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4BSTRACT

This renort investigates visibilizy/aerosol reiationships in California

and provides guidance for future visibility modeling and monitoring. The
study inciudes & review of availabie visidility modeling methods, a statis-
tical anaiysis of visibility/aeroscl relationships, an .approximate:
characterization of haze budgets, and a recommended strategy for future
visibtility monitoring.

The review of visibility modeis considers two basic modeiing approaches:
deterministic (source-oriented) models and empirical (receptor-oriented)
models.. Three deterministi¢.dispersion models are currently avaiiable-.

for characterizing plume blight from isolated point sources, but the
development of reliable dispersion models for regional haze is problematical.
Deterministic visibility models generally suffer from the lack of sufficient-
1y detailed field data for vaiidating and implementing the models. Several
empirical visibility models, with & wide range of complexity, are currently

availabile. The most compiex of :these empirical models -- those employing
short-term, chemically-resolved, size-seqregated aeroscil data with infor-
mation on aerosol humidification and light absorption -- fit observed

visibilities very well, make physical sense, and help to identify the
sources of visibility degradation.

: ~nalyses relating airport visibility data to Hi-Yo7 -~ .ot iuts=t.
uaia and relative humidity are conducted at 34 California 1ciaciuns. osuame

of the Hi-VYol variables -- benzene soluble organics, Pb (motor vehicle
tracer), Ni (fuel oil tracer), and Si or Mn (soil dust tracers) -- generally
Tack consistent statistically significant relationships with Tight extinction.
Good correlations (.65 to .90), however, are obtained in relating atmospheric
1ight extinction to sulfates, nitrates, remainder of TSP, and relative
humidity, especially if the regression models treat relative humidity in a
physically reasonable way. In agreement with theoretical considerations and
other empirical results, it is found that the extinction efficiencies for
secondary aerosols (especially suifates) are in order of magnitude greater
than the extinction efficiencies for the remainder of TSP. The extinction
efficiencies of sulfates and nitrates in California exhibit interesting
geographical features that appear to be explainable in terms of physical
aerosol properties, e.g. in terms of geographical variations in the size
distribution of sulfates.

Haze budgets for the 34 study sites indicate that natural blue-sky scatter

by air molecules contributes only 5% of total extinction in the haziest parts
of California but up to 40% in the clearest areas of California. As a
fraction of total extinction, absorption by MO, cenerally contributes a
rather uniform 7-11% throuchout California. Sulfates apparently account

for 40-70%0f total extinction in the Los Angeles and San Diego areas and
about 15-35%% in the remainder of California. Nitrate contributions cannot
currently be adequately assessed, but the available data suggest that.
nitrates are rmore important on a percentage basis in the northern half of
California where they may contribute 10-40% of total extinction. The



contribution from other (non-suifate, non-nitrate) aerosols varies widely
among locations, from 10 to 705. The most significant component of the other
aerosol category is expected to be soot (elemental carbon).

There is a potential need for two distinct types of visibility-reiated
monitoring in California. The Tirst type concerns a statewide network

of telephotometers, nephelometers, and/or absorption monitors to coliect
precise instrumental data on visibility for quantifying existing conditions,
spatial/temporal patterns, and future trends. The second type involves
special field studies using nephelometers and dichotomous samplers to
collect detailed particulate data for one year at various locations. An
appropriate statistical analysis of the data from the field studies would
yield very detailed and useful extinction budgets.
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Zo IHTRODUCTION AND SUMMARY

One of the most readily anparent effects of air pollution, visibility
ceqQradation, is receiving increased attention from researchers because it
may be closely related 1o some 0T the most damaging effects of air pollution.
Two obvious types of damace associated with vﬁsibiiity impairment are aesthe-
tic/psychoiogical costs and hindrance of aviation. There has also been spec-
ulation, partly supported by theory and cata reievant 0 the Northeast
United States, that haze levels may play & significant role in climate
modification. Also, because visibility is closely related to atmospheric
sulfate and nitrate concentrations, haze is linked with other sulfate and
nitrate problems, such as acid rain and, possibly, health effects.

‘ Visibility degradation is an especiaily important air guality issue

in California where mountain ranges freguantly offer exceptional banbramas.
Concern is often expressed over the intense haze that can be found in the

Los Angeles basin, San Joaguin Valley, and other areas of dense emissions.

It 1s also a common public opinion that visibility levels have deteriorated
in some of the more remote area: = TV e s e tiare 18 apprehens1on
that Tuture growth and development will lead to further v151b111ty degradat1on

The concerns over visibility degradation, both nationwide and in
California, are reflected in the 1977 Clean Air Act Amendments wherein
Congress established as a national goal "the prevention ofDany future and
the remedying of any existing impairment of visibility in mandatory Class I
Federal areas, which impairment results from manmade pollution". The
Environmental Protection Agency (EPA) has recently developed regulations
for the first phase of a nationzl visibility program (Federal Register 1980).
As mandated by Congress, LPA's regulations require State Implementation Plans
to include best available controls for both new and existing major sources
that impair visibility in mandatory Class I areas (national parks, national
wilderness areas, etc. of pre-specified sizes). The regulations also require
State Implementation Plans to include a 10 - 15 year strategy for making
reasonable progress toward the national visibility goal.

The Federal visibility regulatory program will have sianificant effects
on air quality planning in the state of California. Of the 156 mandatory
Class 1 Federal areas where £PA has judged visibility to be an important
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value (Federal Register 1979), 29 areas are located in California. In
future State Implementétion Plans, the California Air Resources Board will
be faced with the problem of formulating visibility protection plans

for these 29 areas {and possibly for additional areas that may be redesig-
nated Class I).

Because visibility is an important air quality concern in California,
and because technical information is needed to support visibility provisions
in future State Impiementation Plans, the Air Resources Board nas recently
funded two major studies of visibility in Califcrnia. The first of these
studies {Trijonis 1980, 1982) characterized various features of visibility
in California by usirmg visual range measurements at 67 weather stations in
conjunction with data on particulate concentrations and meteoroloyy. That
study addressed the issues of data quality, visibility/meteorology reiation-
ships, geographicatl visibility paﬁtérns, seasonal visibility patterns, diurnal
visibility patterns, visibility/aerosol relationships, and historical visi-
bility trends. The second study, for which this document serves as a final
report, consists of a review of visibility modeling, a cormprehensive statis-
tical anal, . oo wuyewsssol relationships, and @ consideration of
future visibi]ity monitoring.

The specific objectives of this report are as follows:

s To review deterministic and empirical models for visibility, and to
provide guidance for model selection considering data availability.

o To conduct statistical studies of visibility/aerosol relationships at
numerous (34) locations throughout California using airport visibility
data and routine Hi-Vol particulate data.

@ To determine approximate extinction budgets apportioning visibility
impairment at the study sites among Rayleigh scatter, NOp absorption,
‘sulfates, nitrates, and other aerosols.

s To recommend potential orograms for future visibility monitorina in
California.

The four objectives listed above are the subjects of Chapters 2 through
5, respectively. The remaining sections of the present chapter provide an
introduction to the basic technical concepts of visibility and a summary of
findings and conclusions.

1t should be noted that this report represents the combined efforts
of visibility researchers from several organizations. The Caltech



Environmental Quality Laboratory performed the visibility modeling review
of Chapter 2. The statistical analysis of visibility and Hi-Vol data in
Chapter 3 was conducted by Technology Service Corporation and Santa Fe
Researcn Corporation. A special study of size segregated particulate
data (Appendix A) was prepared by the University of California at Davis.
Santa Fe Research Corporation was responsibtle for the extinction budget
analysis (Chapter 4), the visibility monitoring review (Chapter 5), and
the assembly of the final report.

1.1 BASIC CONCEPTS AND DEFINITIONS

Visibility refers to the clarity of the atmosphere and can be defined
quantitatively in terms of discoloration (wavelength shifts produced by the
atmosphere), contrast (the relative brightness of visible objects), and/or
visual range (the farthest distance that one would be able to distinguish
a large black object against the horizon sky). Beczuse much of this study
is based on weather-station measurements of visual range, we will define

Tity as visual range and will use the iwo terms interchangazhly T
should be noted that the concept of v1sua1 ranne makes most sense in situ-
ations of large-scale homogeneous haze, which is the type of visibility
phenomenon being addressed in this report.

Visibility through the atmosphere is restricted by the absorption
and scattering of light by both gases and particles. The sum of absorption
and .scattering is called total extinction which is measured by the extinction
coefficient "3". The extinction coefficient represents the fraction of Tight
that is attenuated per unit distance as a light beam traverses the atmosphere.
In a homogeneous atmosphere, visibility is inversely proportional to
extinction; the Koschmieder formula expressing this relationship is:

k
B = ——f— 1-
v (1-1)

The constant in Equation (1-1) is usually chosen to be k = 3.9 or k = 3.0,
depending on whether one assumes a 2% or 5% contrast detection threshold ﬁ
for the observer. J



Examples of visibiiity in certain areas and corresponding extincticn
cefficients (for k = 3.0) are listed in Table 1.1. Fiqures 1.1 and 1.2
i1llustrate the geographical variations of visual range for the continental
dnited States and California, respectively.
1t is often preferable to discuss visibility in terms of extinction
coefficient rather than visual range because the extinction cecefficient can
se linearly subdivided intc contributions Trom various atmospheric compo-

nents. In generai, total extinction is a Tinear sum of four terms:

2 - BRay1e1gh v 8Ab—Gas B BScat—Part v BAb-Part
' ' = 1igt 3 ; 1 vlei -
Here, BRayleigh light scattering Dy air molecu]es (Rayleigh or blue
sky scatter). This term is on the order of .10 to .12

-1 . .
(IOAm) * depending on aititude (i.e. depending on the

")

density of air); it would restrict visibility to approx-
imately 155-130 miles (for a 5% contrast) if all

particles and pollutant dases were absent.

BAb—Gés = light abéoryurun Sy wesoun - wiorogen dioxide (N 2) is
the only prevalent gaseous pollutant that is a signi-
ficant 1ight absorber. Although concentrations of NO2
are usually not large enough to produce significant
reductions in overall visual range, NOZ can produce

significant brownish discoloration because it prefer-

entially absorbs blue light.

B 1ight scattering by particles (aerosols). In most cases,

Scat-Part
" this is the cominant part of total extinction and there-

fore the main contributor to reduced visual range.

R , . . — .
BAb—Part light absorption by particles. This Term can become
cubstantial in those areas wnere elemental carbon (soot)

constitutes & significant Traction of the aerosol.

As noted above, light scat.zring by particles usually dominates total

extinction in hazy air masses. The two major excepticns are remote areas



TABLE 1.1 VISIBILITIES AND EXTINCTION COEFFICIENTS
TYPICAL OF VARIOUS AREAS.

VISIBILITY ZXTINCTION COEFFICIENT TXAMPLES OF AREAS EXHIBITING THIS
{MILES) (10-4 m~i) AVERAGE VISIBILITY
z 2.34 Central/eastern part of the Los
Angeles Basin.
id 1.87 fringes oT the Los Angeles Basin,

or metropolitan centers in the
Northeast, or large-scale haze in
the Ohio Valley.

,4
[AS]
—

.56 San Joaquin Valley of California,
or large-scale haze typical of
most nonurban areas east of the
Mississippi and south of the
Great Lakes.

PR Delta region east of San Francisen
S or the Central Plains states
(Minnesota, Iowa, and the eastern
parts of liebraska, Kansas, Oklahoma,
and Texas).

(92}

0 0.37 Northeast plateau of California, or
: the area along the California-
Arizona border, or the northern
mountain states (Idaho and Montana).

gd 0.23 Area along the California-Nevada
border, or the southern mountain/
desert states (MNevada, Utah, Colo-
rado, northern New Mexico, and
northern Arizona).

b
w
[Sa]
<

.12 Air at sea level free of all
narticles and all pollutant gases.

150 0.10 ' Air at 5000 feet altitude free of
‘ all particles and all pollutant
gases.
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of the desert/mountain Scuthwest {including the (alifornia-Nevada border
region) where natural blue-sky scatter is comparable to light scattering
by aerosols, and certain urban areas where absorption by elemental carbon

may be comparable to Tight scattering by aerosols.

1.2 SUMMARY

The following sections summarize the findinas and conclusions of
this report. For convenient referral, the summary is organized according

to the order of the chapters.

Review of Visibility Air Quality Models

Two major classes of mathematical models are available for character—.
izing the relationship between precursor emissions, ambient pollutant con-
centrations, and visibility. The first class is deterministic emissions--
source-oriented models that combine atmospheric transport, diffusion, and
chemical reaction with theoretical radiative transfer calculations. The
other class of technigues involves the use of empirical relationships
betu . oo A e e FONS and visual range. The latter ~ecentor-orient
models make extensive use of atmdspheric measurements and statistical
inferences drawn from field observations on pollutant concentrations and
atmospheric Tight extinction.

Three source-oriented dispersion models for visibility reduction are
available at present. £Each 1is based on a Gaussian plume air quality model,
and hence each is best suited to plume blight calculations arising from
single remote emission sources rather than for use on multi-scurce regional
haze problems. Basically cach of these models is composed of three elements.
The first compbnent is a procedure for calculating the cencentration fields
using the source emissions and atmospheric conditions as input data. Given
the concentration fields and the optical characteristics of the gases and
aerosols, the <econd element of a visibility model is the radiative transfer
calculation algorithm. The final compenent of each model s the procedure
for translating the changes in light intensity due to the presence of pol-
lutants into measures of human visual perception. These models require
large amounts of input data, including aerosol size distributions and

optical properties. Since such data are seldom available, these models to



datz nave been subjected to a very iimited set of field verification tests.

In aadition. since these models are usually implemented in the Torm of large
~ A b}

computer programs, a potential user of these techniques must assess the

avai’ability of the computer codes and their documentation. Of the three

.mogeis reviewed, only one is in the public domain with sufficient drcument-

aticn to be readiiy usable.

Hore than 20 appTications of empirical-statistical models are reviewed.
In Znese models, light extinction per unit pollutant concentration for’each
abscrting or scattering pollutant species is estimated by regression of
atmospheric extinction coefficient measurements on co-occurring fluctuations
In collutant species concentrations. Very simple empirical visibility models
that try to relate 24-hour averaje total suspended particulate matter con-
centrations to visual range often show a poor ability to track changes in
visidility and lend little insight into the pollutant sources responsible
for visibility reduction. HMore advanced empirical models that combine short-
term average, chehica]Ty resolved, size-segregated pollutant data with in-
formation on atmospheric humidity and aerosol light absorption, however,
fit observed visibilities very well, make physical sense, and help to
rdentify the sources responsible for visibility i ovco.o L

One example of a third class ¢~ model also was identified that lies
part-way between the empirical models and the source-oriented dispersion
models. In this case, atmospheric light extinction is computed from Mie
thecry based on measured aerosol size distribution data; rather than from
poliutant properties calculated from an atmospheric transport model. Com-
parisons to date show that this receptor-oriented theoretical calculation
scheme yields answers comparable to an empirical visibility model applied
to tne same data set.

As a practical matter, the choice facing a person who must select a
visibility model is frequently dictated by data availability. For example,
vast amounts of information are needed by a regional scale radiative transfer
mocdel if it is to accurately characterize the simultaneous effects of
emission, transport, dispersion, chemical transformation, and optical inter-
acticns. For this practical reason, the mosf appropriate choice of a model-
ing methodoloqgy for immediate application is the class of methods based on
regression analysis, or the receptor-oriented theoretical calculation scheme

empioying measured size distribution data. Given high quality measurements,
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these two types of empirical visibility models can be structured to make

physical sense, toO track chances in total extinction extremely weill, and to
yield insight into the portion of the visibility probiem attributable to

different pollutants and sources.

Visibility/Aerosol Relationships Bascd on Hi-Vol Data

Qur analysis of visibility/aerosol relationships uses routine airport
visibility data and routine Hi-Vol particulate data for 34 locations in

California. The statistical analysis centers on multiple regression equaticns

that relate daytime average extinction (determined from airport visibility
data) to daytime average relative humidity and to 24-hour Hi-Vol data for
sulfates, nitrates, and the remainder of TSP. At several sites we also in-
clude Hi-Vol data for benzene soluble organics and various elemental tracers:
Pb (motor vehicle particles), Ni (fuel oil particles), and Si or Mn (s0il
dust particles). The coefficients in the multiple regression equations can
be interpreted as "extinction coefficients per unit mass" or "extinction
efficiencies” for each-aer

There arE“severa]‘iimitations +n the use of regression modeils tor
quantifying visibility/aerosol relationships: (1) random errors in the data
base caused by imprecision in the measurenrent techniques fTor airport visi-
bility and aerosol concentrations; (2) incompatibilities belween the airport
data and the aerosol data which are collected at different locations and
over different hours of the day; (3) biases in the measurement of sulfates
and, especially, nitrates; and (4) statistical problems introduced by the
intercorrelations among the "independent” variabies (suifates, nitrates,
remainder of TSP, and relative humidity) and by correlations between these
variables and other visibility-related pollutants omjtted from the analysis.
The most impcrtant limitations are the measurement errors for nitrates and
the statistical problems. 1in fact, because of the difficulties associated
with nitrates, it is best to regard the "nitrate” variable as a gross
measure of both nitrate aerosols and related photochemicai poliutants (such
as seconaary organic aeroscis and NOZ)' The above limitations must be kept
in mind when interpreting the results of the reqression analyses.

It is.critical to treat relative humidity (water) in an adequate

manner when conducting the regression analysis. Several theovretical and

experimental studies suggest that, at relative humidities of 65-75%, the

10



mass of water associated with fine ambient aerosols is approximately equal
to or slightly greater than the mass of aerosol electrolytes (e.g. sulfates
and nitrates). As relative humidity incfeases toward 100%, the mass of
aerosol water rises even more (hyperbolically). The role of aerosol water
becomes even more critical when one realizes that, because of density
differences, water should scatter significantly more light per unit mass
than the aerosol electrolytes. These observations help to explain why

many statistical studies have found that sulfate (or sometimes nitrate)

is the major, if not the dominant, contributor to atmospheric ligh; extinc-
tion. HNot only do sulfates consiitute a significant fraction of the fine
(optically active) aerosol, but also they often carry with them a sub-
stantial volume of water. Furthermore, it should be remarked that water

is an integral part of the aerosol to which it is attached. For example,
if the sulfate aerosol were eliminated, the water associated with the sulfate
aerosol would also be eliminated from the particulate phase.

At each of the 34 study sites, the multiple regression models are
run- on two data bases -- one excluding days with precipitation or any foaq,

Yooy days with precipitation or severe fog. Alsg? :
regression forms are used -- a completely linear model, and a non]ineaf
relative humidity model adding the term (1-RH)™* or (1-RH)™%3 as a multi-
nlicative factor to the aerosol variables. The nonlinear RH regression
model yields higher correlation coefficients and physically-more reasonable
regression coefficients than the linear RH regression model. This makes
sense because the nonlinear RH model represents a much better approximation
to the thermodynamic behavior of hygroscopic aerosols (e.g. sulfates).
Specifically, the nonlinear RH regression model treats water as an integral
part of the aerosol and parallels the hyperbolic relationship between aerosol
water and relative humidity.

The regression analyses reveal that some of the Hi-Vol variables
generally lack consistent, statistically significant relationships with
extinction (visibility). The insignificant variables are organics, Pb
(motor vehicle particles), MNi {fuel oil particles), and Si or Mn (soil
dust particles). The lack of statistically significant relationships does
not imply that these aerosol components have zero or negligible effect on
visibility. Rather, we can only conclude that the effect of these aerosol
components is not overwhelming enough so that one can determine extinction

11



efficiencies from the (admittedly limited) airport and Hi-Vol data. For
<ome of these variables, the lack of a statisticaily significant relation-
ship reflects their small contribution to fine aerosol concentrations;

for others, the lack of a statistically significant relationship may reflect
data quality or statistical colinearity problems.

The regression analyses in this report, as well as similar studies
found in the literature, indicate that the extinction efficiencies for
secondary aerosols (nitrates and especially sulfates) are nearly one order
of magnithde greater than the extinction efficiencies for the remainuer of
TSP. Qualitatively, this agrees with known principles of aerosol physics.
Secondary aerosols teAd to accumulate in the particle size range from
9.1 to 1 micron, while the remainder of TSP is usually dominated by the
coarse particle mode residing in the size range above 2 microns. Light-
scattering per unit mass of aerosol as a function of particle size exhibits
a pronounced peak at a particle size of about 0.5 microns, and particles
in the 0.1 to 1 micron size range scatter much more light per unit mass
than particlgg?&ﬁ%yg;?—rﬁcrbn§~in»size.

Some statistically significant geographical features are evident in
the extinction efficiences for sulfates and nitrates. Sulfate extinction
efficiencies are greater in the southern half of California than in the
northern half of California, while nitrate extinction efficiencies exhibit
exactly the opposite geographical pattern. The north/south variation in
the extinction efficiencies may be partly spurious -- caused by statistﬁcal
problems introduced by intercorrelations between the sulfate and nitrate
variables. To some extent, however, the north/south variations appear to
represent physica] realities. In particular, we have found a relationship
between sulfate extinction efficiencies and published data on sulfate size
distributions; sulfate extinction efficiencies are higher in those geograph-
ical regions where the sulfate size distribution is centered in the upper
part of the accumulation mode (between 0.5 and 1.0 microns). Also, the
higher nitrate extinction efficiencies in northern California may reflect
the extreme temperature sensitivity of the equilibrium between particulate
ammonium nitrate and gasecus ammonia and nitric acid. Specifically, in
northern California relatively more of the Hi-Vol nitrate  may represent
real nitrate aerosol, while in southern California relatively more of the
Hi-Vol nitrate may represent collection of gaseous nitric acid (artifact
nitrate). |

12



Extinction Budgets

For each of the 34 study locations, average extinction budgets are
calculated which apportion visibility reduction among five components:

Tight scattering by air molecules (Rayleigh scatter), light absorption by
NOZ’ extinction by sulfates, extinction by nitrates,. and extinction by '
other {non-sulfate, non-nitrate) particles. The contributions from
Rayleigh scatter and NO2 absorption are computed from known physical con-
stants (and measured NOZ concentrations). The contributions from sulfates
and nitrates are computed from extinction efficiencies for sulfates and
nitrates. The extinction efficiencies: for sulfates and nitrates are
based on our regression results as wel]las on other theoretical and
empirical considerations. We do not explicitly include the nitrate term
for sites‘in southern California because our regressions failed to yield
consistent, physically reasonable coefficients for nitrates in southern
California. The contribution from “other" particles'is calculated by
simply subtracting the air mciecule, NOZ, sulfate, and nitrate components
from total average extinction.

Beéause Rayﬁé.,. o i.oo, iuieilor s nearly constant, the percentage
contribution from Rayleigh scattér is inversely proportional to total
average extinction. The average percentage contribution from Rayleigh
scatter varies from about 5% in the haziest parts of California (e.g. the
central Los Angeles basin) to about 40% in the clearest areas of California
(e.g. along the Nevada border). At most of our specific study locations,
Rayleigh scatter constitutes 5 to 1 % of average total extinction.

The percentage contributions from NO2 are fairly uniform among the
study locations -- typically 7-11%. This reflects the phenomenon that

\1ocations with higher pollutant aerosol levels and resulting higher average
" extinction levels also tend to have higher NO2 levels.

Our results indicate that sulfate aerosol is the predominant visi-
bility reducing pollutant in the Los Angéles and San Diego areas; in these
areas, sulfates apparently account for about 40 to 70% of total ektinction.
Sulfates are also significant in the remainder of California, typically con-
tributing aobut 15-35% of total extinction. As discussed previously, sulfates
are critical to visibility not only because they constitute a significant
fraction of the fine aerosol but also because they attract a large volume
of water into the aerosol phase.



Qur methodology suggests that nitrates generally acocunt Tor about
10-40% of extinction at locations in the northern half of California. The
nitrate contributions are especially large, 20-40%, in the Central Valley.

As noted previously, the visibility/nitrate reiationships are very un-
certain because of statistical colinearity problems and because of severe
measurement difficulties for nitrates. A thorough study of the role of
nitrates in California visibility must await the development of a reliable
sampling procedure for nitrate aerosols.

The extinction contribution from "other aerosols” ranges widely among
the locations, from 10 to 70%. Based on other studies using more detailed
aerosgl data, we know:khat the important components of this "other™ category
are light absorption by elemental carbon (soot) and 1ight scattering by
various fine aerosols (organics, fine particles at the lower end of the
s077 dust and sea salt size distributions, elemental carbon particlies, non-
carbonaceous primary aerosols from combustion processes, etc.). In urban
afeas, elemental carbon (soot) is likely to be the most important contributor

St o e o category; soot likely accounts for 20 toc 40% of

extinction in major urban areas of California.

Future Visibility Monitoring

There is a potential need for two distinct types of visibility-related
monitoring in California. The first type concerns a statewide network to
collect precise instrumental data on visibi]ity for quantifying existing
cénditions, spatial/temporal patterns, and future trends. The second type
involves collection of detailed particulate data for determining exact ex-
tinction budgets at selected sites in California.

There are five basic ways of measuring visibility: human abservers,
telephotometers, photographic photometers, transmissometers, and nephelometers.
After reviewing the advantages and disadvantages of these monitoring methods,
we conclude that, if the ARB were to create a statewide visibility monitoring
network, such a network should consist of either telephotometers or nephe-
Tometers. At present, choosing between telephotometers and nephelometers is
difficult; before establishing a statewide visibility network, the ARB might

want -to conduct a seminar with users and proponents of each instrument.
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The major advantages of telephotometers are commercial availability,
permanent records, and good correlations with human perceptions. Also, the
National Park Service is currently operat%ng a telephotometer program
throughout the West. The most important disadvantages of telephotometers
are the need for a good quality control program, the need for adequate dark
targets, the restriction to only daytime measurements, and the problems
created by clouds behind targets and by variations in illumination conditions
on targets. Nephelometers also are commercially available, yield permanent
records, and correlate well with human perceptions. A nephelometry network,
however, would measure only particlie scattering and would require separate
instruments for measuring particle absorption. Other disadvantages of
nephelometry are loss of relative humidity and large particles in the
sampling train and, possibly, the expense associated with maintaining high
quality performance. .

At selected locations in California, it would be worthwhile for the
ARB to conduct field projects that can provide accurate extinction budgets.
Extremely useful studies can be conducted with a heated nephelometer, an
ambient nephelometer, a teflon fi]ter dichois iy - wmnier, andd 1 etz filter
dichotomous sampler. The appkopfiéte statistical analysis of the data from
these instruments as well as other readily available data would yield a
detailed extinction budget including the following terms: Rayleigh scatter,
NO2 absorption, particle absorption (broken down into fine e]ementa] carbon,
coarse elemental carbon, and other aerosols), and particle scattering .
(broken down into coarse particles and fine particles, with the latter
further divided according to sulfates plus water, nitrates plus water, organ-
ics, elemental carbon, fine crustal aerosols, and other fines}).

The extinction budget monitoring stations should be operated for one
year at each location in order to provide robust data sets and in order to
avoid seasonal biases. The monitoring stations might be relocated every year
to provide data for extinction budgets throughout California.

Once extinction budgets have been calculated, source allocations can
be performed by apportioning each component of extinction according to
regional emissions. Source allocations would require emission inventories
for sulfur oxides, nitrogen oxides, hydrocarbons, elemental carbon, organic
aerosols, and other primary fine particles.

15
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SIBILITY AIR QUALITY HODELS

The task oT pfedicting the impact of pollutant emissions on visi-
5ility is compiicated by the presence of & large number of airborne
pollutants, the occurrence of various chemical interactions, and major
differences in the optical properties of specific gases and aerosols. One
major source of complexity is that many of the pollutants that scatter and
absorb light are of secondary origin. These materials are not emitted
directly in their final form by emissions sources, but rather, are formed
as products of chemical reactions in the atmosphere. When coupled with
the fact that visibility degradation in any given area has a complex de-
pendence on geography, time of day, and meteorological conditions, the
design of an effective visibility improvement program is definitely a
difficult undertaking. One issue is clear. A key element of any rational
wipiwawil TOr improving visual air quality is a reliable means . SN IRI
the impact of alternative emission control measures. This chapter reviews
a number of different modeling methodologies that can be used to relate
precursor emissions and the resulting concentrations of gases and
aerosols to ambient visibility.

2.1 ELEMENTS OF THE VISIBILITY MODELING PROBLEM

The ability to define, monitor, model, and control visibility impairment
involves an understanding of many different physical processes. Some of the
_elements that must be considered are illusirated in Figure 2.1. From an
examination of this diagram it can be seen that the visibility modeling
problem involves characterizing four basic components: +the light source,
the object being viewed, the properties of the intervening atmosphere, and
the response of the observer. The detailed formulation of a modeling system
that links the various parts of the visibility problem is an intricate under-
taking. It is necessary to maintain a balance between computational economy,
data availability, and the desire for an accurate representation of the
underlying physics and chemistry. As will be shown later in this Chapter,



the key factor limiting the usefuiness of particular visibility modeling
approaches, in many cases, is not a lack of understanding of the basic
physical processes governing visual range but rather the availability of
field measurements suitable to support accurate calculations.

CLIGHT SOURCE
- | « ZENITH ANGLE
N |+ SPECTRUM
! e CLOUD COVER
QBSERVER
« COLOR AND
. CONTRAST
PERCEPTION
« PATTERN
RECOGNITION
_ ATMQOSPHERE
SEIECT : :g(z MOLE CULES
« INMERENT CONTRAST e AEROSOL SIZE DISTRIBUTION
« SPECTRAL REFLECTANCE * TEMPERATURE
« COLOR,SIZE ,SHAPE « RELATIVE HUMIDITY
AND DISTANCE » WIND VELOCITY
. BRIGHTNESS o

Figure 2.1 Basic elements of the visibility modeling problem.

As pért of this project, an extensive literature review was under-
taken in order to document the current scientific understanding of visi-
bility impairment resulting from air pol1ution. A secondary goal was to
jdentify those modeling approaches that might be compatible with air
monitoring measurements available in California. Given the importance of
being able to predict visibility impairment, there is, as might be expected,
a considerable volume of published literature on the subject. Important
recent reference works include: White (1981), U.S. EPA (1979), Fox et al.

(1979), Latimer et ’1978), and Charison et al. (1978). The special

issue of Atmospheric . ironment (White, 1981) alone includes 55 papers on
such topics as: rad . transfer and visual perception, haze and aerosois,
source characteriza- slume optics, dispersion and transport, and finally,
a discussion of atmo. _ric chemistry. A detailed literature review is
presented in the fol g sections of this chapter.
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Despite the diversity oT modeling metnogclogies identified in the
~2view, tw0 basic visibility modeling approaches emerged: empirical methods,
and deterministic models based on a fundamental description oF the physics
and chemistry occurring in the atmosphere. Deterministic, or a priori,
models normally incorporate a spatially resolvea description of poilutant
smission source strength, & mathematicail treatment of the chemical and
meteorological transport processes that map emissions into observed air
quality, and theoretically based calculations that predict visual range.

An example of how the various physical and chemical processes might be

Tinked in this class of model is shown in Figure 2.2. The other class of
techniques involves the use of & posteriori models in which empirical
relationships, between pollutant concentrations and visual range, are de-
duced from atmospheric measurements. These modeis are usually very simple
and typically bear a close relationship to the actual data upon which they
are based. Unfortunately, this latter feature is a basic weakness. Because
the empirical models do not explicitly quantify all underlying causal
phenomena, they cannot be reliably extrapolated beyond the bounds of the data
from which they ware daowived

Both a priorl anu a pusteriori methods are useful tools; however, as a
rule, if data are available to test and verify a.model based on scientific
fundamentals, then that approach is preferable. In either case, whether the
prediction scheme is a simpie formula or a complex numerical procedure, it
must have at least two fundamental components. One is a séheme to deterhine
the impact of pollutants on the optical characteristics of the atmosphere,
and the other is a means for characterizing human perception of visibility
impairment. ~ Subsequent sections of this work are devoted to & discussion
of these two basic elements.

2.2 QUANTIFYING VISIBILITY IMPAIRMENT AND THE KOSCHMIEDER FORMULA

Given the concentration and characteristics of pollutants, it is
possible to define visibility impairment in terms of the intensity or color-
ation of distant objects. Three of the common means for quantifative]y |
characterizing the'c1arity of the atmosphere are: contrast (the relative
brightness of various features in a scene), visual range (the farthest

distance that one would be able to distinguish a Jarge black object against
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the horizon sky), and/or discoloration of the intervening atmosphere. While

it is straightforward to define these criteria, relating them to human
visual perception (particularly of coleration) is an extremely compiex
undertaking (Malm et al. 1981). Because current understanding of color
percention is inadequate, theoretical calculations of atmospheric discolor-
ations are useful only as a guide for experimentz] measurements (U.S.
fnvironmental Protection Agency 1979). Many visibility modeis do calculate
parameters that are an indication of coloration effects. These indices
include: blue-red ratio'(re1ative discoloration defined by the blue/red
ratio of light originating from the horizon with and without the pollution),
and chromaticity coordinates (Judd and Wyszecki 1963). However, because
most routine visibility data are reported in terms of perceived visual
range, primary emphasis will be given to modeling this criterion.

Visual range LV is defined as the farthest distance at which a black
object can be perceived against the horizon sky. The contrast between two

objects is given by

I,(A
) = - BT o

~—
'
—
[a%]
—
>
~

where I(A) is the light intensity or spectral irradiance. If the two

objects are the same color (i.e. I{(A) = k I (1) for all visible wavelengths),
then the contrast will be constant. When the objects are of different color,
‘then the contrast, C, is a function of the wavelength. Normally in the cal-
culation of visual range, the contrast is evaluated at a wavelength of 0.55
micrometers. This point corresponds to the middle of the visible spectrum

and is the wavelength at which the human eye is most sensitive. The in-
trinsic contrast of a black object (I = 0) against the horizon sky (I = Ip)
is -1. The visual range L, is defined (Latimer et al. 1978) as the distance
_at which a black object is barely perceptible against the horizon sky. This
occurs when the perceived light intensity of the black object is (1 + Cmin)Ih’
where Cpin 15 the liminal contrast (minimum contrast distinguishable by a-
human observer). The value of Cmin is commonly taken tq_be--0.0Z, as first
suggested by Koschmieder in 1924 (Middleton 1952). It is important to note
that the limiting contrast\thresho]d of -0.02 is a physiological property of



the observer. Ninety percent of persons tested show contrast thresholds
between -0.01 and -0.07 (Charlson et al. 1978).
A simple model of the change in 1ight intensity, in a homogeneous

column of air, over a distance x is given the Beer-lLambert Taw:

1 dI(x)

= - b__.{A) (2-2)

1(3)  dx ext

where bext(k) is the extinction coefficient, a measurable property of the
atmosphere that describes the extent of light scattering and absorption by
pollutant particles and gases. If the atmosphere can be assumed to be
uniform, then (2-2) can be solved analytically to give the visual range
apparent to an average observer as a function of the extinctijon due to

ambient concentrations of gases and particles,
DA 3.912

-1n(1C0sy = (2-3)

bext(x) bext(x>

LV =

Considering the widespread use of (2-3), (sometimes called the Koschmieder
formula) it is important to be aware of its assumptions and Timitations. The
critical assumptions and limits are: a homogeneous distributicn of pollutants,
horizontal viewing distance, same sky brightness at both the target object

and observer, and finally a contrast threshold of -0.02. Horvath (1971a)
discusses the possible errors in using Koschmieder's formula to estimate
visibility apparent to a human observer. He suggests that by proper selection
of visibility markers, it should be possible to czlculate the extinction

coefficient from observed visibilities to within an ervor of about 10%.

2.3 ATMOSPHERIC OPTICS

In the previous section, a simple mode] was presented for the change
in spectral light intensity as a Function of distance along the sight path.
The effect of the intervening atmosphere on the visibility and coloration
of a viewed object (e.g. the horizon sky, a mountain, a cloud) can be de-
termined if the concentration and optical characteristics of air molecules,
aerosols, and pollutant gases are known along the 1ine of sight. A rigorous
treatment of the effects of air poliution on visibility requires an under-

standing of atmospheric radiative transfer processes. Since this particular
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aspect of the modeling problem is adequately discussed in the text by
McCartney (1976) and the classic works of Middelton (1952) and Chandrashekar
(1960),0only a brief discussion will be presented here. The particular
treatment used below is baseq on the work of Latimer et al. (1978) and has
been included because of its direct relationship to the procedures described
in the U.S. Environmental Protection Agency workbook for estimating visibility
impairment (U.S. EPA 1980). For a more detailed discussion, the reader
is referred to Bergstrom et al. (198la), Dave (1981), Isaacs (1981), or
the review article by Hansen and Travis (1974).

The change in spectral light intensity or spectral irradiance I(\)
as a function of distance along the sight path at any poiht in the atmosphere
can be defined as follows

dI(X) | p(8,A)
” = -Dext(X)I(X) + “"Z::—— bscat(A)Fs(A) (2-4)
where
- is the distance along the sight path from thes ~h*-ns «-
the observer.
p(@,A) - is the scattering distribution or phase function for the
scattering angle 6.
. - the solar flux (watts m™2 micron';) incident on the atmosphere.
bScat - is the scattering coefficient composed of tne sum of the con-
tributions from gas molecules bRaTei h(k) and aeroso] particles
b (\) i.e. 9
scat
a
bscat(k) - bRay]eigh(A) ¥ bscata(k) (2-5)
bext - is the sum of the scattering, bscat(r),. and absorption coef-
ficients, babs(x) i.e.
bext(l) - bscat(x) * babs(X) (2-6)

On the right-hand side of (2-4), the first term represents light
absorbed or scattered out of the line of sight; the second term represents
light scattered into the line of sight. These processes are illustrated in
Figure 2.3. The values of bgoat @nd bype can be evaluated if the aerosol
and gas concentrations and such characteristics as the refractive index and
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Figure 2.3 Processes that influenra *he nhgevvar's sanceniion
of a distant point.

size distribution of the aerosol are known. Except in the cleanest atmos-
pheres, bccat is dominated by bscat ; baps usually is dominated either by
absorption due to graphitic carbon part1c1es or by the absorption due to
NO,. In the above formulation,cnly the effects of singie scattering have
be;n included for simplicity. Most practical calculations of the type
described in Dave (1981), Williams et al. (1981), Isaacs {1981), and Latimer
et al. (1981) incorporate the effects of muitiple scattering. One of the
reasons for doing this is that single scattering approximations tend to
under-predict the horizon brightness.

As might be expected, scattering and absorption are strongly wave-
length dependent, and the effects are greatest at the blue end (A = 400 nm)
of the visible solar spectrum that extends over the range 400 <& <700 nm.

-4 .

The Rayleigh scattering coefficient b is proportional toA 7; the

Pay]ewgh
scattering coefficient caused by particles is generally proportional to

A'n3 where 0<n<2. In remote rural areas of the southwestern deserts,
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the air is sometimes nearly particle-free, and visual range approaches the
1imit of about 320 km imposed by Rayleigh scattering due to air molecules
(Trijonis and Yuan 1978a; Charison et al. 1978). The extinction coefficient
contributizn due Fo Rayleigh scattering, bRay]eigh has a value of about

0.12 x 10°" m~1 at sea level at a wavelength of 550 nm. Extinction due to

Rayleigh scattering declines with altitude as shown im Table 2.1.

TABLE 2.1 EXTINCTION COEFFICIENT DUE TO RAYLEIGH SCATTERING
AS A FUNCTION OF WAVELENGTH AND ALTITUDE

~4 -1
b : (10 T m )
Wavelength(a) Rayleigh

(um) ,
Altitude (m) (b)

Sea Level 1000 2000 3000 4000

0.2 9.54

0.25 3.38

0.3 1.52 >
0.35 0.79 :

0.4 0.45

0.45 0.28

0.5 0.18

0.52 0.15

0.55 0.12 0.11  0.10 0.09 0.08
0.6 0.09

0.65 0.06

0.7 0.05

0.75 0.03

0.8 0.03

£ 3 3
(a) bRayleigh as a function of wavelength from Fenndorf (1957)

(b) b as a function of altitude from Charlscn et al. (1978)

Rayleigh



Charison et al. {1972) observed that while 1ight scattering by
particles usually dominates light extinction in the Los Angeles area,
1ight absorption by NQOp also is significant about 20% of the tTime. Hitrogen
dioxide is the only light absorbing gas that is thought to be present in
gquantities sufficient to make a significant difference to perceived visual
range or quality. As shown in Table 2.2, light absorption by iN0p is strong-
ly wavelength dependent. As a result, high NOp concentrations will cause
white objects to appear brown or yellow colored (Horvath 1971b; Horvath
1972; Waggoner et al. 1972).

Light extinction by NOp depends on its concentration in the atmosphere

* b (A) = vyn (X).C (2-7)
absg NO2 NO2

where Y (1) is the extinction efficiency per ppm NOp at a particular wave-
tength (1) and Cyg, is the ambient NO, concentration in ppm. The extinction

efficiency for NOo has been measured in the iaboratory. Values of YNO ()

are given in Table 2.2. 2
.,pheric coloration is determined by the wavelength-Ann=uasnh
scattering and absorption in the atmosphere. The spectral aistrioucion or

I(A) for X over the visible spectrum determines the perceived color and
1ight intensity of the viewed object. For example, it the atmosphere is.
uniform (i.e. b cat and babs do not vary with distance x along the line of
sight) (2-4) can be solved to find the horizon brightness Ih(k) as

p(8,2) bepyyp(M)

I (x) = ) Fo{X) (2-8)

Neglecting the effects of multiple scattering, the perceived intensity of
progressively more distant bright and dark objects will asymptotically ap-
proach the horizon brightness Ih. The relative contributions of scattering
(aerosols plus air) and absorption (NO, plus elemental carbon} to coloration
can be illustrated by rearranging (2-4) to give

—

s A
L4 o) ?(iﬂ ) F (A)

b A
— scat
1(A) dx ()

|
-1 i' baps M) (2-9)
|



TABLE 2.2 LIGHT ABSORPTION BY N02 AS A FUNCTION OF WAVELENGTH

Wavelength Extinction Coefficient due to
(Hm) Absorption by NO,
baps (10 4 a7t pPPm L
0.400 16.60
0.425 15.90
0.450 13.55
0.475 10.00
0.500 7.10
0.525 5.30
0.550 ' 3.32
0.575 2.00
0.600 1.23
0.650 : 0,44
0.700 O

From: Hodkinson (1966) and Nixom (1940)
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Note that from (2-9) that when light absorption is negligible compared with
scattering, the clear horizon intensity is simply
p(e,x) F_()

(A) = > - (2-10)
4 m

Sb () e 1 - () (2-11)
I(x)  dx scat I(
This latter equation»is thus an expfession that relates the effects of light
scattering and absorption to the change in spectral light intensity with
distance along a sight path. On the right-hand side of (2-11), the first

term is the effect of iight scattering, and the second term is the effect of
1ight absorption. Given the absorption characteristics of fQjp, it is clear
that it tends to cause a decrease in Tlight intensity and a yellow-brown
colorat - = w-ﬂwm~wgwfpw-;Agwgrbing blue light. Particles may cause

either a blue-white or a yellow-brown coloration depending on the guantity

in brackets. If, at a given point along the sight path, I{x») is greater

than the clean horizon sky intensity Iho(x), then the quantity in the

brackets will be negative which in turn means that the net effect of scat-
tering will be to remove predominantly blue light from the 1ine of sight.

When the quantity in brackets is positive, the net effect of scattering is

to add predominantly blue light into the line of sight. An important pcint

to ‘note is that only absorption can cause I(x) to be less than Iho(k).

More detailed discussions of the effects of particies and gases on atmospheric
coloration can be found in Waggoner et al. (1972), Vanderpol and Humbert
(1981), and White and Patterson (1981).

2:4 MODELING THE PROCESSES RESPONSIBLE FOR VISIBILITY IMPAIRMENT

From the discussion in the previous section, it is clear that, given
a complete description of pollutant properties and atmospheric conditions,
1ight extinction can be computed from theory. If an accurate physiological
description of the observer, his location, and the surrounding terrain is
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zvailable, then the apparent visual range can be caiculated. Three re-

search groups have developed visibility impairment models in the farm of

computer codes that represent poliutant emission sources, atmospheric

transport, and 1ight extinction in & geterministic manner:

‘a) Systems Application Incerporated (SAI) developed a visibility

model for the U.S. Eavironmental Protecticn Agency that combines
2 Gaussian piue model with light extinction calcuiations. This
work, described in Latimer et al. (1978) and Bergstrom et al,
(1981ab), forms the basis for the calcuiation procedure presented
in the workbook for estimating visibility impairment distributed
by the U.S. Environmental Protection Agency (1980). 3Some of the

components of the SAI plume model aiso have been used to calculate
visual range estimates on a regional scale (Latimer et al. 1978).

(b) The Los Alamos Scientific Laboratory (LASL) visibility model is
capable of producing simulated "before" and "after" pictures that
i1lustrate the visual effects of smoke plumes. The model is
described in Williams et al. (1981) and has been under development
for several vears. Until recently, there has been very little
testing of the modei against Tield data.

(c) Environmental Research and Technology Incorporated (ERT) has
developed a visibility model designed to estimate the plume blight
resulting from point sources. A detajled discussion of this model
is presented in Drivas et al. (1980,‘1981). B

Basically, each of these models is composed of three elements. The first
component is a procedure for calculating the concentration fields using

the source emissions and atmospheric conditions as input data. Given these
concentration fields and the optical characteristics of thé gases and
aerosols, the second element of a visibility model is the radiative transfer
calculation algorithm. The final component of each model is the procedure
for translating the changes in Tight intensity due to the presence of poi-
Tutants into measures.ofhuman visual perception. The interaction between
the various pnhysical and chemical processes that must be incorporated into
the model is shown in Figure 2.2.

In practical applications, visibility models must be abie to deal with
essentially two distance and time scales: transport of plumes from a single
source over short to moderate distances (10 to 100 km) and regional scale’
transport of the emissions from multiple sources over long distances (100 to
500 km). Figure 2.4 is a schematic representation of the two scales of
visibility impairment: local plume blight and regional haze. While most of
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the development and tasting work to date has focused on the use of these
models in pfedicting plume blight, they can also be used to estimate regional
impacts. For example, if the concentration field along the 1ine of sight is
externaliy suppliied by the user, then the radiative transfer module can be
used to predict the resulting visibility impairment. While each of the
models afe <imilar in overall structure, there are considerable differences
in the detailed implementation of individual subroutines within the computer
codes.

The SAI plume visibility model is described in detail by Latimer et
al. (1978). The brief summary below has been excerpted from Bergstrom et al.
(1981b). The emissions module treats plume rise and initial dilution in
the atmosphere as well as the effects of near source chemistry. The trans-
port, diffusion, and removal of pollutants is described by means of a Gaus-
sian plume formulation. The kinetic mechanism, that represents the p1ume
chemistry, applies to clean background atmospheres and involves nine
reactions among NO, NO», 03, SO, and the hydroxyl radical (OH). In addition,
gas-to-particle conversion processes are accounted for, and the-oxidation
oroducts of NO° and SOﬁ are ai]owed ‘to condense in the aerosol phase. Since
Visiuiii, uvhpairent ;aused by power plant plumes is primarily a result
of light absorption by NOp and light scattering by aerosols, rates of NO-
to-NO» conversion and gas-to-particie conversion are important components
of the SAI visibility model. |

The optics module in the SAI model includes a definition of the 1ight
scattering and absorption properties of aerosols and gases present within
the plume. The radiative transfer through aerosols and gases along different
lines of sight is calculated using a procedure called the diffuse field
approximation. This technique is a simple and economical method for
incorporating the effects of multiple scattering. Bergstrom et al. (1981a},
Isaacs (1981), and Dave (1981) discuss the validity of this approach and other
means for the radiative transfer calculations. The spectral light intensity
at the point of observation is determined by integrating the scattering and
absorption over the path associated with the line of sight. Once the light
intensity has been determined for specific 1ines of sight, the various quan-
tities that characterize visibility impairment can be calculated. Thne SAI
model determines the visual range, plume contrast, and a series of color

indices.
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Evaluation studies of the SAI model have been carried out using data
collected by the U.S. Environmental Protection Agency's VISTTA field program.
Detailed comparisons between theoretical calculations and field observations
are presented in Bergstrom et al. (1981b). In that study the various com-
ponents of the model were independently evaluated and it was found that the
greatest uncertainties in the model predictions lie in the pollutant transport
and diffusion module. This is not too surprising since poliutant transport
in this model is described by a very simple Gaussian piume formulation, the
Jimitations of which are well known. The optics module was evaluated using
plume concentration data to calculate the plume/sky intensity ratios. It
was found that the optics module tends to slightly overpredict the plume's
visual impact. For contrasts below -0.06, the predicted and observed values
differed by a factor of two. While the model predictions were in general
quite good, there is a critical need for further work to be carried out to
test its performance over a-wider range of atmospheric conditions.

Williams et al. (1981) presents a discussion of the Los Alamos
- -itific Laboratory (LASL) visibility model. Ther~ .
compenents to this model thaf can be used in différent ways to predict dif-
ferent types of visibility impairment. First, if the contaminant concen-
trations are provided along with relevant parameters such as aerocsol size
distributions, it can model the radiative transfer and provide numerical or
visual representations of a scene being subjected to contamination. Second,
ft may be used with source emissions and metecorological data to predict the
chemistry, dispersion, and radiative transfer associated with pollutants
emitted by the source. The output of the model is in the form of a simulated
photograph supplemented with various indices such as the blue/red ratio of
the plume, plume-to-horizon-brightness ratio, and changes in chromaticity.
One of the most interesting features of this model is its ability to produce
"pefore® and "after" pictures of the effects of the poliutant plume. The
technique starts by digitizing the color and brightness of different elements
of the "clean" background vista. Then the effects of the plume, as pre-
dicted by the visibility model, are introduced into the clean picture.

The LASL model uses a lumped parameter approach io particle dynamics
and a modified carbon-bond system for the chemistry. Key parameters are
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the size distribution of the secondary aerosois and the conversion half Tives
for NO to NOp, nitrogen oxides to nitrates, and sulfur oxides to sulfates.
The chemistry is based on first order kinetics with the rate coefficients
derived from the photochemical mechanism. The radiative transfer calcula-
tions are performed with a modified version of the muitiple scattering program
described in Dave (1981). while the LASL visibility model has perhaps one
of the most sophisticated treatments of atmospheric optics, its use of the
Gaussian plume formulation for describing the atmospheric dispersion of
the pollutants is a major weaxness. In passing, it is important to point
out that all of the models described in this section used this approximation.
The LASL visibility model has been tested against actual plumes under
a number of different conditions. Details of these tests are presented in
Williams et al. {1981) where i%f is noted that qualitatively the model seems
to provide reasonable representations of the actual plumes. However, in
many cases, the plumes are more diffuse that those observed in the field and
as a result are not as visually apparent.. As in the case of the SAI model,
there is a great need for additional sensitivity studies and comparisons
" against a’wider range <7 o oo ot T o
The ERT viéibi1ify model (Drivas et al. 198lab) has been developed
over the last two -years for predicting the plume blight resulting from point
sources. Like the previous models, the ERT computer code can be used to
describe a single point source, or it can combine concentration fields de-
rived from external single- or multiple-source dispersion models with radia-
tive transfer calculations. In either option, the model accounts for '
extinction by NOp, nitrates, and sulfates, with the remainder of the aerosol
grouped into two different classes: carbonaceous and non-carbonaceous. The
model produces information about visua]trange reduction, plume contrast,
object contrast degradation, and plume/sky coloration. At present, however,
relatively Tittle has been published about the model's performance in re-
producing the observed visibiiity impairments caused by actual plumes. In
addition, there are many simplifications in the ERT model formulation that
have not been invoked in either the SAI or LASL models. For example, the
ERT radiative transfer model coes not incorporate the effects of multiple
scattering and so it must be confined to clear sky or near observer condi-
tions. Given the lack of fieid verification results, considerable care needs
to be exercised if this model is to be used in regu1atory‘app11cations.
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Visibility models of the type discussed in this section are usually
implemented in the form of quite Targe cCmputer programs. This imposes
additional constraints on the choice of a modeling procedure. A potential
user of any cof these techniques, in addition to asking how well they treat
the various physical processes, must aiS0O assess the resource reguirements
needed to collect the necessary data and whether the computer codes and their
documentation are readily available. Of the three models discussed above,
only the SAI Plume View Model (Latimer et al. 1878) is in the public domain
with sufficient documentation to be readily usable. The LASL Visibility
Model is undergoing further validation and, at present, there is no docu-
mentation manual -that describes its use in practical applications. Williams
et al. (1981), U.S. Environmental Protection Agency (1879), Bergstrom et al.
(1981b) and Drivas et ai. (1981) all state that more vaiidation studies and
field measurements are required to test model predictions over a wider
range of atmospheric conditions.

In summary, while there are a number of candidate modeling techniques
sl s e e g b formulations of the various physical and
optical processes that lead to visibility deterioration, zdditional devel-
opment work is needed before the modeling tools can be considered for routine
application by reguiatory agencies. Oespite the inherent uncertainties,
nowever, models of the type described in this section can and should be used
in preliminary evaluations of source impacts. Singie-source models can
estimate the expected visual effects of primary particuiate emissions at
distances of up to 50 to 100 km From the source (U.S. Tnvironmental Pro-
tection Agency 1979). These models can be used to provide rough estimates
of the likely impact from single sources located in ciean or isciated
environments. At this time, there is no validated air cquality model that is
capable of assessing the impact of multiple sources on regional visibility
impairment. i
2.5 EMPIRICAL VISIBILITY MODELS

The guantity of experimental data needed if visibility caiculations
are to proceed directly from theory alone usually exceeds that available
rou;ine]y from pollutant monitoring and meteorological monitoring networks.

As a result, & iarge Tamily of empirical visibility modeling methods have

come into use that employ Tess than the data required Tor Mie theory calcu-
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lations. In almost all of these models, polilutant concentrations are
related to visual range through the Koschmieder formulia after first com-
puting the extinction coefficient, b. Following Charlson (1969), the
extinction coefficient can be broken down into its components due to scat-
tering and absorption by particles and gases: '
b="> + b + b +b

scata absa scatg absg

where bscat, 1S extinction due to light scattering by aerosols, babs, is

(2-12)

extinction due to light absorption by aerosols, bScatg is extinction due to

light scattering by gas molecules, and babsg is extinction due to light
absorption by gases. A separate approach for estimating each of these terms
contributing to the extinction coefficient often is employed.

Light scattering and absorption by aerosols almost always dominates
light extinction in polluted urban areas. Let the total Tight extinction
coefficient due to aerosois, bextaa be given by

b = b + b
ext, scat, abs (2-13)

This aerosol éxtinction coefficient can be Sﬁ“TT?’i‘fT7 ﬂf Ao 2n1s due
to each of the many aerosol species present ;h the atmdsﬁhere (s0il dust,
sulfates, etc.)
Pext, T % ext, (2-14)

~ where the subscript 1 refers to the i-th chemical constituent. Information
on the extinction contribution from each of several chemical components of
the aerosol often is sought because chemical composition serves to identify
the emission source types contributing to the aerosel (and hence visibility)
probiem (see Cooper and Watson 1980; Gordon 1980). A

In order to compute the contribution of a particular aerosol species
to the extinction coefficient from first principles, extensive information
would be needéd on the size distribution of the aeroso],’its refractive index,
particle shape, and humidification of the atmosghere. Such detailed
data usually are lacking, hawever. Instead, routine air monitoring data avail-
able to most pollution control agencies are based on atmospheric filter samples.
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In many cases, ohTy total aerosol mass concentration is known: the chemical
composition of the aerosol also may be known in whole or in part. On

occasion, some aerosol size resolution may be available in the form of separate
measurements of fine particie and coarse particle concentrations.

In order to make use of such routine air monitoring data based on filter
samples, a family of empirical visibiiity models has been constructed. In
these models, it is assumed that the extinction coefficient due to aerosols
can be described as a linear combination of contributions due to each identi-
fiable aerosol chemical species:

= N
b = ). B.M, (2-15)

: i
a 1=1

where Mi js the mass concentration of species i, [En micrograﬁs/m'3 , and Bj
is the extinction efficiency of aerosol species 1, [zn m2 g—1 or in (10-4m'1)/
ug/m?)].

Quimette (1981) ha~ . -ovirow e oo’ vthat underdie visibility
models based on expression (2-15). He Tinds that if the aerosol is an ex-
ternal mixture, in which each particle is composed of only a single chemical
species, then (2-15) will hold as long as the normalized size (hence mass)
distribution of each aerosol species does not vary from day te day. This is
the assumption invoked by Cass (1979). Equation (2-15) also will hold in
some more realistic cases where each aerosol particle is compesed of many
chemical constituents. In particular, if ail particles of the same size have
the same chemical composition, then (2-15) holds if (Quimette 1981):

1. The normalized size {mass) distribution of each aerosoi species
does not vary from day-to-day.

2. The normalized total aerosol voiume distribution is preserved.
The refractive indices of all chemical species are equal.

4. The partial molar volume of each species remains constant with
the addition or removal. of other species (aqueous sofutions would
violate this requirement).

Substituting (2-7 ) .2-13) and (2-15) into (2-12), and noting that
light scattering by air msiecules is available in tabulated form, one obtains

N
b = z: BiMi + Y C +b (2-16)

ext { . Rayleigh
Fc) NO qu y g



This iz a typical structure against wnhich most empirical visibility models
can be compared. Specific visibility models based on (2-15) are usually
formulated from long time series of simultaneous observations on extinction
coefficient and pollutant species concentraticns. Light extinction due to
scattering and absorption by dases would be computed from tabulated values.
The B. then are Tit to these observations by ieast squares regression tech-
niqueé. Depending on the extent of the air guality data base available, the
aerosol speciés considered may range from a single measure of total suspended
sarticulate matter concentrations o a very detailed size-resolved and
chemically-resolved apportionment of the extinction ccefficient with allowance
for nonltinear effects due to aerosol humidification.

2.5 EMPIRICAL EXTINCTION MODEL APPLICATIONS

A wide variety of empirical models for the extinction coefficient have
been reported in the scientific Titerature. Most can be related to (2-16) by
deleting terms or by elaborating on the form of the aerosol Tight extinction
efficiency coefficients, Bi’ 1nlthat equation.

7. €1 Mpgplsmgg§@Q on Total: Suspended Particulate (TSP) Data

In the late 1960's, measurements hade by Charison and co-workers showed
that total suspehded particulate matter concentrations were correlated with
1ight scattering measurements and were inversely correlated with prevailing
visibility, From a variety of simultaneous nephelometer mzasurements of
Tight scattering and aerosol mass, Charlson et al. (1968) reported that ;

3.9 TSP

LV.TSP = — = 1.2gn ‘ (2-17)

bscat

or restated in units that we will use in this review:

b cgr = 0.0325 . TSP (2-18)

where b is expressed in [}04é7'1 and TSP is total suspended particu]afe

scat 3 B
mass in micrograms/m°, Equation (2-18) has the form

b . TSP (2-19)

scat B BTSP



which can be obtained from (2-16) by neglecting all effects other than aerosol
Tight scattering and by considering oniy a single aerosol species.

Later studies in California show that & similar proportionality can be
determined by conversion of prevailing visibility observations to extinction
coefficient estimates through the Koschmieder formula followed by regression
of the extinction coefficient estimates on simuitaneous measurements of TSP
" (Noll et al. 1968; Cass 1976). In studies Tike that of Cass {1976), the
following model 1is used:

b. =B . 1SPj + BO + @

J TSP J (2-20)

ES

where bj is the total atmospheric extinction coefficient during sampling period

s BTSP is the extinction per unit total suspended particulate matter concen-
tration, BO is & regression constant, and ej is the residual difference term
for sampling period j that results from an inexact fit between observed ex-
tinction coefficient and TSP values. Eguation (2-20) aiso can be related to
(2-16), but in a slightly different manner than (?-10Y  Tn (2.20)  +ha total
atmospheric eit{EEEion coefficient is used, whicn mcruses ertects cue to
light absorption by gases and particles. However, lacking data on N02
concentrations, 1ight absorption due to NO2 has been neglected on the right-
hand side of that equation. Only a singlie aerosol species is considered,

and the effect of Ravleigh scattering has been absorbed into the regression
equation as an undetermined constant. When fit as an undetermined constant,
if the estimate for BO does not match the Rayleigh scatiering value toc within
reasonable error bounds, then there is an indication that the calculation

is not capturing some important aspects of the system being modeied.

A variety of studies in which TSP concentration fluctuations have been
used in an attempt to explain changes in lTight scattering or prevailing
visibility are summarized in Table 2.3. Estimates obtained for the extinction
efficiency of total suspended particulate matter are reasonably similar,
regardless of whether equations like 2-19 or 2-20 are used. This would be
expected if light scattering by aerosals dominates visibility reduction (which
it often does) and if the underlying aerosol properties {e.g. normalized
size distributions) are not greatly different from place to ptlace.

" The disadvantages of visibility models based on TSP data alone are

many. First, the correlaticn between observed and predicted extinction co-
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TABLE 2.3 ESTIMATES OF EXTINCTION COEFFICIENTS PER
UNIT TOTAL SUSPENDED MASS CONCENTRATION(a)

Reference Measurement Location Extinction Correlation
Method Efficiency(b) Coefficient
(1074 o~ t/pg o)

Charlson et Nephelometer, New York City, NY 0.0302 0.92
al. (1968) low volume San Jose, CA 0.0166 0.56

filter mass Seattle, WA 0.0353 0.83

concentration Seattle, WA 0.0359 0.73
Noll et al. Prevailing Qaklard, CA 0.011 0.92
(1968) visibility, low

volunme filter

¢ oporoantyation

Ettinger and Nephelometer, Los Alamos, NM 0.01 -
Royer (1972) Hi-vol ‘
Kretzschmar Nephelometer, Belgium 0.034 0.91
(1975) 24-hr Hi-vol Y

samples
White and Nephelometer, Los Angeles, CA 0.032 -
Roberts (1977) 2~hr average

filter samples
Cass (1976, Prevailing Los Angeles, CA 0.037 0.40
1979) visibility, (Downtown) :

24-hr Hi-vol

samples, 1965-

1974,
Patterson and Nephelometer, 0.916 -

Wagman (1977)

Hi-vol samples
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TABLE 2.3 (Continued) ESTIMATES OF EXTINCTION COEFFICIENTS
PER UNIT TOTAL SUSPENDED MASS CONCENTRATION(a)
Reference Measurement Location Extinctiom Correlation
Method Efficiency(b) <Coefficient
(107% m—l/pg )
Clarke et al. Nephelometer, Leeds, United 0.022 0.92
(1977) total filter Kingdom
’ mass
Trijonis and Prevailing Phoernix area, 0.0025 0.31
Yuan (1978a) Visibility, Arizona
o4=bhr Bi-vol ‘
samples

(a) References identified by Charlsom et al. (1978)

(b) Extinction coefficient per unit total suspended particulate
mass concentraticn
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atficient estimates often is low, particuiariy for long time series data in
neavily polluted areas like Los Angeles wnere aerosol properties are complex
and are not preserved from day to day. Second]y; even 1f the model fits well,
it yields very 1little information about efficient control strategies for
visibility improvement. Ho hint is given of the sources contributing to the
TSP proplem. ore importantly, i some particuiate sources were controlled
Sut not others {(i.e. if large soil dust particles zlone were somehow removed
from the atmosphere) the model would not correctly predict the change in
visual range. BSecause the TSP mass reducticn would be accompanied by a shift
in the particle size distribution, the assumptions of this singie species
model would be upset.

2.5.2 Models That Incorporate the Chemical Composition of Total Filter Samples

If total suspended particulate matter samples are subdivided chemically,

z significant improvement in visibility model performance can be obtained.
Chemical species data serve as a guide to particlie size, solubility, and re-
fractive index.

Much of the total suspended particuiate matter in the atmosphere resides
in a large particle mnde (dn22 microns) whose contribution to 1light scattering
per unit mas. Locdicoacied 15 wetl below that for the aerosol as a whole.

Most of that large particle mass consists of soil dust-like materials that can
be identified by a chemical fingerprint that is rich in aluminum, silicon,

iron, and manganese. In a similar fashion, smaller particles of diameter

nearly equal to that of visible solar radiation (dp ~ 0.5 micron) have a
disproportionately high light scattering efficiency per unit mass concentration.
Size-resolved samples taken in many locations show that the fine particle mode
in the atmosphere consists mostly of sulfates, nitrates, Tead salts, and carbon
containing aerosols. Thus, if data on chemical composition alone were available
from total filter samples, some inferences can be drawn about the likely size
distribution (and hence extinction efficiency) of the aerosol mixture collected
on the filters.

A regression model for the extinction coefficient at time j, drawn
directly from (2-16) might be specified in this case as:

N
b, = S BM.+ Y o -C
N MR R N0, MO

5 *0o Rayleigh - &y (2-21)
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where each term is as previously defined except that the Bi are undetermined
constants representing the average extinction efficiency of each chemical
species i (i = suifates, soil dust, nitrates, etc.), and the Mij are measure-
ments of the mass concentration of each species i at time J.

The selection of species to be used with egquations like (2-21) in
practice depends on the availability of air monitoring data. When using
routine high volume sampler data from the National Air Surveillance Network
(NASN) or state and local government Hi-Vol networks, the actual equations
estimated typically look like

= S T
bj BSOd" gULFAQESj + BNO3.NITRATESj +
- - C _NT ER -
BTSP—SOa—NO3(lSP SULFATES hLTRATES)j (2-22)
Yun -C + B +e.
NO2 NO2 ! J
wherg oo onstants., ‘SULFATESj and NITRATESj are daily

SO4 and NO3' fon mass concentrations scaled up by a factor of about 1.3 in
order to represent the mass of the likely sulfate and nitrate compounds pre—
sent in the atmosphere (usually ammonium salts). The term { TSP-SULFATES-

NITRATES) represents the non-sulfate, non-nitrate porticns of the zerosol mass,
and is obtained from TSP data by subtraction. When equations 1ike (2-22) are

fit to routine Hi-Vol data, one typically finds that Bsg, is much greater

£ This i ted ince the sulfate aerosol is usuall
than Brop_spaonoq. o 0 SPCTEC STEE Y

submicron in size and thus scatters light effectively, while the rema1nder of
the particulate mass (TSP- SULFATES-NITRATES) is often large particle soil-
dust-1ike material that is very ineffective at scatter1ng 1ight. Véﬁues
obtained for BNO in such regression models often are inconsistent with that
expected for submicron aerosols. Poor results for light scattering by
nitrates may be due to the difficulties inherent in obtaining accurate atmos-
pheric nitrate concentration measurements (Appel et al. 1981; Witz and Wendt
1981). Table 2.4 lists values for the 1ight extinction efficiency of parti-
cular chemical species obtained from regression analysis based on models
similar to (2-22). Actual references cited should be examined, as model
structure varies from study to study (some studies do not allow for NO2
effects; some examine a differing 1ist of aerosol spec1es)
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TABLE 2.4 LIGHT EXTINCTION EFFICIENCIES OF AERQOSOL CHEMICAL
SPECIES AS INFERRED FROM EMPIRICAL VISIBILITY
MODELING STUDIES
(From: White and Roberts, 1980)
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- 3 - 3 [ - Q o -0 -0 - L]
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= S = [ Q e = O =~ e ~ v -3 "
Cfficiencies, b b b b b
1074 mzlug
Sulfatesa
30T RR .101 .033 .039 .031
50 RB .126 .043
oz =a® .062  .085  .177  .165 .071 .14
Nitrates Ce e '
oz ra’ _ 027 .03 s TR Rgos L0712
50T ™ ' BRI .03 LUl . .101
707 rg® .047 .04 .080 . .028 .169 .03
Otherc
All RH .022 .022 <. 01 .003
Fraction of variance . .93 -~ .64 .59 .76 —_ .66 .83

Fraction of variance
Accounted for (r)

.Efficiencies represent statiscical increment in total scattering or extinctiom
coefficient (104 n~1) per increment in individual compound conceatratiom (ug/nJ).
The data of Lundgren (excessive colinearity), and of Grosjean and Friedlander
(inpsufficient observarioms), do not support distinct componeant efficiencies.

“Efficiencies not differentisted by RH are entered nearest the average RE for
the data sec.

bExtinction efficiencies (cf. note to Table Al) are based on Middleton's experi-
mental valve ¢ = .03l for the contrast threshold (Middletonm, 1352, p. 220),
rather than the tradiriomal but arbitrary value ¢ = .020 used by Cass,
Trijonis, and Yuan, and Leaderer et al.



2.6.3 Separation of Aerosoil Light Absorption from Aerosol Light Scattering

Fxtinction efficiencies per unit aerosol mass concentration, Bi’ in
equations 1ike (2-21) include effects due to both 1ight scattering and ab-
sorption. It is possible to separate these two effects. Total Tight
scattering can be measured using integrating nephelometers (Charison et al.
1978), while aerosol light absorption can be determined from filter samples
by the integrating plate method (Lin et al. 1973). Separate linear models

for species contributions o B and b, ©2n be formulated and the co-
- - a

efficients estimated by regression analysis:

S

N
b = 2, 8 M
i=1

scat. s: i3 Rayleigh T8y (2-23)

5= LB M. te, (2-24)

where bscat- is the total Wight scattering (gases + aerosols) at time j,
J

babsaj is_aerosol 7ight absorption at time j, the BSi refer to aerosol light
scattering efficiency by species 1, the Bai indicate aerosol 1ight absorption
efficiency, and other terms are as previously defined. Adding (2-23) to
(2-24) and inserting a term for 1ight absorption by NO,, cne obtains a model
for the total light extinction coefficient.

Boxt. = _Z;BS_MU + _};aa.mij *Yyo.-Cno. T bRayleigh T ey (2-25)
J i=1 i i=1 M 2 2

A variety of studies show that graphite-iike “elemental” carbon particles
are the most abundant light absorbing aercsol species 1in the atmosphere.
Field measurements in Los Angeles (Conklin et al. 1981) and in Denver (Groblicki
et al. 1980) indicate that the light absorption efficigncy, Bai’ of ambient

agglomerates of elemental carbon is about 0.12 10t et per microgram m3 if

measured by the integrating plate method.

2.6.4 Incorporation of Relative Humidity Effects

Hygroscopic and deliquescent particies in the atmosphere take up water

at high humidity and grow in size. The water attached to the aerosol increases
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zhe volume (mass; of scattering mater: so, light scattering efficiency
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erosol growth is often accompanied oy in

reases in the extinction coefficient
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ang 2 raduction in visual range Tor the same gquantity of ooilutant material
in the a'moshhere.

The ciameter of a solution droplet in equilibrium with a surrounding
numid atmosphere is determined 0y 2 competition between the vapor pressure
Towering effects of dissolved substances in the particie and the vapor pres-

sure raising effects of particle surface curvature. For

[e8)

particie with a
fixed mass of solute (e.g. a fixed mass of a sulfate salt), the change in
sarticie radius with humidity would be predicted to vary in proportion to

the quantity (I—RH)—l’/3 (Neiburger and Wurtele 1949; Hanei 1972, 1976, 1981).

Light scattering by large particles with diameter greater than several

microns is expected tc increase in proportion to particle cross-secticnal area.
Hence, light scattering by large solution dropiets snouid change in proporticn
to (1-rH)"%/3.

in a size range where Mie theory would not predict such a simple dependence

Smaller particles with a diameter closer to 0.5 microns fall

~r panticle cross-sectional area. But empirical studies in Los Angeles

(Hidy et al. 1974) shbw that light scattering by submic. b2 L Gy
correiated with submicron aerosol volume. Thus changes in light scattering

by submicron aerosol droplets might be proportional to the function (l-RH)'1
(i.e. in proportion to changes in particle radius cubed). Since the
ztmosphere contains a mixture of both large and small particles, only some of
which are hygroscopic, regression effects are often specified with terms con-
taining (l-RH)'a. In these expressions, « is an undetermined coefficient

to be fit during the analysis with o expected to fall between 1 and 0,667

for hygroscopic aerosol particles, and with @ = 0 for non-hygroscopic species.

Tn a manner analogous to (2-25)

b, = 4=+ 2 B M (2-26)

Lo TY G B PR -
a. 1] N02 kN024 " PRayleigh J

where the regression constants, BSi, in (2-25) are replaced by a hyperbolic
function of relative humidity. An expression similar to this was tested by
Cass (1979) in Los Angeles. Light sctattering by substances like sulfates
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and nitrates was best fit by values of o between 1.09 and 0.53, whiie Tight
scattering by the largely nothygroscopic substances present in the remainder
of the aerosol mass showed a much smaller dependence on relative humidity
(o= 0.28, with ¢ not significantly different from zero in a statistical
sense).

Non-1inear regressicn equations like (2-26) offer some hope of at
Teast approximately incorporating the impartant effects of humidification on
visual range. But. reqression models based on such a structure must be v1ewed
with caution. The ability to separate light scattering by aerosol species
having different humidity dependencies into additive terms depends in the
strict sense on having an aerosol that is an external mixture (e.g. each
particle must be a pure examp]e of spec1es i). Secondly, it must be noted
that many salts [: g. 2504, NH NO_J exhibit pronounced deliquescence.
A dry particle of a de11quescent salt when subjected to increasing humidi-
fication does not grow initially. Then as its humidity of deliquescence is
reached, the particle goes suddenly into solution and grows rapidly upaon
rurther hum1d1f1t§ﬁﬁorr- “SHcEbehavior is illustrac. S el e e
Figure 3.2. 'However, since a variety of deliquescence points exist for
different sulfate species, and since the actual chemical compounds present
are seldom distinguished in routine filter analysis for the SOZ ion alcne,
often there is no practical way to include deliguescence effects in an
empirical visibility model. Equations of the form (2-26) represent the growth
of externally mixed aerosols after they are in the Tiquid ﬁhase, but do not
track the changes that occur at the deifquescence point of the aerosol.

The non-linear form of (2-26) can cause computational problems when

trying to estimate the coeff? s o and B .. First, if both ¥ and BSi

are to be estimated, a non-1: . method for ~inimizing the sum of the squares
of the residual error terms i ~~ded. Seconc v, the questions of using time
averaged data must be address "he extinct- coefficient, bj’ in that
equation prevails for an inst 1 time and s 11d be used with short term-
pollutant concentration and v data. . :quations like (2-26) are
averaged over time in order - art dai’v av :ge values of pollutant

mass concentration and relativ vmidity, cross product terms involving short
term fluctuations in aeroso! :ind humidity would be created. Methods for
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addressing both the time averaging problem and the non-linear fitting prob-
lem are given by Cass (1979). Since the data ana]ysfs procedures needed to
fix these problems are cumbersome, most investigators that evaluate
large data sets have chosen to use more approximate approaches. Typically,
the values of a in (2-26) have been set equal to 1.0, 0.67,0r zero based on
a priori expectations that a particular aerosol species is submicron in size
and hygroscopic, large in size and hygroscopic, or non-hygroscopic, respec-
tively. With the o fixed, then linear regression techniques would be used
to estimate the Bj. Secondly, the time averaging question often is treated
by using short term data or by assuming (often implicitly) that the value
of the cross product terms is zero.

An emp{rica1 vigibility model for use with routine high volume sampler
data that has been tested widely by Trijonis is of the form: |

B

= ..___i___. M - -
b, = E;, —— .Mt 8t (2-27)
1"1 (1 - Ilj)

‘where the overbars indicate time averaged data, the « ‘s are fixed to 1.0

in ed nesoco e oooo citrates, and light absorption by NO, is neglected
(as NO, data are often lacking). Estimates for light extinction per unit mass
concen;ration by sulfates, nitrates, and the remainder of the atmospheric
aerosol are summarized in Table 2.4.

2.6.5 Incorporation of Partial Information on Aerosol Size Distribution

A variety of relatively 1néxpensive sampling deQices exist that can
separate ambient aerosols into coarse particle (dp 22 micron} and fine
particle (dp < 2 micron) modes. Size segregated sampling of this sort is
possible with virtual impactors like the dichotomous sampler. Alternatively,
fine particle samples might be collected using an AIHL-design cyclone
(John and Reischl 1980), with coarse aerosol determined by subtracting
the fine aerosol mass from simultaneous filter samples that give total
aerosol mass.

Light extinction usually is dominated by scattering and absorption
of fine aerosols. Therefore, even a single coarse/fine particle size cut
provides valuable data on the concentration of those particles that actually
cause most visibility reduction. The simplest empirical visibility model
using size segregated data could be based on (2-16) as follows:
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ot = 3 BeiMer T2 BeiMey +YNOZ'CNOZ * Dpayieigh
i=1 i3

(2-28)

where the subscripts f and c refer to fine and coarse aerosol, respectively.
Often, one sees such a model abbreviated to the form of regression equations
like:

i
los]
"
=
+
1

_'7
bext. FTf] J (2-29)

or

bscatj = B oMo, + el - (2-30)

where the ij's are total fine aerosol mass concentration data at time J,
and the implicit assumption is made that the extinction coefficient is large-
1v die *+a 1jaht ccatterina (and absorption) by fine aercsols. By comparison
S emcd, taic —Td-20) s %t §s clear that many other factors are being ign.
The correlation between aerosol light scattering and both fine and coarse
narticle mass is shown in Figure 2.5. Extinction efficiencies per unit fine

aeroso] mass estimated from regression of extinction coefficient estimates on

-3

fine aeroso] mass measurements alone are given in Table 2.5. In spite of thei
simplicity, empirical visibility models based on equationg (2-29 - 2-30) work
quite well, because they do capiure the most important determinant of aergsol
extinction efficiency: particle size. Such models do not however, yield any
useful information about which sourcesvcontribute to'the fine aerosol, and
hence to the visibility problem. Thus little will be learned about how to
improve visual range if fine aerosol mass alone 1is used to model the extinc-

tion coefficient.

2.6.6 Special Studies Based on High Quality Data Sets

If a special air monitoring study can be designed for the purpose, then
empirical visibility models can be constructed and tested that include all of
the features enumerated previously. Such studies have recently been completed
by General Motors Research Laboratories in order to assess the origin of
visibility reduction in Denver (Groblicki et al. 1980) and the rural Northeast
(Ferman et al. 1981). '
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Figure 2.5 Correlation between aerosol light scattering and (a) fine
particle and (b) coarse particle mass (From: Groblicki

et al. 1980)
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TABLE 2.5 ESTIMATES OF EXTINCTICN COEFFICIENT PER
UNIT FINE PARTICULATE MASS CONCENTRATION

Reference

Measurement
Method

Location

(10~

Waggoner and
weiss (1980)

Groblicki eti::

al. (1980

Ferman et al.
(1981)

meter,

Nephelometers,
Dichotomous

samplers, fine
dp < 3 micron

Heaosoh ddeiphilmite
1%

ometers, filter
predeeded by =

Mesa Verde, CO
Seattle, WA
Seattle, WA

Puget Island, WA

Portland, OR

_eirver , G0

cyclone separator,

fi d
ice d,

Beated nephel-
dichot-
omous sampler,
dp‘i 2.5 micron

< 2.5 micron

Shenandoah
Valley, VA

Extirnction Correlation
Efficiency(a) Coefficient
m_l/pg a3)

0.0294 -
0.0313 0.95
0.0323 0.97
0.0303 0.97
0.0323 0.95
0.033 0.98
0.073 0.91

(a) Extinction coefficient per

unit fipme aerosol mass
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In their approach, the extinction coefficient was first partitioned

as follows:

b =D + b +b + b +b .
ext scat, scat absa absg Rayleigh (2-31)

where the b's are extinction coefficient contributions as defined previously,
but with aerosol scattering divided into contributions from dehumidified

aerosol (b ) plus associated water (b scat, ). Each of these contributions

scat
t0 the-extinction coefficient was measured separately Scattering by de-
humidified aerosols,,bscat , was measured using a heated nephelometer. Then
Dscat, was attributed to chemical constituents of the fine aerosol mass by

regression analysis

N
b = B.- M + e, | (2-32)
scat, st Sfi' ]

i =l J

In Denver, 157 4-hour average fine particle filter samples were used in a

regression analysis to estimate the coefficients *~ =~ it Tmz

equation took the form

Sscat, * 00 [(NH4)ZSO4} +0.028 [ NO] + 0,044 [ 2] +
| 0.032 [cae] +0.017 Remamder] 2 0.17 3 (¥ = 0.94)

(2-33)
where the constants are extinction efficiencies at low humidity for the
aerosol species shown (10 4l per microgram/m3), 1.2 Cao is an estimate
of organic material mass concentration based on scale up of organic carbon
(Cao) concentrations present, Cae is elemental carbon concentration, and
"Remainder® is the non-sulfate, non-nitrate, non-carbonaceous fine aerosol
mass concentration.

Schttering by water present in the aerosol was identified from the
differences in data from heated and unheated nephelometers. An expression
was used to account for water present on the basis of atmospheric hygroscopic

salt concentrations:
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0.0173 [(M,),50,] 0.0147 |t h0,]
. i} [(NH)250,) 110, 22 o7

2-34
seaty, (1 - RH) (1 - RH) (2-3¢)

were the constants were fitted by regression analysis.

Aerosol 1ight absorption was attributed to elemental carbon aerosols

4m-l/ microgram m 3 for fine

with an absorption efficiency of 0.125 10~
particle elemental carbon (Caef) plus 0.038 10-4m°1/microgram n3 for coarse
particle elemental carbon (Caec). NOZ_ZOTgentrations were measured and used
abs. with'YNOZ at 3.3 10 m °/ ppm.

The final émpirical visibility model constructed was

to estimate b

= 2 .
bext 0.066 S + 0.028 N + 0'44(1'2Ca0f) + 0'032Caef + 0.017 R - Q.17 +

0.0173 S 0.0147 N

+ + 0.125C + 0.038C + 3.3C
(1 - RH) (1 - RH) aef . aec NO2
(2-35)
where o .
S - 4—hbdr"average—QNH4}ZSQ4 concent.. . "“A‘;-;“~3,sa:u2;3<(ug/m3)
N - 4-hour average NHgNO3 concentration in fine particles
R - 4-hour average for remainder of fine aerosol mass concentration
b . - the extinction coefficient in 10-4 m-1

ext
and other terms are as previously defined. This expression fits the

Denver extinction coefficient data extremely well with a correlation co-
efficient of 0.975. Key reasons for the good fit include the completeness
and high quality of the pollutant chemistry measurements, the short sample
averaging times, and the size segregated nature of the aerosol data. Given
high quality measurements designed for the purpose of a visibility study,
empirical visibility models can be structured that make physical sense, that
track changes in total extinction extremely well, and that yield insight into
the portion of the visibility problem attributable to different pollutants

and sources.
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2.6.7 Hybrid Models that Closely Approach a Complete Mie Scattering and
' Absorption Calculation ‘

A basis for comparing empirical extinction coefficient models to Mie
theory calculations is provided by Ouimette (1981). Let the total light
extinction coefficient due to aeroésols, bexty» e given by

= b + b -
exta Scata absa ‘ (2 36)

This aerosol extinction coefficient can be broken down into contributions
due to each of the many aerosol species present in the atmosphere (so0il
dust, sulfates, etc.l

r
b = 2 b

ext, - ext (2-37)

—e

35

where the subscript i refers to the i-th chemical constituent. Assume that
the aerosol is either an external mixture (each particle is a pure example
of some species i) or a specific mixture (all particles of the same size

‘ eemtoilocomposition). - Then, the extinction coefficient-
to each aerosol species i can be written as

®
Oext, =’£E(ma(x),x,?-)f1(x) dx (2-38)
i ,
where the mass distribution by particle diameter, d, of species i is
fi(x) = dMi/dx, where x = 109(d/do), and E is the mass extinction effi-
ciency for species i as a function of its volume average refractive index
ma(x), particTe size x, and wavelength A, CEquation (2-38) can be used as
a basis for a semi-empirical visibility model that is very close to a full
Mie scattering and absorption calculation. The integral in (2-38) is re-
placed by a surmation over each of the size ranges defined by the stages of
a cascade impactor. A description of an appropriate cascade impactor is
given by Hering et al. (1978). The chemical composition of the mass distri-
bution collected on each impactor stage is measured. From the chemical
composition data, approximate refractive index data are selected from the
literature for each chemical species i. Then Mie theory calculations for
E(ma(x),x,x) are executed using a computer code developed for single scat-
tering by spherical particles (see Wickramasinghe 1973).
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Quimette and Flagan (1981) have compared extinction efficiences
estimated from chemically resolved impactor data using Mie theory approxi-
mations (like equation 2-38) to the results obtained using iinear statis-
tical models (like eguation 2-15). Results are given in Table 2.6 for
aerosol collected under low humfdity conditions at China Lake, California.
Values in parenthesis below the mass scattering efficiency estimates represent
one standard deviation on their results. 95% confidence intervals an the
theoretically and statistically estimated mass scattering efficiencies overlap
for each chemical species studied indicating that the two methods in this
case yield indistinguishable results.

Visibility models based on the approach of Ouimette (1981) are probéb]y
the best presently available for use by regulatory agencies. Unfortunately,
the chemically resolved cascade impactor data required for use in such
calculations are not collected routinely.

2.7 CONCLUSIONS

i ar-3 number of different approaches have been ex>mi--- -

relating atmosphéric concentrations of gases and aerosols to perceivea visi-

bility. As a practical matter, the choice facing a person who must select
a2 visibility model is frequently dictated by data availability. Ffor example,

vast amounts of information are neecded by regional radiative transfer models
if they are to accurately cnaracterize the simultaneous effects of: emissions,
transport, dispersion, chemical transformations, and opticgl interactions.

For this practical reason, the most appropriate choice of a modeling method-
ology for immediate practical application is the class of methods based on
regression analysis, or the receptor oriented theoretical calcuiation scheme
of Ouimette (1981). Given high quality measurements, these two types of
empirical visibility models can be structured to make physical sense, track
changes in total extinction extremely well, and yield insight into the

portion of the visibility problem attributable to different pollutants.



TABLE 2.6 AFEROSOL SPECIES CONTRIBUTIONS TO THE PARTICLE SCATTERING
COEFFICIENT: COMPARISON OF STATISTICAL AND THEORETICAL
RESULTS FOR CHINA LAKE '
(From: Quimette and Flagan, 1981)

1979 Average Mass Scattering Contribution to 1 Contribution to
Mags Conc&n- Effictency, g, bsn' Total Measured
tration, 2 abpmel b
Aerosol . ! /9 107 se
Spectes, | ug/m Stat. Theor, stat. Theor. Stat. Theor.
> ($.£.) (S.E.) _
Sulfates 2.585 §.03 3.20 12.8 8.2 50.4 32.3
(0.64) (0.96)
Organics 1,97 1.54 2.46 3.0 4.8 1.8 18.9
(0.62) (0.78)
Crustal 1.94 2.36 1.42 4.5 2.8 18.1 1.0
(0.67) (0.42)
Unaccounted 4.24 1.00 2.35 4.2 9.9 16.5 3%.0
(0.31) (0.7)
Computed Total 24.6 25.7 97 101
Measured Total 25.4 25.4 100 100
Stat. - Statistical

Theor. - Theoretical ‘ L
(S.€.) - Standard er-:° 7 a7
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2. YISIRILITY/AEROSOL RELATIONSHIPS BASED Oh HI-VOL DATA

is discussed in tThe previous crapter, cne worthwnile approach for
suantifying visibility/aercsol relationsnips is reqression analysis. The
most plentiful data base tor regression studies consists of routine airport
yisibility data and routine Hi-Vol oarticulate data. This chapter describes
regression studies based on these routine data sets at 34 locaticns in

California.
3.1 DESCRIPTION OF THE DATA BASE

The data used in this chapter are airport visibility cbservations,
airport relative humidity readings, and Hi-Vol particulate measurements.
This section discusses datz sources, site selection, and data quality

considerations.

3.1.1 Airport Visibilitv Data

" The visibilir -0 o snis report consist of “prevailing visi-
bility" readings made at weatner stations (airports). According to National
Weather Service procedures, prevailing visibility is defined as the greatest
visual range that is attained or surpassed around at least half of the
horizon circle, but not necessarily in continuous sectors (Williamson 1973).
Daytime visibility is measured by observing markers (e.g. buildings, moun-
tains, towers, atc.) against the horizon sky; nighttime visibility measure-
ments are based on unfocused, moderately intense light sources. Because
our experience indicates that daytime and nighttime cbservations are often
incompatible, and that daytime data are usually of higher quality (Trijonis
and Yuan 1978; Trijonis 1879), only daytime observations are empioyed in
this study.

Weather observers usually perform visibility measurements each hour,
but only the readings from every third hour are entered into the National
Climatic Center computerﬁzed data base. The visibility reading times that
we used for each day at each site are 7:00 AM, 10:00 AM, 1:00 PM, and 4:00
PM PST. At many of our airport study locations, computerized records are
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unavailable, so we had to compile the data for these sites from hard-copy

NCC records.

3.1.2 Study Locations

The selection of sites for this study is based con several criteria.
First, the study is restricted to airports that have an adequate set of
markers for estimating visual range. In particular, we have chosen airports
that have farthest markers at distances greater than the typical visibility
levels for the surrounding areas. Second, we have selected Tocations where
Hi-Vol monitors are situated fairly close to airports. The average distance
between our Hi-Vol sites and visibility sites is 4 miles. Third, we have
given preference to Hi-Vol sites that report details regarding the chemical
composition of TSP; at a minimum each site is required to report SOZ and NOE
in addition to TSP. Finally, we have attempted to achieve broad geographical
coverage of California.

The 34 locations selected for the study are illustrated in Figure 3.1
and liste< ST o .+ soo_sand side of Teble 3.1 also indicates the
Hi-Vol monitoring agency (NASN - National Air Surveillance Network, ARB -
‘Air Resources Board, or AQMD - Air Quality Management District), the air-
port data source, and the years of data. It shouid be remarkea that in com-
piling the data, we have eliminated days with daytime precipitation (because
of the possibility that precipitation rather than aerasol cancentrations
could be dominating visibility). Also, the reader should note that we have
selected three duplicate sites to check the egquivalency of different Hi-Vol
monitoring programs -- NASN versus ARB in San Diego and Sacramento, and
AQMD versus ARB in San Jose.

3.1.3 Types of Data

Three types of data are used in this chapter -- visibility data, rela-
*
tive humidity data, and Hi-Vol particulate data. With a few excepticns ,

Because relative humidity is not taken at certain weather stations, we have
made the following substitutions for relative humidity data: Miramar for
Gillespie, Tustin MCAS for Orange Co., Tustin MCAS for Fullerton, Thermal
for Palm Sprincs, Castle AFB for Merced, and San francisco Int. for San Carlos.
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TABLE 3.1 SUMMARY OF HI-VOL DATA USED IN VISIBILITY/AERQOSOL REGRESSION STUDIES.
HI-VOL 7C .
DATA  WEATHER STATICH  AIRPORT YEAR TYPES QF HI[-VOL DATA

HI-vOL SITE SOURCE {AIRPORT) {MILES) OF 2ATA TSP SO .'"O3 b ORG OTHER
SAN DIEGD AREA

San QOiego NASIH  San Otego Int. S £6-76 X X X

San QOiego ARB San Uieqe int. 5 76-7¢ X X X %

€1 Cajon ARB Gillespie 3 7€-79 X x x x X

L0OS ANGELES

AREA (Coastal}

Long 8each NASN Long Beach 4 87-77 X x x

Costa Mesa ARB Orange Cn. - 76~72 X X x X

Lennox ACMD  Los Angeies [nt. 3 73-77 X X X X na Ni
Cowntown L.A. AQMD SOLA - AQMD ¢ 73-77 X X X X Mn N1
Santa Barbara ARB Santa 3aroara 3 76-73 X x b3 £ X

LOS ANGZLES

AREA (Inland)

gurtank MASH  Burbank l 86-74 X N X

La Habra ARB Fullerton 4 76-79 x % X X

Qntario NASH Ontario Int. 5 58-73 X X X

San Bernardino MASN  Norion AF3 4 58-76 X X X

SOUTHEAST

{ESERT AREA

Palm Springs AR8B ralm Serirgs 3 76-78 X x x

Lancaster AOMD  Lancaster ) 72-77 X X X X Mn Ni
VYictorville ARS George ~f3 g 75-79 X X X x

£1 Centre ARE imperial Co. 4 76-79 X x X X X
CIHTRAL COAST

AR

Salinas ARS Salinas < u- % A x X X

Paso Robles ARB Paso Rcbies ) 75-73 x x X X x
CENTRAL VALLEY

AREA

Zakersfield ARB 2akersiield 2 76-79 X X X A X

Fresno NASH Fresno 5 7n-76 X £ X

Merced ARB Herced 3 76-7% X X X X

Sacramento NASH  Sacramento £xec. 5 63-786 x x X

Sacraments ARB Sacramente Ixec. s 76-79 % X X X

SAN FRANCISCO BAY

AREA (Urban)

Redwood City* AQMD  San Carios 3 70-73 X X X XX Si
Qakland HASH  Qakland v 56-76 X X X

San Jose* AGMD San Jose [ 70-75 X X X X X Si
San Jose ARB San Jose 3 76-79 X X X X

SAN FRANCISCO BAY

AREA (Suburban)

Livermore* AOMO  Livermore 3 73-73 X X X XX 31
Concord™ AQMD  Concord - 3 3-75 I3 X X X X Si
Napa* AQMD  Napa 5 72-75 X X x X X Si
Santa Rosa* AQMD  Santa Rosa 4 72-75 X x X X X <1
NORTHERN CCAST

AREA

Humboidt NASN  Arcata s f6-7C X X X

NORTHERN INLAND

AREA

Red Bluff ARSB Red Bluff 1 76-79 X X X X X

Yreka ARB Montaque 2 76-77 be X X x X N

-
Cellulose filter data
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the relative humidity data are obtained from the same airport as the visi-
bility observations. The visibility and relative humidity data represent
averages of four daytime recordings, while the particulate data represent
complete 24-hour averages.

The specific types of Hi-Vol particulate data at each location are
summarized in the right hand side of Table 3.1. As noted previously, TSP,
SOZ, and NOS data are availabie at all 34 locations. We also have Pb (a
tracer for primary particles from highway vehicles) at 24 locations and ORG
(organic aerosols) at 14 locations. At a few sites there are data for Si
(soil dust tracer), Mn (soil dust tracer), and/or Ni (fde] 0il particulate
tracer). )

At all locations except the six AQMD sites in the San Francisco Bay
Area, the Hi-Vol data represent measurements on glass fiber filters., The
San Francisco AQMD data are collected on cellulose fi]ters.* Also, ORG rep-
resents benzene soluble organic aerosols, except at San Francisco AQMD sites
where organics are determined through a filter charring technique.

3.1.4 Data Quality Considerations

several previous studies (Cass 1979; Trijonis and Yuam —.i/(, iiisi.s
1979, 1980; Leaderer and Stolwijk 19/9) have shown that airport visibility.
data are of good quality for use in characterizing visibility/aerosol rela-
tionships. The quality of the data are indicated by the high correlations
(typcially .7 to .9) obtained in relating the airport visibility data to
particulate measurements and/or meteorological measurements. ‘

The most significant quality problem associated with the Hi-Vol data
concerns the artifacts and interferences in nitrate measurements (Harker et
al. 1977; Spicer and Schumacher 1979; Appel et al. 1979). The implications
of the nitrate measurement problems and of certain spatial/temporal mis-
matches between the airport and Hi-Vol data are discussed later in Section
3.2.5 (Limitations of the Analysis).

*The San Francisco Bay Area AQMD_switched to glass fiber filters in 1976.



3.2 STATISTICAL MODELING APPROACH

Qur analysis of routine airport and Hi-Vol data follows the statistical
procedures established by Cass (1979}, White and Roberts (1977), and Trijonis
(1979, 1980). Regression equations are developed which relate daytime
average visibility to daytime average relative humidity and to 24-hour
averages of total suspended particles (TSP), sulfates (SOZ), nitrates (NO%),
and other Hi-Vol parameters (e.g. benzene soluble ¢rganics, lead, nickel,
etc.). The coefficients in the regression equations can be interpreted as
estimates of "extinction efficiencies" or "extinction coefficients per unit
mass" for each aerosol species. These extinction efficiencies can be used
to estimate the fraction of haze (or fraction of visibility loss) attribu-
table to each aerosol component. The following subsections summarize the
statistical techniques and discuss some of the limitations of the methodclogy.

3.2.1 Definition of Variables

The parameters for the regression studies consist of visual range
Lmies, relatixgiﬁgpigiyzéLigaction, no units}, and pa. e e
tions [ug/m3]. Before conducting the regressions, however, we must perform
some simple transformations in the forms of the variables. For example,
instead of using visual range (V) as the dependent variable, it is much
more appropriate to use the extinction coefficient (B), which is inversely
propartional to visual range. As explained in Section 1.1,-the extinction
coefficient is a linear sum of four components: Tight scattering by gases,
1ight scattering by aerosols, 1ight absorption by gases, and 1ight absorption
by aerosols. Extinction coefficient is most appropriate for use in linear
regression models because each of the components of extinction should be
directly proportional tc aerosol or gas concentrations (assuming other
factors, such as light wavelength, aerosol size distribution, particle
shape, and refractive index remain constant).

We compute extinct- - coefficient from visual range data using a

*
modified Koschmeider for

p =20 (3-1)

e
qu consistency with estat. ished conventicn, we change the units of extinc-
tion to [10'4m‘1] after applying Equation (3-1).



fquation (3-1) differs from the usual Koschmeider formula, B = 3.9/V, in the
sense that Equation (3-1) assumes a 5% contrast detection threshold for the
yisibility observer rather than a 2% detection threshold. We have chosen the
modified Koschmeider formula because recent studies (Allard and Tombach 1980;
Malm et al. 1979; Trijonis 1979) suggest that airport visibility observations
underestimate true instrumental visual range (defined as the distance at
which the contrast for a perfectly black target is reduced to 2%). Several
investigators specifically recommend using a contrast threshoid of 5% (Kosch-
meider constant of 2.9) in order to obtain an unbiased estimate of extinction
coefficient from human observations of visual range (Allard and Tombach

1980; Malm 1979; Middfeton 1952; Douglas and Young 1945).

The choice of a Koschmieder constant has a proportional effect on the
aerosol extinction efficiencies that we calculate from the regression éna]y-
sis. The choice has no effect, however, on extinction budgets because total
extinction and the extinction contributions from individual aerosol species
are both changed in proportion. '

o ,S]ight.transformations must also be applied to thé 1ndependent variables.
quSfﬁdwihQ:;in; wil wnerts {iz/7), we define '

SULFATE = 1.3 soz : (3-2a)
and
NITRATE = 1.3 HOJ (3-2b)

in order to account for the mass of cations (mostly ammonium) associated
with the measured values of SOZ and NO%. The variable,

OTHERTSP = TSP - SULFATE - NITRATE (3-3)

is used'to represent the non-sulfate, non-nitrate fraction of TSP.

At some of our study sites, we have chemical data for organics and
various trace elements (e.g. Pb). The stoichiometric coefficients for con-
verting these chemical data into estimates of suspended particle mass from
various source types are as follows (Cass and McRae 1980):

Organics = 1.0 x ORG, (3-4a)

Motor Vehicle Particles = VEHICLE = k x Pb, (3-4b)
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where “"k" is 7.3 for 1974 and prior years and increases linearly
to 14.6 in 1979. MNote that vehicular particles include auto ex-
haust, diesel exhaust, tire wear, and brake wear.

*

. . _ -4 .

Soil Dust Particles SQILDUST 1 x Si (3-4¢)
or = 900 x Mn

Fuel 0i1 Particles = FUELOIL = 50 x Ni. (3-44d)

It is important to note that the organic and Pb data are partly re-
dundant in the sense that a substantial portion of primary motor vehicle
particulate emissions are organic aerosols. Because of this redundancy, we
never include both ORG and Pb in the same regression. At those sites which
have data for both ORG and Pb, we run two sets of regressions -- one with the
ORG variable and one with the Pb variable.

When the parameters defined in Equation (3-4) are included in the
analysis, an appropriate modification is made in Equation (3-3), the defini-
tion for "“remainder nf TSP". For example, if the Pb and Si variables are

INCTUadw,” Gred Lyce SfOn (3-37) becomes

TSP - SULFATE - NITRATE - k Pb - 4 Si.
TSP - SULFATE - NITRATE - VEHICLE - SOILDUST

OTHERTSP

3.2.2 Multi-Variate Regression

When several independent variables (RH, SULFATE, NITRATE, VEHICLE,
..., OTHERTSP) are affecting a dependent variable (B), it is important to
perform a multi-varjate analysis that can separate out the individual im-

pact of each independent variable, discounting for the simultaneous effects
of other independent variables. Uni-variate analyses, based on simple one-
on-one relationships, can lead to spurious results because of intercorrela-
tions among the independent variables. For example, in some cases, NITRATE
might be correlated with B only because it is correlated with SULFATE which,
in turn, is significantly related to B.

—
Note that the San Francisco Bay Area data for silicon are actually reperted
as silicate concentrations, which are approximately twice as great as sili-
con concentrations.
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An appropriate tool for multi-variate analysis is muitiple regression.
Following the procedure of Cass (1979), White and Roberts (1977), and Tri-
jonis (1979, 1980), we perform multiple linear regressions of the form,

8= a*-bISULFATE-+bZNITRATE-+b3VEHICLE'+... +bnOTHERTSP-+bn+1RH, (3-5)

We also perform multiple regressions that include relative humidity effects
in a nonlinear manner. Cass (1979) indicates that 1ight scattering by a
submicron, hygroscopic aerosol might be proportional to (1-RH)™®, where the
exponent o is expected to occur in the range 0.67 to 1.0. To account for
this type of effect, we perform two sets of regressions of the form,

+ b.VEHICLE + ... + p OTHERTSP (3-6)

3 N (1-RH)

NITRATE
2(1-rH)®

SULFATE

1 *b
(1-RH)®

B=a+b

one set with o = 0.67 and one set with a = 1.0. Because we do not expect
the organic, primary automotive, fuel oil, or soil dust particles to be
hygroscopic, the relative humidity factor is not added to the variables
ORG, VEHICLE, FUELOIL, or SOILDUST.

The regressions are perforwed siciviis ul o8 ; ed to run to the
final step (with all the variables entered). This perm1ts us. to examine the
resulting equation under the restriction that all coefficients are statis-
tically significant (at a 95% confidence level) as well as for the case’
where all variables are included.

Regression analysis is a purely statistical technique, and there is no
guaréntee that the observed relationships represent cause-and-effect. How-
ever, if -- as in the above analysis -- the regression is structured to re-
flect fundamental principles, the results will strongly suggest certain
physical interpretations. In our analysis, the regression coefficients,
by in Equation (3-5) and bi/(l-RH)a in Equation (3-6), are readily inter-
preted as extinction coefficients per unit mass (extinction efficiencies)

for sulfates, nitrates, primary automotive particles, other TSP, etc.

3.2.3 Role of Aerosol Water

The role of aerosol water is so important to visibility that it de-
serves a special discussion. Thermodynamic calculations (Tang 1981) as



well as measurements made with microwave waterometers, nepheiometers, and
multi-stage cascade impactors (Covert et al. 1972; Hidy et al. 1974; Ho et
al. 1974; Stelson and Seinfeld 1981; Ferman et al. 1981; Countess et al.
1981) suggest that, at relative humidities of 65-75%, the mass of water
associated with fine ambient aerosols is approximately equal to or slightly
greater than the mass of aerosol electrolytes (e.g. sulfates and nitrates).
As relative humidity increases tbward 100%, the mass of aerosol water rises
hyperbolically.

Figure 3.2 demonstrates that the dependence of aerosol water content
on relative humidity varies significantly with the specific chemical form
of the aeroscl electrolyte (in this case, sulfates). For example, pure
sulfuric acid aerosol retains water even at very low relative humidities.
Pure ammonium sulfate aerosol, on the other hand, does not hydrate until
the deliquescent point at 80% relative humidity. Under real atmospheric
conditions, several chemical forms of sulfate are probably present, so that
the aerosol water/relative humidity dependence would be intermediate to the
varjous curves.shown in Fi_ == . . . o oiees o atmospheric conditions,
the deliquescent points might be smoothed out by irreversible (hysteresis)
effects.

The role of water becomes all the more critical when one realizes that,
because of density differences, water should scatter more 1ight per unit mass
than the aerosol electrolytes. For example, White (1981) has suggested that,
because water is 1.7 times less dense than sulfate, it should scatter approx-
imately 1.7 times as much light per unit mass than does sulfate. Thus, if
there is typically siightly more watef mass than electrolyte mass in the
aerosol, the total amount of light scattering from the water should be about
twice that from the electrolyte. This hypothesis is supported by recent
field studies comparing scattering levels from "wet” versus “dry" aerosols
(Groblicki et al. 1980; Ferman et al. 1981).

The above observations help to explain why several statistical studies
nave found that sulfate aerosol is a major, if not the dominant, contributor
to atmospheric light extinction (White and Roberts 1977; Cass 1979; Trijonis
1979, 1980; Trijonis and Yuan 1978; Leaderer and Stolwijk 1979; Barone et al.
1978). Not only do sulfates constitute a significant fraction of the fine
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Figure 3.2 Growth curves for sulfate aerosols as a function
of relative humidity (Tang 1981).
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(optically active) aerosol, but also they often carry with them a substantial
volume of water.

Figure 3.3 illustrates the geographical pattern of average relative
humidity in California. This figure shows that average relative humidity
exceeds 50% over most of California and approaches 70 or 80% in the coastal
areas. Of course, on an individual daily basis, relative humidity can reach
very high 1evels at nearly all locations in California. Because of the
fairly high reilative humidity levels, water should be a very important com-
ponent of the fine aerosol in much of California.

As a final remark of this subsection, we note that water should be
regarded as an integral part of the aerosol to which it is attached. That
is -- if the suifate aergsol were elimﬂnated, the water associated with the
sulfate would aiso be eliminated from the aerosol phase. (lote that trans-
ferring water from the aerosol to the gas phase produces essentially no
change in relative humidity, because the total water in the gas phase 1is
typically orders of magnitude greater than the total water in the particu-
_late phase. Tus, ?pérgfﬁéﬂld be no reason for *' - o
associated with the sulfate to tend to become attached to the remainder of
the aerosol). Because water is an integral part of the aerosol to which it
is attached, regression Equation (3-6), which includes relative humidity as
an inherent part of the aerosol variables, is physically more meaningful
than Equation (3-5), which arbitrarily segregates relative humidity. Also,
the (1-RH)™® term in Equation (3-6) approximates the hyperbolic relationship
between aerosol water and relative humidity much better than does the linear
RH term in Equation (3-5).

3.2.4 Average Extinction Budgets

The regression coefficients (extinction efficiencies) for the various
aerosol species allow calculation of average extinction budgets -- the fraction
of visibility loss, on the average, attributable to each aercsol species. In
Chapter 5, we will compute these extinction budgets for several areas of
California.

Many previous authors have calculated extinction budgets for individual

Jocations by directly using the regression equations (White and Roberts 1977;
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Cass 1979; Trijonis and Yuan 1978; Trijonis 1979, 1980; Leaderer and Stolwijk
1979). For exampie, in Equation (2-6), the average extinction from sulfates
is simply assumed to be “bl” multipijed by the average value of SULFATE/
(1-RH)Q. Similarly, the average extinction from "other TSPY is assumed to
be ”b3" times the average value of OTHERTSP/(I—RH)G. Part of the constant
term "a" is identified as Rayleigh scatter by air molecuies, while the
remainder of the constant "a" is called "unaccounted for" extinction.
RBecause of certain statistical problems inherent in our regression
methodology (see next subsection), we do not think it 1is appropriate to
calculate extinction budgets by directly plugging énto the regression equa-
tions. Rather, in Chapter 5, we will use a modified approach inarriving at
the extinction budgets. First, we will calculate the average extinction
contributions from air molecule light scattering and from NOZ absorption by
using known values for Rayleigh scattering and NO2 absorption efficiency and
existing data on NO2 concentrations. . Next, for certain individual aerosol
<pecies. such as sulfates, we will identify region specific extinction ef-
e eurwosicry-on our -regression coefficients but also based «
other theoretical and empirical resulis. These extinction efficiencies can
be multiplied by average values of certain aerosol terms, e.g. SULFATE/(1-
RH), to yield average extinction contributions from the individual aerosol
species. Whatever fraction of total extinction that is not accounted for
by Rayleigh scattering, NO2 absorption, or the 1ndividqa1 aerosol species

will be contributions from “remainder of the aerosoi’”.

3.2.5 Limitations of the Analysis

There are several limitations to the use of regression models for
quantifying visibility/aerosol relationships. One limitation involves
random errors in the data base produced by imprecision in the measurement
techniques (for airport visibility or aerosc] concentrations) and by the
fact that the airport and Hi-Vol site are often located several miles apart.

&

In using this approach, we do not consider "OTHERTSP" as an individual
aerosol species. Contributions. form "OTHERTSP", as well as wnat we pre-
viously calied "unaccounted for", now both naturally fit into the single
category "remainder of the aerosol”.
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Random errors in the data tend to weaken the statistical reiationships,
leading to lower correlation coefficients and lower regression coefficients.
This causes an underestimate of the extinction coefficients per unit mass
(extinction efficiencies) for individual aercsol species and, theretfore, an
underestimate of the contributions of individual aerosel species to the total
extinction budget. The overall effect of random errors in the data base
should not be excessive, however, because good correlations (typcially 0.7
to 0.9) are usually obtained in the analysis.

Incompatibilities between the airport visibility data base and the
aerosol data base can lead to at least two types of systematic bias. The
aeroso] concentrations measured at the downtown Hi-Vol locations may be
systematicél]y higher than the aerosol concentrations averaged over the
visual range surrounding the airport. The bias caused by relatively high
aerosol measurements Qould result in an underestimate of extinction coef-
ficients per unit mass for the aerosol species. A reverse type of bias,
e.g. an overestimate of extinction coefficients per unit mass, would resﬁlt
if daytime aerosol levels (corresponding to the time period of the visi-
bility measurements) were "o thea tihe Jdenoos Ljerage aeroso1 1eve1s
measured by the Hi-Vol. A1though these systematic errors could bias the
extinction coefficients per unit mass, they should not bias the extinction
budgets which are based on a multiplication of extinction coefficients per
unit mass times the measured mass of the aerosol.

Another limitation is that the regression ana1ysis may overstate the
importance of the aerosol variables if these variables are correlated with
other visibility-related pollutants omitted from the analysis. In particu-
lar, nitrates méy act, in part, as surrogates for other related photochemical
pollutants, such as secondary organic aerosols and nitrogen dioxide. For
this reason, the nitrate contributions to the extinction budget might best
be viewed as representing nitrate aerosols pius related photochemical
pollutants. '

Potential errors in Hi-Vol measurements of sulfate and nitrate are
another jmportant caveat. Artifact sulfate (formed by SO2 conversion on
the measurement filter) may cause & slight underestimation of the extinction
coefficient per unit mass for sulfates. The greatest measurement concern,
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nowever, invoives nitrates {Soicer and Schumacher 1979; Appei et al. 1979).
Nitrate data may represent Jaseous compounds (NO2 and especiaily nitric acid)
as well as nitrate aeraosols. Also, nhigh sulfate concentrations may negative-
iy interfere with nitrate measurements (Harker et al. 1977). Because of
potentially severe measurement ervors, the visibility/nitrate relationships
are especiaily uncertain.

A final difficuity in the regression analysis is the problem of co-
linearity, i.e. the intercorrelations that exist among the "independent"
variables (SULFATE, NITRATE, OTHERTSP, etc.). Althougnh these intercerrela-
tions (see Table 3.2) are not extremely high, they usually are significant
(typically on the order of 0.1 to 0.7). Multiple regression is designed to
astimate the individual effect of each variable, discounting for the simul-
taneous effects of other variables, out the colinearity problem can still
lead to distortions in the results. It is Tikely that certain poliutant
variables at certain sites are assigned Tittle statistical significance and
near-zero regression cnnFficinnte fn the mil+inle regressions because these
variables are colinear witn aunuctner poliutant which bears a stronger relation
to extinction. In such cases, the regression coefficient (extinction effici-
ency) for the latter pollutant is Tikely to be artificially raised because
it also is representing the effect of the colinear pollutants.

As noted in the previous subsection, because of the statistical prob-
lems in the regressions, we have decided not to calculate exXtinction budgets
by simply plugging average aeroso] concentrations into the regression formu-
lae. Rather, in Chapter 5, the extinction budgets will be based not only on
the regression results but also on other empirical and theoretical consider-

ations.
3.3 DATA OVERVIEW

As indicated in Section 3.1, the visibility/aerosol regression analysis
based on routine Hi-Vol data is conducted at 34 locations. At each location,
the regression models are applied to two data sets: (1) eliminating days with
precipitation or severe fog (defined as at least one daytime fog observation
and average relative humidity exceeding 9 %) and (2) eliminating days with

orecipitation or any fog (defined as at least one daytime fog observation).
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Averace: .4l .25 ce 36 -2 -.23 .33 .48 Ry

Celiulese 7iftar cawa .
g

sot statistically significant at a $5% conficence level. .
Note that, in this table, JQTHIATS? is <defined as TSP - SULFATE - NITRATE o _
atz tnat tne interccrrelaticns Setween VCHICLZ or 0RG and the cther indepencent variadles are also :n the orger 07371 %0 0.7
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The multipie correlation coefficients for the first data set, typically
about .70 to .90 for the nonlinear RH model [Equation (3-6)], tend to be
higher than thaose for the <econd data set, typically about .£&5 to .85 for
the nonlinear RH model. The regression coefficients (éxtinction efficiencies),
however, are more consistent and physically reascnable for the second data
set..w Only the resuits for the cecond data set will be presented in this
chapter; Appendix B contains tabulations (similar to Tables 3.2 to 3.7) of
corresponding results for the first data set.
Tabie 3.3 lists the number of data points and the average value for
various parameters at each study location. The sampling agencies, years of
data, and filter types were described eariier in Section 3.1.
Table 3.4 presents the correlation coefficients between extinction (B)
and the independent variabies. The Teft hand side of Table 3.4 pertains to
the linear RH regression, Equation (3-5), while the rignt hand side of
Table 3.4 pertains to the nonlinear RH regression, tquation (3-6). Averaged
over all sites, extinction correlates best with the linear RH regression
variables in the order: SULFATE, NITRATE, RH. ARR NTHERTSP. and VEHICLE.
Averaged over all sites, extinction correlates west wiiri wie TIONIINEAT RH -
variables in the order: SULFATE/(1-RH), NITRATE/(1-RH), and OTHERTSP/(1-RH).
+ is notable that B typically correlates with SULFATE/(1-RH) alone at
levels of 0.50 to 0.80.

Certain interesting geographical features are evident-in the correla-
tions of Table 3.4. For example, the corralations between extinction and
SULFATE or SULFATE/(1-RH) tend tobe highest in the soutnern half of Cali-
fornia. On the other hand, the correlations between extinction and NITRATE
or NITRATE/(1-RH) tend to be highest in the northern half of California.

3.4 REGRESSION RESULTS

This section presents the resuitis of multiple correlations/regressions

The days with fog included in the first data set generally represent days

with very high extinction coefficients which contribute greatly to the

tota]l variance in the extinction data. These outliers evidently can be

explained fairly well by the nonlinear RH regression models, leading to

high correlation coefficients. A few cutliers, nhowever, can severeiy

distort the regression coefficients, explaining why the regression coef- -
ficients tend to be less reasonable and consistent for the first data set.
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TABLE 3.3 AVERAGE VALUED rUR >1UUY vaRinplL>.
DATA: EXCLUDING DAYS WITH PRECIPITATION OR FOG.

| AVERAGE VALUE OF VARIAZLES

2ATA 3 RH SULFATE  NITRATC =IR YEHICLE ORG

POINTS | 10-4m-l (ug/m3)  (g/m3) {ug/m3)  (=g/m3)
SAN DIEGD AREA
San Diego (NASN) 202 | 1.8% .60 5.9 7.1 8.7
San Diego {ARB) 158 1.73 .82 9.8 2.5 3.7 14.8
z1 Cajon 134 1.23 .33 3.1 2.4 57.% 20.4 7.7
L0S ANGELES
AREA (Coastal]
Leng Seach 1ec 2.07 .53 13.8 a.3 727
Costa Mesa 125 2.02 .51 10.2 “13.4 2.8 17.5
Lannox 257 2.39 .64 16.0 9.6 3C.a 28.3
Jowntown L.A. izl 3.08 .55 15.9 15.0 sL.3 26.8
Santa 3arbara 104 1.29 .63 7.1 7.1 35,3 16.3 5.4
L0OS ANGELES
AREA (Inlana)
3urbank 139 2.10 .48 12.5 10.3 .2
_a Hapra i=3 1.82 .63 2.7 17.0 31.4d 13.7
Ontario 82 2.98 L43 12.6 13.1 06.2
San Bernardino 151 2.38 .42 13.6 17.1 3.3
SQUTHEAST
DESERT AREA
Salm Sorings 22¢ 0.88 .35 £.0 0.5 <g8.2
Lancaszter .37 0.77 .30 5.3 3.7 3¢5 5.3
yictorville 223 0.7¢& .32 6.6 2.5 e 5.3
£1 Centro 147 0,74 .3 5.9 5.2 11zl 5.7 4.2
CENTRAL COAST
AREA
S L L. .69 4.5 6.0 0.0 5.3 2.7
FE50 i Es AU 0.86 43 6.8 5.3 73.2 5.5 4.5
CENTRAL VALLEY
AREA
2akersfieid 15¢ 1.81 .45 12.6 18.1 121.3 20.1 8.3
Frasno :2% 1.49 R-y) 6.3 10.7 113.¢
Merced 122 1.30 .43 5.6 10.3 2.2 6.5
Sacramento (NASN) 173 1.37 .49 5.7 5.9 51.2
Sacramento (ARB) 15¢ 1.31 .49 4.9 6.4 E7.3 7.3
SAN FRANCISCO BAY
AREA (Urban)
Redwood City* 218 1.49 .65 2.9 4.1 a5.4 6.0 28.9
Oakland 211 1.63 .70 3.5 5.1 £3.0
San Jose* (AQMD) 193 1.27 .57 2.9 3.7 52.9 9.9 39.0
San Jose (ARB) 136 1.35 .56 4.6 7.4 58.3 11.9
SAN FRANCISCO BAY
AREA (Suburban)
Livermore* 54 0.88 .83 2.5 4.8 71.3 4.7 35.3
Concord* - 62 0.91 .54 3.2 4.7 38.0 3.7 26.2
Napa* 117 0.87 .55 2.9 4,3 56.3 5.0 33.3
Santa Rosa* 57 0.88 .57 2.3 2.9 38.3 3.9 25.1
NORTHERN COAST
AREA
Humboidt £5 1.55 .74 4.0 ag.8 22.8
NORTHERN INLAND
AREA
Red 3luff 115 0.53 .41 3.4 4.7 51.3 3.8 4.7
Yreka . 73 0.55 .48 3.6 1.6 2.1 2.6 3.8

»
Cellulose filter data
Note that, in this tzble, OTHERTSP is defined as T7S? - SULFATE - NITRATE.

79



TARBLE 3.4 CORRELATION BETWEEN EXTINCTION AND THE INDEPENDENT VARIABLES.
DATA: EXCLUDING DAYS WITH PRECIPITATION OR FOG.

5 versus B versus B8 versus B8 versus B versus B versus B versus 8 versus B ven
RH SULFATE  NITRATE OTHERTSP  VEHICLE OR3 SULFATE/(1-RH) NITRATE/{1-RH) OTHERTS™
SAN DIEGD AREA
San Diego (NASN) .42 77 .23 .10® .80 .38 .45
San Diego (ARB) .43 .75 .39 .pce -.05® .78 .57 L3
£l Cajon .54 .65 .oge -.37 -.38 -.35 .77 .37 N
L0S ANGELES
AREA (Coastal) __
Long Beach .36 .78 Roivi g .11e =78 .14@
Costa Mesa 43 .77 .38 -.03® -.18 .83 .54 .
Lannox .51 .89 .3 -.06® -.19 .83 .17 .40
Downtown L.A. .39 .73 .00® .24 .06c® _€5 .12® N5
Santa Barbara .54 77 L4k -.0%® -.13 -.10® .30 LE1 N
LOS ANGELES ‘
AREA (Inland)
Surpank .53 .67 -.01® .07% . -79 .25 .
L3 Habra .49 .72 .59 .11® .00e .52 .61 e
Ontario .26 .53 .13® .38 .59 .2€ .52
San Bernardino .24 .73 .51 .51 .83 .63 .73
SOUTHEAST
DESERT AREA
Palm Springs .25 .52 .27 .54 .37 .31 .33
Lancaster .29 .37 .16 .52 -.17 _52 .30 Wt
Yictarville .30 .36 .30 .18 -.06® .47 N .
£l Centro .10® .58 = .39 -.07® .i2* .35 A7 L3k
. CENTRAL COAST -
- Saiinas , .30 .45 .33 g7e .18 35 -353 . caz
Paso Robles .27 J40 35 33 .42 32 .33 .65 .67
CENTRAL YVALLEY
AREA
Szkersfield L34 L7G .68 .33 .47 .23 .72 .9C .55
Fresno .22 .36 .83 .26 .52 .81 .
Merced .18 .62 .77 L5350 .75 -58 77 .t
Sacramento (NASHN) .27 .37 4% .25 .54 .5 .40
Sacramento (ARB) .i2@ .44 .75 L4 .60 .38 . W77 .51
SAN FRANCISCO BAY
APEA (Urban)
Redwood City~* v .54 .53 .48 .48 .50 .50 J4% =3
Qakland .24 .67 .51 .54 .57 .36 N
San Jose= (AQMD) .16 .35 .56 .31 .24 L4l -x] .62 L
San Jose (ARB) .22 J31 .36 .36 .43 .38 .64 s
SAN FRANCISCO BAY -
AREA (Suburban)
Livermore® .15® L85 .33 .0z* .15® .0a® 233 .22 L0
Concord™ .22% .50 .45 itk g -.13® .31 5L .31 .32
Napa* .21 .51 L4l .28 .g7e .30 .57 .52 s
Santa Rosa* .34 .38 .32 -.01® -.1i3® .26® =y .43
NORTHERN CQAST
AREA : -
Aumboldt .35 .20® .230 .15e .28 .37 Ll
NORTHERN INLAND
AREA —
Red Bluff .42 .27 .67 .23 .28 .54 JE1 71 ¢
Yreka .45 .28 .26 .14@ .20 .24 .36 .28

AVERAGE .32 .55 .40 .23 .12 .26 51 .48 y

*Ceﬂulose filter data - L

uNot statistically significant at 2 g5s confidence level.
Note that, in this table, OTHERTSP ic defined as TSP - SULFATE - NITRATE.
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relating extinction to Hi-Vol parameters. The most significant aspect of
the analysis concerns the regression coefficients -- estimates of extinction
efficiencies for various Aerosol components. As part of this section, we
also interpret our results in light of other theoretical and empirical
studies.

3.4.1 Insignificant Aerosol Variables

To simplify the discussion later in this section, it is worthwhile to
first dispose of those 'aerosol variables that proved to be insignificantly
related to extinction (visibility). Generally, we found that all of the
"tracer” variables defined previously in Equation (3-4) -- VEHICLE, ORG,
SOILDUST, and FUELOIL -- lacked consistent, significant relationships with
extinction. Figure 3.4 summarizes the regression coefficients (extinction
efficiencies) for VEHICLE (24 sites), ORG (14 sites), SOILDUST (6 silicon
sites, 2 manganese sites), and FUELOIL (3 sites). Figure 3.4 shows that
most of the coefficients are statistically insignificant (open dots) and
that the distributions of the coefficients center around zero. In fact,

coEfiiaake slat ape statistically significant are as 11Pe1y as not

to ben egat1ve (a phys.ca]]y unacceptable result).
It should be stressed that the Jack of statistically significant
relationships does not imply that these aerosol components have zero or
negligible effect on visibility. On the contrary, from fundamental physical
principles, We know that these aerosols must affect visibility. Rather,
our results indicate that the effect is not overwhelming enough so that one
can determine the extinction efficiencies from the (admittedly 1imited)
airport and Hi-Vol data. For the parameters fuel 0il and soil dust, the
lack of a statistically significant relationship most Tikely reflects the
fact that fuel oil and soildust particles constitute only very small compon-
ents of the fine (0.1 to 1.0 micron), optically active aerosol. For the
parameters VEHICLE and ORG, the lack of a significant relationship may~re-
flect data quality or statistical problems (i.e. the fajlure of benzene
soluble organics to adequately represent total fine organic aergsols, the
failure of Hi-Vol Pb data to be a perfect tracer for fine vehicular aerosols
and intercorrelations between VEHICLE or ORG and SULFATE, HITRATE, etc.).
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Figure 3.4 Regression coefficients for variables found to be
generally insignificant.
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Actually, from the results of other studies performed with more detailed
aerosol data (Hidy et al. 1974; Groblicki et al. 1980; Wolff et al. 1980;
Cass et al. 1981; Conklin et al. 1981), we know that vehicular particles
(elemental carbon, organics, lead, etc.) and organic particles do constitute
a significant fraction of the fine aerosol and do contribute significantly
to visibility reduction. Unfortunately, we are unable to isolate and quan-
tify this contribution with the routine airport and Hi-Vol data.
For the remainder of this chapter, we will not consider the variables

VEHICLE, ORG, SOILDUST, and FUELOIL. The regression results will be 1limited
| to the variables SULFATE, NITRATE, OTHERTSP, and RH. Also, OTHERTSP will
hereafter be defined specifically as TSP - SULFATE - NITRATE at all the study

sites.

3.4.2 Different Monitoring Programs

Another preliminary issue that must be resclved is the equivalency
of the results based on different Hi-Vol monitoring programs. In this study,
we are using data from four Hi-Vol monitoring networks: EPA/NASH, California
ARB, South Coast AQMD. znd San Franciio fay Arza AQMD. A1l of the Hi-Vol
data are on g]ass fiber filters except the San Francisco AQMD data, which
are on cellulose filters. We purposely selected pre-1976 San Francisco
AQMD data so that we could determine if different results are obtained with
cellulose Hi-Vol filter data (the San Francisco AQMD switched to glass fiber
filters in 1976). ,

We have addressed the equivalency question for our regression coef-
ficients by examining the three duplicate sites -- San Diego NASHN versus
ARB, Sacramento NASN versus ARB, and San Jose AQMD versus ARB -- and by
conducting statistical tests comparing statewide and regional results from
the various monitoring programs. We have found that the results from the
various monitoring programs are equivalent with one, not surprising excep-
tion -- the San Francisco AQMD cellulose filter data. In generaT, we find.
that the San Francisco AQMD data give higher regression coefficients for
nitrates and expecially sulfates. The reason for this finding .can be under-
stood by referring back to Table 3.3. Table 3.3 reveals that the San Fran-
cisco AQMD cellulose filter data are lower than glass fiber filter data for
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nitrates and especiaily for <ulfates. In the sense that the nitrate and
sulfate concentrations are biased low for the cellulose data, it is some-
what expected that the regression coefficients would be biased high.

The reasons why cellulose filter data give lower estimates for nitrate
and especially sulfate are not fully understood. The most 1ikely reasons
are that the cellulose filters may have less artifact sulfate and nitrate
than the glass filters and that the cellulose filters may not collect fine
particles as effectively as giass £i1ters (Sandberg 1981). One could
adjust the cellulose filter data to be equivalent to the glass filter data
if one could derive a consistent relationship between the two. Both we and
the San Francisco AQMD have made brief but unsuccessful attempts at finding
a consistent relationship. Because we cannot adjust the cellulose filter
data to be equivalent to the glass filter data, we will treat the cellulose
filter data separately throughout this report, denoting it by asterisks in
the tables and figures.

3.4.3 Linear Regression Equatio~

Table 3.5 summarizes the regréssion coefficients for the linear RH
model, Equation (3-5). The multiple correlation coefficients for the
linear regression equation are fairly good, typically 0.60 to 0.80. Also,
the regression coefficients for the aeroscl variables agree with our quali-
tative expectation that extinction officiencies for sulfates and nitrates

should be an order of magnitude greater than extinction efficiencies for
| the remainder of TSP (see later discussion of theoretical results concern-
ing extinction efficiencies).

Some of the values in Table 3.5, however, viclate fundamental physical
principles. Specifically, the regression coefficients for sulfates are on
the order of 0.07 to 0.13 (10'4m°1)/(ug/m3) at many locations; these vaiues
are much greater than the extinction efficiencies for sulfates expected from
LY/ (ug/m) (see
later discussion). The most obvious reason for severely inflated sulfate

theoretical principles -- on the order of 0.02 to 0.04 (lO—qm-

coefficients is that the SULFATE variable is representing not only sulfate
. +*
compounds but also the water attached to-those compounds. As discussed
*
The sulfate coefficients may also be inflated because sulfates are colinear

with other visibility reducing pollutants and because there are mismatches
in the daily timing of the Hi-Vol data and visibility data (see Section 3.2.5).

84



TABLE 3.5 REGRESSION COEFFICIENTS FOR THE LINEAR RH MMODEL: EQUATION (3-5).
DATA: EXCLUDING DAYS WITH PRECIPITATION OR FOG.

MULTIPLE N .
CORRELATION 51 82 %3 b4

. COEFFICIENTS SULFATE WITRATE JTHERTSP RH
SAN J1EG0 AREA
San Diego (HASH) .30 134 021 .0023® 1.67
San Jiego (ARB) .72 L1l .025 -.0024® 1.20
21 cajon .78 .0%0 -.00s® -.0066 1.13
LOS ANGELES
AREA {Coastal)
Long 3each .3 .120 .021 .0080 2.58
Cosza Mesa .33 .173 .0oge .0073® 1.92
Lennox .84 .17 .00z .0103 2.86
Cowntown L.A. 77 .103 -.010. .0090 1.72
Santa 3arbara .32 .196 .0oqe -.0C020e -1.64
LOS ANGELES
AREA (Inland)
8urbanx .8 .123 -.042 . 0050 5.76
La Habrea .79 .122 .038 .2000* 1.57
Ontario > .67 .103 -.01s® L0140 . 5.45
San Sernarcino .80 117 _ .o17@ .Gos3e® 4,95
SCUTHEAST
DESERT AREA
Palm Serings 71 L0440 -.0C3e .0082 0.73
{ancaster .70 .038 O'LO -0028 1.07
Victorville .53 018 RepR .2022 1.00
£l Centro ‘ a7 .32l 037 .oooge 0.39
CINTRAL COAST
AREA ’
Saiinas .55 085 = e roam . 2.10
faso Robles .79 .61 LusL o8 1.89
CENTRAL VALLEY
AREA
Bakerstield .30 LJ26® .066 -.0007e 1,37
Fresno .83 .01pe .05 .Cog2e 0.44@
Merced .86 .027e 073 .0077 2.73
Sacramento (NASN) .61 .070 .091 .0044 2.39
Sacramento (ARE) .35 .037 .105 .0085 2.139
SAN FRANCISCO BAY
AREA (Urban)
Redwood City* .85 .071 L0483 .0063 1.01
Oakiand .80 .077 .067 .3085 2.77
San Jose* (AQMD) .73 L1068 .061 - .0063 2.16
San Jose {ARB) .68 .056 .054 .0117 2.93
SAN FRANCISCQ BAY
AREA (Suburban)
Livermore* .66 .133 -.007¢ -.0023 0.73
Concord™ .62 .081 .023 -.0034@ 0.64
Napa* .66 L1117 .0l5@ .Qo0e® 1.34-
Santa Rosa* .61 L117 .000® -.0063 1.25
NORTHERN CRAST .
AREA
Aumbaldt ] .46 .00c® .225 .0023® 2.74
NCRTHERN INLAND
AREA
Red Bluff .75 -.030® .046 .0051 1.07
Yreka B .48 .0gze .025e -.0o0ze 0.66

cellulose filter data

* RPN i = Q.
Gt statistically sicnificant at a 95% confidence level. ‘ - —-
Note that, in this table, OTHERTSP is defined as TSP - SULFATE - NITRATE.
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previously in Section 3.2.4, the linear RH term in Equation (3-5) does not
adequately reflect the role of aerosol water; it is not surprising that the
effects of aerosol water will also be partly represented in the suifate
term. B3ecause the linear regression equation ambiguously includes the role
of aerosol water in both the RH and sulfate terms, we do not think that
the linear equation praovides results that are appropriate for our later

calculations of extinction budgets.

3.4.4 Nonlinear RH Regression Equation

As discussed previously in Section 3.2.2, we have conducted two types

of nonlinear RH regressions of the form:

SULFATE _ . NITRAT

.y £, OTHERTSP
Li-pm)®  2(1-rH)®

3.6
3(1-rH)® (3-6)

B=a+hb

One type uses a value of o = 0.67; the other type uses a value of o = 1.0.
After completing the regressions and studying the results, we find that the

_des for a performwgggg;_ggually as well. The to*’ Tt T
ficients at each study séEédé;é about the same for thg two values ot «,
typically 0.65 to 0.85 (slightly greater than the degree of correlation
achieved by the linear RH model). The site-to-site variations in the re-
gression coéfficients also are quite parallel for the two values of a. Of
course, for a = 0.67, the regression coefficients_”bi” are Eonsistent]y
larger, compensating for the denominator (1—RH)’6/

In order to simplify the following discussion, we will present resuits
only for one value of «, @ = 1.0. Although, as mentioned above, we have
found Tittle statistical difference between the two values of «, we think
that @ = 1.0 is more appropriate based on the follewing considerations:

¢ latimer et al. (1978) have concluded that the mass of water associ-
ated with hygroscopic aerosols should vary specifically as (1-RH)-1.

s Groblicki et al. {1980), using very detailed aerosol data for Denver
have concluded that o« = 1.0 yields a slightly better statistical fit
than a = 0.67.

# In comparing our results with the published Titerature, using ¢ =
1.0 is more appropriate because o = 1.0 is most often assumed 1in
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other studies (Trijonis and Yuan 1978; Trijoﬁis 1979, 1980; Latimer
et al. 1978; Groblicki et al. 1980; Ferman et al. 1981).

Table 3.6 and Figure 3.5 summarize the regression coefficients at
each site for Equation (3-6). The statistical significance of the coef-
ficients is indicated in both the table and the -figure. It is apparent
that the sulfate term generally bears the strongest relationship with ex-
tinction; the coefficients for SULFATE/(1-RH) are statistically significant
at 27 of the 34 study sites. The nitrate and other TSP coefficients are
both statistically insignificant at 11 of the study locations; also the
coefficients for NITRATE/(1-RH) and OTHERTSP/(1-RH) are negative (physically
unreasonable) at several locatiens.

We have also conducted the regressions combining the data for all
sites in each region and for all sites in Ca]ifornia.* The'regression coef-
ficients for the grouped data are presented in Table 3.7 and indicated by
the large dots in Figure 3.5. Because of the greater number of data points,
nearly all the coefficients for the combined data sets are statistically
significant.

o -2 theme apparent in Figure 3.5 and Tables 3.6 and 2.7 <«
that the extinction efficiencies for sulfates are generally an order of
magnitude greater than the extinction efficiencies for the remainder of
TSP (OTHERTSP). This result has also been demonstrated in many previous
statistical studies (Trijonis and Yuan 1978; Trijonis 1979, 1980; White
and Roberts 1977; Cass 1979; Grosjean et al. 1976; Leaderer and Stolwijk
1979). Qualitatively, this finding agrees with known principles of aero-
sol physics. Sulfates are secondary aerosolis that tend to form in the par-
ticle size range of 0.1 to 1.0 micron, called the accumulation size range
(NRC 1979; Whitby and Cantrell 1976; Willeke and Whitby 1975; Hidy et al.
1974). The remainder of TSP mass is usually dominated by the coarse par-
ticle mode residing in the size range above 2 microns (Whitby and Sverdrup
1978; Bradway and Record 1976; Willeke and Whitby 1975). As shown in Figure
3.6, light scattering per unit mass of aercsol as a function of particle
size exhibits a pronounced peak at a particle size of zbout 0.5 microns;

*
Because of the significant differences between giass and cellulose filters,
we have grouped the San Francisco Bay Area sites by filter type rather than
by geography. The cellulose data have also been excluded from the "all
California" regression. '
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DATA: EXCLUDING DAYS WITH PRECIPITATION OR FOG.

>, 5, L
L [4 3
CoMLIIPLE SULFATE NITRATE QTHERTSP
COEFFICIENTS {1-RH) {1-RH) {1-RH)
SAN DIEGO AREA
San Ciego (NASN) .82 041 L2313 0012
San Diego (ARB) .81 .030 014 -.0003®
i Cajon _ .80 .038 gore -.0028
L0S ANGEZLES
AREA (Coastal)
Long Beach .82 .038 0oce .0Q38
Costa Mesa .84 .05% L0067 .gooee
Lennox .85 .gz2¢ Reiekl 4 .002¢
Jowntown L.A. =) .024 -.00 .0032
Santa gdarbara .37 .036 -.0Cce -.0Q07*
LOS ANGELES
AREA (Inland)
gurbank .81 .062 -.00z® .002%
La habra .62 .QQze L0117 -.0010*
Gntario .66 .358 -.00ce .0077
can Bernardinc .25 .064 L0135 .C233
SQUTHEAST
DESERT AREA
Falm Springs .57 .030 -.00§ .0027
Lancaster I7 .02% L6667 .0Q18
Yictorville .53 015 .009 .0014
ci Centro .5¢ .o66 LGig .20CCe
CENTUI\I I‘CFC‘
2. : -
salinas 56 .025 .oie .3012®
Paso Robies .77 .025 . RO .0C33
CZNTRAL VALLEY
AREA
3akarsfield .20 -.001® 033 -.0011®
fresno .31 .00se 033 cco3e
Merced .37 .Q13e 232 L0051
Sacramento (NASN) .67 .042 030 .0G28
Sacramento (AR3) .3¢ 015 {46 > .CQs2
SAN FRANCISCO BAY
AREA (Urban)
Redwood City* .57 .08 0Ll .0013
Oakland .78 .014 .Q18 .3024
San Joser (AQMD) 71 .036 .02z L0015
San Jose (ARB) .65 .010e® .gze .0039
SAN FRANCISCO BAY
AREA (Suburban)
Livermore* .56 .047 .CQ1e -.0007
Concord™ .67 .045 .006® -.0017
Napa* .68 .0%82 .007 -.0005®
Santa Rosa* .58 .035 L004e -.0004®
NORTHERN COAST
AREA
Humboldt .42 .00le .062 .0o10e
NORTHERN INLAND
AREA
Red Bluff 79 .0ce® Q17 .2032
Yreka 42 .017 .ca7e® ~.0002

YCeﬂulc:se filter data - I

®
Not statisticaliy significant at a 95% confidence level.
Note that, in this.ztable, OTHERTSP is definad as TSP - SULFATE - NITRATE.
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Figure 3.5 Regression coefficients for the nonlinear RH model.

39



*|9AB| BOUDPLFUDD %G6 © U JuRD4jubls AL (eOt3siie;s 10

6100" 010" 820" b 90Ct JOTMILYLS
©£000" - 120° 610° 99° 681 VAUV OMVINT NYIHLUON
. . . . . _ (S433 (14 @so(n|13))
9000 600 60 09 - 1o¢ VANV AVE 0DSTONVYA NVS
. . . . (5487114 SSe(9)
5¢00 €20 0to vi £9t VIUY AYE 0ISIONVNA NVS
£100° 820" €500 8L 92/ VIV ATTIVA TVHLNID
6200 b00" 220" 19° 922 VAUV 1SY0D TV¥INID
0100 0100° y20" 96" 918 VIWY 143530 LSVIHLNOS
p€00" €10~ 250" 59° £es (puelur) YUy SITIONY SO
2200° 00 920" 9 619 (1235R0D) YIUY SITIONYV SO
e V000" - £00" [£0° 6. 105 VRNV 09310 NVS
A _—
(HY-T) (Hy-1) (119-1) INI12144709 SINIOd V1va YER L,
SR : NOT LY 1307 40 UIGWAN
JSIHINL0 ILVILIN EICARIG Ry
tq ¢q Iq

*60) a0 uorjejrdiosad yyim shep Burpn|oxy :yviva

(Hu-1)

Azm-ﬁvm ﬁ:a,HvH
dSTYIHL0

LT TS IR TR IR

€

S7300W HY YVANIINON FHL ¥04 SINIIIT44300 NOISSIUOIY TYNOISIY £°€ F14VL

80



00l

"(£L61 S348q0Y pue 31LyM) §°1
Xapul 3A110e4434 40 S3(Ol3ded (eItuaayds A3Lsusp jtun Joj pajndwo)

*a9j3uelp 3213Jed O uollduny e se s|osodde Aq mc_xmuucuW JybL7 g9-g aanbLy

(suoudl) Jaajawelq a|d}3Jed

OMo.mo.mo.N O;NO@.OUN.O _.o.\.o.mo.
_ — T T T _ _

]

1x6)
0

~ 20’ o
[Va]
-
(a4
—~ w
- [
S oA
— 0 3 o
~— (11
' e |
—— -—de
~ 3
- 6
& 3
—190 3, -
S [ e
3
—dy
ot
o

.
-80 v

~ 0l

91



particles in the 0.1 to 1.0 micron size range scatter much more light per
unit mass than particles above 2 microns in size.

Not only are the sulfate and other TSP coefficients gualitatively of
the correct relative magnitude, but also the sulfate coefficients agree
quantitatively with theoretical results. Mie theory calculations by Latimer
et al. (1978) and White and Roberts (1977) suggest that “"dry", accumulation-
mode, sulfate particles should have an average extinction (scattering) ef-
ficiency of .02 to .04 (10_4m—1)
the details of the sulfate size distribution. The results in Tables 3.6

]
/{ug/m”), the specific value depending on

and 3.7 indicate that sulfates in California do indeed typically exhibit
"dry" extinction efficiencies (bl’s) of .02 to .04 (lQ-Am_l)/(ug/m3). 1t
is also interesting to note that, in the northern half of California where
the nitrate variable becomes very significant, nitrates also typically ex-
hibit "dry" extinction efficiencies (b,'s) of .02 to .04 (1074 1Y/ (pa/m),
approximately what one would expect for an accumulation-mode secondary
“erosol. ‘

Figure 3.5 and Tebles 3.6 and 3.7 contaigzsUmc interestinyg jeographical
features. -For example, the sulfate extinction efficiencies are greater in
the southern half of California than in the northern half of California.

The nitrate extinction efficiencies exhibit exactly the opposite geographical
pattern. It is natural to pose the question "Are these geographical varia-
tions statistically significant?" Figure 3.7 answers that guestion. Figure
3.7 is exactly the same as Figure 3.5 except that the closed dots represent
coefficients that are significantly different from the statewide value

(rather than significantly different from zero).* Figure 3.7 indicates that
the north-south variations in the sulfate and nitrate coefficients are
statistically significant.

What causes the north/south dichotomy in the sulfate and nitrate coef-
ficients? The north/south variation in the coefficients might be partly

spurious -- caused by statistical problems introduced by colinearity between

*Note that the cellulose filter data are excluded form Figure 3.7. We
already know that the cellulose data are not comparable to the glass filter
data. :
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SULFATE/(1-RH) and NITRATE/(1-RH).  As noted before (Table 3.4), extinction
correlates much better with sulfate than with nitrate in southern California
but slightly better with nitrate than with sulfate in northern California.
in each case, the “stronger® correlator may be stealing some of the effect
of the colinear “weaker" variable; that is -- the coefficient of the stronger
correlator may be inflated, while the coefficient of the weaker variable 1is
correspondingiy deflated.

The north/south variations, however, might aiso represent physical re-
alities. In the case of nitrates, Stelson et al. (1979) have pointed out the
extreme temperature sensitivity of the equilibrium between ammonium nitrate
aerosol and gaseous NH3 and HNO3. In northern California, with lower tem- |
peratures, one would expect relatively more of the nitrate to be in the
aerosol phase than in southern California. The higner correlation between
extinction and nitrate in northern California, and the more signiticant and
more physical reasonable nitrate regression coefficients in northern Cali-
Lo RIS R *_‘:§p‘9fmhhe measured Hi-Vol nitrate in northern Caii-
tornia is real nwtrate aerosol. 1In southern California, on the other heridy
relatively more of the atmeospheric nitrate may be in the gaseous state (as
HNOB), and relatively more of the Hi-Vol nitrate may be an artifact (e.g.
collection of gaseous HNO3). The presence of substantial artifact Hi-Vol
nitrate in southern California would account for the weaker correiation
hetween extinction and nitrate in the south. Extinctidn is physically re-
lated to the part of the nitrate measurement that represents real aerosol;
artifact nitrate would tend to confuse and mask this relationship.

In the case of sulfates, several investigators have emphasized that
scéttering efficiency may depend strongly on the specific size distribution
of the particles within the accumulation mode (Ouimette 1981; White 1981;
Latimer et al. 1978). Based on the calcuiations of Faxvog and Roessler
(1978), we would expect sulfates to have nigher extinction coefficients per
unit mass if the size distri~ution were ~:ntered in the upper part of the

accumulation mode, e.g: in t-2 size ranc 3.5 to 1.0 microns. To see if

“As indicated by Table 3.2, SULFATE/(1-RH) and NITRATE/(1-RH) typically cor-
relate with one another at . level of atcut 0.2 to 0.7.
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sulfate size distribution mignht explain the observed geographical patterns

in sulfate extinction efficiency, we have plotted our regional sulfate coef-
ficients against regional sulfate size distrubution data reported by Cahill
{1980). Figure 3.8 shows that our regional sulfate extinction efficiencies
do correlate in the expected manner with sulfate size distribution. In fact;
the correlation would be extremely high were it not for the Central Valley
poﬁnt.* Figure 3.8 strongly suggests that at least some of the geographical:
variation in sulfate extinction efficiency is related to the phenomenon of

///

sulfate size distribution. : -
The one remaining issue to be resolved in this chapter is -- What ex-
tinction efficiencies should be used in calculating extinction budgets? Be-
cause of the.statistical problems alluded to several times in this chapter,
we do not think it is appropriate to blindly use the regression coefficients
obtained for each site (Table 3.6) or each region (Table 3.7). On the other
hand, we know that part of the geographical variation in extinction efficiencies
is reasonable based on physical principles (e.g. sulfate size distribution).
For the extinction budget calculations, we have decided to use the regional
extinctics «fF sl cnizs forocnlfates and nitrates listed :in"Table 3.8." The
values in Table 3.8 are approximafe?y the same as regional regression results
(Table 3.7), but they have tempered by the following considerations: '
e All extinction efficiencies are reported only to the nearest .005

(10-4m-1)/(ug/m3) rather than to the nearest .001 (10-4m-1)/(ug/m3)
+o better reflect the uncertainties.

e The nitrate coefficients for the southern part of California are
listed as "not calculated" in Table 3.8. We failed to obtain con-
sistent or physically reasonable nitrate regression coefficients for
southern California (Table 3.7) because of severe measurement

*

We think that the sulfate extinction efficiency in the Central Valley is
severely underestimated due to a strong colinearity between SULFATE/(1-RH)
and NITRATE/(1-RH) in the Central Valley. Using the somewhat expanded "no
severe fog" data base in Appendix A, we obtain a sulfate extinction effici-
ency for the Central Valley that is nearly an order of magnitude greater.
The instability of the sulfate coefficient is a reflection of the colinearity

problem.
** .
Note that the extinction budgets do not require extinction efficiencies for

"OTHERTSP". As explained eartier, the extinction contribution from the re-
mainder of TSP is simply defined as what is left over after we have accounted
for Rayleigh scatter, NO2 absorption, and various individual parts of the
aerosol. ,
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Regional Sulfate Extinction Efficiency.

Determined by Regression Analysis

(10"4m'1)/(u9/m3)

® | 0s Angeles
.05 4 Area, Intand
® Imperial Valley
.04 4
.03 -
® | 0s Angeles Area,
Coastal
.02 4
.01 + _ ® San Francisco Bay Areaz
e Central Valley
i T T T - T
10 20 30 40 50%

Percent of Sulfate Particies Greater
Than 0.7 Microns in Size (Cahill 1380)

Figure 3.8 Relationship between regional extinction efficiency for

sulfates and suifate size distribution.

96



TABLE 3.8 EXTINCTION EFFICIENCIES SZLECTED
FOR EXTINCTION BUDGET CALCULATIONS.

SULFATE MITRATE
bl s = bZ REALEE A a1E~3
(1-RH) (1-RH)
by by
LOCATION (10'4m'1)/(u9/m3) (10'4m'1)/(ug/m3)
SAN DIEGO AREA .035 NC
LOS ANGELES AREA
Coastal .03 HC
Inland .045 ' NC
SOUTHEAST DESERT AREA .025 NC
CENTRAL COAST AREA .02 NC
CENTRAL VALLEY .02 .02
SAN FRANCISCO BAY AREA L e .02
NORTHERN COAST AREA 01 , 07
(Humboldt) y -ve
NORTHERN INLAND AREA .02 .02

NC Not calculated

Note: For the cellulose filter data in the San Francisco Bay Area, the
statistical coefficients are used without modifications: b1 = .04
and b2 = ,01.
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problems with the nitrate variable and because of colinearity prob-
Tems between the nitrate and sulfate variables. The nitrate term
will not be specifically inciuded in the extinction budgets for
locations in southern California.

o Teble 3.8 lists a nitrate coefficient of .02 (107 *m 1)/ (ng/m°) for
all of northern California. This value is slightly less than the
regression coefficients for northern California presented in Table
3.7. The regression coefficients for nitrate in northern California
may have been slightly inflated because of colinearity with the sul-
fate variable.

s The sulfate coefficients for southern California in Table 3.8 are
slightly deflated compared to those in Table 3.7; they are now more
in 1ine with the physically reasonable range of .02 to .04 (10-4m-1)/
(pg/m3). The sulfate regression coefficients in southern California
(Table 3.7) may have been slightly overestimated due to colinearity
problems. ‘

s The sulfate coefficients for northern California in Table 3.8 are
somewhat inflated compared to Table 3.7. The sulfate regression
coefficients in northern California (Table 3.7) were probably
underestimates due to colinearity with the nitrate variable. This
is especially true in the Centra - e -aat the

sulfate regression coefficient was very unstabie (see previous
footnote on page 78).

o For the cellulose filter data in the San Francisco Bay Area, we have
no basis for interregional comparisons of the regression coefficients.
We have adopted the statistical regression coefficients with no ad-
justments for the cellulose data.
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4. EXTINCTION BUDGETS

This chapter presents extinction budgets for the 34 Hi-Vol sites at
which we performed visibility/aerosol regression studies (in Chapter 3).
First, we calculate gaseous extinction using known values for Tight scat-
tering by air moiecules and light absorption by NOZ' Then, we apportion
aerosol extinction among suifates, nitrates, and other particles using the
aerosol extinction efficiencies tabulated at the end of Chapter 3.

4.1 EXTINCTION BY GASES

At sea level, the extinction due to Rayleigh (blue-sky) scatter by

bt (EPA 1979). Rayleigh scattering decreases

air molecules is 0.12 107
with altitude, i.e. with the density of air, but none of our study sites
is sufficiently elevated to affect Rayleigh scattering significantly. The
- -4 -1
value of 0.12 10 m

The extinction due to light absorption by NC, can be calculated by the

applies uniformly to all of our study locations.

formula, = - . -
3. = 3.3[NO,] (4-1)

4 -1

where the units of BNO2 are 107 'm
1940; Hodkinson 1966; Groblicki et al. 1980; Ferman et al. 1980). The con-

stant, 3.3, in Equation (4-1) corresponds to the absorption effiency of NO2

and the units of [NOZ] are ppm (Nixon

at & light wavelenath of 550 nm, the center of the wavelength response range

for the human eye. Of course, NO2 absorbs 1ight much more efficiently for

shorter (blue) wavelengths than longer (red) wavelengths, explaining why

NO2 is particularly important with respect to discoloration (producing a

brownish effect). We are not concerned here with discoloration, however,

but only with the aggregate effect of NO2 on extinction and visual range.
Table 4.1 prssents average NO2 concentrations for our study locations

and study periods. The right hand column of Table 4.1 Tists the average

extinction contribution from NOZ’ calculated by Equation (4-1).

*In a few cases, we had to substitute NO2 data from nearby sites because NO2

data were not available for our study locations. Also, in a few cases, we
did not have K02 data for all the years in the study period.
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TABLE 4.1 AVERAGE CONTRIBUTIONS OF NOp TO EXTINCTION LEVELS.

SITES YEARS OF DATA ANNUAL MEAI NO2 MOAN EXTINCTION DUE 70 NO»2
{ pphm) {(10-4p-1n

SAN DIEGD AREA
Sen Diego 1960-1%76 2.9 0.10
San Diego 1976-1979 5.1 0.17
£l Cajen 1976-1579 5.8 0.18
L0S ANGELES
AREA (Coastal)
Long Beach 1967-1977 7.2 0.24
Costa Mesa 1976-1979 3.0 0.10
Lennox 1873-1977 6.2 0.21
Downtown L.A. 1973-1877 7.4 0.24
Santa Barbara 1976-1579 3.8 0.12
LOS ANGELES
AREA (Injand)
Burbank 1966-1974 8.3 0.28
La Habra 1976-197¢ s.6 0.18
Ontario 1970-1972 4.4 0.15
San Bermargdino 1968-1576 4.1 0.14
SOUTHEAST
DESERT AREA
Paim Springs {Indio) 1976-1578 1.5 0.06
Lancaster 1974-1977 1.6 g.035
Victorville 1975-1579 1.8 0.06
£1 Centro {incio) 1376-167¢ 1.¢ GC.0¢
CENTRAL CDAST
AREA
Salinas 1976-137¢ 1.3 5.08
Pasp Roblies {San Luiz Goispo,;1877-167¢ 2.2 8.0
CTENTRAL VALLEY
AREA
3akersfieid 1976-1979 4.4 0.15
fresne 1970-1976 3.1 0.10
Merced 1976-1979 2.8 .08
Sacramento 1668-1876 2.7 0.0°
Sacramento 1976-1879 3.2 > 0.1l
SAN FRANCISCO BAY
AREA (Urban)
Redwood City 1970-1975 3.1 9.10
Dakjand 1966-1976 3.6 0.12
San Jose 1970-1¢75 3.7 0.12
San Jose 1976-1979 4.2 0.14
SAN FRANCISCO BAY
AREA (Suburban)
tivermore 1973-1975 3.1 0.10
Concord 1973-1975 2.8 0.0°
Napa 1972-1975 2.5 C.C8
Santa Rosa 1672-1975 2.1 Q.07
NORTHERN COAST
AREZA
Humpoldt (Eureka) 1972 1.7 D.06
NORTHERN INLAND
AREA
Red Bluff 1976-1979 1. 0.06
Yreka (Red Bluff) 1676-1577 1.5 0.05%

*
Sites in parentheses are h'02 stations substituted Tor
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4.2 EXTINCTION BUDGETS

Table 3.8 at the end of Chapter 3 lists regional extinction efficiencies
"b," for sulfates and nitrates. These extinction efficiencies pertain to
”d;y” conditions (zero relative numidity). As explained in Chapter 3, the
average extinction contributions from sulfates and nitrates are simply by
times the average value of SULFATE/(1-RH) and b2 times the average value of
NITRATE/(1-RH), respectively. We have calculated these contributions for
each of our study sites (note that the nitrate variable is included only at
the northern California locations). Also, at each site, we have calculated
average extinction from the "remainder of aercsol” simply by subtracting the
sulfate, nitrate, air molecule, and NO2 contributions from total average ex-
tinction.

Table 4.2 presents the extinction budgets for the 34 Hi-Vol study lo-
cations. The table 1ists total average extinction levels at each site and
the percentage contributions from Rayleigh scatter, HOZ, sulfates, nitrates,
and other aerosols.

Because Rayleigh (blue-sky) scatter is essentiallv constant the per-
centage contribution from Rayleigh scatter is Jnve. e, -opsrlivnal co’
average total extinction (directly proportional to visual range) In the
densely populated parts of the Los Angeles basin, where median visibility is
Jess than 10 miles {see Figure 4.1), Rayleigh scatter constitutes only about
4-6% of average extinction. In those areas where median visibility is 10-15
miles, i.e. the San Joaquin Valley and a narrow strip along the coastline,
Rayleigh scatter contributes only 7-10% to average extinction. At Red Bluff
and Yreka, on the other hand, where median visibility is over 40 miles, Ray--
leigh scatter accounts for nearly 25% of extinction. Furthermore, simple
calculations show that Rayleigh scatter contributes more than 40% of extinc-
tion in the area along the Nevada border where median visibiTity exceeds 70
miles.

The percentage contributions from N02 are fairly uniform among the
study locations -- typically 7-11%. This reflects the phenomenon that lo-
cations with higher pollutant aerosol levels and resulting higher average
extinction levels also tend to have higher N02 levels.
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TABLE 4.2 EXTINCTION BUDGLTS FOR THE 34 HI-VOL STUDY LOCATIGHN

AVERAGE PERCEMTAGE CONTRIBUTION TO AVERAGE oXTinCViON
ZXTINCTION , CTICLE
(IO'Am'l) . G.A$ES i PARTICLES
Rayleigh :
Scatter K0z | Sulfates Nitrates Other Aerosols
SAN DIEGD AREA i i
San Diege (NASK) 1.85 ; 6% 52 ) 34% e 25%
San Diego (ARS) 1.73 b S 10% { 62% NC 21%
E1 Cajon 1.23 10% 152 55% KC 414
LOS ANGELES |
AREA {Coaszal)
Long Beacn 2.07 €% 12% Si% NC 31%
Costa Mesa .02 &% % 435 NC 8%
Lennox 2.39 3% s | 75% NC 11%
Cowntown L.A. 3.05 }l 4% o 46% NC L2%
Santa Barbara 1.29 9% 10% 50% RC s
LOS ANGELES
AREA (Iinland) i
Burbank 2.10 { 84 13% 52% HC 29%
La Habra 1.82 ! 7% 10% 73% HC 0%
Ontario 2.98 i 5% 2% HC co%
Sen Bernardino 2.38 5% A 445 NC 35%
SOUTHEAST
DESERT AREA
Palm Springs 0.86 14% 7% 29% NC 50s
Lancaster 0.77 16% 4 28% NC 50%
Victorville 0.74 1e% z 35% nC £1%
El Centro 0.74 6% 3 33 NC 43%
-~ LLAST LA <
Ak:ZA 3 7y
Salinas 1.10 { 1% 5% 28% Ne 5%
Paso Rables £.86 14% g% 32z jie &L
CINTRAL VALLZY
AREA
Bakersfield 1.81 7% 2% 8% 42% 132
Fresno 1.49 - * 174 30% 323
Merced 1.30 - 7% 16% 30% 38%
Sacramantp {NASN) 1.37 o 7% | 183 17% 13554
Sacraments (ARB) 1.31 4 z ! 16% 20% &7
|
SAN FRANCISCO BAY :
AREA {Urban) |
Redwood City™ 1.45 x 79 1 253 z 1%
Oakland 1.63 7% 7¢ | 30m S 3z
San Jose* {AQMD) 1.27 * . * 23% 11% =
San Jose (AR8) 1.35 H 10% 13% 27% L1
SAN FRANCISCO BAY
AREA (Suburtan)
Livermore” 0.88 14% 11% 25% 13% 37%
Concord> 0.91 132 10% 2% 12% 3%
Napa* Q.87 4% o 32% W2 332
Santa Rosa* 0.38 14% % 25% 2% [ o4
NORTHERN CDAST
AREA
Humboldt 1.55 e 13 11% a% 73%
NORTHERN INLAND
ARZA
Red Blu¥f 0.53 23% 11% 24% 362 %
Yreka 0.53 22% 9% 31% - 13% 25%

'Ce11uiose fi1ter data

NC  Not calculated. Nitrate aerosols are part of the "other" category at locations
in southern Californie. - :

106



-

10
50

60*

Figure 4.1 Median 1 PM visibilities (in miles) and visibility
jsopleths for California (Trijonis 1980).
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Table 4.2 indicates that sulfate zerosol is the predominant visibility
reducing pollutant in the Los Angeles and San Diego areas. in the Los Angeles
and San Diego areas, we estimate that culfates account for about 40-70% of
total extinction and about 50-75% of aerosol (non-Rayieigh, non-NOB) extinc-
tion. Sulfates are also significant in the remainder of California, typi-
caily contributing about 15-35% of total extinction. As discussed previously
in Section 3.2.3, sulfates are criticel to visibility not only because they
constitute a significant fraction of the fine aerosol but also because they
attract a large volume of water into the aerosol phase.

Our methodology indicates that nitrates generally account for about
10-20% of extinction at locations in the northern half of California. The
nitrate contributions are especially large, 20-4 @ in the Central Valley
(including Red Bluff). As noted previously in Section 3.2.5, the visibility/
nitrate relationships are very uncertain because of statistical colinearity
problems and because of severe measurement difficulties for nitrates. The
nitrate variable might best be viewed as a crude representation of nitrate
gerosot. ".~‘Q‘u;,,;;v?51CaT_ﬁO]1UtantS (e.q. N02 and secondary organic .
aerosols). To the extent that nitrate is partially acting as & surrogate
for NOZ’
nitrate contributions might be lessened and the other aerosol contributions

there is some double-counting in Table 4.2 {to rectify this, the

might be increased). Also we expect that, at certain locations (especially
the Central Valley), the nitrate contributions might be overestimated at the
expense of sulfate contributions due to colinearity prob]éms between nitrates
and sulfates. A thorough study of the role of nitrates in California visibi-
1ity must await the deveiopment of a reliable sampling procedure tor nitrate
aerosols.

The extinction contribution from “"other aerosolis" ranges widely among
the locations, from 10 to 70%. Based on other studies using more detailed
zerosol data (Hidy et al. 1974; Trijonis et al. 1980; Dzubayv 1980; Groblicki
et al. 1980; Wolff et al. 1980; Stevens et al. 198Q0; Pierson et al. 1980;
Macias et al. 1980; '=rman et al. 1981; Conklin et 1. 1981), we know that
the important compor s of this “gther" category are light absorption by
elemental carbon (soo:) and light scattering by various Tine aerosols {or-
ganics, fine partici.  zt the lower end of the soildust and sea salt size
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distributions, elemental carbon particles, non-carbonaceous primary aerosols

. x*
from combustion processes, etfc.). It isworthwhile to note that, in urban

areas, elemental carbon (soot) is likely to be the most important contributor
in the "other aerosol" category. The results of Conklin et al. (1981) and
Groblicki et al. (1980) suggest that elemental carbon particles account for
approximately 20-40% of extinction in the Los Angeies area.

As a postscript to this chapter, it is interesting to point out the
unusual ‘extinction budget at Humboldt. The "pollutant" variables -- nitrogen
dioxide, sulfates, and nitrates -- account for only a small fraction of ex-
tinction at Humboldt. This finding supports the conclusion of Trijonis (1980)
that the low visibi]itzes along the northern California coast (15-20 miles
medians) are mostly due to natural factors rather than man-made factors.
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5. FUTURE VISIBILITY MONITORING

(@4

To conciude this report, we consider Tuture visibility monitoring re-
gquirements. ~here is an apparent need for two agistinct types of visibility-
related monitoring in California. The first type (Section 5.1) concerns the
collection of precise instrumental data on visibility for quantifying exist-
ing conditions, spatial/temporal patterns, and Tuture trends. The second
type (Section 5.2) involves ccllecticn of detailed particulate data for de-

termining exact extinction budgets in various areas in California.
5.1 VISIBILITY MONITORING NETWORK

A great deal has been learned about the geographical, seasonal, di-
urnal, and historical patterns of visibility in California through analysis
of routine airport visual range data (Trijonis 1980). HNonetheless, it ap-

pears that the ARB should consider establishing an instrumental network for

collecting more precise data on existing spatial/temporal patterns of visi-
bility. The neéd for such a network is partTv nzfatlishad by fhe monitoring
requirements of the EFA visipility reguTthons (recera register 1980). Ac-
cording to the EPA visibility regulations, State Impiementation PTéns must
include "a strategy for evaluating visibility in any mandatory Class I
Federal area" (there are 29 such areas in California). Concomitantly, the
ARB might want to collect parallel and equivalent data for non-Class [ parts
of California (e.g. in the Central Valley, Imperial Valley, Los Angeles area,
San Francisco area, coastal towns, etc.).

This section briefly describes available methods for measuring visi-
bility. We also recommend specific methods to be used if the ARB were to
establish a visibility monitoring network.

5.1.2 Visibility Monitoring Methods

Measurement techniques for visibility have been thoroughly reviewed
in several recent reports and papers (Tombach 1978, 1979; Charlson et al.
1978; EPA 1979; Malm et al. 1979; Malm and Walther 1980). The paragraphs

below present a brief synopsis of this literature. For more detailed



discussions of visibility monitoring methods, the reader is directed to the
references cited above.

It is important to note that the various monitoring techniques for
visibility often measure different specific parameters, e.g. visual range,
extinction coefficient, or contrast. The different parameters, however, are
closely interrelated. In fact, for a uniform one-dimensional atmosphere,
the mathematical expressions relating the parameters are extremely simple.
For example, contrast (the relative brightness of various features) is

related to extinction coefficient by the formula:
C.=Ce (5-1)

where B is the extinction coefficient, CO is the inherent contrast or rela-
tive brightness of & target and the background (e.g. of a2 mountain and the
sky)*, and CX is the contrast at a distance x from the target. Assuming
that a black target is being viewed &gainst the horizon sky (CO = -1), and
assuming a detectable contrast of 0.02 for the typical observer, Koschmeider

.1924) solved Equation (5-1) to derive the "Koschm¥. - R T

-

visual range {V) o extinction (B),

-in 0.02 _ 3.9
g B

Combining Equations (5-1) and (5-2), one can relate contrast and visual

Vo= (5-2)

range according to the formula

c.=¢C

e—3.9x/V. i
X 0 ‘

(5-3)

It should be noted that, in the case of a nonuniform atmosphere and/or the
case of nonuniform illumination of the atmosphere, the above formulae be-
come much more complex, involving integrals of the extinction coefficient

over the line of sight.

“If L is the brightness or luminance of the target and L' is the brightness
or luminance of the background, then

L-L!
L 1
For a black target, L = 0, and CO = -1,

Co =

\
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There are five basic ways of measuring visibility: human observers,

telephotometers, photographic photometers, transmissometers, and nephelo-

meters. Human observations of “prevailing visibility" provide a direct

measurement of visual range. According to National Weather Service pro-
cedures, prevailing visibility is defined as the greatest visual range that
is attained or surpassed around at least half of the horizon circle, but

not necessarily in continuous sectors (Williamson 1873). Daytime visibility
is measured by observing markers (e.g. buildings, mountains, towers, etc.)
against the horizon sky. Nighttime visibility measurements are based on
unfocused, moderately intense }ight sources. Advantages of human obser-
vations are that they require no instrumentation and that the data tend to
be of fair quality for several types of applications (Trijonis 1980). Some
disadvantages are that large dark targets (or light sources) are needed at
multiple distances in varjous directions, that the measurement involves sub-
jective judgement, that perception levels may vary among observers, and that
observers are often forced to use non-dark targets.’c

A telephotometer essentially consists of a photometer combined with a

‘ “:Ch a device can be used to measure the contrast b
target and the background sky. If the innerent contrast of the target and
sky as well as the distance to the target are known, Equations (5-1) and
(5-3) can be used to solve for extinction coefficient and visual range.
Advantages of this approach are that commercial equipment are available,
that a permanent record is obtained, and that telephotometer measurements
corralate better with human perceptions than values derived from other
instruments. Some disadvantages are (1) dark targets are needed at several
distances, with each distance slightly less than the visual range being
measured, (2) scattered light in the optics of the instrument can create
problems, (3) a good quality control program is necessary (Tombach 1978),
(4) only daytime measurements can be taken, and (5) problems can be created
by clouds behind the targets or by variation of illumination conditions on
non-black targets.

*
As noted previously in Section 3.1.2, human observations typically under-
estimate true visual range (defined for a black object and for a perception
threshold of 0.02). Accordingly, the Koschmieder constant must be adjusted
to obtain an unbiased estimate of extinction coefficient from typical human
observer data. -
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Photographic photometry is similar to telephotometry except that con-

trast changes are measured on photographic film using a densitometer. The
contrast measurements can be converted to extinction coefficient or visual
range using Egquation (5-1) or (5-3). Photographic photometry has the advan-
tages of commercially available equipment and the presence of a permanent
record. Some disadvantages are (1) dark targets are needed at several dis-
tances, with each distance slightly less than the visual range being measured,
(2) careful quaiity control is needed concerning film density and exposure,
(3) there is a significant time delay in making the measurement, and (4) only
daytime measurements can be taken (EPA 1979; Tombach 1978).

The transmissometer measures the fractional transmittance (T) of 1ight

over a given path length (X). The transmittance can be used to compute the
attenuation or extinction coefficient (B) according to

-1
X
Uicin1 wamm~ ~an +hen he calculated according to the Koschmeider formula,

B = in T (5-4)

cquacion (9-<). 'Advﬁﬂfﬁﬁ%ﬁfbfjtﬁéftransmissometer are that it works™a.
night and that commercial equipment are available for shori path lengths.
A major disadvantage is that the instrument is only accurate for visual
ranges up to about 20 path lengths; for the typical 500 feet distance of
short-path transmissometers, this implies accuracy only up to 2 miles visual
range. For longer path lengths, commercial equipment are not available, and
transmissometry is made very difficult due to interference with the light
beam by atmospheric turbulence (Malm et al. 1979). Other disadvantages
are (1) the choice of light beam size may be critical, (2} careful mainten-
ance is required if a retroreflector is used, (3) the speétra] response of
the instrument should be matched to the human eye, and (4) visibility is
measured only over the T1ight path and not over the full range of view
(Tombach 1978).

Integrating ne~--lometers measure the scattering ccmponent of extinc-
tion. If it is assu -hat 1igh* scattering is the dominant part of extinc-
tion, the Koschmiede: .rmula c: :e used to calculate visual range. The

advantages of nephelo~=ters are That commercial equipment are available,
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that nephelometers work &t night, that they are portable and easy to use,
and that they can be used even wnhen the sight path is obstructed. The dis-
advantages are (1) locai visibility is measured rather than visibility over
*he entire sight path, (2) the absorption component of extinction is neglec~
ted, and (3) the air may be modified significantly during sampiing (losing
larger particles and decreasing relative humidity).

5.1.2 Recommended Monitoring Method

I¥ the ACR does create a new visibility monitoring network in Califor-
nia, we recormend .that it be a telephotometer network or a nephelometer
network {or both). At*present, choosing between these two options is some-
what problematical, so that the ARB might want to give the issue further
study (e.g. through a seminar or workshop including users and proponents
of each instrument). |

One important reason for favoring telephotometers is to achieve com-
paribility with the National Park Service telephotometer program operated in
the West (and recently expanded to include sites in California). Also,

-+ telepnotomets -~ =011 avzilable, yield permanent records, and

correlate well with human perceptions. The most significant disadvantage
is the difficulty in interpreting data for non-black targets and for condi-
tions with clouds behind the targets.

Nephelometers also are Commercia]iy available, yield permanent records,
and correlate well with human perceptions. Because nepheiometers fail to
measure aerosol absorption, a nephelometry network should be combined with
instruments for measuring particle absorption (e.g. modified COH paper tape
samplers). Other significant disadvantages of the nephelometer are toss
of relative humidity and large particles in the sampling train and, possibly,
the expense associated with maintaining high quality performance.

It would not be prudent tc cCreate an extensive new monitoring program
based on human visibility observations because of the high manpower costs
and because of the subjectivity involved in human visibility observations.
Photographic photometry seems to be inferior to telephotometry because of
quality control problems in film densities and exposure. Transmissométry
may be the best monitoring technique at some future date (Malm 1981), but
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there are no commercial long path transmissometers currently available.
Even if the technology for long path transmissometry is significantly im-
proved, it 1s 1ikely to remain a rather expensive option.

At visibility monitoring sites in mandatory Class I Federal areas, the
ARB might want to supplement the telephotometry Or nephelometry with photo-
graphs and/or human observations. Unlike the continuous: (e.g. daily)
telephotometry or nephelometry readings, the photographs or human observations
could be taken on an intermittent basis. Photographs or human observations
are needed in mandatory'Class 1 areas because the cgrrent phase (Phase 1)
of the EPA visibility regulations focuses on visibility degradation that is
“reasonably attributable"” to "3 single source or small group of sources”.
According to the EPA regulations, direct observations are important in
defining l;reasonab]y attributable". Furthermore, photographs would be use-
ful for hearings and presentations as well as for making gualitative

éssessments of the value of clean versus degraded views.
5.2 EXTINCTION BUDGE. I S

At several scattered locations in California it would be worthwhile
for the ARB to conduct field projects that can provide accurate extinction
budgets. Based on our knowledge of the potentially jmportant visibility-
reducing species and on a review of previous field projects, we think that
extremely useful studies can be conducted with a very limited amount of in-
strumentation. These field projects should be similar to the recent studies
conducted by General Motors in Denver and Virginia (Grobiicki et al. 1980;
Ferman et al. 1981).

Table 5.1 lists the type of instrumentation needed for the extinction
budget monitoring projects. The minimum instrumentztion required to deter-
mine detailed extinction budgets consists of only two nephelometers and two
dichotomous samplers. Optional instrumentation includes a third dichotomous
sampler, an HOZ monitor, and measurements of aerosol acidity (e.g. sulfate
and nitrate cations).

The data taken in the special field projects can be used to compute

average extinction budgets as follows:



e The extinction contribution Trom Rayleigh scattering by air

-4 -1
i

molecules -- 0.12 107 'm © at sea level -- is known (see Section

4.15.

~

s Light absorption by NO2 can bte calculated from average N02 con-
centrations using Equation (4-1) (see Section 4.1). Average
NO2 concentrations can be estimated from the abundant NOZ data
available at numerous locations in California. Optionally,
site-specific NO2 monitoring can be conducted as part of the
project.

a

TABLE 5.1 INSTRUMENTATION FOR DETERMINING DETAILED EXTINCTION BUDGETS.

INSTRUMENT SARAMETERS MEASURED

NECESSARY INSTRUMENTATIOHN

Heated Nephelometer Scattering by ”dry” particles.

Ambient Nephelometer Scattering by ambient "wet" particles.
Dichotomous sampler - T omercse cacviols mass, Tine and
with teflon filters coarse suliate mass, Tine and coarse

nitrate.mass. (Optionally, fine and
coarse values for other trace elements:
Ph, K, Si, etc.).

Dichotomous sampler © Fine and coarse mass for organics and
with quartz filters elemental carbon.

OPTIONAL INSTRUMENTATION

Dichotomous sampler Light absorption by fine and coarse

with nuclepore filters particles.

NO2 menitor N02 concentration.

Technique to measure Cations (e.g. H and NH ) associated with
aerosol acidity sulfates and n1trates.

Cascade impactors Aerosol size distribution, d1saggregatea by

chemical composition.

o The average contribution of elemental carbon to 1ight absorption
can be computed from average fine and coarse elemental carbon
concentrations and from published absorption efficiencies for _
fine and coarse elemental carbon (Groblicki et al. 1980; Conklin
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et al. 1981). Optionally, site-specific absorption efficiencies

for fine and coarse eiemental carbon can be determined by -
measuring particulate 1ight absorpticn using dichotomous sampiers
with nuciepore filters (or, possibly, the ones with teflon filters).
This option would also ailow one to assess whether aerosols other
than elemental carbon -- e.g. soil dust aerosols -- might contri-

bute significantly to 1ight absorption.

e The relative contributions of fine and coarse particles to "dry"
aerosol scattering can be determined with bi-variate regression
analyses relating the heated nephelometer data to fine and coarse

particle concentrations. It is expected that the fine component
would predominate over the coarse component, i.e. fine aerosol

scattering would be an order of magnitude greater than coarse
aerosol scattering. The "dry" scattering from fine aerocsols
could then be apportioned among various species {e.g. sulfates, -
nitrates, organics, elemental cart s s sokher

fine aerosols) using mulitiple regre;sion techniques similar to ‘ -
those employed in this reportf Light scattering by the water
attached to the fine aerosol -- ambient nephelometer data minus
heated nephelometer data -- could be apportioned to the fine
aerosol electrolytes (e.g. sulfates and nitrates) based on
reasonable thermodynamic assumptions (Ferman et a1.)1981).
Alternatively, the scattering by water could be apportioned to
various fine aerosol species based on further regression analysis
(Groblicki et al. 1980). This latter regression analysis might
be significantly improved if data are available on the acidity -
of the aerosol electrolytes (Ferman et al. 1981; Wolff 1981).

The final extinction budget at each site would be in the format of
Table 5.2. 1t is remarkable that such & detailed extinction budget can

be derived with a rather limited amount of instrumentation. -

*It <hould be noted that the optional monitoring program using cascade impactors
would allow Mie theory calculations to supplement or replace many of the re- -
gression analyses. Using cascade impactors may be advisable in cases where
statistical problems are anticipated in the regression analysis. Cascade
impactor data would aiso allow one to address problems related specifically
to aerosol size distribution (such as wavelength-dependent scattering and
size-dependent aerosol control options). : )
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Computing extinction budgets from the Tield study measurements will
require a considerable amount of data analysis. If such fieid studies are
undertaken, it is recommended that ample funds also be set aside for the
data analysis. A shortcoming of many previous air pollution field studies
has been the tendency to devote tco few resources to data analysis as com-
pared to cdata collection.

1t may not be cost-effective for extinction budget monitoring stations to
be permanently sited. However, in order to avoid seasonal biases and in
order to provide robust data sets, such monitoring stations should be
operated for one year at each location. A reasonable plan might be to es-
tablish five portable monitoring stations that would be relocated every
twelve months. In several years, detailed extinction budgets would be
available throughout California.

Once the extinction budgets were obtained, a source allocation could

TABLE 5.2 FORMAT FOR EXTINCTION BUDGETS.

.....

CSCATTER= = = c m - m e e e e mm e mmm o m

NO, ABSORPTION- = = = = = = = = == = === === -~

PARTICLE ABSORPTION = = = = = = = = = = = = = = = = = = = =1 Ci
Fine elemental carbon. . . . . . . C1 !
Coarse elemental carbon. . . . . . C2
Other aerosols (optional). . . . . C3
PARTICLE SCATTERING - = - = = = = = = = = = = = = = = = = D=d] +dp
Coarse Particles . . . . . . . . . di =dy + T8,
Fine Particles . . . . . . . . . . dp =2 6i - i !
Sulfates (plus water). . . . . 81 '
Nitrates {plus water). . . . . &2
Organics . « . . « « . .« . . . 83
Elemental carbon . . . . . . . &4
Fine crustal . . . . . . . . . 65
Other fine (plus water?) . . . &6
TOTAL EXTINCTION- = = = = = = = = = = = = = = = = = = = = A+B+C=+0D
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be performed by apportioning each component of extincticn according to re-
gional emissions (after subtracting background and interregional contribu-
tions). This source allocation would reguire emission inventories for sul-

fur-oxides, nitrogen oxides, hydrocarbons, elemental carbon, organic )
aerosols, and other primary fine aerosols. Methods or assumptions would

also have to be formulated for distinguishing secondary organic aerosols
(related to gaseous hydrocarbon emissions) from primary organic aerosols
(related to particulate emissions). The source allocation would allow

one to calculate the effects on regional haze of increases or decreases in

emissions from various source categories.
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APPENDIX A

VISIBILITY/AEROSOL RELATIONSHIPS BASED ON SIZE/CHEMISTRY PROFILES

The relationships between visibility and Hi-Vol particulate measurements
generated in Chapter 3 implicitly inciude factors central to Mie scattering
theory that are not explicitly included in the data set. The most important
of these is the strong dependence of extinction on particulate size and the
important correlation between particle size and chemical composition. Data
exist at a limited number of sites and for iimited timé periods that can
i1luminate these relationships more explicitly through detailed size and
chemical information. ~This appendix describes regression studies based on
these more detajled data sets at five locations representative of three major
air basins - the South Coast Air Basin, the San Francisco Bay Area, and the

Sacramento/San Joaquin Valley.
A.1 DESCRIPTION OF THE DATA BASL

The data used in this chapter consist of visibility, relative humidity,
temperature, and wind speed ro.SUc . TilE 4T 21r2eUis as well as measurements
of particulate size and elemental composition taken by the University of
California, Davis, under ARB grants and contracts. This section discusses
data sources, site selection, and data quality considerations.

A.1.1 Airport Visibility Data

The visibility data used in this chapter are "prevailing visibility"
readings made at airport weather stations. The comments made in section
3.1.1 appiy, except that the visibility readings were averaged for the entire
day, not just the daylight hours.

A.1.2 Sctudy Locations

The sites selected for examination of the size/elemental profiles and
subsequent correlation with visibility are chosen so as to be representative
of three major California air basins (see Figure A.1). The San Francisco Bay
Area is represented by Oakland, with the San Francisco airport providing



Sac.

Central

~J or Yalley

Bay Areaq

Al

South -
Coast

Figure A.1 Location of the study sites
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visibility and weather data. The Central Valley is represented by Sacramento
and Bakersfield, with visibility and weather data supplied by their respec-
tive airports. In the above cases, the particulate samplers are ]ocatggwgt
urban air mon1tor1ng stations that also supply gasecus poliutant data.

Los Ange]es (downtown) and Los Alamitos are chosen in the South Coast Air
3asin. At Los Angeles, the particulate and gaseous data are from co-Tlocated
instruments, but weather and visibility come from the Los Angeles Interna-
+ional Airport, 15 miles to the west and almost on Santa Monica Bay. fne

partwcu1ate samp]er at Los Alam1tos is located at the U.S. Naval Air Station.

The Long Beach Alrport supp11es v1swb111ty and weather data, while the

Long Beach air monitoring station provides data on gaseous pallutants. A1l
data reported herein are for the period June-September, 1973, nominally
coverwng 92 separate 24-hour days at each site. (Flocchini et al. 1976)

A.1.3 Types of Data

Four types of data are used in this chapter - visibility data, weather'
{.ta, gaseous pollutant data, and particulate data Tn 311 ~ages, vigihilitv
data and weather data (relative humidity, temperaturc, and mean wind speed)
are obtained from the same airport. A1l represent arithmetric averages of
24-hour values. '

The data on gaseous pollutants (oxidant, NOZ, SOZ’ and hydrocarbons)
represent 24-hour mean values. Except for Los Alamitos, these data are
collected at the same site as the particulate data.

The particulate data consist of 24-hour mean values for the elements
sodium through lead, with the particles collected in 3 size ranges: fine
(< 0.65 um), intermediate (0.65 to 3.6 um), and large (3.6 to about 15 um).

A restrictive orifice results in a 15 um intake cut, eliminating non-inha-
lable particles. This orifice eliminates on the average about 30% of the

total mass as seen by a Hi-Vol sampler. The samples were collected on coéted
impactor- substrates on a rotating Lundgren-type impactor. Amalysis was done
through proton induced x-ray emission (PIXE) at the Crocker Nuclear Laboratory,
University of California, Davis. On the average, 15 of the 40 elements
normally examined were seen in each size range, with sensitivities ranging

below 10 ng/m°. . Summer and winter particulate values in the three size
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ranges are shown in Tables A.1 through A.6, zlong with mean values for
gaseous poliutants and weather data.

While detailed examination of these values will be deferred until
the statistical studies have been presented, the role of narticle size
should be mentioned at this time. While particulate mass (or volume) ex-
hibits a bimodal distribution versus size in almost all ambient aercsol data,
individual chemical or elemental constituents are rarely bijmodal.: Mechani-
cally produced aerosols are generally coarse (the "mechanical” mode at
above 3 um diameter), while aercsols from gas-to-particle conversion or
from high temperature processes are generally fine (the "accumulation”
mode at about 0.3 um diameter). Our data confirm this tendency, while
adding the additional complexity cof seasonal size variations of a given
species within a mode. Figure A.Z shows results that illustrate these consid-
erations. Silicon, a soil tracer of largely mechanical origin, remains
dominantly a coarse mode particie,summer and winter. Likewise, automoctive

as- firmly in the accurulation mode, summer and w ™" -

and to a lesser éxtent, zinc, Shoﬁ%a considerable seasonal variation at
Los Alamitos. The winter sulfur size values appear similar to Tead;ﬂc1ear1y
accumulation mode and guite fine. Summer values, however, grow in size uD
to the very upper edge of the accumulation mode, around 1 micron diameter.
During this period, the amount of sulfate more than doubles while the trace
elements associated with oil combustion, vanadium and nickel, remain at their
winter size profiles. This leads to the hypothesis that primary combustion
sulfates have a constant accumulation mode size profile, and that the "new"
cummer sulfate mode is & secondary aerosol conversion. The sunmmer sulfate
aerosol appears hygroscopic, growing in size and accelerating gas to particle
conversion via the aqueous state. The consequence of the seasonal size shift
}on visibility can be very important because particies of 0.3 micron diameter
Eare a little below the size for maximum scattering efficiency. Doubling
‘the size of the particles can increase extinction per particle by fégfors
much larger than the factor of 8 change in volume, yielding 1increased
scattering efficiency per unit mass. Such a model would also predict an
impartant role for relative humidity when gas-to-particle conversion 1is

occurring in the higher oxidant, higher temperature summer periods.
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This seasonal bshavior of aerosol sulfur (sulfate) appears closely
Tinked to the meteorology of Tocal air basins. Figure A.3 shows the results
far numerous sites in the west. The humid and low oxidant coastal sites,
such 25 in the San Francisco Bay Area, have a very Tine sulfur size dis-
tribution, summer and winter. High altitude and cesert sites are likewise
fine summer and winter, despite very different meteorological conditions.
A1l South Coast Basin Area sites behave like Los Alamites, with coarser
sulfate present in summer and finer sulfate present in winter. The Cati-
fornia Central Valley, however, behaves in an exactly inverse manner, with
finer sulfur in summer and coarser sulfur in the winter. The Imperial
Valley meintains relatively constant but coarse profiles for both summer
and winter. The remarkable consistency of such behavior for a large number
of sites in each air basin is siriking, since in some cases, such as
Bakersfield and Sacramento, the sites are hundreds of miles apart.

211 evidence points to the critical role of water 1in suliate aerosol

size cistributions {(see Figure 3.2 in Chapter 3). This effect was studied
= Lo s ovdlvshows thefraction of sulfur in gach size range-
for given numidity conditions. The regions now appear 10 be grouped into

two classes, those that show a sharp increase in sulfur size versus humid-
ity, and those that don't. In the Bay Area, not only are sulfur particies
fine curing both summer and winter, but also they do not respond signiti-
cantly to increasing humidity. Oakland also has the Jowest-maximum oxidant
readings of any site, only 40% of the next lowest site, LoS Alamitos.

This allows for the hypothesis that the Oakland suifates are primary fine
combustion products, perhaps in a carbon matrix. Since gas-particle
conversion is rel:=ively minor, hygroscopic sulfates are not being gener-

ated in large amc s. The coarse winter sulfates in the Central Valley

can be associatead ~h the high humidity conditions that occur in stagnant
winter periods, © resulting in dense fogs. Figure A.4 shows a piot

of the fraction o° “ir aerosol in the greater than 0.7 micron size range.
The clcse associa th re *ive humidity is most evident. The fine
summer suifates ir T ore - may then be ascribed to either lack of
water content due t v condiz ons or iack of 502 - suifate conversion.
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TABLE A.7

Humidity
20 - 39%
40 - 59%
60 - 79%
80 - 99%
Humidity
20 - 39%
50 - 359%
60 - 79%
80 - 997%

EFFECT OF HUMIDITY ON SULFUR SIZE

Sacramento

Apr73—Dcc7h

.023/.110/.867
.023/.218/.759
.038/.292/.671
042/ .453/.504

1os Angeles

Mv7 3-Dec7é

065/.282/.653
06/ . 426/ .529
03E/ . k60,

03476297337

Qakland

Apr73-bec7é

.020/.069/.930
.031/.096/.873
.097/.158/.745
074/ .148/.778

Bakersiield

Jun73-Mavid

.0l4/.137/.848
.024/.215/.761

.0306/.555/.40¢
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Los Alamitos

roav73-tov7a

.0S4/.162/.804
.047/.293/.660
065/ .412/.543
.050/.488/.662
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Figure A.4 Seasonal patterns at Bakersfield.
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The former appears ftar more tenable, as conversion processes are known
to occur strongly in hot summer conditions in the valley, although not
at the raite seen in the cooler, more humid, and more photochemiéa] South
Coast Air Basin. The association of such size changes with visibility
will be discussed in sections A.3.1, A.3.2, and A.3.3, (also see

Figure 3.8).

A.1.¢4 Data Quaiity Considerations

Accuracy and precision of the airport visibility data are discussed in
section 3.1.4. Gaseous pollutant data is gathered under ARB quality assurance
protocols, while weather data is subject to Department of Commerce protocols.

Particulate data are subject to Davis quality assurance tests, which have
been validated through interlaboratory intercomparisons, the most extensive
of which occurred in Charleston, West Virginia, in 1978 under the EPA and
DOE. Data from that test showed that the mean accuracy of fine particulates
collected by the Multiday Impactor was 0.94 + 0.05, prior to a 4% filter
penetration correction which would raise this )

Accuracy and precision of the PIXE elemental enalysis system at Davis
has been verified through formel interlaboratory intercomparisons in 1873,
1975, and 1978. The results of this latter test are shown in table A.8, which
is consistent with the long term (1973 - 1980) Davis absolute accuracy of
1.025 + 0.06. 7

A.2 STATISTICAL MODELING APPROACH

The basic statistical approach used in this chapter, muitiple log linear
regression, differs somewhat from the approach taken in Chapter 3. There are
also important differences from Chapter 3 in the datz sets and the aims of our
program. The major aim of the UC Davis visibility program is to identify
the main associative (and, hopefully, causal) factors relating visibility
with weather and air quality. The broadest possibie primary data set is
chosen so &s not to overlook any accessible factor. Since Tcg-linear
(multiplicative) regressions are used, no mass extinction efficiencies can
be generated. There are, in principle, 132 free parameters available at

each site to describe the 92 visibility measurements. The following sections
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describe the statistical techniques used to obtain & unique relationship
between visibility and the independent atmospheric variables. {Barone
et al 1978).

A.2.1 Extraction of Independent Variable Factors

In order to reduce the set of variables to a number much less than
+he number of data to be fit, as well as to clarify aerosol sources, the
data set was searched for highly correlated sets of parameters. Such sets
can arise from either physical or chemical mechanisms, such as the fixed
elemental ratios of particulate sources at a given site or the mechahisms
dominating the formation of mechanical mode aerosols. A high correlation
is exhibited between particules in the coarsest size mode, Stage 1 (3.6 to
15 um), and chemically similar materials in the next smallest size. At
all study locations, no solely coarse mode component existed, so that all
Stage 1 data could be eliminated without ioss of an “independent" parameter.
Thic alen i< ecunnarted by the greatly reduced impact on visibility per unit
wasl oiwcd0s0l 10 the greatér than 3.6 um size range (see Figure 3.

Further reduction of the data set was achieved through identification
of highly correlated data sets among gasecus and aeroso! parameters. One
such set consisted of the NO—NOZ—NOX triad, which exhibited correlations
greater than 0.8 at all sites. HOZ was selected as the representative of
this set, as it is physically connected with extinction via its absorption
properties. Other sets of elements were seen in aerosols to occur with
fixed ratios and high correlations. Table A.S shows the major such factors
so identified. From each set, one factor was retained and the rest elimi-
nated from the search. This procedure not only aids 1in associating
visibility degradation with a specific source, it also reduces multi-
colinearities in the final regression parameters. Finally, those elements
seen less than 50% of the time in the aerosol data were dropped, as they
generally occurred at very low levels inadequate to affect visibility
seriously in the presence of much stronger factors. Table A.10 1ists the
remaining parameters, with thzir mean values Tor each site. By these pro-

cedures, the nominal 132 free parameters have been reduced to 17 free
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TABLE A.9 EXAMPLES OF BIVARIATE ELEMENTAL CORRELATICONS

Oceanic

3.6 to 20u
Qakland
/74 - 3/74

Seil
0.65-20u
Sacramento
6/73=3/74

Fuel 0il

0.1-0.65u
los Alamitos
7/73-9/73

Automotive

Q.1-3.6u
Sacramento
7/73-9/73

FOR MAJOR PRIMARY AEROSOL SOURCES

Elemencal

Zlement Correlation Ratio

Na 0.97 1.13

Mg 0.81 0.26

s . 0.88 0.094

Cl = 1.00 = 1.00

Al 0.96 0.28 + 0.0~

Si = 1.00 = 1.00

K 0.93 0.095 + 0.005

Ca 0.87 0.20° + 0.07

Ti 0.89 0.027 + 0.0G5

Mn 0.81 0.008 + 0.00)

Te 0.97 0.285 £ 0.03

S = 1.00 = 1.00

v 0.95 0.016

Ni 0.97 0.021

Br 0.95 0.30

Pb = 1.00 = 1.00

A-19

Elemental Ratio
of Presumed
Source (Typical)

Sea Water

0.56

0.07

0.047
= 1.00

Crustal Ave.

0.282
= 1.00
0.094
0.131
0.0le
0.003
0.181

Fuel (x) oil

= 1.00
0.018
0.025

PbCIBT

0.355
= 1.00



TABLE A.10C MEANS OF SELECTED VARIABLES AT FOUR
CALIFORNIA SITES (JULY-SEPTEMBER 1973)

DARAMETERS LOS ALAMITOS LOS ANGELES QAKLAND BAKERSFIELD

WEATHER MEAN MEAN MEAN MEAN
Humidity (%) 59.1 73.8 ' 79.5 37.5 »
Wind Speed (mi/hr) 5.8 7.1 8.5 7.3
Temperature (°F) 71.2 68.3 62.0 84 .0

AERQSOLS (3.6 to’0.65um)

(ng/m*)
Sodium-2 239 224 462 89
Silicon-2 356 447 138 375
Sulfur-2 1985 210¢ 113 298
Lead-2 208 417 51 123
Total-2 3381 3873 1725 1470

AEROSOLS (<O.6§um) =

(ng/m?)
Sodium-3 56 139 418 57
Sulfur-3 » 1619 1517 1002 1294
Potassium-3 77 94 132 403
Lead-3 715 1003 923 988
Total-3 3083 3550 3892 ~ 4875

GASEQUS POLLUTANTS (ppb)

Oxidant 19.7 37.3 17.0 44.1
Nitrogen dioxide 53.4 59.2 30.8 36.8
Sulfur dioxide 221 * * *
Hydrocarbons | * 21.5 23.2 42.8
VISIBILITY
Miles 2.2 4.0 9.2 9.4
K 5.7 5.5 14.7 15.1
- (k) 0.435 0.448 0.197 0.192
DATA DAYS 78 65 74 85

*Indicates variable not measured



parameters, far less than the 65 to 85 days of data.

In order to check these assumptions, however, the data set was
analyzed with all major Stage 1 (coarse particlie) aerosols and CO2
included as well as with the reduced number of variables. MNo statisti-

s s .4l .
cally significant varijation in R™ was seen at any site.

A.2.2 HMultivariate Regression

As mentioned in Section 3.2.2, the method of multiple regression is
vital when a large number of nominally independent variables affect a
dependent variable. The 132 potentially independent variables inc]uded
in the weather, gas, and size specific aerosol composition data have been
reduced to 17 independent factors, each representing a class of variables
which, in most cases, arise mainly from a single source. Thus, we have
performed a sort of factor analysis before operating on the data set by
the method of multiple linear regression, rather than using the entire
(and unwieldy) data set in a traditional factor analysis. We feel that
this method is both more physical = ~ave ~2bust. 35 ~:1tiple colinear-
ities are handled before the seé}ch, yielding solutions uhique in parameter
space that contain factors easily associated with sources. '

The relationship used in our analysis of the California data set
(Barone et al 1978) is multiplicative:

bl bz b3 b, + E
PZ P3 Pn Pn n

bscat N Apl

where A, bl’ bZ"'bn are constants, Pl, PZ’ Pn are concentrations of pol-
lutants 1, 2,...n, and E is an error term. In retrospect, whatever
advantage is gained in terms of improved fit to the visibility data is
dissipated by the inability of the method to deliver mass extinction co-
efficients and by the lack of a physically reasonable (linear) model.

The data set is presently be{ng searched via a linear model, and mass
coefficients are being extracted. Multiple correlation coefficients are
only slightly poorer than the ones presented in this report, and no
significant changes in visibility-pollutant relationships occur vis a vis

the results presented here.



Table A.11 presents the results of our datza anzlysis. In the search
program, all parameters are divided by their mean values to give dimension-
less measures. The results of the search yield multivariate beta coeffi-
cients. Beta coefficients represent the increment in the dependent variable

(b scat
variable while holding constant all other independent variables in the

) induced by a one standard deviation change in a single independent

regression equation. That 1s, the betz coefficient associated with each

variable is a measure of the associative {and hopefully causal) relationship
between that variable and visibility, while controlling for all other -
variables in the eguation. The magnitude of the beta coefficient is a

measure of the relative importance of that variable in determining visibil- _
ity, while a positive (negative) sign indicates whether a variable

correlates with improving (decreasing) visibility. They can be thought of

as the slope in the dependent variable vs. the independent variable in an
orthogonal (independent) multifactor space. The actual values of the beta
coefficients are not used to extract mass extfnrtion coefficients in this
report. However, the rankings of the §a.u¢;u¢ﬁ;<._r”;:; sates are indicative
of the importance of the factors in influencing visibility, and thus put
further light on the Hi-Vol resuits in Chapter 3. One other point is that
the factor with the highest beta coefficient has the greatest impact on -
visibility, so that a simple plot of that parameter versus visibility can

yield the maximum mass extinction coefficient allowed by the data. This ..

approach will be used for the South Coast Air Basin results.
A.3 VISIBILITY RELATIONSHIPS

The results of the previous section illustrate the existence of large
areas of California that show similar behavior in response to aerosol load-
ings and meteorological conditions. In this section, we will discuss the
statistical results for these regions - the South Coast Air Basin, the
San Francisco Bay Area, and the Central Valley.

A.3.1 Visibility Relationships in the South Coast Air Basin

Two sites were chosen in the Los Angeles area - LoOS Alamitos/Long Beach

and Downtown Los Angeles. Two sites were chosen because of the importance of
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TABLE A.11 SIGNIFICANT BETA COEFFICIENTS FOR
SELECTED SITES, SUMMER 1973

LOS ALAMITOS LOS ANGELES OAKLAND BAKERSFIELD
Sodium 2 -0.189 -0.172 * ok % * ok x ok
Silicon 2 * kK +0.201 * koK K * ok k%
Sulfur 2 +0.386 +0.283 +0.369 +0.496
Lead 2 X * % * . ox ox % x * ok x * * ok *
Sodium 3 * ok xox * k% ox +0.198 * ok ok *
Sulfur 3 * Kk Kk K * Kk * % +0.267 * k Kk k-
Potassium 3 * kX x *orEx * ok ok +0.428

* ok x % T -9.369 xm Sy
Humidity +0.644 0,624 £ % x * * %k x
Wind Speed * Kk Kk K * ok ok K * * Kk Kk * k * K
Temperature +0.198 * ok k% -0.310 * ok k%
Oxi dant +0.240 * xox * ok ox +0.499
Nitrogen dioxide +0.296 +0.282 * ok kX +C.327
Sulfur dioxide +0.233 —— x ok ox x x % ]
Hvdrocarbons * ok ox %] * Kok % +0.419 * ok ok ok
Multiple R 0.848 0.730 - 0.631 0.645

2 indicates intermediate size particles 0.65-3.6um

(8]

incdicates fine size particles 0.1 0.85um

* ok kX 1nd1cates that the beta coefficient is not significant at the O 1 confidence
level for the t test.

£ % % %] indicates that the variable was not measured at that site therefore no beta

coefficient could be computed.



visibility degradation in this area, the questions of sulfate source and
receptor locations in the basin, and the need to test the stability and
robustness of the multivariate solutions. The Los Alamitos/Long Beach
site is close to major petrechemical source areas, and has relatively
Tow oxidant values. Los Angeles has twice the mean oxidant level of
Long Beach, and represents the central basin receptor area. Unfortunately,
visibility data are from the LoOs Angeles International Airport, 25km from
the pollutant monitors &nd close to Santa Monica Bay. Since monitoring
data shows strong pollutant variations between the coast and central areas
of the basin, visibility/pollutant relationships will not be gquantitatively
correct.

The results of the fits beilween visibility and the independent weather,

gas, and aerosol values are shown in Figure A.5, a and b, for Los Alamites

and Los Angeles. The Tits are good to very good, with RZ vzlues of 0.85
(Los Alamitos) and 0.73 (Los Angeles). The similarity 0f the visibility at
+ - sieo-is also quite evident, with a very clean period at both sites

n iate September. N
Examining the beta coefficients &t each site (Tablie A.11), one sees

that sodium-2, sulfur-2, humidity, and NO2 are significant at beth Los

Alamitos and Los Angeles. The sodium-2 (sea salt) correlation with improving

visibility appears to be associated with sea salt in clean marine conditions.

The virtually identical bete coefficient for NOZ, +0.28, Los Angeles is a

nenefit of using visibility data {(which includes absorption) rather than

nephelometry data. The physically reasonable associations with oxidant,

temperature, and 502 at Los Alamitos are absent at Los Angeles, zlthough

502 was not measured at Los Angeles. However, the dominant coeificient at

both sites is relative humidity (+0.64, Los Alamitos, +0.62 Los Angeles)

with a strong sulfur-2 component at both sites (0.39 Los Alamitos, 0.28

Los Angeles). Sulfur-2 reflects the coarse sulfate summer mode character-

istic of the South Coast Air Bacin, with the seasonal dependence shown in

Figure A.6
The lack of a correlatior ith fine ( :age 3) sulfur aerosols can be
exhibited graphically.  This is ~1own in Fiqure A.7 which shows the relative

importance of fine and intermec e sulfur tirticles to visibility. If one
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- weak correlation between coarse and fine sulfur particles in
summer months removes any statistically significant correlation
between fine sulfur particles and visibility at both Los
Alamitos and Los Angeles, California.



merely associates sulfur-2 with visibility in a bivariate relationship, one
obtzins a very large value of 0.73 at Los Alamitos. If one eliminates the
weak sulfur-2 to sulfur-3 correlation, no association exists between sulfur-3
and visibility. Whiie one can extract mass extinction coefficients from such
a graph, this proceduré obscures the roile of relative humidity. The humidity
levels are, of course, far too Tow to resuit in particulate water were it
not for the presence of hyagroscepic sulfate particles. The consequences of
this relationship for visibility in the South Coast Air Basin include the
simultaneous importance of relative humidity, sulfur sources, and photo-
chemical processes in generating the dominant summer visibility species.
During winter months, NO2 i the dominant visibility degrading specie

at Los Alamitos.

A.3.2 Visibilitv Relationships in the San Francisco Bay Area

The fit tc visibility at Oakland, & muitiple R2 of 0.63, is shown in
Figure A.8. This is the Towest=e -~~~ ~omooeasiate. The
parameters associated with degrading visibility are sulfur-2, +0.37, sulfur-3,
+0.37, hydrocarbons, +0.42, and fine sodium, +0.20. The correlations with
sulfur, and especially sulfur-2, are all the more remarkable due to the low
sulfur levels at Oakland (Table 4.1). The seasonal size profile for sulfur
is shown in Figure A.2, confirming the behavior also shown in Figure A.3 and
Table A.8.

>

A.3.3 Visibility Relationships in the Central Valley

The it to visibility at Bakersfield is shown in Figure A.8, with a
corresponding muitiple RZ of 0.64. Again, about 2/3 of the variance is
explained by the five significant parameters. The negative correlation to
Tead appears to be due to the location of the sampling site directly scuth
of Bakersfield, yielding a correlation with generally clean and vigorous
north winds. The highest values are for oxidant (+0.50) and sulfur-2
(+0.50), making sulfur-2 the only parameter significant at all sites. The
surmer level of sulfur-2 at Bakersfielc is also very low compared to Los
Angeles area sites, yet it still remains a dominant factor. Again, photo-
chemical factors appear important at Bakersfield, and the hygroscopicity

of the sulfate aerosols is similar to that of the Los Angeles area.
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Sacranento was also examined for the same period, July through September
1973; it showed significant beta coefTicients for sulfur-2 and fine
potassium. Thus, & consistent picture emerges of a photochemically de-
rived sulfate aerosol that maintains & smaller summer size profile due
to the low humidity conditions present, yet stil]l manages to be a major
factor in visibility reduction.

The role of soil particles in visibility reduction is & potentially
important one in the Central Valley, since soils contribute a great deal
of mass to the aerosol. Strong soil signatures include, in order of mass,
silicon, calcium, aluminum, iron, potassium, titanium, and manganese.
These ratios are consistent in the coarse Stage 1 and Stage 2 fractions,
but they have no significant correlation 10 visibility despite large mass
values, (Tables A.1 to A.6). 7ne major soil elements also appear in the
fine Stage 3 size range, but the ratios are now very different. Silicon
and potassium share most of the mass, while aluminum, calicium, and iron

-+--nly depressed in quantity. Studies have been made at Davis on the
fine, resuspendable soils, but they ¢c not show such 2 e VAN T
nent in anything like the ambient air levels. Since the original work of
Barone et al. (1978), we have identified the Tine potassium as & major
tracer of agricultural burning, (Barone, 1980 thesis). Usually, & strong
fine silicon component is also present along with massive amounts of
carbon, tvypically 20x the potassium mass. For this reason, agricultural
burning must be considered as approximately equivalent in effect to
intermediate size sulfate particles in visibility degradation at both
Sacramento and Bakersfield, while soils are not implicated in any major

sense at either site.
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APPENDIX B

VISIRILITY/AEROSOL REGRESSION STUDIES FOR THE DATA SETS
CXCLUDING DAYS WITH PRECIPITATION OR SEVERE FOG

Tables 5.2 through D.7 correspend to Tables 3.2 through 3.7 in Chapter 3.
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TADLE B.2 INTERCORRELATIONS AMONG THE INDEPENDENT VARIABLES.
DATA: EXCLUDING DAYS WITH PRECIPITATION OR SEVERE FOG.

SULFATE  SULFATE  SULFATE NITRATE NITRATE OTHERTSP SULFATE/{i-RH) SULFATE/(1-RK) NITRATE/{1-RH)

versus  versus versus versus versus versus Yersus versus versus
WITRATE  OTHERTST R CTHERTSP R RH JITRATE/(31-PH)  OTHERTSF/(1-R4) OTHIRTSP/{1-RK)
SAN DIEGO AREA _
San Diego (NASN) .0ze Jid a3 2& -.34 -.46 97' .33 .21
Sar Dieco {ARE) L3¢ .25 2 3 .pze -4 £} .56 .45
27 Lajon .30 .pse 23 1z .00 -~ 47 33 .38 .38
LOS ANGELES
4RTA (Coastal)
Long Beach -.15 .23 .30 .33 -.10® -.3% .g7e LE3 .3E
Coste Mesa .25 -.Q2e .37 .58 .Qze -.53 L42 .39 .7E
Lennox .07% -.2< .33 L1 IRel-ld -4 3z LA L33
Downtown L.A. -.Q2e e .43 L20e -.18 -.28 12 .45 .23
Sante Barbare .36 -.0a® 3 .30 .26 -4z .72 .E7 .3¢
LIS ANGELES
AREA (Inland)
Burbank -.03¢ .20 .33 5 -1 .20 .cee .41 sz
La Hapra .45 Llle > a7 (1€ -.41 .73 .72 .2k
Ontario .23 .52 .oce 37 -2 -2 -3¢ &¢ 3
San Bernarging .50 .59 2¢ .54 129 -.0%e i 73 .60
SOUTHEAST
CESERT AREA
Falm Springs .81 32 .ore 2 -_11e -.0ne J74 L3¢ B33
Lancaster 47 1e -.0s® . Dae -.15 -, .80 2 -.Q2e
Victorville .5E 13 .G2e 7. - 12e -.26 JE2 <] .22
£} Centro .&e 2 -.1le V17 L7 .G2e .& 70 LE25
N i -

AREA -
Sa2linas .60 s .Gz® .30 -.0ce - .6 7z LE7 .Lc
Paso Robles R4 PN .oge R4 .28 -.22 78 7z .82
CENTRAL VALLLY
AREA
Bakersfield L€3 .goe L3t .32 J3¢ -.23 .80 LB2 JEZ
Fresno .32 J15e i2e 231 L1s -.1¢ .E¢ .75 .85
Merced 70 .22 .25 .28 L33 -.28 34 - .52
Sacramento (NASN) .33 .20 .Qoe .32 J18 -.24 .73 .67 [
Secramento (ARB) .45 iy .12e .2C .37 -3¢ .88 .77 .ee
SAN FRANCISCC BAY
ARZA {Urban)
Redwood City* .€3 L62 L1le g -.01 .01 Gl =) .50
Oakiand L33 .52 L1e .43 -.[0ce -.2€ .L2 €3 4s
San Jose™ (AQMD) .60 .20 .Qae L33 -.C3e -.2 L7 -1 =
3an Jose (ARB) .25 gze -.07® 3¢ .G2e -.12* .38 .33 .62
'SAN FRANCISCC BAY
AREA (Suburban)
Livermore* .72 .46 -3¢ &7 -.18@ -.2¢ LE7 & .€1
Concord* .71 KL el .37 -.01* -.23* 7€ 71 J7E
Napa™ .56 .40 ~.10® .39 .58 -.22 L72 J7E 70
Santa Rosa2* .51 .37 -.03° L4l 2% -.12® 77 J6L 78
NORTHERN COAST
AREA
Humboldt L21 .43 .30 .le® -.05e 07 32 84 23
NORTHERN INLAND
AREA
Red Bluff L1 .40 .0e® .34 e -.20 .76 .51 .33
Yreka .54 V47 48 .34 L33 .24 .6E .88 .61

Average: .39 .26 L18 L33 .08 -.2L .58 .58 3

“Celiulose filter cate.

[} ) . N
Not statisticaliy sionificant at & 95° confioence ievel.
Note that, in this tadle, OTHERTSF is defined ac TSP - SULFATE - NITRATE.
Note that the intercorrelations bewweer VEHICLEL or ORG ang tne cther ingependent veriezbles gre 2lso on tne orcer of C.l o0 0.7.



TABLE B.3 AVERAGE VALUES FOR STUDY VARIABLES.

DATA: EXCLUDING DAYS WITH PRECIPITATIO

Ik OR SEVERE FOG.

5 versus © versus B versus B versus 8 versus § versus 3 versus £ versus 8 versus
RB SULFATE NITRATE  OTHERTSP  YEHICLE ORG SULFATE/(i-r¥)  RITRATL/(1-Rr) QTHERTSP/{1-RK)
SAN DIEGD AREA
San Diego (NASN) 43 .25 -.01® S Ry .1z .53
San 3iego (ARB) .38 .73 .04e il oce 2l .50 L47
I fajen .54 b .iz® -.27e -.31 -.29 LEC i3 19
L3S ANGEZLES
~REA {Coas:tal)
Long Beach .38 .58 -.02® et .13 77
Costa Mesa .46 L83 .33 -.12¢ J22 .57 it
_annox .54 7€ Lige -.15 L83 .37 .37
Cowntown L.A. .62 .72 -.14 .02e ! -.G2e .51
Santa Barpara .61 73 .33 -.1ae .og® .23 .50 .56
L0S ANGELES
AREA (linland)
Surtank .48 .83 -Jlge Lice .£8 .07e N1
La Hapra .39 .83 .67 16 .16 LG4 .61 .48
dntario .45 .52 -.04e .32 -2 .20 .70
San Bermardino .54 .76 .44 .53 -85 .61 .80
SOUTHEAST
JESERT AREA .
Zaim Sorings .28 .52 .28 .54 .32 .32
Lzncagter .36 .36 .lge 22 -. e .22 .3
. Victorvilie .37 Qoe .Jee .c1e -.07%® .56 43
<1 Centro .42 L33 A3 24 .03® 14@ .53 63
CENTRAL COAST
AREA
Salinas .43 .40 .23 -.(Qoe .gse L1le . -83 .35 .39
Cmw TUlt b .66 .24 .40 .45 .25 190 0
CENTRAL VALLEY -
AREA
3akerstield M .64 .33 .Qoe .06* .18 .23 .86 .78
Fresno .58 .31 L33 .05 - .32 .21
Merced .48 . .40 .40 .06® .27 .81 .81 .55
Sacramento (NASN) .54 .30 .38 .o7e v .73 .74
Sacramento (ARB) .47 .36 .70 .16 .40 .77 .25 .75
SAN FRANCISCC BAY
AREA (Urban)
Redwood City* .30 .53 .49 ) .38 . 52 .36 .54 .49
Cakland L3l .62 .49 3 67 .30 57
San Jose= (AOMO) .31 .61 .39 .28 .14 .46 .70 57 .51
San Jose (ARB) .44 .1 .56 - .30 .55 L35 74 .76
SAN FRANCISCO BAY
AREA (Suburpan)
Livermore* .14¢ .56 ) .0e® .12¢ .13@ .63 A3 .oge
Cancorg™ .38 .64 .52 .228 .04® .48 78 T7 .63
Napa® 41 .32 - .05e -.00® .35 6% .81 Y
Santa Rosa* .38 .26 .54 .0ge .le® .35 72 .91 .81
NORTHERN COAST
~REA
Humboldt .43 .57 -.0c® (44 .87 .1z® .80
NORTHERN INLAND
AREA
Red Bluff .54 .25 .75 .18® .32 ©.49 L3 .84 .60
Yreka .54 .27 L .18 .23 L34 .5€ .28 .25
Average: L34 .52 L3z .19 .10 .27 .71 .53 .57

“Cellulose filter data.

%ot statistically significant 2t a 95% confidence level. .
Note that, in this table, OTHIRTSP is defined as TSP - SULFATE - RITRATE.
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TABLE B.4 CGRRELATICN BETWEEN EXTINCTION AND THE INDEPERDENT VARIABLES.
DATA: [XCLUDING DAYS WITH PRECIPITATION OR SEVERE FOG.

AVERAGE VALUE OF VARIABLEIS

JATA 5 . RN SULFATE NITRATE  OTHERTS? VEHICLE ORG-
POINTS 10~ i log/m3)  feo/ms) {ug/m?) (vq/m3)  (ug/m’)
SAN DIEGO AREA
San Diego {NASN) 222 2.21 L61 10.85 6.97 36.51
San Diego (ARB) 195 1.96 .83 10.76 .98 56.21 14.77
£7 Cajon 157 1.628 .54 ¢.06 3.75 66.87 1g.81 7.43
L0S ANGELES
AREA (Coastal)
Long Beach 2348 2.99 .57 15.80 9.€5 34.7%
Costa Mesa 163 2.97 .63 12.98 13.96 50.73 16.00
Lennox 299 3.05 .67 18.07 .98 89.84 25.03
Downtown L.A. 224 3.73 57 18.81 13.85 91.37 26.36
Santa Barbare 157 2.33 .68 5.1C 7.85 54.77 14.65 6.19
1L0S ANGELES ‘
AREA (1nland)
Surbank 177 2.85 .51 1£.90 9.9% 108.52
Lz Habra 218 3.22 .67 14.25 21.28 §1.76 18.64
Ontario 112 4.10 L4 13.3¢ 12.74 107.92
San Bernardino 183 3.12 L€ 15.73 13.43 95.31
SOUTHEAST
DESERT AREA ]
palm Springs 230 \ .86 .35 2,98 10.42 28.09 0.00
Lancaster 18 ! C.80 .36 £.30 2.64 o3_¢¢ 6.33
Victrrville 257 \ 0.7 .33 6.65 6.5 72.89 .35

‘ 0.83 .39 5,96 5,38 112.98 5.73 .29
CENTRAL COAST - =
o |
Salinas 162 1.50 .67 5.20 6.28 25,67 5.35 2.51
pPaso Robies 158 1.46 .33 7.5%5 6.C%¢ £9.23 7.07 5.07
CENTRAL VALLEY
AREA
3akersfield 192 2.28 .50 15.18 2168 126.40 20.34 9.43
Fresno 145 z.39 .32 £.506 11.21 111.76
Merced 158 l 2.83 .49 5.53 15,80 81.43 2.12
Sacramento (NASN) 206 2.16 = 3.93 £.26 50.86
Sacramento {ARB) T 5. 5.0t 5.5 66.93 8.56
SAN FRANCISCO BAY ‘
AREA (Urban)
Redwood City* 241 1.66 .67 3.14 4.36 25.53 €.05 30.90
gakland 206 1.7 71 8.55 5.17 £3.11
San Jose* (AQMD) 230 163 L3¢ 3.28 6.42 £5.54 10.55 22.11
San Jose (ARB) 15 | o.m .50 £.58 g£.42 £1.66 13.53
SAN FRANCISCO BAY l
ARFA (Suburban)
Livermore* 60 95 .54 2.33 2,30 71.58 4,78 36.35
Concord™ 65 03 3 2.6¢ 3,17 38.60 3.77 27.64
Napa* 149 Y. .58 3.32 .05 £5.22 5.20 38.75
Santa Rosa™ 102 &5 .62 2.68 2.36 37.8¢ 2.64 28,82
NORTHERN COAST
AREA .
Humboldt 57 10 77 6,87 .82 £3.40
NORTHERN INLAND
AREA
Red Bluff 121 5 42 3.4 5.3 51.26 3.91 .98

2.88 1.33 L8.62 2.64 3.¢3

Yreka 7€ Y .49

*
Cellulose filter gate’
Wote that, in tnis tedle, 37 ‘s defined as TSP - SULFATE



-A3LE 0.5 REGRESSIOW COEFFICIENTS FOR THE
F

DATA: EXCLUDING DAYS WITH RE(AI'IPITATEOH OR SLEVERE FOG.

MULTIPLE

CORRELATION °: ®; °3 ex!

COEFFICIENTS SULFATE NITRATE OTHERTSP? =
SAN DIEGQD AREA
San Diego [NASN) .35 .233 -.007® .0c00® 1.02
San Diego (ARB) " L1290 .330 -.002c° 1.33
£1 Zajon .79 .07 -.00¢® -.0062 1.85
L0S ANGELES
AREA (Coastai)
Long Zeach .73 .155 -.031® .3186 .30
Costa Mesa .86 .245 .010® .0189 5.34
Lennox .81 .140 .0iz2e .0139 £.36
Sowntown L.A. .76 128 -.029 .0116 2.35
Santa B8arbara .80 .284 .006® .0046® §.26
LOS ANGELES
AREA {Inland)
Burbank 473 .143 -.091 L0116 7.33
La Habra .89 .196 .Q77 -.0017® 1.33@
Ontario 1 L175 -.045® .0170 10.-2
San Bernardino .85 .115 .010® .0086 6.74
SOUTHEAST
DESERT AREA )
ealm Springs Al .040 .203® .0062 L7483
Lancaster .67 L0580 002 .0027 1.32
Yictorville ) -.008® G2 .0025 2.-8
£1 Centro .62 .083 .0s2 .0ooge i.23
CENTRAL CCAST
AREA
Salinas - : VR .033 ' .oozze 2,22
Paso Robles 78 .090 128 .0041e 2.2¢
CENTRAL VALLEY
ARES
3akersTield .67 .351 -.028% -.0117® 10.351
Sresno .65 117 .57 .0027 9.25
Merced .57 .268 .27 .0104® 14.86
Sacramento (NASN) .54 e .12l .0077® 9,10
Sacramento (ARB) .75 .lcge .273 L0172 8.31
SAN FRANCTISCO BAY
AREA (Urban)
Redwood City* .63 .097 .054 L0071 2.i1
Oakland 77 .077 077 .0088 3.83
San Jose* (AQMD) .7 166 .083 .009%4 3.71
San Jose (ARB) .78 .055 .083 .0291 7.%1
SAN FRANCISCO BAY
AREA (Suburban)
Livermore=® .70 .107 olle -.0022 a1
Concord* .74 .0s8 .02ge -.0022% 1.45
Napa* .61 .193 .134 -.0073% 5.84
Santa Rosa~” .69 -.020® .524 -.0335 3.0¢
NORTHERN COAST
AREA
Humboldt .70 .325 -1.260 L0513 15,20
NORTHERN INLAND
AREA
Red Bluff . .78 -.024® .093 .J010@ 1.27
Yreka .55 -.007® .00g® .0002® 1.10

[NCAR RH MCDEL: EQUATION (3-5).

*C211ulose filter darta.

.
Not statistically significant at a 95% confidence level, .
Wote that, in this table, OTHERTSP is cefined as TSP - SULFATE - HiTRATE.
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[ 5.6 REGREZSSION

COEFFICIENTS FOR THE NONLINEAR RH

MODEL: EQUATION (3-6).

DATA: EXCLUDING DAYS WITH PRECIPITATION OR SEVERE FOG.
% 52 53
MULTIPLE - ronT .
CGRRELATION SULFATE NITRATE QTHERTSP
COEFFICIENTS {1-RH) [ 1-RH) {1-RH)
SAN DIEGD AREA
San Diego (NASN) .90 .0s3 .01l .0010®
San Diego {ARB) .84 230 015 -.0006e®
£71 Cajon .31 .043 .00s® -.0025
.0S ANGELES
AREA (Coastal)
Long Beach .88 .046 -.014 .0127
Costa Mesa .90 .Qs8 .017 .0og7®
Lennox .88 .025 .0C3 .0035
Downtown L.A. .74 .028 -.012 . 0047
Santa Barbara .88 .038 -.003* -.0003®
LOS ANGELES j
AREA (Inland)
Burbank .72 .050 -.028 .0055
La Habra .68 .C021 .016 -.0035
Ontario .83 .082 -.01€® . 0070
San Bernardino .88 L047 .014 .0062
SOUTHEAST
DESERT AREA
Palm Springs .67 .Q30 -.00¢ .0027
Lancaster 74 .036 .Q01e .0017
victorville .67 -.024 L0486 0621
£1 Centro .78 .054 .0G2e L0011
CENTRAL COAST
AREA .
Salinas .65 nas .008 "~ T Bo10®
Pzsp Robles .91 .023 .336 .0020
CINTRAL VALLEY
AREZA
Bakersfield .92 .058 .036 -.0012@
Fresno .92 .49 .038 .oooee
Merced .E9 .977 _01q® 0145
Sacramento {NASN) .85 .050 .020 .0074
Sacramento {ARB) .36 .0ige L0581 .0045
SaN FRANCISCO BAY
AREA (Urban)
Redwood City™ .63 .022 .014 .0021
Gakland .78 .015 L0189 _0024
3an Jose™ (AQMD) 75 .054 .c21 .001%
San Jose (ARB) 33 .006® 034 _008%
SAN FRANCISCO BAY
AREA (Suburban)
Livermore™ .67 .047 .0oe*® -.000¢%
Concord™ .83 .020 .18 -.0004®
Napa* .82 .022 064 -.0013®
Santa Rosa™ .92 .Qloe J071 -.0048
NGRTHERN COAST
AREA
Humboldt .89 .085 -.124 .0026
NORTHERN INLAND
AREA :
Red 31uff .8% -.00z® .G2g .0028
Yreka .60 .032 -.008® -.0003®

'Cellulose filter deta.

L eine s - .
wot statisticaliy significant &t & 95% confidence ltevel.

Note thai, in this table,

R.A

CTHERTSP is defined as TSP - SULFATE - RITRATE.
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