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Preface

In 1971, the U.S. Environmental Protection Agency (EPA) promulgated National
Ambient Air Quality Standards (NAAQS) to protect the public health and welfare from
adverse effects of photochemical oxidants. In 1979, the chemical designation of the standards
was changed from photochemical oxidants to ozong. (@his document focuses primarily
on the scientific air quality criteria for Qand, to a lesser extent, on those for other
photochemical oxidants such as hydrogen peroxide and the peroxyacyl nitrates.

The EPA promulgates the NAAQS on the basis of scientific information contained
in air quality criteria issued under Section 108 of the Clean Air Act. The previgui@ria
documentAir Quality Criteria for Ozone and Other Photochemical Oxidamss released in
August 1986 and a supplemesymmary of Selected New Information on Effects of Ozone on
Health and Vegetatignvas released in January 1992. These documents were the basis for a
March 1993 decision by EPA that revision of the existing 1-h NAAQS fgm@s not
appropriate at that time. That decision, however, did not take into account some of the newer
scientific data that became available after completion of the 1986 criteria document. The
purpose of this revised air quality criteria document fqra@d related photochemical
oxidants is to critically evaluate and assess the latest scientific data associated with exposure
to the concentrations of these pollutants found in ambient air. Emphasis is placed on the
presentation of health and environmental effects data; however, other scientific data are
presented and evaluated in order to provide a better understanding of the nature, sources,
distribution, measurement, and concentrations & related photochemical oxidants and
their precursors in the environment. Although the document is not intended to be an
exhaustive literature review, it is intended to cover all pertinent literature available through
1995.

This document was prepared and peer reviewed by experts from various state and
Federal governmental offices, academia, and private industry and reviewed in several public
meetings by the Clean Air Scientific Advisory Committee. The National Center for
Environmental Assessment (formerly the Environmental Criteria and Assessment Office) of
EPA’s Office of Research and Development acknowledges with appreciation the contributions
provided by these authors and reviewers as well as the diligence of its staff and contractors in
the preparation of this document at the request of the Office of Air Quality Planning and
Standards.






Air Quality Criteria for Ozone
and Related Photochemical Oxidants

Table of Contents

Volume |

1. EXecutive SUMMAIY. . . . .. oot e e e
2. Introduction . . .. ...
3. Tropospheric Ozone and Its Precursars. . . . ..................

4. Environmental Concentrations, Patterns, and Exposure Estimates . .

Appendix A: Abbreviations and Acronyms . . . .. ... ... ..

Volume |l

5. Environmental Effects of Ozone and Related Photochemical
OXIdaNtS . . . . . .

Appendix A: Abbreviations and Acronyms . . .. ..... ... ...

Appendix B: Colloquial and Latin Names . . .. ....................

Volume 111

6. Toxicological Effects of Ozone and Related Photochemical Oxidants

7. Human Health Effects of Ozone and Related Photochemical Oxidants . . .

8. Extrapolation of Animal Toxicological Data to Humans. . ... ... ...
9. Integrative Summary of Ozone Health Effects . . ... ............

Appendix A: Abbreviations and Acronyms . ... ....... ... . ...

2-1

3-1

A-1

5-1

A-1

B-1

6-1

7-1

8-1

9-1






List of Tables
List of Figures
Authors, Contributors, and Reviewers

Table of Contents

U.S. Environmental Protection Agency Science Advisory Board,

Clean Air Scientific Advisory Committee

U.S. Environmental Protection Agency Project Team for Development
of Air Quality Criteria for Ozone and Related Photochemical Oxidants. .

1. EXECUTIVE SUMMARY
INTRODUCTION. . . . .. e

11
1.2
1.3
1.4
1.5
1.6
1.7
1.8

1.9

2. INTRODUCTION

2.1 LEGISLATIVE BACKGROUND . .. ..... ..o o e
2.2 REGULATORY BACKGROUND .. ....... ... ... . . .. ...
2.3 SUMMARY OF MAJOR SCIENTIFIC TOPICS
PRESENTED. . ... .. e
231 Air Chemistry. . . ... ...
2.3.2 ArQuality . . .. ...
2.3.3 Environmental Effects. . . . ......... ... ... .. ...
2.3.4 Health Effects. . . . ... ... .. . . . . ..
2.4 ORGANIZATION AND CONTENT OF THE DOCUMENT. . ..
REFERENCES. . . . . .. .

3. TROPOSPHERIC OZONE AND ITS PRECURSORS
INTRODUCTION. . . . .. e

3.1

LEGISLATIVE AND REGULATORY BACKGROUND . .. ...
TROPOSPHERIC OZONE AND ITS PRECURSORS. . . .. ..
ENVIRONMENTAL CONCENTRATIONS, PATTERNS,

AND EXPOSURE ESTIMATES . .. ... ... ... oo

ENVIRONMENTAL EFFECTS OF OZONE AND

RELATED PHOTOCHEMICAL OXIDANTS . .............

TOXICOLOGICAL EFFECTS OF OZONE AND

RELATED PHOTOCHEMICAL OXIDANTS . .............

HUMAN HEALTH EFFECTS OF OZONE AND

RELATED PHOTOCHEMICAL OXIDANTS . .............

EXTRAPOLATION OF ANIMAL TOXICOLOGICAL

DATATO HUMANS ... ... .

INTEGRATIVE SUMMARY OF OZONE HEALTH

EFFECTS . . .

Page
[-Xiii
[-xviii
[-XXV
[-xXXXi
[-xxxiii
1-1
1-1
1-1
1-2
1-9
1-12
1-18
1-22
1-27
1-28
2-1
2-2
2-2
2-5
2-5
2-5
2-5
2-6

2-6
2-8

3-1



3.2

3.3

3.4

Table of Contents (cont’d)

TROPOSPHERIC OZONE CHEMISTRY . .. .............

3.2.1
3.2.2

3.2.3

3.24

3.2.5

Background Information. .. ...................
Structure of the Atmosphere. . .. ...............

3.2.2.1 Vertical and Horizontal Mixing in

the Atmosphere . . .. ... ... .. ... .. ...

3.2.2.2 Formation of Stratospheric Ozone. .. ... ..
Background Ozone in the Troposphere. . . ........
3.2.3.1 Tropospheric Hydroxyl Radicals. . ... ... ..
3.2.3.2 Tropospheric Nitrogen Oxides Chemistry. . .
3.2.3.3 The Methane Oxidation Cycle. ..........
3.2.3.4 Cloud Processes in the Methane-Dominated

Troposphere. . . . ... ... . .. .

Photochemistry of the Polluted Atmosphere. . ... ..
3.2.4.1 Tropospheric Loss Processes of

Volatile Organic Compounds . . ..........
3.2.4.2 Chemical Formation of Ozone in Polluted

Al

3.2.4.3 Hydrocarbon Reactivity with Respect to

Ozone Formation. . . ..................

Photochemical Production of Aerosals . . ... ... ...

3.2.5.1 Phase Distributions of Organic Compounds . ..
3.2.5.2 Acid Deposition. . ....................

METEOROLOGICAL PROCESSES INFLUENCING OZONE

FORMATION AND TRANSPORT
Meteorological Processes. . . . .................
3.3.1.1 Surface Energy Budgets . ..............
3.3.1.2 Planetary Boundary Layer. .............
3.31.3 Cloud Venting. . .....................

3.3.1

3.3.2

3.3.3

3.3.1.4 Stratospheric-Tropospheric Ozone

Exchange. . .............. ... ... .....
Meteorological Parameters. . . . ................
3.3.21 Sunlight. . ......... ... . ... ... ..
3.3.22 Temperature. ........... ...,
3323 WindSpeed ............ ... . ... .....
3.3.2.4 Air Mass Characteristics . . .. ...........
Normalization of Trends. . .. ..................

PRECURSORS OF OZONE AND OTHER OXIDANTS . . . ..

3.4.1

Sources and Emissions of Precursots. . . .........
3.4.1.1 Introduction. ........... .. . ... ...,
3.4.1.2 NitrogenOxides. . . ...................
3.4.1.3 Volatile Organic Compounds. . ..........

[-viii

Page

3-2
3-2
3-3

3-4
3-4
3-6
3-7
3-8

3-10

w w

-1

(@]

3-17

3-30

3-34

3-38
3-38

3-40

3-42
3-42
3-42
3-43
3-46

3-47
3-48
3-48
3-49
3-54
3-56
3-58
3-59
3-59
3-59
3-60
3-70



3.5

3.6

Table of Contents (cont’d)

3.4.1.4 Relationship of Summertime Precursor
Emissions and Ozone Production. . .. ... ..
3.4.2 Concentrations of Precursor Substances in Ambient
Al
3.4.2.1 Nonmethane Organic Compounds. . ... ...
3.4.2.2 NitrogenOxides. . . ...................
3.4.2.3 Ratios of Concentrations of Nonmethane
Organic Compounds and Nitrogen Oxides . .
3.4.3 Source Apportionment and Reconciliation. . . ... ...
3.4.3.1 Source Apportionment. . . ..............
3.4.3.2 Source Reconciliation . .. ..............
ANALYTICAL METHODS FOR OXIDANTS AND
THEIR PRECURSORS. . . . ... ... . e
3.5.1 Sampling and Analysis of Ozone and Other
OXidants. . ...
3.5.1.1 Ozone. ... ... ...
3.5.1.2 Peroxyacetyl Nitrate and Its Homologues. . .
3.5.1.3 Gaseous Hydrogen Peroxide. .. .........
3.5.2 Sampling and Analysis of Volatile Organic
Compounds . . ...
3.5.2.1 Introduction. . ........... ... ... . .....
3.5.2.2 Nonmethane Hydrocarbons. ............
3.5.2.3 Carbonyl Species .. ..................
3.5.2.4 Polar Volatile Organic Compounds . . .. ...
3.5.3 Sampling and Analysis of Nitrogen Oxides. . . .. ...
3.5.3.1 Introduction. . ............ .. ... ......
3.5.3.2 Measurement of Nitric Oxide. ...........
3.5.3.3 Measurements for Nitrogen Dioxide. . . . . ..
3.5.3.4 Calibration Methods. . . ................
OZONE AIR QUALITY MODELS . .......... .. ... .....
3.6.1 Definitions, Description,and Uses . . .. ..........
3.6.1.1 Grid-Based Models. ..................
3.6.1.2 TrajectoryModels . ...................
3.6.2 Model Components . . ............. ... .......
3.6.2.1 Emissions Inventory. . .................
3.6.2.2 Meteorological Input to Air Quality
Models . ........ ... . ... .. . ... . .. . ...
3.6.2.3 Chemical Mechanisms. . . ..............
3.6.2.4 Deposition Processes . . . ..............
3.6.2.5 Boundary and Initial Conditions. . ........
3.6.2.6 Numerical Methods. ... ...............

I-ix

Page

3-79

3-80
3-81
3-84

3-85
3-86
3-86
3-89

3-90

3-90
3-90
3-101
3-105

3-107
3-107
3-108
3-114
3-116
3-117
3-117
3-118
3-120
3-126
3-127
3-128
3-129
3-131
3-133
3-133

3-135
3-139
3-140
3-143
3-143



3.7

3.6.3

3.6.4

3.6.5

3.6.6

3.7.1

3.7.2

3.7.3

3.7.4

3.7.5

Table of Contents (cont’d)

Urban and Regional Ozone Air Quality Models. . . .
3.6.3.1 The Urban Airshed Model . . ...........
3.6.3.2 The Regional Oxidant Model. . .........
3.6.3.3 The Regional Acid Deposition Model. . . . .
Evaluation of Model Performance. . . ...........

3.6.4.1 Model Performance Evaluation

Procedures. . . ... ... ... .. . .. ... ...

3.6.4.2 Performance Evaluation of Ozone Air

Quality Models. . . ..................
3.6.4.3 Database Limitations. . . .............

Use of Ozone Air Quality Models for Evaluating

Control Strategies. . . .. ... .. . ..
Conclusions. . . ... .. .
SUMMARY AND CONCLUSIONS
Tropospheric Ozone Chemistry. . . .............
3.7.1.1 Ozone in the Unpolluted Atmosphere. . . . .

3.7.1.2 0Ozone Formation in the Polluted

Troposphere. . . ........ ... ... ......

Meteorological Processes Influencing Ozone

Formation and Transport. . . . ................
3.7.2.1 Meteorological Processes . . ...........
3.7.2.2 Meteorological Parameters . ...........
3.7.2.3 Normalization of Trends. . . .. ..........
Precursors. . ... . . . . ..
3.7.3.1 Volatile Organic Compound Emissions . . . .
3.7.3.2 Nitrogen Oxides Emissions . . . .........

3.7.3.3 Concentrations of Volatile Organic

Compounds in Ambient Air . ...........

3.7.3.4 Concentrations of Nitrogen Oxides in

Ambient Air . . ... ...

3.7.3.5 Ratios of Concentrations of Nonmethane

Organic Compounds to Nitrogen Oxides. . . .
3.7.3.6 Source Apportionment and Reconciliation . .

Analytical Methods for Oxidants and Their

Precursors . . ... . . ..
3741 Oxidants.........................
3.7.4.2 Volatile Organic Compounds. . .........
3.7.4.3 Oxides of Nitrogen. . . .. .............
Ozone Air Quality Models. . . ................
3.7.5.1 Definitions, Descriptions, and Uses . . . . ..
3.7.5.2 Model Components. . . ..............
3.7.5.3 Evaluation of Model Performance . . ... ..

I-x

Page

3-144
3-148
3-151
3-154
3-156

.. 3-157

.. 3-159

3-160

.. 3-162
.. 3-163

3-165
3-165
3-165

.. 3-166

3-168
3-168
3-168
3-169

.. 3-169

3-169
3-169

3-170



REFERENCES

Table of Contents (cont’d)

3.7.5.4 Use of Ozone Air Quality Model for
Evaluating Control Strategies. . ..........

3.755 Conclusions. . .. ........ .. ...

ENVIRONMENTAL CONCENTRATIONS, PATTERNS, AND

EXPOSURE ESTIMATES
INTRODUCTION. . . . .. e

4.1

4.2

4.3

4.4

4.5

4.6

4.7
4.8

41.1 Characterizing Ambient Ozone Concentrations. . . . .
4.1.2 The Identification and Use of Existing Ambient

Ozone Data . ... ...

TRENDS IN AMBIENT OZONE CONCENTRATIONS . . . ...
SURFACE OZONE CONCENTRATIONS. . .. ............

431 Introduction . . . . ... ... ...

4.3.2 Urban Area Concentrations . ... ...............
4.3.3 Nonurban Area Concentrations. . .. .............
4.3.3.1 Sites That Experience Low Maximum Hourly
Average Concentrations. . . .............

4.3.3.2 Urban-Influenced Nonurban Areas. . . ... ..
DIURNAL VARIATIONS IN OZONE CONCENTRATIONS . ..

44.1 Introduction . . . . ... . ... ..

4472 Urban Area Diurnal Patterns. . . . ... ............
443 Nonurban Area Diurnal Patterns. . . . ............
SEASONAL PATTERNS IN OZONE CONCENTRATIONS

45.1 Urban Area Seasonal Patterns. . . ... ... ........

45.2 Nonurban Area Seasonal Patterns. . . ...........
45.3 Seasonal Pattern Comparisons with Sites
Experiencing Low Exposures . ... ..............
SPATIAL VARIATIONS IN OZONE CONCENTRATIONS. . ..
4.6.1 Urban-Nonurban Area Concentration Differences. . .
4.6.2 Concentrations Experienced at High-Elevation Sites.
4.6.3 Other Spatial Variations in Ozone Concentrations. . .
INDOOR OZONE CONCENTRATIONS. . . ..............
ESTIMATING EXPOSURE TOOZONE. .. ..............

481 Introduction . . . ... ... . ...

4.8.2 Fixed-Site Monitoring Information Used To Estimate
Population and Vegetation Exposure. . .. .........

48.3 Personal Monitors . . . ... ... . . . ...

4.8.4 Population Exposure Models . . . ...............
4.8.5 Concentration and Exposures Used in Research

Experiments. . . ... .. .. ...

I-Xi

Page

3-176
3-176
3-177

4-1
4-2

4-4
4-6
4-14
4-14
4-15
4-27

4-27
4-36
4-46
4-46
4-47
4-51
4-55
4-55
4-57

4-61
4-62
4-62
4-62
4-65
4-72
4-73
4-73

4-76
4-77
4-78



Table of Contents (cont’d)

49 CONCENTRATIONS OF PEROXYACETYL NITRATES IN
AMBIENT ATMOSPHERES. . . .. .. ... ... ... . . .. ...
49.1 Introduction . . . ... .. ..
4.9.2 Urban Area Peroxyacetyl Nitrate Concentrations. . . .
4.9.3 Concentration of Peroxyacetyl Nitrate and
Peroxypropionyl Nitrate in Rural Areas . . . ........
410 CONCENTRATION AND PATTERNS OF HYDROGEN
PEROXIDE IN THE AMBIENT ATMOSPHERE . .. ........
411 CO-OCCURRENCEOFOZONE. ............ ... ......
4.11.1 IntroduCtion . . . ... .
4.11.2 Nitrogen Oxides. . .. ... ... i
411.3 SulfurDioxide . ......... .. .. ..
4.11.4 Acidic Sulfate Aerosols. . . ........ .. ... . ..
4115 Acid Precipitation. . . . ............. ... . ... ...
4.11.6 AcidCloudwater. . . ............ i
4.12 SUMMARY . . .
REFERENCES. . . . .. ... e

APPENDIX A: ABBREVIATIONS AND ACRONYMS . ..............

[-xii



Number
2-1

3-1

3-3

3-4

3-5

3-6

3-10

List of Tables

National Ambient Air Quality Standards for Ozone. . ... ... ..

Estimated Emissions of Methane, Nonmethane Organic
Compounds, Nitrous Oxide, and Nitrogen Oxides into the
Earth’s Atmosphere from Biogenic and Anthropogenic

SOUICES. . .

Calculated Tropospheric Lifetimes of Selected Volatile
Nonmethane Organic Compounds Due to Photolysis and
Reaction with Hydroxyl and Nitrate Radicals and with

OzZoNe. . . . e

Calculated Incremental Reactivities of Selected Volatile

Organic Compounds as a Function of the Volatile Organic
Compound/Nitrogen Oxide Ratio for an Eight-Component
Volatile Organic Compound Mixture and Low-Dilution

Conditions. . . . . ..

Rates of Increase of Peak Ozone with Diurnal Maximum
Temperature for Temperature Less Than 300 K and
Temperature Greater Than 300 K, Based on Measurements
for April 1 to September 30,1988 .. ....................

Recent Studies Examining Trends in Ozone Data After Removal of
Variability Associated with Meteorological Factors . . ... ... ..

Source Categories Used To Inventory Nitrogen Oxides
EMISSIONS . . . . . . o

1991 Emission Estimates for Manmade Sources of Nitrogen
Oxides in the United States. . .. ........... .. ... ......

Recent Trends in Nitrogen Oxides Emissions for Major
Manmade Source Categories. . . . ... ...

Comparison of Estimates of Nitrogen Oxides Emissions
from Manmade Sources in the United States. . . ...........

Annual Nitrogen Oxides Emissions from Soils by
U.S. Environmental Protection Agency Region. ... .........

[-xiii

Page
2-3

3-16

3-19

3-37

3-52

3-60

3-62

3-63

3-66

3-68

3-69



Number

3-11

3-12

3-13

3-14

3-15

3-16

3-17

3-18

3-19

3-20

3-21

3-22

3-23

3-24

List of Tables (cont’d)

Estimated 1991 Emissions of Volatile Organic Compounds
from Manmade Sources in the United States. . . ...........

Recent Trends in Emissions of Volatile Organic Compounds
from Major Categories of Manmade Sources. . ............

Annual Biogenic Hydrocarbon Emission Inventory for the

United States. . . . . . . . .

Annual Biogenic Hydrocarbon Emission Inventory by Month
and by U.S. Environmental Protection Agency Region for

United States EmIssions . . . .. . .. .. . i

Performance Specifications for Automated Methods of Ozone

Analysis . . ... e

Reference and Equivalent Methods for Ozone Designated
by the U.S. Environmental Protection Agency. . . . ..........

List of Designated Reference and Equivalent Methods for

OZ0NE. . . o

Performance Specifications for Nitrogen Dioxide Automated

Methods . . ... ... .

Comparability Test Specifications for Nitrogen Dioxide. . . . . . .

Reference and Equivalent Methods for Nitrogen Dioxide
Designated by the U.S. Environmental Protection Agency . . . .

Grid-Based Urban and Regional Air Pollution Models: Overview

of Three-Dimensional Air Quality Models. ... .............

Grid-Based Urban and Regional Air Pollution Models: Treatment
of Emissions and Spatial Resolutian . . .. ................

Grid-Based Urban and Regional Air Pollution Models: Treatment

of Meteorological Fields, Transport, and Dispersion. . ... ....

Grid-Based Urban and Regional Air Pollution Models: Treatment
of Chemical Processes . . . ......... .. ...

[-xiv

3-73

3-77

3-78

3-92

3-93

3-94

3-121

3-121

3-122

3-145

3-146

3-147

3-149



Number

3-25

3-26

3-27

4-1

4-2

4-3

4-6

4-7

List of Tables (cont’d)

Grid-Based Urban and Regional Air Pollution Models: Treatment
of Cloud and Deposition Processes. . . . .................

Regional Oxidant Model Geographical Domains . . ... ... ...

Applications of Photochemical Air Quality Models to Evaluating
Ozone. . . .

Ozone Monitoring Season by State. . . ..................

Summary by Forestry and Agricultural Regions for Ozone Trends
Using the W126 Exposure Parameter Accumulated on a Seasonal

The Highest Second Daily Maximum One-Hour Ozone
Concentration by Metropolitan Statistical Area for the Years
198910 1991, . . . ..

Summary of Percentiles of Hourly Average Concentrations for
the April-to-October Period. . . .. ....... ... ... .. ... .......

The Highest Second Daily Maximum Eight-Hour Average Ozone
Concentration by Metropolitan Statistical Area for the Years
198910 1991, . . ...

Seasonal (April to October) Percentile Distribution

of Hourly Ozone Concentrations, Number of Hourly

Mean Ozone Occurrences Greater Than or Equal to 0.08

and Greater Than or Equal to 0.10, Seasonal Seven-Hour
Average Concentrations, W126, and SUMO06 Values for Sites
Experiencing Low Hourly Average Concentrations with Data
Capture Greater Than or Equalto 75% . . . . .. . ... ........

Seasonal (April to October) Percentile Distribution

of Hourly Ozone Concentrations, Number of Hourly

Mean Ozone Occurrences Greater Than or Equal to 0.08

and Greater Than or Equal to 0.10, Seasonal Seven-Hour
Average Concentrations, and W126 Values for Three

"Clean" National Forest Sites with Data Capture

Greater Thanor Equal to 75%. . .. ....... ... . ... ... ....

I-xv

Page

3-150

3-152

3-164

4-5

4-13

4-17

4-20

4-22

4-30

4-33



List of Tables (cont’d)

Number Page
4-8 The Value of the W126 Sigmoidal Exposure Parameter

Calculated Over the Annual Periad . . . .................. 4-34
4-9 The Value of the Ozone Season (Seven-Month) Average

of the Daily Seven-Hour (0900 to 1559 Hours)

Concentration . . ... ... 4-35
4-10 Summary of Percentiles, Number of Hourly Occurrences

Greater Than or Equal to 0.10 ppm, and Three-Month
SUMO06 Values for Selected Rural Ozone Monitoring
Sites in 1989 (April to October) . . .. .................... 4-37

4-11 Summary of Percentiles of Hourly Average Concentrations
for Electric Power Research Institute Sulfate Regional
Experiment Program Sites/Eastern Regional Air Quality Study
Ozone Monitoring Sites. . . . ... ... 4-38

4-12 Seven-Hour Growing Season Mean, W126 Values, and
Number of Hourly Ozone Concentrations Greater Than or Equal
to 80 ppb for Selected Eastern National Dry Deposition

Network Sites . . . ... .. 4-40
4-13 Summary of Percentiles for National Dry Deposition

Network Monitoring Sites. . . ... ... .. .. . 4-41
4-14 Description of Mountain Cloud Chemistry Program

SIS . o o 4-63

4-15 Seasonal (April to October) Percentiles, SUM06, SUMO08,
and W126 Values for the Mountain Cloud Chemistry

Program Sites . . . . .. ... 4-64
4-16 Summary Statistics for 11 Integrated Forest Study Sites .. . . . . 4-67
4-17 Quarterly Maximum One-Hour Ozone Values at Sites

in and Around New Haven, Connecticut, 1976. . . ... ....... 4-69
4-18 Summary of Reported Indoor-Outdoor Ozone Ratios. . . ... .. 4-74
4-19 Summary of Measurements of Peroxyacetyl Nitrate and

Peroxypropionyl Nitrate in Urban Areas. . .. .............. 4-84

[-xvi



Number

4-20

List of Tables (cont’d)

Summary of Measurements of Peroxyacetyl Nitrate and
Peroxypropionyl Nitrate in Rural Areas. . . ................

I-xvii



Number

3-2

3-3

3-4

3-6

3-7

3-9

3-10

3-11

List of Figures

The cyclic reactions of tropospheric nitrogen oxides. . ... .. ..

Atmospheric reactions in the complete oxidation
of methane . . ... ... .. . .. . .

Cyclic reactions of methane oxidation to formaldehyde,
conversion of nitric oxide to nitrogen dioxide, and concomitant
formation of ozone in the atmosphere . . . .. ..............

Major steps in production of ozone in ambientair . .........

Time-concentration profiles for selected species during
irradiations of a nitrogen oxide-propene-air mixture in an
indoor chamber with constant light intensity. . . ............

Time-concentration profiles for selected species during
irradiations of a nitrogen oxide-propene-air mixture in an
outdoor chamber with diurnally varying light intensity. . . .. ...

Surface radiation budget for short- and long-wave radiation. . .

The number of reports of ozone concentrations greater
than or equal to 120 ppb at the 17 cities studied in
Samson and Shi (1988). ... ... .. .. ...

A scatter plot of maximum daily ozone concentration in Atlanta,
Georgia, and New York, New York, versus maximum daily
temperature. . ... ...

A scatter plot of maximum daily ozone concentration in Detroit,
Michigan, and Phoenix, Arizona, versus maximum daily
temperature. . ... ...

A scatter plot of maximum ozone concentration versus maximum
daily temperature for four nonurban sites. . . . .............

[-xviii

Page
3-10

3-13

3-15

3-31

3-32

3-32

3-43

3-50

3-51

3-51

3-52



Number

3-12

3-13

3-14

3-15

3-16

3-17

3-18

3-19

3-20

3-21

List of Figures (cont’'d)

The frequency of 24-hour trajectory transport distance en route
to city when ozone was greater than or equal to 120 ppb in four
Southern U.S. cities, compared with the percent frequency
distribution for all 17 cities of a nationwide study,

1908310 1985, . . . ..

The frequency of 24-hour trajectory transport distance en route
to city when ozone was greater than or equal to 120 ppb in four
New England cities, compared with the percent frequency
distribution for all 17 cities of a nationwide study,

198310 1985, . . ...

The root-mean-square-difference between CLASS
observations and profiler observations as a function of height
above ground level . . ....... ... ... .. ...

The root-mean-square-difference between CLASS
observations and lidar observations as a function of height
above ground level . . ....... ... ... ... .

Model of ozone levels using regression techniques. . . ... ...

Simulated versus observed ozone levels using regression
technigues on an independent data set obtained in the summer of
1992 in Atlanta, Georgia . . . . ... ..

The 50 largest sources of nitrogen oxides (power plants) in the
United States. . . .. ... ...

Nitrogen oxides emissions from manmade sources in the
10 U.S. Environmental Protection Agency regions of the
United States, 1991. . . . .. ... . ..

Changes in nitrogen oxides emissions from manmade sources in
the United States, 10-year intervals, 1940 through 1990. . . . ..

Changes in nitrogen oxides emissions from stationary source

fuel combustion and transportation from 1940 through
1990 . . .

[-xix

3-55

3-55

3-56

3-57

3-58

3-59

3-63

3-64

3-65

3-66



Number

3-22

3-23

3-24

3-25

3-26

4-2

4-3

4-4

4-5

List of Figures (cont’'d)

Changes in emissions of volatile organic compounds from major
manmade sources in the United States, 10-year intervals, 1940
through 1990. . . . ... ... . .. .

Changes in emissions of volatile organic compounds from major
manmade sources, 1940 through 1990 . ... ..............

Estimated biogenic emissions of volatile organic compounds in
the United States as a function of season . . ..............

Example of Empirical Kinetic Modeling Approach diagram
for high-oxidanturbanarea . .. ... .....................

Regional oxidant model superdomain with modeling domains .

National trend in the composite average of the second highest
maximum one-hour ozone concentration at both National Air
Monitoring Stations and all sites with 95% confidence intervals,
198310 1992. . . . ...

The annually averaged composite diurnal curves for the following
sites that changed from nonattainment to attainment status:
Montgomery County, Alabama; Concord, California;

Louisville, Kentucky; and Dade County, Florida; for the

period 1987 t0 1990. . . . . . . ... ..

A summary of the seasonal (January to December) averaged
composite ozone diurnal curve and integrated exposure W126
index for the Los Angeles, California, site for the period 1980

10 1990 . . ..

United States map of the highest second daily maximum one-hour

average ozone concentration by Metropolitan Statistical Area,
199 . .

The relationship between the second highest daily maximum
hourly average ozone concentration and the maximum three-
month SUMO6 value and the second highest daily maximum
eight-hour average ozone concentration and the maximum three-
month SUMO6 value for specific site years at rural

agricultural sites for the 1980-t0-1991 period . . . ... ... .. ...

I-xx

3-72

3-73

3-80

3-132

3-153

4-10

4-11

4-16

4-24



List of Figures (cont’'d)

Number Page

4-6 The relationship between the second highest daily maximum
hourly average ozone concentration and the maximum three-
month SUMO6 value and the second highest daily maximum
eight-hour average ozone concentration and the maximum three-
month SUMO6 value for specific site years at rural forested

sites for the 1980-t0-1991 period. . . ... ................. 4-25
4-7 The location of National Dry Deposition Network monitoring sites

as of December 1990 . . .. ... ... .. 4-39
4-8 The kriged 1985 to 1986 maximum seven-hour and 12-hour

average concentrations of ozone across the United States. . . . 4-44
4-9 The kriged estimates of the W126 integrated ozone exposure index

for the eastern United States for 1988 and 1989 . ... ... .. .. 4-45
4-10 The comparison of the seasonal diurnal patterns using 1988 data

for Jefferson County, Kentucky, and Oliver County, North

Dakota . .. ... .. 4-48
4-11 Diurnal behavior of ozone at rural sites in the United States

INJUlY . 4-49
4-12 Percent of time hourly average concentrations greater than or equal

to 0.1 ppm occurred between 0900 and 1559 hours in comparison
to 24-hour period for all rural agricultural and forested sites with
three-month SUMOG6 greater than or equal to 26.4 ppm per hour .. 4-50

4-13 Percent of time hourly average concentrations greater than or equal
to 0.1 ppm occured between 0900 and 1559 hours in comparison
to 24-hour period for all non-California rural agricultural and
forested sites with three-month SUMO6 greater than or equal to

26.4 ppm per hour. . ... ... 4-50
4-14 Diurnal pattern of one-hour ozone concentrations on July 13, 1979,

Philadelphia, Pennsylvania. . . .. ....................... 4-51
4-15 Diurnal and one-month composite diurnal variations in ozone

concentrations, Washington, District of Columbia, July 1981 . . 4-52

[-xxi



Number

4-16

4-17

4-18

4-19

4-20

4-21

4-22

4-23

4-24

4-25

4-26

List of Figures (cont’'d)

Diurnal and one-month composite diurnal variations in ozone
concentrations, St. Louis County, Missouri, September 1981 . .

Diurnal and one-month composite diurnal variations in ozone
concentrations, Alton, lllinois, October 1981 (fourth quarter). . .

Composite diurnal patterns of ozone concentrations by quarter,
Alton, lllinois, 1981 . . .. ... ... . .

Quarterly composite diurnal patterns of ozone concentrations
at selected sites representing potential for exposure of major
Crops, 1981 . . . . ..

Composite diurnal ozone pattern at a rural National Crop Loss
Assessment Network site in Argonne, lllinois, August 6 through
September 30, 198Q . . . .. ...

Composite diurnal ozone pattern at selected National Dry
Deposition Network sites. . .. . ... ... .. . .

Composite diurnal pattern at Whiteface Mountain, New York, and
the Mountain Cloud Chemistry Program Shenandoah National
Park site for May to September 1987. . ... ...............

Seasonal variations in ozone concentrations as indicated by
monthly averages and the one-hour maximum in each month at
selected sites, 1981. . . ... ... . .

Seven- and 12-hour means at Whiteface Mountain and
Shenandoah National Park for May to September 1987 and
integrated exposures at Whiteface Mountain and

Shenandoah National Park for May to September 1987. . . . ..

Integrated exposures for three non-Mountain Cloud Chemistry
Program Shenandoah National Park sites, 1983 to 1987. . . ..

Number or days in 1991 for which the maximum hourly average

o0zone concentration was greater than 0.1 ppm at Chicago,
HINOIS . . .

I-xxii

4-54

4-55

4-56

4-57

4-58

4-59

4-60

4-65

4-66

4-70



Number

4-27

4-28

4-29

4-30

4-31

List of Figures (cont’'d)

Maximum one-hour ozone concentrations and average 0800 to
2000 hours strong acid concentrations for each day that
pulmonary function data were collected at Fairview Lake

camp in 1988. . . . .. . ...

Maximal one-hour ozone concentrations at Fairview Lake during
the study period. . . . ... ... ... . . ..

The number of occurrences for each of the seven categories
described intext . . ........ .. . . . ... e

The co-occurrence pattern of ozone and sulfuric acid for
July 25, 1986, at a summer camp on the north shore of Lake Erie,
Ontario,Canada . . . .......... . . i

Sulfate, hydrogen ion, and ozone measured at Breadalbane Street

(Site 3) in Toronto during July and August, 1986, 1987, and
1088 . .

[-xxiii

4-78

4-79

4-82

4-91

4-92






Authors, Contributors, and Reviewers

Chapter 1. Executive Summary
Principal Authors

Mr. James A. Raub—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Mr. William G. Ewald—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. J.H.B. Garner—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Judith A. Graham—National Exposure Research Laboratory (MD-75), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Ms. Beverly E. Tilton—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Chapter 2. Introduction
Principal Author

Mr. James A. Raub—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Chapter 3. Tropospheric Ozone and Its Precursors
Principal Authors

Dr. A. Paul Altshuller—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Roger Atkinson—Statewide Air Pollution Research Center, University of California,
900 Watkins Avenue, Riverside, CA 92521

Mr. Michael W. Holdren—Battelle, 505 King Avenue, Columbus, OH 43201

Dr. Thomas J. Kelly—Battelle, 505 King Avenue, Columbus, OH 43201-2693

I-xxv



Authors, Contributors, and Reviewers (cont’d)
Dr. Charles W. Lewis—National Exposure Research Laboratory (MD-47) U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Dr. Perry J. Samson—Department of Atmospheric, Oceanic, and Space Sciences, University of
Michigan, 2455 Hayward Street, Ann Arbor, Ml 48109

Dr. John H. Seinfeld—Division of Engineering and Applied Science, California Institute of
Technology, 391 South Holliston Avenue, Pasadena, CA 91125

Dr. Joseph Sickles II—National Exposure Research Laboratory (MD-75), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Ms. Beverly E. Tilton—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Halvor (Hal) Westberg—Department of Civil and Environmental Engineering, Washington
State University, Pullman, WA 99164
Reviewers

Dr. A. Paul Altshuller—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Mr. Robert R. Arnts—National Exposure Research Laboratory (MD-84) U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Mr. Frank M. Black—National Exposure Research Laboratory (MD-46), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Dr. Joseph J. Bufalini—National Exposure Research Laboratory (MD-84), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Dr. Daewon Byun—National Exposure Research Laboratory (MD-80), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Dr. Jason K. S. Ching—National Exposure Research Laboratory (MD-80), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Dr. Kenneth L. Demerjian—Atmospheric Sciences Research Center (SUNY-Albany),
100 Fuller Road, Albany NY 12205

[-xxvi



Authors, Contributors, and Reviewers (cont’d)

Dr. Robin L. Dennis—National Exposure Research Laboratory (MD-80), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Dr. Basil Dimitriades—National Exposure Research Laboratory (MD-75), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Dr. Marcia C. Dodge—National Exposure Research Laboratory (MD-84), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Mr. Chris D. Geron—National Risk Management Laboratory (MD-62), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Dr. Michael W. Gery—Atmospheric Research Associates, 160 North Washington Street,
Boston, MA 02114

Dr. James M. Godowitch—National Exposure Research Laboratory (MD-80),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Jimmie W. Hodgeson—National Exposure Research Laboratory (MD-84),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Harvey E. Jeffries—Department of Environmental Sciences and Engineering, School of
Public Health, CB #7400, University of North Carolina, Chapel Hill, North Carolina
27599-7400

Dr. Douglas R. Lawson—Energy and Environmental Engineering Center, Desert Research
Institute, Reno, NV 89506

Dr. Charles W. Lewis—National Exposure Research Laboratory (MD-47), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Mr. William A. Lonneman—National Exposure Research Laboratory (MD-84),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. William A. McClenny—National Exposure Research Laboratory (MD-44),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Mr. Frank F. McElroy—National Exposure Research Laboratory (MD-77), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Mr. Thomas B. McMullen—Office of Air Quality Planning and Standards (MD-14),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

I-xxvii



Authors, Contributors, and Reviewers (cont’d)

Dr. Edwin L. Meyer—Office of Air Quality Planning and Standards (MD-14),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Mr. David C. Misenheimer—Office of Air Quality Planning and Standards (MD-14),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Mr. J. David Mobley—Office of Air Quality Planning and Standards (MD-14),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Will Ollison—American Petroleum Institute, 1220 L Street NW, Washington, DC 20005
Dr. Kenneth Olszyna—Tennessee Valley Authority, CEB 2A, Muscle Shoals, AL 35660

Mr. Thomas E. Pierce—National Exposure Research Laboratory (MD-80), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Mr. Larry J. Purdue—National Exposure Research Laboratory (MD-56), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Mr. Kenneth A. Rehme—National Exposure Research Laboratory (MD-77),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Harold G. Richter—Private consultant, 8601 Little Creek Farm Road, Chapel Hill, NC
27516

Mr. Shawn J. Roselle—National Exposure Research Laboratory (MD-80), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Mr. Kenneth L. Schere—National Exposure Research Laboratory (MD-80),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Jack H. Shreffler—National Exposure Research Laboratory (MD-75), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Dr. Joseph Sickles II—National Exposure Research Laboratory (MD-75), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Mr. Robert L. Seila—National Exposure Research Laboratory (MD-84), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Ms. Beverly E. Tilton—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

[-xxviii



Authors, Contributors, and Reviewers (cont’d)

Dr. Fred Vukovich—Private consultant, 7820 Harps Mill Road, Raleigh, NC 27615

Mr. Richard A. Wayland—Office of Air Quality Planning and Standards (MD-14),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Chapter 4. Environmental Concentrations, Patterns, and
Exposure Estimates

Principal Authors

Dr. Allen S. Lefohn—A.S.L. & Associates, 111 Last Chance Gulch, Suite 4A,
Helena, MT 59601

Dr. A. Paul Altshuller—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711
Reviewers

Dr. Thomas C. Curran—Office of Air Quality Planning and Standards (MD-12),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Mr. Gary F. Evans—National Exposure Research Laboratory (MD-56), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Mr. William G. Ewald—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Mr. Warren P. Freas—Office of Air Quality Planning and Standards (MD-14),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Jon Heuss—General Motors Environmental and Energy Staff, 3044 West Grand Blvd.,
Detroit, Ml 48202

Dr. Nelson Kelly—Environmental Sciences Department, General Motors Research and
Development Center, Warren, Ml 48090

Dr. Paul J. Lioy—Department of Environmental and Community Medicine, UMDNJ-Robert
Wood Johnson Medical School, Piscataway, NY 08854

Mr. Thomas R. McCurdy— National Exposure Research Laboratory (MD-56),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

[-xXix



Authors, Contributors, and Reviewers (cont’d)
Mr. Cornelius J. Nelson—National Exposure Research Laboratory (MD-56),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711
Dr. William Parkhurst—Tennessee Valley Authority, CEB 2A, Muscle Shoals, AL 35660

Mr. Harvey M. Richmond—Office of Air Quality Planning and Standards (MD-12),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

I-XXX



U.S. Environmental Protection Agency
Science Advisory Board
Clean Air Scientific Advisory Committee

Ozone Review

Chairman

Dr. George T. Wolff—General Motors Corporation, Environmental and Energy Staff,
General Motors Bldg., 12th Floor, 3044 West Grand Blvd., Detroit, Ml 48202
Members

Dr. Stephen Ayres—Office of International Health Programs, Virginia Commonwealth
University, Medical College of Virginia, Box 980565, Richmond, VA 23298

Dr. Jay S. Jacobson—Boyce Thompson Institute, Tower Road, Cornell University, Ithaca, NY
14853

Dr. Joseph Mauderly—Inhalation Toxicology Research Institute, Lovelace Biomedical and
Environmental Research Institute, P.O. Box 5890, Albuguerque, NM 87185

Dr. Paulette Middleton—Science & Policy Associates, Inc., Western Office, Suite 140,
3445 Penrose Place, Boulder, CO 80301

Dr. James H. Price, Jr.—Research and Technology Section, Texas Natural Resources
Conservation Commission, P.O. Box 13087, Austin, TX 78711
Invited Scientific Advisory Board Members

Dr. Morton Lippmann—Institute of Environmental Medicine, New York University Medical
Center, Long Meadow Road, Tuxedo, NY 10987

Dr. Roger O. McClellan—Chemical Industry Institute of Toxicology, P.O. Box 12137,
Research Triangle Park, NC 27711
Consultants

Dr. Stephen D. Colome—Integrated Environmental Services, University Tower, Suite 280,
4199 Campus Drive, Irvine, CA 92715

[-xxxi



U.S. Environmental Protection Agency
Science Advisory Board
Clean Air Scientific Advisory Committee
(cont'd)

Dr. A. Myrick Freeman—Department of Economics, Bowdoin College, Brunswick, ME 04011

Dr. Allan Legge—Biosphere Solutions, 1601 11th Avenue, NW, Calgary, Alberta T2N 1H1,
CANADA

Dr. William Manning—Department of Plant Pathology, University of Massachusetts, Amherst,
MA 01003

Dr. D. Warner North—Decision Focus, Inc., 650 Castro Street, Suite 300, Mountain View,
CA 94041

Dr. Frank E. Speizer—Harvard Medical School, Channing Lab, 180 Longwood Avenue,
Boston, MA 02115

Dr. George E. Taylor—Department of Environmental and Resource Sciences, 130 Fleischmann
Agriculture Bldg. 199, University of Nevada, Reno, NV 89557

Dr. Mark J. Utell—Pulmonary Disease Unit, Box 692, University of Rochester Medical
Center, 601 ElImwood Avenue, Rochester, NY 14642

Designated Federal Official

Mr. Randall C. Bond—Science Advisory Board (1400), U.S. Environmental Protection
Agency, 401 M Street, SW, Washington, DC 20460

Staff Assistant

Ms. Lori Anne Gross—Science Advisory Board (1400), U.S. Environmental Protection
Agency, 401 M Street, SW, Washington, DC 20460

I-xxxii



U.S. Environmental Protection Agency
Project Team for Development of Air Quality Criteria
for Ozone and Related Photochemical Oxidants

Scientific Staff

Mr. James A. Raub—Health Scientist, National Center for Environmental Assessment
(MD-52), U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. A. Paul Altshuller—Physical Scientist, National Center for Environmental Assessment
(MD-52), U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Mr. William G. Ewald—Health Scientist, National Center for Environmental Assessment (MD-
52), U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. J.H.B. Garner—Ecologist, National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Judith A. Graham—Associate Director, National Center for Environmental Assessment
(MD-52), U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Ms. Ellie R. Speh—Secretary, National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Ms. Beverly E. Tilton—Physical Scientist, National Center for Environmental Assessment
(MD-52), U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Technical Support Staff

Mr. Douglas B. Fennell—Technical Information Specialist, National Center for Environmental
Assessment (MD-52), U.S. Environmental Protection Agency, Research Triangle Park, NC
27711

Mr. Allen G. Hoyt—Technical Editor and Graphic Artist, National Center for Environmental
Assessment (MD-52), U.S. Environmental Protection Agency, Research Triangle Park, NC
27711

Ms. Diane H. Ray—Technical Information Manager (Public Comments), National Center for
Environmental Assessment (MD-52), U.S. Environmental Protection Agency, Research
Triangle Park, NC 27711

[-xxxiii



U.S. Environmental Protection Agency
Project Team for Development of Air Quality Criteria
for Ozone and Related Photochemical Oxidants

(cont'd)

Mr. Richard N. Wilson—Clerk, National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711
Document Production Staff

Ms. Marianne Barrier—Graphic Artist, ManTech Environmental Technology, Inc.,
P.O. Box 12313, Research Triangle Park, NC 27709

Mr. John R. Barton—Document Production Coordinator, ManTech Environmental Technology,
Inc., P.O. Box 12313, Research Triangle Park, NC 27709

Ms. Lynette D. Cradle—Word Processor, ManTech Environmental Technology, Inc., P.O. Box
12313, Research Triangle Park, NC 27709

Ms. Shelia H. Elliott—Word Processor, ManTech Environmental Technology, Inc.,
P.O. Box 12313, Research Triangle Park, NC 27709

Ms. Sandra K. Eltz—Word Processor, ManTech Environmental Technology, Inc.,
P.O. Box 12313, Research Triangle Park, NC 27709

Ms. Jorja R. Followill—Word Processor, ManTech Environmental Technology, Inc.,
P.O. Box 12313, Research Triangle Park, NC 27709

Ms. Sheila R. Lassiter—Word Processor, ManTech Environmental Technology, Inc.,
P.O. Box 12313, Research Triangle Park, NC 27709

Ms. Wendy B. Lloyd—Word Processor, ManTech Environmental Technology, Inc.,
P.O. Box 12313, Research Triangle Park, NC 27709

Ms. Carolyn T. Perry—Word Processor, ManTech Environmental Technology, Inc.,
P.O. Box 12313, Research Triangle Park, NC 27709

Ms. Cheryl B. Thomas—Word Processor, ManTech Environmental Technology, Inc.,
P.O. Box 12313, Research Triangle Park, NC 27709

Mr. Peter J. Winz—Technical Editor, ManTech Environmental Technology, Inc.,
P.O. Box 12313, Research Triangle Park, NC 27709

I-xxxiv



U.S. Environmental Protection Agency
Project Team for Development of Air Quality Criteria
for Ozone and Related Photochemical Oxidants

(cont'd)

Technical Reference Staff

Mr. John A. Bennett—Bibliographic Editor, ManTech Environmental Technology, Inc.,
P.O. Box 12313, Research Triangle Park, NC 27709

Ms. S. Blythe Hatcher—Bibliographic Editor, Information Organizers, Inc., P.O. Box 14391,
Research Triangle Park, NC 27709

Ms. Susan L. McDonald—Bibliographic Editor, Information Organizers, Inc., P.O. Box 14391,
Research Triangle Park, NC 27709

Ms. Carol J. Rankin—Bibliographic Editor, Information Organizers, Inc., P.O. Box 14391,
Research Triangle Park, NC 27709

Ms. Deborah L. Staves—Bibliographic Editor, Information Organizers, Inc., P.O. Box 14391,
Research Triangle Park, NC 27709

Ms. Patricia R. Tierney—Bibliographic Editor, ManTech Environmental Technology, Inc.,
P.O. Box 12313, Research Triangle Park, NC 27709

[-XXXV



1

Executive Summary

1.1 Introduction

Air Quality Criteria for Ozone and Related Photochemical Oxidastaluates the
latest scientific information useful in deriving criteria that form the scientific basis for U.S.
Environmental Protection Agency (EPA) decisions regarding the National Ambient Air
Quality Standards (NAAQS) for ozone {O This Executive Summary concisely summarizes
key conclusions from the document, which comprises nine chapters. Following this Executive
Summary is a brief Introduction (Chapter 2) containing information on the legislative and
regulatory background for review of the, MAAQS, as well as a brief discussion of the
issues presented and the format for their discussion in the document. Chapter 3 provides
information on the chemistry, sources, emissions, measurement, and transpouraf O
related photochemical oxidants and their precursors, whereas Chapter 4 covers environmental
concentrations, patterns, and exposure estimates, ah@® oxidants. Chapter 5 deals with
environmental effects, and Chapters 6, 7, and 8 discuss animal toxicological studies, human
health effects, and extrapolation of animal toxicological data to humans, respectively. The
last chapter, Chapter 9, provides an integrative, interpretative characterization of health effects
associated with exposure t0,,0OThe following sections conform to the chapter organization
of the criteria document.

1.2 Legislative and Regulatory Background

The photochemical oxidants found in ambient air in the highest concentrations are
O, and nitrogen dioxide (NQ. Other oxidants, such as hydrogen peroxidgGJf and
peroxyacyl nitrates, also have been observed, but in lower and less certain concentrations. In
1971, EPA promulgated NAAQS to protect the public health and welfare from adverse effects
of photochemical oxidants, at that time, defined on the basis of commercially available
measurement methodology. After 1971, howevefsecific commercial analytical methods
became available, as did information on the concentrations and effects of the related non-
O, photochemical oxidants. As a result, the chemical designation of the standards was
changed in 1979 from photochemical oxidants tp O

The EPA is required under Sections 108 and 109 of the Clean Air Act to evaluate
periodically the air quality criteria that reflect the latest scientific information relevant to
review of the Q NAAQS. These air quality criteria are useful for indicating the kind and
extent of all identifiable effects on public health or welfare that may be expected from the
presence of Qand related photochemical oxidants in ambient air. The lastri@eria

1-1



document was released in 1986, and a supplement was released in 1992. These documents
were the basis for a March 1993 decision by EPA that revision of the existing 1-h NAAQS
for O, was not appropriate at that time. That decision, however, did not take into
consideration more recent scientific information that has been published since the last
literature review in early 1989. The purpose of this revised criteria document, therefore, is to
summarize the pertinent information contained in the previoysriferia document and to
critically evaluate and assess the more recent scientific data associated with exposure to

O, and, to a lesser extent, to,®, and the peroxyacyl nitrates, particularly peroxyacetyl

nitrate (PAN). This document will be used by EPA’s Office of Air Quality Planning and
Standards to provide a staff paper assessing the most significant scientific information and
presenting staff recommendations on whether revisions to {HeAAQS are appropriate.

1.3 Tropospheric Ozone and Its Precursors

Introduction

Ozone is found in the stratosphere, the "free" troposphere, and the planetary
boundary layer (PBL) of the earth’'s atmosphere. In the PBL, backgroyrat€urs as the
result of (1) the intrusions of stratospherig i@to the "free" troposphere and downward
transport into the PBL, and (2) photochemical reactions of methang)(C&tbon monoxide
(CO), and nitrogen oxides (N These processes contribute to the backgroupdear the
surface. The major source of,@ the PBL is the photochemical process involving
anthropogenic and biogenic emissions of N@th the many classes of volatile organic
compounds (VOCs).

The topics considered in this section of the document include: tropospheric
O, chemistry; meteorological influences on @rmation and transport; precursor VOC and
NO, emissions, ambient concentrations of VOCs and ,NDd source apportionment and
reconciliation of measured VOC ambient concentrations with emission inventorjest O
quality models; and analytical methods for oxidants and precursors.

Tropospheric Ozone Chemistry

Ozone occurs in the stratosphere as the result of chemical reactions initiated by
short-wavelength radiation from the sun. In the "free" troposphej@cCurs as the result of
incursions from the stratosphere; upward venting from the PBL (the layer next to the surface
of the earth) through certain cloud processes; and photochemical formation from precursors,
notably CH, CO, and NQ.

The photochemical production of,@nd other oxidants found at the surface of the
earth (in the PBL, troposphere, or ambient air [used interchangeably in this summary]) is the
result of atmospheric physical processes and complex, nonlinear chemical processes involving
two classes of precursor pollutants: (1) reactive anthropogenic and biogenic VOCs and
(2) NO,. The only significant initiator of the photochemical production gfi@the polluted
troposphere is the photolysis of NGrielding nitric oxide (NO) and a ground-state oxygen
atom that reacts with molecular oxygen to form. O'he Q, thus formed reacts with NO,
yielding oxygen and N© These cyclic reactions attain equilibrium in the absence of VOCs.
However, in the presence of VOCs, which are abundant in polluted ambient air, the
equilibrium is upset, resulting in a net increase ip Methane is the chief VOC found in the
free troposphere and in most "clean" areas of the PBL. The VOCs found in polluted ambient
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air are much more complex and more reactive than, ®dt, as with CH, their atmospheric
oxidative degradation is initiated through attack on the VOCs by hydroxyl (OH) radicals. As
in the CH, oxidation cycle, the conversion of NO to N@uring the oxidation of VOCs is
accompanied by the production of, @nd the efficient regeneration of the OH radical. The

O,;, PAN, and higher homologues formed in polluted atmospheres increase with ti®IO
concentration ratio.

At night, in the absence of photolysis of reactants, the simultaneous presence of
O, and NQ results in the formation of the nitrate (NJOradical. Reactions with NQOradicals
appear to constitute major sinks for alkenes, cresols, and several other compounds, although
the chemistry is not well characterized.

Most inorganic gas-phase processes (i.e., the nitrogen cycle and its
interrelationships with ©Qproduction) are well understood. The chemistry of the VOCs in
ambient air is not as well understood. It is well known, however, that the chemical loss
processes of gas-phase VOCs include reaction with OH andratficals and Q and
photolysis. Reaction with the OH radical is the only important atmospheric reaction (loss
process) for alkanes, aromatic hydrocarbons, and the higher aldehydes and ketones that lack
>C=C< bonds; and the only atmospheric reaction of alcohols and ethers. Photolysis is the
major loss process for formaldehyde and acetone. Reactions with OH apcaiCals and
with O, are all important loss processes for alkenes and for carbonyls containing >C=C<
bonds.

Uncertainties in the atmospheric chemistry of the VOCs can affect quantification
of the NO-to-NQ conversion and of Qyields, and can present difficulties in representation
of chemical mechanisms, products, and product yields,iaiOquality models. Major
uncertainties in understanding the atmospheric chemistry of the VOCs wighirNédth urban
and rural atmospheres include chemistry of alkyl nitrate formation, mechanisms and products
of >C4 n-alkanes and branched alkanes, mechanisms and products of alkes@e@ns, and
mechanisms and products of aromatic hydrocarbons.

It should be noted that the atmospheric chemical processes involved in the
photooxidation of certain higher molecular weight VOCs and in the formation,al€d can
lead to the formation of particulate-phase organic compounds. The OH radicals produced not
only can oxidize VOCs to particulate-phase organic compounds but also can react with NO
and sulfur dioxide (S¢ to form nitric acid (HNQ) and sulfuric acid (K50,), respectively,
portions of which become incorporated into aerosols as particulate nitrate and sulfate.

Meteorological Influences on Ozone Formation and Transport

The surface energy (radiation) budget of the earth strongly influences the dynamics
of the PBL. The redistribution of energy through the PBL creates thermodynamic conditions
that influence vertical mixing. Growing evidence indicates that the strict use of mixing
heights in modeling is an oversimplification of the complex processes by which pollutants are
redistributed within urban areas, and that it is necessary to treat the turbulent structure of the
atmosphere directly and acknowledge the vertical variations in mixing. Energy balances
therefore require study so that more realistic simulations can be made of the structure of the
PBL.

Day-to-day variability in Q concentrations depends heavily on day-to-day
variations in meteorological conditions, including temperature, solar radiation, and the degree
of mixing that occurs between release of a pollutant or its precursors and their arrival at a
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receptor; the occurrence of inversion layers (layers in which temperature increases with height
above ground level); and the transport of I6ft overnight in layers aloft and subsequent
downward mixing of that Qto the surface.

The transport of Qand its precursors beyond the urban sca&0(km) to
neighboring rural and urban areas has been well documented. Episodes of high
O, concentrations in urban areas are often associated with high concentrationsnah®
surroundings. Areas of {accumulation usually are characterized by synoptic-scale
subsidence of air in the free troposphere, resulting in development of an elevated inversion
layer; relatively low wind speeds associated with the weak horizontal pressure gradient around
a surface high pressure system; a lack of cloudiness; and high temperatures.

Ultraviolet (UV) radiation from the sun plays a key role in initiating the
photochemical processes leading tgf@mation and affects individual photolytic reaction
steps. Sitill, there is little empirical evidence in the literature linking day-to-day variations in
observed UV radiation levels to variations in @vels. An association, however, between
tropospheric @concentrations and temperature has been demonstrated. Empirical data from
four urban areas, for example, show an apparent upper bound oanGentrations that
increases with temperature. A similar qualitative relationship exists at a number of rural
locations.

The relationship between wind speed andbQildup varies from one part of the
country to another.

Statistical techniques (e.g., regression techniques) can be used to help identify real
trends in Q concentrations, both intra- and interannual, by normalizing meteorological
variability.

Precursors
Volatile Organic Compound Emissions

Hundreds of VOCs, usually containing from 2 to 12 carbon atoms, are emitted by
evaporative and combustion processes from a large number of source types. Total U.S.
anthropogenic VOC emissions in 1991 were estimated at 21.0 Tg; the two largest source
categories were (1) industrial processes (10.0 Tg) and (2) transportation (7.9 Tg). Emissions
of VOCs from highway vehicles accounted for almost 75% of the transportation-related
emissions; studies have shown that the majority of these VOC emissions come from about
20% of the automobiles in service, many, perhaps most, of which are older cars that are
poorly maintained. The accuracy of VOC emission estimates is difficult to determine for
both stationary and mobile sources.

Vegetation emits significant quantities of VOCs into the atmosphere, chiefly
monoterpenes and isoprene, but also oxygenated VOCs, according to recent studies. The
most recent biogenic VOC emissions estimate for the United States showed annual emissions
of 29.1 Tglyear.

Although the biogenic VOC emission estimates exceed the anthropogenic
estimates, the biogenic emissions are more diffusely distributed than the anthropogenic
emissions, which tend to be concentrated in population centers. However, the large
uncertainties in both biogenic and anthropogenic VOC emission inventories prevent
establishing the relative contributions of these two categories.



Nitrogen Oxides Emissions

Anthropogenic NQis associated with combustion processes. The primary
pollutant emitted is NO, formed at high combustion temperatures from nitrogen and oxygen
in the air and from nitrogen in the combustion fuel. Emissions of MOL991 in the United
States totaled 21.39 Tg. The two largest single @®ission sources are electric power
generating plants and highway vehicles. Because a large proportion of anthropogenic NO
emissions come from distinct point sources, published annual estimates are thought to be
much more reliable than VOC estimates.

Natural NQ sources include stratospheric intrusion, oceans, lightning, soil, and
wildfires. Lightning and soil emissions are the only two significant natural sources @fitNO
the United States. It is estimated that combined natural sources contribute about 2.2 Tg of
NO, to the troposphere over the continental United States; however, uncertainties in natural
NO, emission inventories are much greater than those for anthropogeniemiSsions.

Concentrations of Volatile Organic Compounds in Ambient Air

The VOCs most frequently analyzed in ambient air are the nonmethane
hydrocarbons (NMHCs). Morning (6:00 to 9:00 a.m.) concentrations most often have been
measured because of the use of morning data in the Empirical Kinetic Modeling Approach
(EKMA) and in air quality simulation models.

Concurrent measurements of anthropogenic and biogenic NMHCs have shown that
biogenic NMHCs usually constituted much less than 10% of the total NMHCs. For example,
average isoprene concentrations ranged from 0.001 to 0.020 ppm carbon (C) and terpenes
from 0.001 to 0.030 ppm C.

Concentrations of Nitrogen Oxides in Ambient Air

Measurements of NOmade in 22 and 19 U.S. cities in 1984 and 1985,
respectively, showed median 6:00-t0-9:00 a.m.,.N@ncentrations ranging from 0.02 to 0.08
ppm in most of these cities. Nonurban NEbncentrations, reported as average seasonal or
annual NQ, range from <0.005 to 0.015 ppm.

Ratios of Concentrations of Nonmethane Organic Compounds to Nitrogen Oxides

Ratios of 6:00-t0-9:00 a.m. nonmethane organic compounds (NMOC) toakO
higher in southeastern and southwestern U.S. cities than in northeastern and midwestern U.S.
cities, according to data from EPA’s multicity studies conducted in 1984 and 1985. Rural
NMOC/NOQ, ratios tend to be higher than urban ratios. The NMOC/NX#dios trended
downward to well below 10 in the South Coast Air Basin and in cities in the eastern United
States during the 1980s. Based on these low ratios, hydrocarbon control should be more
effective than NQ control within a number of cities. Morning (6:00-t0-9:00 a.m.)
NMOC/NQ, ratios are used in the EKMA type of trajectory model. The correlation of
NMOC/NQ, ratios with maximum 1-h Qconcentrations, however, was weak in a recent
analysis.

Source Apportionment and Reconciliation

Source apportionment (regarded as synonymous with receptor modeling) refers to
determining the quantitative contributions of various sources of VOCs to ambient air pollutant
concentrations. Source reconciliation refers to the comparison of measured ambient VOC
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concentrations with emissions inventory estimates of VOC source emission rates for the
purpose of validating the inventories.

Recent findings have shown that vehicle exhaust was the dominant contributor to
ambient VOCs in seven of eight U.S. cities studied. Whole gasoline contributions were
estimated to be equal to vehicle exhaust in one study and to 20% of vehicle exhaust in a
second study.

Estimates of biogenic VOCs at a downtown site in Atlanta, GA, in 1990 indicated
a lower limit of 2% (24-h average) for the biogenic percentage of total ambient VOCs at that
location (isoprene was used as the biogenic indicator species). The percentage varies during
the 24-h period because of the diurnal (e.g., temperature, light intensity) dependence of
isoprene concentrations.

Source reconciliation data have shown disparities between emission inventory
estimates and receptor-estimated contributions. For biogenics, emission estimates are greater
than receptor-estimated contributions. The reverse has been true for natural gas contributions
estimated for Los Angeles, CA; Columbus, OH; and Atlanta; and for refinery emissions in
Chicago, IL.

Ozone Air Quality Models
Models and Their Components

Photochemical air quality models are used to predict hqved@hcentrations change
in response to prescribed changes in source emissions pANDOVOCs. These models
operate on sets of input data that characterize the emissions, topography, and meteorology of
a region and produce outputs that describe air quality in that region.

Two kinds of photochemical models are recommended in guidelines issued by
EPA: (1) the use of EKMA is accepted under certain circumstances, and (2) the grid-based
Urban Airshed Model (UAM) is recommended for modeling @er urban areas. The 1990
Clean Air Act Amendments mandate the use of three-dimensional (grid-based) air quality
models such as UAM in developing state implementation plans for areas designated as
"extreme", "severe", "serious”, or "multistate moderate". General descriptions of EKMA and
grid-based models were given in the 1986 EPA criteria document for O

The EKMA-based method for determining, ©ontrol strategies has limitations, the
most serious of which is that predicted emissions reductions are critically dependent on the
initial NMHC/NO, ratio used in the calculations. This ratio cannot be determined with any
certainty and is expected to be quite variable in time and space in an urban area.

Spatial and temporal characteristics of VOC and,N@issions are major inputs to
a grid-based photochemical air quality model. Greater accuracy in emissions inventories is
needed for biogenics and for both mobile and stationary source components. Grid-based air
guality models also require as input the three-dimensional wind field for the photochemical
episode being simulated.

A chemical kinetic mechanism, representing the important chemical reactions that
occur in the atmosphere, is used in an air quality model to estimate the net rate of formation
of each pollutant simulated as a function of time.

Dry deposition is an important removal process fordd both urban and regional
scales and is included in all urban- and regional-scale models. Wet deposition is generally
not included in urban-scale photochemical models, becaygpi®odes do not occur during
periods of significant clouds or rain.

1-6



Concentration fields of all species computed by the model must be specified at the
beginning of the simulation (“initial conditions"). These initial conditions are determined
mainly with ambient measurements, either from routinely collected data or from special
studies; but interpolation can be used to distribute the surface ambient measurements.

Use of Ozone Air Quality Models

Photochemical air quality models are used for control strategy evaluation by first
demonstrating that a past episode or episodes can be simulated adequately. The hydrocarbon
or NO, emissions or both are reduced in the model inputs, and the effects of these reductions
on G, in the region are assessed. The adequacy of control strategies based on grid-based
models depends, in part, on the nature of input data for simulations and model validation, on
input emissions inventory data, and on the mismatch between the spacial output of the model
and the current form of the NAAQS for O Uncertainties in models obviously can affect
their outputs. Uncertainties exist in all components of grid-basgdiGyuality models:
emissions, meteorological modules, chemical mechanisms, deposition rates, and determination
of initial conditions.

Grid-based models that have been widely used to evaluate control strategies for
O, or acid deposition, or both, are the UAM, the California Institute of Technology/Carnegie
Institute of Technology model, the Regional Oxidant Model, the Acid Deposition and Oxidant
Model, and the Regional Acid Deposition Model. The UAM (Version IV) is the grid model
approved nationwide for control strategy development at this time.

Despite the many uncertainties in photochemical air quality modeling, including
emission inventories, these models are essential for regulatory analysis and solving the
O, problem. Grid-based (air quality modeling is superior to the available alternatives for
O, control planning, but the chances of its incorrect use must be minimized.

Analytical Methods for Oxidants and Their Precursors
Oxidants

Current methods used to measurga®e chemiluminescence (CL); UV absorption
spectrometry; and newly developed spectroscopic and chemical approaches, including
chemical approaches applied to passive sampling devices (PSDs).for O

The CL method has been designated as the reference method by EPA. Detection
limits of 0.005 ppm and a response time of <30 s are typical of currently available
commercial instruments. A positive interference from atmospheric water vapor was reported
in the 1970s and recently has been confirmed. Proper calibration can minimize this source of
error.

Commercial UV photometers for measuring ikave detection limits of about
0.005 ppm and a response time of <1 min. Because the measurement is absolute, UV
photometry is also used to calibratg @ethods. A potential disadvantage of UV photometry
is that atmospheric constituents that absorb 254-nm radiation, the wavelength at wisch O
measured, will cause a positive interference inn@asurements. Interferences have been
reported in two recent studies, but assessment of the potential importance of such
interferences (e.g., toluene, styrene, cresols, nitrocresols) is hindered by lack of absorption
spectra data in the 250-nm range and by lack of aerometric data for the potentially interfering
species. There also can be some interference from water, possibly from the condensation of
moisture in sampling lines.
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Calibration of Q measurement methods (other than PSDs) is done by UV
spectrometry or by gas-phase titration (GPT) qfv@th NO. Ultraviolet photometry is the
reference calibration method approved by EPA. Ozone is unstable and must be generated in
situ at time of use to produce calibration mixtures.

Peroxyacetyl nitrate and the higher peroxyacyl nitrates normally are measured by
gas chromatography (GC) using an electron capture detector. Detection limits have been
extended to 1 to 5 ppt. The preparation of reliable calibration standards is difficult because
PAN is unstable, but several methods are available.

Volatile Organic Compounds

The method recommended by EPA for total NMOC measurement involves the
cryogenic preconcentration of NMOCs and the measurement of the revolatilized NMOCs
using flame ionization detection (FID). The primary technique for speciated NMOC/NMHC
measurements is cryogenic preconcentration followed by GC-FID. Systems for sampling and
analysis of VOCs have been developed that require no liquid cryogen for operation.

Stainless steel canisters have become the containers of choice for collection of
whole-air samples for NMHC/NMOC data. Calibration procedures for NMOC
instrumentation require the generation, by static or dynamic systems, of dilute mixtures at
concentrations expected to occur in ambient air.

Preferred methods for measuring carbonyl species (aldehydes and ketones) in
ambient air are spectroscopic methods; on-line colorimetric methods; and, the most common
method currently in use for measuring gas-phase carbonyl compounds in ambient air, the
high-performance liquid chromatography method, which employs 2,4-dinitrophenylhydrazine
derivatization in a silica gel cartridge. Use of ag €@rubber has been recommended to
prevent interference by On this method in ambient air.

Oxides of Nitrogen

Nitric oxide and NQ comprise the NQOcompounds involved as precursors to
O, and other photochemical oxidants.

The most common method of NO measurement is the gas-phase CL reaction with
O,, which is essentially specific for NO. Commercial NO monitors have detection limits of a
few parts per billion by volume (ppbv) in ambient air but may not have sensitivity sufficient
for surface measurements in rural or remote areas or for airborne measurements. Direct
spectroscopic methods for NO exist that have very high sensitivity and selectivity for NO, but
their complexity, size, and cost restrict these methods to research applications. No PSDs exist
for measurement of NO.

Chemiluminescence analyzers are the tools of choice foy IN€asurement, even
though they do not measure N@irectly. Minimum detection levels for NChave been
reported to be 5 to 13 ppb, but more recent evaluations have indicated detection limits of
0.5 to 1 ppbv. Reduction of NGo NO is required for measurement. These analyzers
actually measure NOINO, + PAN + HNGQ, + other reactive nitrogen species); however, for
most urban atmospheres, N@ the predominant species measured diurnally.

Several spectroscopic approaches to,étection have been developed but share
the drawbacks of spectroscopic NO methods. Passive samplers foexi&D but are still in
the developmental stage for ambient air monitoring.
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Calibration of methods for NO measurement is done using standard cylinders of
NO in nitrogen. Calibration of methods for N@easurement include use of cylinders of
NO, in nitrogen or air, use of permeation tubes, and GPT.

1.4 Environmental Concentrations, Patterns, and

Exposure Estimates

Ozone is measured at concentrations above the minimum detectable level at all
monitoring locations in the world. In this section, hourly average concentration and exposure
information is summarized for urban, rural forested, and rural agricultural areas in the United
States.

Because Qfrom urban area emissions is transported to rural downwind locations,
elevated Q concentrations can occur at considerable distances from urban centers. Urban
O, concentration values are often depressed because of titration by NO. Because of the
absence of chemical scavenging, tinds to persist longer in nonurban areas than in urban
areas, and nonurban exposures may be higher than those in urban locations.

Trends

Ozone hourly average concentrations have been recorded for many years by the
state and local air pollution agencies who report their data to EPA. The 10-year (1983 to
1992) composite average trend for the second highest daily maximum hourly average
concentration during the {eason shows that the 1992 composite average for the trend sites
was 21% lower than the 1983 average. The 1992 value was the lowest composite average of
the 10-year period and was significantly less than each of the previous nine years, 1983 to
1991. The relatively high Oconcentrations in 1983 and 1988 likely were attributable, in
part, to hot, dry, stagnant conditions in some areas of the country, which were especially
conducive to Qformation.

From 1991 to 1992, the composite mean of the second highest daily maximum
1-h O, concentrations decreased 7%, and the composite average of the number of estimated
exceedances of the,@tandard decreased by 23%. Nationwide VOC emissions decreased 3%
from 1991 to 1992. The composite average of the second daily maximum concentrations
decreased in 8 of the 10 EPA regions from 1991 to 1992, and remained unchanged in Region
VII. Except for Region VII, the 1992 regional composite means were lower than the
corresponding 1990 levels. Although meteorological conditions in the east during 1993 were
more conducive to Othan those in 1992, the composite mean level for 1993 was the second
lowest composite average of the decade, 1984 to 1993.

Surface Concentrations

Published data provide evidence showing the occurrence at some sites of multihour
periods within a day of Qat levels of potential health effects. Although most of these
analyses were made using monitoring data collected from sites in or near nonattainment areas,
in one analysis of five sites (two in New York state, two in rural California, and one in rural
Oklahoma), none of which was in or near a nonattainment argap@rentrations showed
only moderate peaks but showed multihour levels above 0.1 ppm.
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A small amount of the Qconcentration measured at a monitoring site is produced
by sources distant to the photochemical reactions occurring on an urban or regional scale.
Typical sources include stratospheric intrusions into the troposphere, photochemical
production by the CEHHCO/NQ, cycle in the troposphere, and transport of very distant
anthropogenic or biogenic VOCs and NOThe specific concentrations of this "background”
O, vary with averaging times ranging from the daily 1-h maximum to daily, monthly,
seasonal, or annual values. The background concentrations also vary with geographical
region and with elevation of the monitoring site.

On the basis of Qdata from isolated monitoring sites, EPA has indicated that a
reasonable estimate of,®@ackground concentration near sea level in the United States is
from 0.020 to 0.035 ppm for an annual average, 0.025 to 0.045 ppm for an 8-h daily summer
seasonal average, and from 0.03 to 0.05 ppm for the average summertime 1-h daily
maximum. This estimate includes a 0.005 to 0.015 pppecdntribution from stratospheric
intrusions into the troposphere.

Diurnal Variations

Diurnal patterns of Qmay be expected to vary with location, depending on the
balance among the many factors affectingf@mation, transport, and destruction. Although
they vary with locality, diurnal patterns of Qypically show a rise in concentration from low
levels, or levels near minimum detectable amounts, to an early afternoon peak. The diurnal
pattern of concentrations can be ascribed to three simultaneous processes: (1) downward
transport of Q from layers aloft, (2) destruction of Q@hrough contact with surfaces and
through reaction with NO at ground level, and (3) in situ photochemical production.of O

Seasonal Patterns

Seasonal variations in {&oncentrations in urban areas usually show the pattern of
high G, in the late spring or in the summer and low levels in the winter; however, weather
conditions in a given year may be more favorable for the formation ohrtd other oxidants
than during the prior or following year.

Average Q concentrations tend to be higher in the second versus the third quarter
of the year for many isolated rural sites. This observation has been attributed to either
stratospheric intrusions or an increasing frequency of slow-moving, high-pressure systems that
promote the formation of ©Q However, for several clean rural sites, the highest exposures
have occurred in the third quarter rather than in the second. For ryrsité3 in the
southeastern United States, the daily maximum 1-h average concentration was found to peak
during the summer months.

Spatial Variations
Concentrations of Qvary with altitude and with latitude. There appears to be no
consistent conclusion concerning the relationship betwegax@osure and elevation.

Indoor Ozone

Until the early 1970s, very little was known about thg €@ncentrations
experienced inside buildings; to date, the database on this subject is not large, and a wide
range of indoor/outdoor QOconcentration relationships can be found in the literature (reported
indoor/outdoor values for Qare highly variable). Indoor/outdoor;@oncentration ratios
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generally fall in the range from 0.1 to 0.7 and indoor concentrations,@li@ost invariably
will be less than outdoors.

Estimating Exposure
Both fixed-site monitoring information and human exposure models are used to
estimate risks associated with, ©&xposure. Because, for most cases, it is not possible to
estimate population exposure solely from fixed-station data, several human exposure models
have been developed. These models also contain submodels depicting the sources and
concentrations likely to be found in each microenvironment, including indoor, outdoor, and
in-transit settings. Two distinct types of;@xposure models exist: (1) those that focus
narrowly on predicting indoor QOevels and (2) those that focus on predictingelposures
on a community-wide basis. These latter models and their distinguishing features are:
1. pNEM/G, based on the National Air Quality Standards Exposure Model (NEM)
series of models
Uses mass-balance approach and seasonal considerations for 1/O ratio
estimation.
Variables affecting indoor exposure obtained by Monte Carlo sampling
from empirical distributions of measured data.
2. Systems Applications International (SAI)/NEM
More districts and microenvironments and more detailed mass-balance
model than pNEM/Q
Human activity data outdated and inflexible.

3. Regional Human Exposure Model (REHEX)
More detailed geographic resolution than NEM.
Uses California-specific activity data and emphasizes in-transit and outdoor
microenvironments.

4. Event probability exposure model (EPEM)

Estimates probability that a randomly selected person will experience a
particular exposure regime.
Lacks multiday continuity.

Few data are available for individuals using personal exposure monitors. Results
from a pilot study demonstrated that fixed-site ambient measurements may not adequately
represent individual exposures. Models based on time-weighted indoor and outdoor
concentrations explained only 40% of the variability in personal exposures.

Peroxyacy! Nitrates

Peroxyacetyl nitrate and peroxypropionyl nitrate (PPN) are the most abundant of
the non-Q oxidants in ambient air in the United States, other than the inorganic nitrogenous
oxidants such as NQand possibly HNQ Most of the available data on concentrations of
PAN and PPN in ambient air are from urban areas. The levels to be found in nonurban areas
will be highly dependent on the transport of PAN and PPN or their precursors from urban
areas, because the concentrations of the pl®cursors to these compounds are considerably
lower in nonurban areas than in urban areas.
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Co-occurrence

Studies of the joint occurrence of gaseous N and SQ/O, at rural sites have
concluded that the periods of co-occurrence represent a small portion of the potential
plant-growing period. For human ambient exposure considerations, in most cases, the
simultaneous co-occurrence of MO, and SQ/O, was infrequent. Some researchers have
reported the joint occurrence of,nitrogen, and sulfur in forested areas, combining
cumulative exposures of Qvith data on dry deposition of sulfur and nitrogen. One study
reported that several forest landscapes with the highest dry deposition loadings of sulfur and
nitrogen tended to experience the highest averageo@centrations and largest cumulative
exposure. Although the authors concluded that the joint concentrations of multiple pollutants
in forest landscapes were important, nothing was mentioned about the hourly co-occurrences
of O; and SQ or O, and NO. Acid sulfates, which are usually composed oS4,
ammonium bisulfate, and ammonium sulfate, have been measured at a number of locations in
North America. The potential for Qand acidic sulfate aerosols to co-occur at some locations
in some form (i.e., simultaneously, sequentially, or complex-sequentially) is real and requires
further characterization. For human ambient exposures, the simultaneous co-occurrence of
NO, and Q, was infrequent.

In one study, the relationship between &d hydrogen ions in precipitation was
explored using data from sites that monitored botha@d wet deposition simultaneously and
within one minute latitude and longitude of each other. It was reported that individual sites
experienced years in which both hydrogen ion deposition and tgtek@osure were at least
moderately high. With data compiled from all sites, it was found that relatively acidic
precipitation occurred together with relatively high IBvels approximately 20% of the time,
and highly acidic precipitation occurred together with a highléYel approximately 6% of
the time. Sites most subject to relatively high levels of both hydrogen ions gnee(@
located in the eastern part of the United States, often in mountainous areas.

The co-occurrence of {and acidic cloudwater in high-elevation forests has been
characterized. The frequent-©Only and pH-only single-pollutant episodes, as well as the
simultaneous and sequential co-occurrences oar@d acidic cloudwater, have been reported.
Both simultaneous and sequential co-occurrences were observed a few times each month
above cloud base.

1.5 Environmental Effects of Ozone and Related

Photochemical Oxidants
Ozone is the gaseous pollutant most injurious to agricultural crops, trees, and

native vegetation. Exposure of vegetation tpdan inhibit photosynthesis, alter carbon
(carbohydrate) allocation, and interfere with mycorrhizal formation in tree roots. Disruption of
the important physiological processes of photosynthesis and carbon allocation can suppress
the growth of crops, trees, shrubs, and herbaceous vegetation by decreasing their capacity to
form the carbon (energy) compounds needed for growth and maintenance and their ability to
absorb the water and mineral nutrients that they require from the soil. In addition, loss of
vigor impairs the ability of trees and crops to reproduce and increases their susceptibility to
insects and pathogens. The following section summarizes key environmental effects
associated with Qexposure.
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Effects on Agroecosystems
Methodologies Used in Vegetation Research

Most of the knowledge concerning the effects of @ vegetation comes from the
exposure-response studies of important agricultural crop plants and some selected forest and
urban tree species, mostly as seedlings. A variety of methodologies have been used, ranging
from field exposures without chambers to open-top chambers and to exposures conducted in
chambers under highly controlled conditions. In general, the more controlled conditions are
most appropriate for investigating specific responses and for providing the scientific basis for
interpreting and extrapolating results. The greatest body of knowledge is from OTC studies.

Mode of Action

Leaves are important regulators of plant stress and function. Stress resulting from
exposure to Qproduces a leaf-mediated response. Effects expressed within cells in the leaf
(i.e., inhibition of photosynthesis) affect a plant’'s carbon (energy) budget. Plant processes are
impaired only by the Qthat enters the plant through the stomata (opening in the leaves). An
effect will occur only if sufficient Q reaches sensitive sites within the leaf cells. The uptake
and movement of Oto sensitive cellular sites within a leaf are subject to various biochemical
and physiological controls. Leaf injury will not be detected if the rate of uptake is small
enough for the plant to detoxify or metabolizg &nd its derivatives, or the plant is able to
repair or compensate for the impact at a rate equal to or greater than the rate of uptake.
Impairment of leaf cellular processes is the basis for all other plant effects. The diurnal
pattern of stomatal opening plays a critical role ip Wptake, particularly at the canopy level.

Visible injury is usually the first observable indication of cellular response; injury
can occur, however, with no visible effects. Early senescence of leaves or needles is also a
result of cellular response. Impairment of cellular processes inhibits the rate of
photosynthesis, reduces carbon (sugars, carbohydrate) production, and alters carbon allocation,
causing a shift in growth pattern that favors shoots over roots. The reduced allocation of
carbon to leaf repair and new leaf formation limits the availability of carbon for reproduction;
stem and root growth; and, particularly, the formation of the mycorrhizae on roots necessary
for nutrient and water uptake. Reduction of plant vigor bydan result in mortality,
particularly when plant susceptibility to insects and pathogens is increased.

Factors That Modify Plant Response

Plant response to {exposure is influenced by a variety of biological, chemical,
and physical factors. When determining the impact gfe&posure on plants, both the
influence of environmental factors on plant response and the effects oh @at response
must be considered. Biological factors within plants that affect their response to stresses
include, genetic composition, stage of development, and the diurnal pattern of stomatal
opening. Genotype significantly influences plant sensitivity to @dividuals, varieties, and
cultivars of a species are known to differ greatly in their responses to a giyexpgosure.
Genotype also influences the ability of plants to compete with one another for space,
nutrients, light, and water.

The magnitude of response of a particular species, variety, or cultivar depends on a
number of environmental factors. The plant’s present and past environmental milieu, which
includes the temporal exposure pattern and stage of development, dictates the plant response.
The corollary is also true: exposure tg €an modify plant response to other environmental
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variables. Available light, temperature, atmospheric turbulence and moisture, in both the
atmosphere and soil; soil nutrition; and exposure to and interaction with other pollutants such
as agricultural chemical sprays also influence the magnitude of plant response.

Drought can reduce visible injury and the adverse effects jabrOgrowth and
yield of crops. However, in the case of crops, drought, per se, much more adversely affects
yield than the effects of O Ozone, on the other hand, tends to reduce the water-use
efficiency of well-watered crops. In some plants, &€posure reduces cold/winter hardiness.
Although exposure to Otends to reduce attacks by obligate pathogens, susceptibility of
plants to facultative pests and pathogens increases.

Effects-Based Air Quality Exposure Indices

Environmental scientists for many years have attempted to characterize and
mathematically represent plant exposures {o @ variety of averaging times have been used.
Although most studies have characterized exposure by using mean concentrations, such as
seasonal, monthly, weekly, daily, or peak hourly means, other studies have used cumulative
measures (e.g., the number of hours above selected concentrations). None of these statistics
completely characterizes the relationships amogg@ddcentration, exposure duration, interval
between exposures, and plant response.

The use of a mean concentration with long averaging times implies that all
concentrations of Qare equally effective in causing plant responses and minimizes the
contributions of the peak concentrations to the response. Ozone effects are cumulative;
therefore, exposure duration should be included in any index if it is to be biologically
relevant. Present evidence suggests that cumulative effects of episodic exposures to either
peak or mid-range concentrations, or both, can play an important role in producing growth
responses. The key to plant response is timing because peak and mid-range concentrations do
not occur at the same time. Potentially, the greatest effect;@nOplants will occur when
stomatal conductance is greatest. When peaks occur at the time of greatest stomatal
conductance, the effect of mid-range concentrations will not be observable. Atmospheric
conductivity also strongly influences plant response becaysau3t be in contact with the
leaf surface if it is to be taken up by a plant. Effects on vegetation appear when the amount
of pollutant entering exceeds the ability of the plant to repair or compensate for the impact.
Increasing uptake of Qwill inhibit photosynthesis and result in increased reductions in
biomass production.

An index of ambient exposures that relates well to plant response should
incorporate, directly or indirectly, environmental influences (e.g., temperature, humidity, soil-
moisture status) and exposure dynamics. Peak indices (e.g., second highest daily maximum)
imply that a single high-concentration exposure (1- or 8-h concentration) during the course of
a 70- to 120-day growing season is related to eventual yield or growth reductions. On the
other hand, mean indices (e.g., 7-h seasonal mean) imply that duration of the exposure is not
important, and that all concentrations have equal effect on plants. Neither of these indices
relates ambient Oconcentrations to biological effects on plants because these indices do not
consider the duration of exposure. An index that cumulates all hourly concentration during
the season and gives greater weight to higher concentrations appears to be a more appropriate
index for relating ambient exposures to growth or yield effects.

No experimental studies have been designed specifically to evaluate the adequacy
of the various peak-weighted indices that have been proposed. In retrospective analyses in
which G, is the primary source of variation in response, year-to-year variations in plant
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response are minimized by peak-weighted, cumulative exposure indices. However, a number
of different forms of peak-weighted, cumulative indices have been examined for their ability
to properly order yield responses from the large number of studies of the National Crop Loss
Assessment Network (NCLAN) program. These exposure indices (i.e., SUM00, SUMOG,
SIGMOID, W126) all performed equally well, and it is not possible to distinguish among

them on the basis of statistical fits of the data. The biological basis for these indices has not
been determined.

Exposure Response of Plant Species

The emphasis of experimental studies usually has been on the more economically
important crop plants and tree species, as seedlings. Crop species usually are monocultures
that are fertilized and, in many cases, watered. Therefore, because crop plants are usually
grown under optimal conditions, their sensitivity tq Eposures can vary from that of native
trees, shrubs, and herbaceous vegetation.

The concept of limiting values was used in both the 1978 and 1986 criteria
documents to summarize visible foliar injury. Limiting values are defined as concentrations
and durations of exposure below which visible injury does not occur. The limit for visible
injury indicating reduced plant performance was ane®posure of 0.05 ppm for several
hours per day for more than 16 days. When the exposure period was decreased to 10 days,
the O, concentration required to cause injury was increased to 0.10 ppm. A short, 6-day
exposure further increased the concentration to 0.30 ppm. These exposure and concentration
periods apply for those crops where appearance or aesthetic value (e.g, spinach, cabbage,
lettuce) is considered important. Limiting values for foliar injury to trees and shrubs range
from 0.06 to 0.10 ppm for 4 h.

The following assertions can be made based on information from the 1986 criteria
document, its 1992 supplement, and literature published since 1986. Ambient
O, concentrations in several regions of the country are high enough to impair growth and
yield of sensitive plant species. This clearly is indicated by comparison of data obtained from
crop yield in charcoal-filtered and unfiltered (ambient) exposures. These elevated levels are
further supported by data from studies using chemical protectants. These response data make
possible the extrapolation to plants not studied experimentally. Both approaches mentioned
above indicate that effects occur with only a few exposures above 0.08 ppm. Data from
regression studies conducted to develop an exposure-response function for estimating yield
loss indicated that at least 50% of the species and cultivars tested could be predicted to
exhibit a 10% yield loss at 7-h seasonal meanc@ncentrations of 0.05 ppm or less.

Effects on Natural Ecosystems

The responses of the San Bernardino mixed forest of Southern California to 50 or
more years of chronic ozone exposures based on many studies, present a classic example of
ecosystem response to severe stress. Data from an inventory conducted from 1968 through
1972 indicated that for 5 mo of each year, trees were exposed tor@entrations greater
than 0.08 ppm for more than 1,300 h. Concentrations rarely decreased below 0.05 ppm at
night near the crest of the mountain slope, approximately 5,500 ft. In addition, during the
years 1973 to 1978, average 24-h €@ncentrations ranged from a background of 0.03 to 0.04
ppm in the eastern part of the San Bernardino Mountains to a maximum of 0.10 to 0.12 ppm
in the western part during May through September.
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Plants accumulate, store, and use the energy in carbon compounds (sugars)
produced during photosynthesis to build their structures and to maintain the physiological
processes necessary for life. The patterns of carbon allocation to roots, stems, and leaves
directly influence growth. The strategy for carbon allocation changes during the life of a
plant, as well as with environmental conditions. Mature trees have a higher ratio of
respiration to photosynthetic tissue. Impairment of photosynthesis shifts carbon allocation
from growth and maintenance to repair; increased respiration can result in resource
imbalances. The significant changes observed in the San Bernardino forest ecosystem were a
possible outcome of the combined influences gfo@ carbon, water, and nutrient allocation.

The biochemical changes within the leaves of ponderosa and Jeffrey pine in the
San Bernardino forest, expressed as visible foliar injury, premature needle senescence,
reduced photosynthesis, and reduced carbohydrate production and allocation, resulted in
reduced tree vigor, growth, and reproduction. Reduced vigor increases susceptibility of trees
to insect pests and fungal pathogens. Premature needle senescence alters microorganismal
succession on confer needles and changes the detritus-forming process and associated nutrient
cycling.

Altered carbon allocation is important in the formation of mycorrhizae (fungus
roots), which are an extremely important but unheralded component of all ecosystems; the
majority of all plants depend on them because they are integral in the uptake of mineral
nutrients and water from the soil. Carbon-containing exudates from the roots are necessary
for the formation of mycorrhizae. Reduced carbon allocation to plant roots affects
mycorrhizal formation and impacts plant growth. Exposure to ozone, therefore, affects plant
growth both above and below ground.

Small changes in photosynthesis or carbon allocation can alter profoundly the
structure of a forest. Ecosystem responses to stress begin with the response of the most
sensitive individuals of a population. Stresses, whose primary effects occur at the molecular
level (within the leaves), must be propagated progressively through more integrated levels of
organ physiology (e.g., leaf, branch, root) to whole plant physiology, then to populations
within the stand (community), and finally to the landscape level to produce ecosystem effects.
Only a small fraction of stresses at the molecular level become disturbances at the tree, stand,
or landscape level. The time required for a stress to be propagated from one level to the next
(it can take years) determines how soon the effects of the stress can be observed or measured.

The primary effect of @on ponderosa and Jeffrey pine, two of the more
susceptible members of the San Bernardino forest community, was that the trees were no
longer able to compete effectively for essential nutrients, water, light, and space. Decline in
the sensitive trees, a consequence of altered competitive conditions, permitted the enhanced
growth of more tolerant species. Removal of the ecosystem dominants at the population level
changed its structure and altered the processes of energy flow and nutrient cycling, returning
the ecosystem to a less complex stage.

The San Bernardino Mountains continue to experience exposurg too®@ever,
there has been a gradual decline in concentrations and length of exposure. Ozone
concentrations of 0.06 ppm or higher of varying durations capable of causing injury to trees
in forest ecosystems have been observed during the past 5 years in the Sierra Nevada
Mountains and the Appalachian Mountains from Georgia to Maine. Visible injury to forest
trees and other vegetation in these areas has been observed.
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Injury to sensitive trees from exposure to ozone concentrations 0.06 ppm or greater
in the Sierra Nevada Mountains and the Appalachian Mountains has never had the impact on
these ecosystems that it did on the San Bernardino forest. Forest stands differ greatly in age,
species composition, stability, and capacity to recover from disturbance. In addition, the
position in the stand or community of the most sensitive species is extremely important.
Ponderosa and Jeffrey pine were the dominant species in the San Bernardino forest. Removal
of populations of these trees altered both ecosystem structure and function. Both the Sierra
Nevada Mountains and the Appalachian Mountains are biologically more diverse. Removal
of sensitive individuals of eastern white pine and black cherry has not visibly altered the
forest ecosystems along the Appalachian Mountains, possibly because of the absence of
population changes in these species. Decline and dieback of trees on Mt. Mitchell, NC, and
Camel's Hump, VT, cannot be related solely tg iQury.

Effects on Agriculture, Forestry, and Ecosystems: Economics

A number of economic assessments of the effects jgbrOagriculture have been
performed over the last decade. All use NCLAN response data to predict crop yield changes.
Although these studies employ somewhat different economic assessment methodologies, each
shows national-level economic losses to major crops in excess of $1 billion (1990 dollars)
from exposure to ambient concentrations gf 0 hese studies also evaluate the sensitivity of
the economic estimates to uncertainties in data, including the NCLAN response data. The
economic assessment models used could be adapted to futgreyield response findings,
if available.

The plant science literature shows that&dversely influences physiological
performance of both urban and native tree species; the limited economic literature also
demonstrates that changes in growth have economic consequences. However, the natural
science and economic literature on the topic are not yet mature enough to conclude
unambiguously that ambient,@ imposing economic costs. The economic effects pb@®
ecosystems have not yet been addressed in the published literature. There is, however, an
emerging interest in applying economic concepts and methods to the management of
ecosystems.

Effects on Materials

Over four decades of research show thgtd@mages certain materials such as
elastomers, textile fibers, and dyes. The amount of damage to actual in-use materials and the
economic consequences of that damage are poorly characterized.

Natural rubber and synthetic polymers of butadiene, isoprene, and styrene, used in
products like automobile tires and protective outdoor electrical coverings, account for most of
the elastomer production in the United States. The action,afrCthese compounds is well
known, and concentration-response relationships have been established and corroborated by
several studies. These relationships, however, must be correlated with adequate exposure
information based on product use. For these and other economically important materials,
protective measures have been formulated to reduce the rate of oxidative damage. When
antioxidants and other protective measures are incorporated in elastomer production, the
O;-induced damage is reduced considerably, although the extent of reduction differs widely
according to the material and the type and amount of protective measures used.
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Both the type of dye and the material in which it is incorporated are important
factors in the resistance of a fabric tq.OSome dyed fabrics, such as royal blue and red
rayon-acetate and plum cotton are resistant o On the other hand, anthraquinone dyes on
nylon fibers are sensitive to fading by, OField studies and laboratory work show a positive
association between,Qevels and dye fading of nylon materials. At present, the available
research is insufficient to quantify the amount of damaged materials attributableaior@.

The degradation of fibers from exposure tg i® poorly characterized. In general,
most synthetic fibers, such as modacrylic and polyester, are relatively resistant, whereas
cotton, nylon, and acrylic fibers have greater but varying sensitivities;to@one reduces
the breaking strength of these fibers, and the degree of strength reduction depends on the
amount of moisture present. The limited research in this area indicates {ata@bient air
may have a minimal effect on textile fibers, but additional research is needed to verify this
conclusion.

A number of artists’ pigments and dyes are sensitive @@ other oxidants; in
particular, many organic pigments are subject to fading or other color changes when exposed
to O,. Although most, but not all, modern fine arts paints are moyeeSistant, many older
works of art are at risk of permanent damage due fonQuced fading.

A great deal of work remains to be done to develop quantitative estimates of the
economic damage to materials from photochemical oxidants. Most of the available studies
are outdated in terms of {&oncentrations, technologies, and supply-demand relationships.
Additionally, little is known about the physical damage functions, so cost estimates have been
simplified to the point of not properly recognizing many of the scientific complexities of the
impact of Q.

1.6 Toxicological Effects of Ozone and Related

Photochemical Oxidants

Respiratory Tract Effects of Ozone
Biochemical Effects

Knowledge of molecular targets provides a basis for understanding mechanisms of
effects and strengthening animal-to-human extrapolations. Ozone reacts with polyunsaturated
fatty acids and sulfhydryl, amino, and some electron-rich compounds. These elements are
shared across species. Several types of reactions are involved, and free radicals may be
created. Based on this knowledge, it has been hypothesized that thel€rule is unlikely
to penetrate the liquid linings of the respiratory tract (RT) to reach the tissue, raising the
possibility that reaction products exert effects.

In acute and short-term exposure studies, a variety of lung lipid changes occur,
including an increase in arachidonic acid, the further metabolism of which produces a variety
of biologically active mediators that can affect host defenses, lung function, the immune
system, and other functions.

The level of lung antioxidant metabolism increases aftgexposure, probably as
a result of the increase in the number of Type 2 cells, which are rich in antioxidant enzymes.

Collagen (the structural protein involved in fibrosis) increases jexposed lungs
in a manner that has been correlated to structural changes (e.g., increased thickness of the
tissue between the air and blood after prolonged exposure). Some studies found that the
increased collagen persists after exposure ceases.
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Generally, Q enhances lung xenobiotic metabolism after both short- and long-term
exposure, possibly as a result of morphological changes (increased numbers of nonciliated
bronchiolar epithelial cells). The impact of this change is dependent on the xenobiotics
involved; for example, the metabolism of beralplyrene to active metabolites was enhanced
by O,.

Lung Inflammation and Permeability Changes

Elevated concentrations of,disrupt the barrier function of the lung, resulting in
the entry of compounds from the airspaces into the blood and the entry of serum components
(e.g., protein) and white blood cells (especially polymorphonuclear leukocytes [PMNS]) into
the airspaces and lung tissue. This latter impact reflects the initial stage of inflammation.
These cells can release biologically active mediators that are capable of a number of actions,
including damage to other cells in the lung. In lung tissue, this inflammation also can
increase the thickness of the air-blood barrier.

Increases in permeability and inflammation have been observed at levels as low as
0.1 ppm Q (2 h/day, 6 days; rabbits). After acute exposures, the influence of the time of
exposure (from two to several hours) increases as the concentrationimér@ases.
Long-term exposure effects are discussed under lung morphology.

The impacts of these changes are not fully understood. At higher
O, concentrations (e.g., 0.7 ppm, 28 days), the diffusion of oxygen into the blood decreases,
possibly because the air-blood barrier is thicker; cellular death may result from the enzymes
released by the inflammatory cells; and host defense functions may be altered by mediators.

Effects on Host Defense Mechanisms

Exposure to elevated concentrations of ozone results in alterations of all defense
mechanisms of the RT, including mucociliary and alveolobronchiolar clearance, functional
and biochemical activity of the alveolar macrophage (AM), and immunologic competence.
These effects can cause susceptibility to bacterial respiratory infections.

Mucociliary clearance, which removes patrticles and cellular debris from the
conducting airways, is slowed by acute, but not repeated exposures tGiliated epithelial
cells that move the mucous blanket are altered or destroyed by acute and chronic exposures.
Neonatal sheep exposed tq @ not have normal development of the mucociliary system.
Such effects could prolong the retention of unwanted substances (e.g., inhaled particles) in the
lungs, allowing them to exert their toxicity for a longer period of time.

Alveolar clearance mechanisms, which center on the functioning of AMs, are
altered by Q. Short-term exposure to levels as low as 0.1 ppyr(Zh/day, 1 to 4 days;
rabbits) accelerates clearance, but longer exposures do not. Even so, after a 6-week exposure
of rats to an urban pattern of,Cthe retention of asbestos fibers in a region protected by
alveolar clearance is prolonged.

Alveolar macrophages engulf and kill microbes, as well as clear the deeper regions
of the lungs of nonviable particles; AMs also participate in immunological responses, but
little is known about the effects of {bn this function. Acute exposures of rabbits to levels
as low as 0.1 ppm Odecrease the ability of AMs to ingest particles. This effect is displayed
in decreases in the ability of the lung to kill bacteria after acute exposure of mice to levels as
low as 0.4 ppm Q

1-19



Both the pulmonary and systemic immune system are affected,pgudin a
poorly understood way. It appears that the part of the immune system dependent on T-cell
function is more affected than is the part dependent on B-cell function.

Dysfunction of host defense systems results in enhanced susceptibility to bacterial
lung infections. For example, acute exposure toc@ncentrations as low as 0.08 ppm for
3 h can overcome the ability of mice to resist infection with streptococcal bacteria, resulting
in mortality. However, more prolonged exposures (weeks, months) do not cause greater
effects on infectivity.

Effects on antiviral defenses are more complex and less well understood. Only
high concentrations (1.0 ppm,B h/day, 5 days; mice) increase viral-induced mortality.
Apparently, Q does not impact antiviral clearance mechanisms. Althoughd@s not affect
acute lung injury from influenza virus infection, it does enhance later phases of the course of
an infection (i.e., postinfluenzal alveolitis).

Morphological Effects

Elevated concentrations of,@ause similar types of alterations in lung structure in
all laboratory animal species studied, from rats to monkeys. In the lungs, the most affected
cells are the ciliated epithelial cells of the airways and Type 1 epithelial cells of the
gas-exchange region. In the nasal cavity, ciliated cells are also affected.

The centriacinar region (CAR; the junction of the conducting airways and gas-
exchange regions) is the primary target, possibly because this area receives the greatest dose
of O,. The ciliated cells can be killed and replaced by nonciliated cells (i.e., cells not capable
of clearance functions that also have increased ability to metabolize some foreign
compounds). Mucous-secreting cells are affected, but to a lesser degree. Type 1 cells, across
which gas exchange occurs, can be killed; they are replaced by Type 2 cells, which are
thicker and produce more lipids. An inflammatory response also occurs in the tissue. The
tissue is thickened further in later stages when collagen (a structural protein increased in
fibrosis) and other elements accumulate. Although fibrotic changes have been observed in the
CAR, they have not been distributed throughout the whole lung.

The distal airway is remodeled; more specifically, bronchiolar epithelium replaces
the cells present in alveolar ducts. Concurrent inflammation may play a role. This effect has
been observed at 0.25 ppm (B h/day, 18 mo) in monkeys; at a higher concentration, this
remodeling persists after exposure stops.

The progression of effects during and after a chronic exposure is complex. Over
the first few days of exposure, inflammation peaks and then drops considerably, plateauing
for the remainder of exposure, after which it largely disappears. Epithelial hyperplasia
increases rapidly over the first few days and rises slowly or plateaus thereafter; when
exposure ends, it begins to return toward normal. In contrast, fibrotic changes in the tissue
between the air and blood increase very slowly over months of exposure, and, after exposure
ceases, the changes sometimes persist or increase.

The pattern of exposure can make a major difference in effects. Monkeys exposed
to 0.25 ppm Q (8 h/day) every other month of an 18-mo period had equivalent changes in
lung structure, more fibrotic changes, and more of certain types of pulmonary function
changes than did monkeys exposed every day over the 18 mo. From this work and rat
studies, it appears that natural seasonal patterns may be of more concern than more
continuous exposures. Thus, long-term animal studies with uninterrupted exposures may
underestimate some of the effects of O
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The morphologic lesions described in early publications on laboratory animals
exposed to @do not meet the current criteria for emphysema of the type seen in human
lungs.

Effects on Pulmonary Function

Pulmonary function changes in animals resemble those observed in humans after
acute exposure.

During acute exposure, the most commonly observed alterations are increased
frequency of breathing and decreased tidal volume (i.e., rapid, shallow breathing). This has
been reported at exposures as low as 0.2 pprfoO3 h (rats). Typically, higher
concentrations (around 1 ppm) are required to affect breathing mechanics (compliance and
resistance). Extended characterizations of pulmonary function show types of changes
generally seen in humans. For example, there are decreased lung volumes aQév@ism
O, (a few hours; rats).

When rats are exposed to, @r 2 h/day for 5 days, the pattern of attenuation of
pulmonary function responses is similar to that observed in humans. Other biochemical
indicators of lung injury did not return to control values by Day 5, and morphological
changes increased in severity over the period of exposure. Thus, attenuation did not result in
protection against all the effects of,O

Long-term exposures have provided mixed results on pulmonary function,
including no or minimal effects, restrictive effects, and obstructive effects. When changes
occurred and postexposure examinations were performed, pulmonary function recovered.

Genotoxicity and Carcinogenicity of Ozone

The chemical reactivities of (give it the potential to be a genotoxic agent.

In vitro studies are difficult to interpret because the culture systems used allowed
the potential formation of artifacts, and high or very high concentrations,affen were
used. Generally, in these studies, @uses DNA strand breaks, sometimes is weakly
mutagenic, and causes cellular transformation and chromosomal breakage. The latter finding
has been investigated in vivo, with mixed results in animals.

The few earlier long-term carcinogenic studies in laboratory animals, with or
without coexposure to known carcinogens, are either negative or ambiguous.

The National Toxicology Program (NTP) completed chronic rat and mouse cancer
bioassays using commonly accepted experimental approaches and designs. Both male and
female rats and mice were studied. Animals were exposed for 2 years (6 h/day, 5 days/week)
to 0.12, 0.5, and 1.0 ppm;Q@r for a lifetime to the same levels (except 0.12 ppm).

Following their standard procedures for determination of weight-of-evidence for
carcinogenicity, the NTP reported "no evidence" in rats, "equivocal evidence" in male mice,
and "some evidence" in female mice. The increases in adenomas and carcinomas were
observed only in the lungs. There was no concentration response. One of the reasons for the
designation of "some evidence" in female mice was that when the 2-year and lifetime
exposure studies were combined, there was a statistically significant increase in total tumors
at 1.0 ppm. Lung tumors from control and-&xposed mice also were examined for the
presence of mutated Ha-ras oncogenes. Although the types of mutations found were similar
in both groups, a higher incidence of mutations was found in lung tumors from the

O;-exposed mice. At the present time, however, there is inadequate information to provide
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mechanistic support for the finding in mice. Thus, the potential for animal carcinogenicity
iS uncertain.

In a companion NTP study, male rats were treated with a tobacco carcinogen and
exposed for 2 years to 0.5 ppm,.OOzone did not affect the response and therefore had no
tumor promoting activity.

Systemic Effects of Ozone

Ozone causes a variety of effects on tissues and organs distant from the lung.
Because Qitself is not thought to penetrate the lung, these systemic effects are either
secondary to lung alterations or result from reaction products,;ofE¥fects have been
observed on clinical chemistry, white blood cells, red blood cells, the circulatory system, the
liver, endocrine organs, and the central nervous system. Most of these effects cannot be
interpreted adequately at this time and have not been investigated in humans, but it is of
interest to note that Qexposures causing effects on the RT of animals cause a wide array of
effects on other organs also.

Several behavior changes occur in response,to kdr example, 0.12 ppm {6 h,
rats) decreases wheel-running activity, and 0.5 ppm (1 min) causes mice to avoid exposure.
These effects are not fully understood, but they may be related to lung irritation or decreased
ability to exercise.

Although cardiovascular effects, such as slowed heart rate and decreased blood
pressure, occur in £exposed rats, some observed interactions with thermoregulation prevent
gualitative extrapolation of these effects to humans at this time.

Developmental toxicity studies in pregnant rats summarized in the 19&8it@ria
document showed that levels up to about 2.0 ppydi@ not cause birth defects. Rat pups
from females exposed to 1.0 ppm, Quring certain periods of gestation weighed less or had
delays in development of behaviors (e.g., righting, eye opening). No “"classical" reproductive
assays with Qwere found.

Other studies have indicated that €an affect some endocrine organs (i.e.,
pituitary-thyroid-adrenal axis, parathyroid gland). It appears that the liver has less ability to
detoxify drugs after Qexposure, but assays of liver enzymes involved in xenobiotic
metabolism are inconsistent.

Interactions of Ozone with Other Co-occurring Pollutants

Animal studies of the effects of {n combination with other air pollutants show
that antagonism, additivity, and synergism can result, depending on the animal species,
exposure regimen, and health endpoint. Thus, these studies clearly demonstrate the major
complexities and potential importance of interactions but do not provide a scientific basis for
predicting the results of interactions under untested ambient exposure scenarios.

1.7 Human Health Effects of Ozone and Related

Photochemical Oxidants
This section summarizes key effects associated with exposurg, thhémajor
component of photochemical oxidant air pollution that is clearly of most concern to the health
of the human population. Another, often co-occurring photochemical oxidant component of
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"smog" is PAN, but this compound has been demonstrated to be primarily responsible for
induction of smog-related eye irritation (stinging of eyes). Limited pulmonary function
studies have shown no effects of PAN at concentrations below 0.13 to 0.30 ppm, which are
much higher than the generally encountered ambient air levels in most cities.

Controlled Human Studies of Acute Ozone Effects
Effects on Lung Function

Controlled studies in healthy adult subjects have demonstrajeddOced
decrements in pulmonary function, characterized by alterations in lung volumes and flow and
airway resistance and responsiveness. Respiratory symptoms, such as cough and pain on deep
inspiration, are associated with these changes in lung function.

Ozone-induced decreases in lung volume, specifically forced vital capacity (FVC)
and forced expiratory volumenil s (FEV), largely can be attributed to decreases in
inspiratory capacity (the ability to take a deep breath), although at higher exposure
concentrations, there is clearly an additional component that is not volume dependent. Lung
volumes recover to a large extent within 2 to 6 h; normal baseline function typically is
reestablished within 24 h, but not fully with more severe exposures.

Ozone causes increased airway resistance and may cause reductions in expiratory
flow and the FEV/FVC ratio.

Ozone causes an increase in airway responsiveness to nonallergenic stimuli (e.g.,
histamine, methacholine) in healthy and asthmatic subjects. There is no clear evidence of a
relationship between @nduced lung volume changes and changes in airway responsiveness.

Inflammation and Host Defense Effects

Controlled studies in healthy adult subjects also indicate thataDses an
inflammatory response in the lungs characterized by elevated levels of PMNSs, increased
epithelial permeability, and elevated levels of biologically active substances (e.g.,
prostaglandins, proinflammatory mediators, cytokines).

Inflammatory responses to,@an be detected withil h after a single 1-h
exposure with exercise to concentratias3 ppm; the increased levels of some inflammatory
cells and mediators persist for at least 18 h. The temporal response profile is not defined
adequately, although it is clear that the time course of response varies for different mediators
and cells.

Lung function and respiratory symptom responses ja®not seem to be
correlated with airway inflammation.

Ozone also causes inflammatory responses in the nose, marked by increased
numbers of PMNs and protein levels suggestive of increased permeability.

Alveolar macrophages removed from the lungs of human subjects after 6.6 h of
exposure to 0.08 and 0.10 ppm Bave a decreased ability to ingest microorganisms,
indicating some impairment of host defense capability.

Ozone Exposure-Response Relationships

Functional, symptomatic, and inflammatory responses tin€ease with
increasing exposure dose of.OThe major determinants of the exposure dose are
O, concentration (C), exposure duration (T), and the amount of ventilatghn (
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Exercise increases response tph increasingVe (greater mass delivered), tidal
volume, inspiratory flow (greater percentage delivery), and the intrapulmonary
O, concentration. _

Repeated daily exposures to relatively high levels gd@ses C x T x V)
causing substantial reductions in FE@&20% decrement) typically cause exacerbation of the
lung function and respiratory symptom responses on the second exposure day. However,
attenuation of these responses occurs with continued exposures for a few days. Most
inflammatory responses also attenuate; for example, the PMN influx is absent after five
consecutive exposures.

Multihour exposures (e.g., for up to 7 h) to, @oncentrations as low as 0.08 ppm
cause small but statistically significant decrements in lung function, increases in respiratory
symptoms, and increases in PMNs and protein levels. Ozone C is a more important factor
than exercisé/g or T in predicting responses to multihour low-leve] €&posure. There is
clear evidence of a response plateau in terms of lung volume response to prolonged
O, exposure. This evidence suggests that for a given combination of exercise and
O, concentration (i.e., dose rate), there is a response plateau; continued exposure (i.e,
increased T) at that dose rate will not increase response. Therefore, quantitative extrapolation
of responses to longer exposure durations is not valid.

Mechanisms of Acute Pulmonary Responses

The mechanisms leading to the observed pulmonary responses inducgcaby O
beginning to be better understood. The available descriptive data suggest a number of
mechanisms leading to the alterations in lung function and respiratory symptoms, including
O, delivery to the tissue (i.e., the inhaled concentration, breathing pattern, airway geometry;
O, reactions with the airway lining fluid and epithelial cell membranes; local tissue responses,
including injury and inflammation; and stimulation of neural afferents (bronchial C-fibers) and
the resulting reflex responses and symptoms. The cyclooxygenase inhibitors block production
of prostaglandin Eand interleukin-6 as well as reduce lung volume responses; however, these
drugs do not reduce inflammation and levels of cell damage markers such as lactate
dehydrogenase.

Effects on Exercise Performance

Maximal oxygen uptake, a measure of peak exercise performance capacity, is
reduced in healthy young adults if preceded bye®posures sufficient to cause marked
changes in lung function (i.e., decreases of at least 20%) and increased subjective symptoms
of respiratory discomfort. Limitations in exercise performance may be related to increased
symptoms, especially those related to breathing discomfort.

Factors Modifying Responsiveness to Ozone

Many variables have the potential for influencing responsiveness;tbdwever,
most are addressed inadequately in the available clinical data to make definitive conclusions.

Active smokers are less responsive tgelposure, which may reverse following
smoking cessation, but these results should be interpreted with caution.

The possibility of age-related differences in response j®&3 been explored,
although young adults historically have provided the subject population for controlled human
studies. Children and adolescents have lung volume responsegssimiar to those of
young adults, but lack respiratory symptoms. Pulmonary function responsiveness in adults
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appears to decrease with age, whereas symptom rates remain similar to young adults. Group
mean lung function responses of adults over 50 years of age are less than those of children,
adolescents, and young adults.

The available data have not demonstrated conclusively that men and women
respond differently to @ Likewise, pulmonary function responses of women have been
compared during different phases of the menstrual cycle, but the results are conflicting.

If gender differences exist for lung function responsivenesstdi@y are not based on
hormonal changes, differences in lung volume, or the ratio of FV@to

There is no compelling evidence, to date, suggesting that any ethnic or racial
groups have a different distribution of responsiveness jo O

Seasonal and ambient factors may vary responsiveness touOfurther research
is needed to determine how they affect individual subjects. Individual sensitivity, toay
vary throughout the year, related to seasonal variations in ambigobri@entrations.

The specific inhalation route appears to be of minor importance in exercising
adults. Exposure to {by oral breathing (i.e., mouthpiece) yields results similar to exposure
by oronasal breathing (i.e., chamber exposures).

Population Groups at Risk from Ozone Exposure

Population groups that have demonstrated increased responsiveness to ambient
concentrations of Oconsist of exercising healthy and asthmatic individuals, including
children, adolescents, and adults.

Available evidence from controlled human studies on subjects with preexisting
disease suggests that mild asthmatics have similar lung volume responses, but greater airway
resistance responses tqQ than nonasthmatics; and that moderate asthmatics may have, in
addition, greater lung volume responses than nonasthmatics.

Of all the other population groups studied, those with preexisting limitations in
pulmonary function and exercise capacity (e.g., chronic obstructive pulmonary disease,
chronic bronchitis, ischemic heart disease) would be of primary concern in evaluating the
health effects of @ Unfortunately, limitations of subject selection, standardized methods of
subject characterization, and range of exposure hamper the ability to make definitive
conclusions regarding the relative responsiveness of most chronic disease subjects.

Effects of Ozone Mixed with Other Pollutants

No significant enhancement of respiratory effects has been demonstrated
consistently for simultaneous exposures gfraixed with SQ, NO,, H,SO,, HNQO,,
particulate aerosols, or combinations of these pollutants. It is fairly well established that
simultaneous exposure of healthy adults and asthmatics to mixturegariddother pollutants
for short periods of time (<2 h) induces pulmonary function responses not significantly
different from those following Qalone when studies are conducted at the same
O, concentration. Exposure to PAN has been reported to induce greater pulmonary function
responses than exposure tg &one, but at PAN concentrations (>0.27 ppm) much higher
than ambient levels. Unfortunately, only a limited number of pollutant combinations and
exposure protocols have been investigated, and subject groups are small and are representative
of only small portions of the general population. Thus, much is unknown about the
relationships between {nd the complex mix of pollutants found in the ambient air.
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Prior exposure to Qin asthmatics may cause an increase in response to other
pollutant gases, especially SOLikewise, prior exposure to other pollutants can enhance
responses to Qexposure.

Controlled Human Studies of Ambient Air Exposures

Mobile laboratory studies of lung function and respiratory symptoms in a local
subject population exposed to ambient photochemical oxidant pollution provide quantitative
information on exposure-response relationships fgr A series of these studies from
Los Angeles has demonstrated pulmonary function decrements at mean ambient
O, concentrations of 0.14 ppm in exercising healthy adolescents and increased respiratory
symptoms and pulmonary function decrements at 0.15 ppm in heavily exercising athletes and
at 0.17 ppm in lightly exercising healthy and asthmatic subjects. Comparison of the observed
effects in exercising athletes with controlled chamber studies at comparalienCentrations
showed no significant differences in lung function and symptoms, suggesting that coexisting
ambient pollutants have a minimal contribution to the measured responses under typical
summer ambient conditions in Southern California.

Field and Epidemiology Studies of Ambient Air Exposures

Individual-level field studies and aggregate-level time-series studies have addressed
the acute effects of Qon lung function decrements and increased morbidity and mortality in
human populations exposed to real-world conditions ge&posure.

Camp and exercise studies of lung function provide quantitative information on
exposure-response relationships linking lung function declines wjtexPosure occurring in
ambient air. Combined statistical analysis of six recent camp studies in children yields an
average relationship between decrements in F&\d previous-hour Oconcentration of
—0.50 mL/ppb. Two key studies of lung function measurements before and after well-defined
outdoor exercise events in adults have yielded exposure-response slopes of —0.40 and
—-1.35 mL/ppb. The magnitude of pulmonary function declines wijtrekposure is consistent
with the results of controlled human studies.

Daily life studies support a consistent relationship betwegexXposure and acute
respiratory morbidity in the population. Respiratory symptoms (or exacerbation of asthma)
and decrements in peak expiratory flow rate are associated with increasing ampient O
particularly in asthmatic children; however, concurrent temperature, particles, acidity
(hydrogen ions), aeroallergens, and asthma severity or medication status also may contribute
as independent or modifying factors. Aggregate results show greater responses in asthmatic
individuals than in nonasthmatics, indicating that asthmatics constitute a sensitive group in
epidemiologic studies of oxidant air pollution.

Summertime daily hospital admissions for respiratory causes in various locations of
eastern North America have consistently shown a relationship with ambient levels of O
accounting for approximately one to three excess respiratory hospital admissions per hundred
parts per billion Q per million persons. This association has been shown to remain even
after statistically controlling for the possible confounding effects of temperature and
copollutants (e.g., hydrogen ions, sulfate, and particles less than 10 um), as well as when
considering only concentrations below 0.12 ppm O

Many of the time-series epidemiology studies looking for associations between
O, exposure and daily human mortality have been difficult to interpret because of
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methodological or statistical weaknesses, including the a failure to account for other pollutant
and environmental effects. One of the two most useful new studies,ano@ality found a

small but statistically significant association in Los Angeles when peak 1-h maximum

O, concentrations reached concentrations greater than 0.2 ppm during the study period.

A second study in regions with loweg@.15 ppm) maximum 1-h Oconcentrations

(St. Louis, MO, and Kingston-Harriman, TN) did not detect a significapa€sociation with
mortality.

Only suggestive epidemiologic evidence exists for health effects of chronic
ambient Q exposure in the population. All of the available studies of chronic respiratory
system effects in exposed children and adults are limited by a simplistic assignment of
exposure or by their inability to isolate potential effects related {dr@m those of other
pollutants, especially particles.

1.8 Extrapolation of Animal Toxicological Data to

Humans

There have been significant advances indosimetry since 1986 that better enable
quantitative extrapolation with marked reductions in uncertainty. Experiments and models
describing the uptake efficiency and delivered dose pinGhe RT of animals and humans
are beginning to present a clearer picture than has existed previously.

The total RT uptake efficiency of rats at rest is approximately 50%. Within the
RT of the rat, 50% of the Qtaken up by the RT is removed in the head, 7% in the
larynx/trachea, and 43% in the lungs.

In humans at rest, the total RT uptake efficiency is between 80 and 95%. Total
RT uptake efficiency falls as flow increases. As tidal volume increases, uptake efficiency
increases and flow dependence lessens. Pulmonary function response datauaiak®
efficiency data in humans generally indicate that the mode of breathing (oral versus nasal
versus oronasal) has little effect on upper RT or on total RT uptake efficiency, although one
study suggests that the nose has a higher uptake efficiency than the mouth.

When all of the animal and human in vivo, Qptake efficiency data are compared,
there is a good degree of consistency across data sets. This agreement raises the level of
confidence with which these data sets can be used to support dosimetric model formulations.

Several mathematical dosimetry models have been developed since 1986.
Generally, the models predict that net @bse to lung lining fluid plus tissue gradually
decreases distally from the trachea toward the end of the tracheobronchial region and then
rapidly decreases in the pulmonary region.

When the dose of Oto lung tissue is computed theoretically, it is found to be very
low in the trachea; to increase to a maximum in the terminal bronchioles of the first
generation pulmonary region; and then to decrease rapidly, moving further into the pulmonary
region. The increased tidal volume and flow, associated with exercise in humans, shifts
O, dose further into the periphery of the lung and causes a disproportionate increase in distal
lung dose.

Predictions of delivered dose have been used to investigate both acute and chronic
O, responses in the context of intra- and interspecies comparisons. In the case of intraspecies
comparisons, for example, the distribution of predictedi€sue dose to a ventilatory unit in
a rat as a function of distance from the bronchoalveolar duct junction is very consistent with
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the distribution of alveolar wall thickening. In the case of interspecies comparisons (using the
delivered Q dose to the proximal alveolar regions), although the functional responses (e.g.,
rapid, shallow breathing) differ markedly between rats and humans, there is similarity of acute
dose-response patterns in inflammation (influx of cells and protein) among species, with
humans and guinea pigs more responsive than rats and rabbits, and similarity of chronic dose-
response patterns for increased alveolar interstitial thickness in the CAR of the lung, with
monkeys being more responsive than humans and rats less responsive. In other words, the
guantitative relationship between animal and human responses is dependent on the animal
species and the endpoint.

In summary, there is an emerging consistency among a variety, db8metry
data sets and between the experimental data and theoretical predictiopslaged The
convergence of experimental data with theoretical predictions lends a degree of confidence to
the use of theoretical models to predict total and regionatié3e. The use of {dosimetry
data and models is beginning to provide a useful extrapolation of effects between animals and
humans. The data and models have thus far helped demonstrate that humans may be more
responsive to Qthan rats, but less responsive than monkeys with respect to acute and chronic
inflammatory responses. However, the monkey, with its similarity to the human in distal
airway structure, provides chronic effects data that may best reflect the degree to which a
comparably exposed human would respond. These findings, therefore, suggest that long-term
exposure to Qcould impart a chronic effect in humans.

1.9 Integrative Summary of Ozone Health Effects

This section summarizes the primary conclusions derived from an integration of
the known effects of Qprovided by animal toxicological, human clinical, and
epidemiological studies.

1. What are the effects of short-term (<8-h) exposures to ozone?

Recent epidemiology studies addressing the effects of short-term ambient exposure
to O, in the population have yielded significant associations with a wide range of health
outcomes, including lung function decrements, aggravation of preexisting respiratory disease,
increases in daily hospital admissions and emergency department visits for respiratory causes,
and increased mortality. Results from lung function epidemiology studies generally are
consistent with the experimental studies in laboratory animals and humans.

Short-term Q exposure of laboratory animals and humans causes changes in
pulmonary function, including tachypnea (rapid, shallow breathing), decreased lung volumes
and flows, and increased airway responsiveness to nonspecific stimuli. Increased airway
resistance occurs in both humans and laboratory animals, but typically at higher exposure
levels than other functional endpoints. In addition, adult human subjects experience
O,-induced symptoms of airway irritation such as cough or pain on deep inspiration. The
changes in pulmonary function and respiratory symptoms occur as a function of exposure
concentration, duration, and level of exercise. Adult human subjects with mild asthma have
responses in lung volume and airway responsiveness to bronchoconstrictor drugs that are
qualitatively similar to those of nonasthmatics. Respiratory symptoms are also similar, but
wheezing is a prevalent symptom in-8xposed asthmatics in addition to the other
demonstrated symptoms of airway irritation. Airway resistance, however, increases relatively
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more in asthmatics from an already higher baseline. Recovery from the effectsoof O
pulmonary function and symptoms is usually complete within 24 h of the end of exposure,
although other responses may persist somewhat longer.
An association between daily mortality and €dncentration for areas with
high G, levels (e.g., Los Angeles) has been suggested, although the magnitude
of such an effect is unclear.
Increased Qlevels are associated with increased hospital admissions and
emergency department visits for respiratory causes. Analyses from data in the
northeastern United States suggest thati® pollution is associated with a
substantial portion (on the order of 10 to 20%) of all summertime respiratory
hospital visits and admissions.
Pulmonary function in children at summer camps in southern Ontario, Canada,
in the northeastern United States, and in Southern California is associated with
O, concentration. Meta-analysis indicates that a 0.5-mL decrease in IBEV
associated with a 1-ppb increase ig €@@ncentration. For preadolescent
children exposed to 120 ppb (0.12 ppm) ambiegtt®is amounts to an
average decrement of 2.4 to 3.0% in FE\Similar responses are reported for
children and adolescents exposed tpi®ambient air or Qin purified air for
1 to 2 h while exercising.
Pulmonary function decrements generally are observed in healthy subjects (8 to
45 years of age) after bt3 h of exposure as a function of the level of
exercise performed and the, @oncentration inhaled during the exposure.
Group mean data from numerous controlled human exposure and field studies
indicate that, in general, statistically significant pulmonary function decrements
beyond the range of normal measurement variability (e.g., 3 to 5% for)FEV
occur
(1) at >0.50 ppm Qwhen at rest,
(2) at >0.37 ppm Qwith light exercise (slow walking),
(3) at >0.30 ppm Qwith moderate exercise (brisk walking),
(4) at >0.18 ppm Qwith heavy exercise (easy jogging), and
(5) at >0.16 ppm Qwith very heavy exercise (running).
Smaller group mean changes (e.g., <5%) in FB%¥ve been observed at lower
O, concentrations than those listed above. For example, FlE¥rements have
been shown to occur with very heavy exercise in healthy adults at 0.15 to 0.16
ppm G, and such effects may occur in healthy young adults at levels as low as
0.12 ppm. Also, pulmonary function decrements have been observed in
children and adolescents at concentrations of 0.12 and 0.14 ppaittOheavy
exercise. Some individuals within a study may experience JFd&¢rements in
excess of 15% under these exposure conditions, even when the group mean
decrement is less than 5%.
For exposures of healthy subjects performing moderate exercise during longer
duration exposures (6 to 8 h), 5% group mean decrements in R#Exe
observed at
(1) 0.08 ppm Q after 5.6 h,
(2) 0.10 ppm Q after 4.6 h, and
(3) 0.12 ppm Q after 3 h.
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For these same subjects, 10% group mean Fd&¢rements were observed at
0.12 ppm Q after 5.6 and 6.6 h. As in the shorter duration studies, some
individuals experience changes larger than those represented by the group mean
changes.

An increase in the incidence of cough has been reported abi@entrations

as low as 0.12 ppm in healthy adults duringol3t h of exposure with very

heavy exercise. Other respiratory symptoms, such as pain on deep inspiration,
shortness of breath, and lower respiratory scores (a combination of several
symptoms), have been observed at 0.16 to 0.18 ppwith heavy and very

heavy exercise. Respiratory symptoms also have been observed following
exposure to 0.08, 0.10, and 0.12 ppmfor 6.6 h with moderate levels of
exercise.

Increases in nonspecific airway responsiveness in healthy adults have been
observed after 1ot3 h of exposure to 0.40 but not 0.20 ppm &t rest and

have been observed at concentrations as low as 0.18 but not to 0.12 ppm

O, during exposure with very heavy exercise. Increases in nonspecific airway
responsiveness during 6.6-h exposures with moderate levels of exercise have
been observed at 0.08, 0.10, and 0.12 ppm O

Short-term Q exposure of laboratory animals and humans disrupts the barrier
function of the lung epithelium, permitting materials in the airspaces to enter lung tissue,
allowing cells and serum proteins to enter the airspaces (inflammation), and setting off a
cascade of responses.

Increased levels of PMNs and protein in lung lavage fluid have been observed
following exposure of healthy adults to 0.20, 0.30, and 0.40 ppm with very
heavy exercise and have not been studied at lower concentrations for 1- to 3-h
exposures. Increases in lung lavage protein and PMNs also have been
observed at 0.08 and 0.10 ppm Quring 6.6-h exposures with moderate
exercise; lower concentrations have not been tested.

Short-term Q exposure of laboratory animals and humans impairs AM clearance
of viable and nonviable particles from the lungs and decreases the effectiveness of host
defenses against bacterial lung infections in animals and perhaps in humans. The ability of
AMs to engulf microorganisms is decreased in humans exposed to 0.08 and 0.10,gpm O
6.6 h with moderate exercise.

2. What are the effects of repeated, short-term exposures to ozone?

During repeated short-term exposures, some of thenduced responses are
partially or completely attenuated. Over a 5-day exposure, pulmonary function changes are
typically greatest on the second day, but return to control levels by the fifth day of exposure.
Most of the inflammatory markers (e.g., PMN influx) also attenuate by the fifth day of
exposure, but markers of cell damage (e.g., lactate dehydrogenase enzyme activity) do not
attenuate but continue to increase. Attenuation of lung function decrements is reversed
following 7 to 10 days without @ Some inflammatory markers also are reversed during this
time period, but others still show attenuation even after 20 days withgufl®e mechanisms
and impacts involved in attenuation are not known, although animal studies show that the
underlying cell damage continues throughout the attenuation process. In addition, attenuation
may alter the normal distribution of Qvithin the lung, allowing more ©to reach sensitive
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regions, possibly affecting normal lung defenses (e.g., PMN influx in response to inhaled
microorganisms).

3. What are the effects of long-term exposures to ozone?

Available data indicate that exposure tQ Or months and years causes structural
changes in several regions of the RT, but effects may be of the greatest importance in the
CAR (where the alveoli and conducting airways meet); this region typically is affected in
most chronic airway diseases of the human lung. This information peffécts in the distal
lung is extrapolated from animal toxicological studies because, to date, comparable data are
not available from humans. The apparent lack of reversal of effects during periods of clean
air exposure raises concern that seasonal exposures may have a cumulative impact over many
years. The role of adaptive processes in this response is unknown but may be critically
dependent on the temporal frequency or profile of exposure. Furthermore, the interspecies
diversity in apparent sensitivity to the chronic effects qfi©notable, with the rat
representing the lower limit of response, and the monkey the upper limit. Epidemiological
studies attempting to associate chronic health effects in humans with long-teexp@sure
provide only suggestive evidence that such a linkage exists.

Long-term exposure of one strain of female mice to highevels (1 ppm) caused
a small, but statistically significant increase in lung tumors. There was no concentration-
response relationship, and rats were not affected. Genotoxicity data are either negative or
weak. Given the nature of the database, the effects in one strain of mice cannot yet be
extrapolated qualitatively to humans. Ozone (0.5 ppm) did not show tumor-promoting
activity in a chronic rat study.

4. What are the effects of binary pollutant mixtures containing ozone?

Combined data from laboratory animal and controlled human exposure studies of
O, support the hypothesis that coexposure to pollutants, each at low-effect levels, may result
in effects of significance. The data from human studies gfrGcombination with NQ, SO,
H,SO,, HNO,, or CO show no more than an additive response on lung spirometry or
respiratory symptoms. The larger number of laboratory animal studies with @ixture
with NO, and HSO, show that effects can be additive, synergistic, or even antagonistic,
depending on the exposure regimen and the endpoint studied. This issue of exposure to
copollutants remains poorly understood, especially with regard to potential chronic effects.

5. What population groups are at risk as a result of exposure to ozone?

Identification of population groups that may show increased sensitivity,ts O
based on their biological responses tg freexisting lung disease (e.g., asthma), activity
patterns, personal exposure history, and personal factors (e.g., age, nutritional status).

The predominant information on the health effects gfnoted above comes from
clinical and field studies on healthy, nonsmoking, exercising subjects, 8 to 45 years of age.
These studies demonstrate that, among this group, there is a large variation in sensitivity and
responsiveness to,Owith at least a 10-fold difference between the most and least responsive
individuals. Individual sensitivity to Qalso may vary throughout the year, related to
seasonal variations in ambient &xposure. The specific factors that contribute to this large
intersubject variability, however, remain undefined. Although differences in response may be
due to the dosimetry of On the RT, available data show little difference on @position in
the lungs for inhalation through the nose or mouth.
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Dalily life studies reporting an exacerbation of asthma and decrease in peak
expiratory flow rates, particularly in asthmatic children, appear to support the controlled
studies; however, those studies may be confounded by temperature, particle or aeroallergen
exposure, and asthma severity of the subjects or their medication use. In addition, field
studies of summertime daily hospital admissions for respiratory causes show a consistent
relationship between asthma and ambient levels pinQrarious locations in the northeastern
United States, even after controlling for independent contributing factors. Controlled studies
on mild asthmatics suggest that they have similar lung volume responses but greater airway
resistance changes to, an nonasthmatics. Furthermore, limited data from studies of
moderate asthmatics suggest that this group may have greater lung volume responses than
nonasthmatics.

Other population groups with preexisting limitations in pulmonary function and
exercise capacity (e.g., chronic obstructive pulmonary disease, chronic bronchitis, ischemic
heart disease) would be of primary concern in evaluating the health effectg of O
Unfortunately, not enough is known about the responses of these individuals to make
definitive conclusions regarding their relative responsiveness,tol@leed, functional effects
in these individuals with reduced lung function may have greater clinical significance than
comparable changes in healthy individuals.

Currently available data follow on personal factors or personal exposure history
known or suspected of influencing responses {o O

Human studies have identified a decrease in pulmonary function responsiveness
to O, with increasing age, although symptom rates remain similar.

Toxicological studies are not easily interpreted but suggest that young animals
are not more responsive than adults.

Available toxicological and human data have not demonstrated conclusively

that males and females respond differently to @ gender differences exist

for lung function responsiveness tg,@hey are not based on differences in
baseline pulmonary function.

Data are not adequate to determine whether any ethnic or racial group has a
different distribution of responsiveness tQ.An particular, the responses of
nonwhite asthmatics have not been investigated.

Information derived from Qexposure of smokers is limited. The general trend

is that smokers are less responsive than nonsmokers. This reduced
responsiveness may wane after smoking cessation.

Although nutritional status (e.g., vitamin E deficiency) makes laboratory rats
more susceptible to @nduced effects, it is not clear if vitamin E

supplementation has an effect in human populations. Such supplementation has
no or minimal effect in animals. The role of such antioxidant vitamins in

O, responsiveness, especially their deficiency, has not been well studied.

Based on information presented in this document, the population groups that have
demonstrated increased responsiveness to ambient concentrationsaisidt of exercising,
healthy and asthmatic individuals, including children, adolescents, and adults.
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| ntroduction

The photochemical oxidants found in ambient air in the highest concentrations are
ozone (O;) and nitrogen dioxide (NO,). Other oxidants, such as hydrogen peroxide (H,0O,) and
the peroxyacyl nitrates, also have been observed, but in lower and less certain concentrations. In
1971, the U.S. Environmental Protection Agency (EPA) promulgated National Ambient Air
Quality Standards (NAAQS) to protect the public health and welfare from adverse effects of
photochemical oxidants. The 1971 photochemical oxidant standards were promulgated on the
basis of (1) commercialy available measurement methodology; (2) uncertainties over the
concentrations of O, and non-O, photochemical oxidants in the atmosphere resulting from the
nonspecificity of the measurement methodology, and (3) uncertainties regarding the health and
welfare effects of the non-O, photochemical oxidants found in ambient air. After 1971, however,
O,-specific commercia analytical methods became available, as did additional information on
concentrations and effects of the non-O, photochemical oxidants. Asaresult, the chemical
designation of the standards was changed in 1979 from photochemical oxidantsto O,. This
document focuses primarily on the scientific air quality criteriafor O, and, to alesser extent, on
those for H,O, and the peroxyacy! nitrates, particularly peroxyacetyl nitrate. The scientific air
quality criteriafor NO, are discussed in a separate document (U.S. Environmental Protection
Agency, 1993).

The previous O, air quality criteria document (AQCD), Air Quality Criteria for Ozone
and Other Photochemical Oxidants (U.S. Environmental Protection Agency, 1986) was released
by EPA in August 1986 and a supplement, Summary of Selected New Information on Effects
of Ozone on Health and Vegetation (U.S. Environmental Protection Agency, 1992), was released
in January 1992. These documents were the basis for aMarch 1993 decision by EPA that
revision of the existing 1-h NAAQS for O, was not appropriate at that time. That decision did
not take into account some of the newer scientific data that became available after completion of
the 1986 criteria document. The purpose of this document is to summarize the air quality criteria
for O, available in the published literature through early 1995. This review was performed in
accordance with provisions of the Clean Air Act (CAA) to provide the scientific basis for periodic
reevaluation of the O; NAAQS.

The term "photochemical oxidants' historically has been defined as those atmospheric pollutants capable of
oxidizing neutral iodide ions (U.S. Environmental Protection Agency, 1978). A number of oxidants other than O, are
measured, qualitatively if not quantitatively, by potassium iodide methods.
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This chapter provides a genera introduction to the legidative and regulatory
background for decisions on the O, NAAQS, as well as a general summary of the organization,
content, and major scientific topics presented in this document.

2.1 Legidlative Background

Two sections of the CAA govern the establishment,review, and revision of the
NAAQS. Section 108 (U.S. Code, 1991) directs the Administrator of EPA to identify certain
ubiquitous pollutants that may reasonably be anticipated to endanger public health or welfare and
to issue air quality criteriafor them. These air quality criteria are to reflect the latest scientific
information useful in indicating the kind and extent of all identifiable effects on public health or
welfare that may be expected from the presence of the pollutant in ambient air.

Section 109(a) of the CAA (U.S. Code, 1991) directs the Administrator of EPA to
propose and promulgate primary and secondary NAAQS for pollutants identified under Section
108. Section 109(b)(1) defines a primary standard as one the attainment and maintenance of
which, in the judgment of the Administrator and based on the criteria and allowing for an
adequate margin of safety, are requisite to protect the public health. The secondary standard, as
defined in Section 109(b)(2), must specify alevel of air quality the attainment and maintenance of
which, in the judgment of the Administrator and based on the criteria, are requisite to protect the
public welfare from any known or anticipated adverse effects associated with the presence of the
pollutant in ambient air.

Section 109(d) of the CAA (U.S. Code, 1991) requires periodic review and, if
appropriate, revision of existing criteria and standards. Thus, the Administrator may find that
EPA's review and revision of criteria make appropriate the proposal of new or revised standards.
Alternatively, the Administrator may find that revision of the standards is inappropriate and
conclude the review by leaving the existing standards unchanged.

2.2 Regulatory Background-?

On April 30, 1971, EPA promulgated primary and secondary NAAQS for
photochemical oxidants under Section 109 of the CAA (Federal Register, 1971). These standards
were set at an hourly average of 0.08 ppm total photochemical oxidants not to be exceeded more
than 1 h/year. On April 20, 1977, EPA announced (Federa Register, 1977) the first review and
updating of the 1970 Air Quality Criteria for Photochemical Oxidants in accordance with
Section 109(d) of the CAA. In preparing arevised AQCD, EPA made two external review drafts
of the document available for public comment, and these drafts were peer reviewed by the
Subcommittee on Scientific Criteriafor Photochemical Oxidants of EPA's Science Advisory
Board (SAB). A final revised AQCD for O, and other photochemical oxidants was published on
June 22, 1978.

Based on the 1978 revised AQCD and taking into account the advice and
recommendations of the Subcommittee and the comments received from the public, EPA
announced (Federal Register, 1979) afina decision to revise the NAAQS for photochemical

*Thistext is excerpted and adapted from the Proposed Decision on the National Ambient Air Quality
Sandardsfor Ozone (Federa Register, 19924).
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oxidants on February 8, 1979. Thefinal ruling revised the level of the primary standard from
0.08 to 0.12 ppm, set the secondary standard identical to the primary standard, changed the
chemical designation of the standards from photochemical oxidantsto O,, and revised the
definition of the point at which the standard is attained to "when the expected number of days per
calendar year with maximum hourly average concentrations above 0.12 ppm is equal to or less
than one" (see Table 2-1).

Table2-1. National Ambient Air Quality Standardsfor Ozone®

Date of Promulgation Primary and Secondary NAAQS Averaging Time
February 8, 1979 0.12 ppm® (235 ng/m®) 1ht

#See Appendix A for abbreviations and acronyms.

®1 ppm = 1,962 1.g/m®, 1 1.g/m® = 5.097 x 10 ppm at 25 °C, 760 mm Hg.

“The standard is attained when the expected number of days per calendar year with amaximum hourly average
concentration above 0.12 ppm (235 w.g/m°) is equal to or less than one.

On March 17, 1982, in response to requirements of Section 109(d) of the CAA, EPA
announced (Federal Register, 1982) that it was undertaking plans to revise the existing 1978
AQCD for O; and other photochemical oxidants, and, on August 22, 1983, it announced (Federal
Register, 1983) that review of the primary and secondary NAAQS for O, had been initiated.
Public peer-review workshops on draft chapters of arevised AQCD were held December 15
through 17, 1982, and November 16 through 18, 1983. The EPA considered comments made at
both workshops in preparing the first external review draft that was made available (Federal
Register, 1984) on July 24, 1984, for public review.

On February 13, 1985 (Federal Register, 1985), and on April 2, 1986 (Federal
Register, 1986), EPA announced two public meetings of the Clean Air Scientific Advisory
Committee (CASAC) of EPA's SAB to be held March 4 through 6, 1985, and April 21 and 22,
1986, respectively. At these meetings, CASAC reviewed external review drafts of the revised
AQCD for O, and other photochemical oxidants. After completion of this review, CASAC sent
the EPA Administrator a closure letter, dated October 22, 1986, indicating that the document
"represents a scientifically balanced and defensible summary of the extensive scientific literature.”
The EPA released the final draft document in August 1986.

Thefirst draft of the Staff Paper "Review of the National Ambient Air Quality
Standards for Ozone: Assessment of Scientific and Technical Information” was reviewed by
CASAC at apublic meeting on April 21 and 22, 1986. At that meeting, CA SAC recommended
that new information on prolonged exposure effects of O, be considered in a second draft of the
Staff Paper prior to closure. The CASAC reviewed this second draft and also a presentation of
new and emerging information on the health and welfare effects of O, at a public review meeting
held on December 14 and 15, 1987. The CASAC concluded that sufficient new information
existed to recommend incorporation of relevant new data into a supplement to the 1986 AQCD
(O, supplement) and in athird draft of the Staff Paper.
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A draft O, supplement, Summary of Selected New Information on Effects of Ozone on
Health and Vegetation: Draft Supplement to Air Quality Criteria for Ozone and Other
Photochemical Oxidants, and the revised Staff Paper were made available to CASAC and to the
public for review in November 1988. The O, supplement reviewed and evaluated selected
literature concerning exposure- and concentration-response relationships observed for health
effects in humans and experimental animals and for vegetation effects. This literature appeared as
peer-reviewed journal publications or as proceedings papers from 1986 through late 1988.

On December 14 and 15, 1988, CASAC held a public meeting to review these
documents. The CASAC sent the EPA Administrator a closure letter dated May 1, 1989,
indicating that the draft O, supplement, along with the 1986 AQCD, and the draft Staff Paper
"provide an adequate scientific basis for the EPA to retain or revise the primary and secondary
standards of ozone." The CASAC concluded that it would be some time before enough new
information on the health effects of multihour and chronic exposure to O, would be published in
scientific journals to receive full peer review and, thus, be suitable for inclusion in a criteria
document. The CASAC further concluded that such information could better be considered in the
next review of the O; NAAQS. A fina version of the O, supplement has been published (U.S.
Environmental Protection Agency, 1992).

On October 22, 1991, the American Lung Association and other plaintiffs filed suit to
compel EPA to complete its review of the criteria and standards for O,. On May 4, 1992, the
U.S. Digtrict Court for the Eastern District of New Y ork issued an order requiring the
Administrator of EPA to sign a proposed decision on whether to revise the standards for O, by
August 1, 1992, and to sign EPA'sfinal decision by March 1, 1993.

On August 1, 1992, the Administrator signed a proposed decision not to revise the
existing NAAQS for O, (Federal Register, 1992a), then, on March 1, 1993, signed EPA's find
decision, concluding that revision of the NAAQS was inappropriate at that time (Federal Register,
19934). For reasons indicated in the proposed and final decisions, the March 1993 decision did
not take into consideration a number of recent studies on the health and welfare effects of O, that
had been published since the last literature review in early 1989. The EPA estimated that
approximately 3 years would be necessary to (1) incorporate the new studies into a revised
criteria document, (2) complete mandated CASAC review, (3) evaluate the significance of the key
information for regulatory decision-making purposes, and (4) publish a proposed decision on the
O; NAAQS in the Federal Register.

The EPA intends to complete the current review of the criteria and standards for O, as
rapidly as possible. Accordingly, the Nationa Center for Environmental Assessment (formerly the
Environmental Criteria and Assessment Office [ECAQ]) of EPA's Office of Research and
Development, located in Research Triangle Park, NC, has given very high priority to review and
revision of the air quality criteriafor O,. The ECAO began by announcing the commencement of
the review and identification of new information (Federal Register, 1992b). After assessing and
evaluating pertinent new studies, ECAO prepared a preliminary draft of arevised AQCD that was
reviewed in a series of expert peer reviewed workshops (Federal Register, 1993b,c). Comments
received at the workshops were used to revise the preliminary draft for external review (Federal
Register, 19944). Public peer review meetings were held by CASAC to provide advice on the
scientific and technical adequacy of the external review draft (Federal Register, 1994b) and the
subsequent revised draft (Federal Register, 1995). The final document was prepared on the basis
of comments received from the public and CASAC reviews and provides a scientific basis for
review of the existing O, standards. The EPA's Office of Air Quality Planning and Standards

2-4



(OAQPS) is completing its preparation of a draft staff paper assessing the most significant
information contained in this AQCD and presenting staff recommendations on whether revisions
to the NAAQS for O, are appropriate. After reviews of the draft staff paper by the public and
CASAC, the Administrator will decide whether to propose revisions to the O, NAAQS.

2.3 Summary of Major Scientific Topics Presented
A number of separate topics and issues are addressed in this O, criteria document.
Some of the key questions addressed are highlighted below by document section.

231 Air C

2.3.2 Air Q

2.3.3 Envir

hemistry

What concerns still exist regarding precision and accuracy of measurements of O,
and its precursors?

What is the order of magnitude of current estimates of natural emissions of

O, precursors and emissions from anthropogenic sources and their relevance to
tropospheric O, photochemistry?

What new scientific information exists on the roles of meteorologic and
climatologic factors in O, formation and transport?

Are the reaction pathways of all major precursors to O, understood? Have all
major reaction products been identified? How are the reactions and products
represented in air quality models?

What is the status of development, application, evaluation, and verification of air
quality models?

uality

What are the trends and geographic differences in O, concentrations across the
United States?

What are diurnal and seasonal patterns of 1-h average O, concentrations for urban
and nonurban sites and for attainment versus nonattainment areas?

What is known about patterns of co-occurrence of O, with other pollutantsin the
atmosphere?

What O, exposure assessment data are available for agricultural crops and forests?
To what level and to what extent are humans typically exposed to G, in the course
of normal, everyday activities?

onmental Effects

What are the effects of ambient O, concentrations on vegetation (i.e., agricultural
and horticultural crops; urban landscape trees, shrubs, and flowers; forest tree
Species)?

What characteristics of air quality (e.g., summary statistics) are relevant to these
effects on vegetation?

What are the long-term effects of O, exposures on natural ecosystems?

Is there important new information on the effects of O, on nonbiological materials?
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2.3.4 Health Effects

*  What O, concentration and exposure duration relationships exist for effects on lung
structure, function, and host defense mechanisms, and what are the important
modifiers of these effects?

*  What are the mechanisms of O,-induced lung injury?

» Can dosimetry models predict human population responses to O, on the basis of
|aboratory animal data?

» Doeslong-term exposure to O, lead to the development of chronic lung disease or
to an increased frequency or exacerbation of other chronic respiratory outcomes?

*  What segments of the population are most susceptible to effects from exposure to
0,?

2.4 Organization and Content of the Document

This document critically evaluates and assesses scientific information on the health and
welfare effects associated with exposure to the concentrations of O, and related photochemical
oxidants present in ambient air. Although the document is not intended to be an exhaustive
literature review, it is intended to selectively cover the pertinent literature through 1995. The
references cited in the document should be reflective of the state of knowledge on those issues
most relevant to review of the NAAQS for O;, now set at 0.12 ppm for 1 h. Although emphasis
is placed on the presentation of health and welfare effects data, other scientific data will be
presented and evaluated in order to provide a better understanding of the nature, sources,
distribution, measurement, and concentrations of O, and related photochemical oxidants in
ambient air, as well as the characterization of population exposure to these pollutants.

To ad in the development of this document, summary tables of the relevant published
literature have been provided to supplement a selective discussion of the literature. Most of the
scientific information selected for review and comment in the text comes from the more recent
literature published since completion of the previous G, criteria document (U.S. Environmental
Protection Agency, 1986). Some of these newer studies were reviewed briefly in the supplement
to that document (U.S. Environmental Protection Agency, 1992), but more intense evaluation of
these studies has been included. Other studies, however, are included if they contain unique data,
such as the documentation of a previously unreported effect or of a mechanism of an effect, or if
they were multiple-concentration studies designed to provide exposure-response relationships.
Emphasisis placed on studies conducted at or near O, concentrations found in ambient air. For
animal toxicology studies, typically only those studies conducted at less than 1 ppm O, are
considered. Studies that are presented in the previous criteria document and whose data were
judged to be significant because of their usefulness in deriving the current NAAQS are discussed
briefly in the text. Other, older studies also are discussed in the text if they were judged to be
(1) open to reinterpretation because of newer data or (2) potentially useful in deriving revised
standards for O,. The reader should, however, consult the more extensive discussion of these
"key" studiesin the previous document. Generaly, only published information that has
undergone scientific peer review isincluded in the criteria document.

Certain issues of direct relevance to standard setting are not explicitly addressed in this
document, but instead are analyzed in documentation prepared by OAQPS as part of its
regulatory review process. Such issuesinclude (1) determining what constitutes an "adverse
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effect" and delineation of particular adverse effects that the primary and secondary NAAQS are
intended to protect against, (2) exposure assessment, (3) assessment of consequent risks based on
health and exposure analyses, and (4) factors to be considered in determining an adequate margin
of safety. Key points and conclusions from such analyses are summarized in the Staff Paper
prepared by OAQPS and reviewed by CASAC and the public. Although scientific data contribute
significantly to decisions regarding the above issues, their resolution cannot be achieved solely on
the basis of experimentally acquired information. Final decisions on items 1 and 4 are made by the
EPA Administrator, as mandated by the CAA.

A fourth issue directly pertinent to standard setting is identification of populations at
risk, which is basically a determination by EPA of the subpopulations to be protected by the
promulgation of agiven standard. Thisissue is addressed only partialy in the criteria document.
For example, information is presented on factors, such as preexisting disease, that biologically
may predispose individuals and subpopulations to more severe effects from exposuresto O,. The
identification of a population at risk, however, requires information above and beyond data on
biological predisposition, such as information on levels of exposure, activity patterns, and
personal habits. Such information isincluded in the Staff Paper developed by OAQPS.

Finaly, the O, air quality document considers only the scientific and technical issues
that are important for standard setting, not those issues relative to implementation of the
O; NAAQS. For example, certain issues related to the control strategies for attainment of the
standard and to possible atmospheric consequences of control strategy design are not discussed in
this document. This limitation aso includes discussion of impacts consequent to possible changes
inthe O; NAAQS. These issues would be better addressed in regulatory impact analyses or cost-
benefit analyses that may be prepared as part of the O, NAAQS decision package.

This document is structured as follows. Chapter 1 (executive summary and
conclusions) provides a concise presentation of key information and conclusions from all
subsequent chapters. Thisisfollowed by this brief introduction (Chapter 2) containing
information on the legidative and regulatory background for review of the O, NAAQS, aswell as
an overview of the organization of this document. Chapter 3 provides information on the
chemistry, sources, emissions, measurement, and transport of O, and related photochemical
oxidants and their precursors, and Chapter 4 covers environmental concentrations, patterns, and
exposure estimates of O, and oxidant air quality. Thisisfollowed by Chapter 5, which deals with
environmental effects of O, and related photochemical oxidants. Chapters 6, 7, and 8 discuss
animal toxicological studies, human health effects, and extrapolation of animal toxicological data
to humans, respectively. Finally, Chapter 9, provides an integrative and interpretive evaluation of
health effects associated with exposure to O,.
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3

Tropospheric Ozone
and Its Precursors

3.1 Introduction

Ozone (Q) and other oxidants found in ambient air, such as peroxyacyl nitrates
(PANSs) and hydrogen peroxide {8,), are formed as the result of atmospheric physical and
chemical processes involving two classes of precursor pollutants, volatile organic compounds
(VOCs) and nitrogen oxides (N The formation of Q and other oxidants from these
precursors is a complex, nonlinear function of many factors, including temperature, the
intensity and spectral distribution of sunlight, atmospheric mixing and related meteorological
conditions, the concentrations of the precursors in ambient air and the ratio between VOC and
NO,, and the reactivity of the organic precursors.

An understanding of the atmospheric chemistry and meteorological parameters and
processes responsible for the formation and occurrence of elevated concentratiqria of O
ambient air is basic to the formulation of strategies and techniques for its abatement. Such an
understanding is required for representing those parameters and processes adequately in
predictive models used to determine the emission reductions needed for complying with the
National Ambient Air Quality Standards (NAAQS) for,O In addition, the identification and
guantification of Q precursors in ambient air are essential, along with emission inventories or
emission models, for the development, verification, and refinement of photochemical air
guality models and for comparisons of ambient concentrations with emission inventories
(source reconciliation), as a check on the accuracy of measurements and of inventories.

Product identification and quantification of yields, in both chambers and ambient
air, are helpful in the verification of photochemical air quality models and in testing
theoretical chemical mechanisms. Likewise, product identification and quantification are
useful in determining the need for research on the potential effects of the simultaneous or
sequential co-occurrence with,@nd related oxidants of multiple air pollutants.

The ability to measure Qand its precursors, its reaction products, and the products
of the atmospheric reactions of its respective precursors is essential for understanding the
atmospheric chemistry of {ormation, verifying chemical mechanisms and models,
guantifying emission rates, and adequately characterizing exposure-response factors for both
biological and nonbiological receptors.

For these reasons, this chapter presents information on a broad range of topics.
The chapter describes the chemical processes by whi@n@®other photochemical oxidants
are formed in ambient air (Section 3.2). The chapter also characterizes the nature of the
precursors in terms of their sources and emissions into the atmosphere and their
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concentrations in ambient air (Section 3.4), as well as the methods by which their
concentrations in ambient air are measured (Section 3.5).

In addition to information on the chemistry of oxidants and their precursors, this
chapter includes a discussion of meteorological processes (Section 3.3) that contribute to the
formation of Q and other oxidants and govern their transport and dispersion. Finally, an
overview is given (Section 3.6) of models of the relationships between precursor emissions
and Q, formation in the atmosphere.

Readers are referred to other sources (e.g., Finlayson-Pitts and Pitts, 1986;
Seinfeld, 1986; the U.S. Environmental Protection Agency, 1986a; National Research Council,
1991) for additional information on the chemical and physical aspects of photochemical air
pollution.

3.2 Tropospheric Ozone Chemistry

3.2.1 Background Information

Ozone is formed photochemically in the stratosphere and transported downward,
resulting in the presence of,@n the natural or "clean" troposphere. The presence phO
the clean troposphere, in the absence of perturbations caused by human activities, is highly
important because Qs a precursor to the hydroxyl (OH) radical, the key intermediate species
in the tropospheric degradation of VOCs emitted into the atmosphere. Althoygh O
relatively low concentrations is an integral part of the clean troposphere, its presence at higher
concentrations is detrimental.

The chemical processes occurring in the atmosphere that lead to the formation of
O, and other photochemical air pollutants are complex. Tropospheris formed as a result
of (1) the emissions of NOand VOCs into the atmosphere from anthropogenic and natural
sources, (2) the transport of these emissions and their reaction products, and (3) chemical
reactions occurring in the atmosphere concurrent with transport and dispersion of the
emissions. These processes lead to the formation,@n@ other photochemical oxidants,
such as peroxyacetyl nitrate (PAN), nitric acid (HNQand sulfuric acid (550,), and to
other compounds, such as particulate matter and formaldehyde (HCHO) and other carbonyl
compounds. Additionally, deposition of gases and particles along the trajectory of an air
parcel occurs, reducing the concentrations of precursors and products in the atmosphere, but
possibly leading to adverse impacts on the earth’s environment.

The basic process leading to the photochemical formation,ah @e troposphere
involves the photolysis of nitrogen dioxide (MQo yield nitric oxide (NO) and a ground-
state oxygen atom, €R),

NO, + hv — NO - O(P), (3-1)

which then reacts with molecular oxygen to formg: O

OCP) + O, = M - O, + M, where M = air. (3-2)

The NO and Qreact to reform NQ
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NO + O, - NO, - O,. (3-3)

The presence of reactive VOCs leads to the conversion of NO tpwithout the
intermediary of Q (Reaction 3-3), and the photolysis of B@en leads to the formation of
elevated levels of ©

VOC
NO — NO, . (3-4)

The photochemical cycles leading tq @roduction are best understood through a
knowledge of the chemistry of the atmospheric oxidation of methang)(®#ich can be
viewed as being the chemistry of the clean or unpolluted troposphere (although this is a
simplification because vegetation releases large quantities of complex VOCs into the
atmosphere). Although the chemistry of the VOCs emitted from anthropogenic and biogenic
sources in polluted urban and rural areas is more complex, a knowledge of thex{détion
reactions aids in understanding the chemical processes occurring in the polluted atmosphere
because the underlying chemical principles are the same.

This section first describes the structure of the atmosphere, followed by discussions
of the formation of the OH radical and of tropospheric Nsbemistry. The photochemical
formation of tropospheric Ofrom the oxidation of CHthen is discussed in some detall
because the CjHbxidation cycle serves as a model for the photochemical formation,.ofli©®
Section 3.2.4, the chemistry of the major classes of nonmethane VOCs and the formation of
O, from these VOCs are discussed. Finally, in Section 3.2.5, a brief account of the
photochemical formation of aerosols is given because the same processes that lead to the
formation of elevated levels of Jesult in the formation of both particulate matter (leading
to visibility degradation) and atmospheric acidity.

3.2.2 Structure of the Atmosphere

Earth’s atmosphere is composed of a number of layers (Mcllveen, 1992). For the
purposes of this chapter, those of concern are the troposphere and the stratosphere, and the
boundary between them, the tropopause.

The troposphere extends from the earth’s surface to the tropopal@eq 18 km
altitude, depending on latitude and season). The altitude of the tropopause is greatest in the
tropics and lowest in the wintertime polar regions, with an average altitugd4km. The
temperature in the troposphere decreases with increasing altitude from an average of 290 K at
the earth’s surface t8210 to 220 K at the tropopause, and the pressure decreasesT&0n
torr at the earth’s surface tl00 torr at the tropopause.

The stratosphere extends from the tropopause to an altitudBGokm. In the
stratosphere, the temperature increases with increasing altitude=gtbtnto 220 K at the
tropopause te=270 K at the top of the stratosphere. The pressure in the stratosphere
decreases with increasing altitude frerh00 torr at the tropopause #d torr at the top of the
stratosphere.
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3.2.2.1 Vertical and Horizontal Mixing in the Atmosphere

In the troposphere, temperature generally decreases with increasing altitude.

As will be discussed in Section 3.3, the lowest 1 to 2 km of the troposphere is influenced by
the planetary boundary layer (PBL) and, in certain locales, by inversion layers. These
boundary and inversion layers inhibit the vertical movement of pollutants into the free
troposphere. Above inversion and boundary layers, vertical mixing in the "free" troposphere
has a time scale 610 to 30 days (Langner et al., 1990; World Meteorological Organization,
1990a).

Because temperature increases with increasing altitude in the stratosphere, vertical
mixing in the stratosphere is slow, with a time scale of months to a few years.

Horizontal mixing in the troposphere occurs both within and between the
hemispheres. The time scale for mixing between the Northern and Southern Hemispheres is
=1 year (Cicerone, 1989; Singh and Kanakidou, 1993). Transport within a hemisphere is
more rapid (Graedel et al., 1986a), and local, regional, and global transport distances of <100
km, 100 to 1,000 km, and >1,000 km, respectively, are observed. For a wind speed of
15 km h' (=4 m s'), transport times over these local, regional, and global distances are a few
hours, a few hours to a few days, antl0 days, respectively.

3.2.2.2 Formation of Stratospheric Ozone

At altitudes between approximately 20 and 35 km, the stratosphere has a layer of
air containing Q at mixing ratios up to approximately 10 ppm. The sun emits radiafi@f
nm, and this radiation impacts the upper levels of the atmosphere. The bulk composition of
the atmosphere (78.1% nitrogen,JN21.0% molecular oxygen [} 0.9% argon [Ar], 0.03%
carbon dioxide [C(], with variable trace gas concentrations) is invariant up to at least 50 km
(Mcllveen, 1992). The shorter wavelength radiation (175 to 240 nm) is absorbed ibytiae
stratosphere, leading to dissociation into two ground-state oxygen atof®y, O(

O, + hv ~ 2 OCP), (3-5)

followed by the reaction of GP) atoms with Qin the presence of a third body, M, to form
Oq:

OCP) + O, + M - O, + M, where M = air. (3-2)

Ozone also photolyzes, at wavelengths <360 nm (DeMore et al., 1992),

o,+hv - O, + 0O, (3-6)

where the oxygen atom produced can be in the ground state),@f electronically excited
state, OtD). The O¢D) atoms produced are deactivated to the ground-staie) @fom by
N,, O,, CO,, and Ar:
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O('D) + M - O(P) = M, where M = N,, O,, Ar, and CQ. (3-7)

The reaction of GP) atoms with Qis the termination step of this reaction sequence,

OCP)+ 0, - 2 0, (3-8)

These reactions, called the Chapman reactions (Chapman, 1930), are responsible
for the layer of Q found in the stratosphere. Because the stratospheriay@r absorbs the
sun’s radiation below=290 nm, only radiation of wavelengthi290 nm can penetrate into the
troposphere and impact the earth’s surface. Any depletion of the stratosphdage®allows
shorter wavelength ultraviolet radiation (<320 nm) to be transmitted through the stratosphere
and into the troposphere.

In addition to the biological effects expected from increased ultraviolet B (UV-B)
radiation (290 to 320 nm), increased penetration of UV-B into the troposphere can lead to
changes in tropospheric,O Model calculations indicate that,@n the troposphere could
increase with increasing UV-B in urban and rural areas impacted by anthropogepic NO
emissions (Gery et al., 1988; Liu and Trainer, 1988; Thompson et al., 1989; Thompson, 1992)
but could decrease with increasing UV-B in remote tropospheric areas characterized by low
NO, levels (Liu and Trainer, 1988; Thompson et al., 1989). Besides the implications of long-
term trends in stratospheric;@oncentrations leading to corresponding changes in the
intensity of UV-B radiation impacting the troposphere, short-term changes (including daily
changes) in stratospheric, @vels lead to short-term changes in the rates of photolysis of
several important species. These include the photolysis of formaldehyde to produce radicals
and of Q to form the OH radical. These changes in photolysis rates affect the formation
rates and ambient concentrations of key radical intermediates, specifically of the OH radical,
in the troposphere. Information concerning such short-term changes in stratospheric
O, concentrations is needed as input to urban and regional airshed computer models of
photochemical air pollution formation.

In the clean atmosphere, stratospherica@3o is influenced by the emission of
nitrous oxide (NO) from soils and oceans (World Meteorological Organization, 1992).
Because DD is chemically inert in the troposphere and does not photolyze (Prinn et al.,
1990), it therefore is transported into the stratosphere, where it undergoes photolysis and also
reacts with O{D) atoms (DeMore et al., 1992; Atkinson et al., 1992a). The reaction,0f N
with the O{D) atom is the major source of stratospheric NO, which then participates in a
series of reactions known as the N€atalytic cycle (Crutzen, 1970; Johnston, 1971).

NO + O, - NO, + O, (3-3)

The Chapman reactions and the Néatalytic cycle reactions control the, ©@oncentrations in
the lower clean stratosphere.

Additional reaction sequences leading to the removal of stratosphegrci€® from
the CIQ, and BrQ catalytic cycles, which result when chlorine (Cl)- and bromine
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NO, + OCP) - NO + O, (3-9)

Net: OCP) + O, - 2 G,
(Br)-containing organic compounds are emitted into the atmosphere. Thetep@ting
compounds include the chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs),
carbon tetrachloride (C@l methyl chloroform, halons, and methyl bromide (Anderson et al.,
1991; Rowland, 1990, 1991; World Meteorological Organization, 1992). AnalogousQo N
the CFCs, CCJ| and certain halons (GBr and CECIBr) are inert in the troposphere and are
transported into the stratosphere, where they photolyze to generate Cl or Br atoms (World
Meteorological Organization, 1992). Methyl bromide and the HCFCs react to a large extent
in the troposphere, so that only a fraction of these Cl- and Br-containing species that are
emitted into the troposphere are transported into the stratosphere (World Meteorological
Organization, 1990b, 1992).

3.2.3 Background Ozone in the Troposphere

As noted in Section 3.2.1, s present in the troposphere even in the absence of
human activities. Although this "natural”;Mas received widely varying estimates in the
literature, there has not been an attempt to standardize the definition because natural
background Qis a multidimensional and complex concept. Concentrations of backgroynd O
can vary with temperature; wind speed and direction; vertical motion; geographical location,
including latitude and altitude; and season of the year. Because of the decrease of total
pressure with increasing altitude, thg €ncentration in the clean troposphere may be taken
to be reasonably independent of altitudes@tx 10" molecules cn¥.

For purposes of this document, the primary focus is on the background
O, concentration near the surface over the United States during flsea@3on. However, the
length of the Q season varies from state-to-state, depending predominantly on latitude (see
Chapter 4). These variations in, @eason affect the determination of which seasonal
averaging period to apply when estimating éncentrations. Based on available assessments
of O, monitoring measurements, a daytime, 7-h (0900 to 1559 hours), seasonal (April to
October) average roncentration of 25 to 45 ppb can be assumed (Altshuller and Lefohn,
1996) as an estimated background concentration (see Chapter 4). Although one component of
this background is of natural origin, the other can be attributed to anthropogenic contributions
associated with long-range transport of Orhis assumption is consistent with the relatively
long lifetime of G, in the troposphere, which can be as long as 30 to 60 days.

The background of Ocan be attributed to the following sources: downward
transport of stratospheric,@hrough the free troposphere to near ground level, in situ
O, production from methane emitted from swamps and wetlands reacting with natugal NO
emitted from soils and lighting strikes and from the downward transport of NO from the
stratosphere into the troposphere, and in situ production,dfdin the reactions of biogenic
VOCs with natural NQ (National Research Council, 1991). Another source to be considered
is the long-range transport of;@rom distant pollutant sources.

It is important to appreciate that N@as a limited lifetime, often estimated to be
as short a 6 h inplumes (Altshuller, 1986) and possibly up to 1 to 2 days under less polluted
conditions. Because of this relatively short lifetime, the Ngnitted from cultivated areas in
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the United States as a result of agricultural practices may not survive long enough to interact
with substantial emissions of biogenic VOCs in distant forested areas. There also is no direct
way to distinguish natural NOfrom anthropogenic NQin a rural or remote location.

3.2.3.1 Tropospheric Hydroxyl Radicals
It is now recognized that the key reactive species in the troposphere is the OH
radical, which is responsible for initiating the degradation reactions of almost all VOCs.
In the presence of NO, these OH radical reactions with VOCs lead to the formation of
O, and, hence, to Oconcentrations above those encountered in the clean troposphere. The
OH radical is produced from the ultraviolet (UV) photolysis of. GDzone photolyzes in the
UV radiation at wavelengths <320 nm to generate the electronically excité) @om
(DeMore et al., 1992; Atkinson et al., 1992a),

O, - hv » O, - O(D). (3-6a)

The OD) atoms either are deactivated to the ground staf®)Citom by Reaction 3-7 or
they react with water vapor to form the OH radical:

O(D) + H,0 - 2 OH. (3-10)

The O@P) atoms formed directly in the photolysis of @ formed from deactivation of GD)
atoms (Reaction 3-7) reform,@hrough Reaction 3-2. At room temperature and 50% relative
humidity, 0.2 OH radicals are formed per'O} atom generated from the photolysis of. O
Hydroxyl radical production from Reactions 3-6a and 3-10 is balanced by reaction of the OH
radical with carbon monoxide (CO) and ¢CHBecause the water vapor mixing ratio decreases
with increasing altitude in the troposphere (Logan et al., 1981; World Meteorological
Organization, 1992) and the,@nixing ratio generally increases with increasing altitude, the
OH radical concentration is expected to be reasonably independent of altitude (Dentener and
Crutzen, 1993).

A knowledge of ambient tropospheric OH radical concentrations is needed for an
understanding of tropospheric chemistry and to reliably calcuate the lifetimes of chemical
compounds. Because OH and hydroperoxyl gHdicals are interrelated through a series of
reactions (Section 3.2.3.3), concurrent measurements of OH apdad@al concentrations
improve the knowledge of tropospheric chemistry. Only in the past few years have
measurements been made of lower tropospheric OH radical concentrations (see, for example,
Felton et al., 1990; Hofzumahaus et al., 1991; Eisele and Tanner, 1991; Mount and Eisele,
1992; Comes et al., 1992; Hard et al., 1992). The limited data available show that, as
expected, the OH radical concentrations exhibit a diurnal profile, with daytime maximum
concentrations of several times®I@olecules cii. A global, annually, seasonally, and
diurnally averaged tropospheric OH radical concentration also can be derived from the
estimated emissions and measured atmospheric concentrations of methylchlorofo@CEH
and the rate constant for the reaction of the OH radical with@Z, (its major tropospheric
loss process). Using this method, Prinn et al. (1992) have derived a 24-h average OH radical
concentration b8 x 10° molecules ¢ (equivalent to a 12-h daytime average of 1.6 X 10
molecules ¢ [=0.1 ppt]). Ambient air measurements of the decay of nonmethane
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hydrocarbons in urban plumes (Blake et al., 1993) give OH radical concentrations of similar
magnitude to those derived from direct tropospheric measurements and globally averaged
estimates.

3.2.3.2 Tropospheric Nitrogen Oxides Chemistry

The presence of NOs necessary for the formation of,@om the oxidation of
CH, and other VOCs. Sources of tropospheric N@xlude downward transport from the
stratosphere, in situ formation from lightning (National Research Council, 1991; World
Meteorological Organization, 1992) (see Section 3.4.1.2), and emission from soils (National
Research Council, 1991; World Meteorological Organization, 1992). Recent measurements
show that the NQconcentrations over maritime areas increase slightly with increasing
altitude, from=15 ppt in the marine boundary layer (Carroll et al., 19905808 to 40 ppt at
3 to 7 km altitude (Ridley et al., 1989; Carroll et al., 1990). Significantly higher NO
concentrations5100 ppt) have been observed in the boundary layer over relatively unpolluted
continental areas (Carroll et al., 1990), with the NOncentrations decreasing with
increasing altitude te=50 ppt at 3 to 7 km (Ridley et al., 1989; Carroll et al., 1990).

In the troposphere, NO, NDand Q are interrelated by the following reactions:

NO + O, - NO, - O, (3-3)
NO, + hv -~ NO + O(*P) (3-1)
OCP) + O, + M - O, + M. (3-2)

Because Reaction 3-2 is fast (the lifetime of arfR)(atom at 298 K and 760 torr of air is
=10° s), the Q concentration at photoequilibrium is given by

[0.] = JINO,J/k,[NO], (3-11)

where J and k;, are the photolysis rate of N@=0.5 min* for an overhead sun) and the rate
constant for the reaction of NO withOrespectively.

There are other important reactions involving NO'he reaction of NQwith
O, leads to the formation of the nitrate (N)Qadical,

NO, + O, -~ NO,+ O,, (3-12)

which in the lower troposphere is nearly in equilibrium with dinitrogen pentoxid®{N

NO, + NO, ¥ N0, (3-13, -3-13)
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However, because the N@adical photolyzes rapidly (with a lifetime &5 s for an overhead
sun [Atkinson et al., 1992a)),

— NO + O, (10%) (3-14a)
NO3 + hv

> NO, +OCP)  (90%), (3-14b)

its concentration remains low during daylight hours, but can increase after sunset to nighttime
concentrations of <5 x f@o 1 x 13° molecules cri (<2 to 430 ppt) over continental areas
influenced by anthropogenic emissions of N@tkinson et al., 1986). Nitrate radical
concentrations over marine areas are low becausgdd@centrations are low over lower
tropospheric marine areas (Noxon, 1983), and an N@ical mixing ratio of 0.25 ppt has
been measured at 3 km altitude in Hawaii (Noxon, 1983). Atkinson (1991) has suggested the
use of a 12-h nighttime average Ndical concentrationfd x 10° molecules crii in the
lower troposphere over continental areas, with an uncertainty of a factet®f

The tropospheric chemical removal processes for, M@olve the daytime reaction
of NO, with the OH radical and the nighttime wet and dry deposition gdNo produce
HNO,.

M

OH + NO, = HNO, (3-15)
H,0
N,0, —— HNO, (3-16)

The gas-phase reaction of the OH radical with N©the major and ultimate removal process
for NO, in the troposphere. This reaction removes radicals (OH ang) W@ competes with
the reaction of the OH radical with VOCs. Gaseous HN@med from Reaction 3-15
undergoes wet and dry deposition, including combination with gaseous ammonjatNH

form particulate phase ammonium nitrateliNO,). The tropospheric lifetime of NOdue to
chemical reaction (mainly Reaction 3-15)~& to 2 days. The tropospheric N@eactions are
shown schematically in Figure 3-1. It should be noted that OH radicals also can react with
NO to produce nitrous acid (HN{

OH - NO ™ HNO, (3-17)

In urban areas, HNQalso can be formed during nighttime hours (Harris et al., 1982; Pitts
et al., 1984a; Rodgers and Davis, 1989), apparently from the heterogeneous hydrolysis of NO
or NQ,, or both (Sakamaki et al., 1983; Pitts et al., 1984b; Svensson et al., 1987;
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O, 0,
NO,
Emission —» NO NO, NO, <" NO;
hv hv Wet/Dry
Deposition
0O; Oy
v

Figure 3-1. The cyclic reactions of tropospheric nitrogen oxides.

Jenkin et al., 1988; Lammel and Perner, 1988; Notholt et al., 1992a,b). The photolysis of
HNO, during the early morning hours,

HNO, + hv -~ OH + NO, (3-18)

thus can become an important source of OH radicals, leading to the rapid initiation of
photochemical activity (Harris et al., 1982).

In the troposphere, the initially emitted NO is converted to,NRO + NG,), then
to reservoir and termination species (PAN and its homologues, organic nitrates, BiND
particulate nitrate). These reservoir and termination species are referred to,.asIN©term
"NO," refers to the total amount of nitrogen, with N© (NO, + NO,). Parrish et al. (1993)
have investigated the partitioning between the individual nitrogen-containing species at several
rural sites in the eastern United States, and Trainer et al. (1993) and Olszyna et al. (1994)
have shown that, in rural areas in the eastern United States, there is a good correlation
between the Qlevels and NQ Trainer et al. (1993) further showed thaf Bvels correlate
even better with NQthan with NQ, as may be expected because ,NMfDantifies the amount
of initially emitted NO that has been processed photochemically, forminm @e process.

3.2.3.3 The Methane Oxidation Cycle

Methane is emitted into the atmosphere from swamps and wetlands, as well as
from ruminants (Fung et al., 1991a; World Meteorological Organization, 1992). The major
tropospheric removal process for CI8 by reaction with the OH radical, with the GH
lifetime equal to

(ko [OHDY, (3-19)
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where k, is the rate constant for Reaction 3-21, and [OH] is the (variable) atmospheric

OH radical concentration. The calculated lifetime of dh the troposphere is10 to

12 years. As for other saturated organic compounds, the OH radical reaction wjth CH
proceeds by hydrogen (H)-atom abstraction from the carbon (C)-H bonds to form the methyl
(CH,) radical:

OH + CH, -~ H,0 + CH,. (3-20)

In the troposphere, the methyl radical reacts solely wijidOyield the methyl peroxy
(CH;0O) radical (Atkinson et al., 1992a):

: M
CH3 + 02 i CH302' (3_21)

In the troposphere, the methyl peroxy radical can react with NO,, HQ,
radicals, and other organic peroxy (R@adicals, with the reactions with NO and EHO
radicals being the most important (see, for example, World Meteorological Organization,
1990b). The reaction with NO leads to the formation of the methoxy,@Hadical,

CH,0, - NO - CHO + NO,. (3-22)

The reaction with the HQradical leads to the formation of methyl hydroperoxide
(CH,O0H),

CH,0, + HO, — CH,00H + O,, (3-23)

which can photolyze or react with the OH radical (Atkinson et al., 1992a):

CH,00H + hv - CH,0 + OH, (3-24)
—— H,0 + CH,0, (3-252)
OH + CH;O0H
-~ » H,0 + CH,00H (3-25b)
lfast
HCHO + OH.

Methyl hydroperoxide also undergoes wet and dry deposition or incorporation into cloud
water. The lifetime of CEOOH in the troposphere due to photolysis and reaction with the
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OH radical is calculated to b2 days. Methyl hydroperoxide is then a temporary sink of
radicals, with its wet or dry deposition being a tropospheric loss process for radicals.

The only important reaction for the methoxy radical in the troposphere is with
O, to form HCHO and the HQradical,

CH,0 + O, -~ HCHO + HO,. (3-26)
Formaldehyde is a "first-generation" product that reacts further, by photolysis:

-~ »H,+CO  (55%) (3-27a)

HCHO + hv

- »H+HCO (45%), (3-27b)

where the percentages are for overhead sun conditions (Rogers, 1990) and also by reaction
with the OH radical,

OH + HCHO - H,0 + HCO. (3-28)

In the troposphere, the H atom andCH O (formyl) radical produced in these processes react
solely with G, to form the HQ radical:

H+0,+M - HO, + M (3-29)

HCO + O, ~ HO, + CO. (3-30)

The lifetimes of HCHO due to photolysis and OH radical reaction=arén and 1.5 days,
respectively, leading to an overall lifetime ®8 h for overhead sun conditions.

The final step in the oxidation of CHn the earth’s atmosphere involves the
oxidation of CO by reaction with the OH radical (the only tropospheric reaction of CO) to
form CO,:

OH + CO - H + CO, (3-31)
H-+0,+M - HO, + M, (3-29)

The lifetime of CO in the lower tropospheres2 mo.
The overall reaction sequence leading to,G@mation, through the HCHO and
CO intermediate products, is shown in Figure 3-2.
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OH + CH, + H,0 + (':H3

Wet/Dry Deposition «~— CH,OOH > CH}O
\\~ HCHO <//
OH hv
CO
Hozﬂ OH
Co,

Figure 3-2. Atmospheric reactions in the complete oxidation of methane.

There is competition between NO and the H@dical for reaction with the Ci®D,
radical, and the reaction route depends on the rate constants for these two reactions and the
tropospheric concentrations of H@adicals and NO. The rate constants for the reaction of
the CHO, radicals with NO (Reaction 3-22) and H@dicals (Reaction 3-23) are of
comparable magnitude (Atkinson et al., 1992a). Based on the expectgcaHiCal
concentration in the troposphere, Logan et al. (1981) calculated that the reaction of foe CH
radical with NO dominates for NO mixing ratios of >30 ppt (equivalent to an NO
concentration of >7 x FOomolecules cr in the lower troposphere). For NO mixing ratios
<30 ppt, the reaction of the GB;, radical with HQ, dominates.

Hydroperoxy radicals formed from, for example, Reactions 3-26, 3-29, and 3-30
can react with NO, @ or themselves, depending mainly on the concentration of NO. The
reaction with NO leads to regeneration of the OH radical,

HO, - NO - OH -+ NO,, (3-32)

whereas the reactions with,@nd HQ radicals lead to a net destruction of tropospheric O

HO, + HO, — H,0, = O, (3-33)

HO, - O, - OH + 2 O, (3-34)
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This net loss of tropospheric;@ccurs because the photolytic production of the OH radical
from Q,, via the intermediary of the @) atom, represents a loss process for tropospheric
O,. Hence, the absence of any, f@rmation from the CH oxidation cycle is equivalent to a
net Q, loss. Using the rate constants reported for Reactions 3-32 and 3-34 (Atkinson et al.,
1992a) and the tropospheric, @ixing ratios given above, it is calculated that the H@dical
reaction with NO dominates over reaction with for NO mixing ratios >10 ppt. The rate
constant for Reaction 3-33 is such that an NO mixing ratio of this magnitude also means that
the HG, radical reaction with NO dominates over the self-reaction of, F@licals.

There are therefore two regimes, depending on the fate ofdéh@ CHO, radicals:
(1) a high-NO regime in which HOand CHO, radicals react with NO to convert NO to
NO,, regenerate the OH radical, and, through the photolysis of, i@duce @ and
(2) a low-NO regime in which HQand CHO, radicals combine (Reaction 3-23), and HO
radicals undergo self-reaction and react with(Reactions 3-33 and 3-34), leading to a net
destruction of Q and inefficient OH radical regeneration (see also Ehhalt et al., 1991; Ayers
et al., 1992).

Under high-NO conditions, the oxidation of Gkading to the formation of
HCHO can be written as the net reaction,

OH + CH, + 2 NO = 2 O, = H,0 + HCHO + 2 NO, + OH, (3-35)

indicating the conversion of two molecules of NO to N&hd regeneration of the OH radical.
Because NQphotolyzes to form Qin the presence of O

0
NO, +hv 2 » NO + O; , (3-1,3-2)

the oxidation of CH to HCHO under high-NO conditions can be written as

OH + CH, + 4 O, = H,O + HCHO + 2 O, + OH, (3-36)

showing the formation of Ofrom CH, oxidation in the troposphere. The reaction cycles
oxidizing CH, to HCHO, converting NO to N§ and forming Q are shown schematically in
Figure 3-3.

In a similar manner, under high-NO conditions, the photolysis of HCHO and its
reaction with the OH radical is given approximately by

O
0.2 OH + HCHO + 0.92 NO _? CO + 0.44 H + 0.2 HO -~ 0.92 NQ, + 0.92 OH.

(3-37)
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NO, OH CH 302 NO
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T T
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Figure 3-3. Cyclic reactions of methane oxidation to formaldehyde, conversion of nitric
oxide to nitrogen dioxide, and concomitant formation of ozone in the
atmosphere.

Formaldehyde photooxidation is thus a source of, &licals (and of OH radicals in high-
NO conditions) (Ehhalt et al., 1991), especially in urban areas where the concentration of
HCHO is elevated because it is produced during the oxidation of anthropogenic nonmethane
VOCs (Finlayson-Pitts and Pitts, 1986).

Nitric oxide mixing ratios are sufficiently low in the lower troposphere over
marine areas that oxidation of GMill lead to a net destruction of JJlow-NO conditions),
as discussed by Carroll et al. (1990) and Ayers et al. (1992). However, in the upper
troposphere and over continental areas impacted by éwdssions from combustion sources,
NO mixing ratios are high enough (high NO-conditions) for Gktidation to lead to net
O, formation (Carroll et al., 1990; World Meteorological Organization, 1992).

3.2.3.4 Cloud Processes in the Methane-Dominated Troposphere

In addition to the dry and wet deposition of certain products of the-8B,-air
photooxidation (e.g., wet and dry deposition of HN&hd CHOOH [Atkinson, 1988, and
references therein; Hellpointner and Gab, 1989]), cloud processes can have significant effects
on the gas-phase chemistry of the clean troposphere (Lelieveld and Crutzen, 1990, 1991,
Warneck, 1991, 1992). Lelieveld and Crutzen (1990, 1991) have postulated from modeling
studies that the uptake of HCHO, H@adicals, and DD, into clouds can decrease markedly
the production of @ The incorporation of HCHO into cloudwater removes HCHO from the
gas phase and, hence, reduces the gas-phase formation,of TH® uptake of HQradicals
into cloudwater has the same effect. Moreover, the aqueous-phase reactiong ©HEHthe
hydrated form of HCHO) lead to the formation of, Ohich reacts with dissolved Qo act as
a sink for Q, during cloudy periods. During nighttime,, 8. formed in the gas phase from
Reactions 3-3, 3-12, and 3-13 can be readily incorporated into cloudwater with hydrolysis to
HNO,, precluding the reformation of NQluring the following day from Reactions -3-13 and
3-14. Dentener and Crutzen (1993) have also concluded from a computer modeling study that

3-15



the heterogeneous reactions of N@dicals and DO, on aerosols can have significant effects
on global Q mixing ratios and on OH concentrations by reducing,N&vels.

The net effect of these cloud processes is to reduce the gas-phase concentrations of
HCHO, NQ, HO,, and Q. Additional, but related, processes can occur in the polluted
troposphere (see, for example, Jacob et al., 1989; Dentener and Crutzen, 1993; Section 3.2.5).

3.2.4 Photochemistry of the Polluted Atmosphere

Human activities lead to the emissions of N®IO + NQO,) and both CH and
nonmethane organic compounds (NMOC) into the atmosphere (Table 3-1). Methane
emissions are important on a global scale (World Meteorological Organization, 1992),
whereas nonmethane VOC emissions are most important in urban and regional areas.
In addition to the emissions of nonmethane VOCs from anthropogenic sources, large
guantities of biogenic nonmethane VOCs (mainly of isoprene [2-methyl-1, 3-butadiene] and
monoterpenes, [GH,) are emitted, both in polluted and nonpolluted areas, into the
atmosphere from vegetation (see, for example, Isidorov et al., 1985; Lamb et al., 1987; Arey
et al., 1991a,b).

Table 3-1. Estimated Emissions of Methane, Nonmethane
Organic Compounds, Nitrous Oxide, and Nitrogen Oxides into
the Earth’s Atmosphere from Biogenic and Anthropogenic Sources

Emissions (Tg/yedy

a

Chemical Biogenic Sources Anthropogenic Sources
CH/ =150 =350
NMOC! =1,000 =100
N,O (as NY =7 =6
NO, (as NJ =10 =40

#See Appendix A for abbreviations and acronyms.

*Teragram = 18 g, or =10° metric tons.

‘Fung et al. (1991a); World Meteorological Organization (1992). Emissions from ruminants, rice paddies, and
biomass burning are considered as anthropogenic emissions.

d_ogan et al. (1981); World Meteorological Organization (1992), with biogenic emissions being assumed to be
50% isoprene and 50% monoterpenes.

°Prinn et al. (1990).

‘National Research Council (1991); World Meteorological Organization (1992); biogenic setE@#sfrom

soils and=50% from lightning.

Analogous to the photooxidation of GHhe interaction of NQwith nonmethane
VOCs from anthropogenic and biogenic sources under the influence of sunlight leads to the
formation of photochemical air pollution (National Research Council, 1991). In urban areas,
emissions of NQand VOCs from human activities (combustion sources, including
transportation; industrial sources; solvent usage; landfills; etc.) dominate over biogenic
sources (National Research Council, 1991; Chameides et al., 1992). However, the emissions
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of VOCs from vegetation have been implicated in the formation of photochemical air
pollution in urban (Chameides et al., 1988; 1992) as well as rural areas (Trainer et al., 1987,
Roselle et al., 1991; Chameides et al., 1992).

In essence, the chemistry of the polluted urban and regional atmosphere is an
extension of that of the clean, Gidominated troposphere, with a number of additional
complexities due to the number and types of VOCs emitted from anthropogenic and biogenic
sources. At least in certain urban areas, the NMOC content of ambient air is similar to the
composition of typical gasolines (Mayrsohn and Crabtree, 1976; Mayrsohn et al., 1977;
Harley et al., 1992; see Section 3.4.3). For example, gasolines typically consisb ab
65% alkaness=5 to 10% alkenes, and25 to 35% aromatic hydrocarbons (Lonneman et al.,
1986; Sigsby et al., 1987), whereas in Los Angeles, CA, the ambient urban air composition is
=50 to 55% alkaness5 to 15% alkeness25 to 30% aromatic hydrocarbons, an8l to 15%
carbonyls (Grosjean and Fung, 1984; California Air Resources Board, 1992). Emissions of
NO, and VOCs are dealt with in detail in Section 3.4.1.

3.2.4.1 Tropospheric Loss Processes of Volatile Organic Compounds

The chemical loss processes of gas-phase VOCs include photolysis and chemical
reaction with the OH radical during daylight hours, reaction with the, Ki@ical during
nighttime hours, and reaction with;Ovhich often is present throughout the 24-h period
(Atkinson, 1988).

As discussed earlier, photolysis of chemical compounds in the troposphere is
restricted to the wavelength region abe¥290 nm. Because of the strength of chemical
bonds, the tropospheric wavelength region in which photolysis can occur extends from
=290 to 800 nm, and this wavelength region often is referred to as the "actinic" region. For
photolysis to occur, a chemical compound must be able to absorb radiation in the actinic
region (and hence have a nonzero absorption cross-seagiom this wavelength region).
Having absorbed radiation, a chemical compound must then undergo chemical change (i.e.,
have a nonzero quantum yield,, for photodissociation or photoisomerization). The quantum
yield, @,, is defined as (number of molecules of the chemical undergoing change)/(number of
photons of light absorbed). The photolysis ratg,k,.s for the process,

C + hv - products (3-38)

is given by
kphotolysis = J ‘])\ 0')\ (p)\ d)\, (3_39)

where { is the radiation flux at wavelength, ando, and @, are the absorption cross-section
and photolysis quantum yield, respectively, at wavelengtPhotolysis is therefore a pseudo-
first-order process (depending on the radiation flux and spectral distribution) and the lifetime
of a chemical with respect to photolysis is given by

_ 1 (3-40)

Tphotolysis kphotolysis )
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For the reaction of a VOC with a reactive species, X (for tropospheric purposes,
X = OH, NO,, and Q), the lifetime for the reaction procesS + X — products, is given by

T, = (kXD ? (3-41)

and depends on the concentration of the reactive species X and the rate congtéort (k

reaction of the VOC with X. In general, the ambient atmospheric concentrations of OH

radicals, NQ radicals, and Qare variable, depending on time of day, season, latitude,

altitude, etc. For the purpose of comparing lifetime calculations for various classes of VOCs,
average ambient tropospheric concentrations of these three species often are used. The
concentrations used here have been presented in the sections above and are OH radicals, a 12-
h average daytime concentration of 1.6 ¥ hfblecule cn? (equivalent to a 24-h average
concentration b8 x 10° molecule cri¥) (Prinn et al., 1992); NQradicals, a 12-h nighttime

average concentratiorf 8 x 10° molecule criv (Atkinson, 1991); and @ a 24-h average of

7 x 10 molecule cn¥ (30 ppb) (Logan, 1985).

The major classes of VOCs are the alkanes, alkenes (including alkenes from
biogenic sources), aromatic hydrocarbons, carbonyl compounds, alcohols, and ethers (see
California Air Resources Board, 1992). The calculated lifetimes with respect to the individual
atmospheric loss processes of compounds representing a range of reactivities in each class are
given in Table 3-2. Note that the lifetimes given are dependent on the reaction rate constants
and the assumed ambient concentrations of OH radicalg,réificals, and Q@ Uncertainties
in the ambient concentrations of the reactive species translate directly into corresponding
uncertainties in the lifetimes.

The following brief discussions of the tropospheric chemistry of the important
classes of VOCs are based on the recent review and evaluation article of Atkinson (1994),
which should be consulted for further details of the tropospheric reactions of VOCs.

Alkanes

Because gasoline and diesel fuels contain alkanes of carbon numbeeC,., a
large number of alkanes are present in ambient air (see, for example, Grosjean and Fung,
1984; California Air Resources Board, 1992; Section 3.4). Table 3-2 shows that the only
important tropospheric loss process for the alkanes is by reaction with the OH radical, with
calculated lifetimes of the o C,, alkanes ranging frors1 to 15 days. As for methane, the
OH radical reaction proceeds by H-atom abstraction from the various C-H bonds. The
nighttime reactions of the NQradical with alkanes (calculated to be generally of minor
importance, but see Penkett et al. [1993]) also proceed by initial H-atom abstraction. For an
alkane (RH), the initially formed radical is an alkyl radical (R),

OH + RH - H,0 + R, (3-42)
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Table 3-2. Calculated Tropospheric Lifetimes of Selected
Volatile Nonmethane Organic Compounds Due to Photolysis
and Reaction with Hydroxyl and Nitrate Radicals and with Ozone

a

Lifetime Due to Reaction with

Organic OH NO, O, hv
n-Butane 5.7 days 2.8 years >4,500 years

2-Methylbutane 3.7 days 290 days >4,500 years

n-Octane 1.7 days 250 days >4,500 years

Ethane 1.7 days 230 days 10 days

Propene 6.6 h 4.9 days 1.6 days

Isoprene 1.7h 0.8 h 1.3 days

Limonene 1.0h 3 min 20h

Benzene 12 days >4 years >4.5 years

Toluene 2.4 days 1.9 years >4.5 years

m-Xylene 7.4 h 200 days >4.5 years

Formaldehyde 1.5 days 80 days >4.5 years 4 h
Acetaldehyde 11h 17 days >4.5 years 6 days
Acetone 66 days — >4.5 years 60 days
2-Butanone 13 days — >4.5 years

Methanol 15 days >77 days —

Ethanol 4.4 days >50 days —

Methyl t-butyl ether 4.9 days — —

Ethyl t-butyl ether 1.6 days — —

Methylglyoxal 10 h — >4.5 years 2h

#See Appendix A for abbreviations and acronyms.

Sources: Lifetimes resulting from reaction with OH, N@nd Q were calculated using rate constants given in
Atkinson and Carter (1984) and Atkinson (1989, 1991, 1994); data for photolysis lifetimes are from Horowitz
and Calvert (1982), Meyrahn et al. (1982, 1986), Plum et al. (1983), and Rogers (1990). The OH radjcal, NO

radical, and Qconcentrations used (molecule émwere: OH, 12-h average of 1.6 x 4MNO,, 12-h average of 5
x 10% O,, 24-h averagefor x 10,

which rapidly adds ©to form an alkyl peroxy radical (RQ,

R -0, ™ Ro, (3-43)
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with the simplest of the Rgadicals being the methylperoxy radical, described in
Section 3.2.3.3 dealing with methane oxidation. Alkyl peroxy radicals can react with NO,
NO,, and HQ radicals, and other organic peroxy radicals@R):

RO, + NO ~ RO + NO, (3-44a)

RO, + NO, = ROONQ, (3-45)

RO, - HO, -~ ROOH - O, (3-46)

RO, - RO,~ RO « RO + O, (3-47a)

RO, + RO,—~ a carbonyl -~ (1 - a) ROH + O, (3-47b)

+ products of RGO, .

The reactions with organic peroxy radicals are expected to be of less importance in the
troposphere than the other reactions listed. Because low NO conditions occur even in air
masses in urban areas, the H@dical reactions with ROradicals and the subsequent

chemistry must be considered. However, because of space constraints and a general lack of
knowledge concerning the tropospheric chemistry of, Ridlicals under low-NO conditions,

only the reactions occurring under high-NO conditions are presented and discussed here. For
the >C,; alkyl peroxy radicals, in addition to the reaction pathway leading to NO-tg-NO
conversion (Reaction 3-44a), a second reaction pathway leading to formation of an alkyl
nitrate becomes important:

RO, + NO M RONO,. (3-44b)

For a given alkyl peroxy radical, the alkyl nitrate yield increases with increasing pressure and
with decreasing temperature (Carter and Atkinson, 1989a).
Analogous to the case for the methoxy radical, those alkoxy radicalg (B@ed
from the higher alkanes that have an abstractable H atom can react withf@m the HQ
radical and a carbonyl; for example,

(CH,),CHO + O, -~ CH,C(O)CH, + HO,. (3-48)

In addition, unimolecular decomposition by C-C bond scission and unimolecular isomerization
via a six-member transition state (Atkinson and Carter, 1991; Atkinson, 1994) can be
important for the larger alkoxy radicals. For example, the following chemistry can occur for
the 1-pentoxy radical:
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CH,CH,CH,CH,CH.O

Dec:&osition 0, Isomerization
CH,CH,CH,CH, CH,CH,CH,CH,CHO  CH,CHCH,CH,CH,OH,
+ +
HCHO HO,

with the alkyl radicals ¢Hy and HOCHCH,CH,CHCH;, undergoing further reaction.

The majority of the reaction rate constants and reaction pathways in the alkane
degradation schemes are arrived at by analogy from the chemistry-©f &kyl, alkyl
peroxy, and alkoxy radicals (Atkinson, 1990, 1994; Carter, 1990; Atkinson et al., 1992a).
A number of areas of uncertainty still exist for the tropospheric chemistry of the alkanes
(Atkinson, 1993). These include the relative importance of alkoxy radical reaction wjth O
decomposition and isomerization, and the reactions occurring subsequent to the isomerization
reaction; the formation of alkyl nitrates from the reactions of the peroxy radicals with NO;
and reactions of the alkyl peroxy radicals with Hé&nd other peroxy radicals, reactions that
can be important in the nonurban troposphere.

Alkenes (Anthropogenic and Biogenic)
The alkenes emitted from anthropogenic sources are mainly ethene, propene, and
the butenes, with lesser amounts of @, alkenes. The major biogenic alkenes emitted
from vegetation are isoprene (2-methyl-1,3-butadiene) agd,Cmonoterpenes (Isidorov
et al., 1985; Winer et al., 1992), and their tropospheric chemistry is currently the focus of
much attention (see, for example, Hatakeyama et al., 1989, 1991, Arey et al., 1990; Tuazon
and Atkinson, 1990a; Pandis et al., 1991; Paulson et al., 1992a,b; Paulson and Seinfeld,
1992a; Zhang et al., 1992; Hakola et al., 1993, 1994).
As evident from Table 3-2, the alkenes react with OH and, K@icals and Q
All three processes are important atmospheric transformation processes, and all three reactions
proceed by initial addition to the >C=C< bonds. These reactions are briefly discussed below.
Hydroxyl Radical Reactions.As noted above, the OH radical reactions with the
alkenes proceed mainly by OH radical addition to the >C=C< bonds. For example, the OH
radical reaction with propene leads to the formation of the two OH-containing radicals,

OH + CH,CH=CH, M CH,CH(OH)CH, + CH,CHCH,OH. (3-49)

The subsequent reactions of these radicals are similar to those of the alkyl radicals formed by
H-atom abstraction from the alkanes. Taking the;CHCH,OH radical as an example,
under high-NO conditions, the following chemistry occurs:
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. M .
CH,CHCH,OH + O, > CH;CH(OO)CH,0H
NO
——» CH,CH(ONO,)CH,0H

CH;CH(O)CH,0H + NO,

/

Decomposition
/ \
CHQ(())H + CH,CHO CH;C(O)CH,OH + HO,.
vO2
HCHO + HO,

The underlined species represent products that, although stable, can undergo further reaction;
and, hence, they can lead to "second-generation" products. For the si@pddkenes, the
intermediate OH-containing radicals appear to undergo mainly decomposition at room
temperature and atmospheric pressure of air. Hence, for propene, the "first-generation”
products of the OH radical reaction in the presence of NO are HCHO an@d®,
irrespective of which OH-containing radical is formed.

However, this is not the case for the more complex alkenes of biogenic origin.
The product studies of Tuazon and Atkinson (1990a) and Paulson et al. (1992a) for the OH
radical reaction with isoprene in the presence of, d@ow that the products expected from
reaction schemes analogous to that shown above for propene (i.e., HCHO + methyl vinyl
ketone [CHC(O)CH=CH] and HCHO + methacrolein [C}#C(CH,)CHO], arising from
initial OH radical addition to the C#CH- and CH=C< bonds, respectively) do not account
for the entire reaction pathways. The product yields obtained from the studies of Tuazon and
Atkinson (1990a) and Paulson et al. (1992a) are methyl vinyl ketone, 34%; methacrolein,
24%; 3-methylfuran, 5%; organic nitratesl2%; and unidentified carbonyl compound25%
(Tuazon and Atkinson, 1990a; Paulson et al., 1992a; Atkinson, 1994). The HCHO yield was
consistent with being a co-product formed with methyl vinyl ketone and methacrolein
(Tuazon and Atkinson, 1990a). Aerosol formation for isoprene photooxidation has been
shown to be negligible under atmospheric conditions (Pandis et al., 1991; Zhang et al., 1992).

To date, few quantitative product studies have been carried out for the
monoterpenes (Arey et al., 1990; Hatakeyama et al., 1991; Hakola et al., 1993, 1994). Arey
et al. (1990) and Hakola et al. (1993, 1994) have observed #@ (&arbonyl compounds, as
had been based on the analogous reaction scheme shown above for propene, but with total
carbonyl formation yields 0£50%. These data (Arey et al., 1990; Hakola et al., 1993, 1994)
indicate the formation of other products in significant, and often dominant, yields.
Hatakeyama et al. (1991) used Fourier transform infrared (FTIR) absorption spectroscopy and
reported carbonyl compounds to be formed in high yield frmypinene and3-pinene, in
apparent disagreement with the data of Arey et al. (1990) and Hakola et al. (1994). Although
Hatakeyama et al. (1991) ascribed these carbonyl products to those expected from oxidative
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cleavage of the >C=C< bonds, it is possible that the yields reported for these carbonyls
included contributions by other, as yet unidentified, carbonyl-containing products.

Nitrate Radical Reactions.The NG, radical reactions proceed by reaction schemes
generally similar to the OH radical reactions, except that, when fd@icals are present, NO
concentrations are low (see above) and,RORO, and RQ + HO, radical reactions are
expected to dominate over BG NO reactions. For propene, the initial reaction is

NO, + CH,CH=CH, -~ CH,CHCHONO, and CHCH(ONQ)CH,,  (3-50)

followed by a series of reactions that are expected (Atkinson, 1991) to lead to the formation
of, among others, carbonyls and nitrato-carbonyls (for example, HCHQCEE,
CH,CH(ONGQ,)CHO, and CHC(O)CH,ONGQ, from propene). Few data are presently available
concerning the products and detailed mechanisms of&lk&ne reactions (Atkinson, 1991,
1994, and references therein). In particular, the reaction products and mechanisms for the
NO, radical reactions with isoprene and the monoterpenes are still not quantitatively
understood (Kotzias et al., 1989; Barnes et al., 1990; Hjorth et al., 1990; Skov et al., 1992).
Ozone Reactions.The O, reactions also proceed by addition of © the alkene,
to form an energy-rich ozonide that rapidly decomposes to form carbonyls and energy-rich
biradicals ([ ]):

0
N
L]
0; + CH,CH=CH, > CH;CH —— CH,
CH,CHO + [CH,00] HCHO + [CH,CHOO] .

The energy-rich biradicals J@O] and [CH,CHOO]', undergo collisional stabilization or
decomposition:

-~ M | RR,C00 (3-51a)

*

[RR,COO]

- Decomposition. (3-51b)
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There are still significant uncertainties concerning the reactions of the energy-rich biradicals
(Horie and Moortgat, 1991; Atkinson, 1990, 1994), with recent studies showing the
production of OH radicals in high yields for several alkenes (Niki et al., 1987; Paulson et al.,
1992a; Atkinson et al., 1992b; Paulson and Seinfeld, 1992b; Atkinson and Aschmann, 1993).
For isoprene, the major products are methacrolein and methyl vinyl ketone
(Kamens et al., 1982; Niki et al., 1983; Paulson et al., 1992b). Paulson et al. (1992b) derived
an OH radical and an GR) atom formation yield of 0.68 + 0.15 and 0.45 + 0.2, respectively,
from the Q, reaction with isoprene, indicating the dominance of secondary reactions.
However, Atkinson et al. (1992b) derived a significantly lower OH radical formation yield of
0.27 (uncertain to a factor 6f1.5). Clearly, further studies of this important reaction are
needed.
The only quantitative studies of the gas-phasadactions with the monoterpenes
are those of Hatakeyama et al. (1989) éorand 3-pinene and Hakola et al. (1993, 1994) for
a series of monoterpenes. Additionally, Atkinson et al. (1992b) derived OH radical formation
yields from these reactions under atmospheric conditions.
Several groups (Gab et al., 1985; Becker et al., 1990, 1993; Simonaitis et al., 1991,
Hewitt and Kok, 1991) have reported the formation gfOsland organic peroxides from
O, reactions with alkenes. However, there are significant disagreements in the quantitative
results reported by Becker et al. (1990, 1993) and Simonaitis et al. (1991).

Aromatic Hydrocarbons

The chemistry of aromatic hydrocarbons is one of the major sources of uncertainty
in the atmospheric chemistry of VOCs (National Research Council, 1991; Atkinson, 1994).
The most abundant aromatic hydrocarbons in urban atmospheres are benzene, toluene, the
xylenes, and the trimethylbenzenes (Grosjean and Fung, 1984; California Air Resources
Board, 1992). As shown in Table 3-2, the only tropospherically important loss process for
benzene and the alkyl-substituted benzenes is by reaction with the OH radical. For the alkyl-
substituted benzenes, the OH radical reactions proceed by two pathways: (1) H-atom
abstraction from the C-H bonds of the alkyl substituent groups and (2) OH radical addition to
the aromatic ring, as shown below, fpixylene:

CH,
— H,O + (3-52a)
CH, CH,
sl
CH
CH3 | 3 OH
H.
- (3-52b)

with the OH radical addition pathway being reversible abs885 K (Atkinson, 1989).

3-24



The radical formed in Reaction 3-52a reacts analogously to an alkyl radical
(Atkinson, 1994), leading, in the presence of NO, to aromatic aldehydes and organic nitrates.

CH,C(H,CH, + O, N CH,C,H,CH,00

NO

CH,C,H,CH,0 + NO,

0,

CHCH,CHO + HO,
(p-tolualdehyde)

The OH-containing radical formed in Reaction 3-52b can undergo reaction with bogtailND

O,. Knispel et al. (1990) reported rate constants for the reactions gfeh@® O with the
OH-containing radicals formed from benzene and toluene. The magnitude of the rate
constants they obtained implies that, in the troposphere, the major reactions of these radicals
will be with O,. Laboratory studies of the formation of selected products from the gas-phase
reactions of the OH radical with toluenexylene, and 1,2,3-trimethylbenzene (Atkinson and
Aschmann, 1994), and, in particular, of the formation of the ring-cleavage product
2,3-butanedione from-xylene, are consistent with the kinetic data of Knispel et al. (1990).
Thus, at least for the monocyclic aromatic hydrocarbons such as benzene, toluene, and the
xylenes, the OH-aromatic adducts formed in Reaction 3-52b react witm@er atmospheric
conditions. However, care must be taken in using product yields obtained in the laboratory at
higher than ambient NQOconcentrations because data may be influenced by theréiation

and, hence, may not be applicable to ther€action with the OH-aromatic adduct. Clearly,

the products formed and their yields from the &d NQ reactions with the OH-aromatic
adducts need to be determined, and the detailed reaction mechanisms elucidated.

Despite these uncertainties, however, products from the OH radical addition
pathway have been identified, and their formation yields determined (Atkinson, 1994, and
references therein). The major products identified from the OH radical addition pathway are
phenolic compounds (e.g., phenol from benzene @ndh-, andp-cresol from toluene) and
a-dicarbonyls (glyoxal, methylglyoxal, and 2,3-butanedione) resulting from the cleavage of
the aromatic ring (see, for example, Atkinson, 1990, 1994, and references therein).
Significant fractions ¥50% for benzene, toluene, and the xylenes) of the reaction products
are, however, still not accounted for.
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Carbonyl Compounds

As noted above, the OH radical reactions with the alkanes, alkenes, and aromatic
hydrocarbons lead, often in large yield, to the formation of carbonyl compounds. Likewise,
carbonyls are formed during the reactions of N&@dicals and Qwith alkenes. As a first
approximation, the carbonyl compounds of tropospheric interest are HCHO (see
Section 3.2.3.3), acetaldehyde, and the higher aliphatic aldehydes; benzaldehyde; acetone,
2-butanone, and the higher ketones; and simple dicarbonyls such as glyoxal, methylglyoxal,
and 2,3-butanedione.

The tropospheric photooxidation of isoprene leads to the formation of methyl vinyl
ketone (CHC(O)CH=CH,) and methacrolein (C}{€(CHO)=CH). The OH radical-initiated
reactions of these two carbonyl compounds in the presence ghia@ been studied by
Tuazon and Atkinson (1989, 1990b).

The tropospherically important loss processes of the carbonyls not containing
>C=C< bonds are photolysis and reaction with the OH radical. As shown in Tables 3-2,
photolysis is a major tropospheric loss process for the simplest aldehyde (HCHO) and the
simplest ketone (CKC(O)CH,), as well as for the dicarbonyls. For the higher aldehydes and
ketones, the OH radical reactions are calculated to be the dominant gas-phase loss process
(Table 3-2). For CHCHO, the reaction proceeds by H-atom abstraction from the -CHO
group to form the acetyl (C}€O) radical,

OH = CH,CHO - H,0 + CH,CO, (3-53)
which rapidly adds ©to form the acetyl peroxy radical:
CH,CO + O, - CH,C(0)0. (3-54)

This O, addition pathway is in contrast to the reaction of @th the formyl (HC O) radical
formed from HCHO, which reacts by an H-atom abstraction pathway (Reaction 3-30). The
acetyl peroxy radical reacts with NO and O

CH,C(0)00 + NO—» CH,C(O)O + NO, (3-55)
lfast
CH; + CO,
: M
CH,C(0)Q0 + NO, = CH,C(O)OONQ, (3-56, -3-56)

with the NGO, reaction forming the thermally unstable PAN. The higher aldehydes also lead
to PANs (Roberts, 1990); for example, propionaldehyde reactions lead to the formation of
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peroxypropionyl nitrate (PPN). Although the rate constant at atmospheric pressure for the
thermal decomposition of PAN (Atkinson et al., 1992a) is such that the lifetime of PAN, with
respect to thermal decomposition,<80 min at 298 K in the lower troposphere, the thermal
lifetime of PAN is calculated to be several hundred years in the upper troposphere. Reaction
with OH radicals or photolysis, or both, therefore will dominate as the loss processes of
PANSs in the upper troposphere (Atkinson et al., 1992a).

The transport of PAN out of urban areas into colder air masses (e.g., to higher
altitude) leads to PAN becoming a temporary reservoir of Nlowing the long-range
transport of NQ to less polluted areas. Release of N@these less polluted areas via
Reaction -3-56, with subsequent photolysis of Nthen leads to Qformation and the
pollution of remote areas. _

Because theC Hradical formed from the NO reaction with GE(O)OO leads to
HCHO formation, the OH radical reaction with QEHO subsequently leads to the formation
of HCHO. The same process occurs for propionaldehyde, which reacts to fog@HTHand
then HCHO. Benzaldehyde appears to behave as a phenyl-substituted aldehyde, with respect
to its OH radical reaction, and the analog to PAN is then peroxybenzoyl nitrate, PBzN
(CcH:C(O)OONO).

The formation of HCHO from CECHO and of CHCHO and then HCHO from
propionaldehyde are examples of "cascading”, in which the photochemical degradation of
emitted VOCs leads to the formation of further VOCs, typically containing fewer carbon
atoms than the precursor VOC. This process continues until the degradation products are
removed by wet and dry deposition or until CO or Cde the degradation products. The
reactions of each of these VOCs (i.e., the initially emitted VOC and its first-, second-, and
successive-generation products), in the presence of high concentrations of NO, can lead to the
formation of Q.

As discussed in Section 3.2.3.3 for HCHO, the photolysis of carbonyl compounds
can lead to the formation of new radicals that result in enhanced photochemical activity. The
OH radical reactions of the ketones are generally analogous to the reaction schemes for the
alkanes and aldehydes.

Alcohols and Ethers

A number of alcohols and ethers are used in gasolines and in alternative fuels.
The alcohols include methanol, ethanol, dad-butyl alcohol, and the ethers include methyl
tert-butyl ether (MTBE) and ethylert-butyl ether (ETBE). Table 3-2 shows that in the
troposphere these VOCs react only with the OH radical. The relatively long calculated
lifetime of methanol in the troposphere (15 days), due to reaction with the OH radical (Table
3-2), suggests that methanol also will be removed from the troposphere by wet and dry
deposition and that these physical loss processes may dominate the OH radical reactions
proceded by H-atom abstraction from the C-H bonds (and to a minor extent from the O-H
bonds in the alcohols), for example, for methanol,

OH - CH,OH - H,0 + CH,0 (15%) (3-57a)

OH + CH,OH - H,O + CH,OH. (85%) (3-57b)
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In the troposphere, both of the @Bl and CHOH radicals react only with Oto form HCHO.

CH,0 + O, -~ HCHO - HO, (3-58)
CH,0H + O, -~ HCHO - HO, (3-59)

The overall reaction is then
OH + CH,0H = O, -~ H,0 + HCHO + HO,. (3-60)

The reaction sequence for ethanol is similar (Atkinson, 1994). Product studies of the OH
radical-initiated reactions of MTBE and ETBE in the presence of N&ve been carried out
by Japer et al. (1990), Smith et al. (1991a, 1992), Tuazon et al. (1991), and Wallington and
Japar (1991). The major products from MTBE &ee-butyl formate, HCHO, and methyl
acetate [CHC(O)OCHj] and, from ETBE,tert-butyl formate,tert-butyl acetate, HCHO,
CH,CHO, and ethyl acetate. The available product data and the reaction mechanisms have
been reviewed by Atkinson (1994), and that reference should be consulted for further details.
In addition to the use of alcohols and ethers in gasolines and alternative fuels,
unsaturated alcohols have been reported as emissions from vegetation (Arey et al., 1991a;
Goldan et al., 1993), and kinetic and product studies have begun to be reported for these
biogenic VOCs (Grosjean et al., 1993a).

Primary Products and Areas of Uncertainty for the Tropospheric Degradation Reactions
of Volatile Organic Compounds

The tropospheric degradation reactions of the alkanes, alkenes (including those of
biogenic origin), aromatic hydrocarbons, carbonyls (often formed as products of the
degradation reactions of alkanes, alkenes, and aromatic hydrocarbons), and other oxygenates
have been briefly discussed above. A more lengthy and detailed discussion of the
atmospheric chemistry of alkanes, alkenes, aromatic hydrocarbons, and oxygen- and nitrogen-
containing organic compounds emitted into the atmosphere from anthropogenic and biogenic
sources and of their atmospheric transformation products is given in the review and evaluation
of Atkinson (1994), which also provides an assessment of the uncertainties in the product
yields and the reaction rate constants. The first-generation products of the alkanes, alkenes,
and aromatic hydrocarbons follow (unfortunately, complete product distributions have not
been obtained for most of the VOCs studied).

Alkanes.
Carbonyl compounds (i.e., aldehydes and ketones) are formed as major products for the
smaller €C,) alkanes.
Alkyl nitrates are formed from theC, alkanes studied to date. The yields increase with
the size of the alkane from4% for propane ta=30% for n-octane.
O-Hydroxycarbonyls are expected to be formed after the alkoxy radical isomerization
reaction. To date, no direct evidence for the formation of these compounds exists. For the
larger alkanes, the formation yields of these compounds could be high.

3-28



Alkyl hydroperoxides are formed under low-NO conditions.

Alkyl peroxynitrates (ROONG) are formed but have short lifetimes (a few seconds at

298 K) due to thermal decomposition.

Alcohols are formed from the combination reactions of the peroxy radicals under low-NO
experimental conditions. These compounds are expected to be formed in low
concentrations in the troposphere.

The major uncertainties in the atmospheric chemistry of the alkanes concern the
formation of RONQ from the reactions of the peroxy radicals with NO (Reaction 3-44b) and
the reactions of the alkoxy radicals in the troposphere. These uncertainties affect the amount
of NO to NG, conversion occurring and, hence, the amounts pth@t are formed during the
NO,-air photooxidations of the alkanes.

Alkenes.
- Carbonyl compounds (aldehydes and ketones) are formed as major products of the OH
radical, NQ radical, and Qreactions.
Organic acids are formed from the @actions, but probably in low yields.
Hydroxynitrates and nitratocarbonyls are formed from the OH radical reactions apd NO
radical reactions, respectively. The hydroxynitrates are formed in low yields from the OH
radical reactions, whereas the nitratocarbonyls may be major products of theadli€al
reactions.
Hydroxycarbonyls and carbonyl-acids are also expected to be formed, although few, if any,
data exist to date.
Decomposition products are produced from the initially energy-rich biradicals formed in
the G, reactions; these include CO, G@sters, hydroperoxides, and, in the presence of
NO,, peroxyacyl nitrates (RC(O)OONG@nd PANS).
The major areas of uncertainty concern the products and mechanisms of the
O, reactions (in particular, the radical yields from these reactions that affect tfar®ation
yields from the NQ-air photooxidations of the alkenes) and the reaction products and
mechanisms of the OH radical reactions with the alkenes containing more than four carbon
atoms.

Aromatic Hydrocarbons.
Phenolic compounds, such as phenol and cresols, have been shown to be major products of
the atmospheric reactions of the aromatic hydrocarbons under laboratory conditions.
Aromatic aldehydes, such as benzaldehyde, are formedQfo yield.
a-Dicarbonyls, such as glyoxal, methylglyoxal, and biacetyl, are formed in fairly high
(10 to 40%) yields. These dicarbonyls photolyze rapidly to form radicals and, therefore,
are important products with respect to the photochemical activity of the aromatic
hydrocarbons.
Unsaturated carbonyl or hydroxycarbonyl compounds are formed, although there is little
direct information concerning the formation of these products.

There is a lack of knowledge of the detailed reaction mechanisms and products for
the aromatic hydrocarbons under tropospheric conditions (i.e., for thechi@entrations
encountered in urban and rural areas). It is possible that the products observed in laboratory
studies and their formation yields are not representative of the situation in the troposphere.
This then leads to an inability to formulate detailed reaction mechanisms for the atmospheric
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degradation reactions of the aromatic hydrocarbons, and the chemical mechanisms used in
urban airshed models then must rely heavily on environmental (or "smog") chamber data.

Oxygenated Compounds.
The products observed from the atmospheric photooxidations of oxygenated organics are
carbonyls, organic acids (e.g., RC(O)OH), esters, alcohols, and, in the presence, of NO
PANS.

The major area of uncertainty concerns the importance of photolysis of carbonyl
compounds in the troposphere, and the products formed. In particular, there is a lack of
information concerning the absorption cross-sections and photoodissociation quantum yields
for most of the aldehydes and ketones other than HCHO,GED, and CHCOCH,.

3.2.4.2 Chemical Formation of Ozone in Polluted Air
Major Steps in Ozone Formation

As discussed earlier, N@&nd VOCs interact under the influence of sunlight to
form O, and other photochemical air pollutants. The major steps in this process are the
conversion of NO to NQby peroxy radicals, with the photolysis of N@ading to
O, production. In the absence of a VOC, Reactions 3-1 through 3-3,

NO + O, ~ NO, - O, (3-3)

0
NO, = hv _Z NO - O, (3-1, 3-2)

do not lead to any net formation of,0 The reaction of a VOC with the OH radical, or its
photolysis, leads to the formation of H@nd organic peroxy (R radicals, which react with
NO under high-NO conditions:

O .
VOC(+ OH, tv) _2 RO

) (3-61)
RO, - NO - RO + NO, (3-44a)
OZ
NO, ~ hv 2 NO = O, (3-1, 3-2)
(@) .
Net: VOC(+ OH, tv) 22 RO, + O,. (3-62)

with the alkoxy (RO) radical producing further HOr RGQ, radicals or both, and, hence,
resulting in further production of O This process is shown schematically in Figure 3-4.
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Figure 3-4. Major steps in production of ozone in ambient air (R = H, alkyl or substituted
alkyl, or acyl).

The general time-concentration profiles for selected species during irradiation of an
NO,-VOC-air mixture are shown in Figure 3-5 for a constant light intensity and in Figure 3-6

for diurnally varying light intensity. These general features of an NMOC-siDirradiation
are described by the reactions described below.
The conversion of NO to NQoccurs through the oxidation reactions:

organic¢ OH, hv, 0) - RO, (3-63)
RO, - NO - RO + NO, (3-44a)

. O
RO _? carbonyl + HO, (3-64)
HO, + NO - OH =+ NO,. (3-32)

The maximum concentration of NGs less than the initial NO + NO
concentration because N@ removed through the reaction

OH = NO, M HNO,. (3-15)

This reaction removes radicals (OH and )l@nd NQ from the system. In addition to the
removal of NQ through Reaction 3-15, NCalso can be removed through the formation of
temporary reservoir species such as organic nitrates (Reaction 3-44b) and PAN
(Reaction 3-56).
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Figure 3-5. Time-concentration profiles for selected species during irradiations of a
nitrogen oxide-propene-air mixture in an indoor chamber with constant light
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Figure 3-6. Time-concentration profiles for selected species during irradiations of a

nitrogen oxide-propene-air mixture in an outdoor chamber with diurnally
varying light intensity.
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RO, + NO - RONO, (3-44b)
CH,C(0)00 + NO, - CH,C(O)OONQ, (3-56)

The Q, concentration increases with the MO concentration ratio, and
O, formation ceases when N@and hence NQ has been removed by reaction.

Formation of PAN occurs by Reaction 3-56. Because of Reactions 3-55 and 3-56,
the PAN concentration also increases with the,M@® concentration ratio, and PAN
formation also ceases when N@as been depleted.

The removal processes for N@re by reaction of NQwith the OH radical to
form HNO, (Reaction 3-16), the formation of organic nitrates from the@RO + NO Reaction
3-44b pathway, and the formation of PAN through Reaction 3-56. The initially presept NO
is converted to organic nitrates, HNGnd thermally unstable PANs. At ambient
temperature, the PANs will gradually thermally decompose to yield &l@l the acylperoxy
radicals; hence, the ultimate fate of N@ill be to form HNG, and organic nitrates.

Effects of Varying Initial Nitrogen Oxide and Nonmethane Volatile Organic Compound
Concentrations

As discussed in Section 3.2.4.2, Nénd VOC interact in sunlight to form {and
other photochemical air pollutants. The formation gff@m the NQ and VOC precursors is
nonlinear with respect to the precursor emissions (or ambient concentrations). As discussed
in detail in Section 3.6, computer models incorporating emissions, meteorology, and chemistry
are necessary for a full understanding of the complexities of the W@C-O, system. The
major reactions in irradiated VOC-NEir mixtures (see Section 3.2.4.2) include

OH + VOC O, RO, (3-61)

2’
—

which is in competition with Reaction 3-15,

OH + NO, - HNO,, (3-15)

which removes both radicals and NO

RO, + NO - RO = NO, (3-44a)
NO, = hv Oz NO - O, (3-1, 3-2)
NO + O, - NO, + O, (3-3)

Based on these reactions, as the VOC/M&io decreases, Reaction 3-15 competes more
successfully with Reaction 3-61 in removing radicals from the system for a constant source of
OH radicals, and, thus, slows down the formation qgf(énd vice-versa). The ultimate

amount of Q formed depends on the N@vailable for photochemical processing through
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Reactions 3-44a, 3-1, 3-2, and 3-3. Because of the diurnal light intensity variation and the
length of daylight available for reactions and photolysis to occyrfo@nation from VOC-
NO,-air mixtures, especially as a function of the VOC/Nf@tio, is complex and depends on
the time or distance scale being considered (for example, transport of urban plumes to rural
areas) (Wolff, 1993; Finlayson-Pitts and Pitts, 1993). In general, reducing the VOQC&I®
by reducing VOC emissions slows down the formation rate gfl€ading to lower Qlevels

in urban areas and in areas downwind of urban complexes. Reduction oémi@sions

leads to a more rapid formation of,Calthough with less Oformed, and, hence, inner-urban
areas may experience higheg Bvels with NQ, control than with VOC control, whereas
suburban and rural areas may have lowgdeéDels with NQ control (Trainer et al., 1993;
Olszyna et al., 1994).

Effects of Biogenic Nonmethane Volatile Organic Compound Emissions

Biogenic VOC emissions can be important in urban and rural areas (Trainer et al.,
1987; Chameides et al., 1988, 1992; Roselle et al., 1991) and can contributdaom@tion
in much the same way as anthropogenic VOCs. Modeling simulations in which urban
biogenic VOC emissions are first included and then excluded from the calculations generally
indicate little effect of the biogenic emissions on the predictgde@els. This is not
unexpected from the shape of thg i@opleths at high VOC/NQratios (Chameides et al.,
1988; Section 3.6). However, results of modeling studies in which anthropogenic VOC
emissions are removed from the simulations (but anthropogenicel@ssions are left
unaltered) suggest that anthropogenic,N@yether with biogenic VOCs may form sufficient
O, to exceed the NAAQS, at least in certain areas (Chameides et al., 1988). Thus, for the
anthropogenic and biogenic VOC emissions considered by Chameides et al. (1988) for
Atlanta, GA, changes in either the anthropogenic VOC emissions or biogenic VOC emissions
have little effect on Qlevels. Therefore, as discussed for the Atlanta region (Chameides
et al., 1988), NQ control may be more favorable than VOC control in urban areas with
substantial biogenic NMOC emissions.

Although it is known that isoprene is reactive with respect to the formation of
O, (Section 3.2.4.3) and that the monoterpenes react rapidly with OH radicals;adi©als,
and Q, the O-forming potentials of the various monoterpenes emitted into the atmosphere
are not known.

3.2.4.3 Hydrocarbon Reactivity with Respect to Ozone Formation

As discussed in Section 3.2.4, VOCs are removed and transformed in the
troposphere by photolysis and by chemical reaction with OH radicalg,rbidicals, and Q
In the presence of sunlight, the degradation reactions of the VOCs lead to the conversion of
NO to NG, and the formation of Qand various organic products. However, different VOCs
react at differing rates in the troposphere because of their differing tropospheric lifetimes
(Table 3-2). The lifetimes of most VOCs with respect to reaction with OH radicals and
O, are in the range1 h to=10 years. In large part, because of these differing tropospheric
lifetimes and rates of reaction, VOCs exhibit a range of reactivities with respect to the
formation of Q (Altshuller and Bufalini, 1971, and references therein).

A number of "reactivity scales" have been developed over the years (see, for
example, Altshuller and Bufalini, 1971, and references therein; Darnall et al., 1976), including
the rate of VOC disappearance in N®OC-air irradiations, the rate of NO to NO
conversion in NQVOC-air irradiations, @formation in NQ-single VOC-air irradiations, eye
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irritation, and the rate constant for reaction of the VOC with the OH radical. It appears,
however, that a useful definition of "reactivity” is that of "incremental reactivitiR) (

defined as the amount of @ormed per unit of VOC added or subtracted from the VOC
mixture in a given air mass under high-NO conditions (Carter and Atkinson, 1987, 1989b):

IR = A[O.J/A[VOC], (3-65)

at the limit of AJlVOC] - 0. The concept of incremental reactivity and some further details
of this approach are illustrated by the general reaction mechanism for the photooxidation of
an alkane, RH:

OH - RH - H,0 -~ R (3-42)
R -0, - RO, (3-43)
RO, - NO - RO + NO, (3-44a)
RO - carbonyl + HO, (3-65)
HO, + NO - OH =+ NO,. (3-32)
The net reaction,
@)
OH + RH + 2 NO _? carbonyl + 2 NO, + OH, (3-66)

can be viewed as involving the two separate reaction sequences:

(1) the formation of organic peroxy (®) radicals from the reactions,

OH+RH+H20+R

R+02+R02

Net: OH + RH » RO2 ,
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and (2) the conversion of NO to N@nd the formation of Qand other products,
RO, + NO + RO + NO,
RO » carbonyl + HO,

HO, + NO -~ OH + NO,

Net: R02 + 2 NO —» carbonyl + 2 NO, + OH .

The photolysis of NQthen leads to ©Qformation (Reactions 3-1 and 3-2). The first reaction
sequence determines how fagd,Radicals are generated from the VOC, which is called

"kinetic reactivity" (Carter and Atkinson, 1989b). For the case given above, where the only
reaction of the VOC is with the OH radical, the kinetic reactivity depends solely on the OH
radical reaction rate constant. The second reaction sequence, leading to NQ to NO
conversion, regeneration of OH radicals, and the formation of product species, determines the
efficiency of formation of Q from the RO, radicals formed from the first reaction sequence

and is termed "mechanistic reactivity" (Carter and Atkinson, 1989b). The second reaction
sequence can be represented as

RO, + aNO - BNO, + yOH - & products. (3-67)

In general, the faster a VOC reacts in the atmosphere, the higher the incremental
reactivity. However, the chemistry subsequent to the initial reaction does affect the
O,-forming potential of the VOC. Thus, the existence of N&nks in the reaction
mechanism (low values @ or values ofa-3 > 0) leads to a decrease in the amount of
O, formed. Examples of NOsinks are the formation of organic nitrates and PANs (which
are also sinks for radicals). The generation or loss of radical species can lead to a net
formation or net loss of OH radicaly & 1 ory < 1, respectively). This, in turn, leads to an
enhancement or suppression of radical concentrations in the air parcel and to an enhancement
or suppression of the overall reactivity of all VOCs in that air parcel by affecting the rate of
formation of RO, radicals.

These effects vary in importance depending on the VOG/N@o. Nitrogen
oxides sinks are most important at high VOC/N@tios (NQ-limited), affecting the
maximum Q formed; although the formation or loss of OH radicals is most important at low
VOC/NQ, ratios, affecting the initial rate at which,@ formed (Carter and Atkinson, 1989b).
In addition to depending on the VOC/N@atio (Table 3-3), incremental reactivity depends on
the composition of the VOC mixture and on the physical conditions encountered by the air
mass (including the dilution rate, light intensity, and spectral distribution (Carter and
Atkinson, 1989b; Carter, 1991).
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Table 3-3. Calculated Incremental Reactivities of Selected Volatile Organic
Compounds as a Function of the Volatile Organic Compound/Nitrogen Oxide
Ratio for an Eight-Component Volatile Organic Compound Mixture % and
Low-Dilution Conditions °

VOC/NO, Ratio (ppmC/ppm)

NMOC 4 8 16 40

CO 0.011 0.022 0.016 0.005
Ethane 0.024 0.041 0.018 0.007
n-Butane 0.10 0.16 0.069 0.019
n-Octane 0.068 0.12 0.027 -0.031
Ethene 0.85 0.90 0.33 0.14
Propene 1.28 1.03 0.39 0.14
trans-2-Butene 1.42 0.97 0.31 0.054
Benzene 0.038 0.033 -0.002 —-0.002
Toluene 0.26 0.16 -0.036 -0.051
m-Xylene 0.98 0.63 0.091 -0.025
Formaldehyde 2.42 1.20 0.32 0.051
Acetaldehyde 1.34 0.83 0.29 0.098
Methanol 0.12 0.17 0.066 0.029
Ethanol 0.18 0.22 0.065 0.006
Urban Mix 0.41 0.32 0.088 0.011

®Eight-component VOC mixture used to simulate NMOC emissions in an urban area.
®'See Appendix A for abbreviations and acronyms.

Source: Carter and Atkinson (1989b).

The O-forming potentials of large numbers of VOCs, including emissions from
automobiles using gasoline and various alternative fuels such as methanol and ethanol blends
and compressed natural gas, have been investigated by airshed computer models (Chang and
Rudy, 1990; Chang et al., 1991a; Derwent and Jenkin, 1991; Andersson-Skold et al., 1992;
McNair et al., 1992, 1994; Carter, 1994). Consistent with the modeling studies of Carter and
Atkinson (1987, 1989b), these computer-modeling studies show that VOCs differ significantly
in terms of their Q-forming potential, for single-day as well as multiday conditions (Derwent
and Jenkin, 1991; Andersson-Skold et al., 1992; Carter, 1994; McNair et al., 1994).

However, there are some differences between tiéofning potentials derived by Derwent

and Jenkin (1991) for multiday transport conditions over Europe and by Carter (1994) for 1-
day urban airshed "maximum incremental reactivity" conditions, especially for HCHO, an
important direct emission and atmospheric transformation product of most VOCs.

Recent modeling studies have been carried out by Carter (1994) and McNair et al.
(1994) to determine the Forming potential of alternative fuels. Emissions from vehicles
using 85% methanol and 15% gasoline (M-85) were shown to k4086 of the Q-forming
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potential of emissions from gasoline-fueled vehicles. Emissions from vehicles using liquefied
petroleum gas (LPG) and compressed natural gas (CNG) were shown to péwenidg

potentials that are50% and=18%, respectively, of the Lorming potential of emissions

from gasoline-fueled vehicles (McNair et al., 1994).

3.2.5 Photochemical Production of Aerosols

The chemical processes involved in the formation gfa@d other photochemical
pollutants from the interaction of NGand VOCs lead to the formation of OH radicals and
oxidized VOC reaction products that often are of lower volatility than the precursor VOC.
The OH radicals that oxidize the VOCs and lead to the generation gfr&ficals and
conversion of NO to NQ(with subsequent photolysis of N@orm O,) also react with NQ
and sulfur dioxide (SQ to form HNG, and HSO,, respectively, which can become
incorporated into aerosols as particulate nitrate JN@d sulfate (S¢¥). The low-volatility
VOC reaction products can condense onto existing particles in the atmosphere to form
secondary organic aerosol matter. Hencgfddmation, acid formation, and secondary
aerosol formation in the atmosphere are so related that controls aimed at redytawgl®
can impact (positively or negatively) acid and secondary aerosol formation in the atmosphere.

3.2.5.1 Phase Distributions of Organic Compounds

Chemical compounds are emitted into the atmosphere in both gaseous and particle-
associated forms. The emissions from combustion sources (e.g., vehicle exhaust) are initially
at elevated temperature, and compounds that may be in the particle phase at ambient
atmospheric temperature may be in the gas phase when emitted. In addition, atmospheric
reactions of gas-phase chemicals can lead to the formation of products that then condense
onto particles, or self-nucleate (Pandis et al., 1991; Wang et al., 1992; Zhang et al., 1992).
Measurements of ambient atmospheric gas- and particle-phase concentrations of several
classes of organic compounds indicate that the phase distribution depends on the liquid-phase
vapor pressure, PL (Bidleman, 1988; Pankow and Bidleman, 1992). The available
experimental data and theoretical treatments show that, as a rough approximation, organic
compounds with PL > 1Btorr at ambient temperature are mainly in the gas phase (Bidleman,
1988). As expected, the gas-particle phase distribution in the atmosphere depends on the
ambient temperature, with the chemical being more particle-associated at lower temperatures.
The gas-to-particle adsorption-desorption process can be represented as,

A - TSP=F, (3-68)

where A is the gas-phase compound, F is the particle-phase compound, and TSP is the total
suspended particulate matter. The relationship among these three species is expressed using a
particle-gas partition coefficient, K:

K = FI(TSP)A. (3-69)
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Because K is a constant at a given temperature, if TSP increases (for example, in going from
a clean remote atmosphere to an urban area), F/A also must increase and the chemical
becomes more particle-associated (Pankow and Bidleman, 1991, 1992).

Gaseous and particulate species in the atmosphere are subject to wet and dry
deposition. Dry deposition refers to the uptake of gases and particles at the earth’s surface by
vegetation, soil, and water, including lakes, rivers, oceans, and snow-covered ground. Wet
deposition refers to the removal of gases and particles from the atmosphere through
incorporation into rain, fog, and cloud water, followed by precipitation to the earth’s surface.
These processes are discussed further in Section 3.6.

For gases, dry deposition is important primarily for HNGO,, and HO, as well
as for Q and PAN, whereas wet deposition is important for water-soluble gases such as
HNO,, H,0,, phenols, and, under atmospheric conditions,.SDry deposition of particles
depends on the particle size; those of a mean diameted.dfto 2.5 um have lifetimes with
respect to dry deposition 6f10 days (Graedel and Weschler, 1981; Atkinson, 1988),
sufficient for long-range transport. However, particles are efficiently removed from the
atmosphere by wet deposition (Bidleman, 1988).

Particles can form in the atmosphere by condensation or by coagulation, generally
occurring by coagulation in urban and rural areas. The photooxidation reactions of VOCs
typically lead to the formation of more oxidized and less volatile product species. When the
vapor pressures exceed the saturated vapor pressure (i.e., vapor presstrgox)l@he
products will become particle-associated (Pandis et al., 1991, 1992). Accumulation-size
particles are in the size range 0.08 to 2.5 um diameter (Whitby et al., 1972).

In urban areas, the major sources of particulate matter (Larson et al., 1989;
Solomon et al., 1989; Wolff et al., 1991; Hildemann et al., 1991a,b; Rogge et al., 1991, 1993;
Chow et al., 1993) are

- direct emissions of elemental carbon from, for example, diesel-powered

vehicles (Larson et al., 1989);

direct emissions of primary organic carbon from, for example, meat cooking
operations, paved road dust, and wood-burning fireplaces and other combustion
sources (Hildemann et al., 1991a,b; Rogge et al., 1991, 1993);

secondary organic material formed in the atmosphere from the atmospheric
photooxidations of gas-phase NMOC (Turpin and Huntzicker, 1991; Pandis

et al., 1992);

the conversion of NO and N@o HNGQ,, followed by neutralization by N}Hor
through combination with other cations to form aerosol nitrates:

NH,(gas) + HNO,(gas) = NH,NO,(aerosol); (3-69a)

the conversion of SQOand other sulfur-containing species) tg3®,, which
has sufficiently low volatility to move to the aerosol phase; and
emission into the atmosphere of "fine dust”, for example, crustal material.
Because the fine-particle size range is the same magnitude as the wavelength of
visible light, particulate matter present in the atmosphere leads to light scattering and
absorption, and hence to visibility reduction (Larson et al., 1989; Eldering et al., 1993).
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3.2.5.2 Acid Deposition

As noted above, the chemical processes involved in the formation ah@® other
photochemical pollutants from the interaction of NMOC and,N3o lead to the formation
of acids in the atmosphere. The two major acidic species in ambient air arg &NO
H,SO, arising from the atmospheric oxidation of N@nd SQ, respectively. Reduced sulfur
compounds emitted from biogenic sources and certain anthropogenic sources also may lead to
SO, or sulfonic acids (Tyndall and Ravishankara, 1991).

The major sulfur-containing compound emitted into the atmosphere from
anthropogenic sources is S0In the troposphere, the important loss processes gfe©dry
deposition (Atkinson, 1988, and references therein), reactions within cloud water, and gas-
phase reaction with the OH radical. The rate constant for the reaction pivi©the OH
radical is such that the lifetime of S@vith respect to gas-phase reaction with the OH radical
is =15 days. The reaction proceeds by (Stockwell and Calvert, 1983; Atkinson et al., 1992a)

M

OH + SO, - HOSQ (3-70)
HOSQ, + O, — HO, + SO, (3-71)
SO, + H,0 - H,SO,. (3-72)

The reaction of SQwith water vapor is slow in the gas-phase (Atkinson et al., 1992a) and,
hence, this may be a heterogeneous reaction. Because of its low vapor presS@eetists
in the aerosol or particle phase in the atmosphere.

Dry deposition is an important atmospheric loss process fof B€rause SChas
a fairly long lifetime, due to gas-phase chemical processes, and also has a high deposition
velocity. A lifetime, in relation to dry deposition of 2 to 3 days, appears reasonable
(Schwartz, 1989).

Sulfur dioxide is not very soluble in pure water (Schwartz, 1989). However, the
presence of pollutants such ag®] or O,, in the aqueous phase, displaces the equilibrium and
allows gas-phase S@o be incorporated into cloud, rain, and fog water, where it is oxidized
rapidly (Schwartz, 1989; Pandis and Seinfeld, 1989, and references therein):

SO(gas) = SO(aqu) (3-73)

SO(aqu) + H,0 = HSO; + H" = SOy + 2 H* (3-74)
HSO, + H,0, - SO + H* + H,0 (3-75)
SO/ + 0, -~ SO/ + O,. (3-76)

In addition, aqueous sulfur can be oxidized in a process catalyzed by transition metals such as
iron(Ill) (Fe*) and manganese(ll) (M) (Graedel et al., 1986b; Weschler et al., 1986; Pandis
and Seinfeld, 1989).
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SO; +1/2 O, — SO (3-77)

The oxidation rate of aqueous sulfur by @ecreases as the pH decreases (i.e., as the acidity
increases) and this oxidation route is therefore self-limiting and generally of minor importance
in the atmosphere. The oxidation of sBy H,O, appears to be the dominant aqueous-phase
oxidation process of S Chandler et al., 1988; Gervat et al., 1988; Schwartz, 1989; Pandis
and Seinfeld, 1989; Fung et al., 1991b), although the transition metal-catalyzed oxidation of
SO, may also be important (Jacob et al., 1989). It should be noted that aqueous-plase H
arises, in part, from the absorption of Héadicals and KD, into the agqueous phase, with

HO, radicals being converted into,8, (Zuo and Hoigne, 1993).

The oxidation of SQto sulfate in clouds and fogs is often much faster than the
homogeneous gas-phase oxidation of, 8@iated by reaction with the OH radical. The gas-
phase oxidation rate 0.5 to 1% h', whereas the aqueous-phase (cloud) oxidation rate may
be as high as 10 to 50%'{Schwartz, 1989).

The oxidation of NQ to HNO, and nitrates was discussed in Section 3.2.3.

During daylight hours, oxidation occurs by the gas-phase reaction gfviit® the OH
radical:

oH - No, ™ HNo,, (3-15)

with the lifetime of NG due to Reaction 3-15 calculated to B&.4 days. Nitric acid is
removed from the troposphere by wet and dry deposition, with wet deposition being efficient.
During nighttime hours, NOcan be converted into NQadicals and BD:

NO, -+ O, -~ NO, + O, (3-12)
M
NO, + NO, = N,O, (3-13, -3-13)

with N,O; undergoing wet or dry deposition, or both. The reader is referred to Schwartz
(1989) for further discussion of the conversion of N©® NO, and HNQ, and of acid
deposition.

3.3 Meteorological Processes Influencing Ozone
Formation and Transport

Day-to-day variability in Q concentrations is, to a first approximation, the result of
day-to-day variations in meteorological conditions. This section presents a succinct overview
of those atmospheric processes that affect the concentrationgafdoother oxidants in
urban and rural areas. Included in this list of processes are the vertical structure and
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dynamics of the PBL,; transport processes, including thermally-driven mesoscale circulations
such as lake and sea breeze circulations; complex terrain effects on transport and dispersion;
vertical exchange processes; deposition and scavenging; and meteorological controls on
biogenic emissions and dry deposition.

3.3.1 Meteorological Processes
3.3.1.1 Surface Energy Budgets

Knowledge of the surface energy budget is fundamental to an understanding of the
dynamics of the PBL. The PBL is defined as that layer of the atmosphere in contact with the
surface of the earth and directly influenced by the surface characteristics. In combination
with synoptic winds, it provides the forces for the vertical fluxes of heat, mass, and
momentum. The accounting of energy inputs and outputs provides a valuable check on
modeled PBL dynamics.

Figure 3-7 illustrates the surface radiation budget for short-wave (wavelength
roughly <0.4 um) and long-wave radiation. The radiation budget for the surface can be
described in terms of its components as

Q. = Kt - Kt +Li -Lt +Q, + Q. (3-78)

where Kl is the incoming short-wave radiation,tKis the outgoing short-wave radiation) L
is the incoming long-wave radiation from the atmosphere,id.the outgoing long-wave
radiation, and Q and Q are the heat flux and latent heat flux to the soil, respectively. On a
global annual average, Qis assumed to be near zero (i.e., the planet is not heating or
cooling systematically, an assumption clearly being questioned with the growing debate on
climatic change). On a day-to-day basis, howevey, W@l certainly vary from zero and will
cause changes in surface temperature. Cloud cover, for example, will reduce the amount of
short-wave radiation reaching the surface and will modify all the subsequent components of
the radiation budget. Moreover, the redistribution of energy through the PBL creates
thermodynamic conditions that influence vertical mixing. The treatment of energy budgets
has been attempted on the scale of individual urban areas. These studies are summarized by
Oke (1978).

For many of the modeling studies of the photochemical production,ptih@
vertical mixing has been parameterized by a single, well-mixed layer. However, because this
is a great simplification of a complex structure, and because the selection of rate and extent
of vertical mixing may influence local control options, future modeling and observational
studies need to address the energy balances so that more realistic simulations can be made of
the structure of the PBL.
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Figure 3-7. Surface radiation budget for short- and long-wave radiation. The surface
radiation budget is driven by the input of short-wave radiation (1). This direct
input is reduced by scatter (2) and absorption passing through the atmosphere.
The amount that remains can be absorbed or reflected at the surface. The
reflected light (3) also can be scattered back to the surface (4). The short-
wave energy absorbed at the surface will ultimately be emitted back to the
atmosphere as long-wave radiation (5). The atmosphere absorbs much of this
radiation and radiates it back to the surface (7) and out to space (6). This
energy cycle is completed as some of the absorbed energy is transmitted to the
atmosphere as sensible and latent heat (8).

3.3.1.2 Planetary Boundary Layer

The concentration of an air pollutant depends significantly on the degree of mixing
that occurs between the time a pollutant or its precursors are emitted and the arrival of the
pollutant at the receptor. Atmospheric mixing is the result of either mechanical turbulence,
often associated with wind shear, or thermal turbulence associated with vertical redistribution
of heat energy. The potential for thermal turbulence can be characterized by atmospheric
stability. The more stable the air layer, the more work is required to move air vertically.

As air is moved vertically through the atmosphere, as might happen in a
convective thermal, its temperature will decrease with height as the result of adiabatic
expansion. It is the comparison of how the temperasime@uldchange with height in the
absence of external heating or cooling againstatiial temperature change with height that
is a measure of atmospheric stability. Those layers of the atmosphere where temperature
increases with height (inversion layers) are the most stable as air, cooling as it rises, becomes
denser than its new warmer environment. In an atmospheric layer with relatively low
turbulence, pollutants do not redistribute vertically as rapidly as they do in an unstable layer.
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Also, because a stable layer has a relatively low rate of mixing, pollutants in a lower layer
will not mix through it to higher altitudes.

The stability of the atmosphere is often measured through computation of potential
temperature as

(3-79)

I |

SOl

where@ is the virtual potential temperature, P is the pressure of the air parcil tife

reference pressure to which the air parcel will be moved (usually 1,000 mb), R is the gas law
constant, and ds the specific heat of air at constant pressure. The f&stacreases with

height, the less the potential for mixing.

A stable layer can also act as a trap for air pollutants lying beneath it. Hence, an
elevated inversion is often referred to as a "trapping” inversion. On the other hand, if
pollutants are emitted into a stable layer aloft, such as might occur from an elevated stack, the
lack of turbulence will keep the effluents from reaching the ground while the inversion
persists.

Traditionally, atmospheric mixing has been treated through usenaikeng height
which is defined as the base of an elevated inversion layer. In this model ;{recrsors
are mixed uniformly through the layer below the mixing height. As this layer grows, it both
entrains remnant Ofrom previous days and redistributes fresh emissions aloft. The vertical
mixing profile through the lower layers of the atmosphere is assumed to follow a typical and
predictable cycle on a generally clear day. In such a situation, a nocturnal surface inversion
would be expected to form during the night as exceeds L. This surface layer inversion
persists until surface heating becomes significant, probably 2 loafter sunrise. Pollutants
initially trapped in the surface inversion may cause relatively high, local concentrations, but
these concentrations will decrease rapidly when the surface inversion is broken by surface
heating. The boundary formed between the rising, cooling air of the growing mixing layer
and that of the existing PBL is often sharp and can be observed as an elevated temperature
inversion.

Elevated temperature inversions, when the base is above the ground, are also
common occurrences (Hosler, 1961; Holzworth, 1964, 1972). This condition can form simply
as the result of rapid vertical mixing from below, but is exacerbated in regions of subsiding
air when the sinking air warms to a point at which it is warmer than the rising and cooling
underlying air. Because these circumstances are associated with specific synoptic conditions,
they are less frequent than the ubiquitous nighttime radiation inversion. An elevated
inversion is, nevertheless, a very significant air pollution feature, because it may persist
throughout the day and, thus, restrict vertical mixing.

When compared to a source near the surface and the effects of a radiation (surface)
inversion, the pollutant dispersion pattern is quite different for an elevated source plume
trapped in a layer near the base of an elevated inversion. This plume will not be in contact
with the ground surface in the early morning hours because there is no mixing through the
surface radiation inversion. Thus, the elevated plume will not affect surface pollutant
concentrations until the mixing processes become strong enough to reach the altitude of the
plume. At that time, the plume may be mixed downward quite rapidly in a process called
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fumigation During fumigation, surface Oconcentrations will increase if the morning

O, concentration is higher aloft than at the ground and if insufficient scavenging by NO
occurs at ground-level. In fact, the rapid rise ig €@ncentrations in the morning hours is

often the result of vertical (downward) transport from an elevated reservoig.ofA®er this

initial increase, surface concentrations can continue to increase as a result of photochemistry
or transport of Qrich air to the receptor.

When surface heating decreases in the late afternoon and early evening, the surface
inversion will form again under most conditions. The fate of the elevated inversion is less
clear, however. Although Qand its precursors have been mixed vertically, the reduction of
turbulence and mixing at the end of the daylight hours leavem @ remnant layer that is
often without a well-defined thermodynamic demarcation. This layer is then transported
through the night, often to regions far removed from pollution sources, where its pollutants
can influence concentrations at remote locations the next morning, as mixing entrains the
elevated remnant layer. This overnight transport can be aided by the development of a
nocturnal jet that forms many nights at the top of the surface inversion layer.

Geography can have a significant impact on the dispersion of pollutants (such as
along the coast of an ocean or one of the Great Lakes). Near the coast or shore, the
temperatures of land and water masses can be different, as can the temperature of the air
above these land and water masses. When the water is warmer than the land, there is a
tendency toward reduction in the frequency of surface inversion conditions inland over a
relatively narrow coastal strip (Hosler, 1961). This in turn tends to increase pollutant
dispersion in such areas. The opposite condition also occurs if the water is cooler than the
land, as in summer or fall. Cool air near the water surface will tend to increase the stability
of the boundary layer in the coastal zone, and thus decrease the mixing processes that act on
pollutant emissions. These conditions occur frequently along the New England coast (Hosler,
1961). Similarly, pollutants from the Chicago area have been observed to be influenced by a
stable boundary layer over Lake Michigan (Lyons and Olsson, 1972). This has been observed
especially in summer and fall when the lake surface is most likely to be cooler than the air
that is carried over it from the adjacent land.

Sillman et al. (1993) investigated abnormally high concentrations,aflf@erved in
rural locations on the shore of Lake Michigan and on the Atlantic coast in Maine, at a
distance of 300 km or more from major anthropogenic sources. A dynamical-photochemical
model was developed that represented formation pinGhoreline environments and was
used to simulate case studies for Lake Michigan and the northeastern United States. Results
suggest that a broad region with elevated RO,, and VOC forms as the Chicago plume
travels over Lake Michigan, a pattern consistent with observgdt@urface monitoring sites.
Near-total suppression of dry deposition of &d NQ over the lake is needed to produce
high O,. Results for the East Coast suggest that the observed pge&kn(be reproduced only
by a model that includes suppressed vertical mixing and deposition over water, 2-day
transport of a plume from New York, and superposition of the New York and Boston, MA,
plumes. Hence, the thermodynamics associated with the water bodies seem to play a
significant role in some regional-scale episodes of higlc@hcentrations.

There is concern that the strict use of mixing height unduly simplifies the complex
atmospheric processes that redistribute pollutants within urban