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EXECUTIVE SUMMARY

This report presents research based on data acquired during the Southern
California Air Quality Study (SCAQS). SCAQS was an air pollution field measurement
program that focused on development and improvement of our understanding of the
most important tactors affecting the production, transport, and deposition of acidic
species in the South Coast Air Basin (SoCAB). In addition, the goal was to develop a
comprehensive air quality and meteorology database that could be used to evaluate
and improve elements of air quality simulation models for oxidants, fine and coarse
particles, toxic air contaminants, and acidic species.

AeroVironment managed this project and received analytical contributions from
Daniel Grosjean and Associates, Caltech, and Clarkson University.

Section 2 characterizes the SCAQS air quality data through graphical
visualization and trajectory analyses.

The conclusions made from the visual analysis include the following:

o A good correlation between high SO concentrations and high SO4~
levels was observed at Long Beach and Hawthorne, especially for relative
humidities above 50%. However, at Rubidoux the reiationship was not
obvious, which means that phenomena other than chemistry and direct
emissions could be responsible for the observed sulfate at the site; e.g.,
the transport from distant sources could be the major source of suifates at
that site.

0 Increased levels of SO4~ corresponding to steady or decreased SO», or
vice versa, were both observed in all of the episodes.

Section 3.1 summarizes the analysis of organic acids from the SCAQS
database. The analysis contains:



0 A review of available data, prior to SCAQS, regarding emissions,
ambient levels, in situ formation and removal processes for organic
acids in the SoCAB.

o] An estimate of direct emissions, using ambient air data for organic
acids and for a number of unreactive tracers including carbon
monoxide, acetylene, Freon 113, and several chlorinated
hydrocarbons.

Lo} An estimate of in situ formation rates, using kinetic data, reaction
mechanisms, and emission rates for olefins that produce organic acids
in situ by reaction with ozone.

0 An estimate of removal rates, with focus on dry deposition as the
major atmospheric removal process for gas-phase organic acids.

o) An attempt to reconcile ambient observations, production (direct
emissions and in situ formation) and removal (mostly dry deposition)
for gas-phase organic acids in the SoCAB.

The major findings are:

Emissions. Formic, acetic, and total organic acid emissions have been
estimated using organic acid/carbon monoxide ratios. Emission rates of 6,500,
9,000, and 19,700 kg/day were estimated for formic, acetic, and total organic acids,
respectively.

Atmospheric formation. The results of the study indicate that several
reactions may produce organic acids in situ, three in the gas phase (the aldehyde-
HO2, phenol-OH, and ozone-olefin reactions) and one in the aqueous phase
(oxidation of aldehyde in cloud and/or rainwater). Of these, the ozone-olefin
reaction was deemed to be a major source of organic acids.

Removal processes. For the gas-phase organic acids, dry deposition far
exceeds removal by rain and accounts for 95% (formic acid) and 91% (acetic acid)

iv



of the organic deposition budget. Overall, dry deposition is estimated to be 14
times more important than the removal by rain, accounting for 92% of the total
organic acid deposition budget.

Sections 3.2 through 3.7 present an analysis of physical and chemical
processes that entail discussions of the following: aerosol size distribution and their
relationship to the concentrations and deposition of acidic gases and particles;
effects of fog formation on the production and deposition of acidic species and
vertical distribution and chemistry ot acidic species and precursors; and the role of
upper air chemistry in producing acidic species. The results of the study are
discussed below:

Aerosol size distribution and its relationship to the concentrations and
deposition of acidic species. Mixing of droplets with different pHs that are

undergoing Henry's Law equilibrium with the surrounding atmosphere always
results in a bulk mixture that is supersaturated with weak acids like S{IV) and
HCOOH, and bases like NH3 with respect to the original atmosphere. The degree
of supersaturation of the bulk liquid water sampling for a particular species depends
on its dissociation constant, on the initial pH of the bulk droplet mixture, and on the
distribution of the pH and of the liquid water over the droplet spectrum. High
supersaturations result only when the pH of the bulk droplet mixture exceeds the
pHa of the species, in which pH differences among droplets of different sizes lead to
large deviations from Henry's Law for the bulk mixture.

Heterogenequs production of acidic species. Trajectory analysis suggests
that high sulfate concentrations were associated with the arrival of air parceis at the
receptor sites that passed through the fog layer the previous night. The trajectory
gas-aerosol model successfully explained the suifate levels in air parcels that did
not pass through the fog layer, but underestimated the sulfate levels of the
trajectories that passed through the fog by a factor of as much as 2.5.
Sensitivity/uncertainty analysis indicated that the presence of excess sulfate
(around 10 pgm'3) cannot be attributed to uncertainties in the model parameters
{e.g., initial conditions, emissions, mixing heights, deposition velocities). The
episode was then simulated using a full gas- and aqueous-phase chemistry
trajectory model and the anailysis indicated that heterogeneous suifate formation in



fog droplets under the conditions of the episode can indeed explain the observed
excess sulfate. ,

Section 4 presents an analysis of receptor model techniques to SCAQS
data, that includes the Target Transformation Factor Analysis, Mutltiple Regression
Analysis, and Potential Source Contribution Function Analysis.

The results of the types of analysis conducted include:

Target Transformation Factor Analysis. This analysis is able to:
(1) estimate the number of independent sources that contribute to the system;
(2) determine the components of the elemental source profiles; and (3) calculate the
contribution of each source to each sample. A five-factor model is derived to
account for the source apportionment of samples collected at the Burbank site.
Although the analysis resolves "five" sources, it is quite difficult to associate them
with physically real emission sources. A four-factor model was used to describe the
samples collected at the Claremont site. Source 1 contributes mainly PM-2.5 SO4~,
NH4*L9, and a significant amount of S04~ and NO3'L3. Source 3 contributes
significant amounts of NO3'L9 and NH4*L9. The last source (4) contributes mainly
NC3'L3. Sources 2, 3, and 4 do not include signiticant amounts of marine aerosols.
A 3-factor model was obtained to account for the source apportionment of samples
collected at Rubidoux. The first source involves large amounts of NH4*L5 and
S04~ The second source contributes significant amounts of NH4*L5, NO3'L3 and
NO3'L9. All three sources contribute insignificant amounts of marine aerosols.

Multiple Regression Analysis. The results indicate that the atmospheric
transport of the gaseous precursors and their conversion into particulate-phase
acidic species tends to decouple them from the variations seen in any primary
particles that might have been coemitted with SO5 or NOy. As a result, this method
cannot be used for the identification of the sources of secondary acidic species.

Potential Source Contribution Function Analysis. In contrast to the other
receptor techniques, the potential source contribution function analysis was able to
identify possible locations of sources. Major sources are located along the coast.
These sources produce SOz which reacts in the gas and the aqueous phases,
thereby producing acidic species, as it is transported inland by the prevailing winds.
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1. INTRODUCTION

Acid deposition is the process by which atmospheric acidic
substances—sulfuric, nitric, organic acids, and their salts—are deposited to the earth's
surface. The main sources of these acidic species are anthropogenic activities, such
as esmissions of sulfur dioxide, nitrogen oxides, and hydrocarbons. The processes that
lead to the formation, evoiution, and removal of these acidic species are complicated
and depend on transformation processes, such as photochemical activity, gas-to-
particle conversion, droplet formation, droplet chemistry, particle dynamics, and both
wet and dry deposition.

Acid deposition can damage trees, lakes, and crops. This concern is reflected in
existing and pending legislation, such as Title V of the federal Clean Air Act, and in
growing research interest on this subject.

In 1987, an air pollution field measurement program was performed as part of
the Southern California Air Quality Study (SCAQS). The SCAQS program was funded
by government agencies, industry groups, and individual corporate sponsors. The goal
of SCAQS was to develop a comprehensive air quality and meteorology data base for
the South Coast Air Basin (SoCAB) that can be used to evaluate and improve elements
of air quality simulation modeis for oxidants, fine and coarse particles, toxic air
contaminants, and acidic species. SCAQS aiso addressed specific technical questions
about emission rates, transport, transformation, and deposition of pollutants.

This report presents research based on data acquired during the SCAQS
program. The focus of this research was to develop and improve our understanding of
the most important factors affecting the production, transport, and deposition of acidic
species in the SoCAB. Some of the major research areas that are addressed in this

report are:
0 The distribution of acidic species among the three phases: gas,
aerosol, and droplet.
o] The role of atmospheric aerosol in nucleating fog and cloud droplets

and those aerosols most important in droplet nucleation.
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0 The role of aqueous-phase chemistry in generating acidic species.

o The factors that determine the size of atmospheric liquid droplets and
their aqueous-phase chemistry relationship.

0 The rate of deposition for atmospheric gases, particles, and droplets.

o] The relationship between primary gaseous and particulate species,
and airborne and deposition acidity.

Section 2 of the report describes the "preliminary” analysis performed on the
SCAQS data, using visualization and trajectory analysis. Section 3 describes the
deterministic modeling approaches we used to determine the contribution of emissions,
gas-phase chemistry, aqueous-phase chemistry, and removal processes to the
observed concentrations of organic and inorganic acidic species. Section 4 presents
the source-receptor relationships determined by various receptor modeling methods.
Finally, Section 5 summarizes the results and conclusions from the study.
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2. CHARACTERIZATION OF SCAQS AIR QUALITY DATA
2.1 PRELIMINARY ANALYSIS
2.1.1 Introduction

This section characterizes the air quality data through examination of
geographical patterns, identification of source receptor relationships, and associated
influences of meteorological conditions. Two methodologies have been used to
characterize the data: a preliminary analysis and a trajectory analysis.

The preliminary analysis was a visual examination of the data. Figure 2.1.1
presents the spatial distribution of the stations used in this analysis. The trajectory
analysis included the use of surface wind field generation and trajectory integration
procedures.

2.1.2 Identification of Geographical Patterns, Source-Receptor Reiationships,
and Influences of Meteorological Conditions

The SCAQS data were examined graphically to highlight any geographical
patterns, source-receptor relationships, and influences of meteorological conditions.
The geographical patterns and relationships were examined to include relative
humidity, sulfur dioxide (SO»), and sulfates (SO4°).

The method used to study the data from the South Coast Air Basin (SoCAB) was
visual examination of the graphical display of data. Time series plots are one method
used in the visual examination and are presented for the June episode (Figure 2.1.2),
the August episode (Figure 2.1.3), and the December episode (Figure 2.1.4). SO» and
S04~ are plotted in terms of suifur concentration (ug/m3); that is, [SOo)/2 and {SO47V/3.
in general, SO4~ has a higher contribution to total sulfur than SOz in the June and
August episodes. However, in the December episode, SO2 has a higher fraction of the
total sulfur than SO4~. The June episcde stood out for the Burbank and Los Angeles
sites with relatively high SO4~, accompanied by relatively low SOo concentrations.
During all episodes, the Hawthorne and Long Beach sites were cbserved to exhibit



FIGURE 2.1.1. SCAQS network.

Burbank ©
Azusa ©
o Claremont
C Los Angeles
o Riverside
o Hawthome
Long Beach .0 o Anaheim
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more pronounced SO4~ and SO2 concentrations than the other sites. An increase of
804" concentrations and a steady value or decrease of SO» concentrations, or vice
versa, were observed in all episodes. The following discussion provides more detailed
descriptions of the observations for each episode.

During the June episode, the Azusa, Burbank, Hawthome, and Los Angeles
sites appeared to have higher SO4~ concentrations than the other sites. Almost all of
the sites had relatively high sulfur contributions from SO4~ and relatively low sulfur
contributions from SO2 compared to other episodes. Increased SO4- concentrations,
accompanied by increased or steady SO concentrations, were observed at the Azusa,
Burbank, Claremont, Hawthorne, and Los Angeles sites. Decreased SO4°,
accompanied by steady SO2 concentrations, were observed at nocon on June 24 at
Hawthorne and decreased SO4- accompanied by increased SOo were observed at
9 a.m. on June 25 at Hawthorne.

During the August episode, the Azusa, Long Beach, and Hawthorne sites
appeared to have higher SO2 concentrations than the other sites. The peak SO4~ and
the second highest peak of SO4~ appeared at Hawthorne and Azusa sites,
respectively. Often, increased SO4- concentrations were observed in the afterncon
with increased SO» concentrations. Photooxidation could explain the changes in the
SQ4~ concentrations.

During the December episode, the Hawthorne and Long Beach sites showed
higher SOo and SO4~ concentrations. Increased SO4- concentrations, accompanied
by increased SO»2 concentrations, were observed at Hawthorne in the late morning and
at Long Beach in the afternoon on December 11. An increase of SO4~, accompanied
by a decrease of SOp concentrations were observed in the evening of December 11 at
the Long Beach site.

Figure 2.1.5 presents three-dimensional plots of relative humidity, SO», and
804~ concentrations. The plots were constructed using all data collected at each
station during the study. As shown in this figure, high SO4~ concentrations are likely to
occur during periods of high SO» concentrations and especially when relative
humidities are above 50%. This behavior is clear at receptors near coastal source
areas, such as Long Beach and Hawthorne, and may be due to a combination of
emitted primary sulfuric acid (HoSO4) and local chemistry, both aqueous and gaseous.
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FIGURE 2.1.5 (continued)
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observed very early in the morning. [f however, suifates were produced locally by the
reaction of

Ho0
SO + OHe — H2SO4

then the maximum should occur after noon, or early in the evening. Another indication
that aged parcels could cause the peaks in the sulfate concentration at Hawthorne is
that the high sulfate concentrations are accompanied by high SOa concentrations,
except at 1 p.m.-4 p.m. on June 24 and at 9 a.m.-noon on June 25. Similar behavior is
also observed during the August 27-29 episode, except for the period from
10 a.m.-noon of the last day of the episode. However, the peak concentration appears
around noon and may indicate the high transformation rate of photooxidation. For both
episodes, the decrease of the SO4~ concentration corresponding to the steady or
increased SOo concentration, or vice versa, indicates that direct emissions of suifate
and transformations which is associated with meteorological conditions, could be one
of the important factors dominating SO4~ concentrations during that period.

To understand the overall sulfate concentrations in the SoCAB, and to identify
the origins of the parcels that cause the high sulfate concentrations at the Hawthorne
site, bar-graphs of SO2 were plotted on a map of the ScCAB for each site, as were
available data for SO4™ and relative humidity. The December and August episodes for
the Hawthorne site were plotted.

For the December episode, only five of the eight sites have data available. As
shown on Figure 2.1.8, both SOo and sulfate concentrations were low through
December 10. However, on December 11, relatively high concentrations of SO2 were
observed at 2 a.m., 8 a.m., 12 noon, and 4 p.m. at Hawthorne and at 4 p.m. at Long
Beach. Relatively high SO4~ was observed at 12 noon and 4 p.m. the same day at the
Hawthorne site and at 8 p.m. at the Long Beach site.

As the day progressed on December 11, both SO2 and SO4~ concentrations at
Hawthorne increased substantially, while the corresponding concentrations at the rest
of the sites remained relatively low. The cause of the high concentrations appearing at
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FIGURE 2.1.8. SCAQS monitoring locations showing 50, and SO, concentrations 4and
relative humidity during December episode.
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FIGURE 2.1.8 (continued)
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FIGURE 2.1.8 (continued)
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FIGURE 2.1.8 (continued)
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FIGURE 2.1.8 (continued)
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FIGURE 2.1.8 (continued)
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FIGURE 2.1.8 (continued)
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FIGURE 2.1.8 (continued)
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FIGURE 2.1.8 (continued)
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FIGURE 2.1.8 (continued)
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the Hawthorne site are not clear. Clarification could occur through deterministic
medsling, which would assess the contribution of various sources of those peaks.

Figure 2.1.8 illustrates the increased concentration of SO4- occurring at 4 p.m,
on December 11 at the Anaheim, Burbank, and Long Beach sites. The increased SO4-
concentrations indicate that photochemical activity played a major role at that time.
S0s» concentrations at the Long Beach site also were much higher than the rest of the
sites observed at that time. Later in the evening on December 11, while the SOp
concentrations decreased substantially at the Long Beach site, the SO4
concentrations increased by approximately 70%. The cause of the increase in SO4~
concentrations is unclear; however, the photochemically produced SO4- from
elsewhere could have moved to Long Beach, or local SO2 could have oxidized in the
aqueous phase (noting that the relative humidity was around 90%).

Figure 2.1.9 shows the August episode. At the beginning of the August
episode, SO4~ was almost evenly distributed throughout the SoCAB. These
concentrations were approximately 8 pg/m3. Both the SO2 and SO4~ concentrations
remained at relatively low levels through August 27, with the exception of the SOo
concentration at the Long Beach site, which reached 25 pg/m3 at approximately noon.
Because of the high reiative humidity (around 80% during the night throughout the
SoCAB) and -warm temperature, it has been observed that photochemical activity is
very intense during August. However, despite the high SO2 concentrations and high
relative humidity observed during this episode, no subsequent increase in the SO4~
concentrations was noticed on August 27.

On August 28, the concentrations of both pollutants followed similar behavior to
those of August 27, 1987. On the morning of August 29, high SO4~ concentrations
were observed throughout the SoCAB from all of the stations; Hawthorne measured
highest at 6 am. At 2 p.m., the high concentrations were shifted inland. This
phenomenon can be chserved especially in the northeastern part of the SoCAB, which
indicates that polluted air from the coastal areas moved inland and affected those
areas. Later in the evening, the sulfate concentrations decreased substantially.

2-46



FIGURE 2.1.9. SCAQS monitoring locations showing SO, and SO4 concentrations and
relative humidity during August episode.
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FIGURE 2.1.9 (continued)
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FIGURE 2.1.9 {continued)
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FIGURE 2.1.9 (continued)
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FIGURE 2.1.9 (continued)
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FIGURE 2.1.9 (continued)
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FIGURE 2.1.9 (continued)
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FIGURE 2.1.9 (continued)
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FIGURE 2.1.9 (continued)
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FIGURE 2.1.9 (continued)
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FIGURE 2.1.9 (continued)
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FIGURE 2.1.9 (continued)
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2.2 TRAJECTORY ANALYSIS

The trajectory analysis was performed to identify the source receptor
relationship. The construction of the trajectories involved surface wind field generation
and a trajectory integration procedure.

2.2.1 Surface Wind Field Generation

The surface wind field was constructed from the measured data by interpoiation
to the regular grid, using the method of Goodin et al., 1979. The influence of gross
terrain features, like mountains, was accounted for by the use of barriers to wind flow
during interpolation of the wind components. Following the interpolation procedure, a
local terrain-adjustment technique, which involves the solution of Poisson's equation
(Goodin et al., 1979), was used to adjust the wind field. The limitation of surface wind
field generation is discussed in the papers written by Goodin, et al.

2.2.2 Trajectory Integration Procedure

Once the wind field has been established, the position of the air parcel at time
"t" relative to the initial starting locations x(0) can be found (McRae et al., 1982).

x(t) = x(0) + u(x,t)at
Where, x(0) is the initial coordinate of the air parcel; u(x,t) is the wind velocity
at locations at ttime; and x(t) is the coordinate of the air parcel at time t. Since the

velocity field u(xt) is usually only available at discrete locations, a distance-weighted
mean of the wind field at the four nearest grid points was used.
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Using the two-step procedure described previously, we developed hourly
forward trajectories starting at Long Beach for the August and December episodes.
The duration of the forward trajectories is 24 hours and is shown in Figures 2.2.1 to
2.2.48 (see Appendix A.1) and in Figures 2.2.49 to 2.2.72 (see Appendix A.2) for the
August and December episodes, respectively.

As shown in Figures 2.2.1 to 2.2.48 (Appendix A.1), the trajectories starting at
Long Beach followed an eastern-northeastern path throughout the August 27-29
episode, indicating that pollutants emitted in the coastal area near Long Beach were
transported inland. There are many trajectories of interest in terms of modeling and
analysis. For example, the trajectories that were scheduled between 1 p.m. and 3 p.m.
on August 27 passed through Anaheim, and later, Riverside. Also, the air parcel that
passed over Long Beach at 7 p.m. on August 27 reached Fontana the next evening.
Similarly, most of the trajectories that started between 5 a.m. and 3 p.m. on August 28
passed through Fontana the next day. Finally, the only trajectory that was found to
connect the two A-sites—Long Beach and Claremont—was the one that started at 4
p-m. on August 28 and reached Claremont around 12 noon the next day.

Figures 2.2.49 to 2.2.72 (Appendix A.2) shows the trajectories that began at
Long Beach during the December episode. The meteorology was much different than
that of August, with apparent strong stagnation. Most of the air parcels that started at
Long Beach during the pericd showed no significant inland movement. Thus, it is very
unlikely that pollutants emitted at the coastal areas affected receptor sites, like
Rubidoux and Claremont, during the December episode. More importantly, the 12/10
trajectories from 0000-1100 passed over Anaheim the next day. This would show
recirculation over the ocean and back to the land at a time when samples were being
collected at Anaheim. Trajectories at the end of 12/10 arrived at Hawthorne late on
12/11—maybe too late to be sampled. Potentially important trajectories, in terms of
modeling and analysis, are those that passed over Long Beach between 2 p.-m. and 4
p.m. on December 10, because those trajectories reached Hawthorne the next day.
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3. ANALYSIS OF PHYSICAL AND CHEMICAL PROCESSES IN THE SOUTH COAST
ATMOSPHERE

3.1 ORGANIC ACIDS
3.1.1 Introduction

The overall objective of this project is to analyze and interpret atmospheric
acidity data from the 1987 Southern California Air Quality Study (SCAQS), emphasizing
understanding of the chemistry, sources and deposition of acidic gases and particles in
the South Coast Air Basin (SoCAB). One important category of airborne acidic
pollutants is organic acids (carboxylic acids).

Organic acids are ubiquitous in the urban atmcsphere. Organic acids are
emitted by mobile and staticnary sources and are formed in situ by chemical reactions
involving olefins and other hydrocarbons (Grosjean, 1989). Studies carried out before
SCAQS (Grosjean, 1990a, and references therein) have shown that the two most
abundant organic acids are formic acid (HCOOH) and acetic acid (CH3zCOOH). These
two acids are generally more abundant in southern California air than the most
abundant inorganic acids; i.e., nitric acid (HNO3) and hydrogen chioride (HCI).
Likewise, organic acids are the leading contributors to acid dry deposition in the
SoCAB (Pierson and Brachaczek, 1990).

While organic acids account for a major fraction of the total gas-phase acidity,
our current knowledge of the sources, atmospheric formation and atmospheric removal
of organic acids is very limited. Thus, the major objective of this study is to perform an
interpretive analysis of the SCAQS data base to obtain more reliable estimates of
emissions, in situ formation, and deposition of organic acids in the SoCAB.
Accordingly, this report is organized into the following sections:

+ areview of available data prior to SCAQS, regarding emissions, ambient levels,
in situ formation and removal processes for organic acids in the SoCAB.
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« an estimate of direct emissions, using ambient air data for organic acids and for
a number of nonreactive tracers such as carbon monoxide, acetylene, Freon 113, and
several chlorinated hydrocarbons.

« an estimate of in_sityu_formation rates, using kinetic data, reaction mechanisms,
and emission rates for olefins that produce organic acids in situ by reaction with ozone.

« an estimate of removal rates, focusing on dry deposit