by QC-TILDAS to
NO. measured by chemiluminescence with a photolytic converter (CL/PC). The
QC-TILDAS-CL/PC data were collected in Houston, TX in April and May of 2009
during the SHARP campaign (Olaguer et al., 2014). Both comparisons show very high R?
(>0.99) and close agreement over concentrations ranging from <1 ppb to >30 ppb, and
both comparisons are characterized by small nonzero intercepts. For the CAPS
instrument (see Figure 2-6), slightly higher values than those reported by the CL/MC
monitor are seen at concentrations <~2 ppb. Figure 2-7 shows that the QC-TILDAS
obtains slightly lower concentrations than reported by CL/PC for NO concentrations
<~1 ppb. Although CAPS presents a practical alternative to chemiluminescence for NO,
measurements, an important consideration in routine network deployment of CAPS or
any other method that only measures NO; (e.g., does not measure NO) is the potential

2-27 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=839368
http://hero.epa.gov/index.cfm?action=search.view&reference_id=916704
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1936514

loss of NOx data, which has been used as an indicator for traffic- or other
combustion-related pollution.

CAPS vs CL/MC
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Source: National Center for Environmental Assessment, using data from Kebabian et al. (2008).
Figure 2-6 Comparison of nitrogen dioxide (NO2) measured by cavity

attenuated phase shift (CAPS) spectroscopy to NO2 measured by
chemiluminescence/MoOx catalytic converter (MC) for 4 days in
October 2007 in Billerica, MA.
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Figure 2-7
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Comparison of nitrogen dioxide (NO2) measured by quantum
cascade-tunable infrared differential absorption spectroscopy
(QC-TILDAS) to NO2 measured by chemiluminescence with
photolytic converter during April and May 2009 in Houston, TX.

Villena et al. (2011) describe the development of a long path absorption photometer
(LOPAP) to measure NO,. In this technique, NO- is sampled in a stripping coil using a
modified Griess-Saltzman reagent with the production of an azodye whose visible
absorption is measured by long-path photometry. This reaction was the basis for a much
earlier manual method for measuring NO; (Saltzman, 1954). Interference, which can be
minimized by additional stripping coils, could be caused by HONO, Os, and PAN. In an
intercomparison with a CL/PC carried out over 4 days in March 2007 on the 5th floor
balcony of a building at the University of Wuppertal in Germany, very good agreement
(mean deviation of 2%) was obtained. Interestingly, in the entire range of measurements
(~0.5 ppb to ~40 ppb) the relation between LOPAP and CL/PC can be characterized by
LOPAP (ppb) =0.984 x CL/PC — 0.42 (ppb); but if the range <6 ppb only is considered,
the relation becomes LOPAP (ppb) =0.998 x CL/PC + 0.19 (ppb).
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Diode laser-based cavity ring-down spectroscopy (CRDS) has also been used to detect
NO,. Fuchs et al. (2009) developed a portable instrument that relies on NO absorption at
404 nm, with 22 ppt detection limit at 1 second (S/N = 2). As opposed to
chemiluminescence monitors that measure NO- indirectly based on direct measurement
of NO, NO; (formed by reaction of NO with excess Os) is directly measured in CRDS.
NO is then determined by subtracting NO. measured in the first cavity from the sum of
NO; and NO (i.e., NOx) measured in the second cavity. The O3 is generated by
photolysis of O; in the Schumann-Runge bands at 185 nm. This conversion should be

much more complete than relying on the reduction of NO, and NOz species with variable
efficiency on a Molybdenum oxide converter. Note that the optical methods relying on
NO; absorption at ~400 nm described above (i.e., CAPS, CRDS) might be subject to
positive interference from absorption by trace components (e.g., glyoxal and methyl
glyoxal). However, absorption cross sections for these dicarbonyls are much lower than
for NO; at this wavelength, and concentrations for these potentially interfering species
are generally lower than for NO,. Furthermore, it is possible that thermal decomposition
of NO;z species, such as PAN, in inlets or their reduction on inlet surfaces or in optical
cavities can be a source of NO- in these or other instruments requiring an inlet.

2.4.3 Satellite Measurements of Nitrogen Dioxide

Remote sensing by satellites is an approach that could be especially useful in areas where
surface monitors are sparse. Retrieving NO, column abundances from satellite data
involves three steps: (1) determining the total NO- integrated line-of-sight (slant)
abundance by spectral fitting of solar backscatter measurements, (2) removing the
stratospheric contribution by using data from remote regions where the tropospheric
column abundance? is small, and (3) applying an air mass factor to convert tropospheric
slant columns into vertical columns. The retrieval uncertainty is largely determined by
Steps 1 and 2 over remote regions where there is little tropospheric NO2, and by Step 3,
over regions of elevated tropospheric NO. (Boersma et al., 2004; Martin et al., 2002).

Satellite retrievals are largely limited to cloud fractions <20%. The algorithm used here to
derive the tropospheric column of NO; is given in Bucsela et al. (2013). This algorithm
was used to generate the maps in Figure 2-8 for 2005 to 2007 and in Figure 2-9 for 2010
to 2012 showing seasonal average NO- columns obtained by the Ozone Monitoring
Instrument (OMI) on the AURA satellite. Other algorithms, for example the Berkeley
High-Resolution product (Russell et al., 2011), which is based on higher resolution input

L Column refers to the integrated line-of-sight abundance in a unit cross section, such that its units are
molecules/cm?.
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fields (topography, albedo, and NO, vertical profile shape) in the retrievals, can reduce
the uncertainty in the measurements.

OMI Tropospheric NO: (10'® molec. cm™)
?T 'H..:r' a = ."_I

D

Note: Images shown were constructed by Dr. Lok Lamsal of Universities Space Research Association from data obtained by the
OMI instrument on the AURA satellite (http://aura.gsfc.nasa.gov/scinst/omi.html) using the algorithm described in Bucsela et al.
(2013). Top panel (winter; DJF: December, January, February). Lower panel (summer; JJA: June, July, August).

Figure 2-8 Seasonal average tropospheric column abundances for nitrogen
dioxide (NO2: 10'® molecules/cm?) derived by ozone monitoring
instrument (OMI) for winter (upper panel) and summer (lower
panel) for 2005 to 2007.
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Note: Images shown were constructed by Dr. Lok Lamsal of Universities Space Research Association from data obtained by the
OMI instrument on the AURA satellite (http://aura.gsfc.nasa.gov/scinst/omi.html) using the algorithm described in Bucsela et al. (2013).
Top panel (winter; DJF: December, January, February). Lower panel (summer; JJA: June, July, August).

Figure 2-9 Seasonal average tropospheric column abundances for nitrogen
dioxide (NO2: 10'® molecules/cm?) derived by ozone monitoring
instrument (OMI) for winter (upper panel) and summer (lower
panel) for 2010 to 2012.

Areas of high column NO; abundance are found over major source areas during both
2-year periods shown in Figures 2-8 and 2-9. High column abundances are found over
many major urban areas, such as Los Angeles, CA; Houston, TX; Chicago, IL; and New
York City, NY; and over major power plant complexes such as the Four Corners
(Colorado, New Mexico, Arizona, and Utah) and the Ohio River Valley. A diffuse area
with column abundances above background is found over the Bakken Shale fields in
northwestern North Dakota in winter. However, in general, the area of very high column
abundance of NO; (shown in red) is smaller in the 2010 to 2012 composite than from
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2005 to 2007. The photochemical lifetime of NO; is longer in winter than in summer
resulting in lower column abundances of NO, in summer than in winter during the 2-year
periods shown in Figures 2-8 and_2-9.

Because satellite instruments do not return surface concentrations directly, information
on NO- surface concentrations must be inferred from the column measurements. Lamsal
et al. (2008) and Lamsal et al. (2010) combined satellite data for column NO, from OMI
with results from the GEOS-Chem global scale chemistry-transport model to derive
surface concentrations of NO. (see Figure 2-13 for an example of seasonally averaged
surface NO- concentrations derived by this method). This method accounts for the
feedback from the abundance of NO; on the lifetime of NO,. Note however that data are
collected only during the daily satellite overpass in early afternoon and this method has
only been applied for the time of satellite overpass. Some other means must be used to
extend the time period of applicability, for example by scaling the afternoon value by the
diel variation in a model, provided the model bias in simulating NO; has been
characterized over the times of interest in a 24-hour cycle (Stavrakou et al., 2008; Kim
et al., 2006).

2.4.4 Measurements of Total Oxides of Nitrogen in the Atmosphere

January 2015

Commercially available NOx monitors have been converted to NOy monitors by moving
the MoOx convertor to interface directly with the sample inlet. Because of losses on inlet
surfaces and differences in the efficiency of reduction of NOz compounds on the heated
MoOx substrate, NOx concentrations cannot be considered as a universal surrogate for
NOvy. However, most of the NOy is present as NOx close to sources of fresh combustion
emissions, such as highways during rush hour. To the extent that all the major oxidized
nitrogen species can be reduced quantitatively to NO, measurements of NOy
concentrations should be more reliable than those for NOx concentrations, particularly at
typical ambient levels of NO.. Exceptions might apply in locations near NOx sources,
where NOx measurements are likely to be less biased and confidence in measurement
accuracy increases.

Alternatively, multiple methods for observing components of NOy have been developed
and evaluated in some detail. As a result of these methods, as applied in the field and the
laboratory, knowledge of the chemistry of odd-N species has evolved rapidly. Recent
evaluations of methods can be found in Arnold et al. (2007) for HNOs, (Wooldridge

et al., 2010) for speciated PANSs, and Pinto et al. (2014) for HONO. However, it is worth
reiterating that the direct measurements of NO are still the most reliable method. Reliable
measurements of NOy and NO- concentrations, especially at the low concentrations
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observed in many areas remote from sources, are also crucial for evaluating the
performance of three-dimensional, chemical transport models of oxidant and acid
production in the atmosphere.

2.4.5 Ambient Sampling Network Design

January 2015

Figure 2-10 shows routinely operating monitoring sites for approximately 500 ambient
air oxidized nitrogen across the U.S. Four networks are highlighted: (1) regulatory-based
SLAMS designed to determine National Ambient Air Quality Standards (NAAQS)
compliance, (2) Clean Air Status and Trends Network (CASTNET) which provides
weekly averaged values of total nitrate (HNOs; and pNQs) in rural locations, (3) National
Core (NCORE) network of approximately 70 stations designed to capture
area-representative multiple-pollutant concentrations that provides routinely measured
NOv, and (4) the Southeast Aerosol Research Characterization (SEARCH), a privately
funded network of 6—10 sites that provides direct measurements of true NO; as well as
NOv and other nitrogen species (oxidized and reduced forms).
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Note: SLAMS = State and Local Air Monitoring Stations, CASTNET = Clean Air Status and Trends Network, NCORE = National
Core Network, SEARCH = Southeast Aerosol Research Characterization.

Source: U.S. Environmental Protection Agency.

Figure 2-10 Map of monitoring sites for oxides of nitrogen in the U.S. from
four networks.

With the exception of 4—6 sites in the SEARCH network, direct or true NO; is not
measured routinely (Hansen et al., 2003). The regulatory networks rely on
chemiluminescence difference techniques that provide NO concentration directly and
report a calculated NO- concentration as the difference between NOx concentration and
NO concentration as discussed above. Criteria for siting ambient monitors are given in
the State and Local Air Monitoring Stations/National Air Monitoring
Stations/Photochemical Monitoring Stations (SLAMS/NAMS/PAMS) Network Review
Guidance (U.S. EPA, 1998). NO, monitors are meant to be representative of several
scales: microscale (in close proximity, up to 100 m from the source), middle (several city
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blocks, 100 to 500 m), neighborhood (0.5 to 4 km), and urban (4 to 50 km)

(40 CFR Part 58, Appendix D). Microscale to neighborhood-scale monitors are used to
determine the highest concentrations and source impacts, while neighborhood- and
urban-scale monitors are used for monitoring population exposures.

EPA promulgated new minimum monitoring requirements in February of 2010,
mandating that state and local air monitoring agencies install near-road NO2 monitoring
stations within the near-road environment in larger urban areas. Under these new
requirements, state and local air agencies will operate one near-road NO, monitor in any
CBSA with a population of 500,000 or more, and two near-road NO, monitors in CBSAs
with 2,500,000 or more persons or roadway segments carrying traffic volumes of 250,000
or more vehicles. These monitoring data are intended to represent the highest population
exposures that may be occurring in the near-road environment throughout an urban area
over the averaging times of interest. The near-road NO. network is intended to focus
monitoring resources on near-road locations where peak ambient NO; concentrations are
expected to occur as a result of on-road mobile source emissions and to provide a clear
means to determine whether the NAAQS is being met within the near-road environment
throughout a particular urban area. The network is now being phased in, and the first
phase became operational in January of 2014.

2.5 Ambient Concentrations of Oxides of Nitrogen

This section provides a brief overview of ambient concentrations of NO. and associated
oxidized N compounds in the U.S.; it also provides estimates of background
concentrations used to inform risk and policy assessments for the review of the NAAQS.

In the 2008 ISA for Oxides of Nitrogen, NO, concentrations were summarized with an
explanation that the annual average NO- concentrations of ~15 ppb reported by the
regulatory monitoring networks were well below the level of the NAAQS (53 ppb), but
that the 1-hour daily maximum concentrations can be much greater in some locations,
especially in areas with heavy traffic (U.S. EPA, 2008a).

2.5.1 National Scale Spatial Variability

January 2015

In the 2008 ISA for Oxides of Nitrogen, data were analyzed for NO, measured at
monitoring sites located within urbanized areas in the U.S. (U.S. EPA, 2008a). NO>
concentrations were ~15 ppb for averaging periods ranging from a day to a year, and the
1-hour daily maximum NO; concentration was ~30 ppb, about twice as high as the
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24-h avg. Data on NOz concentrations were very limited but indicated that HNOs and
HONO concentrations were considerably lower than NO; concentrations. HNOs
concentrations ranged from <1 to >10 ppb and HONO concentrations were reported as
<1 ppb even under heavily polluted conditions. HNOs concentrations were highest
downwind of an urban center. HONO concentrations were present in areas with traffic, at
concentrations several percent of NO concentrations (U.S. EPA, 2008a). Field study
results indicating much higher NOz concentrations than NOx concentrations in relatively
unpolluted rural air were also described (U.S. EPA, 2008a).

Figure 2-11 presents a national map of the 98th percentile of 1-hour daily maximum
concentrations based on 20112013 data, and Figure 2-12 presents annual average NO;
concentrations based on 2013 calendar year data. In both figures data are included only
for monitors with 75% of days reported for each calendar quarter over the 3-year period
and only for days with 75% of all hours reported. Because of the completeness
requirements, there are cases where sites have valid annual average data but not valid
1-hour daily maximum concentrations. The highest concentrations are in the Northeast
Corridor, California, and other urbanized regions, and the lowest concentrations are in
sparsely populated regions, most notably in the West. These observations are consistent
with those described in the 2008 ISA (U.S. EPA, 2008a). Tables 2-3 and 2-4 present
summary data on 1-hour daily maximum and annual average concentrations for the
period 2011-2013. Table 2-3 also includes summary data by individual years and by
quarters averaged over the 3 years, as well as summary data for selected urban areas that
are examined in recent U.S. epidemiologic studies on the health effects of NO;

(Chapters 5 and 6).
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Note: Concentrations indicated are the highest concentration in the county, and not intended to represent county-wide
concentrations.

Source: U.S. Environmental Protection Agency Analysis of data from state and local air monitoring stations in 2014.

Figure 2-11 98th percentiles of U.S. 1-hour daily maximum nitrogen dioxide
(NO2) concentrations (ppb) for 2011-2013.
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Note: Concentrations indicated are the highest concentration in the county, and not intended to represent county-wide
concentrations.

Source: U.S. Environmental Protection Agency 2014 analysis of data from state and local air monitoring stations.

Figure 2-12 U.S. annual average nitrogen dioxide (NOz2) concentrations (ppb)
for 2013.
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Table 2-3  Summary statistics for 1-hour daily maximum nitrogen dioxide (NO2)
concentrations based on state and local air monitoring stations

(ppb).
Percentiles

Year n Mean 1 5 10 25 50 75 90 95 99
NO2 2011-2013 390,713 19 1 2 3 8 16 27 38 44 55
NO2 2011 127,610 19 1 2 4 8 16 28 39 45 57
NO2 2012 130,170 18 1 2 3 8 16 27 37 43 55
NO2 2013 132,933 18 1 2 3 7 15 26 37 43 54
NO2 1st Quarter 94,612 22 1 2 4 10 20 32 41 47 58
NO2 2nd Quarter 96,962 16 1 2 3 6 12 22 33 40 52
NO2 3rd Quarter 99,125 16 1 2 3 7 13 22 32 38 50
NO2 4th Quarter 100,101 21 1 2 4 10 20 31 40 46 58
Atlanta? 2011-2013 3,215 13 2 2 3 4 8 18 34 41 52
Atlanta—all° 2011-2013 3,215 13 2 2 3 4 8 18 34 41 52
Boston? 2011-2013 6,246 25 5 8 11 16 24 32 39 44 52
Boston—all® 2011-2013 10,986 19 1 3 4 9 17 28 36 41 49
Denver? 2011-2013 966 38 6 14 22 30 39 46 53 58 68
Denver—all® 2011-2013 2,184 41 9 21 26 33 41 48 55 61 73
Houston? 2011-2013 9,525 21 1 3 5 10 18 29 45 45 56
Houston—all° 2011-2013 16,610 18 1 3 4 8 15 26 36 43 54
Los Angeles? 2011-2013 8,328 27 4 7 10 16 26 36 44 49 60
Los Angeles—all® 2011-2013 30,612 28 4 7 10 17 28 38 47 52 63
New York? 2011-2013 9,469 27 1 3 5 13 27 38 47 52 64
New York—all® 2011-2013 11,803 27 1 3 5 15 27 38 47 52 63

Seattle? 2011-2013 none
Seattle—all’ 2011-2013 1,649 13 3 4 5 7 11 17 24 31 46

aCity name only rows contain hourly data that meet 75% completeness criteria.

bCity—all rows report data regardless of whether completeness criteria are met.

Source: Office of Air Quality Planning and Standards and National Center for Environmental Assessment Analysis of Air Quality
System Network Data 2011-2013.
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Table 2-4  Summary statistics for nitrogen dioxide (NO2), nitric oxide (NO), and NOx (sum of NO2 and NO)
annual average concentrations based on state and local air monitoring stations (ppb).

Percentiles

Pollutant Year n Mean Min 1 5 10 25 50 75 90 95 99 Max

NO2
NO2 2011-2013 1,041 8.6 0.1 0.6 1.4 2.2 4.3 8.1 11.8 16.2 18.6 225 26.0
NO2 2011 338 9.0 0.2 0.6 15 25 4.7 8.4 12.3 16.8 19.6 23.9 25.3
NO2 2012 347 8.5 0.1 0.7 1.4 2.2 4.2 8.1 11.6 15.9 18.6 221 26.0
NO2 2013 356 8.3 0.3 0.6 1.3 21 4.2 7.7 11.6 15.8 18.1 21.8 24.6

NO
NO 2011-2013 1,127 4.8 0.01 002 01 0.3 1.0 2.9 6.8 11.3 15.3 25.3 48.8
NO 2011 363 5.0 0.01 003 01 0.3 1.1 3.1 7.4 12.7 15.1 23.9 46.9
NO 2012 377 4.8 0.01 0.03 0.1 0.2 1.0 2.9 6.6 10.9 15.0 27.7 48.8
NO 2013 387 4.6 0.01 003 01 0.2 1.0 2.6 6.5 11.0 15.7 21.5 36.2

NOx
NOx 2011-2013 1,011 13.4 0.1 0.6 15 2.6 54 11.3 18.6 28.1 31.8 45.4 68.4
NOx 2011 320 13.7 0.1 0.6 1.5 2.6 5.8 11.8 19.3 28.9 31.7 44.8 68.4
NOx 2012 342 13.2 0.1 0.7 1.3 2.6 5.2 11.2 18.5 26.8 31.3 48.9 61.0
NOx 2013 349 13.3 0.3 0.7 1.7 2.6 54 109 18.3 28.0 32.7 44.1 61.7

Source: Office of Air Quality Planning and Standards and National Center for Environmental Assessment analysis of Air Quality System network data 2011-2013.
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The relatively short lifetime of NO, with respect to conversion to NOz species results in
gradients and low concentrations away from major sources that are not adequately
captured by the existing monitoring networks (see Figure 2-10 for location of monitoring
sites). Satellite data coupled with model simulations might be more useful for showing
large-scale features in the distribution of NO,. Winter and summer seasonal average NO>
concentrations for 2009-2011 derived from the OMI instrument on the AURA satellite
and the GEOS-Chem global, three-dimensional chemistry-transport model are shown in
Figure 2-13. In this method, integrated vertical column abundances of NO- derived from
the OMI instrument are scaled to surface mixing ratios using scaling factors derived from
GEOS-Chem [see (Lamsal et al., 2010; Lamsal et al., 2008); also see Section 2.4 for
more complete descriptions of the method]. A nested version of GEOS-Chem at

50 km x 50 km horizontal resolution is used in this method. A description of the
capabilities of GEOS-Chem and other three-dimensional chemistry transport models is
given in the ISA for Ozone and Related Photochemical Oxidants (U.S. EPA, 2013b).

Large variability in NO, concentrations is apparent in Figure 2-13. As expected, the
highest NO, concentrations are seen in large urban regions, such as in the Northeast
Corridor, and lowest values are found in sparsely populated regions located mainly in the
West. Minimum hourly values can be less than ~10 ppt, leading to a large range between
maximum and minimum concentrations. Although overall patterns of spatial variability
are consistent with the current understanding of the behavior of NO, hot much
confidence should be placed on values <~100 ppt due to limitations in the satellite
retrievals. NO, concentrations tend to be higher in January than in July, largely reflecting
lower planetary boundary layer heights in winter. Such seasonal variability is also evident
on a local scale, as measured by surface monitors. For example, in Atlanta, GA, NOx
measurements also exhibited higher concentrations in winter and lower concentrations in
summer, when NOx is more rapidly removed by photochemical reactions (Pachon et al.,
2012).
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Note: Images shown were constructed by Dr. Lok Lamsal of Universities Space Research Association from data obtained by the
OMI instrument on the AURA satellite (http://aura.gsfc.nasa.gov/scinst/omi.html) using the algorithm described in Bucsela et al.
(2013). Output from the GEOS-Chem, global-scale, three-dimensional, chemistry-transport model to derive surface concentration
fields from the satellite data as described in Lamsal et al. (2008) and Lamsal et al. (2010).

Top panel (winter; DJF: December, January, February). Lower panel (summer; JJA: June, July, August).

Figure 2-13 Seasonal average surface nitrogen dioxide (NO2) concentrations
in ppb for winter (upper panel) and summer (lower panel) derived
by ozone monitoring instrument (OMI)/Goddard Earth Observing
System (GEOS)-Chem for 2009-2011.

January 2015 2-43 DRAFT: Do Not Cite or Quote


http://aura.gsfc.nasa.gov/scinst/omi.html
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1577419
http://hero.epa.gov/index.cfm?action=search.view&reference_id=93209
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1290054

© 00 N O O A W DN PP

e L o =
o 00N W N P O

2.5.2 Urban-Scale Spatial Variability

January 2015

Figure 2-14 describes 1-hour daily maximum concentration agreement between pairs of
SLAM monitors from 2011-2013 for selected U.S. CBSAs with more than one monitor.
Agreement is expressed as coefficient of divergence (COD), which has been widely used

to assess spatial variability of air pollutant concentrations (U.S. EPA, 2008a; Wilson
et al., 2005; Pinto et al., 2004). In practical terms, a COD = 0 indicates perfect agreement

and COD values increase as spatial variability increases. COD values in Figure 2-14
generally range from about 0.1 to 0.4, with a few higher values. This indicates a range of
variability across CBSAs from fairly uniform to a moderate degree of variability (Wilson
et al., 2005). At first glance, distance between sites does not appear to be an important

factor for explaining variability between site pairs on an urban scale. However, for
extremely short distances, a trend with distance is observed, especially for data within the
same city. For example, for Boston, MA, the six observations with the shortest distances
between them exhibit a trend of increasing COD with distance, from about 3 km to about
10 km. These data are for the four sites closest to the city center. As indicated by the
COD values, there is a substantial degree of variability for all but the closest sites, with
CODs ranging above 0.4 even for comparison between site pairs near the city center.
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Figure 2-14

January 2015

Coefficient of divergence between monitor pairs in four U.S.

cities.

A similar trend is observed for Los Angeles, CA but over a broader scale. The highest
COD increases somewhat regularly with distance, up to about 40 km. Also, for all sites
within 15 km of each other, a fairly high degree of agreement is observed. Another major
difference between Boston and Los Angeles is that in Los Angeles good agreement
(COD ~0.1) is often observed between sites up to 50 km or more apart, suggesting that
other factors besides distance are important. Five of the Los Angeles monitors (Main
Street Los Angeles, Burbank, Pasadena, Pomona, and Long Beach North) form a subset
of monitors with distinctly lower variability than the area as a whole, with low CODs for
each possible combination of monitors within this group, as shown in Figure 2-15. Other
sites near the ocean or mountains exhibit poorer agreement with these monitors, even if

the distances between them are shorter.
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Figure 2-15

January 2015

Coefficient of divergence among a subset of five Los Angeles, CA
monitors.

Yet another pattern is observed for Phoenix, AZ and Philadelphia, PA. For these cities,
low COD values are observed for all sites except rural locations outside of the urbanized
area. The Phoenix data in Figure 2-14 fall into two clusters, with urban site pairs ranging
up to 10 km distance from each other and urban-rural site pairs 40 to 60 km from each
other. All of the comparisons between urban sites exhibit a COD <0.2, but poorer
agreement is observed between urban and rural site pairs. Similarly, good agreement
(COD ~0.1) is observed between two monitoring sites operating within the city of
Philadelphia about 10 km apart, but poorer agreement is observed for more distant
suburban sites. This result is consistent with observations of Sarnat et al. (2010), who
observed that using monitors in rural areas of counties considered part of the Atlanta, GA
metropolitan area affected relative risk estimates for associations with health effects, but
that using different urban monitors within approximately 15 to 30 km of a study subject
did not.

To summarize urban scale spatial variability for NO,, good agreement between nearby
sites in city cores is not unusual, and was observed for 2011 to 2013 data for all sites in

2-46 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=385852

g B~ W N -

© 0 N O

10
11
12
13

14
15
16
17

Philadelphia and Phoenix. In Los Angeles, good agreement was also usually observed
over similar distances to those compared in Philadelphia and Phoenix (i.e., between sites
separated by less than 15 km). In contrast, agreement between monitors in Boston
became poorer over a shorter distance, but followed a trend of increasing variability with
distance between sites over 3 to 10 km, a smaller spatial scale than the other cities.

Similar results are observed for annual averages. Tables 2-5A and 2-5B present the
difference in annual average NO, concentrations between pairs of sites divided by the
average between the two sites for that year to get a percent difference in concentration for
Boston and Los Angeles. The CODs of annual average NO- concentrations show wide
ranges in agreement similar to those reported for 1-hour daily maximum NO;
concentrations for the NO, concentrations measured in both Boston and Los Angeles.
The nearest site pairings in Boston agree within 3 to 20%, while the other two site
pairings exhibit poorer agreement ranging from 38 to 65% and 31 to 90%.

For Los Angeles, the 14 sites in Los Angeles County that reported data for 2011 are
shown in Table 2-5B. A number of site pairings agree within 10 to 15%. For example,
concentrations at the Pico Rivera, Pomona, and Long Beach Hudson sites all agree within
10% of the concentrations reported at the Los Angeles Main Street site.

Table 2-5A Percent difference in annual average nitrogen dioxide concentration
between monitors in Boston.

0002 vs. 0040 0002 vs. 0042 0040 vs. 0042
% % %
2011 41 10 31
2012 65 20 47
2013 38 3 90

Source: National Center for Environmental Assessment Analysis of Air Quality System Network Data from 2011-2013.
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Table 2-5B Percent difference in annual average nitrogen dioxide concentration
between monitors in Los Angeles 2011.

0002 0016 0113 1103 1201 1302 1602 1701 2005 4002 4006 5005 6012

Site g, % % % % % % % % % % % %

0016 7

0113 17 20

1103 21 57 38

1201 16 22 2 36

1302 3 35 15 23 13

1602 22 58 39 1 37 25

1701 26 62 43 5 41 28 4

2005 7 44 24 14 23 10 15 19

4002 7 31 10 28 9 4 29 33 14

4006 12 49 29 9 28 15 10 14 5 19

5005 32 5 15 52 17 30 53 57 39 25 44

6012  35* 3 18 55 20 32 56 60 42 28 47 3

9033 47 10 30 66 32 45 67 71 54 40 58 4 13

Source: National Center for Environmental Assessment Analysis of Air Quality System Network Data from 2011.

While these results indicate that relatively good agreement in 1-hour daily maximum and
annual average NO; concentrations between pairs of nearby urban monitors in the same
metropolitan area occurs in some cases, it does not rule out the possibility of greater
variability on a smaller spatial scale. Vardoulakis et al. (2011) described a distinction
between “intra-urban” and “street scale” variability, explaining that long-term monitoring
sites tend to be situated away from sources and hot spots that can strongly influence
variability. They compared results from long-term monitoring sites to short-term
networks of passive samplers placed in areas between the long-term monitors at varying
distances from key roads and intersections, and found that “street level” variability of
passive sampler measurements exhibited greater variability than “intra-urban” variability
based on long-term monitors. Spatial variability near roads is described in detail in the
following section.
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2.5.3.1 Near-Road Gradient Observations

The spatial trends described in this section provide a background for understanding traffic
related NO; exposure on and near roads, described in Section 3.3.1.1. Numerous
observations have been summarized in several recent reviews, each of which concluded
that a zone of elevated NO; concentration typically extends from 200 to 500 m from
roads with heavy traffic (HEI, 2010; Karner et al., 2010; Zhou and Levy, 2007).

Table 2-6 describes observations from studies that were included in these reviews and/or
in the 2008 Risk and Exposure Assessment for Oxides of Nitrogen (U.S. EPA, 2008b) to
estimate on-road concentrations, as well as more recent observations. A direct

comparison of the observations included in Table 2-6 is not appropriate because different
experimental designs, measurement methods, averaging times, distances from the road,
time of year, and other important factors vary among studies. However, Table 2-6
provides a broad overview of the magnitudes of concentration differences observed and
the spatial extent over which differences in concentration have been observed.
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Table 2-6  Summary of near-road nitrogen dioxide concentration gradients from different studies.

Difference
Nearest Farthest (Cnear — Ctar) Difference
Time of Averaging Conc. Conc. Spatial Crar Chear = Crar
Author Location Method Year Time Chear Crar Extent % ppb
Gilbert et al. (2003) Montreal Passive September 1 week 29 ppb (0 m) 18 ppb (200 m) 200 m 60 11 ppb
Monn (2001) Zurich Passive Summer 1 week ~20 ppb (15 m) ~12 ppb (80 m) >80 m >30 ~8 ppb
Winter ~25 ppb (15 m) ~25 ppb (80 m) None ~0 ~0 ppb
Pleijel et al. (2004) Rural Passive 1 month 8-18 ppb 4-10 ppb 500 m 80-100 2-8 ppb
Sweden (10 m) (100 m)
Roorda-Knape et al. Netherlands Passive 2 weeks 24-25 ppb 16-17 ppb >300 m 10-60 ~7 ppb
(1998) (~300 m)
Singer et al. (2004) Oakland Passive Fall/Spring 1 week 30 ppb (60 m) 20 ppb (>350 m) 350 m 60 11 ppb
Smargiassi et al. (2005) Montreal Passive May-June 1 day 33 ppb (<10 m) 20 ppb (>1 km) 70 13 ppb
Beckerman et al. (2008) Toronto Passive August 1 week (4-28 m) 300 m 30-100
Zou et al. (2006 Shanghai Passive All year 2 weeks ~50-65 ppb 39-48 ppb >350 m ~30-40 ~12-18 ppb
(O m) (350 m)
Gonzales et al. (2005) El Paso Passive Winter 1 week ~25 ppb ~15 ppb >3.75 km ~70 ~10 ppb
(0.25m)
Cape et al. (2004) Scotland Passive April-May 1 week 3-50 ppb (1 m) 3-40 ppb (10 m) >10 m <0-70 0-11 ppb
Bell and Ashenden Rural Wales Passive All year 1 week 8-28 ppb 2-14 ppb 20-660 3-20 ppb
(1997) (<1 m) (200-350 m)
Bignal et al. (2007) Rural Passive 11-17 days ~25 ppb 5-15 ppb ~100 m 70-400 ~10-20 ppb
England (250 m)
Uemura et al. (2008) Tokyo Passive All year 48 h 35-47 ppb 23-37 ppb <10 ppb
(<50 m) (>200 m)
Maruo et al. (2003) Sapporo Sensor July ¥ day ~28-43 ppb ~20-23 ppb ~40 ~10 ppb
(150 m)
Rodes and Holland LA—high O3 Chemilum.  July—August 1h ~120 ppb (8 m) ~40 ppb (388 m) 400-500 m ~200 80 ppb
1981 medium O3 ~80 ppb (8 m) ~40 ppb (388 m) 400-500 m ~100 40 ppb
Low O3 ~70 ppb (8 m) ~40 ppb (388 m) 400-500 m ~80 30 ppb
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Table 2-6 (Continued): Summary of near-road nitrogen dioxide (NOz2) concentration gradients from different

studies.
Difference
Nearest Farthest (Cnear = Crar) Difference
Time of Averaging Conc. Conc. Spatial [Ctar Chear = Ctar
Author Location Method Year Time Chear Crar Extent % ppb
Massoli et al. (2012) New York Chemilum.  July 4:30-9:30 25-40 ppb 25-40 ppb None ~0 ~0
a.m. (20 m) (500 m)
Polidori and Fine (2012) Southern Chemilum.  Summer 1h 28 ppb (15 m) 18 ppb (80 m) 56 10 ppb
Calif
Winter 37 ppb (15m) 32 ppb (80 m) 15 5 ppb
Kimbrough et al. (2013) Raleigh Chemilum.  All year 5 min 25 ppb (20 m) 20 ppb (300 M) 30 5 ppb
Downwind 28 ppb (20 m) 23 ppb (300 M) 20 5 ppb
only
McAdam et al. (2011) Ontario Chemilum.  Summer 1h 0-30 ppb 0-17 ppb (60 m) None ~0 <1 ppb
(20 m) (avg)
Durant et al. (2010) Somerville,  TILDAS January Real time ~15-35 ppb ~10-30 ppb 100-250 m >0 <10 ppb
MA (a.m.) (<50 m) (400 m)
Nitta et al. (1993 Tokyo Colorimetry  All year Continuous 34-57 ppb 24-42 ppb 10-50 8-17 ppb
(0O m) (150 m)
Nakai et al. (1995) Tokyo Colorimetry  All year Continuous 46 ppb (0 m) 35 ppb (150 m) 30 11 ppb

Crar = concentrations measured at the farthest distance; Cnear = cONncentrations measured at the nearest distance.
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If sufficient detail is given on individual experiments, ranges for concentrations measured
at the nearest distance (Crear), cOncentrations measured at the farthest distance (Cs), and
differences between them are provided in Table 2-6. Otherwise averages over the entire
study, or over various categories such as season, wind direction, location, or O3
concentration are given. Studies using passive sampling methods are listed first in

Table 2-6. With the exception of Rodes and Holland (1981), earlier studies were mainly
limited to passive samplers that required collection for 1 or 2 weeks, making it difficult to
explore effects of time of day or wind direction, which typically shifts on shorter time
scales. More recently, more studies have used chemiluminescence, QC-TILDAS, and
other methods. These methods not only provide greater time resolution, but also result in
the collection of larger numbers of samples, both of which are useful for better
understanding the factors influencing near-road concentration patterns. There are
essentially three types of experimental designs used in the studies listed in Table 2-6:

(1) samples are collected simultaneously at varying distance from the same road;

(2) samples are collected by a mobile laboratory with high time resolution, with samples
collected at different distances from a road, not simultaneously, but with minimal elapsed
time between sampling at different distances from the road; or (3) samples are collected
over a wider spatial scale at varying distances from a number of heavily trafficked roads
and distance parameters are not linked to the same road for all samples.

Most of the studies conclude that the spatial extent of elevated NO, concentrations is
within the range of the 200 to 500 m described by HEI (2010) or Zhou and Levy (2007).
However, some recent studies (not necessarily included in Table 2-6) concluded that the
influence of the road on NO; concentrations can still extend to several kilometers, but
with smaller differences in concentration (Gilbert et al., 2007; Gonzales et al., 2005). In
other studies, remarkably greater differences in NO, concentration with distance were
observed within 10 to 20 m of the road than at further distances from the road, suggesting
the possibility of an exponential relationship of decreasing concentration with distance
from the road with a steeper decrease right next to the road than further than 10 to 20 m
from the road (Cape et al., 2004; Bell and Ashenden, 1997). Compared to NO, ultrafine
particles (UFP), and other traffic-related pollutants, NO, concentrations decrease less
rapidly with distance from the road over a range of about 200 to 500 m, and exhibit a
somewhat greater spatial extent of elevated concentration (Gordon et al., 2012; Chaney
etal., 2011; McAdam et al., 2011; Beckerman et al., 2008; Zhou and Levy, 2007). This
has been attributed to chemical production downwind of roads (cf. Section 2.2) and other
nontraffic related sources of NO, (Chaney et al., 2011; Zhou and Levy, 2007; Rodes and
Holland, 1981). Because of the interplay between dispersion and chemical reaction
described in Section 2.2, the distribution of NO, downwind of roads would likely differ
from that of a strictly primary traffic pollutant. For example, Massoli et al. (2012), in a
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study examining the behavior of traffic-related pollutants upwind and downwind of the
Long Island Expressway (LIE) during morning rush hour(s), found that the
concentrations of carbon dioxide [CO-] and NOx are highest closest to the highway and
decreased by approximately 50% within 150 m downwind of the LIE, whereas the
concentration of NO, was found to be nearly constant over this distance from the road.

Table 2-6 also compares differences in Crear and Crar distance reported in each study. The
nearest distance ranges from 0 to 60 m and the farthest distance from 80 m to several km.
In early studies using passive monitors with usual sampling periods of 1 to 2 weeks, NO;
Chear ranged from 30 to 100% higher than Cs.r in the majority of the observations listed.

A few observations of NO, concentrations were more than 100% higher at the location
nearest the road than at the location farthest from the road. Most of these greater than
usual differences were observed when Csr was much lower than usual. This is illustrated
in Figure 2-16, which shows that on a major road in a rural area of Great Britain (Bell
and Ashenden, 1997) NO; Crear ranged up to six times higher than Cs,r, but the greatest
differences were observed only when Cr, was lower than usual. Differences were
consistently greater than 200% when Crar was less than 4 ppb, but less than 100% when
Crar exceeded 10 ppb. Because Crar Was so low, even for the greatest differences in
concentrations observed by Bell and Ashenden (1997), the absolute difference in
concentration between distances of <1 m and 200 m never exceeded 20 ppb. Differences
of similar magnitude were observed by Bignal et al. (2007) for a British rural area where
Crar ranged from 5 to 10 ppb. Because data were collected in a rural area, the differences
observed by Bignal et al. (2007) would not necessarily be applicable for absolute
differences that might be observed in urban areas where NO- concentrations are typically
higher. However, Figure 2-16 they clearly demonstrates that when concentration
differences are expressed in terms of a ratio of concentrations, the ratio observed at an
average concentration could be greater than that observed at higher concentrations.

Although a concentration dependence for (Crar — Crear)/Crar Was observed for rural areas in
Figure 2-16, low Crr measurements do not explain all of the high ratios of

(Ctar — Criear)/Crear in Table 2-6. Rodes and Holland (1981), observed concentration ratios
for (Crar — Chear)/Crar ranging from 100 to 200% along with Cr,r concentrations averaging
about 40 ppb, which they attributed to rapid formation of NO, between the road and the
nearest monitor 8 m from the road because of high O3 concentrations. Most of the NOx
emitted from vehicles is emitted as NO, which can be rapidly converted into NO; in the
presence of Os as described in Section 2.2. However, the results of Table 2-6 in general
indicate that concentrations nearest the road rarely appear to be more than 100% higher at
a distance of 10 to 20 m from the road than at 80 to 500 m away from the road.
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Figure 2-16
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Influence of nitrogen dioxide concentration magnitude on the
ratio of NO2 concentrations at <1 m from the road (Cnear) to
concentrations at 200—-350 m (Crar) in rural Wales.

As studies with better time resolution have been conducted, more observations of the lack
of any difference between concentrations nearest the road and farthest from the road
(Chear — Ctar = ~0) have been reported. Monn (2001) observed little difference in winter
with passive samplers, and in more recent studies a lack of near-road NO. concentration
gradient appears to be common in early morning measurements (Massoli et al., 2012;
McAdam et al., 2011).

There are now thousands of individual chemiluminescence measurements from two new
studies (Kimbrough et al., 2013; Polidori and Fine, 2012) that solidly support
observations from earlier passive sampling studies. Kimbrough et al. (2013) reported
average concentrations of more than seven thousand 5-minute measurements, and
showed that NO, concentrations 20 m from the road were an average of 27% higher than
at 300 m from the road in Las VVegas, NV. In Southern California, Polidori and Fine
(2012) reported that NO, concentrations at 15 m were 56% higher in summer and 15%
higher in winter than at 80 m. This seasonal difference has been noted in other studies
(Monn, 2001) and is consistent with the difference in seasonal ratio distributions
estimated in the 2008 Risk and Exposure Assessment for Oxides of Nitrogen (U.S. EPA
2008b). Averaging over the two seasons gives an NO, concentration 36% higher at 15 m
than at 80 m, which is remarkably similar to the observation of Kimbrough et al. (2013).
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The absolute difference in measured NO, concentrations between the nearest and farthest
locations (Crear — Crar) is also consistent across most studies, with concentration
differences rarely exceeding 20 ppb. The exception is the Rodes and Holland (1981)
study from Los Angeles in the early 1980s. Because this is an older study than the others,
the vehicle fleet was not strictly regulated for NOx emissions. As a result, the
concentrations observed may not be relevant to current conditions. Excluding this study,
the range in Cpear — Ctar is Somewnhat smaller than the range for Csr across all of the
studies, which further implies that a ratio of concentrations at different distances from the
road could be more strongly influenced by the concentration away from the road (Crar)
than by the concentration nearest the road (Crear).

Several investigators have attempted to fit NO, concentration data as a function of
distance from the road. NO- concentrations followed a logarithmic function with distance
from a road over a range of 100 m (Pleijel et al., 2004), more than 300 m (Roorda-Knape
et al., 1998), and more than 1,000 m (Gilbert et al., 2003):

Cx=0Ch + Cv—klOgX

Equation 2-1
where
x = distance from the road
k = decay constant derived from empirical data
Cx = NO2 concentration at a distance x from a road
Cb = NO> concentration contribution away from the influence of the road
Cv = NO; concentration contribution from vehicles on a roadway

Cape et al. (2004) used an exponential decay function to fit measured NO- concentrations
measured from 1 m to 10 m from the road:

Cx=0Ch + Cve_kX

Equation 2-2

This approach was also used in the 2008 Risk and Exposure Assessment for Oxides of
Nitrogen (U.S. EPA, 2008b) to estimate on-road concentrations from the published
studies.
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A shifted power law model has also been used (Zou et al., 2006):

Cx= Cb(X+ 1)_k

Equation 2-3

Table 2-6 also provides some preliminary insight into factors that affect near-road
concentrations. For example, the difference between NO; concentrations at different
distances from a road is consistently greater in summer than in winter (Kimbrough et al.,
2013; Monn, 2001; Bell and Ashenden, 1997), as also described in the 2008 Risk and
Exposure Assessment for Oxides of Nitrogen (U.S. EPA, 2008b).

There is less consistency concerning time of day. Near-road NO, concentrations have
been observed consistently to decrease after sunrise (Gordon et al., 2012; Massoli et al.,
2012; Durant et al., 2010). However, both increases (Gordon et al., 2012) and decreases

(Durant et al., 2010) in concentration gradient have been observed after sunrise. In the
morning, observations of no variation of NO, concentration with distance for short time
intervals have been observed before sunrise (Gordon et al., 2012), after sunrise (Durant
et al., 2010), or both before and after sunrise (Massoli et al., 2012).

A slight effect of wind conditions has been observed. Concentration varies with distance
from the road under all wind conditions, but is more pronounced downwind from the
road (Kimbrough et al., 2013; McAdam et al., 2011; Beckerman et al., 2008; Roorda-
Knape et al., 1998). When air is sampled both upwind and downwind of the road, more
gradual gradients are observed on the downwind side of the roadway (Durant et al., 2010;
Clements et al., 2009; Hu et al., 2009; Beckerman et al., 2008). Also, higher
concentrations are observed at low wind speeds, especially for winds blowing from the
road (Kimbrough et al., 2013).

To summarize the results and conclusions of the studies in Table 2-6, a zone of elevated
NO; concentration typically extends up to a distance of 200 to 500 m from roadways with
sufficient traffic. NO, concentrations measured from 0 to 20 m from the road range up to
20 ppb higher, or up to 100% higher than concentrations measured between 80 and 500 m
from a road. More recent data from intensive studies suggest concentrations at 15 to 20 m
average 20—40% higher than concentrations 80 m from the road, with greater differences
during daylight hours and in the summer.

Figure 2-17 explores the near-road gradient in more detail for a single study, providing
observations of seasonal and diurnal variations based on near-road field measurements in
Los Angeles, CA (Polidori and Fine, 2012) and Detroit, MI (Vette et al., 2013). In both
cities, hourly NO, measurements at near-road (within 15 m from a major interstate) and
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downwind sites (within 100 m from major interstate) exhibit the evolving nature of NO;
concentrations and roadway gradients during different seasons and hours of the day. On a
seasonal basis, higher average NO; concentrations generally occur during winter months,
when atmospheric inversions are more prevalent, although some of the highest
concentrations in Detroit are observed during the day in summer. Additionally, because
absolute NO; concentrations tend to decrease more during the summer when
concentrations are lower compared to winter, larger ratios of concentrations at different
distances from the road are observed during the summer, as described earlier in this
section.

On a diurnal basis, NO, roadway concentrations typically increase during morning rush
hour (6:00—10:00 a.m.) then gradually decrease from late morning to mid afternoon as

the atmospheric mixing layer expands. Roadway NO- concentrations begin to increase

again during afternoon rush hour and nighttime, and are generally similar to or slightly
lower than NO- concentrations during morning rush hour. As demonstrated in

Figure 2-17, this diurnal profile is more evident in the winter compared to the summer.

Notably, while maximum concentrations tend to occur during morning rush hour and
nighttime, especially during the winter, the NO, roadway gradient is largest during
afternoon hours (10:00 a.m.—5:00 p.m.). This trend is further demonstrated in

Figure 2-18, which shows the absolute difference in NO, concentrations between
near-road and downwind sites during winter and summer. In both cities, the absolute
difference between sites is below 15 ppb during morning rush hour and nighttime,
whereas a somewhat larger difference is observed during mid-afternoon hours
(12:00 p.m.—5:00 p.m.).
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Figure 2-17 Diurnal variation of near-road (red: within 15 m of major
interstate) and downwind (gray: within 100 m of major interstate)
nitrogen dioxide (NO2) concentrations observed during year-long
field campaigns in Los Angeles, CA and Detroit, MI.
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Figure 2-18

January 2015

Absolute difference between nitrogen dioxide (NO2)
concentrations at near-road sites during year-long field
campaigns in Los Angeles, CA and Detroit, MI.

2.5.3.2 Near-Road Monitoring

The near-road monitoring network described in Section 2.4.5 is scheduled to be
implemented in three phases, and monitors in the first phase were scheduled to become
operational January 1, 2014. Data presented here from the near-road monitoring network
is very limited both in terms of the number of operational monitoring sites and the
number of monitoring days reported. Therefore, concentration trends and patterns should
be considered very preliminary.

Because some monitoring sites became operational earlier than January 1, 2014, and
some of them have already reported second quarter 2014 data, several near-road monitors
have already reported a full year of data. Warm season and cold season NO;
concentrations from these monitors are summarized and compared to other monitors in
the same city in Table 2-7. The near-road monitor usually had the highest annual average
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of all 1-hour NO, measurements from all monitors in the city, but usually not the highest
98th percentile or maximum concentration.

Table 2-7 Comparison of near road and area wide 1-hour daily maximum
concentrations for monitors with year round data (ppb).

AW NR NR NR
City Period Sites Season Mean AW Mean 98% AW 98%  Max AW Max
Boston 6/2013-5/2014 7 Warm 26.2 7-27 43 16-49 51 25-70
Cold 355 13-34 58 33-63 64 40-68
Denver 6/2013-5/2014 2 Warm 39.0 32-37 54 62-77 62 58-63
Cold 45.0 41-47 71 71-83 97 106-136
Des Moines 2013 1 Warm 16.7 15 30 41 34 44
(all year)
Cold 21.3 17 35 35 42 39
Detroit 2012-2013 2  Warm 30.4 22-23 50 40-42 78 51-54
(2 years)
Cold 30.0 25-26 51 42-45 71 48-54
Minneapolis 4/2013-3/2014 3  Warm 22.2 9-15 42 20-38 54 26-42
Cold 311 15-24 51 31-59 52 43-70

AW = area wide; NR = near road

Source: National Center for Environmental Assessment and Office of Air Quality Planning and Standards Analysis of Air Quality
System Network Data from 2012-2014.

Comparing near-road NO- concentrations to those measured in another part of the city is
not the same as comparing them to concentrations a few hundred meters away from the
road, as illustrated in Figure 2-14. In many cases, the other monitors have been
intentionally sited in areas of high NO, concentrations, and considerable variability has
been observed on the same spatial scale as the distance between monitors (e.g., Boston in
Figure 2-14). A good example of this is the highest 1-hour daily maximum NO-

© 0O N o o b~ W

10
11

concentration of 136 ppb in Denver in Table 2-7 at a monitor located 3 km from the
near-road monitor, but one block from high rise buildings that form the edge of the
high-density central business district.
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Additional monitors have not yet operated for a full year, but were operational in the first
quarter of 2014. Results from these monitors are presented in Table 2-8. 1-hour daily
maximum NO- concentrations ranged from 49 ppb in Houston, TX to 97 ppb in Denver,
CO, with 98th percentile concentrations for the quarter ranging from 48 to 71 ppb. More
than half of the monitors reported maximum and 98th percentile concentrations of 1-hour
daily maximum NO; concentrations exceeding 60 ppb. Seasonal average NO-
concentrations ranged from 23.5 to 46.0 ppb, with the highest average concentrations in
Denver, CO and Phoenix, AZ. These are two of only a few cities that fell into the highest
concentration classes for both 1-hour daily maximum and annual average concentrations
of NO; during the previous 3 years, as indicated in Figures 2-11 and 2-12 in

Section 2.5.1. This suggests other influences besides roads with heavy traffic can also
influence NO, concentrations, even at locations very close to the road (i.e., within 50 m).

Table 2-8  Near-road network 1-hour daily maximum nitrogen dioxide
concentration summary for first quarter 2014 (ppb).
City Maximum 98th Percentile Seasonal Mean
Denver, CO 97 71 44.7
St. Louis, MO 71 66 35.3
Cincinnati, OH 68 67 42.3
Philadelphia, PA 65 60 36.3
Indianapolis, IN 64 64 38.4
Boston, MA 64 60 36.8
Phoenix, AZ 62 62 46.0
Detroit, Ml 62 61 34.9
S.F.-Oakland, CA 61 55 30.2
Richmond, VA 59 55 34.6
Birmingham, AL 55 54 23.5
Columbus, OH 53 53 29.3
Minneapolis, MN 52 51 32.9
San Antonio, TX 51 51 28.1
Houston, TX 49 48 29.2

Source: Office of Air Quality Planning and Standards and National Center for Environmental Assessment analysis of Air Quality
System Network Data 2014.
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These preliminary results from the U.S. near-road network are similar to data from the
London, U.K. network with several near-road monitors that have been in operation for a
longer period, despite potential differences from the U.S. in fleet mix, traffic mitigation
policies, and small geographic scope that may limit generalizability. London data were
analyzed because the city has a well-established system of roadside and urban
background monitors. Air quality data were obtained from the Airbase database
(EIONET, 2014) for 2004 to 2006 and 2010 to 2012 in the form of hourly NO;
measurements, and monitors of interest were those whose city was listed as London and
were within 10 m of the roadway to capture NO; primarily derived from mobile sources.

Overall, there were large differences in NO, concentrations between roadside and urban
background monitors, which ranged from 2.4 to 9.8 km apart as shown in Tables 2-9A
and 2-9B. The differences in 24-h avg NO- concentrations ranged from approximately
24% lower to 170% higher at the roadside than urban background site. The largest
relative differences in 24-h avg NO- concentrations were observed when the ambient
urban background concentrations were less than 20 ppb. All roadside monitors were
positively correlated with the overall urban background monitors, and the Pearson
correlations were greater than r = 0.70 for two out of three. Interquartile ranges were
generally similar between roadside monitor-urban background monitor pairs, indicating
that while in the majority of cases roadside monitors had higher NO; concentrations than
urban background monitors, temporal variability was similar between the two monitors.
As for the preliminary results from the U.S. near-road network, these results suggest that
while concentrations measured at roadside monitors were generally higher than those
measured at urban background monitors, there were still large ranges in mean
differences.
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Table 2-9A Roadside and urban background nitrogen dioxide concentrations in London, U.K. 2010-2012.

98th
Distance Percentile of 24-H Avg. Correlation
Between Mean 1-Hour Daily A 98th With Urban
Monitors Concentration A Mean? MaxP Percentile 24-H Avg 1-HMax Background Monitors
Monitor Pairs km ppb % ppb % IQR IQR 95% ClI
Roadside London Marylebone Rd 2.4 52.34 68 140.53 102 25.7 59.58 0.30
Urban Bkg London Bloomsbury 31.17 69.68 12.01 14.36 (0.25, 0.36)
Roadside Camden Kerbside 2.8 43.76 124 132.02 108 16.89 32.45 0.74
Urban Bkg London N.Kensington 19.58 63.56 12.61 15.96 (0.71, 0.77)
Roadside Haringey Roadside 9.8 23.78 -24 64.22 -7.9 12.03 18.62 0.84
Urban Bkg London Bloomsbury 31.17 69.68 12.01 14.36 (0.83, 0.86)

ClI = confidence interval; IQR = interquartile range.
aDifference in mean NO, between roadside and urban background monitors.

b3-year average.

Source: National Center for Environmental Assessment Analysis of European Air Quality Database Data from 2010-2012.
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Table 2-9B Roadside and urban background nitrogen dioxide concentrations in London, U.K. 2004-2006.

24-H Avg.
Correlation
Distance 98th Percentile With Urban
Between Mean of 1-H Daily A 98th Background
Monitors Concentration A Mean? MaxP* Percentile 24-H Avg 1-H Max Monitor
Monitor Pairs km ppb % ppb % IQR IQR 95% CI
Roadside London Marylebone Rd 2.4 58.34 87.84 163.52 131.77 28.62 4549 0.24
Urban Bkg London Bloomsbury 31.06 70.55 13.1 15.96 (0.18, 0.29)
Roadside Southwark Roadside 33 32.98 95.9 80.69 50.25 11.13 13.3 0.86
Urban Bkg London Eltham 16.84 53.7 10.66 16.49 (0.84,0.88)
Roadside London Cromwell Rd 2 3.4 42.69 131.15 97.68 51.44 12.1 21.01 0.63
Urban Bkg London Bexley 18.47 64.5 11.86 15.96 (0.59, 0.66)
Roadside Camden Kerbside 3.8 37 74.51 116.28 62.01 15.66 26.87 0.78
Urban Bkg London N.Kensington 21.2 71.77 12.65 17.02 (0.75, 0.80)
Roadside Tower Hamlets Roadside 4.1 32.34 25.65 80.05 -12.23 15.18 19.15 0.81
Urban Bkg London Hackney 25.74 91.2 14.29 19.68 (0.79, 0.83)
Roadside Haringey Roadside 45 24.4 -5.21 66.08 -27.54 12.02 16.49 0.80
Urban Bkg London Hackney 25.74 91.2 14.29 19.68 (0.78,0.82)
Roadside London Bromley 5.2 24.73 -4.98 80.36 -8.1 12.36 17.56 0.70
Urban Bkg London Lewisham 26.03 87.44 12.59 17.02 (0.67,0.73)
Roadside London A3 Roadside 6.2 35.33 169.95 93.01 73.94 14.66 19.15 0.64
Urban Bkg London Teddington 13.09 53.47 11.15 19.21 (0.77,0.81)

Cl = confidence interval; IQR = interquartile range; Bkg = background.

#Roadside vs urban background comparison.

b3-year average.

Source: National Center for Environmental Assessment Analysis of European Air Quality Database Data from 2004-2006.
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While NO, measurements are more widely used than NOx for exposure estimates and
epidemiologic studies, NO; accounts for only a fraction of NOx near roads with heavy
traffic. For example, Clements et al. (2009) measured concentrations of NO, NO,, and
NOx, 5 m downwind from a state road in Austin, TX, and observed NOx concentrations

of approximately 40—50 ppb, NO concentrations of approximately 15—40 ppb, and NO>
concentrations of approximately 5—15 ppb under downwind conditions. NO; accounted
for 10—38% of the NOx.

It follows that NO is often a greater contributor to NOx near roads. Baldauf et al. (2008a)
presented time-series of pollutants measured 5 m from 1-40 in Raleigh, NC, and reported
that NO concentrations reached near 250 ppb between 8:00 a.m. and 9:00 a.m., with
minimum NO concentrations around 50 ppb during that time period. The predominance
of NO (rather than NOy) in the near-road environment contrasts with nationwide annual
average concentrations in Table 2-4, for which annual average NO; accounts for more
than 60% of annual average NOx.

Wind speed and atmospheric stability also impact roadway NOx concentrations. Peak
roadway concentrations are often observed during presunrise hours when winds are weak
and atmospheric inversions are present (Gordon et al., 2012; Durant et al., 2010; Hu

et al., 2009). During these presunrise hours, the NOx concentrations exhibit a more
gradual decay from the roadway than after sunrise. Hu et al. (2009) observed this effect
during a near-road field campaign in Santa Monica, CA. They observed elevated NO
concentrations (90—160 ppb) as far as 1,200 m downwind of the roadway during
pre-sunrise hours, which is much larger than the expected spatial extent of NO
(100-300 m) (Karner et al., 2010; Zhou and Levy, 2007). NOx concentration gradients
continue to change throughout the day as atmospheric stability evolves. After sunrise,
near-road NOx concentrations drop as vertical mixing increases (Gordon et al., 2012;
Durant et al., 2010) until concentrations reach a minimum during the late afternoon
(Gordon et al., 2012). In some studies, no clear gradient is observed in NOx
concentrations (or other traffic-related species) during mid-morning or early evening
hours (Gordon et al., 2012; Durant et al., 2010). However, the exact response of the
horizontal concentration gradient to changes in boundary layer height is unresolved to
some extent.

Dispersion of NOx in the near-road environment is influenced by several factors:
atmospheric turbulence, vehicle-induced turbulence, and roadway-induced turbulence
(Baldauf et al., 2009; Wang and Zhang, 2009). Atmospheric turbulence occurs as a result
of meteorological factors within the urban boundary layer. Vehicle-induced turbulence
results from the air disturbances caused by the direction and speed of vehicle motion.
Roadway-induced turbulence happens when wind-driven air masses undergo separation
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following impact with a roadway structure in the built environment. These sources of
turbulence interact with each other to create complex, unique dispersion profiles at a
given road segment to influence NOx concentrations. This discussion addresses the
physical factors influencing dispersion of NOx.

Several atmospheric conditions affect regional or urban airflow profiles and potentially
can impact the dispersion profile of NOx even in the absence of adjacent buildings,
roadway structures, or traffic-related turbulence. In urban areas, effects of the built
environment can be seen at regional-, urban-, neighborhood-, and street-level scales
(Fernando, 2010; Britter and Hanna, 2003). Roughness created by upstream buildings
contributes to local turbulence levels, even in the absence of adjacent buildings. Land
forms such as slopes and valleys can also affect the atmospheric turbulence level because
they interact with atmospheric stability conditions to restrict air movement. Finn et al.
(2010) observed that tracer gas concentration increased with increasing atmospheric
stability. This finding is consistent with results with other studies (Gordon et al., 2012;
Durant et al., 2010; Hu et al., 2009) that observed the highest concentrations of NO, NO,,
and NOx before sunrise when traffic levels and atmospheric stability are high. Hu et al.
(2009) also argued that atmospheric stability potentially extends the decay profile of
near-roadway pollutants. Additionally, the presence of slopes and valleys can cause spots
where airflow converges or diverges (Fernando, 2010). Heat flux can be sizeable in urban
areas where the “heat island” effect from roadways and buildings can raise local
temperatures by several degrees (Britter and Hanna, 2003); heat flux potentially
contributes to convection near roadways and other structures in the built environment.
Underscoring the dominant role of local turbulence on dispersion patterns, Venkatram

et al. (2007) measured meteorological factors potentially affecting NO concentrations
near a road segment in Raleigh, NC and found that among meteorological variables
vertical velocity fluctuations had the largest effect on NO concentration.

Vehicle motion creating high levels of turbulence on and near roads can contribute to the
dispersion of traffic-related air pollution in the vicinity of a roadway (Baldauf et al.
2008a). An early description of this was provided by Sedefian et al. (1981) for the
General Motors experiments, in which groups of vehicles were driven along a test track
while towers with mounted anemometers measured mean and fluctuating velocities. It
was observed that vehicle-induced turbulence dissipates slowly under low mean wind
conditions and vice versa. Vehicle-induced turbulence was found in that study to
contribute to vertical dispersion of emitted pollutants. Computational fluid dynamics
(CFD) simulations by Wang and Zhang (2009) also found that vehicle-induced
turbulence contributed to vertical dispersion. Rao et al. (2002) observed large
measurements of turbulence kinetic energy in the wake of a vehicle outfitted with a trailer
carrying sonic anemometers driving along a runway. Sedefian et al. (1981) found that
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advection of vehicle-induced turbulence away from the roadway was related to the speed
and direction of mean winds. di Sabatino et al. (2003) showed that vehicle-induced
turbulence is related to traffic levels. In light traffic, the wake behind a vehicle is isolated,
but for increasing traffic, the wakes interact and turbulence is a function of the number of
vehicles and vehicle length scale. At congested traffic levels, the vehicle-induced
turbulence becomes independent of the number of vehicles. For street canyon simulations
and measurements, Kastner-Klein et al. (2003) observed that predictions of tracer
concentrations were overestimated when vehicle-induced turbulence was not considered;
this implies additional dispersion related to vehicle-induced turbulence. Traffic
directionality was investigated by He and Dhaniyala (2011) and Kastner-Klein et al.
(2001). He and Dhaniyala (2011) observed that turbulent kinetic energy from two-way
traffic was roughly 20% higher than for one-way traffic, and they found that the turbulent
kinetic energy increased with decreasing distance between the traffic lanes. Kastner-
Klein et al. (2001) observed that two-way traffic suppresses the mean flow of
vehicle-induced air motion along a street canyon, whereas one-way traffic produces a
piston-like effect [note that the Kastner-Klein et al. (2001) study was for the geometrical
case of a street canyon]. Substantially higher turbulence levels were produced with
two-way traffic compared with one-way traffic for the Kastner-Klein et al. (2001) study

as well.

The presence of near-road structures results in recirculating airflow regions that may trap
air pollutants on one side and disperse them on another side, depending on wind
conditions (Baldauf et al., 2008b). Finn et al. (2010) simulated transport from a roadway
using a point source tracer gas with barrier and open terrain conditions. With airflow
from the simulated roadway and high atmospheric stability, high concentrations were
trapped in the roadway region with a negligible tracer gas in the wake downstream of the
barrier with considerable lateral and vertical plume dispersion. For open terrain, transport
of the tracer was characterized by a narrow plume. Hagler et al. (2011) used CFD to
model airflow and concentrations around barriers of different heights and similarly found
reductions in inert tracer concentration downwind of the barrier compared with the open
terrain case with trapping of air pollutants upstream of the barrier. With the barrier in
place, downwind tracer concentrations were observed at elevations of twice the barrier
height. Mean airflow vectors also illustrate a wind disturbance at elevations of twice the
barrier height. Even for the open terrain case, vertical dispersion occurs. In additional
simulations involving a service road just downstream of the barrier, Hagler et al. (2011)
observed entrainment of tracer in the wake downstream of the barrier. Tokairin and
Kitada (2005) used CFD to investigate the effect of porous fences on contaminant
transport near roads and observed tracer gas retention and airflow recirculation when the
fences were designed with less than 40—50% porosity. Heist et al. (2009b) investigated
the effect of geometry of road cuts and noise barriers in wind tunnel tracer gas
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experiments. They observed that elevated roadways, depressed roadways, and noise
barriers all resulted in lower downwind concentrations compared with the open terrain
case with elevated roadways producing the least reduction in concentration. As in Hagler
et al. (2011), Heist et al. (2009b) observed measurable concentrations at elevations that
resulted from Gaussian dispersion for all geometries of the road cut or barrier, but
vertical dispersion was enhanced or dampened depending on the specific geometry.
Similarly, for wind tunnel simulations of a single tower above a matrix of street canyons,
the tower was shown to induce both airflow and tracer concentration along the leeward
edge of the building to a height exceeding the tower height (Brixey et al., 2009; Heist

et al., 2009a).

For the special case of street canyons, retention time for traffic-based pollution increases
on the roadway with increasing building height-to-road width ratio because recirculating
airflow forms closed streamlines within the canyon (Li et al., 2005; Liu et al., 2005). For
wind tunnel simulations of tracer emission at street level with and without traffic,
Kastner-Klein et al. (2001) observed measurable tracer concentrations near the top of the
street canyon but with some dispersion from maximum tracer levels at the canyon floor.
Dilution of NOx concentrations through these recirculating air structures leads to a steep
decrease in concentration with increasing distance from the ground (Lee et al., 2012). For
low-aspect-ratio street canyons, secondary recirculating structures can arise; while
contaminant retention still occurs in this case, ventilation occurs more readily than for the
high-aspect-ratio case (Simoéns and Wallace, 2008; Simoéns et al., 2007). Cheng et al.
(2008) used CFD to evaluate factors leading to contaminant retention in street canyons
and observed that the exchange rate for air and a tracer gas was driven by the turbulent
component of airflow at the roof-level interface of the street canyon. Subsequent
simulations showed that exchange rate was also aided by unstable atmospheric conditions
(Cheng et al., 2009). CFD simulations by Gu et al. (2010) of transport within a street
canyon with and without vegetation suggested that the recirculating flow is dampened by
the presence of vegetation.

2.5.4 Seasonal, Weekday/Weekend, and Diurnal Trends

January 2015

Month-to-month variability in 24-h avg NO; concentrations was described in the 2008
ISA for Oxides of Nitrogen (U.S. EPA, 2008a). Strong seasonal variability in NO, was
reported, with higher concentrations in winter and lower concentrations in summer.
Monthly maxima varied regionally. Day-to-day variability in NO, concentration was
generally larger during the winter.
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Recent data presented in Table 2-3 continue to show similar seasonal trends for average
seasonal NO. concentrations across 3 years. Mean and 99th percentile concentrations are
highest in the first and fourth quarters. Concentration patterns of NO and NO- are
affected strongly by emissions and meteorology, as concentrations peak during early
morning hours and in winter when PBL heights are lowest (Figure 2-19). NO; exhibits
flatter profiles relative to NO as secondary formation processes influence concentration
patterns.
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Source: National Center for Environmental Assessment analysis of Air Quality System Network Data.

Figure 2-19

January 2015

January and July hourly profiles of nitric oxide (NO) and nitrogen
dioxide (NO2) (ppb) for Atlanta, GA (site in Atlanta with maximum
1-hour NO2 concentrations).

Figure 2-19 shows a typical diurnal cycle for a nonnear-road site for NO and NO.. As
described in the 2008 ISA for Oxides of Nitrogen (U.S. EPA, 2008a), the NO-
concentration typically exhibits a daily maximum during morning rush hour, although the
concentration maximum can also occur at other times of day. This pattern is shown for
Atlanta, GA, in Figure 2-19, but it is also typical for other urban sites. Although the
concentration trends shown in Figure 2-19 are for a nonnear-road monitoring site, they
are similar to trends observed for the Las Vegas and Detroit near-road concentration
patterns in Figure 2-17. NO levels well above zero at night imply that O3 has been
completely titrated.

Differences between weekdays and weekends are shown for the same monitor in
Figure 2-20. Typically, weekday concentrations of NOx, particularly NO, exceed
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weekend concentrations, and diurnal cycles are more compressed on weekends. The
weekend effect for NO was first observed by Cleveland et al. (1974) and is a general
characteristic of urban NO and NOx concentrations observed in many locations (Tonse
et al., 2008; Pun et al., 2003; Marr and Harley, 2002). Differences between weekdays and
weekends were also noted in the 2008 ISA for Oxides of Nitrogen (U.S. EPA, 2008a),
with more pronounced differences at sites more influenced by traffic. Both empirical
observations and modeling simulations of weekly cycles of NOx based on summer
satellite column data converted to concentrations using a chemistry transport model of the
vertical NO; distribution (see Section 2.4.5) also indicate higher concentrations on
weekdays than on weekends regardless of land coverage, for urban, forest, and other
regions (Choi et al., 2012). In southern California, NOx concentrations were an average
of 46% lower in ground-based measurements, and 34% lower in airborne measurements
(Pollack et al., 2012). In Atlanta, NOx concentrations were 24% higher on weekdays than
on weekends (Pachon et al., 2012).

60
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Source: National Center for Environmental Assessment analysis of Air Quality System Network Data.

Figure 2-20 Weekend/weekday hourly profiles of nitric oxide (NO) and
nitrogen dioxide (NO2) (ppb) for Atlanta, GA (site in Atlanta with
maximum NO2z concentrations).

2.5.5 Multiyear Trends in Ambient Measurements of Oxides of Nitrogen

15
16
17

January 2015

The annual average NO- concentration across the U.S. based on concentrations from the
national air quality monitoring network decreased by 49% from 1990 to 2012, as shown
in Figure 2-21. The blue band shows the distribution of air pollution levels among the
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trend sites, displaying the middle 80%. The white line represents the average among all
the trend sites. Ninety percent of sites have NO, concentrations below the top line, while
10% of sites have concentrations below the bottom line.

Information on trends on a regional basis and at individual, local air monitoring sites can
be found at http://www.epa.gov/air/airtrends/nitrogen.html; National Trends in Nitrogen
Dioxide Levels. The steady decline in NO2 concentrations over the years can be
attributed mainly to reductions in emissions from mobile and stationary sources (see
Figure 2-2).
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Figure 2-21 U.S. national annual average ambient nitrogen dioxide
concentration trends, 1990-2012.
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In Atlanta, GA, NOx concentrations decreased from 1999 to 2001, increased during 2002
and 2003, and decreased again until 2007. The decrease from 1999 to 2001 was attributed
to the implementation of EPA’s acid rain program, and the decrease from 2002 to 2007 to
decreases in on-road NOx emissions (Pachon et al., 2012).

2.5.6 Background Concentrations

January 2015

In the context of a review of the NAAQS, EPA generally defines “background
concentrations” in a way that distinguishes among concentrations that result from
precursor emissions that are relatively less controllable from those that are relatively
more controllable through U.S. policies or through international agreements. The most
commonly used form in the past and in this document is North American Background
(NAB), which refers to simulated NO- concentrations that would exist in the absence of
anthropogenic emissions from the U.S., Canada, and Mexico. This definition of
background includes contributions resulting from emissions from natural sources

(e.g., soils, wildfires, lightning) around the world. Other definitions can also be used. For
example, in the 2013 ISA for Ozone and Related Photochemical Oxidants (U.S. EPA
2013Db), a U.S. background, which includes emissions from Canada and Mexico in

addition to those in the definition of a North American background, and a natural
background, which includes only emissions from natural sources globally, were used.
Background is used to inform policy considerations regarding the current or potential
alternative standards.

As can be seen from Figure 2-13, maximum seasonally averaged concentrations of NO-
occur along the Northeast Corridor, the Ohio River Valley, and in the Los Angeles basin.
While NO, concentrations are often above 5 ppb, NAB is less than 300 ppt over most of
the continental U.S., and less than 100 ppt in the eastern U.S., as shown in Figure 2-4
through Figure 2-18 in the 2008 ISA for Oxides of Nitrogen (U.S. EPA, 2008a). The
distribution of background concentrations in the 2008 ISA was shown to largely reflect

the distribution of soil NO emissions and lightning, with some local increases due to
biomass burning, mainly in the western U.S. In the northeastern U.S., where present-day
NO; concentrations are highest, NAB contributes <1% to the total.

The only updates to the results given in the 2008 ISA (U.S. EPA, 2008a) are the
global-scale model calculations of Lin et al. (2012). In addition to U.S. and other North
American sources, various NOy species from sources outside North America have long
enough residence times in the atmosphere enabling them to be transported to the U.S.
(Lin et al., 2012). As noted in the 2013 ISA for Ozone and Related Photochemical
Oxidants (U.S. EPA, 2013b), spring is the dominant season for effects of intercontinental
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transport of pollution to be detected in the U.S. Lin et al. (2012) calculated that transport
of NOx from other continents contributes less than 10 ppt to the regional background in
the western U.S., but concentrations of PAN could range from 50 to 80 ppt.

The annual median NO; concentration of ~8 ppb reported by the SLAMS monitoring
network is well below the level of the current annual NAAQS (0.053 ppm) and the hourly
NAAQS (100 ppb). Background concentrations of NO, are much lower than average
ambient concentrations and are typically less than 0.1 ppb over most of the U.S., with the
highest values found in agricultural areas. All these values indicate that background
concentrations of NO- are well beneath the level of the current NO, NAAQS.

2.6 Conclusions

January 2015

A large number of oxidized nitrogen species occur in the atmosphere. They are emitted to
the atmosphere mainly as NO, which interconverts with NO,. Thus, NO and NO; are
often combined into their own group and referred to as NOx. NOx plays an important role
in the formation of atmospheric Oz and particulate matter. The conversion of NOx into
other species, such as PAN, HNOs, or particulate nitrate typically takes place on much
longer time scales than does interconversions between NO and NO.. As a result, near
sources, such as in heavily populated areas or busy roads with heavy traffic, oxides of
nitrogen are mainly present as NOx. However, in remote areas downwind of major
sources, more oxidized species account for a greater fraction of oxides of nitrogen.

NOx emissions in the U.S. have been roughly cut in half since 1990. In most of the
largest urban areas in the U.S., motor vehicle traffic accounts for 40—67% of emissions
and Off-Highway diesel and gasoline engines contribute an additional 20—30%.
Off-Highway vehicles and engines, electric power generation, other stationary fuel
combustion, industrial and agricultural process, and fires are all important NOx sources
on a national scale, with highway vehicles, Off-Highway vehicles and engines, and
stationary fuel combustion especially important in urban areas. Urban stationary fuel
combustion emissions account for a greater fraction of NOx emissions in colder climates.
In some cities, specific industrial sources like oil and gas production, petroleum refining,
or cement manufacturing account for a greater fraction of NOx emissions locally than
they do nationally. However, traffic emissions are generally responsible for the greatest
share of NOx in the U.S., especially in populated areas.

NO and NO; are most commonly measured by a Federal Reference Method based on
chemiluminescence of NO induced by its reaction with Os. NO; is measured by first
reducing it to NO, and then measuring the chemiluminescence of NO. Recent
advancements in NO, measurements include improved methods of conversion of NO; to
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NO, development of optical methods to measure NO; directly, and development of
satellite measurement methods. NO; is measured at hundreds of monitors in several
national monitoring networks. In 2014 the first phase of the new near-road monitoring
network was initiated in recognition that millions of people live within a few hundred
meters of a major roadway, and that concentrations of NO; typically decrease with
increasing distance from a major road.

If annual average NO; concentrations for individual monitoring sites are averaged over
all monitoring sites in the U.S., the overall average is about 15 ppb. Similarly, the
average daily 1-hour maximum NO- concentration over all U.S. monitoring sites is about
30 ppb. Average NO- concentrations are usually somewhat higher in winter than in
summer. Concentrations are highest in populated urban areas where sources are
dominated by vehicle emissions. Within urban areas there can be a high degree of spatial
variability, although good intra-urban agreement has also been frequently observed.
Concentrations within urban areas are usually highest near major roadways and major
stationary sources. Near roadways, an NO, concentration gradient is often observed,
especially in the summer and during daylight hours. NO, concentrations are typically up
to 20 ppb higher within 20 m of a major road than at a distance a few hundred meters
from the road, and the spatial extent of elevated concentration typically ranges from 200
to 500 m. Preliminary results from EPA’s new near-road monitoring network indicate
that seasonal average NO; concentrations are usually higher near roads with heavy traffic
than in other locations in the same city.

Much of the most recent research on atmospheric NO, and NOx has focused on its role as
a traffic pollutant and its spatial variability, especially in proximity to major roads.
Because traffic is the largest source of NOx in the U.S., especially in populated areas, this
research is highly relevant to human exposure, and the results described in this chapter
provide a useful context for NO, exposure and health assessment.
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CHAPTER 3 EXPOSURE TO OXIDES OF
NITROGEN

3.1 Introduction

January 2015

Assessment of exposure to ambient oxides of nitrogen builds from the characterization of
concentrations and atmospheric chemistry presented in Chapter 2. The primary
conclusions from Chapter 2 were that NO, concentrations have declined over the past

20 years, but concentrations are still elevated near roads and in urban areas, with
vehicular traffic and off-highway vehicles contributing the majority of NO, emissions.
For this reason, NO, exposure assessment focuses predominantly on urban and near-road
settings.

True personal exposure to ambient oxides of nitrogen is given by the concentration of
oxides of nitrogen emitted from ambient sources and encountered by an individual over a
given time. Personal ambient exposure is influenced by a number of factors, including:

= time-activity in different microenvironments (e.g., vehicle, residence,
workplace, outdoor);

= climate (e.g., weather, season);

= characteristics of indoor microenvironments (e.g., window openings,
draftiness, air conditioning); and,

= microenvironmental emission sources (e.g., roadways, construction
equipment, indoor gas stoves) and concentrations.

Surrogates for personal exposure to ambient oxides of nitrogen include ambient NO;
measured at a central site monitor or modeled using spatial techniques such as land use
regression (LUR), Gaussian dispersion models, or chemical transport models (CTM). All
exposure surrogates are subject to measurement errors related to spatial and temporal
variability of the ambient concentration field, quality of additional input data,
representativeness of predictor variables, and accuracy of the monitoring or modeling
methodology. The following sections describe methods to estimate personal exposure,
current data used to characterize exposure to ambient oxides of nitrogen, exposure-related
factors that influence interpretation of epidemiologic models of the health effects of
oxides of nitrogen, and considerations for use of exposure metrics in epidemiologic
studies of different design. This chapter focuses on the ambient component of personal
exposure to NO2, because the NAAQS regulates ambient oxides of nitrogen, for which
NO:; is the indicator. However, studies using total personal NO, exposure and indoor NO-
concentrations as exposure metrics can also inform the understanding of exposure and
related health effects and so are included as supporting evidence where appropriate. This
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chapter focuses on studies of exposure among the general population. Exposure of at-risk
groups, based for example on socioeconomic status, race, and proximity to roadways, is
addressed in Chapter 7; occupational exposures to ambient NO; are discussed in

Chapter 7 within the subsections for socioeconomic status and proximity to roadways.
Intake of NO; based on ventilation rate, and in relation to physical activity, is described
in Section 4.2. The information provided in this chapter will be used to help interpret the
health effects studies of NO, exposure presented in Chapters 5, 6, and 7.

3.2 Methodological Considerations for Use of Exposure Data

The following sections outline various facets of characterizing NO, exposure, including
research-grade (i.e., central site) and personal NO; exposure sampling techniques and
NO; exposure modeling. The section ends with a discussion of the application of
measurement and modeling techniques in epidemiogic studies of different designs.

3.2.1 Measurement

January 2015

3.2.1.1 Central Site and Near-Road Monitoring

Monitoring of NO- concentrations by chemiluminescent sampling is described in detail in
Section 2.4.1 along with limitations of the monitoring methodology. In summary, NO;
concentrations are calculated by FRM as the difference between NO measured in the air
stream that has passed over a heated MoOx substrate (measuring total oxides of nitrogen)
and NO in the air stream that was diverted away from the substrate. FRMSs are subject to
positive bias because oxidized nitrogen compounds other than NO; are often detected by
the MoOx substrate. A FEM is also available to measure NO; directly using a photolytic
converter to reduce NO; to NO. Evaluation of the chemiluminescent method is provided
in Section 2.4.1 along with a description of the measuring technique. Monitors set up by
state agencies as part of the SLAMS network that report to the AQS are typically
centrally sited, although the same monitors are used in select cases for near-road
monitoring. See Section 2.4.5 for more details.

In addition to judging compliance with the NAAQS, NO; concentrations measured by
centrally sited or near-road FRMs and FEMs are frequently used by epidemiologic
researchers as exposure metrics for studies of the health effects of exposure to oxides of
nitrogen, as described further in Section 3.4. Central site monitoring data can be used in
epidemiologic studies of short-term exposure to NO, when focused on the time series of
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exposure or in epidemiologic studies of long-term exposure when comparing average
NO; concentrations among different geographic areas. Section 3.4.3 explores the factors
causing errors associated with siting central site or near-road monitors at a single
location, and Section 3.4.5 considers the influence of those errors on health effect
estimates, respectively. Briefly, with respect to time-series exposure estimation for
epidemiologic studies of short-term exposure, correlation between measured
concentration and concentration and some distant point decreases with distance. For
epidemiologic studies of long-term exposure to NO, difference between the measured
concentration and the true exposure would result in exposure misclassification. These
issues are potentially exacerbated by the fact that there are a limited number of samplers
in the network.

3.2.1.2 Personal and Area Sampling

Personal sampling for NO, was described in detail in Annex 3.3 to the 2008 ISA for
Oxides of Nitrogen (U.S. EPA, 2008) and is briefly summarized here. Active sampling
systems typically involve air pumped past a chemiluminescent device; they enable
measurements of NO; over short time periods to produce near real-time data. Given the
weight of most active sampling systems, they are not used extensively for personal
sampling. Passive samplers based on Fick’s first law of diffusion are more commonly
deployed for personal or area NO, sampling in a badge, tube, or radial manifold. These
are typically deployed over periods ranging from a few days to several weeks. Passive
sampling results are integrated over the time period during which the sorbent material is
exposed, which is selected by the user and usually spans days to weeks. The 2008 ISA for
Oxides of Nitrogen (U.S. EPA, 2008) reported that, depending on the sorbent material,
personal NO, samplers may be subject to biases related to interferences from HONO,
PAN, HNO; (Gair et al., 1991), and high RH (Centro di Ricerche Ambientali, 2006).
These biases depend on ambient temperature and atmospheric levels of the copollutants
and relative humidity. Personal sampling for NO exposure is most commonly used in
epidemiologic panel studies.

Recent work has been performed to evaluate passive sampling device performance.
Sather et al. (2007) compared Ogawa passive samplers with a collocated NO, FRM
monitor over a 4-week field study in EI Paso, TX and observed good agreement, with an
average absolute difference of 1.2 ppb with R? = 0.95. For measurements in Ume3,
Sweden, Hagenbjork-Gustafsson et al. (2009) observed that, when using the
manufacturer’s recommended uptake rates to calculate concentration, passive NO;
measurements were negatively biased by 9.1%, and NOx concentration measurements
were positively biased by 15% compared with an FRM. When uptake rates were derived

3-3 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=157073
http://hero.epa.gov/index.cfm?action=search.view&reference_id=157073
http://hero.epa.gov/index.cfm?action=search.view&reference_id=90174
http://hero.epa.gov/index.cfm?action=search.view&reference_id=91002
http://hero.epa.gov/index.cfm?action=search.view&reference_id=618520
http://hero.epa.gov/index.cfm?action=search.view&reference_id=981338

O© 00 N o o B~ W N P

P N < =
g M W N P O

16
17
18
19
20
21
22
23
24
25
26
27

28
29
30
31
32
33
34
35
36
37
38

January 2015

in the field based on the chemiluminescent FRM, NO, measurements were positively
biased by 2%, and NOx concentration measurements were unbiased compared with the
FRM. These results suggest that deviation from temperature conditions under which the
samplers were laboratory tested may lead to biased results. Jimenez et al. (2011) used

Palmes-type passive diffusion tubes to measure both NO, and NOx concentrations and
investigated specific sources of biases in their measurements. They found that, within the
passive diffusion tubes, NO and O3 were reacting to form NO., causing NO
measurements to be negatively biased while NO, measurements were positively biased.
Wind was also a source of positive bias in the NO, and NOx concentration measurements
because increased airflow effectively reduced the diffusion lengths of the gas collection
tubes. In laboratory and field evaluation of NO- passive diffusion tubes, Buzica et al.
(2008) observed negligible difference between the diffusion tubes and FRM
measurements; however, uncertainty increased with decreasing concentration. When
comparing biases among samplers, note that the FRM is subject to positive biases related
to sensitivity to PAN, RONO,, and HNO; (see Sections 2.4.1 and 3.2.1.1).

Triethanolamine (TEA) is often employed as a sorbent material in denuders used for
capturing NO- during active sampling and in passive sampling because it can be applied
in an even coating. However, sampling efficiency is sensitive to sampler flow rate (Vichi
and De Santis, 2012), relative humidity (Poddubny and Yushketova, 2013; Serevi¢ien¢
and Paliulis, 2012; Vardoulakis et al., 2009), averaging time (Vardoulakis et al., 2009),
and ambient temperature (Poddubny and Yushketova, 2013). Heal (2008) found that NO,
bias was sensitive to method of application of the TEA to the substrate. Sekine et al.
(2008) and Nishikawa et al. (2009) experimented with size and number of filters,
respectively, in a passive sampler and found minimal effect on NO; or NOx

concentration. However, Ozden and Dogeroglu (2008) observed that TEA-complexed
NO; was sensitive to photodegradation if not stored in a dark glass tube, resulting in
underprediction of NO, exposure.

Recent attention has been given to using passive or miniature active monitors for
saturation sampling, i.e., siting monitors over a dense grid. This is typically done in urban
areas. For example, Ross et al. (2013) sited roughly 150 passive NO, monitors across the
five boroughs of New York City to create a dense concentration map for exposure

estimates and to provide training and validation data for LUR. Similarly, Shmool et al.
(2014) deployed Ogawa passive badges for NO, sampling, along with PM.s, BC, relative
humidity, and barometric pressure, across metropolitan Pittsburgh, PA. The monitoring
boxes were sited to capture air pollution gradients along the urban-to-suburban land use
gradient and included areas influenced by industrial sources and highways. Skouloudis
and Kassomenos (2014) deployed sensors for NO2, NOx, CO, Oz, and CsHs to correspond
to the population distribution on the island of Malta. Active samplers were used in this
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scheme, with a global positioning system (GPS) and data transmission capabilities for
near real-time analysis. Skouloudis and Kassomenos (2014) proposed that these dense
area samplers could also be assimilated with satellite measurements to improve the
accuracy of the exposure estimates.

3.2.2 Modeling
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Computational models can be employed to provide estimates of exposure in
epidemiologic studies when measurements are not available at locations and/or times
needed to estimate spatial and temporal variability in concentration within communities
and the epidemiologic study design requires greater spatial variability than attainable
through ambient NO, measurements. These methods can sometimes account for complex
urban morphometry and meteorology, which can interact to cause turbulence that may
affect pollutant residence times (Fernando, 2010) or incorporate localized sources that
might not otherwise be detected by central site monitoring (Goldman et al., 2012). Such
estimates can then be used as inputs to exposure models described in Section 3.4. These
modeling approaches produce data at times and/or locations where exposures are
uncharacterized, but each method carries its own uncertainty (Fuentes, 2009). Detailed
descriptions of computational models used for predicting spatially resolved concentration
profiles for exposure assessment have been provided in Section AX 3.6 of the 2008 ISA
for Oxides of Nitrogen Annex (U.S. EPA, 2008) and Section 3.8 of the 2009 ISA for PM
(U.S. EPA, 2009). Methods include LUR models, spatial interpolation through statistical
techniques, CTM, and dispersion models.

3.2.2.1 Statistical Modeling

Land Use Regression Models

LUR modeling has been applied extensively to estimate the spatial distribution of
ambient NO; or NO for exposure assessment on a neighborhood or urban scale for
application in epidemiologic studies of long-term exposure (Clougherty et al., 2013;
Hatzopoulou et al., 2013; Cesaroni et al., 2012; Gonzales et al., 2012; Mukerjee et al.,
2012a; Mukerjee et al., 2012b; Oiamo et al., 2012; Esplugues et al., 2011; Fernadndez-
Somoano et al., 2011; Hystad et al., 2011; Oiamo et al., 2011; Rose et al., 2011; Smith
et al., 2011; Szpiro et al., 2011; Adamkiewicz et al., 2010; Aguilera et al., 2009; Cohen
et al., 2009; Hart et al., 2009; Iniguez et al., 2009; Karr et al., 2009; Mukerjee et al.,
2009; Su et al., 2009b; Aguilera et al., 2008; Atari et al., 2008; Cesaroni et al., 2008;
Rosenlund et al., 2008). As such, LUR was used in many of the long-term epidemiologic
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studies described in Chapter 6. LUR fits a multiple linear regression model of
concentration based on land use data and then applies that model to locations without
monitors as an attempt to increase heterogeneity in the spatial resolution of the
concentration field compared with other methods, such as central site monitoring
(Marshall et al., 2008). Recently, LUR has been implemented to examine local-scale
concentration estimates across the U.S. (Novotny et al., 2011; Hart et al., 2009) and
Canada (Hystad et al., 2011). Models are typically calibrated using data from NO; or NO
from passive sampler measurements and several predictor variables, such as land use,
road length, population density, and proximity to areas of high concentrations (city
center, major road and/or highway, and point sources). Given that most passive
measurement methods are not designed for short-term sampling, LUR models are
typically based on several days, weeks, or years of data and hence do not account for
short-term temporal variability well. Hence, LUR is commonly used to estimate air
pollution exposure in long-term epidemiologic studies. Several methodological issues
must be considered when interpreting LUR model results; these issues include number of
measurement sites used to fit the statistical model, predictor variable selection, and
comparison of LUR performance among LUR model formulations and with other
models. These issues affect how well the spatial variability of NO, or NOx concentration
in a city is represented by the LUR.

Finer spatial resolution of calibration points can improve goodness of fit of the model for
the city in which it was fit. Using 155 monitoring sites throughout New York City,
Clougherty et al. (2013) ran an LUR with resolutions down to 50 m (R? = 0.67%). At this
fine scale, roadways and localized sources can be better represented than at coarser
scales. Parenteau and Sawada (2012) examined LUR model performance when basing the
model on successively finer spatial resolution from 2 km down to 50 m, with the
geographic borders of the finely resolved regions tied to population groupings based on
population density mapping. The two finer resolution approaches yielded better
agreement with measured NO; data (R? = 0.80—0.81) than the less spatially resolved
approach (R? = 0.70). Likewise, Dijkema et al. (2011) compared LUR based on spatial
resolution and observed better agreement with NO- observations for neighborhood-level
simulations (R? = 0.57) compared with whole-city simulations (R? = 0.47). Janssen et al.
(2012) proposed using LUR to improve performance of a CTM by downscaling the CTM
to the LUR. Downscaling entails a redistribution of the CTM-modeled concentrations
through a statistical model to conform to measured concentrations at points in space
where measurements are available using the LUR-derived regression parameters. Janssen
et al. (2012) found that the spatial representativeness of the CTM for NO, improved by
roughly 20% when incorporating the LUR downscaler, based on a comparison of the
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1 Unless otherwise noted for the LUR studies, R? refers to model fit.

3-6 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=193983
http://hero.epa.gov/index.cfm?action=search.view&reference_id=758518
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699146
http://hero.epa.gov/index.cfm?action=search.view&reference_id=759696
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1521062
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1518957
http://hero.epa.gov/index.cfm?action=search.view&reference_id=857527
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1518964
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1518964

w

© 00 N o o1 b

10
11
12
13
14
15
16
17
18

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

January 2015

CTM and downscaled CTM with central site monitor measurements. It is worth noting
that any errors and uncertainties associated with a particular LUR run would transfer to
the downscaled result if LUR were used as a basis for downscaling CTM results.

Studies have evaluated LUR model performance when the LUR was fit with different
numbers of NO, measurement sites and observed that the LUR model design is sensitive
to the number of measurement sites. Basagafia et al. (2012) evaluated LUR models for
24-120 NO2 measurement sites in Girona, Spain and different numbers of predictor
variables, starting with 106 prediction variables related to land use and then reducing the
set to 18 components through principal component analysis (PCA). Johnson et al. (2010)
evaluated LUR performance in New Haven, CT when the LUR model was fit with NO,
data from 25—285 measurement sites. Wang et al. (2012) also evaluated LUR
performance when fit with 24—120 NO2 monitors distributed across the Netherlands.
These studies (Basagafia et al., 2012; Wang et al., 2012; Johnson et al., 2010) observed
that, when a large number of prediction covariates were used, the model performed better
(higher adjusted R? and R? for cross-validation) for a smaller number of NO,
measurement sites compared with the model using a larger number of NO sites, but
when the number of prediction covariates was reduced through PCA, then a larger
number of NO, measurement sites was needed.

LUR results may not be generalizable between or across cities unless the model fit is
randomly distributed in space across the city, includes model training data covering the
complete ambient concentration distribution, and the cities are similar with respect to
source strength, source distribution, and topography. Allen et al. (2011) developed
separate LUR models for two Canadian cities (Winnipeg, Manitoba and Edmonton,
Alberta) with 50 calibration points each and then applied the models to the other city to
compare performance. As anticipated, locally generated model performance

(NO2: R? = 0.81-0.84; NO: R? = 0.55—0.56) was superior to performance of the model fit
for the other city (NO2: R? = 0.37-0.52; NO: R? = 0.24—0.41) and to bivariate local
models using only road proximity (R? < 0.19). NO, models consistently performed better
than NO models. Wang et al. (2014) developed a LUR model for NO; based on data from
23 European study areas (containing 20—40 sites within each study area) with NO,,
PM:s, land use, and traffic data. Given the continental design of the study, a regional
background concentration variable was also imposed on the model. The LUR model fit
was R? = 0.56 for all of the urban areas combined. After fitting the LUR model, Wang

et al. (2014) tested the LUR model’s ability to predict concentrations for different
configurations of cities by leaving one out of different analyses and found comparable
results (R? = 0.59). Generally, the R? for NO, were either comparable or lower than R? for
single city studies. This would be expected given the smoothing effect of fitting a model
over a large geographic area.
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Selection of predictor variables, such as meteorology, traffic, land use, and population
density, influences the ability of the LUR model to predict concentrations of oxides of
nitrogen and depends on the specific city for which the model is fit. Su et al. (2008a) and
Ainslie et al. (2008) developed the Source Area-LUR (SA-LUR) to incorporate the
effects of meteorology on the model results. The SA-LUR integrates data for wind speed,
wind direction, and cloud cover variables in estimates for NO and NO-, and was found to
perform better when seasonal variability in concentrations was high. Su et al. (2008b)
included a street canyon aspect ratio as a LUR predictor variable to account for retention
of pollutants in street canyons. They observed that, upon adding the aspect ratio to the
LUR model, R? increased from 0.56 to 0.67 for NO, and from 0.72 to 0.85 for NO.
Similarly, when Clougherty et al. (2013) added “built space within 1 km” to their LUR
model of NO2, R? increased by 0.41. Franklin et al. (2012) explored bivariate correlations
between NO,, NO, and NOx concentrations and several predictors reflecting traffic,
population, elevation, and land use in twelve southern California communities. For NO,,
Pearson correlations of concentration with distance to road were R = —0.42 and —0.35 for

freeway and nonfreeway roads, respectively, and produced an —8.2% change in
concentration per IQR increase in distance in the LUR model. Correlations with traffic
volume within a 300-m buffer were R = 0.41, and traffic volume within a 300-m buffer
produced a 2.4% change in the LUR prediction per IQR. Correlation with neighborhood
elevation was R = —0.50, and neighborhood elevation produced a —6.7% change in
LUR-modeled concentration per IQR increase in elevation. Su et al. (2009a) developed a
method to optimize the SA-LUR variable selection process in which correlations between
several land use variables and NO; concentrations were computed across a 3-km buffer of
the NO, measurement (1.5-km buffer for traffic-related variables), and the data for
correlation versus distance were fit to a curve describing that relationship. The variable
with highest correlation at the optimum buffer distance was added to the model if its
addition produced a statistically significant change (p < 0.1) in the model R2. Su et al.
(2009a) found the important variables to be distance from monitor, 24-hour traffic levels,
expressway casement, open land use, railway, major road, land grade, population density,
and distance to coast. It can be anticipated that the important variables might be different
depending on city-specific factors.

Several studies of LUR have explored temporal treatments in the model. LUR has been
evaluated across seasons and spatial variability in the NO, concentration profile has not
been found to change substantially with season, despite more temporal variability during
mild weather compared with either cold or warm weather (Dons et al., 2014; Crouse

et al., 2009). Therefore, the authors concluded that an annual average would be
acceptable for LUR simulations. LUR models applied several years after model
development have demonstrated moderate-to-good predictive ability in a few studies.
Eeftens et al. (2011) compared LUR obtained from NO; measurements at 35 locations in
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the Netherlands over the years 1999—2000 with LUR developed from NO, measurements
at 144 locations in the Netherlands during 2007. Both the NO, measurements and the
LUR models agreed well for the two time periods studied (8 = 0.9998; R? = 0.89). Wang
et al. (2013b) tested stability of an LUR model for Vancouver, Canada between 2003
(based on 116 sites) and 2010 (based on 116 sites, with 73 from the 2003 study). Wang
et al. (2013b) evaluated the model by testing how much variability in the measurements
was predicted by models from the other year, with moderate results. Linear regression for
comparison of the 2003 model with 2010 measurements produced R? = 0.58—0.60 for NO
and R? = 0.52—0.61 for NO2, while comparison of the 2010 model with 2003
measurements produced R? = 0.50—0.55 for NO and R? = 0.44-0.49 for NO,. Wang et al.
(2013b) attributed the diminished performance for the 2003 model using 2010 data
(compared with using the 2010 model for 2003 data) to reductions in NO and NO-
concentrations over the 7-year time period. Visual inspection of the NO and NO;
concentration maps from the Wang et al. (2013b) study suggests that changes in spatial
correlation over time may have contributed to reduced model performance in comparison
with the Eeftens et al. (2011) study.

LUR evaluation depends on the validation algorithm, model conditions, and basis for
validation (i.e., to what the modeling results are compared when computing R?). In a
recent study of LUR application in 20 European study areas, Wang et al. (2013a) found
that leave-one-out cross-validation (LOOCV), typically used to validate LUR, produced
higher R? for NO, compared with hold-out evaluation (HEV) (LOOCV: R?=0.83;

HEV: R? = 0.52). LOOCYV involves repeatedly withholding a fraction of the monitoring
sites from the fitting process for performance evaluation and then computing an ensemble
R?, whereas HEV entails prediction with the LUR at locations not fit by the model.
Therefore, HEV may provide a more conservative estimate of model fit. Mercer et al.
(2011) compared 10-fold cross-validated LUR with universal kriging (UK), in which a
surface of concentrations was built based on measured values, for three seasons in Los
Angeles with roughly 150 measurement sites. UK performance was slightly better than
LUR for all seasons with little difference in model performance among the seasons

(UK: R2=10.75, 0.72, and 0.74; LUR: R =0.74, 0.60, 0.67). Li et al. (2012) developed a
new formulation for LUR using generalized additive models (GAM) and cokriging to
boost the performance of LUR over other LUR model variations of models and evaluated
it for Los Angeles, CA. GAM enables incorporation of localized nonlinear effects among
the prediction covariates, while cokriging is intended to improve spatial smoothing. The
LUR using GAM and cokriging, had the highest cross-validation (R? = 0.88-92),
compared with universal kriging (R? = 0.68—0.75) and multiple linear LUR
(R?=10.42-0.64).
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LUR comparison with other models has produced variable results, in part because the
comparison data does not always have the same spatial resolution or account for the same
physical phenomena. Beelen et al. (2010) compared LUR with a dispersion model
incorporating a near-road module for modeling NO, concentrations in a Rotterdam,
Netherlands neighborhood. The dispersion model agreed better (Pearson R = 0.77)
compared with LUR (R = 0.47) with NO, measurements from 18 evaluation sites.
Dijkema et al. (2011) also compared LUR for the city of Amsterdam and neighborhoods
therein with a dispersion model and found better agreement of the dispersion models with
observations for the city-wide model than for LUR (dispersion: R?> = 0.74;

LUR: R? = 0.47) although agreement was comparable for the neighborhood specific
model (R? = 0.57 for both models). Marshall et al. (2008) compared LUR with inverse
distance-weighted (IDW) spatial interpolation of NO and NO, measurements, nearest NO
and NO, measurements, and a Community Multiscale Air Quality (CMAQ) model run
for Vancouver, Canada. The LUR location was matched to each CMAQ grid cell centroid
and compared with the grid cell concentration. LUR and CMAQ produced similar
average absolute difference in the concentration compared with measured central site
concentrations for NO (LUR: 42%, CMAQ: 47%) and NO; (LUR: 17%, CMAQ: 17%),
while nearest monitor and spatial interpolation methods produced less than 5% difference
for both pollutants and methods. However, it is important to recognize that these methods
were compared to a central site monitor, which cannot capture the spatial variability of
the NO; concentration distribution. Specifically, IDW, central site monitoring of NO>
concentration, and nearest monitor NO, concentration estimation approaches cannot
account for localized sources unless the sources are close to the monitors. Therefore,

agreement among the models does not necessarily signify accurate depiction of the
spatial distribution of NO, concentration.

Recent studies have explored hybrid application of LUR and dispersion models. For
example, Wilton et al. (2010) included concentrations computed with the CALINE3
dispersion model in their LUR to estimate NOx and NO; concentrations in Los Angeles
and Seattle. They observed modest improvements in model R? (Los Angeles,

NOx: R? = 0.71-0.74 vs. R = 0.53—0.55; Los Angeles, NO,: R = 0.79 vs. R? = 0.74;
Seattle, NO2: R? = 0.81 vs. R? = 0.72) when CALINE3-computed concentration was
included as one variable along with land use, roadway length, and traffic density
variables. However, Lindstrém et al. (2013) applied LUR with CALINE3-computed NOx
concentration for Los Angeles participants in the Multi-Ethnic Study of Atherosclerosis
and found no appreciable improvement (R? within + 0.04) in model performance for a
variety of averaging times (daily “snap shot,” 2-week, 10-year). Mdlter et al. (2010) also
used dispersion modeling data in lieu of measurement data when fitting an LUR for
Greater Manchester, U.K. and found reasonable agreement of NO; predictions with
monitoring data (R? = 0.86) and with a separate data set where 25% of the data were set
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aside for evaluation (R? = 0.62). Note that the nature of the monitoring data (i.e., central
site or other) was not explicitly stated in the Mélter et al. (2010) study.

Although not used specifically for prediction at alternate locations, multiple linear
regression has been used to predict point concentrations based on meteorological and
source characteristics, in a manner similar to LUR but not including land use variables.
This technique is not employed for exposure assessment in any of the epidemiologic
studies cited in Chapter 6, but it is noted as an emerging exposure assessment method.
Vlachogianni et al. (2011) used multiple regression to forecast concentrations at two
locations each in Helsinki, Finland and Athens, Greece. They noted that the model
including only measured meteorological parameters (temperature, relative humidity, wind
speed, and wind direction) did not capture the true variability of the NO, concentration
time series as well as a second model that also included atmospheric turbulence
parameters (Monin-Obukhov length and mixing height). This was particularly true during
cold weather. Carslaw and Taylor (2009) modeled NOx concentrations as a function of
meteorological and temporal variables. They found that wind speed, temperature,
temporal parameters (a trend metric, hour of the day, Julian day), and wind direction
were most important in the NOx model. Carslaw and Taylor (2009) highlighted that the
boosted regression tree methodology enabled examination of the influence of interactions
among the variables in addition to the direct dependence of NOx on each individual
variable.

Spatiotemporal Interpolation Modeling

Spatiotemporal modeling can also be used to describe NO, concentrations for application
in exposure assessment in epidemiologic studies of long-term exposure. These methods
are not typically used in epidemiologic studies but can be considered emerging methods.
Le and Zidek (2006) developed an approach to use autoregressive integrated moving
average (ARIMA) models to capture the temporal pattern of the concentration field in
conjunction with an empirical Bayes maximum likelihood model to estimate the spatial
pattern of the true concentration field. Pollice and Jona lasinio (2010) applied a first-order
autoregression model to estimate the NO; concentration field in Taranto, Italy and
observed reasonable agreement between observations and the predictions. Similarly,
ARIMA models can be used on their own at the location of a single model to forecast the
concentration time series at a specific location. Kumar and Jain (2009) found that
observations generally agreed with an ARIMA model of a point concentration within the
model’s +95% confidence interval (CI). Kumar and Jain (2009) tested several orders of
autoregression, integration, and moving average and found that different goodness-of-fit
measures favored selection of different autoregression and moving average orders.
However, Chaudhuri and Dutta (2014) tested different model orders and found that a
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model with no autoregression but with second-order integration and moving average best
fit the NO. data, with R? = 0.83 and negative bias of 16%.

Acrtificial neural networks (ANN) provide another technique for predicting NO;
concentrations in a manner similar to LUR. In ANN, data are input through “nodes” in
the system, which are weighted based on different criteria to represent the influence of
various predictor variables. Nodes can reflect influential parameters such as meteorology
and source presence, and it is flexible to analyze data over space and/or time. They can
also be included as latent variables that aggregate the effects of the input variables
(Arhami et al., 2013). In generally, ANN has been shown to validate well with
observation data (Baawain and Al-Serihi, 2014; Arhami et al., 2013; Vlachogianni et al.,
2011; Konovalov et al., 2010; Moustris et al., 2009). Singh et al. (2012) tested variations
of ANNS, which vary based on the number of layers of nodes and the interactions
between layers in the model. Based on the model output of Singh et al. (2012), it was
found that suspended particulate matter concentration was the variable that contributed
the most in explaining variability in NO. concentrations (with other variables for SO,
concentration, temperature, relative humidity, and wind speed). The Singh et al. (2012)
study illustrates how ANN may be used to gain insight into mechanistic processes
influencing NO- concentration.

3.2.2.2 Mechanistic Models

Chemical Transport Models

CTMs can be used to develop estimates of human exposure to NO, NO,, or NOx. CTMs,
such as CMAQ, are deterministic of chemical transport that account for physical
processes including advection, dispersion, diffusion, gas-phase reaction, and mixing
while following the constraint of mass conservation (Byun and Schere, 2006). These
models provide regional concentration estimates and are typically run with surface grid
resolutions of 4, 12, or 36 km. Temporal resolution of CTMs can be as fine as 1 hour,
although larger temporal aggregation often occurs for the purpose of maintaining
reasonable data file size.

CTMs can be applied in epidemiologic studies of either short- or long-term exposure to
NO; or NOx but are more commonly used in long-term exposure studies. These models
are used to compute interactions among atmospheric pollutants and their transformation
products, the production of secondary aerosols, the evolution of particle size distribution,
and transport and deposition of pollutants. CTMs are driven by emissions inventories for
primary species such as NO,, SO2, NHs, VOCs, and primary PM, and by meteorological
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fields produced by other numerical prediction models. Values for meteorological state
variables such as winds and temperatures are taken from operational analyses,
re-analyses, or weather circulation models. In most cases, these are off-line
meteorological analyses, meaning that they are not modified by radiatively active species
generated by the air quality model. Work to integrate meteorology and chemistry was
done in the mid-1990s by Lu et al. (1997a) and Lu et al. (1997b) and references therein,
although limits to computing power prevented their wide-spread application. More
recently, new, integrated models of meteorology and chemistry are now available as well;
see, for example, Binkowski et al. (2007) and the Weather Research and Forecast model
with chemistry (WRF Chem) (http://ruc.noaa.gov/wrf/WG11/). Given observed biases in
the CTMs [e.g., U.S. EPA (2008)], much attention has been given to bias correction of
these models for application in exposure assessment, as detailed below under the Hybrid
Models section below.

Dispersion Models

Dispersion models, or Gaussian plume models, estimate the transport and dispersion of
ambient air pollutants emanating from a point or line source through solution of an
equation that estimates the spread of the pollutant to follow a Gaussian curve that is a
function of distance from the source. Given that dispersion models typically capture
average concentrations, they are most commonly used in epidemiologic studies of
long-term exposure. Several studies of health effects related to NOx exposure employ
dispersion models to estimate NOx concentrations [e.g., Gruzieva et al. (2013),
McConnell et al. (2010), and Oftedal et al. (2009)] because NO; has high local spatial
variability (Section 2.5.3). The grid spacing in regional CTMs, usually between 1 and
12 km?, is too coarse to resolve spatial variations on the neighborhood scale. More finely
resolved spatial scales that better represent human exposure scales are provided by
local-scale dispersion models. Several dispersion models are available to simulate
concentration fields near roads, and each has its own set of strengths and weaknesses.

Several line source Gaussian dispersion models are available to simulate the dispersion of
emissions from a roadway. The California Department of Transportation developed the
CALINE model (http://www.dot.ca.gov/hg/env/air/software/caline4/calinesw.htm) for
this purpose. The CALINE family of models is not supported by the California
Department of Transportation for modeling of highway source NO- and does not include
NOx transformation chemistry. Benson (1992) validated the CALINE3 and CALINE4
model versions using data from field studies at U.S. Highway 99 in Sacramento, CA and
a General Motors test track in Michigan. Benson (1992) found that more than 85% of
model predictions fell within a factor of two of measured observations for SFs (an inert
tracer gas). Among those that fell outside the factor of two envelope, 85% were positively
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biased and mostly occurred when wind speeds were below 1 m/s. Additionally, the NO-
module of CALINE4 was tested by Benson (1992) under a limited set of conditions, and
it was recommended that CALINE4 not be used to predict NO, dispersion under parallel
wind conditions without ample data to calibrate the model predictions.

The University of California, Davis (UCD) 2001 model was designed to improve upon
the design of CALINE by using an array of point sources to represent a three-dimensional
highway source of emissions and by using power law functions for wind speed and
vertical eddy diffusivity (Held et al., 2003). UCD 2001 exhibited improved performance
for parallel, low speed winds (<0.5 m/s), with 87% and 83% reduction in error compared
with CALINE3 and CALINE4, respectively, for the General Motors SFg evaluation data
set. Snyder et al. (2013) recently released a Research Line-source (RLINE) dispersion

model that incorporates improved formulations of horizontal and vertical dispersion and
found that the predictions were within a factor of two of the observations for neutral,
convective, and weakly stable atmospheric conditions, but negative bias was observed for
stable conditions based on a line source SFs experiment in Idaho Falls, ID. During
comparison with the U.S. 99 data set, 81% of data were within a factor of two for
downwind measurements, but only 19% for upwind measurements when winds were
within 30° of perpendicular to the road; 75% of downwind predictions were within a
factor of two of observations when winds were less than 1.5 m/s, and 88% were within a
factor of two for wind speeds greater than 1.5 m/s. Only 51% were within a factor of two
when winds were within 30° of parallel to the road. Additionally, a hybrid optimization
model fitting CALINES3 line-dispersion calculations for concentration to observations of
NO; was developed and applied in the greater Tel Aviv, Israel area (Yuval et al., 2013).
Cross-validation was reported to have negligible bias in the model predictions with 36%

error; note that the authors did not clearly distinguish bias and error in this manuscript.

The American Meteorological Society/Environmental Protection Agency Regulatory
Model (AERMOD; http://www.epa.gov/scram001/dispersion_prefrec.htm) is a steady
state point source plume model formulated as a replacement to the Industrial Source
Complex (ISC3) dispersion model (Cimorelli et al., 2005). In the stable boundary layer, it
assumes the concentration distribution to be Gaussian in both the vertical and horizontal
dimensions. In the convective boundary layer, the horizontal distribution is also assumed

to be Gaussian, but the vertical distribution is described with a bi-Gaussian probability
density function. AERMOD has provisions that can be applied to flat and complex terrain
and multiple source types (including point, area, and volume sources) in both urban and
rural areas. It incorporates air dispersion based on the structure of turbulence in the
planetary boundary layer and scaling concepts and is meant to treat surface and elevated
sources, in both simple and complex terrain in rural and urban areas. The dispersion of
emissions from line sources like highways in AERMOD is handled as a source with
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dimensions set using an area or volume source algorithm in the model; however, actual
emissions usually are not in a steady state.

Most simple dispersion models including AERMOD are designed without explicit
chemical mechanisms but have nondefault options to estimate conversion of NO to NO,
based on a NOx/Os titration model. Hendrick et al. (2013) evaluated two modules used
with AERMOD to compute NO; concentrations: the plume volume molar ratio method
(PVMRM) and the ozone limiting method (OLM). Both methods assume ratios of
NO2:NOx that are based on the concentration of co-occuring Os. Hendrick et al. (2013)
validated the models against more than 12 months of hourly observations taken near a
small power plant in Wainwright, AK, and they observed that the PVMRM overpredicted
NO; at low concentrations and underpredicted at high concentrations, although the
average bias was small; the OLM also overpredicted NO, concentrations at high observed
NO..

AERMOD results have been compared with measurements and other models to evaluate
relative performance. Gibson et al. (2013) found poor agreement with respect to
magnitude of NOx concentrations and correlations (R? = 0.001-0.003) at hourly,
monthly, and annual timescales when comparing AERMOD results with observations in
Halifax, Canada where several industrial facilities emit NOx. Cohan et al. (2011)
compared AERMOD output with 24-hour central site monitoring observations averaged
over August 2005 from San Jose, CA, where there are combined emissions from a port,
rail yard, and roadways. They observed that the AERMOD model consistently
underpredicted the observations; negative bias was more pronounced for simulations
from January compared with August. Misra et al. (2013) compared AERMOD with the
Quick Urban and Industrial Complex (QUIC) model. QUIC approximates average
airflow around buildings in urban environments then models pollution parcels based on
Lagrangian particle dispersion. In this case, AERMOD underpredicted NOx
concentrations in an urban street canyon, while most QUIC predictions were within a
factor of two of the observed NOx concentrations.

There are also nonsteady state models for different types of sources. For example,
CALPUFF (http://www.src.com/calpuff/calpuffl.htm), which is EPA’s recommended
dispersion model for transport in ranges >50 km, is a nonsteady-state puff dispersion
model that simulates the effects of time- and space-varying meteorological conditions on
pollution transport, transformation, and removal and has provisions for calculating
dispersion from surface sources (U.S. EPA, 1995). However, CALPUFF was not
designed to treat the dispersion of emissions from roads, and like AERMOD has some
limited chemistry options to estimate production of secondary pollutants. The distinction
between a steady-state and time-varying model may not be important for studying health
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effects where long-exposure timescales are relevant; however, when short-exposure
timescales are of interest (e.g., 1-hour), it would be more important to approximate the
short-term variability in concentrations. CALPUFF was validated against SF¢ data at two
military test sites in Nevada (Chang et al., 2003), where it was shown that 53% of
CALPUFF predictions were within a factor of two under SFs observations for one site
and 29% of predictions were within a factor two under the observations at a second site;
the second test site had surrounding mountains acting to increase vertical dispersion for
which CALPUFF did not account well. Cui et al. (2011) evaluated CALPUFF by
releasing SFs from a weather tower at the bank of the Gan Jiang River in China, which
has a combination of open field, agricultural land, and forest. CALPUFF was found to be

negatively biased with only 25—27% of data within a factor of two of observations. The
authors concluded that CALPUFF did not predict hourly dispersion well. Similarly,
Ghannam and El-Fadel (2013) compared NO, concentrations calculated using CALPUFF
with NO, measurements and observed that the model severely underpredicted the
measurements, sometimes by up to three orders of magnitude, but was stated to have
captured the temporal variability, although correlations were not reported. Ghannam and
El-Fadel (2013) attributed this underprediction to underestimation of the emissions input
to the model. The results of Cui et al. (2011) and Ghannam and El-Fadel (2013)
indicating negative bias are consistent with those of Chang et al. (2003) for the site where
vertical dispersion may have played a larger role in the airflow characteristics.

An example of where AERMOD has been used in better understanding the relationship
between ambient concentrations and health risks is found in Maantay et al. (2009). These
researchers coupled AERMOD with geographic information system proximity buffers
around a stationary point source in Bronx, NY. They observed that buffers based on the
predicted plume shape to set levels of human exposure to NOx, along with PMo, PM2s,
CO, and SO, corresponded better with asthma hospitalization rates compared with
circular buffers centered around the emissions source.

Hybrid Models

Substantial uncertainties at the subgrid scale remain when using CTM to model
concentrations at resolutions of 4-36 km (U.S. EPA, 2008). In densely populated regions
of the country, monitor density may be finer than CTM surface grid resolution.
Moreover, CMAQ and other CTMs suffer from pollutant-specific concentration biases,
such as underestimation of total nitrate that require correction (Fuentes and Raftery,
2005) prior to interpretation for exposure assessment. Bayesian Maximum Entropy
models for merging CMAQ and concentration data (Fuentes and Raftery, 2005) and
downscaling (Berrocal et al., 2010a, b) have recently been developed to improve spatial
resolution and provide bias correction for the modeled concentration used as an exposure
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surrogate, but such methods must be used with caution. For instance, Chen et al. (2014)
ran a 36-km resolution CMAQ for NO,, NOx, and other copollutants, fused the CMAQ
results with monitor observations, and compared both the raw and fused model results
with monitor observation data. The raw CMAQ simulations overpredicted NO; and NOx

concentrations, particularly in the winter. These overpredictions were substantially
reduced (and in some cases the model slightly underpredicted concentrations) for the
fused model. Isakov et al. (2009) modeled subgrid spatial variability within CMAQ using
the AERMOD dispersion model prior to linking the modeled results with stochastic
population exposure models to predict annual and seasonal variation in urban population
exposure within urban microenvironments. In each case, these papers have referred to

other air pollutants, but the methodology is still applicable for NO, exposure prediction.

Berrocal et al. (2010b) proposed a downscaling approach to combine monitoring and
CMAQ modeling data to improve the accuracy of spatially resolved modeling ozone

data. Specifically, a Bayesian model is developed to regress CMAQ model estimates on
monitoring data, and then the regression model is used to predict concentrations using the
CMAQ model results as an input field. Berrocal et al. (2010a) extended the approach to
include two pollutants (ozone and PM35) in a single modeling framework, and Berrocal
et al. (2012) added smoothing processes that incorporate spatial autocorrelation and
correction for spatial misalignment between monitoring and modeled data. Although
these papers did not specifically use NO, data, the methods can be applied for NO; as
they have been for O; and PM.s. Bentayeb et al. (2014) applied a similar data
assimilation method in which local measurements and elevation data were combined with

CTM output in a geostatistical forecasting model. This algorithm was applied for NO; as
well as PMio, PM25, SO2, CsHe, and Os. Correlations between assimilated values and
measurements ranged between Pearson R = 0.75—0.90. Debry and Mallet (2014) also
employed data assimilation for forecasting but combines three CTMs in an ensemble

average to minimize the influence of their errors in conjunction with assimilation of
observation data. The method of Debry and Mallet (2014) reduced error in hourly, daily,
and peak NO- concentrations by 19, 26, and 20%, respectively.

In a slightly different approach, Crooks and Isakov (2013) blended CMAQ, AERMOD,
and monitoring data for NOx, PM2s, and CO using a Bayesian model based on a wavelet

basis series. In this method, the true exposure is represented by the B-spline wavelet
series, and then the CMAQ grid cell concentrations, AERMOD receptor concentrations,
and measurement points are represented by the wavelet field modified by some assumed
error. These components each comprise linear contributions to a Gaussian likelihood
model. For NOx, the model was found to favor CMAQ data when modeling background
and monitor data in dense urban areas where spatial variability is higher. The blended
model results had lower prediction error and bias compared with kriging when smaller
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numbers of points were used for the kriging surface, although the blended model did not
perform as well as kriging when densely gridded data were available for that purpose.
Similarly, Robinson et al. (2013) used geographically weighted regression, which used a
combination of dispersion model results and monitoring data as input for a regression

model to compute concentrations in local population centers and then used kriging to fill
in gaps between those population centers. When compared with other kriging methods,
the geographically weighted regression approach produced the smallest residual mean
squared errors when modeling average NO; concentrations across the U.K. for the year
2004. Beevers et al. (2012) also blended CMAQ with a near-road dispersion model and
applied the blended model for estimation of human exposure to NOx in London, U.K.
(Beevers et al., 2013). Predicted peak rush hour (0600—0900) NOx exposures exceeded
observed NOx concentrations by roughly 25% at a heavily trafficked road but performed
better when averaged over multiple sites.

Nondimensional Scale Models

Although nondimensional scale models are not currently used for exposure assessment in
epidemiologic studies, they are described briefly here as emerging methods for potential
use in exposure assessment. Existing wind tunnel and observational data have been used
in nondimensional scale models of wind movement that support NOx fate and transport
modeling in the presence of built structures. For example, the Ausbreitungsmodell geméan
der Technischen Anleitung zur Reinhaltung der Luft (AUSTALZ2000) airflow model has
been developed using a combination of wind speed and direction, mixing layer height,
and stability classifications. Air pollutant transport is then modeled using a Lagrangian
dispersion model with a random walk to simulate the influence of turbulence on the air
pollution parcels’ movement. Langner and Klemm (2011) compared AUSTAL2000 to
the AERMOD dispersion model using five test cases with varied topography and building
presence for which experimental field data existed. Although these runs simulated SO>

and SFs transport, the model performance is instructive for analysis of NOx transport as
well. In every case, AERMOD performed better than AUSTAL2000 in capturing the
observed concentrations.

The Operational Street Pollution Model also uses nondimensional scale modeling but is
developed specifically to capture street canyon recirculation. Berkowicz et al. (2008)
developed a model that includes a turbulent mixing velocity in the street canyon and free

convection. Monthly and 6-mo avg NO, concentrations were calculated using a turbulent
plume model. Modeled concentrations were compared with NO, measurements from a
1995 panel study and found to agree reasonably well (6—12% negative bias;
R?=10.75-0.81).
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3.2.2.3 Stochastic Exposure Models

Although they are not typically used for exposure assessment in epidemiologic modeling,
stochastic exposure models inform the risk assessment performed as part of the national
ambient air quality standard review process. The state of the science for stochastic
population exposure models has not changed substantially since the 2008 ISA for Oxides
of Nitrogen, as described in detail in 2008 Annex 3.6 (U.S. EPA, 2008). Examples of
stochastic population exposure models include Air Pollution Exposure (APEX),
Stochastic Human Exposure and Dose Simulation (SHEDS), and exposure in polis (or
cities) (EXPOLIS), which involve stochastic treatment of the model input factors (Kruize
et al., 2003; Burke et al., 2001). Advancement in exposure modeling has come from its
integration with chemical transport models of outdoor air quality through a hybrid
approach (Isakov et al., 2009) and characterization of the uncertainty in these models
(Ozkaynak et al., 2009; Zidek et al., 2007).

Hybrid exposure modeling uses ambient air quality input from grid-based models rather
than from central site monitoring data, as is typically done (Isakov et al., 2009). In the
hybrid version, the CMAQ model is used to simulate concentrations for a coarse discrete
grid, e.g., 12 km x 12 km. Next, local scale concentrations from point and mobile sources
are estimated using Gaussian dispersion modeling through AERMOD. In combination,
these models produce an ambient air quality estimate at the location of the receptor that is
then input into APEX or SHEDS to estimate total human exposure. Isakov et al. (2009)
observed that the omission of specific point and traffic sources led to an underestimate in
median concentration by up to a factor of two, depending on location; these simulations
were for benzene and PM2s; NOx tends to be comparable in spatial variability compared
with benzene and more spatially variable compared with PM. s (Beckerman et al., 2008).

Recent studies have considered the variability and uncertainty associated with exposure
modeling. Ozkaynak et al. (2009) considered uncertainty and variability in simulations
involving estimation of concentration, exposure, and dose in separate compartments of a
model. They found that uncertainty and variability propagated from one compartment to
the next. Zidek et al. (2007) addressed uncertainty and variability in exposure modeling
by using distributions of input parameters in the exposure model framework rather than
point estimates. These models estimate time-weighted exposure for modeled individuals
by summing exposure in each microenvironment visited during the exposure period.
Zidek et al. (2007) found that use of distributions of input enabled examination of cases
for potential subpopulations with common characteristics. Note that both of these studies
model PM, but the findings are applicable to NOx.

Sarnat et al. (2013) recently compared risks of cardiovascular and respiratory morbidity
with 24-hour NOx and other primary and secondary air pollutants in Atlanta using
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various exposure metrics. Epidemiologic results based on the mean, median, and 95th
percentile of the exposure distributions from APEX were compared with measures from a
central site monitor, regional background, AERMOD, and a hybrid model merging
AERMOD output with regional background data. NOx concentrations modeled with
APEX were generally higher than those obtained with the hybrid model, likely because
the APEX model incorporates road activity levels in their exposure estimates.
Epidemiologic analyses for asthma/wheeze produced statistically significantly higher risk
ratios for the APEX mean, median, and 95th percentile compared with the hybrid model
and central site and background metrics but a negligible difference among the APEX and
hybrid results for respiratory or cardiovascular diseases.

3.2.3 Choice of Exposure Metrics in Epidemiologic Studies

January 2015

Appropriateness of the exposure metric for a given study depends in part on
epidemiologic study design and spatial variability of the pollutant. Table 3-1 summarizes
the methods described in Sections 3.2.1 and 3.2.2. Based on epidemiologic studies using
various methods for exposure assessment, Figure 3-1 illustrates the range of NO-
concentrations to which people may be exposed in different locations (HEI, 2010).
Because this figure is the result of the HEI (2010) review, the data points included were
obtained based on varying temporal scales. The figure illustrates variability in exposures

across locations and also the variability measured within a type of location. Given the
natural variability of exposures over space and time and nuances of the specific exposure
assessment techniques, it is important to be cognizant of the specific applicability and
limitations of each approach, as summarized in Table 3-1.
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Table 3-1

Summary of sampling methods, their typical use in epidemiologic

studies, and related errors and uncertainties.

Method

Epidemiologic Application

Errors and Uncertainties in Exposure Estimates

Central site monitors Short-term community
time-series exposure of a

population within a city

Correlation between exposure and measurement
decreases with increasing distance from the monitor
(Section 3.4.5)

Long-term exposure for
comparison of populations
among different cities

Potential for exposure misclassification if the monitor
site does not correspond to the exposed population
(Section 3.4.5)

Positive instrument bias (Section 3.2.1.1)

Passive monitors Short-term panel

Positive instrument bias (Section 3.2.1.2)

Long-term exposure across a

city (or for LUR model fit)

Positive instrument bias (Section 3.2.1)

Potential for exposure misclassification if the monitors
are sited at fixed locations (Section 3.4.5)

LUR Long-term exposure, usually Potential for exposure misclassification if grid is not
across a city but sometimes fit  finely resolved (Section 3.2.2.1)
among multiple cities
Potential for bias if the model is misspecified or
applied to a location different from where the model
was fit (Section 3.4.5)
IDW Long-term exposure across a Potential for negative bias if sources are not captured

city

or overly smoothed (Section 3.2.2.1)

Spatiotemporal modeling  Not reported

Not yet well understood (Section 3.2.2.1)

CT™M

Long-term exposure, sometimes

within a city but more typically

across a larger region

Potential for exposure misclassification when grid
cells are too large to capture spatial variability of
exposures (Section 3.2.2.2)

Dispersion modeling
city

Long-term exposure within a

Potential for bias where the dispersion model does
not capture boundary conditions and resulting fluid
dynamics well, e.g., in large cities with urban
topography affecting dispersion (Section 3.2.2.2)

Parameterization
modeling

Not reported

Not yet well understood (Section 3.2.2.2)

LUR = land use regression; IDW = inverse distance-weighted; CTM = chemical transport model.
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Nitrogen Dioxide

Average nitrogen dioxide concentrations measured in studies
using different monitor siting.

Concentrations measured by central site or near-road monitoring are commonly used as a
surrogate for human exposure, and they can be used in studies of both short-term and
long-term exposure to NO; (Section 3.2.1.1). Central site measurements are subject to
positive bias from instrument error. For epidemiologic studies of short-term exposure,
correlation between measured central site concentration and concentration at some distant
point decreases with distance. For epidemiologic studies of long-term exposure to NO,,
the difference between the measured concentration and the true exposure would result in
exposure misclassification. Passive sampling technigues such as Palmes tube
measurements are subject to positive instrumentation biases. Additionally, passive
monitors left in place for sampling durations of days to weeks may produce data having
errors and uncertainties that are similar to those associated with using a fixed-site monitor
to capture exposures for a population that is dispersed over space and moving in time.
The influence of exposure error in passive sampling methods is discussed in more detail
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in Sections 3.4.5.2 and 3.4.5.3. Passive sampling can be used for panel studies, or when
samples are integrated over a month or averaged over several months, as input for
long-term studies (Section 3.2.1.2). The integrated nature of the passive samples limits
their application in time-resolved studies. Passively sampled concentrations are also used
commonly as input for LUR model fitting (Section 3.2.2.1).

LUR is generally thought to illustrate spatial variability of NO, exposures well for use in
long-term exposure studies. The quality of the exposure metric provided by the model
depends on several factors, including spatial resolution of the model, representativeness
of the model fit locations for the city and population under study, and inclusion of the
right variables in fitting the model. IDW is also used for exposure estimation between
spatially distributed passive NO, measurements (Section 3.2.2.1). However, if the
monitors are not dense enough to capture the true spatial variability of NO- related to
localized sources, exposure is likely to be underestimated.

CTMs and dispersion models are based on physics of air flow and contaminant transport
(Section 3.2.2.2). Like central site monitors, CTM can be used to compare NO; exposures
among different cities for long-term exposure studies. However, coarse spatial resolution
of CTMs limits its applicability within cities. Dispersion models are frequently used for
within-city NO, exposure estimation in long-term exposure studies, but the simplifying
assumption of Gaussian dispersion can add error to the exposure estimate if meteorology
or topography of the built environment are complex. Given this complexity, the direction
of exposure error is not predictable. Biases in dispersion model output can occur in either
direction, and they depend strongly on the specific environment (i.e., topography,
meteorology, source representation) being modeled. Correction methods may sometimes
be applied to minimize such error for a given location, but the effectiveness of error
minimization must be determined on a case-by-case basis. Subsequent sections will
describe characterization of NO; exposures, a conceptual model of exposure,
relationships among exposure metrics, sources of exposure error, confounding, and
implications of exposure error for epidemiologic studies of different designs.
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3.3 Characterization of Nitrogen Dioxide Exposures

3.3.1 Nitrogen Dioxide Concentration as an Indicator of Source-based Mixtures
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3.3.1.1 Mobile Source Emissions

Seventeen percent of U.S. homes are located within 91 m of a highway with four or more
lanes, a railroad, or an airport (U.S. Census Bureau, 2009). Moreover, 7% of U.S. schools
serving 3,152,000 school children are located within 100 m of a major roadway, and 15%
of U.S. schools serving 6,357,000 school children are located within 250 m of a major
roadway (not specifically defined in this study in terms of annual average daily traffic
[AADT], number of lanes, or other criteria) based on data from the National Center for
Education Statistics (Kingsley et al., 2014). Average one-way commuting times for the
U.S. labor force working outside the home are 19.3 minutes for bicyclists, 11.5 minutes
for walkers, and 25.9 minutes for all other modes of transportation. Among the populace
working outside the home, 15.6% spend 45 minutes or more commuting to work each
day (U.S. Census Bureau, 2007). Based on Figure 2-4, the proportion of NOx emissions
from mobile sources in the 21 CBSAs with at least 2.5 million residents is 16% higher
than it is among the general population. Hence, a large share of the U.S. population is
exposed to the on- and near-road environment on a regular basis, and those exposures are
likely to be higher for the 38% of the population living in urban areas (U.S. Census
Bureau, 2013). This has implications for potential NO, exposure. Section 2.5.3 describes
spatial patterns of NO, concentrations near roads as a background for understanding
traffic-related NO- exposure. This section builds on the observations of NO;
concentration gradients described in Chapter 2 to consider how near-road concentrations
influence traffic-related NO, and NOx exposure.

Time spent in traffic can be an important determinant of personal NO, exposure. Mdlter
et al. (2012) calculated associations with time spent in several home, transit, and school
microenvironments for a cohort of 12—13 year-old children from Greater Manchester,
U.K. based on 2-day sampling periods per season and observed that time spent in transit
was positively associated with both NO, exposure and mean prediction error of a
microenvironmental model of personal NO; exposure, where mean prediction error
compares the microenvironmental model with NO, measurements. Together, these
findings suggest that exposures are higher on roads and consequently that time spent in
transit may comprise a larger share of daily NO, exposure compared with the proportion
of time in a day that is spent in transit. Ragettli et al. (2014) estimated exposures among
commuters reporting to the 2010 Swiss Mobility and Transport Microcensus in Basel,
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Switzerland based on the times and routes they reported for their commutes and modes of
transport and using concentration estimates from a combination of dispersion modeling
and LUR. Ragettli et al. (2014) found that travel in motor vehicles produced the highest
exposure (reported as the product of concentration and time), followed closely by
bicyclists and those taking public transit. Pedestrians had measurably lower exposures.

Health studies often focus on the independent effects of NO- or use NO; concentration as
a surrogate for exposure to traffic pollution mixtures when measurements of other
pollutants are not available. NO, concentration is routinely measured at sampling sites
nationwide, and NO- is a prevalent reaction product of NO, which is a component of
vehicle exhaust (see Section 2.2). Section 3.4.4 concludes that NO, concentration
generally correlates spatially with other traffic-related pollutants in urban areas. NO;
concentration has also been observed in at least one study to correlate with
nonconcentration measures of traffic. With respect to exposure, these observations make
it hard to distinguish NO from other pollutants when considering the health impacts
potentially attributable to each.

As a surrogate for traffic-related exposure, NO, concentration may do an adequate job of
capturing spatial and temporal trends of traffic pollution. Microscale spatial variability of
NO; concentrations near roads has been studied extensively, and NO; concentration
gradients from a number of studies are summarized and compared in Section 2.5.3. Based
on 1-2 weeks of passive sampling measurements for NO,, Wheeler et al. (2008) and
Beckerman et al. (2008) reported correlations among NO; and several traffic-related air
pollutants, including benzene (Pearson R = 0.85) and toluene (R = 0.63). The near-road
air pollutant gradients displayed in the review by Karner et al. (2010) suggested that NO»
is correlated with traffic-related air pollutants across various distances from a roadway.
These studies concluded that gradients in NO, concentrations were spatially correlated
with gradients in traffic-related pollution.

The size and shape of the near-road gradient for NO, determines the spatial zone where
near-road exposures are most likely. Observations of the structure of the NO near-road
concentration gradient are summarized in Table 2-6 in Section 2.5.3. Although NO; tends
to correlate with most roadway pollutants in a near-road environment, the NO,
concentration gradient tends to be shallower than gradients for other primary
traffic-related pollutants (e.g., CO, UFP). These gradients influence how exposure and
copollutant correlations change spatially across the near-road environment. For example,
near road NO; concentration is typically 30—100% higher than the urban background
concentration, defined here as the lowest concentration measured upwind of the road. In
contrast, peak near-road UFP counts are approximately 5—6 times higher than the urban
background concentration (Karner et al., 2010). These results suggest that, although NO-
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may capture many aspects of pollutant gradients from the roadway, NO; concentration
used as a marker for traffic may underestimate the magnitude of the concentration
gradient for other near-road pollutants, such as UFP and CO. Figure 3-2 presents the
spatial variability of NO; and copollutants at various gradients from the roadway reported
in Karner et al. (2010) to compare the spatial near-road gradient of NO, NO, and NOx
concentrations with those of other traffic-related pollutants (Beckerman et al., 2008). The
review of Karner et al. (2010) showed that the NO; gradient was much less steep
compared with the gradients for NO and NOx, with decay to background levels within
400—500 m. In a later study of near-road concentrations in Medford, MA, Padré-Martinez
et al. (2012) used continuous instrumentation mounted on a mobile sampling unit
operated over the course of a year, to illustrate a similar gradient.
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Note: NO,, NO, and NOx concentration gradients are presented in the center panel. NO, = nitrogen dioxide, NO = nitric oxide,

NOx = sum of NO, and NO, CO = carbon monoxide, PM, s = in general terms, particulate matter with an aerodynamic diameter less
than or equal to a nominal 2.5 ym, a measure of fine particles, PM;, = in general terms, particulate matter with an aerodynamic
diameter less than or equal to a nominal 10 ym, a measure of thoracic particles, EC = elemental carbon, VOC = volatile organic
compound, UF = ultrafine.

Data presented from Karner et al. (2010) were synthesized from 41 peer-reviewed references, 11 of which reported data for NO,, 5
of which reported data for NO, and 6 of which reported data for NOx. The number in parentheses refers to regression sample size.
UF1 and UF2 are measures of ultrafine particle number.

Source: Reprinted with permission of the American Chemical Society, Karner et al. (2010).

Figure 3-2
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Spatial variability in concentrations of near-road pollutants,
including NO2, NO, NOx, CO, PMz.5, PM1o, EC, benzene, VOCs, and
UF Particles. Concentrations are normalized by measurements at
the edge of the road.

As also pointed out in Section 2.5.2, near road NO concentrations are typically much
higher than near road NO, concentrations; Table 2-6 describes the near road
concentration gradient for NO, only. Table 3-2 expands on these observations to consider
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on-road exposure to NO2 and NO while in transit. Recent on-road and near-road
measurements of both NO and NO- concentrations indicate that on-road NO exposures
can be much higher than on-road NO; exposures immediately upon their emission. In
particular, the Los Angeles data for NOx and NO suggest that rush hour NO;
concentrations are roughly 50—60 ppb, but NO concentrations reach roughly

200-360 ppb in the morning and 95-260 ppb in the afternoon, based on 2-h avg of
1-minute data (Fujita et al., 2011). Beckerman et al. (2008) measured 1-week integrated
NO and NO; samples next to two highways in Toronto, Canada and also observed that
mean NO levels were 3—4 times higher than mean NO- levels.

The relationship between NO; concentration and traffic metrics informs exposure
assessment because it establishes potential for exposure among those commuting or
living in the near-road environment. In Minneapolis, MN, Pratt et al. (2014) compared
direct traffic metrics, such as traffic volume, with LUR-computed NO, concentrations
(which were not estimated from traffic volume although road length was included in the
model). They observed a correlation (type unstated) of 0.58 between NO- concentration
and traffic density (AADT per km?), with a slope of 0.103 on a log-log model of NO,
versus traffic density. Gauderman et al. (2005) measured the correlation between NO-
concentrations and various traffic metrics in 12 Southern California communities. On
average across the communities, the Spearman correlation between NO; concentration
and increasing distance to freeway was r = —0.54, but the correlation between NO>
concentration and traffic volume within 150 m of a freeway was r = 0.24. The
contribution of mobile source emissions to NO concentration varies with strength of
additional sources. For example, Ducret-Stich et al. (2013) modeled NO- concentration as
a function of background NO; levels; light duty and heavy duty traffic counts; and
meteorological, topographic, and temporal variability in the Swiss Alps with a model

R? =0.91. They observed that background NO, concentration contributed 83% of the
variability in the model, while heavy duty and light duty traffic counts contributed 8 and
7%, respectively. Similarly, NOx has been found to have mixed correlation with traffic
density in a nationwide long-term exposure epidemiologic study of the U.S. Veterans
Cohort [1976-2001 (Lipfert et al., 2009)]. In areas deemed high traffic density (higher
traffic than the average 1985 traffic density), Pearson R = 0.27, while for areas of low
traffic density (lower traffic than the average 1985 traffic density), R = 0.56.
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Table 3-2

Near- and on-road measurements of nitrogen dioxide (NOz2), nitric oxide (NO), and the sum of NO and

NO2 (NOx).
Reference Location and Date Distance to Road (m)? Averaging Time NO (ppb) NOz (ppb) NOx (ppb)
Beckerman et al. Toronto site 1, August 2004 28, 47,57, 107, 126, 194, 1-week integrated 44.2 (19.9)°; 14.6(2.8)°; NR
(2008) 209, 382, 507, 742, 986 77.6° 18.6°
Toronto site 2, August 2004 4,28, 38,56, 105, 114, 175,  1-week integrated 70.5 (62.7)°; 17.5(4.6)°; NR
246, 335, 346, 438, 742, 875 239.3¢° 28.2¢

Zhu et al. (2008) Los Angeles I-710 (mostly diesel 0 2-h avg of 1-min data NR NR 432 (0.9)°
trucks), NR unfiltered
Los Angeles I-405 (mostly autos), 0 2-h avg of 1-min data NR NR 267 (114)°
NR unfiltered

Fujita et al. (2011)  Los Angeles I-110 (mostly autos), O 2-h avg of 1-min data 347 (235)° NR 411 (250)°
Sep—-Dec 2004 (morning)
Los Angeles |-405 (mostly autos), 0 2-h avg of 1-min data 198 (94)° NR 245 (100)°
Sep-Dec 2004 (morning)
Los Angeles SR-60 (mostly autos), 0 2-h avg of 1-min data 329 (114)° NR 388 (120)°
Sep—-Dec 2004 (morning)
Los Angeles truck route, Sep—Dec 0 2-h avg of 1-min data 361 (143)° NR 426 (154)°
2004 (morning)
Los Angeles I-110 (mostly autos), 0 2-h avg of 1-min data 95 (49)° NR 148 (62)°
Sep—-Dec 2004 (afternoon)
Los Angeles |-405 (mostly autos), 0 2-h avg of 1-min data 98 (56)° NR 140 (64)°

Sep-Dec 2004

(afternoon)
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Table 3-2 (Continued): Near- and on-road measurements of nitrogen dioxide (NOz2), nitric oxide (NO), and the sum

of NO and NO:2 (NOx).

Reference Location and Date Distance to Road (m)? Averaging Time NO (ppb) NOz (ppb) NOx (ppb)
Los Angeles SR-60 (mostly autos), 0 2-h avg of 1-min data 112 (55)° NR 170 (65)°
Sep-Dec 2004 (afternoon)
Los Angeles truck route, Sep—Dec 0 2-h avg of 1-min data 258 (114)° NR 321 (125)°
2004 (afternoon)
Fruin et al. (2008 Los Angeles I-10 (mostly autos), 0 2-to-4-h avg of 20-s data 2804 NR NR
Feb-April 2003
Los Angeles I-710 (mostly diesel 0 2-to-4-h avg of 20-s data 390d NR NR
trucks), Feb—April 2003
MacNaughton et al. Boston bike path separate from 0 Average over 40 3-h NR 14.7 NR
(2014) vehicle traffic, NR sampling periods with 1-min (0.582)°
data
Boston bike lane adjacent to 0 Average over 40 3-h NR 195 NR
vehicle traffic, NR sampling periods with 1-min (0.343)°
data
Boston designated bike lane 0 Average over 40 3-h NR 24.2 (1.72)° NR

shared between bikes and buses,
NR

sampling periods with 1-min
data

avg = average; NR = not reported.
aDistance of 0 m indicates on-road measurements.
bAverage (standard deviation).

‘Maximum.
dAverage of medians.
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Several recent studies have evaluated the use of central site NO, or NOx concentration as
a surrogate for personal exposure to traffic pollution mixtures. In a near-road
environment, NOx concentration can be correlated with pollutants that are also associated
with health effects, including UFP and water soluble metals (Sanchez Jiménez et al.,
2012); PAHSs (Brook et al., 2007); BTEX (Beckerman et al., 2008); and EC (Minguillén
et al., 2012) or BC (Clougherty et al., 2013). Correlations generally in the range of
0.6—0.8 of NO, with CO, NOx, and EC (or BC) concentrations forms the basis for a
proposed multipollutant mobile source indicator that combines these three species into an
Integrated Mobile Source Indicator (IMSI) for traffic-related air pollution. The IMSI is a
weighted average of mobile source pollutant concentrations weighted by the ratio of
mobile source to total emissions for each pollutant, which Pachon et al. (2012) developed
using CO, NOx, and EC. Although the IMSI is not currently used in any epidemiologic
studies of the health effects of NO, or NOx, the IMSI is an informative tool that may shed
light on the relationship between traffic-related sources and human exposures, as shown

in Equation 3-1.

Emissiongc mobite .. Emissionno, . opive Emissioncomobite ,
Emi - - XCEC+E - - - XCN0X+E — . XCCO
MISSIONEC total MISSIONNO ¢ oear MISSiONco total
Emissionge mopite . EMISSIONNOy 0 pie  EMISSIONCo mobite
Emissiongc tota Emissionnoy ,o.q Emissionco totai
Equation 3-1

Note that C’ = average concentration normalized by the standard deviation of
concentration. Urban street-side (mostly street canyon) NO and NO; concentrations have
been measured and compared with downwind sites, including those located in parks and
reference sites (i.e., sites that are located away from or upwind from traffic-related
emissions). A study where criteria pollutant concentrations were sampled using high
density siting throughout the five boroughs of New York City with 2-week integrated
samples per season (Ross et al., 2013). Consistent with Karner et al. (2010), the
street-side sites generally showed higher NO concentrations compared with NO; (NO:
mean 31.82 ppb, max 151.76 ppb; NO2: mean 27.60 ppb, max 87.18 ppb) in Ross et al.
(2013) (see Table 3-3). The NO on average was lower than the NO, away from the road,
for example at park sites (NO: mean 18.88 ppb, max 45.15 ppb; NO2: mean 22.13 ppb
max 36.94 ppb). The ranges for overall and truck traffic density, Census population, and
building areas were all higher for the street-side sites compared with the park sites. In a
mobile van study of street canyons in Helsinki, Finland operating continuous monitors
during rush hour (sampling interval: 1-minute), Pirjola et al. (2012) found that the
topographical characteristics of the roadway influenced the concentration gradient. They
studied concentration profiles on the upwind and downwind sides within a street canyon
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and observed downwind-to-upwind ratios of 0.28 and 0.70 for NO and NOg, respectively,
when the street canyon aspect ratio (building height-to-street width) was 0.55. When the
aspect ratio increased to 0.70, downwind-to-upwind ratios decreased to 0.18 and 0.65 for
NO and NO, respectively.

Table 3-3 Summary (mean, range) within 300 m of monitoring sites, by site
type, in a spatially dense monitoring campaign in New York City,
based on 2-week integrated samples per season.

Street-Side Sites Reference Sites Regulatory Sites
(n=138) Park Sites (n=12) (n=5) (n=5)

NO: concentration (ppb) 27.6 (8.32-87.2)* 22.1(8.10-36.9)* 20.2 (9.43-38.2)2 22.7 (17.1-34.2)
NO concentration (ppb) 31.8(2.69-152)2  18.9 (4.93-45.2)* 15.9 (5.42-54.8)2 12.1 (3.30-40.0)
Roadway length (km) 4.3-6.0 2.1-3.7 1.9-2.5
Traffic density (vehicle-km/h) 561-2,800 302-2,560 119-783
Truck density (vehicle-km/h) 13.4-83.2 0.910-24 .4 5.80-13.5
2000 Census population (number) 1,316-5,819 117-3,455 0-522.7
Building area (m?) 90.7-382 0-163 0-38.5
Residential space area (m?) 53.79-242 0-124 0-30.7
Commercial space area (m?) 15.6-105 0-29.0 0-18.7
Industrial space area (m?) 0-7.19 0-4.65 0-0

NO; = nitrogen dioxide; NO = nitric oxide.

Source: Matte et al. (2013).

2avg (range).
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NO; and NO emissions, concentrations, and therefore exposures, are also subject to
interventions in the built environment. After a tunnel was built in Sydney, Australia to
reduce urban pollution levels, Cowie et al. (2012) observed statistically significant
reductions in NO, and NOx concentrations by 1.4 and 4.6 ppb, adjusted for meteorology,
based on 2-week passive sampler measurements taken at three periods during Fall
2006—2008. Beevers and Carslaw (2005) studied the impact on annual NOx emissions of
the London congestion pricing zone implemented in 2003 to reduce traffic in central
London. Overall, they reported a 12% decrease in NOx emissions within the congestion
pricing zone and a 1.5% increase in NOx emissions at the surrounding ring road, related
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to some individuals re-routing their drives to the surrounding ring road where no payment
was required. Similarly, Panteliadis et al. (2014) studied the impact of congestion pricing
in Amsterdam, Netherlands and observed a 6.6% reduction in NO, concentrations at a
roadside measurement, with an 11% reduction in the traffic contribution to ambient NO,

concentrations. However, Masiol et al. (2014) analyzed the effects of traffic-free Sundays
over 13 years on air quality in the Po Valley of Italy and saw no appreciable change in
NO; levels. Rao et al. (2014) studied the influence of tree canopies on NO; levels in
Portland, OR using LUR modeling and observed a 38% reduction in NO; related to
increasing the tree canopy at higher elevations in the city. MacNaughton et al. (2014)
measured NO; exposures of bicyclists in Boston using real-time monitoring (3-h avg of
1-minute data) equipment and GPS and observed that riding in a shared bicycling/bus
lane, traffic density, background NO; concentration, and vegetation density were
associated with measured NO; exposures. The city of Beijing, China restricted traffic
during the 2008 Olympics, thus creating a natural experiment in pollution reduction.
Zhang et al. (2013) reported that the average of 1-hour NO, concentration measurements
dropped from 25.6 + 3.66 ppb to 14.6 £+ 3.76 ppb when comparing periods before (June
2—July 20) and during (July 21—September 19) the Olympic games. After the Olympics
(September 20—October 30), concentrations increased back up to 41.4 + 3.81 ppb. Huang
et al. (2012) reported reductions of 21.6 and 12.9% for the periods before and during the
Olympics compared with the previous year. The reduced NO, concentrations that
followed these interventions suggest that controls can lead to reduced NO; exposures.

3.3.1.2 Other Outdoor Sources

As described in Section 2.3, other sources contributing to ambient NOx emissions include
nonroad mobile sources, electric generating units, industrial sources, and wildfires.
Nonroad mobile sources, such as airports, shipping ports, and rail yards, can contribute
substantially to local and regional ambient NOx concentrations (Kim et al., 2011;
Williams et al., 2009; Vutukuru and Dabdub, 2008; Carslaw et al., 2006; Unal et al.,
2005). Carslaw et al. (2012a) took advantage of the natural experiment of the Icelandic
volcano eruption of 2010, when airports across Europe were shut down for 6 days, to
evaluate the local effect on airport NOx. Downwind of the airport, a 38% reduction in
average NOx concentrations (from 42 ppb down to 26 ppb) was observed. At shipping
ports and airports, traffic from ground-level support activities can also contribute a large
portion to NOx emissions from these sources (Klapmeyer and Marr, 2012; Kim et al.,
2011). Outside of urban centers where traffic is not a dominant source, other sources of
NOx may include wildfires and residential wood-burning. As such, NOx concentration
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sources of NOx in more detail.
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3.3.2 Indoor Dynamics

3.3.2.1 Sources, Sinks, and Penetration

The general understanding of oxide of nitrogen production indoors has not changed since
the 2008 ISA for Oxides of Nitrogen (U.S. EPA, 2008). Indoor sources of oxides of
nitrogen are combustion-based, including gas stoves, gas heating, oil furnaces, coal
stoves, wood burning stoves, kerosene heaters, smoking, candle burning, and to a lesser
extent, electric cooking. The magnitude of indoor oxides of nitrogen depends on
ventilation of the indoor space and appliances, source strength, and rate of pollutant
reaction. Recent studies show associations between indoor combustion and indoor NO-
levels (Vrijheid et al., 2012; Kornartit et al., 2010; Park et al., 2008) or indoor NOx levels
(Cattaneo et al., 2014), depending on what was measured during the study. HONO can
also be emitted directly during combustion or through surface reactions. Park et al.
(2008) measured HONO and NO- during combustion and compared their results with
older studies in the peer-reviewed literature, as shown in Table 3-4. High peak-to-mean
ratios suggest high temporal variability of the exposures that might be differentiated from
exposures of outdoor origin through time-series analysis. This review also generally
found higher HONO concentrations in the presence of indoor combustion sources.
Oxides of nitrogen can be lost through indoor deposition and ventilation (U.S. EPA
2008). Sarwar et al. (2002) reported deposition velocities of 6—7 x 107> m/sec for NO,,
HONO, HNO3, HO.NO,, NO3 ™, and N-Os. Much lower deposition velocities (not
detected —2 x 107¢ m/s) were reported for NO, PAN, and organic NOs~ species.
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Table 3-4  Indoor nitrogen dioxide (NO2) and nitrous acid (HONO)
concentrations in the presence and absence of combustion.
Measurement NO- (ppb) HONO (ppb)
Study Combustion Source Frequency  Peak 24-h avg Peak 24-avg
Brauer et al. (1990)2 No source (background) 15 min 29 17 8 5
Gas range? 15 min 157 36 35 13
Convective space 15 min 955 209 106 42
heater®
Brauer et al. (1990)° No source 15 min 5.0 1.8 35 34
Gas range® 15 min 37 8 31 9.6
Brauer et al. (1991)° Unknown 15 min NR NR NR 1-12
Spengler et al. (1993)¢ Gas range, stove, 24-h NR 60 (24-115) NR 4.7 (2-8)
furnace
Simon and Dasgupta Kerosene heater 8 min NR NR 5-10 NR
(1995)°
Leaderer et al. (1999) No sourcef 24-h NR NR NR 0.8 (0.0-2.9)
Gas stoves' 24-h NR NR NR 4.0 (0.0-11.3)
Kerosene heatersf 24-h NR NR NR 6.8 (0.2-35.9)
No sourcef 24-h NR NR NR 2.4 (0.1-20.1)
Gas stoves' 24-h NR NR NR 5.5 (0.4-20.1)
Khoder (2002)9 Gas appliances 24-h NR 39 (20-73) NR 3.7 (1.3-7.3)
(summer)
Gas appliances (winter)  24-h NR 65 (27-120) NR 6.8 (1.6-12.5)
Lee et al. (2002)" Gas range, etc. 6-day NR 28 NR 4.6 (0.1-21.1)
(4.3-52.0)
Jarvis et al. (2005)' Gas hob NR 12.8 NR 4.1
Gas oven NR 12.8 NR 5.0
Hong et al. (2007)i Gas range 4 min 81.1 NR 9.3 NR
Park et al. (2008)k Gas range 4 min 189.3 194 152 21

avg = average; NR = not reported.
@ ocation: Chicago, IL research home, unvented combustion condition; gas range operation hours: 1 h (with one burner and
2,320 kcal/h); convective space heater operation hours: 4 h (with one burner and 2,785 kcal/h).
bLocation: Maryland research home, unvented combustion condition; gas range operation hours: 1 h (with one burner and

2,320 kcal/h).

‘Location: 11 Boston, MA homes (winter).
dLocation: 10 homes in Albuquerque, NM (winter).
¢Location: Four different home environments with a small kerosene heater (2,270 kcal/h).
fLocation: 58 homes (summer) and 223 homes (winter) in southwest Virginia and Connecticut; 39 inside homes without gas stoves
(summer); 19 inside homes with gas stoves (summer); 74 inside kerosene-heater homes (winter); 96 inside homes without kerosene
heaters and gas stoves (winter); 52 inside homes without kerosene heaters and with gas stoves (winter).
9Location: Four homes in suburban residential areas in Greater Cairo, Egypt.
fLocation: 119 homes in southern California (spring).
iLocation: Homes in European community.

ILocation: Living room of an apartment in Gwangju, Korea (May 2006).
Location: Korean apartment (city and year unspecified, October).
Source: Reprinted with permission of Elsevier, Park et al. (2008).
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3.3.2.2 Indoor Chemistry

The 2008 ISA for Oxides of Nitrogen (U.S. EPA, 2008) described well-established
reactions involving oxides of nitrogen and other indoor air pollutants for gas-phase and
surface chemistry that serves as both a source and sink for oxides of nitrogen. Knowledge

of indoor chemistry helps identify potential sources of uncertainty in estimates of indoor
exposure to ambient oxides of nitrogen. Moreover, epidemiologic studies of indoor
exposure may providing supporting evidence to the assessment of health effects from
ambient NO; exposure. Identification of the uncertainty in those exposure estimates can
aid interpretation of those studies.

For gas phase reactions, indoor NO can be oxidized to NO; via reaction with Oz or HO,
radicals generated by indoor O3 chemistry or VOCs found in household products. NO;
can react with O3 to form NOj; radicals that may subsequently oxidize organic
compounds. NO- also reacts with free radicals to produce PAN. NO, removed through
surface reactions was known to contribute to NO levels indoors either by surface
reduction of NO; or by reaction of NO, with agueous HONO on indoor surfaces (Spicer
et al., 1989). Conversion of NO, to HONO occurs through a number of indoor surface
reactions, and the reaction increases with increased relative humidity (U.S. EPA, 2008).
A recent study has demonstrated the role of irradiance in humidity-driven surface
reaction of NO, to HONO on paints (Bartolomei et al., 2014). Surface reactions of NO
and OH radicals may also produce HONO, but the reaction rate is slower than for NO,.

Indoor combustion can lead to direct emission of NO and HONO, and conversion of NO
to NO- can lead to secondary HONO production from heterogeneous reactions involving
NO- on indoor surfaces. Park et al. (2008) observed HONO to be correlated with both
NO (Spearman r = 0.64) and NO- (r = 0.68) during combustion. They noted that HONO
concentrations were 4—8% of NO> concentrations during gas range operations but rose to
~25% of NO> concentrations after combustion ceased, which underscores the role of
surface reaction as the major source of HONO production. In a model of combustion

products for oxides of nitrogen during candle and incense burning, Loupa and
Rapsomanikis (2008) observed simultaneous NO and HONO production, the latter of
which were in agreement with older test chamber results of HONO production during
combustion (De Santis et al., 1996). These studies on surface reactions of NO, provide
insight into indoor NO; sinks that may reduce NO, exposures as well as exposures to
HONO, of which health effects are less well understood.

Recent gas-phase indoor chemistry work has shed light on processes involving organic
compounds and/or secondary organic aerosols (SOA). Carslaw et al. (2012b) modeled
indoor reactions forming SOA and observed that for their base case simulation, organic
nitrates constituted 64% of the overall SOA, while PANs constituted an additional 21%.
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In sensitivity tests varying ambient concentrations and meteorological conditions, organic
nitrates varied from 23—76% of the SOA, and PAN varied from 6—42%. Ngjgaard et al.
(2006) investigated the interference of NO; in ozonolysis of monoterpenes in a
simulation of indoor air chemistry and observed that NO; reacted with Oz and hence
reduced SOA formation from ozonolysis of alkenes a-pinene and S-pinene while
increasing the mode of the SOA size distribution. Intermediate NOs products may play a
role in this process, as described above. However, the presence of NO- had less effect on
ozonolysis of d-limonene, and this is thought to occur because the ozonolysis reaction
rate is faster. In chamber experiments and computational chemistry models, Cao and Jang
(2008) and Cao and Jang (2010) tested toluene SOA formation in the presence of low

(<3 ppb), medium (90—135 ppb), and high (280—315 ppb) NOx concentrations and found
that the organic matter component of the toluene SOA vyield generally decreased with
increasing NOx concentrations, especially when high NO levels (~222-242 ppb) were
present. Ji et al. (2012) explored rate constants of NO; reactions with various low
molecular weight aldehydes found indoors and observed that the reaction rates, k,
increased in the following order: Ksormaldehyde < Kacetaldehyde < Kpropanal < Kbutanat. Ji €t al. (2012)
concluded from this observation that NO- reacts more with longer chain, low molecular
weight aldehydes compared with shorter chain, low molecular weight aldehydes.
RC(=0)- radicals and HONO were both observed to be products of these reactions. These
sinks may result in lower NO, exposures, but little information is available regarding
organic nitrate reaction product exposures.

Reactions involving N.Os (formed by reaction of NO. and NOs in the presence of another
molecule) in an indoor context have been studied in recent years. In an examination of
NOs and N2Os (measured as the sum of those two species) in an office building, Ngjgaard
(2010) observed that alkenes remove more indoor NOs; and N.Os than either ventilation
or surface deposition. Griffiths et al. (2009) studied N2Os uptake by organic aerosols in a
reaction cell and large chamber (260 m?) and observed little N>Os uptake by solid organic
aerosols, more efficient uptake by liquid aerosols, and uptake that increased with
increasing RH. N2Os uptake by dicarboxylic acids (oxalic acid, malonic acid, succinic
acid, and glutaric acid) was 30—90% of that by (NH4)2SO4 and (NH4)2SO4-mixed
dicarboxylic acid aerosols at similar RH. N-Os uptake by malonic or azelaic acid in the
presence of higher RH is consistent with findings of Thornton et al. (2003) for
experiments conducted in a reaction cell. Raff et al. (2009) suggested that N2Os
autoionizes to NO, + NO;™ and then reacts quickly with water to form HNOs; it is
possible that HNO3; might then participate in the liquid aerosol reactions described by
Griffiths et al. (2009) and Thornton et al. (2003). Raff et al. (2009) also proposed
autoionization of N,Os as a likely mechanism for reaction with HCI, which would result
in CINO and HNO; formation while NO; and water vapor experienced an intermediate
surface reaction to form HONO, which would react with HCI. Complexity of reactions
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involving N2Os in creating NO- as an intermediary reaction product also lends
uncertainty to NO, exposure assessment. This uncertainty may lead to variability in
personal or indoor NO; exposure measurements.

3.4 Exposure Assessment and Epidemiologic Inference

The 2008 ISA for Oxides of Nitrogen (U.S. EPA, 2008) examined several factors
influencing exposure to ambient oxides of nitrogen and measurements used to represent
exposures. These include high spatial and temporal variability of NO, concentrations in

urban areas and near roads, location of NO, samplers, and ventilation of indoor
microenvironments. The 2008 ISA for Oxides of Nitrogen (U.S. EPA, 2008) concluded
that errors associated with the use of NO, concentrations measured at central site
monitors as exposure metrics for epidemiologic studies tended to bias the health effect

estimate towards the null for both short-term exposure and long-term exposure
epidemiologic studies. The following sections explore new evidence regarding a
conceptual exposure model, exposure metrics employed in epidemiologic studies,
personal-ambient relationships, factors that introduce exposure error, potential
confounding, and how the exposure errors may or may not introduce bias and uncertainty
into epidemiologic health effect estimates, depending on the epidemiologic study design.

3.4.1 Conceptual Model of Total Personal Exposure

January 2015

Total personal exposure (Er) integrates the product of microenvironmental concentration
(C) and fraction of time spent in a microenvironment across an individual’s
microenvironmental exposures, t:

Equation 3-2

where C; = average NO, concentration in the jth microenvironment, t; = fraction of total
time spent in the jth microenvironment, and n = total number of microenvironments
which the individual has encountered (U.S. EPA, 2008) (Klepeis et al., 2001). Hence,
both the microenvironmental NO; concentration and time-activity aspects of total
exposure must be considered.
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Alternatively, based on the principle of mass balance, an individual’s total NO, exposure
can be expressed as the sum of its ambient NO. exposure (Ea) and nonambient NO-
exposure (Ena) components (U.S. EPA, 2008) (Wilson and Brauer, 2006):

Er =E, +E,,

Equation 3-3

E. represents the amount of NO, exposure derived from outdoor sources, and Ena
represents the amount of NO, exposure from indoor sources. The microenvironmental
formulation presented in Equation 3-2 and the component formulation presented in
Equation 3-3 can be rectified by recognizing that E, and Ena can both be expressed in
terms of microenvironmental concentrations and time spent in each outdoor and indoor
microenvironment. During the fraction of a day spent in each outdoor microenvironment
(Yo,j), ambient exposure to NO, having an outdoor concentration of C,j is:

Eo,j = yo,jCo,j

Equation 3-4

Indoor NO; exposures in the jth microenvironment (E;;) are more complicated because
some part of indoor exposure may emanate from nonambient sources, and some part of
indoor exposure infiltrates from outdoors. Indoor exposures from nonambient sources are
given as Enaj. Exposures in each indoor microenvironment from ambient sources are also
influenced by infiltration of outdoor NO; (INF)), time spent indoors (yi;), and Coj:

Eij =yijINF; - Cpj + Eng j
Equation 3-5

Infiltration is a function of the jth microenvironment’s air exchange rate (a;), air pollutant
penetration (P;), and decay rate (k;j):
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INF; = Pya;/(a; + k;)

Equation 3-6

Hence, indoor NO, exposure for microenvironment j is the sum of the ambient and a
nonambient components:

B =Tl Bl 1+ B0 Tl

Equation 3-7

Finally, Ea can be described as the sum of the outdoor NO, exposure and the ambient
component of the indoor NO; exposure, summed over j indoor microenvironments
(U.S. EPA, 2008) (Wilson and Brauer, 2006; Wilson et al., 2000):

n n
Eq = Z Yo,jCoj+ Z vij[Pr ai/ (@ + k5)]Co s
j=1 j=1
Equation 3-8

Ambient concentration of NO is often used as a surrogate for human exposure. In
concert, a second simplifying assumption is often made that the exposed individual
resides in one indoor microenvironment, such that time-activity data are reduced to “time
indoors” and “time outdoors.” Errors associated with this approach, which may vary
depending on the epidemiologic study design in which the exposure surrogate is used, are
described in detail in Section 3.4.3. In this case, outdoor microenvironmental NO-
exposures (Eo) are expressed simply as the product of the fraction of all time spent
outdoors (y,) and ambient NO- concentration (Ca): Eo = yoCa. Furthermore, based on the
assumption that the individual occupies only one indoor and one outdoor
microenvironment, then the infiltration term can be simplified to yi[P-a/(a + k)], and
because y, +yi = 1:
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E, = {yo + yi[Pa/(a + 1},

Equation 3-9

Then, an exposure factor («) can be defined to express the influence of time-weighting
and infiltration on NO; exposure:

a=y,+ (1—y,)[Pa/(a + k)]

Equation 3-10

Last, an approximate expression for total personal exposure is obtained:

ET S OlCa + Ena

Equation 3-11

Comparison of Equations 3-3, 3-9, and 3-11 reveals that a can also be approximated as
the ratio E+/Ca. Subsequent sections examine how E,, o, and C, are modeled or measured,
and how errors and uncertainties in the simplifying assumptions behind Equations 3-9,
3-10, and 3-11 may influence health effect estimates computed from epidemiologic
studies of varying design.

3.4.2 Personal-Ambient Relationships and Nonambient Exposures

January 2015

Personal exposure measurements typically capture both ambient and nonambient
exposure contributions; for the purpose of this document, these are referred to as “total
personal exposure” measurements. The 2008 ISA for Oxides of Nitrogen (U.S. EPA
2008) concluded that literature relating ambient NO, concentrations measured by a
central site monitor to personal NO; exposures was mixed for studies of both short-term
and long-term NO, exposure, with some studies finding associations between the
personal and central site monitors and other studies finding no association. These
inconsistencies reflected various factors that influence exposure in respective studies,
including proximity and strength of sources of ambient and nonambient NOx,
spatiotemporal variability of NO, concentrations, and time-activity behavior of the
exposed sample population. Recent studies have found that personal NO, concentration
measurements taken for adults and children tend to be more highly correlated with indoor
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concentrations compared with personal correlations with outdoor or ambient
concentrations, although wide variability in the correlations was observed (see Tables 3-5
and 3-6). Personal-outdoor (i.e., measurements taken outdoors but not at a central site
monitor) correlations also tended to be higher for summer compared with winter. This is
not surprising because open windows and greater time spent outdoors during summer
likely increase exposure to outdoor air (Brown et al., 2009). The study results indicate

that, for epidemiologic studies of short-term exposure, indoor sources of NO, can add
noise to the ambient NO; exposure signal. As described further in Section 3.4.5.1,
uncertainty in the NO2 exposure term can lead to negative bias and added uncertainty in
the epidemiologic health effect estimate for short-term exposure studies.
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Table 3-5 Ambient, outdoor, transport, indoor, and personal nitrogen dioxide measurements (ppb) across

studies.
Ambient Outdoor
Sampling  (Central (Outside Personal-Ambient
Study Location Time Period Interval Site) Residence) Transport Indoor Personal Slope?2b
Sarnat et al. El Paso, TX January- 96-h 14.0-20.6° 4.5-14.2° NR¢ 4.0-8.1¢ NR NR
(2012) (large city) May, 2008
Ciudad NR 18.7-27.2° NR 23.1-120.8 NR NR
Juarez,
Mexico
(large city)
Williams et al. Detroit, Ml Summer, 24-h Williams: NR NR NR Total: Meng: 0.24; 0.13f
(2012h); (large city) 2004-2007 22.0¢%; Williams: 25.5¢;
Meng et al. Meng: Meng: 25.4¢
(2012a) 22.08; 22.7¢ Ambient: 16.0%;
21.0¢
Winter, 24.0%; 23.9° NR NR NR Total: Meng: 0.08; 0.07
2004-2007 24.0%; 35.6°
Ambient:
18.0%; 20.4¢
Suh and Zanobetti Metropolitan Fall, 24-h 17.96¢; NR NR NR 8.08¢; 11.60¢ NR
(2010) Atlanta, GA  1999-Spring, 17.13¢
(large city) 2000
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Table 3-5 (Continued): Ambient, outdoor, transport, indoor, and personal nitrogen dioxide measurements (ppb)
across studies.

Ambient Outdoor
Sampling  (Central (Outside Personal-Ambient
Study Location Time Period Interval Site) Residence) Transport Indoor Personal Slope?2b
Brown et al. Metropolitan Nov 24-h 25.89; 26.8° NR NR NR 10.49; 12.9¢ All: 0.19
(2009) Boston, MA  1999-Jan Windows closed:
(large city) 2000 0.09
Windows open:
0.31
Low AER: 0.21
High AER: 0.15
June-July 22.09;22.8° NR NR NR 13.99; 17.4¢ All: 0.23
2000 Windows closed:
0.64
Windows open:
0.10
Low AER: 0.34
High AER: 0.19
Delfino et al. Riverside, July-Dec 24-h 25.3%;25.0¢ NR NR NR 26.7¢; 28.6° NR
(2008) CA; Whittier, 2003
CA (SoCAB) (Riverside);
(large city) July-Dec
2004
(Whittier)
Delgado-Saborit  Birmingham, July-Oct 5-min 47¢ 64¢ Car: 40¢ Office: 14¢ All: 23¢ 1-h avg: 0.044
(2012) UK. (large 2011 Bus: 71°¢ Home: 17¢ Gas oven: 31°¢ Sampling event:
city) Bike: 125°¢ Electric oven: 19¢ 0.14
Train: 58¢
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Table 3-5 (Continued): Ambient, outdoor, transport, indoor, and personal nitrogen dioxide measurements (ppb)

across studies.

Study Location

Time Period

Outdoor
(Outside
Residence) Transport

Indoor Personal

Personal-Ambient
Slope?2b

Kornartit et al. Hertfordshire Winter 2000

(2010) , UK.
(Greater
London
Area) (large

city)

NR

Electric oven:  Electric oven: 8.1°¢
Bedroom: 7.8¢

Living room: Gas oven: 11.2¢
7.9¢

Kitchen: 7.1¢

Gas oven:
Bedroom:
10.8¢

Living room:
13.7¢

Kitchen: 20.6°¢

NR

Summer 2001

NR

Electric oven:  Electric oven:
Bedroom: 13.3¢

12.7¢

Living room: Gas oven: 14.6°
13.1¢

Kitchen: 11.0¢

Gas oven:
Bedroom:
14.3¢

Living room:
14.7¢
Kitchen: 14.2¢

NR
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Table 3-5 (Continued): Ambient, outdoor, transport, indoor, and personal nitrogen dioxide measurements (ppb)
across studies.

Ambient Outdoor
Sampling  (Central (Outside Personal-Ambient
Study Location Time Period Interval Site) Residence) Transport Indoor Personal Slope?2b

Lee et al. (2013 Seoul, Korea July 2008 NR 29.5%30.7¢ NR NR Home: 25.39; 27¢ NR
(large city) 24.49; 25.7¢
Work: 19.29;
21.5¢

Jan 2009 NR 29.59;31.1° NR NR Home: 22.59; 24.2¢ NR
20.99; 24.9¢
Work: 27.99;
29.9¢

Daegu, July 2008 NR 19.99; 21.1° NR NR Home: 21.49; 22.6° NR
Korea (mid- 19.39; 20.3¢
sized city) Work: 21.39;

22.8¢

Jan 2009 NR 23.09; 24.3¢° NR NR Home: 20.39; 21.7¢ NR
23.39; 25.1¢
Work: 20.39;
22.9¢

Asan, Korea July 2008 NR 26.09; 27.9¢° NR NR Home: 22.69; 24.3¢ NR
(small city) 23.89; 24.9¢

Work: 21.19;

25.6°¢

Jan 2009 NR 21.69; 23.9¢ NR NR Home: 19.99; 22.3¢ NR
20.39; 22.9¢
Work: 13.09;
18.6°¢
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Table 3-5 (Continued): Ambient, outdoor, transport, indoor, and personal nitrogen dioxide measurements (ppb)
across studies.

Ambient Qutdoor

Sampling  (Central (Outside Personal-Ambient
Study Location Time Period Interval Site) Residence) Transport Indoor Personal Slope?2b
Lee et al. (2013 Suncheon, July 2008 NR 15.09; 15.9° NR NR Home: 14.09; 16.3¢ NR
(Continued) Korea (rural) 13.09; 14.3¢
Work: 12.0¢;
14.5¢
Jan 2009 NR 12.59;15.2° NR NR Home: 12.99; 15.7¢ NR
15.99; 20.4¢
Work: 9.39;
12.9¢
Total July 2008 NR 21.79;23.7° NR NR Home: 20.59; 22.6°¢ NR
19.59; 21.2¢
Work: 18.49;
21.4¢
Jan 2009 NR 20.69; 23.6° NR NR Home: 18.69; 21.0¢ NR
19.99; 23.3¢
Work: 16.49;
21.1¢
Du et al. (2011 Beijing, Oct 2006 Varied NR NR Subway: NR NR NR
China with transit 20¢;
times Nonsubway
1225
Taxi
drivers: 25°¢
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Table 3-5 (Continued): Ambient, outdoor, transport, indoor, and personal nitrogen dioxide measurements (ppb)

across studies.

Ambient Outdoor
Sampling  (Central (Outside Personal-Ambient
Study Location Time Period Interval Site) Residence) Transport Indoor Personal Slope?2b
Physick et al. Melbourne, May 2006; Ambient:  6:00 p.m.to NR NR Home: 17.2%; Total: 12.2" NR
(2011) Australia June 2006; 1 h; Perso 8:00 a.m.: 16.8¢ Home: 8.2"
(large city) April 2007, nal: 19.8%; 18.7¢ Work: 21.68; Work: 14.7"
May 2007 Participant 8:00 a.m. to 21.7¢ Transit: 23.4"
s wore two 6:00 p.m.: Other: 17.4"
sets of 20.3¢%; 21.2¢
passive
samplers.
One was
worn for
48 h.
One was
worn only
during the
hours
spent at
home, at
work, in
transit, or
while
performing
other
activities.
Sahsuvaroglu Hamilton, Oct 2003 72-h NR All: 32.0¢ NR All: 22.4¢ All: 23.3¢ All: 0.06
et al. (2009) Canada Non-ETS: Non-ETS: Non-ETS: 22.4¢ Nonsmoking: 0.13
(mid-sized 31.7¢ 21.9¢
city) May 2004 NR All:17.6°  NR All: 13.5¢ All: 14.4¢ All: 0.31
Non-ETS: Non-ETS: Non-ETS: 14.0°¢ Nonsmoking: 0.28
16.8¢ 12.3¢
Aug 2004 NR All: 9.7¢ NR All: 8.2¢ All: 8.8¢ All: 0.50
Non-ETS: Non-ETS: 7.4° Non-ETS: 8.2°¢ Nonsmoking: 0.15
9.6°
Total NR All: 19.3°¢ NR All: 14.4¢ All: 15.2¢ All: 0.62
Non-ETS: Non-ETS: Non-ETS: 14.6°¢ Nonsmoking: 0.62
18.9¢ 13.6¢
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Table 3-5 (Continued): Ambient, outdoor, transport, indoor, and personal nitrogen dioxide measurements (ppb)
across studies.

Ambient Outdoor
Sampling  (Central (Outside Personal-Ambient
Study Location Time Period Interval Site) Residence) Transport Indoor Personal Slope?2b

Schembari et al. Barcelona, Nov 2008 and 7-day NR 18.794: NR 19.294: 20.6¢1  17.79%: 18.6¢% 1.01K
(2013) Spain (large Oct 2009 19.4¢

city)
Molloy et al. Melbourne,  Aug 7-day NR 9.5%,10.0° NR 7.9¢8; 8.4°¢ NR 0.9K
(2012) Australia 2008-Dec

(large city) 2008; Jan

2009-April
2009

Pegas et al. Aveiro, April-June 7-day NR City center: NR City center: NR NR
(2012) Portugal 2010 10.5¢%; 7.4¢%4; Suburb:

(small city Suburb: 6.9¢H

center, 10.1¢i

suburb)
Chatzidiakou et al. Suburban Nov 2011 5-day NR 7.4 NR 3.7 NR NR
(2014) London, |

England NR 5.1 NR 2.9 NR NR

NR 5.1 NR 2.7 NR NR
London, NR 19 NR 13' NR NR
England NR 20 NR 16' NR NR
NR 22 NR 18' NR NR

Rivas et al. (2014) Barcelona  Jan-June 4-day 22¢, 209 25¢; 244 NR 16¢; 164 NR NR

and Sant

Cugat, Spain

2012

AER = air exchange rate; avg = average; ETS = environmental tobacco smoke; NR = not reported; SOCAB = South Coast Air Basin.

2Unadjusted models only.

bTotal personal NO, exposure vs. ambient concentration unless noted otherwise.

‘Average.
dMedian.

¢Personal exposure to ambient NO, vs. ambient concentration.

‘Geometric mean.

9Data provided by the authors for Figure 1 of Physick et al. (2011).
"Reported in pg/m? and converted to ppb assuming 25°C and 760 mmHg.
iAveraged over 4 classrooms and 2 weeks.
iIndoor-outdoor ratio, rather than slope, is reported for Schembari et al. (2013).
KIntegrated measurement over 2 weeks.
'Estimated from reported indoor-outdoor ratio and outdoor NO, concentration.
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Table 3-6

Correlations between measured nitrogen dioxide (NO2)

concentrations from personal, outdoor, indoor, and ambient

monitors.
Personal- Personal- Personal- Outdoor-
Study Location Ambient Outdoor Indoor Indoor
Sarnat et al. (2012)2 Ciudad Juarez, Mexico; EI NR NR NR CJ-A: 0.36;
Paso, TX CJ-B: 0.92;
EP-A: 0.66;
EP-B: 0.01
Williams et al. (2012a)@ Wayne County, MI All Subjects: NR NR NR
0.11; Vest-
compliant
(>60%)°: 0.14
Suh and Zanobetti (2010)2 Atlanta, GA 0.12 NR NR NR
Brown et al. (2009) Boston, MA Winter: 0.00; NR NR NR
Summer: 0.03
Delfino et al. (2008) 2 southern California cities 0.43 NR NR NR
Kousa et al. (2001) Helsinki, Finland; Basel, NR 0.61 0.73 0.66
Switzerland; Prague,
Czech Republic
Delgado-Saborit (2012) Birmingham, U.K. 1-h NO2: 0.024; NR NR NR
Sampling event
NO2: 0.15
Lee et al. (2013 Seoul, South Korea NR Summer: Summer: Summer:
0.39; 0.50; Winter: 0.71; Winter:
Winter: 0.47 0.55 0.22
Daegu, South Korea NR Summer: Summer: Summer:
0.43; 0.32; Winter: 0.65; Winter:
Winter: 0.47 0.59 0.57
Asan, South Korea NR Summer: Summer: Summer:
0.62; 0.63; Winter: 0.67; Winter:
Winter: 0.11 0.37 0.37
Suncheon, South Korea NR Summer: Summer: Summer:
0.46; 0.46; Winter: 0.77; Winter:
Winter: 0.56 0.60 0.80
All 4 cities NR Summer: Summer: Summer:
0.58; 0.60; Winter: 0.78; Winter:
Winter: 0.53 0.55 0.55
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Table 3-6 (Continued): Correlations between measured nitrogen dioxide (NO2)

concentrations from personal, outdoor, indoor, and
ambient monitors.

Personal- Personal- Personal- Outdoor-
Study Location Ambient Outdoor Indoor Indoor
Sahsuvaroglu et al. Lake Ontario, Canada NR All All Subjects: NR
2009)° (winter) Subjects: 0.430;
0.002; Non- Non-ETS:
ETS: 0.020 0.283
Lake Ontario, Canada NR All All Subjects: NR
(spring) Subjects: 0.589;
0.233; Non- Non-ETS:
ETS: 0.187 0.599
Lake Ontario, Canada NR All All Subjects: NR
(summer) Subjects: 0.822;
0.067; Non-ETS:
Non-ETS:  0.783
0.011
Lake Ontario, Canada NR All All Subjects: NR
(all seasons) Subjects: 0.729;
0.517; Non-ETS:
Non-ETS:  0.693
0.540
Schembari et al. (2013)>  Barcelona, Spain NR 0.58 0.78 0.53
Vieira et al. (2012)2 Sao Paolo, Brazil NR <0.35 NR All subjects:
0.13;
Non-ETS:
0.42
Van Roosbroeck et al. Netherlands (3 schools) NR 0.35 NR NR
(2008)2

CJ-A = Ciudad Juarez Site A; CJ-B = Ciudad Juarez Site B; EP-A = El Paso Site A; EP-B = El Paso Site B; ETS = Environmental
Tobacco Smoke; NR = not reported.

aSpearman coefficient.

bPearson coefficient.

°Subjects wore the sampling vests at least 60% of the sampling period.
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Several studies have investigated factors that influence the relationship between
short-term personal exposure measurements and ambient concentrations. It was observed
that, even when the median or average total personal NO, exposures and ambient
concentrations were comparable, the total personal exposure measurements and central
site monitor concentrations might not have always been correlated. For example,
Williams et al. (2012a) measured total personal NO; exposures for the Detroit Exposure
and Aerosol Research Study (DEARS) population of nonsmoking adults in 24-hour
intervals and found a low association (Spearman r = 0.14 for participants complying with

study protocols; r = 0.11 for all participants) between total personal NO, exposure with
NO; measured at central site monitors. This result indicated the influence of nonambient
sources on the DEARS participants’ total personal NO, exposures, suggesting that total
personal and ambient NO; exposures are not always well correlated. Likewise, Suh and
Zanobetti (2010) measured correlation of Spearman r = 0.12 between 24-hour total
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personal exposure and central site NO, measurements among an Atlanta panel of

30 adults. Vieira et al. (2012) calculated Spearman correlations between 12-hour outdoor,
indoor, and personal NO, measurements. All correlations between personal and outdoor
NO; measurements were below r = 0.35. Indoor and outdoor NO, concentrations were
more correlated (r = 0.42), although when smokers were included, correlation between
indoor and outdoor NO; dropped (r = 0.13). Van Roosbroeck et al. (2008) compared
personal NO, measurements for children obtained over 1 to 4 weeks in a panel study with
measurements taken outside the children’s schools, and they observed correlation of
Pearson R = 0.35. Outdoor school NO, underestimated personal NO, when used as a
surrogate, but when additional variables representing indoor exposures (such as exposure
to gas cooking and unvented water heaters) were added to the model, R increased to 0.77,
suggesting that indoor sources play a large role in NO; exposure among the study
participants. Bellander et al. (2012) measured personal NO, exposure using 7-day
integrated diffusion samplers and modeled it as a function of NO. concentrations
measured at an urban area, rural area, roadside, and outside of the participants’ homes
and places of work in Stockholm County, Sweden. They observed slopes ranging from
0.25-0.37 (R? = 0.01-0.20). Kousa et al. (2001) developed a time-weighted
microenvironmental model of NO, exposure based on time-activity data and 48-hour
microenvironmental measurements. The microenvironmental model corresponded with
personal exposure measurements (8 = 0.90; R? = 0.74).

Meng et al. (2012b) performed a random effects meta-analysis of 15 studies that
calculated slopes and correlations between personal NO, measurements of Er and central
site ambient NO, concentrations for 32 sample populations, of which 7 were from daily
average analyses, 8 were from longitudinal panel analyses, and 17 were from analyses
whose correlations were pooled over short time periods up to 1 week in length.
Metaregression results are shown in Table 3-7. Meng et al. (2012b) found that the
magnitude and correlation of associations between personal exposure and ambient
concentration depended on several factors, including study design (pooled data across
days, longitudinal panel, or daily average), season, meteorological conditions, ambient
PM:5s level, and pre-existing cardiopulmonary disease of the exposure subjects. Together,
the low associations reported in these studies indicate that most of the total personal NO-
exposure measurements for these studies were influenced either by nonambient sources
or by spatially variable NO; not well detected by the central site monitor. However,
Meng et al. (2012b) also stated that the longitudinal panel studies included in their
meta-analysis had several measurements below detection limit that could have
erroneously reduced the correlations, which otherwise would be expected to be higher.
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Table 3-7  Metaregression results from 15 studies examining the relationship
between personal nitrogen dioxide exposure measurements and
ambient concentrations.

Slope Correlation Slope Correlation

Study Design Based on Original Studies Corrected for Publication Bias
Pooled? 0.40 0.42 0.30 0.37
Longitudinal panel® 0.14 0.16 0.14 0.16
Daily average® 0.29 0.72 0.20 0.45

2Pooled analyses: Piechocki-Minguy et al. (2006), Linn et al. (1996), Liard et al. (1999), Gauvin et al. (2001), Alm et al. (1998),
Brown et al. (2009), Sarnat et al. (2006), Delfino et al. (2008).

bLongitudinal analyses: Sarnat et al. (2005), Sarnat et al. (2001), Sarnat et al. (2000), Linaker et al. (2000), Kim et al. (2006),
Koutrakis et al. (2005).

‘Daily average analyses: Mukala et al. (2000), Liard et al. (1999), and Alm et al. (1998)
Source: Meng et al. (2012b).

3.4.3 Factors Contributing to Error in Estimating Exposure to Ambient Nitrogen
Dioxide

Recent studies of factors influencing exposure error build from the existing literature
presented in the 2008 ISA for Oxides of Nitrogen U.S. EPA (2008), which have focused
on time-activity patterns, spatial variability, infiltration, nonambient exposures, and

instrument accuracy and precision, as described in the subsequent subsections. These
factors can influence epidemiologic results for studies of short-term and long-term NO;
exposure, as detailed further in Section 3.4.5.

3.4.3.1 Time-Activity Patterns

The complex human activity patterns across the population (all ages) are illustrated in
Figure 3-3 (Klepeis et al., 2001) for data from the National Human Activity Pattern

Survey (NHAPS). This figure is presented to illustrate the diversity of daily activities
among the entire population as well as a generalized proportion of time spent in each

microenvironment. Time-activity data become an important source of uncertainty when
considering that ambient exposures vary in different microenvironments (e.g., transit,
residential), and that exposure assignment is typically based on the assumption that study
participants are in one location (residential) for the study duration.
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Figure 3-3
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Distribution of time sample population spends in various
environments, from the U.S. National Human Activity Pattern

Survey (all ages).

Different time-activity patterns have been found when analyzing activity patterns for
different populations or life stages. For example, Wu et al. (2010) observed activity
patterns for a panel of adults and children from Camden, NJ communities with larger
percentages of nonwhites (85%) and those below the poverty line (33%) compared with
NHAPS. The study participants spent more time outdoors compared with the nationwide
cohort (3.8 hours vs. 1.8 hours nationally); note that Wu et al. (2010) undersampled
participants ages 65+ years, and the median age of the population studied in Wu et al.
(2010) was 27 years compared with 35 years nationwide. Other recent time-activity panel
studies have included working adults (Isaacs et al., 2013; Bellander et al., 2012; Kornartit
et al., 2010), pregnant women (lfiiguez et al., 2009), adolescents (DeCastro et al., 2007),
and children (Mdlter et al., 2012; Xue et al., 2004). In many cases, the time-activity data
were limited to residential, occupational, and outdoor location categories to simplify
assignment of concentrations to which the subjects were estimated to be exposed in each
microenvironment. The implication of these findings is that, given that time-activity data
vary among different populations, the one-location assumption used in many studies
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varies in accuracy among those different populations. However, given that few studies
are as large as NHAPS, it would be premature to make conclusions about time-activity
data for smaller segments of the population.

Recently, Kornartit et al. (2010) tested the associations between time-weighted exposure
estimates from area samples with personal sampling measurements for a London, U.K.
panel study. Kornartit et al. (2010) measured NO; concentration for 1 week with passive
Palmes tube samplers in several outdoor and indoor microenvironments for 55 subjects

aged 21-60 years and correlated a time-weighted average of those microenvironmental
NO; concentration measurements with personal NO, concentration measurements, also
measured with Palmes tubes. They observed a slope of 0.94 for the relationship between
time-weighted average and personal NO. concentrations (R? = 0.85) in winter and a slope
of 0.59 (R? = 0.65) in summer. Higher levels of NO, were observed for both
time-weighted average and personal concentrations in summer compared with winter.
However, correlations between personal NO exposure and time-weighted
microenvironmental NO; concentrations were higher in winter, implying panel studies
using personal NO- exposure measurements may be more dominated by indoor sources
during cold-weather months. The authors concluded that the time-weighting approach
provided a reasonable approximation of personal exposure but sometimes underestimated
it.

3.4.3.2 Spatial Variability in Nitrogen Dioxide Concentrations

Data for spatial variability in ambient NO, NO-, and NOx concentrations are provided in
Section 2.5 for national, urban, neighborhood, and micro scales. The data illustrate that
national variation in wintertime concentrations largely follows the degree of urbanization,
while variation at urban and smaller scales is influenced by source location, source
strength, meteorology, and natural and urban topography. Figure 3-4 illustrates
regional-scale variability in background levels of daily 1-h max NO; based on Pearson
correlation between monitor pairs for urban and rural monitors across the U.K. (Butland
et al., 2013). Likewise, Figure 3-5 depicts urban-scale variability for NO, and NOx, based

on a semivariogram function (Goldman et al., 2010). Gradients in near-road
concentrations of NO. and NO indicate spatial variability at finer scales within 300 m of
the road (see Figures 2-16 and 2-17 in Section 2.5.3 and Figure 3-2 in Section 3.3.1.1).
All of these data indicate that the magnitude of the error in exposure estimation increases

with distance between the monitor and the subject. Hence, there is a potential for
exposure misclassification if the ambient NO, concentration measured at a given site
differs from the concentration at the location of an epidemiologic study participant, and
this issue is present regardless of the spatial scale of the epidemiology study.
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Figure 3-4 Regional-scale variability in nitrogen dioxide for urban and rural

area data across the U.K.
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Source: Goldman et al. (2010)
Figure 3-5 Urban-scale variability in nitrogen dioxide (NO2) and the sum of

nitric oxide and NO2 (NOx) in Atlanta, GA. On the y-axis, y'
denotes the semivariogram, i.e., a unitless function that describes
the ratio between spatial and temporal variance of the differences
between two observations.
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3.4.3.3 Infiltration and Building Ventilation

Given that people spend the majority of their time indoors, building air exchange rates
influence exposure to ambient NO,. In an analysis of daily average NO; data from the
DEARS, Meng et al. (2012a) observed seasonal differences, with slopes of 0.24 + 0.04
for E1 versus the concentration measured at a central site monitor, Cacsm, and of

0.13 £ 0.06 for E, versus Ca,csm for summer measurements. For winter measurements, the
associations were lower (Er vs. Ca,csm: Slope = 0.08 £ 0.05; Ea vS. Ca,com:

slope = 0.07 £ 0.07). Meng et al. (2012a) found that high air exchange rate (>1.3 air
changes per hour), no central air conditioning, use and nonuse of window fans, and
presence of old carpeting were determinants of a, the exposure factor defined in

Equation 3-10 and approximated by the ratio of Ea to Cy, for NO; in summer; none of
these factors were determinants of o for NO; in winter. In Mdlter et al. (2012), outdoor
exposures were calculated with LUR, while indoor exposures were calculated using the
Probabilistic Model for Indoor Pollution Exposures (INDAIR) model that accounts both
for infiltration due to home ventilation characteristics and indoor sources. Sensitivity to
air exchange rate of INDAIR predictions of indoor NO; in the absence of indoor sources
underscores potential for bias and uncertainty in «, which depends on air exchange rate,
penetration, and indoor deposition (Dimitroulopoulou et al., 2006).

3.4.3.4 Instrument Accuracy and Precision

Instrument error occurs when the NO, measurements are subject to interferences that
cause positive or negative biases or noise. NO, measurements are subject to positive bias
from detection of other oxidized nitrogen compounds on the measurement substrate, and
these errors are larger in warm seasons. See Section 2.4.1 for details on errors that affect
FRMs and FEMs used for central site monitoring, and see Section 3.2.1.2 for a
description of errors to which personal samplers are subject. Intermonitor comparison is
often used to estimate instrument precision. For example, Goldman et al. (2010)
investigated instrument precision error at locations where ambient monitors were
colocated. Instrument precision error increased with increasing concentration. When

instrument error and concentration are correlated, error in the exposure estimates will be
larger in locations where there are more prevalent or stronger sources or at times when
NO, emissions are higher for a given location. For example, it would be anticipated that
the magnitude of the instrument error is largest at times of day when emissions are
highest, such as rush hour. Instrument error was also observed to exhibit some
autocorrelation at 1- and 2-day lags in the Goldman et al. (2010) study. Hence, the
diurnal variability in relative NO, instrument error does not change substantially from
day to day. For epidemiologic studies of short-term NO, exposure, the influence of
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3.4.4 Confounding
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To assess the independent effects of NO, in an epidemiologic study of the health effects,
it is necessary to identify (Bateson et al., 2007): (1) which copollutants (e.g., PM2s, UFP,
BC) and additional exposures (e.g., noise, traffic levels) are potential confounders of the
health effect-NO; relationship so that their correlation with NO- can be tested and, if
needed, they are accounted for in the epidemiologic model; (2) the time period over
which correlations might exist so that potential confounders are considered appropriately
for the time period relevant for the epidemiologic study design (e.g., pollutants or other
factors that are correlated over the long term might not be important for a short-term
exposure epidemiologic study); and (3) the spatial correlation structure across multiple
pollutants, if the epidemiologic study design is for long-term exposure. This section
considers temporal copollutant correlations and how relationships among copollutants
may change in space. Temporal copollutant correlations are computed from the time
series of concentrations for two different collocated pollutants. Temporal correlations are
informative for epidemiologic studies of short-term exposure when the sampling interval
is a month or less for each of the copollutants. Temporal correlations are informative for
epidemiologic studies of long-term exposures when sampling intervals are months-to-
years. Spatial relationships are evaluated by comparing within-pollutant variation across
space for different pollutants. The following sections review coexposures that can
potentially confound the relationship between a health effect and NO, over different
temporal and spatial resolutions.

3.4.4.1 Temporal Relationships among Ambient Nitrogen
Dioxide and Copollutant Exposures

Studies and analyses reported in the 2008 ISA for Oxides of Nitrogen (U.S. EPA, 2008)
demonstrated that ambient NO, was correlated with several traffic-related pollutants in
urban and suburban areas generally in the range of Pearson R = 0.5 to 0.75 for PM. and
COand R =0.8to 0.9 for EC. These results suggest that in some cases NO- can be a
surrogate for traffic pollution (U.S. EPA, 2008). In contrast, correlations between NO-
and O3 were generally R =—0.71 to 0.1. Numerous air quality, exposure, and
epidemiologic studies have more recently evaluated associations between concentrations
of ambient NO- and those of other pollutants. Many of these studies report Pearson or
Spearman correlations of ambient NO, with other criteria pollutants, mainly focusing on
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those related to traffic sources (PMzs, CO, PMg). A few studies have explored
associations between NO, and other traffic-related pollutants, such as EC, UFP, and
VOCs. Data for correlations between NO, and other criteria pollutants are summarized in
Table 3-8, broken into short-term exposure and long-term exposure epidemiology studies.
Figure 3-6 plots data for correlations between NO; and all copollutants for which data
were available, including PMas, PM1g PMio-25, O3, CO, SO, EC, OC, UFP, particle
number concentration (PNC), toluene, and benzene. Figure 3-6 separates the data by
averaging period. “Within-hourly” denotes averaging time ranging from 20 seconds to
1-h daily max. “Within daily” is noted for averaging time ranging from 3 to 24 hours.
Three hour averaging times are typically applied during rush hour measurement periods.
“Within monthly” refers to averaging times ranging from 84 hours to 1 month. “Annual
or longer-term correlations” are for studies that averaged the data over a period of 1 to

5 years. The studies presented in Table 3-8 only include monitored data and not
correlations computed from LUR studies. Some of these studies used personal or area
sampling in lieu of central site monitoring. Note that, while Table 3-8 and Figure 3-6 are
informative for considering the influence of averaging time on correlations, small sample
sizes for any given pollutant and averaging period preclude making definitive
conclusions about the observations. In particular, the number of near-road studies
reporting correlations between NO. and copollutants was too small to make any
conclusions about differences in NO.-copollutant correlations between near-road and
central site or personal measures.

The higher the copollutant correlation, the more difficult it is to disentangle the health
effects from NO; from those of the copollutants. This is particularly true of traffic-related
copollutants, and recent evidence indicates that copollutant confounding adds such
uncertainty. Figure 3-6 shows the range of temporal NO, copollutant correlation
coefficients among the studies in Table 3-8 plus one additional measurement study that
did not include other criteria air pollutants (Williams et al., 2012a). Existing studies
indicate that NO- has, in general, correlations over Pearson R = 0.5 with other NAAQS
and traffic-related pollutants. Similar to findings in the 2008 ISA for Oxides of Nitrogen
(U.S. EPA, 2008) the strongest temporal correlations are typically observed for NO, with
primary traffic-related pollutants, such as benzene, CO, EC, and PNC. A wide range of
temporal correlations is observed for NO, with PM. s, PM1o, and SO,. Correlations of
NO; with PM.s and PM3o tend to be positive for the within-hourly, within-daily, and long
term metrics. For the within-monthly measures, median correlations are closer to zero.
The reason for this difference is unknown, but fewer data are available for the
within-monthly correlations. The lowest temporal correlations are typically observed for
NO; with O; and PM, o5, with correlations having a wide range in magnitude (R = —0.71
to 0.66; median R = 0.15). These observations are not surprising given the nonlinear
relationship between NO- concentration and instantaneous O3 production rate observed
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close to the location of emission (Pusede and Cohen, 2012; LaFranchi et al., 2011,
Murphy et al., 2007, 2006). Temporal correlations for near-road studies are highlighted in
red for Figure 3-6. It is notable that the near-road correlations did not appear to be
systematically different from the urban scale correlations. Statistical testing for near-road
versus urban scale interpollutant correlations was not performed given the small number
of near-road studies.

Short-Term Temporal Correlations

For the shorter time periods (within hourly and within daily), UFP, BC, CO, and EC
tended to have higher correlations with NO,, while O3 had several negative correlations
with NO,. The within-daily category had the most data for PM,s and PM1, and a wide
range of correlations was observed with NO; for each of those copollutants. Fewer data
were available for within-monthly correlations. Black carbon, benzene, and toluene were
observed to have the highest correlations with NO- in this temporal category. Across
time-averaging periods, there is not a discernible pattern with respect to correlations of
near-road measurements.
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Table 3-8  Synthesis of nitrogen dioxide ambient-ambient copollutant correlations from measurements
reported in the literature.

Correlation
Study? Averaging Time Location Scale Measure CO O3 SOz PM2.s PMio

Short-term exposure epidemiologic studies

Polidori and Fine (2012) 1-min Los Angeles, CA Near-road Pearson 0.65 NRP NR NR NR
(15 m downwind of
1-710) summer

Los Angeles, CA Near-road Pearson 0.65 NR NR NR NR
(80 m downwind of
1-710) summer

Los Angeles, CA Urban Pearson 0.66 NR NR NR NR
(background) summer
Los Angeles, CA Near-road Pearson 0.60 NR NR NR NR
(15 m downwind of
1-710) winter
Los Angeles, CA Near-road Pearson 0.62 NR NR NR NR
(80 m downwind of
1-710) winter
Los Angeles, CA Urban Pearson 0.79 NR NR NR NR
(background) winter
Levy et al. (2014 <2 min Montreal, Canada (all Urban Pearson 0.48 -0.45 0.11 0.29 0.39
year)
Montreal, Canada Urban Pearson 0.77 -0.74 0.17 0.34 0.35
(summer)
Montreal, Canada Urban Pearson 0.40 -0.33 0.25 0.26 0.30
(fall)
Montreal, Canada Urban Pearson 0.16 -0.36 0.04 0.34 0.35
(winter)
Padré-Martinez et al. (2012) 2 min Boston, MA Urban Spearman 0.51 NR NR 0.21 NR
Chuang et al. (2008) Hourly Boston, MA Urban Pearson NR NR NR 0.38 0.33

January 2015 3-60 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=2138019
http://hero.epa.gov/index.cfm?action=search.view&reference_id=2347038
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1526329
http://hero.epa.gov/index.cfm?action=search.view&reference_id=155731

Table 3-8 (Continued): Synthesis of nitrogen dioxide ambient-ambient correlations from measurements reported
in the literature.

Correlation
Study? Averaging Time Location Scale Measure CO O3 SOz PMz2.s PMio
Strickland et al. (2010) 1-h daily max Atlanta, GA (cold Urban Spearman 0.59 0.11 0.36 0.37 0.46
season)
Atlanta, GA (warm Urban Spearman 0.54 0.42 0.37 0.36 0.44
season)
Villeneuve et al. (2007) 1-h daily max Edmonton, Canada Urban Pearson 0.74 NR NR NR NR
Jalaludin et al. (2007) 1-h daily max Sydney, Australia Urban NR 0.6 0.25 0.46 0.65 0.48
Mortimer et al. (2002) 1-h daily max 8 U.S. cities Urban NR NR 0.27 NR NR NR
Burnett et al. (2000) 1-h daily max 8 Canadian cities Urban NR 0.65 0.12 0.49 0.53 0.53
Mar et al. (2000) 1-h daily max Phoenix, AZ Urban NR 0.87 NR 0.57 0.77 0.53
Tolbert et al. (2007) 1-h daily max Atlanta, GA Urban Spearman 0.7 0.44 0.36 0.47 0.53
Darrow et al. (2011) 1-h daily max Atlanta, GA Urban Partial 0.61 0.40 NR 0.50 NR
Spearman
Morning commute Atlanta, GA Urban Partial 0.57 -0.16 NR 0.46 NR
(7:00 a.m.-10:00 a.m.) Spearman
Daytime Atlanta, GA Urban Partial 0.53 -0.07 NR 0.41 NR
(8:00 a.m.-7:00 p.m.) Spearman
Nighttime Atlanta, GA Urban Partial 0.66 -0.66 NR 0.52 NR
(12:00 a.m.-6:00 a.m.) Spearman
Moshammer et al. (2006) 8-h avg Linz, Austria Urban Pearson NR NR NR 0.54 0.62
Darrow et al. (2011) 24-h avg Atlanta, GA Urban Partial 0.66 -0.15 NR 0.20 NR
Spearman
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Table 3-8 (Continued): Synthesis of nitrogen dioxide ambient-ambient correlations from measurements reported
in the literature.

Correlation
Study? Averaging Time Location Scale Measure CO O3 SOz PMz2.s PMio

Faustini et al. (2011) 24-h avg Milan Urban Pearson NR NR NR NR 0.79
Mestre Urban Pearson NR NR NR NR 0.66
Turin Urban Pearson NR NR NR NR 0.72
Bologna Urban Pearson NR NR NR NR 0.66
Florence Urban Pearson NR NR NR NR 0.65
Pisa Urban Pearson NR NR NR NR 0.57
Rome Urban Pearson NR NR NR NR 0.5
Cagliari Urban Pearson NR NR NR NR 0.23
Taranto Urban Pearson NR NR NR NR 0.19
Palermo Urban Pearson NR NR NR NR 0.22

Samoli et al. (2011) 24-h avg Athens, Greece Urban NR NR NR 0.55 NR NR

Ko et al. (2007 24-h avg Hong Kong Urban Pearson NR 0.34 0.66 0.44 0.4

Mehta et al. (2013) 24-h avg Ho Chi Minh City, Urban NR NR 0.44 0.29 NR 0.78
Vietnam (dry season)
Ho Chi Minh City, Urban NR NR 0.17 0.01 NR 0.18
Vietnam (wet season)

Andersen et al. (2008) 24-h avg Copenhagen, Near-road Spearman NR -0.58 NR 0.41 0.43
Denmark

Mannes et al. (2005) 24-h avg Sydney, Australia Urban Pearson 0.57 0.29 NR 0.66 0.47
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Table 3-8 (Continued): Synthesis of nitrogen dioxide ambient-ambient correlations from measurements reported
in the literature.

Correlation
Study? Averaging Time Location Scale Measure CO O3 SOz PMz2.s PMio
Schildcrout et al. (2006) 24-h avg Albuquerque, NM Urban NR 0.76 0.04 NR NR 0.26
Baltimore, MD Urban NR 0.69 0.44 0.49 NR 0.62
Boston, MA Urban NR 0.8 0.47 0.68 NR 0.48
Denver, CO Urban NR 0.85 0.24 0.56 NR 0.64
San Diego, CA Urban NR 0.92 0.39 0.23 NR 0.55
St. Louis, MO Urban NR 0.71 0.42 0.58 NR 0.45
Toronto, Canada Urban NR 0.63 0.4 0.63 NR 0.64
Liu et al. (2009 24-h avg Ontario, Canada Urban Spearman NR -0.51 0.18 0.71 NR
Strak et al. (2013) 24-h avg Locations across the  Urban Spearman NR -0.62 NR 0.45 0.49
Netherlands
O'Connor et al. (2008) 24-h avg Inner-cities across the Urban NR 0.54 -0.31 0.59 0.59 NR
u.s.
Timonen et al. (2006) 24-h avg Amsterdam, Urban Spearman 0.76 NR NR 0.49 NR
the Netherlands
Erfurt, Germany Urban Spearman 0.86 NR NR 0.82 NR
Helsinki, Finland Urban Spearman 0.32 NR NR 0.35 NR
Guo et al. (2009 24-h avg Beijing, China Urban Pearson NR NR 0.53 0.67 NR
Rojas-Martinez et al. (2007) 24-h avg Mexico City, Mexico  Urban Pearson NR 0.17 NR NR 0.25
Sarnat et al. (2001) 24-h avg Baltimore, MD Urban Spearman 0.75 0.02 NR 0.37 NR
(summer)
Baltimore, MD Urban Spearman 0.76 -0.71 -0.17 0.75 NR
(winter)
Sarnat et al. (2005) 24-h avg Boston, MA (summer) Near-road Spearman NR NR NR 0.44 NR
Boston, MA (winter)  Near-road Spearman NR NR NR 0.64 NR
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Table 3-8 (Continued): Synthesis of nitrogen dioxide ambient-ambient correlations from measurements reported

in the literature.

Correlation
Study? Averaging Time Location Scale Measure CO O3 SOz PMz2.s PMio

Kim et al. (2006 24-h avg Toronto, Canada Near-road Spearman 0.72 NR NR 0.44 NR

Roberts and Martin (2006)  24-h avg Cleveland, OH Urban NR-Pairwise 0.67 0.36 0.56 NR 0.63
Nashville, TN Urban NR-Pairwise 0.36 0.26 0.08 NR 0.44

Andersen et al. (2007) 24-h avg Copenhagen, Urban Spearman 0.74 NR NR NR 0.42
Denmark

Chen et al. (2008) 24-h avg Shanghai, China Urban NR NR NR 0.73 NR 0.71

Arhami et al. (2009) 24-h avg San Gabriel Valley, Urban Spearman NR NR NR 0.1 0.31
CA (summer/fall)
San Gabriel Valley, Urban Spearman NR NR NR 0.44 0.34
CA (fall/winter)
Riverside, CA Urban Spearman NR NR NR 0.07 0.21
(summer/fall)
Riverside, CA Urban Spearman NR NR NR 0.56 0.64
(fall/winter)

Delfino et al. (2009) 24-h avg San Gabriel Valley Urban NR 0.79 -0.42 NR 0.19 NR
and Riverside, CA
(aggregated)

Baxter et al. (2013) 24-h avg Boston, MA Urban Spearman NR NR NR 0.41 NR
Pittsburgh, PA Urban Spearman NR NR NR 0.46 NR
Memphis, TN Urban Spearman NR NR NR 0.27 NR
Detroit, Ml Urban Spearman NR NR NR 0.59 NR
Milwaukee, WI Urban Spearman NR NR NR 0.55 NR
San Diego, CA Urban Spearman NR NR NR 0.57 NR
Riverside, CA Urban Spearman NR NR NR 0.37 NR

Williams et al. (2012c) 24-h avg Research Triangle Urban Spearman NR -0.12 NR 0.03 NR
Park, NC
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Table 3-8 (Continued): Synthesis of nitrogen dioxide ambient-ambient correlations from measurements reported

in the literature.

Correlation
Study? Averaging Time Location Scale Measure CO O3 SOz PMz2.s PMio
Williams et al. (2012a) 24-h avg Detroit, Ml Near-road Spearman NR NR NR NR NR
Delfino et al. (2008) 24-h avg Los Angeles, CA Urban Spearman NR NR NR 0.36 NR
Suh and Zanobetti (2010) 24-h avg Atlanta, GA Urban Spearman NR NR NR 0.47 NR
Schembari et al. (2013) 24-h avg Barcelona, Spain Urban Spearman NR NR NR 0.41 NR
Laurent et al. (2013) 24-h avg Los Angeles and Urban Pearson 0.83 -0.81 NR 0.77 0.70
Orange counties, CA
Peters et al. (2009) 24-h avg Erfurt, Germany Urban Spearman 0.68 -0.55 0.54 0.63 0.64
Sanchez Jiménez et al. 24-h avg Glasgow, U.K. Near-road Spearman 0.6 NR NR NR 0.83
(2012)
Glasgow, U.K. Background Spearman 0.4 NR NR NR 0.69
Glasgow, U.K. Background Spearman 0.74 NR NR NR NR
London, U.K. Near-road Spearman 0.3 NR NR 0.49 0.67
London, U.K. Background Spearman 0.61 NR NR 0.42 0.37
Steinvil et al. (2009) 24-h avg Tel Aviv, Israel Urban Partial 0.75 -0.34 0.70 NR 0.076
Pearson
Steinvil et al. (2008) 24-h avg Tel Aviv, Israel Urban Partial 0.86 -0.78 0.72 NR 0.082
Pearson
Tao et al. (2012 24-h avg Guangzhou, Foshan, Urban- Pearson 0.72 0.17 0.82 NR 0.82
Zhongshan, and regional
Zhuhai, China
Wichmann et al. (2012) 24-h avg Copenhagen, Urban Spearman 0.62 NR NR NR 0.47
Denmark (warm
period)
Copenhagen, Urban Spearman 0.72 NR NR NR 0.46
Denmark (cold
period)
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Table 3-8 (Continued): Synthesis of nitrogen dioxide ambient-ambient correlations from measurements reported
in the literature.

Correlation
Study? Averaging Time Location Scale Measure CO O3 SOz PMz2.s PMio
Dimitriou and Kassomenos  24-h avg London, U.K. (cold Urban Pearson NR NR NR 0.52 0.49
(2014) period)

Near road Pearson NR NR NR 0.49 0.70
London, U.K. (warm  Urban Pearson NR NR NR 0.63 0.56
period)

Near road Pearson NR NR NR 0.60 0.67
Paris, France (cold Urban Pearson NR NR NR 0.65 0.71
period)

Near road Pearson NR NR NR 0.60 0.68
Paris, France (warm  Urban Pearson NR NR NR 0.54 0.50
period)

Near road Pearson NR NR NR 0.75 0.83
Copenhagen, Urban Pearson NR NR NR 0.31 0.35
Denmark (cold
period) Nearroad  Pearson NR NR NR 0.36 0.37
Copenhagen, Urban Pearson NR NR NR 0.42 0.42
Denmark (warm
period) Nearroad  Pearson NR NR NR 0.53 0.55
Hamburg, Germany  Urban Pearson NR NR NR 0.21 0.23
(cold period)

Near road Pearson NR NR NR 0.40 0.52
Hamburg, Germany  Urban Pearson NR NR NR 0.50 0.51
(warm period)

Near road Pearson NR NR NR 0.69 0.70
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Table 3-8 (Continued): Synthesis of nitrogen dioxide ambient-ambient correlations from measurements reported
in the literature.

Correlation
Study? Averaging Time Location Scale Measure CO O3 SOz PMz2.s PMio
Dimitriou and Kassomenos  24-h avg Stockholm, Sweden Urban Pearson NR NR NR 0.20 0.24
(2014) (cold period)
(Continued) Nearroad  Pearson NR NR NR 0.49 0.45
Stockholm, Sweden  Urban Pearson NR NR NR 0.38 0.45
(warm period)
Near road Pearson NR NR NR 0.58 0.52
Clougherty et al. (2013) 84-h avg New York, NY Urban Pearson NR NR 0.51 0.74 NR
Sarnat et al. (2012) 96-h avg El Paso, TX (site A) Urban Spearman NR NR NR -0.39 -0.3
El Paso, TX (site B) Near-road Spearman NR NR NR -0.28 -0.1
Ciudad Juarez, Urban Spearman NR NR NR -0.28 -0.1
Mexico (site A)
Ciudad Juarez, Near-road Spearman NR NR NR 0 0.11
Mexico (site B)
Greenwald et al. (2013) 96-h avg 2 sites in El Paso, TX Urban Pearson NR NR -0.22 0.2 0.31
Wheeler et al. (2008) 2-week Windsor, ON, Canada Urban Spearman NR NR 0.85 NR NR
(all year)
Windsor, ON, Canada Urban Spearman NR NR 0.84 NR NR
(winter)
Windsor, ON, Canada Urban Spearman NR NR 0.61 NR NR
(spring)
Windsor, ON, Canada Urban Spearman NR NR 0.51 NR NR
(summer)
Windsor, ON, Canada Urban Spearman NR NR 0.66 NR NR
(fall)
Trasande et al. (2013) 1-month avg United States Varies Pearson 0.12 -0.023 -0.10 -0.090 -0.011
Long-term exposure epidemiologic studies
Dadvand et al. (2014) 9-mo Barcelona, Spain Urban Spearman NR NR NR 0.48 0.33
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Table 3-8 (Continued): Synthesis of nitrogen dioxide ambient-ambient correlations from measurements reported

in the literature.

Correlation
Study? Averaging Time Location Scale Measure CO O3 SOz PMz2.s PMio
Katanoda et al. (2011) 1-yr avg Japanese cities Urban Pearson NR NR 0.76 NR NR
Dong et al. (2011) 1-yr avg 7 cities across China  Urban NR 0.23 0.66 0.52 NR 0.7
Hwang and Lee (2010) 1-yr avg 14 Taiwanese Urban NR 0.86 -0.07 0.55 0.37 NR
communities
Heinrich et al. (2013) 1-yr avg North Rhine- Urban Spearman NR NR NR 0.50 NR
Westphalia, Germany
Ducret-Stich et al. (2013) 1-yr avg Swiss Alps Near-road Spearman NR NR NR NR 0.51
On highway Spearman NR NR NR NR 0.04-0.63
Eeftens et al. (2012) 1-yr avg Oslo, Norway Urban Spearman NR NR NR 0.24 0.34
Stockholm County, Urban Spearman NR NR NR 0.75 0.80
Sweeden
Helsinki/Turku, Urban Spearman NR NR NR 0.71 0.80
Finland
Copenhagen, Urban Spearman NR NR NR 0.40 0.60
Denmark
Kaunas, Lithuania Urban Spearman NR NR NR 0.04 0.17
Manchester, England Urban Spearman NR NR NR 0.40 0.59
London/Oxford, Urban Spearman NR NR NR 0.84 0.82
England
Netherlands/Belgium  Urban Spearman NR NR NR 0.57 0.74
Ruhr Area, Germany Urban Spearman NR NR NR 0.69 0.65
Munich/Augsberg, Urban Spearman NR NR NR 0.29 0.67
Germany
Vorarlberg, Austria Urban Spearman NR NR NR 0.04 0.35
Paris, France Urban Spearman NR NR NR 0.86 0.91
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Table 3-8 (Continued): Synthesis of nitrogen dioxide ambient-ambient correlations from measurements reported
in the literature.

Correlation
Study? Averaging Time Location Scale Measure CO O3 SOz PMz2.s PMio
Eeftens et al. (2012) 1-yr avg Gyor, Hungary Urban Spearman NR NR NR 0.02 0.12
(Continued) (Continued)
Lugano, Switzerland  Urban Spearman NR NR NR 0.66 0.83
Turin, Italy Urban Spearman NR NR NR 0.65 0.67
Rome, Italy Urban Spearman NR NR NR 0.73 0.75
Barcelona, Spain Urban Spearman NR NR NR 0.90 0.69
Catalunya, Spain Urban Spearman NR NR NR 0.72 0.63
Athens, Greece Urban Spearman NR NR NR 0.49 0.70
Heraklion, Greece Urban Spearman NR NR NR 0.18 0.37
McConnell et al. (2003) 4-yr avg 12 communities in Urban Pearson NR 0.59 NR 0.54 0.2
southern California
Gan et al. (2012a) 5-yr avg Vancouver, Canada  Urban Spearman NR NR NR 0.47 NR

avg = average; CO = carbon monoxide; NR = not reported; O; = 0zone; PM,s = in general terms, particulate matter with an aerodynamic diameter less than or equal to a nominal 2.5 ym, a
measure of fine particles; PMyo = in general terms, particulate matter with an aerodynamic diameter less than or equal to a nominal 10 pm, a measure of thoracic particles; SO, = sulfur
dioxide.

2Correlation data computed from LUR studies are not included here.
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BC = black carbon; CO = carbon monoxide; EC = elemental carbon; LUR = land use regression; O[3] = ozone; OC = organic
carbon; PM[2.5] = in general terms, particulate matter with an aerodynamic diameter less than or equal to a nominal 2.5 ym, a
measure of fine particles; PM[10] = in general terms, particulate matter with an aerodynamic diameter less than or equal to a
nominal 10 um, a measure of thoracic particles; PM[10-2.5] = in general terms, particulate matter with an aerodynamic diameter
less than or equal to a nominal 10 ym and greater than a nominal 2.5 ym, a measure of thoracic coarse patrticles; PNC = particle

number concentration; SO, = sulfur dioxide; UFP = ultrafine particulate matter.

Notes: Boxes represent the interquartile range of the data with the median line plotted, and 90th and 10th percentile of the data are
plotted as the whiskers. Correlation data computed from LUR studies are not included here. Correlations shown by closed red

circles come from near-road studies, and correlations shown by open black circles either come from urban-regional scale studies or
do not specify the study’s spatial scale.

Source: National Center for Environmental Assessment analysis of data from studies referenced in Table 3-8.

Figure 3-6
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Summary of temporal nitrogen dioxide-copollutant correlation
coefficients from measurements reported in studies listed in
Table 3-8, sorted by temporal averaging period.
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Fewer studies have explored seasonal correlations between NO- and copollutants. Among
these, a majority of studies report correlations of NO, with PM_s and PMao. In general,
studies show stronger correlations of NO, with PM2s and PM1o during cooler seasons.
Connell et al. (2005) investigated associations between PM. s and gaseous copollutants in

Steubenville, OH using linear regression. NO, was more strongly correlated with PM. s
during the fall (R? = 0.53) and winter (R? = 0.53) seasons compared with the spring
(R?=0.27) and summer (R? = 0.086) seasons. Similarly, Sarnat et al. (2005) found
positive associations between PM. s and NO- during both seasons (summer: 8 = 0.44;
winter: £ = 0.64), with stronger associations in the winter in Baltimore, MD. Arhami

et al. (2009) evaluated relationships between ambient copollutants at two sites in southern
California (San Gabriel Valley and Riverside) for warmer and cooler seasons. During the
warm season, the Spearman correlation coefficient (average among sites) was r = 0.09
between NO, and PMs, whereas during the winter the correlation was r = 0.50.
However, they did not observe a consistent seasonal trend between NO; and PM1o. While

associations between NO, and PMio were substantially lower during the summer

(r =0.21) at the Riverside site, correlations were relatively similar during both seasons at
the San Gabriel Valley site (summer PMso: r = 0.31; winter PMio: r = 0.34). In contrast,
for a study of copollutant variation in Montreal, Canada, Levy et al. (2014) reported
higher magnitude Pearson correlations for several copollutants in summer (CO: R = 0.77;
03: R=-0.74; SO,: R=0.17; PM25: R =0.34; UFP: R=0.77; BC: R =0.80;

PMzo: R = 0.35) compared with winter (CO: R = 0.16; O3: R = —0.36; SO2: R = 0.04;
PM2s: R=0.34; UFP: R=0.71; BC: R = 0.0.55; PM1o: R = 0.35). The Levy et al. (2014)
study measured the pollutants using near-real-time instrumentation with recording
intervals ranging from 1 second to 2 minutes.

The relationship between NO; and O; may also have seasonal patterns, although limited
seasonal data exist between these two pollutants. In the 2008 ISA for Oxides of Nitrogen
(U.S. EPA, 2008), ambient concentrations of NO, and O3 from several sites across Los
Angeles, CA were compared during a multiyear period. Slightly positive correlations

between these two pollutants were observed during the summer (Spearman r = 0.0 to
0.4), while negative correlations were observed during the winter (r = —0.5 to —0.8). The
slightly positive correlations during the summer can be attributed in part to increased
photochemical activity, resulting in enhanced Os formation. Higher O3 concentrations
increase the ratio of NO, to NO due to enhanced oxidation, thereby resulting in a stronger
correspondence between NO; and Os during the summer. The magnitude of the
relationship between NO and Os; may be dampened by the nonlinear relationship
between the two species (Pusede and Cohen, 2012). Only one study in Table 3-8 reported
seasonal differences in the correlation between NO; and Os. Sarnat et al. (2001) measured
daily concentrations of gaseous and PM pollutants during different seasons in Baltimore,
MD. Similar to the trends reported in the 2008 ISA for Oxides of Nitrogen, they observed
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a negative correlation between NO; and Os during the winter (r =—0.71) and a near-zero
correlation during the summer (r = 0.02). However, because there is a lack of studies
reporting such correlations, it is uncertain whether or not this seasonal trend exists
between the two pollutants in different locations.

Recent studies have also compared NO,-copollutant temporal correlations across
different regions in the U.S., based on central site monitoring data. Baxter et al. (2013)
studied differences in air pollution for the Northeast (Boston, MA,; Pittsburgh, PA), South
(Memphis, TN; Birmingham, AL), Midwest (Milwaukee, WI; Detroit, MI), and West
(San Diego, CA; Riverside, CA). Average Spearman correlation coefficients between
PM2s and NO; for each region were different (Northeast: r = 0.44; South [data available
for Memphis only]: r = 0.27; Midwest: r = 0.57; West: r = 0.47). Schildcrout et al. (2006)
compared a number of gaseous and particulate pollutants in different cities across the
U.S., including Albuquerque, NM; Baltimore, MD; Boston, MA; and Denver, CO. While
correlations between ambient NO, and CO were relatively similar in all four locations,
larger differences were observed between NO; and PMy correlations, ranging from a
Spearman correlation of r = 0.64 in Denver to r = 0.26 in Albuquerque. Other multicity
studies conducted outside of the U.S. show that NO- copollutant correlations are widely
variable across cities (Faustini et al., 2011; Dales et al., 2010, 2009; Stieb et al., 2008;
Timonen et al., 2006).

A small subset of studies investigated temporal correlations between NO- and
traffic-related VOCs, such as BTEX. In these studies, correlations between NO, and
VOCs are variable. Brook et al. (2007) demonstrated that benzo(e)pyrene and hopanes,
specific mobile source tracers, were more strongly correlated with NO, (Spearman

r = 0.27-0.80) compared to PMzs (r = 0.26—0.62) at several urban sites in Canada.
Beckerman et al. (2008) observed correlations between NO, and BTEX of Pearson

R =0.46—0.85 in a near-road field campaign. In a panel study, Greenwald et al. (2013)
compared ambient concentrations of traffic pollutants monitored outside two schools in
El Paso, TX, including one school within close proximity to a major roadway with heavy
diesel truck traffic. A Spearman correlation of r = 0.77 was observed between NO; and
BTEX, suggesting that both pollutants are related to traffic sources.

Long-Term Temporal Correlations

Long-term exposure epidemiology studies for which interpollutant correlations were
computed were substantially less numerous than short-term exposure epidemiology
studies (Atkinson et al., 2013; Heinrich et al., 2013; Gan et al., 2012a; Darrow et al.,
2011; Dong et al., 2011; Katanoda et al., 2011; Hwang and Lee, 2010; Delfino et al.,
2009; Delfino et al., 2008; McConnell et al., 2003). For long-term averages, the most data
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were for PM.s and PM1o. In each case, the median correlations were near 0.5, and the
correlations were positive and ranging from near 0 to near 0.9. The sample size for other
copollutants was low in the long-term averages. Median correlations were comparable
between long-term exposure and short-term exposure epidemiology studies for CO, SO,
PM2s, BC, and PMo. The largest difference was for the correlation between NO, and Os,
which was 0.59 over the long-term exposure epidemiology studies and 0.17 for all studies
pooled. However, given that only three long-term studies were available to compute
correlation between NO- and Os and one of those three studies reported a negative
correlation, there is insufficient information to make a conclusion regarding
independence of the effects of NO, and Os. Long-term correlations were not computed
for UFP, EC, OC, PNC, PMo-»5, benzene, and toluene, and the small relative number of
long-term exposure epidemiology studies compared with short-term exposure
epidemiology studies reporting temporal correlations add uncertainty to these numbers.

3.4.4.2 Spatial Variability among Ambient Nitrogen Dioxide and
Copollutants

When an epidemiologic study design relies on spatial contrasts to draw conclusions, such
as for a long-term exposure epidemiologic study, unmeasured spatial correlation between
copollutants can lead to positive bias in the health effect estimate for each of the
pollutants included in the model. Moreover, bias related to confounding can only be
addressed when the spatial scale of variability in the exposure metric is smaller than the
spatial scale of variability in the confounder (Paciorek, 2010). Dionisio et al. (2013)

compared the coefficient of variation (CV = o/p) of six air pollutants across space using a
hybrid AERMOD-background model of concentrations in the Atlanta, GA metropolitan
area. They observed the following ordinal relationship of the covariates’ CVs:

NOx (0.88) > CO (0.58) > EC (0.50) > PM25 (0.13) > O3 (0.07) > SO4 (0.05). Dionisio
et al. (2013) did not report the CV of NO2, which would be expected to have a lower CV
than NOx. Likewise, Goldman et al. (2012) and lvy et al. (2008) both used monitoring
data from the Atlanta, GA metropolitan area to estimate spatial correlation functions, and
they observed that NO, and NOx, along with CO, SO-, and EC, had substantially steeper
spatial correlograms than Oz, PM1g, PM25, SO, NOs, NH4, and OC. Sajani et al. (2011)
also observed that spatial correlation decreased more substantially with distance between
monitoring sites for NO, compared with PMio and O3 when looking at six Italian cities.

Changes in correlations across space have been observed in a small number of studies.
For their long-term near-road study, Ducret-Stich et al. (2013) point out that the temporal
correlations of NO, with EC and PNC were high close to the highway where they
obtained measurements and decreased with increasing distance from the road. This
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suggests that the influence of NO; on health effects might be better detected in an
epidemiologic study of long-term exposure when the participants are further from the
road so that an independent effect can be detected. The next section examines spatial
distributions of those copollutants to shed additional light on how copollutant
relationships change in space. Atari et al. (2009) tested the relationship between NO- and
SO- across individual-level and Census tract-level spatial resolutions, which were
estimated by a LUR model developed for testing odor threshold in Sarnia, Canada. They
observed higher spatial correlation when averaging over a Census tract (R = 0.65)

compared with individual-level resolution (R = 0.49). These findings illustrate greater
spatial variability for NO», NOx, CO, SO-, and EC compared with the other pollutants.
Based on the conclusions of Paciorek (2010), the observations noted in Dionisio et al.
(2013), Goldman et al. (2012), Ivy et al. (2008), Sajani et al. (2011), Atari et al. (2009),
and Sanchez Jiménez et al. (2012) suggest that differences in the spatial variability of
NO, compared with copollutants having different spatial variation make it unlikely that

copollutant confounding will occur everywhere in space. This is consistent with the
findings of Ducret-Stich et al. (2013) regarding differences in copollutant correlations

over space.

3.4.4.3 Personal and Indoor Relationships between Nitrogen
Dioxide and Copollutant Exposures

Many studies have investigated the relationship between personal and ambient
measurements of NO; and other pollutants to evaluate the use of central site
measurements as a proxy for personal exposure to pollution. Other studies have explored
relationships between indoor NO- and copollutants to understand sources and personal
exposure in an indoor environment. Tables 3-9, 3-10, 3-11, and 3-12 present correlations

of ambient, personal, or indoor NO, with similar measurements of copollutants. A limited
number of studies reported in the 2008 ISA for Oxides of Nitrogen (U.S. EPA, 2008)
investigated the relationship between personal NO; and personal or ambient

measurements of other pollutants (e.g., PM2s, EC, CO, volatile organic compounds, and
HONO). Short-term correlation of personal NO, with these pollutants ranged from
Spearman r = 0.26 to r = 0.71. Similar to the results in the 2008 ISA for Oxides of
Nitrogen (U.S. EPA, 2008), correlations of r = —0.33 to r = 0.44 were observed between
personal NO2 and personal or ambient measurements of other regional (PM-s) and
traffic-related pollutants (e.g., EC, OC). Additionally, Os consistently showed a negative
or no correlation with NO,. More recent studies report indoor NO2 copollutant
correlations and observe a broader range of correlations between NO; and EC of
r=-0.37 tor = 0.66.
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Table 3-9  Pearson correlation coefficients between ambient nitrogen dioxide and personal copollutants.

Study Location n Averaging Times PM2.s EC ocC O3
Delfino et al. (2008) Los Angeles, CA <170 All: 24-h 0.32 0.2 0.16 NR
Suh and Zanobetti (2010) Atlanta, GA <277 All: 24-h 0.25 0.33 NR -0.09
Williams et al. (2012a) Chapel Hill, NC <357 All: 24-h -0.19 -0.17 NR -0.01
Schembari et al. (2013) Barcelona, Spain <65 NO2z: 7-day; 0.21 0.44 NR NR

PM2s/EC: 2-day

EC = elemental carbon; NR = not reported; O; = ozone; OC = organic carbon; PM,s = in general terms, particulate matter with an aerodynamic diameter less than or equal to a
nominal 2.5 ym, a measure of fine particles.

Table 3-10 Pearson correlation coefficients between personal nitrogen dioxide and ambient copollutants.

Study Location n Averaging Times PM2.s EC ocC O3
Delfino et al. (2008) Los Angeles, CA <170 All: 24-h 0.21 0.2 0.18 NR
Suh and Zanobetti (2010) Atlanta, GA <277 All: 24-h 0.2 0.22 NR NR
Williams et al. (2012a) Chapel Hill, NC <326 All: 24-h 0.33 -0.3 NR -0.26
Schembari et al. (2013) Barcelona, Spain <65 NO2: 7-day; 0.28 0.22 NR NR

PM2s/EC: 2-day

EC = elemental carbon; NR = not reported; O; = ozone; OC = organic carbon; PM,s = in general terms, particulate matter with an aerodynamic diameter less than or equal to a
nominal 2.5 ym, a measure of fine particles.
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Table 3-11 Pearson

correlation coefficients between personal nitrogen dioxide and personal copollutants.

Study

Location

n Averaging Times PM2.s EC ocC O3
Delfino et al. (2008) Los Angeles, CA <486 All: 24-h 0.38 0.22 0.2 NR
Suh and Zanobetti (2010) Atlanta, GA <277  All: 24-h 0.29 0.49 NR -0.03
Williams et al. (2012a) Chapel Hill, NC <326 All: 24-h 0.06 0.33 NR -0.11
Schembari et al. (2013) Barcelona, Spain <65 NO2: 7-day; 0.11 0.3 NR NR

PM2s/EC: 2-day

EC = elemental carbon; NR = not reported; O; = ozone; OC = organic carbon; PM,s = in general terms, particulate matter with an aerodynamic diameter less than or equal to a
nominal 2.5 ym, a measure of fine particles.
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Table 3-12 Correlation coefficients between indoor nitrogen dioxide and indoor copollutants.

Study Location n Averaging Times PM EC ocC Os3
Sarnat et al. (2012)2 El Paso, TX (Site A) 15 NO2: 4-day; -0.35 (PM25s) 0.58 NR NR
PM2s/EC:2-day
-0.26 (PM10-2.5)
-0.19 (PM10)
El Paso, TX (Site B) 15 NO2: 4-day; 0.06 (PM2.s) -0.37 NR NR
PM2s/EC:2-day
0.28 (PM10-2.5)
0.12 (PMuo)
Ciudad Juarez, Mexico 15 NOz2: 4-day; -0.29 (PM2s) 0.66 NR NR
(Site A) PM2s/EC:2-day
-0.58 (PM10-2.5)
-0.5 (PMuo)
Ciudad Juarez, Mexico 15 NO2: 4-day; -0.04 (PM25s) 0.45 NR NR
(Site B) PM2s/EC:2-day
-0.5 (PM10-25)
-0.34 (PM1o)
Greenwald et al. (2013)° 2 sites in El Paso, TX 18-26  All: 4-day 0.76 (PM2.s) 0.45 NR NR
0.83 (PMuo)

EC = elemental carbon; NR = not reported; O; = ozone; OC = organic carbon; PM = particulate matter; PM,s = PM, 5 = in general terms, particulate matter with an aerodynamic
diameter less than or equal to a nominal 2.5 pm, a measure of fine particles; PM,o in general terms, particulate matter with an aerodynamic diameter less than or equal to a nominal
10 pm, a measure of thoracic particles; PMyo-25 = in general terms, particulate matter with an aerodynamic diameter less than or equal to a nominal 10 ym and greater than a
nominal 2.5 ym, a measure of thoracic coarse particles.

aSpearman correlation.
bPearson correlation.
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In addition to these findings, higher correlations were typically observed between
ambient measurements of NO, and other traffic-related pollutants (see Section 3.4.3.1)
compared to personal measurements [e.g., correlations among personal exposure
measurements in Table 3-11; (Schembari et al., 2013; Williams et al., 2012a; Suh and
Zanobetti, 2010; Delfino et al., 2008)]. For example, Suh and Zanobetti (2010) observed
a stronger relationship between ambient NO,:EC (r = 0.61) and ambient NO2:PMs

(r =0.47) compared to personal NO2:EC (r = 0.49) and personal NO2:PM, s (r = 0.29).
Delfino et al. (2008) observed similar results in the NO,:EC relationship in a health study
investigating the relationship between traffic-related pollution and lung function
decrements in Los Angeles, CA. While the ambient NO,:EC correlation was r = 0.61,
lower correlations were observed for personal NO,:EC (r = 0.22). Additionally, a small
number of time-series studies have used NO- in receptor models to relate health effects to
sources/factors (Baxter et al., 2013; Cakmak et al., 2009; Halonen et al., 2009; Mar et al.,
2000). Each of these studies used factor analysis, the EPA positive matrix factorization
method?, or PCA analysis and found high loadings of NO; and traffic-related copollutants
(e.g., EC, OC, CO) on the same factor, which was attributed to traffic-related pollution.

Correlations between NO, and VOCs also suggest different sources for personal
exposure. For example, Martins et al. (2012) estimated personal NO, and BTEX
exposure during four 1-week periods using a microenvironmental approach that
combined outdoor and indoor concentrations with time-activity patterns. It consistently
observed correlations of r = —0.423 to r = 0.138 between NO and BTEX during different
seasons. The lack of correlation between these pollutants can be attributed in part to
differences in sources between indoor and outdoor microenvironments. While exposure
to VOCs, namely benzene, was attributed mainly to indoor sources, NO, was largely
associated with traffic sources. These studies emphasize that proximity to roadways and
time spent in various indoor and outdoor microenvironments can impact the relationship
between NO, and traffic-related VOCs.

Weaker correlations observed between personal measurements of NO; and other
traffic-related pollutants (compared to ambient measurement correlations) suggest that
personal exposure to NO, may include a number of outdoor and indoor sources
comprising traffic and nontraffic emissions (e.g., gas stoves, residential wood burning,
biomass burning). These observations provide further evidence that nonambient sources
of NO; provide noise to the ambient NO; signal. At the same time, the weaker
correlations between total personal NO; exposures and copollutant exposures indicate
that for panel studies of total NO, exposure, ambient copollutants would be unlikely to
confound health effect estimates for NO, exposure. Titration conditions for NO, NO», and

1 http://intranet.epa.qov/heasd/products/pmf/pmf.htm.
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05 also likely differ from indoors to outdoors, given variation in solar radiation and other
atmospheric factors that influence atmospheric chemistry. Additionally, personal
exposures are influenced by building air exchange rate and time-activity patterns that
differ among study participants. This is in contrast to ambient NO, concentrations, which
appear to be largely driven by variability in traffic pollution in many areas. This type of
exposure error associated with ambient concentrations is discussed in more detail in
Section 3.4.3.3.

Few studies have reported indoor NO- copollutant correlations for short-term averaging
times, focusing on correlations between NO; and PM in different size fractions as well as
NO; and BC. In these studies, correlations of Spearman r = —0.37 to 0.66 were observed
between indoor NO; and EC; however, lower correlations are observed for indoor NO,
and PM compared with NO, and EC. Sarnat et al. (2012) measured indoor concentrations
of NO,, EC, PMa5, PMi-25, and PMy, at four elementary schools in two cities near the
U.S.-Mexico border: El Paso, TX and Ciudad Juarez, Mexico. NO, and PM showed
weaker and/or inverse correlations at all four elementary schools (r = —0.58 to 0.12).
Greenwald et al. (2013) later conducted a follow-up study to Sarnat et al. (2012) and
measured similar pollutants at the same schools in El Paso, TX. Although Greenwald

et al. (2013) reported similar NO»-EC correlations to those reported in Sarnat et al.
(2012), stronger correlations were observed between NO, and PM_5 (r = 0.76) and
between NO, and PMy (r = 0.83). Differences in the NO, and PM correlations between
these two studies reflect that NO, and PM can have many different sources in indoor
environments, which impact their temporal and spatial patterns. Moreover, the results of
Greenwald et al. (2013) suggest the potential for confounding of NO; health effect
estimates by PM based on indoor measurements. Taken together, the existence and extent
of such confounding is uncertain.

In general, ambient NO, would not necessarily be expected to correlate well with
personal measures of copollutants. For example, in the case where the exposed
population spends time at residences or workplaces sufficiently far from the near-road
environment, personal NO- exposure would not be expected to correlate with ambient
copollutants of traffic-related origin. Low correlations between ambient NO; and
personal measures of copollutants could support inferences regarding the independent
effects of NO,.

3.4.4.4 Traffic and Noise as Confounders

For the purpose of inferring causality from the body of epidemiologic studies of
short-term and long-term exposure to traffic-related pollutants, the Health Effects
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Institute Report on Traffic-Related Air Pollution (HEI, 2010) raised the concern that
distance-to-road models are especially subject to confounding the associations between
health effects and exposures because traffic indicators may encompass additional
information, such as noise, other air pollutants, stress, and socioeconomic status, that may
also be associated with the health effects of interest. However, recent evidence is mixed
regarding the correlations of NO and NO; with traffic and noise levels. Most of these
studies are for short-term exposure. Hence, the role of traffic and noise as confounders or
independent variables in the relationship between health effects and NO or NO; is
unclear.

Several studies have examined the relationship of traffic-related noise with NO and NO-.
Kheirbek et al. (2014) added noise level meters to the dense New York, NY monitoring
project described in Ross et al. (2013) and observed that 1-week avg noise level, obtained
at 60 locations during Fall 2012, correlated with Pearson R = 0.59 for NO, and R = 0.61
for NO. Davies et al. (2009) measured 2-week avg of NO, and NOx concurrently with
5-minute noise samples at 103 sites and observed correlations of R = 0.53 for NO; and

R = 0.64 for NOx. Gan et al. (2012b) calculated the correlations among air pollutants and
noise from road traffic and aircraft using 5-min data from 103 sites in Vancouver, BC,
Canada during 2003 (dates not stated). They observed lower correlations for NO, with
road traffic noise (Spearman r = 0.33) and aircraft noise (r = 0.14) compared with the
correlation of NO with these two noise sources (road traffic: r = 0.41; aircraft: r = 0.26).
For both NO, and NO, correlations were higher for road traffic noise than aircraft noise.
Over a 5-yr avg, Gan et al. (2012a) reported the correlation between NO; and noise from
road traffic of Spearman r = 0.33 from Gan et al. (2012b) as well as a correlation between
NO and noise from road traffic of Spearman r = 0.39.

Ross et al. (2011) also examined relationships of different frequency noises with NO and
NO; using continuous monitors collecting 48,000 samples per second for six 24-hour
periods in August 2009. Ross et al. (2011) measured the relationships between traffic
level, noise, and concentrations of NO, and NO in New York, NY as part of the Ross

et al. (2013) study. Unweighted noise of all frequencies was uncorrelated with NO,
(Spearman r = —0.01) but correlation increased for NO (Spearman r = 0.43) for all times.
Correlations were higher for medium frequency noise (NO-: r = 0.22; NO: r = 0.57).
Correlations between noise and traffic counts segregated by fleet mix were generally
higher for cars (unweighted noise: r = 0.37; medium frequency: r = 0.33), trucks
(unweighted noise: r = 0.64; medium frequency: r = 0.71), and buses (unweighted noise:
r = 0.61; medium frequency: r = 0.60) compared with the correlations with
nonsegregated traffic data. Likewise, at night, high frequency noise was correlated with
NO: (r = 0.83) and NO (r = 0.73).
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Distance to road has also been observed to influence the relationship between noise and
NO; for both long-term and short-term noise and NO- exposure studies. For the years
1987-1996, Beelen et al. (2009) estimated correlations among 1-yr avg NOy, traffic level,
and noise, and they observed correlations between traffic and noise depending on spatial
designation (R = 0.30—0.38) and for the correlation of NO; and noise (R = 0.46). When
segregating loud noise >65 dBA, correlation dropped (R = 0.22). Note that Beelen et al.
(2009) did not specify whether Pearson or Spearman correlations were computed. Ross
et al. (2011) noted within-day variability in these relationships, where truck and car
traffic are correlated (r = 0.81) during the morning rush hour but inversely correlated at
night (r = —0.67). Dadvand et al. (2014) measured 24-h avg noise, NOx, and NO: at
50-m, 200-m, 500-m, and beyond 500-m buffers from the road in Barcelona, Spain from

20012005 and observed that all three decreased with increasing distance from the road.
Measured temporal Spearman correlation of noise was r = 0.45 for NO, and r = 0.56 for
NOx. Allen et al. (2009) also studied the relationship between NO,, UFP, and 5-min avg
A-weighted equivalent noise for 105 locations in Chicago, IL and Riverside, CA using
measurements taken in December 2006 and April 2007. After adjustment for regional
unspecified air pollutant gradients, Pearson correlations with noise were R = 0.16—0.62
for NO; (winter Chicago: R = 0.16; spring Chicago: R = 0.41; spring Riverside: R = 0.62)
and 0.49—-0.62 for NO. In Chicago, correlations of noise with NO and NO_ were higher
within a 100-m buffer of the road, while correlations of noise with NO and NO. were
lower within a 100-m buffer in Riverside.

For short-term exposure studies, more evidence is available to consider the relationship
between traffic-related noise and NO, compared with long-term exposure studies.
Collectively, these studies suggest that potential for confounding of NO- effects by noise
may be influenced by temporal and spatial resolution of the data, noise frequency, and
fleet mix. Specifically, confounding is less probable as distance from the road increases.
However, overall noise may be unlikely to act as a confounder. It should be noted that
noise would also have to be etiologically related to the health outcome under
consideration to confound the relationship between the health effect and NO- exposure.
When noise is decomposed by frequency, confounding is more likely.
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Human health effects related to ambient NO, exposure can be modeled by:

Y =ﬁ0+ﬁ1Ea+ﬁZZ + ¢

Equation 3-12

where Y = health effect of interest, o = model intercept, 51 = health effect estimate for
the ambient exposure, Ex = ambient NO; exposure, 8z = vector of slope related to each
covariate, Z = covariate vector, and ¢ = random error. Y and E, can sometimes have
non-normal distributions, and hence normalization functions such as lognormal or logit
may sometimes be applied. For simplicity, Equation 3-12 is presented as a linear
function, which is appropriate because most epidemiologic studies assume normality of
the data.

Estimates of NO, exposures are subject to errors that can vary in nature, as described in
Section 3.4.3. Classical error is defined as error scattered around the true personal
exposure and independent of the measured exposure. Classical error results in bias of the
epidemiologic health effect estimate. Classical error can also cause inflation or reduction
of the standard error of the health effect estimate. Berkson error is defined as error
scattered around the exposure surrogate (in most cases, the central site monitor
measurement) and independent of the true value (Goldman et al., 2011; Reeves et al.,
1998). Recent studies demonstrate that exposure error is a combination of Berkson-like
and classical-like errors and depends on how exposure metrics are averaged across space.
Szpiro et al. (2011) defined Berkson-like and classical-like errors as errors sharing some
characteristics with Berkson and classical errors, respectively, but with some differences.
Specifically, Berkson-like errors occur when the measurement does not capture all of the
variability in the true exposure. Berkson-like errors increase the variability around the
health effect estimate in a manner similar to Berkson error, but Berkson-like errors are
spatially correlated and not independent of predicted exposures, unlike Berkson errors.
Classical-like errors can add variability to predicted exposures and can bias health effect
estimates in a manner similar to classical errors, but they differ from classical errors in
that the variability in estimated exposures is also not independent across space.

The results of Meng et al. (2012b), described in Section 3.4.2, illustrate that
epidemiologic study design can influence the relationship between personal exposure
measurements to NO, concentrations and ambient concentrations (see Table 3-7). This
meta-analysis found that correlations were highest for short-term exposure community
time-series epidemiology studies (designated as “daily average” in Table 3-7), and
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correlations were lowest for longitudinal panel cohort studies. The following sections
consider how exposure assessment errors may influence interpretation of health effect
estimates for epidemiologic studies of different designs.

3.4.5.1 Community Time-Series Studies

In most short-term exposure epidemiologic studies of the health effects of NO, the health
effect endpoint is modeled as a function of ambient exposure, Ea, which is defined as the
product of ambient concentration, C,, and «, a term encompassing time-weighted
averaging and infiltration of NO, (Section 3.4.1). Community time-series epidemiologic
studies capturing the exposures and health outcomes of a large cohort frequently use the
concentration measured at a central site monitor (Cacsm) as a surrogate for E, in an
epidemiologic model (Wilson et al., 2000). At times, an average of central site monitored
concentrations is used for the E, surrogate. For studies involving thousands of
participants, it is not feasible to measure personal exposures. Moreover, for community
time-series epidemiology studies of short-term exposure, the temporal variability in
concentration is of primary importance to relate to variability in the health effect estimate
(Zeger et al., 2000). Cacsm can be an acceptable surrogate if the central site monitor
captures the temporal variability of the true air pollutant exposure. When averaging
across large numbers of individuals, @, which varies between 0 and 1, may quantify the

bias introduced by substituting Cacsm for E, for the case where @ is absorbed into the
health effect estimate. Spatial variability in NO, concentrations across the study area
could attenuate an epidemiologic health effect estimate if the exposures are not correlated
in time with Cacsm When central site monitoring is used to represent exposure. If exposure
assessment methods that more accurately capture spatial variability in the concentration
distribution over a study area are employed, then the confidence intervals around the
health effect estimate may decrease. Cacsm may be an acceptable surrogate for E, if the
concentration time series at the central site monitor is correlated in time with the
exposures.

Goldman et al. (2011) simulated the effect of classical-like and Berkson-like errors due to
spatiotemporal variability among ambient or outdoor (i.e., a noncentral site monitor
situated outside the home) air pollutant concentrations over a large urban area on health
effect estimates of emergency department (ED) visits for a time-series study of
cardiovascular disease. The relative risk (RR) per ppm was negatively biased in the case
of classical-like error (1-h daily max NO2: —1.3%; 1-h daily max NOx: 1.1%) and
negligibly positively biased in the case of Berkson-like error (1-h daily max

NO;: 0.0042%; 1-h daily max NOx: 0.0030%). The 95% confidence interval range for
RR per ppm was wider for Berkson-like error (1-h daily max NO,: 0.028; 1-h daily max
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NOx: 0.023) compared with classical-like error (1-h daily max NO2: 0.0025; 1-h daily
max NOx: 0.0043).

Recent studies have explored the effect of spatial exposure measurement error on health
effect estimates to test the appropriateness of using central site monitoring for time-series
studies. Goldman et al. (2010) simulated spatial exposure measurement error based on a
semivariogram function across monitor sites with and without temporal autocorrelation at
1- and 2-day lags to analyze the influence of spatiotemporal variability among ambient or
outdoor concentrations over a large urban area on a time-series study of ED visits for
cardiovascular disease. A random term was calculated through Monte Carlo simulations
based on the data distribution from the semivariogram, which estimated the change in
spatial variability in exposure with distance from the monitoring site. The average of the
calculated random term was added to a central site monitoring time series (considered in
this study to be the base case) to estimate population exposure to NO; subject to spatial
error. For the analysis with temporal autocorrelation considered, RR per ppm for

1-h daily max NO- dropped slightly to 1.0046 (95% CI: 1.0026, 1.0065), and RR per ppm
for 1-h daily max NOx dropped to 1.0079 (95% CI: 1.0057, 1.0100) when both were
compared with the central site monitor RR per ppm = 1.0139 (for all air pollutants)?.
When temporal autocorrelation was not considered, RR per ppm dropped to 1.0044 for
1-h daily max NO, and 1.0074 for 1-h daily max NOx. The results of Goldman et al.
(2010) suggest that spatial exposure measurement error from use of central site
monitoring data results in biasing the health effect estimate towards the null, but the
magnitude of the change in effect was small.

Goldman et al. (2012) also studied the effect of different types of spatial averaging on
bias in the health effect risk ratio and the effect of correlation between measured and
“true” ambient concentrations of NOz, NOx, and other air pollutant measures to analyze
the influence of spatiotemporal variability among ambient or outdoor concentrations over
a large urban area on health effect estimates. Concentrations were simulated at alternate
monitoring locations using the geostatistical approach described above for Goldman et al.
(2010) for the 20-county Atlanta metropolitan area for comparison with measurements
obtained directly from monitors at those sites. Geostatistical-simulated concentrations
were considered to be “true” in this study, and other exposure assessment methods were
assumed to have some error. Five different exposure assessment approaches were tested:
using a single central site monitor, averaging the simulated exposures across all
monitoring sites, performing a population-weighted average across all monitoring sites,
performing an area-weighted average across all monitoring sites, and
population-weighted averaging of the geostatistical simulation (see Table 3-13). Goldman

INote that 95% Cls were not reported for the central site monitor RR or for the cases where temporal autocorrelation
was not considered.
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et al. (2012) observed that the exposure measurement error was somewhat correlated with
both the measured and true values, reflecting both Berkson-like and classical-like error
components. For the central site monitor, the exposure measurement errors were
somewhat inversely correlated with the true value but had relatively higher positive
correlation with the measured value. For the other exposure estimation methods, the
exposure measurement errors were inversely correlated with the true value, while they
had positive but lower magnitude correlation with the measured value. At the same time,
the exposure measurement bias, given by the ratio of the exposure measurement error to
the measured value, was much higher in magnitude at the central site monitor than for the
other estimation methods for NO, and for NOx concentrations with the exception of the
area-weighted average, which produced a large negative exposure measurement bias.

These findings suggest more Berkson-like error in the more spatially resolved exposure
metrics compared with the central site monitor and more classical-like error for the
converse (i.e., more classical-like error in the central site monitor estimate compared with
the other exposure assessment techniques). Hence, more bias would be anticipated for the
health effect estimate calculated from the central site monitor, and more variability would
be expected for the health effect estimate calculated with the more spatially resolved
methods. It was observed that the more spatially variable air pollutants studied in
Goldman et al. (2012) also had more bias in the health effect estimates. This was noted
across exposure assessment methods but was more pronounced for the central site
measurement data.

Butland et al. (2013) conducted a simulation study to test how spatial resolution
influences health effect estimates in a time-series epidemiologic model of mortality as a

function of NO; exposure for urban and rural areas. The test domain was subdivided into
squares ranging in area from 1 km? to 25 km?. Health effect estimates simulated using the
1-km? resolution area were considered to be “true,” and mortality estimates were sampled
from a Poisson distribution of mortality data. Monitor data were simulated based on a
lognormal distribution using the correlelogram among pairs of NO, monitors to establish
the variability of the distribution as a function of distance. The error structure in the
model was constructed to include both Berkson-like and classical-like components.
Health effect estimates for mortality based on NO, exposures were attenuated by 29 and
38% for urban and rural areas, respectively, when reducing the spatial resolution from

1 km? to 25 km? over a 3-year time-series analysis.
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Table 3-13 The influence of exposure metrics on error in health effect estimates.

Exposure Estimation Approach Bias[(Z— Z2%)/Z2 RA(Z, Z¥)P° R(Z- Z¥), ZX]° R(Z- 2%, Z°
NO:2
Central site monitor 0.62 0.24 -0.46 0.61
Unweighted average 0.25 0.38 -0.73 0.20
Population-weighted average 0.18 0.38 -0.78 0.14
Area-weighted average -0.07 0.38 -0.87 -0.04
Geostatistical model— N/A 0.45 -0.82 0.0017
population-weighted average
NOx
Central site monitor 0.71 0.33 -0.11 0.81
Unweighted average 0.31 0.45 -0.63 0.29
Population-weighted average 0.03 0.46 -0.81 0.02
Area-weighted average -0.88 0.47 -0.96 -0.31
Geostatistical model— N/A 0.52 -0.80 -0.00042

population-weighted average

N/A = not applicable; NO, = nitrogen dioxide; NOx =the sum of nitric oxide and NO..

Note: Model errors were based on comparisons between measured data and simulated data at several monitoring sites. Errors
were estimated for a single central site monitor, various monitor averages, and values computed from a geostatistical model. Z
denotes the measured concentration, and Z* denotes the true concentration, considered here to be from the CTM. Bias in the
exposure metric is given as the proportion of error between the measurement and true value to the measurement.

2Data provided by the authors for Figure 5 of Goldman et al. (2012).

bData provided by the authors of Figure 4 of Goldman et al. (2012).

‘Pearson correlation.
Source: Goldman et al. (2012).

Sarnat et al. (2010) studied the spatial variability of concentrations of NO2, along with
CO, 03, and PM_s, in the Atlanta, GA metropolitan area and how spatial variability

affects interpretation of epidemiologic results, using time-series data for circulatory
disease ED visits. Sensitivity to spatial variability was examined at slightly greater than
neighborhood scale (8 km) in this study. Interestingly, Sarnat et al. (2010) found that
relative risk varied with distance between the monitor and study population when

comparing urban to rural locations, but distance of the study population to the monitor
was not an important factor when comparing urban population groups. This suggests that,
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even for spatially heterogeneous NO,, urban scale concentration measures may produce
results comparable to neighborhood-scale concentration measures if the sites were
comparable throughout the city, for example, as a result of similar traffic patterns.
However, Sarnat et al. (2010) caution that, because their study was limited to 8-km radii,
it is not possible to interpret this work with respect to near-road and on-road microscale
concentrations.

In a study of the effect of concentration metric choice (central site, arithmetic average
across space, or population-weighted average) used to represent exposure in a time-series
epidemiologic model, Strickland et al. (2011) found that choice of the concentration
metric resulted in large differences in the observed associations between ED visits for
pediatric asthma and exposure for spatially heterogeneous NO; but not for spatially
homogeneous PM2s when using a unit standardization for computing the relative risk.
However, when Strickland et al. (2011) used IQR for standardization, there were little
differences among the relative risk estimates across the concentration metrics. The
differences observed between unit and IQR standardization are due to the fact that the
IQR reflects the spatial variability in the exposure metrics for the spatial and
population-weighted averages.

Error type also influences the health effect estimate from time-series studies. Dionisio

et al. (2014) decomposed the exposure measurement error into spatial and
population-based components. Spatial error was defined as the difference between
concentration simulated by an AERMOD dispersion model and concentration measured
at a CSM, and population error was defined as the difference between the SHEDS
exposure model (using only ambient sources) and the dispersion model. Errors were
computed for each ZIP code centroid. Three pollutants with high spatial variability (NOx,
CO, EC) termed “local” by the authors and three pollutants with low spatial variability
(PMg25, O3, SO4) termed “regional” by the authors were included in the study. Although
NO; was not included explicitly, the local results are relevant. Dionisio et al. (2014)
observed more variability in both the spatial and population components of the exposure
measurement error across the ZIP codes for the local pollutants compared with the
regional pollutants. Attenuation of the health effect estimate by the spatial error
component was much larger for the local pollutants compared with the regional
pollutants, and the amount of bias by the spatial error component was roughly the same
for NOx, CO, and EC. However, the population error component caused much more
attenuation of the health effect estimate for NOx compared with CO and EC. In fact, CO
had negligible bias of the health effect estimate due to the population error component.
This discrepancy is likely related to the deposition rate of NOx compared with the zero
deposition rate for CO modeled in SHEDS. Given that NO; has a higher deposition rate
than NO, the results of Dionisio et al. (2014) suggest that health effect estimates modeled
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in time-series studies of NOx exposure are likely extendable to NO; see Section 3.3.2.1
for information related to deposition of indoor NO,. Hence, it is likely that spatial
variability and indoor deposition both cause bias in the health effect estimate for NO-.

Analysis of time-series epidemiologic studies have suggested that nonambient
contributions introduce Berkson error into the exposure term, where the error does not
bias health effect estimates for ambient NO, assuming that nonambient NO, sources are
independent of ambient sources, but it does cause the confidence intervals around the
health effect estimates to widen (Sheppard, 2005; Wilson et al., 2000). No data from
cohort studies are available to test if this theory can be applied more broadly to all
epidemiologic studies. Sheppard et al. (2005) simulated the effect of nonambient sources
for a time-series study of the health effects of PM exposure and found that, as long as the
ambient and nonambient sources were uncorrelated, the nonambient exposures would
widen the confidence interval around the health effect estimates but would not bias the
health effect estimate. This result is generalizable to NO- because it did not depend on the
particle size distribution.

Exposure measurement error related to instrument precision has a smaller effect on health
effect estimates in time-series studies compared with error related to spatial gradients in
the concentration because instrument precision would not be expected to modify the
ability of the instruments to respond to changes in concentration over time. Goldman

et al. (2010) investigated the influence of instrument error on health effect estimates in a
time-series epidemiology study by studying differences in exposure estimates and health
effect estimates obtained using colocated monitors. In this study, a random error term
based on observations from colocated monitors was added to a central site monitor’s time
series to simulate population estimates for ambient air concentrations subject to
instrument precision error in 1,000 Monte Carlo simulations. Very little changes in the
risk ratios were observed for 1-h daily max NO- and 1-h daily max NOx concentrations.
For 1-h daily max NO; concentration, the RR per ppm of NO; concentration with
simulated instrument precision error was 1.0133 compared with RR per ppm = 1.0139 for
the central site monitor. For 1-h daily max NOx concentration with simulated instrument
precision error, RR per ppm = 1.0132 compared with the central site monitor’s RR of
1.0139. The amount of bias in the health effect estimate related to instrument precision
was very small.

3.4.5.2 Longitudinal Cohort Studies

For cohort epidemiologic studies of long-term human exposure to NO,, where the
difference in the magnitude of the concentration is of most interest, if Ca,csm is used as a
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surrogate for E,, then a can be considered to encompass the exposure measurement error
related to uncertainties in the time-activity data and air exchange rate. Spatial variability
in NO; concentrations across the study area could lead to bias in the health effect estimate
if Cacem IS Systematically higher or lower than Ea. This could occur, for example, if the
study participants are clustered in a location where their NO, exposure is higher or lower
than the exposure estimated at a modeled or measurement site. Cacsm may be an
acceptable surrogate for E, if the central site monitor is located in close proximity to the
study participants (e.g., in a dense urban setting) and spatial variability of the NO,
concentration across the study area where the study participants are located is minimal in
the vicinity of each sample group. There is limited information regarding whether Ca,csm
is a biased exposure surrogate in the near-road environment for epidemiologic studies of
long-term exposure.

Sensitivity of the epidemiologic model to the temporal and spatial characteristics of
exposure data depends on the temporal characteristics of the disease process. Birth
outcome studies serve as an example where the exposure window becomes an important
consideration that helps to delineate short-term exposure from long-term exposure
epidemiologic study design. For example, Ross et al. (2013) studied the role of spatial
and temporal resolution of NO; estimates in the application of LUR to study birth
outcomes in New York City. Seasonal variability was more evident when averaging NO-
estimates across the final 6 weeks of gestation compared with the entire gestation period,
but temporal variation had less influence on NO; predictions compared with PM_s. This
finding reflects the fact that variability in NO. concentrations is more prominent in space
than in time compared with PM,s. Additionally, Brauer et al. (2008) studied the influence
of NO; exposure models (IDW of central site monitoring data and LUR) on health effect
estimates for birth outcomes and observed higher adjusted odds ratios for IDW compared
with LUR (which produced health effect estimates closer to null, Section 6.4.3). Clark

et al. (2010) compared IDW with LUR for the analysis of asthma risk from in utero and
first-year-of-life exposure to NO,, NO, and other pollutants. They observed comparable
adjusted odds ratios for the first year of NO, exposure and higher adjusted odds ratio
higher for IDW compared with LUR for in utero NO; exposures (Section 6.4.3). The
biologically relevant time period in eliciting a birth outcome likely determines whether
spatial or temporal variation in concentration is more important to the epidemiologic
model. It is possible that, if the biologically relevant time period is short, then temporal
variability may play a larger role. In that case, the seasonal differences in NO;
concentration become more important for measuring an effect. If the biologically relevant
time period is longer, then the spatial contrasts evident in concentration maps become
more important so that exposure misclassification can lead to over- or under-estimation
of the effect.
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Spatial resolution of the exposure estimates has been evaluated to examine the influence
of spatial exposure error in cohort studies. This has been considered with spatially-
resolved alternatives to central site monitoring data, such as data from a LUR, to describe
exposure of individuals within a cohort that is spatially dispersed within a study area (see
Section 3.2.2). Sellier et al. (2014) and Lepeule et al. (2010) evaluated various
approaches to estimate exposure (nearest central site monitor, geostatistical model, LUR
model, dispersion model) in a study of birth weight among a French mother-child cohort
in the French cities of Nancy and Poitiers. Correlations among the methods varied with
respect to methodology, distance, and land use type. For example, the correlation
between LUR and dispersion modeling had a minimum Pearson R = 0.58 (for urban
locations), while the correlation between central site monitoring and LUR had a
minimum R = 0.20 (also for urban locations). No effect of the method was observed on
change in birth weight, but confidence intervals around the health effect estimate
generally increased for dispersion models, which tended to be the most spatially
heterogeneous among the four methods studied.

The influence of spatial exposure misclassification on health effect estimate varies with
the particular study parameters, such as model selection and location. Madsen et al.
(2010) compared odds ratios for birth weight per quartiles of NO, exposure estimated
from a near-road monitoring station and a dispersion model. Higher exposure variability
was captured by the dispersion model, but the adjusted odds ratio showed an effect only
for the near-road monitoring station exposure data, where time-averaged or residential
exposures were likely to be overestimated. Wu et al. (2011) compared health effect
estimates obtained using nearest monitors and LUR for birth outcomes for NO- in Los
Angeles County and Orange County, CA. Odds ratios for NO, were comparable for
nearest monitor and LUR for Los Angeles County, where the LUR was fit, but the odds
ratio decreased for Orange County in comparison with nearest monitor. This is consistent
with studies reporting higher exposure error when LUR models are fit in one city and
applied elsewhere, as described in Section 3.2.2.1. Ghosh et al. (2012) compared health
effect estimates for low birth weight using NO, exposure estimates from LUR (scaled to
account for seasonal fluctuations in concentration) to nearest monitoring station in Los
Angeles County, CA and found negligible difference between the health effect estimates
obtained with each exposure metric.

Paciorek (2010) performed simulations to test the effect of spatial errors on health effect
estimates in long-term exposure epidemiologic studies. He identified unmeasured spatial
confounding as a key driver in biasing health effect estimates in a spatial regression.
Paciorek (2010) maintained that bias can be reduced when variation in the exposure
metric occurs at a smaller spatial scale than that of the unmeasured confounder. Szpiro

et al. (2011) also explored the effect of specification of spatial conditions on the exposure
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metric used in a cohort epidemiologic study. They evaluated bias and uncertainty of the
health effect estimate obtained when using correctly specified and misspecified exposure
simulation conditions, where correct specification (i.e., predicting the “true”
concentration) was considered for comparison purposes to be the use of three spatial
prediction variables and misspecification implies unmeasured confounding in the model.
LUR calculations were used to simulate exposure, and correct specification was
considered when three spatial covariates were included in the model; the misspecified
model omitted a geographic covariate in the LUR. Each case was compared with the
reference case where the health effect estimate was obtained by using monitoring data for
the exposure metric. Szpiro et al. (2011) also reduced the amount of variability in the
third covariate of the correctly specified exposure model in an additional set of
simulations. Prediction accuracy of the exposure estimate was higher for the correctly
specified model compared with the misspecified model. However, bias in the health
effect estimate was also slightly more negative for the correctly specified model, and the
health effect estimate was more variable for the correctly specified model compared with
the misspecified model when the variability in the exposure covariate decreased. The
results of Szpiro et al. (2011) suggested that use of more accurately defined exposure
metrics in a cohort study does not necessarily improve health effect estimates. The Szpiro
et al. (2011) simulations were for a generic air pollutant. The results are relevant to NO,
exposure, but the spatial scale issue raised by Paciorek (2010) was not considered in the
Szpiro et al. (2011) analysis.

Basagafia et al. (2013) also investigated the effect of differences in LUR model fitting on
error in the epidemiologic health effect estimates. In this study, Basagafia et al. (2013) fit
three LUR models with 20, 40, or 80 measurement locations. For this simulation study,
the model considered correctly specified contained five covariates. As a comparison case,
Basagafia et al. (2013) fit misspecified models containing 20 or 100 covariates (including
the five original covariates). The misspecification effectively added error to the model.
The simulated exposure error produced a combination of Berkson-like and classical-like
errors on the health effect estimate. Compared with the true health effect estimate, bias
towards the null was observed to increase with decreasing number of measurement
locations used to fit the LUR model. At the same time, the mean squared error of the
health effect estimate increased with decreasing number of measurement locations.
Moreover, bias towards the null and mean squared error also grew with increasing the
number of covariates from 5 to 20 to 100. Notably, R? did not trend with the number of
variables, suggesting that R? is not a sufficient measure of LUR model quality.

Under the assumption that the exposure estimates come from the same underlying
distribution as the true exposures associated with each health effect, Szpiro and Paciorek
(2013) performed several simulations to investigate the influence of the distribution and
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variability of the exposure estimates on health effect estimates in longitudinal cohort
studies, building upon their previous studies of the influence of model misspecification
(Szpiro et al., 2011) and unmeasured confounding (Paciorek, 2010) on longitudinal health
effect estimates. In one set of simulations, the distribution of the exposure was varied.
When the assigned exposure measurements were set to be uniform across space, the
health effect estimate was biased away from the null compared with the case when the
exposure subjects are colocated with the study participants. When an additional spatial
covariate was omitted, the health effect estimate was biased towards the null compared
with the correctly specified model. Additional simulations by Szpiro and Paciorek (2013)
based on the Multi-Ethnic Study of Atherosclerosis and Air Pollution (MESA-AIr) NOx
concentration and health effects data set for Baltimore showed that bias in the health
effect estimate was subject to classical-like error and incorrectly estimated standard
errors. Both factors biased the health effect estimate towards the null. Bias in the health
effect estimate was minimized when a bias correction factor was introduced and a
bootstrapping technique was employed to recalculate standard error based on the
distribution of the exposures associated with the health effect data. Although this
approach was criticized as regression calibration (Spiegelman, 2013), Szpiro and
Paciorek (2013) illustrated the influence of classical-like and Berkson-like errors on
long-term exposure cohort study health effect estimates through these simulations.

Not considering time-activity patterns of study participants adds uncertainty to exposure
estimates obtained via spatial modeling such as LUR. Setton et al. (2011) investigated
how both spatial variability and unaccounted study participant mobility bias health effect
estimates in long-term exposure epidemiologic models of health effects from NO;
exposure in a simulation study of cohorts in southern California and Vancouver, BC. In
this case, concentration at each participant’s home was modeled (using the
Comprehensive Air Quality Model with Extensions (CAMX) for southern California and
using LUR and IDW interpolation of monitoring data for VVancouver). Populations were
simulated using human activity data for Vancouver and transportation survey data for
southern California. Bias in the health effect estimate increased in magnitude towards the
null with distance from home and time spent away from home. Moreover, when spatial
variability increased (through comparison of spatially variable LUR-derived NO-
concentrations with a smoother monitor-based approach for mapping NO; for the
Vancouver data), the health effect estimate obtained from the IDW-based approach was
closer to the null compared with the LUR-based health effect estimate. Setton et al.
(2011) interpreted this finding as evidence of the influence of smoothing spatially
heterogeneous concentration profiles on the health effect estimate.

Instrumentation bias could be anticipated to influence health effect estimates from
epidemiologic studies of long-term NO; exposures in some situations. Section 3.2.1.2

3-92 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=759873
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1254860
http://hero.epa.gov/index.cfm?action=search.view&reference_id=2252101
http://hero.epa.gov/index.cfm?action=search.view&reference_id=2331064
http://hero.epa.gov/index.cfm?action=search.view&reference_id=2252101
http://hero.epa.gov/index.cfm?action=search.view&reference_id=844301
http://hero.epa.gov/index.cfm?action=search.view&reference_id=844301

O© 00 N o o B~ W N P

T e e =
w N B O

14
15
16
17
18
19
20
21
22

23
24
25
26
27
28
29
30
31
32
33
34

January 2015

describes how passive monitors are likely to overestimate exposure given the influences
of ambient temperature, relative humidity, and presence of copollutants. Therefore, LUR
exposure may be overestimated when the LUR is fit using passive monitoring data.
Sections 2.4.1 and 3.2.1.1 describe how the presence of copollutants can also cause NO;
concentrations measured using central site monitors to be overestimated. Overestimating
exposure can drive health effect estimates towards the null. Ambient temperature and
relative humidity would not be expected to vary greatly within a city. However, local
copollutant concentrations may be spatially variable such that an LUR model fit, and
resulting health effect estimates, could have some differential bias across a city related to
instrument error. Because climate and ambient sources are more likely to differ among
cities, instrumentation error leading to overestimates of exposure could have a larger
influence on the comparison of health effect estimates among cities when LUR or central
site monitors are used to estimate exposures.

In the case of long-term exposure cohort studies, nonambient contributions to the total
personal exposure estimates would be expected to widen the confidence interval around
the health effect estimates by adding noise to the exposure signal, as is the case for
time-series studies of short-term exposure. Also, addition of any non-negative
nonambient component to the personal exposure measurement, such that the average total
personal NO2 exposure would necessarily be equal to or greater than the average personal
exposure to ambient NO-, would result in an underestimate of exposure. This associated
nondifferential exposure misclassification could bias the health effect estimate towards
the null.

3.4.5.3 Panel Studies

Consideration of errors in use of Cacsm as a surrogate for E, provides information on the
impact of this proxy measure on health effect estimates in panel studies. Van Roosbroeck
et al. (2008) evaluated health effect estimates among a panel of children for associations
of four respiratory outcomes with 48-hour NO; data from a single monitor located at the
children’s school. These health effect estimates were compared with those obtained from
personal NO, monitoring to capture spatial variability in NO, concentrations and
time-activity data. Van Roosbroeck et al. (2008) observed tha