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PREFACE

On April 30, 1971 (Federal Register, 1971), in accordance with the Clean Air Act (CAA)

Amendments of 1970, the U.S. Environmental Protection Agency (EPA) promulgated the

original primary and secondary National Ambient Air Quality Standard (NAAQS) for particulate

matter (PM).  The reference method for measuring attainment of these standards was the "high-

volume" sampler (Code of Federal Regulations, 1977), which collected PM up to a nominal size

of 25 to 45 )m (so-called "total suspended particulate," or "TSP").  Thus, TSP was the original

indicator for the PM standards.  The primary standards for PM, measured as TSP, were 260

)g/m , 24-h average not to be exceeded more than once per year, and 75 )g/m , annual3 3

geometric mean.  The secondary standard was 150 )g/m , 24-h average not to be exceeded more3

than once per year.

In accordance with the CAA Amendments of 1977, the U.S. EPA conducted a re-

evaluation of the scientific data for PM, resulting in publication of a revised air quality criteria

document (AQCD) for PM in December 1982 and a later Addendum to that document in 1986. 

On July 1, 1987, the U.S. EPA published final revisions to the NAAQS for PM.  The principle

revisions to the 1971 NAAQS included (1) replacing TSP as the indicator for the ambient

standards with a new indicator that includes particles with an aerodynamic diameter less than or

equal to a nominal 10 )m ("PM "), (2) replacing the 24-h primary TSP standard with a 24-h10

PM  standard of 150 )g/m , (3) replacing the annual primary TSP standard with an annual PM10 10
3

standard of 50 )g/m , and (4) replacing the secondary TSP standard with 24-h and annual PM3
10

standards identical in all respects to the primary standards.

The present PM AQCD has been prepared in accordance with the CAA, requiring the EPA

Administrator periodically to review and revise, as appropriate, the criteria and NAAQS for

listed criteria pollutants.  Emphasis has been place on the presentation and evaluation of the

latest available dosimetric and health effects data; however, other scientific data are also

presented to provide information on the nature, sources, size distribution, measurement, and

concentrations of PM in the environment and contributions of ambient PM to total human

exposure.  This document is comprised of three volumes, with the present one (Volume II)

containing Chapters 8 through 11. 



II-iv

PREFACE (cont'd)

 

This document was prepared by U.S. EPA's National Center for Environmental

Assessment-RTP, with assistance by scientists from other EPA Office of Research and

Development laboratories (NERL; NHEERL) and non-EPA expert consultants.  Several earlier

drafts of the document were reviewed by experts from academia, various U.S. Federal and State

government units, non-governmental health and environmental organizations, and private

industry.  Several versions of this AQCD have also been reviewed in public meetings by the

Agency's Clean Air Scientific Advisory Committee (CASAC).  The National Center for

Environmental Assessment (formerly the Environmental Criteria and Assessment Office) of the

U.S. EPA's Office of Research and Development acknowledges with appreciation the valuable

contributions made by the many authors, contributors, and reviewers, as well as the diligence of

its staff and contractors in the preparation of this document.



II-v

Air Quality Criteria for Particulate Matter

TABLE OF CONTENTS

Volume I

1. EXECUTIVE SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1-1

2. INTRODUCTION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-1

3. PHYSICS AND CHEMISTRY OF PARTICULATE MATTER. . . . . . . . . . . . . . . . . . . 3-1

4. SAMPLING AND ANALYSIS METHODS FOR PARTICULATE MATTER 
AND ACID DEPOSITION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-1

5. SOURCES AND EMISSIONS OF ATMOSPHERIC PARTICLES. . . . . . . . . . . . . . . . 5-1

6. ENVIRONMENTAL CONCENTRATIONS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6-1
Appendix 6A:  Tables of Chemical Composition of Particulate Matter. . . . . . . . . . . .6A-1

7. HUMAN EXPOSURE TO PARTICULATE MATTER:  RELATIONS TO 
AMBIENT AND INDOOR CONCENTRATIONS. . . . . . . . . . . . . . . . . . . . . . . . . . . . 7-1

Volume II

8. EFFECTS ON VISIBILITY AND CLIMATE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8-1

9. EFFECTS ON MATERIALS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9-1

10. DOSIMETRY OF INHALED PARTICLES IN THE RESPIRATORY 
TRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-1
Appendix 10A: Prediction of Regional Deposition in the Human 

Respiratory Tract Using the International Commission 
on Radiological Protection Publication 66 Model. . . . . . . . . . . . . .10A-1

Appendix 10B: Selected Model Parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10B-1
Appendix 10C:  Selected Ambient Aerosol Particle Distributions. . . . . . . . . . . . . . .10C-1

11. TOXICOLOGICAL STUDIES OF PARTICULATE MATTER . . . . . . . . . . . . . . . .11-1



II-vi

Air Quality Criteria for Particulate Matter

TABLE OF CONTENTS (cont'd)

Volume III

12. EPIDEMIOLOGY STUDIES OF HEALTH EFFECTS ASSOCIATED 
WITH EXPOSURE TO AIRBORNE PARTICLES/ACID AEROSOLS. . . . . . . . . . . 12-1

13. INTEGRATIVE SYNTHESIS OF KEY POINTS:  PARTICULATE
MATTER EXPOSURE, DOSIMETRY, AND HEALTH RISKS. . . . . . . . . . . . . . . .13-1
Appendix 13A: References Used To Derive Cell Ratings in the Text 

Tables 13-6 and 13-7 for Assessing Qualitative
Strength of Evidence for Particulate Matter-Related
Health Effects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .13A-1



II-vii

TABLE OF CONTENTS
Page

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .II-xiv
LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .II-xx
AUTHORS, CONTRIBUTORS, AND REVIEWERS. . . . . . . . . . . . . . . . . . . . . . . . . . . .II-xxix
U.S. ENVIRONMENTAL PROTECTION AGENCY SCIENCE ADVISORY 
  BOARD, CLEAN AIR SCIENTIFIC ADVISORY COMMITTEE. . . . . . . . . . . . . . . . II-xxxv
U.S. ENVIRONMENTAL PROTECTION AGENCY PROJECT TEAM FOR
  DEVELOPMENT OF AIR QUALITY CRITERIA FOR PARTICULATE 
  MATTER . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .II-xxxix

8. EFFECTS ON VISIBILITY AND CLIMATE. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8-1
8.1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8-1

8.1.1 Background. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8-1
8.1.2 Definition of Visibility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8-3
8.1.3 Human Vision. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8-4

8.2 FUNDAMENTALS OF ATMOSPHERIC VISIBILITY . . . . . . . . . . . . . . . . . . . 8-8
8.2.1 Geometry of the Atmosphere. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8-8
8.2.2 Illumination of the Atmosphere. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8-9
8.2.3 Optical Properties of the Atmosphere. . . . . . . . . . . . . . . . . . . . . . . . .8-11
8.2.4 Multiple Scattering. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-15
8.2.5 Transmitted Radiance Versus Path Radiance. . . . . . . . . . . . . . . . . . . .8-23
8.2.6 Contrast and Contrast Transmittance as Quantitative

Measures of Visibility. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-26
8.2.7 Contrast Reduction by the Atmosphere. . . . . . . . . . . . . . . . . . . . . . . .8-27
8.2.8 Relation Between Contrast Transmittance and Light

Extinction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-33
8.3 OPTICAL PROPERTIES OF PARTICLES. . . . . . . . . . . . . . . . . . . . . . . . . . . .8-34

8.3.1 Optical Properties of Spheres. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-36
8.3.2 Optical Properties of Fine and Coarse Particles. . . . . . . . . . . . . . . . . .8-42
8.3.3 Effect of Relative Humidity on Particle Size. . . . . . . . . . . . . . . . . . . .8-44
8.3.4 Extinction Efficiencies and Budgets. . . . . . . . . . . . . . . . . . . . . . . . . .8-47

8.4 INDICATORS OF VISIBILITY AND AIR QUALITY . . . . . . . . . . . . . . . . . . .8-51
8.4.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-51
8.4.2 Visual Range from Human Observation. . . . . . . . . . . . . . . . . . . . . . .8-53
8.4.3 Light-Extinction Coefficient. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-54
8.4.4 Parameters Calculated from the Light Extinction

Coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-56
8.4.4.1 Visual Range. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-56
8.4.4.2 Deciview Haze Index. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-57

8.4.5 Light-Scattering Coefficient Due to Particles. . . . . . . . . . . . . . . . . . .8-57
8.4.6 Contrast of Terrain Features. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-60
8.4.7 Particulate Matter Concentrations. . . . . . . . . . . . . . . . . . . . . . . . . . . .8-61
8.4.8 Measures of Discoloration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-63

Note
Point to topic and click



II-viii

TABLE OF CONTENTS (cont'd)
Page

8.5 VISIBILITY IMPAIRMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-64
8.5.1 National Patterns and Trends. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-64
8.5.2 Visibility Monitoring. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-64

8.5.2.1 Point Versus Sight-Path Measurements. . . . . . . . . . . . . . . .8-64
8.5.2.2 Instrumental Monitoring Networks. . . . . . . . . . . . . . . . . . .8-65

8.5.3 Recent Observations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-66
8.6 VISIBILITY MODELING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-73

8.6.1 Plume Visibility Models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-74
8.6.2 Regional Haze Models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-75
8.6.3 Photographic Representations of Haze. . . . . . . . . . . . . . . . . . . . . . . .8-79

8.7 ECONOMIC VALUATION OF EFFECTS OF PARTICULATE 
MATTER ON VISIBILITY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-80
8.7.1 Basic Concepts of Economic Valuation. . . . . . . . . . . . . . . . . . . . . . .8-80
8.7.2 Economic Valuation Methods for Visibility. . . . . . . . . . . . . . . . . . .8-81
8.7.3 Studies of Economic Valuation of Visibility. . . . . . . . . . . . . . . . . . .8-82

8.7.3.1 Economic Valuation Studies for Air Pollution 
Plumes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-82

8.7.3.2 Economic Valuation Studies for Urban Haze. . . . . . . . . . . 8-84
8.8 CLIMATIC EFFECTS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-89

8.8.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-89
8.8.2 Radiative Forcing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-90
8.8.3 Solar Radiative Forcing by Aerosols. . . . . . . . . . . . . . . . . . . . . . . . .8-93

8.8.3.1 Modeling Aerosol Direct Solar Radiative Forcing. . . . . . . . 8-97
8.8.3.2 Global Annual Mean Radiative Forcing. . . . . . . . . . . . . . 8-100

8.8.4 Climate Response. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-102
8.8.4.1 Early Studies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-102
8.8.4.2 Recent Regional Studies. . . . . . . . . . . . . . . . . . . . . . . . . .8-104
8.8.4.3 Integrated Global Studies. . . . . . . . . . . . . . . . . . . . . . . . .8-106

8.8.5 Aerosol Effects on Clouds and Precipitation. . . . . . . . . . . . . . . . . .8-112
8.8.5.1 Indirect Solar Radiative Forcing. . . . . . . . . . . . . . . . . . . .8-112
8.8.5.2 Observational Evidence. . . . . . . . . . . . . . . . . . . . . . . . . . .8-116
8.8.5.3 Modeling Indirect Aerosol Forcing. . . . . . . . . . . . . . . . . .8-118

8.9 SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-120
8.9.1 Visibility Effects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-120
8.9.2 Climate Change. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-126

REFERENCES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-128

9. EFFECTS ON MATERIALS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9-1
9.1 CORROSION AND EROSION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9-1

9.1.1 Factors Affecting Metal Corrosion. . . . . . . . . . . . . . . . . . . . . . . . . . . 9-1
9.1.1.1 Moisture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9-2
9.1.1.2 Temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9-5
9.1.1.3 Formation of a Protective Film. . . . . . . . . . . . . . . . . . . . . . . 9-6

9.1.2 Development of a Generic Dose-Response Function . . . . . . . . . . . . . 9-7



II-ix

TABLE OF CONTENTS (cont'd)
Page

9.1.3 Studies on Metals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9-8
9.1.3.1 Acid-Forming Aerosols. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9-8
9.1.3.2 Particles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9-15

9.1.4 Paints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9-17
9.1.4.1 Acid-Forming Aerosols. . . . . . . . . . . . . . . . . . . . . . . . . . . .9-17
9.1.4.2 Particles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9-22

9.1.5 Stone and Concrete. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9-22
9.1.6 Corrosive Effects of Acid-Forming Aerosols and

Particles on Other Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9-30
9.2 SOILING AND DISCOLORATION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9-31

9.2.1 Building Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9-32
9.2.1.1 Fabrics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9-34
9.2.1.2 Household and Industrial Paints. . . . . . . . . . . . . . . . . . . . .9-34
9.2.1.3 Soiling of Works of Art. . . . . . . . . . . . . . . . . . . . . . . . . . . .9-37

9.3 ECONOMIC ESTIMATES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9-37
9.3.1 Methods for Determining Economic Loss from Pollutant

Exposure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9-38
9.3.2 Economic Loss Associated with Materials Damage and Soiling. . . . 9-40

9.4 SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9-44
REFERENCES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9-46

10. DOSIMETRY OF INHALED PARTICLES IN THE RESPIRATORY 
TRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-1
10.1 INTRODUCTION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-1
10.2 CHARACTERISTICS OF INHALED PARTICLES. . . . . . . . . . . . . . . . . . . .10-6
10.3 ANATOMY AND PHYSIOLOGY OF THE RESPIRATORY TRACT. . . . 10-13
10.4 FACTORS CONTROLLING COMPARATIVE INHALED DOSE. . . . . . . . 10-27

10.4.1 Deposition Mechanisms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-34
10.4.1.1 Gravitational Settling or Sedimentation. . . . . . . . . . . . . . .10-35
10.4.1.2 Inertial Impaction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-36
10.4.1.3 Brownian Diffusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-38
10.4.1.4 Interception. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-39
10.4.1.5 Electrostatic Precipitation. . . . . . . . . . . . . . . . . . . . . . . . .10-41
10.4.1.6 Additional Factors Modifying Deposition. . . . . . . . . . . . . 10-43
10.4.1.7 Comparative Aspects of Deposition. . . . . . . . . . . . . . . . . .10-46

10.4.2 Clearance and Translocation Mechanisms. . . . . . . . . . . . . . . . . . . .10-52
10.4.2.1 Extrathoracic Region. . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-53
10.4.2.2 Tracheobronchial Region. . . . . . . . . . . . . . . . . . . . . . . . .10-55
10.4.2.3 Alveolar Region. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-56
10.4.2.4 Clearance Kinetics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-59
10.4.2.5 Factors Modifying Clearance. . . . . . . . . . . . . . . . . . . . . .10-66
10.4.2.6 Comparative Aspects of Clearance. . . . . . . . . . . . . . . . . .10-70
10.4.2.7 Lung Overload. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-71

10.4.3 Acidic Aerosols. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-73



II-x

TABLE OF CONTENTS (cont'd)
Page

10.4.3.1 Hygroscopicity of Acidic Aerosols. . . . . . . . . . . . . . . . . .10-73
10.4.3.2 Neutralization and Buffering of Acidic Particles. . . . . . . . 10-81

10.5 DEPOSITION DATA AND MODELS. . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-85
10.5.1 Humans. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-85

10.5.1.1 Total Deposition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-86
10.5.1.2 Extrathoracic Deposition . . . . . . . . . . . . . . . . . . . . . . . . .10-89
10.5.1.3 Tracheobronchial Deposition. . . . . . . . . . . . . . . . . . . . . . .10-94
10.5.1.4 Alveolar Deposition. . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-97
10.5.1.5 Nonuniform Distribution of Deposition and Local 

Deposition Hot Spots. . . . . . . . . . . . . . . . . . . . . . . . . .10-99
10.5.1.6 Approaches to Deposition Modeling. . . . . . . . . . . . . . . .10-101

10.5.2 Laboratory Animals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-106
10.6 CLEARANCE DATA AND MODELS . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-119

10.6.1 Humans. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-121
10.6.2 Laboratory Animals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-131
10.6.3 Species Similarities and Differences. . . . . . . . . . . . . . . . . . . . . . .10-133
10.6.4 Models To Estimate Retained Dose. . . . . . . . . . . . . . . . . . . . . . . .10-140

10.6.4.1 Extrathoracic and Conducting Airways. . . . . . . . . . . . . . 10-142
10.6.4.2 Alveolar Region. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-145

10.7 APPLICATION OF DOSIMETRY MODELS TO DOSE-RESPONSE
ASSESSMENT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-146
10.7.1 General Considerations for Extrapolation Modeling. . . . . . . . . . . 10-147

10.7.1.1 Model Structure and Parameterization. . . . . . . . . . . . . . . 10-148
10.7.1.2 Interspecies Variability. . . . . . . . . . . . . . . . . . . . . . . . . .10-148
10.7.1.3 Extrapolation of Laboratory Animal Data to

Humans. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-149
10.7.2 Dosimetry Model Selection. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-151

10.7.2.1 Human Model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-151
10.7.2.2 Laboratory Animal Model. . . . . . . . . . . . . . . . . . . . . . . .10-154

10.7.3 Choice of Dose Metrics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-155
10.7.3.1 Interspecies Extrapolation. . . . . . . . . . . . . . . . . . . . . . . .10-156

10.7.4 Choice of Exposure Metrics. . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-162
10.7.4.1 Human Exposure Data. . . . . . . . . . . . . . . . . . . . . . . . . .10-162
10.7.4.2 Laboratory Animal Data. . . . . . . . . . . . . . . . . . . . . . . . .10-163

10.7.5 Deposited Dose Estimations. . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-163
10.7.5.1 Human Estimates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-163
10.7.5.2 Laboratory Animal Estimates. . . . . . . . . . . . . . . . . . . . .10-194

10.7.6 Retained Dose Estimates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-199
10.7.6.1 Human Estimates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-199
10.7.6.2 Laboratory Animal Estimates. . . . . . . . . . . . . . . . . . . . .10-204

10.7.7 Summary. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-212
REFERENCES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-218



II-xi

TABLE OF CONTENTS (cont'd)
Page

APPENDIX 10A: Prediction of Regional Deposition in the Human Respiratory
Tract Using the International Commission on Radiological
Protection Publication 66 Model. . . . . . . . . . . . . . . . . . . . . . . . .10A-1

APPENDIX 10B: Selected Model Parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . .10B-1

APPENDIX 10C: Selected Ambient Aerosol Particle Distributions. . . . . . . . . . . . .10C-1

11. TOXICOLOGICAL STUDIES OF PARTICULATE MATTER. . . . . . . . . . . . . . . . .11-1
11.1 INTRODUCTION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-1
11.2 ACID AEROSOLS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-5

11.2.1 Controlled Human Exposure Studies. . . . . . . . . . . . . . . . . . . . . . . . .11-6
11.2.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-6
11.2.1.2 Pulmonary Function Effects of Sulfuric Acid in 

Healthy Subjects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-9
11.2.1.3 Pulmonary Function Effects of Sulfuric Acid in 

Asthmatic Subjects. . . . . . . . . . . . . . . . . . . . . . . . . . . .11-17
11.2.1.4 Effects of Acid Aerosols on Airway 

Responsiveness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-32
11.2.1.5 Effects of Acid Aerosols on Lung 

Clearance Mechanisms. . . . . . . . . . . . . . . . . . . . . . . . .11-34
11.2.1.6 Effects of Acid Aerosols Studied by 

Bronchoscopy and Airway Lavage. . . . . . . . . . . . . . . .11-36
11.2.1.7 Human Exposure Studies of Acid Aerosol

Mixtures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-37
11.2.1.8 Summary and Conclusions. . . . . . . . . . . . . . . . . . . . . . . .11-39

11.2.2 Laboratory Animal Studies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-42
11.2.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-42
11.2.2.2 Mortality. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-42
11.2.2.3 Pulmonary Mechanical Function. . . . . . . . . . . . . . . . . . . .11-43
11.2.2.4 Pulmonary Morphology and Biochemistry. . . . . . . . . . . . 11-49
11.2.2.5 Pulmonary Defenses. . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-55

11.2.3 Mixtures Containing Acidic Sulfate Particles. . . . . . . . . . . . . . . . .11-69
11.3 METALS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-76

11.3.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-76
11.3.2 Arsenic. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-77
11.3.3 Cadmium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-82

11.3.3.1 Health Effects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-83
11.3.4 Copper. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-85
11.3.5 Iron. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-87
11.3.6 Vanadium. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-89
11.3.7 Zinc. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-92
11.3.8 Transition Metals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-92
11.3.9 Summary. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-95



II-xii

TABLE OF CONTENTS (cont'd)
Page

11.4 ULTRAFINE PARTICLES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-96
11.5 DIESEL EXHAUST EMISSIONS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-102

11.5.1 Effects of Diesel Exhaust on Humans. . . . . . . . . . . . . . . . . . . . . . .11-103
11.5.2 Effects of Diesel Exhaust on Laboratory Animals. . . . . . . . . . . . . . 11-109
11.5.3 Species Differences. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-120
11.5.4 Effects of Mixtures Containing Diesel Exhaust. . . . . . . . . . . . . . . .11-122
11.5.5 Particle Effect in Diesel Exhaust Studies. . . . . . . . . . . . . . . . . . . . .11-122
11.5.6 Gasoline Engine Emissions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-124
11.5.7 Summary. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-125

11.6 SILICA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-126
11.6.1 Physical and Chemical Properties of Silica. . . . . . . . . . . . . . . . . . .11-126
11.6.2 Health Effects of Silica. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-127
11.6.3 Differences Between Chemical Forms of Silica. . . . . . . . . . . . . . . .11-128
11.6.4 Species Differences. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-130

11.7 BIOAEROSOLS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-131
11.7.1 Types of Health Effects Associated with Bioaerosols. . . . . . . . . . . 11-131

11.7.1.1 Infections. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-131
11.7.1.2 Hypersensitivity Diseases. . . . . . . . . . . . . . . . . . . . . . . .11-132
11.7.1.3 Toxicoses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-133

11.7.2 Ambient Bioaerosols. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-134
11.8 TOXICOLOGY OF OTHER PARTICULATE MATTER. . . . . . . . . . . . . . 11-136

11.8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-136
11.8.2 Mortality. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-137
11.8.3 Pulmonary Mechanical Function. . . . . . . . . . . . . . . . . . . . . . . . . . .11-137
11.8.4 Pulmonary Morphology and Biochemistry. . . . . . . . . . . . . . . . . . .11-141
11.8.5 Pulmonary Defenses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-151

11.8.5.1 Clearance Function. . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-151
11.8.5.2 Resistance to Infectious Disease. . . . . . . . . . . . . . . . . . .11-154
11.8.5.3 Immunologic Defense. . . . . . . . . . . . . . . . . . . . . . . . . . .11-158

11.8.6 Systemic Effects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-158
11.8.7 Toxicological Interactions of Other Particulate Matter

Mixtures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-160
11.8.7.1 Laboratory Animal Toxicology Studies of

Particulate Matter Mixtures. . . . . . . . . . . . . . . . . . . . . . .11-160
11.8.7.2 Human Studies of Particulate Matter Mixtures

Other Than Acid Aerosols. . . . . . . . . . . . . . . . . . . . . . . .11-166
11.9 PHYSICOCHEMICAL AND HOST FACTORS INFLUENCING PARTICULATE

MATTER TOXICITY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-169
11.9.1 Physicochemical Factors Affecting Particulate Matter

Toxicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-169
11.9.2 Host Factors Affecting Particulate Matter Toxicity. . . . . . . . . . . . . 11-174



II-xiii

TABLE OF CONTENTS (cont'd)
Page

11.10 POTENTIAL PATHOPHYSIOLOGICAL MECHANISMS FOR THE  EFFECTS
OF LOW CONCENTRATIONS OF PARTICULATE
POLLUTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-179
11.10.1 Physiological Mechanisms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-179
11.10.2 Physiological-Particle Interaction. . . . . . . . . . . . . . . . . . . . . . . . . .11-180
11.10.3 Pathophysiologic Mechanisms. . . . . . . . . . . . . . . . . . . . . . . . . . . .11-181

11.11 SUMMARY AND CONCLUSIONS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-185
11.11.1 Acid Aerosols. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-185
11.11.2 Metals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-188
11.11.3 Ultrafine Particles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-191
11.11.4 Diesel Emissions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-192
11.11.5 Silica. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-193
11.11.6 Bioaerosols. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-194
11.11.7 "Other Particulate Matter". . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-194

REFERENCES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-196



II-xiv

LIST OF TABLES
Number Page

8-1 Approximate Distances for Selected Increases in Height of an Initially
Horizontal Sight Path. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8-9

8-2 Relative Importance of Light from Ground, Sky, and Sun in Contributing
to the Source Function and the Path Radiance When the Absorption is
Negligible and the Normalized Phase Function Has a Value of 0.4. . . . . . . . . . 8-22

8-3 Long-Term Visibility and Aerosol Databases. . . . . . . . . . . . . . . . . . . . . . . . . . .8-67

8-4 Short-Term Intensive Visibility and Aerosol Studies. . . . . . . . . . . . . . . . . . . . .8-70

8-5 Economic Valuation Studies for Air Pollution Plumes. . . . . . . . . . . . . . . . . . . .8-83

8-6 Economic Valuation Studies on Urban Haze. . . . . . . . . . . . . . . . . . . . . . . . . . .8-85

8-7 Radiative Forcing and Climate Statistics. . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-111

9-1 Annual Average and Maximum Values of the Hourly Averages for Sulfur
Dioxide, Nitrogen Oxide, and Ozone and Annual Averages of the Monthly 
Averages of Rain pH at the Five Material Exposure Sites, Based on Data 
Acquired During 1986. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9-10

9-2 Average Corrosion Rates for 3003-H14 Aluminum Obtained During the
National Acid Precipitation Assessment Program Between 1982 and 1987. . . . 9-10

9-3 Average Corrosion Rates for Rolled Zinc and Galvanized Steel Obtained 
During the National Acid Precipitation Assessment Program Field
Experiments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9-14

9-4 Summary of Measured Parameters in Jacksonville, Florida. . . . . . . . . . . . . . . .9-23

10-1 Respiratory Tract Regions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-15

10-2 Architecture of the Human Lung According to Weibel's (1963) Model A, 
with Regularized Dichotomy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-25

10-3 Morphology, Cytology, Histology, Function, and Structure of the
Respiratory Tract and Regions Used in the International Commission
on Radiological Protection Publication 66 (1994) Human 
Dosimetry Model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-28

10-4 Deposition Data for Men and Women. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-44

10-5 Interspecies Comparison of Nasal Cavity Characteristics. . . . . . . . . . . . . . . . .10-49



II-xv

LIST OF TABLES (cont'd)
Number Page

10-6 Comparative Lower Airway Anatomy as Revealed on Casts. . . . . . . . . . . . . . 10-50

10-7 Acinar Morphometry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-51

10-8 Overview of Respiratory Tract Particle Clearance and Translocation 
Mechanisms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-53

10-9 Long-Term Retention of Poorly Soluble Particles in the Alveolar
Region of Nonsmoking Humans. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-63

10-10 Fraction of Ventilatory Airflow Passing Through the Nose in 
Human "Normal Augmenter" and "Mouth Breather". . . . . . . . . . . . . . . . . . .10-100

10-11 Regional Fractional Deposition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-111

10-12 Deposition Efficiency Equation Estimated Parameters and 95%
Asymptotic Confidence Intervals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-114

10-13 Comparative Alveolar Retention Parameters for Poorly Soluble
Particles Inhaled by Laboratory Animals and Humans. . . . . . . . . . . . . . . . . .10-135

10-14 Average Alveolar Retention Parameters for Poorly Soluble Particles 
Inhaled by Selected Laboratory Animal Species and Humans. . . . . . . . . . . . 10-138

10-15 Physical Clearance Rates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-139

10-16 Physical Clearance Rates for Modeling Alveolar Clearance of Particles 
Inhaled by Selected Mammalian Species. . . . . . . . . . . . . . . . . . . . . . . . . . . .10-146

10-17 Hierarchy of Model Structures for Dosimetry and Extrapolation. . . . . . . . . . 10-149

10-18 Species Comparisons by Miller et al. (1995) of Various Dose Metrics as 
a Function of Particle Size for 24-Hour Exposures to 150 )g/m . . . . . . . . . . 10-1573

10-19 Daily Mass Deposition of Particles from Aerosol Defined in Figure 10C-1
in the Respiratory Tract of "Normal Augmenter" Adult Male Humans
Exposed to a Particle Mass Concentration of 50 )g/m  . . . . . . . . . . . . . . . . .10-1643

10-20 Daily Mass Deposition of Particles from Aerosol Defined in Figure 10C-1
in the Respiratory Tract of "Mouth Breather" Adult Male Humans
Exposed to a Particle Mass Concentration of 50 )g/m  . . . . . . . . . . . . . . . . .10-1653



II-xvi

LIST OF TABLES (cont'd)
Number Page

10-21 Daily Mass Deposition of Particles from Philadelphia Aerosol Defined 
in Figure 10C-2a in the Respiratory Tract of "Normal Augmenter" Adult
Male Humans Exposed to a Particle Mass Concentration of 50 )g/m . . . . . . 10-1663

10-22 Daily Mass Deposition of Particles from Philadelphia Aerosol Defined
in Figure 10C-2a in the Respiratory Tract of "Mouth Breather" Adult
Male Humans Exposed to a Particle Mass Concentration of 50 )g/m . . . . . . 10-1673

10-23 Daily Mass Deposition of Particles from Phoenix Aerosol Defined in
Figure 10C-2b in the Respiratory Tract of "Normal Augmenter" Adult
Male Humans Exposed to a Particle Mass Concentration of 50 )g/m . . . . . . 10-1683

10-24 Daily Mass Deposition of Particles from Phoenix Aerosol Defined in
Figure 10C-2b in the Respiratory Tract of "Mouth Breather" Adult
Male Humans Exposed to a Particle Mass Concentration of 50 )g/m . . . . . . 10-1693

10-25 Daily Mass Deposition of Aerosol Particles in the Respiratory Tracts 
of "Normal Augmenter" and "Mouth Breather" Adult Male Humans 
Exposed to 50 )g Particles per Cubic Meter. . . . . . . . . . . . . . . . . . . . . . . . .10-174

10-26 Extrathoracic Deposition Fractions of Inhaled Monodisperse Aerosols 
in Rats and Human "Normal Augmenter" and "Mouth Breather". . . . . . . . . . 10-195

10-27 Extrathoracic Deposition Fractions of Inhaled Polydisperse Aerosols 
in Rats and Human "Normal Augmenter" and "Mouth Breather". . . . . . . . . . 10-195

10-28 Tracheobronchial Deposition Fractions of Inhaled Monodisperse Aerosols 
in Rats and Human "Normal Augmenter" and "Mouth Breather". . . . . . . . . . 10-195

10-29 Tracheobronchial Deposition Fractions of Inhaled Polydisperse Aerosols 
in Rats and Human "Normal Augmenter" and "Mouth Breather". . . . . . . . . . 10-196

10-30 Alveolar Deposition Fractions of Inhaled Monodisperse Aerosols 
in Rats and Human "Normal Augmenter" and "Mouth Breather". . . . . . . . . . 10-196

10-31 Alveolar Deposition Fractions of Inhaled Polydisperse Aerosols 
in Rats and Human "Normal Augmenter" and "Mouth Breather". . . . . . . . . . 10-196

10-32 Predicted Relative Particle Mass in Lungs of Adult Male "Normal
Augmenter" Exposed Chronically to Phoenix Trimodel Aerosol Versus
Philadelphia Trimodal Aerosol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-202



II-xvii

LIST OF TABLES (cont'd)
Number Page

10-33 Fraction of Inhaled Particles Deposited in the Alveolar Region of
the Respiratory Tract for Rats and Adult Male Humans. . . . . . . . . . . . . . . . .10-204

10-34 Fraction of Inhaled Particles Deposited in the Alveolar Region of
the Respiratory Tract for Different Demographic Groups. . . . . . . . . . . . . . . .10-205

10-35 Particle Deposition Rates in the Alveolar Region. . . . . . . . . . . . . . . . . . . . . .10-205

10-36 Summary of Common and Specific Inhalation Exposure Parameters 
Used for Predicting Alveolar Burdens of Particles Inhaled by 
Rats and Humans. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-206

10-37 Alveolar Particle Burdens of Exposure to 50 )g/m  of 1.0-)m Mass3

Median Aerodynamic Diameter Aerosol, Assuming Particle Dissolution-Absorption
Half-Time of 10, 100, or 1,000 Days. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-207

10-38 Alveolar Particle Burdens of Exposure to 50 )g/m  of 2.55-)m Mass3

Median Aerodynamic Diameter Aerosol, Assuming Particle Dissolution-
Absorption Half-Time of 10, 100, or 1,000 Days. . . . . . . . . . . . . . . . . . . . . .10-208

10B-1a Body Weight and Respiratory Tract Region Surface Areas. . . . . . . . . . . . . . .10B-2

10B-1b Human Activity Patterns and Associated Respiratory Minute 
Ventilation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10B-2

10B-2 Body Weights, Lung Weights, Respiratory Minute Ventilation, and 
Respiratory Tract Region Surface Area for Selected Laboratory Animal 
Species. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10B-3

10C-1 Distribution of Particle Count, Surface Area, or Mass in the 
Trimodal Polydisperse Aerosol Defined in Figure 10C-1. . . . . . . . . . . . . . . . .10C-3

10C-2a Distribution of Particle Number in the Trimodal Polydisperse Aerosol
Defined in Figure 10C-1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10C-4

10C-2b Distribution of Particle Surface Area in the Trimodal Polydisperse 
Aerosol Defined in Figure 10C-1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10C-6

10C-2c Distribution of Particle Mass in the Trimodal Polydisperse Aerosol 
Defined in Figure 10C-1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10C-8

10C-3 Distribution of Particle Count, Surface Area, or Mass in the Trimodal
Polydisperse Aerosol for Philadelphia Defined in Figure 10-C-2a. . . . . . . . . 10C-11



II-xviii

LIST OF TABLES (cont'd)
Number Page

10C-4a Distribution of Particle Number in the Trimodal Polydisperse
Philadelphia Aerosol Defined in Figure 10C-2a. . . . . . . . . . . . . . . . . . . . . . .10C-12

10C-4b Distribution of Particle Surface Area in the Trimodal Polydisperse
Philadelphia Aerosol Defined in Figure 10C-2a. . . . . . . . . . . . . . . . . . . . . . .10C-14

10C-4c Distribution of Particle Mass in the Trimodal Polydisperse
Philadelphia Aerosol Defined in Figure 10C-2a. . . . . . . . . . . . . . . . . . . . . . .10C-16

10C-5 Distribution of Particle Count, Surface Area, or Mass in the Trimodal
Polydisperse Aerosol for Phoenix Defined in Figure 10C-2b. . . . . . . . . . . . .10C-18

10C-6a Distribution of Particle Number in the Trimodal Polydisperse
Phoenix Aerosol Defined in Figure 10C-2b. . . . . . . . . . . . . . . . . . . . . . . . . .10C-19

10C-6b Distribution of Particle Surface Area in the Trimodal Polydisperse 
Phoenix Aerosol Defined in Figure 10C-2b. . . . . . . . . . . . . . . . . . . . . . . . . .10C-21

10C-6c Distribution of Particle Mass in the Trimodal Polydisperse Phoenix 
Aerosol Defined in Figure 10C-2b. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10C-23

11-1 Numbers and Surface Areas of Monodisperse Particles of Unit Density
of Different Sizes at a Mass Concentration of 10 )g/m . . . . . . . . . . . . . . . . . . .11-43

11-2 Controlled Human Exposures to Acid Aerosols and Other Particles. . . . . . . . . 11-10

11-3 Asthma Severity in Studies of Acid Aerosols and Other Particles. . . . . . . . . . 11-18

11-4 Pulmonary Function Responses After Aerosol and Ozone Exposures 
in Subjects with Asthma. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-40

11-5 Effects of Acidic Sulfate Particles on Pulmonary Mechanical Function. . . . . . 11-45

11-6 Effects of Acidic Sulfate Particles on Respiratory Tract Morphology. . . . . . . . 11-50

11-7 Effects of Acidic Sulfate Particles on Respiratory Tract Clearance. . . . . . . . . 11-57

11-8 Effects of Acid Sulfates on Bacterial Infectivity in Vivo. . . . . . . . . . . . . . . . .11-68

11-9 Toxicologic Effects of Mixtures Containing Acidic Aerosols. . . . . . . . . . . . . . 11-71

11-10 Respiratory System Effects of Inhaled Metals on Humans and
Laboratory Animals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-78



II-xix

LIST OF TABLES (cont'd)
Number Page

11-11 Human Studies of Diesel Exhaust Exposure. . . . . . . . . . . . . . . . . . . . . . . . . .11-105

11-12 Short-Term Effects of Diesel Exhaust on Laboratory Animals. . . . . . . . . . . . 11-110

11-13 Effects of Chronic Exposures to Diesel Exhaust on Survival and
Growth of Laboratory Animals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-112

11-14 Effects of Diesel Exhaust on Pulmonary Function of Laboratory 
Animals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-113

11-15 Histopathological Effects of Diesel Exhaust in the Lungs of 
Laboratory Animals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-114

11-16 Effects of Exposure to Diesel Exhaust on the Pulmonary Defense 
Mechanisms of Laboratory Animals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-117

11-17 Comparative Inhalation Toxicity Studies with Different Silica
Polymorphs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-129

11-18 Effects of Particulate Matter on Mortality. . . . . . . . . . . . . . . . . . . . . . . . . . .11-138

11-19 Effects of Inhaled Particulate Matter on Pulmonary Mechanical
Function. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-139

11-20 Effects of Particulate Matter on Respiratory Tract Morphology. . . . . . . . . . . 11-144

11-21 Effects of Particulate Matter on Markers in Lavage Fluid. . . . . . . . . . . . . . . 11-148

11-22 Effects of Particulate Matter on Lung Biochemistry. . . . . . . . . . . . . . . . . . . .11-150

11-23 Effects of Particulate Matter on Alveolar Macrophage Function. . . . . . . . . . 11-152

11-24 Effects of Particulate Matter on Microbial Infectivity. . . . . . . . . . . . . . . . . .11-155

11-25 Effects of Particulate Matter on Respiratory Tract Immune Function. . . . . . . 11-159

11-26 Toxicologic Interactions to Mixtures Containing Non-Acid Aerosol
Particles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-163

11-27 Controlled Human Exposure Studies of Particulate Matter Mixtures
Other Than Acid Aerosols. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-167



II-xx

LIST OF FIGURES
Number Page

8-1 Diagrams showing the definitions of contrast and modulation. . . . . . . . . . . . . . . 8-6

8-2 Spectrum of direct solar rays at the top of the atmosphere and at the
surface of the earth for various values of the air mass. . . . . . . . . . . . . . . . . . . .8-10

8-3 The approach of radiances in the atmosphere to the equilibrium radiance
or source function. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-17

8-4 Data for the ratio of the total flux of skylight F_ incident of the
earth's to the solar flux F cos� on a horizontal surface at the topo

of the atmosphere. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-20

8-5 Illustration of the transmitted radiance and the path radiance for a
sight path toward a hillside. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-24

8-6 Nomograms for the estimation of the contrast transmittance in a uniform
region of the atmosphere and in a nonuniform atmosphere. . . . . . . . . . . . . . . . .8-31

8-7 Hour-average values of the modulation transfer and transmittance
measured in a 2.20-km sight path during the 1987 summer intensive
of the Southern California Air Quality Study. . . . . . . . . . . . . . . . . . . . . . . . . . .8-35

8-8a Light-scattering efficiency factor for a homogeneous sphere with an
index of refraction of 1.50 as a function of the size parameter
� = %D/� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-37

8-8b Maximum and minimum values for light-scattering efficiency factors for
homogeneous spheres with indices between 1.33 and 1.50 as a function
of the normalized size parameter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-38

8-9 Volume-specific light-scattering efficiency as a function of particle
diameter D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-39p

8-10 Volume-specific light-scattering efficiency as a function of geometric
mean particle diameter D  for log-normal size distributions. . . . . . . . . . . . . . .8-41gv

8-11 Humidogram showing the dependence of the light-scattering coefficient of
ambient aerosol on the relative humidity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-45

8-12 Relative size growth is shown as a function of relative humidity for an
ammonium sulfate particle at 25( C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-46



II-xxi

LIST OF FIGURES (cont'd)
Number Page

8-13 Summary of all relative humidity-dependent particle growth factors for
0.2-)m diameter particles measured in Claremont, California, during the
Southern California Air Quality Study and at Hopi Point in the Grand 
Canyon National Park during the Navajo Generating Station Visibility
Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-48

8-14 Hypothetical curves showing the effect of nonlinearities on the 
mass-specific light-scattering efficiency. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-52

8-15 Changes in radiative forcing due to increases in greenhouse gas
concentrations between 1765 and 1990. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-91

8-16 A schematic diagram showing the relationship between the radiative 
forcing of sulfate aerosols and climate response. . . . . . . . . . . . . . . . . . . . . . . . .8-93

8-17 Extinction of direct solar radiation by aerosols showing the diffusely 
transmitted and reflected components, as well as the absorbed
components. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-94

8-18 Global, direct, and diffuse spectral solar irradiance on a horizontal
surface for a solar zenith angle of 60( and ground reflectance of 0.2. . . . . . . . . 8-96

8-19 Surface measurements of direct, diffuse, and global solar radiation
expressed as illuminance, at Albany, New York, on August 23, 1992,
and August 26, 1993. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-98

8-20 Single scattering albedo of monodispersed spherical aerosols of varying 
radius and three different refractive indices at a wavelength of 0.63 )m . . . . . . 8-99

8-21a Annual mean direct radiative forcing resulting from anthropogenic 
sulfate aerosols. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-108

8-21b Annual mean direct radiative forcing resulting from anthropogenic 
and natural sulfate aerosols. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-108

8-22a Annual averaged greenhouse gas radiative forcing from increases in
carbon dioxide, methane, nitrous oxide, and chlorfluorocarbons
11 and 12, from preindustrial time to the present. . . . . . . . . . . . . . . . . . . . . . .8-110

8-22b Annual averaged greenhouse gas forcing plus anthropogenic sulfate 
aerosol forcing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8-110



II-xxii

LIST OF FIGURES (cont'd)
Number Page

8-23 Schematic illustration of the difference between response times of climate 
forcing due to carbon dioxide (heating) and sulfate (cooling) during
different patterns of global fossil fuel consumption. . . . . . . . . . . . . . . . . . . . .8-113

9-1 Empirical relationship between average relative himidity and fraction
of time when a zinc sheet specimen is wet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9-4

9-2 Geographic distribution of paint soiling costs. . . . . . . . . . . . . . . . . . . . . . . . . . .9-42

10-1 Schematic characterization of comprehensive exposure-dose-response 
continuum and the evolution of protective to predictive dose-response 
estimates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-2

10-2 Biological marker components in sequential progression between 
exposure and disease. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-4

10-3 Lognormal particle size distribution for a hypothetical polydisperse
aerosol. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-9

10-4 These normalized plots of number, surface, and volume (mass) 
distributions from Whitby (1975) show a bimodal mass distribution 
in a smog aerosol. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-11

10-5 Diagrammatic representation of respiratory tract regions in humans. . . . . . . . 10-16

10-6 Schematic representation of five major mechanisms causing particle 
deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-17

10-7 Lung volumes and capacities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-23

10-8 Estimated tracheobronchial deposition in the rat lung, via the trachea,
with no interceptional deposition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-40

10-9 Deposition increment data versus particle electronic charge for 
three particle diameters at 0.3, 0.6, and 1.0 )m . . . . . . . . . . . . . . . . . . . . . . . .10-42

10-10 Total deposition data in children with or during spontaneous breathing 
as a function of particle diameter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-45

10-11 Calculated mass deposition from polydisperse aerosols of unit density 
with various geometric standard deviations as a function of mass median
diameter for quiet breathing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-47



II-xxiii

LIST OF FIGURES (cont'd)
Number Page

10-12 Major physical clearance pathways from the extrathoracic region and 
tracheobronchial tree. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-54

10-13 Diagram of known and suspected clearance pathways for poorly soluble
particles depositing in the alveolar region. . . . . . . . . . . . . . . . . . . . . . . . . . . .10-54

10-14 Regional deposition data in rats versus particle size for sulfuric acid
mists and dry particles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-75

10-15 Theoretical growth curves for sodium chloride, sulfuric acid, 
ammonium bisulfate, and ammonium sulfate aerosols in terms of the 
initial and final size of the particle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-76

10-16 Regional deposition of hygroscopic sulfuric acid and control iron
oxide particles at quiet breathing in the human lung as a function
of subject age. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-77

10-17 Distinctions in growth of aqueous ammonium sulfate droplets of 
0.1 and 1.0 )m initial size are depicted as a function of their initial
solute concentrations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-78

10-18 The initial diameter of dry sodium chloride particles and equilibrium
diameter achieved are shown for three relative humidity assumptions. . . . . . . 10-79

10-19 The initial dry diameter of three different salts is assumed to be
1.0 )m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-80

10-20 Total deposition data (percentage deposition of amount inhaled) in 
humans as a function of particle size. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-87

10-21 Total deposition as a function of the diameter of unit density spheres
in humans for variable tidal volume and breathing frequency. . . . . . . . . . . . . . 10-88

10-22 Inspiratory deposition of the human nose as a function of particle 
aerodynamic diameter and flow rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-91

10-23 Inspiratory extrathoracic deposition data in humans during mouth 
breathing as a function of particle aerodynamic diameter, flow rate, 
and tidal volume . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-92

10-24 Inspiratory deposition efficiency data and fitted curve for human 
nasal casts plotted versus Q D  (Lmin ) (cm s ). . . . . . . . . . . . . . . . . .10-93-1/8 1/2 -1 -1/8 2 -1 1/2



II-xxiv

LIST OF FIGURES (cont'd)
Number Page

10-25 Inspiratory deposition efficiency data in human oral casts plotted 
versus flow rate and particle diffusion coefficient. . . . . . . . . . . . . . . . . . . . . .10-95

10-26 Tracheobronchial deposition data in humans at mouth breathing as a
function of particle aerodynamic diameter. . . . . . . . . . . . . . . . . . . . . . . . . . . .10-97

10-27 Alveolar deposition data in humans as a function of particle 
aerodynamic diameter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-98

10-28 Percentage of total ventilatory airflow passing through the nasal route 
in human "normal augmenter" and in habitual "mouth breather". . . . . . . . . . 10-100

10-29 Local deposition pattern in a bifurcating tube for inhalation and
exhalation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-102

10-30 Regional deposition fraction in laboratory animals as a function of
particle size. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-107

10-31 Regional deposition efficiency in the rat extrathroacic region versus 
an impaction parameter as predicted by the model of Ménache 
et al. (1996). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-113

10-32 Comparison of regional deposition efficiencies and fractions for the 
rat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-116

10-33 Experimental deposition fraction data and predicted estimates 
using model of Ménache et al. (1996). . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-120

10-34 Schematic of the International Commission on Radiological Protection 
Publication 66 (1994) model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-125

10-35 Comparison of regional deposition fractions predicted by the proposed
National Council on Radiation Protection model with those of the
International Commission on Radiological Protection Publication 66
(1994) model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-128

10-36 Comparison of regional deposition fractions predicted by the proposed
National Council on Radiation Protection model with those of the
International Commission on Radiological Protection Publication 66
(1994) model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-129



II-xxv

LIST OF FIGURES (cont'd)
Number Page

10-37 Comparison of regional deposition fractions predicted by the proposed
National Council on Radiation Protection model with those of the
International Commission on Radiological Protection Publication 66
(1994) model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-130

10-38 Compartments of the simulation model used to predict alveolar burdens
of particles acutely inhaled by mice, hamsters, rats, guinea pigs,
monkeys, and dogs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-132

10-39 Schematic showing integration of inhalability with deposition efficiency
functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-171

10-40 Daily mass deposition in tracheobronchial and alveolar regions for 
normal augmenter versus mouth breather adult males using International
Commission on Radiological Protection Publication 66 (1994) minute
volume activity patterns. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-172

10-41 Daily mass deposition in tracheobronchial and alveolar regions for 
normal augmenter versus mouth breather adult males using 
International Commission on Radiological Protection Publication 66 
(1994) minute volume activity patterns. . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-173

10-42 Deposition fraction in each respiratory tract region as predicted by the
International Commission on Radiological Protection Publication 66
(1994) model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-177

10-43 Daily mass particle deposition rates for 24-hour exposure at 50 )g/m  3

in each respiratory tract region as predicted by the International 
Commission on Radiological Protection Publication 66 (1994) model. . . . . . 10-178

10-44 Respiratory tract deposition fractions and PM  sampler collection10

versus mass median aerodynamic diameter with two different geometric
standard deviations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-181

10-45 Respiratory tract deposition fractions and PM  or PM  sampler10 2.5

collection versus mass median aerodynamic diameter with two
different geometric standard deviations. . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-182

10-46 Respiratory tract deposition fractions and PM  or PM  sampler10 2.5

collection fractions versus mass median aerodynamic diameter 
with two different geometric standard deviations. . . . . . . . . . . . . . . . . . . . . .10-183



II-xxvi

LIST OF FIGURES (cont'd)
Number Page

10-47 Schematic illustration of how ambient aerosol distribution data were
integrated with respiratory tract deposition efficiency or sampler
efficiency to calculate deposition in respiratory tract regions or mass
collected by sampler. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-185

10-48 Mass deposition fraction in normal augmenter versus mouth breather
adult male with a general population minute volume activity pattern
predicted by the International Commission on Radiological Protection
Publication 66 (1994) model and the mass collected by PM  or PM10 2.5

samplers for Philadelphia aerosol. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-186

10-49 Mass deposition fraction in normal augmenter versus mouth breather
adult male with a general population minute volume activity pattern
predicted by the International Commission on Radiological Protection
Publication 66 (1994) model and the mass collected by PM  or PM10 2.5

samplers for Phoenix aerosol. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-187

10-50 Fractional number deposition in each respiratory tract region for
normal augmenter versus mouth breather adult male with a general
population activity pattern as predicted by the International Commission
on Radiological Protection Publication 66 (1994) model for an exposure
to the Philadelphia aerosol. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-188

10-51 Number of particles deposited per day in each respiratory tract region
for normal augmenter versus mouth breather adult male with a general
population activity pattern predicted by the International Commission
on Radiological Protection Publication 66 (1994) model for an exposure
to the Philadelphia aerosol at a concentration of 50 )g/m . . . . . . . . . . . . . . .10-1893

10-52 Fractional number deposition in normal augmenter versus mouth 
breather adult male with a general population activity pattern predicted 
by the International Commission on Radiological Protection 
Publication 66 (1994) model for an exposure to the Phoenix aerosol. . . . . . . 10-191

10-53 Number of particles deposited per day in each respiratory tract region 
for normal augmenter versus mouth breather adult male with a general 
population activity pattern predicted by the International Commission 
on Radiological Protection Publication 66 (1994) model for an exposure 
to the Phoenix aerosol at a concentration of 50 )g/m . . . . . . . . . . . . . . . . . .10-1923

10-54 Predicted extrathoracic deposition fractions versus mass median
aerodynamic diameter of inhaled monodisperse aerosols or polydisperse
aerosols for humans and rats for the extrathoracic region, the
tracheobronchial region, and the alveolar region. . . . . . . . . . . . . . . . . . . . . .10-197



II-xxvii

LIST OF FIGURES (cont'd)
Number Page

10-55 Particle mass retained in the lung versus time predicted by the 
International Commission on Radiological Protection Publication 66 
(1994) model, assuming dissolution-absorption half-times of 10, 100, 
and 1,000 days for the accumulation, intermodal, and coarse modes, 
respectively, of continuous exposures to Philadelphia and Phoenix 
aerosols at 50 )g/m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-2013

10-56 Specific lung burden versus time predicted by the International
Commission on Radiological Protection Publication 66 (1994) model,
assuming dissolution-absorption half-times of 10, 100, and 1,000 days
for the accumulation, intermodal, and coarse modes, respectively, of
continuous exposures to Philadelphia and Phoenix aerosols at 
50 )g/m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-2033

10-57 Predicted retained alveolar dose in normal augmenter human or in a 
rat for exposure at 50 )g/m  to 1.0-)m mass median aerodynamic 3

diameter monodisperse aerosol, assuming a dissolution-absorption 
half-time of 10, 100, or 1,000 days. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-210

10-58 Predicted retained alveolar dose in a normal augmenter human or in a 
rat for exposure at 50 )g/m  to 2.55-)m mass median aerodynamic 3

diameter polydisperse aerosol, assuming a dissolution-absorption 
half-time of 10, 100, or 1,000 days. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10-211

10-59 Predicted alveolar region retained dose ratios in rats 
versus humans for chronically inhaled exposure at 50 )g/m3

to 1.0-)m mass median aerodynamic diameter (MMAD) monodisperse 
and 2.55-)m MMAD polydisperse aerosols, assuming a dissolution-
absorption half-time of 10, 100, or 1,000 days. . . . . . . . . . . . . . . . . . . . . . . .10-213

10A-1 Nasal deposition efficiency measured in adult Caucasian males during
normal breathing and data on extrathoracic deposition when particles
are inhaled and exhaled through a mouthpiece. . . . . . . . . . . . . . . . . . . . . . . . .10A-5

10A-2 Comparisons of the "fast cleared" fraction of lung deposition measured
at the GSF Frankfurt Laboratory with the tracheobronchiolar deposition
predicted by the theoretical model of Egan et al. (1989). . . . . . . . . . . . . . . . . .10A-8

10A-3 Comparisons of the "slow cleared" fraction of lung deposition measured
at the GSF Frankfurt Laboratory with the alveolar deposition predicted
by the theoretical model of Egan et al. (1989). . . . . . . . . . . . . . . . . . . . . . . . .10A-9



II-xxviii

LIST OF FIGURES (cont'd)
Number Page

10A-4 Comparison of fractional deposition measured by Foord et al. (1978) and
Emmett and Aitken (1982) in different subjects with values given by the
International Commission on Radiological Protection Publication 66 
(1994) lung model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10A-12

10A-5 Comparison of total respiratory tract deposition of submicron-sized
alumino-silicate particles measured by Tu and Knutson (1984) in two
subjects, with the values calculated as a function of particle
diameter by Egan et al. (1989). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10A-14

10A-6 Comparison of the distributions of total respiratory tract deposition
measured in 20 different subjects breathing spontaneously at rest or
breathing at a controlled rate at rest. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10A-15

10A-7 Experimental data on deposition efficiency of the tracheobronchial
region and fractional deposition in the alveolar region for the
large group of subjects studied at New York University. . . . . . . . . . . . . . . . .10A-17

10B-1 Daily minute volume pattern for male demographic groups. . . . . . . . . . . . . . .10B-4

10B-2 Daily minute volume pattern for female demographic groups. . . . . . . . . . . . .10B-5

10B-3 Daily minute volume pattern for demographic groups for children. . . . . . . . . .10B-6

10C-1 An example of histogram display and fitting to log-normal functions for
particle-counting size distribution data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10C-2

10C-2 Impactor size distribution measurement generated by Lundgen et al.
with the Wide Range Aerosol Classifier:  Philadelphia and Phoenix. . . . . . . 10C-10

11-1 Mean plus or minus standard error of the mean specific airway 
resistance before and after a 16-minute exposure for nine subjects who
inhaled low relative-humidity (RH) sodium chloride (NaCl), low-RH 
sulfuric acid (H SO ), and high-RH H SO  aerosols at rest, and six 2 4 2 4

subjects who inhaled low-RH NaCl and low-RH H SO  aerosols 2 4

during exercise. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-29

11-2 Decrements in forced expiratory volume in one second following
6.5-hour exposures on two successive days. . . . . . . . . . . . . . . . . . . . . . . . . . .11-38

11-3 Asthmatic subjects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11-41



II-xxix

AUTHORS, CONTRIBUTORS, AND REVIEWERS

CHAPTER 8. EFFECTS ON VISIBILITY AND CLIMATE

Principal Authors

Dr. Harshvardhan—Purdue University, Department of Earth and Atmospheric Sciences,
W. Lafayette, IN  47907-1397  

Dr. Willard Richards—Sonoma Technology, Inc., 5510 Skyline Blvd., Santa Rosa, CA 95403

Contributors and Reviewers

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

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

Dr. Adarsh Deepak—Science and Technology, 101 Research Drive, Hampton, VA  23666

Dr. Derrick Montaque—University of Wyoming, Department of Atmospheric Sciences,
P.O. Box 3038, University Station, Laramie, WY  82071 

Dr. Joseph P. Pinto—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC  27711

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

Dr. William E. Wilson—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC  27711

CHAPTER 9.  EFFECTS ON MATERIALS

Principal Authors

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

Mr. Fred Haynie—300 Oak Ridge Road, Cary, NC  27511



II-xxx

AUTHORS, CONTRIBUTORS, AND REVIEWERS (cont'd)

Contributors and Reviewers

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

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

Dr. Douglas Murray—TRC Environmental Corporation, 5 Waterside Crossing, Windsor,
CT  06095

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

Dr. John Yocom—Environmental Consultant, 12 Fox Den Road, West Simsbury, CT  06092

CHAPTER 10.  DOSIMETRY OF INHALED PARTICLES
IN THE RESPIRATORY TRACT

Principal Authors

Dr. Anthony C. James—ACJ and Associates, 129 Patton Street, Richland, WA  99352-1618

Ms. Annie M. Jarabek—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC  27711

Dr. Paul E. Morrow—University of Rochester Medical Center, School of Medicine and
Dentistry, Rochester, NY  14614

Dr. Richard B. Schlesinger—New York University, Department of Environmental Medicine,
550 First Avenue,  New York, NY  10016

Dr. Morris Burton Snipes—Inhalation Toxicology Research Institute, Lovelace Biomedical and
Environmental Research Institute, Albuquerque, NM  87185-5890

Dr. C.P. Yu—State University of New York, Department of Mechanical and Aerospace
Engineering, Buffalo, NY  14260-4400



II-xxxi

AUTHORS, CONTRIBUTORS, AND REVIEWERS (cont'd)

Contributors and Reviewers

Dr. William J. Bair—Battelle, Pacific Northwest Laboratories, K1-50, P.O. Box 999,
Richland, WA  99352

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

Dr. Timothy R. Gerrity—Veterans Administration, Acting Deputy Director, Medical Research,
810 Vermont Avenue, NW, Washington, DC  20420

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

Dr. Raymond A. Guilmette—Inhalation Toxicology Research Institute, Lovelace Biomedical
and Environmental Research Institute, Inc., P.O. Box 5890, Albuquerque, NM  87185

Dr. F. Charles Hiller—University of Arkansas for Medical Science, 4301 W. Markham, 
Little Rock, AR  72212

Dr. Wolfgang G. Kreyling—GSF, Institute for Inhalation Biology, Ganghferstr,
40 Unterschleissheit, Germany D-85716

Dr. Ted Martonen—National Health and Environmental Effects Research Laboratory (MD-74),
U.S. Environmental Protection Agency, Research Triangle Park, NC  27711

Ms. Margaret G. Menache—Duke University Medical Center, Center for Extrapolation
Modeling, P.O. Box 3210, First Union Plaza/Suite B-200, Durham, NC  27710

Dr. Gunter Oberdörster—University of Rochester, Department of Environmental Medicine,
575 Elmwood Avenue, Rochester, NY  14642

Dr. Robert F. Phalen—University of California—Irvine, Department of Community and
Environmental Medicine, Air Pollution Health Effects Laboratory, Irvine, CA  92717-1825

Dr. Otto G. Raabe—University of California—Davis, Institute of Toxicology and Environmental
Health, Old Davis Road, Davis, CA  95616

Dr. Sid Söderholm—National Institute for Occupational Safety and Health, 1095 Willowdale
Road, Morgantown, WV  26505

Dr. Magnus Svartengren—Karolinska Institute of Huddinge University Hospital, Department of
Occupational Medicine, S-141 86 Hugginge, Sweden



II-xxxii

AUTHORS, CONTRIBUTORS, AND REVIEWERS (cont'd)

CHAPTER 11.  TOXICOLOGICAL STUDIES OF PARTICULATE MATTER

Principal Authors

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

Dr. Mark Frampton—University of Rochester Medical Center, Pulmonary Disease Unit,
601 Elmwood Avenue,  Rochester, NY  14642-8692

Dr. Rogene Henderson—Lovelace Biomedical and Environmental Research Institute,
Inhalation Toxicology Research Institute, Albuquerque, NM  87105   

Ms. Annie M. Jarabek—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC  27711

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

Dr. Gunter Oberdörster—University of Rochester, Department of Environmental Medicine, 575
Elmwood Avenue, Rochester, NY  14642

Dr. Richard B. Schlesinger—New York University, Department of Environmental Medicine,
550 First Avenue, New York, NY  10016

Dr. David B. Warheit—Haskell Laboratory, E.I. Du Pont de Nemours, P.O. Box 50, Elkton
Road, Newark, DE  19714

Contributors and Reviewers

Dr. Daniel L. Costa—National Health and Environmental Effects Research Laboratory
(MD-82), U.S. Environmental Protection Agency, Research Triangle Park, NC  27711

Dr. Kevin E. Driscoll—The Miami Valley Laboratories, Procter & Gamble Company, P.O. Box
538707, Cincinnati, OH  45253-8707

Dr. Don Dungworth—6260 Cape George Road, Port Townsend, WA  98368

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

Dr. Donald Gardner—P.O. Box 97605, Raleigh, NC  27624-7605



II-xxxiii

AUTHORS, CONTRIBUTORS, AND REVIEWERS (cont'd)

Contributors and Reviewers (cont'd)

Dr. Andy Ghio—Duke University Medical Center, Division of Pulmonary Medicine and
Critical Care Medicine, P.O. Box 3177, Durham, NC  27710

Dr. Jeff Gift—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

Dr. Lester D. Grant—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC  27711

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

Dr. Jack Harkema—Michigan State University, Department of Pathology, College of Veterinary
Medicine, Veterinary Medical Center, East Lansing, MI  48824

Dr. Gary Hatch—National Health and Environmental Effects Research Laboratory (MD-82),
U.S. Environmental Protection Agency, Research Triangle Park, NC  27711

Dr. Michael T. Kleinman—University of California—Irvine, Department of Community and
Environmental Medicine, Irvine, CA  92717-1825

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

Dr. Gunter Oberdörster—University of Rochester, Department of Environmental Medicine
575 Elmwood Avenue, Rochester, NY  14642

Dr. MaryJane Selgrade—National Health and Environmental Effects Research Laboratory (MD-
92), U.S. Environmental Protection Agency, Research Triangle Park, NC  27711

Dr. Jeff Tepper—Genetech, Inc., Pulmonary Research, 460 Point San Bruno Boulevard,
South San Francisco, CA  94080-4990

Dr. Hanspeter Witschi—University of California—Davis, Laboratory for Energy-Related Health
Research, Davis, CA  95616





II-xxxv

U.S. ENVIRONMENTAL PROTECTION AGENCY
SCIENCE ADVISORY BOARD

CLEAN AIR SCIENTIFIC ADVISORY COMMITTEE

PARTICULATE MATTER CRITERIA DOCUMENT REVIEW 

Chairman

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

Members

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

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

Dr. Philip Hopke—Clarkson University, Box 5810, Pottsdam, NY  13699-5810

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

Dr. Paulette Middleton—Science and Policy Associates, 3445 Penrose Place, Suite 140,
Boulder, CO  80301

Dr. James H. Price, Jr.—Research and Technology Section, Texas Natural Resources
Conservation Commission, P.O. Box 13087, Austin, TX  78711-3087

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. Petros Koutrakis—Harvard School of Public Health, 665 Huntington Avenue, Boston,
MA 02115



II-xxxvi

U.S. ENVIRONMENTAL PROTECTION AGENCY
SCIENCE ADVISORY BOARD

CLEAN AIR SCIENTIFIC ADVISORY COMMITTEE
(cont'd)

Consultants (cont'd)

Dr. Kinley Larntz—Department of Applied Statistics, University of Minnesota, 352 COB,
1994 Buford Avenue, St. Paul, MN 55108-6042

Dr. Allan Legge—Biosphere Solutions, 1601 11th Avenue, N.W., Calgary, Alberta  T2N 1H1,
Canada

Dr. Daniel Menzel—Department of Community and Environmental Medicine, University of
California—Irvine, 19172 Jamboree Boulevard, Irvine, CA 92717-1825

Dr. William R. Pierson—Energy and Environmental Engineering Center, Desert Research
Institute, P.O. Box 60220, Reno, NV  89506-0220

Dr. Jonathan Samet—Johns Hopkins University, School of Hygiene and Public Health,
Department of Epidemiology, 615 N. Wolfe Street, Baltimore, MD  21205

Dr. Christian Seigneur—Atmospheric and Environmental Research, Inc., 6909 Snake Road,
Oakland, CA  94611

Dr. Carl M. Shy—Department of Epidemiology, School of Public Health, University of North
Carolina, CB #7400 McGravran-Greenberg Hall, Chapel Hill, NC  27599-7400

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

Dr. Jan Stolwijk—Epidemiology and Public Health, Yale University, 60 College Street,
New Haven, CT  06510

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

Dr. Warren White—Washington University, Campus Box 1134, One Brookings Drive,
St. Louis, MO  63130-4899



II-xxxvii

U.S. ENVIRONMENTAL PROTECTION AGENCY
SCIENCE ADVISORY BOARD

CLEAN AIR SCIENTIFIC ADVISORY COMMITTEE
(cont'd)

Designated Federal Official

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

Mr. A. Robert Flaak—Science Advisory Board (1400), U.S. Environmental Protection Agency,
401 M Street, S.W., Washington, DC  20460

Staff Assistant

Ms. Janice M. Cuevas—Science Advisory Board (1400), U.S. Environmental Protection
Agency, 401 M Street, S.W., Washington, DC  20460

Secretary

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

Ms. Connie Valentine—Science Advisory Board (1400), U.S. Environmental Protection
Agency, 401 M Street, S.W., Washington, DC  20460



II-xxxix

U.S. ENVIRONMENTAL PROTECTION AGENCY
PROJECT TEAM FOR DEVELOPMENT OF AIR QUALITY CRITERIA

FOR PARTICULATE MATTER 

Scientific Staff

Dr. Lester D. Grant—Director, National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC  27711

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

Dr. Dennis Kotchmar—Project Manager, Medical Officer, National Center for Environmental
Assessment (MD-52), U.S. Environmental Protection Agency, Research Triangle Park, NC 
27711

Ms. Beverly Comfort—Deputy Project Manager/Technical Project Officer, Health Scientist,
National Center for Environmental Assessment (MD-52), U.S. Environmental Protection
Agency, Research Triangle Park, NC  27711

Dr. Lawrence J. Folinsbee—Chief, Environmental Media Assessment Group, National Center
for Environmental Assessment (MD-52), U.S. Environmental Protection Agency, Research
Triangle Park, NC  27711

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

Dr. Robert Chapman—Technical Consultant, Medical Officer, National Center for
Environmental Assessment (MD-52), U.S. Environmental Protection Agency, Research Triangle
Park, NC  27711

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

Mr. Norman Childs—Chief, Environmental Media Assessment Branch, National Center for
Environmental Assessment (MD-52), U.S. Environmental Protection Agency, Research Triangle
Park, NC  27711 (Retired)

Dr. Judith A. Graham—Associate Director for Health, National Exposure Research Laboratory
(MD-77), U.S. Environmental Protection Agency, Research Triangle Park, NC 27711



II-xl

U.S. ENVIRONMENTAL PROTECTION AGENCY
PROJECT TEAM FOR DEVELOPMENT OF AIR QUALITY CRITERIA

FOR PARTICULATE MATTER
(cont'd) 

Scientific Staff (cont'd)

Ms. Annie M. Jarabek—Technical Project Officer, Toxicologist, National Center for
Environmental Assessment (MD-52), U.S. Environmental Protection Agency, Research Triangle
Park, NC  27711

Dr. Allan Marcus—Technical Project Officer, Statistician, National Center for Environmental
Assessment (MD-52), U.S. Environmental Protection Agency, Research Triangle Park, NC 
27711

Dr. James McGrath—Technical Project Officer, Visiting Senior Health Scientist, National
Center for Environmental Assessment (MD-52), U.S. Environmental Protection Agency,
Research Triangle Park, NC  27711

Dr. Joseph P. Pinto—Technical Project Officer, Physical Scientist, National Center for
Environmental Assessment, U.S. Environmental Protection Agency, Research Triangle Park, NC 
27711

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

Dr. William E. Wilson—Technical Consultant, 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

Ms. Emily R. Lee—Management Analyst, National Center for Environmental Assessment (MD-
52), U.S. Environmental Protection Agency, Research Triangle Park, NC  27711

Ms. Diane H. Ray—Program Analyst, National Center for Environmental Assessment
(MD-52), U.S. Environmental Protection Agency, Research Triangle Park, NC 27711



II-xli

U.S. ENVIRONMENTAL PROTECTION AGENCY
PROJECT TEAM FOR DEVELOPMENT OF AIR QUALITY CRITERIA

FOR PARTICULATE MATTER
(cont'd) 

Technical Support Staff (cont'd)

Ms. Eleanor Speh—Office Manager, Environmental Media Assessment Branch, National Center
for Environmental Assessment (MD-52), U.S. Environmental  Protection Agency, Research
Triangle Park, NC 27711

Ms. Donna Wicker—Administrative Officer, National Center for Environmental Assessment
(MD-52), U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Mr. Richard 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

Mr. Donald L. Duke—Project Director, 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. 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. Terri D. Ragan—Personal Computer Technician, ManTech Environmental Technology,
Inc., P.O. Box 12313, Research Triangle Park, NC  27709



II-xlii

U.S. ENVIRONMENTAL PROTECTION AGENCY
PROJECT TEAM FOR DEVELOPMENT OF AIR QUALITY CRITERIA

FOR PARTICULATE MATTER
(cont'd)

Document Production Staff (cont'd)

Mr. Derrick Stout—Local Area Network System Administrator, 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

Technical Reference Staff

Ms. Ginny M. Belcher—Bibliographic Editor, ManTech Environmental Technology, Inc.,
P.O. Box 12313, Research Triangle Park, NC  27709

Mr. Robert D. Belton—Bibliographic Editor, Information Organizers, Inc., 
P.O. Box 14391, Research Triangle Park, NC  27709

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. 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


	Disclaimer
	Table of Contents
	List of Tables
	List of Figures

