
10.1  OVERVIEW

As indicated in the discussions in Chapters 6
and 7, there are substantial differences in

ambient PM concentrations and chemical
composition across North America.  These
differences reflect the varying sources of PM and the
atmospheric processes involved.  Accordingly, it is
unlikely that a single, unified approach for PM
reduction will be universally successful.  Initial
consideration of approaches that are compatible with
current PM standards and level of scientific
understanding suggests that PM-reduction plans
should be based on specific local and regional PM
characteristics.  Scientists recently have begun to
develop conceptual models of the nature and origins
of PM for several North American locations.  These
models generally form a foundation for developing
PM-management strategies.

A conceptual model can be used to identify the
limiting processes: those aspects of the PM problem,
which if addressed will most effectively reduce the
ambient mass or chemical concentration (Pun and
Seigneur, 1999; CARB CRPAQS, 1999).  Conceptual
models are representations of the best understanding
of the influence of emissions, meteorology, and
atmospheric processes on ambient concentrations for
any given region or airshed at any given time.  Figure
10.1 illustrates how the application of science tools
using the best current understanding of the
atmospheric environment can provide a state-of-
science understanding in the form of a conceptual
model for use by policy makers.   The use of
corroborating evidence from multiple science tools
is integral to the development of conceptual models.

Conceptual models can guide the development and
application of CTMs that can be used to develop PM-
management strategies based on the evaluation of
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future alternative scenarios.  They can be used to: 1)
define the important components of an air-quality
management strategy for effective control of PM
concentrations by identifying limiting processes, 2)
guide data collection to characterize important
processes and to fill key knowledge gaps, and 3) point
out where CTMs should be used to examine
opportunities to maximize multi-pollutant control
opportunities and minimize potential counter-
productive copollutant interactions (see Figure 10.2).

Conceptual models have been prepared for nine
widely different areas of North America (see Figure
10.3) and are presented here.  The nine are:

1) The San Joaquin Valley of California, an
enormous, variably populated valley, surrounded
by mountains, exposed to the inflow of air from
the eastern Pacific coastal-marine environment,
with a variety of urban and rural sources, and
having meteorological conditions that promote
photochemical processing in summer,
intermittent transport, and intermittently severe
stagnation conditions especially in winter;

2) The Los Angeles area of Southern California, a
huge metropolitan area in a basin along the
Pacific Coast with a classical photochemical
pollution environment where evening
temperature inversions, especially in the late
summer and early fall, produce low mixing
depths that trap pollutants close to the surface;

3) Mexico City and its suburbs, one of the largest
metropolitan areas in the world, lying in a tropical
region at an altitude of more than 2 km above
sea level, in an arid valley surrounded by
mountains that are well ventilated overnight, with

PM pollution heavily influenced by a
combination of non-vegetated areas and unpaved
roads, motor vehicle traffic, a variety of local
and regional combustion processes, and animal
sources of NH

3
;

4) The southeastern United States, where major
post-World War II industrialization and
population growth have taken place, and warm
humid conditions persist during the summer
when periodic highs can lead to relatively slow
movement of air through the region;

5) The northeastern United States, exemplifying the
historical industrial heartland of the United
States, and a region known to be affected by both
local and regional sources of pollution;

6) The Windsor-Quebec City Corridor, the most
populated and industrialized area of Canada,
subject to westerly airflow that travels across
remarkably different upwind regions, from the
remote north to the heavily populated trans-
border area just to the southwest, where periodic
stationary high pressure and light southwesterly
winds mix the Corridor’s local PM and precursor
emissions with aged polluted air to produce high
PM episodes;

7) The U.S. Upper Midwest-Great Lakes area,
representing the northern tier of industrialization
in the United States and the combined
agricultural and industrial activity of southern
Canada;

8) The Canadian Southern Prairies and U.S.
Northern Plains, exemplifying the relatively
sparsely populated, mid-latitude, mid-continent

Figure 10.2.  The use of conceptual model to identify needed ambient concentration information and CTM
applications.
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conditions under the westerly air flow across the
United States and Canada;

9) The Lower Fraser Valley of British Columbia, a
north-central Pacific coastal area, home to fewer
than 2 million people and generally isolated from
outside pollution, which experiences
summertime inversions.

Differences in the information provided for each area
reflect individual areal differences in monitoring
history and field studies.  Some areas, such as Los
Angeles and the San Joaquin Valley of California,
have been studied extensively.  Others, such as
Mexico City and the Lower Fraser Valley of British
Columbia, have not.  Newly instituted monitoring
and research programs are underway that will add
substantially to these conceptual models over the next
few years.  As they now stand, each conceptual model
offers useful insights into the PM issue for its area
and those with similar topography, meteorology, and
contributing source categories.

The conceptual descriptions that follow are highly
summarized; the PM issue in any one of these areas

is more complicated than presented
here.  Readers wishing more detail
for a particular area should refer to
the data and studies cited in the
references, Section 10.12.  What
follows is the best information and
collective judgment of the authors of
this Assessment describing
conditions in the selected areas,
based on contemporary theoretical
precepts for tropospheric aerosols.

The descriptions for each conceptual
model are organized according to the
framework used to inform PM
management (refer to Chapter 1 and
its discussion of Figure 1.1) and have
been produced following the process
described in Figure 10.1.  That is,
current atmospheric science analyses
and tools have been applied to
produce the best understanding of the
atmospheric environment over each
area.  Each model presents insights
on five topics: three in relation to the

atmospheric environment (atmospheric
concentrations, atmospheric processing, and
meteorology), and two giving the outcome of
atmospheric-science analysis (sources and policy
implications).

10.2  SUMMARY

F igures 10.4 through 10.12 graphically
summarize the conceptual models for each of

the nine areas.  More complete discussions are
contained in Sections 10.3 through 10.11.  Some of
the key, potentially cross-cutting insights for the nine
areas that emerge from viewing these figures and
reading the conceptual model discussions are:

• Observed PM concentrations exceed applicable
PM

2.5
 standards more frequently than they exceed

PM
10 

standards.  Elevated concentrations are
much more frequently observed in relation to
annual PM

2.5 
standards than the daily PM

2.5

standards, where both standard forms exist.  Most
major urban areas of the eastern United States
and southeastern Canada are likely to experience

Figure 10.3.  North American areas covered by conceptual
models.
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levels above PM
2.5

 standards.  Most urban areas
of the San Joaquin Valley and the Los Angeles
basin of California also experience
concentrations above the PM

2.5 
standards.  The

U.S. northern upper Midwest, Canadian Southern
Prairie and U.S. Northern Plains portions of the
continent have locations with PM levels of
concern over some large urban areas.  Mexico
City’s PM

10
 levels are frequently above both daily

and annual standards.  Mexico presently has no
PM

2.5 
standards.

• The eastern and western coastal regions of the
United States and Canada show marked
seasonality in high PM

2.5
 concentrations, while

the central interior regions generally do not.
Mexico City’s PM

10
 levels show marked

seasonality.

• The largest fraction of eastern U.S. PM
2.5

 on
average is SO

4
=, particularly during periods of

high PM concentration  in the summer.  Organic
carbon is the second largest fraction and in some
eastern U.S. urban areas is equal to or greater
than SO

4
=.  Sulfate is a major fraction of

southeastern Canada’s PM
2.5

, though NO
3

- and
OC also make up large fractions.  Nitrate in PM

2.5

tends to be more important in West than in the
East on the average.  PM

2.5
 sampled in the interior

continental areas tends to be primarily OC and
SO

4
=.  This also is the case for a sampling of

Mexico City’s PM
2.5

 composition.

> There are important ties between PM
2.5

 and
oxidant-forming ozone processes.  The
eastern United States and southeastern
Canada experience strong co-seasonality of
their high PM season and summer oxidant
season.  There is also some co-seasonality
during the late summer and early fall in Los
Angeles and the Lower Fraser Valley.  Even
in the San Joaquin Valley, where periods of
maximum PM

2.5
 are nearly seasonally

opposite to periods of high ozone, processes
involving the same gaseous precursors are
important factors in PM

2.5
 production.

> More than two-thirds of PM
2.5 

mass
concentration can attributed to anthropogenic
sources in most locations of North America.

• Regional contributions are an important addition
to local emissions when ambient PM

2.5

concentrations are being interpreted, in the
majority of cases.  Rural PM

2.5
 levels surrounding

urban areas can account for 50 to 75 percent of
urban PM

2.5
 mass concentrations during peak

periods.  Rural levels are composed of aged
emissions from upwind urban and rural areas as
well as fresh emissions from local sources.

• Coincident reductions of precursors (i.e., SO
2
,

NO
x
, VOC, and NH

3
) should be beneficial in

most parts of North America in achieving desired
PM

2.5
 mass concentrations, but some of these

reductions may lead to temporary and/or
localized counterproductive impacts in some
areas, for instance, due to NO

3
- for SO

4
=

substitution.

• At present there is insufficient information on
the OC fraction of PM to warrant any guidance
other than generally recognizing the importance
of controlling emissions from both primary
organic and VOC sources.  Primary sources
include transportation and industrial activity, as
well as burning of wood and other organic matter.

Area-specific insights based on the conceptual
descriptions presented in this Assessment include the
following points:

• In Los Angeles, PM
2.5

 concentrations exceed the
annual standard by a factor of two.  Much of the
excess derives from intense and frequent
episodes during the late summer and early fall.
The San Joaquin Valley’s mass concentrations
are noticeably greater than annual standards and
most severe in intensity and frequency during
the fall and winter.  The largest fraction of annual
PM

2.5
 in both Los Angeles and the San Joaquin

Valley is NH
4
NO

3
; the next largest fraction is OC.

Crustal/geological material can be a significant
fraction of the PM

2.5
 in Los Angeles.

• During the winter periods of peak PM
2.5

concentrations in Los Angeles and the San
Joaquin Valley, NH

4
NO

3
 is the dominant

component and is HNO
3
 limited.  HNO

3
 can be

reduced via VOC and NO
x
 emission reductions.

The possibility of seasonal strategies that
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emphasize VOC controls for PM
2.5 

mass in winter
and NO

x
 for ozone in summer requires

optimization with the assistance of CTMs and
receptor models.

• The Lower Fraser Valley of the Pacific Northwest
experiences its maximum PM

2.5 
in the late

summer or fall.  Mobile-source emissions,
agricultural emissions (NH

3
) and road dusts

account for about 70 percent of PM
2.5 

mass.

• Mexico City’s PM
2.5 

levels appear to be largely
dominated by primary BC and OC, with
secondary components being potentially an
important factor at times.  More complete
characterization with year-round monitoring is
needed to add information about seasonal  and
annual variability of PM

2.5
 concentrations and

composition.  Planned ecological restoration and
preservation along with road paving are expected
to be effective in reducing PM

10
.  Control of

diesel emissions is important to reducing both
PM

10 
and PM

2.5 .

• The Canadian Southern Prairie – U.S. Northern
Plains, and U.S. Upper Midwest – Great Lakes
rural regions generally have PM mass
concentrations below or near Canada-wide and
U.S. annual standards, respectively.  There is little
seasonal variation in PM concentrations.  Sulfate
and OC are principal components, with
contributions of both local and regional transport
being important.

• Summer regional PM
2.5

 concentrations in the
northeastern United States and the Windsor-
Quebec City Corridor (WQC) on average are
twice winter concentrations.  However, in large
urban areas such as Philadelphia, New York City,
and those of the eastern WQC, peak PM

2.5 
occurs

in winter when mass concentrations on average
are slightly higher than summer.  Summer
regional SO

4
= in the northeastern United States

is more than twice the next nearest component,
OC, and more than four times the NO

3
- and BC

combined.  Winter urban OC and SO
4

= in
Philadelphia and New York City each account
for about a third of PM

2.5
 mass.  Nitrate is a

significant component of northeastern U.S. and
WQC urban PM

2.5 
during the winter.  Winter

urban concentrations of OC, SO
4

=, and NO
3
- can

be twice regional concentrations, indicating the
importance of local source contributions.  In the
WQC, summer SO

4
= is also an important fraction

though OC and NO
3
- are also significant fractions

throughout the year.  Both local and regional SO
4
=

and OC are important in both regions.

• The southeastern United States experiences PM
2.5

concentrations above the annual and sometimes
the 24-hr standards in urban areas.  Summer
PM

2.5 
concentrations are one to three times higher

than winter concentrations.  As with the
northeastern United States, summer SO

4
= and OC

concentrations dominate, but in contrast to the
Northeast these two are nearly balanced in the
Southeast.  Both local and regional contributions
are important.

10.3  CONCEPTUAL MODEL OF
PM OVER THE SAN JOAQUIN
VALLEY OF CALIFORNIA

The San Joaquin Valley (SJV) is an enormous,
variably populated valley, surrounded by

mountains and exposed to the inflow of air from the
eastern Pacific coastal-marine environment.  The SJV
contains a variety of urban and rural sources of PM,
NO

x
, VOC, and NH

3
 from agricultural and petroleum-

production operations and a variety of transportation,
industrial, commercial, and domestic sources.
Meteorological conditions promote photochemical
processing in summer, intermittent transport from the
Los Angeles, San Francisco, and Sacramento areas,
and intermittently severe stagnation conditions,
especially in winter.

10.3.1  Annual and Seasonal Levels of PM
2.5

and PM
10

 in Relation to Mass-Based
Standards

Annual PM
2.5

 levels in excess of 15 µg/m 3 are
expected in the coming years for urban areas of the
SJV.  Available data for 1999 show annual means
exceeding 20 µg/m3 for most urban areas monitored,
and occasional 24-hr levels considerably greater than
65 µg/m3.  Annual levels are dominated by elevated
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Figure 10.6.  Simplified conceptual model for Mexico City.
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Figure 10.7.  Simplified conceptual model for the Southeastern United States.
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Figure 10.8.  Simplified conceptual model for the Northeastern United States
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�   Winter NO3
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and is NH3 limited.
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Figure 10.9.  Simplified conceptual model for the Windsor - Quebec City Corridor
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Figure 10.10.  Simplified conceptual model for the U.S.  Upper Midwest–– Great Lakes.
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Figure 10.11  Simplified conceptual model for the Canadian Southern Prairie and the U.S.  Northern Plains.
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daily concentrations during the fall and winter
months.  Levels of 70 to 100 µg/m3 over 24 hours
are common at Bakersfield (25 percent of 1st Qtr.1999
daily levels) and Fresno (5 days out of a 25-day period
in 1995).

Annual PM
10 

levels in excess of 50 µg/m3 are also
expected for much of the SJV based on past data.
Annual mean levels in 1999 were above 50 µg/m3

for most areas monitored.  Daily levels in the fall
months drive these annual averages and range from
110 to 135 µg/m3 for residential, agricultural, and
industrial sites.  For example, daily levels exceeded
150 µg/m3 many times (3 of 4 sampled) at Corcoran
during November 1995 (see Figure 10.13).

10.3.2  Compositional Analysis of PM

For winter PM
2.5

 episodes, NO
3

- is dominant (46
percent on average, less in urban areas than in rural
areas), with OC and BC making up 34 percent and
(NH

4
)

2
SO

4
 being 6 percent according to winter 1995

data.  A small fraction (<1 percent) is geological
material, and 13 percent is unidentified other material,

including water.  PM
10

 is composed of geological
material (57 percent),  BC and OC (22 percent), NO

3
-

(16 percent), SO
4
= (3 percent), and  unidentified other

material (2 percent), according to November 1995
data.

10.3.3  Meteorological Influences

Both urban-scale distribution of primary source
emissions and regional-scale distribution of
secondary compounds influence PM

2.5
 in the SJV

during the winter.  Air stagnation is a key reason for
the buildup of PM, with atmospheric diffusion often
replacing advection as the dominant transport mode
due to low wind speeds.  Low mixing heights during
episodes also contribute to PM

2.5
 buildup.  Transport

of pollutants aloft occurs with wind speeds typically
higher than those near the surface; subsequent mixing
of these pollutants from aloft into the surface layer
during the day may be an important means of
distributing pollutants within the valley during multi-
day episodes.  The primary removal processes for
trapped pollutants during these episodes are wet and
dry deposition.  Wet deposition, especially during fog

Figure 10.12.  Simplified conceptual model for the Lower Fraser Valley.
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events, is likely to be the most important removal
process during winter for soluble species such as
NO

3
-, NH

4
+, and SO

4
=.

High PM
10

 concentrations are observed primarily
during fall episodes.  Secondary components are
more uniformly distributed than primary components.
The buildup of PM during fall episodes is mostly at
sub-regional scales (5 to 15 km).  Again low wind

speeds and low mixing heights
are major factors in elevated PM
levels.  Wet deposition plays
much less of a removal role
during fall than winter due to
lower precipitation and patchy
and mild fogs in the fall.

10.3.4  Atmospheric
Processes Contributing to
PM

High spatial representativeness
of PM

2.5
 concentrations at rural

sites relative to urban sites
points to the dominance of
secondary compounds.  The
relatively high contribution of
primary PM in urban samples is
indicative of limited dispersion
of emissions from urban
centers.  The regional
distribution of secondary
compounds (e.g., NH

4
NO

3
) is

the result of a combination of
factors including widespread
sources (e.g., NH

3
) and regional

transport.

Ammonium nitrate is the most
dominant compound in the
PM

2.5
 fraction.  It is formed by

the combination of NH
3
 and

HNO
3
 (NH

3
 + HNO

3
 =

NH
4
NO

3
).  In the SJV, the

limiting factor for this reaction
is the availability of HNO

3
.

There is typically an abundance
of NH

3
 present.  Nitric acid is

not emitted directly but depends on several other
reactions needing the availability of NO

2
 and

oxidants.  Oxidants are formed by the reactions of
VOC and NO

x
.  Wintertime NO

3
- formation may be

influenced by both daytime chemistry (reaction
between NO

2
 and OH) and nighttime chemistry

(reaction sequence initiated by the reaction between
NO

2
 and ozone). Temperature, water vapor and

sunlight are also important.  The formation of

Figure 10.13.  Temporal variations of PM during IMS95.  Top: PM
2.5

mass concentrations during the winter study. Bottom: PM
10

 mass during
the fall study, Corcoran, CA.  Dotted lines indicate the 24-hr PM

2.5
 NAAQS

value of 65 µg/m3 and the 24-hr PM
10

 NAAQS of 150 µg/m3 (source: Pun
and Seigneur, 1999).
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oxidants can be limited by the availability of one of
two components, VOC or NO

x
.  In the case of

secondary winter NO
3

- in the SJV, oxidant formation
(and NO

3
- formation) is thought to be sensitive to

VOC concentrations in many urban areas, e.g.,
Fresno.  During the summer, when ozone is the
pollutant of concern, oxidant formation in the non-
urban areas of the SJV is more sensitive to NO

x
.

Organic compounds account for 35 percent of PM
2.5

mass at urban sites.  A notable feature of organic
compounds is that some arise from primary emissions
and some occur from secondary formation.
Unfortunately, measurements are not available to
differentiate between primary and secondary OC.
Using levoglucosan, syringol, resin acids, PAHs,
alkanoic and alkenore acids as PM tracers, Schauer
and Cass (2000) were able to perform a detailed OC
source-apportionment study.  They estimated the
maximum secondary fraction at 16  percent on a
24-hr average basis.  Strader et al. (1999) estimated
that 15 to 20 µg/m3  of secondary organic PM (or
about half of the organic fraction) can be formed
during certain late-afternoon periods.

10.3.5  Sources and Source Regions
Contributing Principal Chemicals of Concern

Sources: The dominant winter source contributions
of PM

2.5
 in the SJV are secondary NO

3
- (46 percent)

(see discussion of governing precursors above),
vegetative burning (15 percent), diesel- and gasoline-
vehicle exhaust (12 percent), secondary SO

4
=

(6 percent), soil and road dust (1 percent), and
unknowns of roughly 20 percent.  In urban areas,
such as Fresno and Bakersfield, the contribution of
primary sources tended to be higher during IMS95.
Vegetative burning and mobile sources accounted for
21 percent and 14 percent, respectively, of PM

2.5
 in

urban areas but only 9 percent and 10 percent,
respectively, in rural areas.  On the other hand,
NH

4
NO

3 
accounted for 32 percent of PM

2.5
 in urban

areas and 60 percent in rural areas.

The dominant source contributions to PM
10

 in the
SJV in the fall are primary geological material
(57 percent), secondary NH

4
NO

3
 (16 percent),

primary motor-vehicle exhaust (7 percent), primary

vegetative burning (5 percent), secondary (NH
4
)

2
SO

4

(3 percent), with unknowns of roughly 12 percent.
In winter, the fraction of geological material was
lower (10 percent), replaced by higher contribution
from secondary NO

3
- (40 percent).  The other

contributions are from primary mobile sources and
vegetative burning (12 percent each), SO

4
=

(6 percent), and unknown (19 percent).   Mechanical
generation, rather than windblown dust, is the more
likely contribution of geological material.

Local emissions vs.  long-range transport: There is a
strong urban contribution to PM

2.5
 levels on top of

high regional levels.  For example, on days that
exceeded the 24-hr NAAQS for PM

2.5
, urban areas

in the SJV on average had 83 percent higher PM
2.5

mass than did rural areas, with 4.6 times the
vegetative-burning material (consistent with
domestic fireplace usage) and 2 times the mobile
source contribution.  Absolute NO

3
- contributions

were similar.  Average PM
2.5 

mass on episode days
was 57 µg/m3 at urban sites and 31 µg/m3 at rural
sites.  Another example shows that peak daily levels
over Fresno and Bakersfield were 80 to100 µg/m3

while at the nearby rural locations of Chowchilla and
Kern Wildlife levels were around 45 µg/m3.  The
regional distribution of secondary compounds likely
results from widespread area sources with a
combination of diffusive transport and long-range
transport aloft.

Man-made vs. natural:  As discussed, during winter
PM

2.5
 episodes, NH

4
NO

3
and organic compounds

dominate.  Ammonium nitrate is influenced primarily
by HNO

3
 which is likely limited by VOC emissions;

the relative contribution of anthropogenic and
biogenic VOC emissions to oxidant formation during
winter is unknown at this point.  Primary organic
compound levels likely arise principally from
vegetative burning and mobile sources, and
secondary organic compounds result from both man-
made and naturally generated precursors.  Vegetative-
burning contributions have been shown to be
consistent with domestic fireplace use, and as
evidenced by high levels during evenings in urban
areas, particularly during the holiday season.  Rural
levels, consisting mainly of secondary components,
remain small and essentially constant, indicating
regional distributions of PM

2.5
.
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9 million motor vehicles, thousands of businesses,
and industries emit significant amounts of primary
PM and precursor gases.  Mountains on three sides
of the air basin combine with strong thermal
inversions to trap pollutants close to the Earth’s
surface where they can undergo photochemical
transformation leading to extremely polluted
conditions.

10.4.1  Annual and Seasonal Levels of PM2.5

and PM10 in Relation to Mass-Based
Standards

Monthly PM
2.5

 concentrations throughout the South
Coast Air Basin surrounding Los Angeles during
1993 are shown in Figure 10.14 (Christoforou et al.,
1999).  The regional PM

2.5 
concentration in 1993

averaged across all sites and months was 28 µg/m3,
while the peak 24-hr PM

2.5 
concentration recorded

was 139 µg/m3 at Rubidoux, CA.  Monthly PM
2.5

concentrations measured at sites located in the South
Coast Air Basin between August 1998 and July 1999
are shown in Figure 10.14 (Kim et al.,  2000a, 2000b).
The regional PM

2.5 
concentration during this

12-month period averaged across all sites and months
was 25 µg/m 3, while the peak 24-hr PM

2.5

concentration recorded was 98 µg/m3 at Fontana, CA.
See Figure 6.8 for the spatial distribution of annual-
average PM

2.5 
concentrations in the South Coast Air

Basin.

The PM
2.5 

trends illustrated in Figures 10.14 and
10.15 clearly indicate that Los Angeles experiences
annual PM

2.5 
levels that are approximately double the

annual-average PM
2.5 

NAAQS of 15 µg/m 3.
Likewise, the peak 24-hr average PM

2.5

concentrations detected during 1993 and 1998-99
indicate that the 24-hr average PM

2.5 
NAAQS of 65

µg/m3 is also exceeded in Los Angeles.

Monthly PM
10   

concentrations throughout the South
Coast Air Basin between August 1998 and July 1999
are shown in Figure 10.16 (Kim et al.,  2000a,b).
Annual-average PM

10
 concentrations in the eastern

end of the air basin (Fontana, Ontario, Rubidoux)
during this time period were 62 µg/m3, while annual-
average concentrations in the central and western
portions of the air basin (Central LA, Diamond Bar,
Anaheim, Long Beach) were 45 µg/m3.  The peak

During fall PM
10

 episodes, geological material
(57 percent average) is primarily mechanically
generated through processes such as entrainment of
road dust and agricultural tilling.   Ammonium nitrate
(16 percent average) may be more sensitive to
daytime chemistry that produces high levels of HNO

3

than during PM
2.5 

wintertime episodes.

10.3.6  Implications for Policy Makers

Reducing secondary compounds during fall and
winter months appears centrally important to
reducing PM

2.5
 levels, although the source

contributions of biomass burning (fireplace usage)
to urban PM

2.5
 pollution may be significant.  As the

components that make up better than three-fourths
of secondary compounds are NO

3
- and organics, and

both of these are influenced most by volatile and
semivolatile organic-compound levels, sources of
these would be worth pursuing.  Both urban and
regional reductions in these sources will be needed.

Strategies for reducing ozone during summer may
focus on NO

x
 emission reductions since ozone

formation within the SJV is then NO
x
 limited.

Reductions in NO
x
 may not be the best course of

action for reducing NO
3

- in the possibly VOC-
sensitive wintertime condition.  Box-model
simulations indicate that NO

x
 reductions may have

the counter-intuitive effect of increasing NO
3

-

formation during winter (Pun and Seigneur, 2001).
Therefore, coordinated efforts will be required to
formulate control strategies beneficial to both ozone
and PM air quality.

10.4  CONCEPTUAL MODEL OF
PM OVER LOS ANGELES,
CALIFORNIA

The city of Los Angeles is located on the Pacific
coast of southern California between San Diego

and San Francisco.  The South Coast Air Basin that
encompasses the greater Los Angeles area has an area
of 10,743 square miles with a population of more
than 15 million people (approximately half the
population of California).  It is the second most
populous urban area in the United States.  More than
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recorded 24-hr average PM
10

 concentration between
August 1998 and July 1999 was 187 µg/m3 (Ontario).
Annual PM

10
 concentrations in the South Coast Air

Basin are also available for the year 2000 (AIRS
database 2001).  The average PM

10
 concentration at

Rubidoux, CA, during this year was 59 µg/m3, with
lower concentrations once again measured in the
central and western portions of the air basin (Azusa:
21 µg/m 3, central Los Angeles: 40 µg/m 3, Long
Beach: 31 µg/m3).  See Figure 6.5 for the spatial
distribution of annual-average PM

10
 concentrations

in the South Coast Air Basin.

The PM
10

 trends described above and illustrated in
Figure 10.16 indicate that the eastern portion of the
South Coast Air Basin experiences PM

10

concentrations that exceed the annual average PM
10

NAAQS of 50 µg/m3.  Peak 24-hr average PM
10

concentrations do not routinely exceed the 24-hr
NAAQS of 150 µg/m3.

Annual PM
2.5

 concentrations averaged at all
monitoring sites between August 1998 and July 1999

accounted for approximately 50 percent of the
annual-average PM

10
 concentrations.  In contrast,

PM
2.5 

concentrations accounted for 84 percent of
PM

10
 during the peak PM

2.5 
concentration event that

occurred on January 18, 1999.

10.4.2  Compositional Analysis of PM

Contributing chemicals: The annual-average
composition of PM

2.5 
in the South Coast Air Basin

during 1993 and between August 1998-July 1999 is
shown in Figure 10.17.  Slightly more than 50 percent
of the annual-average PM

2.5 
concentrations in the

South Coast Air Basin during both years was
accounted for by primary pollutants including organic
compounds, BC, and “other” material (composed of
crustal and metal elements).  Soluble ions including
NO

3
-, SO

4
=, NH

4
+, Na+ and Cl- accounted for slightly

less than 50 percent of the annual-average PM
2.5

concentrations.  Note that previous source-
apportionment studies have shown that the majority

Figure 10.14.  Temporal variations of monthly-average PM
2.5

 at sites in the South Coast Air Basin surrounding
Los Angeles during 1993.  Dotted line indicates the annual-average PM

2.5
 NAAQS value of 15 µg/m3 (source:

Christoforou et al., 2000).
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Figure 10.15.  Temporal variations of monthly-average PM
2.5

 at sites in the South Coast Air Basin surrounding
Los Angeles between August 1998 and July 1999.  Dotted line indicates the annual-average PM

2.5
 NAAQS

value of 15 µg/m3 (source: Kim et al.  2000a,b).
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Figure 10.16.  Temporal variations of monthly-average PM
10

 at sites in the South Coast Air Basin surrounding
Los Angeles between August 1998 and July 1999.  Dotted line indicates the annual-average PM

10
 NAAQS

value of 50 µg/m3 (source: Kim et al., 2000a,b).
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of SO
4

= in the South Coast Air Basin is associated
with background particles, not local SO

x
 emissions

(Kleeman et al., 1999).

Approximately 5 percent of the organic compounds
contained in airborne particles in the Los Angeles
area during 1993 have been identified using GC/MS
techniques.  Commonly occurring compounds
include n-alkanes, branched alkanes, alkanols,
alkanals, alkanoic acids, alkanoic diacids, steranes,
hopanes, diterpenoid acids, polycyclic aromatic
hydrocarbons (PAH), oxyPAH, nitroPAH, and
heterocyclic aromatic compounds.  Concentrations
of secondary OC associated with photochemical
reactions are higher in the eastern (downwind)
portion of the South Coast Air Basin.

Although the majority of the annual-average PM
2.5

mass is associated with primary particle emissions,
peak-concentration events that occur in the eastern
portion of the South Coast Air Basin result largely
from the formation of secondary PM such as
NH

4
NO

3
.  Secondary NO

3
-, NH

4
+, and SO

4
= accounted

for over 50 percent of the PM
2.5 

concentrations in the
greater Los Angeles area during the 16 days, with
the highest recorded PM

2.5 
concentrations between

August 1998 and July 1999 (Kim et al., 2000a,b).

10.4.3  Meteorological Influences

The South Coast Air Basin surrounding Los Angeles
provides a textbook example of how meteorology
and terrain can contribute to air-quality problems.
The air basin is surrounded on three sides by

mountains, with the western edge open to the Pacific
Ocean.  The prevailing wind direction is west to east,
resulting in generally higher concentrations in the
downwind eastern portion of the air basin (see Figures
6.8, 10.14 and 10.15).  During the late-summer and
early-fall months, temperature inversions form during
the evening hours as the atmosphere cools from
below.  This condition produces low mixing depths
and effectively puts a “lid” on the box created by the
surrounding terrain.  Pollutants are trapped close to
the earth’s surface leading to high concentrations of
primary PM

2.5 
and the formation of large amounts of

secondary PM
2.5

.

The primary removal pathways for PM
2.5 

are dry
deposition to the Earth’s surface and transport out of
the South Coast Air Basin.  Heavy fogs are not as
common in Los Angeles as they are in California’s
central valley, and so wet deposition is not a major
removal process.  Particulate air pollution from Los
Angeles has been identified as a potential cause for
air-quality problems and visibility reduction in
neighboring states.

10.4.4  Atmospheric Processes Contributing
to PM

Airborne PM in the South Coast Air Basin
surrounding Los Angeles can be divided into three
general categories: background particles advected
into the air basin, primary PM emitted in the air basin,
and secondary PM that forms in the air basin.  Each
of these particle categories interacts with atmospheric
processes to produce the observed PM

2.5 
trends.

Figure 10.17.  Annual PM
2.5 

and PM
10

 composition averaged across all monitoring sites in the South Coast
Air Basin.
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al.  (2001).  IMADA measurements indicate that the
largest component of PM

2.5
 was from OC and BC,

contributing ~50 percent.  Secondary SO
4
=, NO

3
-, and

NH
4

+ contributed ~30 percent of the PM
2.5

, and
geologic material (dust) contributed ~15 percent.
PM

10
 was observed to be ~50 percent geologic

material, ~32 percent OC and BC, and ~17 percent
SO

4
=, NO

3
- , and NH

4
+.  More than three-fourths of

the OC, BC, SO
4

=, NO
3
- , and NH

4
+ were observed to

be in the PM
2.5

 fraction (Chow et al., 2002).

Table 10.1 shows that the contribution of geologic
material to the PM

2.5
 is greatest northeast and east of

Mexico City (also for PM
10

), indicating that the
sources of dust are from this region.  In contrast,
secondary inorganic PM (SO

4
=, NO

3
- , and NH

4
+) is

observed to be a higher fraction of the total in the
southwest.  Concentrations of SO

4
= at regional

outlying sites were two-thirds of the those measured
in the urban area (~6 µg/m3).  There is little variability
in SO

4
= within the urban area, indicating that much

of it may result from regional-scale transport.  The

concentrations of OC and BC were estimated to be
about twice as high in the Valley as measured at
regional outlying sites (Chow et al., 2002; Sosa et
al., 2000).  No measurements of the chemical
speciation of the organic PM have yet been published.

10.5.3  Meteorological Influences on PM

The geography of the Mexico City basin is important
for the meteorology that controls pollutant transport.
Pollutant concentrations are highest in the dry season
(winter), when thermal inversions are most common
and there is less removal of pollutants by rainfall.
High solar radiation promotes photochemical
reactions, although PM may significantly reduce
photochemical reaction rates (Raga and Raga, 2000).

Thermal inversions are commonly observed during
the morning hours.  These inversions trap pollutants
near the surface, causing the observed morning peak
in PM

10
 (Figure 10.21).  Solar heating of the surface

Figure 10.22.   Concentrations of PM
2.5 

at the Six Core Sampling Sites During the IMADA Campaign, 1997
(Edgerton et al., 1999).
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and mountain slopes causes the inversion to lift
during daylight hours to a maximum mixing layer
height of up to 4000 m (Doran et al., 1998).  This
causes pollutants to disperse and mix vertically, as
pollutants are created by photochemical production.
The afternoon peak in PM

10
 is likely due to increased

dust suspension by stronger winds, as well as the
formation of secondary particles.

During daylight hours, predominant winds transport
pollutants from the industrial area in the northeast
across the city center to the residential areas in the
southwest, but exceptions to this general pattern are
common.  Meteorological measurements and
modeling (Doran et al., 1998; Fast and Zhong, 1998)
show that the Valley of Mexico is well-ventilated
overnight, and so peak daytime concentrations of
pollutants are generally the result of same-day
emissions, rather than the buildup of pollutants over
several days.  However, the few airplane
measurements available show elevated pollutant
concentrations aloft, which may be a residual of the
previous day’s pollution and may affect air quality
at the surface (Nickerson et al., 1992; Pérez Vidal
and Raga, 1998).

10.5.4  Atmospheric  Processes Contributing
to PM

In the IMADA campaign, secondary inorganic PM
(SO

4
=, NO

3
-, and NH

4
+) composed ~30 percent of the

PM
2.5

, and there was generally sufficient NH
3
 present

to fully neutralize the SO
4
= and cause NH

4
NO

3 
aerosol

to form.  Gas-phase measurements of NH
3
 and HNO

3

were taken at only one site during the IMADA
campaign, but these measurements show that NH

3

concentrations are very high, up to 20 µg/m 3.
Preliminary modeling using an equilibrium box
model shows that because of this excess NH

3
, PM

shows little response to changes in NH
3

concentration, and a large response to changes in
HNO

3
 and SO

4
= concentrations (Sosa et al., 2000).

This suggests that if the high NH
3
 concentrations are

representative of the metropolitan area, reducing NH
3

emissions might be less effective at reducing PM than
elsewhere in North America.  High measurements of
PANs (Gaffney et al., 1999) suggest that the high
concentrations of VOCs may cause a substantial
fraction of NO

X
 to be converted to PANs, rather than

to HNO
3
 and NH

4
NO

3
 aerosols.

For organic aerosols, a preliminary analysis assuming
a linear relationship between emissions of BC and
OC suggests that about 30 percent of the organic PM
is secondary, and that this secondary material is most
apparent in the afternoon (Sosa et al., 2000).

10.5.5  Sources and Source Regions
Contributing Principal Chemicals of Concern

The higher concentrations of PM north and east of
Mexico City are believed to be due to the suspension
of dust from dry, unvegetated areas and unpaved
roads in this region.  They may also result from the

Table 10.1.  Average chemical composition of PM2.5 at four sites, as percent of total, from March 2 to
March 19, 1997 (Chow et al., 2002).

Xalostoc (NE) Nezahualcoyotl (E) Merced (C) Pedregal (SW)

Geological 15 24 14 8

OC 31 22 34 37

BC 20 15 15 12

NH
4
 NO

3
7 5 12 16

(NH
4
)

2
SO

4
17 12 19 25

Salt 3 1 0 0

Unidentified 4 19 3 0

Elements 3 2 3 2

Total PM2.5 (µg/m3) 48.4 58.2 38.1 24.6
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heavy industry and associated transportation
emissions (e.g.  from trucks) in the north, as OC and
BC concentrations are highest in the northeast.  This
spatial pattern of PM is not likely due to the formation
of secondary PM, as predominant winds are from
the northeast, and other secondary pollutants such as
ozone show peak concentrations in the southwest
(INE, 2000).  Since poorer populations live east and
northeast of the city, the poor are exposed to the
highest PM

10
 concentrations, but this difference is

mainly due to dust; secondary components show less
spatial variability.

Table 10.2 shows the official 1998 emission inventory
for the MCMA.  Primary PM emissions are expressed
in the emission inventory as PM

10
; no inventory of

primary PM
2.5

 has yet been constructed.  Recent
emission inventories for Mexico City were reviewed
by Molina et al. (2000), who found that differences
between successive inventories reflected changes in
methodology more than real changes in emissions;
the inventories are therefore not of sufficient quality
to track changes in emissions.

According to the emission inventory, 40 percent of
the primary PM

10
 results from the suspension of dust

by the wind, while 36 percent is emitted by
transportation sources.  Because of uncertainties in
the activity data and in determining emission factors
appropriate for Mexico City, the uncertainty in PM

10

emissions is considerable.  Clearly, the estimate of
PM

10
 emissions from soil is highly uncertain and is

highly variable in time and space, depending on soil
moisture and wind speed.  These soil emissions are
also likely to be predominantly in the form of coarse
particles.  In contrast, transportation emissions are
likely to fall mostly in the PM

2.5
 range.  According to

the emission inventory, 29 percent of the total PM
10

emissions come from diesel vehicles (mainly trucks),
which can be expected to be mainly OC and BC.
Although there is no inventory for primary PM

2.5
, it

can be inferred that diesel vehicles are the largest
contributor to primary PM

2.5
.  However, experience

in the United States indicates that in addition to large
combustion sources and motor vehicles, OC and BC
can derive from a number of unique sources,
including operations involving tar, wood combustion,
road dust, and meat cooking (Gray and Cass, 1998);
these may not be well characterized in the emission
inventory, and may not be considered in pollution
control programs.

For the precursors of secondary PM, NO
X
 emissions

are dominated by transportation sources and SO
2

emissions by industry.  VOC emissions are split
between a variety of services (the largest being
solvent consumption) and transportation emissions.
A separate emission inventory for NH

3
 in the MCMA

(Osnaya and Gasca, 1998) reports that domestic
animals (dogs and cats) account for 39 percent, cattle
account for 19 percent, sewage accounts for
18 percent, and other animals (mainly rats and mice)
account for 15 percent.

The emission inventory is estimated for the
metropolitan area, which is fairly well defined by
mountains.  The effect of emissions from a ring of
smaller cities around the MCMA on air quality within
the Mexico City basin is not well understood.

10.5.6  Implications for Policy Makers

Past measurements have succeeded in determining
PM concentrations, their daily and seasonal patterns,
and the chemical composition of PM in the dry season
when pollution is typically most severe.  Organic and

Table 10.2.  1998 Emission Inventory for the MCMA (metric tons/year) (CAM, 2001)

Sources NOx CO SOx HC PM10

Industry 26,988 9,213 12,422 23,980 3,093

Services 9,866 25,960 5,354 247,599 1,678

Transportation 165,838 1,733,663 4,760 187,773 7,133

Vegetation and Soil 3,193 0 0 15,669 7,985

Total 205,885 1,768,836 22,466 475,021 19,899
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black carbon make up about half of the PM
2.5

 in
Mexico City.  The sources of this carbonaceous
material are not well understood, but preliminary
analysis suggests that it is mostly primary.  It can be
inferred from the emission inventory of PM

10
 that

the largest sources of OC and BC are diesel vehicles.
Reducing emissions from diesel vehicles will be
effective at reducing PM

2.5
, and reducing emissions

of highly reactive VOCs, particularly aromatics, is
expected to be effective at reducing secondary
organic PM.  Reductions in VOC emissions, as well
as reductions in NO

x
 emissions, are also expected to

reduce ozone formation.

Sulfate, NO
3

-, and NH
4

+ together account for
~30 percent of the total PM

2.5
.  Because NH

3
 appears

to be in abundance, emission reductions of SO
2
 and

NO
x
 can be expected to be effective at reducing PM

2.5
,

while emission reductions of NH
3
 may be less

effective.  Emission reductions of all three of these
species should be evaluated further, using model
analyses.  Windblown dust makes up about half of
the PM

10
 in Mexico City, with the largest contribution

in the winter.   Although emissions of dust are not
quantified with certainty, it is clear that much of this
dust derives from dry and degraded ecosystems north
and east of the city.  Proposed actions to address this
dust, including ecological preservation and
restoration and paving unpaved roads, will be
effective at reducing PM

10
.

Measurements during the IMADA campaign are
sufficient to support modeling studies now underway;
however, these measurements are limited spatially,
temporally, and in the chemical species measured.
Future PM research in Mexico City should aim to:
characterize particulates at other times of year;
estimate the chemical composition of the large OC
fraction; measure gas-phase precursors concurrently
with PM composition; perform source-apportionment
studies (currently underway); measure meteorology
and air quality near the boundary of the airshed and
above the surface; and use models extensively to test
the emission inventory and the response of ambient
concentrations to changes in emissions.  Finally,
creating an emission inventory for PM

2.5
 and

implementing routine PM
2.5

 measurements are clearly
important recommendations for Mexico City.

10.6  CONCEPTUAL MODEL OF
PM OVER THE SOUTHEASTERN
UNITED STATES

The region of North America covered by this
conceptual model is the southeastern United

States, approximately south of Maryland and east of
the Mississippi River.  This area is known for long,
warm, humid summers, relatively large expanses of
forests, and, recently, rapidly growing populations
in many of the urban areas.   Likewise, this region is
known for summertime humidity and associated hazy
conditions.

10.6.1  Annual and Seasonal Levels of PM
2.5

and PM
10

 in Relation to Mass-Based
Standards

The IMPROVE monitoring network, and recently a
network of PM

2.5
 mass monitors and specialized study

results, found that the Southeast stands out as having
regionally high levels.  (See, for example, EPA, 2001:
Initial Summary of Preliminary 1999 Fine PM
Monitoring Data, Figs.  1 and 2 as well as the map of
PM levels and composition from the IMPROVE
network: IMPROVE, 2000.)  Although the highest
one-day maximum and annual-average PM

2.5
 levels

are found in and around Los Angeles, the southeastern
United States region as a whole has the next highest
levels, and not just downwind of a major city or two,
but over the central core of the region.  Recent data
from the new PM

2.5 
network (e.g., U.S. EPA 2000),

preliminary analysis of PM
2.5

 show that, except for
Florida, every state in the region is experiencing
annual levels above 15 µg/m3.  On occasion, 24-hr
average levels also go above 65 µg/m3.  The highest
levels appear to be in the largest cities away from
the coasts.

Atlanta, the largest city central to the Southeast, may
have some of the highest PM

2.5
 levels.  In-town sites

had annual averages of about 20 µg/m3 for 2000 and
about 19 µg/m3 in 1999.  The monitor with the highest
annual average was just above 21 µg/m3.  Peak daily
levels were above 70 µg/m3 and there is evidence
that some of those high levels were due, in part, to
localized emissions and/or measurement artifacts
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(e.g., Butler, 2000).  As
shown in Figure 10.23, the
seasonal levels appear to
peak in the summer and
autumn (again, with only two
years of data, such a finding
is preliminary, though the
longer monitoring by
IMPROVE supports this.).
Other cities in the Southeast
also have similarly high
levels, e.g., one site in
Birmingham recorded an
annual average above
23 µg/m3.  (Results for 1999
from the SEARCH network
also indicate Birmingham has
slightly higher PM

2.5 
levels

than Atlanta, though the rural
Alabama site is somewhat
lower than the rural Georgia site (Edgerton, 2001).)
Regions in Florida have levels more on the order of
10 µg/m3.

10.6.2  Compositional Analysis of PM

The largest component of the summertime fine PM
2.5

in Atlanta is SO
4

= (with the associated NH
4

+), with
OC following.  In the winter, when mass
concentrations decrease, the amount of SO

4
=

decreases and the fractions of OC and BC increase
(Figure 10.24), such that, on an annual basis, OC
(with the related hydrogen and oxygen) is a larger
fraction of the total.  Nitrate is very small during the
summer, and increases in the winter, though it is not
a major constituent.

Urban impacts are clearly demonstrated by recent
results from the SEARCH network (Edgerton, 2001).
As part of the SEARCH design, urban-rural pairs of
PM monitors were deployed in three states, Georgia,
Alabama and Mississippi, in the Southeast.   Results
for 1999 showed that the urban locations (Atlanta
and Birmingham) in the two states with complete
data had similar SO

4
= levels as the rural monitor, but

significantly higher OC and BC (Table 10.3).  Recent,
detailed organic analysis of PM

2.5
 data from

SEARCH suggests that regionally, primary emissions
from biomass burning and motor vehicles dominate
carbonaceous PM

2.5
 levels, which constitute between

15 and 40 percent of the total PM
2.5

 (Zheng et al.,
2002).  The increase in the urban areas noted above
was due, in part, to increased levels from motor
vehicles.  Secondary SO

4
= constituted between about

Table 10.3.  Difference in annual average (1999) PM2.5 levels in the urban-rural pairs of the SEARCH
network.  Delta values shown are the annual monitored level for the urban sites minus the corresponding
values for their rural counterparts.  This indicates the relative impact of urban sources, though it should be
noted that the rural pair is also impacted by urban emissions.

Site Pair Delta SO4
= (mg/m3) Delta OC (mg/m3) Delta EC (mg/m3) Delta PM2.5

mass (mg/m3 )

Georgia (Atlanta-

Yorkville)

0.6 2.1 1.2 4.2

Alabama

(Birmingham-

Centreville)

0.9 2.9 2.0 6.2

Figure 10.23.  Seasonal PM
2.5

 at the Fire Station monitor in Atlanta.  (JFM:
January, February March, etc.)  While the average PM

2.5
 is shown to peak in

the summer quarter, the highest average month at that station was in October
2000 (34.9 µg/m3), suggesting that other periods can have sustained high
levels of fine PM

2.5
.  The highest daily value was 78.8 µg/m3 in November

2000.
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