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ABSTRACT 

MEASUREMENTS OF CARBONACEOUS AEROSOL' ACROSS THE U.S.: 

SOURCES AID ROLE IN VISIBILITY DEGRADATION 

Jitendra Jethalal Shah 

Oregon Graduate Center 

Beaverton, Oregon 

Dissertation Advisor: James J. Huntzicker 

This dissertation has three sections which cover analytical meas- 

urements, source apportionment, and visibility impact of carbonaceous 

aerosols. The samples from 46 urban and 20 rural National Air Surveil- 

lance Network (NASN) sites were analyzed for organic, elemental, and 

carbonate carbon to establish a data base for carbonaceous aerosol. 

Exploratory data analysis was performed on the NASN results to gain an 

understanding of the nature, magnitude, and relationship of carbon with 

other constituents of ambient aerosol. Urban centers with high carbon- 

aceous aerosol concentration were Burbank, Chicago, Dallas, East Chicago, 

Gary, Houston, Los Angeles, New York City, Pasadena, Phoenix, San Ber- 

nardino, Santa Ana, and Torrence. 

The chemical element balance (CEB) and multiple linear regres- 

sion (MLR) receptor models were evaluated for source apportionment of 

carbonaceous aerosol measured at Portland, Oregon, during 1977-78. The 

chemical element balance method on an average accounted for 87% of the 

fine mass and 83% of the carbon for each filter. The major sources of 

carbonaceous aerosol were vegetative burning and automobile exhaust. 

The results of receptor models were compared with the carbonaceous aer- 

xii 



osol emission inventory (EI). The agreement between the chemical ele- 

ment balance method and the emission inventory shows that well con- 

structed EI's can be used for seasonal or annual source apportionment. 

The automotive contribution by MLR agreed with that of the CEB; 

however, the residual oil combustion and vegetative burning contribu- 

tions were significantly different. The correlation between vanadium 

and vegetative burning and the inability of potassium to represent vege- 

tative burning in the MLR were the primary reasons for the discrepancy 

between MLR and CEB. Because the MLR method relies solely on tracers, 

the presence of sources without good tracers limits MLR's ability to 

perform accurate source apportionment. 

A regression model was applied to the Portland Aerosol Charac- 

terization Study data set to determine the sources of visibility degra- 

dation. The contributions of chemical species to the scattering coeffi- 

cient were studied by a linear model, and it was found that all the ma- 

jor chemical components had to be included for the scattering efficiency 

evaluation. Sulfates, nitrates, and carbon were found to be equally ef- 

ficient scatterers with a scattering efficiency of around 5 m2lg, This 

is in contrast to other cities where sulfates have been found to be the 

most efficient scatterers. 

xiii 



CHAPTER I. INTRODUCTION 

As the laws of gravitation had to be understood before Ifan could 

go to the moon, environmental pollution must be understood before Man 

can cope with its consequences. In accordance with Newton's Third Law 

environmental pollution may be viewed as the equal and opposite reac- 

tion to modernization. The environmental problems of centuries ago had 

obvious, albeit primitive, solutions; but as human demand became more 

sophisticated, the complexity of environmental problems and their re- 

percussions increased correspondingly. Examples of modern problems in- 

clude: depletion of stratospheric ozone, acid rain, global DDT and 

PCB contamination, urban smog, climatic effects, the Love Canal inci- 

dnet, the Three Mile Island accident, and others, including many more 

yet unknown to us today. 

We have adjusted our life styles to their present "modern" sta- 

tus and feel quite comfortable with them. However, we must also accept 

responsibility to clean up the waste and to solve the problems gener- 

ated by our modernization. Our vulnerability to environmental prob- 

lems is considerable; therefore, we must seek solutions to avoid becom- 

ing an endangered species. 

Air pollution, readily recognized by smell or reduced visibility, 

has been studied for many years. Since the atmosphere is vast and as 

complex as it is vast, it cannot be understood quickly. Advancements 

in science and technology, aided by researchers' steadfastness and in- 

creased public awareness and involvement have made inroads to the un- 



derstanding of a i r  pol lu t ion.  Leg i s la t ive  a c t s  have been-passed t o  

p ro tec t  t h e  wilderness and reduce a i r  po l lu t ion  i n  urban a reas  t o  br ing 

a i r  q u a l i t y  within accepted standards.  This d i s s e r t a t i o n  is  focused on 

the  carbonaceous aerosol  -- a small p a r t  of air pol lu t ion.  

The major cons t i tuen t s  of urban f i n e  aerosols  (d ~ 2 . 5  pm) a r e  
P 

carbonaceous aerosols ,  ammonium s u l f a t e  and r e l a t e d  a c i d i c  s u l f a t e s ,  

n i t r a t e s ,  lead compounds, and t r a c e  elements. The carbonaceous mate- 

r i a l  present  i n  the  atmospheric aerosol  i s  comprised of a number of or- 

ganic compounds, elemental carbon, and inorganic carbon (carbonate 

s a l t s ) .  Approximately 10-30% of the  p a r t i c u l a t e  mass i n  a t y p i c a l  ur- 

ban a i rshed is carbonaceous. Organic carbon forms the  b igges t  f r a c t i o n  

c o n s t i t u t i n g  50-70% carbon with t h e  rest a s  elemental carbon. Less 

than 2% of the  t o t a l  carbon i s  i n  the  form of carbonate; therefore ,  the  

term "carbonaceous aerosol" w i l l  be used t o  address only organic and 

elemental carbon i n  t h e  r e s t  of t h e  d i s s e r t a t i o n .  

The importance of carbonaceous aerosol  i s  three-fold. Carbona- 

ceous aerosol  makes up a l a r g e  f r a c t i o n  of t h e  t o t a l  aerosol  loading; 

i t  ranks high i n  terms of i t s  p o t e n t i a l  hazards t o  heal th ,  and i t  may 

play an important r o l e  i n  various atmospheric processes. 

The heal th  hazards associa ted  with carbonaceous aerosol  were 

recognized a s  ea r ly  a s  1775 when S i r  P e r c i v a l l  Po t t  r e l a ted  s c r o t a 1  

cancer i n  chimney sweeps with t h e i r  exposure t o  soot  (Pot t ,  1775). 

Many organic compounds present  i n  the  atmopshere have been found t o  

be carcinogenic and co-carcinogenic (Daisey, 1980; Grosjean, 1975; 



P i t t s  e t  a l . ,  1979; P e t e r s ,  1974). A summary of d i f f e r e n t  r e sea rch  

eva lua t ing  ca rc inogen ic i ty  is  given by Hoffman and Wynder (1977). They 

found t h e  organic  f r a c t i o n s  con ta in ing  po lycyc l i c  aromatic  hydrocarbons 

(PAH) t o  be p r imar i ly  r e spons ib l e  f o r  t h e  ca rc inogen ic i ty .  Daisey 

(1980) found the  mutagenic cha rac t e r  of t h e  organic  f r a c t i o n ,  i nd ica t ed  

by t h e  presence of b i o l o g i c a l l y  a c t i v e  compounds, t o  be p re sen t  i n  t h e  

po la r  a s  w e l l  a s  t h e  nonpolar f r a c t i o n .  The h e a l t h  e f f e c t s  of carbon- 

aceous a e r o s o l  a r e  f u r t h e r  einphasized by i t s  s i z e  d i s t r i b u t i o n .  The 

Task Group on Lung Dynamics (1966), anong o t h e r s ,  has  poin ted  out  t h e  

importance of a e r o s o l  s i z e  d i s t r i b u t i o n  i n  determining i t s  depos i t i on  

i n  t he  r e s p i r a t o r y  t r a c t .  P i e r c e  and Katz (1975) found PAH a e r o s o l  t o  

be not  only h ighly  dependent upon i ts  s i z e  bu t  a l s o  wi th  maximum con- 

c e n t r a t i o n  i n  t h e  r e s p i r a b l e  s i z e  range. 

Carbonaceous a e r o s o l  may a l s o  be r e l e v a n t  t o  s e v e r a l  atmospheric 

processes .  K e t s e r i d i s  e t  a l .  (1976) pointed out  t h a t  s u r f a c e  a c t i v e  

organic  compounds have an e f f e c t  on uptake o r  evaporat ion of water ,  

thus  i n f luenc ing  t h e  process  of c loud formation. Light-absorbing aero- 

s o l  such a s  e lementa l  carbon a r e  important i n  t h e  r a d i a t i o n  balance 

determining t h e  temperature of t h e  e a r t h .  Bergstrom e t  a l .  (1980) 

showed t h a t  t h e  presence of soot  i n  t h e  atmosphere ( a t  a  l e v e l  of 5 

ug/m3) reduces t h e  horizon b r igh tnes s  s u b s t a n t i a l l y  a t  a l l  wavelengths. 

Carbonaceous a e r o s o l s  from v e h i c l e  exhaust and o t h e r  combustion pro- 

ce s ses  have been shown t o  have l a r g e  s u r f a c e  a r e a s  (up t o  100 m21gm o r  

more), sugges t ing  a porous s t r u c t u r e  and making them e f f i c i e n t  absor- 

b e r s  of o the r  m a t e r i a l s  (Pierson,  1979). Scanning E lec t ron  Micro- 



graphs (SEM) of soot material confirm the agglomerated sphere structure 

of elemental carbon. The possible involvement of elemental carbon in 

sulfate formation in the atmosphere has been investigated by Freiberg 

(1979), Novakov et al. (1974), Chang et al. (1979), and Eatough et al. 

(1979). Possible mass transfer mechanisms enhancing the concentration 

of dissolved gases absorbed by elemental carbon via water vapor con- 

densation have been studied by Matteson (1979). 

Incomplete combustion of fossil fuel, wood- and coal-burning, 

agricultural activities, and photochemical activity are the major an- 

thropogenic sources of carbonaceous aerosol in an urban environment 

and are schematically represented in Figure 1.1. 

Organic aerosols are the result of direct emissions into the 

atmosphere (primary component) and atmospheric reactions (secondary 

component) usually involving photochemistry. Organic aerosol found in 

the atmosphere is comprised of hundreds of compounds whose analysis is 

laborious, requiring sophisticated equipment and laboratory techniques. 

The classes of identified primary organic compounds include linear 

and branched alkanes and aklenes, substituted benzenes and styrenes, 

phenols, cresols, phthalates, fatty acids, carbonyl compounds, and 

some pesticide compounds (Grosjean, 1977; Daisey, 1980). 

The formation of organic aerosol as a result of photochemical 

reactions of hydrocarbons, ozone, and oxides of nitrogen has been ob- 

served in urban and rural atmospheres (Grosjean et al., 1975; 0'~rien 

et al., 1975a). Classes of secondary organic aerosol compounds in- 



Figure 1.1. Sources of carbonaceous aerosol .  



clude aliphatic organic nitrates, carboeyclic acids (e.g.,- adipic and 

glutaric acid (~'Brien et al., 1975b)), terpene-derived oxygenates, 

and nitrate esters. Smog chamber experiments to identify and study 

secondary organic aerosol have been carried out by many researchers. 

For detailed accounts of organic aerosol the reader is referred to 

reviews given by Grosj ean ('1977, 1979), Daisey (1980), and Hoffman and 

Wynder (1977). 

Elemental carbon (EC) (also referred to as graphitic carbon, 

particulate elemental carbon, soot, free carbon, black carbon) is pro- 

duced as the result of incomplete combustion. Sources of elemental 

carbon include industrial emissions from combustion processes, vehicle 

exhaust, and space heating. Elemental carbon is primary in origin. 

Rosen et al. (1979) used Raman spectroscopy to show the presence 

of a physical structure similar to activated carbon in ambient and 

source samples. They also demonstrated that the blackness of the 

sources and ambient samples was due to the graphitic soot content of 

the aerosol. The amount of light-absorbing species was found to be 

proportional to the graphitic soot content of the samples. 

A knowledge of relative abundance of primary and secondary com- 

ponents of carbonaceous aerosol is essential for the design of optimal 

control strategies. Gartrell and Friedlander (1975) found that secon- 

dary organic aerosol, estimated by a Chemical Element Balance (CEB), 

accounted for about 80% of aerosol carbon during several days in the 

Los Angeles Basin. Other studies (many of them also carried out in 



the Los Angeles Basin) support these findings (O'Brien et-al., 1975b; 

Grosjean et al., 1975; Heisler and Friedlander, 1977; Wilson et al., 

1972). However, Hansen et al. (1979) found no evidence for substantial 

production of secondary organic aerosol in either the Los Angeles area 

or the San Francisco Bay area. Novakov and his co-workers (Novakov, 

1981) have emphasized the importance of the primary contribution and 

have argued that it can account for the majority of ambient particulate 

carbon. The analysis of organic and elemental carbon at several urban 

and rural sites reported here may contribute to a resolution of this 

controversy. 

The purpose of the present work is to generate a data base for 

organic and elemental carbon in the atmopsheric aerosol by analyzing 

samples from different parts of the United States. Another major pur- 

pose is to evaluate two methods, chemical element balance and multiple 

linear regression, for source apportionment of carbonaceous aerosol. 

The role of carbonaceous aerosols in visibility degradation is also 

evaluated. 

The analytical methods for carbonaceous aerosol and a descrip- 

tion of the thermal/optical method developed at the Oregon Graduate 

Center are reviewed in Chapter 11. The results of the carbonaceous 

aerosol measurements for 46 urban and 20 rural NASN sites are presented 

and discussed in Chapter 111. The goal of this part of the research 

was to establish a data base for organic, elemental, and total carbon. 



Exploratory data analysis was performed on each site to answer general 

questions on carbonaceous aerosol. Detailed graphical representations 

are given in Appendix B. 

Two methodologies, chemical element balance (CEB) and multiple 

linear regression (MLR), were evaluated for their applicability to the 

source apportionment of the carbonaceous aerosol in Portland, Oregon. 

Results of the carbon balance are discussed in Chapter IV. The emis- 

sions inventory and source matrix for Portland are given in Appendix A. 

Sources of carbon are also evaluated for New York City by the MLR 

method and are included in Appendix C. In Chapter V sources of visi- 

bility degradation for Portland, Oregon, are evaluated, and the impor- 

tance of carbonaceous aerosol contributions to visibility degradation 

is assessed and conpared with the importance of sulfates and nitrates. 

Finally, in Chapter VI the results of this dissertation are 

summarized and conclusions are drawn. 



CHAPTER 11. ANALYTICAL METHODS 

Carbonaceous aerosol has long been recognized as a major frac- 

tion of atmospheric aerosols (10-30%); however, the measurement of or- 

ganic and elemental carbon is relatively new. Part of the reason for 

the scarcity of instrumentation is due to the complexity of the meas- 

urements. Although sophisticated methods have been developed which 

are capable of analyzing specific compounds present at an extremely low 

level in the atmosphere, as pointed out by Cunningham (1979), develop- 

ment of a low cost measurement method for specific compounds and 

classes of compounds is necessary to obtain a quantity of data suffici- 

ent to evaluate the relative importance and sources of carbonaceous 

aerosol in the atmosphere. At the Oregon Graduate Center, an instru- 

ment has been developed which separates carbonaceous aerosol into or- 

ganic, elemental, and carbonate carbon (Johnson et al., 1979; Hunt- 

zicker et al., 1980). 

Analytical procedures for carbonaceous aerosol can be grouped 

into the following classes: 

1. Thermal Methods 

2. Optical Methods 

3. Extraction Methods 

4. Digestion Methods 

5. Hybrid Methods 

6. Other Special Techniques 

The category "Others" includes specialized techniques to identify a 



specific component (e.g., c14) of the carbonaceous aerosol. A sche- 

matic representation of the methods and a partial list of the refer- 

ences is given in Figure 2.1. 

Optically Assisted Thermal Analyzer for Carbonaceous Aerosols 

Instruments using thermal combustion techniques are based on the 

principle of preferential oxidation of organic and elemental carbon to 

C02 followed by analysis of the C02 evolved. The methods differ in 

their determination of C02 and the steps they employ to separate or- 

ganic and elemental carbon. Because elemental carbon is non-volatile 

even at high temperatures in an inert atmosphere, separation between 

organic and elemental carbon can be achieved by volatilizing organic 

carbon at high temperatures. The organic carbon is then oxidized to 

C02 and analyzed. The elemental carbon is oxidized in an oxygen atmos- 
5 

phere and analyzed. The methods frequently used for C02 analysis are: 

I) infrared absorption; 2) thermal conductivity detection (TCD); and 

3) flame ionization detection (FID) after reducing C02 to methane. 

There are three modes of operation in the thermal/optical 

method: 

1. 350°C in He/02(2%) mixture; 

2. 600°C in helium; 

3. 400-600/700°C in He/02(2%) mixture. 

The system is shown schematically in Figure 2.2. Several filter disks 

(0.25 cm2 each) are placed vertically in the quartz boat (insert, Fig- 
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ure 2.2). After the initial purge with He/O2, the boat is inserted in 

the oven which is at 350°C. The volatile carbon evolved at this tem- 

perature is oxidized to COa by Mn02 at 950°C, reduced to CH4, and meas- 

ured by a flame ionization detector. The oven temperature is raised 

to 600'~ after purging the oven with helium. The remaining organic 

carbon is volatilized and measured by an FID. The oven temperature is 

dropped to 400°C and the carrier gas flow is changed to He/02. The 

oven temperature is now raised to 600°C in steps to oxidize elemental 

carbon. Evolved C02 is converted to CH4 and measured. Calibration is 

carried out by injecting a known amount of CH4 into the oven and meas- 

uring the FID output. During the calibration the oven is cooled to 

350°C for the beginning of the next run. 

The reflectance of the filter sample is monitored throughout 

the analysis by the optical system as shown in Figure 2.2. A graphical 

representation of the FID output, the filter reflectance, and the oven 

conditions for a typical sample is shown in Figure 2.3. The filter 

reflectance is fairly constant during the first mode of operation 

(350°C, He/02); however, as the temperature is raised to 600°C, the 

reflectance decreases, indicating higher absorption by the filter sam- 

ple. This increased absorption is due to pyrolytic conversion of or- 

ganic to elemental carbon. The correction for the pyrolytic conver- 

sion of organic carbon is determined by measuring the amount of carbon 

evolved before the filter reflectance returns to its initial value 

during the elemental carbon oxidation step. This assumes that the re- 



T l M E 

Figure 2.3. Graphical output of thermal/optical method. 



flectance (or absorptivity) of original and pyrolytically produced 

elemental carbon to be the same. The temperature increases in the 

third step are carried out in steps to slow the oxidation of elemental 

carbon and to produce a slow initial rise in the reflectance. The 

correction procedure is shown in Figure 2.3. The shaded area 3A 

corresponds to pyrolytically produced elemental carbon and is added 

to peaks 1 and 2 to give total organic carbon. Peak 3B is the amount 

of original elemental carbon on the filter. 

The analytical system is automated and under the control of a 

microprocessor. All electronic outputs including FID output, reflec- 

tance, oven temperature, integrated peak areas, pyrolysis correction, 

and time are stored on a cassette tape which can be analyzed at a later 

date on the OGC PRIME 350 computer. 

Carbonate carbon is determined in a separate system by measur- 

ing the amount of C02 evolved upon acidification (20 ml 1% H3P04) of 

a filter segment at 5 0 ' ~ .  Most of the samples analyzed for this work 

did not show significant amounts of carbonate carbon. 

Instrument Characterization and Validation 

Extensive experiments conducted to characterize and validate 

the instrument are discussed by Johnson (1981). The average recovery 

of 99+6% (Table 2.1) was obtained for the known amounts of pure com- 

pounds. Interlaboratory comparisons have been conducted with the De- 



Table 2.1. Average recovery of known amounts of pure compounds. 

Compound 

% % 

Recovered Recovered % 

as Organic as Elemental Total Carbon 

Carbon Carbon Recovered 
-- 

Tetracosane 103 0 103 

Te tradecane 102 0 102 

Tetratriacontane 106 0 106 

Coronene 9 2 0 92 

Perylene 103 1 104 

Glutaric Acid 103 2 105 

Oleic Acid 92 0 9 2 

Stearic Acid 9 0 1 91 

Humic Acid 72 9 81 

DOP 95 1 9 6 

blannitol 92 6 98 

Lampblack 1 9 7 9 8 



partment of Environmental Quality (DEQ), Portland, and with General 

Motors Research Group (Groblicki). Good agreement was found for the 

total carbon values; however, organic carbon values obtained at GM were 

consistently higher and elemental carbon values were consistently lower 

than values obtained at OGC. Reasons for this discrepancy are cur- 

rently being evaluated. 

The precision of the analytical methods was assessed by repeated 

analysis of a filter sample. The average organic, elemental, and total 

carbon concentrations and their standard deviations for two sets of 

analyses are presented in Table 2.2, The larger propagated errors by 

the program are the conservative estimates (Johnson, 1981). 

The major limitation on the analytical sensitivity is the uncer- 

tainly associated with blank filters. For glass fiber filters (Gelman 

A/E) the blank values are 2.8 f 1.4 vg~/cm2 for organic carbon and 0.2 

i 0.1 pg~/cm2 for elemental carbon. For Pallflex QAST quartz filters 

the respective values are 1.0 i 0.5 and 0.3 + 0.2 pgc/cm2. For the NASN 

filters (glass fiber) the organic and elemental blank values are 6.6 

+ 1.2 and 0.9 + 0.5 pg~/cm2. Another major source of uncertainty in the 
chemical speciation is associated with the pyrolysis correction. As 

pointed out by Grosjean (1975), current definitions of elemental carbon 

are method-dependent ("operationaln). An inter-method comparison by 

Johnson (1981) found that the thermal/optical method gives elemental 

carbon concentrations which are higher by 10-+10% with respect to the 



Table 2.2. Repeat analysis of AG12** and 

AG13** samples. 

Observed Program 
Sample Name Average Standard Error 
& Number of Carbon Conc . Devia t icn Estimate 
Observations Fraction vg/cm2 pg/cm2 ug/cm2 

** 24-hour hi-volume samples on Gelman AE filter. 

a) Standard deviation for the multiple runs. 

b) Standard propagation of errors method (Johnson, 1981). 



integrated plate method (Lin et al., 1973) and combined solvent ex- 

traction-thermaljoptical analysis. Unfortunately, there is no refer- 

ence method for the measurement of elemental carbon. 

Interlaboratory comparison studies presently under way will 

make judging of different methods easier. The current uncertainties 

in organic, elemental, and total carbon measurements are approximately 

15%, 20%, and lo%, respectively. 

Quality Assurance 

A special effort was directed to quality assurance. Every 

sample was individually calibrated. A standard filter was analyzed 

at the beginning of each day, and its values were compared with the 

standard values, which were obtained by multiple analyses before its 

use as a standard filter. Any deviations in the standard were checked 

and corrected before proceeding with routine analysis. The accuracy 

of the analytes was checked regularly by analysis of external stan- 

dards, which were prepared by depositing known amounts of organic, 

elemental, and carbonate carbon. 



CHAPTER 111. MEASUREMENTS OF CARBONACEOUS AEROSOL 

ACROSS THE UNITED STATES 

The importance of carbonaceous aerosol has been recognized for 

some time; however, there are no long term data available for ambient 

organic and elemental carbon concentrations. The development of a data 

base is necessary for understanding and evaluating the role of carbona- 

ceous aerosol in the air quality. Benzene-soluble organic compounds 

(BSO) have been measured since 1960 at selected urban and rural NASN 

sites (Faoro, 1975). However, as pointed out by Grosjean (1975), ben- 

zene extraction removes only part of organic carbon from the aerosol 

samples. The BSO fraction of the total organic carbon depends on the 

types of organic compounds present and thus is not a reliable measure 

of the total organic content of the aerosol. 

Recent advances in optical techniques have made the estimation 

of elemental carbon easier. Short-term studies in different cities 

show that elemental carbon, as estimated by optical methods, comprises 

a significant fraction of total aerosol (Pierson and Russell, 1979; 

Conklin et al., 1981; Delumyea et al., 1980; Heisler et al., 1980), but 

no long term data are available. 

Because of the need for a data base for carbonaceous aerosol, 

ambient samples frum 46 urban and 20 rural sites were analyzed for or- 

ganic, elemental, and carbonate carbon by the thermal/optical system 



descr ibed  i n  Chapter 11. These samples were c o l l e c t e d  by t h e  National  

Ai r  Su rve i l l ance  Network (NASN) du r ing  t h e  year  1975. The NASN began 

i t s  sampling i n  1953 and i s  now a p a r t  of t h e  Environmental P r o t e c t i o n  

Agency (EPA). The samples were c o l l e c t e d  by hi-volume samplers on 

g l a s s  f i b e r  f i l t e r s  f o r  a 24-hour d u r a t i o n  every 1 2 t h  day, s t a r t i n g  

w i t h  6 t h  January. Thus, sampling was done on t h e  same days f o r  most 

si tes,  and enough weekday-weekend samples were c o l l e c t e d  t o  make a n  

annual  average r e p r e s e n t a t i v e  of t h e  weekly c y c l e  of human a c t i v i t i e s .  

A comparative s tudy  conducted i n  1957 (PHs Pub l i ca t ion  637), 

based on t h e  d a t a  f o r  TSP t h a t  were c o l l e c t e d  n e a r l y  every day dur ing  

1955-56, concluded t h a t  a  r e l i a b l e  measure of a i r  p o l l u t i o n  i n  a  spe- 

c i f i c  a r e a  may be obtained by sampling on a  l i m i t e d  b a s i s .  Akland 

(1972), i n  h i s  s tudy  of TSP d a t a  c o l l e c t e d  a t  Buffa lo  f o r  1960-1966, 

r epo r t ed  t h e  average percent  d e v i a t i o n  of t h e  biweekly sample mean 

from t h e  popula t ion  mean t o  be  2.9% f o r  sys temat ic  biweekly sampling 

( s i m i l a r  t o  t h e  NASN sampling schedule f o r  1975).  

The o b j e c t i v e  of t h e  measurement phase was t o  survey and estab-  

l i s h  a  d a t a  base  f o r  t h e  organic  (OC) ,  e lemental  (EC), and t o t a l  car-  

bon (TC) concent ra t ions  i n  t h e  a e r o s o l  samples c o l l e c t e d  a t  s e v e r a l  

urban and r u r a l  l o c a t i o n s .  Exploratory d a t a  a n a l y s i s  was performed t o  

gain i n s i g h t  i n t o  t h e  fo l lowing  ques t ions :  

1. What a r e  t h e  t y p i c a l  urban and r u r a l  concen t r a t ions  and how 

do they  vary dur ing  t h e  year? 

2. What a r e  t h e  g e o g r a ~ h i c a l  a r e a s  of high carbon concentra- 

t i o n ?  



3. How do carbonaceous aerosol concentrations compare (magni- 

tude, time, and spatially) with other constituents (SO:, 

and Pb) of aerosol? 

4. How do carbonaceous aerosol and its constituents differ be- 

tween urban and rural locations? 

5 .  What fraction of OC, EC, and TC are fine aerosol (dp < 2.5 

um) ? 

6. What are the major sources of carbonaceous aerosols? 

7 .  What is the role of carbonaceous aerosol in visibility deg- 

radation? 

The last three questions were evaluated using data generated in 

other studies which are discussed in Chapters 4 and 5. 

It should be noted that the aerosol samples were collected dur- 

ing 1975, stored at room temperature, and were not analyzed until 1980- 

81. There is some evidence indicating that part of the organic aerosol 

is lost during extensive storage and handling. Samples collected dur- 

ing the Portland Aerosol Characterization Study (PACS) lost about 20% 

of the total carbon over the 3-year period (Figure 4.3). Thus, any 

conclusions concerning organic carbon from this study must be consid- 

ered as strictly qualitative. 

Over 1300 ambient samples from 46 urban and 20 rural sites were 

analyzed for organic, elemental, and carbonate carbon. Average concen- 

trations for organic carbon (OC), elemental carbon (EC), total carbon 

(TC) , total suspended particulate matter (TSP) , sulfate (SUL) , and 



lead (Pb) are compiled in Tables 3.1 and 3.2 for the urban and rural 

sites. The TSP and sulfate values were obtained from the monitoring 

data analysis division, National Air Data Branch, EPA, N.C. (Mr. H. 

Barkhau). The lead data were obtained from the quarterly composite 

lead values reported in the EPA document entitled "Air quality data 

for metals 1975 from the NASN" (EPA, 1978). The NASN site names, 

state, site code, analysis date, population, and population per square 

mile for the urban and rural sites are given in Tables 3.3 and 3.4 

(County and City Data Book, 1977). Because of the possibility of losses 

or organic carbon during storage, the values for OC listed in Tables 3.1 

and 3.2 should be regarded as lower limits. 

The results of the analysis are graphically represented in dif- 

ferent forms to give a better understanding of levels of carbonaceous 

aerosols, their variations at each site, and their concentrations 

across the United States. 

In order to present the distributional information in one fig- 

ure, a modified version of the box plot (Tukey, 1977) is used. This 

presentation was used by EPA in 1975 (EPA, 1976, 1977). Box plots de- 

pict the 10th 25th, 50th (median), 75th, and 90th percentiles of the 

data, along with the composite average. The average and the median 

both show the typical behaviour; however, the median has the advantage 

of not being affected by a few extreme observations. Several charac- 



Table 3.1. Annual average concentration in pg/m3 for the 
46 urban sites. 

NAME 

Anchorage 

Atlanta 

Baton Rouge 

Berkeley 

Birmingham 

Boston 

Burbank 

Camden 

Charleston 

Charlotte 

Cheyenne 

Chicago 

Cincinnati 

Columbia 

Dallas 

Denver 

Des Moines 

Detroit 

East Chicago 

Elizabeth 

Gary 

Helena 

Houston 

Jackson 

Little Rock 

Los Angeles 

Miami 

Milwaukee 

a No. 

26 

13 

14 

28 

10 

14 

23 

2 5 

16 

13 

20 

19 

28 

13 

28 

16 

2 7 

2 6 

2 6 

29 

22 

17 

20 

13 

2 6 

26 

11 

25 

TC TSP 

7.7 7 8 

7.0 52 

7.0 57 

5.7 4 2 

10.7 68 

8.3 61 

19.9 132 

11.5 8 7 

10.0 101 

8.2 4 5 

4.6 3 7 

13.3 125 

8.7 7 7 

10.7 59 

18.2 120 

11.7 108 

7.0 7 6 

8.8 8 4 

12.1 119 

10.0 65 

12.7 107 

3.6 30 

12.7 8 7 

7.9 6 2 

8.7 65 

14.2 116 

5.5 52 

9.0 70 

SUL 

1.3 

10.2 

8.4 

4.8 

11.3 

7.4 

17.8 

13.3 

13.5 

8.9 

2.6 

17.2 

13.3 

9.2 

13.2 

3.9 

6.4 

14.0 

17.3 

12.7 

15.1 

3.1 

9.7 

9.4 

8.5 

12.0 

4.8 

11.1 

number of filters analyzed. 



Table 3.1. (continued): 

NAME 

Nashville 

New Orleans 

New York 

Newark 

Pasadena 

Philadelphia 

Phoenix 

Pittsburgh 

Portland 

Providence 

St. Louis 

Salt Lake City 

San Bernardino 

Santa Ana 

Seattle 

Sioux Falls 

Torrance 

Youngstown 

a 
No. 0 C EC TC TSP 

9 6.0 3.3 9.3 81 

2 4 5.8 3.2 9.0 6 7 

2 1 10.4 7.7 18.1 88 

2 7 5.5 4.3 9.8 5 9 

2 8 8.4 4.2 12.7 85 

2 6 5.3 4.5 9.8 69 

19 13.4 4.5 18.0 129 

25 5.6 4.2 9.8 7 7 

2 3 4.1 3.1 7.2 49 

25 5.4 4.2 9.6 64 

24 7.6 4.0 11.6 9 8 

2 8 6.5 3.4 9.8 75 

28 10.0 4.6 14.6 135 

26 8.4 4.2 12.5 9 6 

26 5.3 3.7 9.0 46 

16 3.8 1.8 5.5 5 8 

2 6 8.3 4.4 12.7 100 

30 6.5 4.4 10.9 8 4 

47 Urban Average 1005 6.6 3.8 10.3 7 9 

SUL P B 

14.3 0.8 

10.5 0.9 

12.2 0.9 

9.4 1.1 

10.8 1.7 

11.6 1.0 

4.0 2.1 

11.0 0.8 

5.4 0.8 

10.1 1.2 

16.2 0.9 

7.3 1.1 

13.0 1.4 

11.6 1.6 

6.4 1.1 

4.7 - 
12.9 2.0 

8.0 0.6 

a = number of filters analyzed. 



Table 3 .2 .  Annual average concen t r a t ions  i n  ug/m3 f o r  t h e  
20 NASN r u r a l  s i t e s .  

NAME No. OC EC TC TSP SUL 

Acadia 

Calver t  

Clar ion  

Coos 

Cumberland 

Curry 

For t  Howes 

Glac i e r  

J e f f e r s o n  

Kent 

Monroe 

Orange 

Parke 

Richland 

Shannon 

Shenandoah 

Thomas 

Washington 

Wythe 

Yellowstone 

21  Rural Average 386 2.4 1 .3  3.7 30.7 7.4 



Table 3.3. Urban site information. 

URBAN SITE STATE NASN SITE CODE POPULATION P / M ~  * DATE * * 
YY/MM/DD/I 

Anchorage 

Atlanta 

Baton Rouge 

Berkeley 

Birmingham 

Boston 

Burbank 

Camden 

Charleston 

Charlotte 

Cheyenne 

Chicago 

Cincinnati 

Columbia 

Dallas 

Denver 

Des Moines 

Detroit 

Alaska 

Georgia 

Louisiana 

California 

Alabama 

Massachusetts 

California 

New Jersey 

South Carolina 

North Carolina 

Wyoming 

Illinois 

Ohio 

South Carolina 

Texas 

Colorado 

Iowa 

Michigan 

* population/square mile; ** I = instrument code, A or B. 





Table 3.3. Urban site information (concluded). 

URBAN SITE STATE NASN SITE CODE POPULATION P I M ~  * DATE ** 
W/MM/DD I 

--- 
Port land Oregon 381460001A01 356,732 3,815 80105119 A 

Providence Rhode Island 410300001A01 49,636 3,732 80109101 A 

Saint Louis Missouri 264280001A01 524,964 8,578 80109103 A 

Salt Lake City Utah 46092000lAOl 169,917 2,445 80108128 A 

San Bernardino California 056680001A01 102,076 2,005 80111/12 A 

Santa Ana California 057180001A01 177,304 6,519 80111117 A 

Seattle Washington 491840001A01 487,091 5,826 80107120 A 

Sioux Falls South Dakota 431480001A01 73,925 2,207 80108110 A 

Torrance California 05826000lA01 139,776 6,818 80/11/25 A 

Youngstown Ohio 367760001A01 132,203 3,935 80109104 A 

- - - - - - - -- - - 

* populationlsquare mile; ** I = instrument code, A or B. 



Table 3 . 4 .  Rural site information. 

RURAL SITE STATE NASN SITE CODE P/M~ * DATE * * 
YY/MM/DD I 

Acadia 

Calvert 

Clarion 

Coos 

Cumber land 

Curry 

Fort Howes 

Glacier 

Hawaii 

Jefferson 

Kent 

Monroe 

Orange 

Parke 

Richland 

Shannon 

Shenandoah 

Thomas 

Washington 

Wyt he 

Yellowstone 

Maine 

Mary land 

Pennsylvania 

Vermont 

Tennessee 

Oregon 

Montana 

Montana 

Hawaii 

New York 

Delaware 

Indiana 

New Hampshire 

Indiana 

South Carolina 

Missouri 

Virginia 

Nebraska 

Rhode Island 

Virginia 

Wyoming 

- - - - -- - - - 

* populationlsquare mile; ** I = instrument code, A or B. 



teristics of the data are thus represented in a compact manner as 

shown in Figure 3.1. Box plots for all the urban and rural sites were 

plotted and are presented in Appendix B. Sites from different regions 

were grouped to facilitate comparisons. Box plots of the annual arith- 

metic average concentrations (Tables 3.1 and 3.2) for the urban and 

rural sites are presented in Figures 3.2 and 3.3. 

The OC and EC fractionation for the urban and rural sites are 

graphically represented in Figures 3.4 and 3.5. Because of the possi- 

bility of volatilization losses of organic carbon during storage, the 

organic and elemental fractions shown in Figures 3.4 and 3.5 should be 

regarded as lower and upper limits, respectively. 

Results 

The average concentration of organic carbon (OC) varied from 

2.7 to 13.4 pg/m3 for the urban sites and 1.2 to 4.3 pg/m3 for the 

rural sites. The average fractional concentration of OC varied from 

5.9% (of TSP) to 11.8% at the urban sites, and 2.0% to 13% at the rural 

sites. The highest 24-hour OC concentration was 57 pg/m3 for a sample 

collected in Phoenix on 14 November 1975. The lowest urban OC concen- 

tration was 1 pg/m3 for a sample collected in Helena on 2 November 

1975. The average OC concentrations were 6.6 and 2.4 pg/m3 for all 

the urban and rural sites respectively. 

The average elemental carbon (EC) concentration varied from 0.9 

to 7.7 ug/m3 and from 0.3 to 2.1 pg/m3 for the urban and rural sites 

respectively. The fractional concentration varied from 2.6 to 8.8% 



BOTH PERCENTILE 

7STH PERCENTILE 

COMPOSITE AVERAGE 

MEDIAN 

25TH PERCENTILE 

1OTH PERCENTILE 

Figure 3.1. Sample illustration of plotting 

conventions for box plots. 

Source: EPA-45111-77-002. 
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Figure 3.2. Box plots for annual arithmetic average urban 
concentrations. 
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Figure 3.3. Box plots for annual arithmetic average rural 
concentrations. 







(of TSP) for the urban sites and from 1.0 to 7.0% for the rural sites. 

The highest urban EC concentration was measured at 19 pg/m3 for a sam- 

ple collected on 18 January 1975 in New York City. The lowest EC con- 

centration was 0.2 pg/m3 for a sample collected in Helena on 2 November 

1975 (the lowest OC, TC, SOF, and TSP were found on the same filter). 

The average urban and rural EC concentrations were 3.8 and 1.3 pg/m3. 

The elemental fraction of carbonaceous aerosol was maximum during fall 

and winter, and minimum during summer. 

Measurable amounts of carbonates were found only at Miami (ur- 

ban), Hawaii (rural), and Cumberland County (rural). The average car- 

bonate concentrations were 1.63, 0.13, and 1.2 pg/m3 for Miami, Hawaii, 

and Cumberland County respectively. 

The annual average concentrations of OC, EC, TC, s0L2, and TSP 

for the urban and rural locations are tabulated in Table 3.5 for com- 

parison. The absolute concentrations of all components are lower for 

the rural locations. The OC, EC, and TC as a mass fraction of TSP are 

the same for the urban and rural locations. For sulfate, however, the 

rural mass fraction is a factor of two larger than at the urban sites. 

This shows that OC, EC, and TC at rural sites are probably due to 

transport from urban centers while sulfates are transported and pro- 

duced en route from urban to rural locations. Thus, secondary forma- 

tion of sulfate aerosol appears to be more important on a fractional 

basis than secondary formation of organic aerosol. 



Table 3 . 5 .  Annual average carbon concentration and standard 

deviation for the urban and rural locations in 

vg/m3. 

OC EC TC SUL TSP 

URBAN 6.6 3.8 10.3 10.0 7 9 
f 2 . 5  k 1.3 2 2.4 f 4.1 2 26 

( 4 6  sites) 

RURAL 
2 . 4  

f 0.8 
( 2 0  sites) 



The geographica l  a r e a s  of h igh  carbon concen t r a t ions  can  b e  lo-  

ca t ed  w i t h  t h e  h e l p  of  t h e  average concen t r a t ion  Table 3.1. C i t i e s  

w i t h  t o t a l  carbon concen t r a t ions  of more than  1 5  vg/m3 were Burbank, 

Dal las ,  New York C i ty ,  and Phoenix. Some of t h e  o t h e r  c i t i e s  w i th  high 

carbon concen t r a t ions  were Chicago, Eas t  Chicago, Houston, Los Angeles, 

Pasadena, S t .  Louis,  San Bernardino, and Santa Ana. 

Because a l l  NASN sites fo l low t h e  same sampling schedule ,  t h e  

n a t i o n a l  averages of OC, EC, and TC f o r  t h e  sampling days were ob- 

t a ined .  Time s e r i e s  p l o t s  of OC and EC a s  a f r a c t i o n  of TC a r e  p l o t t e d  

i n  F igures  3.6 and 3.7,  f o r  urban and r u r a l  s i t e s ,  t o  show t h e  n a t i o n a l  

y e a r l y  t r end  of organic  and e lementa l  carbon. A s  seen i n  t h e s e  f i g -  

u r e s ,  t h e  organic  f r a c t i o n  i s  h ighes t  dur ing  s u m e r  and lowest  dur ing  

win te r .  The elemental  carbon is  t h e  mi r ro r  image of OC by d e f i n i t i o n  

EC \ T C = l - -  O C j  The h igher  c o n t r i b u t i o n  by t h e  organic  f r a c t i o n  dur ing  TC 

t h e  summer months might be due t o  t h e  d e c l i n e  i n  space hea t ing  emis- 

s i o n s  r e l a t i v e  t o  o the r  sources  and poss ib ly  due t o  t h e  c o n t r i b u t i o n  

by secondary organic  ae roso l s .  This  t r end  i s  observed f o r  both urban 

and r u r a l  s i t e s .  The peaking of t h e  organic  f r a c t i o n  is  more pro- 

nounced f o r  t h e  r u r a l  l oca t ions .  

The r e l a t i o n s h i p  between elemental  carbon and s u l f a t e  was a l s o  

explored. Although t h e r e  was cons iderable  s c a t t e r  i n  t h e  r e l a t i o n s h i p  

between e lementa l  carbon and s u l f a t e s  f o r  t h e  i n d i v i d u a l  urban and 

r u r a l  l o c a t i o n s ,  t h e  c o r r e l a t i o n  between t h e  average EC and SO: f o r  

the urban s i t e s  was 0.63. Also, a c o r r e l a t i o n  of 0.41 w a s  ob ta ined  
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for SO~/TSP vs. EC/TSP (division by TSP reduces the intercorrelation 

resulting from common meteorological dispersion (Henry, 1977)). These 

observations imply that elemental carbon and sulfate have intrinsic 

commonality in the urban atmosphere. This may be due to the fact that 

EC and SO; (or SO2) are emitted by the same sources, or that their 

emissions follow similar temporal patterns, or because of elemental car- 

bon's involvement in sulfate formation. 

Size distributional inforination on carbonaceous aerosol could not 

be obtained for the NASN sites because size segregated samples were not 

obtained. However, FINE and TOTAl aerosol samples have been collected 

simultaneously for the Portland Aerosol Characterization Study (PACS) 

and the Medford Aerosol Characterization Study (IIACS) by Sierra Impac- 

tors and hi-volume samplers. The PACS samples collected at a downtown 

site were re-analyzed for this study while the MACS carbon data were 

obtained from Rau (1981). It was found that organic compounds in fine 

particles constituted from 66X to 82% of the OC in TSP, and FINE ele- 

mental carbon constituted 452 to 662 of total elemental carbon. A 

summary of these findings at different sites is given in Table 3.6. 

Conclusions 

Samples from 46 urban and 20 rural NASN sites were analyzed for 

organic (OC), elemental (EC), and carbonate carbon to establish a data 

base. These samples were collected during 1975 and were not analyzed 

until 1980-81, during which they were stored at room temperature. Be- 



Table 3.6. Carbon in FINE (dp < 2.5 pm) fraction. 

Site OC EC TC MASS 

PACS Site 3 66% 51% 59% 37% 
(downtown ) 

Site 1 N.A.~ N.A. 59% 48% 
(background) 

Site 5 N.A. N.A. 69% 33% 
(residential) 

Site 6 N.A. N.A. 67% 50% 
(background) 

MACS Justice Building 76% 58% 70% 47% 

Floyd Lay Road 72% 45% 62% 3 6% 

Dodge Road 82% 66% 7 8% 42% 
(background) 

a Not available. 



cause of the strong possibility of loss of organic compounds during 

storage, the organic carbon values should be viewed as lower estimates. 

The average OC and EC concentrations were 6 . 6  and 2.4 vgc/m3 for 

the urban sites, and 3.8 and 1.3 vgc/m3 for the rural sites. The OC, 

EC, and TC constituted 8.4%, 4.8%, and 13.2% of TSP for urban sites, 

and 7.7%, 4.2%, and 11.9% of TSP for rural sites. The difference be- 

tween urban and rural aerosol concentrations suggests that secondary 

formation of organic aerosol is less important than secondary produc- 

tion of sulfate aerosol. 

On an average 74% of organic, 55% of EC, and 66% of TC were in 

fine aerosol (dp < 2.5 vm) fractions. 



CHAPTER IV. CARBON BALANCE 

Understanding the nature of the aerosol and its sources is the 

starting point for the study and control of air pollution. The physi- 

cal and chemical nature of aerosols has been investigated for many 

years; however, source identification using measured elemental informa- 

tion is relatively new. Control strategies in the past were designed 

mainly on the basis of emission inventories (EI) which are at best ap- 

proximate. Most available emission inventories are not appropriate for 

the identification of the sources of aerosol (particularly carbonaceous 

aerosol) at the receptor because they do not take into account gas to 

particle conversion, size distribution of the particles emitted, fugi- 

tive emissions, and source fluctuations. For New York City, Daisey and 

Kneip (1980) found that controls based on emission inventories were ef- 

fective in reducing total aerosol; however, they were not effective in 

reducing the organic aerosol. 

Dispersion models evaluating source impact at receptors on the 

basis of emission inventory (EI) are limited because of the shortcomings 

of the EI and the complex nature of atmospheric dispersion. Receptor 

models have been evaluated over the past few years to assess their ap- 

plicability for source apportionment. Advances in the art of source ap- 

portionment for urban aerosol using measured elemental concentrations 

have been reported by Friedlander (1973), Henry (1977), Watson (1979), 

Cooper and Watson (1980), and Gordon (1980). 



The recent advances in measurement techniques along with better 

understanding of receptor models have made identification of the sources 

of carbonaceous aerosols feasible. The major sources of carbonaceous 

aerosol in an urban environment include automotive exhaust, combustion 

of fuel oils, coal and vegetative burning, urban dust, and secondary 

formation (Figure 1.1) . 

Literature Review 

One of the earliest applications of the chemical element balance 

technique was reported by Miller, Friedlander, and Hidy (1972) for the 

Pasadena aerosol. Their analysis showed that 19% of the Pasadena aero- 

sol was carbon. They concluded that further breakdown of the carbon 

fraction was not possible at that time because the sources of carbon 

did not have definite tracers and secondary production of carbon was 

not well understood. Friedlander (1973) constructed one of the first 

carbon balances to account for the 19% of the Pasadena aerosol. The 

assumptions made then may not stand up to scrutiny now. However, carbon 

was recognized as a large component of aerosol whose sources needed to 

be understood. One of the main reasons for the inability of the earli- 

er investigators to carry out a carbon balance was the unavailability 

of a reasonable and reliable method to analyze for the carbon fractions 

in the aerosol. 

Daisey and Kneip (1980) used a multivariate model to identify 

the sources of extractable organic aerosol. They analyzed weekly 



aerosol samples (fines) for 1977-79 by sequential extraction with in- 

creasingly polar solvents. The concentrations of two of the soluble or- 

ganic fractions were then used in a multivariate model with source tra- 

cers for source identifcation and apportionment. They found that oil 

burning was the principal source and accounted for 40% of the extract- 

able organics. Transportation and soil resuspension accounted for 19% .- 
and 15% respectively. Comparison of the results from the multivariate 

model with source emission data fared well, promising the applicability 

of such models as a source apportionment method. 

It is only recently that we can analyze aerosol for organic, 

elemental, and carbonate carbon with a high level of confidence. As a 

first step towards understanding the carbonaceous fraction of the aero- 

sol, the samples were analyzed from 46 cities and 20 rural sites in the 

U.S. as described in Chapter 3. The next step in understanding the 

carbon fraction is to identify and understand its sources. With this 

in mind, a mass balance for carbon (carbon balance) was performed for 

the samples collected in Portland, Oregon. The main purpose of this 

study was to evaluate the applicability of two receptor modeling tech- 

niques, namely multiple linear regression and chemical element balance, 

for the carbon balance. 



Theory 

Source Apportionment Methods 

As described by Cooper and Watson (1980b), the source apportion- 

ment methods can be schematically summarized and represented as shown 

in Figures 4.1 and 4.2. Receptor models start with elemental measure- 

ments at the receptor and then calculate the contribution by various 

sources using elemental information on source emissions. The disper- 

sion model starts with the emission inventory and meteorological infor- 

mation and calculates source impact at the receptor. 

The use of receptor models for the design of optimal control 

strategies is relatively new. Since Watson (1979) has described the 

major receptor models, their theoretical basis, and their application 

in great detail in his dissertation, they will be covered in brief only. 

Some of the major advantages and disadvantages of CEB and multivariate 

methods are discussed. 

As implied by its name, chemical element balance (CEB) is based 

on the principal of conservation of mass. The CEB method was primarily 

established and applied to characterize Pasadena aerosol by Friedlander 

and co-workers (Miller et al., 1972). A CEB equation for each element 

measured at the receptor can be written as 



1 SOURCE IMPACT ASSESSMENT METHODS I 

SOURCE I=] - 
Figure 4.1. Source impact assessment methods. 
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Figure 4.2. Receptor models. 

Source: Cooper and Watson (1980) 



= % a . .  s 
Cik j.l 1J  jk 

or in normalized form 

clk= Z a.. S '  
j =l 1~ jk 

where C is the concentration of element i during sampling period k, 
ik 

contributed by P sources. a is the fraction of element i in the ij 

source contribution by source j. S is the mass concentration at the 
jk 

receptor during time period k due to source j . elk and S' are the 
jk 

fractional concentration obtained by dividing Cik and S by the total 
jk 

mass concentration at the receptor during time period k. 

The limitations of CEB as applied to date are primarily in the 

a values for source j. In equation (1) a is the fraction of ele- 
i j ij 

ment i in the source contribution by source j at the receptor. It is 

generally assumed that the composition of the contribution by source j 

at the receptor is the same as it is at the point of emission. The 

validity of this assumption depends on the chemical composition, size 

distribution, and atmospheric processes (sedimentation, chemical reac- 

tion, condensation, vaporization, etc.) for the aerosol during its 

transport to the receptor. The error introduced by this assumption un- 

der different circumstances is yet to be evaluated. For example, the 

Br/Pb ratio in fresh auto exhaust is similar to that in the fuel; how- 

ever, this ratio decreases rapidly with time. Thus the source matrix 



assembled by source or tunnel samples of automotive exhaust would not 

be the same at the receptor. Such changes in the emissions from major 

sources need to be studied extensively before a "true" source matrix 

can be constructed (Friedlander, 1973). 

The chemical characteristics of sources and their variability 

must be assessed by elaborate sampling of all major sources. During 

the Portland Aerosol Characterization Study (PACS) extensive source 

sampling was conducted; however, much more needs to be done. Major 

shortcomings of the PACS source matrix were with respect to sources 

with "nondescript" chemical composition. Their importance cannot be 

evaluated by CEB without further chemical characterization (e.g., spe- 

cific organic compounds) which allows their differentiation from other 

sources. An emission inventory can be used to aid the construction of 

the source matrix by supplying scaling factors relating nondescript to 

specific sources whose contribution can be calculated by CEB (Henry, 

1977; Miller et al., 1972). 

Multivariate methods refer to statistical methods such as factor 

analysis, principal component analysis, pattern recognition, MLR, and 

cluster analysis. These methods evaluate the source contributions based 

on the observed commonality among elements measured on several filters. 

The limitations of these statistical techniques lie in the assumption 

that all significant variations are distinctive and are reflected in 

the correlations. In air pollution measurements correlations among 

chemical elements measured are due to common emission sources and mete- 

orological dispersion; however, it is not an easy task to separate the 



two effects. Meteorological dispersion depends on atmospheric condi- 

tions, location of source, type of source, and the emission character- 

istics (size distribution of various chemical elements). Henry (1977) 

showed that substantial intercorrelation in the chemical elements due 

to the common atmospheric dispersion could be minimized by dividing the 

elemental concentration by the total aerosol mass. The observed corre- 

lations include meteorological dispersion effects while normalized cor- 

relations (obtained by using TSP normalized concentrations) have an un- 

known error introduced by normalization procedures. (There is no per- 

fect normalization procedure!) Also, because the source apportionment 

is carried out on the complete data set, the overall pattern tends to 

be distorted by extreme values. Special effort must be devoted to lo- 

cate and evaluate such points. This is further discussed in the data 

analysis section. 

Users of multivariate methods (factor analysis) claim that no - a 

priori assumption or knowledge about the number and composition of 

sources is necessary (Hopke et al., 1976; Gordon, 1980); however, iden- 

tification of factors resulting from statistical analysis requires some 

knowledge of the chemical compositions of possible sources. Factors 

resulting from a factor analysis may not all be physically interpret- 

able. Many researchers have used factor analysis to determine the num- 

ber and choice of tracers to be used in a regression model to quantita- 

tively assess source contributions (Kleinman et al., 1980; Daisey and 

Kneip, 1980). The same choice of tracers can also be made by careful 



study of the literature and understanding of major sources for the area 

under investigation (Appendix C). 

Graphical representation of factor analysis results (also clus- 

ter analysis and pattern recognition) allows visualization and some- 

times helps to understand complex relationships existing in the data 

set. The advantages of factor analysis include the capability to (1) 

handle correlated variables, (2) simultaneously use chemical and mete- 

orological data, (3) incorporate secondary aerosols to an extent, and 

(4) use all available information at once. 

The multiple linear regression method using source tracers has 

been applied for source apportionment (Kleinman et al, 1980; Kleinman, 

1977). A general l lLR equation for any chemical component can be written 

as 

where P is the number of sources, Ci is the concentration of tracer ele- 

ment for source i, a is the regression coefficient to be determined, i 

and F is the concentration of the chemical component in question. For 

n observations (n>P) a set of simultaneous equations can be obtained 

to solve for ails. 

The regression model thus developed can be used for the prediction 

of chemical components in the future. The regression coefficients may 

be modified to reflect the changes in the source emissions. (For exam- 



ple, the use of leaded gasoline is declining as more unleaded cars are 

introduced. This will change the coefficient for Pb, which is used as 

a tracer for automotive contribution.) 

The usefulness of MLR and CEB were evaluated by applying then 

to the data set obtained during the PACS project. A carbon balance 

using PfLR was also conducted for New York City and is discussed in Ap- 

pendix C. 

Experimental 

Most of the data used for the carbon balance were obtained dur- 

ing the Portland Aerosol Characterization StuZy (PACS). The PACS san- 

pling program was designed to obtain representative samples and to re- 

cord relevant meteorological data to be used for chemical element bal- 

ance (CEB) analysis. Sanpling was done at six sites. Two sites were 

located in rural areas about 24 km fron the downtown, representing up- 

wind and downwind (prevailing winds) background sites. Sampling was 

carried out for 93 days between July 1977 and April 1978, and a 32-day 

subset was selected for intensive chemical analysis. Selection of 

days for the intensive chemical characterization was guided but not 

controlled by the desire to represent the entire year with respect to 

meteorology. Analytical methods used for chemical characterization 

included ion chronatography (F-, C1-, Br-, NO;, and SO:), carbon anal- 

ysis by the OGC thermal method (Johnson et al., 1979), energy disper- 

sive x-ray fluorescence (Al, Si, S, C1, K, Ca, Ti, V, Cr, Mn, Fe, Ni, 

Cu, Zn, As, Se, Br, Cd, Ba, and Pb), and neutron activation analysis 



(Al, Br, C1, Mg, Mn, Na, Ti, V, and K). A significant aspect of the 

entire analysis scheme was the high level of quality assurance estab- 

lished for every filter analyzed through intermethod and interlabora- 

tory comparisons (Watson, 1979). 

Ifany source samples were collected and analyzed to obtain a rep- 

resentative source matrix for all the major sources in the area. A 

transportation source matrix was constructed with the use of tunnel 

(Pierson, 1981) data and tunnel samples analyzed for organic (OC) and 

elemental (EC) carbon. 

Re-analysis (1980-81) of all the 24-hour samples from the down- 

town site for OC and EC by the new thermal/optical (Johnson et al., 

1981) method showed total carbon to be consistently lower by about 20%. 

The correlation coefficient for total carbon measurements between orig- 

inal analysis and new analysis was 0.98 (Figure 4.3). This decrease 

in the total carbon was presumably due to loss of organics off the fil- 

ter. Because elemental carbon is a conservative species, the organic 

carbon values were obtained by sutracting EC from the original TC meas- 

urements. This was necessary because the organic/elemental speciation 

obtained in the original PACS analysis was incorrect. Further experi- 

mental details are discussed in Chapter V and by Watson (1979) and 

Cooper and Watson (1979). 





Data Analysis  

An HLR model as descr ibed  by equat ion  (3) was appl ied  t o  t h e  

downtown s i t e  of t h e  Por t land  d a t a  s e t  t o  eva lua t e  t h e  sources  of car- 

bonaceous ae roso l .  The c o e f f i c i e n t s  i n  equat ion  (3) were ca l cu la t ed  

us ing  a stepwide r eg re s s ion  rou t ine .  Stepwise r eg re s s ion  and i ts  ad- 

vantages  have been d iscussed  by Draper and Smith (1966). 

On t h e  b a s i s  of t h e  PACS r e s u l t s ,  which ind ica t ed  t h a t  vegeta- 

t i v e  burning, automobiles,  r e s i d u a l  o i l  combustion, and road d u s t  were 

t h e  p r i n c i p a l  sources  of carbonaceous ae roso l ,  K,  Pb, V, S i / T i  were se- 

l e c t e d  a s  t h e i r  r e s p e c t i v e  t r a c e r s .  The use  of K a s  a t r a c e r  f o r  vege- 

t a t i v e  burning is  n o t  i d e a l  because i t  i s  not  a major component, i t  i s  

h igh ly  v a r i a b l e ,  and i s  no t  unique. However, no th ing  e l s e  was ava i l -  

ab le .  The average concen t r a t ions  f o r  t h e  chemical spec i e s  a r e  l i s t e d  

i n  Table 4.1. 

The i n i t i a l  r eg re s s ion  a n a l y s i s  was performed us ing  a l l  t h e  d a t a  

po in t s .  However, i t  was noted t h a t  t h e  r eg re s s ion  c o e f f i c i e n t s  were 

very s e n s i t i v e  t o  some of t h e  d a t a  po in t s .  To i d e n t i f y  t hese  p o i n t s ,  

t h e  observed carbon concent ra t ions  were coapared wi th  those  c a l c u l a t e d  

from t h e  r eg re s s ion  a n a l y s i s .  Those p o i n t s  which d i f f e r e d  g r e a t l y  from 

t h e  ca l cu la t ed  va lues  were de l e t ed  t o  o b t a i n  a r e f i n e d  d a t a  s e t  f o r  

which new reg res s ion  c o e f f i c i e n t s  were obtained.  This  process  was con- 

t inued u n t i l  t h e  r eg re s s ion  c o e f f i c i e n t s  f o r  t h e  model reached s t a b l e  

va lues  (Table 4.2). Seven p o i n t s  had t o  be de l e t ed  be fo re  t h e  model 



Table 4.1. Average concentrations of trace metals and carbonaceous 

aerosol in ug/m3. Downtown site, 25 observations, PACS 

1977-78, Portland, Oregon (Cooper and Watson, 1979). 

Concentrations in fine 
Element aerosol samples - uR/m3 

OC 

EC 

TC 

so; 
NO; 

Pb 

Br 

Fe 

S i 

K 

v 
Ni 

Zn 

Cu 

Mn 

Ti 

Cr 

Fine Mass 

Av. Temp. 

Av. R.H. 



Table 4 . 2 .  Sensitivity of regression coefficients to selective 

removal of data points. Dependent variable, total 

carbon. 

Number Flultiple 
o f Correlation 

Regression Coefficient for 

Points Coefficient bo V Pb K 

a) standard error 

I 



stabilized. The overall fit and the form of the model improved, as 

seen in Table 4.2, when the extreme values were deleted. Such points 

were usually associated with either an unusual value for one of the 

chemical components in the model or extreme meteorological conditions 

(heavy rain, snow, or very low inversion). It was noted that most ex- 

treme points also had northerly to southeasterly flow with low wind 

speed. This procedure allowed the underlying pattern in the data set 

to be explored and explicitly rejected "atypical" observations. 

The stability of the regression coefficients was further checked 

by deleting one observation at a time from the refined data set and 

performing the regression on n-1 observations. The data points in the 

refined set did not have significant effects on the overall relation- 

ship or any specific coefficient. 

The carbon balance (CB) on each 24-hour averaged filter for fine 

aerosol was performed by the chemical element balance (CEB) method, us- 

ing the effective variance least square fitting procedure with as many 

fitting elements as possible (Tables 4.3, 4.4). The carbon balance 

routine *CEBCB was based on the original *CALCEB routine written by 

Watson (1979). The *CEBCB performs the mass balance and carbon bal- 

ance while the original *CALCEB performed the mass balance only. The 

source matrix used for the CB is presented in Table A.2 and discussed 

in Appendix A. 



Table 4.3.  Example of mass balance output.  

I * ~ ~ ~ ~ o w ~ ~ ~ - o L N o ~ w ~ ~ o ~ N ~ ~ ~  
I @ h w h b t t O U C N m N I P P - - t O O O t O  
4 ~ m ~ m e 0 0 - - O N - - 0 0 0 0 0 0 0 O n O I  , 0 I . . . . .  . . . . . . . . . . . . . . . . .  

w n ~ - ~ o o o ~ ~ w ~ o o a ~ ~ ~ m - ~ ~ ~ o o ~  
I C I I  

. . . .  
; ~ n ~ - o o e o o o o o o o o o o o o o o o D o o o  
I U L *  

1 W 

I U \ . 1 1 1 1 1 1 1 1 ~ * I , 1 1 1 l I I I , I I I  
a yl 

I u u * * * * * * * * * * * * * * * * * * * * * * * *  ' .: 
4 e ~ ~ o o h ~ o t ~ h w ~ m t ~ ~ m - n m w ~ o m ~ ~  I 

I m ~ ~ e n t n w m ~ ~ ~ - m h n - - * - n ~ t ~ ~ -  * 0 

8 1 h W ~ N ~ t O ~ ~ Y Y ~ U O P O ~ ~ O O O N ~  
I Y 
I 

1 a m  : h & n L " d d d P - & d d d d d o d o d o d d  I L . Y '  
I .  

8 4 1  
1 - 
I 

I I I I 
e 0.  I . . . . . . . * . . . . . . . . . * * . . . . . . . . * *  * . a , . . .  . . . . . . . . . . . . . . . * . . . . . . . . ~ O  . . 

~ - h e m m ~ h - m m - m n w - m - o m v o o t ~ - * n ~ ~  
1 0  w  1 - ~ ~ m m m h O m e m u N 0 0 0 n u o o - N ~ O ~ h b b ~  
' v  e C ~ O - h P 0 0 N 0 0 - o 0 o O P O o o O o o O O O o O * t  
1.) ( X I  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I . d W l t h 0 - O O O O O O O O O O O O O O O O O O O O O O O D ~  
1 0  D U 4  * .  
1 -  U I ! l I I l I I  I l I I I I I 0 l l I l I 0  1 0  
Q 1 -u, * * * * * . " * - - * * * * * * * * - * * * . w w " w *  
I +  C L I D ~ ~ Y C O  m u o h o m ~ o - * e m - r ~ m  
~t a * e m n ~ u -  - - r n w n r r r r n r h r r +  

I I 

a n  r e r b - m n n t w  ~ ~ + ~ h u o o o m ~ + o - a m e  
I 

I N  I . . . . . .  
I m  . . . . . . . . . . . . . . .  

I .  
I .  

~ o m m m o -  o - r - o o o o o e - o o o e -  
I -  0 I N  -- I L 

I n 
! *  2 ! ! 

ru vr - - -  
Y L Y  - Y 

e w o o o  
C U L V C C  

= w \ \  
W w w  
s e x =  
0 - -  

o w - n u  
N W W  
N C 
N n - - -  
x - m m n  

U U  
- w o e s  
Y L X 4 4  
I - = & &  
-a 0 
(r = a a  

r u o o  
N U Z X  

W O U C C N  
f t -2EE 

L - 
a O O V W  
w . . =  r 
b w - w w -  
4 C W C C C .  
- e a - - w  
L O = E m I  



Table 4.4. Example of carbon balance output. 

CONTRIBUTIONS TO ORGANIC AND ELEMENTAL CARBON 
in vg/m3 

March 31, 1978 

1 MARINF 

3 UDUSTF 

4 TRANS3 

5 RDIOLF 

11 ALPROF 

12 STEELF 

13 FERMNF 

17 NO3 F 

18 SOI, F 

19 DOMEST 

MEASURED 

CALCULATED 

RATIOS 

March 21, 1978 

1 MARINF 

3 UDUSTF 

4 TRANS3 

5 RDOILF 

7 VBRN2F 

1 ALPROF 

2 STEELF 

13 FERMNF 

17 NOj F 

18 SO4 F 

20 WOODST 

MEASURED 

CALCULATED 

RATIOS 

OC OC ERR 

0.000 + 0.000 
0.111 + 0.041 
4.511 f 0.725 

0.057 + 0.046 
0.026 + 0.026 
0.073 + 0.000 
0.015 + 0.002 
0.000 + 0.000 
0.000 + 0.000 
5.801 + 3.581 
10.000 + 1.900 
10.595 + 3.654 
1.060 + 0.417 

EC EC ERR 

0.000 + 0.000 
0.017 a 0.009 

1.975 + 0.666 
0.023 + 0.019 
0.016 + 0.007 
0.012 f 0.001 

0.003 + 0.000 
0.000 + 0.000 
0.000 + 0.000 
0.900 f 0.740 

5.690 + 1.020 
2.946 t 0.996 

0.518 + 0.198 



Resu l t s  

The f i n a l  r eg re s s ion  equat ions  f o r  OC, EC, and TC a r e  given i n  

Table 4.5. The m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t  f o r  a l l  t h e  r eg re s s ion  

equat ions  was g r e a t e r  than  0.9 ( see  F igure  4.4). The average source  

c o n t r i b u t i o n s  t o  OC, EC, and TC ca l cu la t ed  us ing  t h e  r eg re s s ion  coe f f i -  

c i e n t s  and average t r a c e r  concent ra t ions  a r e  l i s t e d  i n  Table 4.6. The 

major c o n t r i b u t o r s  t o  TC, according t o  t h e  ILR method, were r e s i d u a l  

o i l  combustion (55%), t r a n s p o r t a t i o n  (33%), and v e g e t a t i v e  burning (12X). 

The CEB and CB were performed f o r  each i n t e n s i v e  sampling day. 

Their  t y p i c a l  ou tpu t s  are g iven  i n  Tables  4.3 and 4.4. The chemical e l -  

ement ba lance  accounted f o r  87% of t h e  f i n e  mass on an  average. Most of 

t h e  elemental  r a t i o s  ( cone*) were c l o s e  t o  uni ty .  The r e -  
measured conc. 

duced x2 f o r  t h e  mass ba lances  were low and t h e  o v e r a l l  f i t  was impres- 

s ive .  The carbon balance by CEB was a l s o  succes s fu l  and on an  average 

accounted f o r  114 + 21% of organic  and 7 1 5 1 8 %  of elemental  carbon. 

The average source con t r ibu t ions  f o r  a l l  t h e  i n t e n s i v e  sampling days 

were c a l c u l a t e d  from t h e  carbon balance output  f o r  each day and a r e  

l i s t e d  i n  Table 4.6. The major c o n t r i b u t o r s  t o  TC according t o  CB were 

v e g e t a t i v e  burning (51%), t r a n s p o r t a t i o n  (29%), and o t h e r s  (20%). 

The v a l i d i t y  of t h e  CEB and MLR can be  assessed  by 

i )  comparison wi th  an emission inventory;  

i i )  comparison of MLR'S r eg re s s ion  c o e f f i c i e n t s  w i th  t h e  r a t i o  

of carbon t o  t r a c e r  e l e z e n t  concent ra t ion  i n  t h e  source 

emissions ; 



Table 4 . 5 .  MLR model for carbonaceous aerosol. Fine aerosol. 

18 observations, 1977-78, Portland, Oregon. All 

concentrations in vg/m3. 

a = standard error 





CEB MSS BALANCE 

(22.7 ug/m3) 

Transpor , t a t  ion 

Vegetative Burn 42% 

Residual O i l  1.42 

Urban Dust 4.2% 

E l  HASS BALANCE 

(14347 tons/yr.) 

Vcgetat ive  Burn 31% 

Residual O i l  2.4% 

Figure 4.5 Annual average mass balance for 18 fine fraction samples 

taken at CAMS sampling station, Portland, Oregon, 1977-78. 



Vegetat ive Burn 

Transportat ion 29% 

Residual O i l  

Industry I %  

CEB CARBON BALANCE 

(7.86 ug/m3) 

Other 

\ Urban Dust 2% 

E l  CARBDt4 BALANCE 

(4554 tons/yr.)  

Vegetat ive Burn 56% 

Transportat ion 22% 

Residual O i l  

' Urban Dust 6% 

Figure 4.6 Annual average carbon balance for 18 fine fraction samples 

taken at CAMS site, Portland, Oregon, 1977-78. 



iii) checking the predictive capability of the MLR at other 

sites; and 

iv) comparing with the results of different source apportion- 

ment techniques for the same data. 

The models developed for the present study (MLR and CEB) were compared 

with the best estimates of emission inventory, present knowledge of 

source emissions, and with each other. Results of the MLR, CEB, and 

emission inventory estimates (Appendix A) are listed in Table 4.6 for 

comparison. 

The source contributions calculated by CEB and emission inven- 

tory agreed reasonably well. Part of the agreement is due to the fact 

that similar emission data were used for the source contributions to 

OC, EC, and TC. The automotive contribution calculated by MLR is in 

reasonable agreement with CEB results; however, the residual oil com- 

bustion and vegetative burning contributions are totrlly inconsistent. 

The use of K as a tracer for the vegetative burning was questionable 

and was probably responsible for the discrepsncy in the contribution 

by vegetative burning. 

The validity of the MLR model was checked by comparing regres- 

sion coefficients to ratios of carbon to tracer element in the source 

emission measurements. Such a comparison is given in Table 4.7. The 

regression coefficients for Pb and K for OC, EC, and TC were within 

the range of values expected from source data, but the regression co- 

efficient for V was an order of magnitude or more higher. The unusu- 

ally high value for the V regression coefficients and the resultant 



Table 4.6. Source contributions to OC, EC, and TC. Calculated by MLR, CEB, and 

Emission Inventory. 

Source 

Category 

Automotive 

Vegetative Burn 

Residual Oil 

Urban Dust 

Others 

Contribution to OC 
Calculated by 

Emission 
M R  C E B ~ )  Inventory 

32 5 lga) 29 f 10 19 X 

19 f 10 63 f 30 61 X 

44f16 1f0.2 1 X 

-- 3 f 1 7 X 

5.0 18 12 X 

Contribution to EC 
Calculated by 

Contribution to TC 
Calculated by 

a) Errors calculated using the standard error of the regression coefficient. 

Emission 
WLR CEB Inventory 

.- --- 
35 f 25 302 14 31 X 

-- 27 f 14 43 X 

76 f 18 1 + 0.1 1 X 

-- 1 f 1 2 2 

-12.0 12 23 X 
--- - 

b) The average contribution and its standard deviation for the days included in the 
MLR model. 

Emf seion 
MLR CEB Inventory 

33 f 19 29 f 10 22 % 

12 f 10 51 t 24 56 X 

55216 lt0.2 1 X 

-- 2 f 1  6 X 

0.1 17 15 X 



a) T h c n c  values were calculated by reanalyzing samples obtained during 
the PACS Study (Watson, 1979). 

Source 
and 

Tracer 

Automotive 

Pb 

Residual Oil 

V 

Vegetative Burning 

K 

Fraction 

TC 

OC 

EC 

TC 

OC 

EC 

TC 

OC 

EC 

Range of CarbonjTracer 
Ratios Found in Source 
Measurements a) 

2.8 - 6.7 

2.5 - 6.0 

0 .3  - 6.0 

0.7 - 34 

0.4 - 27 

0 .3  - 14 

7  - 100 

6 -  90 

1 -  25 

Range Found 

Regression by 

4.7 * 2.3 

3 . 1 2  1 . 9  

1 .6  & 1.1 

389 2 116 

259 2 78 

1682  39 

6 . 8  2 5.5 

7.4 2 3.7 
-- 



c o n t r i b u t i o n  f r o n  f u e l  o i l  combustion as ca l cu la t ed  by MLR-being incon- 

s i s t e n t  w i th  CEB and EI r a i s e s  s e r i o u s  doubts  about  MLR. The V i n  t h e  

MLR model i s  poss ib ly  t r a c i n g  sources  n o t  included i n  t h e  model. One 

of t h e  main disadvantages of l i n e a r  l e a s t  square f i t t i n g  procedure i s  

t h a t  when a l l  t h e  major sources  a r e  no t  included i n  t h e  model, i n f l a t e d  

c o n t r i b u t i o n s  f o r  t h e  sources  included a r e  obtained.  It is  poss ib l e ,  

bu t  n o t  ve ry  l i k e l y ,  t h a t  t h e  source ma t r ix  and emission inventory  f o r  

emissions from r e s i d u a l  o i l  c o ~ b u s t i o n  a r e  ba th  i n  e r r o r  by an  o rde r  of 

magnitude. 

It w a s  hypothesized t h a t  t h e  V c o e f f i c i e n t  was unusual ly h igh  

because of i ts  c c r r e l a t i o n  wi th  v e g e t a t i v e  (wood) burning which was in-  

cluded i n  t h e  r eg re s s ion  bu t  no t  w e l l  represented  by t h e  u s e  of t r a c e r  

element K. To check t h i s  hypothes is ,  t h e  v e g e t a t i v e  burning contr ibu-  

t i o n  t o  OC and EC as c a l c u l a t e d  by CB were sub t r ac t ed  f r o n  t h e  measured 

OC and EC f o r  each day. When t h e  MLR was performed on t h e  modified OC* 

- 
(Ocmeasur ed OCveg . burning 

) and EC*, t h e  V c o e f f i c i e n t  dropped t o  0 

while  t h e  Pb c o e f f i c i e n t  remained t h e  same. This  e x e r c i s e  supported 

t h e  hypothes is  t h a t  t h e  h igh  V c o e f f i c i e n t  and, i n  t u r n ,  t h e  l a r g e  f u e l  

o i l  c o n t r i b u t i o n  were due t o  t h e  c o r r e l a t i o n  of V w i t h  v e g e t a t i v e  burn- 

ing.  Moreover, t h e  f a c t  t h a t  t h e  Pb c o e f f i c i e n t  remained t h e  same adds 

confidence t o  t h e  automotive c o n t r i b u t i o n  ca l cu la t ed  by NLR. The cor- 

r e l a t i o n  between V and v e g e t a t i v e  burning is no t  t oo  s u r p r i s i n g  be- 

cause both  r e s i d u a l  o i l  usage and v e g e t a t i v e  burning ( i . e . ,  firewood) 

are expected t o  fo l low hea t ing  demands. 



The automotive contributions calculated by CEB, MLR, and EI were 

in general agreement. This is mainly because the automotive source is 

well characterized, and Pb is a good tracer. The lower estimate for 

the automotive contribution by the emission inventory was due to a 

lower value used for the percent carbon in the automotive exhaust. 

(43% of the automotive exhaust was assumed to be carbon.) 

The main limitations of CEB are in the source matrix (i.e., a 
ij 

values in equation (I)), which is constructed by emission measurements 

at the source, and the assumption of invariability in the composition 

of source contributions between sources and receptor. The MLR method 

can be used to check the validity of the source matrix. For example, 

the C to Pb ratio in the automotive source matrix was 3.7 while the 

regression coefficient for the MLR was 4.752.7. Fractional 0C:EC in 

the transportation source matrix was 70:30, while the MLR calculations 

indicated it to be 66:33. 

About 30% of the elemental carbon could not be attributed to 

any source by the CEB method. The sources of this unexplained elemen- 

tal carbon included jet fuel, diesel train, and distillate oil combus- 

tion. These sources could not be included in MLR or CEB because of 

nondescript source matrices. 



Conclusions 

The m u l t i p l e  l i n e a r  r eg re s s ion  (MLR) and chemical element bal- 

ance (CEB) methods have been used t o  perform a carbon ba lance  i n  Port-  

l and ,  Oregon. The CEB approach i s  more e l a b o r a t e  and needs a  repre-  

s e n t a t i v e  source  ma t r ix  and a n a l y s i s  of many elements f o r  a c c u r a t e  

a n a l y s i s .  The MLR is  r e l a t i v e l y  s imple and is  easy  t o  u se  bu t  r e q u i r e s  

good t r a c e r s  f o r  t h e  major sources  i n  ques t ion .  Strong i n t e r c o r r e l a -  

t i o n  between t h e  t r a c e r s  can be  a  s e r i o u s  problem f o r  t h e  MLR. The CEB 

approach c a l c u l a t e s  a carbon ba lance  on ind iv idua l  f i l t e r s  whi le  t h e  

ICR method performs a n a l y s i s  on t h e  complete d a t a  s e t  which makes i t  

s u s c e p t i b l e  t o  extreme va lues  and n e c e s s i t a t e s  s e n s i t i v i t y  a n a l y s i s  t o  

l o c a t e  a t y p i c a l  p o i n t s  and o b t a i n  a  s t a b l e  model. 

The agreement between source c o n t r i b u t i o n s  c a l c u l a t e d  by CEB and 

emission inventory  (EI) improves our  t r u s t  i n  w e l l  cons t ruc ted  EI ' s .  

It a l s o  i l l u s t r a t e s  t h a t  seasonal  and yea r ly  average source  apport ion-  

ment can s u c c e s s f u l l y  b e  c a r r i e d  ou t  wi th  an  E I .  

The automotive c o n t r i b u t i o n  t o  OC, EC, and TC by IILR agreed 

w i t h  t h e  CEB r e s u l t s ;  however, r e s i d u a l  o i l  combustion and v e g e t a t i v e  

burning c o n t r i b u t i o n s  by t h e  two methods were s i g n i f i c a n t l y  d i f f e r e n t .  

The reasons f o r  t h e  h igh  r eg res s ion  c o e f f i c i e n t  f o r  V and h igh  cont r ib-  

u t i o n  by r e s i d u a l  o i l  combustion were i )  t h e  c o r r e l a t i o n  between V and 

v e g e t a t i v e  burning (which inc ludes  r e s i d e n t i a l  wood burn ing) ,  and i i )  

t h e  i n a b i l i t y  of K t o  r ep re sen t  v e g e t a t i v e  burning i n  t h e  MLR. Be- 

cause t h e  MLR method r e l i e s  s o l e l y  on t r a c e r s ,  t h e  presence of sources  

without  good t r a c e r s  l i m i t s  MLR'S a b i l i t y  t o  perform a c c u r a t e  source  



apportionment. 

The mass balance and the  carbon balance by the  CEB method ac- 

counted f o r  87% of the f i n e  mass and 83% of the  t o t a l  carbon on an av- 

erage. The most prominent sources of f i n e  mass and carbon were vegeta- 

t i v e  burning (which includes f i rep lace ,  woodstove, domestic, backyard, 

f i e l d ,  and s lash  burning) and vehicle exhaust , contributing 51 f 24% 

(4.0 ug/m3) and 29 ? l o %  (2.3 ug/m3) of t o t a l  carbon respectively.  

Because of the inherent l imi ta t ion  of d i f f e r en t  receptor models 

and the  importance of accurate source apportionment i n  control  s t ra tegy 

development, it would be prudent to  u t i l i z e  a s e t  of models (e.g., MLR 

and CEB, or  NLR, CEB, and dispersion models) t o  determine source con- 

t r ibut ions .  



CHAPTER V. SOURCES OF VISIBILITY DEGRADATION 

V i s i b i l i t y  degrada t ion  is  t h e  most r e a d i l y  apparent  symptom of 

urban a i r  po l lu t ion .  Visua l  range wi thout  any a e r o s o l  would be  about 

200 h; however, v i s i b i l i t y  of a few k i lome te r s  i s  f requent  i n  urban 

and i n d u s t r i a l  a r e a s  today. There is concern t h a t  t h e  f u t u r e  indus- 

t r i a l  and popula t ion  growth wi th  added energy demand w i l l  no t  on ly  l ead  

t o  f u r t h e r  v i s i b i l i t y  degrada t ion  i n  urban a r e a s  b u t  w i l l  extend t o  re- 

mote and g loba l  l e v e l s .  These concerns a r e  r e f l e c t e d  i n  t h e  1977 Clean 

A i r  Act amendments which con ta in  p rov i s ions  f o r  t h e  prevent ion  of s ig -  

n i f i c a n t  d e t e r i o r a t i o n  and p r o t e c t i o n  of v i s i b i l i t y  i n  s c e n i c  a r e a s  

(designated a s  Class I ) .  Urban v i s i b i l i t y  degradat ion is  p r imar i ly  a  

r e s u l t  of s c a t t e r i n g  and absorp t ion  of l i g h t  by a e r o s o l  p a r t i c l e s .  I n  

most ca ses  t h e  l i g h t  abso rp t ion  component i s  small i n  comparison wi th  

t h e  l i g h t  s c a t t e r i n g  component. 

A l i n e a r  r e l a t i o n s h i p  between t h e  s c a t t e r i n g  c o e f f i c i e n t  

(bsca t  ) and atmospheric a e r o s o l  mass concen t r a t ions  w a s  o r i g i n a l l y  

proposed by Charlson et a l .  i n  1967 and was shown t o  have a  narrow 

d i s t r i b u t i o n  a t  v a r i o u s  l o c a t i o n s .  This  r e l a t i o n s h i p  has been inves- 

t i g a t e d  i n  a  number of s t u d i e s ,  and c o r r e l a t i o n  c o e f f i c i e n t s  i n  t h e  

range 0.4-0.9 have been found (Charlson et  al . ,  1969; No11 e t  al . ,  

1968; Lippmann e t  a l . ,  1978; H e i s l e r  e t  a l . ,  1980; White and Roberts,  

1977). 



The relationship between light scattering and aerosol chemical 

components has been studied by a number of researchers (White and Rob- 

erts, 1977; Eggleton, 1969; Lundgren, 1970; Cass, 1976; Leaderer and 

Stokwijk, 1979; Pierson et al., 1980; Grosjean and Friedlander, 1975). 

White and Roberts isolated the relative importance of various chemical 

species to light scattering in the ACHEX study conducted in the Los 

Angeles basin. A linear relationship between the bscat and chemical 

components (sulfate, nitrates, and organics) was employed. They found 

that sulfate was the largest contributor to reduced visibility with 

lesser contributions from nitrates and other aerosol components. Rela- 

tive humidity was found to affect only the nitrate scattering effici- 

ency. 

Like many other cities in the United States, Portland, Oregon, 

has a particulate problem, and compliance with state and federal ambi- 

ent air quality standards has required regulatory actions which could 

have a serious impact on future growth. Using data generated in the 

Portland Aerosol Characterization Study (PACS), we have investigated 

the sources of visibility degradation during 1977-78. 

Experimental 

The sampling program was designed to obtain representative 

samples and to record relevant meteorological data to be used for 

chemical element balance (CEB) analysis (Cooper and Watson, 1979; 

Watson, 1979). Sampling was done at six sites (Figure 5.1). Two 
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Figure 5.1. PACS sampling sites (x with large number) and estimated 

breakdown of the aerosol mass by components (average of 

24-hour samples) and meteorological stations (o with 

small number) in the Portland Airshed. 



sites were located in rural areas about 24 km from the downtown, repre- 

senting upwind and downwind (prevailing winds) background sites. The 

light scattering coefficient bscat was measured at four sites (downtown, 

residential, and two background) using integrating nephelometers (Mete- 

orology Research, Inc., Model 1550). The nephelometers were calibrated 

with Freon-12 and were adjusted to read 0.23 x loW4 m-I when filled 

with aerosol-free air. All nephelometers were provided with an inlet 

heater, designed to keep relative humidity inside the nephelometers be- 

low 65%, thus minimizing the effect of relative humidity on bscat meas- 

ur ement s . 
Four samplers were used to collect samples of fine (d < 2 urn) 

P 

and total aerosol simultaneously at all sites: 

a standard high-volume sampler to collect samples for a 24- 

hour period on glass fiber (Gelman A/E) filters for mass and 

carbon analysis; 

a high-volume sampler with a Sierra Model 235 cascade impactor 

head to collect particles with aerodynamic diameter less than 

2.5 vm (24-hour duration) ; 

a modified ER&T sequential low volume sampler (Watson, 1979) 

to collect samples on cellulose ester filters (either 4- or 

8-hour sampling periods). 

an ER&T sequential low volume sampler with a cyclone separator 

to remove coarse particles greater than 2 pm in aerodynamic 

diameter (either 4- or 8-hour sampling periods). 



Sampling was carried out for 93 days between July 1977 and April 

1978, and a 32-day subset was selected for intensive chemical analysis. 

Selection of days for the intensive chemical characterization was 

guided but not controlled by the desire to represent the entire year 

with respect to meteorology. 

Analytical methods used for chemical characterization included 

ion chromatography (F-, Cl', Br', NOT, and SO:), carbon analysis by a 

thermal method (Johnson and Huntzicker, 1979), energy dispersive x-ray 

fluorescence (Al, Si, S, C1, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, As, 

Se, Br, Cd, Ba, and Pb), and neutron activation analysis (Al, Br, C1, 

Mg, Mn, Na, Ti, V, and K). A significant aspect of the entire analysis 

scheme was the high level of quality assurance established for every 

filter analyzed through intermethod and interlaboratory comparisons 

(Cooper and Watson, 1979). 

Statistical Procedure 

A linear regression approach was used to evaluate the relation- 

ship between b and aerosol components and sources. The analysis scat 

consisted of three types: 

1. regression of bscat against fine and total aerosol mass 

concentrations; 

2. regression of b against the concentrations of the chem- scat 

ical components (e.g., sulfates, nitrates, total carbon, 

etc.) using the regression models of Equations 1 and 2: 



bscat 
n 

- =  Mi = Ci MASS MASS i=1 

(In these equations M is the mass concentration of the ith i 

chemical species, MASS is the aerosol mass concentration, 

and C is the ith regression coefficient which can be viewed i 

as the light scattering efficiency of the ith component 

(White and Roberts, 1977). 

3. regression of bscat against the aerosol mass concentrations 

contributed by individual source types using Equations 1 and 

2. (In this case Mi is the aerosol mass concentration con- 

tributed by the ith source type as determined by chemical 

element balance.) 

Ionic concentrations of N O  and carbon were multiplied by 

1.3 to account for associated ions that make up the rest of the aerosol 

('iite and Roberts, 1977). The factor 1.3 accounted for annnonium ions 

in sulfates and nitrates. If the carbon content of organic compounds 

is taken to be 67%, organics measured as carbon must be multiplied by 

1.5 (i.e., 110.67) to obtain organics concentration (White and Roberts, 

1977). Analysis of Portland aerosol (Chapter 4) has shown that 

about 60% of carbon is organic and 40% is elemental; thus, an average 



f a c t o r  f o r  t o t a l  carbon is 1 .3  (= 1.5 x 0.6 + 1 x 0.4). The average 

chemical composition f o r  t h e  f i n e  f r a c t i o n  of a e r o s o l  is  shown i n  Fig- 

s ure 5.1). 

The c o e f f i c i e n t s  i n  Equations 1 and 2 were c a l c u l a t e d  us ing  a 

s t e p  r eg re s s ion  rou t ine .  A s t e p  r eg re s s ion  i s  a modified form of mul- 

t i p l e  l i n e a r  r eg re s s ion  i n  which v a r i a b l e s  a r e  s e l e c t i v e l y  added and 

re-examined i n  s i n g l e  s t e p s  (Draper and Smith, 1966).  Th i s  process  i s  

cont inued u n t i l  no more v a r i a b l e s  can be  en tered  i n t o  o r  r e j e c t e d  from 

t h e  r eg re s s ion  based on p re se l ec t ed  c r i t e r i a  of s i g n i f i c a n t  contr ibu-  

t i o n .  The s t e p  r e g r e s s i o n  procedure starts wi th  a c o r r e l a t i o n  ma t r ix  

and e n t e r s  t h e  v a r i a b l e  wi th  h ighes t  c o r r e l a t i o n  c o e f f i c i e n t  wi th  t h e  

dependent v a r i a b l e .  Next, t h e  p a r t i a l  c o r r e l a t i o n  c o e f f i c i e n t s  f o r  t h e  

v a r i a b l e s  n o t  i n  t h e  r eg re s s ion  a r e  eva lua ted ,  and t h e  v a r i a b l e  w i t h  

t h e  h ighes t  p a r t i a l  c o r r e l a t i o n  is  entered .  The v a r i a b l e s  en tered  s o  

f a r  a r e  eva lua ted ,  and v a r i a b l e s  providing a non-s igni f icant  cont r ibu-  

t i o n  a r e  removed. This  is  an  important  s t e p  s i n c e  v a r i a b l e s  en tered  

e a r l i e r  may be i n e f f e c t i v e  a f t e r  a few more s t e p s  because of t h e i r  re- 

l a t i o n s h i p  wi th  o t h e r  v a r i a b l e s  en tered .  Some of t h e  advantages of t h e  

s t e p  r eg re s s ion  are: 

The f i n a l  equat ion  con ta ins  only  s i g n i f i c a n t  v a r i a b l e s .  

It is  capable of handl ing  i n t e r c o r r e l a t e d  v a r i a b l e s .  

It provides  an  important r o l e  i n  t h e  model bu i ld ing  process .  



Results 

Relationship Between Light Scattering and Mass 

Atmospheric mass concentrations of fine and total aerosol were 

measured by various samplers as described earlier. Because the bscat 

included Rayleigh scattering due to air molecules and scattering due to 

aerosol, a linear regression of the form 

b = b, + bl. ~ s s  scat 

(bscat in 
m-l and mass in pg/m3) 

was performed on various mass fractions measured by different sampling 

devices. The data were separated into two sets, one with relative hu- 

midity ~ 7 0 %  and the other with >70%, to evaluate the importance of 

relative humidity. The relationship between b and mass fractions 
scat 

was consistent from one site to another. Results of the regression for 

all sites combined are presented in Table 5.1. As expected, fine mass 

correlates best with bscat. In most cases, the correlation coefficient 

between b and mass improved when the data set was stratified with 
scat 

respect to relative humidity. The slope of the linear regression line 

for the subset with relative humidity <70% was less than the slope of 

the regression line for the data set with relative humidity >70%. This 

indicates a higher scattering efficiency at higher relative humidities. 

Water associated with aerosol at higher relative humidity is mainly 

responsible for the added scattering efficiency. 



TABLE 5.1 

Relationship between bscat and mass for 8-hour observations 

from all sites combined. 

bscat = bo + bl mass 

(bscat in 10'~ m-l and mass in pg/m3) 

MASS FU3LATIVE NUMBER OF CORRELATION bo b 1 
FRACTION HUMIDITY OBSERVATIONS COEFFICIENT INTERCEPT SLOPE 

< 70% 329 0.878 0.146 0.0471 
Fine 
Mass > 70% 770 0.931 0.162 0.0495 

All 1099 0.930 0.135 0.05 

< 70% 334 0.783 0.393 0.114 
Total > 70% 769 0.866 0.345 0.0184 
Mass 

All 1101 0.797 0.377 0.0151 



The linear relationship between b and fine mass- for the in- scat 

tensive sampling days for all the sites is plotted in Figure 5.2. The 

regression line has a slope of 0.0474 and an intercept of 0.113. 

bscat = 0.113 (f0.026) + 0.0474 (+0.0009) mass (4) 

(n = 404, r = 0.93) 

For all sites for the entire study period the relationship between 

b and both mass fractions (fine and total) was: scat 

bscat = 0.135 + 0.05 mass (fine, n = 1099, r = 0.93) (5) 

bscat = 0.377 + 0.015 mass (total, n = 1107, r = 0.80) (6) 

The difference in the slopes for the fine and total mass fractions re- 

flects the lower scattering efficiency for the particles greater than 

2.0 pm included in the total mass fraction (Figure 5.3). 

Relationship Between b and Chemical Components scat 

If the size distribution for each chemical component were known 

and the mass contribution by sources to each size range were available, 

it would be possible to calculate the fractional light scattered by 

each chemical component and by aerosols from each source (Friedlander, 

1977). Usually, however, such detailed size distribution or source 

contribution information is not available. Therefore, statistical 

procedures calculating the scattering efficiencies of chemical compo- 

nents and sources were employed. The results of regression (Eq. 1) 
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Figure 5.2. Relationship between light-scattering coefficient and 

fine aerosol mass for 8-hour samples from all the 

sites for the intensive sampling days. Solid line 

represents the linear regression of b on mass. 
scat 



Figure 5.3. The calculated scattering cross-section per unit mass Rscat (scattering efficiency) 

at a wavelength of 0.55 vm for absorbing and non-absorbing materials as a function of diameter 

for single-sized particles. The refractive indices and densiti es (g/cm3) used: carbon-2 (m = 

1.96-0.661, p = 2), (NHI+)~SOL, (m = 1.52, p = 1.77), NH4N03 (m = 1.61, p = 1.73), water (m = 1.33, 

p = 1.0)) and silica (m = 1.55, P = 2.66). (Figure supplied by Dr. Davis M. Roessler from the 

General Motors Research Laboratory, Warren, Michigan.) cn 00 



using chemical species concentrations in the fine aerosol are pre- 

sented in Tables 5.2 and 5.3 and are summarized as follows: 

1. The average scattering efficiencies for the sulfates, ni- 

trates, and carbon were approximately 5 m2/g. Contrary to 

findings of other researchers (White and Roberts, 1977; 

Leaderer and Stokwijk, 1979), light scattering was not domi- 

nated by sulfates. High values of bscat were not uniquely 

associated with high values of sulfate, nitrates, or carbon. 

2. The scattering efficiencies for sulfates and carbon were 

relatively site-independent. For nitrates it varied from 

negligible at Site 1 (background) to a high of 9.7 m2/g at 

Site 3 (downtown). The nitrate results are difficult to in- 

terpret, however, because of the possibility of artifact ni- 

trate (from HN03) on the filters (Spicer and Schumacher, 

(1979). 

3. Carbon, sulfates, and nitrates were the major contributors 

to both fine mass and light scattering. On an average they 

accounted for 76% of the fine mass and 86% of the light 

scattering due to aerosol (using the regression coefficients 

of Table 5.2). 

The importance of including all the major chemical components in 

the step regression analysis is apparent when the results for the 8- 

hour samples are compared with those for 24-hour samples. For the for- 

mer no carbon analyses were performed, and thus the regression equation 



Table 5.2 

Summary of step regression between b 
scat and chemical components 

Fine fraction, 24-hour samples t 

bscar ' bo + b ~ ~ t  sulfates + bNO3 nitrates + bTC carbon + bAmss Amass 

SAMPLING CORRELATION b o 
SITE COEFFICIENT SO; b ~ ~ i  b~~ b~mass 

N.S. 0.0538 N.S. 

50. 0793 

All 0.94 0.173 0.0561 0.0477 0.0250 0.0225 

50. 0136 50. 0161 +O. 003 +O. 0057 
03 

t 26 to 31 observations per site. u 



includes only sulfates, nitrates, and "A mass." The principal differ- 

ence between the two sets of results as shown in Tables 5.2 and 5.3 is 

the added importance attached to nitrates and "A mass." Although the 

increased importance of "A mass" is expected, the higher coefficients 

for nitrates are a consequence of the intercorrelation between nitrates 

and carbon which results from common atmospheric dispersion. Similar 

results were found when carbon was included in "A mass" for the 24-hour 

analyses. 

The importance of eliminating dispersion-related correlations 

among the chemical elements before attempting data analysis has been 

pointed out by Henry (1977) and Watson (1979). During his evaluation 

of chemical composition and its relation to visibility, Eggleton (1969) 

cautioned against ascribing cause and effect relationships to param- 

eters with high correlations since they could merely reflect a common 

relationship to a third variable (e.g,, atmospheric dispersion). In 

their analysis of ACHEX data, White and Roberts (1977) discussed the 

importance of factoring out the correlation with mass in judging the 

importance of the scattering efficiency of sulfates and nitrates. 

Although normalizing elemental concentrations by the fine mass 

concentration has proven to be a successful way of reducing such inter- 

correlation (Henry, 1977), the results of step regression on Equation 

2 using normalized concentrations were surprisingly poor for 8-hour 

and 24-hour samples. None of the normalized chemical components ex- 

bscat 
plained any variability in - mass 

. This undoubtedly resulted from the 
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high degree of correlation between fine mass concentration-and both 

bscat 
and chemical component concentrations. This is further evidence 

for the lack of dominance of light scattering in Portland by a single 

chemical species such as sulfate. 

Relationship of Aerosol Sources to Light Scattering 

Source apportionment of the Portland aerosol was accomplished in 

the Portland Aerosol Characterization Study by means of the chemical 

element balance method (Cooper and Watson, 1979). The principal pri- 

mary sources of fine aerosol included vegetative burning (e.g., of 

wood), automotive exhaust, other combustion sources, resuspended dust, 

and to a lesser extent industrial process emissions. Most of the sul- 

fate and nitrate and about 20% of the carbon could not be explained by 

primary emissions. These were attributed to secondary sources (i.e., 

gas to particle conversion). When source contributions were expressed 

as mass fractions (i.e., ) and regression Equation 2 used, the only 

significant contribution from the primary aerosol sources to bscat was 

from vegetative burning, which was the major primary source of carbon. 

This accounted for approximately 18% of the light scattering. Because 

the primary precursors of secondary sulfate, nitrate, and carbon were 

not identified in the chemical element balance calculations, such 

sources were not included in the regression. Further progress in 

source apportionment of visibility degradation in Portland will require 

the identification of these sources of carbon and secondary aerosols. 



Summary and Conc3.usions 

The major conclusions can be summarized as follows: 

1. All the major chemical components of the fine aerosol must be in- 

cluded in the scattering efficiency evaluation. 

2. Sulfate, nitrates, and carbon were found to have scattering effici- 

encies of about 5 m2Ig. On an average they constituted 76% of the fine 

mass and contributed 86% of light scattering by aerosols. 

3. The aerosol scattering coefficient b correlates strongly with 
scat 

the fine fraction of aerosol mass (r = 0.93, n = 1129) and to a lesser 

degree with the total mass fraction (r = 0.87, n = 1124). 

4. The values for the intercept and the slope of the relationship 

b = bo + bl mass were similar for all the sites. This suggests scat 

that mass loading in this area (especially the fine fraction) could be 

estimated by nephelometer measurements, providing, of course, that both 

the chemical concentration and the particle size distribution of the 

aerosol do not change significantly. 

5. Relative humidity had a small but statistically significant effect 

on the relationship between bscat and mass. The data set with relative 

humidity >70% consistently showed a higher correlation between b scat 

and fine mass at all sites and had a slightly higher slope than the 

data set with relative humidity <70%, implying higher scattering effi- 

ciency at higher relative humidity. 



CHAPTER VI. SUMMARY AND CONCLUSIONS 

The fundamental goal of this study was to obtain a better under- 

standing of carbonaceous aerosol. Analytical measurement, source appor- 

tionment, and visibility impact of carbonaceous aerosol were the three 

main topics covered in this dissertation. The purposes of this chapter 

are to summarize the research and evaluate its shortcomings. 

An instrument measuring organic, elemental, and carbonate carbon 

has been developed at the Oregon Graduate Center and was used for the 

analysis. A brief description of the thermal/optical system for the 

measurement of carbonaceous aerosol was given in Chapter 11. 

The data base for the organic, elemental, and carbonate carbon 

was constructed by analyzing over 1300 hi-volume samples from 46 urban 

and 20 rural National Air Surveillance (NASN) sites. Exploratory data 

analysis was performed to gain a better understanding of the nature, 

magnitude, and relationship of carbon with other constituents of ambi- 

ent aerosol. The average organic and elemental carbon concentrations 

were 6 . 6  and 3.8 ug/m3 for the urban sites and 2 . 4  and 1.3 ug/m3 for 

the rural locations. The urban centers with high carbon concentrations 

(>I2 ug/m3) were Burbank, Chicago, Dallas, East Chicago, Gary, Houston, 

Los Angeles, New York City, Pasadena, Phoenix, San Bernardino, Santa 

h a ,  and Torrance. 

The national yearly trend for the organic fraction of total car- 

bon was maximal during summer and minimal during winter. The summer 



maximum was due to the contribution of secondary aerosols and to the 

decline of space heating emissions relative to other sources. 

A measurable amount of carbonate carbon was found only at the 

Miami, Hawaii, and Cumberland County sites. In general, carbonate car- 

bon constitutes less than 2% of total carbon. 

The evaluation of sources of carbonaceous aerosol was the second 

phase of this study. Chemical element balance (CEB) and multiple linear 

regression (MLR) receptor models were evaluated for their applicability 

to perform mass balance for carbon for the data set obtained during the 

Portland Aerosol Characterization Study (PACS). The chemical element 

balance proved to be very useful because of its ability to identify 

and quantify the sources for individual filters, while the multiple 

linear regression method was selected because of its simplicity. 

The chemical element balance (CEB) and carbon balance (CB) were 

performed for 25 sampling days. The CEB and CB were considered a suc- 

calculated concentration 
cess because most of the elemental ratios ( measured concentration 1 

were close to unity, the reduced x2 for the mass balances were low and 

on an average accounted for 87% of the fine mass by the CEB and 83% of 

carbon by the CB. The major sources of carbonaceous aerosol were vege- 

tative burning (51%) and automotive exhaust (29%). 

The sources of 30% unexplained elemental carbon include distil- 

late oil combustion, diesel train, jet aircraft, and others which 

could not be included in the element balance because of nondescript 

source matrices. 



For the MLR model, K, Pb, V, and Si/Ti were selected as tracers 

for vegetative burning, automobile exhaust, residual oil combustion, 

and road dust respectively. The use of K for vegetative burning was 

found unsuitable. A sensitivity analysis was performed on the data set 

prior to the final MLR application to identify the points for which re- 

gression coefficients were very sensitive. This procedure allowed the 

underlying pattern in the data set to be explored and explicitly re- 

j ected "atypical" observations. 

The results of the receptor models (CEB and MLR) were compared 

with the emission inventory (EI). The average source contributions 

calculated by CEB and EI agreed well. This suggests that carefully 

constructed IE's can be used for a seasonal or annual source appor- 

t ionment . 
The automotive contribution by MLR agreed with CEB and EI; how- 

ever, the residual oil combustion and vegetative burning contributions 

were significantly different. Correlation between vanadium and vege- 

tative burning and inability of potassium to represent vegetative 

burning in the MLR were the primary reasons for the discrepancy be- 

tween MLR and CEB. Because the MLR method relies solely on tracers, 

the presence of sources without good tracers limits MLR's ability to 

perform accurate source apportionment. 

The main lhitations of CEB are in the source matrix, which is 

constructed by emission measurement at the source, and the assumption 

of invariability in the composition between source and receptor. 



Another major shortcoming was with respect to sources with-nondescript 

chemical composition. Their importance cannot be evaluated by CEB 

without further chemical characterization which allows their differen- 

tiation from other sources. An emission inventory can be used to aid 

the construction of a source matrix by supplying scaling factors re- 

lating nondescript sources to specific sources whose contribution can 

be calculated by CEB. Diesel vehicle exhaust was included in this man- 

ner for the Transportation source matrix. 

Because of the inherent limitations of different receptor models 

and the importance of accurate source apportionment in control strategy 

development, it would be prudent to utilize a set of models (e.g., MLR 

and CEB, or MLR, CEB, Factor Analysis, and dispersion models) to deter- 

mine source impact. 

A regression model was applied to the Portland Aerosol Charac- 

terization Study (PACS) data set to determine the sources of visibility 

degradation. The light scattering coefficient and the size segregated 

aerosol mass concentration were measured at four sites within Portland, 

Oregon, for 92 sampling days, extending from July 1977 to March 1978. 

A subset of 32 "intensive days" was selected for extensive chemical 

characterization. The contributions of chemical species and source 

types (as determined by CEB calculations) to the scattering coefficient 

were studied by a linear model. 

Atmospheric scattering coefficient bscat correlated strongly 

with the fine fraction of aerosol mass (r = 0.93, n = 1129) and to a 

lesser degree with respirable mass (r = 0.87, n = 1124). Sulfates, ni- 



trates, and carbon were found to have a scattering efficiency of about 

5 m2/gm. On an average they constituted 76% of the fine mass and con- 

tributed 86% of the light scattering by aerosol. All the major chemical 

components of the fine aerosol must be included in the scattering effi- 

ciency evaluation to avoid erroneous conclusions. 
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APPENDIX A. 

EMISSIOK INVENTORY OF CARBONACEOUS AEROSOLS 

There are several classes of mobile and stationary sources of 

carbonaceous aerosol which can schematically be represented as shown in 

Figure 1.1. Emission inventories of organic and elemental carbon are 

virtually nonexistent. A detailed account of emission rate, size dis- 

tribution, and chemical composition of sources is generally not avail- 

able. Cass et al. (1981) gave one of the first in-depth accounts of 

the carbonaceous aerosol emissions for metropolitan Los Angeles. 

An emission inventory for the carbonaceous aerosols was con- 

structed for the following reasons: 

1. To understand the sources of carbonaceous aerosol and 

their relative importance for the Portland AQMA. 

2. To evaluate the applicability of different source appor- 

tionment methods (CEB and multivariate analysis) by com- 

paring their results with the emission inventory. 

The importance of a comprehensive emission inventory, especially 

for carbonaceous aerosol, became evident after PACS. The CEB method 

was able to resolve most sources effectively; however, there was al- 

ways excess organic and elemental carbon (50% on an average) which 

could not be attributed to any source. Since the PACS project, the 

emission inventory has been updated (Core et al., 1980). Source sam- 

ples collected during PACS have been re-analyzed and a better under- 



standing of transportation (Pierson, 1981) and wood combustion sources 

(Cooper, 1980) has been gained from the literature. With this new in- 

formation, an emission inventory for carbonaceous aerosol for Portland 

was constructed and is summarized in Table A.1. Graphical representa- 

tion of sources of fines, OC, EC, and TC are given in Figures A.l and 

A.4. The fine particulate annual emissions add up to 14,347 tons. Fine 

organic and elemental carbon add up to 3307 tons (23.1% of fines) and 

1247 tons (8.7 of fines), respectively. The major sources of total 

carbon are transportation (22.2%), combustion of fossil fuels (3.5%), 

road dust (6%), vegetative burning (56.0%), carborundum (5.8%), and mis- 

cellaneous (6.5%). 

The source matrix used to perform the mass balance and carbon 

balance was obtained by modifying the source matrix used in PACS. The 

leaded automobile source matrix was replaced by transportation source 

matrix, which was constructed using tunnel data (Pierson, 1981) and the 

knowledge that diesel vehicles accounted for 5.0% of vehicle miles 

traveled (Batson, 1981) and emit 3 times the amount emitted by automo- 

biles (EPA, 1976). The sources entitled fireplace, domestic, woodstove, 

and home heating were added because vegetative burn 1 and vegetative 

burn 2 did not represent all possible vegetative burning adequately. 

A composite source matrix for home heating from the Medford Aerosol 

Characterization Study (MACS) was also included. Most of the available 

source samples from PACS were re-analyzed for organic and elemental 

carbon. The OC and EC values in the source matrix represent the newer 



Emission inventory for fine mass and carbonaceous aerosol, Portland, 
Oregon 



NOTES FOR TABLE 1: 

a) PACS source sampling and analysis. 

b) Department of Environmental Quality (DEQ), Portland, estimates and 

PACS source sampling. 

c) Calculated as follows: Portland AQMA 4 x lo6 miles/av. day highway 

VTlT with 7% diesel and 11 x lo6 miles arterial VMT with 4% diesel 

(based on DEQ estimates (Batson, 1981)). 

Emissions Gasoline Powered Vehicles: There are 22% unleaded vehi- 

cles (volume basis) which contribute 30% of WIT. Using EPA emis- 

sion factor of 0.34 g/mile for leaded cars and light trucks and 

0.05 g/mile for unleaded cars, emission for leaded cars = 14,280,000 

x 0.70 x 0.34 x 365/103 x 907.19 = 1368 tonslyear :. fine emission 

leaded cars = 1368 x 0.8 = 1094 tons/yr. For unleaded cars emission 

= 14,280,000 x 0.30 x 0.05 x 365/103 x 907.19 = 86 tons/yr :. fine 

emission unleaded cars = 86 x 0.86 = 74 tons/yr. 

Diesel emissions: Total diesel VMT = 720,000 using EPA emission 

factor of 1.3 g/mile. Emissions per year come to 377 tons, of 

which 90% is in fine :. fine emissions diesel = 377 x 0.9 = 339 

tons/yr . 
d) Based on a survey by Hatchard and Day (1980), particulate emission 

due to home heating amounts to 4600 tons/yr. 10% residences use 

woodstove burning, 1.4 cord/yr, and 40% residences use fireplace 

burning, 1.1 cord/yr. This amounts to 25% emissions from woodstove 

and 75% emissions from fireplace burning. Considering that 85% of 

fireplace emissions are in fine and 99% of woodstove emissions are 



in fine fraction, fire fireplace emissions = 2932 tons/yr. and wood- 

stove emissions = 1139 tons/yr. 

Average of PACS and Pierson (1981) tunnel experiments. 

Pierson et al. (1981) tunnel data. 

Based on the knowledge of carbon fraction in the emissions of 

sources contributing to this category. 

Based on PACS and Taback et al. (1979) PA-8. 

Average based on Taback et al. (1979) PA-29, and Muhlbauer and Wil- 

liams (1980). 

Based on re-analysis of PACS samples and Tuscarora tunnel samples. 

Re-analysis of PACS source samples. 

Based on equal usage by residential customers (emissions, OC 67% 

and EC 37%) and industrial usage (emissions mostly OC). 

Source sampling, Medford Aerosol Characterization Study (MACS). 

Average of PACS and MACS source sampling. 



Fine Particulate Emissions, Portland (AQMA), 1977-78. 
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Figure A.1. 
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Fine Primary Organic Carbon Emissions, Portland, Oregon, 1977-78. 

Figure A.2. 
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Fine Elemental Carbon Emissions, Portland, Oregon, 1977-78. 

Transportation 
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Figure A.3. 
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Figure A.4. 



PACS EMISSION INVENTORY, FINE FRACTION 1977-78 - 

FINE PRIMARY ORGANIC CARBON EMISSIONS 

(3307 tons/yr. ) 

OTHERS 6 - 2 2 ,  TRANSPORTAT I ON ( 1  8.80,) 

CARBORUNDUM 4.9% (a) auto 13.3% 

VEGETATIVE BURN (60.7%) (b) diesel  trucks 1.8% 
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FOSSIL FUEL 2.1% 
(b) woodstove 15.74 
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ROAD DUST 7.38 

(c )  f i r e p l a c e  42.5% 

FINE ELEMENTAL CARBOE! EM1 SS lOIlS 

(1247 tons/yr.)  

Figure A.5. 



estimation of organic and elemental carbon. The final source matrix is 

given in Table A.2. 
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APPENDIX B. 

Graphical Representation of NASN Results 

for Urban and Rural Sites. 



Figure B.1.a 

BOX p l o t  of t o t a l  carbon f o r  NASN western urban s i t e s .  



Figure B. 1.b 

Box plot of organic carbon for NASN western urban sites. 



Figure B.  1 . c  

Box plot  of elemental carbon for NASN western urban s i t e s  
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Figure B.2.a 

BOX plot of total carbon for NASN mid-western urban sites 



Figure B.2.b 

Box plot of organic carbon for NASN mid-western 

urban sites 
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Figure B.2.c 

Box plot of elemental carbon for NASN 

mid-western urban sites 



Figure B. 3.a 

Box plot of total carbon for NASN eastern urban sites. 





Figure B.3 . c  

Box plot of elemental carbon for NASN eastern urban'sites. 



Figure B.4.a 

Box plot of total carbon for NASN 

south-eastern urban sites 



Figure B. 4.b 

Box plot of organic carbon for NASN 

south-eastern urban sites. 



Figure B.4.c 

Box plot of elemental carbon for NASN 

south-eastern urban sites. 



Figure B.5.a 

Box plot of total carbon for NASN western rural sites. 
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Box plot of organic carbon for NASN 

western rural sites. 
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Figure B.6.a 

Box plot of to ta l  carbon for NASN eastern rural sites. 



Figure B.6.b 

Box plot of organic carbon for NASN 

eastern rural sites. 



Figure B.6.c 

Box plot of elemental carbon for NASN 

eastern rural sites 



APPENDIX C 

SOURCES OF CARBONACEOUS AEROSOL I N  NEW YORK CITY 

In t roduc t ion  

The goa l  of t h e  r e sea rch  repor ted  h e r e  was t o  eva lua t e  t h e  ap- 

p l i c a b i l i t y  of t h e  m u l t i p l e  l i n e a r  r e g r e s s i o n  method f o r  t h e  determina- 

t i o n  of t h e  sources  of o rgan ic  (OC), e lementa l  (EC), and t o t a l  carbon 

(TC) i n  a e r o s o l  samples. 

Experimental 

Weekly samples of t o t a l  a e r o s o l  (TSP) f o r  1975 and f i n e  a e r o s o l  

(dP 
< 3.5 vm) f o r  t h e  per iod  June 1978 t o  June 1979 were obtained from 

t h e  New York Univers i ty  Medical Center (NYUMC). Samples were co l -  

l e c t e d  on the  roof of a res idence  h a l l  14 s t o r i e s  high loca t ed  on Eas t  

30th S t r e e t  between 1st Avenue and t h e  FDB Drive i n  Vanhattan. The 

1975 TSP samples were c o l l e c t e d  on Gelman type  A g l a s s  f i b e r  f i l t e r  

paper. Weekly f i n e  a e r o s o l  samples dur ing  1978-79 were c o l l e c t e d  on 

pre- f i red  Gelman type A/E g l a s s  f i b e r  f i l t e r s  f o r  carbon a n a l y s i s .  

Simultaneous sanples  of f i n e  a e r o s o l  and TSP were a l s o  c o l l e c t e d  on 

Gelman Spectrograde f i l t e r s  f o r  t r a c e  meta l  and s u l f a t e  a n a l y s i s  dur- 

i ng  1978-79. The sampling systems and l o c a t i o n  have been descr ibed  i n  

d e t a i l  by Kleinman (1977). 

The 1975 samples were analyzed f o r  Pb, V, Mn, Cu, Fe, Cd, N i ,  

C r ,  Zn, Na, and K by atomic abso rp t ion  spectrometry and t h e  1978-79 

samples f o r  Pb, V, Mn, and Cu. The samples were a l s o  analyzed f o r  or- 



ganic and elemental carbon by a thermal/optical technique (Johnson et 

al., 1980,,Chapter 2). 

Data Analysis 

A multiple linear regression model for carbonaceous aerosol can 

be written as: 

where F is the carbon concentration (OC, EC, or TC), P is the number of 

sources, C is the concentrations of the ith tracer, and ai is the ith i 

regression coefficient to be determined. For n observations (nap), a 

set of simultaneous equations can be obtained to solve for the ails. 

The coefficients in Equation 1 were calculated using a stepwise regres- 

sion routine (Chapter V). 

Tracer elements were chosen on the basis of previous studies of 

New York aerosol which indicated that the principal sources of TSP and 

carbonaceous aerosol for New York City were automobiles, incinerators, 

fuel oil combustion, and resuspended road dust (Kleinman et al., 1980, 

Kleinman, 1977). On the basis of factor analysis results obtained by 

Kleinman and Dailey (Kleinman, 1977; Daisey and Kneip, 1980), Pb, 

Nn/Fe, Cu/Zn, and V were selected as tracers for automobile exhaust, 

resuspended road dust, incinerators, and fuel oil combustion sources, 

respectively. For the 1975 data set Fe and Zn were selected as tra- 



c e r s  f o r  resuspended road d u s t  and i n c i n e r a t o r s .  For t h e  1978-79 d a t a  

s e t  f i n e  Fin could no t  be used because of a  s t r o n g  a s s o c i a t i o n  between 

Pb and Mn ( r  = 0.73) which was probably due t o  t h e  use  of  methylcyclo- 

pentad ienyl  t r i c a r b o n y l  (MMT) a s  an oc tane  boos ter  f o r  unleaded gaso- 

l i n e  dur ing  p a r t  of t he  sampling per iod  (Daisey and Kneip, 1980). The 

use  of S i  o r  T i  a s  a  t r a c e r  f o r  resuspended s o i l  would have been pref -  

e r a b l e ;  however, t hese  samples were not  analyzed f o r  S i  o r  Ti .  Aver- 

age concen t r a t ions  f o r  t h e  chemical spec i e s  a r e  l i s t e d  i n  Table C . 1 .  

The i n i t i a l  r eg re s s ion  a n a l y s i s  was performed us ing  a l l  t h e  

d a t a  po in t s .  However, it was noted t h a t  t h e  r e g r e s s i o n  c o e f f i c i e n t s  

were very  s e n s i t i v e  t o  some of t h e  d a t a  po in t s .  To i d e n t i f y  t h e s e  

p o i n t s ,  t h e  observed carbon concent ra t ions  were compared wi th  those  ca l -  

cu l a t ed  from t h e  r eg re s s ion  a n a l y s i s .  Those p o i n t s  which d i f f e r e d  

g r e a t l y  from t h e  ca l cu la t ed  va lues  were de l e t ed  t o  o b t a i n  a  r e f i n e d  

d a t a  s e t  f o r  which ney r eg res s ion  c o e f f i c i e n t s  were obtained.  This  pro- 

c e s s  was continued u n t i l  t h e  r eg re s s ion  c o e f f i c i e n t s  f o r  t h e  model 

reached s t a b l e  va lues  (Table C . 2 . ) .  About 10  p o i n t s  had t o  b e  de l e t ed  

from each d a t a  s e t  be fo re  t he  model s t a b i l i z e d .  The o v e r a l l  f i t  and 

t h e  form of t h e  model improved, a s  seen  i n  Table C.2., when t h e  ex t r ene  

va lues  were de l e t ed .  Such p o i n t s  were usua l ly  a s soc i a t ed  with e i t h e r  

an unusual va lue  f o r  one of t h e  chemical components i n  t h e  model o r  ex- 

treme meteoro logica l  cond i t i ons  (heavy r a i n ,  snow, o r  very  low d isper -  

s i o n  f a c t o r ) .  



Table C.1. Concentration of trace metals and carbonaceous aerosol 
in New York City for the weekly samples in vg/m3. 

Element 

1975 
TSP 

Samples 

1978-7ga 
Fine 
Samples 

Organic carbon 

Elemental carbon 

Total carbon 

Sulfates 

Pb 

v 

Mn 

C u 

Ni 

Fe 

?in ( ~ ) b  

Mass concentration 
-- 

a Fine (d < 3.5 ym) concentrations. 
P 

Mn concentration as measured on total aerosol filter. 



Table C.2. Sensitivity of total carbon regression coefficients 
to selective removal of data points (1975 data). 

Regression Coefficient for 

Pb V Fe Zn 

1 

1.1 I 38 1.74 -- 
2.6 ! 40 1.8 -- 
3.4 I 49 1.7 2.5 

I 
3.3 i 46 1 . 4  4.5 

I 

3.7 ' 44 1.5 4.6 

bo 

5.5 

3.8 

2.3 

2.3 

1.6 

Number 

o f 

Points 

36 

3 2 

30 

28 

2 6 
b 

Correlation 

Coefficient 

0.57 

0.71 

0.79 

0.82 

0.86 



The s t a b i l i t y  of t h e  r e g r e s s i o n  c o e f f i c i e n t s  was f u r t h e r  checked 

by d e l e t i n g  one observa t ion  a t  a time from t h e  r e f i n e d  d a t a  s e t  and 

performing t h e  r eg re s s ion  on n-1 observa t ions .  The d a t a  p o i n t s  t h a t  

had s i g n i f i c a n t  impact on t h e  o v e r a l l  r e l a t i o n s h i p  o r  any s p e c i f i c  co- 

e f f i c i e n t s  were f lagged.  The o v e r a l l  f i t  f o r  t h e  model improved 

s l i g h t l y  and t h e  cons tan t  term was reduced when t h e  f lagged va lues  

were de l e t ed  from t h e  d a t a ;  however, t h e  r e l a t i o n s h i p  d i d  not  change. 

This  procedure allowed t h e  under ly ing  p a t t e r n  i n  t h e  d a t a  s e t  t o  b e  

explored and e x p l i c i t l y  r e j e c t e d  "a typica l"  observa t ions .  



Results 

The final regression equations for organic, elemental, and total 

carbon are given in Table C.3 for the 1975 data and in Table C.4 for the 

1978-79 data. The average source contributions were calculated using 

the individual regression equations and the average tracer concentra- 

tions and are listed in Tables C.5 and C.6. For the 1975 data automo- 

tive emissions accounted for 35% (3.5 l~g/rn3), residual oil combustion 

for 17% (1.7 ug/m3), resuspended road dust 14% (1.4 ug/m3), and incin- 

erators for 13% (1.3 vg/m3) of total carbon. For the 1978-79 fine aer- 

osol data the automotive contribution was 26% (2.1 pg/m3) of total car- 

bon with residual oil, resuspended soil, and incinerators accounting 

for 20, 25, and 7% respectively. The large contribution of road dust 

to fine carbon is unusual. it is likely that the tracer element 

(coarse Mn) was influenced by emissions of ?In from automobiles burning 

gasoline with MMT as a fuel additive and was not appropriate for soil. 

When coarse Mn was not included in the regression model, the automotive 

contribution rose to 32%, and the contributions from residual oil com- 

bustion and incinerators were 16%. 

The source contributions to organic and elemental carbon are also 

listed in Tables C5 and C6. For 1975 automotive emissions were the 

principal source of organic carbon, but for 1978-79 the source contri- 

butions were more evenly distributed. For both data sets approximately 

20% of the total carbon could not be explained. This unexplained car- 

bon was primarily elemental and comprised 40-50% of elemental carbon. 



Table C.3. Regression model for carbonaceous aerosol in New York City 
during 1975. Total aerosol samples, 28 observations. All 
concentrations in pg/rn3.  

a 
Values obtained by difference (i.e., TC - OC = EC). 

Standard error. 



Table C.4. Regression model for carbonaceous aerosol in New York City 
for 1978-79. Fine aerosol samples, 24 observations. 
All concentrations in 

With Mn(C) in the equation: 

B. Without Mn(C) in the equation: 

a Standard error. 



Table C.5. Source c o n t r i b u t i o n s  t o  carbonaceous a e r o s o l  f o r  1975 i n  
percent .  Average organic ,  e lemental ,  and t o t a l  carbon 
concent ra t ion  of 5.35, 4.88, and 10.2 pg/m3. 
(To ta l  a e r o s o l )  

a Values obtained by d i f f e r e n c e  ( i . e . ,  EC = TC - OC). 

E r r o r s  ca l cu la t ed  us ing  t h e  s tandard  e r r o r  of t h e  r eg re s s ion  
c o e f f i c i e n t .  

1 

Selec ted  
Source Tracer  

Automobile Pb 

Residual  O i l  V 

Resuspended S o i l  Fe 

I n c i n e r a t o r s  Zn 

Others  

A 

1 

% Contr ibut ion  t o  

Organic Elemental To ta l  
Carbon (OC) Carbon (EC) Carbon (TC) 

60 5 13 5 5 3oa 34 5 11 b 

1 2 2  7 23 + 1 0  1 7 2  6 

26 5 10  2 5 2oa 1 4 5  8 

7 2  9 20 + 1 5  135 8 

- 5 5 1  2 2 



Table C.6. Source contributions to carbonaceous aerosol for 1978-79 
in percent (fine aerosol). Average organic, elemental, 
and total carbon concentrations of 4.93, 3.06, and 7.98 
ug/m3. 

Same as Table C.5. 

Source Tracer 

Automobile Pb 

X Contribution to 

Organic Elemental Total 
Carbon (OC) Carbon (EC) Carbon (TC) 1 

b 
i 

302 8 215 8 

Residual Oil V ] 2 1 5 6  16r 6 

265 I 205 4 , 
1 

Resuspended Soil h ( C )  I 26510 212 9 252 7 1 
I i 

Incinerators Cu i 1 3 5 7  -- 75 5 1 
Others ' 10 4 2 23 



The sources of this unexplained carbon undoubtedly include combustion 

of diesel and distillate oils. Such sources were not included in the 

model because suitable tracers are not available. In evaluating these 

results, it is important to note that the relative uncertainties in the 

source apportionment are large (20% to >loo%). Thus, the absolute con- 

tributions of individual source types must be viewed with caution. 

The source apportionment results for organic carbon (Tables C.5 

and C . 6 )  are in contrast with the results of Daisey and Kneip (1980) 

who found residual oil combustion to be the principal source of extrac- 

table organics. In our analysis many data points were deleted during 

sensitivity analysis. These included periods corresponding to ex- 

tremely cold conditions during which the combustion of residual oil for 

space heating would be large. This is a possible cause of the discrep- 

ancy. Another possibility concerns inherent limitations in the multi- 

ple linear regression method of source apportionment. Several tests of 

the method follow. 

The regression coefficients listed in Tables C . 3  and C.4 should 

correspond to ratios of carbon to tracer element (e.g., c/P~) for the 

sources which the tracers represent. Thus, comparison of the regres- 

sion coefficients with actual source composition data should give some 

measure of the quality of the regression results. Table C.7  provides 

such a comparison. With the exception of the vanadium coefficient for 

1975, all the regression coefficients fall within the range of meas- 

ured compositions. The decrease in the Pb regression coefficient from 



Table C.7. Carbon t o  t r a c e r  element r a t i o s .  

a Without Mn(C) i n  t h e  r eg res s ion  model. 

1. Analysis  of source  samples 

2. Watson (1979) 

11. Pierson  (1981) 

12. Miller e t  al .  (1972) 

I 
Regression Resu l t s  I 

1975 1978-79 

3.3 21 2.3 20.5 I 
2.9 2 0 . 6 ~  

46 215 27 26 

-- 94 224 

1.4 -- 

Tracer  

Pb 

V 

Mn 

Fe 

Range from 
Source Data 

2.8-6.7 (1,2,11) 

0.7-34 (1,121 

40-170 (1) 

0.7-3.5 (1) 

A 
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1975 to 1978-79 is difficult to understand, however. The increased use 

of unleaded gasoline and the decreasing concentration of lead in gaso- 

line during the 1975 to 1979 suggest an increase in the regression co- 

efficient over this period. This apparent discrepancy might simply re- 

flect different size distributions for auto exhaust lead and carbon. 

(For 1975, total (i.e., TSP) aerosol data were used as contrasted to 

1978-79, for which fine aerosol data were used.) Alternatively, the 

discrepancy could be associated with limitations in the regression 

model arising from intercorrelation among the tracer elements and fail- 

ure to include all significant sources with their appropriate tracers. 

Another test of the regression model Is to compare the regres- 

sion results for the organic-elemental split for different sources 

with actual measured values from source samples. Such a comparison is 

shown in Table C.8 in which the percentage of total carbon which is or- 

ganic (i.e., OCITC) is listed for the various sources. Within the lim- 

its of uncertainty there is general agreement between the regression 

results and the source measurements, although the large uncertainties 

in the regression results do not lend much confidence to such compari- 

sons. No physical conclusions regarding the difference in the regres- 

sion results between 1975 and 1978-79 can be drawn because of the large 

uncertainties in the regression results. 

One final point can be noted from the regression analyses. Ta- 

bles C . 5  and C.6  indicate a factor of two decrease in the automotive 

contribution to organic carbon between 1975 and 1978-79. This is pre- 

sumably associated with the large growth in the number of catalyst- 



Table C.8. Calculated and measured organic 
carbon fractions (OC/TC). 

1. Analysis of source samples. 

2. Watson (1979) 

11. Pierson (1981) 

Source Measurements 

89 f4(1'2'11) (leaded) 

59 f 8(1'2'11) (unleaded) 

22 24(192'11) (diesel) 

70 230 (1) 

90 510 (1) 

Source 

Automobile 

Residual Oil 

Soil Dust 

Regression Results 

1975 1978-79 

93 242 1 71 523 

38 225 

94 264 

66 223 

65 229 
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equipped vehicles during that period. Such vehicles emit substantially 

less particulate matter in general than vehicles without catalytic con- 

trol devices. Such reasoning is complicated:, however, by the use of 

total aerosol for 1975 and fine aerosol for 1978-79. 

Conclusions 

The multiple linear regression methodology has been used to cal- 

culate the contributions of various sources to carbonaceous aerosol in 

New Park City. The important question which must be asked concerning 

these results, however, is: how well can they be validated? Comparison 

of the regression coefficients to elemental ratios (e.g., C/Pb) deter- 

mined from actual source measurements gave reasonable agreement. How- 

ever, no conclusions from the organic-elemental speciation could be 

drawn because of the large propagated uncertainties. Relative uncer- 

tainties in the source apportionment results were also substantial and 

ranged from a minimum of about 20% to more than 100% for sources with 

relatively small contributions. Because of the importance of accurate 

source apportionment in control strategy development, it would seem 

prudent to utilize a set of receptor models (e.g., multiple linear re- 

gression and chemical element balance) to determine source impacts. 

Comparison with emission inventory methods and dispersion model results 

would also be useful. Finally, careful evaluation of the attendant un- 

certainties in the model results is necessary to determine the level of 

confidence which can be attached to the results. 
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