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ABSTRACT

The reduction of visibility due to air pollutants in the Los Angeles atmosphere
can be severe. During summer midday periods, visibility can be reduced to less
than a few kilometers. A five-site air monitoring network operated during the
summer of 1984 provided data needed to characterize the summer midday visi-
bility problem in the Los Angeles area. Light scattering and absorption by fine
aerosol particles was found to account for more than 80% of the light extinction
at the five sites studied. Carbonaceous aerosols and sulfates were responsible for
approximately half of that fine aerosol burden. The theories of light scattering and
absorption, and the data collected describing the physical and chemical charac-
teristics of the suspended particulate matter and gaseous pollutants were used to
calculate the light scattering coefficient and extinction coefficent present on each
experiment day. The theoretically computed scattering and extinction coefficients

are in reasonable agreement with measurements of those quantities.

One method of presenting the results of a visibility model in a readily under-
stood fashion is to produce synthetic photographs that simulate the appearance of
the scene of interest in the presence of a specified level of air pollution. A proce-
dure for creating such synthetic photographs is developed, and methods for testing
the accuracy of image processing-based visibility models are explored. The con-
trast reduction observed when objects are viewed through a polluted atmosphere
is reproduced in the synthetic photographs, and with the inclusion of a radia-
tive transfer code to calculate sky intensities, the appearance of the sky can be

accurately simulated.

Since carbonaceous aerosol is the largest single contributor to fine particle
concentrations in the Los Angeles atmosphere, pollutant abatement programs di-

rected at visibility improvement must consider the reduction of primary carbon
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particle concentrations. The effects on visibility of strategies that have been pro-
posed for reducing the emissions of primary carbon particles are examined. It is
estimated that the mean light extinction coefficient in the Los Angeles area at-
mosphere could be reduced by 8% to 15% by means of carbon particle emission

1

controls costing $80.4 x 108 year~!. Controls on other emissions would further

improve local visibility.
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CHAPTER 1

INTRODUCTION

1.1 Light Scattering and Absorption in the Atmosphere

Many of the phenomena resulting from the interaction of light with gases
and particles in the atmosphere are familar sights. Some, like rainbows, halos,
coronas, the colors accompaning sunrises and sunsets, and even the blue of a clear
day sky are sources of enjoyment. (For a discussion of the causes of a variety of
these occurrences, see Minnaert, 1954.) However, in polluted atmospheres, light
scattering and absorption by airborne pollutant particles act to reduce visual range

and to degrade the appearance of the surrounding scenery.

This work describes an effort to characterize the causes of visibility degradation
observed in a polluted atmosphere, to model the process of visibility reduction,
and to consider methods to improve visibility. Methods developed are applied to
create an understanding of the causes of the summer midday low-visibility events
that commonly are observed in the Los Angeles area. This introductory chapter
begins by giving historical background information on the evolution of studies of
the attenuation of light in the atmosphere, and provides a discussion of the basic
properties and causes of light extinction. Then an outline of the research objectives

pursued in Chapters 2 through 5 of this work is presented.

1.2 Historical Background
In 1760, Bouguer formulated a law describing the apparent brightness of an

object viewed at a distance. He deduced the law from experiments, but mathe-

matically it can be explained as follows.
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Light scattering is a process by which all or a portion of a light beam is
redirected, but in which total light intensity is conserved. Assume th'at the light
intensity reduction, dI, in the original direction of propagation due to scattering
over a differential distance dz through a medium is proportional to the incident
light intensity, I, and to the length of the path element dz. Then the change in

light intensity can be written:
dl = —b,.qildx (1.1)

where b,.,; is a proportionality constant called the scattering coefficient, having
units of inverse length. To determine the light intensity, I, received from an object
with inherent intensity I; located at a distance z from the observer, Equation (1.1)

can be integrated to obtain:

I = Ipe beeet® (1.2)

If light is absorbed by the medium rather than scattered, a similar expression

results:

I = Iye babe® (1.3)

where by, is the light absorption coefficient (units are inverse length). If both

scattering and absorption occur, then

I — Ioe_(bacat+baba)z

I = Ipe be=® (1.4)

where b, is called the light extinction coefficient (again having units of inverse

length). Equation 1.4 is known as Bouguer’s law (Middleton, 1968).

In 1789 de Saussure constructed a device to attempt to measure the trans-
parency of the air, and in 1868 Wild made photometric measurements of the

brightness of screens held at different distances. During the mid 19th century, the
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attenuation of beams of light was studied as an important consideration in the
performance of lighthouses. But providing an explanation for the blue color of the

sky was still a challenge for scientists studying the optics of the atmosphere.

In 1908 Nichols summarized the then current “theories of the color of the sky.”
Clausius (1849) believed that a blue sky was caused by the presence of water
bubbles in air. Hagenbach (1872) maintained that light reflecting off of moving
bodies of air caused the color. Lallemand (1872) and Hartley (1889) favored the
theory that ozone fluoresced at blue wavelengths in the upper atmosphere, and‘
Rayleigh (1871a,b) theorized that the amount of light that is scattered by small
particles in the atmosphere varies inversely with the fourth power of the wavelength
of light, and that this would give the sky its blue color. Rayleigh concluded in
1899 that the small particles scattering the sun’s light could be the air molecules
themselves. Rayleigh scattering became the accepted theory, even though Nichols
(in 1908) had thought that the sky color “cannot be altogether accounted for by

the assumption of an atmosphere conforming to Rayleigh’s formula.”

The light scattering pfocess described by Rayleigh is only valid for particles
having diameters smaller than about one-tenth the wavelength of the incident
light. In 1908 Mie formulated a theory based on solutions to Maxwell’s equations
as applied to spheres in an electromagnetic wave in order to describe how light
interacts with particles in the processes of light scattering and absorption. Mie
theory reduces to Rayleigh scattering in the limit of small, light scattering parti-
cles, and can be used to calculate the scattering and absorption coefficients due

to a suspension of particles in the atmosphere (Equations 1.2, 1.3).

The effects of light scattering and absorption by particles suspended in the
atmosphere were further studied and evolved into considerations of the link be-

tween light extinction, visibility, and pollutant aerosols. In 1924 Koschmieder



—4—

published his “Theorie der horizontalen Sichtweite.” Koschmieder used the term
“_Sichtweite,” or visibility, to describe the greatest distance at which a black ob-
ject could still be distinguished from the background of the horizon sky. Allard
in 1876 studied visibility in terms of the degree of attenuation of a beam of light
at night. Middleton (1968) traces the English usage of the term “visibility” to
Bennett (1930) who used the word, perhaps as a translation of Koschmieder’s
“Sichtweite”, to describe the clearness with which objects can be seen. The word
“aerosol” (from the prefix “aero” and the word “solution”, according to the Ameri-
can Heritage Dictionary, 1980) to describe a system of particles suspended in gases
was used by Winkel and Jander in 1934, and by Schmauss and Wigand in 1929.
The term “Luftplankton” (Luft = air) used by Weber in 1916 to refer to the

particles that swim in the air, never entered common scientific usage.

Routine measurements of visual range were made after World War I, and
much research on visibility was accomplished during World War II. Duntley (1948)
presented work that was “begun during the war as part of a study of the visibility
of distant targets; it is presented in the belief that the theory may find peacetime
uses.” Research into the causes of visibility reduction and methods to improve

visibility continue today.

1.3 Contributions to Light Extinction

If air molecules were the only scatterers present in the atmosphere, visibil-
ity would be restricted to approximately 300 km, but additional visibility reduc-
ing particles enter the atmosphere from natural and man-made sources. Natural
sources include soil and rock dust, sea spray, natural fires, condensation of nat-
ural gaseous emissions, and volcanos. These sources cannot always be viewed
as contributing small amounts of material. For example, in 1883, the eruption

of Krakatoa “raised clouds of ash to 90,000 feet, and turned day into night at
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Batavia 100 miles away. Within a few weeks the smaller particles, remaining high
in the stratosphere, had spread across a broad belt of latitudes and completely
around the globe. For several years this impalpable dust produced spectacular
lighting effects at sunrise and sunset” (McCartney, 1976). (For another account
of the Krakatoa eruption see Péne du Bois, 1947.) Anthropogenic sources of at-
mospheric particles include fuel combustion and industrial processes as well as
the exhaust from vehicles and a variety of fugitive sources (e.g., road dust and
tire wear debris). Total annual average anthropogenic particulate emissions in the

United States are estimated at 125-385 Tg/year (Seinfeld, 1986).

The size of atmospheric particulate matter varies greatly. The size of an air
molecule is on the order of 10~* um, while the size of most airborne particulate
matter ranges in diameter from 0.01 um to 50 um. The amount of light scattered
by these particles (and therefore the scattering coefficient) depends on the ratio
of the particle diameter to the wavelength of incident light. The most effective
scattering occurs when the particles have a diameter about the same size as the
wavelength of incident light. The scattering coefficient also depends on the particle
number concentration and on the index of refraction of the particles. Figures
1.1-1.5 illustrate the relationship of these particle properties to the scattering
coefficient for an aerosol with a size distribution like that measured on September
27, 1984 at Pasadena, California. Mie theory was used to calculate the scattering
co_efﬁcient results given in those figures, by methods that are described in detail

in Chapters 2 and 3 of this work.

Figure 1.1a shows the volume distribution of the particles measured in an
ambient aerosol sample at Pasadena, California. The distribution indicates the
contribution that the particles in each of a series of particle diameter intervals make

to the total volume of particles measured. Figure 1.1b illustrates the distribution



—6—

of light scattering as a function of particle size for the same aerosol.

The graphs show that even though there is a substantial volume of large par-
ticles present, these large particles contribute little to the amount of light that
is scattered. For the aerosol size distribution observed on September 27, 1984
and an assumed refractive index of 1.5-0.0i, the scattering coefficient declines as
the wavelength of light increases (Figure 1.2). Figure 1.3 shows the variation in
the scattering coefficient with changes in the real part of the refractive index,
and Figure 1.4 describes the variation in scattering resulting from a variation in
the imaginary part of the refractive index. The scattering coefficient increases in
direct proportion to the total number of particles present (all other factors held
constant) as illustrated in Figure 1.5. The scale factors used in Figure 1.5, are
multiplicative factors applied to the number of particles in each diameter range
of the size distribution in order to examine the effect of particle number on the

scattering coefficient.

In addition to light scattering by air molecules and‘by particles, light can
be absorbed by gases (chiefly NO,) and by particles (chiefly elemental carbon).

These factors also contribute to the amount of light extinction in the atmosphere.
1.4 Visibility and Air Pollution

In atmospheres containing large concentrations of particles and absorbing
gases, as is possible in polluted areas, visibility can be reduced to less than a few
kilometers. While visibility reduction may be the most easily perceived feature of
a polluted atmosphere, other effects of air pollution include possible damage to
materials and to plants, and health hazards to animals and to humans. In an ex-
treme example, during a severe air pollution episode which lasted from December

5-9 in London in 1952 over 4,000 excess deaths were reported (Seinfeld, 1986).

Because of the varied effects of airborne particulate matter, ways to reduce
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suspended particulate matter concentrations are sought. In order to deliberately
engineer a solution to any air pollution problem, the problem first must be fully
characterized. Pollutant concentration and chemical composition must be mea-
sured, along with the concomitant effects to be controlled, such as visibility re-
duction. The emission sources that contribute the pollutants of interest must be
identified. Then mathematical models can be developed that describe the cause

and effect relationships between pollutant emissions and resulting ambient pol-

lutant concentrations, and between pollutant concentrations and effects such as

reduction in visual range. These models must be tested against well defined case
studies in order to demonstrate their accuracy. If a model is known to perform
well, its predictive capabilities can be used to study the effect of proposed emission
control strategies on air quality in advance of the actual construction of the con-
trol equipment involved. Controls can then be implemented with confidence that a
goal can be met, whether the goal is to protect health, limit material damages, or
control visibility. The use of a visibility model to predict the effect of an emission

control program is shown schematically in Figure 1.6.

In this research, the sequence of steps from problem characterization, through
model development and verification, to control strategy evaluation are applied to
study the summer midday visibility problem in the Los Angeles area. Chapter 2
describes an experimental program that was conducted during 1984 to characterize
the Los Angeles visibility problem during summer midday periods and to gain
an understanding of the factors that contribute to that visibility problem. A
calculation scheme is presented by which the atmospheric extinction coefficient is
computed from the chemical and physical properties of the suspended particulate
matter and from the concentration of light absorbing gases in the atmosphere.
The calculated extinction coefﬁcients are compared to measured values in order

to assess the accuracy of the calculation procedure.
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USE OF A VISIBILITY MODEL TO PREDICT
THE EFFECT OF AN EMISSION CONTROL PROGRAM

Select air pollutont
abatement program

I

Reconstruct
gerosol size distribution
and chemical composition

l

extinction
coefficient

l

IMAGE PROCESSING

Actual photograph
of scene taken

VISIBILITY under very clean
MODEL conditions

Y
Simuloted photograph
of scene in the

presence of
emission controls

FIGURE 1.6. The use of a visibility model to predict the effect of an emission control program.
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fn Chapter 3 a simple image processing-based visibility model is presented,
in which synthetic photographs are used to illustraﬁe the results of visibility cal-
culations. The simulated photographs illustrate the predicted appearance of a
scene under specified air pollution conditions. To verify the model, the synthetic
photographs are compared to actual photographs of the scene taken under the
conditions modeled. Chapter 4 describes an attempt to improve the performance
of the model in representing the color of the sky observed in polluted conditions.

The problem of visibility control is considered in Chapter 5, using the results of
the aerosol carbon emission control strategy study by Gray (1986) which sought
the most cost-effective controls available to reduce primary aerosol carbon con-
centrations in the Los Angeles area. The effect on visibility that would occur due
to the reduction in carbon particle concentrations that could accompany Gray’s
proposed emission controls is predicted and discussed. Chapter 6 contains a sum-
mary of the findings of each chapter and restates the conclusions drawn from the

work.
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CHAPTER 2

CHARACTERISTICS OF SUMMER
MIDDAY LOW-VISIBILITY EVENTS
IN THE LOS ANGELES AREA

2.1 Abstract

A five-site air monitoring network provided data during the summer of 1984
on suspended particulate matter and on gaseous pollutants that contribute to the
midday visibility problem in the Los Angeles area. Light scattering and absorption
by fine aerosols caused more than 80% of the light extinction at the five sites
studied. Carbonaceous aerosols and sulfates were responsible for approximately

half of that fine aerosol burden.

Data taken at Pasadena were used to test a model for calculating the com-
ponents of the extinction coefficient present on each experiment day. Computed
scattering coefficient values at Pasadena on average are within 26% of the mea-
sured values. Comparison of the observed and predicted frequency distributions
of the extinction coefficient values at Pasadena show that the median extinction
coefficient value is reproduced closely. Agreement is less favorable for the higher
extinction events. The model and data can be used to study the effect on visibility

of an emission control program.
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2.2 Introduction

The suspended particulate matter and gaseous pollutants present in the re-
gional haze that frequently occurs in the Los Angeles air basin can act to decrease
visual range to less than a few kilometers (Cass, 1979, Hidy et al., 1974, White
and Roberts, 1977). In the Los Angeles area, photochemical smog is heaviest dur-
ing the summer months of July, August, and September, and the midday periods
during these months are often the times when severe visibility reduction is most

apparent to the general public.

Light extinction in the atmosphere is caused by the scattering and absorption
of light by suspended particulate matter and by gases. Thus the extinction coeffi-
cient, a measure of the amount of light scattered and absorbed in the atrﬁosphere,
can be expressed as a sum of several components: light scattering by particles
(bscat, ), light absorption by particles (bas,,), light absorption by gases (bass,), and

light scattering by air molecules (brayieign):

bezt = bscat, + babs,, + babs, + bRayleigh (21)

The value of the extinction coefficient can be obtained in several ways. A
nephelometer can be used to measure the scattering contribution to the extinction
coefficient (Charlson et al., 1967). If scattering is the main cause of light extinction
in a region, then the nephelometer measurement provides an approximate value
of the extinction coefficient (Harrison, 1979). The extinction coefficient also can
be measured using telephotometers or teleradiometers (Dzubay and Clubb, 1981;
Harrison and Mathai, 1981; Malm et al., 1981). Alternatively, visual range values

obtained by human observers can be inserted into Koschmieder’s formula in order
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to estimate the extinction coefficient (Johnson, 1981; Hoffmann and Kuehnemann,

1979). Koschmieder’s formula is expressed by:

Vg = A (2.2)

bezt

where Vg, the visual range, is the distance at which an average observer can just
barely distinguish a black object silhouetted against the horizon sky (McCartney,
1976). This meteorological visual range is routinely measured by trained observers
at controlled airports and is reported in terms of the visual range which prevails
around at least half of the horizon circle, but not necessarily in continuous sectors
(Williamson, 1973). Parameter A in Equation 2.2 represents the limiting contrast
threshold for visual detection by the average human observer. Proposed values
for the parameter A vary considerably, but values from 0.02 to 0.05 are commonly
used (Middleton, 1968). The applicability of Koschmieder’s formula depends on
the accuracy of the value chosen for the threshold contrast, the availability of black
target objects, and on the uniformity of illumination and atmospheric properties

between the observer and horizon (Middleton, 1968).

In order to deliberately engineer an improvement in visibility, the specific
pollutants causing the reduction in visibility must be identified. Several researchers
(White and Roberts, 1977; Cass, 1979; Trijonis, 1979; Groblicki et al., 1981)
have employed regression analyses between observed extinction coefficients and
pollutant concentrations to estimate the level to which certain pollutants affected
visibility. There are potentially serious disadvantages to this approach, however.
Empirically determined extinction efficiencies that are unrealistically high or low
can be obtained for some aerosol species, and estimation of the effect on visibility
of liquid water in the aerosol poses problems. An alternative to purely empirical

visibility analyses can be constructed in which the physical and chemical nature
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of the suspended particulate matter and of the gaseous pollutants are used to
calculate on a physical basis the contributions to the extinction coefficient by
means of Mie theory. Given the size distribution and chemical composition of
the atmospheric aerosol and NO;, concentration data, the extinction coefficient
can be calculated directly (Ouimette, 1980; Larson et al., 1987). Such visibility
models have yet to be used as an integral part of the design process for engineering
improvements in regional visibility, most probably because the data requirements

of such models are difficult to satisfy.

The purpose of the present study is to develop an experimental protocol and a
visibility modeling approach which is based directly on theories of light scattering
and absorption by which the causes of regional visibility problems can be char-
acterized. Methods developed are tested in the Los Angeles area, and the goal
of that investigation is to both measure and model the frequency distribution of
the summer midday low visibility events for which Los Angeles is so well known.
First, an atmospheric sampling program conducted at five sites in the Los Ange-
les area is described. Measurements made every sixth day during the summer of
1984 are used to acquire a data base representative of the distribution of visibility
events occurring in that summer. From the chemical and physical description of
the aerosol resultihg from the sampling program, both scattering coefficient and
extinction coefficient values are calculated. The calculated results are compared
to the extinction coefficient values estimated from airport observations of visual
range. Comparisons are also made between the calculated scattering coefficients
and the scattering coefficients measured with nephelometers. These results provide
a baseline description of the cause and effect relationship between the various air
pollutants and visual range that can serve as a basis for the design of an emission
control program directed at improving visibility in portions of the Los Angeles air

basin during summer midday periods.
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2.3 Experimental Program

During the summer months of July, August, and September of 1984, a sam-
pling network consisting of five stations was operated in the Los Angeles air basin.
Geographically, the site locations spanned a distance of over 95 kilometers, from
Lennox, California (located eight kilometers from the coast) eastward to San
Bernardino. The intermediate sites were located at Pasadena, Azusa, and Up-
land, California (Figure 2.1). Atmospheric aerosol samples were collected at each
station from 1000-1400 hours (PST) every sixth day over the summer, for a total of
fifteen experiment days. Each of the particulate sampling stations was colocated
with a South Coast Air Quality Management District (SCAQMD) air monitoring
station. The SCAQMD data on NO, concentrations were used to supplement
the particulate sampling network data. Airport weather (including temperature
and relative humidity information) and visibility reports were available near the
Lennox, Pasadena, Upland and San Bernardino sites (Table 2.1). The Pasadena,
Upland, and Azusa sites were equipped with integrating nephelometers (Meteo-
rology Research, Inc. model 1550) for measurement of the atmospheric scattering

coefficient.

In order to characterize the chemical composition of the aerosol, 4-hour average
filter samples were taken for both fine particulate matter (d, < 2.1 um) and for to-
tal particulate matter. Information on the coarse mode aerosol (d, > 2.1 um) was
determined by subtracting fine particulate matter concentrations from total par-
ticulate matter concentrations. Fine particle samples were collected downstream
of an AIHL-design cyclone separator (John and Reischl, 1980) which removed the
coarse particulate matter from the air stream. In each size range, a set of three

parallel filter holders was used for sample collection, each filter holder containing a
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TABLE 2.1. Distance between site location and nearest airport.

Airport Station Dsstance
Los Angeles Lennox 4.8 km
Ontario Upland 5.6 km
Norton Air Force Base San Bernardino 1.6 km
Burbank Pasadena 16.1 km
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filter substrate that was compatible with a particular chemical or physical analysis.
A 47 mm diameter Teflon (Membrana) filter, through which air was sampled at
a rate of 10 lpm, was used to determine the dry mass concentration of suspended
particulate matter by repeated weighing at low relative humidity before and after
sampling. The samples collected on the Teflon filters also were analyzed by X-ray
fluorescence analysis (XRF) to quantify the concentration of 34 trace elements

(ranging in atomic weight from aluminum to lead) present in the aerosol.

Aerosol samples for ionic species determination were collected on Nuclepore
filters (47 mm diameter, 0.4 pm pore size) at an air flow rate of 5 Ipm. The
Nuclepore filters then were extracted and information on the concentration of the
water soluble ions NO;, and SOy was obtained by ion chromatography. These
samples also were analyzed by atomic absorption for‘ the concentrations of Nat,
K%, Mg*, and Ca*?. Sulfur, potassium and calcium were measured by more than
one method and a choice between data sets must be made. The concentration of
these elements obtained by XRF was used for subsequent calculations. Aerosol
samples collected on quartz fiber filters (Pallflex QAO, 47 mm diameter, air flow
rate 10 lpm) were analyzed by the method of Johnson et al. (1981) to determine
the organic and elemental carbon concentrations. These filters were prefired to

600°C for two hours prior to use in order to reduce their carbon blank.

At Pasadena, this filter-based sampling system was accompanied by a photo-
graphic record of visual conditions and by measurement of the aerosol size distribu-
tion, relative humidity and solar radiation intensity, making the Pasadena site the
most extensively equipped site on the network. The aerosol size distribution was
measured with a Thermal Systems Incorporated electrical aerosol analyzer (EAA)
over the particle diameter range from 0.0075 um to 1.0 um and with a Particle

Measuring Systems model CSASP-100-HV optical particle counter (OPC) in 31
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particle diameter intervals over the range from 0.5 um to 50 um. Measurements of
total solar radiation intensity were made with an Eppley Laboratory pyranometer
(model PSP). To document the visual conditions at Pasadena, photographs were
taken of five standard vistas at noon (PST) during each sampling period. The
photographs were taken from the roof of the 44-meter-tall Millikan Library on
the Caltech campus. This vantage point allowed for unobstructed views of several
scenes which varied in direction and character (same scenes as in Larson et al.,
1987). Pictures were taken utilizing camera mounts and a tripod to ensure repro-
ducibility of the field of view. A Canon TLb, 35 mm, single-lens-reflex camera
equipped with an ultraviolet light cutoff-filter was used to take photographs of
each scene over a range of f-stops to ensure proper exposure. A Kodak color chart
was incorporated in each series of photographs in order to confirm accurate color

reproduction. Kodachrome ASA 25 film was used for all of the field photographs.

2.4 Data Analysis

The data set acquired during the 1984 summer experiments will vbe evaluated
to address two objectives. First, the data set will be used to provide a description of
the Los Angeles summer midday low-visibility problem by detailing information on
both the visual range and corresponding pollutant concentrations and composition.
Then that data set will be used to test the ability of model c#lculations to link
pollutant particle size distribution and composition measurements to visual range

in a cause and effect manner.

Midday Extinction Coefficient Values. The frequency distribution of sum-
mer extinction coefficient values at Los Angeles area airports averaged over the
midday period 1000-1400 hours PST is shown in Figure 2.2. These values were

obtained by conversion of human observer visual range data into extinction co-
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efficient values using Koschmieder’s formula with the contrast threshold (A in
Equation 2.2) set to 0.02. The solid curve is formed from data for all days of
record during the months July, August and September, while the triangles mark
the extinction coefficient values on the 15 days that the aerosol sampling experi-
ments described in this paper were conducted. It is seen that the aerosol sampling
events are distributed over the range of high and low visibility events that oc-
curred that year. The 50th percentile extinction coefficient value increases from
2.3 x 107* m™! (corresponding to 17.0 km visual range) at the coast near Los
Angeles International Airport (LAX) to 3.4 x 107* m™! (11.5 km visual range)
at the inland site at Ontario. The lowest median visual range (highest median
b.z+ value) among the airport sites examined is at Ontario. These data are con-
sistent with the spatial distribution of the long term average airport visual range
data for the Los Angeles area presented by Trijonis (1980) which likewise show
that the lowest average airport visibilities in this area occur near Ontario. The
Los Angeles International Airport site, which experienced the lowest median ex-
tinction coefficient value during the summer of 1984, also experienced the highest
single day worst case extinction coefficient value, as seen in Figure 2.2. Clearly,
no single statistic adequately conveys the visibility differences between the sites
studied, illustrating the merit of describing regional visibility problems in terms

of the frequency distribution of high and low visibility events.

Aerosol Characteristics. Day-to-day changes in the light scattering and ab-
sorption by aerosols are the principal cause of the variations in extinction coef-
ficient and visual range shown in Figure 2.2. In order to provide a description
of aerosol properties to support scattering and absorption calculations, the data
from the large number of independent measurements of aerosol properties made

during the summer of 1984 were used.
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To construct a material balance on the chemical composition of the aerosol,
the procedure of Larson et al. (1987) was followed. In this procedure, trace met-
als measured were converted to their common oxides (Stelson and Seinfeld, 1981).
The mass of organic carbonaceous material was taken to be 1.4 times the organic
carbon mass measured (Gray et al., 1986). An ion balance on the water soluble
ionic compounds in the aerosol was constructed, and N H," ion in the aerosol was
estimated to be present in the amount needed to close the ion balance. The specia-
tion of ionic material was assigned according to the scheme in Table 2.2. A portion
of the airborne particulate matter may not be identified by the chemical analyses
performed. Using the nomenclature of Sloane (1984), this mass of dry material
that is measured gravimetrically, but not accounted for in the chemical analysis
is refered to as the “residue”. Following chemical characterization, the aerosol
water content during‘each sampling event was estimated using the semi-empirical
approach formulated by Sloane (1984). In this procedure, data on the ambient
relative humidity and the particulate matter solubility are used to estimate the

amount of water present in the aerosol.

The results of the chemical analysis of the filter samples are presented in
Figures 2.3 and 2.4, where the chemical composition of fine and coarse particulate
matter for the 1000-1400 hour (PST) period on experiment days for each site are
shown. Data collected on the experiment days indicate the character of the aerosol
present during summer midday periods in the Los Angeles area. Table 2.3 lists
the average chemical composition for each site over the summer for the fine and
coarse particle modes. Results indicate the presence of sulfate in the fine particle
mode, with nitrates appearing mostly as coarse suspended particulate matter.
Elemental carbon and organic material are important contributors to the fine
aerosol component, and are also present in the coarse particulate matter. Crustal

material (included in the category of “other identified” material) makes, as would
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TABLE 2.2. Speciation of ionic material.

Nat was associated with cl-

NH,* was associated with 50472

NH* remaining, if any, was associated with NO3z~

Nat remaining, if any, was associated with NO3z™ remaining, if any

Nat remaining, if any, was associated with S04~ remaining, if any
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be expected, a greater contribution to the coarse material. There is noticeably
more coarse airborne crustal material at the eastern sites (Azusa, Upland, San
Bernardino) than at the more westerly locations (Lennox and Pasadena). Aerosol
water is estimated to constitute from 4.4% to 17.0% of the fine aerosol on average
at midday during the summer. Waggoner et al. (1981) find a 14% increase in
light scattering between a Pasadena aerosol at 30% relative humidity and the
same aerosol at 60% relative humidity. This small increase indicates that a small
amount of water is present in the aerosol at 60% relative humidity. The relative
humidities at midday during the 1984 summer were observed to average only 45.0%
(range 14.6% to 67.2%), and the small amount of water estimated to be present

in Table 2.3 is consistent with Waggoner et al.’s data.

Scattering Coefficient Calculations. At the Pasadena monitoring site, aero-
sol size distribution data were taken in conjunction with the measurements of
aerosol chemical characteristics. At that site, the atmospheric aerosol scattering
coefficient and the total light extinction coefficient were computed from aerosol
properties and other available data using the daté reduction procedure of Larson

et al. (1987). The calculation proceeded as follows.

Using the measured masses of individual chemical constituents, and the den-
sities of these components, the contributions to total aerosol volume were first
calculated. From the volume contributions, the volume average refractive indices
for the fine and for the coarse modes of the aerosol size distribution were computed
based on the refractive indices for each component. These refractive indices were
used along with the size distributions in a Mie scattering code to calculate the
aerosol scattering coefficient, b,..:, (Wickramasinghe, 1973). A typical example
of the translation of the particle size distribution into the distribution of light

scattering as a function of particle size is given in Figure 2.5. Although fine par-
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CHEMICAL COMPOSITION OF FINE PARTICULATE MATTER
SUMMER 1984 (1000-1400 PST)
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CHEMICAL COMPOSITION OF COARSE PARTICULATE MATTER
SUMMER 1984 (1000-1400 PST)
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Nitrates
Elemental Carbon
Organics

Other Identified
Residue

Water

Fine mass (ug/m2)

Sulfates

Nitrates
Elemental Carbon
Organics

Other Identified
Residue

Water

Coarse mass (ug/m3)

TABLE 2.3. Average chemical composition of aerosol.

-33-

Average per cent by mass of fine suspended particulate matter

Lennox
21.3

3.0

3.8
19.8

74
27.7
17.0

52.0

Pasadena

18.0 134
34 1.8
4.4 5.3

32.0 25.3
8.1 7.9

24.4 38.4
9.7 8.0

55.6 78.3

Azusa

Upland

14.8
2.6
48

26.6
7.5

37.6
6.1

58.1

San Bernardino
14.8

2.9

4.2
36.9

11.8
25.1

44

34.1

Average per cent by mass of coarse suspended particulate matter

Lennox
5.8
20.1
1.8
13.7
29.4
18.6
10.7

63.6

Pasadena
3.5 2.8
214 20.7
2.5 0.8
9.1 8.0
45.9 52.0
12.7 114
4.9 4.4
38.8 90.7

Azusa

Upland

1.7
21.5
1.2
13.7
52.6
6.9
24

52.5

San Bernardino
4.8

11.6

1.3

11.2
38.0
29.1

4.1

94.8
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ticle and coarse particle modes contribute comparable amounts of material to the
Pasadena aerosol volume distribution, light scattering is dominated by scattering

by particles smaller than 1 um in diameter.

By combining these scattering coefficient predictions with data on aerosol light
absorption, light absorption by NO,, and scattering by air molecules, midday val-
ues of the total atmospheric extinction coefficient were computed at Pasadena.
The particle absorption coefficient, bss,,, was obtained by multiplying the mea-
sured total elemental carbon concentration by the light absorption efficiency of
Los Angeles elemental carbon. The light absorption efficiency of Los Angeles el-
emental carbon was taken to be 11.9 m?g~!, as measured by Conklin and Cass
(1981). The chief gaseous pollutant which absorbs light is NO,. The gaseous ab-
sorption coefficient, baj,s,, was determined from the dependence of the absorption
of light by NO, on NO, concentration (Dixon, 1940; Hodkinson,1966; -Groblicki
et al., 1981). Tabulated values of the Rayleigh scattering coefficient for the atmo-
spheric gases were taken from Penndorf (1957), and were corrected for ambient
temperature on each experiment day. Results of the calculated contributions to
the atmospheric extinction coefficient at Pasadena are presented in the upper right

hand corner of Figure 2.6.

Model Evaluation. In order to test the validity of the calculations, the mod-
eled extinction coefficients values at Pasadena were compared to the extinction
coefficients implied by the measured visual ranges acquired at the closest airport.
Modeled scattering coefficients were also compared to the scattering coefficients
measured by a nephelometer located at that site. Since the calculated components
of the extinction coefficient are wavelength dependent, this dependence must be
taken into account when making comparisons between measured and modeled

values.
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CONTRIBUTION TO THE EXTINCTION COEFFICIENT
(1000-1400 PST>

SUMMER 1584
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FIGURE 2.6. Average modeled (wavelength=550 nm) contributions

to the extinction coefficient (x107*m™!) for each site.
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The human eye has maximum sensitivity at a wavelength of approximately 550
nm (Middleton, 1968). This wavelength is the chosen value for defining the stand-
ard visual range which is obtained by using Koschmieder’s formula (Heintzenberg
and Quenzel, 1973). When comparing the extinction coefficient values inferred
from human observer reports at the airports against modeled extinction values,

the calculations were carried out at a wavelength of 550 nm.

However, the light source in the MRI 1550 nephelometer has a broad spectrum
centered more about the blue wavelengths. In this model nephelometer, the light
source is a xenon flashtube equipped with an ultraviolet cutoff filter. The model
1550 has been estimated to have a “peak wavelength” of 480 nm (Harrison, 1979)
and a “peak sensitivity” of between 460 and 490 nm (Charlson et al., 1967).
Harrison (1979) reports “effective wavelengths” in the range of 479-488 nm, and
early instrument calibrations were based on an assumed effective wavelength of
460 nm (Ahlquist and Charlson, 1967, 1968; Charlson et al., 1967). In this work,
a wavelength of 460 nm was used in the calculation of the scattering coefficients

that are compared against nephelometer measurements.

Direct comparisons of the measured and modeled scattering coefficient (wave-
length = 460 nm) at Pasadena and the frequency distribution of the modeled
extinction coefficients at Pasadena (wavelength = 550 nm) versus the measured
extinction coefficient at Burbank Airport (threshold contrast of both 0.02 and 0.05)
are shown in Figure 2.7. Observed and predicted scattering coefficient values at
Pasadena are highly correlated (r = 0.83). On average, the predicted scattering
coefficient values are lower than actual observations by 26%. That degree of agree-
ment between Mie theory calculations and field observations is comparable to that
obtained by other recent investigations. Ouimette (1981) reported an average ra-
tio of scattering coefﬁcients as calculated by Mie theory to scattering coefficients

as measured by a nephelometer of 0.85+0.34 for Zilnez Mesa in Arizona. For a
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China Lake, California, site the calculated values overestimated measured values
by an average of 52%. Agreement to within 7-11% was found by Dzubay and
Clubb (1981) between telephotometer measurements of the extinction coefficient
and the sum of nephelometer b,.,; measurements, opal glass b,s,, determinations,
and b,,, obtained from NO; concentrations. Sloane (1983) used Mie theory to
calculate scattering coefficients with agreement between predicted and measured
values of 5-36%, depending on whether an internal or external aerosol mixture was
considered. In that work, the amount of the residue was determined by regression
between scattering coefficients and aerosol components. In previous work Larson
et al. (1987) obtained agreement to within 20% between measured and modeled

scattering coefficient values.

Examination of Figure 2.7b shows that median extinction coefficient values
predicted from pollutant data at Pasadena and observed at Burbank Airport are
in close agreement. The highest extinction coefficient event at Burbank is un-
derpredicted by data taken at Pasadena. Exact agreement is not expected in this
case. Burbank and Pasadena are separated by a distance of 16 km, which is greater
than the distance to extinction on a very smoggy day. The pollutant prpperties at
these two sites could easily differ by enough to account for the differences shown

in Figure 2.7b.

Light Extinction Estimates at Other Sites. At monitoring sites other than
Pasadena, all of the aerosol and other data needed to use the light scattering
model are available except for the requisite aerosol size distribution measurements.
In previous studies (Gray et al., 1986), it has been noted that the long-term
average fine aerosol chemical composition (e.g., percentage of sulfates, elemental
and organic carbon) is similar at most sites in the western portion of the Los

Angeles basin, while the fine aerosol concentration (fine mass in ug/m?) varies
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from site to site. If relative fine aerosol properties were similar from site to site,
but the sites differed mainly in the total number concentration of particles present,
then the relative aerosol size distribution measured at Pasadena over a particular
midday period might be used to approximate the relative aerosol size distribution

at other monitoring sites on that day.

To test that hypothesis, the aerosol size distributions for the fine particle mode
and the coarse particle mode measured at Pasadena were rescaled separately to
match the fine aerosol and coarse aerosol volumes implied by the filter-based mea-
surements made at Lennox, Azusa, Upland and San Bernardino on the same ex-
periment day. The volume-average refractive index for fine and coarse aerosol
was computed on a site-by-site basis by the method described previously. Then
predicted midday light scattering coefficient and extinction coefficient values were
calculated as before for Lennox, Azusa, Upland and San Bernardino for the sum-
mer of 1984. Average contributions to the extinction coefficient at all sites are
shown in Table 2.4, and the differences between individual days are shown in Fig-
ure 2.6. Scattering coefficient predictions were compared to measured values at
sites equipped with nephelometers as shown in Figure 2.8, and the distributions
of predicted extinction coefficient values were compared to extinction coefficients
estimated from airport observer data at those sites near airports, as shown in‘

Figure 2.9.

The observed and predicted extinction coefficient frequency distributions (Fig-
ure 2.9) match as well for the Lennox-LAX site as they did for the Pasadena-
Burbank site at which all model inputs were obtained by direct measurements at
Pasadena. Lennox is located directly upwind of Pasadena on average during sum-
mer afternoons (De Marrais, Holzworth, and Hosler, 1967), and the two sites may
see aerosol constituents that have some characteristics in common, including a

similar fine particle mode size distribution. The agreement is less favorable for the
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TABLE 2.4. Contributions to the modeled extinction coefficient.

Average per cent of total extinction coefficient (wavelength=550nm)

Lennox Pasadena Azusa Upland San Bernardino
Fine particle scattering 67.0 70.0 70.0 71.1 60.0
Coarse particle scattering 4.7 2.6 4.6 3.5 9.2
Particulate absorption 16.3 15.1 16.6 14.6 16.1
NO; absorption 5.6 6.4 44 4.7 6.1
Rayleigh scattering 6.4 6.0 4.2 5.8 8.7
bezt (z1074m™1) 2.23 2.33 3.21 2.37 1.66
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Upland-Ontario site and for the San Bernardino-Norton Air Force Base location.
At these sites, the higher extinction events are not reproduced well. The scaled
Pasadena aerosol size distribution may not accurately reflect the actual particle
size distribution at these two locations, perhaps due to aerosol aging and growth

or because those sites are downwind of a different set of pollutant emission sources.
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2.5 Conclusions

Summer midday (1000-1400 hours average) extinction coefficient values in the
Los Angeles area range from less than 0.5 x 10™* m™! (corresponding to a visual
range of more than 78 km) to more than 9 x 107* m™! (corresponding to a visual
range of less than 4.3 km). By sampling at five sites at six day intervals over the
summer of 1984, it has been possible to identify the pollutants that are responsible
for this distribution of midday visual range values. Light extinction calculations
show that most of the light attenuation is due to fine particle scattering. Fine
particle scattering and absorption make up 83% of the total light extinction av-
eraged over the five sites studied. Examination of the chemical composition of
the summer midday fine aerosol shows that carbonaceous aerosols and sulfates
together account for 49% of the fine aerosol averaged over the sites studied. Emis-
sion control strategies aimed at midday visibility improvement in the Los Angeles

area must be focused on the abatement of aerosol carbon and sulfates.

The frequency distribution of summer midday extinction coefficient values at
Pasadena, California, can be modeled with reasonable accuracy by a procedure
which combines on-site aerosol size distribution and chemical composition mea-
surements with a calculation procedure based on theories of light scattering and
absorption. Since that procedure is based on fundamental aerosol and gaseous
pollutant properties, the new distribution of visual ranges could be computed
that would prevail if specific changes were made in the composition or size of the

Pasadena aerosol as the result of emission controls.
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CHAPTER 3

VERIFICATION OF IMAGE
PROCESSING-BASED VISIBILITY MODELS

3.1 Abstract

Methods are presented for testing visibility models that use simulated pho-
tographs to display results of model calculations. An experimental protocol is
developed and used to obtain input data including standard photographs of cho-
sen scenes on a clear day and during a smog event at Pasadena, CA. Using the clear
day photograph as a substrate, pollutant properties measured on the smoggy day
are introduced into the visibility model, and results of the model calculations are
displayed as a synthetic photograph of the expected appearance of the smog event.
Quantitative comparisons are made between the predicted and actual appearance

of the smog event.

Diagnostic techniques developed are illustrated using the visibility modeling
procedure proposed by Malm et al. (1983). That model is shown to reproduce the
contrast reduction characteristic of urban air pollution, but produces synthetic
photographs with sky elements that differ substantially from a real photograph of

the actual smog event.
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3.2 Introduction

The reduction of visibility is one of the most easily perceived features of a pol-
luted atmosphere. Particulate matter and gaseous pollutants can act to decrease
visual range, lower contrast, and even alter the observed color of objects. Since
the amendment of the Clean Air Act in 1977 to encourage the prevention and
control of visibility impairment in national parks and wilderness areas, visibility
reduction in relatively pristine locations has received considerable attention (Her-
ing et al., 1981, Macias et al., 1981, Trijonis, 1979). Visual range values reported
in some sparsely populated portions of the western United States average greater
than 180 km (Malm and Molenar, 1984), but other regions with many pollution
sources and unfavorable meteorology have been shown to exhibit severe visibility
problems. Husar et al. (1981) discuss trends in haziness in the eastern United
States using data accumulated between 1910 and the present. They find the high-
est turbidities in major metropolitan areas. Denver is noted for its “brown cloud”
(Sloane and Groblicki, 1981; Groblicki, et al., 1981), and the smog problem in
the Los Angeles area has been studied extensively (Hidy et al., 1974; White and
Roberts, 1977; Cass, 1979).

The atmospheric extinction coefficient, a measure of the amount of light scat-
tered and absorbed in the atmosphere, can be measured or be calculated from
the size distribution and chemical composition of atmospheric particulate matter
and the concentration of gaseous pollutants. Often the extinction coefficient, b.,;,
is used to predict the visual range (distance to extinction) using Koschmieder’s
formula:

—1n0.02

Vp = —— 3.1
R bezt ( )

where Vg is the predicted distance at which an average observer can just barely
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distinguish a black object silhouetted against the horizon sky (McCartney, 1976).
A visibility model based on Koschmieder’s formula does not convey any informa-
tion about the degraded appearance of objects in the mid-field or the near-field of

view, and does not describe the discoloration, if any, of the scene.

Recently, visibility models have been proposed that utilize simulated pho-
tographs as a means to display the results of visibility calculations (Malm et al.,
1983, Williams et al., 1980). Such models show promise as a tool for communi-
cating a great deal of information on how air pollutants can affect the perceived
visual quality of a scene, and could be employed to evaluate the visual conse-
quences of proposed air pollution abatement programs. Existing models of this
type, though, have not been tested extensively to confirm their ability to represent

the appearance of heavy urban photochemical smog conditions.

The objective of the present study is to examine methods for verifying the
accuracy of synthetic photograph-based visibility models. Procedures developed
will be applied to assess the image processing-based visibility model proposed
by Malm et al. (1983) and its ability to account for regional haze conditions.
Examples will be illustrated using air pollutant measurements and photographs

taken in Pasadena, California, under clear day and under heavy smog conditions.

A description of the design for this study is shown in Figure 3.1. Measurements
of the aerosol size distribution and pollutant chemical composition made under
heavy smog conditions are used to compute the extinction coefficient. The value
of the extinction coefficient is introduced into the visibility model along with a
digital representation of a “base photograph” of the scene of interest that was
taken on a very clear day. Using the visibility model, the brightness and color
balance of the picture elements in the digitized base photograph are recomputed.

A new synthetic digital image of the scene is created with the brightness and



—54—

contrast expected for the conditions measured on the heavily polluted day. ‘The
accuracy of the visibility model can be tested by comparing the synthetic smog
event image to a digitized actual photograph taken on the heavy smog day being
modeled. Color photographic prints of the synthetic smog event image also can

be created.
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DESIGN FOR VISIBILITY MODELING STUDY
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FIGURE 3.1. Visibility model verification procedure.
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3.3 Experimental Program

On fifteen days during the period October 1982-August 1983, an experimental
program was conducted to acquire observations on the size distribution and chem-
ical composition of airborne particulate matter as well as on gaseous pollutant
concentrations in the Los Angeles area. Photographs of chosen vistas were taken
simultaneously with the pollutant measurements in order to document the appear-
ance of the air basin under different pollutant loading conditions. The campus of
the California Institute of Technology in Pasadena was chosen as the sampling
site. Pasadena frequently suffers severe smog episodes during which visibility is

reduced to a few kilometers.

Photographs were taken from the roof of the 44-meter-tall Millikan Library
on the Caltech campus which afforded unobstructed views of five standard scenes.
Photographs of each scene were taken at 1000, 1200, and 1400 hours Pacific Stan-
dard Time (PST) on each day of the experiment utilizing camera mounts and
a tripod to ensure reproducibility of the field of view. Each time a scene was
photographed, a series of three pictures was taken using a Canon TLb, 35 mm,
single-lens-reflex camera equipped with an ultraviolet light cutoff filter. Two of
these pictures were taken at different f-stops to ensure proper exposure, and the
third photograph incorporated a Kodak color chart for use in confirming accurate
colvor reproduction during photographic processing. Kodachrome ASA 25 film was

used for all the field photographs.

From 1000 hours to 1400 hours PST on the day of each photographic session,
an air pollutant sampling program was conducted on the roof of Caltech’s Keck

Laboratory building. Atmospheric aerosol size distribution measurements were
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made over the fine particle size range from 0.0075 pym to 1.0 um using a Ther-
mal Systems Incorporated electrical aerosol analyzer (EAA), and over the coarse
particle size range from 0.5 um to 50 um using a Particle Measurement Systems

model CSASP-100-HV optical particle counter (OPC).

Information on the chemical composition of the atmospheric particulate matter
was obtained from analysis of filter samples. Fine particle samples (dp < 2.1 um)
were collected for the four hour duration of each experiment using three parallel
filter holders located downstream of an ATHL-design cyclone separator (John and
Reischl, 1980). Each of these filter assemblies contained a filter substrate that
was compatible with a particular chemical or physical analysis. Aerosol samples
collected at a flow rate of 10 lpm on a 47 mm diameter Teflon filter (Membrana)
were used to determine dry fine aerosol mass concentration by repeated weighing at
low relative humidity before and after use. The concentrations of 34 trace elements
ranging in atomic weight from aluminum to lead were determined from the Teflon
filter samples by X-ray fluorescence analysis (XRF). Fine aerosol samples for the
determination of the light absorption coefficient and for ion chromatography were
collected at a flow rate of 5 Ipm on 47 mm diameter Nuclepore filters (0.4 um
diameter pore size). The aerosol light absorption coefficient, babsp, Was measured
on these filter samples by the opal glass integrating plate technique (Lin et al.,
1973, as modified by Ouimette, 1980). Ion chromatography provided information
on the water soluble ions Na*, NH}, K*, F~, Ci~, S(IV), NO;, and SO;?
extracted from the Nuclepore filters. Quartz fiber filters (Pallflex 2500 QAO)
operated at a flow rate of 10 Ipm were used to collect samples for determination of
organic and elemental carbon concentration. These filters were prefired to 600°C
for 2 hours prior to use in order to reduce their carbon blank. The carbon analysis

was carried out by the method of Johnson et al. (1981).
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A comparable set of open-faced filters was used to collect total suspended
particulate matter samples. The total aerosol Teflon, Nuclepore, and quartz fiber
filters were analyzed in the same manner as the fine aerosol filters. Information
on the atmospheric coarse particle fraction then was determined as the difference

between the total and fine particle concentration data.

From these experiments, two days were chosen for further analysis. A very
clear day event occurred on April 7, 1983, when winds from the desert prevailed
in the Los Angeles basin, resulting in a visual range of approximately 82 km.
The measured extinction coefficient averaged approximately 0.48 x 10~% m~! over
the sampling period on that day. The Rayleigh limit for light scattering by air
molecules in the absence of any air pollution is approximately 0.11 x 107* m™!

at a wavelength of 550 nm, indicating that the April 7, 1983, samples are an

appropriate representation of a very clean day for the Pasadena area.

Samples collected on August 25, 1983, also were chosen for further analysis.
The average extinction coefficient measured was approximately 5.5 x 107* m™!.
The visual range was about 7.1 km. The April 7th and the August 25th days are

almost symmetrically spaced on either side of the summer solstice, and thus the

shadow patterns in the photographs taken on these two days are nearly identical.

Photographs of two vistas taken at 1200 hrs PST on each of these two days
were chosen for testing the image processing-based visibility model. The April
7 clear day digitized image of these two scenes is shown in Figures 3.2ab, and
the photographs taken during the actual August 25, 1983, smog event are repro-
duced in Figures 3.3ab. Figures 3.2b and 3.3b will be referred to as the downtown
Pasadena scene. The view in this direction is to the northwest overlooking down-
town Pasadena. The dome of Pasadena City Hall is in the center of the picture

at a distance of 2 km. The San Rafael hills at a distance of 5 km are along the
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horizon. Office buildings form much of the center of the field of view. The fore-
ground consists of a tree-shaded parking lot. The vista shown in Figure 3.2a and
3.3a will be referred to as the San Gabriel Mountains scene. That view is to the
north. The San Gabriel Mountains at a distance of 9 km make up the background
for this scene. The midground is primarily residential. The Beckman Auditorium

of the Caltech campus is in the foreground.
3.4 Data Analysis

The volume distributions of the atmospheric aerosol on the clear day (April 7,
1983) and on the héavy smog day (August 25, 1983) are shown in Figure 3.4. The
usual bimodal nature of the volume distribution is evident. Particles in the fine
mode (d, < 2.1 um) are much more efficient light scatterers than are the coarse
particles, and the appreciable difference in the fine modes on the two days is the
main cause for the large difference in the extinction coefficient, and therefore in
the visual range, on the two days shown.

To construct a material balance on the chemical composition of the aerosol,
trace metals measured were converted to their common oxides (Stelson and Sein-
feld, 1981). The mass of organic carbonaceous material was taken to be 1.2 times
the organic carbon mass measured (Countess et al., 1980). The ionic material was
assumed to be distributed as follows:

Na* was associated with Cl~.

NH} was associated with SO;2.

NH] remaining, if any, was associated with NO; .

Na™* remaining, if any, was associated with remaining NOj , if any.

Na* remaining, if any, was associated with remaining SO;z, if any.

It is assumed that the unidentified aerosol mass is due to unmeasured chemical

species. Following the nomenclature proposed by Sloane (1984), the mass of dry
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FIGURE 3.2. Digitized photograph of clear day (April 7, 1983)

(a) San Gabriel Mountains view

FIGURE 3.2. Digitized photograph of clear day (April 7, 1983)

(b) Downtown Pasadena view.







FIGURE 3.3. Digitized actual smog event photograph (August 25, 1983)

(a) San Gabriel Mountains view

FIGURE 3.3. Digitized actual smog event photograph (August 25, 1983)

(b) Downtown Pasadena view.
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AEROSOL VOLUME DISTRIBUTION OBSERVED AT
PASADENA, CA. ON APRIL 7 AND ON AUGUST 25,1983
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FIGURE 3.4. Aerosol volume distribution observed at
Pasadena, CA, on April 7 and on August 25, 1983.
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material that is measured gravimetrically but not accounted for in the chemical

analysis will be referred to as the “residue”.

A balance on the chemical species contribution to fine and coarse aerosol vol-
ume is shown in Table 3.1. Densities for individual chemical species are assigned
as shown in Table 3.2 (Handbook of Chemistry and Physics, 1975; Sloane, 1983).
The residue is assigned a density of 2.3 g/cm® (Sloane, 1984). Using the individ-
ual densities and the measured masses of individual chemical constituents, a dry
volume is calculated. The sum of volumes for each species gives the total volume
that the aerosol would occupy if no water were present in the aerosol. When this
dry aerosol volume is subtracted from the total aerosol volume computed from the
size distribution measurements of the EAA and OPC, one estimate of the volume
of water present in the aerosol is obtained. For comparison, the semi-empirical
procedure for estimating aerosol water content formulated by Sloane (1984) was
applied to the Pasadena fine aerosol measurements. In this approach, data on am-
bient relative humidity and the aerosol solubility are used to estimate the amount
of water present in the fine aerosol. Sloane’s method predicts that 0.26 ug/m? wa-
ter is present in the fine suspended particulate matter for the April 7 day, and that
11.86 pg/m?® water is present in the fine particles on August 25. This compares
to 0.0 ug/m® and 9.53 pug/m> water predicted by the volume difference method
for April 7 and August 25, respectively. These two approaches to estimating the
amount of water present provide similar answers for the fine aerosol fractions. The
semiempirical calculation is not well suited to estimate the water content of coarse
particle material, and it is also possible that the OPC measurements overestimate
coarse particle volume. The uncertainties associated with determining the coarse
particle volume are unimportant to subsequent visibility calculations: coarse par-
ticles by virtue of their size contribute only a small fraction to total aerosol light

scattering.
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TABLE 3.1. Chemical Species Contribution to the Aerosol Volume Concentration.

Date April 7, 1983 August 25, 1983
Particle
Fraction Fine Coarse Fine Coarse
volume3 volume3 volume3 volume3
Species conc. ™= conc. £ conc. M- conc. £
cm3 cm3 cm3 cm3
elemental carbon 0.295 0.200 3.985 0
organic carbon 3.993 0.850 20.10 3.286
(NH,),S0, 1.853 0.147 6.734 1.672
NaNO; - — 1.434 4.230
NH4NO; 0419 0.297 — 1.041
Na,SO, — - 1.164 —
other ions 0.095 1.087 0.965 0.552
Al,O; 0131 0.580 0.444 1.914
Si0, 0.296 1.674 0.843 5.913
K,0 0.027 0.128 0.194 0.431
CaO 0.023 0.115 0.071 0.492
Fe,0; 0.027 0.147 0.134 0.740
" PbO 0.007 2.5x10—4 0.078 0.013
other metals 0.113 — 0.396 0.230

Total Dry Volume

of Identified
Chemical Species 7.279 5.220 36.54 20515
Volume of
Residue 0.00 0.130 10.45 6.76
(2) Total

Dry Volume 7.279 5.350 46.99 27.28
(1) Volume From

Size Distribution 2.333 23.534 56.52 82.43
Volume H,0 0.00 18.18 9.53 55.15

[by (1)-(2)]
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TABLE 3.2. Density and Refractive Index Values for Selected Chemical Species.

density refractive
species (g/cm3) index reference
elemental carbon 2.0 1.90-0.6i 2
organic carbon 1.40 1.55 2
(NH,4),S0, 1.77 1.52 1
NaNO; 2.26 1.59 |
NH4NO; 1.72 1.55 1,2
Na,S0, 2.68 1.48 1
other ions 2.30 1.53-0.005i 2
Al,O4 , 3.96 1.76 1
SiO, 2.30 1.48 1
K,O 2.32 1.50 1
Cao 3.25 1.84 1
Fe,03 5.24 3.01 1
PbO 8.00 2,61 1
other materials 2.30 1.53-0.005i 2
water 1.00 1.33 1

1. Handbook of Chemistry and Physics, 1975,

2. Sloane, C.S., 1983.
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Once the contributions to the aerosol volume from individual pollutants and
ferm associated liquid water have been determined, it is possible to determine the
volume average refractive index for the aerosol based on the refractive indices for
each component as listed in Table 3.2. For the April 7 aerosol, the volume average
refractive index is calculated to be 1.56-0.024i for the fine particle fraction and
1.39-0.005i for the coarse particle fraction. Refractive indices for the August 25
aerosol are 1.54-0.043i for the fine particle fraction and 1.42-0.004i for the coarse
particle mode. Kerker (1969) discusses the validity of calculations based on the
- volume average refractive index. He finds the volume average index to be within
approximately 20% of the exact refractive index for a typical internally mixed
aerosol particle.

The extinction coefficient (b.:), can be expressed as a sum of several compo-
nents: light scattering by particles (bscatp), light absorption by particles (baps,),

light absorption by gases (bass,), and light scattering by air molecules (brayteign):
bezt = bscatp + babs,; + babsg + bRayleigh (32)

Data from the sampling experiments were used to calculate each of these contri-
butions to the extinction coefficient.

Using the aerosol size distribution and the volume average refracti§e indices
for the coarse particle and fine particle modes, it is possible to compute the scat-
tering coefficient for the aerosol, bsa:,. The computer algorithm used is a Mie
scattering code as outlined by Wickramasinghe (1973). Mie’s solution describes
light scattered by a homogenous sphere in an infinite medium, determining the
scattering efficiency factor, Q.t- Qscor depends on particle size, refractive index,

and the wavelength of light. For a polydisperse aerosol, bs:, can be expressed as

.ecatp / Qscatp4d2 ( )d(dp) (33)
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where n(d,)d(dy,) is the number of particles per unit air volume with diameter
between d, and d, + d(d,) (McCartney, 1976). For a measured aerosol size distri-

bution, in histogram form, the integral is approximated by a sum:
= T
bscatp = Z QscatpzdziN(dp;) (34)
=1

where the d,, represent the central points of successive diameter intervals, d,, is the
smallest diameter interval, d,,, is the largest diameter interval for which number
concentration information is available, and N(d,,) is the number concentration of
particles in the size interval surrounding size d,, (McCartney, 1976).

Equation 3.4 was applied to calculate the scattering coefficient of the aerosol
observed on April 7 and on August 25, 1983. Separate refractive index values
were used for coarse particle and for fine particle modes of the aerosol volume
distribution. The refractive index is assumed constant over the visible spectrum
(Nicholls, 1984).

Color photographic slides can be separated into three different color planes:
red, green, and blue. The superposition of these planes creates a full color im-
age. The Kodachrome ASA 25 film used to produce the slides taken in the field
has a wavelength sensitivity profile that is given in Kodak publication E-77, “Ko-
dak Color Film” (1980). The yellow-forming layer is blue-sensitive; the magenta-
forming layer is green-sensitive; and the cyan—forming layer is red-sensitive. To
incorporate the color sensitivity of the slide film into the visibility model, the
scattering coeflicient was calculated at each of 13 different wavelengths within the
visible spectrum, and these values were weighted according to the film sensitivity
curves. This results in three values of a weighted average scattering coefficient,
one corresponding to each color plane of the film. The weighted green value should
most closely match the scattering coefficient value measured by the nephelometer

during the field experiments. The measured and computed scattering coefficient
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values agree to within about 20% (Table 3.3).

Equation 3.2 shows that light absorption by aerosols and gases, plus light
scattering by air molecules, must be added to the aerosol scattering coefficient
in order to estimate the total atmospheric extinction coefficient. The particle
absorption coefficient, bas,p, (due to elemental carbon) was measured using the
opal glass integrating plate technique. The principal light absorbing gas in urban
atmospheres is NO;. The wavelength dependence of this absorption is discussed
by Dixon (1940). The results of his study were put in a more practical form
by R.J. Hodkinson (1966) (Groblicki et al., 1981). Using this dependence, the
weighted average gaseous absorption coefficients bas,,, (for the red, blue, and green
wavelength bands) were determined.

Light scattering by air molecules, Rayleigh scattering, has been studied exten-
sively. Penndorf (1957) presents tables of the Rayleigh scattering coefficient for
standard air over a wide band of wavelengths, including the visible. He points out
that Rayleigh scattering is temperature-dependent and that this dependence can-
not be ignored. These tables and Penndorf’s temperature correction formula were
used to determine the weighted averages for the Rayleigh scattering coefﬁéients in
the red, green, and blue.

The individual components of the extinction coefficient and their sum are
shown for the two days of interest in Table 3.4. |

For use in modeling calculations, the clear day and heavy smog day photo-
graphic slides were converted into a numerical representation of each picture. In
this process of digitization, the 35 mm slides were gridded into a 1800 X 1200
sample pattern, for a total of 2.16 x 10° picture elements (pixels) per picture,
each pixel being 25 um on a side. The density of the film at the location of each
pixel was scanned by a microdensitometer through three color separation filters

(Wratten 92, 93, 94). This produces digital images in each of three color planes -
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TABLE 3.3. Comparison of Measured Scattering Coefficient to
Computed Scattering Coefficient at A ~ 550 nm (units are 1074 m™1).

Clear Day Aerosol Heavy Smog Aerosol

(April 7, 1983) (August 25, 1983)
bSCATp'Calculated 0.259 408
brayteigh -Calculated 0.111 0.107
bscar-Calculated 0.369 4.19
bSCAT Measured 0.29 5.1

percent difference 24% 20%
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TABLE 3.4. Components of the Extinction Coefficient (units are 1074 m~?).

DATE  COLORPLANE bscat, baps,  bass, bray  Dext

April 7 blue 0.305 0.0930 0.0541 0.281 0.733
green 0.259 0.0930 0.0118 0.111 0.475
red 0.231 0.0930 0.00278 0.0659 0.393

Aug. 25 blue 5.56 0.787 0.136 0.273 6.76
green 4.08 0.787 0.0299 0.107 5.00

red 3.52 0.787 0.00694 0.0639 4.38
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red, green, and blue, which when superimposed result in a full color image. The
density of each pixel was recorded in each color plane in terms of a numericall
density (DN) scale which ranged from zero (dark) to 255 (light). At the end of
the digitization process, each pixel of each color plane has an assigned numerical
density, for a total of 6.48 x 10° numerical values used to describe each color slide.

The correspondence between film density and exposure is given in the “D
vs. E” characteristic curves provided by the film manufacturer. Given this rela-
tionship, and by relating exposure to radiance, the film can be used as a light-
measuring device, and the color slide can be described by arrays (one array for
each color plane) of radiance values, each value of an array representing one pixel

in the corresponding color plane of the slide.
3.5 Visibility Model Description and Application

A relatively uncomplicated visibility model for use with synthetic image pro-
cessing techniques has been proposed by Malm et al. (1983). In that model, the

radiance, N(s), of an object at a distance s from that object is represented by:
N(s) = N(0)e7=** + N, (1 — e be=*) (3.5)

where N(0) is the “inherent radiance,” the radiance of an object at the object.
N,i, is the radiance of the sky in the direction viewed. The first term on the
right side of Equation 3.5 accounts for light from the object that is attenuated
by the intervening atmosphere. The second term, called the path radiance, is a

representation of the light from all directions that is scattered into the line of sight.

To create a synthetic smog photograph according to the model tested, a num-

ber of separate images are needed:

[1] A distance image. In this study, highly resolved distance images were

created to accompany the downtown Pasadena and San Gabriel Mountains scenes.



—72—

The downtown Pasadena scene in particular is quite complex. Using walking
surveys, maps and aerial photographs, the distances from the camera mount to
approximately 400 objects were measured for the downtown Pasadena scene. A
less detailed distance map for the San Gabriel Mountains scene was created based
on 250 surveyed points. The remainder of each distance map was created by
interpolation between measured points. Since an object and its background could
be separated by a great distance but still occupy neighboring pixels in a digitized
picture, care must be taken during the distance interpolation process to outline
individual buildings and geographic features using the distances assigned to the

edges of those objects.

[2] A sky radiance, N, map for the red, green and blue. The horizon sky
radiance, Ny, according to Malm et al.’s procedure (1983), is obtained by evalu-
ating the film densities at locations along the horizon on the clear day image. For
objects below the horizon, the approximation of horizon viewing is still assumed
to be valid, and N, values are determined using an extrapolation of sky bright-
ness trends to below the horizon. In this study, the trends were extrapolated for
approximately two degrees below the horizon and then held constant for objects

lower than this.

[3] The inherent radiance, N(0), map for each of the red, green, and blue
planes. Malm, in his image processing procedure, back-calculates the inherent ra-
diance of the objects at each point in the clear day picture by rearranging Equation
3.5, giving

N(0) = N(s)e’*** + Ny, (1 — e>=*) (3.6)
To apply this equation to the clear day photo, since the sky radiance and distance

images are determined, the only unknown is an array of N(s) values. To obtain

an array of N(s) values corresponding to each object in the field of view, Malm et
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al.’s modeling procedure (1983) uses the clear day photographic slide of the scene
of interest and calculates the N(s) values from the measured densities of the clear
day slide and the relationships between density, exposure and radiance. With the
extinction coefficient value for the clear day, the distance image, the sky radiance
image, and the array of N(s) values from the clear day, the clear day inherent
radiance values, N(0), are obtained from Equation 3.6. According to Malm et
al.’s model (1983), the assumption is made that the inherent radiance, N(0), and
the sky radiance values, N,,, are independent of atmospheric pollutaht loading.
Therefore, N (0) and N,y, for every object in any pollution condition are constant,

and can be determined from the clear day photograph.

With the distance from object to observer determined, in order to simulate a
smoggy day, one must only set b.;; in Equation 3.5 at the proper level and then
determine a new radiance for each object. This produces an array of new N(s)
values that corresponds to the smog event to be simulated. That new array of N(s)
values is translated into a new array of numerical film density values which in turn
are used to create a new image. The calculation is done for each picture element
in each of the three color planes. Superimposing these planes results in a synthetic
image that can be played back onto photographic film using a film-writing device.

A color negative results, from which color prints can be made.

Using this procedure, synthetic images were produced which predict the ap-
pearance of the August 25 heavy smog event from the April 7 clear day image plus
the extinction coefficient values computed for those days. The procedure was car-
ried out for both the downtown Pasadena and the San Gabriel Mountains scenes.

The playbacks of these synthetic images are shown in Figures 3.5ab.

Production of a synthetic image requires a large number of photographic steps.

The original slide must be: [1] taken during the field experiments; [2] developed; [3]
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FIGURE 3.5. Synthetic image of smog event (August 25, 1983)

(a) San Gabriel Mountains view

FIGURE 3.5. Synthetic image of smog event (August 25, 1983)

(b) Downtown Pasadena view.
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digitized; [4] processed by computer to render a synthetic photograph; [5] played
back onto‘negative film; and [6] printed onto color photographic paper. In this
work, deliberate steps are taken to prevent any subjective enhancements of the
actual photographs taken. When the slides used in this study were digitized, a
standard Kodak #2 steptable gray wedge with 21 steps representing the range
of gray levels also was digitized. To correct for any possible distortion of the
digital image, the digitized gray wedge was examined, and the correction factors
needed to exactly restore the Kodak gray scale were determined. This “gray wedge
correction” is then applied to the entire digitized image. This standardizes and
corrects the digital images for any distortion created while scanning the slides.
These gray-wedge-corrected data are used in the production of the synthetic smog
images. After processing, the gray-wedge-corrected data are played back along
with a copy of the actual gray wedge which is embedded in the image. The photo
lab then printed the photographs exactly to the gray wedge specification contained
on each negative. This ensures color control of all images processed and ensures

the validity of any comparison between photographs.
3.6 Comparison of Predicted and Observed Images

Synthetic images of the August 25, 1983 smog event produced by the visibility
model, Figures 3.5ab, are compared to digitized photographs taken of the actual
August 25, 1983 smog episode in Figures 3.3ab. The general impression is that the
visual range and contrast in both synthetic images appear to be approximately
correct. The synthetic smoggy day photographs, however, have a blue cast to them
when compared to the actual photographs of the smog event, and in particular

the upper reaches of the sky in the synthetic smog images are far too blue.

In order to quantitatively compare the synthetic and actual photographs, nu-
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