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Preface

Carbon monoxide (CO) is a toxic air pollutant emitted largely from motor
vehicles. It is a colorless, odorless, tasteless gas that can produce serious
adverse health effects.  Breathing CO at high concentrations leads to
carboxyhemoglobin poisoning (reduced oxygen transport by hemoglobin),
which can lead to impaired reaction timing, headaches, lightheadedness,
nausea, coma, and, at high enough concentrations and long enough expo-
sure, death. At lower concentrations that can occur in the ambient environ-
ment, the effects of CO exposure include increased risk of chest pain and
hospitalization for persons with coronary artery disease.  Because of the
adverse health effects associated with this pollutant, the U.S. Environmental
Protection Agency (EPA), as directed by the Clean Air Act, established the
health-based National Ambient Air Quality Standards (NAAQS) for CO in
1971.

Reducing CO pollution has been one of the greatest success stories in
emissions control.  Over the past three decades improved motor-vehicle
emissions controls have greatly reduced ambient CO concentrations.  Most
areas that were originally designated as nonattainment areas have come into
compliance with the NAAQS for CO.  However, certain locations continue
to occasionally experience high concentrations of CO.  These locations tend
to have topographical and meteorological characteristics that exacerbate
pollution.  Compliance with the health-based NAAQS for CO has proved
difficult under those circumstances. In response to the challenges posed for
certain areas by having to come into compliance with the NAAQS for CO,
Congress requested that the National Research Council investigate the
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characteristics of CO in areas with meteorological and topographical handi-
caps.  In an interim report released in May of 2002, the committee
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1The standards for ambient air concentrations of CO were set at 9 parts per
million (ppm) for an 8-hour average and 35 ppm for a 1-hour average. These stan-
dards were set to protect public health with “an adequate margin of safety,” as
specified in the Clean Air Act.  A violation of an NAAQS occurs on the second
exceedance and all subsequent exceedances of the standard in a calendar year.
Only the 8-hour standard of 9 ppm has been exceeded recently in a few locations
in the country.

1

Summary

A primary objective of air quality management in the United States has
been to reduce human exposure to carbon monoxide (CO) and other pollut-
ants produced from incomplete combustion.  Elevated ambient CO concen-
trations are due mainly to incomplete combustion of gasoline by light-duty
vehicles, such as passenger cars and pickup trucks.

CO controls are working.  Problems with ambient CO were widespread
when automobile emissions regulations began in the 1960s.  When the
health-based National Ambient Air Quality Standards (NAAQS) for CO
were promulgated in 1971, more than 90% of ambient monitors indicated
violations.1  Since then, motor-vehicle emissions controls have greatly
reduced ambient CO concentrations.  Over the last 5 years, the number of
monitors showing CO violations has fallen to only a few, and the monitors
that continue to show violations do so much less frequently.  For example,
Denver, Colorado, which had a persistent CO problem and registered as
many as 200 days with violations in the 1960s, has not had a violation since
1995.  Fairbanks, Alaska, reduced the number of days with violations from
well over 100 per year in the early 1970s to zero over the last 2 years.
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2 Managing CO in Meteorological and Topographical Problem Areas

2PM2.5 is a subset of particulate matter that includes particles with an aerody-
namic equivalent diameter less than or equal to a nominal 2.5 micrometers.

3Inversions occur when the temperature of the atmosphere increases with
altitude.  Combined with low windspeeds, this prevents air circulation, because
colder air is trapped near the ground by the warmer air above.  A temperature in-
crease of several degrees celcius per 100 meters is considered a strong inversion.
The standard lapse rate for the troposphere is a decrease of about 6.5ºC per kilome-
ter (or about 3.6ºF per 1,000 feet).

Thus, CO regulation has been one of the greatest success stories in air pol-
lution control, reducing the problem, once widespread, to a few difficult
areas.  As a result, the focus of U.S. air quality management has shifted to
characterizing and controlling other pollutants, such as tropospheric ozone,
fine particulate matter (PM2.5),2 and air toxics.

However, some locations, such as Anchorage, Alaska, and Lynwood
and Calexico, California, continue to be susceptible to occasional violations
of the NAAQS for CO.  These areas are typically subject to problematic
meteorological and topographical conditions that produce severe atmo-
spheric inversions in winter.3  Although CO emissions from light-duty
vehicles are projected to decrease in the future, atmospheric inversions and
low windspeeds prevalent in some locations during winter are extremely
effective in trapping the products of  incomplete combustion, including CO,
emitted at ground level.  For example, Fairbanks, Alaska, is subject to ex-
treme atmospheric inversions, at times experiencing inversion strengths as
much as 30ºC per 100 meters of altitude.  In addition, Fairbanks is situated
in a three-sided bowl, surrounded by the Yukon-Tanana uplands, which can
inhibit air circulation.  Although it is not heavily populated and has no
major air-pollution producing industries, Fairbanks’s meteorological and
topographical characteristics make the city susceptible to high ambient CO
concentrations in winter. 

The continuing vulnerability of a few locations to high CO concentra-
tions prompted Congress, in its fiscal 2001 appropriations report for the
U.S. Environmental Protection Agency (EPA), to ask the National Acad-
emy of Sciences to study CO episodes in meteorological and topographical
problem areas.  The study was requested to address potential approaches to
predicting, assessing, and managing episodes of high CO concentrations in
such areas.  In particular, the committee was to address: 

• Types of emission sources and operating conditions that contribute
most to episodes of high ambient CO.
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Summary 3

• Scientific bases of current and potential additional approaches for
developing and implementing plans to manage CO air quality, including the
possibility of new catalyst technology, alternative fuels, and cold-start
technology, as well as traffic and other management programs for motor-
vehicle sources.  Control of stationary-source contributions to CO air qual-
ity also was to be considered.

• The effectiveness of CO emissions control programs, including
comparisons among areas with and without unusual topographical or meteo-
rological conditions.

• Relationships between monitored episodes of high ambient CO
concentrations and personal human exposure.

• The public-health impact of such episodes.
• Statistically robust alternative methods to assist in tracking progress

in reducing CO that bear a relation to the CO concentrations considered
harmful to human health.

In response, the National Research Council convened the Committee on
Carbon Monoxide Episodes in Meteorological and Topographical Problem
Areas, which prepared this report.  Fairbanks, Alaska, was identified as the
subject for a case study in an interim report, which was completed in 2002.
The following report is the final report requested by Congress.

FINDINGS AND RECOMMENDATIONS 

Vulnerability to Future Violations

Findings

Because of a number of factors—including differences in topography
and temporal variability of local meteorology and emissions rates—some
areas are especially vulnerable to violations of the 8-hour NAAQS for CO.
In geographical areas that have achieved attainment of the NAAQS, it might
still be possible for ambient concentrations of CO to sporadically exceed the
standard under unfavorable conditions, such as strong winter inversions.
This vulnerability, defined as the probability for violation in a future year,
depends on both the current CO levels and the variability of air quality
indicators.  An area in attainment might still be substantially vulnerable if
the variability of its air quality is high.

Managing Carbon Monoxide Pollution in Meteorological and Topographical Problem Areas 

                         
 
                          



4 Managing CO in Meteorological and Topographical Problem Areas

There is evidence that local meteorological conditions conducive to
high CO concentrations are sometimes associated with large-scale meteoro-
logical and climatological phenomena.  For example, all recent exceedances
of the NAAQS for CO in Fairbanks have occurred with a low-pressure
system in the Gulf of Alaska with cyclonic flow extending over Fairbanks.
Although the role that this low-pressure system plays is unclear, it might
produce warm winds aloft that reinforce inversions near the ground.  In
Denver, Colorado, the presence of long-term snow cover and light winds
can produce conditions conducive to CO buildup in the ambient air. Snow
cover diminishes ground-level solar heating, intensifying inversions, and
light winds reduce horizontal dispersion.  However, over the past decade,
Denver has not experienced the combination of these meteorological fac-
tors, reducing the city’s susceptibility to high CO concentrations. Changes
in the frequency of some large-scale meteorological and climatological
events, such as the frequency of low-pressure systems in the Gulf of Alaska,
will influence vulnerability to CO violations.

Recommendations

Air quality managers typically recognize whether their region is espe-
cially vulnerable to future CO violations as a result of increases in vehicle
activity, the spatial and temporal variability of meteorology, and problem-
atic topography.  However, in some cases, air quality planning does not
encompass the worst-case combinations of emissions and meteorology.
Achieving sufficient emissions reductions to account for these conditions
is prudent, particularly in areas with high population growth and/or high
meteorological variability, to further reduce the risk of violations.  In addi-
tion, given that the form of the CO standard defines a violation as the sec-
ond and all subsequent exceedances in a calendar year, regions are suscepti-
ble to violating the standard due to extreme meteorological conditions,
which contributes to the difficulties that meteorological and topographical
problem areas have in reaching and maintaining attainment.  It is also im-
portant to investigate how large-scale and local meteorological and climato-
logical phenomena can affect the susceptibility of a location to CO buildup
in ambient air.

Air quality managers should recognize that their regions might be espe-
cially vulnerable to future CO violations because of increases in vehicle
activity, spatial and temporal variability of meteorology, and problematic
topography.  The meteorological conditions assumed in current regulatory
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Summary 5

4Criteria pollutants are air pollutants emitted from numerous or diverse station-
ary or mobile sources for which NAAQS have been set to protect human health and
public welfare.  The other criteria pollutants are ozone, particulate matter, sulfur
dioxide, nitrogen dioxide, and lead.

air quality planning might not encompass the worst-case conditions.
Achieving additional emissions reductions is prudent to further reduce the
risk of violations, particularly in areas with high population growth and/or
high meteorological variability.  It also might be important to investigate
how large-scale meteorological and climatological phenomena can affect
the susceptibility of a location to CO buildup in ambient air.

Health Effects

Findings

In patients diagnosed with coronary artery disease, CO alone has been
shown to exacerbate exercise-induced chest pain (angina) in controlled
laboratory experiments.  Those studies serve as an important part of the
basis for the NAAQS.  In addition, epidemiological studies have correlated
high CO concentrations with other adverse human health effects, such as
heart disease, childhood developmental abnormalities, and fetal loss.  Some
of these effects have been correlated with ambient CO levels below the
NAAQS.  However, CO is not produced alone, and epidemiological studies
have difficulty separating the effects of CO from those of other pollutants
that are often associated with CO (such as benzene, 1,3-butadiene, alde-
hydes, and various components of PM2.5).  Though changes in ambient
levels of CO may sometimes correlate with health effects other than
exercise-induced angina, there is insufficient evidence that CO is the single
direct causative agent in the other effects.  Thus, reducing CO alone may or
may not reduce the incidence of heart disease, childhood developmental
abnormalities, and fetal loss.

A significant collateral benefit from reducing CO vehicle emissions
standards has been the substantial reduction in accidental deaths due to
acute CO poisoning.  CO is unique among criteria pollutants4 because it is
relevant to both ambient air quality management and public safety.  Expo-
sures to mobile-source emissions cross these two areas of public-health
management.  Using computerized death-certificate data, a recent study by
researchers at the Centers for Disease Control and Prevention estimated that
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6 Managing CO in Meteorological and Topographical Problem Areas

over 11,000 deaths from accidental CO poisoning have been avoided over
the 1968-1998 time period because of the more stringent vehicle-emissions
standards.  This collateral benefit is not accounted for in EPA’s recent re-
port to Congress on the benefits and costs of the Clean Air Act. 

Recommendations

To reduce the potential adverse health effects of CO, the few remaining
areas not in attainment need to continue making progress towards meeting
and maintaining the CO standard.  Public-health issues associated with
ambient CO should be emphasized through enhanced public-awareness
campaigns.  Further study to reveal the effects of CO on the fetus and to
separate the effects of CO from its copollutants is encouraged.  Also, there
should be more toxicology studies of the automobile exhaust mixture.

Management and Control of CO 

Management of CO 

Findings

To reach attainment, communities vulnerable to exceeding the health-
based NAAQS for CO can implement various local measures to comple-
ment federal vehicle emissions standards.  These include but are not limited
to vehicle emissions inspection and maintenance (I/M) programs, the use of
cold weather engine-block heaters in vehicles, and the use of low-sulfur
gasoline and oxygenated fuels.  These measures reduce CO emissions by
reducing the number of malfunctioning vehicles (I/M programs), reducing
the length of time before a vehicle’s emissions control catalyst is fully
functional (cold weather engine-block heaters), and improving the effi-
ciency of the vehicle’s emissions control catalyst (low-sulfur gasoline).
Other measures include mass transit initiatives, traffic management, and
bans on wood burning.

Air quality issues have tended to be assessed and regulated independ-
ently.  As such, CO management frequently occurs in isolation, even though
other pollutants have similar emissions sources.  The committee recognizes
that few areas in the country continue to violate CO standards and that the
focus of air quality management in the near future will not be on CO but on

Managing Carbon Monoxide Pollution in Meteorological and Topographical Problem Areas 

                         
 
                          



Summary 7

attaining new PM2.5 and tropospheric ozone air quality standards and reduc-
ing air toxics.

Recommendations

Communities with special CO problems should be encouraged to design
locally effective programs.  Federal and state assistance should be provided
to these communities for characterization and implementation of manage-
ment options.  This should include assistance to improve non-road and
stationary-source emissions characterizations.  Because the CO standards
are health-based, all communities need to be diligent in working toward
attaining and maintaining the CO standards.  In addition, the  programs
implemented to reduce CO emissions should be reassessed periodically.
This reassessment should include evaluation of their impact on CO, as well
as other pollutants, and their impact at low temperatures. 

CO management should be better integrated into air quality manage-
ment.  Although the focus of air quality management in the near future will
be on other air pollution issues, winter inversion conditions not only affect
CO buildup but can also be related to higher concentrations of PM2.5 and
some air toxics.  In addition, the primary source of CO, fuel-rich operations
of light-duty vehicles, is a major source of other pollutants of concern.  The
committee therefore recommends that EPA assess the relationship of CO to
these other pollutants when the CO criteria are updated. 

Federal Tier 2 and Cold-Start Emissions Standards

Findings

Federal new-vehicle emissions standards have been effective in reduc-
ing CO emissions, including emissions from vehicles operated in cold cli-
mates.  Emissions from passenger vehicles have been reduced from their
pre-control levels of over 80 grams per mile (g/mi) in the late 1960s to the
3.4 g/mi standard implemented in 1981.  Also, progressively lower stan-
dards for hydrocarbon emissions, as well as other requirements, have tended
to decrease CO emissions levels.  Since 1994, new cars have been required
to meet a winter cold-start CO limit, which reduces emissions from vehicles
started at cold temperatures (20ºF). 
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5Federal Tier 2 emissions standards will be introduced for passenger cars in
model-year 2004 and fully implemented by model-year 2007.  The standards will
require that vehicle manufacturers meet a fleet average NOx limit of 0.07 grams per
mile (g/mi) along with lower standards for hydrocarbons.  California, which is
allowed under the Clean Air Act to adopt its own vehicle emissions standards, has
already implemented a similar set of emissions limits.  Both the Tier 2 and Califor-
nia standards are for vehicles certified at 68-86°F.  Since 1994, new cars also have
been subject to a cold-start CO standard, which requires cars and most light-duty
trucks to meet a CO limit of 10 g/mi on a certification test run at 20°F.  The Clean
Air Act Amendments of 1990 include a provision for more stringent cold-start
standards to be set if needed.

6The Tier 2 standard is a sales-weighted fleet-averaged standard.  Thus, some
vehicles that are sold will have emissions greater than the standard, some less than
the standard.  

7The Tier 2 standard has provisions that allow manufacturers bettering the
fleet-averaged standard to generate tradable emissions credits that can be sold to
manufacturers who have not met the fleet-averaged standard.  Manufacturers can
also bank credits for use in later years.  

New Tier 2 and California certification standards5 are expected to fur-
ther reduce hydrocarbon and nitrogen oxides (NOx) emissions.  Average CO
emissions from vehicles certified to Tier 2 standards are expected to de-
crease due to the technological improvements in emissions control systems
needed to meet the standards, especially the lower hydrocarbon standards
and lower CO standards on some light-duty trucks.   

In CO problem areas, the decrease in emissions resulting from Federal
Tier 2 standards will depend on the mix of vehicles sold and used in these
areas.  As such, the following uncertainties arise in predicting the continued
motor-vehicle emissions reductions in CO problem areas:

• The sales strategy used by manufacturers to comply with average
NOx limits.  If manufacturers tend to sell higher-emitting vehicles in CO
problem areas, the improvements in CO emissions will not be as large as
those predicted based on national averages.6

• The impact of the emissions averaging and trading provisions
(which allow vehicle manufacturers to generate, trade, and bank emissions
credits) on the fleet of vehicles operating in CO problem areas.7

• The effects of Tier 2 requirements on CO emissions at temperatures
below 20ºF.
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8The MOBILE model is used to estimate current and future on-road motor-
vehicle emissions.  MOBILE6 is the current version of that model.

• The ability of EPA’s MOBILE emissions rate model to adequately
account for the effects of Tier 2 standards on CO emissions rates.8

Recommendations

In the absence of compelling evidence, the committee does not recom-
mend tightening the national cold-start standard below 10.0 g/mi or requir-
ing that the 10.0 g/mi standard be met at a lower temperature.  However,
supplemental emissions testing should be undertaken at temperatures below
20ºF to determine to what extent CO emissions systematically increase as
ambient temperature decreases.  Testing data should be obtained and ana-
lyzed at 0ºF and 10ºF, and should include CO as well as other pollutants (air
toxics and PM).  

The extent of the anticipated reduction in CO emissions from Tier 2
vehicles needs to be confirmed through analysis of data, including those
from cold starts at 0ºF and 10ºF.  Again, testing should include CO as well
as other pollutants.  If the analysis of Tier 2 and prior controls indicates that
all locations will attain the 8-hour CO standard, more stringent federal CO
vehicle emissions standards will be unnecessary.  The results of all emis-
sions testing must be incorporated into EPA’s MOBILE model to accurately
estimate future CO emissions.  The effects on CO problem areas of the sales
strategy used by manufacturers to meet the NOx limits and of the trading
and banking provisions also need to be assessed and incorporated into emis-
sions modeling.

High-Emitting Vehicles

Findings  

A relatively small number of high-emitting vehicles contribute dispro-
portionately to CO and other motor-vehicle emissions.  The vehicle fleets
operating in and around places with high local concentrations of CO (hot
spots) often include a higher proportion of high-emitting vehicles compared
with the surrounding region.  Elimination or repair of high emitters would
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10 Managing CO in Meteorological and Topographical Problem Areas

likely reduce the severity of CO hot spots and reduce motor-vehicle emis-
sions overall.

Recommendations

Air quality management agencies should identify high-emitting vehicles
and target them for repair or removal from the fleet.  Enhanced onboard
diagnostic testing programs, tailpipe testing, motor-vehicle emissions profil-
ing, and/or remote sensing can identify these vehicles.  However, programs
designed to mandate repair or removal of high-emitting vehicles might raise
issues of fairness, because high emitters are often owned by people with
limited economic means.  The cost-effectiveness and equity impacts of
policies that provide incentives for owners of high-emitting vehicles to seek
repairs or vehicle replacement, such as repair assistance programs,  should
be explored.  There should also be additional low-temperature testing to
evaluate the effectiveness of programs aimed at controlling high-emitting
vehicles.  This evaluation should include the impacts on CO as well as other
emissions. 

Oxygenated Fuels

Findings

An oxygenated fuel is a gasoline containing an oxygenate (typically
methyl tertiary-butyl ether [MTBE] or ethanol) intended to reduce produc-
tion of CO.  Oxygenated fuels program benefits are declining in effective-
ness as more modern vehicles enter the fleet.  EPA’s MOBILE model pre-
dicts CO emissions reductions from oxygenated fuels of 3-7% for the 2010-
2015 fleet because of reduced emissions from pre-1994 vehicles, cold starts,
and malfunctioning vehicles.  There is still uncertainty about the overall
effectiveness of oxygenated fuels, especially at temperatures below 20ºF.

Recommendations

EPA should undertake a science and policy review of the current oxy-
genated fuels programs to determine the conditions under which these pro-
grams are cost-effective.  The review should also determine when changes
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in fleet technologies will render these programs ineffective.  Low-tempera-
ture testing, especially below 20ºF, is recommended.  Oxygenated fuels
programs should be implemented only when they provide cost-effective
reductions in CO that help areas come into compliance or prevent areas that
have attained the NAAQS from falling back into nonattainment.

Public Education

Findings

On the basis of its review of programs in Fairbanks, Alaska, the com-
mittee is concerned that public education campaigns have not sufficiently
emphasized the adverse health effects associated with exposure to high
ambient concentrations of CO.  Also, the public is not fully aware of the
link between transportation choices and overall air quality.  As a result,
public acceptance of and participation in locally proposed programs to
achieve and maintain attainment of the NAAQS for CO is often poor.

Recommendations

Public-health education to improve public acceptance and compliance
should be a component of all local emissions-reduction programs.  Commu-
nities should use surveys and focus groups to regularly evaluate the effec-
tiveness of public education programs and the impact they have on the
success of CO emissions control.

CO Assessment

CO As an Indicator of Motor-Vehicle Pollutants

Findings

In urban environments, ambient CO concentrations are a strong indica-
tor of motor-vehicle emissions.  EPA estimates that as much as 95% of all
CO emissions in some cities can be from automobile exhaust.  Spatial and
temporal variability in motor-vehicle activity and atmospheric dispersion
characteristics can lead to CO hot spots.  
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12 Managing CO in Meteorological and Topographical Problem Areas

CO is useful as a gauge of human exposure to other directly emitted
mobile-source pollutants, such as air toxics and PM2.5.  However, CO is not
a perfect indicator of all mobile-source pollutant emissions, because CO
reacts more slowly than many other pollutants, and the ratio of CO to
copollutants varies by emissions source.  The atmospheric conditions that
produce high CO concentrations are different from those that produce high
concentrations of photochemical pollutants.  Despite these caveats, mea-
surements in the Los Angeles area and elsewhere have shown strong corre-
lations between ambient CO and benzene concentrations.  A strong correla-
tion between CO and concentrations of the relatively short-lived 1,3-buta-
diene also was observed.   

Recommendations

The committee has several recommendations in regard to the use of CO
to represent the distribution of other pollutants.  CO can be used to demon-
strate the spatial distribution of some mobile-source pollutants, to identify
hot spots, and to improve model representation of relationships between
transportation activity and emissions.  CO can also be used to approximate
the concentrations of some air toxics arising from motor-vehicle exhaust
emissions, such as benzene, 1,3-butadiene, and perhaps directly emitted
PM2.5.  CO is most useful as an indicator in the microscale setting where
concentrations of pollutants vary dramatically over short distances (e.g.,
with distance from a roadway).  It is less reliable in representing regional
distributions of these pollutants and is probably a poor indicator of motor-
vehicle air toxics, such as formaldehyde and acetaldehyde, that react rapidly
and have substantial sources in the atmosphere.  

Spatial Distribution of CO

Findings
  

Although ambient CO concentrations have dropped considerably
throughout the country, the number of monitors is inadequate to character-
ize CO distribution and identify all locations of high CO concentrations.
There may be hot spots within cities that have already attained the NAAQS
for CO or have not previously registered high ambient CO concentrations.
The locations of these hot spots may raise social equity issues regarding
exposure to mobile-source-related pollutants. 
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9Saturation studies typically rely on portable monitors that “saturate” a geo-
graphical area with samplers to assess the air quality in places where high concen-
trations of pollutants are possible.  Monitors can be deployed at temporary fixed-
site locations or in mobile sampling vehicles.  These studies are helpful to air pollu-
tion control agencies for evaluating their ambient air monitoring networks, charac-
terizing pollutant concentrations over the entire saturation study area, and locating
hot spots or high pollutant impact points.  Personal monitoring could be incorpo-
rated into such studies to relate ambient concentrations to personal exposure.

The monitors that have registered CO concentrations in excess of the
NAAQS since 1995 are predominantly located in lower-income areas with
greater minority populations.  However, unidentified hot spots might exist
in any location.  Current data are insufficient to adequately characterize the
relationships between hot spot locations, population characteristics, and
health impacts.  

Recommendations

EPA should employ air quality modeling and saturation studies9 in CO
problem areas to better characterize the spatial distribution of CO and the
populations affected.  The information garnered can be used to improve site
selection for permanent monitoring, to improve model performance, and to
address possible environmental equity issues.  Programs targeted to local
conditions can be developed using this information.  These results should
also be linked to health impact studies in these locations.  In particular, EPA
should try to better understand the upper end (higher CO levels) of the
distribution of ambient exposures to motor-vehicle emissions that occur in
most CO hot spots. 

Permanent Monitoring

Findings

Although fewer and fewer locations are experiencing CO concentra-
tions above or near the NAAQS, the continued operation of most current
ambient monitors remains essential for long-term assessments of air quality
and health impacts. 
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14 Managing CO in Meteorological and Topographical Problem Areas

Recommendations  

Because of the value of CO monitoring information for air quality
management in general, agencies should resist removing CO monitors in
locations not expected to show violations.  Instead, they should consider
continuing operations at existing CO monitoring sites, noting that when
monitors are co-located the incremental costs of continued operation may
be relatively small compared with the data’s usefulness for purposes beyond
demonstrating attainment.  The number and placement of permanent moni-
tors also need to reflect changes in growth and development patterns to
accurately assess the local air pollution situation.  However, communities
that have attained the CO standard with an adequate level of protection of
safety might not be willing to pay to obtain data from these monitors.  Sup-
port from federal and other sources might be needed to continue monitoring
operations.

Ambient CO Modeling

Findings 

Emissions and air quality models are important tools for air quality
planning.  Models help forecast changes in the mass of pollutants emitted
resulting from controls and severe air pollution events.  Models are also
used to demonstrate attainment of the CO NAAQS, evaluate the effects of
new construction projects that greatly increase emissions, and research the
causes of pollution episodes and how to predict them.  However, the spatial
and temporal resolution of models typically used in CO management at this
time is too coarse to capture the variability in pollutant concentrations,
which is necessary to identify local hot spots and accurately represent un-
usual meteorological conditions.

Statistical forecasting models have been used to assess the probability
of future high-CO episodes.  The approach was used in Denver, Colorado,
to assess the probability of having CO concentrations in excess of the
NAAQS after the alteration of the oxygenated fuels program.  This model
takes into account the historical variability in CO concentrations resulting
from meteorology and unusual traffic events.
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Recommendations

More sophisticated, physically comprehensive models that can simulate
how CO concentrations vary in time and space should be developed, ap-
plied, and evaluated.  Ongoing research should be continued.  Such models
would be used for air quality planning and forecasting and for assessing
human exposure to high concentrations of CO and related pollutants.  Be-
cause CO is a relatively unreactive pollutant, the ability to better represent
CO’s temporal and spatial distribution provides an effective diagnosis of
atmospheric dispersion patterns.  Model improvements would have applica-
tions for other air quality management issues and would offer the potential
to better understand the dispersion of chemical, biological, and radiological
materials.  Most important, improved models will permit more effective and
realistic planning, leading to better-informed decisions by administrators.
Model development should occur in concert with improved monitoring to
enable model evaluation.  In addition, the statistical forecasting models
should be improved.
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1

Ambient Carbon Monoxide Pollution
in the United States

INTRODUCTION

Carbon monoxide (CO) has been central to the evolution of air quality
management in the United States.  CO is produced primarily by the incom-
plete combustion of carbon-containing fuels, such as gasoline, natural gas,
oil, coal, and wood.  In a 1977 National Research Council (NRC) report,
CO was declared “probably the most publicized and best known criteria
pollutant” (NRC 1977).  The NRC attributed this recognition to the severe
adverse health effects (including death) that result from acute exposure,
which have been observed for centuries.  Reducing human exposure to the
products of incomplete combustion was an early objective of air quality
management in the United States.  CO was and still is the most recognizable
indicator of incomplete combustion and has long been viewed as one of the
most fundamental indicators of ambient air quality.  When continuous mon-
itors were first installed in some cities in the early 1960s, maximum 8-hour
average concentrations in excess of 30 parts per million (ppm) were not
unusual (DHEW 1970, EPA 1979). 

National Ambient Air Quality Standards (NAAQS) for ambient concen-
trations of CO (9 ppm for an 8-hour average and 35 ppm for a 1-hour aver-
age) were instituted in 1971 on the basis of studies linking ambient CO
concentrations with neurobehavioral effects.  Although neurobehavioral
effects no longer serve as the basis for the standards, subsequent studies
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linking CO to increased risk of chest pain and hospitalization for persons
with coronary artery disease have supported retention of the regulation.  

In the early 1970s, monitoring of CO indicated that exceedances of the
8-hour standard were common.  The first comprehensive national report on
emissions and air quality trends found that over 90% of monitors operating
in 1971 recorded exceedances of the 8-hour NAAQS (EPA 1973).  How-
ever, the situation improved fairly rapidly, primarily due to vehicle pollu-
tion controls.  By the year 2000, only four locations (Birmingham, Ala-
bama; Calexico, California; Lynwood, California; and Fairbanks, Alaska)
reported exceedances of the 8-hour standard (Table 1-1).  As of the end of
2002, both Lynwood and Fairbanks reported 2 years with no violation of
the CO standard. 

The locations that continue to have high concentrations of CO also tend
to have topographical and meteorological characteristics that exacerbate
pollution (e.g., nearby hills that inhibit wind flow and temperature inver-
sions that inhibit vertical pollutant dispersion).  Attainment of the health-
based NAAQS for CO has proved somewhat difficult under those condi-
tions.  The question arises whether unique approaches are necessary to
manage CO in such problem areas or  the current policies will ultimately
achieve good air quality.  An issue for areas that now meet the NAAQS is
their vulnerability to future exceedances as a result of increases in vehicle-
miles traveled (VMT) or unusual meteorological conditions favoring CO
accumulation.

STUDY BACKGROUND AND CHARGE 

In response to the challenges posed for some locations by the NAAQS
for CO, a committee was established by the NRC to investigate the problem
of CO in areas with meteorological and topographical problems.  The com-
mittee’s statement of task was as follows:

An NRC committee will assess various potential approaches to predict-
ing, assessing, and managing episodes of high concentrations of CO in
meteorological or topographical problem areas.  The committee will con-
sider interrelationships among emission sources, patterns of peak ambient
CO concentrations, and various CO emissions control measures in such
areas.  In addition, the committee will consider ways to better understand
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18TABLE 1-1  Dataa for the Cities with the Greatest Numbers of CO Exceedance Days, 1995-2001
Number of Days with Exceedances of 8-hour CO Standard

City and State
Monitor
AIRS IDb,c 1995 1996 1997 1998 1999 2000 2001

Total
1995-
2001 Latituded Longituded

Elevation
Above
MSL (ft)

Birmingham, AL -
Shuttlesworth and
41st

01-073-6004 NA 2 2 6 17 9 33 69 33 33
54N

86 47 
48W

580

Calexico, CA -
129 Ethel St.

06-025-0005 15 9 10 6 11 6 2 59 32 40
33N

115 28
59W

3

Lynwood, CA -
Long Beach Blvd.

06-037-1301 12 17 10 9 8 2 0 58 33 55
45N

118 12
35W

88

Fairbanks, AK -
Cushman

02-090-0002 8 1 2 2 2 1 0 16 64 50
43N

147 43
16W

460

Phoenix, AZ -
Grand Ave. and
Thomas Rd.

04-013-0022 3 2 1 0 1 0 0 7 33 28
45N

112 06
45W

NA

Spokane, WA -
Third Ave.

53-063-0044 4 1 NA  NA NA NA NA 5 47 39
13N

117 25
07W

1,970

Spokane, WA -
Hamilton St.

53-063-0040 0 1 0 0 0 0 0 1 47 40
10N

117 23
43W

1,900

Las Vegas, NV -
East Charleston
Blvd.

32-003-0557 1 3 0 NA NA NA NA 4 36 09
32N

115 06
36W

1,860

Las Vegas, NV - 32-003-0561 NA 0 1 2 0 0 0 3 36 09 115 06 NA
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19
Sunrise Ave. 47N 52W
Anchorage, AK -
3201 New Seward
Hwy

02-020-0037 0 3 0 0 0 0 0 3 61 11
38N

149 52
00W

1,332

Anchorage, AK -
3201 Turnagain

02-020-0048 NA NA NA 0 1 0 1 2 61 11
32N

149 59
09W

66

El Paso, TX -
North Campbell

48-141-0027 0 2 1 0 0 0 0 3 31 45
46N

106 29
12W

3,740

Kalispell, MT -
Idaho and Main

30-029-0045 0 2 0 0 0 0 0 2 48 12
08N

114 18
49W

2,956

Denver, CO -
Broadway - Camp

08-031-0002 2 0 0 0 0 0 0 2 39 45
04N

104 59
14W

5,220

aData were provided by Laurence Elmore and Jake Summers (EPA).  Calexico exceedance days in 2001 were from Marcella 
Nystrom (California Air Resources Board), and are only for December.
bThe numbers in the EPA’s AIRS (aerometric information retrieval system) ID refer to the state, county, and individual monitor 
codes, respectively.
cOnly monitors showing exceedances in each city are listed.  
dThe numbers for latitude and longitude are in degrees, minutes, and seconds of angle north of the equator and west of 
Greenwich.
Abbreviations: MSL, mean sea level; NA, not available.

Copyright © National Academy of Sciences. All rights reserved.
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relationships between episodes of high ambient CO, personal exposure, and
the public-health impact of such episodes and alternative ways to measure
progress in controlling ambient CO.  An interim report dealing with Fair-
banks, Alaska, as a case study was completed in May of 2002.  A final
report, including other CO problem areas, will be completed by the end of
the study.

The committee will address the following specific issues: 

• Types of emission sources and operating conditions that contribute
most to episodes of high ambient CO.

• Scientific bases of current and potential additional approaches for
developing and implementing plans to manage CO air quality, including the
possibility of new catalyst technology, alternative fuels, cold-start technol-
ogy, as well as traffic and other management programs for motor vehicle
sources.  Control of stationary source contributions to CO air quality also
will be considered.

• Assessing the effectiveness of CO emissions control programs,
including comparisons among areas with and without unusual topographical
or meteorological conditions.

• Relationships between monitored episodes of high ambient CO
concentrations and personal human exposure.

• The public-health impact of such episodes.
• Statistically robust alternative methods to assist in tracking progress

in reducing CO that bear a relation to the CO concentrations considered
harmful to human health.

This study provides scientific and technical information potentially
helpful in the development of state implementation plans (SIPs); however,
the committee does not provide prescriptive advice on the development of
specific SIPs for achieving CO attainment.  In addition, the committee does
not suggest changes in regulatory compliance requirements for areas in
nonattainment of the NAAQS, and it does not recommend changes in the
NAAQS for CO.  

Fairbanks, Alaska, was chosen as a case study for the interim report
because its meteorological and topographical characteristics make it suscep-
tible to severe winter inversions that trap CO and other pollutants at ground
level (NRC 2002). 

Copyright © National Academy of Sciences. All rights reserved.
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SUMMARY OF INTERIM REPORT 

Fairbanks, Alaska, was chosen as a case study for the interim report
because its meteorological and topographical characteristics make it suscep-
tible to severe winter inversions that trap CO and other pollutants at ground
level.  The committee’s interim report, entitled The Ongoing Challenge of
Managing Carbon Monoxide Pollution in Fairbanks, Alaska, was com-
pleted in 2002 (NRC 2002).  The interim report allowed the committee to
assess the characteristics of the CO problem in detail in one meteorological
and topographical problem area.  It provided the committee with general
lessons applicable to other locations as well as characteristics of the prob-
lem that were unique to Fairbanks.  Because the committee devoted signifi-
cant effort to assessing CO episodes in Fairbanks, the final report also
draws on the Fairbanks case study.

In the interim report, the committee found that Fairbanks has made
great progress in reducing its violations of the 8-hour CO health standard,
and has reduced the number of days annually with violations from over 130
during 1973 and 1974 to zero over the last 2 years (2001 and 2002).  De-
spite this progress, the committee also concluded that Fairbanks will con-
tinue to be susceptible to violating the 8-hour CO health standard on some
occasions for many years to come because of its unfavorable meteorological
and topographical conditions. Those adverse natural conditions might be
compounded by future increases in the population of Fairbanks brought
about by large pipeline or military construction projects.  The findings
associated with the progress on reducing CO violations and vulnerability to
future violations are relevant to CO episodes in other meteorological and
topographical problem areas.

The committee recommended that there be improvements to local emis-
sions controls, including vehicle emissions inspection and maintenance
(I/M) programs, low-sulfur gasoline, and traffic control strategies.  In par-
ticular, the committee found that the Fairbanks North Star Borough is mak-
ing substantial efforts to characterize and control cold-start emissions, de-
spite the difficulty in quantifying emissions-reduction credits in its CO-
attainment plan.  The main method for controlling these emissions is
through electrical heating devices known as plug-ins that preheat the engine
coolant or lubricant of parked motor vehicles.  Plug-ins substantially reduce
CO emissions during the cold-start phase of engine operations by reducing
the length of time needed for the catalyst to become fully operational.  The
committee recommended that the borough continue to expand the plug-in
program by requiring or encouraging the equipping of more parking spaces
with electric outlets for plug-ins.  The committee noted that the alert-day

Copyright © National Academy of Sciences. All rights reserved.
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program, where the public is alerted on days when CO is forecasted to
exceed the standard, was important in Fairbanks because it was part of a
larger public information campaign to encourage motorists to use plug-ins.
The emphasis on controlling cold-start emissions through plug-ins is gener-
ally limited to Fairbanks and likely does not translate well to the lower 48
states.

In its interim report, the committee noted that officials with the borough
argued that Fairbanks should be granted an exemption from the Clean Air
Act with regard to the ambient CO health standards because of its extreme
meteorological and topographical conditions.  However, the committee
concluded that a similar argument could be made for other regions with
regard to a variety of air pollutants.  Furthermore, the ambient concentra-
tions of CO observed in Fairbanks have exceeded the level that EPA identi-
fied in the health-based standard for the protection of the general population
and susceptible individuals.  Thus, the committee concluded that efforts to
control CO be continued and improved.

THE COMMITTEE’S APPROACH TO ITS CHARGE

In this final report, the committee addressed meteorological and topo-
graphical conditions that foster pollution episodes, CO and related emis-
sions from mobile and other sources, and air quality management options.
The committee also examined monitoring data for ambient CO, including
episodes when 8-hour average concentrations exceeded the NAAQS.  In
general, although monitoring of CO at locations with problems has occurred
for an extended period of time, data and modeling to assess the spatial and
temporal extent of high-CO events are limited.  The limited data reduced
the committee’s ability to assess human exposures during high-CO epi-
sodes.  In addition, little exposure or epidemiological data specific to loca-
tions with high-CO episodes resulting from meteorological and topographi-
cal conditions were available to assess the public health effects of those
episodes.  In the absence of such data, the committee reviewed relevant
clinical and epidemiological studies presented in the scientific literature and
considered by EPA in assessing the health effects of exposure to ambient
CO at concentrations and durations exceeding the NAAQS.  Thus the com-
mittee did not conduct a comprehensive examination of the health effects
of CO and did not examine the likelihood or actual risk of adverse health
effects from exposure to ambient CO concentrations in these meteorological
and topographical problem areas.  In addition, the committee did not con-
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sider other CO sources such as cigarettes and therefore did not attempt to
put the risks of ambient CO exposure into the context of other CO sources.

The technical feasibility and potential for emissions reductions of a
number of air quality management options are also discussed in the body of
this report.  Promising options available for controls at the federal, state,
and local levels are presented in the summary.  The committee found that
light-duty vehicles are the primary source of emissions and potential emis-
sions reductions, so most options focused on control of emissions from
those vehicles.  The committee’s recommendations follow the relevant
supporting evidence.

REPORT CONTENTS

This final report documents the committee’s response to the charge
described above.  The report consists of four chapters and a summary.
Chapter 1 provides background information on the regulation and sources
of ambient CO pollution in the United States necessary to characterize the
key issues stated in the committee’s charge.  The main topics include the
NAAQS and areas exceeding CO standards, sources of CO emissions,
health effects of CO, relationship of CO to other air pollutants, and issues
relating to the spatial distribution of CO.  Chapter 2 describes the meteoro-
logical and topographical conditions that foster pollution episodes in CO
problem areas.  Temperature inversions, long-term meteorological trends,
temporal patterns of CO concentrations, and vulnerability of areas to future
exceedances are discussed in detail.  Chapter 3 discusses CO management
and the tools needed to implement CO standards, such as emissions control
strategies and monitoring and modeling tools.  Some control strategies de-
scribed include emissions standards, I/M programs, fuels, and transpor-
tation-control measures.  Finally, Chapter 4 focuses on long-term issues
related to exposures, controls, and management of CO.  

NATIONAL REGULATORY SETTING FOR AMBIENT CO

National Ambient Air Quality Standards

To control adverse health effects from CO exposure, the U.S. Environ-
mental Protection Agency (EPA), acting per Sections 108 and 109 of the
Clean Air Act (CAA), established the NAAQS for CO in 1971.  Recogniz-
ing that exposure can have both acute and longer-term effects, the NAAQS
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1Though the standard is 9.0 ppm, in practice an exceedance does not occur until
the 8-hour average is greater than 9.4 ppm.  Values between 9.1 ppm and 9.4 ppm
are rounded down to 9.0 ppm.

for CO have two criteria with different averaging periods: 35 ppm averaged
over 1 hour, and 9 ppm averaged over 8 hours.1  Each criterion is not to be
exceeded more than once per year; the second and subsequent exceedances
within a year are considered violations of the standard.  The 8-hour standard
has proven to be more difficult to meet than the 1-hour, especially for a
handful of cities.  The standard has been periodically reviewed on the basis
of new scientific findings, as mandated by the CAA.  The most recent re-
view was published in 2000 (EPA 2000a).

EPA originally designated an area as being in “nonattainment” of the
8-hour standard if the second-highest 8-hour average CO concentration
measured during a calendar year (known as the “design value”) was greater
than 9 ppm.  After the Clean Air Act Amendments of 1990 (CAAA90),
EPA designated areas that had previously been in nonattainment as “seri-
ous” if the design value was 16.5 ppm or greater, “moderate” if the design
value was 9.1-16.4 ppm, and “not classified” if recent data were insufficient
to determine whether the standard was met.  Moderate areas that did not
reach attainment by July 1996 could be reclassified by EPA as serious.
Nonattainment areas are required to submit a state implementation plan
(SIP) to EPA that includes a characterization of pollutant concentrations
and emissions, a description of the emissions reductions the area plans to
make, and an “attainment demonstration” showing how the emissions re-
ductions will enable the area to attain and maintain compliance with the
NAAQS.  To be eligible for reclassification from nonattainment to attain-
ment status for CO, an area must have air quality monitoring data indicating
that it did not violate the NAAQS during the previous 2 years.  Though
areas typically apply for reclassification immediately, Smith and Woodruff
(2001) discussed how Fort Collins, Colorado, has delayed their application
for reclassification since 1994 to pursue wider air quality goals.  To meet
the city’s goal of continually improving air quality as described in the City
of Fort Collins Air Quality Action Plan (2001), the city used their non-
attainment status to pursue emissions control strategies that are not tradi-
tionally implemented in attainment areas.  One example is the vehicle emis-
sions I/M program, which currently is not required when a city is in attain-
ment.  However, Fort Collins has recently applied to be reclassified and
may discontinue some emissions control programs.  Officials in Fort Collins
are undertaking a feasibility study to explore both the voluntary and/or
mandatory control programs after the state mandatory I/M program is elimi-
nated.
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2Although the 8-hour NAAQS for CO is 9 ppm, because early monitoring
instruments had limited precision of about 1 ppm it has been the practice to consider
an 8-hour average an exceedance only if it is 9.5 ppm or greater.

Throughout the report, the terms exceedance, exceedance days, and
violation are used.  They are defined as follows:  an exceedance of the CO
standard is any CO concentration measurement of 9.5 ppm or above for an
8-hour average;2 exceedance days are days on which one or more nonover-
lapping 8-hour average CO concentration was 9.5 ppm or greater; and a
violation is two or more exceedances within a calendar year.  Note that
more than one exceedance can occur in a day if there is more than one
nonoverlapping 8-hour period with an average CO concentration of 9.5 ppm
or greater.

Vulnerable Areas and the Form of the CO Standard

The form of the CO standard, where a violation occurs upon the second
and all subsequent exceedances in a calendar year, contributes to the diffi-
culties that meteorological and topographical problem areas have in attain-
ing the standard.  A significant probability of an exceedance exists with the
current attainment test because of the stochastic nature of ambient air pol-
lutant concentrations (Gibbons 2002).  Areas must control CO under very
infrequent, though not uncommon, meteorological conditions.  The form of
the new 8-hour ozone standard (the 3-year average of the fourth highest
annual value) was changed from the form of the 1-hour standard (the fourth
highest value over 3 years) in part because the latter form is more suscepti-
ble to extreme meteorological conditions.

Conformity Requirements

Transportation conformity requirements were originally developed to
ensure that federal funding and approval was given to those transportation
activities consistent with air quality goals.  Transportation conformity was
first introduced in the CAA Amendments of 1977, which included a provi-
sion linking air quality to transportation planning by ensuring that transpor-
tation investments conform with SIPs (DOT 2000).  Conformity require-
ments were made more rigorous in the CAAA90 and in the regulations EPA
issued in 1993 to implement the requirements (40 CFR § 51 and 93 [1993]).
The CAAA90’s conformity mandate requires that transportation plans,
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programs, and projects in nonattainment or maintenance areas funded or
approved by the Federal Highway Administration (FHWA) or the Federal
Transit Agency (FTA) do not:  (1) create new violations of the federal air
quality standards; (2) increase the frequency or severity of existing viola-
tions; or (3) delay timely attainment of CAA standards.  

Metropolitan planning organizations (MPOs) are responsible for per-
forming air quality conformity analyses.  MPOs must have transportation
plans in place that present a 20-year perspective on transportation invest-
ments for their region as well as a short-term transportation improvement
program (TIP).  The TIP is a multi-year prioritized list of projects (3 years
at a minimum) proposed to be funded or approved by FHWA or FTA.  The
conformity analysis is done for the system of projects contained in a
region’s TIP and transportation plan, and must show emissions consistent
with those allowed in the SIP.

Conformity determinations must be made at least every 3 years, or as
changes are made to plans, TIPs, or projects.  A formal interagency process
is required to establish procedures for consultation between MPOs, EPA,
FHWA, FTA, and state and local transportation and air quality agencies.
These procedures apply to the development of the SIP, the transportation
plan, the TIP, and conformity determinations.  The SIP must establish inter-
agency consultation procedures for the coordinating agencies and include
schedules for implementation of all strategies.  Once EPA approves the part
of the SIP that describes the interagency consultation process (the confor-
mity SIP), it is then enforceable by EPA as a federal regulation.

One of the key components of the conformity determination for CO is
the application of project-level emissions analysis and, on occasion, hot-
spot analysis.  During SIP preparation, emissions budgets are created for
nonattainment areas.  These budgets set limits on the mass of the criteria
pollutant that can be emitted in the area and are usually broken into general
and transportation budgets.  For an area to be in conformity with the SIP,
the sum of the emissions from all transportation projects may not exceed the
transportation budget., unless reductions in the general budget are made to
compensate  In cases where a project could create a local violation or exac-
erbate pollution in an existing problem area, hot-spot analysis also might be
needed.  

In hot-spot analysis, microscale CO concentrations resulting from an
individual roadway project are modeled to investigate whether the project
will cause a localized CO problem.  Analysis of CO hot spots can be done
quantitatively, typically through the use of Gaussian dispersion models,
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which are described in Chapter 3 of this report.  Dispersion modeling may
be needed to identify possible violations during SIP preparation.  Also,
traffic-simulation models can be combined with instantaneous emissions at
the microscale level to predict emissions inventories and to assess queuing
and traffic flow along specific roadway segments or at specific intersec-
tions.  Proposed projects to change traffic patterns are often analyzed by
starting with the three intersections with the highest traffic volumes and
poorest level-of-service to determine if CO problems exist, and then model-
ing other intersections where capacity is equaled or exceeded.  With EPA
approval, areas also can establish their own thresholds for quantitative
analysis (Guensler et al. 1998).

Alternative screening methods can be used for CO project-level hot-
spot analysis (40 CFR § 51 and 93 [1993]).  Screening tools are simple
estimation techniques that determine whether transportation projects are in
need of more rigorous testing and additional analysis.  They are used to
provide conservative estimates of the air quality impacts of a specific
source, with the assumption that if a project passes the conformity criteria
using the screening tools then it would also pass more rigorous analysis.
The benefit of screening tools is that they reduce the number of transporta-
tion projects requiring more detailed quantitative CO modeling and elimi-
nate the need for more detailed modeling for those sources that clearly will
not cause or contribute to an exceedance of the CO NAAQS.

AREAS WITH RECENT EXCEEDANCES OF
THE CO STANDARD

Nationally, CO concentrations have declined significantly over the past
30 years.  In the early 1970s, when CO monitoring in the United States
became widespread, many cities reported numerous exceedances of both the
1-hour (35 ppm) and 8-hour (9 ppm) NAAQS for CO.  In 1971, 53 of 58
monitoring stations (91%) recorded exceedances of the 8-hour standard, and
7 of 58 stations (12%) recorded exceedances of the 1-hour standard (EPA
1973).  Improvements occurred rapidly, primarily resulting from advances
in motor-vehicle emissions control technology.  EPA (1976) noted that,
although ambient concentrations of many other pollutants showed few signs
of improvement,  “there was an evident decline in the proportion of stations
at which the 8-hour CO standard was exceeded.”  In 1974, the number of
stations reporting exceedances of the 8-hour standard fell to 56% (211 of
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377 stations).  Since then, the number of areas showing exceedances of the
8-hour standard has continued to decrease, and no monitor has shown an
exeedance of the 1-hour standard since 1995.  EPA (2002a) reports that the
national average ambient CO concentration in 2001 was 62% lower than it
was in 1982 and 38% lower than it was in 1992.    

Table 1-1 shows the 11 cities that have had the most difficulty meeting
the 8-hour NAAQS since 1995, ranked by the total number of exceedance
days at the monitor recording the highest number of exceedances during the
7-year period from 1995 to 2001.  The table shows the aerometric informa-
tion retrieval system identification number (AIRS ID), latitude, longitude,
and elevation above mean sea level of each monitor.  Second monitors are
listed for Spokane, Washington, and Las Vegas, Nevada, because the first
monitor ceased operating before the end of the 7-year period.  A second
monitor is listed for Anchorage, Alaska, because the second monitor is
located in a residential neighborhood, rather than in a downtown area, pro-
viding an interesting diurnal comparison, and because it recorded the most
recent exceedance in Anchorage.

Birmingham, Alabama, stands out in Table 1-1 because of the large
total number of exceedance days during the 1995-2001 period and because
the annual number appears to be increasing with time.  This is a special case
involving CO emissions from an industrial source—a mineral-wool facility.
This industry is not regulated for CO emissions; however, a monitor placed
close to the facility by the Jefferson County Public Health Department
detected frequent exceedances of the CO standard.  To rectify the problem,
the facility has agreed to changes in their stack height and operating proce-
dures.  The committee did not become aware of the Birmingham
exceedances until after its last meeting.  The committee relied on EPA’s
listing of locations that have recently violated the CO standard in their
annually updated air quality update (EPA 2002b).  Birmingham, Alabama,
was not listed as violating the CO standard in the air quality update until
2002, despite the fact that violations of the CO standard dated back at least
4 years.  Because this issue came up so late in the study and because the
exceedances are due to problems in the facility’s operations, not meteoro-
logical and topographical features, Birmingham will not be discussed in
detail in this report.  However, this case indicates that other areas may be
experiencing exceedances of the CO standard that are not being detected by
the fixed monitoring site network.

Trends in national average ambient CO concentrations do not always
mirror trends in nationwide emissions.  One reason might be that most
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3Exceedance days occurred in Birmingham in June and July of 2001.

monitors are located in urban areas, so changes in air quality are most likely
to track changes in urban air emissions rather than in total emissions.  Be-
cause light-duty vehicles dominate urban emissions and air quality monitor
sites are located near roadways, the improvements in ambient CO concen-
trations disproportionately reflect reductions in emissions from these vehi-
cles, while emissions from most other sources remain basically unchanged.

Characteristics of Exceedances

Thirty years ago exceedances of the 8-hour NAAQS for CO occurred
in all months of the year, but now they are a winter phenomenon in most
areas.3  Figures 1-1 and 1-2 show the number of days with exceedances by
month and year (the year is defined as July through June centering on the
winter season) for Lynwood, California, and Fairbanks, Alaska.  There are
two reasons for the pattern: reduced solar heating during winter, which
favors a more stable atmosphere with less vertical mixing and lower wind-
speeds; and increased emissions in winter.  

CO Trends in Problem Areas 

Table 1-1 shows a generally downward trend in the number of exceed-
ance days recorded in the 10 cities that are the focus of this report for the
years since 1995.  A downward trend in concentrations also can be seen in
Figure 1-3, which shows the decline in the nationwide composite average
of annual second-highest 8-hour CO concentrations from 1978 to 1997.
The smoother decline of the composite average is a result of the large num-
ber of sites included.

The annual second-highest nonoverlapping 8-hour average CO concen-
tration is a statistic that shows a great deal of variability at any one site.  In
its interim report (NRC 2002), the committee looked at trends in other
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FIGURE 1-1  Number of days with exceedances of the 8-hour NAAQS for CO
per month and per year in Lynwood, California.

statistics (including the 75th, 90th, 95th, and 99th percentiles) for the three
monitoring sites in Fairbanks, Alaska, for the six winter seasons from 1995-
1996 to 2000-2001.  Although these other statistics showed less variability,
they could all be fit over the 6-year period with straight lines.  The slopes
of the lines showed that the statistics declined at about 7% per year, consis-
tent with steadily declining CO concentrations.  A recent study (Eisinger et
al. 2002) looked at whether the downward trend in CO concentrations was
also occurring at microscale monitoring sites—sites located in close prox-
imity to high traffic density.  The study concluded that, although CO con-
centrations at the microscale sites are often higher than concentrations
found at larger-scale monitoring sites (sites located in extended urban areas
and more rural areas), CO concentrations at microscale sites are declining
at the same rate as concentrations recorded at monitors representing larger
regions.  
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FIGURE 1-2  Number of days with exceedances of the 8-hour NAAQS for CO
per month and per year in Fairbanks, Alaska.  The numbers include days on
which exceedances occurred at any of the three monitoring sites.

SOURCES OF CO EMISSIONS

National Inventory 

The major categories of CO emissions sources include transportation
(mobile sources), industrial processes, nontransportation fuel combustion
(which includes stationary and area sources), and miscellaneous sources.
Figure 1-4 presents an estimate of national CO emissions over the 1982-
2001 time period.  The figure gives a general indication of the dominant
fraction of mobile-source emissions compared with other major source
categories.

The mobile-source emissions referred to in Figure 1-4 can be separated
into on-road, off-road, and nonroad emissions.  On-road emissions come
from both light-duty vehicles (LDVs) and heavy-duty vehicles (HDVs).
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FIGURE 1-3  Nationwide composite average of the annual second-highest 8-
hour CO concentrations, 1978-1997.  Note that there were 184 monitoring sites
from 1978 to 1987 and 368 sites from 1988 to 1997.

  
The boundary separating LDVs from HDVs historically has been 8,500
pounds gross vehicle weight (GVW) (the weight of the vehicle plus the
weight of the rated load-hauling capacity).  LDVs, which include passenger
cars and light trucks, are fueled primarily by gasoline; HDVs use both
diesel fuel and gasoline.  The heavier HDVs (those with a GVW greater
than 26,000 pounds) use diesel fuel almost exclusively.  Diesel engines emit
much less CO overall compared with LDVs; thus, on-road CO inventories
are dominated by LDV emissions.  Nonroad emissions come from nonroad
engines including construction, logging, mining, and farm equipment and
lawn and garden equipment.  Off-road vehicles include marine vessels,
recreational vehicles, locomotives, and aircraft.

Table 1-2 provides an estimated inventory of CO emissions in the
United States in 1999 (EPA 2001a).  An estimated 77% of the anthro-
pogenic CO emissions come from mobile sources, including on-road vehi-
cles (51%) and nonroad engines and vehicles (26%).  The remaining CO
emissions are from area and point sources, including fuel combustion and
industrial processes.  It should be noted, however, that this inventory has
significant uncertainties. For example, an NRC report (2000) reviewing
EPA’s Mobile Source Emissions Factor (MOBILE) model discusses the
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FIGURE 1-4  Nationwide CO emissions from 1982 to 2001.  Note that from
1982 to 2001 there was 0% change, and from 1992 to 2001 there was a 6%
increase in emissions.  Emissions are shown in thousands of short tons.  One
short ton is equivalent to 2,000 pounds (lb) or 0.9072 metric tons.  A long ton is
a measurement weight equivalent to 2,240 lb or 1.0 metric tons.  Source: EPA
2002a.

substantial inaccuracies in estimates of fleet emissions and effectiveness of
control strategies for on-road vehicles.  

Regional Inventories 

In urban areas, mobile sources tend to contribute more to the mix of
emissions than indicated by the national average.  On the basis of its MO-
BILE model, EPA suggests that vehicles may contribute 95% or more of
CO emissions in cities classified by EPA as having serious air pollution
(EPA 2001a).  Table 1-3 shows emissions inventories for five cities that
have had CO exceedances in the past.  Mobile sources contribute most of
the CO emissions, ranging from 78% for Fairbanks to 96% for Phoenix.
On-road vehicles contribute the majority of mobile-source emissions, rang-
ing from 62% to 84%.   
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TABLE 1-2  National CO Emissions Inventory Estimates for 1999

Source Category
Thousands of Short
Tons

Percent of Total
(%)

Point or area fuel combustion  5,322 5.46
Electric utilities 445 0.457
Industry 1,178 1.21
Residential wood burning 3,300 3.39
Other 399 0.409

Industrial processes 7,590 7.79
Chemical and allied product
manufacturing

1,081 1.11

Metals processing 1,678 1.72
Petroleum and related indus-
tries

366 0.376

Waste disposal and recycling 3,792 3.89
Other industrial processes 599 0.615

On-road vehicles 49,989 51.3
Light-duty gas vehicles and
motorcycles

27,382 28.1

Light-duty gas trucks 16,115 16.5
Heavy-duty gas vehicles 4,262 4.37
Diesels 2,230 2.29

Nonroad engines and vehicles 25,162 25.8
Recreational 3,616 3.71
Lawn and garden 11,116 11.4
Aircraft 1,002 1.03
Light commercial 4,259 4.37
Other 5,169 5.30

Miscellaneous 9,378 9.62
Slash or prescribed burning 6,152 6.31
Forest wildfires 2,638 2.71
Other 588 0.615

Total 97,441
Source: EPA 2001a.
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TABLE 1-3  Regional CO Emissions Inventories for Selected Cities (Tons Per Day)

Source Category 
LA-South Coast, CA Fairbanks, AK Las Vegas, NV Anchorage, AK Denver, CO
2001 Percent 2001 Percent 1990 Percent 1995  Percent 2001  Percent

On-road vehicles 4,244 75.9 14.4 61.8 310 80.1 113 84.0 875.2 72.8
Nonroad engines and
vehicles

882 15.8 3.7 15.7 60 15.6 12 9.0 161.5 13.4

     Recreational 249 6
     Lawn and garden 4
     Aircraft 56 3.3 40 23.9
     Light commercial 5 136.6
     Other 572 0.4 11 1
Area sources 323 5.8 0.9 3.8 10 2.6 5 4.0 96.6 8.0
    Fuel combustion 0.1
    Industrial processes 25.1
    Other 0.8 71.5
Point sources 53 0.9 4.3 18.6 7 1.7 1 1.0 70.2 5.8
Natural sources 89 1.6 0.0 0.0 0 0.0 0 0.0 0 0.0
Miscellaneous 0 0.0 0 0.0 4 3.0 0 0.0
Total 5,590 100.0 23.3 100.0 387 100.0 135 100.0 1,203.5 100.0
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4The ratio of air to fuel mass that provides just enough O2 to convert all the
carbon and hydrogen in gasoline to CO2 and water (termed the stoichiometric ratio)
is about 14.7 to 1.  Ratios less than 14.7 to 1 have more fuel than is optimal and are
called fuel-rich. 

Regional inventories are important because they form the basis for SIPs
and are used in assessing local projects.  However, the use of regional emis-
sions inventories for analysis of localized CO exceedances can be problem-
atic because these inventories might include sources that do not contribute
to exceedances at specific locations.  Air intakes at CO monitoring sites are
a few meters above street level, so sources at higher elevations (e.g., smoke-
stacks) might emit CO at an elevation higher than the inversion level and
contribute little to measured CO concentrations.  For example, in its interim
report (NRC 2002) the committee noted the presence of very strong ground-
level inversions in Fairbanks, Alaska.  Such conditions mean that local
power-plant emissions released well above the inversion height likely do
not mix with ambient air at the monitor height and, thus, do not contribute
to the high CO concentrations recorded at monitoring sites.  In addition,
some CO sources included within these regional inventories might be lo-
cated at great distances from monitors and might not contribute to local
exceedances.  These issues are discussed further in Chapter 4.

Vehicle Sources of CO Emissions 

The primary cause of CO emissions from vehicles is the incomplete
combustion of gasoline.  The fuel-oxidation process (combustion) is the
conversion of the fuel to lower-molecular-weight intermediate hydrocar-
bons (including olefins and aromatics).  These hydrocarbons are converted
to aldehydes and ketones, then to CO, and finally to carbon dioxide (CO2).
The initial reactions are faster than the final conversion from CO to CO2.
Incomplete conversion of fuel carbon to CO2 results in part from insuffi-
cient oxygen in the combustion mixture—known as fuel-rich4 condi-
tions—and insufficient time to oxidize fuel carbon to CO2.  CO emissions
from diesel-powered vehicles are minimal compared with emissions from
gasoline-powered vehicles, primarily because excess air is used in the diesel
combustion cycle.  The excess air, combined with high temperatures and
pressures involved in the diesel cycle ensures more complete combustion.
Hence, the following discussion is limited to gasoline-powered vehicles. 
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Trends in Vehicle Emissions

Vehicles produce excessive CO when cold starts, increased load (e.g.,
climbing a hill), rapid acceleration, or engine malfunctions induce fuel-rich
conditions (NRC 2000).  CO and unburned fuel can be greatly reduced by
a variety of techniques, including additional oxidation in a catalytic con-
verter mounted between the engine and the muffler.  Box 1-1 lists some of
the major milestones in the control of emissions from automobiles starting
with the Clean Air Act (CAA) of 1970 (EPA 2001a).  These milestones,
which have led to large reductions in CO and other pollutant emissions,
include national standards for tailpipe emissions, new vehicle technologies,
and clean fuels programs as well as state and local vehicle emissions I/M
programs and transportation management programs.

According to EPA, overall CO emissions were reduced by 25% be-
tween 1970 and 1998 (EPA 2000b).  Light-duty gasoline-vehicle emissions
have shown a 57% decrease.  Per-vehicle emissions have been reduced even
more.  Substantial reductions in light-duty gasoline-vehicle emissions over
the past 30 years have offset increases in CO emissions from other sources;
however, light-duty gasoline-powered vehicles continue to dominate CO
emissions inventories.

In addition to per-vehicle emissions, other factors—such as vehicle-
miles traveled (VMT), population growth, trip making, and the rapid growth
of sport utility vehicles (SUVs) in the vehicle population—impact total CO
emissions.  The improvement in air quality discussed earlier in this chapter
occurred despite an approximate 35% increase in VMT in the United States
during the 10-year period from 1992 to 2001 (EPA 2001b).  Figure 1-5
illustrates the increases in VMT and the number of licensed drivers in the
United States over the past 20 years and the decline in CO emissions from
LDVs over the same period.  Eventually, continuing increases in VMT
might result in an increase in net CO emissions unless new emissions con-
trol technologies continue to reduce CO emission rates from new or in-use
vehicles.  Future CO emissions also might be affected by changes in the
vehicle subfleet population as higher-emitting Tier 1 vehicles, such as
SUVs, begin to make up a greater fraction of the overall fleet.

Other Sources of Ambient CO Emissions 

The remaining CO emissions come from point and area sources, in-
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BOX 1-1  Milestones in Motor-Vehicle Emissions Control

1968 Federal Air Quality Control Act allows California to enforce its own
emissions standards for new vehicles.

1970 Clear Air Act (CAA) sets automobile emissions standards to be met
in 1975.

1971 Charcoal canisters appear to meet evaporative standards (do not
control CO).

1973 Exhaust gas recirculation valves improve nitrogen oxides (NOx)
control (do not improve CO).

1974 Fuel-economy standards are set.
1975 The first catalytic converters appear for hydrocarbons (HCs) and

CO.  Unleaded gas required for use in catalyst-equipped cars.
1977 Amendments to the CAA define and tighten vehicle standards and

clarify the definition of nonattainment areas.
1981 Three-way catalysts with onboard computers and 02 sensors appear

for HC, CO, and NOx control.
1983 Inspection and maintenance (I/M) programs are established in 64

cities.
1989 Fuel volatility limits are set (do not control CO).
1990 CAA Amendments set new tailpipe standards beginning in 1994.
1990 California Air Resources Board approves low and zero emissions

vehicles standards for California.
1992 Oxygenated fuels introduced in cities with high levels of CO.
1993 Limits set on sulfur content of diesel fuel.
1994 Phase-in begins of new Tier 1 vehicle standards and technology.
1994 Phase-in of cold-temperature (20°F) CO standard.
1995 Second generation onboard diagnostic systems (OBDII) required in

1996 model year cars.
1998 National low emissions vehicle program begins in the northeast with

sales of 1999 model year California emissions equipped vehicles.
2000 Phase in of supplemental federal test procedure as vehicle

certification test.
2004 Tier 2 standards begin.

Sources: CARB 2003; EPA 2001a.

cluding wood burning, lawn and garden equipment, and natural sources,
such as wildfires.  It should be noted that CO is produced not only through
incomplete combustion but also from the thermal decomposition of CO2,
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FIGURE 1-5  Nationwide trends in total vehicle-miles traveled, number of li-
censed drivers, and CO light-duty vehicle emissions from 1980 to 1998.

a process that occurs mainly in power plants.  The contribution of CO pro-
duced through thermal decomposition to emissions inventories however is
likely to be small.  Table 1-2 shows nationwide CO emissions in 1999 from
various sources.  Area and point sources make up a smaller fraction of CO
emissions inventories than mobile sources do, but are still important contri-
butors to total CO emissions.  For example, point and area sources can play
a dominant role in localized exceedances, such as those that have occurred
recently in Birmingham, Alabama.  In addition, operators of lawn and gar-
den equipment may experience high personal exposures to CO.

HEALTH EFFECTS OF CO

 Clinical and Epidemiological Studies of CO Effects

The health effects of CO have been assessed through controlled expo-
sure of human volunteers and a growing body of community epidemiologi-
cal studies (EPA 2000a).  Exposure studies executed under various experi-
mental protocols have produced substantial information on the toxicity of
CO, its direct effects on blood and tissues, and how those effects are ex-
pressed in terms of changes in organ functions.  Community epidemiologi-
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cal studies attempt to extend these results to understand the potential com-
munity health effects of ambient CO exposures.

CO affects human health by impairing the ability of the blood to carry
oxygen (O2) to body tissues.  When CO is inhaled, it rapidly crosses from
the lungs into the blood, where it binds to hemoglobin to form carboxy-
hemoglobin (COHb), a useful marker for predicting CO health effects.
Because CO has an affinity for hemoglobin more than 200 times that of O2,
the presence of CO in the lungs will displace O2 from the hemoglobin.  In
other words, when CO is present in the lungs, hemoglobin is unable to reach
complete O2 saturation.  In addition, the binding of CO increases hemoglo-
bin’s binding of O2, thereby inhibiting the release of O2 from hemoglobin
to body tissues.  The effect of COHb is illustrated by a leftward shift in the
O2-hemoglobin dissociation curve (Figure 1-6).  This effect continues until
the COHb dissociates, typically several hours after CO exposure.  CO also
may affect O2 transport to muscle (EPA 2000a).  CO has been shown to
bind to myoglobin, which supplies oxygen to muscles during strenuous
exercise, when muscle demand for oxygen is greater than the supply of
oxygen available from the blood.

COHb levels in healthy individuals not exposed to high concentrations
of ambient CO are typically 0.3% to 0.7%.  CO is formed endogenously
through normal metabolism of heme leading to approximately these levels
of COHb (i.e., this occurs irrespective of ambient exposure to CO).  Expo-
sure to high ambient CO concentrations can result in concentrations of
COHb at 2% or higher if the exposure lasts long enough (hours).  The expo-
sure time is critical as there is an 8-12 hour period necessary for equilibrium
between ambient CO and blood COHb concentration.  For people who
smoke, cigarettes are usually the most significant source of personal CO
exposure.  COHb concentrations average about 5% in smokers and are up
to 10% or even higher in some very heavy smokers (Beckett 1994).

The CO ambient-air health standards set by EPA are intended to keep
COHb concentrations for nonsmokers below 2% and protect the most sus-
ceptible members of the population.  The goal of both the 1-hour and 8-hour
standards is related to maintaining COHb concentrations below this level.
Because of the time required for ambient CO to affect COHb levels, it re-
quires exposure to 35 ppm of CO for 1 hour to achieve approximately the
same level of COHb as exposure to 9 ppm of CO for 8 hours.  EPA (2000a)
provides a comprehensive review of the literature pertaining to the health
effects of CO for typical environmental exposures that would be associated
with COHb levels less than 10%.  The major findings presented by EPA
(2000a) are summarized below; the committee accepts these findings
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FIGURE 1-6  Diagram of hemoglobin response to the presence of COHb.  The
concentration of O2 in the environment surrounding the hemoglobin is shown on
the x-axis.  The O2 saturation, or how much of the hemoglobin’s capacity for
storing O2 is used, is shown on the y-axis.  At higher O2 concentrations, as are
found in the lungs, the hemoglobin can be more O2 saturated.  Likewise, at lower
O2 concentrations, as are found in other parts of the body, O2 will dissociate
from the hemoglobin to achieve O2 percent saturations as indicated by the curve. 
The presence of COHb shifts this curve to the left.  For a given O2 concentration,
the hemoglobin will require a higher O2 percent saturation and allow less O2 to
be released to the body’s tissues.  Source: Adapted from Shephard 1983.

as sufficient evidence of the health effects caused by exposure to CO at
concentrations of 9 ppm and above for extended periods of time.  However,
the committee has noted that the public may not be sufficiently aware that
CO poses a health threat.

The acute affects of CO poisoning are well understood (Raub et al.
2000).  Generally, in otherwise healthy people, headache develops when
COHb concentrations reach 10%; tinnitus (ringing in the ear) and light-
headedness at 20%; nausea, vomiting, and weakness at 20-30%; clouding
of consciousness and coma at around 35%; and death at around 50%
(Coburn 1970).  However, the outcomes of long-term, low-concentration
CO exposures are not as well understood.  Because of the critical nature of
blood flow and O2 delivery to the heart and brain, these organ systems, as
well as the lungs (the first organ to come into contact with the pollutant),
have received the most attention.  
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The most well-documented effect in controlled-exposure studies is that
of CO on reproducible exercise-induced angina.  Angina is a type of chest
pain that occurs when there is not enough blood flow to the heart muscle,
and it is a symptom of coronary artery disease.  In patients with known
coronary artery disease, COHb concentrations as low as 3% exacerbate the
development of exercise-induced chest pain (Allred et al. 1989a).  Concen-
trations as low as 6% are associated with an increase in the number and
frequency of premature ventricular contractions of the heart during exercise
in patients with severe heart disease (Allred et al. 1989b; Sheps et al. 1990).
These results have provided support for epidemiological studies associating
ambient CO with heart-disease exacerbation.  Large cohort studies of envi-
ronmental exposures have confirmed that high daily ambient CO concentra-
tions are associated with statistically significant increases in the numbers of
hospital admissions for heart disease (Poloniecki et al. 1997; Schwartz
1999) and congestive heart failure (Morris et al. 1995) and with increases
in deaths from cardiopulmonary illnesses (Prescott et al. 1998).

Neuropsychiatric (neurological and psychiatric) disorders and cognitive
impairments due to long-term, low-concentration CO exposures have been
hypothesized, in part on the basis of extrapolation from the known acute
effects of high-dose CO poisoning.  In clinical experiments on healthy
volunteers, controlled CO exposure was associated with subtle alterations
in visual perception when COHb concentrations were above 5%
(McFarland 1970; Horvath et al. 1971).  However, the significance of this
finding remains unknown.  Similar studies have shown measurable but
small effects on auditory perception, driving performance, and vigilance
(Beard and Wertheim 1967; McFarland 1973; Benignus et al. 1977).  The
neurobehavioral effects described in Beard and Wertheim (1967) served as
the scientific basis for the original CO standard promulgated in 1971.  How-
ever, later studies questioned those results, so the current standard is based
on the aggravation of angina pectoris and other cardiovascular diseases.

The role of CO in pulmonary disease is unclear.  In the Seattle area, a
single-pollutant model showed a 6% increase in the rate of hospital admis-
sions for asthma with each 0.9-ppm increase in ambient CO, but CO in-
creases were concomitant with increases in other air pollutants (Sheppard
et al. 1999).  In Minneapolis and Toronto, CO concentrations showed weak
and inconsistent associations with total admissions for respiratory diseases
(Burnett et al. 1997; Moolgavkar et al. 1997).  EPA (2000a) cautions that
the biological plausibility of CO’s association with respiratory illness is
tenuous, because the mechanism by which ambient CO exposures could
produce or promote harmful respiratory effects has not been demonstrated.
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5The terms volatile organic compounds (VOCs) and HCs are used to denote
organic compounds that are emitted as vapors under typical atmospheric conditions.
Unless quoting a source or a regulation that uses another term, the report uses the
term HC exclusively.  Appendix B describes the differences among the terms used
to refer to HCs.

6Airborne particulate matter (PM) refers to a broad class of discrete solid
particles and liquid droplets of varied chemical composition and size.  PM10 refers
to the subset of PM with an aerodynamic diameter less than or equal to a nominal
10 micrometers.  PM2.5 refers to the subset of PM with an aerodynamic diameter
less than or equal to a nominal 2.5 micrometers.

As described in subsequent sections, CO is closely associated with
copollutants, including hydrocarbons (HCs)5 and fine particulate matter
(PM2.5) from motor-vehicle emissions.  The respiratory effect attributed to
CO might be the result of exposure to HCs (Pappas et al. 2000) or motor-
vehicle-related PM2.5 (Buckeridge et al.  2002).

A fetus is more susceptible to CO than an adult; the O2-hemoglobin
dissociation curve is to the left of that in the adult and is shifted even further
to the left by CO exposure.  Also, because the half-life of fetal COHb is
longer than that in adults, it may take up to five times longer for its concen-
trations to return to normal.  Studies have shown that exposure to high
concentrations of CO during the last trimester of pregnancy may increase
the risk of low birth weights and that exposures to CO and airborne particu-
late matter (PM)6 during pregnancy may trigger preterm births (Ritz and Yu
1999; Ritz et al. 2000).  A recent study correlated CO and O3 exposure
during pregnancy to birth defects such as cleft lip and defective heart valves
(Ritz et al. 2002).  The correlation of these effects with ambient CO oc-
curred at concentrations below the NAAQS.  The study was inconclusive
regarding the effects of PM10 and nitrogen dioxide; however, the lead author
of the study cautioned that the real culprit might be other pollutants, such
as PM and some air toxics, that are coemitted with CO in tailpipe emissions
(Ritz 2002). 

Public-health laws are designed to protect the most susceptible mem-
bers of the population.  People with coronary artery disease or other cardio-
pulmonary diseases, fetuses, infants, and athletes who exercise heavily in
high-CO atmospheres are particularly susceptible to adverse health effects
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Recommendations: Health Effects

To reduce the potential adverse health effects of CO, the few remaining
areas not in attainment need to continue making progress toward meeting and
maintaining the CO standard.  Public-health issues associated with ambient CO
should be emphasized through enhanced public-awareness campaigns.  Further
study to reveal the effects of CO on the fetus and to separate the effects of CO
from its copollutants is encouraged.  Also, there should be more toxicology
studies of the automobile exhaust mixture.

from CO. The evidence summarized above, and described more fully in
EPA (2000a), indicates that attainment of the ambient-CO standards can
decrease morbidity and mortality from atherosclerotic heart disease.
Although less conclusive, there is evidence that attainment of the CO stan-
dards will also decrease fetal loss and childhood developmental abnormali-
ties.  These health benefits translate into economic savings associated with
avoided health care and avoided work-time losses as well as intangible
savings in quality of life.

Control of CO through new-vehicle emissions standards has also had
a significant collateral public-safety benefit through the reduction of acci-
dental CO poisoning (Cobb and Etzel 1991; Shelef 1994; Marr et al. 1998).
Mott et al. (2002) recently used computerized death-certificate data main-
tained by the Centers for Disease Control and Prevention to evaluate the
influence of national vehicle emissions controls on unintentional motor-
vehicle-related CO deaths between 1968 and 1998.  They estimated that
over 11,000 deaths were avoided because of these standards, a reduction in
unintentional motor-vehicle-related CO mortality from 4.0 to 0.9 deaths per
1 million person-years. 

Summary of CO Benefits and Costs from the Clean Air Act

Although there have been no comprehensive assessments of health
benefits from controlling CO at individual locations, including meteorologi-
cal and topographical problem areas, EPA has estimated nationwide bene-
fits attributable to the Clean Air Act in two reports: Final Report to Con-
gress on the Benefits and Costs of the Clean Air Act, 1970 to 1990 (EPA
1997a) and Final Report to Congress on the Benefits and Costs of the Clean
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Air Act, 1990 to 2010 (EPA 1999).  However, these documents do not sepa-
rate the health benefits of CO control from other criteria pollutants.  In the
1997 report, the control of PM and CO under the Clean Air Act is estimated
to reduce the mean number of hospitalizations for congestive heart failure
by 39,000 annually in 1990 compared with a no-control scenario (EPA
1997a).  The no-control scenario assumes that no air pollution controls were
established beyond those in place prior to the enactment of the 1970 amend-
ments to the Clean Air Act.  In the 1999 report, the control of PM, CO,
NOx, sulfur dioxide, and ozone under the CAAA90 is estimated to reduce
the mean number of hospitalizations for respiratory aliments and congestive
heart failure by 64,000 annually in 2010 compared with a pre-CAAA90
scenario (EPA 1997a).  The pre-CAAA90 scenario assumes that no air
pollution controls were established beyond those in place prior to the enact-
ment of the CAAA90.  It is clear from these reports why the emphasis in air
quality management in the United States is on PM and ozone.  For example,
the 1999 document estimates that controlling PM under the CAAA90 will
reduce premature mortality in 2010 by a mean value of 23,000 annually.
No reduction in premature mortality is attributed to CO control.

CO Exposure 

Exposures in Vehicles

An issue unique to motor vehicles is the proximity of emissions sources
to receptors.  Automobile air vents can take in exhaust emissions from other
vehicles, thereby accumulating CO in the interior compartment.  Studies
have shown that when CO concentrations near roadways average 3-4 ppm,
the average concentration in rider compartments is typically 5 ppm (Akland
et al. 1985; Flachsbart et al. 1987).  A study released by the California Air
Resources Board (Rodes et al. 1998) reported that CO levels were between
2 and 10 times higher inside vehicles than at roadside or fixed monitoring
stations due to simple dispersion of the pollutant.  Researchers found simi-
larly high concentrations of HCs and toxic compounds such as benzene and
1,3-butadiene.  The relationship of these pollutants to CO is discussed fur-
ther in a later section of this report.  Flachsbart (1999) summarizes expo-
sures to mobile-source CO emissions in various micro-environments and
shows how congested roadways, street canyons, tunnels, underpasses,
drive-up facilities, and parking garages can produce exposures well above
ambient conditions. 
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Relationship of Indoor to Ambient Concentrations

Most people spend a majority of their time indoors; this is particularly
true in cold climate areas during winter, when ambient CO concentrations
tend to be highest.  That leads to the question of the relationship between
indoor and outdoor concentrations.  Air pollution in buildings can come
from indoor sources and from air exchange with outdoor ambient pollution.
Air exchange may be active, as in the case of a mechanical ventilation sys-
tem, or passive, as in the case of infiltration associated with temperature or
pressure differences between the outside and the inside of a building.
Though homes in northern climates may be tighter, air exchange through
leaks is controlled by the temperature difference, with a large temperature
gradient producing a greater infiltration rate.  Thus, CO penetrates freely
with infiltration air from the outside, even in winter in Fairbanks, and is not
removed by building materials or ventilation systems.  Furthermore, there
are no effective indoor chemical or physical processes for lowering CO on
the time scales of interest for exposure and toxic effects.  Hence, being
indoors offers little protection from outside CO levels.

The relationship between indoor and outdoor CO concentrations can be
evaluated with a simple differential mass-balance model (Shair and Heitner
1974) that has the following steady-state solution when we combine active
ventilation and passive infiltration into a single air-exchange term:

C
paC
a k

S
a k Vi

o
=

+
+

+( )

where
Ci = indoor concentration, mg/m3;

 Co = outdoor concentration, mg/m3;
p = penetration coefficient, 0-1;
a = air exchange rate, hour-1;
k = decay rate, hour-1;
S = mass flux of the indoor source, mg/h; and
V = building volume, m3. 

For CO, the relationship is simpler because the penetration coefficient (p)
is unity and the decay rate (k) is effectively zero.  Therefore, the solution is
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S

aVi o= +

Copyright © National Academy of Sciences. All rights reserved.

Managing Carbon Monoxide Pollution in Meteorological and Topographical Problem Areas 
http://www.nap.edu/catalog/10689.html



Ambient CO Pollution in the United States 47

7In this regard, CO is different from O3, which is highly reactive and is de-
stroyed when infiltrating inside from outdoors.

In the absence of indoor sources (S), the steady-state indoor concentra-
tion of CO will equal the average outdoor concentration.  When a source of
CO is present indoors (e.g., from a faulty furnace, an underground parking
garage, a kerosene heater, or a tobacco smoker), the indoor source adds to
the background concentration from the outdoor air (EPA 2000a).  There-
fore, buildings do not provide protection from high outdoor concentrations
of CO.  The idea that buildings provide protection from high outdoor CO
concentrations is a common misconception.7 

Other Exposures

The contribution to personal exposures from certain sources, such as
gasoline-powered lawnmowers, snowmobiles, recreation boats, generators,
and garden equipment, can be substantially greater than fixed site monitor-
ing data suggest.  These sources contribute considerably less to the regional
inventory than do mobile sources, and the exposed operators of lawn and
garden equipment are working in close proximity to the CO emissions
source.  In combination with urban background concentrations, localized
sources may subject some individuals to very high CO concentrations.  

Spatial Distribution of CO

Studies that demonstrate the spatial and temporal distribution of CO are
beneficial in assessing the potential human exposure to CO and other pollut-
ants from vehicle emissions.  Saturation studies are one method.  They
typically rely on portable monitors that “saturate” a geographical area with
samplers to assess the air quality in places where high concentrations of
pollutants are possible.  Monitors can be deployed at temporary fixed-site
locations or in mobile sampling vehicles.  These studies are helpful to air
pollution control agencies for evaluating their ambient air monitoring net-
works, characterizing pollutant concentrations over the entire saturation
study area, and locating hot spots or high pollutant impact points.  Personal
and indoor monitoring could be incorporated into such studies to relate
ambient concentrations to personal exposure.

Copyright © National Academy of Sciences. All rights reserved.

Managing Carbon Monoxide Pollution in Meteorological and Topographical Problem Areas 
http://www.nap.edu/catalog/10689.html



48 Managing CO in Meteorological and Topographical Problem Areas

Saturation studies typically involve deploying temporary mobile or
stationary monitors throughout a wide study area to characterize the spatial
extent of CO.  The committee considered several of these studies (Morris
2001; Guay 2001; Lawson 2002; Ransel 2002) during its deliberations. On
particular example is the study that was carried out in the Las Vegas Valley
during the winter of 2001-2002 (Ransel 2002).  The objectives of the study
were: (1) to evaluate the adequacy of the monitoring network to measure the
spatial distribution of CO and (2) to ensure that no areas of higher concen-
trations were missed with the existing network.  The study collected data
from 64 temporary fixed monitoring sites operating continuously for six
weeks and from 11 episodes using a mobile sampling van that collected 1-
minute average CO concentrations.  These measurements were in addition
to those made at 14 already existing permanent monitoring stations.  The
mobile sampling van was equipped with two samplers capable of measuring
average CO concentrations and a global positioning system (GPS) to deter-
mine location and provide real-time mapping and display.  Figure 1-7
shows the locations of CO measurements made with the van.  The study
concluded that current permanent monitoring sites are suitably located to
identify peak CO concentrations and to map areas where relatively higher
CO levels may occur.

Another saturation study reviewed by the committee was performed
during the winter of 1997-1998 in Anchorage, Alaska (Morris and Taylor
1998; Morris 2001).  The objective of the study was to determine whether
the permanent monitoring network adequately characterized CO exposures
in neighborhoods, near major roadways, and in parking lots.  The study
used 16 temporary fixed monitors to supplement the 4 permanent monitors.
The study concluded that the current permanent network adequately charac-
terizes CO concentrations at roadway sites but might not characterize the
upper range of CO concentrations in neighborhoods.  The high CO concen-
trations observed at most residential monitoring sites, often in the morning,
indicated that cold-start and/or warm-up idling of vehicles by commuters
is a significant source of CO in those locations.  

Finally, a comparison of the change in the spatial distribution of the
maximum 8-hour CO concentration over time in the Los Angeles area pro-
vides a qualitative description of the reduction in exposure to high CO.
Figure 1-8 shows that the 8-hour CO concentration was exceeded 0.1% of
the time averaged over the period from 1956 through 1967.  Since there are
1,095 discrete 8-hour time periods in a year, the 0.1 percentile value ap-
proximates the 8-hour concentration likely to be exceeded an average of

Copyright © National Academy of Sciences. All rights reserved.

Managing Carbon Monoxide Pollution in Meteorological and Topographical Problem Areas 
http://www.nap.edu/catalog/10689.html



49

FIGURE 1-7  Locations of 1-min average CO concentration measurements made using a mobile sampling van in the Las 
Vegas Valley between November 20, 2001, and January 6, 2002.  Source: Ransel 2002.
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FIGURE 1-8  Maximum 8-hour average CO concentrations in the South Coast
Air Basin for 1956-1967.  Source: DHEW 1970.

once per year (DHEW 1970).  Figure 1-9 shows the maximum 8-hour CO
concentration for 2000 (SCAQMD 2000a).  Although 2000 may have been
a favorable year in terms of meteorology, it is clear that the 8-hour peak
concentrations and the spatial extent of CO pollution have decreased greatly
since the 1956-1967 time period. 

Roadway Health Effects

The correlation between CO and other motor-vehicle-related emissions
is important because of studies linking health impacts and proximity to
major roadways.  CO is a relatively easy pollutant to measure and thus can
be an indicator of roadway emissions.  As shown in Figure 1-10, CO is
highly correlated with black carbon and ultrafine particles in close proxim-
ity to highways (Zhu et al. 2002).  Brunekreef (1997) found a reduction in
lung function in children living near a major highway; Hoek et al. (2002)
found an association between cardiopulmonary mortality and proximity to
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FIGURE 1-9  Maximum 8-hour average CO concentrations in the South Coast
Air Basin in 2000.  Source: SCAQMD 2000a.

a major roadway; and Buckeridge et al. (2002) reported the effects of
motor-vehicle emissions on respiratory health.  These studies attribute most
health impacts to PM and HCs.  Ritz et al. (2002) showed a correlation
between traffic-related CO emissions and birth defects in southern Califor-
nia.  Recently, Wilhelm and Ritz (2003) reported an association between
residential proximity to traffic and adverse birth outcomes such as low birth
weight and preterm birth.  

RELATIONSHIP OF CO TO OTHER AIR POLLUTANTS

As discussed earlier in this chapter, mobile sources, both on-road and
off-road contribute 75-95% of CO emissions in selected urban areas. There-
fore, CO may be an indicator of other, less well-characterized pollutants
emitted from vehicles, such as fine particulate matter (PM2.5) and air toxics
associated with HCs.  However, CO has some substantial shortcomings as
an indicator of other mobile-source emissions.  The correlation between CO
and other pollutants, and CO’s role in tropospheric ozone, are discussed
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FIGURE 1-10  Relative mass, total particle number, black carbon, and CO
concentrations versus downwind distance from a freeway.  Source: Zhu et al.
2002.  Reprinted with permission; copyright 2002, Air & Waste Management
Association.

below.  The correlation between CO and other motor-vehicle-related emis-
sions is important because of the studies linking health impacts of air pollu-
tion to proximity to major roadways.  Those studies are also discussed in
this section.  

Association of CO Emissions to Other Emissions

Automobile exhaust is a complex mixture of compounds, some of
which are classified as criteria air pollutants and others as hazardous air
pollutants (HAPs) or “air toxics.”  The correlation of CO with PM2.5 and
some air toxics is especially strong for gasoline-powered light-duty vehicles
(LDVs) operating under fuel-rich conditions. As discussed more exten-
sively in Chapter 3, fuel-rich conditions exist when excess fuel is intro-
duced into the engine combustion process, greatly increasing the production
of CO, unburned HCs, and PM2.5.  Virtually all gasoline-powered vehicles
are designed to operate under fuel-rich conditions during cold-start opera-
tion, leading to a significant proportion of total emissions. In Fairbanks,
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8Typical numbers reported in the literature (usually obtained from measure-
ments of in-use vehicles) show that 50-60% of on-road LDV exhaust emissions are
produced by about 10% of LDVs (NRC 2001). 
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HC
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FIGURE 1-11   Degree of overlap among the highest 10% of emitters of CO,
HC, and NOx in the light-duty vehicle fleet, based on the results of emissions
tests on 12,977 vehicles administered during random roadside inspections in
California, from June 9, 1998, until October 29, 1999.  Note that the sizes of the
overlapping areas are not drawn to scale. Of the vehicles tested, 78% did not fall
in the top 10% for CO, HC, or NOx.  Source: Diagram prepared by Gregory S.
Noblet, University of California, Berkeley.  Reprinted with permission.

Alaska, winter cold-start and initial-idle emissions contributed an estimated
45% of overall on-road emissions (NRC 2002).  Fuel-rich conditions also
occur during hard accelerations and climbing up grade, when the fuel-me-
tering system injects extra fuel to improve vehicle performance, or because
of malfunctions in fuel-metering and other system components.  

Substantial evidence demonstrates that a large fraction of emissions is
from a relatively small percentage of LDVs8 that have a disproportionate
impact on total air pollution from mobile sources. Figure 1-11 (above)
shows the overlap among the highest-emitting 10% of vehicles randomly
pulled over and tested for CO, HCs, and nitrogen oxides (NOx) in Califor-
nia.  The figure indicates that there are significant similarities in the high-
emitting subset of vehicles, especially regarding CO and HCs.  
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9Lena et al. (2002) defined large trucks as those with two axles that had four
tires on the rear axle, or trucks with more than two axles.

EPA lists 21 mobile-source (on-road and nonroad) air toxics, shown in
Table 1-4.  For some of these (e.g., arsenic and dioxin), emissions invento-
ries show that mobile sources contribute only a small fraction to their over-
all emissions, but for most, mobile sources are significant if not dominant
among contributors.  However, it should be noted that the uncertainties
associated with emissions inventories for air toxics and PM are likely
greater than for CO and HCs.  Inventories for these pollutants piggyback on
estimates for CO and HC, introducing another level of uncertainty.  In
addition, less ambient monitoring and emissions data are available to de-
velop and evaluate these emissions.  Table 1-5 lists direct emissions by
source category for five important mobile-source air toxics.  All of these air
toxics are either known or probable human carcinogens, and some have
additional noncancer health effects.  The top four show a sizable fraction of
emissions associated with LDVs, which are the largest source of CO emis-
sions.  However, both formaldehyde and acetaldehyde have significant
secondary sources (from atmospheric chemical reactions of VOCs, includ-
ing VOCs emitted from LDVs) as well as direct emissions that contribute
to their ambient concentrations.

The relationship between CO and PM2.5 emissions is highly uncertain.
Ambient observations in urban areas tend to show that a significant fraction
of PM2.5 emissions come from mobile sources (NARSTO 2003).  PM diesel
emissions have garnered particular attention and have been classified as an
air toxic (EPA 2002c).  The Multiple Air Toxics Exposure (MATES-II)
study in the South Coast Air Basin of California (SCAQMD 2000b) esti-
mated that PM diesel emissions have a much higher cancer risk compared
with all other air toxics combined.  PM diesel emissions are primarily from
heavy-duty diesel vehicles (HDDVs) and off-road diesel engines, which
tend to have very low CO emissions compared with LDVs.  The emissions
from HDDVs and LDVs are correlated because both sources travel the same
roadways, but the spatial and temporal patterns of the emissions from these
two vehicle classes may differ greatly.  For example, Lena et al. (2002)
found that site-to-site variability in the number of large trucks9 was much
greater than that for light-duty vehicles, and that the ratio 
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TABLE 1-4  Mobile-Source (On-Road and Nonroad) Air Toxics Identified
by EPA and the Percent of National Emissions from Mobile Sources

Air Toxic

Mobile-
Source
Emissions
(%) Air Toxic

Mobile-
Source
Emissions
(%)

Acetaldehyde
Acrolein
Arsenic compounds
Benzene
1,3-Butadiene
Chromium compounds
Dioxin/furans
HDDV diesel particulate  

matter and diesel 
exhaust organic gases

Ethylbenzene
Formaldehyde
n–Hexane

70
39
0.6
76
60
4.2
0.2

100
84
49
44

Lead compounds
Manganese compounds
Mercury compounds
Methyl tertiary-butyl 

ether (MTBE)
Naphthalene
Nickel compounds
Polycyclic organic 

matter (POM)
Styrene
Toluene
Xylene

23
1.5
4

86
unknown
8.5

6
40
74
79

Source: EPA 2000c.

of passenger cars to large trucks varied greatly by site.  Further, CO-re-
lated regulations will have little impact on diesel PM concentrations.

The contribution of LDV emissions to PM2.5 concentrations is an area
of active research.  A study of PM2.5 in Denver, Colorado, found that LDVs
contributed a much larger fraction of PM2.5 emissions than did diesel vehi-
cles, although it is not clear whether that result is unique to the location
(Fujita et al. 1998; Norton et al. 1998).  This is in contrast to a study from
southern California that found diesels to be the dominant contributor of
mobile-source-emitted PM2.5 (Schauer et al. 1996).  ARCADIS G&M
(2003) recently studied seven cities and found that LDVs were the dominate
contributor to mobile-source-emitted PM2.5 in Birmingham, Alabama, and
Westbury, Connecticut, and they contributed approximately the same
amount as diesels in Las Vegas, Nevada.  This study found diesels to be the
dominant source in Albany, New York; Houston, Texas; Long Beach, Cali-
fornia; and El Paso, Texas.  In terms of toxicity, a recent study found no
difference in the toxicity of particles emitted from diesel and LDVs, but
particles from diesel and LDV high-emitters were much more potent on an
equivalent mass than those from normal-emitters (Seagrave et al. 2002).
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Mobile-Source Contribution

Air Toxic
Total 1996 Emissions
(short tons) LDV (short tons) HDV (short tons) Nonroad Sources

Mobile-Source
Contribution

Benzene
Formaldehyde
Acetaldehyde
1,3-Butadiene
Diesel PM
PM2.5

351,000
346,000
99,000
56,000
524,000
8,194,000

155,000 (44%)
53,000 (15%)
19,000 (19%)
20,000 (36%)

65,000

13,000 (4%)
30,000 (9%)
9,000 (9%)
4,000 (7%)

155,000

99,000 (28%)
86,000 (25%)
41,000 (41%)
10,000 (18%)
341,000 (65%)
410,000

267,000 (76%)
169,000 (49%)
70,000 (70%)
33,000 (60%)
524,000 (100%)
631,000

Note:  Secondary sources for some of these pollutants (formaldehyde, acetaldehyde, PM2.5) are significant.
Sources:  EPA 2000b,c; EPA 2001c; EPA 2003a.
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10EPA (2002c) estimates that the atmospheric lifetime of benzene is 11 days.
That means that benzene is removed from the urban environment by meteorological
processes (as opposed to a chemical sink), which is how most CO is removed.
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FIGURE 1-12  Diurnal average CO and benzene in London Bloomsbury in
1996.  Source: Williams 2000. Reprinted with permission; copyright 2000,
Elsevier SAS.

Ambient CO Concentrations and Other Pollutants

The relationships among ambient concentrations of CO, air toxics, and
PM are complex and are affected by differences in direct pollutant sources
and by atmospheric processes that create chemical sinks and secondary
products.  Figure 1-12 (above) indicates that benzene and CO concentra-
tions have similar diurnal patterns.  Benzene concentrations also show a
seasonal pattern similar to that of CO, with maximum concentrations occur-
ring during winter. The correlation between ambient CO and benzene con-
centrations stems from a similarity in emissions sources and benzene’s
fairly long atmospheric lifetime, which allows it to be dispersed with CO.10

Ambient measurements in the Los Angeles area have shown strong correla-
tions between ambient levels of benzene and CO (r2 = 0.76) (Figure 1-13),
and an even stronger correlation was observed between CO and ambient
levels of the relatively short-lived species 1,3-butadiene (r2 = 0.84) (Figure
1-14) (CARB 1999).  MATES-II found that benzene, 1,3-butadiene, and
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FIGURE 1-13  Benzene versus CO for four sites (Burbank, Los Angeles, Long
Beach, and Riverside) in California’s South Coast Air Basin in 1996.  Source:
CARB 1999.

other air toxics (methylene chloride, perchloroethylene, lead, and elemental
carbon) have seasonal concentrations that peak during late fall and winter
in the South Coast Air Basin (SCAQMD 2000b).  This was ascribed to local
seasonal meteorological conditions—light winds and surface inversions
inhibiting vertical dispersion of pollutants.  Table 1-6 shows atmospheric
lifetimes for selected air toxics.

Formaldehyde and acetaldehyde are reactive in the atmosphere.  They
have lifetimes of a few hours during daylight (Atkinson 2000).  Secondary
emissions sources greatly influence the concentrations of these compounds.
The chemical reactions that lead to the formation of additional formalde-
hyde and acetaldehyde from other HCs depend on solar radiation; therefore,
higher concentrations occur during months with greater solar radiation. The
MATES-II study (SCAQMD 2000b) found that these concentrations peak
in the summer and fall in the South Coast Air Basin.  The peak is delayed
because increased vertical mixing and dispersion occurs during the summer,
which reduces the concentrations of these pollutants.  

Ambient concentrations of PM2.5 are influenced by widely varying
emissions and atmospheric processes.  A recent assessment found that Mex-
ico City and many areas in the western United States have their highest
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11This is in contrast to most areas in the eastern U.S. that have peak PM con-
centrations in the summer.

FIGURE 1-14  1,3-Butadiene versus CO for four sites (Burbank, Los Angeles,
Long Beach, and Riverside) in California’s South Coast Air Basin in 1996. 
Source: CARB 1999.

concentrations of PM during winter because of limited dispersion during
winter months (NARSTO 2003).11  Figure 1-15 shows the correlation be-
tween daily average CO and PM2.5 concentrations for the winter of 2000-
2001 in Fairbanks, Alaska. This limited data set shows a correlation co-
efficient (R-squared) of 0.70.  The meteorological conditions that lead to
CO buildup may also play a role in episodes of high PM.  Thus, cities that
have had problems coming into compliance with the 8-hour NAAQS for
CO because of their meteorology and topography may also be susceptible
to violations of the 24-hour NAAQS for PM2.5.  However, Figure 1-15
makes clear that high CO levels do not necessarily coincide with high levels
of PM2.5.  Changes in emissions-producing activities, for example, a week-
end when more people are home using a fireplace instead of out driving,
might shift the result of an inversion episode from high CO to relatively
higher concentrations of PM2.5.  In addition, the meteorological conditions
that produce CO exceedances may be slightly different from those that
produce high PM2.5 concentrations.  Also, secondary formation of PM2.5
(from gas-to-particle conversion of nitrates, sulfates, and organics) can
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12The PM2.5 standard is written as an 95th-percentile exceedance; thus, a single
exceedance of this standard does not mean the area is out of attainment.

TABLE 1-6  Calculated Atmospheric Lifetimes for Selected 
Compounds
Compound Atmospheric Lifetimea (daylight hours)
Acetaldehyde 5.9
Benzene 75.3
1,3-Butadiene 1.4
Carbon monoxide 440.9
Formaldehyde 9.9

aThe atmospheric lifetime for each compound was calculated based on the rec-
ommended OH rate constants and a 12-hour average OH radical concentration of
3.0 × 106 molecule/cm3.
Source: Atkinson 1994.

occur, especially during summer when photochemistry is most prevalent,
and further obscure the relationship between CO and PM2.5.

For example, Salt Lake City, Utah, was originally in nonattainment for
the CO NAAQS.  In addition, the area had exceedances12 of the 24-hour
PM2.5 standard of 65 micrograms/cubic meter four times: January 1, 2000,
at the Cottonwood site (24-hour value = 71.3 :g/m3); December 30 and 31,
2000, at the Hawthorne site (24-hour values = 72.4 and 66.3 :g/m3, respec-
tively), and December 30, 2000 at the North Salt Lake site (24-hour value
= 68.7 :g/m3).  CO measurements were not particularly high on those days.
The highest 8-hour average CO concentration at the Cottonwood site on
January 1, 2000, was 2.7 ppm. The highest 8-hour average CO concentra-
tion at Hawthorne on December 30, 2000, was 3.4 ppm, and on January 31
it was 2.0 ppm.  (There is no CO analyzer located at the North Salt Lake
site.)  According to Robert Dalley of the Utah Department of Environmental
Quality (personal communication, September 20, 2002), high PM2.5 and
high CO concentrations occur in response to prolonged winter temperature
inversions.  The inversions can last 2 to 3 weeks without a break, as was the
case during these PM2.5 exceedances.  When inversions have some fog
associated with them, PM2.5 values are high, but CO values remain rela-
tively low. When clear skies accompany inversions, PM2.5 concentrations
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FIGURE 1-15  Correlation of daily average CO and PM2.5 concentrations at the
state building, Fairbanks, Alaska, November 2000 to February 2001.

are lower, and CO concentrations are high.  A hypothesis explaining these
observations might be that during inversions with fog, aqueous reactions in
the fog form secondary PM2.5 more quickly, and during clear inversions
stratification in the inversion traps CO closer to the ground.  However, this
conclusion has not been confirmed.

Roles of CO in Tropospheric Ozone and Climate Change

Tropospheric Ozone

In the atmosphere, the only chemical loss process for CO is by reaction
with the hydroxyl (OH) radical.  The overall reaction is

OH + CO (+ O2) = HO2 + CO2. 

Using a global average tropospheric OH radical concentration of 9.4 ×
105 molecule cm-3 (Prinn et al. 2001), the average CO lifetime is calculated
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to be 2 months, which is sufficiently long for CO emitted in the United
States to be mixed throughout the northern hemisphere.

When enough NO is present that HO2 radicals react only with it, 

HO2 + NO = OH + NO2,

the photolysis of NO2  and the rapid reaction of the oxygen, O(3P), atom
with O2,

NO2 + sunlight = NO + O(3P)
O(3P) + O2 + M = O3 + M (M = air),

leads to net formation of ozone from the reaction of OH radicals with CO
(in the presence of NO such that HO2 radicals react dominantly with NO),

CO + 2O2 = CO2 + O3. 

Therefore, CO can be viewed as the simplest ozone-forming “hydrocarbon.”
Because CO reacts rather slowly in the atmosphere, and its photo-oxida-

tion results in the conversion of only one molecule of NO to NO2 per mole-
cule of CO oxidized (see above), CO has a significantly lower ozone-form-
ing potential (grams of O3 formed per grams of reactant emitted) than the
HC mix in vehicle exhaust (Carter 1998).  The 1997 maximum incremental
reactivity (MIR) scale (Carter 1998) of CO is 0.065 g of O3 per gram of CO
emitted, which can be compared to the MIR of exhaust emissions from
vehicles fueled with two gasolines representative of California reformulated
gasoline (testing conducted during the Auto/Oil Air Quality Improvement
Research Program) of approximately 3.5 g of O3 per gram of HC emitted
(NRC 1999).  However, because of the amount of CO and HCs emitted in
vehicle exhaust, NRC (1999) concluded that CO from LDVs contributes 15-
25% of the total ozone-forming potential of exhaust emissions.  Therefore,
despite its low ozone-forming potential, CO contributes to ozone formation
in polluted atmospheres.  Keep in mind however that ozone formation re-
quires sunlight and is strongly temperature dependent, so it tends to be more
of a problem during the summer months and not during the winter months
when CO exposure tends to be a problem.

Climate Change

CO contributes to climate change in four ways: (1) it is itself a green-
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house gas (GHG), though its warming potential is much less than that of
CO2; (2) CO is oxidized to CO2, as shown above, noting that direct emis-
sions of CO from vehicles are an order of magnitude or more lower than
those of CO2; (3) at low NOx concentrations, reaction of CO with OH radi-
cals results in loss of OH radicals, and by removing OH from the atmo-
sphere CO tends to increase the lifetime of methane (CH4), a powerful
GHG; and (4) CO contributes to the formation of ozone (O3), another GHG.

Using CO As an Indicator of Other Pollutants

In urban environments, CO can serve as an indicator of motor vehicle
emissions from gasoline-fueled vehicles.  The observed spatial and temporal
variability of CO shows that the effects of motor-vehicle pollution are heter-
ogeneously distributed in urban areas and that CO can be a useful gauge of
long-term human exposure to other pollutants of concern, including certain
mobile-source air toxics.  CO levels also demonstrate the existence of “hot
spots” in urban environments where high concentrations of CO and other
products of automobile exhaust occur. 

However, CO is not a perfect indicator.  CO does not react on the time
scales of concern for urban pollution, and it is not representative of the
chemical reactivity of other pollutants.  The weather conditions that produce
high CO concentrations are generally unrelated to those that produce ozone
pollution, which is most severe during the summer months.  Because CO
pollution is primarily due to exhaust emissions from LDVs in the urban
environment, it is not strongly correlated with evaporative toxic emissions,
diesel PM emissions, or stationary- and area-source emissions.

Because CO is formed with other products of incomplete combustion
(including unburnt fuel), CO emissions from a specific vehicle often corre-
late with emissions of HCs and organic compounds (including the air toxics
formaldehyde, acetaldehyde, 1,3-butadiene, and benzene).  Emissions of
formaldehyde and acetaldehyde depend on the fuel used and, more specifi-
cally, on the presence of MTBE or ethanol in the fuel.  MTBE leads to
higher emissions of formaldehyde, and ethanol leads to higher emissions of
acetaldehyde (NRC 1999). The exhaust emissions of benzene and other
aromatic HCs depend on the fuel aromatic content, because benzene and
other aromatic HCs are emitted as unburnt fuel and are formed in the com-
bustion process.

The precise correspondence of CO and other organic vehicle emissions
depends on the fuel used (including the presence or absence of a fuel oxy-
genate, the actual oxygenate used, and the aromatic content of the fuel) and
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onboard emissions control technologies and engine conditions (i.e., cold
start, hard acceleration, etc.).  Furthermore, CO’s relationship with other
organic emissions varies as a function of time after emission.  While CO is
essentially nonreactive on day-long time scales, most other organic com-
pounds in vehicle exhaust are significantly more reactive than CO, and
certain organic compounds (e.g., carbonyl compounds, alkyl nitrates, and
peroxyacyl nitrates) are later formed in the atmosphere from atmospheric
reactions of other HCs (Atkinson 2000).  For example, formaldehyde is
removed rapidly by photolysis (and less rapidly by reaction with OH radi-
cals) and has a lifetime of about 4 hours in overhead sun. It is also formed
in the atmosphere from the photooxidation of almost all other HCs
(Atkinson 2000).   

Therefore, although CO can serve as a general indicator of motor-vehi-
cle exhaust (and hence of exposure to vehicle exhaust and/or to photochem-
ically processed vehicle exhaust), CO concentrations alone are uncertain
estimators for concentrations of other organic compounds in the same air
mass, except for other long-lived vehicle exhaust components such as ben-
zene (and even then, only in the absence of other sources).  However, rea-
sonably strong correlations between CO and the shorter-lived volatile or-
ganic compounds (VOCs) emitted from LDVs will still be observed over
distance scales corresponding to travel times of the pollutants of approxi-
mately a half-life or less (see Figure 1-14).

Recommendations:  CO As an Indicator of Motor-Vehicle Pollutants

The committee has several recommendations with regards to the use of CO
to represent the distribution of other pollutants.  CO can be used to demonstrate
the spatial distribution of some mobile-source pollutants, to identify hot spots,
and to improve model representation of relationships between transportation
activity and emissions.  CO can also be used to approximate the concentrations
of some air toxics arising from motor-vehicle exhaust emissions, such as ben-
zene and 1,3-butadiene, and perhaps directly-emitted PM2.5.  CO is most useful
as an indicator in the microscale setting where concentrations of pollutants vary
dramatically over short distances (e.g., with distance from a roadway).  It is less
reliable in representing regional distributions of these pollutants and is probably
a poor indicator of motor-vehicle air toxics, such as formaldehyde and acet-
aldehyde, that react rapidly and have substantial sources in the atmosphere.  
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EQUITY CONSIDERATIONS
IN THE SPATIAL DISTRIBUTION OF AMBIENT CO

Because CO levels are not evenly distributed, exposure to CO within
the population will vary.  Individuals living in or near areas of high CO
(“hot spots”) are exposed to higher concentrations of CO and other mobile-
source-related pollutants.  Although the network of CO monitors is too
sparse to identify all hot spots, the characteristics of the residents living near
known hot spots can be examined.  An analysis of data from the 2000 U.S.
Census shows that the individual CO monitors that registered exceedances
of the 9-ppm 8-hour average CO standard during the period 1995-2001 are
often found in areas that have greater percentages of low-income and mi-
nority residents than their surrounding regions (Table 1-7).  All but six of
the monitor areas, as defined by the census tract or tracts immediately sur-
rounding each CO monitor, had higher percentages of nonwhite residents
in 2000 than the region as a whole.  In the area around the Sunrise Avenue
monitor in Las Vegas, for example, 49.6% of residents are nonwhite, com-
pared with 26.2% for the Las Vegas Metropolitan Statistical Area (MSA).
Three monitor sites in Los Angeles have a lower percentage of nonwhite
residents than the region as a whole, but even in those areas, over one-third
of residents are nonwhite.  The percentage of residents who are of Hispanic
origin is higher than the regional share for all but three monitors.  The dif-
ferences are often dramatic.  The population in the Las Vegas-Sunrise Ave-
nue area is 68.7% Hispanic compared with 5.3% for the region, and per-
centages of Hispanic residents for the Phoenix monitor areas are over twice
the percentage for the region.  Per capita incomes were lower for residents
in the monitor area than on average for the region (for all but four of the
monitor areas) and were less than half of the regional average for the Las
Vegas-Sunrise Avenue, Phoenix-Indian School Road, and Lynwood-Long
Beach Avenue monitor areas.  The monitor area in Denver at Speer and
Auraria Parkway, where the per capita income is over twice the regional
average, is an anomaly and reflects a recent influx of affluent residents to
downtown Denver—residents choosing to live in a high-density, high-traf-
fic area.  

In addition, the number of employed residents who do not drive to work
is higher than for the region as a whole in all but three of the monitor areas
and is four or more times higher in monitor areas in Spokane, Washington,
Denver, Colorado, and Provo, Utah.  Residents who walk, bike, or ride
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66TABLE 1-7  Population Characteristics in Monitor Areaa Versus Region,b 2000

Monitor (ID)

Exceedance
Days
1995-2001

% Non-White % Hispanic Per Capita Income % Non-Drivingc
Population Per
Square Mile

Monitor 
Area Region

Monitor 
Area Region

Monitor
Area Region

Monitor
Area Region

Monitor
Area Cityd

Birmingham -
Shuttlesworth and
41ste
(01-073-6004)

69 96.9 32.7 1.2 1.8 8,085 21,142 28.7 4.8 511 595 

Calexico - 
129 Ethel St.
(06-025-0005)

59 51.0 50.6 93.9 72.2 10,193 13,239 16.0 10.3 5,441 4,353 

Lynwood - Long
Beach
(06-037-1301)

58 65.3 51.3 87.0 44.6 7,739 20,683 12.7 14.6 17,827 14,389 

Fairbanks -
Cushman           
(02-090-0002)

16 31.2 22.2 4.8 4.2 20,921 21,553 32.6 10.4 3,042  949 

Fairbanks -
Gilliam Way 
(02-090-0020)

13 48.6 22.2 5.6 4.2 15,886 21,553 13.4 10.4 3,547 949 

Fairbanks - 
7th Ave. 
(02-090-0013)

7 31.2 22.2 4.8 4.2 20,921 21,553 32.6 10.4 3,042 949 

Phoenix - Grand
Ave. and Thomas
Rd. 
(04-013-0022)

7 38.5 23.0 62.5 25.1 13,109 21,907 18.6 10.0 6,117 2,782 
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Hawthorne - 120th
St. 
(06-037-5001)

7 46.4 51.3 47.6 44.6 21,148 20,683 8.2 14.6 7,679 13,879 

Spokane - 
Third Ave. 
(53-063-0044)

5 12.7 8.6 3.2 2.8 19,016 19,233 43.5 11.0 4,798 3,387 

Burbank - 
W. Palm Ave. (06-
037-1002)

4 34.6 51.3 33.2 44.6 20,275 20,683 10.3 14.6 11,966 5,782 

Las Vegas - East
Charleston
(32-003-0557)

4 34.2 26.2 32.6 5.3 15,935 21,697 13.1 9.8 8,609 4,223 

Las Vegas -
Sunrise Ave. 
(32-003-0561)

3 49.6 26.2 68.7 5.3 10,413 21,697 22.9 9.8 11,878 4,223 

Reseda - 
Gault St.
(06-037-1201)

3 41.2 51.3 45.4 44.6 15,069 20,683 16.6 14.6 11,444 2,344 

Anchorage - 3201
New Seward Hwy
(02-020-0037) 

3 33.6 27.8 7.1 5.7 26,260 25,287 17.4 11.0 4,297 153 

El Paso - 
North Campbell
(48-141-0027)

3 17.4 26.1 93.6 78.2 3,907 13,139 19.9 7.9 4,519 2,263 

Denver -Broadway
- Camp 
(08-031-0002)

2 48.6 20.6 40.1 18.8 20,300 26,206 47.2 10.1 6,041 3,617 

Denver - Speer
and Auraria Pkwy 
(08-031-0019)

2 19.5 20.6 9.2 18.8 68,944 26,206 55.9 10.1 5,139 3,617 

(Cont.)
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68TABLE 1-7  Continued

Monitor (ID)

Exceedance
Days
1995-2001

% Non-White % Hispanic Per Capita Income % Non-Drivingc
Population Per
Square Mile

Monitor 
Area Region

Monitor 
Area Region

Monitor
Area Region

Monitor
Area Region

Monitor
Area Cityd

Kalispell - Idaho
and Main
(30-029-0045)

2 3.5 3.7 1.3 1.4 19,085 17,915 13.0 10.8 2,047 2,606 

Anchorage - 3201
Turnagain 
(02-020-0048) 

2 32.6 27.8 6.5 5.7 23,388 25,287 31.0 11.0 7,192 153 

Spokane -
Hamilton St. 
(53-063-0040)

1 11.7 8.6 4.6 2.8 10,838 19,233 26.3 11.0 5,913 3,387 

Phoenix - Indian
School Rd. 
(04-013-0016)

1 48.8 23.0 60.5 25.1 9,986 21,907 11.0 10.0 8,776 2,782 

Provo - 242 N.
University Ave.
(49-049-0004)

1 12.5 7.6 12.4 7.0 9,991 15,557 40.3 12.6 17,094 2,653 

Provo - 363 N.
University Ave.
(49-049-0005)

1 12.5 7.6 12.4 7.0 9,991 15,557 70.5 12.6 17,094 2,653 

aMonitor area defined by census tracts immediately surrounding monitor site (except Birmingham monitor area defined by block group).
bRegion defined by Metropolitan Statistical Area (MSA) except for Fairbanks North Star Borough, Los Angeles PMSA, Imperial County
(Calexico), and Flathead County (Kalispell).
cShare of workers 16 years and older that do not drive alone or carpool to work.
dCounty of Los Angeles used for Reseda monitor site.
eSpecial monitor located to monitor industrial site;  monitor area defined by block group.
Sources:  See Table 1-1 and U.S. Census Bureau 2000a.
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transit are likely to spend more time within the monitor area during their
commutes and may experience greater exposure to high CO levels. To a
limited degree, these demographics may explain the high levels of CO
recorded in many monitor areas.  Although the residents of these areas are
less likely to drive to work, they are more likely to own older vehicles,
which in turn are more likely to be high-emitters (Rajan 1993; Granell
2002).  For example, Singer and Harley (1996, 2000) observed a much
higher fraction of older vehicles near the Lynwood monitor.  The vehicles
observed in their study included vehicles passing through the area as well
as vehicles owned by local residents.  The high emissions rates for older
vehicles may offset lower total amounts of driving.  In addition, the rela-
tively high population densities in all but one monitor area (Table 1-7)
suggest higher concentrations of traffic in these areas and thus higher con-
centrations of pollutants.  However, the traffic generated locally is likely to
represent a small fraction of the total traffic in and around most of these
monitor areas. 

These preceding demographics suggest the need for continued attention
to the CO problem from the standpoint of environmental justice.  In 1994,
President Clinton signed Executive Order 12898, Federal Actions to Ad-
dress Environmental Justice in Minority Populations and Low-Income
Populations.  The order was related to Title VI of the Civil Rights Act of
1964 and required federal agencies “to achieve environmental justice by
identifying and addressing disproportionately high and adverse human
health and environmental effects, including the interrelated social and eco-
nomic effects of their programs, policies, and activities on minority popula-
tions and low-income populations in the United States.”  The order also
stipulated that in reviewing other agencies’ proposed actions under Section
309 of the CAA, “EPA must ensure that the agencies have fully analyzed
environmental effects on minority communities and low-income communi-
ties, including human health, social, and economic effects ” (EPA 1998a).

EPA and the FHWA have issued their own interpretations of the envi-
ronmental justice requirement.  EPA defines environmental justice as “the
fair treatment of people of all races, cultures, and incomes with respect to
the development, implementation, and enforcement of environmental laws
and policies, and their meaningful involvement in the decision making
processes of government” (emphasis in original).  According to EPA, fair
treatment requires that EPA conduct its “programs, policies, and activities
that substantially affect human health and the environment in a manner that
ensures the fair treatment of all people, including minority populations
and/or low-income populations” and that EPA ensure “equal enforcement
of protective environmental laws for all people, including minority popula-

Copyright © National Academy of Sciences. All rights reserved.

Managing Carbon Monoxide Pollution in Meteorological and Topographical Problem Areas 
http://www.nap.edu/catalog/10689.html



70 Managing CO in Meteorological and Topographical Problem Areas

tions and/or low-income populations” (EPA 2001d).  As interpreted by the
FHWA, environmental justice includes not just minimizing adverse effects
but also the preventing of “the denial of, reduction in, or significant delay
in the receipt of benefits by minority and low-income populations” (FHWA
1998).  This requirement should apply to benefits from federal policy such
as improvements in air quality.

Both of these interpretations suggest that the remaining locations expe-
riencing high CO concentrations represent a potential environmental justice
concern.  According to EPA’s final guidance for incorporating environmen-
tal justice concerns into National Environmental Protection Act (NEPA)
compliance analyses, a minority population is present “if the minority popu-
lation percentage of the affected area is ‘meaningfully greater’ than the
minority population percentage in the general population or other ‘appropri-
ate unit of geographic analysis’” (EPA 1998a).  This is clearly the case for
areas surrounding most of the monitors registering CO exceedances since
1995.  In addition, EPA notes the following: 

Minority communities and low-income communities are likely to
be dependent upon their surrounding environment (e.g., subsistence
living), more susceptible to pollution and environmental degrada-
tion (e.g., reduced access to health care), and are often less mobile
or transient than other populations (e.g., unable to relocate to avoid
potential impacts). Each of these factors can contribute to minority
and/or low-income communities bearing disproportionately high
and adverse effects (EPA 1998a, p. 57).  

The extent of the areas with CO concentrations that exceed the NAAQS
is unclear because the number of monitors in each area is limited.  There-
fore, measures of the exposures to CO experienced by low-income and
minority populations are imperfect.  While the declining number of exceed-
ances of the CO standard and the design of the standard to ensure a reason-
able margin of safety are encouraging, the correlation between CO and
other pollutants creates uncertainty in the degree to which “adversehuman
health and environmental effects” might be occurring in these low-income
and minority communities.  Nevertheless, the demographic patterns suggest
that the impacts that occur are disproportionately high in these areas.  In
addition to providing an important impetus for the continuation of efforts
to eliminate CO exceedances, these results suggest a need for monitoring
and personal exposure research programs designed to more fully character-
ize the distribution of CO and other mobile-source-related pollutants.

Copyright © National Academy of Sciences. All rights reserved.

Managing Carbon Monoxide Pollution in Meteorological and Topographical Problem Areas 
http://www.nap.edu/catalog/10689.html



Ambient CO Pollution in the United States 71

Recommendations:  Spatial Distribution of CO

EPA should employ air quality modeling and saturation studies in CO
problem areas to better characterize the spatial distribution of CO and the popu-
lations affected.  The information garnered can be used to improve site selection
fro permanent monitoring, to improve model performance, and to address possi-
ble environmental equity issues.  Programs targeted to local conditions can be
developed using this information.  These results should also be linked to health
impact studies in these locations.  In particular, EPA should try to better under-
stand the upper end (higher CO levels) of the distribution of ambient exposures
to motor-vehicle emissions that occur in most CO hot spots.
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2

Contributions of Topography,
Meteorology, and Human Activity

to Carbon Monoxide Concentrations

INTRODUCTION

Topography, meteorology, and human activity contribute to high carbon
monoxide (CO) concentrations in some areas that exceed the National
Ambient Air Quality Standards (NAAQS).  Despite the decline in national
ambient CO concentrations, maintaining the 8-hour standard of 9 parts per
million (ppm) has been a particular challenge for some locations (see Table
1-1).  Even when attainment of the standard has been achieved, there
remains a vulnerability to future exceedances.  Expressed mathematically,
there is a nonzero probability of nonattainment in a future year.  

After a more detailed discussion of topography and meteorology, this
chapter will discuss the seasonal, weekly, and diurnal patterns in CO
concentrations measured in some CO problem areas.  These patterns help
describe some of the physical and human factors contributing to the CO
problem in these locations.  The chapter discusses vulnerability to future
exceedances, including a brief description of statistical approaches.  The
chapter concludes with illustrative examples of the factors contributing to
the CO problems in Calexico, California; Lynwood, California; Fairbanks,
Alaska; Las Vegas, Nevada; and Denver, Colorado.
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1Considering CO emissions as an area source, the emission flux is the mass of
CO produced per square kilometer per hour.

2This radiation into space is the reason temperatures drop so rapidly at night in
the desert and in the mountains.

The committee identified four factors that contribute to the difficulties
that the cities listed in Table 1-1 have had in meeting the NAAQS for CO:

1. Unfavorable topography.  Low lying areas surrounded by higher
elevations on three or more sides are vulnerable to CO buildup. 

2. Unfavorable meteorology.  Stagnant winter conditions character-
ized by ground level temperature inversions (see definition below) and low
windspeeds inhibit vertical mixing of CO. 

3. Significant local CO emissions. 
4. High concentrations of CO transported from nearby areas.

Higher elevations with lower air densities tend to have higher CO con-
centrations (in ppm) for a given emission flux.1  Denver’s average air den-
sity is 85% of that at sea level.  Lower oxygen density can increase CO
emissions rates in older vehicles.  Topography also can affect meteorologi-
cal conditions in a variety of ways, as described below. 

Meteorology can influence pollutant concentrations through its effects
on atmospheric mixing height, windspeeds and wind direction, and atmo-
spheric water content (humidity).  Humidity is a factor because dry climates
and higher elevations tend to have lower total water columns overhead.
Because water vapor is an important greenhouse gas (infrared radiation
from the earth’s surface is absorbed by water molecules and reradiated back
down, warming the surface), reduced water vapor allows infrared radiation
to pass into space, producing ground level temperature inversions after
sundown2 and lower mixing heights.  These lower mixing heights, com-
bined with high evening traffic emissions, can lead to pollution buildup near
the ground.  It is noteworthy that all of the cities listed in Table 1-1, except
Birmingham, are west of the Mississippi River, where the air tends to be
drier.  Two are in Alaska, where high latitudes and low winter temperatures
result in reduced solar heating at midday and atmospheric conditions are
typically dry.  
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3This is the principle on which hot air balloons operate.  Vehicle exhaust from
a tailpipe is typically 50-100ºC warmer than the surrounding air; however, it is
rapidly diluted and cooled as it is mixed into the ambient air. 

4An “inversion” in meteorology is defined as “a departure from the usual
decrease or increase with altitude of the value of an atmospheric property” (Geer
1996).  The term is generally used to refer to a situation where temperature shows
an increase with altitude rather than the usual decrease.

METEOROLOGY AND TOPOGRAPHY

Background

The ease with which air can mix vertically to disperse pollutants de-
pends critically on how the air temperature changes with altitude.  Warmer
air is less dense (more buoyant) and tends to rise3 and cool as the pressure
decreases and volume expands. If the vertical temperature profile decreases
by 1ºC/100 m (the adiabatic lapse rate) or more, the air mixes freely as
warmer air from below moves upward.  If the temperature decreases more
slowly than 1ºC/100 m , or increases with altitude (called an inversion),4
vertical mixing is inhibited.  The faster the air temperature increases with
altitude during an inversion, the more strongly mixing is resisted.

Inversion Types

There are several atmospheric processes that can form inversions, as
illustrated in Figures 2-1 and 2-2.  Cooling of the air near the ground as a
result of infrared radiation into space after sunset can create a surface-based
inversion, like that shown in Figure 2-1(a), and can produce a thermody-
namically stable layer, which tends to trap pollution near the ground.  Hori-
zontal advection of warm air creates a high-altitude inversion and can simi-
larly increase the stable temperature stratification aloft (Figure 2-1[b]).
Figure 2-1(c) shows the situation with both surface-based and high altitude
inversions.  In a subsidence inversion (Figure 2-2), a surface-based inver-
sion can be strengthened by warm air that sinks and is warmed further as a
result of compression.  Each of the inversion types reduces the atmosphere’s
ability to mix through the inversion level, allowing pollution generated
below the inversion level to accumulate. 
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FIGURE 2-1  Schematics of (a) surface-based inversions, (b) high-altitude inversions, and (c) typical Alaskan temperature profile
with both surface-based and high-altitude inversions.  Solid lines indicate the temperature profile in the absence of inversions.
Dashed lines indicate temperature profiles affected by inversions.
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FIGURE 2-2  Schematic of how an existing surface-based inversion (solid line)
can be strengthened by subsidence (dashed line) or by advection of warm air
aloft (dotted line).

Recirculation

Atmospheric flow eddies can recirculate the air one or more times.
When pollution is emitted into these circulations, pollutant concentrations
can increase over time.  Figure 2-3 illustrates such a recirculation pattern in
a trapping valley.

Sea and land breezes represent an additional cause of atmospheric
recirculation (Segal and Pielke 1981).  As shown in the modeling study of
Eastman et al. (1995), at least 70% of pollution recirculates with the sum-
mer Lake Michigan sea breeze.  These results mirror the observations of
Lyons et al. (1995).  That study shows that Gaussian-type models fail to
replicate the recirculation and the complex dispersion patterns that result
when spatial variations in sensible heat fluxes exist at the surface (Pielke
and Uliasz 1993).
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FIGURE 2-3  Schematic of a trapping valley.  The temperature profile in the
valley is shown on the right.

Stagnation

When air does not move significantly over tens of hours or more, the
atmosphere is said to be stagnant.  Stagnation can occur because of weak
winds and/or the trapping of air (see Figure 2-3).  When the atmosphere is
stagnant, emitted pollution can accumulate over time. Simple box models,
such as those discussed in Pielke et al. (1991) and in Appendix C, can be
used to estimate pollution buildup associated with stagnation.  Figure 2-3
illustrates air stagnation in a trapping valley.

Influence of Topography on Meteorological Conditions

Pielke (2002) discusses the influence of terrain on atmospheric condi-
tions under strong and weak large-scale winds.  The following discussion
illustrates that the direction of movement of air is actually quite complicated
in complex terrain.  In contrast to flat terrain, the wind flow in valleys can
go in almost any direction, depending on the relative importance of the
different forcing mechanisms.  These mechanisms will affect the dispersion
of CO.  Under strong flow, for instance, large upward and downward mo-
tions are produced, which can enhance pollution dispersion.  Under weak
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flow, mountain-valley winds that are a result of diurnal warming and cool-
ing of the terrain surface can occur (Figure 2-4).  These local winds trans-
port and disperse pollution, although recirculation can also occur.
Mountain-valley winds can occur on relatively small scales (in which case
they are called upslope and drainage flows) or on larger scales (where broad
ascent and descent patterns occur).  The resulting wind flows can be quite
complex.  

Figure 2-5 illustrates the differences in the diurnal variation of the
valley wind direction as a function of the wind direction above the valley
(the geostrophic wind) for four distinct mechanisms that can control the
wind direction.  According to Pielke (2002), these four physical mecha-
nisms operate as follows: (1) thermally driven winds are independent of the
above-valley winds and are controlled by locally developed valley pressure
gradients; (2) downward momentum transport of the above valley winds (as
is associated with a deep convective boundary layer) produces similar wind
directions at all levels; (3) forced channeling occurs when the valley flow
alignment is dependent on whether the above-valley flow has a net flow
down- or up-valley; and (4) pressure-driven channeling (which is out of
phase with forced channeling) occurs when the winds in the valley respond
only to large-scale horizontal pressure, not to the winds that occur above the
valley.  Without terrain, the airflow would be nearly parallel to the isobars.
With other local flows involved (such as sea and land breezes), wind flow
is more complex (Pielke 2002). 

Large-Scale Meteorological and Climatological Events and
Their Impact on Attainment

Local air quality can be affected by large-scale meteorological and
climatological events.  CO exceedances may have patterns that are related
to the occurrence of synoptic-scale meteorological events or climatological
events, such as the El Niño Southern Oscillation (ENSO).  Changes in the
frequency of large-scale events could affect a location’s ability to come into
and maintain compliance with the NAAQS for CO.  The committee ex-
plored the potential effects of large-scale meteorological and climatological
phenomena on local CO episodes in three cities: Lynwood, California;
Fairbanks, Alaska; and Denver, Colorado.  It should be noted, however, that
the impact of climate and meteorological variability on air quality, includ-
ing CO and related pollutants, is an area requiring more research. 
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FIGURE 2-4  Two dimensional simulation of (a) nocturnal drainage flow and
(b) upslope flow with no prevailing synoptic flow, with an input condition typi-
cal of summer in midlatitudes.  Source: Mahrer and Pielke 1977.  Reprinted with
permission; copyright 1977, American Meteorological Society.
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FIGURE 2-5  Relationships between above-valley (geostrophic) and valley
wind directions for four possible forcing mechanisms: thermal forcing, down-
ward momentum transport, forced channeling, and pressure-driven channeling. 
The valley is assumed to run from northeast to southwest.  Source: Whiteman
and Doran 1993. Reprinted with permission; copyright 1993, American
Meteorological Society.

Lynwood, California

Lynwood’s local air quality may be influenced by ENSO.  Historically,
El Niño recurs every 3-7 years when sea-surface temperatures (SSTs) in the
equatorial Pacific Ocean off the South American coast become warmer than
normal.  La Niña is essentially the opposite of El Niño, and exists when
cooler-than-usual ocean temperatures occur near the equator between South
America and the International Date Line.

During an El Niño, the months of October through March tend to be
wetter than usual in a swath extending from southern California eastward
across Arizona, southern Nevada, Utah, and New Mexico, and into Texas.
Almost all of the major flood episodes on main rivers in southern California
have occurred during El Niño winters.  During La Niña years, dry condi-
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tions are produced on the equator in the Pacific Ocean.  La Niña generally
does not affect the United States as much as El Niño; however, strong La
Niñas have been linked to dry seasons in southern California.  In Lynwood,
CO exceedances may tend to increase during strong La Niña years when
dry and stable atmospheric conditions are produced:  Conversely, CO
exceedances may tend to decrease during El Niño years.  Although some
studies have explored the effects of El Niño on ozone levels (e.g., Chandra
et al. 1998), as of yet no studies have examined correlations between ENSO
and CO exceedances.  Further research may be needed in this area, includ-
ing an assessment of how ENSO affects conditions that control concentra-
tions of the pollutants associated with CO (i.e., air toxics and PM).   

Fairbanks, Alaska

In Fairbanks, Alaska, all exceedances of the 8-hour CO standard from
1996 through 2001 occurred when a low-pressure system in or near the Gulf
of Alaska produced southeasterly geostrophic winds.  These winds, which
travel over the Alaska Range, are associated with the counterclockwise
geostrophic flow around the low-pressure system.  One hypothesis for the
coincidence of CO exceedances with this synoptic-scale meteorological
event is that the warm-air advection aloft reinforces the radiative ground-
level inversion.  The downward movement of air over Fairbanks also exerts
a stabilizing influence on inversions.  It is not known, however, what frac-
tion of nonexceedance days has such meteorological conditions or how
many of the exceedance days before 1996 had these conditions.  Nonethe-
less, the surface pressure gradient observed during all six exceedances from
1996 to 2001 must have some significance.  However, further research over
a longer period of time is needed to better understand the relationship.

Denver, Colorado

In the past, CO exceedances in Denver, Colorado, have coincided with
the occurrence of lee troughs—lines of surface low pressure on the lee side
(the side that is sheltered from the wind) of a mountain range.  The air
coming over the mountains sinks and warms and, at the same time, the
lowering of pressure at the surface along the foothills draws colder air from
the plains and lowlands areas back towards the mountains.  Thus, the air
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5See Figure 2-3 in the interim report (NRC 2002) for Fairbanks cloud cover by
month.

between the surface and 100-300 m becomes colder as the air above be-
comes warmer, enhancing the inversion.  Neff and King (1991) character-
ized lee trough history for the 1980s and early 1990s.  Lee troughs often
occur  several times each week during the winter months and are a key
precursor to high CO levels in Denver.  However, the effect of lee troughs
on CO exceedances has not been studied since the mid-1990s because of the
decline in exceedances.  The decline in CO exceedances is mainly due to
lower vehicle emissions, but Neff (2001) noted that there was also a decline
in the occurrence of lee troughs during the late 1980s, which perhaps re-
duced the frequency and the severity of conditions producing CO
exceedances.  Future studies also should explore the association of lee
troughs, the Arctic Oscillation, and air quality.  When cold-air arctic out-
breaks occur, they usually provide a snow cover, which strengthens the
ground-level inversion.  Fewer arctic outbreaks over the Great Plains could
help decrease the potential for pollution episodes in Denver.  Denver has
had a decade-long period without the long-term snow cover and associated
light winds that tend to promote atmospheric stagnation, which can lead to
CO buildup.  The lack of conditions conducive to high CO means less sus-
ceptibility to CO exceedances.
 

TEMPORAL PATTERNS OF CO CONCENTRATIONS

CO concentrations show seasonal, weekly, and diurnal patterns reflect-
ing the temporal patterns in emissions and meteorology.  Figures 1-1 and
1-2 show seasonal patterns in the numbers of days with exceedances of the
8-hour CO standard.  Figures 2-6 and 2-7 also show patterns in the total
numbers of exceedance days by month for Lynwood, California, and Fair-
banks, Alaska, for periods of approximately 30 years.  Lynwood exhibits
a very symmetrical pattern, with the maximum number of exceedance days
in December, when the winter solstice (shortest day, least solar radiation)
occurs.  Fairbanks exhibits the maximum number of exceedances in Janu-
ary.  The considerably greater numbers of exceedance days in Fairbanks in
January compared with November, and in February compared with October,
are attributed to reduced cloud cover in the winter months compared with
the autumn months.5  Clear skies in January and February contribute
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FIGURE 2-6  Number of days with exceedances of the 8-hour CO standard by
month in Lynwood, California, between July 1973 and June 2000.  (Data were
missing for December 1997.)

FIGURE 2-7  Number of days with exceedances of the 8-hour CO standard by
month in Fairbanks, Alaska, between July 1972 and June 2001.  Numbers in-
clude days on which exceedances occured at any of the three monitoring sites.
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FIGURE 2-8  Number of days with exceedances of the 8-hour CO standard by
day of the week in Fairbanks, Alaska, over the period July 1972 through June
2001.  The numbers include days on which exceedances occurred at any of the
three monitoring sites.  Source: Data provided by Paul Rossow, Fairbanks North
Star Borough. 

to stronger ground-level inversions because of increased radiative heat loss.
Weekly patterns of CO concentrations and exceedance days occur because
of patterns in vehicle use.  Higher emissions typically are recorded on
weekdays rather than weekends.  Vehicle use is especially low on Sunday.
This can be seen in Figure 2-8 (above) for Fairbanks.  The diurnal patterns
of CO concentrations in the cities with the most severe CO problems are
discussed below.

Comparison of Diurnal Variations in 
CO Concentrations in Ten Cities

Insights into the fundamental physical and human processes involved
in the buildup of CO in the atmosphere and how these processes vary
among areas can be gained by comparing the diurnal variations of CO con-
centrations in the cities that have had the most difficulty meeting the 8-hour
CO NAAQS (Table 1-1), excluding Birmingham, Alabama.  The gen-
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6For each hour of the day (starting at midnight), the mean of 1-hour average
CO concentrations for the 85 nonholiday weekdays was determined, along with the
standard deviation and maximum for that hour.  Weekend days and major holidays
(Thanksgiving, Christmas, New Year’s Eve, and New Year’s Day) were not in-
cluded.

7Because the CO concentration may take time to build up, the maximum in
concentration might be expected to lag the maximum in traffic flow somewhat.
Modeling shows that the lag time depends on the windspeed but is typically an hour
or less.

8Times of these maxima are much later than when people are likely to be out
exercising.

eral diurnal variation of CO is described in the most recent criteria docu-
ment for CO (EPA 2000a).  There are two maxima, a stronger one at 7:00-
9:00 a.m. and a weaker one at 6:00 p.m. (hour 18), and two minima, a
deeper one at 5:00 a.m. and a shallower one at 2:00-3:00 p.m.  This general
pattern can be compared with the diurnal variations measured at the moni-
tors listed in Table 1-1.  Figure 2-9 shows the diurnal variations of mean
and maximum 1-hour average CO concentrations6 for nonholiday weekdays
during the winter of 1999-2000 (the most recent winter for which hourly
data were available for the 10 cities) shown in order of decreasing latitude
(north to south).

The mean concentrations (broad lines in Figure 2-9) show some inter-
esting patterns, although these patterns may be due in part to local traffic
flow.  Although most of the monitors showed both morning and evening
maxima, the one at the Post Office building in Fairbanks showed only one
maximum—in the evening—a factor noted in the criteria document (EPA
2000a).  A number of the more northern sites show indistinct afternoon
minima.  The very deep minima in Las Vegas and Calexico in the early
afternoon suggest that solar heating at these southern latitudes is able to
disperse the CO effectively at that time of day. (To verify that low after-
noon CO concentrations are due to meteorology rather than to very low
afternoon emissions would require an analysis of traffic flow near the moni-
tors.) 

Fairbanks, Spokane, the Anchorage 1 site (AIRS ID 02-020-0037),
Kalispell, and Denver each show a daily maximum at 6:00 p.m., attributable
to local evening rush-hour traffic.7 The times of evening maxima in other
areas varied widely; those in Lynwood, Calexico, and Phoenix were at
10:00-11:00 p.m.8 Las Vegas showed an unusually broad evening maxi-
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FIGURE 2-9  Diurnal variations of mean (heavy line) and maximum (light line)
1-hour CO concentrations at monitoring sites listed in Table 1-1 for 85
nonholiday weekdays during the winter (November through February) of 1999-
2000.  Sites are shown in order of decreasing latitude (north to south).  The  
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horizontal scale refers to the end of the 1-hour averaging period.  There are breaks
in the curves for Lynwood and Calexico because the period from 4:00 a.m. to 5:00
a.m. was used for instrument calibration.
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mum that was essentially flat from 7:00 p.m to 12:00 p.m., possibly due to
late-evening local traffic.  

The Anchorage 1 and Anchorage 2 sites, located downtown and in a
residential neighborhood, respectively, differ in that the latter exhibits a
morning maximum.  This is likely due to cold-start emissions and periods
of engine idle before motorists leave home for work. The average warm-up
idle for morning commuters in Anchorage under these very cold conditions
is approximately 10 min, some idling as long as 30 min (Morris and Taylor
1998).

The highest 1-hour CO concentrations observed in Lynwood, Phoenix,
and Calexico (the light lines in Figure 2-9) were unusual.  They occurred
at 10:00 p.m. or 3:00 a.m., and were consistent with CO transport into these
areas from outside sources.  Calexico is adjacent to Mexicali, a much larger
Mexican city to the south, and Lynwood is surrounded by metropolitan Los
Angeles.  (See the illustrative examples of Calexico and Lynwood later in
this chapter.)  

The time of day when an area experiences its daily maximum CO con-
centration depends on a variety of factors, including the time dependent
diurnal emission rate in the area (including vehicle cold starts and traffic),
meteorological variables (especially windspeed and inversion strength near
the ground), and in some cases transport in from surrounding areas. Simula-
tions of the six most recent exceedance days in Fairbanks (five of which
occurred in February) showed that vehicles leaving downtown for home
combined with strong evening temperature inversions at sundown yielded
the highest CO concentrations at 5:00-6:00 p.m. (NRC 2002).

VULNERABILITY TO FUTURE EXCEEDANCES

Once a nonattainment area is able to reduce its ambient CO concentra-
tions and has eight clean quarters (no violations of the 8-hour CO standard
over 2 years), it can apply for a change in attainment status.  A state imple-
mentation plan (SIP) is required and must show that maximum 8-hour aver-
age CO concentrations can be expected to remain below 9 ppm for the next
10 years.  The confidence of the projection depends not only on expected
future emissions (for example, on the basis of expected vehicle-miles trav-
eled (VMT) and fleet composition) but also on the variability of CO con-
centrations for a given annual emissions inventory.  Some cities show more
variability than others.
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9This mean (0.08) and standard deviation (0.01) are based on an analysis of
traffic on three roads in downtown Fairbanks during winters of 1995-1996 through
2000-2001.  For the locations of counters and monitors see Figure 2-4 in the interim
report (NRC 2002).

10This ratio of 0.50 differs from the 0.81 that appears in Table 2-1 because the
former refers to a 24-hour mean and the latter to a 1-hour mean.

Effects of Meteorology and Emissions
on Vulnerability to Future Exceedances

This section examines the effects that meteorology and emissions have
on the vulnerability of locations to future CO exceedances. Table 2-1 sum-
marizes the characteristics of the mean diurnal patterns shown in Figure 2-9,
indicating the time of the daily maximum at each site for the average
nonholiday weekday, the mean CO concentration at that time, and the stan-
dard deviation.  The next-to-last column provides the coefficient of varia-
tion (COV)—the ratio of the standard deviation to the mean—for the daily
maximum; the largest COVs (>0.7) are shown in italics.  The last column
gives the average CO concentrations for the 1999-2000 winter season,
including weekends and holidays.

The variability indicated in the COV column in Table 2-1 is the result
of variability in both emissions rates and meteorological factors.  Traffic
volumes at 6:00 p.m. (hour 18) on significant roadways in Fairbanks,
Alaska, during nonholiday winter weekdays show little variation, with a
COV for traffic of only 0.08 ± 0.01.9  Much greater variability is exhibited
in CO concentrations than in traffic.  Figure 2-10 compares the variability
in daily average traffic on Cushman Avenue in Fairbanks with the variabil-
ity in daily (24-hour) average CO concentrations measured at the Post Of-
fice monitor on the same road during the winter of 1999-2000.  In each
case, the data are sorted into two categories: (1) nonholiday weekdays, and
(2) weekends and major holidays.  Then the data are sorted by decreasing
daily average value within each of those categories.  The mean daily aver-
age traffic for winter weekdays in Figure 2-10 was 616 vehicles per hour,
with a standard deviation of 55 (COV = 9.0%), and the mean daily weekday
average CO concentration was 2.2 ppm, with a standard deviation of 1.1
(COV = 50%).10 These figures confirm that CO concentrations were con-
siderably more variable than traffic flows.  The highest and second-highest
daily average CO values for that winter occurred on Tuesday, February 8,
2000, and on Monday, November 19, 1999.  Both were exceedance days,
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90TABLE 2-1  Summary of Diurnal Average CO Behavior for Nonholiday Weekdays During Winter, 1999-2000

City and State AIRS ID

Daily Maximuma

Winter MeancHour Meanb
Standard
Deviationb COVb

Calexico, CA 06-025-0005 22 3 3.4 1.11 1.8
Lynwood, CA 06-037-1301 8 6.4 3.5 0.54 3.3
Fairbanks, AK 02-090-0002 18 4.3 3.6 0.81 2.2
Phoenix, AZ 04-013-0022 8 5.2 2.3 0.44 2.8
Spokane, WA 53-063-0040 18 2.8 1.5 0.52 1.7
Las Vegas, NV 32-003-0561 7 3.5 2.3 0.66 1.8
Anchorage, AK (site 1) 02-020-0037 18 3.7 1.3 0.35 2
Anchorage, AK (site 2) 02-020-0048 9 2.7 2.9 1.06 1.2
El Paso, TX 48-141-0027 19 2.3 2.1 0.92 1.3
Kalispell, MT 30-029-0045 18 3.3 1.4 0.44 1.6
Denver, CO 08-031-0002 18 3.5 2.8 0.78 1.6
aHour refers to a 24-hour clock.  CO concentrations are in parts per million by volume.  
bThe mean, standard deviation, and COV (the ratio of the standard deviation to the mean) at each site are for 85 nonholiday 
weekdays at the hour shown for the daily maximum; COVs >0.7 are shown in italics.  
cThe winter mean at each site is for all hours for which there are data, from the beginning of November 1999 to the end of 
February 2000, including weekends and holidays. 
Abbreviations: AIRS ID, aerometric information retrieval system identification number; COV, coefficient of variation.
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FIGURE 2-10  Daily average (a) traffic on Cushman Avenue and (b) CO
concentrations at the Post Office on Cushman in Fairbanks during the winter of
1999-2000.  Values for weekdays are rank ordered, as are those for weekends
and major holidays (Thanksgiving, Christmas, New Year’s Eve, and New Year’s
Days).  Days with data missing are indicated by missing bars.  The daily average
traffic was obtained by diving the total traffic count each day by 24 hours.  

with maximum 8-hour average CO values of 11.5 ppm and 11.2 ppm,
respectively.  Figure 2-11 shows a scatter plot of the data used for Figure
2-10.  The two exceedance days (the top two points) had traffic flows (600-
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11The ranges of the daily averages for these three meteorological variables for
the November through February 1996-1997 winter season were as follows: lower
inversion strength , -4.3 to 18.6ºC/100 m;  windspeed, 0.7-3.9 MPH; and tempera-
ture, -43 to +33ºF. Data were provided by Paul Rossow of the Fairbanks North Star
Borough.

700 vehicles per hour) that produced many much lower average CO concen-
trations.

An exceedance that occurred in Fairbanks on Saturday, January 11,
1997, highlights the importance of meteorological factors.  The maximum
8-hour average CO concentration that day was 13.3 ppm even though the
daily mean traffic on Cushman Avenue was only 437 vehicles per hour.
The daily average lower inversion strength (measured between 3 and 10 m
above the ground) was 18.6ºC/100 m, the average windspeed was 0.8 MPH,
and the average temperature 5.5ºF.11  Although traffic is not the only factor
determining CO emissions rates (cold-start and idling emissions are also
important in Fairbanks), such an exceedance indicates that meteorology
may be able to produce exceedances despite emissions reductions.  

Two cities with the same average CO values in winter (e.g., Kalispell,
Montana, and Denver, Colorado) can differ greatly in their vulnerability to
future exceedances depending on their respective variability in CO concen-
trations.  Of the two Anchorage sites, site 2 (Turnagain) had a lower aver-
age CO concentration in winter than did site 1 (1.2 and 2.0 ppm, respec-
tively), but its much greater variability makes site 2 more vulnerable; in
fact, the two most recent CO exceedances in Anchorage occurred at this
residential site (see Table 1-1).  Characterizing the non-Gaussian distribu-
tion of 8-hour average CO concentrations in a location might make it possi-
ble to predict the probability of future exceedances based on projected
emissions inventories.  (Gaussian models are discussed in detail in Chapter
3.)  In addition, to adequately test the hypothesis that high variability in CO
concentrations helps explain the difficulty that some areas have had in
meeting the standard, the variability in CO concentrations in areas that met
the standard relatively easily should also be examined. 

Assessment of Vulnerability

The variability in CO concentrations leads to difficulties in predicting
high CO episodes especially in geographical areas with unusually challeng-
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FIGURE 2-11  Scatter plot of Fairbanks traffic and CO during the winter of
1999-2000.

ing meteorological and topographical conditions.  Variability in meteoro-
logical conditions, such as strong temperature inversions or winds blowing
from the direction of nearby communities with high levels of CO, contrib-
utes to these difficulties.  The status of problem areas could fluctuate be-
tween attainment and nonattainment until further emissions reductions
provide an adequate safety margin.  Areas that have achieved attainment
recently and do not yet have an adequate safety margin remain vulnerable
to high CO episodes.  Nonattainment might occur sporadically under unfa-
vorable meteorological conditions, even when emissions rates remain at the
levels projected in the SIP.  

Vulnerability can be expressed in terms of the probability of non-
attainment in a future year or in terms of the reciprocal of this probability,
which can be interpreted as the number of years that are likely to pass until
the next nonattainment year takes place.  The latter is analogous to a design
condition in civil engineering, such as when a bridge is designed to with-
stand a once-every-hundred-year’s flood.  It is also analogous to the concept
in public health of the number needed to treat (NNT), defined as the recip-
rocal of the probability for a categorical change in outcome (e.g., from
death to survival) for a randomly selected future patient.

Given its stochastic nature, vulnerability is determined by both the
central tendency (such as the median or mean) and the spread (such as the
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interquartile range or standard deviation) of the air quality indicator (e.g.,
the annual second maximum nonoverlapping 8-hour average CO concentra-
tion).  An area with a large spread might have a substantial probability for
nonattainment in future years even after achieving attainment for several
years.  To reduce vulnerability, emissions reductions must extend beyond
the attainment threshold to provide an adequate safety margin.

ILLUSTRATIVE EXAMPLES

This last section provides five illustrative examples of locations that
have had problems meeting the NAAQS for CO.  The roles of topography
and meteorology in concentrating CO and how those factors combine with
patterns of emissions to produce episodes of high CO concentrations are
briefly described.  The committee realizes that the definition of a meteoro-
logical and topographical problem area might be somewhat arbitrary, be-
cause in all areas meteorology and topography are important factors in
producing, concentrating, dispersing, or eliminating all air pollutants.  In
these examples, the committee primarily focuses on locations in the western

Recommendations: Vulnerability to Future Violations

Air quality managers typically recognize whether their region is especially
vulnerable to future CO violations as a result of increases in vehicle activity, the
spatial and temporal variability of meteorology, and problematic topography.
However, in some cases, air quality planning does not encompass the worst-case
combinations of emissions and meteorology.  Achieving sufficient emissions
reductions to account for these conditions is prudent, particularly in areas with
high population growth and/or high meteorological variability, to further reduce
the risk of violations.  In addition, given that the form of the CO standard de-
fines a violation as the second and all subsequent exceedances in a calendar
year, regions are susceptible to violating the standard due to extreme meteoro-
logical conditions, contributing to the difficulties that meteorological and topo-
graphical problem areas have in reaching and maintaining attainment.  It is also
important to investigate how large-scale and local meteorological and climato-
logical phenomena can affect the susceptibility of a location to CO buildup in
ambient air.
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12The population of the Fairbanks North Star Borough, with a much larger area
of about 7,000 square miles, was 82,840 in 2000 (U.S. Census Bureau 2002).

United States that experience winter temperature inversions and have topo-
graphical features contributing to the accumulation of CO.

Calexico, California

Calexico is located 125 miles (mi) east of San Diego in California’s
Imperial Valley, on the border with Mexico.  This small city’s population
of 27,109 (in 2000) is similar to Fairbanks’s (30,224) (U.S. Census Bureau
2000b).12  However, it is across the border from Mexicali, a much larger
Mexican city with a population of about 750,000.  Motor vehicles on the
Mexicali side tend to be older and tend to have less sophisticated emissions
control equipment that sometimes is not functioning properly or has been
removed.  In addition, Mexicali has no vehicle emissions inspection and
maintenance program.  The number of exceedance days recorded since
1995 at a monitoring site in Calexico (59) is surpassed only by the number
recorded in Birmingham, Alabama.  Although Calexico is a major border
crossing point (an estimated 2,168,000 vehicles crossed the border from
Mexico in 1999 [Calexico 1999]), CO measurements in Mexicali indicate
that the problem is not due to long lines of idling vehicles at the border.

The committee initially thought that CO episodes in Calexico did not
fit the profile of locations whose problems were created by meteorology and
topography.  However, monitoring of CO concentrations in Calexico indi-
cated that the movement of a large, CO-rich air mass northward across the
border is responsible for most of the CO pollution in Calexico.  This is
especially true at night in winter when windspeeds are low and ground-level
temperature inversions are strong.  The situation is exacerbated by
Calexico’s topographical location—in a valley down-slope from Mexicali.
(The Salton Sea, 30 mi to the north, is 235 feet below sea level.)  Although
Calexico does not have confining topography that traps or accumulates CO,
its topography puts the city in the pathway of CO drifting across the border
from Mexicali, and its meteorology prevents CO from dispersing vertically.
 Further analysis is needed to assess the relative roles of cross-border trans-
port of vehicles operating in Mexicali compared with vehicles idling at the
border in producing CO.  To address the problem of cross-border air pollu-
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tion, the United States and Mexico have agreed to a new Border Air Quality
Strategy, announced by EPA on November 26, 2002 (EPA 2002d).

Lynwood, California

Lynwood is a community of about 64,000 located approximately 12 mi
east of the Pacific Ocean.  It is south of downtown Los Angeles in the Los
Angeles Basin, which has a total population of over 18 million.  Lynwood
is a densely populated area with numerous freeways and highways, and
many high-emitting vehicles.  There were 58 exceedance days during the
7-year period from 1995 to 2001.

Numerous studies of the CO problems in Lynwood, including those
conducted by the California Air Resources Board (Nininger 1991; Bowen
et al. 1996), have been undertaken to assess why CO concentrations are
higher in Lynwood than other parts of the Los Angeles area.  These studies
are aimed to determine the relative contributions of local versus area
sources of CO and the roles of meteorology and topography on CO concen-
trations.  Motor-vehicle emissions are clearly important.  About half of
Lynwood’s CO emissions come from just 10% of the light-duty vehicle
(LDV) fleet (Lawson et al. 1990).  Singer and Harley (1996, 2000) also
noted CO emissions rates of vehicles registered in the Lynwood area were
double those registered in higher income areas because of the prevalence of
older vehicles.  Nininger (1991) concluded that the entire Lynwood area is
a CO hot spot, due not only to high vehicle emissions but also to lower
windspeeds and mixing volumes that occur in surrounding areas.  Bowen
et al. (1996) further qualified the role of meteorology and topography in
contributing to the high concentrations of CO in Lynwood.  A strong,
surface-based inversion occurs in the Los Angeles area soon after sunset,
and the strength of the inversion appears to be greater near Lynwood.  In
addition, the gradient of the terrain is smaller near Lynwood than at most
other locations in the area, resulting in weaker nocturnal drainage winds.
The study concluded that significant CO emissions originating in the
Lynwood area are added to an urban air mass with high CO concentrations
that is transported into the Lynwood area.  These emissions sources com-
bine with stable nighttime meteorological conditions to create high CO
concentrations in Lynwood.
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Fairbanks, Alaska

Fairbanks, Alaska, is a small city in which topography, meteorology,
and emissions conspire to produce air pollution in winter (NRC 2002).  The
meteorological and topographical characteristics of Fairbanks’s air pollution
problems are discussed in Bowling (1984, 1986).  The city has a population
of about 30,000 and is located in central Alaska in the Fairbanks North Star
Borough, a sparsely inhabited area of over 7,000 square mi with a total
population less than 85,000.  The city is a center for government, education,
and distribution for the northern part of Alaska.

Fairbanks is sheltered by hills to the west, north, and east and is situated
on low ground near the confluence of the Chena and Tanana Rivers.  The
terrain is open to the south, with the Alaska Range roughly 45 mi away.  

The meteorology is extreme continental arctic.  Low winter tempera-
tures are combined with unusually strong ground-based inversions and low
windspeeds.  The warmest point in a vertical temperature sounding is com-
monly more than a kilometer above the surface, and near-surface inversion
strengths often exceed 10ºC/100 m.  These factors greatly limit the amount
of air available to dilute and disperse CO and other pollutants.  

Temperatures during the winter months are normally below 20ºF—bel-
ow the limits of federal guidelines for cold-start emissions—so engine
starting emissions can be substantially higher than normal.  As temperatures
drop below 0ºF, automobiles become increasingly difficult to start.  At
temperatures below -20ºF (not uncommon in Fairbanks during winter), most
people use preheating “plug-ins,” because it is nearly impossible to start a
vehicle that has not been preheated.  Engine preheating reduces cold-start
CO emissions, so high ambient CO levels are rare at those low tempera-
tures.  Encouraging the use of preheating plug-ins at temperatures between
20 and 0ºF, when unheated vehicles can be started but emit large amounts
of CO, is the centerpiece of the borough’s strategies to reduce CO emis-
sions.  

Las Vegas, Nevada

Las Vegas is a rapidly growing city in southern Nevada that had a pop-
ulation of nearly 418,000 in 1999, up from about 260,000 in 1990 (U.S.
Census Bureau 2000c).  Las Vegas is located in a valley surrounded by
mountains: the Spring Mountains to the west, the Pintwater, Desert, Sheep,
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and Las Vegas Mountains to the north; Frenchman Mountain to the east;
and the McCullough and Big Spring Ranges to the south.  Automobile and
truck traffic go to and through the city 24 hours a day via three major high-
ways.  In late fall and throughout winter, cool air drainage winds from the
adjacent desert hills flow into the city and pool there, resulting in a local
accumulation of CO.  This pooling effect has resulted in a total of seven
exceedance days recorded at two monitoring sites since 1995.  Population
growth is expected to continue, so future violations are a serious concern.

Las Vegas undertook a significant CO saturation study to help assess
the monitoring network and movement of CO (Ransel 2002).  The study
extensively augmented the 14 permanent monitoring sites with 63 tempo-
rary fixed sites and mobile sampling at over 2,500 locations.  The study
concluded that the current monitoring network captures the peaks and ex-
tent of high CO.  It also noted that a tongue of high CO appears to be
caused by nocturnal drainage flow that follows the Las Vegas Wash.  The
study noted that, away from the urban core and effects from transport in the
drainage flows, CO levels are relatively low (Ransel 2002).

Denver, Colorado

The city of Denver has a population of 501,700 (recorded in 2000) and
is located in the South Platte River Valley, approximately 1 mi above sea
level.  To the west of Denver is the Front Range of the Central Rocky
Mountains, with peaks above 14,000 feet.  The Cheyenne Ridge (about 70
mi to the north) and the Palmer Divide (about 25 mi to the south) run east
to west and are 1,000-2,000 feet above the plain; they combine with the
Front Range to form a three-sided basin in which the city sits.  Denver is a
major national rail center, and two major interstate highways cross the city.
This growing community had hundreds of CO exceedances in the 1970s and
1980s.  Since 1995, there have been only two.  The decline is a result of
local controls (including wood-burning bans), technological improvements
in motor vehicles and wood burning stoves, and favorable winter weather
patterns that have permitted better ventilation of pollutants.  However, the
city remains vulnerable to future CO exceedances because of its steady
population growth.  

The meteorological factors that contribute to elevated CO concentra-
tions in Denver include:  persistent light winds at the surface, a ground-level
inversion, a lee trough along the foothills, snow cover, and warm air advec-
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tion aloft (Neff and King 1991; King 1991; Neff 2001; Reddy 2001).
Reddy (2001) associated elevated CO concentrations with winds at less than
1 MPH and an effective mixed layer less than 25 to 50 m that lasts for at
least 3 hours.  Neff (2001) also noted microclimatological factors involved
in producing exceedances at the most problematic CO monitor.  He noted
that extensive shadowing by downtown buildings in the afternoon may
exacerbate the trapping of pollutants in the area surrounding the monitor by
prolonging the cooling of the surface during the winter (thus intensifying
the ground-level inversion) and by blocking winds that could disperse pol-
lutants.
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3

Management of
Carbon Monoxide Air Quality

The Clean Air Act’s mandate to “protect and enhance the quality of the
Nations air resources so as to promote the public health and welfare” and
subsequent scientific findings by the U.S. Environmental Protection Agency
(EPA) served as the basis for the National Ambient Air Quality Standards
(NAAQS) for carbon monoxide (CO).  Chapter 1 discussed the CO stan-
dards, trends in ambient CO, and the studies that were influential in devel-
oping the health-based standards.  Achieving and maintaining the NAAQS
requires monitoring ambient CO, developing emissions inventories, imple-
menting emissions regulations and related controls, and tracking progress.
This chapter discusses the primary air quality management elements needed
to achieve those objectives—the basic emissions control strategies used to
reduce emissions and the monitoring and modeling tools used to character-
ize and assess the magnitude of the problem. 

EMISSIONS CONTROL PROGRAMS

CO emissions control strategies have focused on controlling light-duty
vehicle (LDV) emissions.  The decline in concentrations noted in the earli-
est stages of CO management in the 1970s corresponded to the implementa-
tion of a major enhancement in control of motor-vehicle emissions.  There
are four approaches for reducing vehicle emissions: (1) new-vehicle certifi-
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1Vehicles are certified using the federal test procedure (FTP) and the supple-
mental federal test procedure (SFTP), which specify the preconditioning a vehicle
is to undergo before testing, the laboratory conditions the test is to occur in, and a
specified driving cycle to be used. Testing is done at temperatures between 68ºF
and 86ºF.  Manufacturers are allowed to certify compliance to the 50,000- or
100,000-mile (mi) standards (11 years or 120,000 mi for heavier trucks weighing
more than 5,750 lb) using low-mileage cars and an agreed-upon deterioration as-
sumption.  However, vehicles may be recalled if emissions control systems are
found to be faulty.  Tier 2 emissions standards, which will begin with model year
2004, are 120,000-mi standards.

2Light-duty trucks have been categorized for emissions certification purposes
as light light-duty trucks having a gross vehicle weight rating (GVWR) <3,750 lb
(LDT1) or from 3,750 to 5,750 lb (LDT2), and heavy light-duty trucks having a
GVWR from 5,751 to 8,500 lb (LDT3 and LDT4).  Trucks with a GVWR greater
than 8,500 lb are categorized as heavy-duty vehicles.

cation programs, (2) fleet-turnover incentives, (3) in-use vehicle control
strategies, and (4) transportation control measures (TCMs) (Guensler 1998,
2000).  This section discusses vehicle emissions control strategies in more
detail.  As LDV emissions decrease, nonroad, area, and smaller stationary
sources may become critical for controlling CO in some locations.  This
section concludes with a brief discussion on the regulation of these other
sources of CO pollution.

Federal New-Vehicle Emissions Standards1

Lowering emissions certification standards on new vehicles has been
the largest source of reductions in CO emissions from LDVs.  For example,
the Alaska Department of Environmental Conservation in its most recent
SIP for Fairbanks attributed over 70% of total emissions reductions over the
1995-2001 time period to more stringent federal new-vehicle emissions
standards (ADEC 2001).  Table 3-1 shows emissions standards for passen-
ger cars and light-duty trucks.2  CO emissions standards have dropped by
over an order of magnitude since their inception—emissions from new
passenger cars have fallen from 84 grams per mile (g/mi) before emissions
controls were instituted to below the current 3.4 g/mi, which began in 1981.
New vehicle technologies offering much better environmental performance
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TABLE 3-1  Federal Passenger-Car and Light-Truck Exhaust Emissions
Standards (g/mi)a

Model Year
Passenger Cars            Light Trucksb

HC CO   NOx HCb CO NOx
Precontrolc 10.6 84.0 4.1
1968-1971 4.1 34.0 — 8.0 102.0 3.6
1972-1974c 3.0 28.0 3.1 8.0 102.0 3.6
1975-1976 1.5 15.0 3.1 2.0 20.0 3.1
1977-1978 1.5 15.0 2.0 2.0 20.0 3.1
1979 1.5 15.0 3.1 1.7 18.0 2.3
1980 0.41 7.0 2.0 1.7 18.0 2.3
Tier 0
1981-1983 0.41 3.4 1.0 1.7 18.0 2.3
1984-1986 0.41 3.4 1.0 0.8 10.0 2.3
1987-1993 0.41 3.4 1.0 0.8 10.0 2.3
1988-1993 0.41 3.4 1.0 0.8 10.0 1.2
Tier 1 (1994-)
1994 (100,000-mi
standards in
parentheses)

0.25
(0.31)

3.4
(4.2)

0.4
(0.6)

0.25 3.4 1.2

1995 (100,000-mi
standards in
parentheses)

0.25
(0.31)

3.4
(4.2)

0.4
(0.6)

0.25 3.4 0.4

NLEVc (100,000-mi standards)
1999 0.09 4.2 0.3 0.09 4.2 0.3

aAll standards are for 50,000 mi unless otherwise noted.
bStandards before 1988 are for all light-duty trucks.  Beginning in 1988, light-
duty trucks were separated into two weight classes (1988-1993) and then four
weight classes (1994-present).  The standards after 1988 are for LDT1, which
have a 3,750 lb or less gross vehicle weight (GVW).
cThe National Low Emissions Vehicle (NLEV) Program introduces California
low-emissions cars and light-duty trucks into the Northeast in 1999 and the rest
of the country in 2001.
Sources: Davis 1997; Chrysler Corporation 1998. 

made these achievements possible.  This is in contrast to in-use emissions
controls, such as vehicle emissions inspection and maintenance (I/M) pro-
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grams and oxygenated fuels programs, which do not force the adoption of
improved vehicle emissions control technologies and hence reduce vehicle
emissions by a much smaller fraction (NRC 1999, 2001). 

Recent New-Vehicle Emissions Standards

Federal passenger car CO standards have remained at 3.4 g/mi (50,000-
mi standard).  However there are myriad regulations that have resulted in
reductions in vehicle CO emissions.  For example, though Tier 1 standards
did not affect passenger-car CO emissions, they reduced CO standards for
light-duty trucks.  Tailpipe emissions of CO and hydrocarbon (HC) respond
similarly to changes in air-fuel ratios, and CO is reduced by many of the
same vehicle emissions control technologies as HC.  Thus, the more strin-
gent HC standards imposed since 1981 have resulted in concomitant reduc-
tions in CO. 

In addition to these reduced HC standards that result in reduced CO
emissions, there are a number of other changes that directly affect CO emis-
sions. With the introduction of Tier 1 standards in 1994, the durability
requirements increased from 50,000 mi to 100,000 mi. The supplemental
federal test procedure (SFTP), which is discussed in a subsequent section,
controls CO during non-FTP conditions of high acceleration and high
speed.  Cold-start standards, also discussed in a subsequent section, will
limit CO emissions during cold-temperature starts.   

The recently finalized Tier 2 regulations will also impact CO emissions.
Control of tropospheric (ground-level) ozone (O3), which is caused princi-
pally by the interaction of  nitrogen oxides (NOx), certain reactive volatile
organic compounds (VOCs), and sunlight on hot summer days, has been a
continuing need.  On February 10, 2000, EPA promulgated a new series of
vehicle emissions regulations, known as Tier 2, intended to partially address
this problem by regulating passenger-car and light-duty truck NOx emis-
sions.  Tier 2 requires each manufacturer to meet a sales-weighted “corpo-
rate average NOx standard” of 0.07 g/mi.  Lowering fuel sulfur content,
which is discussed in the section on in-use emissions controls, is also an
integral part of the Tier 2 strategy.  

Table 3-2 lists new emissions limits for NOx, non-methane organic
gases (NMOG), CO, formaldehyde (HCHO), and particulate matter (PM)
by “bin.”  Manufacturers certify their vehicles in these bins, ensuring that
these vehicles comply with all emissions levels associated with the bins.
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TABLE 3-2  Tier 2 and Interim Non-Tier 2 Full-Useful-Life Exhaust
Mass Emissions Standards (g/mi)
Bin Number NOx NMOG CO HCHO PM
11a,c 0.9 0.280 7.3 0.032 0.12
10a,b,d 0.6 0.156/0.230 4.2/6.4 0.018/0.027 0.08
9a,b,e 0.3 0.090/0.180 4.2 0.018 0.06
8b,f 0.20 0.125/0.156 4.2 0.018 0.02
7 0.15 0.090 4.2 0.018 0.02
6 0.10 0.090 4.2 0.018 0.01
5 0.07 0.090 4.2 0.018 0.01
4 0.04 0.070 2.1 0.011 0.01
3 0.03 0.055 2.1 0.011 0.01
2 0.02 0.010 2.1 0.004 0.01
1 0.00 0.000 0.0 0.000 0.00

aThis bin and its corresponding intermediate life bin are deleted at end of 2006
model year (end of 2008 model year for HLDTs and MDPVs).
bHigher NMOG, CO, and HCHO values apply for HLDTs and MDPVs only.
cThis bin is only for MDPVs.
dOptional NMOG standard of 0.280 g/mi applies for qualifying LDT4s and qual-
ifying MDPVs only.
eOptional NMOG standard of 0.130 g/mi applies for qualifying LDT2s only.
fHigher NMOG standard deleted at end of 2008 model year.
Source: 65 Fed. Reg. 28 (2000), p. 6855.

For example, a manufacturer might certify their sport utility vehicle (SUV)
in bin 7, their passenger car in bin 5, and an economy car in bin 3.  All
vehicles must meet the full useful life (which has been raised from 100,000
to 120,000 mi) certification limits for their respective bin. NOx emissions
standards for the three bins would then be sales-weighted and compared
with the average NOx standard of 0.07 g/mi.  

Tier 2 regulations also allow manufacturers to trade and bank credits.
In years that a manufacturer’s corporate average falls below 0.07 g/mi it can
generate credits which it can bank and use in years when its corporate aver-
age exceeds 0.07 g/mi or it can sell these credits to manufacturers whose
corporate average is above 0.07 g/mi.

The technologies relevant to the Tier 2 standards will also have benefits
for CO reduction.  Since the mid-1980s, modern computer-controlled en-
gines have used electronic fuel injectors rather than carburetors to deliver
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3The CAAA90 authorized California, which has the nation’s worst air pollution
problems, to impose stricter vehicle emissions standards than those for the rest of
the nation.  California’s low emissions vehicles (LEV) regulations require manufac-
turers to meet fleet-weighted average emissions lower than those mandated by the
federal Tier I regulations beginning with the 1994 model year.  The California LEV
program includes five progressively more stringent categories: transitional low
emissions vehicles (TLEVs),  LEV, ultra-low emissions vehicles (ULEVs), super
ultra-low emissions vehicles (SULEVs), and zero emissions vehicles (ZEVs).

fuel to cylinders in LDVs and most light-duty trucks.  The engine computer
system reads the signal from an O2 sensor in the exhaust system and contin-
uously adjusts the air-fuel ratio.  The continuous feedback adjustment of the
air-fuel ratio is known as closed-loop control.  The feedback provides
enough air to burn the fuel while maintaining the optimal catalytic-con-
verter efficiency (referred to as the stoichiometric ratio) for control of CO,
HC, and NOx.  Figure 3-1 shows the air-fuel ratio effects on catalyst conver-
sion efficiency.  

During hard acceleration and high-speed operations, however, engine
computers often use fuel-enrichment strategies to enhance engine perfor-
mance for short time periods and to protect sensitive engine components
from high-temperature damage.  Likewise, fuel-enrichment strategies are
often used during cold starts.  Cold temperature CO standards and the
SFTP, which are discussed in the following sections, are intended to further
control CO for these conditions.  Thus, in modern engines, CO as well as
HC emissions are most prominent during enrichment associated with heavy
loads, hard accelerations, and cold starts.   Enrichment factors are much
larger for CO compared with HC (see Figure 3-2) (M. Barth, University of
California, Riverside, personal communication, October 30, 2002; Scora et
al. 2000).  Conditions that produce a 10- to 100-time increase in CO emis-
sions produce a 1- to 10-time increase in HC emissions.

The primary methods for meeting the Tier 2 standards—ensuring
stoichiometric engine operation over a broader range of operation and pro-
moting faster catalyst warm-up—will have benefits for CO reductions.  As
shown in Figure 3-3, the prototype Tier 2 vehicle maintains a stoichiometric
air-fuel ratio more effectively than a 1996 vehicle certified to California’s
low emissions vehicle (LEV) standard.3  Although the current
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FIGURE 3-1  Catalyst conversion efficiency as a function of air-fuel ratio. 
Source: Adapted from Canale et al. 1978. Reprinted with permission; copyright
1978, Society of Automotive Engineers.

current 3.4 g/mi federal new-vehicle standard for passenger cars dates to
1981, the use of advanced-technology three-way catalytic converters and
continued improvements in stoichiometric ratio controls have had and will
continue to have a collateral CO benefit.  

However, it will take years for Tier 2 regulations to be implemented
(2007 for LDVs and 2009 for heavier light-duty trucks), and even longer for
fleet turnover to occur and for the full benefits of the new technologies to
be realized.  An increase in vehicle durability has accompanied technologi-
cal improvements.  According to Davis (2001) the national average age of
in-use passenger cars has increased from a mean of 5.6 years in 1970 to 8.9
years in 1999.  The median lifetime of a 1990 model year passenger car is
4.6 years longer (16.1 years) than that of a 1970 model year car.  This in-
crease in vehicle durability will slow the penetration of vehicles with newer
emissions control technologies into the fleet.  In the meantime, the ongoing
improvements resulting from HC standards under Tier 1 and NLEV, the
cold-start CO standards, the increased durability required under Tier 1, and
the introductions of the SFTP will continue to encourage the downward
trend in CO emissions from light-duty vehicles in advance of Tier 2.
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FIGURE 3-2  Hypothetical carbon monoxide emissions rates for typical vehicle
operation.

In addition, some emissions control strategies for controlling cold-start
emissions are particular to HCs and do not improve CO emissions.  Some
of the lowest-emitting vehicles in California (called super ultra-low emis-
sions vehicles [SULEV]) use a carbon canister to store uncombusted HC
emissions during cold starts. The HC emissions are then recirculated
through the catalyst after light-off.  Such a control strategy does not reduce
CO emissions.

In summary, the impact of Tier 2 requirements is complex.  The CO
limits for the higher-emissions vehicles, bins 5-8 (bins 9-11 disappear after
2009), is 4.2 g/mi based on a full useful life of 120,000 mi. On the surface,
this limit is essentially the same as the Tier 1 and NLEV limits.  However,
Tier 2 standards are 120,000-mi standards, which should improve vehicle
in-use performance.  These bins will apply to passenger cars as well as all
categories of light-duty trucks (LDT1-LDT4).  This will require that LDT2-
LDT4, which under Tier 1 standards have 100,000-mi CO standards from
5.5 g/mi to 7.3 g/mi, meet the current CO standards for passenger cars (4.2
g/mi).   At a national level, the result of these bins will be a reduction in
CO.  If bins 6-8 are used for any vehicle, then bins 1-4 must be used to
average NOx below bin 5.  Using the example of a manufacturer certifying
their SUV in bin 7 (CO standard at 4.2 g/mi), their passenger car in bin 5
(CO standard at 4.2 g/mi), and their economy car in bin 3 (CO standard at
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FIGURE 3-3  Example of the improved control of air-fuel ratio resulting from
new Tier 2 vehicle technologies.  Source: Dana 2002.  Reprinted with permis-
sion from the author.
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2.1 g/mi), the resulting fleet sales-weighted CO will be lower than 4.2 g/mi.
However, this is a national fleet average.  Local vehicle fleets may differ
from the national average.

Cold-Temperature CO Standards

As described in Chapter 1, CO is predominantly a winter problem that
occurs in regions known for extreme winter conditions (e.g., Fairbanks,
Alaska).  During cold starts the engine computer signals the fuel injectors
to add excess fuel to the intake air to ensure that enough fuel evaporates to
yield a flammable mixture in the engine cylinders.  A typical engine-com-
puter strategy injects several times the stoichiometric amount of fuel during
the first few engine revolutions, using a fixed fueling schedule to reach
idling conditions.  Excess fuel continues to be injected until the engine and
O2 sensor are warmed up and the exhaust-catalyst inlet temperature reaches
about 250-300ºC, sufficient for the catalyst to oxidize CO to CO2.  This
open-loop operation, before catalyst light-off (the time it takes the catalyst
to reach peak efficiency after start), can continue for several minutes at low
ambient temperatures.  Cold-start enrichment is responsible for a significant
fraction of CO, air toxics, and unburned HCs from properly operating vehi-
cles.  Once the engine and emissions control systems are warmed up, com-
bustion becomes stoichiometric, and CO is converted to CO2 in the catalyst,
keeping CO emissions very low under typical operating conditions.  Warm
up times under mild ambient conditions, at around 70-80ºF, can be around
1 min for modern catalysts and even as short as a few seconds for modern
close-coupled catalysts (catalysts close to the engine).  When ambient tem-
peratures are -20ºF or lower, however, catalyst and engine warm-up times
can exceed 5 min (Sierra Research 1999).  In the case of Fairbanks, Alaska,
this means that idling and cold-start emissions from LDVs are particularly
high and make up a significant proportion of overall CO emissions.  ADEC
(2001) and NRC (2002) provide more discussion of the role that cold-start
emissions play in Fairbanks.

Since 1994 new cars and the lightest category of light-duty trucks
(LDT1) have been required to meet a CO limit of 10 g/mi on the federal test
procedure (FTP) cycle conducted at 20ºF.  For heavier light-duty trucks
(trucks between 3,751 and 8,500 lb gross vehicle weight [GVW]), the stan-
dard is 12.5 g/mi.  The cold-temperature CO emissions standard has been
unchanged since it was promulgated in 1994, though certification data from
EPA’s certification database show that there have been continued improve-
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ment in cold-start emissions (Figure 3-4).  Reducing the 10 g/mi limit for
the 20ºF cold-start test or reducing the test temperature might provide addi-
tional CO emissions reductions for cold northern regions, such as Fair-
banks.  Indeed, CAAA90 mandated that if six or more areas were desig-
nated as nonattainment as of July 1, 1997, EPA must require cars to meet
a Phase II cold-start emissions limit of 3.4 g/mi.  In their presentations to
the committee, representatives of the State of Alaska and the Fairbanks
North Star Borough discussed how the adoption of the Phase II cold-start
standard would aid in Fairbanks’s effort toward long-term attainment of the
CO NAAQS (Hargesheimer 2001; King 2001; Verrelli 2001).  However,
EPA has yet to formally determine the number of CO nonattainment areas
that existed as of the deadline.  

Supplemental Federal Test Procedure

An additional source of CO reductions is the SFTP.  The technical
community has long known about the absence of high speeds and accelera-
tions from the FTP.  The SFTP introduces speeds as high as 80 MPH and
maximum accelerations of 8.4 MPH/s into the certification test (61 Fed.
Reg. 54852 [1996]).  The FTP tests at a maximum speed of 57 MPH and a
maximum acceleration of 3.3 MPH/s.  Certification to this new cycle will
be phased in during the 2000 and 2004 model years.  This test procedure
should ensure that vehicle emissions control systems will provide improved
emissions control over a wider range of vehicle speeds and loads.  Much of
the improved emissions control will come from reduced use of fuel-rich
mixtures at higher loads.  EPA estimates a CO emissions reduction of 11%
from the LDV fleet in 2020 as a result of the SFTP (EPA 1996).  However,
it should be noted that for some locations with severe winter driving condi-
tions, such as Fairbanks, the high speed/high acceleration driving conditions
within the SFTP are not considered representative.  Thus, the benefits from
certifying vehicles to the SFTP may be smaller there.

Mobile-Source Compliance Programs 

Mobile-source compliance programs are intended to ensure that vehi-
cles meet emissions standards throughout their useful life.  There are three
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FIGURE 3-4  Average cold CO standards versus certification data (20°F) for
model years 2000-2002 at 50,000 mi.  There are 279 vehicles represented in
PC/LDT1 data (Tier 1 = 91; LEV = 166; ULEV = 22) and 109 vehicles repre-
sented in LDT2 data (Tier 1 = 23; LEV = 71; ULEV = 16).  Source: Dana 2002. 
Reprinted with permission from the author.

major components of the program: preproduction evaluation, production
evaluation, and in-use evaluation.  Before a motor vehicle can be sold in the
United States, EPA requires that it be emissions certified.  This involves
testing a preproduction prototype to prove that it meets applicable model
year emissions standards and durability-deterioration requirements.  The
certificate requires the manufacturer build every vehicle (or engine) the
same as the prototype in all material respects.  Once production begins, the
manufacturer and EPA conduct end-of-line production audits of randomly
selected vehicles.  These audits frequently require emissions tests to deter-
mine conformity with applicable standards.  If a statistically significant
number of vehicles fail, the manufacturer takes steps to repair them.  Fail-
ures may involve a faulty or out-of-specification part or adjustment or im-
proper assembly.  Repair measures can include stopping production, rede-
signing, repairing vehicles already produced, and recalling those that have
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been sold.  In addition, EPA uses data from state vehicle emissions inspec-
tions and maintenance (I/M) programs, technical service bulletins, and
voluntary emissions recall reports to target testing of in-use vehicles so that
in-use compliance can be verified.  Recently, manufacturers have been
required to develop a general program for in-use testing of customer-owned
vehicles.  The committee is unaware of any in-use cold-temperature compli-
ance testing and is concerned about the lack of such programs. 

Motor-Vehicle In-Use Controls

While tougher emissions certification standards are the primary means
by which CO emissions have been reduced over the last three decades, in-
use vehicle controls have provided additional reductions and ensured vehi-
cles are properly maintained.  Clean fuels programs and I/M programs are
the mainstays of nationwide in-use vehicle controls.  In some regions,
where winter temperatures are frequently below 20ºF and cold- starts con-
tribute substantially to the regional emissions inventory, engine preheating
also provides valuable emissions reductions.  

Vehicle Emissions Inspection and Maintenance Programs

Vehicle emissions I/M programs are designed to identify vehicles that
have higher than allowable emissions and ensure that they are repaired or
removed from the fleet.  They are the most common measure implemented
by state and local governments to reduce CO emissions.  I/M programs
attempt to control emissions throughout a vehicle’s lifetime by ensuring that
the vehicle’s emissions control system is maintained and repaired when
necessary.  These programs are implemented in nonattainment areas and in
other areas seeking to improve air quality.  The inspection traditionally
involves regularly scheduled exhaust tests administered at a certified testing
facility.  The test measures CO, HC, and sometimes NOx emissions.  I/M
tests also include a visual inspection of the components controlling evapora-
tive and exhaust emissions and may include a functional gas-cap test and a
pressure test of the evaporative emissions control system.  New testing
technologies, such as those using onboard diagnostic (OBD) systems and
remote sensing, are also being used.

The three basic types of I/M programs currently in operation are cen-
tralized, decentralized, and hybrid.  A centralized program consists of a
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4A loaded-mode test, such as the IM240 or the FTP, involves testing vehicle
emissions while the vehicle is on a dynamometer that simulates the load a vehicle
is under during on-road operation.

relatively small number (relative to a decentralized network) of stations that
perform only emissions tests.  Vehicles that fail the inspection must be
repaired elsewhere.  This program typically is operated by a government
entity or by a contractor with government administration.  A decentralized
testing program consists of a larger number of low-volume stations that do
both emissions testing and vehicle repairs.  This type of program links
testing to the repair process and is operated by private sector stations.  Fi-
nally, a hybrid program is one that incorporates elements of both decentral-
ized and centralized programs (NRC 2001).

Traditional Exhaust Emissions Tests

I/M programs began with an idle test for HC and CO.  This test uses a
tailpipe probe to measure the steady-state concentrations of CO, HC, and
carbon dioxide (CO2) emitted from idling vehicles.  A high-idle test in
which engine speed is manually increased to approximately 2,500 revolu-
tions per minute (rpm) is sometimes performed in addition to the natural or
“low-idle” test; in traditional idle testing, there is no load applied to the
engine.4  NOx concentrations are not measured during idle tests because
NOx emissions are low during no-load idle conditions.

Because the idle test cannot assess the performance of NOx control
technologies, it has been superseded by the IM240 and ASM tests.  The
IM240 is a loaded-mode transient dynamometer test that measures the mass
of CO, HC, and NOx emissions collected over a simulated 240-second (s),
2-mi driving cycle.  The ASM (acceleration simulation mode) test involves
the acceleration of a vehicle on the dynamometer to a steady-state speed
while measuring exhaust concentrations of CO, HC, and NOx.
 More than 30 states now operate I/M programs with a wide assortment
of test designs.  An NRC committee that recently looked at I/M programs
concluded that they generally have not achieved the emissions reductions
originally projected (NRC 2001).  For example, in-program and remote-
sensing data estimated that the Colorado I/M program achieved reductions
of 4-11% compared with a modeled estimated benefit of 17-34% (Stedman
et al. 1997, 1998; ENVIRON 1998; Air Improvement Resources 1999).  In
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addition, there is a need to assess the emissions reduction benefits of I/M for
vehicles operating in cold temperatures.  However, that committee identi-
fied a great need for continuing programs that repair or eliminate high-
emitting vehicles from the fleet given the major influence of this small
fraction of the fleet on total emissions and air quality.  The NRC (2001)
report estimates that the dirtiest 10% of LDVs produce 50-60% of on-road
LDV exhaust emissions.  The report also discusses studies that combine
data for vehicle ownership, high-emitter frequency, and income levels.
These studies suggest a strong link between low household income and the
likelihood of owning a high-emitting vehicle.  Because of this link, the
NRC (2001) report recommended that the cost-effectiveness and equity
impacts of such policies be explored to provide financial or other incen-
tives, such as repair assistance programs, for motorists of high-emitting
vehicles to seek repairs or vehicle replacement.  

Onboard Diagnostic Systems

New technologies providing faster, more convenient, and more accurate
emissions testing continue to be developed.  Many make use of the onboard
diagnostics (OBD) systems in vehicles.  The enhanced onboard diagnostics
system installed in model year 1996 and newer vehicles, known as OBDII,
can help to detect problems that increase CO emissions.  OBDII uses sen-
sors to monitor and modify the performance of the engine and emissions
control components.  The onboard computer monitors signals from the
sensors and actuators to identify sensor and control-system failures, illumi-
nating the malfunction indicator light (MIL) on the vehicle dashboard, and
storing the fault codes (known as diagnostic trouble codes) for later analy-
sis.  In a garage setting, mechanics can download the OBDII fault codes
from the onboard computer with a diagnostic analyzer or “scan tool.”  The
codes identify emissions control systems and components that are malfunc-
tioning.  It should be noted that OBDII is only a diagnostic system and does
not, in the absence of an OBD I/M program, require a vehicle owner to
repair an emissions-related problem detected by the system.

If an OBD I/M program is operating properly, OBDII inspections
should fail vehicles if the vehicle’s emissions control components are or
have been malfunctioning or if the sensors monitoring emissions control
components are malfunctioning.  In contrast, traditional I/M emissions-
testing programs inspect actual vehicle emissions for violations of standards
set by individual states.  It should be noted that vehicles equipped with
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OBDII have the ability to maintain low emissions (relative to older technol-
ogy vehicles) even after a system component has failed.   

EPA (65 Fed. Reg. 56844 [2001]) recently finalized an OBD rule that
requires states to implement OBD testing in I/M programs for 1996 and
newer OBD-equipped vehicles.  However, the proposed replacement of
traditional emissions-testing programs with OBDII programs has been
controversial.  The major issues, identified in the NRC (2001) study and by
EPA’s Mobile Source Technical Review Subcommittee (EPA 2002e), in-
clude the following: (1) the lack of overlap in some studies of vehicles that
fail both the OBD I/M tests and traditional tailpipe emissions tests;  and (2)
the significant fraction of vehicles that failed OBD I/M tests with actual
emissions below the vehicle’s certification standards.  

In addition, some components of OBDII systems (such as exhaust-gas
recirculation and O2 sensors) are often disabled by the engine computer
during conditions under which the manufacturer cannot guarantee the com-
ponents’ performance (J. Cabaniss, Association of International Automobile
Manufacturers, personal communication, July 10, 2001).  That tends to be
the case for vehicles operating at temperatures below 20ºF.  There is a need
to understand the behavior and performance of OBDII at low temperatures,
especially if many northern locations begin adopting OBD I/M systems.
When a significant number of sensors become inoperative, the OBDII sys-
tem’s ability to alert vehicle owners of potential emissions-system failures
is diminished.

Remote Sensing

Remote sensing has also been used as a new I/M testing method.  Re-
mote sensing is a technique that measures emissions from individual vehi-
cles as they drive by a roadside sensor.  It offers the possibility of testing
vehicle exhaust emissions without requiring the vehicle’s presence at a
testing facility, though the test is only for a relatively short time (approxi-
mately 0.5 seconds) during which the remote-sensing beam passes through
the exhaust.  Remote sensing is most accurate for measuring CO.  It is cur-
rently being used in Colorado and Missouri to identify clean vehicles
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that may opt to avoid visiting an emissions testing station for scheduled
testing.  For example, in the St. Louis area, if a vehicle has two or more
successive low-emissions readings measured by remote sensing, the vehicle
owner can opt to be excused from scheduled emissions testing. 

The implementation of remote sensing for identifying high emitters in
Arizona, however, was terminated after 5 years by state legislators because
of problems including high costs, false failures, and difficulties finding
appropriate remote-sensing sites.  From mid-May 1998 through early June
1999, over 2 million valid remote-sensing test records were collected, but
only 2,987 vehicles were identified as high emitters (Wrona 1999).  Owners
of vehicles identified as high emitters were sent letters ordering them to
submit their vehicles for IM240 testing within 30 days.  About half (55%)
of vehicle owners responded within that time period; 15-20% of vehicle
owners complied later, after their vehicle registration was suspended.  Of
vehicles that reported for testing, 42% passed the initial IM240 test.  A
survey indicated that one-third of those vehicles underwent repairs prior to
the test (Wrona 1999).  Other vehicles may have been repaired, but owners
may not have reported that on the survey.

Besides application as a testing device, remote-sensing measurements
can be useful for characterizing vehicle emissions, including average emis-
sions by model year and the fraction of high emitters in the vehicle fleet.
Remote sensing can also help assess I/M program effectiveness and esti-
mate the extent of certain types of program noncompliance.  

Recommendations:  High-Emitting Vehicles

Air quality management agencies should identify high-emitting vehicles
and target them for repair or removal from the fleet.  Enhanced onboard diag-
nostic testing programs, tailpipe testing, motor-vehicle emissions profiling,
and/or remote sensing can identify these vehicles.  However, programs designed
to mandate repair or removal of high-emitting vehicles might raise issues of
fairness, because high emitters are often owned by people with limited eco-
nomic means.  Policies that provide incentives for owners of high-emitting
vehicles to seek repairs or vehicle replacement, such as repair assistance pro-
grams, should be explored.  There should also be additional low-temperature
testing to evaluate the effectiveness of programs aimed at controlling high-
emitting vehicles. This evaluation should include the impacts on CO as well as
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5Earlier versions of the MOBILE model predicted much larger benefits from
oxyfuels. In a review of the winter oxyfuel program, the Office of Science and
Technology Policy found that the observable reduction in ambient CO levels that
could be attributed to the use of fuel oxygenates was lower than the amount pre-
dicted by the MOBILE5a model by a factor of 2 or 3 (NSTC 1997).

Fuels

Vehicle emissions control has also occurred through fuels reformula-
tion.  This includes increasing the oxygen content of fuels to promote more
complete fuel combustion, reducing sulfur content to improve catalyst
efficiency, and switching to fuels that inherently produce less CO during
vehicle operations.
 

Oxygenated Fuels

In 1988, the use of oxygenated fuels (or oxyfuels) was instituted in
Colorado to reduce winter CO levels and was subsequently extended to
other areas of the United States that were exceeding the NAAQS for CO
(typically during winter).  EPA mandated that oxyfuels contain an oxygen-
ate (normally either methyl tertiary-butyl ether [MTBE] or ethanol) with
oxygen content of 2.7% or more by weight.  

Adding an oxygenate to the gasoline increases the oxygen-fuel ratio in
the combustion process, changing the combustion chemistry and decreasing
the emissions of CO formed during incomplete combustion.  A 1997 study
of the winter oxyfuels program initiated by the White House Office of
Science and Technology Policy concluded that at temperatures above 50ºF,
CO emissions from most vehicles were reduced by about 3-6% per weight
percent oxygen (NSTC 1997).  CO emissions reductions of 3-7% are pre-
dicted by EPA’s MOBILE6 model for the 2010-2015 fleet, mainly because
of reduced emissions from pre-1994 vehicles, cold starts, and malfunction-
ing vehicles.5   Emissions reductions are generally lower in newer-technol-
ogy vehicles (those with closed-loop fuel control and three-way catalysts)
and higher in high-emitting, older-technology vehicles (those with perma-
nent open-loop fuel control and two-way catalysts).  O2 sensors and onboard
computers in later models control the air-fuel ratio to prevent fuel-rich
operations. 
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There is a lack of information on the effectiveness of oxyfuels at tem-
peratures below 50ºF.  EPA (Mulawa et al. 1997) tested three vehicles at
20ºF, 0ºF, and -20ºF at its cold-weather facility using unleaded gasoline
containing 10% ethanol (3.5% oxygen by weight).  Two of the cars showed
substantial improvement in CO emissions; the third showed none.  The
Colorado Department of Public Health and Environment found an average
11% decrease in CO emissions by switching to 10% ethanol blended fuels
in 24 vehicles that it tested at 35ºF (Ragazzi and Nelson 1999).  One of the
problems with these oxyfuel studies is that the vehicles used might not be
operating the most current control systems and might be even less represen-
tative of Tier 2 vehicle technology.  Theory suggests that oxygenated fuels
would provide emissions benefits under extreme cold-start conditions be-
cause cars run under open-loop conditions for longer periods.  However,
available data are not sufficient to support or refute that argument.  Because
CO has become less of a problem in many places, the number of new stud-
ies looking at the effectiveness of oxyfuels at low temperatures has de-
creased considerably. 

Although oxyfuels provide some air quality benefits, concerns have
been raised about the widespread use of MTBE as an oxygenate.  The of-
fensive odor and taste of MTBE, and the potential adverse effects of MTBE
leaking into drinking water supplies have raised questions about whether
the benefits gained from using MTBE (reducing high ambient CO concen-
trations 1 or 2 days per year) are greater than the possible negative conse-
quences.

Reformulated Gasolines

Reformulated gasoline (RFG) is mandated by EPA for use in areas
exceeding the NAAQS for ozone.  RFGs must meet a number of require-
ments both in fuel composition (benzene < 1.0% and oxygen > 2.0% by
weight) and in reduction of exhaust emissions of VOCs and air toxics,
including benzene.  In practice, this translates into an RFG aromatic content
of <25%, and fuel sulfur concentrations of about 30 ppm (compared to
>350 ppm for non-RFGs).  Kirchstetter et al. (1999) concluded that the use
of reformulated gasolines in California led to reduced CO emissions from
hot-stabilized vehicles, consistent with the body of data from the Auto/Oil
Air Quality Improvement Research Program (NRC 1999).  The decrease in
CO emissions associated with RFGs is in part due to their lower sulfur
content compared with regular gasolines (NRC 1999).   
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Low-Sulfur Fuel

A key finding of the Auto/Oil project was that reducing fuel sulfur
decreases exhaust emissions (Benson et al. 1991).  Sulfur in gasoline ad-
versely affects the efficiency of vehicle emissions control systems by poi-
soning the catalyst.  This decreases pollutant conversion efficiency and
potentially lengthens the time needed after ignition for the catalyst to be-
come effective.  The 1991 Auto/Oil study concluded that reducing sulfur
concentrations from 450 ppm to 50 ppm would result in a 13% decrease in
CO exhaust emissions in 1990 Tier 0 technology vehicles.  In addition, low-
sulfur fuel is expected to lengthen lubricant and engine life as well as re-
duce emissions of HC, NOx, hydrogen sulfide, sulfur dioxide, sulfuric acid
aerosols, and other air toxics.  Reversing the effects of sulfur on catalytic
performance requires fuel-rich conditions and aggressive accelerations that
achieve high catalyst temperatures (about 1,200ºF).  However, sulfur’s
effects are not easily reversed in the newer-model lower-emissions vehicles
(Truex 1999).  To guard against the poisoning effects of sulfur, it is best to
operate these newer-model vehicles on low-sulfur fuel only.  

To address concerns about the increased sensitivity of the newer-tech-
nology vehicles to sulfur poisoning, EPA included new fuel standards re-
quiring refiners to meet an average sulfur concentration of 30 ppm begin-
ning January 1, 2006, in its Tier 2 proposals (65 Fed. Reg. 6697 [2000]).
However, additional studies on the effect of high-sulfur gasoline on catalyst
efficiency and light-off time in cold climates are necessary.

Hybrid Gasoline-Electric Vehicles

Hybrid vehicles combine a conventional internal combustion engine
with an electric motor.  The internal combustion engine can be run on vari-
ous alternative fuels; however, this discussion relates to those vehicles
powered by a normal gasoline-fueled engine alternating or in concert with
an electric motor, with the battery system being charged by the gasoline-
powered engine.  Compared with a regular gasoline-fueled vehicle, this
arrangement allows greater gasoline mileage to be achieved while maintain-
ing low exhaust emissions.  Hence, hybrid vehicle emissions are compara-
ble to emissions from gasoline-fueled vehicles with the same emissions
rating (see DOE/EPA [2002] for emission ratings of available hybrid vehi-
cles).  The committee was unable to find emissions data for hybrid vehicles
under cold-weather temperature conditions like those encountered in Fair-
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banks.  However, the extreme cold temperatures may make use of the elec-
tric motor/batteries infeasible.

Compressed Natural Gas and Liquified Petroleum Gas

Vehicles fueled by compressed natural gas (CNG) and liquefied petro-
leum gas (LPG) are inherently cleaner, at least in terms of reactive HC
emissions and ozone formation, than gasoline-fueled vehicles.  As shown
in Table 3-3, CO emissions, estimated using the FTP from five CNG-fueled
vehicles (one 1999 passenger car and four 1994-1995 pick-up/light-duty
trucks) and three LPG-fueled trucks, were significantly lower than the fed-
eral CO emissions standard.  However, it is unknown how these vehicle’s
emissions rates will deteriorate with increasing mileage.

Collateral Emissions Reductions
from Emissions Standards and In-Use Controls

As noted in Chapter 1, CO controls can reduce emissions of other pol-
lutants generated during fuel-rich or cold-start engine operation, such as
PM, benzene, 1,3-butadiene, polyaromatic hydrocarbons (PAHs), and alde-
hydes.  A recent assessment by EPA found that one of the major sources of
air toxics exposure nationally is automobile emissions (EPA 2000c).  The
agency recently finalized regulations on the control of air-toxics emissions
from mobile sources (66 Fed. Reg. 17230 [2001]).  The EPA analyses show
that programs already in place, such as the reformulated gasoline program,
the national low-emissions vehicle program, and the Tier 2 emissions stan-
dards and fuel sulfur controls, will yield significant reductions of mobile-
source air toxics.  Table 3-4 displays emissions reductions estimated to
occur due to existing federal programs for four selected mobile-source air
toxics.

Quantifying air toxics emissions reductions from fuel reformulation is
rather uncertain at present.  The primary tool used for that assessment is the
COMPLEX model from EPA.  It is based on a rather limited range of auto-
mobile control technologies and temperatures (NRC 2000) and should be
updated to provide better estimates for emissions responses for air toxics,
including CO’s response across a range of relevant conditions.  Model im-
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TABLE 3-3  Summary of FTP Emissions Results for the Test Fleet in
the AFV Study 
Model Year Vehicle Fuel CO (g/mi)
1999 Honda Civic GX CNG 0.026
1995 GMC Sonoma PU CNG 0.977
1994 Dodge Caravan Minivan CNG 0.200
1994 Dodge Ram 350 van CNG 0.913
1994 Dodge Ram 350 van CNG 0.217
2000 Ford F-150 XL LPG 0.145
1999 Ford F-250 XLT LPG 0.420
1992 Chevrolet S10 PU LPG 0.492

Abbreviations: AFV, alternative fuel vehicles; CNG, condensed natural gas;
FTP, federal test procedure; GMC, General Motors Corporation; LPG, liquified
propane gas.
Source: J. Norbeck, University of California, Riverside, unpublished material,
2002.

provements will improve the assessment of the collateral impact of CO
emissions reductions on air toxics.

It should be noted that some CO control technologies might lead to
increased emissions of other pollutants.  For example, oxygenates can in-
crease NOx emissions, which in turn can increase concentrations of both
ozone and particulate nitrate (NRC 1999).  In addition, the use of oxygen-
ated fuels for control of CO is expected to decrease emissions levels of
PAHs and benzene but increase the levels of certain emitted aldehydes.
Thus, the picture is complex and strongly argues for an integrated approach
to air quality management that does not isolate pollutants.

Transportation Control Measures 

Transportation control measures (TCMs) are actions designed to change
travel demand or vehicle operation characteristics to reduce motor-vehicle
emissions, energy consumption, and traffic congestion.  Transportation
agencies are increasingly experimenting with new TCMs, some of which
are listed in Table 3-5. TCMs include transportation-supply improvement
(TSI) strategies and transportation-demand management (TDM)
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TABLE 3-4  Estimated Percent Reduction for Selected Toxics (for 
Nationwide On-Highway Vehicles Only)

Compound
Cumulative Percent Reduction from 1990
1996 2002 2007

Benzene 33% 65% 73%
Formaldehyde 33% 69% 76%
Acetaldehyde 23% 58% 67%
1,3-Butadiene 35% 67% 72%

Source: 65 Fed. Reg. 6697 [2000].

strategies.  TSI strategies attempt to reduce emissions by changing the
physical infrastructure of the road system to improve traffic flow and to
reduce stop and go movements.  In contrast, TDM strategies attempt to
reduce the frequency and length of automobile trips by changing driver
behavior using regulatory mandates, economic incentives, voluntary pro-
grams, and education campaigns.

TSI strategies can be grouped into three categories:  traffic signaliza-
tion, traffic operations, and enforcement and management.  Traffic
signalization strategies include programs to optimize the timing of individ-
ual traffic signals and to coordinate traffic signals over a designated area.
Traffic operations strategies include converting two-way streets to one-way
streets, restricting left turns, “channelizing” roadways and intersections, and
selectively widening roadways and intersections to reduce bottlenecks.
Enforcement and management strategies include incident management
programs to reduce delays from accidents and other roadway incidents,
ramp metering to improve the flow of traffic on freeways, and general en-
forcement of traffic and parking regulations.  These techniques have been
used for decades and are considered cost-effective strategies for reducing
congestion, but their effects on vehicle emissions are difficult to measure
and predict (EPA 1998b).  The Federal Highway Administration (FHWA)
has described methods for estimating the emission reductions of many
TCMs for the Washington, D.C., area (FHWA 1995). 

Demand-management measures include, but are not limited to, no drive
days, employer-based trip-reduction programs, parking management, park
and ride programs, work-schedule changes, transit-fare subsidies, and
public-awareness programs.  These measures fall into four categories: trip-
reduction mandates, market incentives, voluntary programs, and education
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TABLE 3-5  Transportation Control Measures (TCMs)
IMPROVED PUBLIC TRANSIT
Incentives for single occupancy vehicle commuters to use convenient and rea-
sonably priced mass transit alternatives. The three major ways of increasing
ridership on public transit are (1) system/service expansion, (2) system/service
operational improvements, and (3) inducements to increase ridership.
TRAFFIC FLOW IMPROVEMENTS
Strategies that enhance the efficiency of a roadway system, without adding
capacity, including traffic signalization, traffic operations, and enforcement
and management.
HIGH OCCUPANCY VEHICLE (HOV) LANES
Roadways dedicated for HOV use.
INTELLIGENT TRANSPORTATION SYSTEMS
Traffic detection and monitoring, communications, and control systems. Ex-
amples include traffic signal control, freeway and transit management, and
electronic toll collection systems.
BICYCLE AND PEDESTRIAN PROGRAMS
Includes sidewalks, bicycle lanes, and bicycle racks.
COMMUTE ALTERNATIVE INCENTIVES
Incentives, usually employer based, to encourage commuters to carpool or use
transit services.
TELECOMMUTING
Working at home using electronic communication instead of physically travel-
ing to a distant work site. 
GUARANTEED RIDE HOME PROGRAMS
Ensures transportation (e.g., taxi or transit passes) for carpooling employees in
the case of an unforeseen circumstance. 
WORK SCHEDULE CHANGES
Adjusting hours worked to control peak emissions. Examples include stag-
gered hours, flextime, and a compressed workweek.
TRIP REDUCTION ORDINANCES (REGULATORY MANDATES)
Regulations that attempt to adjust personal travel decisions through employer-
based incentive/disincentive programs. 
CONGESTION PRICING
Financial disincentives to driving on highly used roadways, or priced alterna-
tives to a congested roadway.                                                           (Continued)
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TABLE 3-5  Continued
PARKING PRICING
Programs that encourage single-occupant vehicle users to switch to other
means of travel by imposing fees for parking or that encourage shifting times
for vehicle starts away from peak CO periods.
PARKING MANAGEMENT
Allocation of parking spaces intended to encourage single-occupant vehicle
users to use other means of travel.

Source: EPA 2001g. 

and exhortation campaigns (Guensler 1998).  In general, trip-reduction
mandates, such as trip-reduction ordinances that require employers to estab-
lish demand-management programs, have not proved effective in the United
States (Guensler 1998).  However, these mandates may be effective for very
large employers, such as universities and major government centers.  Mar-
ket incentives, including transit-fare subsidies, may offer greater potential.
Various strategies for increasing the direct cost of driving—market disin-
centives—have also been proposed but are rarely implemented.  The suc-
cess of voluntary control strategies depends on consumer behavior and the
availability of alternatives, so public education and exhortation programs
figure prominently in all of these strategies.

In a recent review of the Congestion Mitigation and Air Quality Im-
provement Program (CMAQ), which funds TCMs in ozone and CO non-
attainment areas, the Transportation Research Board (TRB 2002) found
broad support for the program among transportation planners, air quality
officials, and interest groups.  Although the limited evidence available
suggested that TCMs were less effective in terms of costs per emissions
reduced compared with other emissions reduction strategies, the program
offers the opportunity for nonattainment areas to experiment with nontradi-
tional transportation approaches to pollution control.  In addition, CMAQ
also funds some promising TCMs that receive limited if any support from
traditional transportation funding sources.

Most TCMs have been developed for large metropolitan areas and for
areas in nonattainment for ozone; TCMs for Los Angeles were described by
Bae (1993).  Smaller regions and regions facing CO problems must adapt
these TCMs or develop ones specific to their needs.  In Fairbanks, Alaska,
for example, CO emissions in winter are substantially increased by cold
starts.  The Fairbanks North Star Borough has adopted a “plug-in” program
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as one of its primary transportation control measures.  Vehicles do not start
readily at temperatures below 0ºF, so residents install electric engine block
heaters to keep their engines warm when parked for extended periods of
time.  The borough’s plug-in program involves two components.  The first
is a public education campaign to encourage residents to plug in their vehi-
cles at temperatures from 0ºF to 20ºF, when CO emissions are high, even
though vehicles can start without being plugged in.  The second component
is an ordinance requiring large employers to install electric outlets in their
parking lots (NRC 2002). 

Public Education Programs  

Public education programs are designed to increase public awareness
and understanding of air quality problems and may lead to changes in be-
havior that result in emissions reductions.  Available evidence suggests that
public awareness and understanding levels of air quality problems are low.
A study conducted by the U.S. Department of Transportation and EPA as
a part of the Transportation and Air Quality Public Information Initiative
concluded that citizens do not understand the link between transportation
choices and air quality, are largely unaware of the range of alternatives to
solo driving available in their communities, and do not place a high priority
on air quality and transportation issues (DOT/EPA 2002).  For example,
although Fairbanks has a fairly active public-information campaign con-
cerning the connection between vehicle plug-ins at temperatures above 0ºF
and improved air quality, most individuals responding to a survey said they
plugged in for ease in starting their vehicles (ADEC 2001).

Public education programs have been implemented in numerous metro-
politan areas throughout the United States by local, regional, and state
governments as well as nonprofit organizations such as the American Lung
Association, with help from the federal government.  In May 1999, the
FHWA, Federal Transit Administration (FTA), and EPA’s Office of Trans-
portation and Air Quality developed the “It all adds up to cleaner air” pro-
gram (DOT/EPA 2003).  This program provided federal support in the form
of market research, advertising, a “Comprehensive Resource Toolkit,” an
orientation workshop, and limited funding for 14 demonstration communi-
ties and provided materials related to public education to many others.
However, the cost-effectiveness of public education programs has not been
documented.
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6While it is possible that emissions were reduced in response to broadcast
alerts, a preliminary analysis of vehicle traffic does not indicate significantly less
driving on alert days.

Episodic control programs aim to change travel and other kinds of
behavior on days when exceedances of air quality standards are possible.
These programs, also called “action day” programs, largely depend on
public service announcements and other forms of public education but may
also involve incentives to change behavior (e.g., free transit fares).  As of
1996, at least 35 regions in the United States had implemented or were
developing episodic control programs, in maintenance areas as well as
nonattainment areas (EPA 1997b), and by 2002, the number had grown to
well over 50 (EPA 2002f).  Most of these programs target ozone, a more
pervasive problem than CO, but the Air Pollution Control Division (APCD)
of the Colorado Department of Public Health and Environment issues advi-
sories for CO and PM in winter months that activate mandatory wood-burn-
ing restrictions and call for voluntary driving reductions (Regional Air
Quality Council 2002).  Rigorous evaluation of the effectiveness of these
programs is not available, but EPA has said that episodic controls “have the
potential of being more effective in reducing short-term air quality viola-
tions” than long-term emissions-reduction measures (EPA 1997c).  In addi-
tion, these programs may be more acceptable to the public than long-term
restrictions on driving or gasoline use (EPA 1997b).  

In order to implement an episodic control program, a regional air qual-
ity agency must be able to predict when conditions will be conducive to an
exceedance.  In most programs, alerts are issued the day before and depend
primarily on weather conditions, including winds, temperature, and cloud
cover.  An ability to predict exceedances with perfect accuracy is not essen-
tial, but calling too many alerts is likely to reduce the effectiveness of the
program.  As discussed in the committee’s interim report (NRC 2002), the
Fairbanks North Star Borough has called 16 alerts over the past four win-
ters; four were correct (an exceedance actually occurred), and 12 were not.6
During the same period, three exceedances occurred that were not forecast.

In 1997, EPA established a policy for incorporating voluntary mea-
sures, such as public education programs and episodic control programs,
into state implementation plans (SIPs) and giving SIP credits for them.
Called the Voluntary Mobile Source Emission Reduction Program, its aim
is to make it easier for state and local governments to achieve air quality
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goals by providing greater flexibility in determining the best measures for
their communities.  The policy allows as much as 3% of the total reductions
needed for attainment to be from voluntary mobile-source programs.  To
claim credit, states must provide a realistic estimate of the emissions impact
and commit to monitoring the success of the program and remedying any
shortcomings (EPA 1997d).

Land-Use, Urban Population Growth, and Sprawl 

The sprawling patterns of land development typical of metropolitan
areas in the United States contribute to high levels of automobile travel and
thus to air quality problems.  The defining characteristics of “sprawl” in-
clude low-density development, unlimited outward expansion, and “leap-
frog” development (Burchell et al. 2002).  Most metropolitan areas in the
United States are growing faster in land area than in population.  Between
1982 and 1997, urbanized land increased by 47%, while population grew
by only 17% (Fulton et al. 2001).  This low-density pattern of growth has
two important effects on travel: longer trip distances and greater reliance on
the car.  

Land-use policies are increasingly recognized as a consideration in
formulating an overall strategy to combat congestion and are also now
recognized by EPA as a tool for improving air quality.  “Smart growth”
programs designed to counter sprawl are popular throughout the United
States.  These programs use both regulations (such as zoning) and financial
incentives to encourage development within existing urbanized areas, which
is conducive to public transit, biking, and walking.  Smart growth strategies
have the potential to reduce vehicle travel by reducing trip distances and
reliance on the car (EPA 2001f).  However, the full impact of such pro-
grams is uncertain.  In recognition of their potential to reduce emissions,

Recommendations: Public Education 

Public-health education to improve public acceptance and compliance
should be a component of all local emissions-reduction programs.  Communities
should use surveys and focus groups to regularly evaluate the effectiveness of
public education programs and the impact they have on the success of CO emis-
sions control.
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7It should be noted that, since the dissociation of CO2 to CO and O2 is endo-
thermic, at sufficiently high temperatures the CO to CO2 ratio can be appreciable.
High temperatures during combustion also account for the production of NO and
NO2 from N2 and O2 in other endothermic reactions.

EPA now allows state and local communities to account for the air quality
benefits of smart growth strategies in SIPs as a part of the Voluntary Mobile
Source Emission Reduction Program (EPA 2001g).  

The benefits of smart growth strategies may be more likely to accrue at
the regional level than they are at the local level.  Smart growth policies
may lead to higher densities of development in certain areas within the
metropolitan region and thus to potentially higher levels of vehicle traffic
in those areas.  The increase in traffic could, in turn, lead to higher localized
concentrations of CO and other motor-vehicle pollutants.  It is thus possible
that smart growth strategies will prove effective in reducing regional levels
of ozone but at the time result in the creation of new areas of high CO and
related pollutants.  However, given the continuing reduction in CO emis-
sions through improvements in vehicle controls, the  possibility that such
areas would produce CO exceedances seems remote for most locations.

Control of Stationary and Area Sources

Virtually any process that burns fossil fuels or biomass will produce
CO, though in varying quantities.  The more efficient the combustion pro-
cess, the lower CO emissions will be.  Thus, because of high combustion
temperatures, power plants and most other industrial processes have very
low CO emissions relative to the amount of fuel burned.7  As was discussed
in Chapter 1, the situation in Birmingham, Alabama, is an exception.  An
industrial source (a mineral-wool production facility) has been the cause of
numerous violations of the CO NAAQS.  Many industrial facilities have
controlled CO emissions, either directly or indirectly, in efforts to reduce
VOC emissions. 

Residential sources, including wood burning fireplaces, coal, oil and
gas-fired space heaters, and lawn and garden engines, also produce CO
emissions.  Lawn and garden engines have the greatest share, approx-
imately 11 million tons per year (about half of the nonautomotive fraction).
Those emissions, as well as emissions from forest fires, typically occur in
summer when CO does not approach nonattainment levels.  However, other
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8PM10 is a subset of PM that includes particles with an aerodynamic equivalent
diameter less than or equal to a nominal 10 micrometers.

sources such as chain saws and generators may be used year-round.  Oxy-
genated fuels might reduce CO emissions from these sources.

Although space heating, particularly from wood burning, comprises a
small part of the inventory (about 3%), timing and spatial scale in high-CO
areas can make that contribution more significant, particularly in places like
Fairbanks, Alaska; Missoula, Montana; Denver, Colorado; and other areas
where wood burning for both recreational and functional purposes is com-
mon.  Substituting cleaner-burning fireplaces and stoves or switching to
natural gas can reduce CO and PM emissions.  These controls can have a
greater role in reducing human exposure in cases where the emissions are
trapped in a confined space (e.g., indoors).  Missoula, Montana, for exam-
ple, has had a persistent problem with PM10,8 and their emissions inventory
for CO in 1990 attributed 28% of CO to residential wood burning
(Therriault 2002).  As a result, the city banned installing new wood stoves
and discouraged the use of those already in operation.  This reduced the
contribution of residential wood burning to 18% of the CO emissions
inventory by 1996.   

MONITORING, MODELS, AND INVENTORIES 

There are three important tools for air quality management of CO and
other pollutants: monitors, models, and inventories. Monitors provide
measurements of ambient pollutant concentrations.  These measurements—
made either on a short-term special-project basis or at permanent sta-
tions—can provide assurance that ambient concentrations do not pose a
health risk to vulnerable members of society and can show where levels are
high enough to potentially put an area in nonattainment of the NAAQS.

Mathematical models are used for a variety of purposes locally and
regionally—from estimating current or future emissions for inventories to
computing pollutant concentrations that can be expected for a given (time-
dependent) emissions rate and set of meteorological conditions.  Forecasts
can be made to enable officials to announce air quality alerts or to
demonstrate that proposed mitigation measures will reduce ambient
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9Emission rates can be determined directly by measuring airflow rates and
compositions (e.g., from a power plant smokestack or vehicle tailpipe).  However,
the development of emissions inventories relies on emissions factors, which express
CO as the mass of an emission per unit of activity, for example, grams of CO per
mile driven, or tons of CO per million kilowatt-hours (kWh) of electricity gener-
ated.  The mass of CO could be calculated as the emissions factor times the annual
number of miles driven or the number of kWh generated.

concentrations sufficiently to bring an area into attainment or to maintain
attainment.

Emissions inventories are assessments that identify the sources of an air
pollutant in a given area and their annual contributions to total emissions.
Inventories can be very helpful to policy-makers by showing which sources
produce the most pollution and therefore which mitigation measures are
likely to be most effective.  Emissions inventories are also a useful tool in
conformity determinations when compared with the emissions budget
(Howitt and Moore 1999).  CO emissions rates for inventories or other
purposes are seldom measured directly; they are estimated using models
and/or emissions factors.9  Models are verified and improved by comparing
their results with measurements of actual concentrations.  Thus the three
major tools of air quality management— monitoring, models, and invento-
ries—are linked.

Monitoring

At the heart of air quality management strategies are ambient measure-
ments.  Air pollution monitoring is done at different temporal and spatial
scales, depending upon the planned use of the data collected.  Short-term
monitoring is often used for specific projects, and long-term monitoring at
permanent stations is used to determine air quality trends.  In many cities,
monitoring has been in place for decades, although some smaller cities were
identified as CO problem areas in the 1990s and have shorter historical
records.  CO concentrations in most cities are falling far below exceed-ance
levels, so reduced support for CO monitoring is being considered (EPA
2002g). 
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Short-Term Monitoring

Short-term microscale monitoring is sometimes done to compile
project-specific information.  This type of sampling was much more
prevalent in the late 1970s and the 1980s when corridor analysis for
highway projects was being carried out.  Now emphasis is placed on using
models to predict specific, microscale pollutant concentrations.  Large,
controversial roadway projects may still include monitoring to assess local
air quality, and research for microscale modeling still depends on measure-
ments for model verification and validation.

The primary purpose of short-term microscale monitoring is to deter-
mine the existing concentrations of pollutants near a planned activity, such
as roadway construction.  Often, this type of monitoring is conducted near
hot spots in the vicinity of the project.  Sampling is typically done upwind
and downwind near the existing source, often at multiple locations, to deter-
mine its emissions contribution.  The upwind sites represent the background
level (the concentration before the contribution of the source).  Sampling
times are related to source activity periods and are usually on the order of
hours or days.  Sampling may be reported at intervals as small as 1 min.
Usually a very limited number of pollutants is measured, CO being the most
common.  Measured 1-hour and 8-hour concentration averages can be di-
rectly compared to the NAAQS.

Short-term saturation studies are especially important for understanding
how meteorology, topography, and emissions activities affect the distribu-
tion of CO emissions and their effects in a location.  Saturation studies
attempt to develop a detailed understanding of the horizontal and vertical
distribution of CO and to explore the role that physical and human factors
play in elevated concentrations.  Because they can also be used qualitatively
in assessing the human exposure to CO, they have already been discussed
in Chapter 1.

Permanent Monitoring Stations

Long-term, permanent stations are used for monitoring in most large
urban areas in the United States as part of EPA’s ambient air monitoring
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10See EPA 2002g for a description of EPA’s ambient air monitoring program,
its objectives and proposed changes.

program.10  They are often referred to as state and local air monitoring
stations (SLAMS) and are quite extensive, as shown in Figure 3-5.  The
primary purpose of these stations is to determine attainment status and
monitor air quality trends in the area, but the data serve other purposes.
They are applicable in the following:

• Activating emergency control procedures that prevent or alleviate
air pollution episodes. 

• Observing pollution trends throughout the region, including non-
urban areas. 

• Providing a database for research evaluation of the effects of urban,
land-use, and transportation planning; development and evaluation of abate-
ment strategies; and development and validation of diffusion models. 

• Determining highest concentrations expected to occur in the area
covered by the network. 

• Determining representative concentrations in areas of high popula-
tion density. 

• Determining the impact of significant sources or source categories
on ambient pollution levels. 

• Determining general background concentration levels. 

Once placed, monitoring stations are only moved under special circum-
stances.  At many of the stations multiple criteria pollutants are measured
along with several meteorological variables.  The data from most sites are
transmitted to databases maintained by EPA.  Some of the information can
be accessed through the aerometric information retrieval system (AIRS)
(EPA 2002h).  AIRS allows long-term trends to be examined; local area
average concentrations to be established; effects of abatement measures and
impacts of local sources to be evaluated; and unusual occurrences to be
recorded.

Whereas the results from short-term monitoring tend to be used for
planning and research, data from long-term monitoring stations can have a
direct impact on federal policy.  Because these stations are used to deter-
mine air quality trends and to establish attainment status, the measure-ments
made there play a large role in federal air quality management.  For
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FIGURE 3-5  Locations of state and local air monitoring stations (SLAMS) and
national air monitoring stations (NAMS).  Source: EPA 2001a.

example, trends exhibited at permanent monitoring stations were part of the
basis for the changes made to the national ozone standard.

Models 

In recent years, much more emphasis has been placed on modeling than
on monitoring to determine local concentrations.  Accordingly, model de-
velopment and appropriate use are crucial to the overall air quality manage-
ment process.  Models for mobile sources, stationary sources, and regional
impacts are prescribed by EPA in Appendix W of the Code of Federal Reg-
ulations, Title 40, Part 51.  States are allowed to use these preferred models
to estimate local area concentrations and to compare them with the
NAAQS.

Efforts to evaluate the effectiveness of CO air quality management are
inherently interdisciplinary.  As shown in Figure 3-6, estimating CO emis-
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CO AIR QUALITY ESTIMATES
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 FIGURE 3-6  Use of models in the estimation of ambient CO concentrations.

sions and assessing their impacts on air quality require the interaction of
three different models and the related areas of expertise:  travel-demand
models and other methods of estimating activity levels, emissions models,
and air quality models.  

Travel-Demand Forecasting

Determining emissions estimates requires data on vehicle activity,
usually vehicle-miles traveled (VMT).  Although direct traffic counts can
be used to estimate existing emissions, travel-demand techniques are neces-
sary to predict future traffic volumes.  For existing facilities, past trends can
be analyzed and extrapolated to future conditions.  In the case of new facili-
ties or future traffic volumes, demographic data is used to provide the loca-
tions of households and employment in small traffic-survey zones within
the urban region and to forecast regional economic growth, land-use pat-
terns, and future demographic trends.  The change in traffic is estimated
using the four-step travel-demand modeling process that encompasses.

• Trip generation.  The estimation of the number of trips by zone per
time of day and type (both trips originating in a zone, called trip production,
and trips terminating in a zone, called trip attraction).
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• Trip distribution.  The pairing of trip productions with trip attrac-
tions resulting in a full spatial pattern of travel by purpose and time of day.

• Mode choice.  The mode of travel used, specifically walk, bicycle,
single occupancy vehicle, high occupancy vehicle (HOV), bus, rail, or
truck.

• Route assignment or choice.  Trips are assigned to paths in the
transportation infrastructure by minimizing travel times, or travel times and
costs, and incorporating average speed and other impedance feedbacks.

Travel-demand models provide the emissions factor model (typically
the MOBILE model) with information on average VMT and vehicle speeds
for each roadway segment that can be aggregated by roadway type or facil-
ity (e.g., freeways, arterials, collectors, and freeway ramps).

At a microscale level, traffic simulation models can be used to estimate
emissions producing activities.  These models assess queuing and traffic
flow along specific roadway segments or at specific intersections.  The
models are also combined with instantaneous emissions models to predict
emissions inventories (NRC 2000).  

Emissions Factors Models

The emissions inventory is an important tool for estimating the relative
impacts of emissions controls.  Inventories predict the total mass emitted
annually from all contributing sources of a particular pollutant, such as CO.
Changes in sources can then be quantified in terms of the reduction in the
mass released, and the control options that yield the greatest reductions can
be determined.  Estimated future total-mass emissions can be compared
with existing emissions to determine the overall effectiveness of a mitiga-
tion program.  However, as noted previously in this report, uncertainty and
errors in emissions models are likely substantial.  More evaluations compar-
ing modeled emissions with observations as well as more uncertainty analy-
sis of emissions models are needed.

On-Road Emissions Models

Because mobile sources contribute such a large fraction of CO emis-
sions and depend on many more factors than typical stationary sources,
special computer programs have been developed to estimate the appropriate
emissions factors.  In 49 states, the MOBILE series of models is used—
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11See EPA 2002j for a detailed description of the MOBILE model.
12See CARB 2002 for a description of the EMFAC model.

MOBILE6 is the latest version (EPA 2002i).11  California, the one excep-
tion, uses EMFAC2002.12  Both MOBILE6 and EMFAC2002 forecast
emissions factors for many different types of vehicles and fleet mixes by
age, fuels, and operating conditions.  Outputs of these models can be used
to estimate CO emissions (in grams per mile) for starting, idling, and run-
ning. 

Uncertainties and errors in MOBILE are well documented (e.g.,
Hallock-Waters et al. 1999; NRC 2000; Sawyer et al. 2000; Holmes and
Russell 2001; Frey and Zheng 2002; Parrish et al. 2002; Pokharel et al.
2002).  Concerns over these issues prompted a recent NRC committee
charged with reviewing MOBILE to recommend that enhanced model eval-
uation studies, in tandem with uncertainty studies, begin immediately and
continue throughout the long-term evolution and development of mobile-
source emissions models (NRC 2000; Holmes and Russell 2001).  The
committee recommended that such studies be done with oversight and guid-
ance from an outside reviewing body that includes users and technical ex-
perts.  

MOBILE6 contains many improvements on previous versions of the
model.  However, Dulla and Heirigs (2002) expressed concern that
MOBILE6 understates the benefits of technology improvements on CO
emission rates, especially in areas with colder climates such as Alaska
where the benefits of off-cycle controls are assumed to be negligible during
winter driving.  The modest decline in CO emissions rates forecast by
MOBILE6 is much lower than what would be expected given the introduc-
tion of control-system technologies designed to meet NLEV and Tier 2
requirements.  One reason for the modest projection is that forecasts of CO
emissions rates are extremely sensitive to gasoline sulfur content levels
when model runs use the standard assumptions for Fairbanks (including no
benefits from the SFTP).   Because MOBILE6 forecasts for CO emissions
in Alaska are largely a function of projected gasoline sulfur levels and have
little to do with improvements in emissions control designs, Dulla and
Heirigs (2002) are concerned that projected CO emissions rates understate
the benefits of NLEV and Tier 2 technologies and may overstate the level
of local controls needed.  
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13 See FAA 2002 for a description of the EDMS.
14See EPA 2002k for a description of NONROAD.

Nonroad Sources

Airports are important nonroad sources of CO emissions.  To help in the
preparation of airport emissions inventories, the Federal Aviation Adminis-
tration has released the Emissions Dispersion Modeling System (EDMS),
Version 4.13  This computer model includes emissions rates for most aircraft
types, ground support equipment, motor vehicles (based on MOBILE),
typical stationary sources at airports, and training fires.  The model requires
operational data for each of these sources and generates an emissions inven-
tory for the airport.  EDMS contains a Gaussian dispersion model, which is
discussed in the following section, and also requires meteorological data to
predict local CO concentrations.  

Construction equipment contributes a large amount of nonroad emis-
sions.  Until recently, these sources were mainly ignored because their
emissions were thought to be of short duration.  Large multiyear projects,
such as the “Big Dig” in Boston (Big Dig 2000), have greatly changed this
outlook.  Studies have shown that construction equipment can exacerbate
local air quality problems, and off-road sources are now considered more
often than they were before.  The contributions of other nonroad engines
and off-road vehicles listed in Table 1-2, such as off-road recreational vehi-
cles (snowmobiles, in particular), lawn and garden equipment, and boats,
have also come under review as additional CO reductions are sought.  In
some locations, their emissions can be substantial.

As emissions from on-road vehicles decrease because of tighter emis-
sions standard, fuel-sulfur controls, and less deterioration of emissions
control devices, the emissions estimation techniques for nonroad mobile
sources will continue to increase in importance. The NRC (2000) concluded
that, primarily because of a lack of data, the current off-road emissions
model (NONROAD) does not accurately estimate emissions from off-road
vehicles and nonroad emissions inventories or the effects of emissions
controls on these sources. That report recommended a major effort be un-
dertaken by EPA to update NONROAD with better population and activity
data and real-world emissions factors.  EPA has been developing enhance-
ments to the NONROAD model to improve emissions estimates.14  
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Stationary Sources

Stationary sources, especially power plants and large industries, may
also have a large impact on local CO concentrations.  As previously men-
tioned, stationary-source emissions factors can be determined from AP-42
(EPA 1995).  Stationary-source operations are usually more consistent than
mobile-source operations, thus stationary emissions are easier to quantify.
Activity, such as fuel usage (often in the form of BTUs generated or amount
of fuel consumed per year), is multiplied by an emissions factor to estimate
the total mass of CO emitted per year.   However, CO exceedances in Bir-
mingham, Alabama, demonstrate that an unregulated point source that
experiences process upsets can become a large emissions source sufficient
in itself to create CO exceedances.  Utilizing emissions factors from AP-42
would underestimate the contribution from sources such as the one in Bir-
mingham. 

In addition, estimating emissions from area sources, such as residential
heating, is likely to be highly uncertain.  During this study, the committee
noted that the emissions inventory for Missoula, Montana, attributed 18%
of CO emissions to wood burning, whereas the inventory for Fairbanks,
Alaska, attributed only 3% of CO emissions to that source.   The disparity
existed despite Missoula’s fairly substantial effort to control emissions from
wood stoves.  The committee also questioned whether the increasing popu-
larity of fuel-oil stoves has resulted in the underestimation of this source in
inventories.  It is clear that emissions inventories for stationary sources need
improvement.

Air Quality Models

Air quality modeling is an essential element of air quality management.
Models can be used to evaluate plans for attainment of an NAAQS (also
referred to as an attainment demonstration), to evaluate the effects of new
construction projects, and to conduct further research into what causes
pollution episodes and how they can be predicted.  A number of modeling
techniques—requiring various levels of scientific expertise, input data, and
computing resources—are available for these purposes.  The simplest mod-
els, rollback models, assume a direct correlation between emissions and
ambient pollutant concentrations; the most complicated models, grid-based
air quality models, resolve temporal and spatial variations in pollutant con-
centrations and the effects of meteorology, emissions, chemistry, and topog-
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raphy.  Models are also characterized by the size of the problem they ad-
dress: microscale models simulate pollution from a point source or
intersection; mesoscale models simulate metropolitan or multistate pollu-
tion; and large-scale models simulate continental or global pollution. 

In attainment demonstrations presented in SIPs, states are required by
EPA to model how emissions reductions will lead to the desired air quality
improvements.  Three types of models have been used to demonstrate at-
tainment of the CO NAAQS: rollback (also knows as statistical rollback),
Gaussian dispersion, and numerical predictive models.

Rollback Models

The simplest of the three models used for attainment demonstrations is
the statistical rollback model in which the needed reduction in emissions is
assumed to be proportional to the required reduction in ambient CO concen-
trations (ADEC 2001).

,
backgroundbaseyear

NAAQSbaseyear

COCO
COCO

reduction
−
−

=%

where
CObase year = the second highest 8-hour average in the base year;
CONAAQS = the NAAQS of 9 ppm (or sometimes 9.4 ppm); and
CObackground = an average regional background CO in the absence
of emissions.

Although easy to implement, rollback models do not explicitly consider the
role of meteorology or the spatial heterogeneity of CO emissions and con-
centrations.  EPA has allowed states to use rollback models rather than the
more resource-intensive dispersion and urban-airshed models described
below, to demonstrate attainment in smaller cities.  An improvement on the
simple rollback model is the probabilistic rollback model used in CO mod-
eling for the Puget Sound area of the State of Washington (Joy et al. 1995).

Gaussian Dispersion Models

A second type of model that has been used for CO-attainment demon-
strations is a Gaussian dispersion model, which is typically used to simulate
CO concentrations for microscale analysis in the vicinity of intersections or
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along major traffic corridors (EPA 1992).  One of the first effective Gaussi-
an dispersion models for mobile sources was CALINE3, which is still in
use. Inputs for this model include meteorological data, such as windspeed
and atmospheric inversion strength in the vicinity of the pollutant source,
and temporally resolved emissions.  Emission factors developed from other
emissions models (MOBILE and EMFAC), along with traffic volumes,
roadway geometries, and intersection information, are used to determine the
emissions along a roadway.  Dispersion modeling then includes transport
and mixing to calculate local concentrations.  The model is Gaussian in
nature, meaning it assumes that a plume of pollutant gas released from a
point source can be described by a widening Gaussian function (a bell-
shaped curve) as it travels downwind (Wayson 1999).  The model also
makes the assumption that roadway segments can be cut into small sections
with a point source approximation applied to each and their plume concen-
tration contributions summed at a receptor site.  This concept allows road-
way curves or winds nearly parallel to the roadway to be modeled effec-
tively.

The shortcoming of CALINE3 is that it is only useful for vehicles that
are moving at a constant rate of speed.  At locations of high CO emissions
(such as intersections), increased emissions due to vehicle delay and idling
must be accounted for.  To do that, two models are in use today: CAL3QHC
and CALINE4.  Both use the same general approach to estimate dispersion
as CALINE3 does.  CAL3QHC is used in 49 states, and CALINE4 is used
in California.  

Gaussian dispersion models are typically used for local area (micro-
scale) analysis and are used extensively in CO-related evaluations, includ-
ing project-level conformity determinations.  Modeling is done for the worst
hour to compare with the 1-hour average CO NAAQS.  Worst-case condi-
tions (a windspeed of 1 MPH and a stable atmosphere) are often used.  A
persistence factor, which is a multiplier of the peak 1-hour concentration
that is based on changes in wind patterns and traffic, is used to estimate an
8-hour average concentration for comparison with the 8-hour NAAQS.  The
model results often determine whether a project can go forward.  

The American Meteorological Society (AMS) policy statement on
dispersion modeling (Hanna 1978) concluded that these models are accurate
within a factor of 2 for reasonably steady horizontally homogeneous condi-
tions; however, they will be less accurate, for example, when obstacle
wakes flows (e.g., from buildings or vehicles) and extremely stable thermo-
dynamic lapse rates occur.  Dispersion accuracy will also be lower, as listed
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15See NWS 2002 for information on the NWS Eta model. 

in the AMS statement, for “dispersion over forests, cities, water and rough
terrain.”

Grid-based Air Quality Models

The most complicated models used for attainment demonstrations simu-
late how a pollutant concentration varies with time and space over an entire
urban area.  These numerical predictive models, generally intended for
regional analysis, can simulate emissions from multiple sources and the
dispersion, advection, and photochemical reactions of gaseous pollutants in
the atmosphere.  These models are integrated separately from meteorologi-
cal models.  Grid-based models, such as Models-3 and the urban airshed
model (UAM), have been used for many years to simulate O3, which is a
region-wide or mesoscale pollutant.  The UAM has been adapted to simu-
late CO in Denver (Colorado Department of Public Health and Environment
2000).  Because of the local nature of high-CO episodes, extensive model-
ing of the entire urban airshed may be unnecessary for CO-attainment dem-
onstrations.  Airshed modeling is resource-intensive, requiring detailed
knowledge of an area’s meteorology (usually based on the output of a
mesoscale weather model constrained by observations), spatially and
temporally resolved emissions inventories, and measurements of the pollut-
ant at several locations to allow model evaluation.  Highly trained personnel
are needed to conduct the simulations.  

More complicated models are not always appropriate for attainment
demonstrations, but they can be valuable in improving the understanding of
the interactions among atmospheric processes.  Even better research tools
than the numerical predictive models described above (such as Models-3
and the UAM) are process numerical models, which allow processes spe-
cific to air quality modeling and meteorology to be coupled within a single
computational framework.  Process numerical models typically are formu-
lated by adding pollutant emissions, chemistry, and transport into an exist-
ing meteorological model rather than simply using the meteorological data
as a model input.  The relatively nonreactive behavior of CO makes it an
ideal chemical species for simulation in a weather model.  Predictions of
CO, for example, can be straightforward in the National Weather Service
Eta model,15 which has a horizontal grid framework of 12 × 12 km over the
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contiguous United States.  However, this resolution is insufficient for most
CO problem areas.  Initial work to simultaneously simulate atmospheric
flow and diffusion of CO at high spatial and temporal resolution is
described by Fullerton (2002).

Box Models

Box models are another tool available for microscale analysis of air
pollution.  The “box” is some volume of air into which emissions are in-
jected.  Box models may divide a region into cells of equal volume and use
mass balances to treat the transfer of CO among cells.  In their simplest
application, they can consist of a single box.  The cells may also be sepa-
rated in the vertical direction.  Air within each cell is assumed to be well
mixed.  Simplifications of this concept lead to the common single-cell box
model.  

Though box models are not used in attainment demonstrations, they are
particularly useful to understand how various emissions scenarios and mete-
orological conditions affect pollutant concentrations.  For example, a box
model for CO in Anchorage, Alaska, has been used to quantify how me-
chanical turbulence from roadway traffic might increase the mixing height
and reduce CO concentrations on severe-stagnation days compared with
concentrations observed in residential neighborhoods (Morris 2001).  Ap-
pendix C describes a single-cell box model, with and without recirculation.
The committee’s interim report on Fairbanks describes the application of
such a model to Fairbanks, Alaska (NRC 2002).

Summary of Air Quality Models

There is no single air quality model that is the best for CO for all loca-
tions.  Typically the choice depends on the severity of the problem, the
available data, and the resources available for modeling.  It its interim report
(NRC 2002), the committee recommended that Fairbanks, Alaska, use a
simple box-model approach for air quality planning purposes in the near
term.  A box model simulates the effects of emissions and meteorology in
a well-mixed controlled volume.  The committee felt that such an approach
could provide greater insights into the effects of the timing of CO emissions
and of meteorological variables, in this particular situation, given the lim-
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ited vertical dispersion and available data.  Box models could supplement
Fairbanks’s current approach of using a simple rollback model, which they
used in their attainment demonstration (ADEC 2001). 

In the long-term, the committee recommended that more work be done
to develop, apply, and evaluate more sophisticated, physically comprehen-
sive models that would simulate how CO concentrations vary with time and
space.  Because CO is relatively conservative on time scales of hours,
knowledge of the temporal and spatial distribution of CO emissions and of
the observed CO concentration field provide an effective diagnosis of atmo-
spheric dispersion patterns. For chemical species that are eliminated by
reactions in the atmosphere, knowledge of the CO dispersion provides an
observational constraint on the concentration fields of the reactive species.

The committee concluded that more physically comprehensive models
should be used for planning, forecasting, and assessing human exposures to
high CO concentrations.  It is important that model development and testing
be specific to the extreme conditions that occur in CO problem areas such
as Fairbanks.  However, model development must occur in concert with
improved monitoring to enable model evaluation.  The committee believes
that even in areas such as Fairbanks, which has experienced very few
exceedances since 1996, and none since 2001, the development of compre-
hensive models is still worthwhile.  The number of periods of elevated CO
levels experienced in Fairbanks indicates that the city is still susceptible to
exceedances.  Furthermore, CO modeling can be used to better understand
and characterize CO hot spots as well as other criteria pollutants and air
toxics.  The development of a better modeling approach today will benefit
all problem areas in the future. 

Despite advances in air quality modeling capabilities over the last 30
years, many improvements are still possible and necessary.  One problem
is that the vertical and horizontal resolution of models is too coarse to cap-
ture the variability in pollutant concentrations, which is necessary to iden-
tify local hot spots and is important for determining local concentrations
downwind of hot spots.  In addition, the validity of model representation
becomes questionable when unusual meteorological conditions occur, and
that could lead to errors in the prediction (Pielke 2002).  Models used for
regulatory purposes can suffer a loss of realism as a result of such short-
comings, leading to costly errors in planning.  Models also need more real-
istic three-dimensional dynamics (advection, pressure gradient forcing,
turbulence) and more realistic parameterizations of smaller-scale processes
(e.g., turbulence from buildings, radiative flux divergence changes in the
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temperature profile associated with aerosols in the lower levels of the atmo-
sphere).  The models also need higher spatial and temporal resolution. En-
semble runs of the models should be performed to provide a more realistic
envelope of simulated dispersion patterns.  However, the committee recog-
nizes that this adds cost and time to the evaluation.  Not only can these
models be used for air quality applications, models with higher resolution
can also assist in homeland defense because they can help understand the
dispersion of accidental or deliberate releases of chemical, biological, and
radiological materials.  

In 2003, a large dispersion research project will be undertaken to help
define important dispersion parameters, primarily for homeland security
purposes (DOE/DOD 2002).  The project will be a month-long study con-
ducted by a combination of federal and state governmental agencies with
support from multiple universities.  Research will include releases of tracer
gases with careful measurements of meteorological parameters to determine
dispersion trends for city-wide dispersion, dispersion in street canyons,
infiltration to buildings, and effects of topography.

Statistically Robust Methods to Assist in Tracking Progress 

The air quality models described above assess the effectiveness of
emissions controls and the prospects for attaining the CO standard by repre-
senting critical processes within a physically based model of the system.
An alternative to those physical models is to take a statistical approach
assessing the relationship among human activities, CO emissions, meteorol-
ogy, and ambient air quality, as described below.

Probability of an Exceedance

Reddy (2000) carried out an analysis of the probability of a future CO
exceedance in Denver that might be broadly applicable to other areas.  The
analysis took into account the historical variability in CO concentrations as
a result of meteorology and unusual traffic events.  The purpose of his
analysis was to determine the risk of a CO exceedance associated with
eliminating or altering the oxyfuels program during the first week in Febru-
ary for the future years 2002-2013.  He used CO monitoring data from the
CAMP site (AIRS ID 08-031-002), which is the site in Denver that has
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historically shown the greatest number of exceedances.  He used daily peak
8-hour average CO concentrations for the first week in February for the 20-
year period of 1975-1994.  Because these values depended on the emissions
during those years in addition to stochastic meteorology and occasional
unusual traffic, Reddy corrected past CO concentrations for each year to
what they would have been if the emissions for that year had been the same
as those projected for 2002.

The natural logarithms of the corrected peak 8-hour average CO con-
centrations were normally distributed; the 8-hour averages themselves were
not.  By estimating future emissions inventories for the years 2002-2013,
based on projected fleet composition and VMT, and assuming that the
lognormal distribution would hold for future years, Reddy was able to cal-
culate the probability of an exceedance on a single day of the first week in
February (P1-d) for the future years.  He then used Equation 1 to compute
the probability of one or more exceedance days during an entire week
(P7-d).

P7-d  = 1 – (1- P1-d)7. (1)

Reddy found a better than 5% chance that an exceedance might occur if
Denver immediately suspended the oxyfuels program for the period 2002-
2013.  The study also found that Denver would likely not have an exceed-
ance if 1.5% oxygen (which is less than the oxygen content used in the
current oxyfuels program) was used in fuels for 2002 and 2003 before sus-
pending the use of oxyfuels for 2004 through 2013.  

Equation 1 assumes that exceedance events are independent over time
(thus the probabilities can be multiplied, as in the second term on the right
hand side of the equation).  The assumption might not hold; for example,
exceedance events might be positively associated over time.  Given this
possibility, Reddy’s method might overestimate P7-d.  Alternatively, we can
modify Reddy’s equation as follows:

Expected number of exceedances = N × P1-d, (2)

where N denotes the number of days in the time period being considered,
under the assumption that the probability of exceedance is uniform over the
time period.  For Reddy’s application, the time period considered is the first
week in February, thus N = 7.  Under more general conditions, Equation 2
can be modified as follows:

Copyright © National Academy of Sciences. All rights reserved.

Managing Carbon Monoxide Pollution in Meteorological and Topographical Problem Areas 
http://www.nap.edu/catalog/10689.html



146 Managing CO in Meteorological and Topographical Problem Areas

Expected number of exceedances = , (3)∑ =

N

i iP
1

where Pi denotes the probability of exceedance on the i-th day.  Equation
3 does not assume that the exceedance probability is uniform over time.  For
example, one might use a different exceedance probability for weekdays
versus weekends.

The same procedure that Reddy used, or the modified one discussed
above, could be applied to monitoring sites in other cities and for times
other than the first week in February (e.g., a whole winter season), provided
that there are enough historical data to establish the distribution of CO
concentrations and to estimate emissions inventories for past and future
years.

Meteorological De-trending

Ambient CO concentrations across the nation are going down.  Un-
doubtedly many of these reductions are due to emissions controls.  Part of
the trend, however, may also be meteorological.  A warmer winter with less
stagnation can lead to lower winter CO levels.  As noted by Neff (2001),
Denver may be experiencing lower CO levels than would be expected from
emissions reductions alone because of warmer winters with greater vertical
mixing.  How can the impact of meteorological trends on the observed
concentrations be removed in order to assess the impact of emissions con-
trols and to show true progress towards meeting air quality standards in the
future, when meteorological conditions may not be so favorable?  One must
“de-trend” the observations. 

Meteorological de-trending is accomplished by identifying how meteo-
rological variables impact pollutant concentrations and removing the influ-
ence of those variables.  One way would be to create a physically realistic
model that can simulate many years, developing emissions-to-air quality
relationships and showing how they respond to meteorological influences.
However, this approach would be cumbersome and would introduce signifi-
cant uncertainties.  The influence of meteorology is more typically identi-
fied using an empirical approach.  Many years worth of concentration data
are analyzed, along with the corresponding meteorological data, to develop
a statistically based model.  That model is then used to remove meteorologi-
cal impacts (Kuebler et al. 2001; Porter et al. 2001).
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Recommendations: Ambient CO Modeling

More sophisticated, physically comprehensive models that can simulate
how CO concentrations vary in time and space should be developed, applied,
and evaluated.  Ongoing research should be continued.  Such models would be
used for air quality planning and forcasting and for assessing human exposure
to high concentrations of CO and related pollutants.  Because CO is a relatively
unreactive pollutant, the ability to better represent CO’s temporal and spatial
distribution provides an effective diagnosis of atmospheric dispersion patterns.
Model improvements would ahve applications for other air quality management
issues and would offer the potential to better understand the dispersion of chem-
ical, biological, and radiological materials.  Most importantly, improved models
will permit more effective and realistic planning, leading to better-informed
decisions by administrators.  Model development should occur in concert with
improved monitoring to enable model evaluation.  In addition, the statistical
forecasting models should be improved.

Recent work by Flaum and colleagues used a multistep process to re-
solve the trends in ozone (O3) into four components: a long-term trend,
presumably due to emissions controls; a seasonal component; a component
driven by meteorological fluctuations; and a noise component (Flaum et al.
1996).  Kuebler et al. (2001) used a similar approach, not only for O3, but
also for CO, NOx, and VOCs, and compared the meteorologically de-
trended concentrations of the primary pollutants with the trends in emis-
sions estimates.  From that, a direct relationship between the emissions
levels and pollutant concentrations could be established.  

The latter approach appears appropriate here given its prior use for CO,
though the explanatory variables may depend on location.  For example, in
Fairbanks, a nonlinear response to temperature is expected because CO
concentrations appear to be highest at about -20ºF to 20ºF, not at much
lower or much higher temperatures.  This approach is convenient for local
air quality management organizations because it requires relatively little
data (e.g., a long-term record of CO concentrations and meteorological
variables such as temperature and windspeed would suffice, though more
factors are useful) and nominal computational power.

The de-trending analyses also can provide extra information for air
quality planning.  As noted above, de-trending can be used to help develop
probabilities of exceeding the NAAQS for CO at various emissions levels.
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From that, the necessary level of emissions can be identified in a more
statistically robust fashion.
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The Future of Carbon Monoxide 
Air Quality Management

When regulations on carbon monoxide (CO) automobile emissions began
in the 1960s, large areas within many cities were experiencing high CO
concentrations.  Motor-vehicle emissions controls over the past three de-
cades have greatly reduced ambient CO concentrations.  As shown in Chap-
ter 1, the number of monitors showing CO violations has fallen to only a
few, and the monitors that still show violations do so much less frequently.
CO control has been one of the greatest success stories in air-pollution
control.  As a result, the focus of United States air quality management has
shifted to characterizing and controlling other pollutants, such as tropo-
spheric ozone, fine particulate matter (PM2.5),1 and air toxics.

However, as described in Chapter 2, some locations will continue to be
susceptible to violations of the CO health standard because of meteorologi-
cal and topographical conditions that produce severe winter inversions.  In
addition, CO remains relevant to air quality managers because it acts as an
indicator of a host of other mobile-source-related emissions, and its control
produces substantial collateral benefits.  Understanding the distribution and
effects of CO exposure will be a continuing challenge.  The fixed-site com-
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pliance monitoring system, although important for understanding overall
emissions and air quality trends and area-wide compliance with standards,
is incapable of capturing all locations that exceed the standards and fully
characterizing the spatial variability of CO.  The recent exceedances in
Birmingham, Alabama, indicate that there may be locations that have fre-
quent, unmonitored exceedances.  Personal exposures to CO and related
pollutants are also not represented by these fixed-site monitors.  In this
concluding chapter, the committee focuses on the issues related to expo-
sures and CO management that will be important in the future.

EXPOSURES OF CONCERN IN THE FUTURE

Proximity to CO emissions sources determines human exposure pro-
files, blood levels of carboxyhemoglobin, and risk of adverse health effects.
In short, place makes the poison (Smith 2002).  Personal exposures may
vary by individual depending on occupation and personal habits. Individu-
als who have long commutes or who drive for a living can be exposed to
CO levels well in excess of those measured at fixed-site monitors.  Opera-
tion of nonroad sources, such as construction equipment, gasoline-powered
lawn and garden equipment, snow blowers, snow machines, and other recre-
ational vehicles, may result in significant personal exposures.  Maladjusted
home heating units operated in confined spaces and unventilated homes
remain sources for high CO exposures, as does cigarette smoking.  These
sources expose individuals to high concentrations but have no measurable
effect on any fixed-site monitor.  

In addition, CO concentrations are not uniform across a region, and hot
spots with higher levels of ambient CO may occur at discrete locations.  Hot
spots often occur in places with high vehicle traffic or other local sources,
especially when topographical and meteorological conditions are conducive
to CO accumulation.  Demographic data (see Table 1-8 in Chapter 1) also
indicate that the monitors that have recently shown violations of the health-
based CO NAAQS tend to be in low-income urban areas.  Because CO is
a good indicator of exposure to other air toxics generated by mobile
sources, hot spots may identify locations where individuals are at higher
risk for adverse health effects from a number of urban air pollutants.

The committee recommends an active program to identify and charac-
terize hot spots and to better define the upper end of the CO exposure distri-
bution.  Current CO monitoring technologies are sufficiently advanced that
accurate mobile monitoring can be deployed in major urban areas and can
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be combined with temporary fixed-site monitors to produce the data neces-
sary to simulate actual exposures experienced by the general population.
Monitor-equipped vehicles can traverse randomly sampled routes and desti-
nations in the region, sampling CO concentrations as they move through the
road system.  A national program employing mobile, temporary fixed, and
possibly personal monitors would provide tremendous benefits for exposure
assessment, health impacts analysis, model evaluation, and attainment and
maintenance planning. 

FUTURE CO MANAGEMENT ISSUES

Future management of CO will contend with both the changing nature
of the CO problem and the changing nature of the air quality management
system.  This section discusses the roles of new-vehicle emissions stan-
dards, oxygenated fuels, and transportation-control measures in managing
CO; the appropriate spatial scale for CO management; and the possibility
that increasing VMT and other factors may counter the decline in vehicle
CO emissions per mile.  The chapter concludes with a section discussing the
integration of CO into the overall management of air quality in the United
States. 

Improvements in Vehicle CO Emissions

Emissions from light-duty trucks and passenger cars will continue to be
the focus of CO management in the future.  Current CO controls of impor-
tance include Tier 1, NLEV, cold-temperature standards, the SFTP, and I/M
and/or OBDII.  Of greatest importance for future CO emissions control are
the effectiveness of cold-temperature, Tier 2 vehicle emissions standards
and the use of low-sulfur gasoline under meteorological conditions condu-
cive to CO buildup. 

The cold-temperature CO standards have provided significant reduc-
tions in emissions during the first few minutes of engine operation at low
temperatures.  For northern cities such as Fairbanks, Alaska, a more strin-
gent CO cold-start regulation (or a lower cold-start test temperature) would
be beneficial for further reducing emissions under conditions that favor
exceedances. The committee discussed this option in its interim report on
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Fairbanks and concluded that toughening standards should be considered
in other geographical areas that might also benefit.  In Chapter 3 of this
report, the committee reviewed testing information on cold starts and on
new emissions control technologies.

In the absence of compelling evidence, the committee cannot recom-
mend making the cold-start CO standards more strict.  In the future, addi-
tional fleet-average CO emissions reductions will come from the increased
number of vehicles certified to cold-temperature standards and from the
introduction of emissions control technologies and low-sulfur fuels that will
be adopted to meet the Tier 2 standards.  However, supplemental testing
should be done to assess emissions performance below 20ºF.  Testing
should also be done to determine whether existing onboard diagnostic
(OBD) systems operate properly at 20ºF.  In addition, CO emissions reduc-
tions from Tier 2 vehicles must be confirmed, especially during cold starts
below 20ºF.

Recommendations: Federal Tier 2 and Cold-Start Emissions Standards

In the absence of compelling evidence, the committee does not recommend
tightening the national cold-start standard below 10.0 g/mi or requiring that the
10.0 g/mi standard be met at a lower temperature. However, supplemental emis-
sions testing should be undertaken at temperatures below 20ºF to determine to
what extent CO emissions systematically increase as ambient temperature de-
creases.  Testing data should be obtained and analyzed at 0ºF and 10ºF, and
should include CO as well as other pollutants (air toxics and PM).  

The extent of the anticipated reduction in CO emissions from Tier 2 vehi-
cles needs to be confirmed through analysis of data including cold-start data at
0ºF and 10ºF.  Again, testing should include CO as well as other pollutants.  If
the analysis of Tier 2 and prior controls indicate that all locations will attain the
8-hour CO standard, more stringent federal CO vehicle-emissions standards will
be unnecessary.  The results of all emissions testing must be incorporated into
EPA’s MOBILE model to accurately estimate future CO emissions. The effects
on CO problem areas of the sales strategy used by manufacturers to meet the
NOx limits as well as the trading and banking provisions also needs to be as-
sessed and incorporated into emissions modeling.
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2An oxygenated fuel is a gasoline containing an oxygenate, typically methyl
tertiary-butyl ether (MTBE) or ethanol, that is intended to reduce production of CO.

Oxygenated Fuels Program

The use of oxygenated fuels (or oxyfuels) is required in all areas of the
United States that exceed the NAAQS for CO.  Oxygenated fuels programs
have declined in effectiveness and are expected to continue to decline as
more modern vehicles enter the fleet.2  Therefore, the question arises:
Should a mandatory oxygenated fuels program continue?  

An oxygenated fuels program aimed at reducing winter CO emissions
appears to be of decreasing value.  However, malfunctioning vehicle emis-
sions systems, which might benefit from use of oxygenated fuels, could
dominate vehicle emissions in the future.  The committee concludes that
EPA should undertake a review of the science and policy behind the current
oxygenated fuels programs to determine the conditions under which these
programs are cost-effective.  Low-temperature testing, especially below
20ºF, is recommended.  The review should also determine when these pro-
grams will no longer be cost-effective because of changes in fleet technol-
ogy.  

Transportation Control Measures for Reducing CO Emissions 

Further reductions in emissions may be aided in the future by transpor-
tation control measures (TCMs).  TCMs seek to reduce tailpipe emissions
per mile through improvements to traffic flow and to reduce vehicle-miles

Recommendations: Oxygenated Fuels

The EPA should undertake a science and policy review of the current
oxygenated fuels programs to determine the conditions under which these
programs are cost-effective.  The review should also determine when changes
in fleet technologies will render these programs ineffective.  Low-temperature
testing, especially below 20ºF, is recommended.  Oxygenated fuels programs
should be implemented only when they provide cost-effective reductions in CO
that help areas come into compliance or prevent areas that have attained the
NAAQS from falling back into nonattainment.
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traveled (VMT) through the management of transportation demand.  How-
ever, TCMs have accounted for only a small share of the overall reductions
in emissions.  Studies show that traffic-signal coordination and control
strategies can reduce fuel use from 8% to 15% in specific corridors.  These
strategies would presumably reduce CO hot spots as well.  However, total
regional impacts of these control strategies might only be a 1% to 4% re-
duction in fuel use (Cambridge Systematics, Inc. 2001).  Although the
empirical evidence is limited, the most successful efforts to manage trans-
portation demand have probably resulted in reductions in VMT of consider-
ably less than 1% (Cambridge Systematics, Inc. 2001).  Many TCMs, par-
ticularly pricing strategies, have proved to be unpopular and politically
infeasible, and those that have been easy to implement, such as voluntary
trip-reduction programs, have shown limited effectiveness.  On the bright
side, transportation agencies are increasingly experimenting with new
TCMs, some of which are listed in Table 3-5.  The challenge for these
agencies in the future will be to adapt and combine TCMs effectively to
meet the specific needs of their region.  
 

Spatial Scale for CO Management

One critical issue is determining the most appropriate spatial scale for
CO management—national, regional, or local.  Although national-scale
controls, especially vehicle emissions certification standards, have played
and will play a crucial role in eliminating most exceedances of the CO
standards, future CO attainment will continue to depend on regional and
local control strategies.  However, the design of appropriate strategies de-
pends on a more thorough understanding of the sources of CO emissions in
specific areas and the meteorological, topographical, and human factors that
contribute to the formation of hot spots.

The current process of using regional CO emissions inventories for the
analysis of localized exceedances demonstrates this issue.  When regional
inventories are used, some sources that do not contribute to local
exceedances might be included in the control plan.  In the case of Fairbanks,
the committee noted that the state implementation plan (SIP) emissions
inventory contains some sources elevated well above the atmospheric inver-
sion height (which may be as low as 10-20 feet) as well as some distant
sources (over 10 miles away).  In Fairbanks, the same meteorological condi-
tions that trap automotive exhaust near the ground keep emissions from
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elevated sources from reaching the ground.  Determining what sources
actually contribute to an exceedance at a site would require wind pattern
and/or tracer studies.  Given the nature of the meteorology in Fairbanks, the
committee feels that it is unlikely that all of the sources used in the SIP
actually contribute to CO exceedances.  Such difficulties illustrate the need
to improve the spatial and temporal resolution of emissions and meteorolog-
ical variables through improved monitoring and modeling in locations that
still exceed the CO standard.

A better understanding of the factors that contribute to localized CO
problems can provide a basis for the development of more effective control
strategies.  For example, CO exceedances at the Lynwood, California, mon-
itor are attributed to a combination of high vehicle emissions and local
topographical and meteorological conditions.  Little is known, however,
about the major sources of traffic moving through the area.  Strategies to
address emissions from through-traffic might include regional controls as
well as local improvements to traffic-signal controls.  Strategies to address
emissions from locally owned vehicles might include vehicle buy-back or
repair assistance programs targeted to eliminate high emitters.  

The committee advises against focusing solely on local controls that
only affect sources in a small geographical area.  Given the inability of the
fixed monitoring stations to represent the full spectrum of exposures and the
mobility of the largest source of CO (the automobile), such an approach
would not ensure that the wider region is adequately protected against CO
and related pollutants.  The elimination of hot spots will undoubtedly re-
quire region-wide as well as location-specific efforts.  

Impact of Increasing VMT and Longer Fleet Turnover

Advances in motor-vehicle emissions control technology have reduced
CO emissions faster than VMT has increased.  Vehicle emissions of CO are
an order of magnitude less now than they were in 1970 for the same VMT.
However, as VMT increases, emissions reductions resulting from control
equipment might not be enough to compensate, and overall CO emissions
may begin to increase at some point in the future.  The increased durability
of vehicles may also play a role; owners are keeping their vehicles longer.
The result is that a smaller percentage of lower-emitting vehicles are enter-
ing the fleet each year, and the average fleet age is increasing.  Present-day
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vehicles show a deterioration in the effectiveness of emissions controls over
time, which is also likely in future vehicles.

An aging fleet and increased VMT could result in an exacerbation of
the CO problem in existing nonattainment areas and an increased risk of a
return to nonattainment status in maintenance areas.  As described in Chap-
ter 3, Davis (2001) documents the increase in the national average age and
median lifetime of in-use passenger cars.  The Energy Information Agency
(EIA 2003) forecasts an increase in VMT by LDVs by 2.4% per year
through 2020, which is larger than the 2.2% growth projected just 1 year
earlier (EIA 2001).   Some agencies have forecast that on-road CO emis-
sions will begin to rise again after about 2005 due to increasing VMT (New
York State Department of Environmental Conservation 1999; Colorado
Department of Public Health 2000; City of Fort Collins 2001).  However,
those estimates are based on earlier versions of the MOBILE model.  The
same result will not hold when emissions projections are updated using
MOBILE6, because MOBILE5 overestimated the increase in CO as vehi-
cles age (the deterioration rate).  Albu (2002), in contrast, forecasted fleet
turnover would continue to decrease mobile-source CO emissions in Cali-
fornia through 2020.  CO problem areas with a greater percentage of older
vehicles or where VMT is rapidly increasing because of population growth
or other behavioral changes (localized increases in traffic) are expected to
be the most susceptible to exceedances.  

INTEGRATING CO CONTROL INTO THE
OVERALL AIR QUALITY MANAGEMENT SYSTEM

Historically, all criteria pollutants have been considered independently.
As such, CO tends to be managed in isolation even though other pollutants
have similar emissions sources and CO can play a substantial role in the
formation of ozone (O3) (NRC 1999).  Because hydrocarbon emissions have
dropped over the past few decades, CO is causing a more significant frac-
tion of the tropospheric O3 in urban areas; yet CO emissions reductions are
typically not pursued for the control of urban O3.  Further, CO control can
reduce emissions and resulting exposures from other mobile-source pollut-
ants.  

The ability to use similar assessment tools and controls for copollutants
can provide savings for areas that have related problems.  For example,
areas facing both CO and PM2.5 problems will use regional PM2.5 modeling
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to account for the impacts of controls and regional growth on PM2.5 levels.
Including CO in such modeling requires few additional resources and could
help identify hot spots for other pollutants.  In addition, the primary source
of CO—fuel-rich operations of light-duty vehicles—is a major source of
other pollutants of concern, including PM2.5 and air toxics.  There are many
control programs that provide benefits for all of these pollutants, including
those aimed at reducing cold-start emissions, removing or repairing high-
emitting vehicles, and improving the effectiveness of the vehicle catalyst
(e.g., with low-sulfur gasoline).

Thus, the committee recommends that CO be better integrated into the
management of other related pollutants.  The committee recognizes that the
focus of air quality management in the near future will be on attaining the
new PM2.5 and 8-hour O3 standards as well as reducing air toxics.  However,
winter inversion conditions that characterize the remaining high-CO areas
not only affect the build up of CO but they are also related to higher con-
centrations of PM2.5 and some air toxics.  The committee recommends that
EPA assess the relationship of CO to these other pollutants of concern when
the CO criteria are updated.

Recommendations:  Management of CO

Communities with special CO problems should be encouraged to design
locally effective programs.  Federal and state assistance should be provided to
these communities for characterization and implementation of management
options.  This should include assistance to improve non-motor-vehicle emissions
characterization.  Because the CO standard is health-based, all communities
need to be diligent in working toward attaining and maintaining the CO stan-
dard.  In addition, the utility of programs implemented to reduce CO emissions
should be reassessed periodically.  This reassessment should include their im-
pact on CO as well as other pollutants and their impact at low temperatures.

CO management should be better integrated into air quality management.
Although the focus of air quality management in the near future will be on other
air pollution issues, winter inversion conditions not only affect CO buildup but
can also be related to higher concentrations of PM2.5 and some air toxics.  In
addition, the primary source of CO, fuel-rich operations of light-duty vehicles,
is a major source of other pollutants of concern.  The committee therefore rec-
ommends that EPA assess the relationship of CO to these other pollutants when
the CO criteria are updated.
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Finally, the issue of integrated air quality management is important in
considering the reallocation of CO monitoring resources.  Very few areas
in the country continue to violate CO standards.  Because CO nonattain-
ment is very unlikely in many regions, state and regional air quality plan-
ning agencies have expressed interest in reducing or eliminating CO moni-
toring in their areas.  From a scientific standpoint, current CO monitors
provide valuable information for long-term air quality management plan-
ning.  The marginal savings of eliminating the remaining CO monitors,
especially those co-located with monitors for other pollutants, should be
weighed against the continuing benefits of collecting these CO data for use
in planning, analysis, and assessment.  These data can be very useful in
illustrating long-term trends, evaluating the regional effectiveness of emis-
sions controls, and conducting historical health assessments.  Support from
federal and other sources may be necessary to continue monitoring opera-
tion.

The research community and regulatory agencies should address the
development and deployment of the most useful CO monitoring network for
the purposes of planning and modeling.  Monitors that will provide benefits
in terms of assessing transportation impacts should be retained.  In addition,
to accurately assess local air pollution, permanent monitors need to reflect
changes in growth and development patterns.  Furthermore, as national
interest in toxic air contaminant concentrations and environmental justice

Recommendations:  Permanent Monitoring 

Because of the value of this information for air quality management in
general, agencies should resist removing CO monitors in locations not expected
to show violations. Instead, they should consider continuing operations at exist-
ing CO monitoring sites, noting that when monitors are colocated the incremen-
tal costs of continued operation may be relatively small compared with the
data’s usefulness for purposes beyond demonstrating attainment.  Permanent
monitors also need to reflect changes in growth and development patterns to
accurately assess the local air pollution situation,  However, communities that
have attained the CO standard with an adequate level of protection of safety
might not be willing to pay to obtain data from these monitors.  Support from
federal and other sources might be necessary to continue monitoring operations.
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issues continues to increase, regulatory and research communities should
evaluate placing additional monitoring stations to address those issues.  

Twenty years down the road, most large cities might face the challenge
of attaining O3 and PM standards.  Research conducted today addressing the
tail end of the CO problem may provide important insights into the monitor-
ing, modeling, and management of these other pollutants. 
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ADEC.  See Alaska Department of Environmental Conservation.
AFV.  See alternative fuel vehicle.
Air-fuel ratio.  The ratio, by weight, of air to gasoline entering the intake
in a gasoline-powered engine.  The ideal (stoichiometric) ratio for complete
combustion is approximately 14.7 parts of air to 1 part of fuel, depending
on the composition of the specific fuel.
Air quality model.  A computer-based mathematical model used to predict
air quality on the basis of emissions and the effects of the transport, disper-
sion, and transformation of compounds emitted into the air.
Air toxics.  Air toxics refers to a host of carcinogens, respiratory toxicants,
neurotoxicants, and other harmful atmospheric pollutants not included as
criteria air pollutants.  The Clean Air Act Amendments of 1990 listed 189
of these air toxics as hazardous air pollutants (HAPs) for future regulation.
(One of the HAPS was removed in 1996, leaving 188 toxics on the HAP
list.)  
Alaska Department of Environmental Conservation (ADEC).  The
department that deals with clean air, land, and water issues in the state of
Alaska 
Albedo.  The fraction of incoming sunlight that is reflected from the surface
of the earth.  Albedo is higher over whiter surfaces, such as snow cover, and
lower over darker surfaces, such as oceans and forests.
Alternative fuel vehicle (AFV).  Any dedicated, flexible-fuel, or dual-fuel
vehicle designed to operate on at least one alternative fuel, such as com-
pressed natural gas.
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Ambient air.  The air outside of structures. Often used interchangeably
with “outdoor air.”
Box model.  A model that simulates how pollutant concentrations vary with
time within a designated volume of air. The effects of emissions, chemical
reactions, and exchange with the surrounding atmosphere are usually con-
sidered.  The air is assumed to be well-mixed within the box.
CAA.  See Clean Air Act.
CAAA90.  See Clean Air Act.
California Air Resources Board (CARB).  A part of the California Envi-
ronmental Protection Agency whose mission it is to promote and protect
public health, welfare, and ecological resources through the effective and
efficient reduction of air pollutants, recognizing and considering the effects
on the economy of the state.
CARB.  See California Air Resources Board.
Carbon monoxide (CO).  A colorless, odorless, tasteless, and toxic gas that
results from the incomplete combustion of fuels containing carbon.
Carboxyhemoglobin (COHb).  A molecule formed when CO reacts with
hemoglobin, the intracellular protein that transports oxygen in the blood.
The presence of carboxyhemoglobin increases hemoglobin’s affinity for
oxygen, thereby reducing the transport of oxygen from the blood to the
body’s tissues.
Clean Air Act (CAA).  The original Clean Air Act was passed in 1963, but
our national air pollution control program is actually based on the 1970
version of the law. The Clean Air Act Amendments of 1990 (CAAA90) are
the most recent revisions of the law.
COHb.  See carboxyhemoglobin. 
Cold-start emissions.  Tailpipe emissions that occur before a vehicle is
fully warmed-up.  Vehicle emissions are higher during the first few minutes
of operation because the engine and the catalytic converter must come to
operating temperature before they can become effective.
Conformity.  See transportation conformity. 
Criteria air pollutants.  A group of six common air pollutants (carbon
monoxide, lead, nitrogen dioxide, ozone, particulate matter, and sulfur
dioxide) regulated by the federal government since the passage of the Clean
Air Act in 1970, on the basis of information on health and/or environmental
effects of each pollutant. 
Diagnostic trouble codes.  Codes that identify emissions control systems
and/or components that are malfunctioning and are stored in the engine’s
computer.  They can be retrieved using a scan tool.
Dose.  The amount of a contaminant that is absorbed or deposited in the
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body of an exposed person for an interval of time—usually from a single
medium.  Total dose is the sum of doses received by interactions with all
environmental media that contain the contaminant.  Units (mass) of dose
and total dose are often converted to units of mass or contaminant per vol-
ume of physiological fluid or mass of tissue.
Dynamometer.  A treadmill-like machine that allows cars to be tested
under the loads typical of on-road driving.
Emissions factor.  See emission rate.
Emissions inventory.  An estimate of the amount of a pollutant emitted
into the atmosphere from major mobile, stationary, area-wide, and natural
sources over a specific period of time, such as a day or a year.
Emissions rate.  The amount of pollutant emissions produced by an activity
per unit of activity. By using the emissions rate of a pollutant and data
regarding quantities of materials used by a given source or its activity level,
it is possible to compute emissions for the source.  In the case of mobile-
source emissions, estimated emissions are the product of an emissions rate
in mass of pollutant per unit distance (e.g., grams per mile) and an activity
estimate in distance (e.g., average miles traveled).  In the case of stationary-
source emissions, estimated emissions are the product of an emissions rate
in mass of pollutant per unit energy (e.g., pounds per million Btus) and the
amount of energy consumed. 
Ethanol.  Ethyl-alcohol is a volatile alcohol containing two carbon atoms
(CH3CH2OH). For fuel use, ethanol is produced by fermentation of corn or
other plant products.
Evaporative emissions.  Hydrocarbon emissions that do not come from the
tailpipe of a car but come from evaporation, permeation, seepage, and leaks
in a car’s fueling system. The term is sometimes used interchangeably with
“nontailpipe emissions.”
Exceedance.  An air pollution event in which the ambient concentration of
a pollutant exceeds a National Ambient Air Quality Standard (NAAQS).
Exceedance day.  A day during which one or more exceedances takes
place.
Exposure.  An event that occurs when there is contact at a boundary be-
tween a human and an environmental contaminant of a specific concentra-
tion for an interval of time; the units of exposure are concentration multi-
plied by time.
Federal test procedure (FTP).  A certification test for measuring the tail-
pipe and evaporative emissions from new vehicles over the urban dyna-
mometer driving schedule, which attempts to simulate an urban driving
cycle. 
FTP.  See federal test procedure.
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Gaussian dispersion model.  A microscale model that simulates the disper-
sion of pollution from a source such as an intersection or a factory.  The
spatial dispersion is assumed to be Gaussian in nature, and the ambient
concentrations are assumed to be proportional to emissions.
Geostrophic winds.  Large-scale winds controlled by pressure differences
in the atmosphere.  Geostrophic winds are not influenced much by the sur-
face of the earth.
Gross vehicle weight rating (GVWR).  The value specified by the manu-
facturer as the maximum design loaded weight of a single vehicle (i.e.,
vehicle weight plus rated cargo capacity).
GVWR.  See gross vehicle weight rating.
HC.  See hydrocarbons.
HDV.  See heavy-duty vehicles.
HDDV.  See heavy-duty diesel vehicles.
Heavy-duty diesel vehicles (HDDV).  A heavy-duty vehicle using diesel
fuel.
Heavy-duty vehicles (HDV).  Any motor vehicle rated at more than 8,500
pounds GVWR or that has a vehicle curb weight of more than 6,000 pounds
or a frontal area in excess of 45 square feet. This excludes vehicles that will
be classified as medium-duty passenger vehicles for the purposes of the Tier
2 emissions standards.
Hydrocarbons (HC).  Organic compounds containing hydrogen and car-
bon. 
I/M.  See inspection and maintenance.
IM240.  The name for the emissions test used in some I/M programs, in-
cluding those in Arizona and Colorado. The IM240 is a transient, loaded-
mode emissions test. “Loaded-mode” refers to the fact that the test is run on
a treadmill-like device called a dynamometer, which simulates driving with
the engine in gear. “Transient” refers to the fact that the car drives under a
load that varies from second to second during the test. The “240” in IM240
indicates that the test lasts for 240 seconds. The shorter IM240 test is com-
posed of pieces of federal test procedure (FTP) test activity and tends to
correlate well with FTP results.
Inspection and maintenance (I/M).  State emissions testing programs that
attempt to identify vehicles with higher than allowable emissions and ensure
that such vehicles are repaired or removed from the fleet.
Inversion.  See temperature inversion.
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Lapse rate.  The rate at which temperature in the atmosphere changes with
altitude.  The average lapse rate is about –6.5ºC/km.  Under temperature
inversion conditions, the lapse rate can be positive.
LDV.  See light-duty vehicle.
LEV.  See low emission vehicle.
Light-duty vehicle (LDV).  A passenger car or passenger car derivative
capable of seating 12 or fewer passengers.  All vehicles and trucks under
8,500 GVWR are included (this limit previously was 6,000 pounds).  Small
pick-up trucks, vans, and sport utility vehicles (SUVs) may also be in-
cluded.
Low-emission vehicle (LEV).  A vehicle that meets EPA’s Clean Fuel
Vehicle or LEV standards or CARB’s California LEV standards.
Malfunction indicator light (MIL).  The instrument panel light used by
the onboard diagnostic (OBD) system to notify the vehicle operator of an
emissions related fault.  The MIL is also known as the “service engine
soon” or “check engine” lamp.
MIL.  See malfunction indicator light.
Model year.  Vehicles are certified for sale, marketed, and later registered
as a certain “model year” indicating the year a vehicle was produced and
offered for sale.  Model years typically begin in September or October of
the prior year, and run for roughly 12 months.  In the last decade, certain
vehicles have been introduced as a “pull-ahead” vehicle, appearing as early
as January of the preceding year.
NAAQS.  See National Ambient Air Quality Standards.
National Ambient Air Quality Standards (NAAQS).  Standards set by
EPA for the maximum levels of criteria air pollutants that can exist in the
ambient air without unacceptable effects on human health or the public
welfare.
Nitrogen oxides (NOx).  A general term referring to nitric oxide (NO) and
nitrogen dioxide (NO2). Nitrogen oxides are formed when air is raised to
high temperatures, such as during combustion or lightning, and are major
contributors to smog formation and acid deposition.
NOx.  See nitrogen oxide.
Nonattainment area.  A geographic area in which the time-averaged con-
centrations of a criteria air pollutant have exceeded at some recent time a
level allowed by the federal standards. A single geographic area may have
acceptable levels of some criteria air pollutants but unacceptable levels of
others; thus, an area can be both in attainment for one pollutant and in
nonattainment for another.   
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Numerical predictive model.  A mesoscale or large-scale model used to
predict chemical concentrations in the atmosphere based on observed mete-
orological variables, emissions, and chemistry.  Numerical predictive mod-
els represent the atmosphere as a three-dimensional grid of air parcels.
Chemical transformations take place within the air parcels and air is trans-
ported between them.
O3.  See ozone.
OBD.  See onboard diagnostic system.
OBDI.  See onboard diagnostics generation one.
OBDII.  See onboard diagnostics generation two.
Onboard diagnostic (OBD) systems.  Devices incorporated into the com-
puters of new motor vehicles to monitor the performance of the emission
controls. The computer triggers a dashboard indicator light, referred to as
a malfunction indicator light (MIL), when the controls malfunction, alerting
the driver to seek maintenance for the vehicle.  The system also communi-
cates its findings to repair technicians by means of diagnostics trouble
codes, which can be downloaded from the vehicle's computer.  Current
OBD systems do not directly measure emissions.
Onboard diagnostics generation one (OBDI).  An onboard automotive
diagnostic system required by the California Air Resources Board since
1988 that uses a microprocessor and sensors to monitor and control various
engine system functions.  A malfunction indicator light (MIL) illuminates
when a malfunction is noted, but engine technicians cannot connect to the
system and download diagnostic trouble codes. (MIL flash patterns commu-
nicate the problem.)
Onboard diagnostics generation two (OBDII).  OBDII expands upon
OBDI to include monitoring of both the emissions system and sensor deteri-
oration and to standardize the interface and code systems.
Oxides of nitrogen.  See nitrogen oxide.
Oxyfuel.  See oxygenated fuel.
Oxygen sensor.  A sensor placed in the exhaust manifold to measure oxy-
gen content. On some vehicles, oxygen sensors are located both before and
after the catalytic converter.
Oxygenated fuel.  Gasoline containing an oxygenate, typically methyl
tertiary-butyl ether (MTBE) or ethanol, intended to reduce production of
CO, a criteria air pollutant. In some parts of the country, CO emissions from
cars make a major contribution to pollution. In some of these areas, gasoline
refiners must market oxygenated fuels, which typically contain 2-3% oxy-
gen by weight. 
Oxygenates.  Compounds containing oxygen (alcohols and ethers) that are
added to gasoline to increase its oxygen content. Methyl tertiary-butyl ether
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(MTBE) and ethanol are the most common oxygenates currently used,
although there are a number of others.
Ozone (O3).  A reactive gas whose molecules contain three oxygen atoms.
It is a product of photochemical processes involving sunlight and ozone
precursors, such as hydrocarbons and nitrogen oxides. Ozone exists in the
upper atmosphere (stratospheric ozone), where it helps shield the earth from
excessive ultraviolet rays, as well as in the lower atmosphere (tropospheric
ozone) near the earth’s surface. Tropospheric ozone causes plant damage
and adverse health effects and is a criteria air pollutant; it is a major com-
ponent of smog.
Particulate matter (PM).  Any material, except uncombined water, that
exists in the solid or liquid droplet states in the atmosphere. Particulate
matter includes wind-blown dust particles, particles directly emitted as
combustion products, and particles formed through secondary reactions in
the atmosphere.
Photochemical reaction.  A term referring to a chemical reaction brought
about by sunlight, such as the formation of ozone from the interaction of
nitrogen oxides and hydrocarbons in the presence of sunlight.
Plug-in.  An electrical device used to heat the engine under extreme cold
conditions in order to facilitate engine starting and reduce the time for emis-
sions control devices to be activated.
PM.  See particulate matter.
PM2.5.  A subset of particulate matter that includes those particles with an
aerodynamic equivalent diameter less than or equal to a nominal 2.5 mi-
crometers (:m). This fraction of PM penetrates most deeply into the lungs,
and causes the majority of visibility reduction.
PM10.  A subset of particulate matter that includes those particles with an
aerodynamic equivalent  diameter less than or equal to a nominal 10 :m
(about 1/7 the diameter of a single human hair).  This fraction of PM causes
visibility reduction and can penetrate into the lungs.
Preconditioning.  A set of steps followed to warm-up a vehicle prior to an
I/M emissions test so that it can give valid results. Cut points, which deter-
mine passing or failing for a vehicle, are based on testing a fully warmed-up
vehicle in which the emissions control equipment, including the catalytic
converter, are hot and fully functional.  If an owner drives a short distance
to the test station or if the vehicle has to wait in the test station for a long
time, it may not be fully warmed up.  This may result in a false reading; a
car that would have passed if fully warmed (i.e., fully preconditioned)
might fail. 
Process numerical model. A mesoscale or large-scale model used to ana-
lyze atmospheric processes and their impacts on air quality, typically for
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research purposes.  Like numerical predictive models, process numerical
models represent the atmosphere as a three-dimensional grid of air parcels.
Process numerical models better resolve the coupling between meteorology
and chemistry than numerical predictive models and are not necessarily
constrained by observations. 
Reformulated gasoline (RFG).  Specifically formulated fuels blended such
that, on average, the exhaust and evaporative emissions of VOCs and haz-
ardous air pollutants (chiefly benzene, 1,3-butadiene, polycyclic aromatic
hydrocarbons, formaldehyde, and acetaldehyde) are significantly and con-
sistently lower than such emissions resulting from use of conventional
gasolines.  The 1990 Clean Air Act amendments required sale of reformu-
lated gasoline in the nine areas with the most severe ozone pollution prob-
lems.  RFG contains, on average, a minimum of 2.0 weight percent oxygen.
Remote sensing.  A method for measuring pollutant concentrations from
a vehicle’s exhaust while the vehicle is traveling down the road.  Remote-
sensing systems employ infrared absorption to measure VOC and CO con-
centrations relative to carbon dioxide. These systems typically operate by
continuously projecting a beam of infrared radiation across a roadway and
making measurements on the exhaust plume after a vehicle passes through
the beam. 
RFG.  See reformulated gasoline.
Scan tool.  A hand-held computer that is plugged into a vehicle’s OBD data
link connector to allow a technician to read diagnostic trouble codes, readi-
ness status, and monitor other information collected by the OBD system. 
Secondary particulate matter.  Particulate matter that is formed in the
atmosphere, and is generally composed of species such as ammonia or the
products of atmospheric chemical reactions, such as nitrates, sulfates and
organic material, in addition to some water.  Secondary particles are distin-
guished from primary particles, which are emitted directly into the atmo-
sphere.
SIP.  See state implementation plan.
State implementation plan (SIP).  A detailed description of the scientific
methods and programs a state will use to carry out its responsibilities under
the Clean Air Act for complying with the NAAQS. SIPs are a collection of
the programs used by a state to reduce air pollution.  The Clean Air Act
requires that EPA approve each SIP, after the public has had an opportunity
to participate in its review and approval.
Statistical roll-back model.  A model that estimates the emission reduc-
tions needed for a desired improvement in air quality.  The emission reduc-
tions are assumed to be linearly related to ambient concentrations of pollut-
ants.
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Subsidence.  Slow descent of air cooled by radiative cooling.
Super ultra-low emission vehicle (SULEV).  A vehicle that produces
fewer exhaust emissions than ultra-low emission vehicles (ULEV). 
Supplemental federal test procedure (SFTP).  The SFTP is a certification
test for measuring the tailpipe and evaporative emissions from new vehicles
that includes two driving cycles not represented in the FTP.  The SFTP
includes a test cycle simulating high speed and high acceleration driving
(US06 cycle) and a test cycle that evaluates the effects of simulating air
conditioner operation (SC03 cycle).
Synoptic.  Used to describe meteorological processes that occur over re-
gional spatial scales over several days.
TCM.  See transportation control measure.
TDM.  See transportation-demand management strategies.
Temperature inversion.  An atmospheric condition in which temperature
in the lower part of the atmosphere increases with altitude, rather than de-
creasing with altitude, as is more typical. Inversion conditions can trap
pollution near the surface because warmer, less dense air is resting above
colder, more dense air.
Three-way catalytic converter.  A catalytic converter designed to both
oxidize CO and VOCs and reduce NOx emitted from gasoline-fueled vehi-
cles.
Tier 0 vehicles.  Vehicles that meet Tier 0 tailpipe standards.  For light-duty
vehicles, these standards began with model year 1981 vehicles and were
phased out in model year 1995 for passenger cars and most light-duty
trucks.
Tier 1 vehicles.  Vehicles that meet Tier 1 tailpipe standards.  For light-duty
vehicles, these standards began with model year 1994 vehicles.
Tier 2 vehicles.  Vehicles that will meet Tier 2 tailpipe standards.  For
light-duty vehicles, these standards would not begin until model year 2004
vehicles.
Transitional low emission vehicle (TLEV).  A vehicle meeting either
EPA’s Clean Fuel Vehicle TLEV standards or CARB’s California Low-
Emission Vehicle Program TLEV standards. TLEVs produce fewer emis-
sions than federal Tier 1 vehicles. 
Transportation conformity.  A process to demonstrate whether a federally
supported activity is consistent with the air quality goals in state implemen-
tation plans (SIPs). Transportation conformity demonstrates that plans,
programs, and projects approved or funded by the Federal Highway Admin-
istration or the Federal Transit Administration for regionally significant
projects do not create new violations, increase the frequency or severity of
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existing violations, or delay timely attainment of the National Ambient Air
Quality Standards (NAAQS).
Transportation control measure (TCM).  Any control measure to reduce
vehicle trips, vehicle use, vehicle-miles traveled, vehicle idling, or traffic
congestion for the purpose of reducing motor-vehicle emissions. TCMs can
include encouraging the use of carpools and mass transit.
Transportation-demand management (TDM) strategies.  Strategies
which use regulatory mandates, economic incentives, or educational cam-
paigns to change driver behavior. TDM strategies attempt to reduce the
frequency or length of automobile trips or to shift the timing of automobile
trips.
Transportation plan.  A long-range plan that identifies facilities that
should function as an integrated transportation system.  Under the Inter-
modal Surface Transportation Efficiency Act of 1991, metropolitan plan-
ning organizations (MPOs) must have transportation plans in place that
present a 20-year perspective on transportation investments for their region.
The transportation plan gives emphasis to those facilities that serve impor-
tant national and regional transportation functions, and includes a financial
plan that demonstrates how the long-range plan can be implemented. 
Transportation-supply improvement (TSI) strategies.  TSI strategies
attempt to reduce emissions by changing the physical infrastructure of road
system to improve traffic flow and reduce stop-and-go movements.
Travel-demand model.  An analysis procedure using heuristics or formal
systems of equations to estimate the number, distribution, mode choice,
and/or route choice of trips made by a household or individual that can be
aggregated to estimate the number of trips starting and/or ending in a spe-
cific geographical area.  The model determines the amount of transportation
activity occurring in a region based on an understanding of the daily activi-
ties of individuals and employers, as well as the resources and transporta-
tion infrastructure available to households and individuals when making
their daily activity and travel decisions. 
TSI.  See transportation-supply improvement strategies.
Two-way catalytic converter.  A first generation catalytic converter de-
signed to oxidize CO and VOC emissions from gasoline-fueled vehicles.
UAM.  See urban airshed model.
ULEV.  See ultra-low emission vehicle.
Ultra-low emission vehicle (ULEV).  A vehicle meeting either EPA’s
Clean Fuel Vehicle ULEV standards or CARB’s California Low-Emission
Vehicle Program ULEV standards. ULEVs produce fewer emissions than
LEVs. 
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Urban airshed model (UAM).  A three-dimensional photochemical air
quality grid model for calculating the concentrations of both inert and
chemically reactive pollutants in the atmosphere. It simulates the physical
and chemical processes that affect concentrations of pollutants.  The UAM
was a specific model developed by Systems Application International, Inc.,
but the term is now often used generically to describe a variety of models
used in this field.
Vehicle-miles traveled (VMT).  The number of miles driven by a fleet of
vehicles over a set period of time, such as a day, month, or year.  One vehi-
cle traveling one mile is one vehicle-mile.
VMT.  See vehicle-miles traveled.
VOC.  See volatile organic compounds.
Volatile organic compounds (VOCs).  Organic compounds that can in-
clude oxygen-, nitrogen-, and sulfur-containing compounds.  Alkanes,
alkenes and aromatic hydrocarbons are all VOCs (as well as being HCs).
The simple carbon-containing compounds CO and carbon dioxide are usu-
ally classified as inorganic compounds.  A volatile organic compound is one
that can exist as a gas at ambient temperatures.  Many volatile organic
chemicals are hazardous air pollutants; for example, benzene causes cancer.
Zero emission vehicle.  A vehicle that emits no tailpipe exhaust emissions.
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Biographical Information on the
Committee on Carbon Monoxide Episodes

in Meteorological and Topographical Problem Areas

Armistead G. Russell (Chair) is the Georgia Power Distinguished Profes-
sor of Environmental Engineering at the Georgia Institute of Technology.
His research areas include air pollution control, aerosol dynamics, atmo-
spheric chemistry, emissions control, air pollution control strategy design
and computer modeling.  Dr. Russell has served on a number of NRC com-
mittees and was chair of the Committee to Review EPA’s Mobile Source
Emissions Factor (MOBILE) Model. He received a Ph.D. in mechanical
engineering from the California Institute of Technology.

Roger Atkinson is a research chemist and Distinguished Professor of At-
mospheric Chemistry at the University of California at Riverside.  His
research areas include the kinetics and mechanisms of atmospherically
important reactions of organic compounds in the gas phase.  Dr. Atkinson
serves on the California Air Resources Board’s Reactivity Scientific Advi-
sory Committee and the California Air Resources Board’s Scientific Re-
view Panel on Air Toxics, and has served on NRC committees including the
Committee on Tropospheric Ozone Formation and Measurement and the
Committee on Ozone-Forming Potential of Reformulated Gasoline.  He
received a Ph.D in physical chemistry from the University of Cambridge.

Sue Ann Bowling is a retired professor from the University of Alaska,
Fairbanks.  Her research interests included air pollution meteorology, polar
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meteorology, radiative transfer, paleoclimatology, and climatic change.  Dr.
Bowling received a Ph.D. from the University of Alaska, Fairbanks.

Steven D. Colome is deputy director of the Southern California Particle
Center and Supersite and an adjunct professor in environmental health at the
University of California, Los Angeles School of Public Health.  His re-
search interests include human exposure assessment, environmental epide-
miology, indoor air quality, regional exposure modeling, and health effects
assessment.  Dr. Colome previously served on the NRC Committee on
Toxicological and Performance Aspects of Oxygenated Motor Vehicle
Fuels.  He was a reviewer of the EPA document Air Quality Criteria for
Carbon Monoxide.  He received a Sc.D. in environmental health sciences
from Harvard University, School of Public Health.

Naihua Duan is professor in residence in the Department of Psychiatry and
Biobehavioral Sciences and the Department of Biostatistics at the Univer-
sity of California, Los Angeles.  Previously he was a corporate chair and
Senior RAND Fellow in statistics at RAND.  His research interests include
nonparametric and semiparametric regression methods, sample design,
hierarchical models, and environmental exposure assessment, including
exposure to carbon monoxide.  He served as a member of the NRC Com-
mittee on Advances in Assessing Human Exposure to Airborne Pollutants.
Dr. Duan received a Ph.D. in statistics from Stanford University.

Gerald Gallagher is president of J Gallagher and Associates.  Previously,
he served as manager of the Mobile Sources Program for the Air Pollution
Control Division of the Colorado Department of Public Health and Environ-
ment.  His responsibilities included the development and implementation
of air quality management plans for controlling carbon monoxide.  He was
also responsible for the operation of a metro-wide inspection and mainte-
nance program, consisting of approximately 1.8 million inspections per year
for gasoline- and diesel-fueled vehicles. Dr. Gallagher is a member of the
NRC Committee on Vehicle Emissions Inspection and Maintenance Pro-
grams.  He received a Ph.D. in intergovernmental relations/environ-mental
management from the University of Colorado.

Randall L. Guensler is an associate professor in the School of Civil and
Environmental Engineering at Georgia Institute of Technology.  His re-
search interests include the relationships between land use, infrastructure,
travel behavior, and vehicle emission rates; transportation and air quality
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planning and modeling—theory and practice; and emission control strategy
effectiveness.  Dr. Guensler is the former chairman of the Transportation
Research Board’s Committee on Transportation and Air Quality.  He re-
ceived a Ph.D. in civil and environmental engineering from the University
of California, Davis.

Susan L. Handy is an associate professor in the Department of Environ-
mental Science and Policy at the University of California at Davis.  Her
research interests focus on the relationship between transportation systems
and land use patterns, and the effects of telecommunications technologies
on patterns of development and travel behavior.  Dr. Handy is currently
chair of the Transportation Research Board Committee on Telecommunica-
tions and Travel Behavior, and also serves on the Committee on Transporta-
tion and Land Development. She received a Ph.D. in city and regional
planning from the University of California, Berkeley.

Simone Hochgreb is professor of experimental combustion at the Univer-
sity of Cambridge in England.  Her research focuses on fundamental and
applied problems in combustion and chemical kinetics, with particular focus
on applications to transportation, internal-combustion engines, and pollutant
emission formation.  Dr. Hochgreb served as a member of the NRC Com-
mittee on Toxicological and Performance Aspects of Oxygenated Motor
Vehicle Fuels as well as on the NRC Review Panel for the Partnership for
a New Generation of Vehicles. She received a Ph.D. in mechanical and
aerospace engineering from Princeton University.

Sandra N. Mohr is a consultant.  Dr. Mohr’s research interests focus on the
health effects of air pollutants. She has been a lead researcher in the health
effects of methyl tertiary-butyl ether (MTBE), a gasoline additive, and has
served on the NRC’s Committee on Toxicology and Performance Aspects
of Oxygenated Motor Vehicle Fuels.  She received an M.D. from the Uni-
versity of Kansas School of Medicine and the M.P.H. degree from Yale
University.

Roger A. Pielke Sr. is a professor in the Department of Atmospheric Sci-
ence at Colorado State University.  He is also State Climatologist for Colo-
rado.  His research areas include the study of global, regional, and local
weather and climate phenomena through the use of sophisticated mathemat-
ical simulation models, air pollution meteorology, and mesoscale meteorol-
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ogy.   Dr. Pielke Sr. received a Ph.D. in meteorology from Pennsylvania
State University.

Karl J. Springer is retired Vice President for Automotive Products and
Emissions Research at Southwest Research Institute.  His research interests
have focused on the measurement and control of air pollution emissions
from on-road and off-road vehicles and equipment powered by internal
combustion engines.  Mr. Springer is a member of the National Academy
of Engineering.  He received a BSME from Texas A & M and an M.S. in
physics from Trinity University.

Roger Wayson is a professor of civil and environmental engineering at the
University of Central Florida where he conducts research in the microscale
modeling of carbon monoxide ambient concentrations that result from mo-
bile sources and airport operations. Dr. Wayson obtained his B.S. and M.S.
in environmental engineering from the University of Texas at Austin and
his Ph.D. in civil engineering from Vanderbilt University.
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1Unless noted otherwise, HC is the term used in this report to represent the
general class of gaseous organic compounds.
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Appendix B

Abbreviations and Names Used
for Classifying Organic Compounds

(NRC 1999)

VOC1 (volatile organic compound)—Organic compounds that are found in
the gas phase at ambient conditions.  Might not include methane.

ROG (reactive organic gas)—Organic compounds that are assumed to be
reactive at urban (and possibly regional) scales.  Definitionally, taken
as those organic compounds that are regulated because they lead to
ozone formation.  Does not include methane.  The term is used predom-
inantly in California.

NMHC (nonmethane hydrocarbon)—All hydrocarbons except methane;
sometimes used to denote ROG.

NMOC (nonmethane organic compound)—Organic compounds other
than methane.

RHC (reactive hydrocarbon)—All reactive hydrocarbons; also used to de-
note ROG.

THC (total hydrocarbon)—All hydrocarbons, sometimes used to denote
VOC.

OMHCE (organic material hydrocarbon equivalent)—Organic compound
mass minus oxygen mass.

TOG (total organic gas)—Used interchangeably with VOC.
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Appendix C

A Simple Box Model with Recirculation

One can formulate a simple model to follow the evolution of pollutant
concentrations based on looking at the air mass above an area of interest as
a well-mixed box.  In this case, the time varying volume of the box, V(t), is
given as the area over which the model is being applied, multiplied by the
effective height into which the pollutants are mixed (i.e., the mixing height,
H(t)), noting that it can vary with time.

V(t) = LWH(t)

where L is the length of the box (in the direction of the wind) and W is the
width of the box perpendicular to the wind, as shown in Figure C-1.

Applying the principle of conservation of mass, one then gets

where Min is the mass flux in (mass/time) due to the wind carrying the con-
taminant (CO) in from outside and Mout is the mass flux out; c is the time
dependent CO concentration (mass/volume) in the box, and E the time
dependent emission rate from all sources in the box.

The mass flux in is given by the wind velocity, U, multiplied by the
area of the side of the box (WH) and background CO concentration cb,

Min = UWH(t)cb.
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FIGURE C-1  Diagram of a simple box model with a box of width W, length L,
and time dependent height H(t) and wind speed U.  E is the total mass rate of
pollutant emissions within the box, which is assumed to be well mixed, with CO
concentration c throughout; cb is the background concentration.

If the background concentration is small it can be neglected.  As noted
below, the assumption that the mass flow into the box depends only on the
background concentration may be wrong if there is CO that leaves the box
but is recirculated.  The mass flux out is given by

Mout = UWH(t)c

where the assumption that the box is well mixed leads to having the con-
taminant concentration leaving the box the same as that within it.  Using the
above two expressions for Min and Mout leads to the classical box model
formulation for the evolution of pollutant concentration c,

The last term causes the concentration to decrease if the mixing height
increases with time, because the CO mixes in an expanding volume.  If the
mixing height decreases with time, the change in height has no effect on the
concentration in the box (the last term is zero).
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If the emission rate is much greater than the flux in due to the wind (E
>> Min), the first term can be dropped.  This equation can account for the
time variation in both the mixing height and emission rate, but assumes that
the length and width of the box are fixed.  Further, it assumes that the pol-
lutant concentrations do not vary spatially within the box, which implies
that the emissions do not vary significantly spatially.  This limits the size of
the model application area, and means that it should not be used to estimate
hot spot concentrations.  Also, it assumes that none of the contaminant that
leaves the box returns, except after being added to the background levels.
This assumption can be wrong.  In that case, the model should be modified
to account for the fraction of contaminant that leaves the box and is
recirculated back into it.  This can be done by adding a recirculation coeffi-
cient  "  that is the fraction of contaminant that returns to the box after being
advected out.  Physically, must be between 0 and 1.  The resulting model
becomes

If "  is zero, the original box model is obtained.  As " approaches one,
virtually all of the air and contaminant leaving the box re-enters, allowing
the contaminant concentration to build up dramatically.

Copyright © National Academy of Sciences. All rights reserved.

Managing Carbon Monoxide Pollution in Meteorological and Topographical Problem Areas 
http://www.nap.edu/catalog/10689.html


