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i~BSTRACT 

:n1s report investigates visibility/aerosol relationships in California 
and provides guidance for future visibility modeling and monitoring. The 
study 1ncludes a review of availanie visibility modeling methods, a statis
tical analysis of visibility/aerosol relationships, an .approxi~ate 
characterization of haze budgets, and a recommended strategy for future 
visibility monitoring. 

The review of visibility r.iode1s considers two basic modeling approaches: 
deterministic (source-oriented) models and empirical (receptor-oriented) 
models .. Three deterministic.dispersion models ar.e.current1.:,1 available,. 
for characterizing plume blight from isolated point sources, but the 
develoo~ent of reliable dispersion models for regional haze is problematical. 
Deterministic visibility models generally suffer from the lack of sufficient
ly detailed field data for validating and implementing the models. Several 
empirical visibility models, with a wide range of complexity, are currently 
availabie. The most complex of :.hese empirical models -- those employing 
short-term, chemically-resolved, size-segregated aerosol data VJith infor
mation on aerosol humidification and light absorption fit observed 
visibii ities very v1ell, make physicai sense, and help to identify the 
sources of visibility degradation. 

· ·:alyses relatin~ ctirport visibility data to Hi-I!~, 
ud.:a and relative hur.iidity are conducted at 34 California lv-~i..,v11::. ••;...,,,;2 

of the Hi-Vol variables -- benzene soluble organics, Pb (motor vehicle 
tracer), Iii (fuel oil tracer), and Si or Mn (soil dust tracers) -- generally 
lack consistent statistically significant relationships with 1ight extinction. 
Good correlations (.65 to .90), however, are obtained in relating atmospheric 
light 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 sulfates) are in order of magnitude greater 
than the extinction efficiencies for the remainder of TSP. The extinction 
efficiencies of sulfates ~nd nitrates in California exhibit interesting 
geographical features that appear to be explainable in terms of physical 
aerosoi properties, e.g. in terms of geographical vaiiations in the size 
distribution of sulfates. 

Haze bucJgets for the 34 study sites indicate that natural blue-sky scatter 
by air r:1olecules cont1"ibutes only 55; of total extinction in the haziest parts 
of California but up to 40¼ in tne clearest areas of California. As a 
fraction of total extinction, absorption by rio 2 9enerally contributes a 
rather uniform 7-11% throughout California. Sulfates apparently account 
for 40-70%of total extinction in the Los Angeles and San Diego areas and 
about 15-35% in the remainder of Ca1ifornia. Nitrate contributions cannot 
currently be adequately assessed, but the available data suggest that. 
nitrates are more important on a rercentage basis in the northern half of 
California where they may contribute 10-40i of total extincti9n. The 
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contribution from other (non-sulfate, non-nitrate) aerosols varies widely 
among locations, from 10 to NJ;~. The most significar1t comronent of the other 
aerosol category is expected to be soot (e;etr.ental carbon) .. 

There is a potential need for t\•JO distinct types of visibility-related 
monitoring in California. The first type concerns a statewide network 
of te 1 ephotometers, nephe 1 □ meters, and/ or absorption monitors to co 11 ect 
precise instrumental data on visibility for quantifying existing conditicns, 
spatial/temporal patterns, and future trends. The second type involves 
special field studies using nephelometers and dichotomous samplers to 
collect detailed particu1ate data for one year at various 1ocations. An 
appropriate statistical analysis of the data from the field studies would 
yield very detailed and useful extinction budgets. 
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LlTRODUCTIOil MW SUMHARY 

One of the ~ost readily aDoarent effects of air poilution, visibility 

cegradation, is receiving increased attention from researchers because it 

may be closely relatea to some of the most da~aging effects of air pollution. 

Two obvious types of damage associated with visibility impairment are aesthe

tic/psychological costs and hinarance of aviation. There nas also been spec

ulation, partly supported by theory and data relevant to the Northeast 

United States, that haze 1eve1s may play a significant role in climate 

modification. ;;1so, 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 especially important air quality issue 

1n California where mountain ranges frequ~~tiy offer exceptional panoramas. 

Concern is often expressed over the intense haze that can be found in the 

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

It is also a common public op1n1on that visibility levels have deteriorated 
in some of the f'ilOre remote arec· -.·,.· ·,,., ,, .,e is apprehension 

that future growth and development will lead to further visibility degradation. 

The concerns over visibility degradation, both nationwide and in 

California, are reflected in the 1977 Clean Air Act Arilendr.ients wherein 

Congress established a.s a national goal "the prevention of 
:,, 

any future and 

the remedying of any existing impairment of visibility in mandatory Class 

Federal areas, 1t1hich impairr:ient results from manriade pollution". The 

Environmental Protection Agency (EPA) has recently developed regulations 

for the first phase of a national visibility progra □ (Federal Register 1980). 

As mandated by Congress, EPA's regulations require State Imple~entation Plans 

to include best available controls for both nevi 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 regulatbry rrogram will have si9nificant effects 

on air quality planning in the state of California. Of the 156 mandatory 

Class I Federal areas v1here EPk has judged visibility to be an ir,1portant 
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value (Federal· Register 1979), 29 areas are located in California. In 

future State I~p]eQentation 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 visibi1ity is an important air quality concern in California, 

and because technical information is needed to support visibility provisions 
in future State Implementation Plans, the Air Resources Board has recently 

funded two major studies of visibility in California. The first of these 

studies (Trijonis 1980, 1982) characterized various features of visibility 

in California by usir~ visual range measurements at 67 weather stations in 

conjunction with data on particulate concentrations and r.-1eteorolo~JY- That 

study addressed the issues of data quality, visibility/meteorology relation

ships, geographical visibility pa_tt"erns, 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 conprehensive statis-

tical ana1 -/, :c::;::,<:,::iol relationships, and a consideration of 

future visibility ~onitoring. 

The specific objectives of this report are as follows: 

• To review deterministic and empirical models for visibility, and to 
provide guidance for ~odel selection considering data availability. 

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

t To determine approximate extinction budgets apportioning visibility 
impaiment at the study sites among Rayleigh scatter, NOz absorption, 
sulfates, nitrates, and other aerosols. 

• To recor.imend potential progra~s for future visibility monitorin0 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 sumr.iary of 

findings and conclusions. 

It should be noted that this report represents the co~bined efforts 

of visibility researchers from several organizations. The Ca1tech 
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Environmental Quality Laboratory performed tile visibility modeling review 

of Chapter 2. The statistical analysis of visibility and Hi-Vol data in 

Chapter 3 v,as conducted by Technology Service Corporation and Santa Fe 

Research Corporation. A special study of size se~regated particulate 

data (Appendix fa.) was prepared by the University of California at Davis. 

Santa Fe Research Corporation was responsible for the extinction budget 

analysis (Chapter 4), the visibility monitorin9 review (Chapter 5)~ and 

the assembly of the final report. 

1.1 BASIC CONCEPTS AND DEFINITIONS 

Visi~ility refers to the clarity of the atmosphere and can be defined 

quantitatively in terms of discoloration (wavelength shifts produced by the 

atmosphere), rnntrast (the relative brightness of visib1e objects), and/or 

visual range (the farthest distance that one would be able to distinguish 

a large black object against the horizon sky). Beca~se much of this study 

is based on weather-station measurements of visual range, we will define 

':< ~ ity as visual range and wi 11 U:$,e ,the two terms .;~tercl;,::,r,-:,:-:~':'.: ·1 H-
. ,,, •,,., ,. 

should be noted that the concept uf visual range makes most sense ,n 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 9ases and particles. The 
> 
sum of absorption 

and .scattering is called total extinction which is measured by the extinction 

coefficient 11 i3". The extinction coefficient represents the fraction of light 

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: 

B = ___t___ 
(1-1)

V 

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 
for the observer. 
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Examples of visibility in cen::ain areas and corresponding extinction 

coefficients (fork= 3.0) are iiste.d in Tabie l.l. Figures 1.1 and 1.2 

illustrate the geographical variations of visua1 range for the continental 

United States and California, respectively. 

It is often preferable to discuss visibility in terms of extinction 

coefficient rather than visual range because the extinction coefficient can 

be linearly subdivided into contributions from var·ious at~ospheric compo

nents. In general, total extinction is a linear sum of four terms: 

B = B · B + B + B ~ Rayleigh -r Ab-Gas Scat-Part Ab-Part 

Here, BRayleigh = light scattering by air molecules (Rayleigh or blue

sky scatter). This term is on the order of .10 to .12 
I 4 )-1 ,. ,_._._,_~10-m deoena,ng on a1 l,~ude (i.e. depending on the 

density of air); it would restrict visibility to approx

imately 155-190 ~iles (for a 5% contrast) if all 

particles and pollutant gases were absent. 

= light abso1"'~''"''' ..;y :.,a"..::::.. i.h.. rugen dioxide (rl02) is8Ab-Gas 
the only prevalent gaseous pollutant that is a signi

ficant light absorber. Although concentrations of N02 
are usually not large enough to produce significant 

reductions in overall visual range, rm can produce2 
significant 8rownish discoloration because it prefer

entially absorbs blue light. 

BScat-Part = light scattering by particles (aerosols). In most cases, 

this is the dominant part of total extinction and there

fore the main contributor to reduced visual range. 

SAb-Part = light absorption by particles. This term can become 

substantial in those areas wnere elemental carbon (soot) 

constitutes a significant fraction of the aerosol. 

As noted above, light sca:_2ring by rarticles usually dominates total 

extinction in hazy air masses. The two major excertions are re~ote areds 
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I I- ... VISIBILITIES ANO EXTINCTION COEFFICIENTS 

TYPICAL OF VARIOUS AREAS. 

dSIB 
( :-1IL 

L 

S 
TY ~XTINCTION COEFFICIENT 

(i0-4 m-l) 
:XAMPL!::S OF AREAS EXHIBITIIJG THIS 

/l,VERAGE VISIBILITY 

2.34 

1.87 

1.56 

so 0.37 

20 0.23 

0.12 

190 0.10 

Central/eas~ern part of the Los 
,.c1,ngeles Basin. 

,r,nges of the Los Angeles Basin, 
or metropoiitan centers in the 
Northeast, or large-scale haze in 
the Ohio Valley. 

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

Delta region east of San Franci~rn 
or the Central Plains states 
(Minnesota, Iowa, and the eastern 
parts of :lebraska, Kansas, Oklahoma, 
and Texas). 

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

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

Air at sea level free of all 
particles and all pollutant gases. 

Air at 5000 feet altitude free of· 
all particles and all pollutant 
gases. 
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Figure 1.2 Shaded isopleth map for median l PM visibilities 
in California (Trijonis 1980, 1982). 
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of the desert/mountain Southwest (including the California-Nevada border 

region) where natural blue-sky scatter is comparable to light scatterinq. -
by aerosols, and certain urban areas where absorption by elemental carbon 

may be comparable to 1ight scattering by aerosols. 

1.2 SUMM!l.RY 

The follm-Jing sections sumarize the findinqs 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 class~s of ~athemat~cal models are available for character

izing the relationship between precursor emissions, ambient pollutant con

centrations, and visibility. The first class is deterministic emi~sio~s

source-oriented models that combine atmospheric transport, diffusion, and 

chemical reaction with theoretical radiative transfer calculations. ThP. 

other class of techniques involves the use of enpirical relationshiDs 

bet1._ . :~_,,<-1:.::rons and v.isual range. The latter :~ece;:rtor-o:--ie11;.-

mode1s make extensive use of atmospheric measurements and statistical 

inferences drawn from field observations on pollutant concentrations and 

atmospheric light extinction. 

Three source-oriented dispersion models for visibility reduction are 

available at present. Each is 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 rnu1ti-source regional 

haze problems. Basically each of these models is composed of three elements. 

The first component is a procedure for calculating the concentration fields 

using the source e~issions and atmospheric conditions as input data. Given 

the concentration fields and the optical characteristics of the 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 light intensity due to the presence of pol

lutants into measures of human visual perception. These oodels require 

large amounts of input data, including aerosol size distributions and 

optical properties. Since such data are seldom available, these models to 
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date nave been suojected to a very limited set of field verification tests. 

In aacJition, since these models are usually implemented in the forr,1 of lar~e 

comouter proqrams, a potential user of these techniques must assess the 

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

. moceis reviewed, only one is in the pJblic domai~ with sufficient d~cu~ent
atic~ to be readily usable. 

:•,ore than 20 applications of er,ipirical-statistical models are reviewed. 

In :nese models, light extinction per unit pollutant concentration for each 

abscrtin~ or scattering pollutant species is estimated by regression of 

atmospheric extinction coefficient measurements on co-occurring fluctuations 

in ~ollutant species concentrations. Very simple empirical visibility mode1s 

that try to relate 24-hour avera~e total suspended particulate matter con

centrations to visual range often show a poor ability to track changes in 

visibility and lend little insight into the pollutant sources responsible 

for visibility reciJction. i1ore advanced empirical models that co:!lbine short

term average, chemically resolved, size-segregated pollutant data with in

formation on atmospheric humidity and aerosol light absorption, hm·1ever, 

fit observed visibilities very well, make physical sense, and help to 

identify the sources responsible for visibility re"··· 

One example of a third class c~ model also was identified that lies 

par:-way between the empirical models and the source-oriented dispersion 

models. In this case, atmospheric light extinction is cor.1puted from Mie 

theory based on measured aerosol size distribution data, rather than fror:i 

polbtant properties calculated fror;1 an atr.iospheric 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 

visi)ility model is frequently dictated by data availability. For example, 

vas: amounts of information are needed by a regional scale radiative transfer 
model if it is to accurately characterize the simultaneous effects of 

emission, transport, dispersion, chemical transformation, and optical inter

actions. For this practical reason, the most appropriate ch6ice of a model

ing ~ethodolo0y for imediate application is the class of methods based on 

regression analysis, or the receptor-oriented theoretical calculation scheme 

employing measured size distribution data. Given high quality measurements, 
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these tv10 types of empirical visibility models can be structured to make 

physical sense, to track changes in total extinction extremely well, and to 
yield i:,sight into the portion of the visibility problem attributable to 

different pollutants and sources. 

Visibility/Aerosol Relationships Bas~d on Hi-Vol Data 

Our 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 equati~ns 

that relate daytime average extinction (determined from airport visibility 

data) to daytime averaDe relative humidity and to 24-hour Hi-Vol data for 

sulfates, nitrates, and the re1a1ainder of TSP. At several sites we also in

clude Hi-Vol data for benzene soluble organics and various elenental tracers: 

Pb (r.1otor vehicle particles). r~i (fue1 oii particles), and Si or Mn (soil 

dust particles). The coefficients in the multiple regression equcttions can 

be interpreted as "extinction coefficients per unit r..ass" or "extinction 

efficiencies" for each··aer 

There are several limitations t0 the use of ~egression models for 

quantifying visibility/aerosol relationships: (1) random errors in the data 

base caused by imprecision in the measurer:1ent techniques fa:- airport visi

bil-;ty and aerosol concentrations; (2) incolilpatibilities between the airport 

data and the aerosol data whi~h 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 prob1ems introduced by the 

intercorrelations ar.iong the "independent" variables (sulfates, n·itrates, 

remainder of TSP,, and relative humidity) and by correlations between these 

variables and other visibility-related pollutants ornjtted fro~ the analysis. 

The ~ost iLlpGrtant limitations are the measure~ent errors for nitrates and 

the statistical. problems. in fact, because of the difficulties associated 

1·Jith nitrates, it is best to regard the "nitrate" variable as a gross 

measure of both nitrate aerosols and related photochemica1 pollutants (such 

as seconaary oraanic aerosc:s and NO~). The above li~itations must be kept- ~ 

in mind when interpretinr the results of the regression analyses. 

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

manner when cond~cting the regression analysis. Several theoretical and 

exrerimental studies suggest that, at relative hur.1idities -of 65-75~~, the 

lO 



mass of water associated with fine ambient aerosols is approximately equal 

to or slight1y greater than the mass of aerosol electrolytes (e.g. sulfates 

and nitrates). As re1ative humidity increases toward 100~, the mass of 

aerosol water rises even more (hyperbolically). The role of aerosol water 

becomes even more critica1 when one realizes that, because of density 

differences, ~ater should scatter significantly more light per unit mass 

than the aerosol electro1ytes. These observations help to explain why 

many statistica1 studies have found that su1fate (or sometimes nitrate) 

is the major, if not the dominant, contributor to atmospheric light extinc

tion. r~ot only do sulfates constitute a significant fraction of the fine 

(optically active) aerosol, but also they often carry with them a sub

stantial volu8e of water. Furthermore, it should be remarked that water 

is an integral part of the aerosol to which it is attached. For exa~ple, 

if the sulfate aerosol were eliminated, the water associated with the sulfate 

aerosol ~ould also be eliminated from the particulate phase. 

At each of the 34 study sites, the r:iultiple regression models are 

run on two data bases -- one excluding days with precipitation or any fog, 

·.. ' ,~: .,'.:J days viith precipitation or severe fog. Alsp~ , 

regression forms are used -- a completely linear model, and a nonlinear 

relative humidity model adding the term (1-RH)-l or (l-RH)- 213 as a multi

plicative factor to the aeroso1 variables. The nonlinear RH regression 

mode1 yields higher correlation coefficients and physically-more reasonable 

regression coefficients thart the linear RH regression model. This makes 

sense because the nonlinear RH model represents a much bettet 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), ~i (fuel oil particles;, and Si or Mn (soil 

dust partic1es). The lack of statistically significant relationships does 

no~ imply that these aerosol components have zero or negligible effect on 

( visibility. Rather, we can on1y conc1ude that the effect of these aeroso1 

components is not overwhelming enouqh so that one can determine extinction 
,. 
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efficiencies from the (adrnittedly limited) airport and Hi-Vol data. For 

some of these variables, the lack of a statisticaily significant relation

ship reflects their sma 11 contribution to fine aerosol concentrations; 

for others, the lack of a statistically significant relationship may reflect 

data ~uality 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 ~early one order 

of magnitude greater than the extinction efficiencies for the remainJer of 

TSP. Qualitatively, this agrees with known principles of aerosol physics. 

Secondary aerosols tend to accumulate in the particle size range from 

Cl.l to 1 micron, whi1e the remainder of TSP is usually dor.rinated 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 

,;., the 0.1 to 1 r.iicron size range scatter much more light per unit r.:ass 

than particl~~.~tro-;.;r-,2- r.ric-ro-ns- in-- s-ize. 

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 Ca1ifornia 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 statistic~l 

problems introduced by intercorrelations between the sulfate and nitrate 

varia6les. To some extent, however, the north/south variations appear to 

represent physical realities. In particular, we have found a relationship 

betv-1een 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 1;1icrons). Also, the 

higher nitrate extinction efficiencies in northern California may reflec~ 

the extreme temperature sensitivity of the e0,uilibrium between particu1ate 

ammonium nitrate and gaseous amr.ionia and nitric acid. Specifically, in 

northern Ca1ifornia relatively more of the Hi-Vol nitrate may represent 

real nitrate aerosol, while in southern California ~elatively more of the 

Hi-Vol nitrate may represent collection of gaseous nitric acid (artifact 

nitrate). 
12 



Extinction Budqets 

For each of the 34 study locations, average extinction budgets are 

calculated which apportion visibility reduction among five components: 

light scattering by air molecules (Rayleigh scatter), light absorption by 

:w 
2

, extinction by sulfates, extinction by nitrates; and extinction by 

other (non-sulfate, non-nitrate) particles. The contributions from 

Rayleigh scatter and rio 2 absorption are computed fro8 known physical con

stants (and measured rio 2 concentrations). The contributions from sulfates 

and nitrates are computed from exti~ctio~ efficiencies for sulfates and 

nitrates. The extinction efficiencies: for sulfates and nitrates ar~ 

based on our regression results as well as 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 molecule, N0 2, sulfate, and nitrate components 

from total average extinction. 
' :

Because Rayle . ..; ,s nearly constant, the percentage 

contribution from Rayleigh scatt~r is inversely proportional to total 

average extinction. The average percentage contribution from Rayleigh 

scatter varies from about 5¼ 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 15% of average total extinction. 

The percentage contributions from N02 are fairly uniform among the 

study locations -- typically 7-11%. This reflects the phenomenon that 

locations with higher pollutant aerosol levels anJ resulting higher average 

extinction levels also tend to have higher no 2 levels. 

Our results indicate that sulfate aerosol is the predominant visi

bility reducing pollutant in the Los Angeles and San Diego areas; in these 

areas, sulfates apparently account for about 40 to 70~ of total extinction. 

Sulfates are also significant in the remainder of California, typic~lly con

tributing aobut 15-35% of total extinction. As discussed previously, sulfates 

are critical to visibility not only because they constitute a significant 

fraction Gf the fine aerosol but also because they attract a large volume 

of water into the aerosol phase. 
:;. 
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Our methodology suggests that nitrates generally acocunt for about 

10-40% of extinction at 1ocations in the northern half of California. The 

nitrate contributions are especially large, 20-40%, in the Central Valley. 

As noted previously, the visibility/nitrate relationships are very un

certain because of statistical colinearity problems and because of severe 

measurement difficulties for nitrates. A thorough study of the ro1e 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 ,. 

aerosol data, we know that the important components of this "other" category 

are light absorption by elemental carbon (soot) and 1ight scattering by 

various fine aeroso1s (organics, fine particles at the lower end of the 

soil dust and sea salt size distributions, elemental carbon particles, non

carbonaceous primary aerosols from cm.bus ti on processes, etc.). In !.Jrban 

areas, elemental carbon (soot) is likely to be the most important contributor 

__ ·.:._·;,: -..:.·:0-s;.;, cate"gory; soot 1 i kely accounts for 20 to 4m~ of 

extinction in major urban areas of California. 

Future Visibilitv Monitorina 

There is a potential need for two distinct types of visibi1ity-re1ated 

monitoring in California. The first type concerns a statewide network to 

~~llect precise instrumental data on visibility for quantifying existing 

conditions, 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 observers, 

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 visibi1ity monitoring 

network, such a net,,.,ork should consist of either telephotometers or nephe

lometers. 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. 

14 



The major advantages of telephotometers are commercial avai1ability, 

permanent records, and good correlations with human perceptions. Also, the 

National Park Service is currently operating a telephotometer program 

throughout the West. The ~ost 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 perr:n.'3ri1:=nt 

records, and correlate well with human perceptions. A nephelometry network, 

however, would measure only particle scattering and would require separate 

instrur.ients for measuring particle absorption. O.!_~er disa_~_vantages 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, ft 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 nephe l ometer, a tefl on filter di err· , ,.,- ,,2 , .. ~- :'( .'J ,, r·tz filter 
·, 

dichotomous sampler. The appropri~te 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, 

N0 2 absorption, particle absorption (broken down into fine olemental 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 re~uire emission inventories 

for sulfur oxides, nitrogen oxides, hydrocarbons, elemental carbon, organic 

aerosols, and other primary fine particles. 

15 
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Z-. REVIE'.·i OF VISIBILITY .!UR QUALIT':' ~'ODELS 

The cask of preaicting the impact of pollutant emissions on visi

bility is compiicated by the presence of a iarge 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 ,ather, are formed 

as products of chemical reactions in the atmosphere. \·Jhen coupled with 

the fact that visibility degraaation in any given area has a complex de

pendence on geography, time of day, and meteorological conditions, the 

design of an effective visibility improvement progra~ is definitely a 

riifficult undertaking. One issue is clear. A key element of any rational 

~f-'t-11,.,..i.-11 rnr· improving visual air quality is a reliable means . ·~ __ .. 

the impact of alternative emission control measures. This charter 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 controi visibility impairment 

involves an understanding of many different physical processes. Some of the 

elements that must be considered are illustrated in Figure 2.1. From an 

examination of this diagram, it can be seen that the visibility modeling 

problem involves characteriiing 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, 
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the key factor limiting the usefulness of particular visibility mode1ing 

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. 

"-- l / 
LIGHT SOURCE 

• ZENITH ANGLE-0-
• SPECTRUM/. I "--
• CLOUO COVER 

OBSERVER 

• COLOR ANO 
CONTRA.ST 
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• PATTERN 
RECOGHrTlON 

b= 
OBJECT 

• INHERENT CONTRAST 
• SPECTRAL REFLECTANCE 
• COLOR, SIZE ,SHAPE 

ANO DISTANCE 
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ATMOSPHERE 

• 

• 
• 
• 
• 
• 

AIR MOLEOJLES 
N02 
AEROSOL SIZE DISTRIBUTION 
TEMPERATURE 
RELATIVE HUMIDITY 
WINO VELOCITY 

Figure 2.1 Basic elements of the visibility r;iodeling proble□. 

As part 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 pollution. A secondary goal was to 

identify 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 wor~s include: White (1981), U.S. EPA (1979), Fox et al. 

(1979), Latimer et '1978), and Charlson et al. (1978). The special 

issue of Atmospheri:. . . ,ronment (l✓ hite, 1981) alone inc1udes 55 papers on 

such topics as: rad : transfer and visual perception, haze and aerosols, 

source characteriza· ~lume optics, dispersion and transport, and finally, 

a discussion of atmo. _,·ic chemistry. A detailed literature review is 

presented in the fo1 g sections of this chapter. 

18 

https://CONTRA.ST


Jespite the diversity of modeling metnoaologies identified in the 

:"eview, two basic visibility moaeling approaches emerged: elilpirical methods~ 

and deterministic mode1s Dased on a fundamental description of the physics 

s.nd chemistry occurring in the at,10sphere. Deterministic, or! priori, 

~oaels normally incorporate a spatially resolvea description of pollutant 

emission source strength, a mathematicai 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 

linked 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 models are usually very simple 

and typically bear a close relationship to the actual data upon which they 

are cased. Unfortunately, this latter feature is a basic weakness. Because 

the empirical models do not explicitly quantify all underlying causa1 
phenomena, they cannot be reliably extrapolated beyond the bounds of the data 
from which thPV ,,/','r 0 ,.. .,, ... .; ,,,,.,., 

Both~ priori ct11u ~ wusteriori 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 simple formula or a complex numerical procedure, it 

must have at least two fundamental components. One is a scheme to determine 

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 thj~ work are devoted to a discussion 

of these two basic elements. 

2.2 QUANTIFYING VISIBILITY IMPAIRMENT AND THE KOSCHMIEDER FORt1ULA 

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 cormion rr:eans for quantitatively 

characterizing the clarity 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 large black object against 
( 

19 



VISIBILITY MODEL 
I I 

ATMOSPHERIC I CH£MICAL CONVERSION ANO AEROSOL GROWTH I l)PTICAL EFFECTS 
TRANSPORT I I 
PROCESSES I I 

I I 
I I 

I 
I 
I -, LIGUT I 
I AllSORPT ION I 

PRIMARY PARTICULATE I- -

I 
I NO-N02 
I CONVERSION 

ATMOSPl1£RIC ~ 
TRANSPORT, I 
DIFFUSION, •.!-
ANO REMOVAL I G/\S - TO - COAGULATION I 

PARTICLE ANOI - I 

I CONVERSION HYGROSCOPIC AEROSOLS 
[SO~ NOi,) GROWTH OF I

I 
AEROSOLS I 

I 

lSO, , HYDROCARBONS, I
NO, , CARBON, NH, -I LIGHT 1-► 1 /\TMOSP11£n1C ~ 

f'.) SCA TTEillNG OP TICS I"-
0 

ILIGHT I t 
ABSORPTION I 

• REDUCE O VISUAL 
RANGE 

AT MOSPHEAIC 
• DISCOLOR A IION 

ENli/\NCEO SCAT TEAING 
1 

/\NO ABSOFIPTION 

tlUMAN 
.. I VISU/\L 

PfRCEPllON 

I 
I 

A typical example of how the various physical and chemical processesFigure 2.2 
might be linked as part of a complete visibility modeling system. 



the horizon sky), and/or discoloration of the intervening atmosphere. While 
it is straightforward to define these criteria, relating them to human 

visua1 perception (particularly of coloration) is an extremely complex 

undertaking (Malm et al. 1981). Because current understanding of color 
perception is inadequate, theoretical calculations of atmospheric discolor

ations are useful only as a guide for experimental measurements (U.S. 

Environmental Protection Agency 1979). Many visibility models do ca1culate 

parameters that are an indication of coloration effects. These indices 
include: blue-red ratio (relative discoloration defined by the blue/red 

ratio of light originating from the hori.zon with and \olithout the pollution), 

and chromaticity coordinates (Judd and 1~yszecki 1963). However, because 

most routine visibility data are reported in tem~ of perceived visual 

range, primary emphasis will be given to modeling this criterion. 

Visual range L is defined as the farthest distance at which a black 
V 

object can be perceived against the horizon sky. The contrast betv,een two 

objects is given by 

I (A) - I (A)
1 2=-- ...,,.,......... ,,.,,.,"'" (2-1) 

.l. 2 ',\ I 

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

objects are the same color (i.e. I1(A) = k Iz (A) for a11 visible \-Javelengths), 

then the contrast will be constant. When the objects are of different color, 

then the contrast,C,is a function of the wavelength. Nonna11y 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 (1 1 = 0) against the horizon sky (I 2 = Th) 

is -1. The visual range Lv 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 + C . )Ih,
mm 

where Cmin is the liminal contrast (minimum contrast distinguishable by a-
human observer). The value of C . is co11111only taken to be -0.02, as first m1 n -
suggested by Koschmieder in 1924 (Middleton 1952). It is important to note 

that the limiting contrast threshold of -0.02 is a physiological property of 

( 
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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 light intensity, in a honogeneous 

column of air, over a distance xis given the Beer-Lambert law: 

l dl(\) 
= - b (\) (2-2)extdx 

where bext(\) 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) san be solved analytically to give the visual range 

apparent to an average observer as a function of the extinction due to 

ambient concentrations of gases and particles. 

-ln(!Cminl) (2-3)L = -----v 

Considering the w1aespreaa u~e of l~-3), (sometimes called the Koschmieder 

formula) it is important to be aware of its assumptions and limitations. The 

critica1 assumptions and limits are: a homogeneous distribution 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 calculate the extinction 

coefficient from observed visibi1ities to within an error of about 10%. 

2.3 ATMOSPHERIC OPTICS 

In the previous section, a simple model 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 pollution or. 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),only a brief discussion will be presented here. The particular 

treatment used below is based on the work of Latir.ier 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. (1981a), Dave (1981), Isaacs (1981), or 

the review article by Hansen and Travis (1974). 
The change in spectral light intensity or s~ectral irradiance I(A) 

as a function of distance along the sight path at any point in the atmosphere 

can be defined as follows 

dI(\) p(s,>-.) 
= -b t(;\)I(;\) + (2-4)exdx 4 TT 

where 

- is the distance along the sight path from ti-, -:~·".· .... 
the observer. 

p(0 ,>-. ) - is the scattering distribution or phase function for the 
scattering angle e. 

- the solar flux (watts m- 2 micron- 1) incident on the atmosphere. 

- is the scattering coefficient composed of tile sum of the con-
tributions from gas molecules bR . h(,\) and aerosol particles1bscat (>-.) i.e. a e1g 

a 

bscat(>-.) = bRayleigh(>-.) + bscat (>-.) (2-5) 
a 

- is the sum of the scattering, bscat(>--),. and absorption coefbext 
ficients, babs(>--) i.e. 

(2-6) 

On the right-hand side of (2-4), the first tenn 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 bscat and babs can be evaluated if the aerosol 
and gas concentrations and such characteristics as the refractive index and 

( 
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of a distant point. 

size distribution of the aerosol are known. Except in the cleanest atmos

pheres, bscat is dominated by bscat; babs usually is dominated either by
a 

absorption due to graphitic carbon particles or by the absorption due to 

N02. In the above formulation,cnly the effects of single scattering have 

been included for simplicity. Most practical calculations of the type 

described in Dave (1981), vJilliams et al. (1981), Isaacs {1981), and Latimer 

et al. (1981) 1ncorporate the effects of multiple 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 (\ = 400 nm) 

of the visible so1ar spectrum that extends over the range A.00 <), < 700 nm. 
4The Rayleigh scattering coefficient bR . h is proporti~na1 to\ - ; the ,ay1e1 g 

scattering coefficient caused by particles is generally proportional to 

\-n, where O< 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 

limit of about 320 km imposed by Rayleigh scattering due to air molecules 

(Trijonis and Yuan 1978a; Charlson et al. 1978). The extinction coefficient 

contribution due to Rayleigh scattering, bRayleigh has a value of about 
o.12 x 10-4 m-1 a~ sea level at a wavelength of 550 nm. Extinction due to 

Rayleigh scattering declines with altitude as shown i~ Table 2.1. 

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

Wavelength(a) 

(w m) 
Altitude (m.) (b) 

Sea Level 1000 2000 3000 4000 

0.2 
0.25 
0.3 
0 .35 
0.4 
0.45 
0.5 
0.52 
0.55 

. 0 .6 
0.65 
0.7 
0.75 
0.8 

9.54 
3.38 
1.52 
0.79 
0.45 
0. 28 
0.18 
0.15 
0.12 0.11 0.10 0.09 0.08 
0.09 
0.06 
0.05 
0.03 
0.03 

(a) bRayleigh as a function of wavelength from ~enndorf (1957) 

(b) bRayleigh as a function of altitude from Clilarlson et al. (1978) 
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Charlson et a1. (1972) observed that whi1e light scattering by 

particles usually dominates light extinction in the Los Ange1es area, 

light absorption by also is significant about 20% of the time. NitrogenN□ 2 
dioxide is the only light absorbing gas that is thought to be present in 

quantities sufficient to make a significant difference to perceived visual 

range or quality. As shown in Table 2.2, light absorption by i~02 is strong

ly wavelength dependent. As a result, high N02 concentrations will cause 

white objects to appear brown or yellow colored (Horvath 1971b; Horvath 

1972; Waggoner et al. 1972). 

Light extinction by N02 depends on its concentration in the atmosphere 

(2-7)babsg(A) = YN □ 2(A).CN02 

where Y(\) is the extinction efficiency per opm N0 2 at a particular wave

length (A) and CH is the ambient concentration in ppm. The extinction02 N□ 2 
efficiency for N0 2 has been measured in the iaboratory. Values of :NO (\) 

2 are given in Table 2.2. 

,,pheric coloration is determined by the wavelength_,..,..,.,,,.:·;:-'.-:::::,: 

scattering and absorption in the atrn0sphere. The spectral 01::.cr1ouc1on or 

I(A) for A over the visible spectrum determines the perceived color and 

light intensity of the viewed object. For example, if the atmosphere is 

uniform (i.e. b t and b b do not vary with distance x along the line of sea as 
sight) (2-4) can be solved to find the horizon brightness Ih(A) as 

p(8,A) b (A) 
I (t,) = scat F (.11.) (2-8)h \ sLl:rr (bext A; 

Neglecting the effects of multiple scattering, the perceived intensity of 

progressively r:iore distant bright and dark objects will asymptotical1y ap

proach the horizon brightness Ih. The relative contributions of scattering 

(aerosols plus air) and absorption (N02 plus elemental carbon} to coloration 

can be illustrated by rearranging (2-4) to give 

~(8,A) F (A) 7
dl(A)1 4- sII= bscat(\) - 1 

i
\- babs(;\) (2-9)

I ( >-) dx I ( >-) 
\--, 



TABLE 2.2 LIGHT ABSORPTIOii BY ilO,., AS A FUNCTION OF WAVELENGTH 
'-

Wavelength Extinction Coefficient due to 
( \Jm) Absorption by N0 2 

b b 
a s 

(10-4 m-l ppm- 1) 

0 .400 
0.425 
0.450 
0.475 
0.500 
0.525 
0.550 
0.575 
0.600 
0.650 
0.700 

16.60 
15.90 
13.55 
10.00 
7.10 
5 .30 
3.32 
2.00 
1.23 
(\ .. ,.4 

From: Hodkinson (1966) and Nixon (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 

(2-10) 

so that (2-9) can be written as 

1 lI (;,_) 
= b (\) __h_o___ ( 2-11) 

scat I(\)dx 

This latter equation ~is thus an expression 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 1ig~t scattering, and the second term is the effect of 

light absorption. Given the absorption characteristics of N0 2 , it is clear 

that it tends to cause a decrease in 1ight intensity and a yel low-bro\'m 

colorai. .· Jbing blue light. Particles may cause 

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

in brackets. If, at a given point along the sight path, I(A) is greater 

than the clean horizon sky intensity Ih (\), then the quantity in the 
0 

brackets will be negative which in turn means that the net effect of scat

tering will be to remove predominantly blue light from the line 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 point 

to ·note is that only absorption can cause I(\) to be less than Ih (\).
0 

More detailed discussions of the effects of particles and gases on atmospheric 

coloration can be found in Waggoner et al. (1972), Vanderpo1 and Humbert 

(1981), and White and Patterson (1981). 

2A MODELING THE PROCESSES RESPONSIBLE FOR VIS 1B ILITY IMPAIRMENT 

From the discussion in the previous section, it is clear that, given 

a complete description of po11utant properties and atmospheric conditions, 

light 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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available, then the apparent visual range can be ca1cu1ated. Three re

search groups have developed visibility impairment models in the form of 

computer codes that represent po1iutant emission sources, atmospheric 

transport, ana 1ight extinction i~ a aeterministic manner: 

._ ' a i
\ Svstems Application Incoroorated (SAI) developed a visibility 

m;de1 for the U.S. Environmental Protection Agency that combines 
a Gaussian clue model with light extinction calculations. This 
't1ork, described in Latimer et ai. (1978) and Bergstrom et a1. 
(198lab), fonns the basis for the calculation procecure presented 
in the 111orkbook for estimating visibility impairment distributed 
by the U.S. Environmental Protection Agency (1980). Some of the 
components of the SAI plume model also 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 
illustrate the visual effects of smoke plumes. The model is 
described in Williams et al. (1981) and has been under development 
for several years. Unti: recently, there has been very little 
testing of the model against ~ield data. 

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

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 the 
> 

gases and 

aerosols, the second element of a visibility model is the radiative transfer 

ca1culation algorithm. The final component of each model is the procedure 

for translating the changes in light intensity due to the presence of pol

lutants into measures.ofhuman visual perception. The interaction between 

the various physical and chemical processes that ~ust be incorporated into 

the model is shown in Figure 2.2. 
In practical applications, visibility models must be able 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 imoairment: local plume blight and regional haze. While most of 
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Figure 2.4 Scher;iatic representation of the t\-JO basic classes of 
visibility i~pairment (a) local plume blight and 
(b) regional haze. 
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the deve1opment and testing work to date has focused on the use of these 
models in predicting plume blight, they can also be used to estimate regiona1 
impacts. For example, if the concentration field along the line of sight is 

external1y supplied by the user, then the radiative transfer module can be 

used to predict the resu1ting visibility impainnent. i/hile each of the 

models are similar 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 plume 

chemistry, applies to clean background atmospheres and involves nine 

reactions among NO, N□ 2 , 03, so2 and the hydroxyl radical (OH). In addition, 

gas-to-particle conversion processes are accounted for, and the-oxidation 

prorluc.1:: of NOz a~d -"so,,:,, ~r:e, alloW~d: to_ condense in the aerosol phase. Since 

v;..,,u,,, ... .1 i,,~ .... ~.,me11c ~aJsed"b{pow~r plant plumes is primarily a result 

of light absorption by NOz and light scattering by aerosols, rates of NO

to-NOz conversion and gas-to-particle conversion are important components 

of the SAI visibility model. 

The optics module in the SAI model includes a defini"tion of the light 

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 detennined by integrating the scattering and 

absorption over the path associated with the line of sight. Once the light 

intensity has been detennined for specifi.c 1 ines of sight, the various quan

tities that characterize visibility impainnent can be calculated. The SAI 

model detennines the visual range, plume contrast, and a series of color 

indices. 
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Evaluation studies of the SAI mode1 have been carried out using data 

collected by the U.S. Environmental Protection Agency 1 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 poflutant transport 

and diffusion module. This is not too surprising since pollutant transport 

in this model is described by a very simple Gaussian plume fonnulation, the 

limitations 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 oµtics 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. ~~hile the 1:1ode1 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 

_,itifi.c Laboratory (.LASL) visibility model. Ther·--~_ ...- ........... ,~ ...... - ..... _ --

components to this model that can be used in different ways to predict dif

ferent types of visibility impairment. First, if the contaminant concen

trations are provided along with relevant parameters such as aerosol size 

distributions, it can model the radiative transfer and provide numerical or 

visual representations of a scene being subjected to conta~ination. Second, 

it may be used with source emissions and meteorologica1 data to predict the 

chemistry, dispersion, and radiative transfer associated v1ith pollutants 

emitted by the source. The output of the model is in the fonn 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 

"before 11 and "after 11 pictures of the effects of the pollutant 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 paramete_r approach to particle dynamics 

and a modified carbon-bond system for the chemistry. Key para~eters are 
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the size distribution of the secondary aerosols and the conversion half lives 

for NO to N02, 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 \1ith a modified version of the multiple scattering program 

described in Dave (1981). While the LASL visibility model has perhaps one 
of the most sophisticated treaments of atmospheric optics, its use of the 

Gaussian plume forr.iulation for describing the atmospheric dispersion of 

the pollutants is a major weaKness. 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 

vJilliams et al. (1981) where it 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 

.. aga,inst a'· wid-er range r C 

The ERT visibility 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. :neither option, the model accounts for 

extinction by N02, nitrates, and sulfates, v1ith the remainder of the aerosol 

grouped into two different classes: carbonaceous and non-carbonaceous. The 
model produces information about visual range reduction, plume contrast, 

object contrast degradation, and plume/sky coloration. At present, however, 

relatively little has been published about the model's performance in re

producing the observed visibiiity impairments caused by actual plumes. In 

addition, there are many simpiifications in the ERT model formulation that 

have not been invoked in either the SAI or LASL models. For example, the 

ERT radiative transfer model does not incorporate the effects of multip1e 
scattering and so it must be confined to clear sky or near observer condi

tions. Given the lack of field verification results, considerable care needs 

to be exercised if this model is to be used in regulatory applications. 
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Visibility mode1s of the type aiscussed in this sect~on are usually 

implemented in the form of ouite large computer programs. 7his imposes 

additional constraints on the choice cf a modeling procedure. A potential 

user of any of these techniques, in addition to as king how we l1 they treat 

the various physical processes, must a1so assess the resource requirements 

needed.to collect the necessary data ana 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. 1978) is in the pub1ic 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 apolications. 'vlilliams 

et a1. (1981), U.S. Environmental Protection Agency (1979), Bergstrom et al. 

(1981b) and Drivas et ai. (1981) all state that more validation 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 rnoaeling techniques 

·-,.,.·.,al formulations of the various physical and 

optical processes that lead to visibility deterioration, additiona1 devel

opment work is needed before the modeling tools can be considered for routine 

application by regulatory agencies. Despite the inherent uncertainties, 

however, models of the type described in this section can and should be used 

in preliminary evaluations of source impacts. Single-source models can 

estimate the expected visual effects of primary particulate emissions at 

distances of up to 50 to 100 km from the source (U.S. E~vironmenta1 Pro

tection Agency 1979). These models can be used to prvvide rough estimates 

of the likely impact from single sources located in c1ean or isolated 

environments. At this time, there is no validated air quality model that .is 

capable of assessing the impact of multiple sources on regional visibility 

impairment. 

2.5 EMPIRICAL VISIBILITY MODELS 

The quantity of experimental data needed if visibility calculations 

are to proceed directly from theory alone usually exce€ds that available 

routinely from pollutant monitorina and meteorological monitoring networks. 

As a result, a iarge family of empirical visibility modeling methods have 

come into use that employ less than the data required for Mie theory calcu-
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lations. In almost ail of these models, pollutant concentrations are 

related to visua1 range through the Koschmieder formula 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 = bscat + babs + bscat + b b (2-12)
a a g a sg 

where bscata is extinction due to light scattering by aerosols, babs is a . 
extinction due to light absorption by aerosols, bscat is extinction due to 

g 

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 light extinction 

coefficient due to aerosols, bexta• be given by 

b = b + b 
ext a scata absa (2-13) 

This aerosol extinction coefficient can bes·· .JrtS due 
to each of the many aerosol species present in the atmosphere (soil dust, 

sulfates, etc.) 

N 
bI: exta. (2-14)i=l 1 

where the subscript i 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 aerosol (and hence visibility) 
problem (see Cooper and Watson 1980; Gordon 1980). 

In order to compute the contribution of a particular aerosol species 

to the extinction- coefficient from first principles, extensive infonnation 

would be needed on the size distribution of the aerosol, its refractive index, 

particle shape, and humidification of the atmos~here. Such detailed 

data usually are lacking, however. 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, only 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 particle and coarse particle concentrations. 

In order to make use of such routine air monitoring data based on filter 

samples, a family of empirical visibility 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 = I: B.M. (2-15)
exta i=l 1 1 

where M. is the mass concentration of species i, Qn micrograrns/m- 3
], and B~ 

is the !xtinction efficiency of aerosol species i, Gn m2 g-l Dr in (l □- 4 m-l)/ 
(i.ig/m3 )]. 

Ouimette (1981) ha~ that under1 ie visibility 

models based on expression (2-15). He finds 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 nonnalized size (hence mass) 

distribution of each aerosol species does not vary from day to day. This is 

the assumption invoked by Cass (1979). Equation (2-15) also wrill hold in 

some more realistic cases where each aerosol particle is compo.sed of r:iany 

chemical constituents. In particular, if all particles of the same size have 

the same chemical composition, then (2-15) holds if {Ouimette 1981): 

1. The normalized size (mass) distribution of each aero~ol species 
does not vary from day-to-day. 

2. The normalized total aerosol vo1ume distribution is p.reserved. 

3. The refractive indices of all chemical species are equal. 

4. The partial molar volume of each species re~ains constant with 
the addition or removal. of other species (aqueous soTutions would 
violate this req~"~ement). 

Substituting (2-7 ) 2-13) and (2-15) in:o (2-12), and noting that 
light scattering by air mc1ecules is availab1e in tabulated form, one obtains 

+ b .. (2-16)R. ay 1e1gn 



This 1s a typical structure against wnich most empirical visibility models 

can be compared. Specific visibility models based on (2-16) are usually 

formulated from long time series of simultaneous observations on extinction 

coefficient and pollutant species concentrations. Light extinction due to 

:cattering and absorption by gases would be computed from tabulated values. 

The B; then are fit to these observations by least squares regression tech

niques. Depending on the extent of the air auality data base available, the 

aerosol species considered may range from a single measure of total suspended 

Darticuiate matter concentrations to a very detailed size-resolved and 

chemically-resolved apportionment of the extinction coefficient with allowance 

for nonlinear effects due to aerosol humidification. 

2.6 EMPIRICAL EXTINCTION MODEL APPLICATIONS 

A wide variety of empirical models for the extinction coefficient have 

been reportea in the scientific literature. Most can be related to (2-16) by 

deleting terms or by elaborating on the form of the aerosol light extinction 

efficiency coefficients, Bi, in that equation. 

? E ~ ,M8_s_~J:?:,.~:..si:i on Total· Suspended Particuiate (TSP) Data 

In the late 1960's, measurements made by Charlson and co-workers showed 

that total suspended particulate matter concentrations were correlated with 
light scattering measurements and were inversely correlated with prevailing 

visibility. From a variety of simultaneous nephelometer m2asurements of 

light scattering and aerosol mass, Charlson et al. (1968) reported that 

3.9 TSP -2L .TSP = - 1.2 g m (2-17)11 
bscat 

or restated in units that vie wi 11 use in this review: 

0.0325 . TSPbscat = 

where b t is expressed in Go4;J-l and TSP is total suspended particulate
sea L ....J . 

mass in micrograms/m3. Equation (2-18) has the form 

b t = B-sp . TSP (2-19)sea 1 
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which can be obtained from (2-16) by neglecting all effects other than aerosol 

light scattering and by considering only a single aerosol species. 

Later studies in California show that a similar proportionality can be 

determined by conversion of prevailing visibility observations to extinction 

coefficient estimates through the Koschmieder formula foll01\led by regression 

of the extinction coefficient estimates on simultaneous measurements of TSP 

(Noll et al. 1968; Cass 1976). In studies like that of Cass (1976), the 

following model is used: 

(2-20) 

where b. is the total atmospheric extinction coefficient during sampling period
J 

j, STSP is the extinction per unit total suspended .particulate matter concen-

tration, B is a regression constant, and e. is the residual difference term 
0 J 

for sampling period j that results from an inexact fit between observed ex-

tinction coefficient and TSP values. Equation (2-20} a1so can be related to 

(2-16), but in a slightly different manner than /?_,a, Tr, ( ,-, - ? n) t- ho to ta 1 
- -:..'::..~~ 

atmospheric extinction coefficient is used, whi<..11 111~1u1.Jc°S E::11'ects oue to 

light absorption by gases and particles. However, 1acking data on N0 2 
concentrations, light absorption due to N02 has been neglected on the right

hand side of that equation. Only a single aerosol species is considered, 

and the effect of Rayleigh scattering has been absorbed into the regression 

equation as an undetermined constant. \,Jhen fit as an undeterr:1ined constant,. 

if the estimate for B does not match the Rayleigh scattering value to within 
0 

reasonable error bounds, then there is an indication that the calculation 

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

A variety of studies in which TSP concentration fluctuations have been 

used in an attempt to explain changes in light scattering or prevailing 

visibility are summarized in Table 2.3. Estimates obtained for the extinction 

efficiency of .total suspended particulate matte, are reason ab1y similar, 

regardless of whether equations like 2-19 or 2-20 are used. This would be 

expected if light scattering by aerosols dominates visibility reduction (which 

it often does) and if the underl.'/ing aerosol properties (e.g. normalized 

size distributions) are not greatly different from place to place. 

The disadvantages of visibility models based on TSP data alone are 

many. First, the correlation between observed and predicted extinction co-
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TABLE 2. 3 ESTIMATES OF EXTitlCTION COEFFICIENTS PER 
UNIT TOTAL SUSPENDED MASS CONCENTRATION(a) 

Reference Measurement Location Extinction Correlation 
Method E.ff ic iency(b) Coefficient 

(10-4 m-l/pg m-3) 

Charlson et 
al. 0968) 

Noll et al. 
(1968) 

Ettinger and 
Royer (1972) 

Kretzscb'llar 
(197 5) 

White and 
Roberts (1977) 

Cass Cl 976, 
1979) 

Patterson and 
Wagman ( 1977) 

Nephelometer, 
low volume 
filter mass 
concentration 

Prevailing 
visibility, low 
volw:1e filter 

Nephelometer, 
Ri-vol 

Nephelometer, 
24-hr Hi-vol 
samples 

Nephelometer, 
2-hr average 
filter samples 

Prevailing 
visibility, 
24-hr Hi-vol 
samples, 1965-
1974. 

Nephelometer, 
Ri-vol samples 

New York City, NY 
San Jose, CA 
Seattle, WA 
Seattle, WA 

Oakland, CA 

Los Alamos, NM 

Belgium 

Los Angeles, CA 

Los Angeles, CA 
(Downtown) 

0.0302 
0.0166 
0.0353 
0.0359 

0.011 

0.01 

0.034 

0.032 

0.037 

0.016 

0.92 
0.56 
0.83 
0.73 

0.92 

0.91 

0.40 
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TABLE 2.3 (Continued) ESTIMATES OF EXTINCTION COEFFICIENTS 
PER UNIT TOTAL SUSPErmED MASS cor~CEllTRATION( a) 

Reference Measurement Location Extinction Correlation 
Method Efficiency(b) Coefficient 

(10-4 m-1/µg m-3 ) 

Clarke et al. Nephelometer, Leeds, United 0.022 0.92 
0977) total filter Kingdom 

mass 

Trijonis and Prevailing Phoenix area, 0.0025 0.31 
Yuan (1978a) Visibility, Arizona 

..4-hr Ri-vo 1' 
samples 

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

(b) Extinction coefficient per unit total suspended particulate 
mass concentration 
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efficient estimates often is low, particuiariy for 1ong time series data in 

heavily polluted areas like Los Angeles wnere aerosol properties are complex 
ana are not preserved from day to day. Secondly, even if the model fits well, 

it yields very little information about efficient control strategies for 

visibility improvement. ~o hint is given of the sources contributing to the 
7 S? problem. More importantly, if some particulate sources were controlled 

~ut not others (i.e. if large soil dust particles alone were somehow removed 

from the atmosphere) the model would not correctly predict the change in 

visua1 range. Because the TSP mass reduction would be accompanied by a shift 

in the particle size distribution, the assumptions of this single species 

model would be upset. 

2.6.2 Models That Incoroorate the Chemical Composition of Total Filter Samples 

If total suspended particulate matter samples are subdivided chemically, 

a significant improvement in visibility model performance can be obtained. 

Chemical species data serve as a guide to particle size, solubility, and re

fractive index. 

Much of the total suspended particulate matter in the atmosphere resides 

in a large particle mode ld.--2.2 microns) whose contribution to 1ight scattering 

per unit ma::,., ___,"""''•'-' a._;..," 1s we1 I belov, that for the aerosol as a whole. 

Most of that large particle mass consists of so~l dust-like materials that can 

oe 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 ~ode 

in the atmosphere consists mostly of sulfates, nitrates, lead 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: 

ri 
b. = L B.M .. + y C + b + e (2-21)

J i =l 7 l J N0 2 
~O2. Rayleigh j 

J 

41 



where each term is as previously defined except that the s1 are undetermined 

constants representing the average extinction efficiency of each chemica1 

species i (i = sulfates, soil dust, nitrates, etc.), and the M.. are measure-
1J 

ments of the mass concentratio~ of each species i at time j. 

The selection of species to be used with equations like (2-21) in 

practice depends on the availability of air monitoring data. \·/hen 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 

b. = Bso ~. SULFATES. + B,,o .NITRATES. + 
J 4 J Ii 3 J 

STSP-SO -NO (TSP-SULFATES-iHTRATES) j (2-22) 
4 3 

+ B e. 
0 J 

wher;r ·.. Jnstants. SULFATES. and NITRATES. are daily 
: J J .::... 

so4 and N0 3 ion mass concentration~ 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-

1lITRATES) represents the non-sulfate, non-nitrate portions of the aeroso1 mass, 

and is obtained from TSP data by subtraction. When equations like (2-22) are 

fit to routine Hi-Vol data, one typica1ly finds that Bso is much greater4 
~han B This is expected since the sulfate aeroso1 is usua11y
~ TSP-S04-N03. 

submicron in size and thus scatters light effectively, while the remainder of 

the particu1ate mass (TSP-SULFATES-NITRATES) is often large partic1e soil

dust-like material that is very ineffective at scattering light. Values 

obtained for BNO in such regression models often are inconsistent with that 

expected for sub~icron aerosols. Poor results for 1ight scattering by 

nitrates may be due to the difficulties inherent in obtaining accurate atmos

pheric nitrate concentration Geasurements (Appel et al. 1981; Witz and Wendt 

1981). Table 2.4 lists values for the light 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 varie~ from study to study (some studies do not allow for N02 
effects; some examine a differing list of aerosol species). 
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TABLE 2.4 LIGHT EXTINCTION EFFICIENCIES OF AEROSOL CHEMICAL 
SPECIES AS INFERRED FROM EMPIRICAL VISIBILITY 
MODELING STUDIES 

(From: White and Roberts, 1980) 

,.._ a:, C: a, a:,,.._.... .... 0 .... 
... C: "'... -., .... .... "' "' "' 

0 ., ......, ... "' - .. . ....., ., ... ... C: ... C: .... C: >,... C: .. ., .. ., ... ., ... - I ... .. ::, ... :, ... C .,.. "' ... "" ..... ,..::, "' "' ,.. "' ,.. u ~ <.I...... 
..c0 "' ,.._ "' ... • I • I ... OI..."' ..:.. C: ., ., ., .... -C"' ..."' 0C: ...... ....... - .. ...C..,. " C: .... ....C: -l " ... ~ :2 ..... .,_ . .. ...,.. "' - " ....0 C: 0 ,: 0... ., ... ., ... ., .. -, .. ...., ..... ::, ... -" 

::, .. -" 0 .. ...,... " 0 .... 0 "" .."'·c-= cr :i ,g ., .. ..... ,., -= .. -= -,., -. "' ..:r .., '-' f-, c., ... f-,"" f-, C. f-,"' ~.,, 

Ef ficienc:ies, b b b b b 

10-4 m.2/µg 

Sulfates 
30% RBa 
50% RH 
70% Rli" .062 . 085. 

.101 

.126 

.177 .165 

.033 .039 .031 
.043 
.071 .14 

Nitrates 
30% RBa 
50% ~ 
70% RBa 

.027 

. 035 

. 04 7 

. c::: 
• Ci. 
. 042 .080 . 028 

.072 

.101 

.169 .OJ 

Otherc 
All RH .022 .022 <.01 .003 

Fraction of variance 
accounted for (r2) 

• 93 • 64 .59 .76 .66 .83 

*Efficiencies represent statistical increment 1D. total scattering or eninc~~-
coefficient (10-4 m-1) per increment i.n i.ndividial compo,md concentration (µg/m3). 
The data of Lundgren (excessive colinearity), and of Grosje&n and Fried~der 
(insufficient observations), do not support distinct component e.ffic:iencie.. 

~fficienc:iet not differe:nti.ated by RB are antered nu.rest the average RB for 
the data set. 

bExti.nc:tion efficiencies (cf. note to Table Al) are based on Middleton's expert
mental value c • ,031 for the contrast threshold (Middleton, 1952, p. 220), 
rather than th~"traditional but arbitrary value c • .020 used by C...ss, 
Trijon.13, and Yuan, and Leaderer ec al.. --
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2.6.3 Seoaration of Aerosol Lioht Absorption from Aerosol Lioht Scatterinq 

Extinction efficiencies per unit aerosol mass concentration, B., in 
1 

equations like (2-21) include effects due to both light scattering and ab-

sorption. It is possible to separate these two effects. Total light 

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 to b_~a~ and b b can be formulated and the co~ 
::,1... ... a sa 

efficients estimated by regression analysis: 

N
L 8 M e. (2-23)bRayleighi=l Si ij j 

= ( 2- 24)0abs a . 
J 

where bscat· is the total light scatter,rig (gases+ aerosols) at time j, 
J 

babsaj is aerosol light absorption at time j, the Bs; refer to aerosol light 

scattering efficiency by species i, the Ba- indicate aerosol light absorption
l 

efficiency, and other terms are as previously defined. Adding (2-23) to 

(2-24) and inserting a term for light absorption by N02, one obtains a model 

for the total light extinction coefficient. 

~=bext. L, B M.. + I::s M.. +yNOz"CNOz + bRayleigh e. (2-25) 
j i=l Si lJ i=l ai 7 J J 

A variety of studies show that graphite-like "elemental" carbon particles 

are the most abundant light absorbing aerosoi species in the atmosphere. 

Field measurements in Los Angeies (Conklin et a1. 1981) and in Denver (Groblicki 

et al. 1980) indicate that the light absorption efficiency, B~~' of ambient 
-4 - 1 ~' -3agglomerates of elemental carbon is about 0.12 10 m - per m1crogram m if 

measured by the integrating plate method. 

2.6.4 Incorporation of Relative Humidity Effects 

Hygroscopic and deliquescent particles in the atmosphere take up water 

at high humidity and grow in size. The water attached to the aerosol increases 



-:::he vo1ume \mass) of scanering mater1al. \lso, 1:gnt scattering efficiency 

by aerosois is a s-crong function of partic1e size. Thus, humidity-induced 

aerosoi growth is often accompanied oy increases in the extinction coefficient 

ana a reauction in visual range for the same quantity of oo1lutant material 

,;- the au11osohere. 
7 ~e aiameter of a solution droo1et in equilibrium with a surrounding 

humid atmosphere is determine □ by a competition between the vapor pressure 

lowering effects of dissolved substances in the par.ticie and the vapor pres

sure raising effects of particle surface curvature. For a particle with a 

fixed mass of solute (e.g. a fixed mass of a sulfate salt), the change in 

~article Yadius with ~umidity would be predicted to vary in proportion to 

the quantity (l-RH)- 113 (Neiburger and Wurtele 1949; Hanel 1972, 1976, 1981). 

Light scattering by large particles with diameter greater than several 

~icrons is expected to increase in proportion to particle cross-sectional area. 

rlence, light scattering by large solution droplets should change in proportion 

to (l-RH)- 213 . Smaller particles with a diameter closer to 0.5 microns fal1 

in a size range where Mie theory v1ouid not predict such a simple dependence 

"~ 2~~~icle cross-sectional area. But empirical studies in Los Angeles 

(Hidy et al. 1974) show that li9ht scattering by submic.:. _ ... ~'''J 

correlated with submicron aerosol volume. Thus changes in light scattering 

by suwmicron aerosol droplets might be proportional to the function (1-RH)-l 

(i.e. in proportion to changes in particle radius cubed). Since the 
atmos~here contains a mixture of both large and small particles, only some of 

which are hygroscopic, regression effects are often specified with terms con

taining (1-RH)-a. In these expressions, a is an undetermined coefficient 

to be fit during the analysis with a expected to fall between 1 and 0.667 

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

In a manner analogous to (2-25) 

..N BS. M N 
lJ

]b. 
J 

= 
i=l 
L 

(1-RHJli 
+ 

i=l 
I: Ba. 

1 

M 
l 
..
J + y flO 

2
.(NO

2. 
+ bRayleigh + e. 

J 
(2-26) 

J J 

where the regression constants, Bsi' in (2-25) are replaced by a hyperbolic 

function of relative humidity. An expression similar to this v1as tested by 

Cass (1979) in Los Angeles. Light scattering by substances like sulfates 
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and nitrates was best fit by values of a between 1.09 and 0.53, while lioht 

scattering by the largely non-hygroscopic substances present in the remainder 

of the aerosol mass showed a much smaller dependence on relative humidity 

(a= 0.28, with a not significantly different from zero in a statistical 

sense). 

Non-iinear regression equations like (2-26) offer some hope of at 

least approximately incorporating the important effects of hunidification on 

visual range. But regression models based on such a structure must be viewed 

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 example of species i). Secondly, it must be noted 

that many salts ~.g. (NH4) so
4

, NH 4NoJ exhibit pronounced deliquescence.
2 

A dry particle of a deliquescent 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 upon 
nirther humici'if fca_f_i ;_frr:- _,..s:o--=c n=i5eha-':,ri or is i 11 us tra'·l._ 

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 SO~ ion alone, 

often there is no practical way to include deliquescence effects in an 
empirical visibility model. Equations of the form (2-26) represent the growth 

of externally mixed aerosols after they are in the liquid phase, but do not 

track the changes that occur at the deliquescence point of the aerosol. 

The non-linear form of (2-26) can cause computational problems 1r1hen 

trying to estimate the coeff~ :s a. and B~,. First, if both a. and Bs. 
1 ::: l 1 

are to be estimated, a non-1, method for · inimizing the sum of the squares 

of the residual error terms;~ -~ded. Seconc v, the questions of using time 

averaged data must be addres~ ~he extinct- coefficient, b., in that 
J 

equation prevails for an inst , time ands Jld be used with short term. 

pollutant concentration and :y data~ ?quations like (2-26) are 

averaged over time in order 2rt dai-; a\ :ge values of pollutant 

IT!ass concentration and relati·: 1 11 midity, cross oroduct terms involving short 

term fluctuations in aerosoi ~nd humidity ¼-:uld be created. Methods for 
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addressing both the time averaginq problem and the non-linear fitting prob
lem are given by Cas~ (1979). Since the data analysis procedures needed. to 

fix these problems are cumbersome, most investigators that evaluate 

1 arge data sets have chosen to use more approximate approaches •. Typica 11y, 

the values of a. in (2-26) have been set equal to 1.0, 0.67,or zero based on 
1 

~ priori expectations that a particu1ar aerosol species is subrnicron in size 

and hygroscopic, large in size and hygroscopic, or non-hygroscopic, respec

tively. vlith the a- fixed, then linear regression techniques would be used 
1 

to estimate the B.. Secondly, the ti~e averaging question often is treated 
1 

by using short term data or by assuming (often implicitly) that the value 

of the cross product terms is zero. 

An empirica1 visibility model for use with routine high volume sampler 

c!2.ta that has been tested \videly by Trijonis is of the form: 

B. 
b. = L 1 + B + e. (2-27)

0 JJ i = 1 ( 1 - RH . ) 
J 

wnere the overbars indicate time averaged data, the~ 's are fixed to 1.0 

in,' ·;:;rates, and light absorption by NO{ is neglected 

(as NO~ data are often lacking). Estimates for light extinction per unit mass 
I.. 

concentration by sulfates, nitrates, and the remainder of the atmospheric 

aerosol are surrrnarized in Table 2.4. 

2.6.5 Incorporation of Partial Information on Aerosol Size Distribution 

A variety of relatively inexpensive sampling devices exist that can 

separate ambient aerosols into coarse particle (dp ...:.2 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 visi~ility reduction. The simplest empirical visibility model 
( 

using size segregated data could be based on (2-16) as follows: 
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N r~ 
bext = L BfiMfi + L 8ciMci +y No -CN0 + bRay1eigh (2-28) 

2 2i=i i; l 

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: 

b = B"'. M_. + e. (2-29)ext. rJ J
J 

I 

or 

b = B -· M.,.. + ej (2-30)scat. sr ,J 
J 

where the Mfj's are total fine aerosol mass concentration data at time j, 

and the implicit assumption is made that the extinction coefficient is large

lv rl1 10 +" linht- ,r;:,ttPrinci (and absorption) by fine aerosols. By comparison 

'-w, ..... \'-- .. ..,,~a,;~-,t-co;, :it fs clear that many other factors are being igt,_ 

The correlation between aerosol ;i9ht scattering and both fine and coarse 
particle mass is shown in Figure 2.5. Extinction efficiencies per unit fine 

aeroso1 mass estimated from regression of extinction coefficient estimates on 

fine aerosol mass measurements alone are given in Table 2.5. In spite of their 

simplicity, empirical visibility models based ,on equation?(2-29 - 2-30) work 

quite well, because they do capture the most important determinant of aerosol 

extinction efficiency: particle size. Such models do not however,yield any 

useful information about which sources contribute to the fine aerosol, and 

hence to the visibility problem. Thus little 'dill be learned about how to 

improve visual range if fine aerosol mass alone is 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 tne origin of 

visibility reduction in Denver (Groblicki et al. 1980) and the rural Northeast 

(Ferman et al. i981). 
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TABLE 2. 5 ESTH1ATES OF EXTINCTIOr~ COEFFICIEiH PER 
UNIT FINE PARTICULATE MASS CONCEiHRATION 

Reference Measurement Location Extinction Correlation 
Method Efficiency(a) Coefficient 

-4(10 -1 
m /pg -3 

m ) 

Waggoner and Nephelometers, Mesa Verde, CO 0.0294 
Weiss (1980) Dichotomous Seattle, WA 0 .0313 0.95 

samplers, fine Seattle, WA 0.0323 0.97 
d 

p 
< 3 micron 
-

Puget Island, WA 
Portland, OR 

0.0303 
0.0323 

0.97 
0.95 

-=-
Grob licki :etc':'" ·Reo.~.::-.:.- .{c'y',;·::.:-~-:-, ..,ci:.rve:,. ,-- .;O 0.033 0.98 
al. (1980) ometers, filter 

predeeded by a 
cyclone separator, 
fined < 2.5 micron 

p -

Ferman et al. Heated nephel Shenandoah 0.913 0.91 
Cl 981) meter, dichot Valley, VA 

omous sampler, 
d < 2.5 micron 

p -

(a) Extinction coefficient per unit fine aerosol mass 
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In their approach, the extinction coefficient was first partitioned 

as follows: 

+ b + b + b bscat absa as 
+ bRayleigh (2-31)..,., 9 

where the b's are extinction coefficient contributions as defined previously, 

but with aerosol scattering divided into contributions from dehu~idified 

aerosol (bscata) plus associated water (bscat,)· Each of these contributions 
to the-extinction coefficient was measured separately. Scattering by de

humidified aerosols,~bscata' was measured using a heated nephelometer. Then 
bscata was attributed to chemical constituents of the fine aerosol mass by 

regression analysis 

N 
= "°'BfMf +e. (2-32)bsca t '--- s.s .. Ja. l l J

J i=l 

In Denver, 157 4-hour average fine particle filter samples were used in a 
regression analysis to es~imate the coeffic~ents · "= 

equation took the form 

b = 0.066 [(NH4)2so4J + 0.023 ~JH4~m] + o.044 ~.2c:a~ +scat a 20.032 @ae] + 0.017 [Remainder] - 0.17; (r = 0.94) 

(2-33) 
where the constants are extinction efficiencies at low humidity for the 

. ( -4 -1aerosol species shown 10 m per microaram/m 3 ), 1.2 C is an estimate 
~ ao 

of organic material mass concentration based on scale up of organic carbon 
(C ) concentrations present, C is elemental carbon concentration, and ao ae 
"Remainder" is the non-sulfate, non-nitrate, non-carbonaceous fine aerosol 
mass concentration. 

Sc~ttering by water present in the aerosol was identified from the 

differences in data from heated and unheated nerhelometers. An expression 

was used to account for water present on the basis of atmospheric hygroscopic 

sait concentrations: 
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= 0.0173 ITNH4) 2soJ + 0.0147 ~◄H 4No~ 2 r = 0.87 (2-34) 
(1 - RH) (1 - RH ) 

were the constants were fitted by regression analysis. 

Aerosol light absorption \-las attributed to elemental carbon aerosols 
with an absorption efficiency of 0.125 l0-4m-l/ microgram m- 3 for fine 

particle elemental carbon (Caef) plus 0.038 l0-4m- 1/microgram m-3 for coarse 

particle elemental carbon (C ). N02 concentrations were measured and used aec _ _4 1to estimate babs , with Y NOz at 3.3 10 m / ppm. 
The fina1 ~mpirica1 visibility model constructed was 

bext = 0.066 S + 0.028 N + 0.44(1.2Caof) + 0.032Caef + 0.017 R ~ 0.17 + 

0.0173 S 0.0147 N 
----+----+0.125C f+ 0.038C + 3.3CMQaec 11 ..,(1 - RH) (1 - RH) ae L. 

(2-35) 

where 
s 

N 4-hour average NH4N03 concentration in fine particles 

R - 4-hour average for remainder of fine aerosol mass concentration 

bext - the extinction coefficient in 10-4 m-1 
> 

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~ visibility studv, 

empirical visibility models can be structured that make physical sense, that 

track chanaes ~ total extinction extremely well, and that yield insiqht into 

the portion of the visibility problem attributable to different pollutants 

and sources. 
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2.5.7 Hybrid Models that Closely Aooroach a Complete Mie Scattering and 
Absorption Calcu1ation 

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 aerosols, bexta• be given by 

b = b + bext (2-36) 
a scata abs a 

This aerosol extinction coefficient can be broken down into contributions 

due to each of the many aerosol species present in the atrilosphere (soil 

dust, sulfates, etc.), 

fl 
= ~ b (2-37)

i=l exta. 
7 

where the subscript i refers to the i-th chemical constituent. Assune 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 
.:::::,·:;~: ·composition). Then, the extinction coefficient 

to each aerosol species i can be written as 

b t = j 
co 

E(m (x) ,x,;.)f. (x) dx (2-38)ex a 1a . o . 
1 ' 

where the mass distribution by particle diameter, d, of species i is 

fi(x) = dM
1
/dx, where x = log(d/d

0 
), and Eis the mass extinction effi

ciency for species i as a function of its volume average refractive index 

m (x), particle size x, and wavelength~. Equation (2-38) can be used as 
a 

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 summation 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(m (x),x,\) are executed using a computer code developed for single scat-a 
tering by spherical particles (see Wickramasinghe 1973)~ 
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Ouimette and Flagan (1981) have compared extinction efficiences 

estimated from chemically resolved impactor data using Mie theory approxi

mations (1ike equation 2-38) to the results obtained using linear statis

ticai models (like equation 2-15). Results are given in Table 2.6 for 

aerosol collected under low humidity conditions at China Lake, California. 

Values in parenthesis below the mass scattering efficiency estimates represent 

one standard deviation on their results. 95% confidence intervals on 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 probably 

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 cor-JCLUS IOflS 

: ~r ~ num_ber o.f different approaches have been e;,:;,=~--..J '"

relating atmoipti~lC -co·n~e~-tr~ticins·of gases and aerosols to perc~i"vea VlSl

bility. As a practical matter, the choice facing a person who must select 
a visibility model is frequent1y dictated by data availability. For example, 

vast amounts of information are needed by regional radiative transfer ~odels 

if they are to accurately cnaracterize the simultaneous effects of: emissions, 

transport, dispersion, chemical transformarions, and optical 
> 

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 ana1ysis, or the receptor oriented theoretical calculation 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. 
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TABLE 2. 6 AEROSOL SPECIES CONTRIBUTIONS TO THE PARTICLE SCATTERING 
COEFFICIENT: COMPARISOtl OF ST1HISTICAL AND THEORETICAL 
RESULTS FOR CHINA LAKE 

(From: Ouimette and Flagan, 1981) 

1979 Average Mass Scatter1ng Contr1 but1 on to l Contribution to 
Mass Concen- Eff1c:1ency, Tota 1 Measureda1 bsp'
trat1on, R"1 lQ•'m• I bspm2/g

Aerosol 
Spec1 es, I ug/m1 

Stat. Theor. Stat. Theor. Stat. Theor. 
:,. s S.E. 

Sulfates 2.55 5.03 3.20 12.B B.2 50.4 32.3 
(0,64) (0.96) 

Organ1cs 1. 97 1.54 2. 46 3.0 4.B 11.B 1B.9 
(0.62) (0.75) 

CMJsta 1 1.94 2.36 1 ,42 4.5 2.B 1B.1 11.0 
(0.67) (0.42) 

Unaccounted 4.24 1.00 2.35 4,2 9.9 16.S 39.0 
(0.31 l (0.71) 

Cc,11puted Total 24.6 25.7 97 101 

Measured Total 25.4 25.4 100 100 

Stat. - Statistical 
T.l!eor. •. Theoret1 ca 1 
(S.E.) - Standar~ ~. 
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_;. '!ISI3ILEY/AEROSOL REL;'.,7IONSHIPS BASED on HI-VOL DATA 

As discussed 1n the orevious c~apter, cne worthwnile approach for 

quantifying visioility/aerosol relationships is regression analysis. The 

~ost plentiful jata base for regression studies consists of routine airport 

visibility data and routine Hi-Vol □ articulate data. This chapter describes 

regression studies basea on these routine data sets at 34 locations in 

Cal i fa rn i a . 

3.1 DESCRIPTION OF THt DATA BASE 

The data used in this chapter are airport visibility observations, 

airport relative humidity readings, and Hi-Vol particulate measurements. 

This sectiLn discusses data sources, site selection, ~nd data quality 

considerations. 

3.1.1 Airoort Visibilitv Data 

The visibi 1 "' - ' ..... ~':, rrc'.)rt consist of ,iprevai.ling visi-

bility" readings made at v1eatner 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. bui1dings, moun

tains, towers, etc.) against the horizon ~ky; nighttime visibility measure

ments are basea on unfocused, moderately intense light sources. Because 

our experience indicates that daytime and nighttime observations are often 

incompatible, and that daytime data are usually of higher quality (Trijonis 

and Yuan 1978; irijonis 1979), only daytime observations are employed in 

this study. 

Weather observers usually perform visibility measurements each hour~ 

but only the readings frcim every third hour are entered into the National 

Climatic Center computerized data base. The visibility reading times that 

vie used for each day at each site are 7:00 Ar1, 10:00 AM, 1:00 PM, and 4:00 

PM PST. At many of our airport study locations, computerized records are 

( 

61 



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 on 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 locations 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 S04and N03 
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:t: _,·;and side of Table 3.1 also indicates the 
-~ 

Hi-Vol monitorin·g agency (NASN National Air Surveillance Neti-mrk, ARB -

Air Resources Board, or AQMD - Air Quality Management District), the air

oort data source, and the years of data. It should be remarked that in com

piling the data, we have eliminated days with daytime precipitation (because 

of the possibility that precipitation rather than aerosol cnncentrations 

could be dominating visibility). Also, the reader should note that we have 

selected three duplicate sites to check the equivalency of different Hi-Vol 

monitoring programs -- NASN versus ARB in San Diego and Sacramento, and 

AQMD versus ARB in San Jose. 

3.1.3 Tyoes 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 exceptions , 

*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 Sprin~s, Castle AFB for Merced, and San Francisco Int. for San Carlos. 
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Figure 3.1 Locfrtions for visibility/aerosol regression studies based on 
Hi-Vol data. 
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TABLE 3.1 SUMMARY OF HI-VOL DATA USED IN VISIBILITY/AEROSOL REGRESS ION STUDIES. 
rll-VOL "7"0 

DATA ,iEATrlE:l STATIOrl .!\I.~P02T n:,;Rs 7":PES OF H[-VOL D'I ... " 
"'" HI-VOL SITE SOURCE U,:RPORT) U~ILES) CF '.:~T.-1. TS? so~ :~ □ ~ 

,) 
?b ORG OTr.ER 

SAN DIEGO AREA 
San Diego 
San Diego 
Ei Cajon 

:JASi, 
.;Ra 
,:,RB 

San D1eso 
San Diego 
Gillespie 

int. 
int. 

s 
5 
3 

66-76 
76-79 
76-79 

" 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

LOS ANGELES 
AREA (Coas ta 1) 

Long Beach 
Costa .'1esa 

::.r.s;i 
ARB 

Long Seach 
Oranae Cn. 

'4 

-
67-77 
76-79 

X 

X 

X 

X 

X 

X X 

Lennox ACi10 Los Anse:es Int. 3 73-77 X X X X ~·~il Ni 
Downtown L.A. ,;()?0 ;JQL,.; - ;,o:m C n-n X X X X Mn tli 
Santa Barbara :-Rs Santa Sa r:,a :--a 3 76-79 X X X X X 

LOS ANGcl£S 
AREA (:nland) 

Burbank ~ltSl 3urbank 66-7<! X X X 

La Habra _.;Ra Fullerton C. 76-79 X X X X 

Ont.3.ri o NASil Ontario Int. 5 58-73 X X X 

San Bernardino UASN ~1orton ,.;Fa 4 53-76 X X X 

SOUTHEAST 
CESER, ,1.REA 

P.! l:n Springs 
Lancaster 

:-RB 
AOMD 

Palrr. SC'rirgs 
Lancas.:er 

3 
6 

76-79 
7:._77 

X 

X 

X 

X 

X 

X X Mn Ni 
Victorville 
El Centro 

ARS 
_,:,Rs 

George .:...r3 
I::iceria l Co. 

6 
:, 

75-79 
76-79 

X 

X 

X 

X 

X 

X 

X 

X X 

CSITAAL COAST 
-~r\EA 

Sa1inas ARS Sal inc.s C, - X X X X 

Paso Rao 1 es Ar{3 Paso ;l.obles 6 75-7, X X X X X 

CEN,RAL 1/,1.LLEY 
AREA 

Bakersfield AR5 3akersfield ..: 76-79 X X X X X 

F',esno i,ASN Fresno 5 70-76 X X X 

~erced ARB >lerced 3 76-79 X X X 

Sacramento 
Sac,amentc 

/lASil 
t.RS 

5acrar.:ento 
Sacrame!ltC 

E.xec .. 
Exei: .. 

5 
J 

53-76 
75-79 

X 

X 

X 

X 

X 

X> X 

SAN FRAi;crsco 
AREA (Urban) 

BAY 

Redwood 
Oak.land 

City" AQMD 
:lASN 

San Cari as 
Oaklana 

3 70-,5 
66-76 

X 

X 

X 

X 

X 

X 

X X Si 

San Jose* AQMO 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) 

Livennore* AOMO L iven;iore 3 73-73 X X X X X J 

Concord... AQMD Concord 3 73-75 X X X X X s 
Napa" 
Santa Rosa• 

AQMO 
AQr-10 

:~aoa 
Santa Rosa 

6 
4 

72-,5 
72-75 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

s 
s 

NORTHERN COAST 
AREA 
Humboldt NAStl Arca ta J 66-70 X X X 

NORTHERN rNLAND 
AREA 

Red Bluff ARB Red Bluff l 76-79 X X X X X 

Yreka ARB 11ontague 9 76-77 X X X X X 

... 
Ce11u1ose fi1ter data 

-~--·---,--
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the relative humidity data are ootained from the same airport as the visi

bility observations. The visibility and relative huraidity 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 

surrnnarized in the right hand side of Table 3.1. As noted previously, TSP, 
so4, and N03data are available 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 (fuel oil 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 AQMO data are collected on cellulose filters. 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 

::ieveral previous studies (Cass 1979; Trijonis and Yuan--__ ;,~ •.. :~:i,;,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. 
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3.2 STATISTICAL MODELING APPROACH 

Our 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 dayti~e average relative humidity and to 24-hour 

averages of total suspended particles (TSP), sulfates (so;), nitrates (N03), 
and other Hi-Vol parameters (e.g. benzene soluble organics, 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 foll m-.,i ng subsections summarize the 

statistical techniques and discuss some of the limitations of the methodology. 

3.2.l Definition of Variables 

The parameters for the regression studies consist of visual range 

L111, 1esj, relatite_J1u.mi._dit5c_Jfr-pctiDn, no units], and pa. _ . 
tions [ µg/m 3] .. 'S:f;rt~~o;d,~;•{-ing the ,·egress ions, however, we must perform 

some simple transfor~ations in the forms of the variables. For example, 

instead of using visual range (V) as the dependent variable, it is ~uch 

more appropriate to use the extinction coefficient (B), which is inversely 

proportional to visual range. As explained in Section 1.1,>the extinction 

coefficient is a linear sum of four components: 1ight scattering by gases, 

light scattering by aerosols, light absorption by gases, and light absorption 

by aerosols. Extinction coefficient is most appropriate for use in linear 

regression models because each of the co~ponents of extinction should be 

directly proportional to 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 fa, 

B = 3.0 (3-1}-v-

* For consistency with estat.ished convention, we change the units of extinc-
tion to [10-4m-l) after applying Equation (3-1). 



Equation (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 

visibility observer rather than a 2% detection threshold. We have chosen the 
modified Koschmeider formula because recent studies (Allard and Tombach 1980; 

Malm ec al. 1979; Trijonis 1979) suggest that airport visibility observations 

underestimate true instrumental visual range (defined as the distance at 

whicn the contrast for a perfectly black target is reduced to 2%). Several 

investigators specifically recommend using a contrast threshold of 5~; (Kosch
meider constant of 2.9) in order to obtain an unbiased estimate of extinction 

coefficient from human observations of visual range (Al1ard and Tombach .,, 

1980; Malm 1979; Middleton 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 analy

sis. The choice has no effect, however, on extinction budgets because tota1 

extinction and the extinction contributions from individual aerosol species 

are both changed in proportion . 

• ' ~ I 1.. ,, . 
. Slight transformations must also be applied 

• j • 

to the independent variables. 

Follovling .. , .. :'" ~-·- ,.., .. _.·;,;::. ( ... :1/i), we define 

SULFATE= 1.3 S04 (3-2a) 
and 

NITRATE = 1.3 rm; (3-2b) 

in order to account for the mass of cations (mostly amonium) associated 

with the measured values of so4and 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 elefilents (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. Note that vehicular particles include auto ex
haust, diesel exhaust, tire wear, and brake wear. 

*Soil Dust Particles= SOILOUST = 4 x Si (3-4c) 
or= 900 x Mn 

Fuel Oil Particles= FUELOIL = 50 x Ni. (3-4d) 

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 e~issions 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 fnr "n"...,;:iiricl 0 r nf TSP". For example, if the Pb and Si variables are 

incl1.1 ... ..:. ... , '-""-'•;· ~,.p ..... ,>i1.Jn 1.)--5) becomes 

OTHERTSP = TSP - SULFATE - NITRATE - k Pb - 4 Si. 

= TSP - SULFATE - NITRATE - VEHICLE - SOILDUST 

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-variate analysis that can separate out the individual im

pact of each independent variable, discounting for the simultaneous effects 

of other independent variab1es. 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, iHTRATE 

might be correlated with B only because it is correlated with SULFATE which, 

in turn, 1s significantly related to B. 

* Note that the San Francisco Bay Area data for silicon are actually reported 
as si1icate 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, 

!3 =a+ c SULFATE + b2NITRATE + b}EHICLE + .•• + bn0THERTSP + bn+l RH, (3-5)1 

~le also perform multiple regressions that include relative humidity effects 
in a nonlinear manner. Cass (1979) indicates that light scattering by a 

submicron, hygroscopic aerosol might be proportional to (1-RH)-a, where the 

exponent a is expected to occur in the range 0.67. to 1.0. To account for 

this type of effect, 1t1e perform t\vO sets of regressions of the form, 

B = a + b SULFATE + b NITRATE + b3 VEHICLE + + b 0THERTSP , (3-6)1(1-RH)a 2(1-RH)a n (I-RH) 

one set with a= 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 

0RG, VEHICLE, FUELOIL, or S0IL0UST. 
. " 

The regressions are perfor-:.:=d ,; : ,_:: ...,c = ·,:... 'L.,ed to r:un to the 

final step (with all the variables entered). This permits 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 

guarantee 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 1-1i1l strongly suggest certain 

physical interpretations. In our analysis, the regression coefficients, 

bi in Equation (3-5) and bi/(l-RH) 0 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 

/ 
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well as measurements made with microwave waterometers, nephelometers, 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 toward 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 aerosol electrolyte (in this case, sulfates). For example, pure 

sulfuric acid aeroso1 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 

various curves_._sbown in Fi · · .~<1 atmospheric conditi ans, 

the deliquescent points might be smootned 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 light 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 slightly more water mass than electrolyte mass in the 

aerosol, the total amount of light scattering from the water should be about 

twice that from the e1ectrolyte. This hypothesis is supported by recent 

field studies comparing scattering levels from "wet" versus "dry" aerosols 

(Groblicki et al. 1980; Ferman et a1. 1981). 

The above observations help to explain why several statistical studies 

have 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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(optically active) aerosol, but also they often carry with them a substantia1 

volume of water. 

Figure 3.3 il1ustrates 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 levels at nearly all locations in California. Because of the 

fairly high relative 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 sulfate aerosol were eliminated, the water associated with the 

su1fate 'v'JOuld also be eliminated from the aero so 1 phase. ( riote that trans-

ferring water from the aerosol to the gas phase produces essentially no 

change in re1ative humidity, because the total water in the gas phase is 

typically orders of magnitude greater than the total water in the particu-

- 1ate phase. 1Jfus, t,rerf~6uld be_ no_ reason for !' 
associated with the ·sul ta'te 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 physica11y more meaningful 

than Equation (3-5), which arbitrarily segregates relative ~umidity. Also, 

the (1-RH)-a term in Equation (3-6) approximates the hyperbolic relationship 

between aerosol water and re1ative humidity much better than does the linear 

RH ter~ in Equation (3-5). 

3.2.4 Averaoe Extinction Budoets 

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 aerosol species. In 

Chapter 5, we will compute these extinction budgets for several areas of 

California. 

Many previous authors have calculated extinction budgets for individual 

locations by directly using the regression equations (White and Roberts 1977; 
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Cass 1979; Trijonis and Yuan 1978; 7rijonis 1979, 1980; Leaderer and Sto?wijk 

1979). For exampie, in Equation (3-6), the average extinction from su1fcLes 

is simply assumed to be "bi" multiplied by the average value of SULFATE/ 

(1-RH)a.. Similarly, the average extinction from "other TSP" is assumed to 

be "b/ times the average value of OTHERTSP/(1-RH)a._ Part of the constant 

term "a" is identified as Rayleigh scatter by air molecules~ while the 

remainder of the constant "a" is called "unaccounted for" extinction. 

Because of certain statistical problems inherent in our regression 

methodology (see nexi subsection), we do not think it is appropriate to 

calculate extinction budgets by directly plugging into the regression equa

tions. Rather, in Chapter 5, we will use a modified approach in arriving at 

the extinction budgets. First, we will calculate the average extinction 

contributions from air molecule light scattering and from r~o 2 absorption by 
using known values for Rayleigh scattering and absorption efficiency andN□ 2 
existing data on N0 concentrations. Next, for certain individual aerosol2 
soeciP.s. such as sulfates, we will identify region specific extinction ef-

.. _. ~·.:~ .<e, • __ .:;,.;;u ,.,,..:,.,\.:ty on our -regression coefficients but al so based -l 

other theoretical and empirical results. These extinction efficiencies can 

be multiplied by average values of certain aerosol terms, e.g. SULFATE/(1-

RH)a, to yield average extinction contributions from the individual aerosol 

species. Whatever fraction of total extinction that is not accounted for 

by Rayleigh scattering, absorption, or the individual aerosol speciesN□2 
will be contributions from "remainder of the aeroso1". * 

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 i~precision in the measurement 

techniques (for airport visibility or aerosol concentrations) and by the 

fact that the airport and Hi-Vol site are often located several miles apart. 

* In using this appro2ch, we do not consider "OTHERTSP" as an individual 
aerosol species. Contributions form "OTHERTSP", as well as what we pre
viously ca11ed "unaccounted for", now both naturaily fit into the single 
category "remainder of the aerosol". 
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Random errors in the data tend to weaken the statistical relationships, 
leading to lower correlation coefficients and lower regression coefficients. 

This causes an underestimate of the extinction coefficients per unit mass 

(extinction efficiencies) for individual aerosol species and, th€refore, an 

underestimate of the contrib0tions of individual aerosol 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 

aerosol concentration~ measured at the downtown Hi-Vol locations may be 
systematically higher than the aerosol concentrations averaged over the 

visual range surrounding the airport. The bias caused by relatively high 

aerosol measurements would 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 result 

if daytime aerosol levels (corresponding to the time period of the visi
bi1ity measurements) were '·> · ;:-,;;,,, ti"° ?1t-r1,,. · .. ,erage aerosol levels 

measured by the Hi-Vol. Although 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 analysis 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 may 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 plus related photochemical 
pollutants. 

Potential errors in Hi-Vol measurements of sulfate and nitrate are 

another important caveat. Artifact su1fa te (forr.;ed by so2 conversion on 

the measurement filter) may cause a slight underestimation of the extinction 
coefficient per unit mass for sulfates. The greatest measurement concern, 
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however, invoives nitrates (Spicer and Schumacher 1979; Appei et al. 1979). 

Nitrate data may represent gaseous compounds (N□ 2 and especially nitric acid) 

as well as nitrate aerosols. Also, high sulfate concentrations may negative

ly interfere with nitrate measurements (Harker et al. 1977). Because of 

potentially severe measurement errors, the visibility/nitrate relationships 

are especially uncertain. 

A final difficuity in the regression analysis is the problem of co-

l inearity, i.e. the intercorrelations that exist among the "independent" 

variables (SULFATE, NITRATE, OTHERTSP, etc.). -Al though these irct.ercorrela

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 

estimate the individual effect of each variable, discounting for the simul

taneous effects of other variables, but the colinearity problem can still 

lead to distortions in the results. It is likely that certain pollutant 

variables at certain sites are assigned little stat1stica1 significance and 
near-zero regression r,.,,...,.;:-.;:-.;~.;-~r.- . .;n t-ho m1tlhT)le regressions because these 

variables are colinear w,rn d.11ucncr pol 1u1:ant which bears a stronger relation 

to extinction. In such cases, the regression coefficient (extinction effici

ency) for the latter pollutant is likely 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 eitinction budgets 

by simply plugging average aerosoi 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 1east one daytime fog observation 

and average relative humidity exceeding 96%) and (2) eliminating days with 

precipitation or~ fog (defined as at least one daytime fog observation). 
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TABLE 3.2 INTERCORRELATIONS AMOtlG THE rnoEPEiJDENT VARIABLES. 

DATA: EXCLUDING DAYS WITH PRECIPITATIOi'l OR FOG. 

Si.JLF.:. E SiJLri-. 7:'. SU!..?A7E ·1:7:<..!.TC: :.;7RA7E OTHE:\":'S~ ::..:L~A7E:/(l-1'H) Sl.'LF,;Tc:/ ( l-rt'i) 
versus versus ,,ersus ·;e!"'SUS ve!"'SUS ·,iersi.1s versus versus 

r,--~C"":i-c::::, ;i_.:-', I7M;:: Oi'HE~;"S? ="c; .)1,, ...... , .... R!-: :: !7M TE:i ( 1-~H) Oii-;£:=7S;:: / ( i-~H) OiHi:. 

~Ai'I Ji~:;u ,:.,~E,~ 

C!1 Oie90 (:;AS:~) 
;.n :12so (.:.~al. ...._, C:.~cn 

.21 

. -v 

.15 

.27 

.].!• .23 

- . '.. 
-.J:• 
....:.:.• 

..30 

.:o 

. 51 

• .l.! 

.:2 

.30 
.35 

:s ;,NGE:l...::3 
,;s:.. (Ccas:a1) 

-•~.::ng 3e~c:, 
,,.=cs:.'.i .'-'.esa 

cwn"t::·.,,,n '.... .~. 
~nt::. Car:iara 

. ~.:• 

.:;2• 

.SC . :s 

.. ,:•
.J:• 

- . o:• 
- . :;• 
.:2 

-.52 
-.Eu 
-.::.s 
-.2i 
- . 33 

.30 

.75 

.31 

.25 

.23 

..l2 

~·JS ..:i~1GC::...I3 
;::~~ (~n1anc} 

_ur::ianK 
:_l :~a:ir? 
·~r.t:ari a 

~n 3erna,C:ino 

. 'i 

.:2 
. :--

.20 

- . :J9•
.o.:.• 

-.2d 
••,-· J 

-.:9 

.25 

.78 

.3~ 

.55 

~:•U7':~Sil.S7 
... :..:;..:.?.: .... ru:...~ 

:: ·.iii 3:r~ngs 
.::nc~s:2, 

-:':::::r·,i 1: e 
::: C2:i::--: 

.33 

. : 5 

.:::..) 

-. ~z• 
- . :2• 

.50 

.5l 

. 56 
-.:JZ• 
.:s• 
.37 

::::r1;;.:_ 
-~s; 
~a 1i na.s -. os• 

- . :;;.• 

• ::.,.2!"'S71 E: 1::: 
-2sr:o 

s~cnrr.e:-:::i ( '.:AS.'I) 
'~c:--?~s;!"l~o (~~E) 

.25 

.·• 

• .:..J 

.30 

.:5 

.21 

.oz• 

.oi• 
- . :J3• 

.:5 

.36 ,., 

.-<. .,,,..... ,,...
,.i.l.' 

;.N ;:,;,r:c zsco ~;.. Y 
";;;.:::,; ( Ur::ian / 

:ecwooa C; t'I• 
aklana · 
o.n Jose.. (J.O~D) 

'°!J.n Jose (A~) 

_::.3 
.:3 
.ia 
. :72• 

. !! • 
-. ::•
-.oz• 

-.cc• 
-. J2• 
- . 19 
-.42 

.JO 
... 23 
- . 35 
... ..," .... 

• .56 
.37 
.:6 
.44 

.55 

.53 

.za 

.25 

• .l4 
. .:.1 
..:s 
. Sl 

;..N F::¼i~c rsco ~;, y 
.~::,:, (Si.buroan) 

"t:ver.ore• 
Cenco~.. 

apa .. 
anu i<.csa• 

.75 

.c6 
.. .:.3 
-.:6• 
- . .35 
-.2:• 

. ..:.3 

.55 
I!-' 

.48 

-.zs• -. ,2• 
-.21 

.27 

-.33 
-.23 
-.ZS 
- . ~2• 

.67 

.53 

.55 

.51 

_,;;• 
.Si 
.51 
.49 

:;o;r:-:-:E;;:N COAS, 
\i<_E,,. 

'Jmbo 1dt .31 .56 .3.5 .30 

.'IGiriHE;zN 
.;::s:.. 

: ~lU..ND 

ed 31uff 
-:-reii:a 

.53 

.55 
.53 
.i2 

.sa 
• 76 

,:..verage: .ZS .02 .36 - .::s . 53 

Cel,ulose fiiter oa-a 
liJ ',at st:,t~stically signific2!nt ~ta 95':; confice!1c~ le•,el. 
'lot:= tMt, in ':his ::,ble, Jir:::?.TS? is ::efined =S i"S? - SULr.:.,E: - rH,KA7E 
cte :nat :he interc:rrelat1cns :iet'11een vai.CLE or Oi<.G and the ether in □ e;;-ence!1t variables arg also ::n the oi-:er of-r.l to 0.7~ 
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The multiple correlation coefficients for the first data set, ~rpically 

about .70 to .90 for the nonlinear RH model [Equation (3-6) ], tend to be 

higher than those for the second data set, typically about .65 to .85 for 

the nonlinear RH model. The regression coefficients (extinction efficiencies), 

however, are more consistent and physically reasonable for the second data 

set. * Only the results for the second 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. 

Table 3.3 lists the number of data points and the average value for 

various parameters at each study location. The sanpling agencies, years of 

data, and filter types were described earlier in Section 3.1. 

Table 3.4 presents the correlation coefficients between extinction (B) 

and the independent variables. The left hand side of Table 3.4 pertains to 

the linear RH regression, Equation (3-5), while the right hand side of 

Table 3.4 pertains to the nonlinear RH regression, ~quation (3-6). Averaged 

over all sites, extinction correlates best with the linear RH regression 

variables in the order: SULFATE, NITRATE, RH. nRr. nT~~RT,P_ ~nrl VEHICLE. 

Averaged over all sites, extinction-~correlac.e:" ue:::il- .. ;.:.11 ~,,e non, 1near RH 

variables in the order: SULFATE/(1-RH), NITRATE/(1-RH), and OTHERTSP/(1-RH). 

It is notab1e that B typically correlates with SULF.ll.TE/(1-RH) a1one at 

levels of 0.50 to 0.80. 

Certain interesting geographical features are evident>in the correla

tions of Table 3.4. For exa~ple, the correlations between extinction and 

SULFATE or SULFATE/(1-RH) tend to be highest in the southern 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 ha1f of California. 

1.4 REGRESSION RESULTS 

This section presents the results of multiple correlations/regressions 

The days with fog included in the first data set genera1ly represent days 
with very high extinction coefficients which contribute greatly to the 
total 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 outliers, however, can severe1y 
distort the regression coefficients, explaining why the regression coef
ficients tend to be 1ess reasonable and consistent for the first data set. 
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TABLE 3.3 AVl:.kAGI:. VALUt.::i rUK :::i I UUY 1/h,"<lMDLc.:::>. 

DATA: EXCLUDING DAYS WITH PRECIPITATION OR FOG. 

B RH SULFA7E ~~ ITRATC: JiH~~7S? '/EH !CLE ORG 
10-4rn-l (..!g/m3) (;..g/m3) (_;fr.:3: (;.:g/m3) ( :.:g/m3) 

SAN D! EGO A?.EA 

San Di ego ( ::ASrl) 
San Diego (ARB) 
~l Cajon 

LOS ANGELES 
AREA ( Coas ta 1 ) 

Leng Beach 
Costa t~esa 
Lennox 
Downtown :...A. 
Santa aar:iara 

LOS ANGELES 
AREA (lnlano) 

Burbank. 
1_a Habra 
Ontario 
San Bernardino 

SOUniEAST 
DESERT AREA 

Dalm Sorings 
Lancas,er 
Victo:--v·i l le 
El Centro 

CENTil:..L COAST 
AREA 

CEN7RAL VALLEY 
AREA 
3akersfieid 
Fresno 
~!ere ea 
Sacramento ( NASII) 
Sacramento (ARB) 

SAN FRANCISCO BAY 
AREA (Urban) 

Redwood City* 
Oaklana 
San Jose" (AQMO) 
San Jose (ARB) 

SAN FRANCISCO SAY 
AREA (Suburban) 

L ivennore" 
Concord" 
Napa" 
Santa Rosa• 

NORTiiERN COAST 
AREA 

Humboldt 

NORTiiERN INLAND 
AREA 

Red Bluff 
/ Yreka 

:99 
125 
257 

229 

: 56 
:Zl 
122 
173 
1s.: 

218 
Zll 
193 
156 

54 
62 

117 
57 

115 
73 

l.85 
l. 73 
1.23 

2.07 
2.02 
2.39 
3.05 
1.29 

2. 10 
l.82 
2.98 
2.33 

0.86 
0. 7i 
o. 7.: 
0.74 

1.81 
1. d9 
1.30 
1.37 
1. 31 

1. 49 
1.63 
1.27 
1.35 

0.88 
0.91 
0.87 
0.88 

1. 55 

0.53 
0.55 

.60 

.52 

.53 

.55 

. 51 

. 6-l 

.55 

.63 

.48 

.63 

.43 

.42 

.35 

.36 

.32 

.38 

.64 

.43 

.45 

.47 

.43 
-'1-9 
.49 

.65 

.70 

.57 

.56 

.53 

. 54 

.55 

.57 

.74 

.41 

.48 

9.3 
9.8 
B. l 

i.3.3 
10.2 
16.0 
15.9 

12.5 
9.7 

12.6 
13.6 

E.O 
5.3 
6.6 
5.9 

12.5 
6.3 
5.6 
5.7 
4.9 

2.9 
3.5 
2.9 
4.6 

2.5 
3.2 
2.9 
2.3 

4.0 

3.4 
3.9 

7. 1-:,,. :, 

9.4 

a-. :, • 

· 13. 4 
9.6 

14.0 
7. l 

:o.3 
17.0 
13. l 
17. 1 

Q -- • "J 

5.2 

6.C 
5.5 

13. l 
10.7 
10.3 
5.5 
6.4 

4.1 
5 .1 
5.7 
7.4 

4.8 
4.7 
4.3 
2.9 

0..8 

4.7 
l. 6 

:3.~ 
57.= 

7S.7 
:2.5 

..... - ..,,
,.,.JI.• '-. 

31.-l 
l86.2 
95.3 

.:s.2 
9~.5 
7.:. 2 

: :2 .. 3 

:.:! .3 
, •• C
l ~ ,j .... 

02.2 
51.5 
67.; 

45 . .;, 
63.0 
52.9 
58.5 

71.3 
38.0 
5~.9 
38.3 

42.S 

51 .3 
!2.l 

14 .3 
20.4 

17.5 
29.5 
26.6 
16.8 

18.7 

6.3 
5.4 
5.7 

5.3 
5.5 

20. l 

6.5 

7.5 

6.0 

9.9 
ll.9 

4.7 
3.7 
5.0 
3.9 

3.8 
2.6 

7.7 

5.4 

4.2 

2.7 
4.S 

8.3 

28.9 

39.0 

35.3 
2.6.2 
33.3 
25.l 

4.7 
3.8 

.. 
Cellulose filter data 
Note that, in this table, OTHERTSP is defined as TS?- SULFATE. i:ITKATS._ 
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TABLE 3. 4 CORRELATI Oil BETWEEN EXTirKTIOtl AND THE IilDEPEilDEfH VARIABLES. 

DATA: EXCLUDING DAYS WITH PRECIPITATION OR FOG. 

6 versus 8 versus 8 versus 8 versus B versus B versus 5 versus 8 versus B v~ 
RH SULrATE NITRATE 0THERTSP VEHICLE 0RG SULFATE/(l-R!-1) NITRATE/(1-RH) 0THERT?-

SAil DIEGO AREA 

San Diego 
San Diego 
E1 Cajon 

(NASN) 
(ARB) 

.42 

.43 

.54 

.77 

.75 

.65 

.23 

.39 

.08• 
-.o5• 
-.JS -.35 

.80 

.73 
--,

• I I 

.39 

.57 

.37 

.45 

.3£ 
I 9 

LOS ANGELES 
,:.REA (Coas ta 1 ) 
Long Beach 
Costa Mesa 
Lennox 
Downtown L.A. 
Santa Barbara 

.36 

.43 

.51 

.39 

.54 

.78 

.77 

.80 

. 73 

.ii 

.oo• 

.38 

.03• 

.oo• 

'' 

.11• 
-.03• 
-.os• 

.24 
-.09• 

-.18 
-.19 

.06• 
-.13 

.79 

.83 

.SJ 

.65 

.36 

.14• 

.54 

.17 

.12• 

.El 

.40 

.4.5. 

LOS ANGELES 
AREA (In1and) 

Burbank 
La Habra 
Ontario 
San oernard i no 

.53 

.40 

.26 

.t~ 

.67 

.72 

.53 

.73 

-.01• 
.59 
.13• 
.51 

.07• 

.11• 

.38 

.51 

.79 

.52 

.59 

.B3 

.25 

.61 

.2E 

.65 

SOUTriEAST 
':;[SERT AREA 
?alm Springs 
Lancaster 
Victorville 
El Centro 

.29 

.29 

.30 

.10• 

.52 

.37 

.36 

.53 

.Z7 

.16 

.30 

. 31 

.54 

.52 

.18 

.39 

.57 
_52 
.47 
.55 

.31 

.30 

.44 

.47 

CENTRAL CDAST 

Sa 11 nas 
Paso Robles 

.30 

.27 
.45 
.40 

.35 

.59 .S3 
.19 
.42 

.35 

.52 
• "T.!. 

.67 

CENTRAL VALLEY 
AREA 

Bakersfield 
Fresno 
1-.erced 
Sacramento (NASN) 
Sacramento (ARB) 

-· .J~ 

.22 

.19 

.27 

. 12• 

. ·cI. 

.36 

.62 

.37 

.44 

.59 

.E:3 

.77 

.75 

.35 

.26 

. :,0 

.25 

. 42 

.47 

.75 

.60 

.53 - T:. 
_52 
_:59 
.54 
.39 ,. 

.81 
•77 
.52 
.77 

• 5...§.. 

.[ 

.40 

.51 

SAN FRANCISCO BAY 
AP.EA (Urban) 

Redwood City* 
Oakiand 
San Jase• (AQMD) 
San Jose (ARB) 

.l7 

.24 

.16 

.22 

.54 

.67 

.55 

.31 

. 53 

.51 

.56 

.56 

.48 

.54 

.31 

.36 

.48 

.24 

.43 

.50 

.41 

.50 

.£7 

.51 

.38 

.4S 

.56 

.62 

.64 

SAN FRANCISCO BAY 
AREA (Suburban) 

Livennore* 
Concord" 
Napa* 
Santa Rosa"" 

.15• 

.22• 

.21 
;34 

.4S 

.50 

.51 

.38 

.33 

.45 

.41 

.32 -.01• 

. iS• 
-.13• 

.07• 
- . l3• 

.04• 

.31 

.30 

.26• 

_51 
_f,L 

.57 

.57 

• :ll 

. 52 

.43 

.CJ.,;~ 

.32 
-~-

NORTHERN 
AREA 

COAST 

:-lumbo1dt .35 .25 .37 

NORTIIERN 
AREA 

INLAND 

Red Bluff 
Yreka 

.42 

.45 
.27 
.29 

.57 

.26 
.28 
.20• 

.54 

.24 
.71 
.28 

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

*cellulose filter data 
3 Not statisticaily significant at a 95~ confiaence level. 
Note that, in this table, 0THERTSP is aefined 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 def.ined previously in Equation (3-4) -- VEHICLE, 0RG, 

SOILDUST, and FUEL0IL -- lacked consistent, significant relationships with 

extinction. Figure 3.4 summarizes the regression coefficients (extinction 

efficiencies) for VEHICLE (24 sites), 0RG (14 sites), SOILDUST (6 silicon 

sites, 2 manganese sites), and FUEL0IL (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, 
~~• '-~~:~~~tare statistically significant are as likely as not 

--::. 

to be negative (a physically unacceptable result). ~ 

It should be stressed that the lack 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 detennine the extinction efficiencies from the (admittedly 1 imited) 

airport and Hi-Vol data. For the parameters fuel oil and soil dust, the 

lack of a statistically significant relationship most 1ikely reflects the 

fact that fuel oil and soildust partic1es constitute only very small compon

ents of the fine (0.1 to 1.0 micron), optically active aerosol. For the 

parameters VEHICLE and 0RG, the lack of a significant relationship may re

flect data quality or statistical problems (i.e. the failure of benzene 

soluble organics to adequately represent total fine organic aerosols, the 

failure of Hi-Vol Pb data to be a perfect tracer for fine vehicular aerosols 

and _intercorrelations between VEHICLE or 0RG and SULFATE, NITRATE, etc.). 
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Figure 3.4 R~aression coefficients for variables found to be 
generally insignificant. 
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Actually, from the results of other studies performed l'Jith r.iore 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 limited 
to the variables SULFATE, NITRATE, OTHERTSP, and RH. Also, OTHERTSP will 

hereafter be defined 'specifically as TSP- SULFATE- rlITRATE at all the study 

sites. 

3.4.2 Different Monitoring Programs 

Another preliminary issue that must be resolved 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 AQM~., :i Sc:: ""(a"'c··: : 2,'ly Ar2a AQMO. All of the Hi-Vol 
data are on glass 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 dup1icate sites -- San Diego NASN 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. vJe 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 general, 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 especially for sulfates. In the sense that the nitrate and 

sulfate concentrations are biased 1ow 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 likely 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 glass filters (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 AQMO 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 regression 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. A1so, 

the regression coefficients for the aerosol variables agree with our quali

tative expectation that extinction efficiencies 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, violate fundamental physical 

principles. Specifically, the regression coefficients for sulfates are on 

the order of 0.07 to 0.13 (l0-4m- 1)/(µg/m 3) at many locations; these va1ues 

are much greater than the extinction efficiencies for sulfates expected from 

theoretical principles -- on the order of 0.02 to 0.04 (l □- 4m- 1 )/(µg/m 3 ) (see 

later discussion). The most obvious reason for severely inflated sulfate 

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). 
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TABLE 3.5 REGRESSION C0EFFiCIEiHS FOR THE LI1lEAR RH riODEL: EQUATION (3-5). 

DATA: EXCLUDING DAYS WITH PRECIPITATION OR FOG. 

'.~UL T:PLE 
b3C.ORREL.!. T IOii 

::::iE:=:=,crrnrs SWLF;+.TE 07:iERiSP 

SAN :JI EGO AREA 
San wlego 
San Diego 
E1 Cajon 

(~ASN) 
(.!.RB) 

.30 

.72 

.73 

.:34 

. : l 1 

.090 

.02! 

.025 
-.oos• 

.002s• 
· .0024• 
-.0066 

l..67 
l.20 
1..13 

LOS ANGELES 
Arl.E.,l, ( Coas ta 1) 

Lone aeach 
Cos~a Mesa 
Lennox 
wcwntown L.A. 
Santa Barbara 

.SJ 

.33 

.84 

.77 

.32 

.120 

.173 

. : 17 

. 103 

.:96 

.021 

.009• 

.003• 
-.010• 

.ooo• 

.0080 

.0073• 

.0103 , 

.0090 
-.0029• 

2.. 98 
3.92 
2.86 
1.72 

· l. 64 

LOS ;..NGELES 
AREA ( In 1 and) 

BurbanK 
La riabra 
Ontario 
San Sernarc:ino 

.so 

. 79 
"". 67 

.80 

.i33 

.122 

.103 

. 117 

- .042 
.038 

-.014• 
.017• 

. 0050 

.0000• 

.0140 

.0053• 

5.76 
l..57 
5.45 
4.95 

SCUT:-iE.ol.ST 
DESE:E AREA 

Pa 1 m Sorincs 
La~cas ter -
Vi ctorvi 11 e 
El Centro 

.,.., 

.70 

.53 

.5i 

.040 

.038 

.019 

.021 

-.003• 
.010 
.014 
.037 

.0052 

.0028 

.0022 

.oooa• 

0.73 
1.07 
l..00 
I). 39 

CE.Ni::¼L 
ARE.:.. 

COAST 

Sai1nas 
Paso Robles 

.59 

. i9 
.css 
.061 

2.10 
l..89 

CENTRAL VAU.. EY 

3akersfield 
Fresno 
Merced 
Sacramento (NASN) 
Sacramento (ARB) 

.90 

.33 

.86 

.61 

.35 

. .J2c• 

.010• 

.027• 

.070 

.037 

.066 
-~05 
.074 
.091 
.105 

-.0007• 
. :::002• 
.00i7 
.0044 
.0085 

1.37 
0.44• 
2.73 
2.39 
2.19 

S.~.N FRANCISCO 
,:.REA (Urban) 

SAY 

ReQ\o/ood City* 
OaKiand 
San Jose* (AQMO) 
San Jose (ARB) 

.65 

.80 

.73 

.69 

.071 

.077 

.106 

.056 

.043 

.067 

.051 

.054 

.0063 

.0085 

.0065 

.01!7 

1.01 
2.77 
2.16 
2.93 

SAN FRANCISCO SAY 
;..;;,EA (Suburban) 

Livennore* 
Concord'" 
,'laoa* 
Santa Rosa• 

.66 

.62 

.56 

.61 

.133 

.081 

.117 

.117 

-.001• 
.023 
.01s• 
.ooo• 

-.0023 
-.0034• 
.0005• 

-.0063 

0.73 
0.64 
1.34· 
1.25 

NORTI-IERN 
~REA 

COAST 

Humboldt .46 .225 2.74 

~CRTHERN 
AREA 

I NLA.NO 

( .~e,j Bluff 
YreKa 

.75 

.48 
-.0J0• 

.002• 
.046 
.025• 

.0051 
-.ooc:• 

l..07 
0.66 

... 
Cellulose filter dat.a 

·"•••~• statistically si;nificant at a 95: cc~fidence level. 
:;ote that, in this table, 0iHER.TSP is defined as TS?- SULr.:.TC: - :IIiiv.7:0:.. 
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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 sulfate 

term._ Because 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 provides results that are appropriate for our later 

calculations of extinction budgets. 

3.4.4 Nonlinear RH Regression Equation 

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

of nonlinear RH regressions of the form: 

B =a+ b SULFATE + b NITRATE + b OTHERTSP (3-6) 
1(1-RH )a 2( 1-RH f 3(1-RH)a 

One type uses a value_ of a= 0.67; the other type uses a value of a= 1.0. 

After completing the regressions and studying the results, we find that the 

Jes for a perform~ ~qual ly as well. The trc--, - · · 

ficients at each study si~~~~~~ -~b~ut the same for the two values at a, 

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 coefficients also are quite parallel for the two values of a. Of 

course, for a= 0.67, the regression coefficients "b." are consistently
6- l ~ 

larger, compensating for the denominator (1-RH)" 1 being consistently larger. 
1In order to simplify the follmving discussion, .-Je \~i11 present results 

only for one value of a, a= 1.0. Although, as mentioned above, we have 

found little statistical difference between the two values of a, we think 

that a= 1.0 is more appropriate based on the following considerations: 
' • Latimer et al. (1978) have concluded that the mass of water associ-

ated with hygroscopic aerosols should vary specifically as (l-RH)-1. 

• Grob1icki et al. (1980), using very detailed aerosol data for Denver, 
have concluded that a= 1.0 yields a slightly better statistical fit 
than o. = 0.67. 

• In comparing our results with the published literature, using c = 
1.0 is more appropriate because a= 1.0 is most often assumed ,n 
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other studies (Trijonis and Yuan 1978; Trijonis 1979, 1980; Latimer· 
et al. 1978; Grobl icki et al. 1980; Fennan 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 tenn 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 fHTRATE/(1-RH) and OTHERTSP/(1-RH) are negative (physically 

unreasonable) at several locations. 
We have also conducted the regressions combining the data for all 

sites in each region and for all sites in California. * 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 r.uojer of data points, 

nearly all the coefficients for the combined data sets are statistically 

significant. 

·;_\·1 Cherne apparent in Figure 3.5 and Tables ~-6 and 1 7 .:" ..., 
that the extinction efficiencies for sulfates are generally an oraer of 

magnitude greater than the extinction efficiencies for the remainder of 

TSP (OTHERTSP). This result bas also been demonstrated in many previous 

itatistical 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 aerosols that tend to fom 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 ab?ve 2 microns (~hitby and Sverdrup 

1978; Bradway and Record 1976; Willeke and Whitby 1975). As shown in Figure 

3.6, 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; 

*Because of the $ignificant differences between giass and cellulose filters, 
we have grouped the San Francisco Say Area sites by filter type rather than 
by geography. The ce11 u1ose data have also been exc1uded from the II a11 
Cal iforn i a" regression. 
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DATA: EXCLUDING DAYS \JITH PRECIPITATIOn OR FOG. 

SAN DIEGO AREA 

San Oiego (NASN) 
San Dieao (ARB) 
E1 Cajo~ 

11UL TIPLE 
CORRELATION 

COEFFICIENTS 

.82 

. 81 

.30 

::i. 
i 

SuLF,;TE 

(~-RH) 

.041 

.030 

.038 

b~ 
~ 

NITRA7E 

(l-R~) 

o ". -V 1 _j 

.·JJ.4 

.OCJ! • 

b_ 
.0 

OT:-,E?.TSP 

( " - RH) 

.0014 
-.0003• 
-.0026 

LOS ANGE:LES 
AREA (Coastal) 
Long Beach 
Cost.a Mesa 
Lennox 
Downtown L.. A. 
San ca aarbara 

.82 
.84 
o·.u:i 

.59 

.3i 

.038 

.055 

.024 

.024 

.056 

.oo~• 

.007 
ti,., .... 

.uv.) 

-.CC6 
-. oc~• 

.0038 

.oooe• 

.0029 

.0032 
- .0001• 

LOS ANGELES 
AREA (Inlanc) 

3urbank 
La }iabra 
Ontario 
San Bernardino 

.81 

.62 

.66 

.85 

.062 

.002• 

.058 

.064 

-.oo:• 
.:J17 

- .co.:• 
.:J13 

.0029 
-.0010• 

.0077 

.0033 

SOUTHEAST 
DESERT AREA 
;:a]m Sprinc;s 
Lancaster 
'/ictorvil le 
C.I Centro 

.57 

. 7 7 

.55 

.59 

.030 

.025 

. 015 

.J46 

-.009 
.007 
.009 
• ...i ... -

.Q027 

. 00l3 

. C014 

.oocc• 
CENTP•• 

~-
rr-,,.,-

Salinas 
.~aso Robles 

.54 

. 77 
.025 
.025 

. ~01 • 
,,....,f"I 

• U"-·..,.· 

.Cio12• 

.0833 

C::NTRAL 
A~EA 

VALLEY 

2.aki!rsfield 
Fresno 
~erced 
Sacramento (NASN) 
Sacramento (ARS) 

.90 
,:,,.u. 

.37 

.67 
~c:

• cl-

-.001• 
.oos• 
.013• 
.042 
.015 

.033 

.G33 

.C32 

.030 

.C.!6 

-.0011• 
.cco3• 
.Gv51 
.0023 

> .C052 

SAN FRANCISCO 
,;~EA (Urban) 

BAY 

r<edwood CHY* 
Oakland 
San Jase,.. (AQMD) 
San Jose (ARB) 

.57 

.78 

.71 

.69 

.o:a 

.014 

.036 

.010• 

.Cill 

.028 

.022 

.024 

.0013 

.8024 

.0015 

.0039 

SAN FRANCISCO BAY 
AREA (Suburban) 

Livennore* 
Concord* 
Napa" 
Santa Rosa* 

.56 

.67 

.68 

.58 

.047 

.045 

.052 

.035 

.001• 

.006• 

.807 

.004• 

-.0007 
-.0017 
-.ooos• 
-.oooe.• 

:'lORTHERN 
,J.REA 

COAST 

Humboldt .42 .001• .062 .0010• 

NORTHERN 
AREA 

INLAND 

Red Bluff 
Yreka 

.i9-~.~.'.. 

.006• 

.017 
.017 
.007• 

.0032 
-.0002 

rCe1lu1ose filter data
•Not statisticaliy significant at a 95~ confidence level. 
~Jote that, in this table, OTn::RTS? is defined as TSP - SULFATE - NITRATE. 
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TA8L E 3. 7 REGIONAL REGRESS ION COEFFICIENTS FOR TIIE NON LI NEAR RH MODEL: 

l3 _ a + b SULFA TE. + b NI TRA TE + b OTHER TSP 
l {1- RH) 2 

( 1-RH) 3 
( 1-RH) 

DATA: Excluding days with precipitation or fog. 

bl b2 b3 
MULTIPLE SULFATE NITRATE OTHERTSPNUMl3ER OF CORRELATION --- -~-- ----~-

ARE/\ DATA POINTS COEFFICIENT ( 1- RH) (1-RH) (1-RH) 

SAN DI EGO ARE/\ 507 . 7 9 .037 .007 -.0004• 

LOS AllGELES AREA (Coastal) 875 . 76 .026 .004 .0022 

LOS ANGELES AREA (Inland) 533 .65 .052 -.013 .0034 

\.0 SOUTHE/\ST DESERT AREA 816 .56 .024 .001• .0010 
0 

CENTRAL COAST AREA 228 . 61 .022 .004 .0029 

CENTRAL VALLEY AREA 726 . 78 .005• .028 .0013 

SAN FRANCISCO l3AY AREA 367 .74 . 010 .023 ,0025(Glass Filters) 
SAN FRANCISCO BAY AREA 701 · .60 .039 . .009 .0006(Cellulose Filters) 
rrnRTIIERN INL/\tm ARE/\ Hl9 .GG .019 .021 -.000J• 

STATEWIDE 4306 .74 .028 .010 .0019 

•Not statistically significant at a 95% confidence level. 



/" -~. 

,.,---........., 

· 1 

.µ q-
I-' a ID 

"'u ,-
V) 

+-' 
.c 
0) 

•r-
--' .02 

QI I :r::: I I 
.03 .05 .07 0.1 0.2 0 ·:: 0.5 0.7 1.0 2.0 3.0 5.0 7,0 10.0 

Particle Diameter (microns) 

Figure 3.6 Light scattering by aerosols as a function of particle diameter. 
Computed for unit density spherical particles of refractive index 
1.5 (White and Roberts 1977). 

.10 

Lil .08Lil 

,: "' 
..... ..... 
C: ..--..=> 

M 
I,.. E 
QJ ....__ .06 
0. Ol 

::i .__..
Ol ....__C: ,.... 
s... I 

•,-

QJ ..--.. 
+-' E .04L I ,I 



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 qualitatively 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 (l0-4m- 1)/(wg/m3), the specific value depending on 

the details of the sulfate size distribution. The results in Tables 3.6 

and 3.7 indicate that sulfates in California do indeed typically exhibit 

"dry" extinction efficiencies (b 1 s) of .02 to .04 (l0-4 m- 1 )/(l-!g/m3 ). It1 
is also interesting to note that, in the northern half of California where 

the nitrate variable becomes very significant, nitrates also typically ex-
-4 -1) 3hibit "dry" extinction efficiencies (b 2 's) of .02 to .04 (10 m /(wg/m ), 

approximately what one would expect for an accumulation-mode secondary 

-erosol. 
==-Figure 3.5 and Tables 3.6 and 3.7 contain so111e irn,er esiu19 '.]eographical 

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 .:iuestion. 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 introducPd 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 g1ass filter 
data. 

92 



----

•• 

OicGO LOS .t..NGcL.ES :.REA DES:ST cc,;s, ; ..;LLE:Y 3,.;y AR~~ CCAS7 li,!.AND 
..... I"" ~

,,REA COAST.!L ~ ULAt~D ,l.?.E.; -Kc.>-, ,.:,.~E.:.. JRSAN SUcURSAtl ARE,; AREA 

: 
.JS 

' -, 

..::::.-----' S' 
< .CO 

: 0. .,. 
:. • 

0 • 
o+ •* o+ 

8! 

-0 
-.,.0- -~ 0 -, a- -- -- --

• 
••
•
0 0+

•• • • 
oO 

----- I--c~ I i--=- I 

-
~ 

C I 
I-= 

J- .05 

• 
.cs ~ • 

I r. 
' -, :. •I 0 0 

0-.... -:::. 0 • •::, 0'--' L 8 -a - -- o~,;- -----er -w.- 0f 
-

I I 

: ••.JO 0
8= 

'~ • •.,,.-"" 
-

-, 

I 
_J-. :)5 

• 

I 

• 0 

i 
0. 

0 
00 •0 

0 00
0 -- --o-- -- --

0 0 a: 
0

0. • 
•• • 

0 

• 
• • 

• ·• 
• 

riote: Open oats are not statistically significant from statewide values at a 95~ c~nfidence level. 

Note: Large dots represent results for regionally grouped data. 

'late: Dashed line represents statewide coefficient, .028 for sulfates, .010 for nitrates, and 
.0019 for other TSP. 

( 
*cellulose filter data. 

Figure 3.7 Regression coefficients for the nonlinear RH model compared to 
statewide coefficients. 
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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 is 

correspondingly deflated. 

The north/south variations, however, might also 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 NH 3 and HN03. 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 higher correlation between 

extinction and nitrate in northern California, and the more significant and 

more physical reasonable nitrate regression coefficients in northern Cali- , 
.r_ '>,· -'c.'- ,::- -.-st of the measured Hi-Vol nitrate in northern Cal;,_ 

rornia is real nitrate'";~r~-s-;l~ -~1n southern California, on the other -ha,,u, 

relatively more of the atmospheric nitrate may be in the gaseous state (as 

HN03), and relatively more of the Hi-Vol nitrate may be an artifact (e.g. 

collection of gaseous HN03). The presence of substantial artifact Hi-Vol 

nitrate in southern California would account for the weaker correlation 

between extinction and nitrate in the south. Extinction is physically re

lated to the part of the nitrate measurement that represents real aeroso1; 

artifact nitrate would tend to confuse and ~ask this relationship. 

In the case of sulfates, several investigators have emphasized that 

scattering efficiency may depend strongly on the soecific size distribution 

of the particles within the accumulation mode (Ouimette 1981; White 1981; 

Latimer et al. 1978). Based on the calcu;ations of Faxvog and Roessler 

(1978), we would expect sulfates to have nigher extinction coefficients per 

unit mass if the size distr""ution were -,1tered in the upper part of the 

accumulation mode, e.g: int~? size ranr 0.5 to 1.0 microns. To see if 

*As indicated by Table 3.2, ':ULFATE/(1-RH) and NITRATE/(1-RH) typically cor
relate with one another at_ level of ab~Jt O.~ to 0.7. 
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sulfate size distribution might explain the observed geographical patterns 
in sulfate extinction efficiency, we have plotted our regiona1 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 ma,nner with sulfate size distribution. In fact, 

the correlation would be extremely high were it not for the Central Valley 

point. * 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 ~hould 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 
. - - ** extinct¥, _ -- ':.·:-:at(!,; and nitrates· 1 isted, .Jn.·_TabTe J;8. The 

values in Table 3.8 are approximately the same as regional regression results 

(Table 3.7), but they have tempered by the following considerations: 

• All extinction efficiencies are reported only to the nearest .005 
(l0-4m-l)/(µg/m3) rather than to the nearest .001 (10-4m-l)/(iig/m3) 
to better reflect the uncertainties. 

• 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 

* \✓ e 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 somev,hat 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. 

** ~Jote that the extinction budgets do not require extinction efficiencies for 
"OTHERTSP". As explained ear1ier, the extinction contribution from the re
mainder of TSP is simply defined as 1-..,hat is left over after we have accounted 

( 
for Rayleigh s~atter, N02 absorption, and various individua1 parts of the 
aerosol. 
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TABLE 3.8 EXTINCTION EFFICIENCIES S~LECTED 
FOR EXTINCTION BUDGET CALCULATIONS. 

SULFATE b • tlITRATEbl • 
(1-RH) 2 

( 1-RH) 

bl b2 

LOCATION (l0-4m- 1)/(µg/m 3) (l0-4m- 1)/(~g/m3) 

SAN DI EGO ARE.ll. 

LOS ANGELES AREA 
Coastal 
Inland 

SOUTHEAST DESERT AREA 

CENTRAL COAST AREA 

CENTRAL VALLEY 

SAN FRANCISCO BAY AREA 

NORTHERN COAST AREA 
(Humboldt) 

NORTHERN INLAND AREA 

.035 

.03 

.045 

.025 

.02 

.02 

", r, 

.01 

.02 

NC 

MC 

NC 

NC 

tJC 

.02 

.02 

.02 

.02 

NC Not calculated 

Note: For the cellulose filter data in the San Francisco Bay Area, the 
statistical coefficients are used without modifications: = .04b1and = • 01.b2 
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problems with the nitrate variable and because of colinearity prob
lems between the nitrate and sulfate variables. The nitrate term 
will not be specifically included in the extinction budgets for 
locations in southern California. 

Table 3.8 lists a nitrate coefficient of .02 (l0- 4m- 1)/(µg/m3) 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. 

• 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 line with the physically reasonable range of .02 to .04 (l0-4m-l)/ 
(µg/m3). The sulfate regression coefficients in southern California 
(Table 3.7) ~ay have been slightly overestimated due to colinearity 
problems. 

• 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:, .. 1a·t the 
sulfate regression coeffic:1ent vJas- very unstabie (see previous 
foot.note on page 78). 

, 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 light scat

tering by air molecules and light absorption by NO~. Then, we apportion
'-

aerosol extinction among sulfates, nitrates, and other particles using the 

aerosol extinction efficiencies tabulatea at the end of Chapter 3. 

4.1 EXTINCTION BY GASES 

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

air molecules is 0.12 l □- 4 m-l (EPA 1979). Rayleigh scattering decreases 

with altitude, i.e. with the density of air, but none of our study sites 

is sufficiently elevated to affect Rayleigh scattering significantly. The 

value of 0.12 l □- 4 m-l applies uniformly to all of our study locations. 

The extinction due to light absorption by NO~ can be calculated by the 
'-

formu1 a, 

BNO = 3.3[N□ 2 ], (4-1) 
2 
-4 -1vJhere the units of B~JOZ are 10 m and the units of l~m2J are ppm UJixon 

1940; Hodkinson 1966; Groblicki et al. 1980; Feman et al. 1980). The con
stant, 3.3, in Equation (4-1) corresponds to the absorption effiency of N02 
at a light wavelength of 550 nra, the center of the wavelength response range 

for the human eye. Of course, rm 2 absorbs light much more efficiently for 

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

NO,, 
~ 

is particularly important 1vith respect to discoloration (producino
~ 

a 

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

but only with the aggregate effect of on extinction and visual range.N□ 2 
Table 4.1 presents average NO~ concentrations for our study locations 

* '-
and study periods. The right hand column of Table 4.1 lists the average 

extinction contribution fro~ N0 2, calculated by Equation (4-1). 

* In a few cases, we had to substitute NOz data from nearby sites because N02 
data were not available for our study locations. Also, in a few cases, we 
did not have i:02 data for all the years in the study period. 
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TABLE 4.1 AVERAGE CONTRIBUTIONS OF NOz TO EXTINCTION LEVELS. 

SITES 
~ 

YEARS OF 'J/.,TA A:~ilUAL 11E.Ail ,Wz ~~E.~N EXTI~!C7!0r~ DUE 70 N02 
(pphm) c-111":'.-1' 

SAN 'JIEGO AREA 

San Diego 1960-1976 2.9 0.10 
San Diego 1976-1979 5.l 0.17 
£1 Cajon 1976-1979 5.4 0.18 

LOS ANGELES 
AREA (Coan.al) 

Long Beach 1967-1977 7.2 0.24 
Costa Mesa 1976-1979 3.D 0.10 
Lennox 1973-1977 6.5 0.21 
Downtown L.A. !9i3-l977 7.4 0.24 
Santa Sarbara :i.976-1979 3.8 0. !3 

LOS ANGELES 
AREA (Iniand) 

Burbanl\ 1966-1974 8.5 0.28 
La Habra 1976-1979 5.6 0. :8 
Ontario 1970-1972 4.4 0.15 
San Bernardino 1968-1976 4.1 0.1'1 

SOUTHEAST 
DESE?.T AREA 
Paim Sorings ( Ind\ o) 1976-1979 '... ':!- 0.06 
~ancaste!" 1974-1977 l. 6 0.05 
Victorville 1975-1979 l .8 0.06 
El Centro ; l ~.c:io) l976-iS79 ~-9 G.06 

CEl'iTRAL COAST 
AREA 

Sa 1inas :rni-1979 1.5 :J_o: 
Paso ,bbies (San Lui; Q:::,ispo;i977-lS79 ?-. '-" 0.07 

C::NTRAL VAL.!...EY 
AREA 

4 ,3ake!"sfie1d 1976-1979 .- G.l:i 
f!"eSTlO ~970-1976 3.1 0.10 
Me!"Ce:J 1976-1979 2.5 0.09 
Sacramento 1968-1976 2.7 0.09 
Sacramento 1976-1979 3.2 :,, 

0.ll 

SAN FRANCISCO BAY 
AREA (Urban) 

~

Redwood City 1970-1975 .:,.._
, 0.10 

•)ak1and 1966-1976 3.6 0.12 
San Jose 1970• 1975 3.7 0.12 
San Jose 1976-1979 ~.2 0.24 

SAN FRANCISCO BAY 
AREA (Suburban) 

Livennore 1973-1975 3.1 0.10 
Concord 1973-1975 2.8 0.09 
Naoa 1972-1975 2.5 0.08 
Santa Rosa 1972-1975 2.1 Q_07 

NOR~ERN COAST 
AREA 

Humooldt (Eureka) 1972 1. 7 0.06 

NORTHERN INLAND 
AREA 

Red Bluff 1976-1979 l. 7 0.06 
Yreka ( Red B 1 uff) 19 7 6-15 77 1.5 0. D5 

* Sites in pareni::heses are N02 st2tions St;bstltuted for cities tr,at have no rm2 dau. 
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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 
1 

"dry'' conditions (zero relative humidity). As explained in Chapter 3, the 

average extinction contributions from su1fates and nitrates are simply b1 
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 frol17 the "remainder of aerosol 11 simply by subtracting the 

sulfate, nitrate, air molecule, and N02 contributions from total average ex

tinction. 
Table 4.2 presents the extinction budgets for the 34 Hi-Vol study lo

cations. The table lists total average extinction levels at each site and 

the percentage contributions from Rayleigh scatter, tiO..,, sulfates, nitrates~ 
'-

and other aerosols. 

Because Rayl~igh (blue-sky) scatter is essentialb constant. the oer_

centage contribution from Rayleigh scatter isl,,'.:.::. ~.::.•J ;.,:·c~~-1··vivnc1·, co· 

average total extinction (directly proportional to visual range). In the 

densely populated parts of the Los Angeles basin, where median visibil~ty is 

less 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 stric along the coastline, 

Rayleigh scatter contributes only 7-10% to average extinction. At Red Bluff 

and Yreka, on the other hand, where median visibiljty is over 40 miles, Ray

leigh scatter accounts for nearly 25~6 of extinction. Furthermore, simple 

calculations show that Rayleigh scatter contributes more than 40% of extinc

tion in the area along the Nevada border v,here median visibility 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 N0 levels.2 
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Ti\BLE 4.2 EXTElCTior; SUDG[TS FO:i THE 34 HI-VOL STUDY LOCATIO~:s 

AVERAGE PERCEl!T.l.GE c:::rlTRIBUTJO:; TO AVERAGE DTJ;;c-;-;oN 
C:XT!tlCTIOr; 

PARTICLES(l0-4m-l) GASES 
Rayle i <Jh 
Scz t~er r;oz Sulfates Nitrates Other Aerosols 

SAN DIEGO AREA 
San Diego (NASN) 
5,rn Diego (ARB) 
El Cajon 

LOS ANGELES 
AREA (Coas ta I ) 

Long Beacn 
.:osta Mesa 
Lennox 
Down town l . A. 
S4nta Barbara 

LOS ANGELES 
AREA ( lnland) 
Buri:lank 
La Habra 
OnU!rio 
San Bernardi no 

SOUTriEAST 
DESERT AREA 
Palm 5princs 
Lancaster· 
Victor-vi 11e 
El Ce'.ltro 

Ak~ 

Salinas 
?aso Robles 

CNTRAL VALL~ 
;.REA 

Baker.; fie 1 d 
;:;-esno 
Herc~ 
Sacramento (NASN) 
5acramen"t0 (ARB) 

SAN Fi<ANC!SCO BAY 
AREA (Urb.?.n) 
Redwood City
Oakland 
San Jose• (AQMD) 
San Jose (ARB) 

SAN FRANCISCO SAY 
AREA (Suburtian) 
Livermore• 
Concord* 
Napa* 
Santa Rosa• 

NORTHERN COAST 
AREA 
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Figure 4.1 Median 1 PM visibilities (in miles) and visibility 
isopleths for California (Trijonis 1980). 

107 

70 



Table 4.2 indicates that sulfate aerosol 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 sulfates account for about 40-70% of 

total extinction and about 50-75% of aerosol (non-Rayleigh, non-NO~)
'-

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 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. 

Our methodology indicates that nitrates generally account for 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 

(including Red Bluff). As noted previously in Section 3.2.5, the visibility/ 

nitrate relatior.ships 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 

aerosoL ---~ _,,'.,cal pollutants (e.g. t:02 and secondary organic 

aerosols). To the extent that nitrate is partially acting as a surrogate 

for N02, there is some double-counting in Table 4.2 (to rectify this, the 

nitrate contributions ~ight be lessened and the other aerosol contributions 

might be increased). Also we expect that, at certain locations (especially 

the Central Valley), the nitrate contributions might be ove~estimated at the 

expense of sulfate contributions due to colinearity problems between nitrates 

and sulfates. A thorough study of the role of nitrates in California visibi

lity must await the development of a reliable sa~pling procedure for nitrate 

aerosols. 

The extinction contribution frm "other aerosols" ranges widely among 

the locations, from 10 to 70%. Based on other studies using more detailed 

aerosol data (Hidy et al. 1974; Trijonis et al. 1980; Dzubay 1980; Groblicki 

et al. 1980; Wolff et al. 1980; Stevens et al. 1980; Pierson et al. 1980; 

Macias et al. 1980; ::orrnan et al. 1981; Conklin et cl. 1981), we know that 

the important compor :s of this "other" category are light absorption by 

elemental carbon (soo~) and light scattering by various fine aerosols (or

ganics, fine particl, 1t the lower end of the soildust and sea salt size 
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distributions, elemental carbon particles, non-carbonaceous primary aeroso1s 
*from combustion processes, etc.). It is worthwhile 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 An9e1es 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 lo~~ visibilities 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. :=-UTURE VISIBILITY MOtffTORHJG 

7o conclude this report, we cons,aer future visibility monitoring re

quiremem:s. -:-~ere is an apparent need ior :·1✓ 0 aistinct 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 future trends. The second 

type (Section 5.2) invoives collection of detaiied 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 airoort visual range data (Trijonis 1980). Nonetheless, 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. i"he need for such a net.work is p?'"": 1" ~c-: ... .._': 7 "s1-,2d sv the "''.Jnitoring 
::::i. 

requirements of the EPA visibility regulations \r-°euera1 r:eg1ster 1980). Ac-

cording ~o the EPA visibility regulations, State Implementation Plans 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 '.✓ ant to collect parallel and equivalent data for non-Class I parts 

of California (e.g. in the Central Valley, Imperial Valley, Los Ange1es area, 

San Francisco area, coastal towns, etc.). 

This section briefly describes available methods for measuring visi
1bility. ,✓ e 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 thorough1y 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 
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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-diffiensional 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: 

ex= C
0 
e 
-Bx (5-1) 

where Bis the extinction coefficient, C is the inherent contrast or rela
0 

tive brightness of a target and the background (e.g. of a mountain and the 

sky) * , and C is the contrast at a distance x from the target. Assuming
X 

that a black target is being viewed against the horizon sky (C = -1), and 
0 

assuming a detectable contrast of 0.02 for the typical observer, Koschmeider 
..,,,'. ·,\.1.::!24) solved Equation (S-1) to derive the "Koschmi=-... - - .. ~ 

visual range ( \') to extinction ( B) ' 

-ln 0.02 3.9V = = -B- (5-2)B 

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

range according to the formula 

(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 Lis the brightness or luminance of the target and L' is the brightness 
or luminance of the background, then 

L - LIC = 
0 

L' 

For a black taiget, L = 0, and C = -1. 
0 
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There are five basic ways of measuring visibility: human observers, 

teleohotometers, photographic photometers, trans8issorneters, and nephelo

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

111easurement of visual range. ,:.ccording 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 (VJil1iamson 1973). Daytime visibility 

is measured by observing markers (e.g. buildings, mountains, towers, etc.) 

against the horizon sky. Nighttime visibility measurements afe based on 

unfocused, moderately intense light 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 various directions, that the measurement involves sub

jective judgement, that perception levels may vary among observers, ind that 
*observers are often forced to use non-dark targets. 

A telephotometer essentially consists of a photometer co~bined with a 

_·_ch a device can be used to measure the contrast~-· 

target and the background sky. If the inherent 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 rec_ord is obtained, and that te1 ephotorneter measurements 

correlate 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 simi1ar 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 Equation (5-1) or (5-3). Photographic photometry has the advan

tages of corranercially 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 visua1 range being measured, 

(2) careful quality 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 r.ieasures the fractional transmittance (T) of light 

over a given path length (X). The transmittance can be used to compute the 

attenuation or extinction coefficient (B) according to 

-1B = -· 7 n T (5-4)X ~ 

"~~,--, -;,~,..,~ ,...~n +hon he calculated according to the Koschrneider forr.iu1a, 

c.quac.,ur, \..J-i). "Adva~Ta-ge~:-u·Ftfl'e0 transmissometer are that it works7a. 

night and that commercial equipment are avai1able for short path lengths. 

A major disadvantage is that the instrument is only accurate for visual 

ranges up to about 20 path lengths; for the typica1 500 feet distance of 

short-path transmissometers, this implies accuracy only up to 2 miles visual 

range. For longer path lengths, commercial equipment are n~t available, and 

transmissometry is made very difficult due to interference v1ith the light 

beam by atmospheric turbulence (Malm et al. 1979). Other disadvantages 

are (1) the choice of light beam size nay be critical, (2) careful ~ainten

ance is required if a retroreflector is used, (3) the spectral response of 

the instrument should be matched to the human eye, and (4) visibility is 

measured only over the light path and not over the full range of view 

(Tombach 1978). 

Integrating ne:-'- -7 ometers measure the sea tteri ng component of extinc-

tion. If it is assL ~hat lig~t scattering is the dominant part of extinc-

tion, the Koschmiede :rmula c: :e used to calculate visual range. The 

advantages of nephelo--ters are t;.,at corrm1ercial equipment are available, 
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that neohe1o8eters work at night, that they are portable and easy to use, 

and that they can be used even when the sight path is obstructed. The dis

advantages are (1) loca1 visibility is measured rather than visibility over 

the entire sight path, (2) the absorption component of extinction is neglec

ted, and (3) the air ~ay be modified significantly during sampling (losing 

larger particles and decreasing relative humidity). 

5.1.2 Recorrrnended Monitoring Method 

If the ,:,~B does create a new visibility monitoring network in Califor

nia, v;e recolilTiend that it be a tel ephotometer network or a nephe 1 ometer 

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 se~inar or workshop including users and proponents 

of each instrument). 

One i~oortant 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, 

·· telephotornetr 11 i:l\'::i 1 ~,ble, yield permanent records, and 

correlate well-vii th 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 commercially available, yield pennanent records, 

and correlate well with human perceptions. Because nephe1ometers 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 loss 

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 to create 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. Transrnissometry 

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 is likely 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 I areas because the current phase (Phase I) 

of the EPA visibility regulations focuses on visibility degradation that is 

"reasonably attributable" to "a single source or small group of sources". 

According to the EPA regulations, direct observations are important in 

defining "reasonably attributable". Furthernore, photographs would be use

ful for hearings and presentations as well as for making qualitative 

assessments of the value of clean versus degraded views. 

5.2 EXTINCTION BUDG~. 

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 important visibility

reducing species and on a review of previous field projects, we think that 

extremely useful studies can be conducted with a very limite~ amount of in

strumentation. These field projects should be similar to the recent studies 

conducted by General Motors in Denver and Virginia (Groblicki et al. 1980; 

Ferman et a1. 1981). 

Table 5.1 :ists the type of instrumentation needed for the extinction 

budget monitoring projects. The minimum instrumentation required to deter

mine detailed extinction budgets consists of only two nephelometers and two 

dichoto~ous samplers. Optional instrumentation includes a third dichotomous 

sampler, an monitor, and measurements of aerosol acidity (e.g. sulfateN□ 2 
and nitrate cations). 

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

average extinction budgets as follows: 

1 1 Fi 



• The extinction contribution from Ray1eigh scattering by air 

mo1ecu1es -- 0.12 l0- 4m-l a~ sea level -- is known (see Section 

4. 1). 

• Light absorption by N0 can be calculated from average con2 N □ 2 
centrations using Equation (J.-1) (see Section 4.1). Average 

concentrations can be estimated. frora the abundant N□ 2 dataN □ 2 
availab1e at numerous locations in California. Optionally, 

site-specific N02 monitoring can be conducted as part of the 

project. 

TABLE 5.1 INSTRUMENTATION FOR DETERMHIING DETAILED EXTH!CTION BUDGETS~ 

If-JSTRUMErH 0 ARAMETERS MEASURED 

NECESSARY HlSTRUMENTATIOrJ 
Heated rjephe l ometer 

Ambient fjephelometer 

Dichotomous sampler 
with teflon filters 

Dichotomous sampler 
with quartz filters 

Scattering by "dry" partic1es. 

Scatt.ering by ambient "wet" particles_ 

C, -c: -' : mass' fine and 
coarse su1;ate mass. fine and coarse 
11itrate_mass. (Optiona1ly~ fine and 
c·oarse values for other trace elements: 
Pb, K, Si, etc.). 

Fine and coarse mass for organics and 
elemental carbon. 

OPTIONAL INSTRUMENTATION 
Dichotomous sampler 
with nuclepore filters 

i'-J0 2 monitor 

Technique to measure 
aeroso1 acidity 

Cascade impactors 

Light absorption by fine and coarse 
particles. 

N0 2 concentration. 

Cations (e.g. Hand NH4) associated w-ith 
sulfates and nitrates. 

Aerosol size distribution~ disaggregated by 
chemical composition. 

• The average contribution of elementai carbon to light absorption 

can be computed from average fine and coarse e1ementa1 carbon 

concentrations and frbm 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 elemental carbon can be determined by 

measuring particulate light absorption using dichotomous samplers 

with nuciepore filters (or, possibly, the ones with teflon filters). 

This option would also allow one to assess whether aerosols other 

than elemental carbon -- e.g. soil dust aerosols -- might contri

bute significantly to light absorption. 

• 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 

a e r o so 1 s c 2 tter i n g . The " dry " scatter i n g fr om f i n e aerosol s 

could then be apportioned among various species (e.g. sulfates, 

nitrates, organics, elem~ci.t_~l earl , ..:,ther 

fine aerosols) using multiple regression techniques similar to 
*those employed in this report. 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 therfilodynafilic assumotions (Fennan et al. "'1981). 

Alternatively, the scattering by water could be apportioned to 

various fine aerosol species based on further regression analysis 

(Groblicki et a:. 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. It is remarkable that such a detailed extinction budget can 

be derived with a rather limited amount of instrumentation. 

* It should 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 also 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 tne field study measurements will 

require a considerable amount of data analysis. If such field 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 data collection. 

It may not be cost-effective for extinction budget monitoring stations to 

be pennanently 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 . 

.:iCATTER

NOz ABSORPTION- - B 

PARTICLE ABSORPTION 

Fine elemental carbon. 
Coarse elemental carbon. 
Other aerosols (optional). 

PARTICLE SCATTERING -

C = I: C. 
i 1 

Coarse Particles d 1 
Fine Particles . 

Sulfates (plus water). 
Nitrates (plus water). 
Organics ... 
Elemental carbon 
Fine crustal .. 
Other fine (plus water?) . 

. 

. 

dz 
01 
oz 
63 
64 
65 
65 

= I: 6. 
1 

TOTAL EXTINCTION- - A + B + C + D 
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be perfonned by apportioning each component of extinction according to re

gional emissions (after subtracting background and interregional contribu

tions). This source allocation would require 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 e~issions) 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 □ articulate measureraents 

generated in Chapter 3 implicitly include 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 chelilical composition. Data 

exist at a limited number of sites and for limited time periods that can 

illuminate these relationships more explicitly through detailed size and 

chemical infor~ation. ~This appendix describes regression studies based on 

these more detailed 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.l DESCRIPTION OF THE DATA BASE 

The data used in this chapter consist of visibility, relative humidity, 

telilpera ture, and vlind speea'r _ L. c:: i rpG r.:s as we 11 as measurements:J 

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 ''prevai1ing visibility" 

readings made at airport weather stations. The cor.tilents ~ade in section 

3.1.1 app1y, except that the visibility readings were averaged for the entire 

day, not just the daylight hours. 

A.1.2 Study 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.l). The San Francisco Bay 
Area is represented by Oakland, with the San Francisco airport providing 
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visibility and weather data. The Central Valley is represented by Sacramento 

and Bakersfield, with visibility ana weather data supplied by their respec

tive airports. In the above _qses, :he particulate samplers are located at 

urban air monitoring stations that also supply gaseous pollutant data. 
--·· ---

Los Angeles (downtown) and Los Alamitos are chosen in the South Coast Air 

Basin. At Los Angeles, the particulate and gaseous data are from co-located 

instruments, but weather and visibi1ity come from the Los Angeles Interna

tional Airport, 15 miles to the west and almost on Santa nonica Bay. The 

particulate sampler at Los Alamitos is located at the U.S. Naval Air Station. 
--------~- ··----- -.-----:-- ···--¥-••··· -- - ·-· . -·· •.. ,. ·-·- .. -

The Long Beach Airport supplies visibility and weather data~ while the ,. 
Long Beach air monitoring station provides data on gaseous pollutants. All 

data reported herein are for the period June-September, 1973~ nominally 

covering 92 separate 24-hour days at each site. (Flocchini et al. 1976) 

A.1.3 Tyoes of Data 

Four types of data are used in this chapter - visibility data, weather 
· r~, gaseous pollutant data, and particulate data. Tn 211 r~~e~. vi~ibilitv 

data and weather data (relative humidity, temperature,· a11u 11,ean ... rnd speed) 

are obtained from the same airport. All represent arithmetric averages of 

24-hour values. 

The data on gaseous pollutants (oxidant, iW2, so2, 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 wm), intermediate (0.65 to 3.6 µm), and 1arge (3.6 to about 15 µm). 

A restrictive orifice results in a 15 µm intake cut, elimin~ting non-inha

lable rarticles. This orifice eliminates on the average about 30% of the 

total mass as seen by a Hi-Vol sampler. The samples were collected on coated 

impactor substrates on a rotatinq Lundgren-type impactor. Analysis was done 

through proton induced x-ray emission (PIXE) at the Crocker ~wclear Laboratory, 

University of California, Davis. On the average, 15 of the 40 elements 

normally examined weie seen in each size range, with sensitivities ranging 

below 10 ng/m3 .. Sur.mer and winter particulate values in the three size 
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ranges are shown 1n Tables A.l through A.6, along with mean values for 

gaseous pollutants and weather data. 

While detailed examination of these values will be deferred until 

the statistical studies have been presented, the role of particle size 

should be mentioned at this time. While particulate mass (or volume) ex

hibits a bimodai distribution versus size in almost all ambient aerosol data, 

individual chemical or elemental constituents are rarely bimodal~ Mechani

cally produced aerosols are generally coarse (the "mechanical" mode at 

above 3 µm diameter), while aerosols from gas-to-particle conversion or 

from high temperature processes are generally fine (the "accumulation" 

mode at about 0.3 µm diameter). Our data confirm this tendency, while 

adding the additional complexity of seasonal size variations of a given 

species within a mode. Figure A.2 shows results that illustrate these consid

erations. Silicon, a soil tracer of largely mechanical origin, remains 

dominantly a coarse mode ~article,summer and winter. Likewise, automotive 

.,is-firmly in the acc_lJ._muJ,ation mode, sul1T:ler and y-1~-- - ·r 

and to a lesser ~xtent, zinc, shoJ~a considerable seasonal Variation at 

.Los Alamitos. The winter sulfur size values appear similar to lead, clearly 

accumulation mode and quite fine. Summer values, however, grow in size up 

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 nicke1, remain at their 

v:inter size profiles. This leads to the hypothesis that primary combustion 

sulfates have a constant accumulation mode size profile, and that the "new" 

summer sulfate mode is a secondary aerosol conversion. The surarner 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 particles of 0.3 micron diameter 

are a little below the size for maximum scattering efficiency. Doubling 

the size of the particles can increase extinction per particle by factors 

much larger than the factor of 8 change in volume, yielding increased 

scattering efficiency per u~it mass. Such a model would also predict an 

important role for relative humidity when gas-to-particle conversion is 

occurring in the higher oxidant, higher temperature summer periods. 
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Tf,[31!.E A. 1 ATMOSPHERIC GASES AND PARTI( : ATES IN CALIFORNIA, 7/1/73 - 9/30/73 
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TABLE A.2 ELEMENTAL SIZE DISTRIBUTIONS Stage 3, 0.1 - 0.65 microns 
Stage 2, 0.65 -3.6 microns 
Stage 1, 3.6 - 20 micro'ls 

LOS ALAMITOS 
Julj:' 1 August 1 Se2temher 1 197J January, Febru.ary_,__March, 1974 

Major Elements, R.a q_~_ 3
!1,_1~s_j!)g / rn_) Medfan Sizes R:l t ios~--- Mass 

3
(ng/m ) Median Sizas 

(set s corr . >O. 8) st. J St. 2 St St. 3 St. 2 St.1 

Aluminum· 0.22 0.22 

Silicon 1.00 1.00 

Potassium 0,21 0. 23 

Calcit1m 0.30 0.33 

Titanium 0.035 0.033 

Manganese 0.012 0.007 

Iron o. 41 0. /17 

So i1 set 4,700 6% 29% 65% 3,400 9% 2 5 % 66% 

):o with oxides (appr.) 9,400 6,800 
1 

°' Sodium 825 8% 28¼ 64% 820 2% 36% 62% 

Magnesium 175 6% 10% 84% 100 8% 19% 73% 

Sulfur 3,900 42% 55% 3% 1,670 73% 24% Ji: 

Sas so
4 

11, 700 5,010 

Chlorine 370 <li. u 99% 660 1% 41% 58% 

Vc1nadiun'l 70 70% 18% 12% 20 95% <5% <5% 
y 

Chromium 1. 7 N.D. 1.3 N.D. 

Nickel 59 77% 17 i. 6% 32 7Bi. 15% 7i. 

Copper 6 <1 % 2 3 7. 7 7 "I. 13 70% 18% 12% 

Zinc 75 39% 37% 24% 160 sor. 42i. 8¾ 

Bromine 0 .11 o. 28 

Lead 1.00 ,, 1.00 

'11 ,...,.1 s (' ... 
I i 1,w~ I 62% ~ lo/. ?i. 180 I - - .t - , IQ -'" 



-----:-....., 

TAGI E A.'J EL[M[NTAL SIZE DISTRIBUTIONS St.1ge 1,0.J - 0.(i'i micro1:1; 
SL ,1 g,~ 2 , Q . 6 5 - ) , 6 Cl i C r" ;~ S 

Sta 6 e 1, J.6 - 20 microns 
RIVrnSIDE (R) 

Jlllv,_Au~tl'.i t,__ SepJ:i.,1nhcr 1 _ 197 J ______ - _ __-_!Jl n \1.1 ~ Feb n1: l r V ' - ~lir Ch _l _ - I <j 7 4 ---- - -----
) 3th j or_ [ 1e::ie n ts,_ Ratios !:!_ass (ng/rn ) Mediim Siles Ratios Mass (ng/rn ) Meclio11 Sizes ----- -------- ---~-"----

(sets corr. >0.8) Si:.] St . 2 SL.1 St. 3 St. 2 St.l 

Aluminum 0.25 0.23 

.Silicon 1.00 1.00 

Potassium 0. 20 0. 21 

~Calcium 0.)1 0. )2 

Titanium 0.0)5 0. 024 

Manganese 0.009 0.005 

1 ron 0 .t,5 0 .J'J 

Soil set 9,100 11 % 20 69% 5,000 10% 24% . 66% 

with oxides(appr.) 18,000 10,000 
p 

'-I 
I 

Sodium 270 16% )9, 45% 490 6% 22i. 72"/. 

Magnesium 90 12% 24 64 % 90 81 5 o/. 87% 

Su 1 fur 2,900 4 I% 5n. 2% 1,§00 62 % J6o/. 2"/. 

S as SO (.1ppr.)' 8,700 4,800
4 

Ch 1or ln e 110 l lo/. 13% 76 % 550 li % 7n 23% 

Vaaad iurn 15 26% 49% 26 ,: 10 N.D. 

Chromium 6 8 5 % 15% <5% J 75% 25% <5 % 

Nic ke l 10 35% 65% <5 7. 12 J 2% 60% 8% 

CoppL'r 7 18% 31% 51% 15 88% 11;: <5% 

Zinc 95 4 t, % 37% 18;~ 65% 43% 48% 9% 

Br or.line 0.22 0.28 

Lead · 1.00 1.00 

") -"/ 5 ., Auto set 2,070 68~: ~. I , ,. ,. 2 ,!.00 72 t. 2 4 7. 4% 



lABLE A.4 ELEMENTAL SIZE DISTRIBUTIONS 
Su1ge 3 I 0 .1 - 0.65 ·mJ.cro11s 
.St.age 2 I 0.65 - J.6 mlcro11r, 
S L:1gc ] ' J.6 - 20 micrcJl\s 

OAKLAND 

____J_u !J2"up,u s l, s~ pJ:cml.ic'.:-L. 19 7J---- _ Jilllll,HYJ Fcbru.i ry, ~\n r c:1~, 19 l 4 

p 
I 

(Xl 

!-.!iJo r Elements, Ra Lios 
(sets corr.>0.8) 

/l.l11ndnum 0.09 

S l l l con 1.00 

Po tn s s ium 0. 2 3 

Calcium 0.39 

Titanium O. OS t, 

Mang;1nese 0.027 

I ro 11 0.57 

So 11 set 

w J.th ox Ides (a ppr.) 

3 
lb s2 _i~&L_~_ 

3,200 

6 I 400 

MedL1n Sizes -------
St.J St.2 St.l 

• I 

,, 

22% 16% 6 

Ila t io s 

0. J /1 

1.00 

0.] J 

a.Iii, 
Ll . Q/1 5 

0.029 

1. 01 

J
lla~(nr,/m 2_ 

1,950 

4,000 

Median Sizes 
St.J St.2 St.l 

22% 7]% 55% 

Sodium 

M;1gnesium 

Sulfur 

S as SO 
4 

Chlor:l11e 

V;111aclium 

Chromium 

Nickel 

_Copper 

Zinc 

1,700 

140 

1,260 

3,900 

2,020 

26 

2 

t, . J 

26 

130 

22i. 

12% 

f16% 

o.Ji. 

92% 

74% 

90% 

60% 

BL% 

29% 

2 5 i. 

9% 

29% 

4% 

13% 

<10% 

25% 

9% 

l,, 

(, 

71% 

4% 

13% 

<10% 

15% 

10% 

1, 01,0 

120 

750 

2,250 

l, 100 

12 

] . 7 

6. 7 

/1 5 

165 

317. 

11, % 

93 % 

6% 

90% 

70% 

907. 

90i. 

OJ% 

J /,% 

J 6% 

5% 

/16% 

<5% 

<lOi. 

5% 

8% 

12% 

3)% 

50% 

2% 

1,8% 

<5% 

2 5 7. 

5% 

2i. 

5% 

t' 'Jmi.ne 

I 
Lea cl 

O. 22 
! 
l. Ou 

0. )1 
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---------------- ---

--

TAlH_E J\.5 -LL[MLIH/\L SI. DISTRIBUTIONS 
Stage J, 0.1 - 0.65 micru11s 

StcJgc 2, 0.65 - J.6 microns 

Stage 1, J.6 - 20 microns 
BAKERSFIELD 

---- Ju!_yLAu~st,_SepJ:CmlierL12Z3 --- .fa nua r Y.1- Feb nia ['I1 __ Ma rcltL _19 '4 -------- ----

Ma _is? r El cmen ls, Ratios MdSS _(nr.;/m 
3J Median Sizes R.i l ios Ma s s ( ll U/ 11?) l-kdL11, Sizes 

----- ----------- ---~- ---- ~------- ----
(sets corr.>0.8) St.3 Sl.2 St. l S l. 3 St.2 St. l 

Aluminum 0.31 0. 2 3 

Sil icon 1.00 1.00 

Potassium 0.23 0. 21 

Ca 1ciurn o. 27 0.32 

Titanium 0.032 0.025 

Manganese 0.006 
,;:· 

0.005 

Iron 0. ,.o 0. 39 

Soil set 10,300 14% 12 % 73% 4,980 16% 27% 55% 

with oxides (appr.) 20,600 10,000 
):, 
I 

l.O 

Sodium 170 15% 81, % ,, 1% 210 5% 36% 59% 

Magnes iurn 75 16% 84% 0. 5% 60 < 5% 1 7 i. 83% 

Sulfur 1,500 837. 1G% 0. 7 % 1,900 62% 37% 0. 7% 

S as S(\ 4,500 'i, 700 

Ch lor l11c 1!.l 2% ')% l!IJJ. 1110 <5% !>H 3 7"/., 

Vanadium 19 27% 8% 55% 18 58% 32% <5% 

O1romium 0.7 N.D. 0. 7 N.D. 

Nickel 22 96% Ii% <5% 42 76% 211 ;{ <5% 

Copper }/1 49% 29% 22% 26 55% 39% 6% 

Zinc 47 36% )/1% 30% 66 56% 36 % 8% 

Bromine 0. 24 0 .30 

Lead 1.00 1.00 

Auto set 1,320 88% lOi. 2 i. 1,450 74 % 2l1% 2% 



-------

--------

TAClLE /\.6 ELEMENTAL SIZE ;TRIUUTIONS 
Stage 0.1 - 0.65 microns

' SLlge 2, 0.65- J.6 microns 
Stage J.6 - 20 microns 

S,\C IP.MEN TO 

AUf~USt, Scptember 1 19 7J Janu,1 rv 1 Feb t~~~-121..i_. ____-~ 

Ma j o r F.l emen t s , Ratios --------
(sets corr. >0.8) 

Aluminum 0.26 

Silicon 1. 00 

Potassium 0. 18 

Calcium 0.16 

Titanium 0.027 

Manganese 0.015 

Iron 0,36 

Soil set 

> 
I
'~ 

wi lli o:-;ides ) appr,) 

0 
Sodium 

Magnesium 

Sulfur 

S as S0 11 

Chlorine 

Va11adi um 

Chromium 

Nickd 

Co;iper 

Zinc 
-

ll r,)1~ inc 0. 22 

Lead 1.00 

Auto set 

3
Mass ( ng / m ) Median Siz.cs 

Si::-] St, 2 SL. l 

I\ 

11: 

6,700 20% 20% 60% 

13 I l100 

620 23% 631'. 9% 

130 J 5;; l1 2% 2 3 ;; 

1,020 76% 23% 1% 

3,060 ,1 

Ji,O < 1% JU\ .\ 

6 N, D. 

' l N, ll. 

< 0, J ll , D . 

8 6 ') ~; 21% ~ 

JO SW'. 28? ~ 

8CO 8 t, ;; 11;; J"'lo 

Ra L ios 

0, 21 

1.00 

0.32 

0.47 

0. 01, 5 

0.006 

0.38 

JMass (11g/r.1 ) 

2,900 

5,800 

390 

75 

650 

'\,l, 9 CJO 

JJO 

2,5 

I, 

1 

l S 

80 

l,090 

HecLrn Sizes 

st. J st. 2 

14% 37% 

13;; 52% 

7% 48% 

Gn 35% 

N. D, 

ti ' [). 

N. D. 

'l 1 "/72"/. L ' ~g 

60½ 32% 

801. 18% 

st. 1 

L19% 

35% 

t, 5% 

3% 

7% 

8% 

2% 

0.32 

l.00 

l I I I ! I I I I I 



Percen1 of Aerosol . Por1icle Size 
LOS ALAMIT( CI\ L I f 0 Ii N I A 
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FigurP A.2 Seasonal size distrib , ions for various aerosol species. 



This seasonal behavior of aerosol sulfur (sulfate) aopears closely 

linked to the meteorology of local air basins. Figure A.3 shows the results 

for numerous sites in the west. The humid and low oxidant coastal sites, 

such as in the San Francisco Bay Area, have a very fine sulfur size dis

tribution, summer and winter. High altitude and desert sites are likewise 

fine summer and winter, despite very different meteorological conditions. 

All South Coast Basin Area sites behave like Los Alamitcs, with coarser 

sulfate oresent in summer and finer sulfate present in v1inter. The Cali

fornia Central Valley, however, behaves in an exactly inverse manner, with 

finer sulfur in summer and coarser sulfur in the winter. The Imperial 

Valley maintains relatively constant but coarse profiles for both sulTlliler 

and winter. The remarkable consistency of such behavior for a large number 

of sites in each air basin is striking, since in some cases, such as 

Bakersfield and Sacramento, the sites are hundreds of miles apart. 

~ll evidence points to the critical role of water in sulfate aerosol 

size distributions (see Figure 3.2 in Chaoter 3). This effect was studied 

-=r.. . , shows the fraction of sulfur in each size range--

for giver: hur.iidity conditions. The regions appear to be grouped intonO\•✓ 

two classes, those that shO\v a sharp 1 ncrease in sulfur size versus humid-

n:y, and those th2.t don't. In the Bay A(ea, :-,ot on1y are su1fur particles 

fine during both summer and winter, but also they do not respond signifi

cantly to increasing humidity. Oakland also has the l0t1est~maximum oxidant 

readir.gs of any site, only 4m; of the next lowest site, Los Alamitos. 

This allows for the hypothesis that the Oakland sulfates are primary fine 

combustion products, perhaps in a carbon matrix. Since gas-particle 

conversion 1s rel 0 ~ively minor, hygroscopic sulfates are not being gener

ated in large amc .s. The coarse 1•1inter sulfates in tne Central Valley 

can be associatea :h the high humidity conditions that occur in stagnant 

winter periods, o resulting in dense fogs. Figure A.4 shows a plot 

of the fraction 0° -1r aerosol in the greater than 0.7 micron size range. 

The clcse associa th re ~ive humidity is most evident. The fine 

sumr.ier sulfates ir : re may then be ascribed to either lack of 

water content duet '✓ cond, _ Jns or 1ack of so 2 - su1fate conversion. 
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TABLE A.7 EFFECT OF HUMIDITY ON SULFUR SIZE DISTRIBUTION 

llumidi. t)' S;:icr,imcntrJ O.:ikl:rnJ Lns ALim.it:os 

1\ p r 7J - l>c c 7 t, ,\:ir7J-Llcc74 .G2..v7 J-;i<Jv? 4 

20 - 397. . 023/. 110/. 867 .Ol.O/.OL.9/.930 . 054/ .142/. so:• 
L.O - 597. .023/.218/. 759 .0Jl/.096/.o?J .Ot..7/.293/.660 

60 - 79";; .0JS/.292/.671 . 09 7 / . 15 8 / . 71. s .045/.412/.543 

80 - 99% .04:./.453/.504 . 074/. H8/. 778 .050/.488/.462 

Humidity Lc:s Angeles b~kcrsticlJ 

:--Liv7J-1h:,c74 J u117 J-M:1 \' 7 :'.. 

20 - 39% . OGS/. 282/. 653 . 0 l 4 / . lJ 7 / . 8 1, 8 

40 - 59% . 01..(i/. 426/. 529 . 024/. 215/. 7Gl 

60 - 79% .0J'd/.46"9, 

80 - 997. .0Jl/.629/.3]7 . OJG/. 555/. 409 
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The former_ appears far more tenable, as conversion processes are known 

to occur strongly in hot summer conditions in the valley, although not 

at the rate seen in the cooler, more humid, and more photochemical South 

Coast Air Basin. The association of such size changes with ·visibility 

will be discussed in sections A.3.1, A.3.?., ond A.3.3, (also see 

Figure 3.8). 

A.1.4 Data Quality 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 Cormierce 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 

collectec 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 P=XE ele~ental analysis system at Davis 

has been verified through formal interlaboratory intercomparisons in 1973, 

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. 

A.2 STATISTICAL MODELING APPROACH 

The basic statistical approach used in this chapter, multiple log linear 

regression, differs somewhat from the approach taken in Chapter 3. There are 

also important differences from Chapter 3 in the data sets and the aims cf our 

progra~. 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 possible pri~ary data set is 

chosen so as not to overlook any accessible factor. Since log-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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TABLE A.8 COMPAHISON ANALYTICAL TECHNIQUES 

EPA/ERDA AEROSOL 
Results expressed as the mean value of Lile i:-atiu INTERCOMPARISON,
of the results obtained by eacli.laboi:-atory to U/3/77 Meeting, RTP,N.C.
that obtained by R. Giauque, LBL, with the 
uncertainty representing one standard deviation. 

GROUP METHOD s CA TI FE cu ZN SE BR PB ALL VALUES ALL -
HORST ~-----

UC DAVIS PIXE 1.01 1. 41 l. 04 1.01 0.90 l. 14 0.93 0.91 0.92 1.03 +0.16 0.98 +0.08 
XRF +0.07 +0.26 +0.06 +0.05 +0.05 +0.05 +0.06 +0.05 +0.03 

EPA XRF 0.93 0.89 1. 14 0.96 1.04 0.95 0.96 o. 92 o. 93 0.97 +0.08 o. 95 +o. 011 
(res.) +0.04 +0.06 +0.13 +0.05 +0.13 +0.06 +0.14 +o. 05 +0.05 

p 
I 

p 
'-..I LBL XRF 0.98 1. 27 1. 33 0.98 1. 02 1.10 0.87 1. 16 1.00 1.08 +0.15 1.05+0.13 

(Loo) +o. 01, +0.13 +0.19 +0.05 +0.07 +0.06 +0.14 +0.06 +0.06 -

o. ,.9FSU PIXE 0.89 1.06 1.01 0.94 1. 33 1. 12 0.92 o. 811 0.96 +0.23 1.01 +0.16 
+0.05 +0.16 +0.05 +o. 01, -1-(). !14 +o. 20 - +o. 01 +0.05 

* El'i\ CIIE!tn 1 1.06 1.03 
(mon.) M +0.10 +0.02 

ti 

* 
BNL Chem. 1.04 

+0.13 

Wash,U. Gamma 0,54** 
Rays +0.15 

* Results obtained for sulfate, divided by ,; ** Results withdrawn during meeting 

https://1.05+0.13


describe the statistical techniques used to obtain a 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 

the 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 mechanisms 

dominating the formation of mechanical mode aerosols. A high correlation 

is exhibited between particules in the coarsest size mode, Stage 1 (3.G to 

15 µm), 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 loss of an "independent" parameter. 

Th,,. :alc-r. ic. c.i:nnn.rted by the greatly reduced impact on visibility per unit 

,110::...:. ,.,1· ~c.<0so1 1n the greater than 3.6 wm size range (see Figure 3-. 

Further reduction of the data set was achieved through identification 

of highly correlated data sets among gaseous and aerosol parameters. One 

such set consisted of the NO-N□ 2 -N□ x triad, which exhibited correlations 

greater than 0.8 at all sites. rm 2 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.9 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 in associating 

visibility degradation with a specific source, it also reduces multi

colinearities in the final regression parameters. Finally, those ele8ents 

seen less than 50% of the time in the aerosol data were dropped, as they 

generally occurred at very low 1evels inadequate to affect visibility 

seriously in the presence of muc~ stronger factors. Table A.10 lists the 

remaining parameters, with t~~ir mean yalues for each site. By these pro

cedures, the nominal 132 free parameters have been reduced to 17 free 
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TABLE 

Oceanic 

3.6 to 20µ 
Oakland 
1/74 - J/74 

Soil 
0. 65-20µ 
Sacramento 
6/73-3/74 

Fuel Oil 

0.1-0.651.1 
Los Alamitos 
7/73-9 / 73 

Automotive 

0.1-3.6µ 
Sacramento 
7/73-9/ 73 

A.9 EXAMPLES OF BIVARIATE ELEMENTAL COR~EL.t,TIONS 
FOR MAJOR PRIMARY AEROSOL SOURCES 

Elemental 
::'.lement Correlation Ratio 

Na 0.97 1.13 
Mg 0.81 0.26 
s 0.88 0.094 
Cl = LOO = LOO 

Al 0.96 0.28 + 0 .04 
Si = 1.00 = 1.00 
K 0.93 0.095 + 0.005 
Ca 0.87 0.20· + 0.07 
Ti 0.89 0.027 + o.oos 
~fn 0. 81 0.008 + 0.001 
Fe 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 

Elemental Ratio 
of Presumed 

Source (TyPical) 

Sea Water 

0.56 
0,07 
0.047 

= LOO 

Crustal Ave. 

0.282 
= LOO 

0.094 
0.13]. 
0.016 
0.003 
0. l8l. 

-

FueJ. (x) oil 

;a 1.00 
0.018 
0,025 

PbClBr 

0.355 
""'1.00 
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TABLE A.10 MEANS OF SELECTED VARIABLES AT FOUR 
CALIFORNIA SITES (JULY-SEPTEMBER 1973) 

?ARAMETERS LOS ALAMITOS LOS ANGELES OAKLAND BAKERSFIELD 

\1UITHER 

Hurni dity (% ) 

Wind Speed (mi/hr) 

Temperature (°F) 

AEROSOLS (3.6 to 0.65~m) 
(ng/m 3 ) 

Sodium-2 

Silicon-2 

Sulfur-2 

Lead-2 

Total-2 

AEROSOLS (<0.65~m) 
(ng/m 3 ) 

Sodium-3 

Sulfur-3 

Potassium-3 

Lead-3 

Total-3 

GASEOUS POLLUTANTS (ppb) 

Oxidant 

Nitrogen dioxide 

Sulfur dioxide 

Hydrocarbons 

VISIBILITY 
Miles 

Km 

bscat (km-1) 

DATA DAYS 

MEAN 
59.l 

5.8 

71.2 

239 

356 
1985 

208 

3381 

56 
1619 

77 

715 

3083 

19.7 

53.4 

22.1 

* 

4.2 

6.7 

0.435 

78 

MEAN 
73.8 

7. l 

68.3 

224 

447 

2109 

412 

3873 

139 

1517 

94 

1003 

3550 

37.3 

59.2 

21. 5 

4.0 

6.5 

0.448 

65 

MEAN 

79.5 

8.5 

62.0 

462 

138 

113 

51 

1725 

418 

1002 

132 

923 

3892 > 

17 .0 

30.8 

* 
23.2 

9.2 

14. 7 

0 .197 

74 

MEAN 
37.5 '" 

7.3 

84.0 

89 

375 

298 

123 

7470 

57 

1294 

403 

988 

4875 

44.1 

36.8 

* 
42.8 

9.4 

15. l 

0. 192 

85 

*Indicates variable not measured 
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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 particle) aerosols and CO2 
included as well as with the reduced number of variables. No statisti

2cally significant variation in R was seen at any site. 

A.2.2 Multivariate Regression 

As mentioned in Section 3.2.2, the method of multiple regression is 

vital when a large number of nor.iinally independent variables affect a 

dependent variable. TJ-ie 132 potentially independent variables included 

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 analys1s. We feel that 

this method is both more physic~_l ':"'..-:' -'.'. ·:: -::t.u~t c.s, -,;1":iole colinear

ities are handled before the search, yielding solutions unique 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: 

bscat = AP b1 p bz p b3 p ..• p bn + E 
1 2 3 n n 

where A, b1, b~ ... b are constants, P~, P are concentrations of pol-'- n P1, ,_ n 
lutants 1, 2, ... n, and Eis an error term. In retrospect, whatever 

advantage is gained in terms of ir.iproved fit to the. visibility data is 

dissipated by the inability of the method to deliver ~ass extinction co

efficients and by the lack of a physically reasonable (linear) model. 

The data set is presently being searched via a linear ~odel, and mass 

coefficients are being extracted. Multiple correlation coefficients are 
onJy 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. 
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Table A.11 presents the results of our data analysis. 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 reoresent the increment in the deoendent variable 

(b t) induced bv a one standard deviation chance in a sinale indeoendent sea 
variable while holdinq constant all other indeoendent variables in the 

regression equation. That is, the beta coefficient associated with each 

variable is a measure of the associative (and hopefully causal) relationship 

between that variable and visibility, whi1e controlling for all other 

variables in the equation. The magnitude of the beta coefficient is a 

measure of the relative importance of that variable in determining visibil

ity, vJhile 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 extin,~ion coefficients in this 

report. However, the ra-nkings of the Pc,_..:.:.~-:.,'c,: __ ,":..,:.:: ::,.1t.:c:::, are indicative 

of the importance of the factors in influencing visibility, and thus put 

further light on the Hi-Vol results 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 al1owed 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 - Los Alamitos/Long Beach 

and Downtown Los Angeles. Two sites were chosen because of the importance of 
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TABLE A.11 SIGNIF CANT BETA COEFFICIENTS FOR 
SELECT D SITES, SUMMER 1973 

LOS ALAMITOS LOS ANGELES OAKLAND BAKERSFIELD 

Sodium 2 -0. 189 -0. 172 * * * * * * * * 
Siiicon 2 * * * * +0.201 * * * * * * * * 
Sulfur 2 +0.283 +O. 369 +0.496 

Lead 2 * * * * * * * * * * * * * * * * 
Sodium 3 * * * * +O. 198 * * * * 

Suifur 3 * * * * * * * * +0.367 

Potassium 3 * * * * * * * * * * * * +0.428 

* * * * -0.369 
-,:;_ 

Hurni di ty +0.644 +0.62£1 * * * * * * * * 
01-'ii nd Soeed * * * * * * * * * * * * 
Temperature +O. 198 * * * * -0.310 * * * * 
Oxidant +0.240 * * * * * * * * +0.499 

Nitrogen dioxide +0.296 +0.282 * * * * +0.327 

Su 1fur dioxide +0.233 * * * * 

Hydrocarbons * * * * +0.419 * * * * 

Multiple R2 0.848 0.730 0.631 0.645 

2 indicates intermediate size particles 0.65-3.6vm 

3 indicates fine size particles 0.1 0.65µm 

* * * * indicates that the beta coefficient is not significant at the 0.1 confidence 
1eve1 forthettest. 

* * * * l 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 petrochemical source areas, and has relatively 

low 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 Los Angeles International Airport, 25km from 

the pollutant ~onitors and 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 quantitatively 

correct. 

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

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

and Los Angeles. The fits are good to very good, with R2 values of 0.85 

(Los Alamitos) and 0.73 (~os Angeles). 1he similarity of the visibility at 

·"':-·-_ ""· also quite evident, \,'itn a very clean period at both sites 
=1n late September. 

Examining the beta coefficients at each site (Table A.ll), one sees 

that sodium-2, sulfur-2, humidity, and ~02 are significant at both Los 

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

visibility appears to be associated with sea salt in c1ean marine conditions. 

The virtually identical beta coefficient for no 2, +0.28, Los Angeles is a 

benefit of using visibility oata (which includes absorption) rather than 

nephelometry data. The physically reasonable associations vlith oxidant, 

temperature, and so2 at Los Alamitos are absent at Los Angeles, although 

so 2 was not measured at Los Angeles. However, the dominant coefficient at 

both sites is relative humidity (+0.64, ~os 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 B~~~n, with the seasonal dependence shown in 

Figure A.6 

The lack of a correlatio; '.th fine , :age 3) su1fur aeroso1s can be 

exhibited graphically._ This is ~own in Figure A.7 whic~ shows the relative 

importance of fine and intermeci .e sulfur r:ffticles to visibility. If one 
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merely associates sulfur-2 with visibili:y in a bivariate relationship, one 

obtains 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. While one can extract mass extinction coefficients from such 

a graph, this procedure obscures the ro1e of relative humidity. The humidity 

levels are, of course, far too low to result in particulate water were it 

not for the presence of hygroscopic 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, uo2 is the dominant visibility degrading specie 

at Los Alar:iitos. 

A.3.2 Visibility Relationships in the San Francisco Say Area 

The fit to visibility at Oakland, a multiple R2 of 0.63, is shown 1n 

Figure A.8. This is tr}_~_ lm,est-=E __ ite. The 

parameters associated with degrading visibility are sulfur-2, +0.37, sulfur-3, 

+0.37, hydrocarbons, +0.42, and fine sodium, +0.20. 7he correlations with 

sulfur, and especially sulfur-2, are all the more remarkable due to the lbw 

sulfur levels at Oakland (Table 4.1). 7 he seasonal size profile for sulfur 

is shown in Figure A.9, confirming the behavior also shown in Figure A.3 and 

Table A.8. 

A.3.3 Visibility Relationships in the Central Valley 

The fit to visibility at Bakersfield is shown in Figure A.8, with a 

corresponding multiple R2 of 0.64. Again, about 2/3 of the variance is 

explained by the five significant parameters. The negative correlation to 

lead appears to be due to the location of the sampling site directly south 

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 oarameter significant at all sites. The 

summer level of sulfur-2 at Bakersfield 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 An9~les area. 
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Sacramento was also examined for the same reriod, July through September 

1973; it showed significant beta coefficients for sulfur-2 and fine 

potassium. Thus, a consistent picture emerges of a photochemically de

rived sulfate aerosol that maintains a smaller summer size profile due 

to the low humidity conditions present, yet still manages to be a major 

factor in visibility reduction. 

The role of soil particles in visibility reduction is a 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 to visibility despite large mass 

values, (Tables A.l to A.6). The 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 :he mass, while aluminum, calcium, and iron 

-'--·:;::1y depressed in quantity._ Studies have been madP ;,t_ r,;:.\/_ic; rin the 
.

fine, resuspendable soils, but they, cio not show such a;""~ _,,u,. ~.:,,;i~0-

nent in anything like the ambient air levels. Since the original work of 

Barone et al. (1978), we have identified the fine potassium as a major 

tracer of agricultural burning, (Barone, 1980 thesis). Usually, a strong 

fine silicon component is also present along with massive amounts of 

carbon, typically 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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Figure A.9 Seasonal dependence of sulfur aerosol data at Oakland. 
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Figure A.10 Seasonal dependence of the sulfur aerosol data at Bakersfield. 
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APPENDIX B 

VISIBILITY/,fl.EROSOL REGRESS':Oil STUDIES FOR Tr.E DATA SETS 
EXCLUDillG DAYS WITH PRECIPITATIOtl OR SEVERE FOG 

Tables 8.2 through C.7 correspond to Tables 3.2 through 3.7 in Chapter 3. 
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TADL:: G.2 ItHERCORRELATIONS ,l\~1Ji!G THE IiWEPENDEiH VARI/\BLES. 
DATA: EXCLUDING DAYS WITH PRECIPITATION OR SEVERE FOG. 

SULFAT!: SULFAT( SULFATE NITRATE NITRATE OTHERTSP SULfhiE/( -RH) SU~FATtf(J-RH) NiTR,:.TE/(l-RH) 
versu~ vel'"'Sl!S versus versus "'ers.us versus ver-su versus 't'ersus 

:;J1RATE OTHEF-:T~r RH OiHERTSP pw R'i ;:lTRATE/( -P.n) OTHE~iSP/(]-RHJ OTnE,7SP/(1-RH) 

SAN O l EGO ARE,, 

San D1ego (NASN) 
Sar, Di eco (ARB) 
E, Cajon 

.oz• 

.3~ 

.30 
.::s 
.os• 

-.46 
._q 
-.47 .33 

.55 
_ 56 
. 35 

.22 

.45 

.3S 

LQS ANGELES 
ARc::A (Coast~l) 

Long Beach 
Ccs;:.a l'lesa 
Lennox 
l)owntown L.A. 
Santa Barbara 

- . l 5 
.25 
.o7• 

- .03• 
.36 

.25 
-.02• 

.30 
_37 

. 45 

.46 

. 33 

.ss 

. :J• 

.20• 

.30 

- . 10• 
.03• 
-o~• 

- . 16 

-.35 
- .ss 

- -22. 
. 3:_: 

.72 

. 39 

.49 

. 67 

.3E. 

.7E 

.33 

.2! 

.a~ 

LJS ANGELES 
AREA (Inland) 

Burbank 
La Habra 
Ontario 
Sar. Berna rd i no 

-.03• 
.49 
.23 
.50 

.::o 

.69 

.33 ,.
.•,t 

- .1:• 
.Ho 

- . 2, 
.12• 

·.20 
- _4 l 
-.2: 
-.os• 

. 7 3 

.JC 

.:5 

- 4] 
.72 
• ES 
. 79 

SOUiHEAST 
:OESERT ARU 

Palm Sprinos 
Lancaster· 
Vicwrville 
£1 Centro 

.32 

.:2 

_05• 
-.of• 

.G:• 
- . l ~ • 

.28 
-.8a• 
.::7• 

- . l 5 
- .12• 

--o~• 
- . l :• 
-.26 
.c2• 

. 7t. 

.SG 
_£2 
.ss 

. 59 

. .:.,. 
.22 

ARi:A 
....-1 ::: 

Salin!s 
Paso Robles 

.6C 

.4l 
.c2• 
.oe• 

- -6' 
-.22 

.72 

.72 
.t.J 

.1t. 

CEN7RAL 
AREA 

VALLEY 

Bakersfield 
~res no 
i'\ercec 
Sacramento (NAS~) 
Sacramento (ARE) 

.63 

.32 

.70 

.33 

.45 

.a9• 
_, s• 
.22 
.2C' 
.,6 

.12• 

.25 

.o~ 

.13• 

.32 

. 31 

.26 

.32 

.2C 

.Jt 

.33 
- l ~ 
. 3i 

- . .;.:, 
- . l 9 
- . 28 
- - 2.: 
- _3t 

.80 

.ts 

.34 

.73 

.36 

.Bl 
• 7S.,~ 
• 67 

.2C 

SAN FRANCISCO BAY 
Arl.E:A ( Urban ) 

Reowood C1ty* 
o~~Jand 
San Jose* (AOMD) 
:ian Jose (ARB) 

.65 

.33 

.60 

.25 

. ,2 
•52 
.20 
.c2• 

.1:• 

. !J• 

. OLI• 
-.07• 

....... 

. C.3 

.33 

.4, 

-.02• 
- . OE• 
-.c3• 
.o::• 

. 02• 
-.2E 
-.26 
-.:2• .36 

.:5 

.63 

.46 

. 33 
_5; 
.6: 

SAN FRANCISCO BAY 
ARE.I-. (Suburban) 

Livermore• 
Con core• 
Napr 
Sant.a Rosa* 

.72 

. 7] 

.56 

.Si 
,40 
.37 

-.36 
.oc• 

-.10• 
-.o3• 

. l. i 

.57 

.39 
,c.; 

- .1e:• 
-.01• 

. 5£: 

.2, 

-.29 
-.23• 
-.22 
- .12• 

. E7 

.7E 

.72 

.Ii 

. 71 
.6! 
-7E 
. 7Q 
. 75 

HORTHERN 
AREA 

COAST 

Humboldt .Zl .0 .30 .07 • .:i.:. .23 

NORTHERN 
AREA 

JNLAND 

Red Bluff 
Yr!!'(a 

_q 
.54 

_34 
. 34 

-.20 
. 24 

.76 

. 6E 
. 5l 
. 68 . 6: 

Average: .39 .26 . 18 .33 . 05 .58 

Cel1u1ose filter G~ca . 
•Hot statistically s19nificant at a 95: confioence 1eve1. 
Note that, in this t~Dle, OTHtRTSP is defined a~ TSP - SULFt.T[ - IViTR,,TE. 
Note that the ,~tercorrela:ions betwee~ VEHlCLE or ORG aric :ne ctner inoeoenoent v~r,2ble~ ~r~ also o~ tne oraer of C.l ~o p.7. 



TABL[ 8.3 ~ \'ERAGE VALUES FOR STUDY VARIJ\BLES. 
OAi/,: EXCLU8ING DAYS 1✓ 1 TH PRECIPITAT!Oh OR SEVERE FOG. 

s versus 
Rh 

0 versus. 
SL'LF.:.,E 

s ver.;us 
,'117?.J...7~ 

6 ver.;us 
OinERiS? 

s ,ersus 
';EH!CLE 

versus 
ORG 

g ve:--Si.:S 
SULF.C.TE/'. ;.~:-;) 

s versus 
t;I7RATE/ ( 1-,r.) 

B ve,-sus 
Q7HE?.TS?/;l-Rfi) 

:.:..ri DIEGO AREA 

San Diego 
S-u: J:eao 
. C.aJcn 

( NASN) 
(..;RB) 

.-l3 
-~8 
.$4 

o·.. :, 

.73 

.,: 0 

.. o:• 
. 04• 
• .1..:--· 

.87'9 

. :1• 
-.27• 

.oc• 
-.31 -.29 

.?O 

.31 

·--
. l ~ 
.5: 
.45 

.53 

.47 

.19 

~DS Al'-iGC:LES 
o;:,:_c_A (Caas:al) 

~ang 5eac~ 
Cost.a l'lesa 
L..ennax 
Cow:itown l_,;.,_ 
Santa 6i!roara 

.38 

.46 

.:,~ 

.42 · 

.61 

.56 

..:..: 

. 7E .,. , -

.73 

-.03• 
. 33 
. iO• 

- . 14 
.JJ 

. 3, 

.C3• 
- . 03• 

. l 9 
. .:2• 

· .12• 
.. : s 

.02• 
- .14• .oa• 

... 

.2~ 

.ES 

.7: 

.e.3 

.. l~ 

.. 3i 
.. 37 

-.GZ• 
. 50 

. 77 
Ac. 
. 37 
. 51 
.56 

L..~S ANGEU:S 
.. ~c;E.A ( lnl and) 

5urbank 
L..a Haora 

.48 

.39 
.55 
.SJ 

. .1(• 
. 57 

. ~ :• 

. l S .16 
• ES: .,-~- . □ 7• 

.61 
. .;5 
.48 

Jnta,-io 
San aema';Oi no 

. 4; 

.54 
.52 
. 7 6 

- .04• 
.44 

.32 

.53 
.$:J 
.l:.e> 

.20 
• 61 

.70 

.eo 
SOUTHEASi 
:£SERT ..;RS,:, 

.=-:! im s~r,ngs 
:_.:.nc.as:e: 
1/ictorvi lie 
;;., Cent~o 

.29 

.36 

.37 

.42 

.52 

.36 

.09• 

.35 

.23 
.JS• 
.89• 
-~5 

.s,

.•. 

.c1• 

.2~ 

- . 14• 
- . 07• 
.os• . 14• 

. :7 

. --

.25 
•I,:_. 

.32 

.22 
.. 56 
. 63 

.53 

. 59 
-~~ 

.65 

C:'.NTAAL CD.I.ST 
AR:.A 

Sa 1 i nas . -l3 .40 .23 - .o~• .os• .11• 
,, 

. c • .. 5S .39 
-:;_ ~ :; .66 .24 . 40 .49 .ec •.90 ~~ 

CENTRAL V.C.LL.:'.Y 
ARc.A 

Sakersfield 
Fresno 

. 51 

.59 
.64 
. 31 

.E 

.33 
.09• 
.os• 

.06• .18 .2? 
.as 

.86 

.32 
. iO 
.81 

Merced 
Sacrament.o 
Sacrament.o 

(NASN) 
(ARB) 

.48 

. 54 

.47 

.40 

. 30 

. 36 

..:o 

.38 

.70 

.OE• 

.o:• 

. 16 

.27 

.40 

. 5i 

.7? 

.77 

.61 

.73 

.25 

.55 

. 74 

. 75 

SA/, FRANC!SCC BAY 
A;I.EA (Urban) 

Redwood 
Cakland 

City* .30 
.Jl 

. 53 

.62 
. 49 
. ,:9 

.!Q 

.cs 
.38 .52 . 56 

.67 
.5-4 
·o-~- .49 

. 67 
San 
San 

Jose* (AQMD) 
Jose (ARei) 

. 31 

.44 
. 6! 
.16 

.59 

.56 
.29 
. 50 

. 14 

.55 
.46 .iO 

.35 
.67 
.74 

.51 

.76 

$Ar.I FRANCISCO BAY 
AREA (Suburoan) 
Li vermor-e .. 
Concord .. 
~apa• 
San-ca Rosa• 

.14• 

.38 

. 41 

.38 

.56 

.64 

.32 

.26 

,47 
. 52 

~4 

.64 

.OE• 
• 
2~•

C 
. 

. cs• 

.os• 

. 12• 

.04• 
-.oo• 

.lE• 

.13• 

.48 

.35 

.35 

.63 

.75 

.E: 

.73 

.43 

.77 

.81 

.91 

.as• 

.63 

.57 

. 61 

•10RTrlERN COAS, 
;.REA 

Humboldt . 43 . 57 - .oe• .4.! .37 .1s• .80 

NOR~ERN INLAND 
AREA 

Red Bluff 
Yreka 

.5, 

. 5~ 
.25 
. 27 

. 7 5 

. ~ s• 
.JS• 
.18• 

.32 

.23 
.49 
• 34 

.c5 

.SE 
.84 
.28 

.60 

.25 

Average: 4•.. .52 .32 .19 . 10 .27 .71 .53 . 57 

Cellulose filter data .
•Hot statistically significant ~t a·95: confidence 1 eve l. 
.~ote that. in this table, OTH£i<7SP is defined as TSP - SULFATE· l;ITRATE. 
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TABLE D.4 CORRELATICN BETWEEN EXTINCTION AND THE INO[PE~DE~T VARIABLES. 
DATA: 

'JATA 
POitlTS 

SAN DIEGO AREA 

San Diego (NASN) 
San Diego (ARB) 
E1 Cajon 

LOS ANGELES 
AREA ( Coas ta 1 ) 

Long Beach 
Cos ta Mesa 
Lennox 
Downtown L.A. 
Santa Barbara 

LOS ANGELES 
AREA ( lnland) 

Burbank 
La Habra 
Ontario 
San Berna roi no 

SOUTHEAS"7' 
DESERT AREA 

Da1m Springs 
Lancaster 
Victr,rvi l le 

.= 

CE:NTRAL COAST 
AREA 

Sa1inas 
Paso Rob i es 

CENTRAL VALLEY 
AREA 

i3akersfieid 
Fresno 
Merced 
Sacramento (NASN) 
Sacramento (ARB) 

SAtl FRANC Isea BA y 
AREA (Urban) 

Redwood City* 
Oak i anc 
San Jose* (AQMD) 
San Jose (ARB) 

SAN FRANCISCO BAY 
AREA (Suburban) 

Livermore* 
Concord* 
Napa• 
Santa Rosa• 

NORTHERN COAST 
AREA 

Humbo1dt 

NORTHERN INLAND 
AREA 

Red B1uff 
Yreka 

222 
10~ 
157 

234 
)63 
299 
224 
~57 

'-,-
l I I 

219 
112 
193 

230 

162 
158 

192 
14 5 
158 
206 
190 

241 
2:'6 
230 
195 

60 
65 

149 
102 

97 

12l 
76 

[XCLUDING DAYS 

RH 

2.21 
1. 96 
1. 44 

2.99 
2.97 
3.05 
3.73 
Z.33 

;:_35 
3.22 
C. .10 

C.B6 
C.80 
o_ 79 
0.25 

1-50 
l. C.6 

4.28 
2.39 
z_s3 
:.16 
=. t,7 

.66 

.74 

.63 

.Ol 

_95 
.03 

. 65 

10 

55 

. 61 

. 63 

. 5c, 

. 57 

.63 

.67 
.57 
. 68 

.35 

.36 
_33 
.39 

. 67 

.:J:, 

. 67 
_71 
.59 
.59 

. 54 

.55 

.58 

.62 

. 77 

. C.2 

.49 

\✓ ITH 

AVER.AGE 

SULFATE 
(u9/r.13) 

10.85 
10.76 
9.04 

25. 90 
12.98 
18.07 
18.81 
;_ :o 

lt.. 90 
i4. :::s 
:3. 34 
15. 73 

5.93 
S.30 
6.65 
S.SE 

:,_ 20 
7.55 

1 S. 16 
E.56 
5. 52 

3. l 4 
8.55 
3.JS 
C.. 53 

2.33 
3.69 

2.64 

4.47 

3.47 
3 .20 

Pr~ECIPITATIOl,' OR SEVERE FOG. 

V.~LUE OF VARIABLES 

'.il7RA1E 01!-iERTS? Vhi!CLE 
'.~·g/r.i3) (~g/:n3) ( ;.;g/m3) 

6.97 
9.98 
9.75 

9.65 
13. 96 
9.98 

13.S5 
7_35 

9.95 
Zl.28 
12.74 
10.43 

10. c,z 
: . 5.: 
?.SO 
5.38 

6.28 
6.96 

i.6S 
l ..... .:. 

S. 60 
6.26 
S.:: 

4.36 
5. 17 
6. ~: 
S.42 

5.30 
5.li 
S.05 
3.36 

0.82 

5.36 
i. ~s 

56.51 
56. 22 
65.87 

3C..75 
50.73 
89.84 
91. 37 
5l.. 77 

108.52 
Sl.76 

107.92 
99.81 

48.09 
93.99 
7 3. 39 

1}2.98 

~5. 67 
69.23 

126.40 
~lL 76 
81.43 
60.66 
66_g3 

45_5G 
63.11 
65.SC. 
61.66 

7i.5S 
32_60 
55_32 
37.89 

L:3. 40 

61.26 
C.6.6::' 

14. 77 
19.Sl 

16. 00 
29-03 
26.36 
14.65 

0.00 
6.33 
S.JS 
S _73 

::i. :)5 
7.07 

28 .. 34 

2.12 

s. :,6 

6.05 

10_55 
13.53 

L.. 75 
3.7i 
5.20 
3.6~ 

3.91 
2.64 

7.43 

6.19 

4.29 

;:_51 
5.07 

9.43 

30.00 

42.ll 

36.35 
27 .64 
35.7:, 
25.84 

* Cel1u1ose f11ter oat~ 



-r·'LE - r "EGRcss·o•,. ""EFF•cTc.,,s ::-:V' TUE ''''[An RH ·inoEL· EOLJf\TJQ 1' (3 5)1t\D - 0.:J i"\' L. 1 1'1 \..,u L lLl'i, 1Ur\ ill L.;_J~ r,' l1v - '' I II - • 

:Jf'\TA: EXCLUDING CAYS \-/ITH FREClPIT/\TIOfi OR SEVERE FOG. 

MULTIPLE ti. b2 b-COKREL.~TIQN ~ 

COE?rlCIEilTS SULr.:i.TE ::;,~ATE OTHERTS? 

SAN D 1 EGO AREA 

San Di ego 
San Diego 
El ,:ajon 

(NASN) 
(ARB) 

.35 

.31 

.79 

.233 

. ;20 

.:07 

-.007• 
. J30 

· .006• 

.0000• 
- . 0020• 
-.0062 

l.02 
2. _:g 
l.C5 

LOS AflGE!..ES 
;,REA ( Coasta i) 

Long Beac:i 
Costa Mesa 
~enno;,: · 
Downtown L.A. 
Santa Barbara 

•75 
.36 
.Bi 
.76 
.80 

. 155 

. 245 

.140 

. l25 

•. OJi• 
.J10• 
. s12• 

-.029 
.•Jo6• 

.3136 

.0189 

.0149 

.0116 

.0046• 

9.30 
5.34 
4.36 
2.55 
6.24 

LOS ANGELES 
AREA ( Inland) 

Burbani.: 
La Kabra 
Ontario 
San Berna rd i no 

.., 73 
.89 
. 71 
.85 

.148 

.196 

. l 75 

.115 

·.C91 
.077 

· .045• 
.010• 

. 0116 
-.0017• 

.0170 

.0006 

7.33 
l.34• 

10.;2 
6. 74 

SOUTI1EAST 
DESERT AREA 

Palm Sorings 
Lancaster 
1/ic!orvi 1le 
Ei Centro 

. 71 

.67 

.41 

.62 

.040 

.050 
-.008• 

.083 

.'.J03• 
-~02• 
.J21 
. 052 

.0062 

.0027 

.0025 

.ooos• 

.7~3 
1.32 
2 • .:6 

C'.:.NTRAL 
AREA 

COAST 

Salinas 
Paso Robles .78 .090 

.033 

.:24 
.0025• 
.0041• 

CE:ffRAL 
ARE.:. 

VALLEY 

cakersfield 
!'"resno 
:~erced 
Sacramento (NASN) 
Sacramento (ARB) 

.67 

.65 

.57 

.54 

.75 

.591 

.117 

.268 

.108• 

- .023• 
.057• 
. '..127• 
. , 21 
.273 

-.0117• 
.0027 
.Cll04• 
.0077• 
.0172 

10.51 
9.25 

14.65 
9.~o 
8.:i. 

SJ-N FRANCISCO 
Ai<.EA (Urban) 

BAY 

Reowood City.. 
Oakland 
San Jose"" (AQMO) 
S.i.n Jose (ARB) 

.65 

. 77 

.76 

.73 

.097 

.077 

.166 

.055 

.054 

.077 

.083 

.083 

.0071 

.0083 

.0094 

.0291 

2.11 
3.53 
3.71 
7.!l 

SAN FRANCISCO BAY 
,,.REA (Suburban) 

L 1 verinore"" 
c.:i:,cord* 
Naoa"' 
S.rnta Rosa" 

.70 

.74 

.61 

.69 

.107 

.098 

.193 
-.029• 

.011• 

.028• 

.134 

.524 

-.0022 
- .0022• 
-.0078• 
-.0335 

. 781 
1.45 
5.84 
3.09 

NORTHERN 
AREA 

COAST 

Kumboldt .70 .325 - l. 260 .0513 1 • --_'T. CC 

NORTHERN 
AREA 

INLAND 

Red Bluff 
Yreka 

.78 

.55 
- . 024• 
-.oo,• 

.093 

.009• 
. 0010• 
.0002• 

l.27 
1.10 

*cellulose filter data . 
•Not statistically significant !ta 95% confidence level. 
Note that, in this table, OTHERiS? is aefined as TS? - SULFATE - ilITRATE. 
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TP,SL[ S.G REGR[SSIOri CUEFFICIEtns FOR THE rwr~LiriEAR RH i10DEL: E(JUATIO:~ (3-6). 
DATA: EX:LUDlNG DAYS WITH PRECIPITATIO~ OR SEVERE FOG. 

MULTIPLE 
CORRELATION SULFATE OTi-iERTSP 

COEFFICIENTS ( 1-RH) ( l-RH) (l-RH) 

SAN DIEGO AREA 

San Dieoo (NASN) 
San Diego (ARB) 
El Cajon 

.90 

.84 

.81 

.053 

.030 

. 043 

.Oll 

.ens 

.oos• 

. 0010• 
-.0006• 
-.0025 

LOS ANGELES 
AREA ( Coast.a 1 ) 

long Beach 
Cost.,;. Mesa 
Lennox 

.S8 

.90 

.88 

. 046 

.059 

.025 

-.014 
. 017 
.003 

.0127 

.0007• 

.0035 
Downtown L.A. .74 .·028 -.012 .0047 
Santa Barbara .88 .058 - . 003• -.0003• 

LOS ANGE!..ES 
AREA (Inland) 

Burbank .72 . 050 -.028 .0055 
La Habra .68 .021 .016 - .0035 
Ontario .S3 .092 -.01E• . 0070 
San Bernardino .88 . 047 .014 .0062 

SOUTHEAST 
DESE?.T AREA 

Pa1rn Springs .67 . 03(1 -.009 . 0027 
~ancaster .74 .036 .001• . 0017 
Victorvi1le • 57 -.024 .046 • 0Gj 1 
E1 Centr::i .79 . 054 .002• • OCl l 

CENTRAL COAST 
AREA 

Saiinas .65 ,"44 .008 
-•~, ;:::. 1~ :-'°".-j'._;. .... I 

- - .:.0010• 
Pc.SO Rob] es . 9l .023 .036 .0020 

CENTRAL VAL!..EY 
AREA 

Bakersfield .92 .058 .036 -.00111• 
Fresno .92 .049 .035 .0009• 
Merced .59 .077 .014• _0145 
Sacramento (NASN) 
Sacramento (ARB) 

.85 

.85 
. 050 
.019• 

.020 

.O:l 
_0074 
.0045 

S.C.N FRANCISCO BAY 
AREA (Urban) 

rledwood City* .63 .022 .014 . 0021 
Oak1and .79 .015 .019 _0024 
San Jose~ (AQMD) .75 .054 . 021 .0019 
San Jose (AR.B) .83 .006• .034 _ 0089 

SAN FRANCISCO BAY 
AREA (Suburban) 

Liver.nore 
Concord"' 

.67 

.83 
.047 
.020 

.006• 

.018 
- . 0009 
- _oooa• 

Napa* .82 .022 .054 --0013• 
Santa Rosa• .92 .019• .::m -.0048 

NGRTHERN COAST 
AREA 
Hurnbo1dt .89 .085 .0026 

flORTHERN INLAND 
AREA 

Red Bluff .85 .028 .0025 
Yreka .50 - .0CJS• -.0003• 

*cellulose filter data. 

•~ot statisticaliy significant at a 95~ confidence level. 
Note tnat, in this table. CTHERTSP is definea as TSP - SULF,GE - r:IT?.:-.,:__ 
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TABLE B.7 REGIONAL REGRESSION COEFFICIENTS FOR THE NONLINEAR Rll MODEL: 

B = a + b SlJ LFA TE + b NIT RA TE + b OTH EH TSP 
l {1- RH) z {1- RH) 3 (1- RH) 

DATA: Excluding days with precipitation or severe fog. 

bl b2 b3 
MULTIPLE 

NUMBER OF CORR[LATION SULFATE_, tHTRATE OTIIERTSP 
DATA POINTS COEFFICIENT (1-RH) {1-RII) (1-RII) 

SAN DIEGO AREA 574 .86 .046 .003 -.0004 
LOS ANGELES AREA (Coastal) 1082 . 76 .031 .001• ,0041 

LOS ANGELES AREA (Inland) 701 I .67 .038 -.011 .0065 
CD SOUTHEAST DESERT AREA 831 .57 .014 .010 .0019I 
--.J 

CENTRAL COAST AREA 320 .80 .029 .018 .0033 
CENTRAL VALLEY AREA 891 .86 .047 .036 .0026 
SAN FRANCISCO BAY AREA 421 .75 -.001• .039 .0042(Glass Filters) 
SAN FRANCISCO 

; 

BAY AREA 847 .79 .021 .051 -.0001•(Cellulose Filters) 

NORTIIERll rnLAtm AREA 197 .Ul .018 ,027 -.0001• 

STATEWIDE 5114 .78 .034 .021 .0041 

•Not statistically significant at a 95% confidence level. 
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