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ABSTRACT 

CHARACTERIZATION OF CARBONACEOUS AEROSOL DURING THE 

BIG BEND REGIONAL AEROSOL AND VISIBILITY OBSERVATIONAL 

STUDY 

The 和g Bend Regional Aerosol and Visibility Observational (BRA VO) study was a four 

month field campaign (July-October 1999) to investigate aerosol particle properties, sources, and 

impacts on regional visibility in Big Bend National Park, Texas. Daily PM2.5 aerosol samples 

were collected on pre-frred quartz fiber filters for detailed molecular analysis of the aerosol 

organic carbon fraction. Aerosol black carbon concentrations d血ng BRA VO were measured 

with an aethalometer. 

The molecular characterization of the organic carbon fraction of aerosol present during 

the BRA VO study was performed using gas chromatography - mass spectroscopy (GC-MS). 

Organic carbon concentrations on individual days were too low for a detailed analysis by GC

MS. Therefore, multi-day composite samples, selected based on common air mass trajectories 

and temporal proximity, were extracted and analyzed for numerous compounds, including n-

a胆nes, polycyclic aromatic hydrocarbons (P AH), and alkanoic acids. 

Low alkane Carbon Preference Indices (CPis) during July through September reflect 

simLlar concentrations of n-alkanes containing odd and even numbers of carbon atoms and 

indicate that anthropogenic emissions were important contributors to carbonaceous aerosol during 

this period, when air masses generally were advected from the east over Texas and Mexico. In 

October, CPis increased, reflecting increased influence of odd carbon numbered a1kanes and 
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suggesting a predominant biogenic aerosol influence with air masses arriving from the north and 

the south. Plant wax contributions to odd carbon number alkanes (C25-C33) were estimated to 

range between 26% and 78%, with the highest contributions occurring in October with air masses 

arriving from the north and south. Periods with transport from eastern Texas and northeastern 

Mexico had much smaller plant wax contributions. 

Alkanoic acids were the most abundant compound class, with CPis that were high 

throughout the study. The high acid CPI suggests that the alkanoic acids may be largely biogenic 

in origin, a fmding consistent with other studies. Caution is required in interpreting the ac這 CPI,

however, as alkanoic acids can also be formed as secondary products of atmospheric reactions. 

Polycyclic aromatic hydrocarbons (P AH) were usually not found in abundance, suggesting that 

upwind combustion emissions were not important contributors to carbonaceous aerosol or that 

P AH were removed by reaction or deposition in transit. Higher P AH concentrations during one 

period indicated a more significant contribution from fresh combustion emissions. 

Molecular source tracer (hopanes for vehicle emissions, levoglucosan for wood 

combustion, cholesterol for meat coo如ng) concentrations were generally not detected. Based on 

analytical detection limits for these species, it was estimated that wood smoke contributed no 

more than 1 % of the total Organic Carbon (OC) present, vehicle exhaust contributed no more 

than 4%, and smoke from meat coo區g contributed less than 13%. The presence of other wood 

smoke tracer molecules, however, suggests a possibly greater influence from wood combustion 

and possible chemical instability of levoglucosan during multi-day transport in an acidic 

atmosphere. 

Several observations suggest that secondary production contributed significantly to 

BRA VO carbonaceous aerosol. Examination of ratios of aerosol organic carbon to elemental 

carbon indicates that secondary organic aerosol may have contributed be啟een 45% and 90% of 

the total BRA VO aerosol organic carbon. High ratios of saturated/unsaturated C 18 acids, an 

abundance of nonanoic acid, and high concentrations of 6, 10, 14 trimethylpentadecan-2-one (an 
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indicator of secondary aerosol production from vegetation emissions) all support the conclusion 

that secondary aerosol formation was important in the region. 

Total black carbon (BC) concentrations ranged from below detection limit (71 ng/面） to

267 ng/面， averaging 129 ng/面． Fine (< l µm) aerosol BC concentrations averaged 114 ng/面，

and comprised 89% of the total BC. BC concentrations correlated reasonably well with aerosol 

sulfate concentrations, suggesting s画lar source regions for these species. 
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1 Introduction 

The Big Bend Regional Aerosol and Visibility Observational Study (BRA VO) was conducted 

in Big Bend National Park. Texas, July through October 1999. Although Big Bend is very 

remote, it has some of the poorest visibility among national parks (Gebhart et al. , 2000). The 

goals of the study included determining the physical and chemical characteristics of the aerosol 

present, the importance of various particle sources, and their impacts on visibility degradation in 

the park. Specific areas of interest discussed here include the characterization of the molecular 

composition of the organic aerosol present in the park in order to evaluate the relative importance 

of different carbonaceous aerosol source types, and a characte這tion of the black carbon present 

during the study. 

1.1 BRA VO Project Motivation and Objectives 

Big Bend National Park is a national park on the Texas -Mexico border encompassing 

over 800,000 acres. Along the park's southern boundary, the 和o Grande has cut a large canyon 

in the middle of the Chihuahuan desert near the Chisos Mountain range. The park is the largest 

protected area of the Chihuahuan desert, which stretches from Texas into central Mexico. 

Artifacts over 9,000 years old have been discovered here, as well as fossils from the Cretaceous 

and Tertiary periods. A map of the area surrounding Big Bend N. P. is shown in figure 1.1. 
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Figure 1.1 Map of the area surrounding Big Bend N. P. 

Despite being one of the most remote areas in the United States, the park has poor air 

quality and visibility (Gebhart et al. , 2000). Initially, a U.S./Mexico bilateral group was 

established in 1993 to investigate the impact of two major Mexican coal power plants, Carbon I 

and II, on nearby Big Bend Park. After a preliminary study in 1996 (Big Bend Air Quality Work 

Group, 1999; Gebhart et al. , 2000), it was recommended that an extensive field study be 

launched, which led to the initiation of the Big Bend Regional Aerosol and Visibility 

Observational(BRA VO) study. BRA VO was conducted from July through October of 1999. 

The main objectives of this study included the full characterization of the fine and coarse aerosol 

mass, atmospheric optical properties, gaseous pollutants and meteorology present in Big Bend 

National Park. 

Specific tasks of the study were to identify and quantify the major source regions 

impacting the park, notably focusing on: the coal burning plants Carbon Plants I and II; industrial 

emissions along the Texas Gulf coast and near Monterrey, Mexico; refineries and coal-fired 

power plants in Texas and New Mexico; and the major sulfur dioxide emitters in the southeastern 
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US. The chemical and physical characteristics of the aerosol and the impact on light scattering 

were to be examined. Pathways of pollutant advection were studied, as well as the role of 

meteorology. The organic carbon fraction was to be analyzed to help assess contributions from 

individual source types. Scattering and absorption contributions to the Big Bend haze were also 

to be estimated, as well as relationships between particle composition, concentration and light 

extinction. 

1.2 Carbonaceous Aerosol: Organic Carbon 

The organic carbon (OC) fraction of atmospheric aerosol consists of a complex mixture 

of hundreds of compounds in both rural and urban environments (Simoneit et al., 1982, 1988, 

1995; Simoneit, 1989; Rogge et al., 1991 , 1993a,b; Schauer et al. , 1996, 2000; Jacobson et al. , 

2000). This includes many different compound classes, such as n-alkanes, n-alkanoic acids, 

polycyclic aromatic hydrocarbons (P AH), n-alkanoic diacids, alcohols, alkanones and others 

(Rogge et al. , 1991, 1993a,b, 1998; Oros et al. , 1999b; Schauer et al. , 1999, 2001 ; Nolte et al. , 

2001 ; Fine et al., 2001). After sulfates, organic compounds are usually the second most abundant 

fraction of fine aerosol (Jacobson et al. , 2000), and as such play an important role in determining 

the aerosol' s chemical composition and physical properties. 

Organic compounds can have impacts on human health, climate, cloud nucleation, 

tropospheric ozone production, and visibility. For instance, PAH are extremely toxic and 

carcinogenic, even in low concentrations (Payne, 1982; Stanley et al. , 1990; Eskinja et al. , 1996). 

Penner et al. (1992) have given an estimate of-2.0 W/m2 radiative forcing due to organic aerosol, 

though the overall aerosol effect on climate is still highly uncertain. Many highly and slightly 

soluble organic compounds can be cloud active (Kulmala et al. , 1996), as well as causing delays 

in droplet formation (Bigg, 1986) and evaporation (Gill et al. , 1983). Aliphatic hydrocarbons 

(RC比） can react with hydroxyl radical to form intermediary peroxy radicals(R02); these peroxy 
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radicals then react with NO, converting it to N02. N02 photolysis yields atomic oxygen, which 

reacts with molecular oxygen (02) to form ozone (03) (Seinfeld and Pandis, 1998): 

RCH3 + HO•(+ 02)➔ RC比0户比O

RC比02• + NO ➔ RCH20• + N02 

RC比O• + 0 2 ➔ HCHO + R02• 

RO户NO ➔ N02+ RO•

2(N02 + hv ➔ NO+ 0 ) 

2(0+0戶M40戶 M)

RCH3 + 4 0 2 + HO• + hv ➔ HCHO + 2 0 3 + RO• + H20 

Other hydrocarbon oxidation mechanisms contribute to ozone formation in analogous ways 

(Finlayson-Pitts and Pitts, 1999). These reactions show that tropospheric ozone production is 

sensitive to the amount and speciation of organic carbon and NOx present. Additionally, since 

organic aerosols are also a product of volatile organic compound (VOC) oxidation, 

photochemical smog episodes are often associated with higher OC (Gray et al. , 1986, Hildemann 

et al. , 1994). 

1.2.1 Visibility Degradation from Organic Aerosol 

Visibility degradation results from particles and gases scattering and absorbing light. 

Visibility is reduced when there is significant scattering or absorption of the light transmitted 

between an object and an observer. This decreases the contrast between the object and the 

background sky, thus reducing visibility. Fine aerosol(< 2.5 µm aerodynamic diameter) is 

particularly effective at light scattering, as shown in figure 1.2, due to Mie scattering, where fine 

particle diameters are close to the wavelengths of visible light that they scatter. 
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Figure 1.2 Typical mass and scattering distribution over particle size (from 
Malm, 1999). 

Organic aerosol has been reported to be responsible for as much as 60% of the fine

particle scattering (Jacobson et al., 2000), especially in urban environments in the western U.S. 

Figure 1.3 shows yearly average contributions of organic aerosol to total light extinction in the 

u.s…as measured at Interagency Monitoring of PROtected Visual Environments (IMPROVE) 

sites. 
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Figure 1.3 Annual average (a) extinction in inverse megameters due to OC and 
(b) percent contribution of organic carbon to total extinction (from Malm, 

1994) 

The effect of organic compounds on visibility ranges from 9% to 36% of the total light extinction 

at the IMPROVE sites, which are situated mainly in rural environments, including national parks. 

From figure 1.3, it is estimated that organics on average contribute 19% of the total light 

extinction in Big Bend N.P. annually. 

1.2.2 Sources of Organic Aerosol 

Organic aerosol particles can either be emitted directly from a source as a primary 

emission, or can be formed in the atmosphere from volatile species as a secondary product. 
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Primary aerosol emissions can also be altered by atmospheric oxidation to form secondary 

products. Anthropogenic sources of primary organic aerosol include meat cooking, cigarette 

smoke, and various combustion processes (vehicles, power plants, coal and wood burning). 

Primary biogenic sources include plant waxes, fungi, bacteria, pollen, algae and biomass burning 

(Matsumoto and Hanya, 1980; Simoneit and Mazurek, 1982; Limbeck and Puxbaum, 1999). 

Relative contributions of primary versus seconda巧· emissions depend on the types of local 

emissions, meteorology and atmospheric chemical conditions. 

In urban environments, there is generally a large amount of organic aerosol primary 

emis.sions, with significant contributions from anthropogenic sources (Simoneit 1989, Simoneit et 

al. , 1991a; Schauer et al. , 1996; Zheng et al. , 1997, 2000; Azevedo et al. , 1999; Fang et al. , 

1999b; Kavouras et al., 1999; Didyk et al. , 2000; Kendall et al. , 2001). Rural envirorunents 

usually have a larger contribution from biogenic aerosol compared to urban areas, but may also 

have a significant contribution from anthropogenic sources (Simoneit et al. , 1982, 1988, 1991b; 

Gogou et al. , 1996; Castro et al., 1999; Schauer et al., 2000; Pio et al. , 2001). The degree of 

anthropogenic contributions at rural sites depends on air advection patterns, distance from sources 

and local meteorology. Rural sites can also have a higher content of secondary organics than 

urban areas if precursor emissions from non-local sources are transported to the rural site; during 

transport, the aerosol is subject to atmospheric oxidation and can be altered from its primary form 

(Castro et al. , 1999). 

1.3 Alkanes: Carbon Preference Indices 

One class of compounds analyzed in BRA VO aerosol samples was the homologous series 

ofn-alkanes. The n-alkanes are comprised of saturated straight carbon chains designated by the 

number of carbon atoms in a chain. For example, the allcane C-18 has eighteen carbon atoms 

linked in a chain, as seen in figure 1.4. 

7 



zCH2 ZCH2 ZCH2 ZCH2 ZCH2 ZCH2 ZCH2 ZCH2 ZCH3 
CH3 、CH2 、CH2 、CH2 、CH2 、CH2 、CH2 、CH2 、CH2

C18 alkane - octadecane 

Figure 1.4 Structure of C18 alkane - octadecane. 

One useful characterization of n-alkanes is the carbon preference index, defmed as the 

ratio of molecules containing odd to even numbers of carbon atoms. Carbon preference indices 

(CPls) have been used as indicators ofbiogenic and anthropogenic contributions to organic 

aerosol (Simoneit 1978, 1989; Simoneit and Mazurek, 1982; Simoneit et al., 1990, 1991a,b,c, 

1999; Rogge et al, 1993b; Ahas et al., 1995; Zheng et al., 1997; Fang et al., 1999a,b; Didyk et al., 

2000). 

The alkane CPI is def med as the sum of the concentrations of odd carbon number alkanes 

divided by the sum of the concentrations of the even carbon number alkanes: 

AlkaneCPI= 
L OddCarbonNumberAlkanes 

L EvenCarbonNumberAlkanes 
(1.1) 

If there is no odd or even carbon preference, this ratio will be one. Although n-alkanes are 

emitted by many source types, their CPI can provide some insight as to what source types 

(anthropogenic versus biogenic) are most strongly influencing the alkane composition. Alkane 

CPis greater than one, indicating an odd carbon number preference, are observed in biogenic 

emissions (Simoneit, 1978, 1989; Simoneit and Mazurek, 1982; Simoneit et al., 1990, 1991a,b; 

Rogge et al, 1993b; Abas et al., 1995; Azevedo et al., 1999; Kavouras et al., 1999). The odd 

carbon number alkanes in biogenic emissions are derived from the decarboxylation or carbonyl 

reduction of even carbon number allcanoic acids, which are preferentially synthesized in 
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biological processes (Stryer et al. , 1988; Prescott et al. , 1999). The even carbon number alkanoic 

acids are preferentially synthesized because malonyl-CoA, a three-carbon chain attached to 

coenzyme A, is used to elongate the four-carbon chain fatty acid precursor; with the loss of CO2 

during the process, the result is an even carbon number chain after each elongation step, which 

leads to an odd carbon number allcane chain after decarboxylation. 

Table 1.1 CPls of n-alkanes and n-alkanoic acids for various aerosol sources 

Type n-alkane CPI n-alkanoic acid CPI Reference 

Urban Western US 1.2-2.8 8.0-23.0 Simoneit 1989 

Santiago, Chile 1.11-1.28 NIA Didyk et al. 2000 

Hong Kong 1.2-1.9 4.4-15.2 Zheng et al. 2000 

Eastern Mediterranean, Urban 1.3-1.6 6-9.5 Gogou et al. 1996 

Vehicular Exhaust : Cars 0.93 NIA Simoneit 1989 

Vehicular Exhaust : Diesel 1.02 NIA Simoneit 1989 

Rural Western US 1.6-8.4 5.0-12.0 Simoneit 1989 

Eastern Mediterranean, Rural 1.6-3.3 5-10 Gogou et al. 1996 

Vascular Plant Wax 6-10 7-20 Simoneit 1989 

Natural Fire Smoke l .240 13-20 Simoneit 1989 

Oceanic Aerosol : Atlantic 5-10 4-10 Simoneit 1989 

Oceanic Aerosol : Pacific 2-4 10-14 Simoneit 1989 

Table 1.1 includes alkane CPI values for several aerosol source types. As reported by 

Simoneit (1989), purely anthropogenic emissions, such as vehicular exhaust, have CPis close to 

1, while vascular plant wax aerosol has much higher CPis (6-10). This strong biogenic carbon 

preference allows for comparison of the relative importance of biogenic contributions between 

aerosol samples. For example, urban CPis in the western US have been observed between 1.2 

and 2.8, while rural site CPis have been found to be between 1.6 and 8.4. The lower values for 
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the urban sites reflect a larger degree of anthropogenic input from fossil fuel combustion than 

found in the rural atmosphere, whereas CPis are higher in rural areas due to higher vegetative 

enuss1ons. 

A血ne CPis can be broken down further into two classes(Mazurek and Simoneit, 1982; 

Abas and Simoneit, 1996; Pio et al. , 2001). C12 to C25 n-a血nes are often considered microbial 

or algal in ori帥， while C26 to C35 n-allranes are from higher plant waxes and are a strong 

indicator of vegetative origin. Generally, the C12 to C25 CPI is 0.8 -2.0 in rural atmospheres 

and 0.9 to 1.3 in urban atmospheres, while the C26 to C35 CPI can vary between 1.5 and 13.0 for 

rural and from 2 to 3.3 for urban atmospheres in the western U.S. (Simoneit, 1989). The higher 

CPis for C26 to C35 indicate that plant wax is the main contribution in this range of a胆nes.

1.4 Alkanoic Acids: Carbon Preference Indices 

Another series of compounds analyzed were the n-alkanoic acids. n-Alkanoic acids are 

similar in structure to n-alkanes as they are characterized by long carbon chains, but containing a 

carboxyl group (consisting of a carbon, two oxygens and a hydrogen, -COOR) at one end. 

Alkanoic acids can also be named by their carbon number. For example, a C12 acid is a 

compound with a carbon chain of eleven carbons and a carboxylic acid group on one end, as 

shown in figure 1.5. 

OH 

dodecoic (C12) acid 0 

Figure 1.5 Structure of C12 alkanoic (dodecoic) acid. 

Allcanoic acids also exhibit a carbon number preference with regard to biological source 

emissions. In this case a biogenic preference is shown by even carbon numbers. A CPI for 

10 



alkanoic acids is defmed in equation 1.2(Mazurek and Simoneit, 1982; Simoneit, 1989; 

Lawrence and Koutrakis, 1996): 

Acid CPI= 
L EvenCarbonNumberAcids 

L OddCarbonNumberAcids 
(1.2) 

This equation is analogous to the inverse of the allrane CPI equation, since even carbon number 

acids are preferentially emitted from biological sources. As with the alkanes, a larger CPI is 

indicative of more biogenic influence on the aerosol composition (Simoneit and Mazurek, 1982; 

Simoneit, 1989; Rogge et al, 1993b; Zheng et al., 1997; Mayol-Bracero et al. , 2001). As seen in 

Table 1.1, alkanoic acid CPis are usually high for both rural and urban sites, indicating that these 

acids are ma叫y biogenic in origin (Simoneit 1989; Zheng et al. , 1997). Additionally, alkanoic 

acids have been reported as a major constituent of marine aerosol, and their abundance can 

indicate marine influence (Sicre et al. , 1990; Stephanou, 1992; Gogou et al. , 1994; Novakov et 

al., 1997; Limbeck et al., 1999). However, these acids can also be secondary products of 

oxidation reactions of higher-molecular weight compounds (Simoneit and Mazurek, 1982; 

Lawrence and Koutrakis, 1996); alkanoic acids can, therefore, not always be assumed to originate 

as primary emlSSlOllS. 

1.5 Plant Wax Influence 

Since n-a胆nes emitted from fossil fuel combustion generally have a CPI of about one 

(Simoneit, 1984, 1988, 1989), especially for homologs larger than n-C24, the amount of allranes 

that raise the CPI above one can be designated as purely biogenic (Simoneit et al. , 1982, 1990, 

1991a,b,c; Zheng et al., 1997). A numerical evaluation based on CPis has been developed and 

used to distinguish plant wax influence from fossil fuel derived allranes (Schneider et al. , 1983; 
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Sicre et al., 1987; Simoneit et al., 1990, 199la,b,c; Gougou et al., 1996; Fang et al., 1999b; 

Kavouras et al., 1999; Xie et al., 2000; Zheng et al., 2000; Pio et al., 2001). Concentrations of 

plant wax alkanes are calculated via subtraction of the average of the concentrations of the next 

higher and lower even carbon numbered homo logs from the concentration of the odd carbon 

number allcane: 

Plant WaxC戶[CJ-[~一1)] (1.3) 

Negative values were taken as zero. This running average calculation assumes that the wax n

alkanes are derived directly from vegetative emissions and that soil detritus is not a significant 

fraction of the allcanes. For each odd n-alkane, the percentage of plant wax influence was 

calculated by dividing the Plant Wax Cn from equation 1.3 by the total Cn allrane concentration 

and multiplying by 100% : 

Plant Wax Percentage for Cu = Wax C計 Total C。 *100% (1.4) 

To obtain the average contribution of plant waxes to the alkanes for an entire sample, these 

percentages of plant wax influence on each odd alkane were averaged for C25-C33. One thing to 

note is that this calculation only finds the plant wax influence on the odd carbon number alkanes. 

Since both odd and even carbon number alkanes are emitted from biogenic sources, this is an 

underestimation of the total biogenic in伽ence, and can be viewed as a lower limit of total plant 

wax influence. 

Plant wax contributions are generally low for urban atmospheres (< 25%) while rural 

enviromnents can have more than 50% of alkanes derived from plant wax. Table 1.2 details the 

plant wax influences reported for previous urban and rural studies. 
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Table 1.2 Percentage of alkanes derived from plant wax reported from 
previous studies 

Location 

Rio de Janeiro 
Beijing 

Santiago, Chile 
Heraclion, Greece (urban) 
Finokalia, Greece (rural) 

Giesta, Portugal (semi-rural) 

% Plant Wax 

2.5-9.8% 
10% 

4.6-20.8% 
13-25% 
30-50% 

24% 

Reference 

Azevedo et al. , 1999 
Simoneit et al. , 1991a 
Kavouras et al. , 1999 
Gougou et al., 1996 
Gougou et al. , 1996 

Pio et al. , 2001 

1.6 Other Carboxylic Acids: Alkanoic Diacids and Oleic Acid 

In addition to saturated alkanoic acids, mono-unsaturated acids can be found. The 

difference between these is the presence of a double bond in the carbon chain of mono

unsaturated acids, shown in figure 1.6. 

Oleic Acid (C18:1) 

COOH 

Figure 1.6 Structure of Oleic acid (C18:1). 

One method that has been used to gauge the age of aerosol is to take the ratio of saturated 

Cl8 acid to the mono-unsaturated Cl8 acid, oleic acid(Mazurek and Simoneit, 1982; Simoneit et 

al., 1988; Simoneit et al., 1991a; Ahas and Simoneit, 1996; Zheng et al., 1997; Fang et al. , 

l 999a,b; Zheng et al. , 2000). This ratio is used as an aerosol age indicator since the mono

unsaturated acid breaks do~n much faster by atmospheric oxidation than the saturated analog 

(Simoneit et al., 1988; Simoneit et al., 1990; Simoneit et al., 1991a; Kawamura et al., 1996 a,b; 
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Lawrence and Koutrakis, 1996; Zheng et al. , 1997; Fang et al., 1999a,b; Kawamura and 

Sakaguchi, 1999; Zheng et al., 2000). The degradation of oleic acid is presented in figure 1. 7. 

The abundance of the saturated acid compared to the mono-unsaturated analog can therefore 

indicate a relative decomposition rate. Table 1.3 presents observations of this ratio for a number 

of sites and seasons. 

Oleic Acid (C18:1) 

COOH 

l 03, H202, OH· 

COOH + HOOC、^ ^ ^ /COOH 

nonanoic acid (C9 acid) azelaic acid (C9 diacid) 

Figure 1.7 Breakdown of oleic acid into nonanoic (C9 acid) and azelaic (C9 
diacid) acid 

In urban environments where fresh ambient aerosol is sampled, such as during studies in 

Hong Kong and urban China, this ratio was found to be close to, or even below, 1. The large 

amount of oleic acid present in these studies was attributed to meat cooking (Rogge et al. , 1991 ; 

Simoneit et al. , 1991; Zheng et al., 1997, 2000). In the Lake Tahoe and Mt Lassen areas in 

California, average ratios for the summer were reported to be approximately 13, while the 

average ratio in the winter was reported to be around 6(Mazurek and Simoneit, 1982). 
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Table 1.3 C18:0/C18:1 ratios for various locations and time of year 

Location Site Description Time of C18:0/Cl8:1 ratio Source 
Year 

Be... lJlllg, Urban, near traffic and June 2.1 Simoneit et al. 
China smoke 1991a 

Guangzhou Suburban, natural March 2.5 Simoneit et al. 
China vegetation, vehicular 1991a 

and coal emissions 
Hong Kong Urban, vehicle and Summer 0.52 (reported as Zheng et al. 2000 

cooking emissions C18:1/C18:0) 
Hong Kong Urban, vehicle and Winter 1.5 (reported as Zheng et al. 2000 

cooking emissions Cl8:l/Cl8:0) 
California Rural, some vehicle Summer 13.0 Simoneit and 
Mountains eIIllSSlOilS Mazurek 1982 
California Rural, some vehicle Winter 6.5 Simoneit and 
Mountains ellliSSlOilS Mazurek 1982 
Mt Keira, Rural, some vehicle Winter 4.2 Simoneit et al. 
Australia ellllSSlOilS 1991c 

Oleic acid is degraded to C9 (nonanoic) acid by the breaking of the double bond in the middle of 

the chain(Kawamura et al. , 1987a), as shown in figure 1.7. An abundance of C9 acid can 

indicate that the aerosol has been subject to atmospheric processing (Rogge et al., 1993b; Gogou 

et al. , 1996; Kawamura and Sakaguchi, 1999). 

Another family of organic acids studied is the a胆noic dicarboxylic acids, which have a 

carboxylic acid group on both ends of the carbon chain, shown in figure 1.8. These diacids can 

be directly emitted into the atmosphere by fossil fuel combustion and biomass burning 

(Kawamura et al., 1987b; Legrand and De Angelis, 1996) and can also be formed by secondary 

photochemical oxidations of both biogenic and anthropogenic compounds (Satsumabayashi, et. 

al., 1990; Kawamura and Ilcushima, 1993). The presence of diacids as oxidation products in 

photochemical smog has been documented (Appel et al. , 1980; Hatakeyanma et al. , 1985, 1987; 

Jacobson et al. , 2000). However, determining which of these processes is responsible for the 

presence of diacids is difficult. 
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Figure 1.8 Structures of alkanoic diacids: succinic and azelaic acid 

Many diacids exhibit semivolatile behavior, and their distribution between the gas and 

particle phases is not dependent solely on their vapor pressures, but also on the temperature, 

relative humidity and chemical properties of the particles(McDow and Huntzicker, 1990; 

Limbeck, et. al., 2001). Additionally, diacids can be an abundant species in the water-soluble 

fraction of organic aerosols (Sempere and Kawamura, 1994; Kawamura et al., 1996a) and have a 

potential of being rained out (Sempere and Kawamura, 1996; Novakov et al., 1997; Kawamura 

and Sakaguchi, 1999). Since the diacids can originate as primary emissions as well as secondary 

photochemical oxidation products, and can be effectively removed from the particulate fraction, 

they are generally not used for source apportionment. 

1. 7 Polycyclic Aromatic Hydrocarbons 

Polycyclic aromatic hydrocarbons (P AH) are emitted from both biogenic and 

anthropogenic combustion sources (Simoneit, et. al. , 1991; Rogge et al. , 1991, 1993a,b; 

Hawthorne et al. , 1992; Oros and Simoneit, 2000). They can be used as combustion tracers 

(Rogge et al., 1993a,b; Schauer et al. , 1996; Schauer and Cass, 2000), though they can be altered 

by atmospheric processes and therefore can be short lived (Simoneit et. al., 1990). The absence 

of the PAH benzo(a)pyrene has been used as an indictor of aged aerosol (Simoneit et. al. , 1988, 

1990, 1991a). Unless combustion sources are located near the sampling site, PAH may not be 

found in the samples, even though combustion aerosol is present. 
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The BRA VO samples were analyzed for 30 different P AH, 皿d were grouped by mass to 

charge ratio (m/z). This means that, for example, the two P AH with m/z 178, phenanthrene and 

anthracene, were grouped together as P AH 178. These two species are both condensed three ring 

aromatics and have similar properties. Similarly, PAH of m/z 192 (methyl-phenanthrenes and 

anthracenes), 202 (four ring condensed aromatics), and 252 (five ring condensed aromatics) were 

grouped together and reported as the total concentration for each m/z. Example structures of 

these compound types are shown in figure 1.9. 

anthracene m/z=178 

phenanthrene m/z=178 

9-methylanthracene m/z= 192 

1-methylphenanthrene m/z= 192 

pyrene m/z=202 

fluoranthene m/z=202 

benzo[a]pyrene m/z=252 benzo[b]fluoranthene m/z=252 

Figure 1.9 Structures of P AH: anthracene, phenanthrene, 1-
methylphenanthrene, 9-methylanthracene, pyrene, fluoranthene, 

benzo[b]fluoranthene and benzo[a]pyrene. 
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1.8 Tracers: Source Tracers 

BRA VO aerosol samples were also analyzed for source-specific molecular tracers in 

order to evaluate the contribution of specific source types to BRA VO organic aerosol 

concentrations. Source profiles have been previously analyzed for vehicle exhaust (Rogge et al., 

1993a; Schauer et al. , 1999b) and meat cooking (Rogge et al. , 1991; Schauer et al., 1999a), and 

unique molecular tracers were found for both sources. Rogge et al. (1993a) have profiled 

catalyst-equipped and non-catalyst-equipped car and diesel truck emissions, fmding that 17a21科

hopane, originating from lubricating oil, was a unique molecular marker for vehicles. However, 

this tracer can also come from the utilization of fossil fuels, such as in coal power plants, so 

calculations of vehicle exhaust using this tracer may be an overestimation. Siinilarly, meat smoke 

from charbroiling and frying hamburgers was profiled by Rogge et al. (1991), who found that 

cholesterol was a unique molecular marker for meat smoke. The structures of these tracer species 

are found in figure 1. 10. 

HO/\ 
Levoglucosan 

17 a(H)21 ~(H)-Hopanes 

HO Cholesterol 

Figure 1.10 Structures of several source tracer species: hopanes, levoglucosan, 
and cholesterol. 
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Assuming that these source tracers are not altered during transport, source profiles can be 

used to calculate fine aerosol OC contributions from different source types, based on the 

concentrations of the tracers found. If the tracer concentrations are at or below detection limits, a 

detailed source apportionment is not possible; however, by using the tracer species' detection 

limits as upper bounds to tracer concentrations, an estimate of the maximum contribution of the 

associated source type to the aerosol composition can be obtained. The calculations of source 

impacts are discussed further in section 2.6. 

1.9 Tracers: Wood Smoke Tracers 

Levoglucosan has recently been used as a molecular marker for wood smoke since it is a 

unique combustion product of wood lignin (Rogge et al., 1998; Oros et al. , 1999b; Simoneit et al. , 

1999; Simoneit, 1999; Fine et al. , 2001 ; Schauer et al. , 2001). Levoglucosan accounts for 3% to 

18% (Fine et al., 2001 ; Schauer et al., 2001) of the fine particulate emissions from wood burning, 

with an average of 100 土 40 mg of levoglucosan per gram of fine particulate OC emitted (Fine et 

al. , 2001). This compound can be used as a wood smoke tracer analogous to the use of vehicle 

and meat cooking tracers described above. 

There are additional compounds that have also been used as wood smoke tracers. For 

instance, sugar anhydrides from lignin combustion that are similar to levoglucosan, such as 

mannosan and galactosan, can be used (Oros et al , 1999b; Simoneit et al. , 2000; Elias et al. , 

2001 ; Fine et al., 2001 ; Nolte et al., 2001). Other wood smoke markers include retene from 

coniferous (softwood) combustion(Ramdahl, 1983), methoxyphenols, such as vanillin (for 

softwood) and syringaldehyde (for hardwood), and resin acids such as pimaric and abietic acid 

(Hawthorne et al., 1988, 1989, 1992; Edye and Richards, 1991; Sagebiel and Seiber, 1993; 
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Simoneit et al. , 1993; Rogge et al. , 1998; Oros et al., 1999b; McDonald et al. , 2000; Nolte et al., 

2001 ; Schauer et al. , 2001 ; Fine et al. , 2001). Structures for some of these wood smoke markers 

are shown in figure 1.13. Use ofvanillin for calculating wood smoke influence is discussed in 

section 3.7. 

OH 

OH z 
z 

。丶

Vanillin Syringaldehyde 
(2-hydroxy-3-methoxy-benzaldehyde) (3,5-dimethoxy-4-hydroxy-benzaldehyde) 

HO 

Abietic acid 
。

Figure 1.11 Structures of wood smoke markers: vanillin, syringaldebyde, 
abietic acid and retene 

1.10 Tracers: Secondary Biogenic Aerosol 

The compound 6,10,14-trimethylpentadecan-2-one has been proposed as a marker for 

secondary biogenic aerosol(Mazurek and Simoneit, 1982; Simoneit et al. , 1988; Simoneit et al. , 

1991b; Ahas et al. , 1995; Pio et al., 200la,b). The structure is shown in figure 1.12. This 

compound is produced by thermal alteration and oxidation of phytol, emitted from plants 

(Simoneit et al. , 1988; Ahas et al., 1995; Alves et al. , 1999; Pio et al., 2001a,b). Microbial 

sources also generate this compound (de Leeuw et al., 1977), but their contribution in the 
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atmosphere is negligible (Abas et al., 1995). Relative abundance of 6, 10, 14-trimethylpentadecan-

2-one can suggest greater secondary biogenic influences in an aerosol sample. 

。
6, 10, 14-Trimethylpentadecan-2-one 

Figure 1.12 Structure of 6,10,14-trimethylpentadecan-2-one. 

1.11 Tracers: Coal and Fossil Fuel Usage 

The burning of coal and other fossil fuels can significantly increase the input of 

particulate organic carbon into the atmosphere (Simoneit, 1994; Zheng et al., 1997). Pristane 

(2,6, 10, 14-tetramethylpentadecane) and phytane (2,6, l 0, 14-tetramethylhexadecane) are 

geologically mature compounds found in oil and coal formed over millions of years (Simoneit, 

1978, 1985). These branched hydrocarbons petroleum residues that can be used as biomarkers 

for fossil fuel usage (Simoneit, 1985, 1994; Simoneit et al., 1990; Ahas et al. , 1995). Their 

structures are shown in figure 1.13. Their presence in aerosol suggests input from fossil fuel 

utilization. Vehicle emissions, fuel oil combustion and coal combustion are all possible sources 

of these compounds. An abundance of picenes has been proposed as a molecular tracer for coal 

smoke (Oros and Simoneit, 2000). Their structures are also shown in figure 1.13. The ratio 

between l 7a21~-hopane and 22R-l 7a21~-hopane was found to be different between coal smoke 

and vehicle exhaust in this study, and this ratio was proposed as an additional indicator of coal 

smoke. 
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. picene 

phytane 

pristane 

Figure 1.13 Structures of fossil fuel tracers: picene, phytane and pristane. 

1.12 Secondary Organic Aerosol 

The amount of secondary organic aerosol present in an ambient aerosol sample has 

previously been estimated by examining the ratio of total organic carbon to total elemental carbon 

(EC) {Turpin et al. , 1991a,b, 1995; Lee and Huang, 1993; Castro et al. , 1999; Lin and Tai, 2001). 

By assuming a minimum value for the OC/EC ratio that represents purely primary emissions, and 

that this ratio remains constant between samples, the concentration of secondary organic carbon 

can be estimated using the equation: 

OCsec = octotal - (OC/EC)minimum * EC (1.9) 

Table 1.4 shows the amount of secondary QC calculated by this approach from previous 

studies. While there is a wide variety of sampling locations and seasons, the overall trend is 

higher secondary OC levels in rural areas compared to urban areas, and during the summer 

months compared to the winter. The higher amount found at rural areas is probably due to 

atmospheric oxidation processes during transport. Higher temperatures and more intense solar 

radiation during the summer months are favorable conditions for photochemical activity and 
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secondary OC production. The large amount of secondary OC in Taiwan, L.A. and Portugal 

relative to Birmingham is attributed to warmer temperatures and more sunlight in the former 

locations compared to Birmingham. 

Table 1.4 Listing of Secondary OC % and correlation between EC and 
Secondary OC 

Location Secondary OC % r2 between Reference 
EC and OCsec 

Los Angeles (summer) 40%-80% NIA Turpin et al. 1991 a 

Birmingham, UK (urban winter) 17% 0. 11 Castro et al. 1999 

Taiwan (urban winter) 40% NIA Lin et al. 2001 

Oporto, Portugal (urban summer) 47% 0.38 Castro et al. 1999 

Are恥， Portugal (rural winter) 45% 0.83 Castro et al. 1999 

Areao, Portugal (rural summer) 78% 0.96 Castro et al. 1999 

Tabua, Portugal (rural summer) 68% 0.63 Castro et al. 1999 

1.13 Carbonaceous Aerosol: Black Carbon 

The other part of the carbonaceous aerosol fraction is black carbon (BC), also referred to 

as elemental carbon (EC) or light absorbing carbon (LAC). These names all refer to the fraction 

of carbonaceous aerosol that absorbs light and is insoluble in polar as well as non-polar solvents 

(Seinfeld and Pandis, 1998). The term "black carbon" will be used to refer to measurements 

obtained from an aethalometer, detailed in section 2.6, while elemental and light absorbing 

carbon will be used to refer to results from thermal/optical reflectance (TOR) method analyses of 

ambient BRA VO samples, discussed in section 2.3.2. 
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Black carbon is produced only from combustion sources (Chen et al. , 1997; Seinfeld and 

Pandis, 1998; Park et al. , 2001), including vehicular exhaust, power plant emissions, and biomass 

burning. Diesel trucks (Rogge et al., 1993a; Schauer et al., 1999) and wood burning in fireplaces 

(Fine et al. , 2001 ; Schauer et al. , 2001) are the most efficient sources for BC per equivalent of 

fuel burned. 

BC is the major contributor to light absorption in the atmosphere (Japar et al. , 1986; 

Adams et al., 1990a,b), and these light absorbing properties make BC very effective at reducing 

visibility. BC has a refractive index of approximately 1.96 - 0.66i at 550 run wavelength (A) 

(Seinfeld and Pandis, 1998) and an extinction efficiency of approximately 10 m2 g"1 at 515 nm 

wavelength (Japar et al., 1986; Adams, 1990a). While BC is usually not a large part of the total 

aerosol mass, as shown in figure 1.14, it can be responsible for more than 25% of the total 

extinction in the U.S., shown in figure 1.15. 
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Figure 1.14 Annual mean BC (a) concentrations and (b) as percent of total 
aerosol mass (from Seinfeld and Pan dis, 1998) . 
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Figure 1.15 Percent contribution of BC toward light extinction in the U.S. (from 
Malm, 1994). 
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1.14 Project Objectives and Layout 

The focus of this report is on the characterization of both the organic and black carbon 

aerosol fractions from BRA VO. Specific objectives of this work are to: 

• Characterize the molecular composition of the organic aerosol present during BRA VO. 

• Determine the importance of anthropogenic versus biogenic influence on BRA VO 

organic aerosol. 

• Examine the relative importance of primary vs. secondary organic aerosol formation on 

BRA VO aerosol composition 

• Use molecular markers to estimate the contributions of individual source types (motor 

vehicles, wood burning, and meat coo血g) to BRA VO organic aerosol concentrations 

• Characterize the concentrations and size distribution of black carbon during BRA VO 

Study methodology will be discussed in Chapter 2. This includes the sampling of 

particles, extraction techniques and analysis methods. Gas Chromatography - Mass 

Spectroscopy theory and calculations of source contributions and secondary OC are also 

discussed further in Chapter 2. Results from the study, including results of applying the 

approaches to data analysis described above, are presented and discussed in Chapter 3. 

Conclusions and recommendations for future work are presented in Chapters 4 and 5. 
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2 Methodology 

2.1 Collection Setup 

Particles were collected using a modified Desert Research Institute (DRI) Fine 

Particulate/Semi-Volatile Organic Compound (FPSVOC) system (DRI Standard Operating 

Procedure, Number 1-601.2) at the K-Bar site in Big Bend National Park. The sampler collected 

aerosol on pre-fired quartz fiber filters. Air was drawn through a cyclone separator with a 

nominal cutoff aerodynamic diameter of 2.5 µm for a flow rate of 112 L/min. After air has been 

filtered and leaves the sampling channel, the air flow is pulled through the "flow determination 

tube" that leads to the pump. During this stretch, the air flow goes through a volumetric flow 

meter and a valve. The flow meter is used along with an elapsed time meter to determine the total 

volume of air pulled through each filter. The valve is used to adjust the flow. Flow meter 

readings were calibrated by comparison against a certified rotometer. Ambient flow rates during 

the study ranged from 80.6 L/min to 125.6 L/min, avera卽1g 111.2 L/min. Changes in actual 

flow from the nominal 112 L/min flow for the cyclone probably altered the size cut from the 

nominal value of 2.5 µm. Twenty-four hour samples were collected; filters were changed at 

----0800 CST each day (see appendix for daily sampling times and flow rates). Every Tuesday, a 

filter blank was collected by loading and unloading a new filter from the sampler. 
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2.2 Filter Preparation, Loading, Unloading and Storage 

Prior to sampling, quartz fiber filters were wrapped in aluminum foil and baked at 500 °c 

for at least 12 hours to reduce the residual carbon levels found on new filters. The filters were 

stored in aluminum foil to keep them clean until they were loaded into the organics sampler. 

Filters were always handled using stainless steel forceps cleaned with isopropanol, as contact 

with hands or gloves could deposit unwanted organics onto the filter. After being unloaded from 

the organics sampler, they were folded using clean metal forceps and placed in a cleaned, baked 

glass jar with a Teflon-lined lid, which was subsequently labeled with the sample name and 

stored in a freezer at below O 0c. 

2.3 Establishment of BRA VO Groups 

2.3.1 Organic Carbon Concentrations During BRA VO 

Concentrations of organic carbon for daily BRA VO samples collected by the Interagency 

Monitoring of PROtected Visual Environments (IMPROVE) network were obtained from the 

University of California, Davis. Analyses were completed by the Desert Research Institute using 

their thermal/optical reflectance (TOR) combustion analysis method (Chow et al, 1993) to obtain 

organic carbon (QC) and elemental carbon (EC) concentrations. This analysis method is 

discussed further in section 2.3.2. The total mass of organic aerosol (OCM) is typically estimated 

by multiplying the OC mass by a factor of 1.4 (White et al. , 1977; Japar et al. , 1984; IMPROVE 

data guide, 1995; Turpin et al. , 2001). This factor is chosen to account for typical additional 

organic molecule masses associated with non-carbon components (e.g., H, N, and 0). Daily 

average QC concentrations in ng/面 were used to compute the mass of organic carbon collected 

by Colorado State University (CSU) on each filter. The conversion was done by multiplying the 
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daily average OC concentration by the total volume (m勺 collected by the CSU organic sampler 

using the following equation: 

OC daily concentration (ng/面） * Daily Volume Sampled (m勺 ／ 1000 = OC Collected (µg) (2.1) 

It had been estimated that 400 µg of organic carbon is needed for detailed analysis and 

tracer quantification by Gas Chromatography - Mass Spectroscopy. Daily amounts of organic 

carbon collected during the study were mostly below 400 µg. 

IMPROVE OC Concentrations and Estimated CSU µg Collected on Filters 
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Figure 2.1 Daily IMPROVE OC concentrations and estimated CSU pg OC 
collected 

The average daily concentration of organic carbon during BRA VO was 960.9 ng/面 (see figure 

2. l). An average of 147.3 µg of organic carbon was estimated to be collected on each CSU filter. 

Due to previous preliminary analyses, some filters were not available in their entirety. Amounts 

of organic carbon available on each daily filter are shown in the figure 2.2. A twelfth of each 
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filter was kept for possible future organic and elemental carbon analysis; the computed available 

OC treats this part as unavailable. 
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Figure 2.2 Daily IMPROVE OC concentrations and daily CSU OC (µg) 
remaining for analysis 

As seen in Figure 2.2, none of the days have the minimum amount of OC assumed necessary for 

meaningful analysis. In order to provide at least 400 µg organic carbon for each extraction, daily 

filters were grouped. The groupings were established based on similarity in air mass back

trajectories, determined from the NOAA Hysplit model, and proximity in time. Details of this 

process can be found in chapter 2.3.3. 

2.3.2 TOR Combustion Analysis 

The thermaVoptical reflectance (TOR) combustion analysis was used to determine 

organic and elemental carbon concentrations by the Desert Research Institute (DRI) (Chow et al., 

1993); this method is the one also used by IMPROVE. Daily fme aerosol samples, with an 

aerodynamic diameter cutoff of ~2.5 µm achieved with a cyclone, were collected on pre-fired 
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quartz-fiber filters during BRA VO by IMPROVE, using the IMPROv屯 sampling system. For 

further details on IMPROVE sampling, see Malm et al.1994 or 

http:llvISta.CIra.colostate.edu/ImprovelPubhcanonslotherDocs/IMPROVEDataGuide/IMPROVEDataGuide.htm. 

The TOR analysis consists of four steps (Chow et al. , 1993): 1) volatilizing carbonaceous 

aerosol under varying temperature and oxidation environments; 2) passing the volatilized 

compounds through an oxidizer(Mn02 at 912 °q to convert them into carbon dioxide; 3) 

reducing this CO2 to methane by passing the flow through a methanator (firebrick with nickel 

catalyst at 550° Cina hydrogen stream); and finally, 4) quantifying the methane by flame 

ionization detection(FID). 

For analysis, a 0.5 cm2 circular punch was removed from the filter and placed vertically 

into a quartz boat, which is inserted into the oven area with a thermocouple pushrod. Figure 2.3 

shows the configuration of the volatilization/ combustion area where the sample is analyzed. 
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Figure 2.3 Volitilization/combustion area of DRI TOR carbon analyzer (from 
Chow et al., 1993) 
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Seven fractions, as a function of both temperature and oxidation environment, are used to 

quantify the amount of organic and elemental carbon. For the first fraction, the temperature is 

quickly ramped in a helium atmosphere from 25 to 120° C, giving the OCl fraction. This 

volatilizes a fraction of the organic carbon off the quartz sample filter in the form of CO2, which 

is then converted to methane with the methanator. The amount of methane corresponds to the 

amount of OC volatilized, and is analyzed by FID. When the FID response returns to baseline, 

the carbon in that fraction has all been volatilized, and the next temperature/environmental regime 

is initiated. For the next three fractions, the temperature is ramped from 120 to 250° C (OC2), 

250 to 450° C (OC3), and 450 to 550° C (OC4). This process takes between 80 and 580 seconds 

for each segment. After the OC4 section is complete, a 2% 02 / 98% He atmosphere is introduced 

to obtain ECl, and the temperature is then increased to 700° C for EC2 and to 850° C for EC3, 

again with the next fraction initiating when FID response goes back to baseline. Figure 2.4 shows 

an example of the resulting thermal/optical reflectance thermogram. 
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Figure 2.4 An example of a DRI thermal/optical reflectance carbon analyzer 
thermogram (from Chow et al., 1993) 

Total organic carbon is defmed as the sum ofOCl through OC4 plus OP: 

Total Organic Carbon= OCl + OC2 + OC3 + OC4 + OP (2.2) 

Total light absorbing carbon (assumed as elemental carbon) is defined as the sum of ECl to EC3 

minus OP: 

Total Elemental Carbon= ECl + EC2 + EC3 - OP (2.3) 
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The following equations were used to establish the estimates of uncertainty, obtained from Dr. 

Lowell Ashbaugh at UC Davis: 

a(EC) ＝」(34)2 + (0.067 * EC)2 ng/面

6(OC) ＝」（120) 2 + (0.05 * OC)2 ng/面

2.3.3 Use of the NOAA Hysplit Model 

(2.4) 

(2.5) 

The NOAA Hysplit (HYbrid Single-Particle Lagrangian Integrated Trajectory) Model 

(Draxler, 1996) is a three-dimensional air mass trajectory model based on weather model data. 

This model, obtained from the NOAA web site at~/hvsplit4.html, 

was used to compute daily back trajectories for air masses coming into Big Bend. Back 

trajectories were run at 8 pm local time for each day with an ending height of 1000 meters, the 

estimated average height of the boundary layer. The fmal product (FNL) weather data of the 

Global Data Assimilation System (GDAS) that uses the Global spectral Medium Range Forecast 

model(MRF)was used. This data uses a 129xl29 polar stereograph grid with approximately 190 

km resolution, with 12 vertical layers and is run at 6 hour increments. It utilizes three

dimensional wind components, temperature, relative humidity, radiative and momentum fluxes. 

Additional information can be found at h~. A trajectory 

end time of 8 pm CST was selected because it is close to the middle of the daily sampling period, 

which ran from 8 am to 8 am CST. Trajectories were run for 240 hours prior to the end time of 8 

pm. 

A tra」ectory depicts the time integration of the position of a parcel of air as it is 

transported by the wind(Draxler, 1991). The parcel's passive transport by the wind is computed 

from the average of the three-dimensional velocity vectors at the particle's initial-position P(t) and 
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its first-guess position P'(t+dt). The velocity vectors, v(P,t) and v(P', t+dt), are interpolated in 

both space and time. The frrst guess position is determined using the equation 

P'(t+dt) = P(t) + V(P,t) dt, 

and the fmal position is found using the equation 

P(t+dt) = P(t) + 0.5 [ V(P,t) + V(P',t+dt)] dt. 

(2.6) 

(2.7) 

These trajectories are only an approximation of where the air parcel has traveled. The 

exact latitude and lon鉭tude calculated by the back tra,」 ectory model does not mean that only those 

points affected the composition of the air parcels. The further away in distance and time from the 

。rigin, the more error is involved at each point. The area around each point plotted affects the air 

parcels, and with error increasing with time and distance, this area of effect also increases. 

Absolute trajectory error is estimated to range between 20% to 30% of the travel distance 

(Draxler, 1991). This is not to discount the trajectories'utility, only to highlight that only general 

areas of influence can be established. Nonetheless, these are helpful guides that can assist us to 

detem皿e what source regions 洫ely affected the aerosol composition of the differing air masses 

sampled in Big Bend N.P. 

2.3.4 Development of an IDL Code to Chart Multiple Trajectories 

Daily trajectories were obtained using the NOAA Hysplit model in the form of a text file, 

which specifies hourly air mass height, latitude, and longitude measurements of the various air 

masses. A map of where each daily trajectory is coming from is also available on the web site. 

However, there is no simple way to chart a group of daily tr3:」 ectories together, as is needed to 

establish groups for this organics study. 

A code was written using Interactive Data Language (IDL) in order to chart multiple 

daily back-trajectories on the same map (see appendix for code). The code was developed with 

the purpose of reading off of a text file that lists the days in the group to be mapped. Then each 
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daily trajectory was charted individually on a map; different colors were used to distinguish each 

individual day, and annotations indicating the corresponding dates in the same color were added 

to the map. Trajectories were charted for only 72 hours, since the uncertainty in regards to the 

path of the trajectory increases greatly after that period of time. Additionally, major emitters of 

volatile organic compounds (YOC) and NOx in the state of Texas, as listed on the EPA's Office 

of Air Quality Planning and Standards Web site~), were 

denoted on the map. El Carbon Plants I and II, which are located in Mexico near Big Bend N.P., 

were also denoted. Major cities, including Dallas, Houston, Mexico City, and San Antonio were 

also placed on the map. 

2.3.5 Composite Descriptions 

Nineteen composites of filters of daily PM2_5 aerosol samples were established based on 

fme organic carbon concentration, date, and back trajectory sitnilarities. Table 2.1 details the 

dates in each group as well as the OC concentrations and OC/EC ratios. Figures 2.5, 2.6 and 2.7 

show each daily back trajectory, colored by group, where each point along a tr<1:」 ectory represents 

an hour. Back trajectories for each individual day can be found in the appendix. The groups 

range from 433 µg to 1350 µg total available organic carbon. The number of days in each group 

ranges from 3 to 10. Most trajectories follow along the Texas - Mexico border from the Gulf of 

Mexico into Big Bend. This was the dominant pattern July through August, with some variations 

when trajectories arrived mostly through Mexico or mostly through Texas and the southeastern 

U.S. Two groups in mid to late September featured advection from southwestern U.S. (Arizona 

and New Mexico), and two groups in October featured flow from the north through western 

Texas, New Mexico, Okalahoma and Colorado. Another group in October consists of air masses 

transported from the south-southeast in central Mexico. 
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Table 2.1 Trajectory Groupings: dates included, trajectory description, total 
OC (µg), and OC/EC; * denotes extracted and analyzed groups 

Group Name Dates Included 

Border July 6/30-7/8 

MidJuly* 7/12-7/17 

TxMxMidJuly* 7/18-7/20 

MxJuly* 7 /21 , 7 /22, 7 /26-7 /28 

Border August* 8/2-8/8 

SBorder August 8/9-8/15 

EtxMxAugust* 8/16-8/22 

Border Loop* 8/23,8/24,8/31 ,9/ 1 

Xborder* 8/25,8/29,9/6-9/8 

BorderSA* 8/26-8/28,8/30,9/2-
9/5,9/9,9/10 

Etx.MxMidSept 9/13-9/17 

SWSeptl* 9/ 18,9/19,9/21 ,9/24, 
9/27 

SWSept2 9/20,9/22,9/23,9/25, 
9/26,9/29,9/30 

TxMxDip 9/28, 10/1-10/6 

EtxMxMidOct* 10/11-10/ 14 

CentralMx 10/7, 10/18,10/25, 
10/29 

SSEOct* 10/ 15,10/16, 
I 0/26-10/28 

NtxOctl * 10/8-10/10, 
10/17,10/19 

Ntx0ct2 10/20-10/24, 
10/30, 10/31 

Trajectory Description 

Fast moving along Tx/Mx 
Border 

」ust South of Border 

ESE through Mx and Southern 
Tx 

SE through Mx south of 
border 

Along Border, thru South Tx 

South of Border 

Almost due east through Tx 

North Mx through Tx into SE 
us 

SE along border, through 
South Tx 

Along Border in Aug and Sept 

Through North Mx into 
middle ofTx 

From SW US and NW Mx 

From northern New Mexico, 
磾， NTx

South into Mx, then north/east 
toTx 

Slow through North Mx into 
central/east Tx 

From SW into central Mx 

From SSE into central/NE Mx 

From North through Tx, OK, 
NewMexico, CO 

From North through Tx, OK, 
NewMexico, CO 
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Total Extractable OC/EC 
oc (pg) 

645 7.6 

702 14.9 

439 18.3 

726 7.8 

708 7.7 

631 5.6 

873 7.3 

823 7.7 

433 5.3 

1349 3.5 

659 6.9 

570 5.6 

639 5.6 

711 4.6 

562 5.4 

482 5.7 

616 4.1 

495 7.7 

537 5.8 
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Group #1 : Fast Border July(Figure 2.5) 

The first group consists of the trajectories from 」une 30th to July 8th, and contains 645 µg 

of organic carbon. Most of these days have low OC concentrations and move quickly along or 

near the border at the beginning of the study. The air mass from 」une 30th actually moves slowly 

around Big Bend and is somewhat stagnant, while the others are strongly influenced by strong 

onshore flow from the Gulf of Mexico. Southern Texas and Northern Mexico along the border 

are the primary sources of aerosol. No OC data were available for July 9th through 11th, so these 

days were omitted. 
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Group #2: Mid July(Figure 2.5) 

The second group consists of the air masses from July 12th through July 17, and contains 

702 µg total organic aerosol, making it the third largest group in terms of available organic 

carbon. All these days have trajectories that run just south of the border, ori帥皿g from the 

Gulf of Mexico. These are generally fast moving, with July 13th and July 14th moving extremely 

fast. These days are also suspected Saharan dust episodes. Northern Mexico, including the 

Monterrey area and the power plants of El Carbon I and II, are potentially important influences in 

this group. 

Group #3 : TxMx Mid July (Figure 2.5) 

The days in this group, July 18th to July 20th, all have very similar trajectories. The total 

available organic carbon is 439 µg for this group. Air is transported from northern Mexico, 

passing over the El Carbon region and southern Texas. The 18th and 19th are about average for 

OC concentrations, while the 20th was the day with the seventh highest OC concentration (2128 

ng/面）．

Group#4 : Mx July (Figure 2.5) 

This group includes July 21st - 22nd, and July 26th through July 28th, and contains a total 

available organic carbon loading of 727 µg. There were no IMPROVE OC data for July 23rd 

through 」uly 25th, so these days were not included in the group. July 2 1 門 with 2260 ng/記

featured the fifth highest OC concentration during the study. The trajectories for the days in this 

group all pass south of the border from the Gulf, though there is likely some influence from 

southern Texas on the period between July 26 and July 28th, since these pass very close to the 

border. The trajectories from the 21st and 22nd are located farther into Mexico and pass near 

Monterrey. Northern Mexico may be a primary aerosol contributor to this group. These 
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trajectories are somewhat slower moving than those in previous July groups and may have more 

opportunity to form secondary aerosol and collect more organic aerosol via emissions in general. 

Group #5 : Border August (Figure 2.5) 

The filters from August 2nd through August 8th were combined in this group to total 708 

µg available organic carbon. The trajectories all follow the Texas - Mexico border from the Gulf 

and are slower than previous groups of trajectories. These slow-moving air masses, under 

summer sunlight, have a good opportunity to form secondary aerosol. Southern Texas and 

northern Mexico are probably the main aerosol source re郡ons. These days varied widely in 

organic aerosol concentration, with 1180 ng/面 on August 2nd and 564 ng/面 on August 7th. 

Group #6: South Border August (Figure 2.5) 

These tr3:」 ectories are faster moving than the previous August group. Dates included are 

August 9th through 15th, providing a total available organic carbon mass of 632 µg. The air mass 

trajectories all fall south of the border and are speeding in from the Southern Gulf near the 

Yucatan Peninsula. Northern and Northeastern Mexico are the primary areas of influence, though 

the air masses come very close to southern Texas. 

Group #7 : ETxMx August (Figure 2.6) 

This group has a total of 873 µg available organic carbon, and includes the filters from 

th August 16w through August 22 nd . Air masses during this period advect from the southeast into 

和g Bend. Southern Texas and northern Mexico appear to be the main potential source regions, 

with some urban impact from San Antonio. These days are mostly below average in organic 

carbon concentrations, with August 15th being the only day above average, at 1095 ng/面．
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Group #8 : Border Loop(Figure 2.6) 

This group contains August 23列 24th, 3151, and September 151, with 824 µg of available 

organic aerosol. August 31st features the third highest OC concentration with 2787 ng/面， and

September 1st has the highest OC concentration during the study at 4187 ng/記 The trajectories 

on these days are nearly identical; both curve from the southeast and then from the northeast 

through southern Texas. The air masses on August 23rd and 24th advect west through central 

Texas into Big Bend. All four of these days seem to have significant influence from central and 

southern Texas, and may also have influences from Louisiana and the southeast US. 

Group #9 : XBorder(Figure 2.6) 

This group also contains air masses that travel along and cross the Texas-Mexico border. 

This group includes August 25th, August 29th, and September 6th through September 8th, with 433 

µg of available organic carbon. These trajectories are all extremely close together, advecting 

from the south-southeast through northern Mexico and southern Texas, originating in the Gulf. 

They are somewhat faster moving than the previous group, BorderLoop, and all days have OC 

concentrations less than 800 ng/面．

Group # 10 : BorderSA(Figure 2.6) 

This large group contains August 26th through 28th, August 30th, September 2nd through 

5th, and September 9th and 10th. This group has the highest amount of OC available for extraction, 

with 1350 µg. These trajectories all follow the border, some slightly north and some slightly 

south, and all originate from the Gulf. Only September 2nd has above average OC concentrations, 

and at 2782 ng/面 is the second highest day in the study. 
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Group # 11 : ETxMxMid September(Figure 2.6) 

This group consists of the samples from September 13th through 17th and has a total of 

659 µg available organic carbon. The trajectories suggest influences from southeastern Texas 

and northern Mexico. These trajectories are slower than most, indicating more stagnation. Most 

days had OC concentrations above average; September 16th featured the ninth highest organic 

carbon concentration with 1844 ng/甿 September 14由 was the only day below average, though it 

was close to average with an organic carbon concentration of 925 ng/面

Group #12 : Southwest September I (Figure 2.6) 

Representing a change from the usual southeasterly flow of the previous two months, this 

group features flow from the west-northwest, with influences from western Texas, southern New 

th Mexico, Arizona, and northwestern Mexico. It includes September 18th, 19th, 21 si, 24th, and 27th 

and a total available organic carbon mass of 570 µg. This group averaged an OC concentration of 

1022 ng/面， slightly more than average. 

Group #13 : Southwest September 2 (Figure 2.6) 

Similar to the previous group, the air masses in this group are from a more northerly to 

northwesterly direction, crossing North Texas, New Mexico and Arizona. This group includes 

September 20th, 22nd, 23rd, 25th, 26th, 29th and 30tt. and features an available organic carbon mass 

of 639 µg. The daily average OC concentrations in this group are generally below average, 

except for September 20庄 with an OC concentration of 1405 ng/面．

Group #14 : MxTxDip (Figure 2.7) 

This group includes a variety of southeasterly to easterly trajectories, and appears to be 

mainly influenc.ed by transport from northeastern Mexico and southern Texas, with some 

influence from central eastern Texas. Dates included are September 28th, and October 1st through 
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6th with 711 µg organic carbon available for extraction. Most days have below average OC 

concentrations, except for October 5th and 6th, which have 1173 ng/面 and 1219 ng/面

respectively. 

Group #15: ETxMx October (Figure 2.7) 

These days are very similar and feature above average organic aerosol concentrations, 

ranging between 1118 ng/面 and 1342 ng/面． Back trajectories in this group, comprised of 

samples from October 11th through 14th, come in from the east-northeast. A total of 562 µg of 

extractable organic carbon was estimated to be available. Transport during this period appears to 

bema叫y from central Texas, but Northern Mexico also may influence the group's aerosol 

composition. This group is different than previous northern Mexico/southern Texas groups since 

there is more influence from Texas, and the trajectories do not originate in the Gulf. Rather, they 

originate from the southeastern U.S., which may have also contributed to the sampled aerosol. 

Group # 16 : Central Mexico(Figure 2.7) 

The four days that make up this group have westerly to southerly tr3:」 ectories that cross 

central and western northern Mexico, which distinguishes this group from the others. Dates 

included are October 7th, 18th, 25th, and 291\ total available organic carbon is 482 µg. There is a 

th wide range of daily average organic carbon concentrations, with 1135 ng/m~ on October 7u• and 

only 518 ng/面 on October 18th. 

Group #17: SSE October (Figure 2.7) 

This group is also distinctive since it consists of days that have slow trajectories from the 

south and southeast. With a total of 616 µg available organic carbon, this group contains the 

samples from October 15th, 16th, and 26th through 28th. The transport patterns suggest there may 
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be some influence from power plants in northern Mexico and/or from desert brush and other 

biogenic sources. 

Group #18 : North Texas October 1 (Figure 2.7) 

This group's predominant transport pattern is more northerly than the previous southwest 

US groups and primarily features fast transport through north Texas, eastern New Mexico and 

Okalahoma. Dates include October 8th through 10th, 17th and 19th, with 465 µg total available 

organic carbon. Organic carbon concentrations on these days are mostly well below average, 

probably due to fast advection over less populated areas. 

Group #19: North Texas October 2 (Figure 2.7) 

This group of October 20th through 24th, 30th and 31st is very similar group # 18 and features 

mainly fast moving air masses from North Texas and central New Mexico. Total available 

organic carbon mass is 537 µg, with only one day, October 24th, featuring more than 100 µg 

available OC mass, with 121 µg. 

2.4 GC-MS Analytical Method 

2.4.1 GC-MS Specifications 

A HP 6890 Gas Chromatograph coupled with a HP 5973 Mass Selective Detector was used 

for organic analysis of the filter samples. Separation was completed using a 30m x 250 µm x 

0.25 µm HP-5MS capillary column coated with 5% Phenyl Methyl Siloxane. The analysis run 

time was 53.5 minutes; an isothermal temperature of 65° C was maintained for 10 minutes, then 

raised to 300° Cat a rate of 10° C/min, then held at 300° C for 20 minutes. Figure 2.8 graphically 
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represents the temperature scheme. A splitless inlet with helium gas was used, at a flow rate of 

53 .5 mL/min at 300° C. 
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Figure 2.8 Graphical representation of the temperature scheme used for GC 
analysis 
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The mass spectrometer was operated in ion scan mode, starting at time 6.0 minutes. Mass to 

charge ratios of 50 to 500 were scanned at 2.94 scans/second. The ion source was set to 230° C 

and the mass fragmenter set to 275 °c. 

2.4.2 Gas Chromatography - Mass Spectroscopy Theory 

Gas Chromatography (GC) is an analytical procedure used to separate individual 

compounds from a mixture of organic compounds for identification and quantification. The 

mixture is carried through the column by an inert gas (in our application this is helium) and the 

components of the mixture elute at different times depending on their structure, size, and 

interactions with the column. When compounds elute from the column, they are detected and 
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registered as peaks on a chromatogram. The area under each peak is proportional to the 

concentration of that compound. The time between when the sample is injected and when a 

compound elutes is called the retention time. This is a characteristic value for a specific 

compound, which can be used in COD:」unction with its mass spectrum to identify and quantify the 

concentration of the compound. 

When the eluted components leave the GC, they are directed into the mass spectrometer 

(MS), where each eluted compound is bombarded with high energy electrons. The compound is 

first ionized and then is fragmented into charged fragments that are characteristic of the specific 

compound class. For example, large n-alkanes (> ClO) all fragment into the same mass-to-charge 

(m/z) fragments no matter the length of their carbon chain; mlz 71, 85 and 99 are the dominant 

fragments for all large n-alkanes. Fragments are then accelerated into a mass filter, which scans 

from m/z 50 to 500, counting the abundance of fragments possessing each mass/charge ratio. 

This occurs 2.94 times a second for sharp resolution. Thus, for every elution peak generated from 

the GC, a corresponding mass spectrum for that time is also found. 

A series of standards of compounds of interest is prepared. Chromatograms of these 

standards are then obtained, with their characteristic retention times and mass spectra. Peak areas 

for each compound, divided by an internal standard area, are plotted as a function of 

concentration to obtain response factors. These plots should yield a straight line that passes 

through the origin. Quantification is therefore possible of a sample of unknown composition 

based on a compound's and internal standard's peak areas in that sample. 

The internal standards used in this application are compounds with deuterium, a hydrogen 

isotope, substituted for hydrogen. This will usually give the same retention time as the non

deuterated analog, since the physical properties are still the same. Since deuterium has a different 

mass than hydrogen, the fragments of the internal standard will possess different m/z ratios and 

be readily identifiable. These deuterated compounds will not be found naturally in any sample, 

and therefore make excellent standards. The chosen internal standards are listed in table 2.2. 
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Internal standards are used to negate any differences in fmal volume or injected volume 

between samples. Any injection volume differences between samples will be reflected in the 

concentrations of the internal standards. This allows for comparison of compound concentrations 

between samples, even if there are injection volume differences or losses during sample 

preparation. 

Table 2.2 Deuterated standards used for quantification: their concentrations 
and amounts added 

Deuterated Standard 

Chrysene d-12 
C28D58 

Decanoic acid d-19 
Benzaldehyde d-6 

2.5 Extraction Methods 

Concentration 

25 µg/mL 
250µg/mL 
250µg/mL 
250 µg/mL 

Amount (p.L) 

100 
50 
50 
10 

Dicholoromethane was the solvent used to extract samples. It was found that there is little 

difference between extraction using dicholoromethane and extraction with hexane and 

benzene/isopropanol (see section 2.5.2). Concentrated sample extracts were divided into three 

aliquots. One aliquot was methylated using diazomethane to methylate the carboxylic acids to 

methyl esters (see section 2.5.3). The second aliquot was silylated in_ order to silylate hydroxyl 

groups (such as on levoglucosan and cholesterol) into trimethylsilyl ester derivatives (see section 

2.5.4). The third aliquot was used for direct injection without any derivatization, targeting 

compounds such as the a缸nes and PAH. Sets of blank filters were also extracted. Deuterated 

internal standards were used for quantification. 
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2.5.1 DCM Extraction Method 

An extraction method similar to previous studies (Zheng et al. , 1997; Fang et al., 1999a; 

Oros et al., 1999a; Zheng et al., 2000; Didyk et al., 2000; Pio et al. 2001) was used to extract and 

analyze the groups of samples from BRA VO. The method is outlined in figure 2.9. 

Combine filters for group in clean, baked jar 
and add deuterated internal standards 

Add 45 mL DCM and sonicate 20 min 

Pour extract solution into 100 mL beaker 
designated for the sample group 

Add 45 mL to filter and sonicate 20 minutes 
twice more, each time adding extract solution 

to same beaker 

Concentrate to 250 uL under nitroe:en flux 

Combine 100 µL 
sample with 100 µL 

diazomethane 
solution for 

methylated sample 
analysis by GC-MS 

Combine 50 µL 
sample with 50 µL 
BSTF A and 5 µL 
catalyst, bake @ 

70 °c for silylated 
sample analysis by 

GC-MS 

Use underivatized 
fraction for 

analysis by GC
MS 

Figure 2.9 Flow chart of extraction and derivatization techniques 

Daily filters were placed in clean, baked jars according to their group. Once each group 

was complete with the necessary filters, 45 mL dichloromethane (DCM) was added to each jar. 

Deuterated standards were then added for later quantification; table 2.2 gives the amount added 

and the concentrations of the deuterated standards used. 
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The jars with the grouped filters were then sonicated for 20 minutes. After sonication, 

the extract solution was carefully poured into a clean, baked 100 mL beaker. Next, 45 mL of 

DCM were added to the jar and sonicated again for 20 minutes, after which the extract solution 

was poured into the same corresponding beaker for the group. Then, the same process (45 mL 

DCM and 20 minutes sonication) was repeated once more, for a total of three times (3 x 45mL 

DCM). 

Sample solutions were reduced in volume to approximately 4 mL via evaporation under 

nitrogen flux, using pre-purified nitrogen. Next, samples were filtered using an Osmonics MSI 

TefSep Teflon disc 0.2 µm filter to remove any quartz fiber filter residues from the extract 

solution. The filtered extract solution was then transferred to a 5 mL conical vial and 

concentrated to 250 µL via evaporation under nitrogen flux. DCM has a higher vapor pressure 

than the organic species of interest in the solution, and will therefore preferentially evaporate 

before the other species. The evaporation step increases the concentration of organic species 

significantly by decreasing the total solvent volume. Once the extract solution was concentrated 

to 250 µL, it was transferred to a 2 mL amber glass storage vial and kept in the freezer. 

Samples were later derivatized. The methylation method was used to convert carboxylic 

acids to their analogous methyl esters, which are amenable to GC-MS quantification (Simoneit 

and Mazurek, 1982; Simoneit et al. , 1988; Oros et al. , 1999b; Simoneit, 1999). Diazomethane 

was generated and 100 µL added to a 100 µL aliquot of sample for methylation (see section 

2.5.3). Silylation was used to silylate hydroxyl groups, such as those on levoglucosan and 

cholesterol, into their trimethylsilyl esters (see section 2 .5.4) . 霾s also makes these species 

more amenable to analysis by GC-MS (Simoneit and Mazurek, 1982; Oros et al. , 1999b; 

Simoneit, 1999). To silylate a sample, 50 µL of sample was combined with 50 µL of 

bis(trimethylsilyl)trifluoroacetaminde (BSTFA) and 5 µL catalyst (cholortrimethylsilane) and 

heated for 2 hours at 70°C (Simoneit et al. , 1988; Simoneit et al. , 1993; Nolte et al., 1999). 
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Standards are derivatized in the same fashion so that the dilution from derivatization is factored 

into the calibration curves and remains consistent between standard and sample. 

2.5.2 Comparison of DCM Extraction Method with Hexane/Benzene/lP A Extraction 

Method 

Hexane and a benzene/isopropanol solution (2: 1 ratio) have been used for some previous 

organic aerosol extraction studies (Simoneit and Mazurek, 1982; Schauer et al., 1996). Benzene, 

however, when concentrated down as in this extraction technique, has been shown to contain 

significant concentrations of impurities. This is because these impurities have a lower vapor 

pressure than the benzene and will remain while the benzene is evaporated. Observed impurities 

include allcanes, P AH and alkanoic acids, all compounds of interest for aerosol analysis. 

Dichloromethane is usually free of impurities such as those listed above and could be an excellent 

alternative solvent for extraction. However, the relative efficiencies of extraction by DCM and 

hexane/benzene/IP A were unknown. 

To resolve this question, a comparison was conducted between these extraction methods. 

The extracted filters were samples of creosote wood smoke from Big Bend N.P., sampled by 

DRI. One set of filters was extracted with 3 x 25 mL DCM, and a corresponding set was 

extracted with 2 x 25 mL hexane and 3 x 25 mL benzene: IPA mixture (2:1 ratio). Three filters 

were quartered, and then each quarter was extracted. Two quarters from each filter were 

extracted separately using DCM, and two quarters from each filter were extracted separately with 

hexane plus benzene:IP A. This gives three sets of two quarter filters extracted in both DCM and 

hexane/benzene/IP A. 

The extraction comparison was completed for allcanes, P AHs, and allcanoic acids. 

Concentrations of each species from these three categories were quantified against the standards. 

These results were then statistically evaluated for each group of compounds to test whether 
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differences in species concentrations obtained using the two extraction techniques are 

significantly different. 

2.5.3 Calculations of Variances for Extraction Methods 

For each compound, the average and standard deviation the concentrations extracted by 

the same technique from two filter quarters were determined, as illustrated in Table 2.3 . 

Table 2.3 Sample Method Comparison Table 

Species Concentration Concentration Average of Standard Standard 
Quarter 1 Quarter 2 both ng/qua面rters deviation deviation / 

(nDg/C面M) (Dng/C面M) 
ng/m 3 Average 

Alkane 1 370 450 410 56.57 0.14 
Alkane 2 505 420 462.5 60.10 0.13 

The standard deviation is defmed as 

N 

I(xi -x)2 
standard deviation = i=I 

N-1 
(2.8) 

where N is the number of replicates. For all of these cases, only two quarters can be averaged 

together, since for each extraction method, only 2 quarter filters are available from the same 

original sample filter. The N here is therefore 2, so the denominator is actually equal to one. To 

achieve a relative standard deviation that would not allow filters of higher loading to be weighed 

more than the lower filters, the standard deviations for each species were divided by that species' 

average concentration using the equation: 
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N 

1:(xi -i)2 
i=l 

Relative standard deviation = standard deviation / average = N_l 
(2.9) 

X 

To combine these relative standard deviations in a useful manner, a pooled standard deviation 

was found for each family for both extraction methods. Normally, a pooled standard deviation 

(Spooled) is computed as shown in the following equation: 

s pooled = 

NIN2 
立－霾心(x」－面）2 + I(xk －元）2+ …
i=I j=I k=I 

N1+ JV2+N3+ …- Ns 
(2.10) 

where N 1 is the number of data points in set 1, N2 in set 2, etc… and N5 is the number of replicate 

sets included. For this study, the relative standard deviation for each category was used to find a 

pooled relative standard deviation. This transforms the previous equation into: 

I N1 'x""i . -_ i N2 x . －為
+ I J -

N3 X -X3 
+I k_ I+ … 

i I X1 j=I 亮 k=I X3 ' (2.11) Spooled= V 
N1+N2+N3+ …- Ns 

where N1 is the number of data points in set 1, N2 in set 2, etc. , and Ns is the total number of 

「eplicate data sets being pooled. 

The use of Spoo1ed is a tool that is used to estimate a standard deviation for a series of 

samples that will be superior to the standard deviation of a given subset (Skoog et al, 1992; 
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Devore, 1995). Sources of indeterminate error are assumed to be the same for each subset. Since 

the samples were obtained in similar fashion and extracted and analyzed via the same procedures, 

this is a reasonable assumption. It is also assumed that the error between measuring species in a 

family (alkanes, PAHs, acids) is similar, e.g. that the error in quantifying alkane 1 is similar to 

that of alkane 2. 

A Spooled of relative standard deviations was calculated for each family of species for the 

sets of filters extracted by hexane/benzene/IP A and by DCM. The number of replicate 

measurements for each family is equal to the number of filters included (3) times the number of 

quarters analyzed using the extraction method of interest (2) times the number of measured 

compounds in the chemical family (ten alkanes, 22 PAHs, or five alkanoic acids). N5 is equal to 

the number of replicate sets utilized, equal to the number of filters (3) times the number of species 

(10, 22, or 5). The deno皿nator from equation 2.11 , which represents the number of degrees of 

freedom in the calculation of Spooled, is then equal to 

[Nfilters (3) * N quarters extracted (2) * N species quantified (10, 22, or 5)] -

N quarterfilters (3) * N species quantified (10, 22, or 5) 

This Spooted of relative standard deviations was calculated for both methods(DCM and 

benzene/IP A). 

(2.12) 

Table 2.4 shows that there was little difference found between the extraction methods ' 

reproducibility. For allcanes, a 34.6% standard deviation was found for the DCM extraction 

method and a 36.4% standard deviation was found for the hexane/benzene/lP A method. For 

PAHs, 14.1 % was the standard deviation for the DCM method and 12.7% was the standard 

deviation for the hexane/benzene/IPA method. A 20.4% standard deviation for the DCM method 

and a 26.8% standard deviation for the hexane/benzene/lP A method were found for the a區noic
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acids. This shows that there is only a negligible difference between the two extraction methods' 

prec1s1on. 

Table 2.4 Comparison of Extraction Methods for Alkanes, P AHs and 
Alkanoic Acids 

Species pooled relative standard pooled realative standard deviation 
deviation for DCM Extraction for hexane/Bz/lP A Extraction 

A血nes 34.6% 36.4% 

PAHs 14.1% 12.7% 

A恥moic Acids 20.4% 26.8% 

2.5.4 Statistical Comparison between Extraction Methods 

In addition to a variability analysis, a statistical test was applied to test whether 

differences in mean species ' concentrations measured using the two extraction methods were 

significantly different. For this comparison, a null hypothesis was tested. The null hypothesis 

states that the extraction methods produce identical results and that observed differences in the 

concentrations (xocM - xhex/b叭pa) are the result of indeterminate errors. The absolute value of the 

concentration difference (xocM - xhex/bvipa) is compared to a critical value. If the observed 

difference is less than the critical value, then the null hypothesis cannot be rejected and no 

significant difference between the extraction methods is demonstrated. A difference that is 

greater than the critical value indicates that there is a significant difference between the extraction 

methods. The equation for this comparison is: 
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N +N 
X -X 

DCM 庫I Bz!IPA 
DCM,.l\,Hex /Bz! IPA...._; <?>土tspooled`l N N 

DCM-" Hx/ Bzl IPA 

(2.13) 

This analysis was done for each compound for each of the three samples. The Spoo1e<1 was 

calculated for each species class (alkanes, P AH, alkanoic acids) using the standard deviations of 

both the DCM and Hex/Bz/IP A samples as per equation 2.10. The denominator of equation 2.10 

for each compound class is equal to the number of species evaluated for that class (10 alkanes, 22 

P AH, 5 alkanoic acids), multiplied by the number of sets (2 for each sample), repeated six times 

(three DCM + three Hex/Bz/IPA), minus the number ofreplicate data sets (3*2*number of 

species). This number is also equal to the degree of freedom for each compound class, and is 

used to fmd t. Since the degree of freedom for each compound class is greater than 25, the t value 

used for the 95% confidence level is 1.96. The N ' s in equation 2.13 are the number of replicate 

measurements. These are equal to 2 in all cases as each filter had two quarters analyzed utilizing 

each extraction method. The left side of equation 2.13 is simply the difference between the 

average concentrations for each quarter filter measured by the two extraction methods. This test 

is applied separately for each organic compound. 

The results from the hypothesis tests are shown in tables 2.5 (alkanes), 2.6 (alkanoic 

acids) and 2.7 (PAH). Four out of twenty-six alkane comparisons (15%) were found to be 

significantly different between the DCM and Hx/Bz/IP A extraction methods. There were 

significant differences found for five out of 60 P AH comparisons (8.3%), and for two out of 

fifteen alkanoic acid comparisons (13%). 

Overall, the two extraction methods appear to be similar, but since the DCM method 

yields cleaner blanks than the Hx/Bz/IP A method, the DCM method will be the preferred 

extraction method for this research. 
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Table 2.5 Differences between average concentrations measured by the DCM 
and Hx/Bz/IP A extraction methods for alkanes; values above the critical value of 835 
at 95% confidence level (and therefore showing a significant difference between the 

methods) are denoted in bold 

Alkane Species Sample 112 Sample 113 Sample 114 

n-C15 1782 110 
n-Cl6 1199 171 
n-Cl7 1368 678 
n-Cl8 1633 191 
n-C19 360 142 453 
n-C20 103 200 19 
n-C21 55 160 377 
n-C22 144 144 341 
n-C23 197 29 224 
n-C24 53 44 283 

Table 2.6 Differences between the DCM and Hx/Bz/lP A extraction methods 
for alkanoic acids; values above the critical value of 1172 at 95% confidence level 

(and therefore showing a significant differe昭e between the methods) are denoted in 
bold 

Alkanoic Acid Species 

n-C14 
n-C15 
n-C16 
n-C17 
n-C18 

Sample 112 

45 
8 

35 
11 

192 

57 

Sample 113 

533 
193 

2292 
124 

3729 

Sample 114 

271 
150 
222 
366 
288 



Table 2.7 Differences between the average concentrations measured by the 
DCM and Hx/Bz/lP A extraction methods for P AH; values above the critical value of 

41969 at 95% confidence level (and therefore showing a significant difference 
between the methods) are denoted in bold 

PAH Species Sample 112 Sample 113 Sample 114 

fluorenone 2905 2199 75557 
phenanthrene 3192 291 43297 

anthracene 527 1016 75594 
3-Me phenanthrene 454 372 16795 
2-Me phenanthrene 728 479 17422 

2-Me anthracene 223 327 6569 
9-Me phenanthrene 460 328 9949 
1-Me phenanthrene 465 312 12123 

9, 10 Anthracenedione 19874 286766 163085 
fluoranthene 149 14331 29941 

Acephenanthrylene 497 513 3711 
Pyrene 2060 10330 26988 

Benzo[ c ]phenanthrene 577 339 9068 
Benzo[ghi]fluoranthene 248 238 6640 

Benz[ a ]anthracene 437 221 17459 
Benzo[k ]fluoranthene 1187 2801 16216 
Benzo[b]fluoranthene 4779 1650 23008 
Benzo[j]fluoranthene 102 840 2484 

Benzo[ e ]pyrene 991 694 11255 
Benzo[ a ]pyrene 345 1943 8543 

Perylene 56 348 2877 

2.5.5 Methylation for Acid Analysis 

Due to the large polarity of the acids and the low polarity of the selected column, acids 

will not completely elute from the column. To remedy this, the samples are subjected to a 

derivatization for the analysis of acids. Carboxylic acids in the sample are derivatized to their 

corresponding methyl esters, which are amenable to analysis by GC-MS. 

To form these methyl esters, a solution of diazomethane, CH凶 is prepared as follows. 

A methylation setup with an inner and outer tube is used, where gaseous transfer is allowed 
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between the two tubes from a hole in the side of the inner tube near the top. The outer tube has 

no contact with the air, as the top of it is completely blocked by the inner tube. The inner tube is 

open on the top, but will be sealed so that it is an internal system. This diazomethane generation 

system is shown in figure 2.10. 

Hole in inner tube for 
gaseous transfer to 
outer tube 

+- Clamp 

Figure 2.10 Diagram of diazomethane generating system, from Kimble 
Glassware Catalogue, part #767200 

In a large beaker filled with ice water, the outer tube is placed in a ring clamp. The 

「eaction should be done at O °C since the resulting product, diazomethane, is very reactive. 2 mL 

of benzene is added into the outer tube. The inner tube is then placed in the outer tube, with the 

hole in the back, and sealed together with a clamp. Next, 100 mg of 1-Methyl-3-Nitro-1-

Nitroguanadine(MNNG) is weighed and added into the inner tube so that it rests in the bottom. 

MNNG is very toxic and must be handled with extreme care. 500 µL of deionized water is then 

added to the inner tube by running it down the front of the tube, avoiding the hole. A septum is 

then screwed on to seal the inner tube. Next, 600 µL of 5 M KOH solution is added via syringe 

血ough the septum into the inner tube, again running the liquid down the front of the tube to 

avoid the hole. The syringe is then quickly withdrawn. 

A reaction then takes place, which generates diazomethane gas. This yellow gas goes 

through the hole in the inner tube, and then is absorbed into the benzene in the outer tube. This 
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reaction is complete after half an hour, and the benzene is turned to a yellow color. The reaction 

is as follows: 

1-Methyl-3-Nitro-1-Nitroguanadine ` ZN 忭丫
N、 z0

N 
z 

0 NH 

KOH, 0 C 
diazomethan 

► H_C==N+=二N-
2 

This diazomethane solution is then used to methylate a sample. By taking 100 µL 

of the diazomethane solution and 100 µL of sample solution and combining them in a 2 

mL sample vial, acids in the sample solution are converted to methyl esters. This is done 

immediately after producing the diazomethane solution. The reaction to form the methyl 

esters is as follows: 

diazornethane 

.. 
OH 

。

。

2.5.6 Silylation for Sugars and Alcohols 

。ther species such as sugars (like levoglucosan) and alcohols (such as cholesterol) are 

also too polar to completely elute from the GC column. Sample extracts are therefore subjected 

to silylation, where hydroxyl groups on these compounds are altered to trimethylsilyl ester 

groups. These derivatives are generally less polar, more volatile and more thermally stable, and 

can be detected and quantified using GC-MS. 

To silylate a sample, 50 µL of concentrated sample extract is placed in a silylation vial 

that can be sealed by melting the glass top. Then 50 µL ofbis(trimethylsilyl)trifluoroacetamide 

(BSTFA) is added to the silylation vial. Finally, 5 µL of a catalyst, chlorotrimethylsilane, is 

added. The vial is then sealed over a burner and heated in an oven for three hours at 70° C. After 
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baking, the vials are broken open and the solution transferred to standard 2 mL sample vials. The 

silylation converts all hydroxyl groups to their corresponding trimethylsilyl ester groups. The 

「eaction can be generalized to the following: 

R-OH 
們

• R-O-Si一CHl 3 

CH 3 

A different column must be used for runs of silylated samples to avoid cross 

contamination. This is because compounds such as levoglucosan, in their unsilylated form, stick 

in and contaminate the column from previous unsilylated runs that contained levoglucosan. 

Then, when a new sample with a silylating agent is introduced, these compounds become 

silylated and exit the column with the new sample, thus skewing the results of that sample. A 

different column is used for silylated runs to avoid this problem. 

2.5. 7 Extraction of Blank Filters 

Blank filters were collected during the study every Tuesday (see section 2.1). These 

blank fi lters were grouped by month and extracted (section 2.5 .1), so that a "blank" composite for 

each month was established. These monthly bla呔s were derivatized (sections 2.5.3 , 2.5.4), and 

analyzed by GC-MS for alkanes, alkanoic acids, P AH, molecular markers, and other compounds. 

Only alkanes and alkanoic acids were detected in the blank composites. The 

concentrations of species found in the blank composites are detailed in the appendix. These 

amounts (in ng) were used as a blank correction for the ambient BRA VO sample composites. 

The amount of a species found in a sample (in ng) was reduced by the amount found in the blank 

for the corresponding month. In groups that spanned two months, the average amount of a 

species in the bla呔s from the corresponding months was used. Using C16 alkane as an example, 

the equation used is as follows: 
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amount Cl6 allcane (ng) in sample group - amount Cl6 allcane (ng) in blank= actual Cl6 

allcane in sample group (ng) 

A concentration for this species in the sample group is then found by dividing the ng in the 

sample group by the total volume sampled for that group. Again using C16 allcane as an 

example, the equation is: 

concentration of C 16 a血ne (ng/記） ＝ actual C16 a胆ne in sample group (ng) / total 

volume sampled for this group (m勺

2.6 Calculations of Source Influences from Tracer 

Concentrations 

(2.13) 

(2.14) 

As described in sections 1.8 and 1.9, certain organic tracers are unique to specific 

sources. These include hopanes for vehicular exhaust, cholesterol for meat cooking, and 

levoglucosan for wood smoke. A ratio between the concentration of these tracers and the total 

OC emitted from a source can be found from individual source profiles (Rogge et al., 1991 , 

1993a; Schauer et al., 1999a,b, 2001; Fine et al. , 2001). This ratio, with the tracer's concentration 

in a sample, can then be used to estimate the amount of OC that a source contributed to the total 

OC in that sample. For this study, source profiles were taken from the literature. Resources were 

not available to generate new organic source profiles that might be more representative for 

emissions from sources in areas influencing Big Bend N.P. 
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2.6.1 Contributions from Vehicular Exhaust Calculations 

For vehicular exhaust, a ratio between the amount of l 7a.21~-hopane and the total organic 

carbon emitted from vehicle exhaust was assumed based on the emission source profiles shown in 

table 2.8. 

Table 2.8 Source Profile for Vehicular Fine Particle Emissions (adapted from 
Rogge et al., 1993a; diesel from Schauer et al., 1999) 

Type 

Catalyst Equipped 
Auto 

Non-Catalyst 
Equipped Auto 

Diesel Truck (Rogge 
1993) 

Diesel Truck 
(Schauer 1999) 

Average Diesel 

Source Proitle 
17a21~Hopane 

0.009 mg/km 

0.0182 mg/km 

0.0942 mg/km 

0.0114 mg/km 

Source Profile 
oc 

9.015 mg/km 

38.91 mg/km 

108.46 mg/km 

36.45 mg/km 

Hopane/OC 

Ratio 

9.98 X 104 

4.68 X 104 

8.69 X 10-4 

3.95 X 10-4 

oc/Hopane 

Ratio 

1002 

2137 

1151 

2531 

1841 

This ratio can be used to estimate the contribution to primary fme aerosol OC mass contributed 

by vehicles by multiplying the hopane concentration by the OC/Hopane emission ratio, shown in 

equation 2.15: 

Sample Hopane (µg) * OC/Hopane = OC from Vehicular Exhaust (µg) (2.15) 

63 



The ratios vary for non-catalyst and catalyst autos and diesel trucks. Hopanes come from all 

three sources, but probably not in a 1: 1: 1 ratio, since there are far more catalyst-equipped cars on 

the road in the U.S. (and presumably also in northern Mexico) than non-catalyst or diesel trucks. 

A baseline ratio of 80: 10: 10 for catalyst:non-catalyst:diesel was assumed in this work to estimate 

the influence from vehicular exhaust. The average of the diesel profiles in Table 2.8 was used for 

this calculation. The primary OC fine aerosol from vehicular exhaust can be computed using 

equation 2.16: 

{[(.8*Hopane (µg}*l002)+(.1 * Hopane (µg)*2137)+(.1 * Hopane (µg)*1841)] / 

Sample OC (µg)} * 100% = % OC from Vehicular Exhaust (2.16) 

2.6.2 Contributions from Meat Smoke Calculations 

Meat smoke influence can be estimated using cholesterol as a tracer. Though this has been 

found to be an excellent, unique tracer by Rogge et al. (1991), in ambient urban samples 

quantification of it is not always possible (Schauer et al., 1996). CholesteroVOC emission ratios 

vary with the cooking method (e.g., charbroiling vs. frying). A ratio of 50:50 for charbroiling and 

frying of hamburger was used for baseline source contribution estimates in this study, utilizing 

the source profiles from Rogge et al. (1991) for charbroiling and frying and Schauer et al. (1999) 

for charbroiling; these values are detailed in table 2.9. 
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Table 2.9 Source Profile for Meat Cooking Emissions (adapted from Rogge et 
al., 1991 and Schauer et al., 1999) 

Type Source Proftle Source Cholesterol OC/ Cholesterol 
Cholesterol Prome OC /OC Ratio Ratio 

Charbroiled 15.3 kg/day 4900 0.003 320 
Hamburger (Rogge) kg/day 

Charbroiled .004 g/kg 6.35 g/kg 6.25 X 104 1599 
Hamburger (Schauer) 

Average Charbroiled 960 

Fried Hamburger 15.1 kg/day 1400 0.0108 93 
(Rogge) kg/day 

The Schauer et al. (1999) profile has a much lower emission rate due to the smaller amount of 

time, 5 m血tes, the meat spent on the grill compared to the 8 minutes from Rogge et al. (1991). 

The average of the two charbroiled hamburger profiles was used. To estimate the percentage of 

OC from meat smoke, equation 2.17 is used: 

{[(.S*Cholesterol (µg)*960) + (.S*Cholesterol (µg)* 93)) / Sample OC (µg)} * 

I 00% = % OC from Meat Cooking (2.17) 

2.6.3 Contributions from Wood Smoke Calculations 

Levoglucosan was used as a primary wood smoke tracer in this study, making use of 

source profiles published by Schauer et al. (2001), who found ratios oflevoglucosan to total OC 

for pine and oak smoke, and Fine et al. (2001), who found ratios for a number of woods grown in 
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the northeastern U.S. (see Table 1.7). Additionally, source samples from burning of vegetation 

found in the Big Bend region, huisache and tamarisk, were collected by DRI and extracted, as 

described in section 2.6.4. Their levoglucosan profiles are also included in table 2.10. 

Table 2.10 Source Profile for Wood Burning Emissions (adapted from 
Schauer et al., 2001, Fine et al., 2001, and source extracts) 

Type Source Profile Source Profde Levoglucosan/ OC/Levoglucosan 
Levoglucosan OC OC Ratio Ratio 

Pine Wood 1.375 g/kg wood 5.32 g/kg wood 0.258 3.88 
(Schauer) 

Oak Wood 0.403 g/kg wood 3.01 g/kg wood 0.134 7.46 
(Schauer) 

Red maple 0.305 g/kg wood 2.82 g/kg wood 0.109 9.17 
(Fine) 

Northern Red 0.84 g/kg wood 4.99 g/kg wood 0.168 5.95 
。ak (Fine) 

Paper Birch 0.26 g/kg wood 2.34 g/kg wood 0.110 9.09 
(Fine) 

Eastern White 0.42 g/kg wood 8.3 7 g/kg wood 0.05 20 
Pine (Fine) 

Eastern 0.35 g/kg wood 3. 7 g/kg wood 0.095 10.5 
Hemlock (Fine) 

Balsam Fir 0.39 g/kg wood 4.8 g/kg wood 0.081 12.3 
(Fine) 

Huisache 16.0 µg/面 4075 µg/面 0.004 255 
(source sample) 

Tamarisk 11.4 µg/面 2152 µg/面 0.005 189 
(source sample) 
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A ratio of 50:50 of pine:oak was assumed for this work, where the contribution of wood smoke to 

primary fine aerosol OC was calculated using the equation 2.18: 

{[(.5*Levoglucosan (µg)*3.876) + (.5*Levoglucosan (µg)*7.463)] I Sample OC 

(µg) } * 100% = % OC from Wood Smoke (2.18) 

This assumed ratio between pine and oak may not be a completely accurate representation of the 

composition of wood burned in the area, but changing the profile will not change the overall 

conclusions, detailed in section 3.5.2. 

2.6.4 Extraction of Source Samples 

Source samples of coal power plant, roadside, cement plant, wood and brush burning 

emissions were taken on pre-fired quartz fiber filters by DRI from August through December 

1999. The main focus ofDRI' s experiments wa5 to collect source samples suitable for 

measurement of trace metal concentrations. They kindly offered, however, to add another quartz 

fi lter to collect an additional sample that might be useful for constructing organic source profiles. 

These samples were extracted using the Hexane/Bz/IP A method, and the samples of 

huisache and tamarisk, types of brush near Big Bend N. P., were analyzed for levoglucosan 

content. Levoglucosan concentrations were found to be lower than other wood smoke source 

profiles (see table 2.11). This may be due to the fact that huisache and tamarisk are not trees, 

such as pine or oak. Huisache is a flowering daisy (Amblyolepis setigera) found predominately in 

Texas. Tamarisk (Tamarix aphylla, Tamarix gallica, and Tamarix parviflora) is another 

flowering plant, of the dicot family, found throughout the U.S. Southwest. 

Samples of emissions from a coal power plant, a cement plant, and roadside aerosol were 

extracted also. In general, the filters were too lightly loaded with aerosol to be useful for organic 
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source profile characterization. The results of these extractions are detailed in the appendix. 

Additionally, samples of creosote wood were used for the comparison study between the 

extraction methods in sections 2.5.3 and 2.5.4. 

2. 7 Estimations of Secondary OC 

As discussed in section 1.12, the amount of secondary OC can be estimated from the 

amount of EC in a sample and an OC/ECminimum ratio. The assumptions that are necessary for this 

equation to give reasonable estimates are: 1) the minimum OC/EC ratio must be derived from 

samples where secondary OC is negligible; 2) there is a low contribution of semi-volatile organic 

compounds in comparison with non-volatile; 3) the composition of primary carbonaceous aerosol 

sources and the relative contribution of each source must be spatially and temporally constant; 

and 4) the contribution of non-combustion primary particulate OC is small or constant. 

If the minimum OC/EC was obtained from BRA VO samples, the first assumption may be 

invalidated, since it is expected that there will be significant transport (> 1-2 days) from emission 

sources to Big Bend, giving ample opportunity for secondary organic compound formation, 

especially in summer. Use of minimum OC/EC ratios from other locations is also problematic as 

source emissions may differ strongly between locations. 

If the amount of semi-volatiles constitute a large fraction of the organic aerosol, the 

concentration would depend on many factors, including temperature variations. Additionally, 

with chan帥ng advection patterns and speeds, as well as summer versus autumn emissions during 

BRA VO, assumption three (3) may be questionable as well. If there is a large contribution from 

plant emissions or aerosol from leaf detritus, assumption four (4) may also be in question. 

Overall, these assumptions may not always hold during BRA VO, but the calculation can 

still be an interesting comparative estimate of secondary organic carbon between BRA VO 

groups. The average OC/EC ratio during December-February 1988-1998 at Big Bend National 
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Park, obtained from IMPROVE data, was found to be 1.97. This value is used in the secondary 

OC calculations as an upper limit of the primary OC/EC ratio at Big Bend N.P. It is assumed that 

secondary organic aerosol formation in the region is reduced, but not eliminated, during the 

winter months. OC/EC minimum ratios of 1. 1 (urban) and 1.5 (rural) were obtained from Castro 

et al. (1999) to be used as additional constraints in the calculations of secondary organic 

concentrations for BRA VO samples. Both of these ratios were used to calculate a range of 

secondary OC during BRA VO. The increase between urban and rural locations was attributed to 

a constant presence of long-range transported aerosol containing some secondary OC (Castro et 

al., 1999) and gas phase organics condensing into the particulate phase, which would raise the 

oc/EC ratio. 

2.8 Aethalometer Sampling of Black Carbon 

2.8.1 Aethalometer Setup 

A Magee Scientific aethalometer, model AE-14U, was used to measure black carbon 

concentrations at 5 minute intervals during the study. It was run continuously through the study 

at a flow rate of 5 standard liters per minute. Sampling was done on a quartz fiber filter, which 

automatically advanced when the loading attenuates 75% of the incident light (for further details 

on the working of the aethalometer, see section 2.8.2)(Hansen, 1996). A cyclone was used to 

obtain a cutoff aerodynamic diameter of~ 1 µm. This cyclone was in use for an hour, every other 

hour, so that sampling switched between the fme (< 1 µm) and total fraction every hour. The 

upper limit to the size of particles effectively transmitted through the sampling inlet to the 

aethalometer, in the sample train without the cyclone, is unkno\\'Il. Data were recorded by the 

instrument on a 3.5 inch disk and by a data acquisition computer. 

69 



2.8.2 Aethalometer Sampling Principles 

The aethalometer is a self contained instrument that determines the amount of black 

carbon in collected aerosol from the amount of optical attenuation through a quartz fiber filter 

tap.e on which aerosol is continuously collected. A source of white light from an incandescent 

lamp (wavelength range of ~ 500 to 1000 run) shines down on the filter (Hansen, 1996). Every 5 

minutes, the amount of light transmitted through a 0.95 cm2 spot on the filter where aerosol is 

collected is measured. A beam also measures the transmission through a portion of the filter 

where aerosol is not collected, in order to correct variations in lamp brightness and changes in the 

electronic response of the sensor. The attenuation (ATN) oflight through the collecting part of 

the filter is defined as: 

ATN= 100 * In （如 I) (2.19) 

where I。 is the intensity through the part of the filter not collecting aerosol, and I is the intensity 

through the collecting part of the filter. Therefore, a value of 1 would be from a blank, while a 

value of 100 would be extremely dark. To obtain the attenuation for the 5 minute interval, the 

attenuation of a reading is subtracted from the previous reading, yielding the amount of 

attenuation due to the increase in aerosol deposited in the last 5 minute sampling period: 

Attenuation due to last 5 minute sampling period = current attenuation -

previous attenuation (2.20) 

From this attenuation value, the aethalometer can calculate the amount of black carbon 

present based on the manufacturer's calibration curves relating black carbon concentration and 

optical attenuation. This assumes that all absorption is due to black carbon. Since most aerosol 

species have a very small absorbing component in their refractive indices, as shown in table 2.11, 
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this is usually a valid assumption. One possibil巧 for error is from a large amount of soil, which 

has a significant absorbing component, and as such may skew the amounts of black carbon 

calculated. 

Table 2.11 Refractive indices of some atmospheric substances at A.= 589 nm 
unless otherw函e noted (adapted from Seinfeld and Pandis, 1998; and Finlayson-Pitts 

and Pitts, 1999) 

Species 

Air 
Water Vapor 
比S04

N嚀04

画）2S04
Benzene 

Black Carbon 
Mineral Dust 

2.8.3 Aethalometer Data Assimilation 

Refractive index (m = n-ik) 

1.00029 
1.00025 

1.426 
1.473 
1.521 
1.501 

1.96 - 0.66 i (A= 550nm) 
1.56 - 0.006 i (A= 550nm) 

The aethalometer recorded black carbon concentrations every 5 minutes during the study. 

Tom呔e these measurements comparable to others done during the study, these must be averaged 

imo daily concentrations for both the fine (less than 1 µm) and total black carbon. 

Daily concentrations were computed using data from 8 am CST to 8am the next day, the 

same as other species ' daily concentrations were sampled. Data for each fraction, fme and total 

black carbon, were then averaged to a daily concentration using an IDL code (see appendix for 

code). 
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3 Results and Discussion 

3.1 General Characterization of Organic Aerosol During 

BRAVO 

Organic carbon was found to comprise approximately 20% of the total fine aerosol mass 

during BRA VO, as seen in Figure 3.1 (received from Dr. Bill Malm, CIRA, personal 

communication, 2001). A similar contribution was estimated from fme soil, while sulfates 

contributed nearly half of the aerosol fme mass on average. 

Light Absorbing 
Carbon 

2% 

Missing 
6% 

nitrates 
3% 

sulfate 
48% 

■ sulfate 

□ nitrates 

■ organics 

□ Light Absorbing Carbon 

■ Soil 

■ Missing 

Figure 3.1 Mass budget of PM2.5 aerosol during BRA VO 
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Samples were analyzed for a wide range of organic compounds by GC-MS. Compounds studied 

include the n-allcane series, n-allcanoic acid series, four alkanoic diacids (succinic, adipic, malonic 

and azelaic acid), 28 polycyclic aromatic hydrocarbons (P AH), 28 wood smoke markers 

(levoglucosan, etc.), vehicle markers (hopanes and cholestanes) and meat smoke (cholesterol) 

markers. 

3.1.1 Characterization of Compound Classes 

As seen in figure 3.2, the relative abundance of acidic compounds is s画lar to a study at 

the Grand Canyon(Mazurek et al., 1997), which found that about half of elutable organics were 

acidic. This fraction can be of great significance since acidic hydrogen atoms may interact via 

hydrogen bonding with atmospheric water vapor. This can enhance condensation of atmospheric 

water vapor that could lead to particle growth, increased light scattering and decreased visibility. 

Additionally, the large amount of allcanoic acids may indicate marine influence on the aerosol 

composition. 
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Alkane, PAH, Alkanoic Acids and Total % of OC Identified 
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Figure 3.2 Percent of total OCM identified as alkanes, P AH and alkanoic acids 
and total identified compounds percentage; error bars represent a 8.6% error 
for alkanes, 4.6% error for PAH and 7.3% error for alkanoic acids, and 12.2°/. 

error for total identified compounds, all of which are one standard deviation 

The fraction of PM2.5 OCM (OCM = 1.4 * OC) identified as specific compounds ranged from 2% 

to 6% in the various sample groups. This is similar to other ambient aerosol studies in rural 

atmospheres (Schauer et al. , 2000; Pio et al. , 2001), though somewhat lower than urban studies, 

as detailed in table 3.1. 

The groups with the highest percentage of identified compounds include periods that 

feature advection from the southeast along the Texas - Mexico border, especially during August 

and September. The group with the highest percentage of identified compounds, BorderSA, also 

has the highest amount of total OC (1349 µg) . The large amount of identified compounds in 

XBorder is due to the detected presence of P AH. There are other groups during this time period 

that have similar advection patterns and have few P AH detected, resulting in a lower percentage 

of identified compounds. Groups with advection from the south and north have low amounts of 

identified compounds, but also feature low OC concentrations. 
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Table 3.1 Percentage of total OCM that has been identified as specific 
compounds in previous source sample and ambient studies and this BRA VO study 

(range of percent identified in parentheses) 

Sample Source Sample or % of total OC that Reference 
Ambient was identified 

Wood Smoke(pine Source Samples 21.3% Rogge et al. (1998) 
and oak) 

Car and Diesel Source Samples 6.8% Rogge et al. (1993), 
Truck Exhaust Schauer et al. (1999a) 

Meat Charbroiling Source Samples 10.5% Rogge et al. (1991) 

Schauer et al. (1999b) 

Los Angeles Ambient(Urban) 11.3% Rogge et al. (1993b) 

Santiago, Chile Ambient(Urban) 28.0% Didyk et al. (2000) 

Bakersfield, CA Ambient(Urban) 12.0% Schauer et al. (2000) 

Kern Wildlife Ambient (Rural) 1.7% Schauer et al. (2000) 
Refuge, CA 

Giesta, Portugal Ambient (Rural) 3.8% Pio et al. (2001) 

Big Bend, Tx Ambient (Rural) 3.1% (2%-6%) This study 

3.1.2 Typical Distributions of Alkanes and Alkanoic Acids 

A胆ne distributions predominately had peaks (Cmax) of C23, C24 and C25 during the 

first three months of the study. With changing advection patterns in October, this Cmax shifted to 

C29, perhaps reflecting an increased plant wax 叫luence. A區ne distributions for three groups, 

MxJuly, BorderSA and SSEOct are shown in figure 3.3. Complete a胆ne distributions for each 

group can be found in the appendix. Error bars represent one standard deviation for the DCM 

extraction of alkanes, equal to 30%. 
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Alkane Concentrations for MxJuly, BorderSA and 
SSEOct 
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Figure 3.3 Alkane Concentrations for MxJuly, BorderSA and SSEOct; error 
bars represent a 34.6% (one standard deviation) error for alkanes for the DCM 

extraction method 

Alkanoic acids were the most prevalent class of organic compound found during BRA VO 

(see figure 3.2). There is a large amount of C9 acid present, which will be discussed further in 

section 3.4. A Cmax of C 16 is found for most groups; C9 concentrations exceed C 16 in four 

groups, possibly reflecting degradation of unsaturated acids. Cl6 is the secondary Cmax for these 

four groups, so without the suspected secondary production of C9, Cl6 would be the highest in 

each group. Concentrations of allcanoic acids for three composite groups, MxJuly, BorderSA and 

SSEOct, are shown as examples in figure 3.4. Error bars represent one standard deviation for the 

DCM extraction of a胆noic acids, equal to 28%. 
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Concentrations of Alkanoic Acids for MxJuly, BorderSA and 
SSEOct 
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Figure 3.4 Concentrations of alkanoic acids in the sample groups MxJuly, 
BorderSA and SSEOct; error bars represent a 20.4 % error (one standard 
deviation) for quantifying alkanoic acids with the DCM extraction method 

3.2 Carbon Preference Indices 

A血ne CPis during BRA VO were generally below 2 and sometimes close to 1 (see 

Figure 3.5). During October, two sample groups featured CPis that are significantly different 

than the previous ten samples at a 95% confidence level (ratios differ by more than the critical 

value of 1.35). The CPI values are 3.0 and 4.0 for these two samples, which suggests more 

biogenic influence during these periods. These groups also have much higher values for the plant 

wax (C26-C34) CPL This may be due in part to seasonality with autumn foliage, but the main 

reason may be that the trajectories for the two October groups with higher CPis are different from 

other groups. One group features advection from the north(NorthTexas l) and one group has air 

advecting from the south (SSEOct). These regions are not as populated or developed as those in 

southern Texas, which may lead to a larger relative biogenic contribution to the alkane 

concentrations in these October groups. 
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Alkane CPls 
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Figure 3.5 BRA VO groups'alkane CPis; error bars represent one standard 
deviation, an average error in the alkane CPI calculation of 22.2% 

Groups containing days with the highest OC concentrations, namely MxJuly (7/19, 7/20) 

and BorderLoop (8/31 , 9/1), have the lowest alkane CPis among all analyzed groups, suggesting 

that these days of high OC concentration are primarily influenced by anthropogenic sources. 

Interestingly, September 1st is also the day with the highest sulfate concentration, while August 

31st is only the thirteenth highest and July 19 and 20 have lower than average sulfate 

concentrations. 

The alkanoic acid CPis appear to be more difficult to interpret. There are higher CPis 

during the first and middle parts of the study, when the alkanes yielded low CPis, as shown in 

figure 3.6. 
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Alkanoic Acid CPls 
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Figure 3.6 BRAVO groups'alkanoic acid CPis; error bars represent a 17.7% 
error (one standard deviation) in calculating alkanoic acid CPis with the DCM 

extraction method 

Overall, the strong even:odd preference suggests that the alkanoic acids are mainly 

biogenic in origin, which is similar to other studies. As seen in table 1.1 , previous studies found 

that in both urban and rural atmospheres, the alkanoic acids exhibit a strong biogenic influence 

(Mazurek and Simoneit, 1982; Simoneit, 1989), so this result is consistent with previous studies. 

Additionally, the alkanoic acids can be secondary products, which can further complicate 

interpretation of their CPI. 

3.2.1 Plant Wax Influences on the n-Alkanes and n-Alkanoic Acids 

Using equations formulated in section 1.5, the amount of odd number alkanes derived 

from plant wax was calculated for each BRA VO group. Contributions to the odd numbered 

alkanes (C25-C33) from plant wax ranged from 26% to 78%, as shown in figure 3.7. The two 

groups in October with advection from the north and from the south have the highest plant wax 

contributions, at 66% and 78%. The high plant wax influence during these periods is consistent 
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with the high allrane CPI results. These values were not found to be significantly different at a 

95% confidence level, but were found to be different than previous samples at between 80%-90% 

confidence level (critical value of 37.4%). Groups with transport from eastern Texas and 

northeastern Mexico had smaller amounts of odd allranes contributed from plant wax, which 

agrees well with the low CPis found for these groups. Overall, the easterly to southeasterly 

advection patterns have a small contribution (< 50%) of plant wax influence, while air masses 

from the north, northwest and south-southeast have a higher proportion of plant wax influence. 

Average % of odd n-alkanes C25-C33 derived from plant wax 
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Figure 3.7 Average percentage contributions of odd n-alkanes (C25-C33) 
derived from plant wax; error bars represent an average 49.2% error (one 

standard deviation) for the plant wax percentage calculation 

Contributions from plant wax emissions to the even numbered allcanoic acid concentrations, 

calculated s画lar to the allcanes, were high, ranging from 73% to 89%, detailed in figure 3.8. 

This suggests that plant wax emissions are the main contributor to the allcanoic acid 

concentrations, which agrees well with the high a血noic acid CPis. Both of these calculations 

suggest a large biogenic influence on the a血noic acids found during BRA VO. However, since 
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alkanoic acids may also be secondary products, the plant wax influence calculated here might be 

an overestimation. 

Average % of even alkanoic acids C12-C30 derived from plant wax 
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Figure 3.8 Average influence(%) of plant wax on even alkanoic acids (C12-
C30) for BRA VO groups; error bars represent a 29.0% error (one standard 

deviation) for calculating alkanoic acid CPis 

3.3 PAH 

In general, PAH were not found in abundance in BRA VO aerosol samples. Figure 3.9 

shows the concentrations of P AH masses for each group (method described in section 1. 7). Error 

bars represent one standard deviation of the DCM extraction method, equal to 15%. The lack of 

P.<\H may indicate that primary combustion emissions are not a significant contributor to the 

organic aerosol. However, the absence ofbenzo(a)pyrene (mass 252) indicates that the aerosol is 

somewhat aged. P AH may have been present at one time in the air masses, but atmospheric 
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processes during transport may have altered them to secondary products. The fact that P AH of 

m/z 202 is present in nearly every sample suggests that these may be longer lived than other P AH 

and that P AH from combustion was present at one time, but most species were altered or 

removed during transport. 

BRAVO PAH Concentrations 
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Figure 3.9 BRA VO groups'P AH concentrations, grouped by compound mass; 
error bars signify a 14.1 % error (one standard deviation) in quantifying P AH 

with the DCM extraction method 

One group, XBorder, consisting of samples from 8/25, 8/29, and 9/6-9/8, features higher 

P AH concentrations. This suggests that for this group, combustion e血ssions were present and 

relatively fresh. Interestingly, this group of trajectories is not unique for the time period, 

advecting along the Texas-Mexico border and not significantly faster than other groups. 

Levoglucosan is also present in this group (discussed further in sections 3.5 and 3.6), but not in 

others, suggesting that this group may have included aerosol from biomass burning. This could 

be the source of the P AH, though anthropogenic sources may have contributed as well. 
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3.4 n-Alkanoic Diacids and C18 Ratio 

Alkanoic diacids were found during BRA VO, but not in abundance, with concentrations 

averaging 1 ng/記 figure 3.10 displays these results. Since low PAH concentrations suggest 

primary combustion emissions are only minor contributors to the observed PM2_5 OC, one might 

expect secondary organic aerosol species, including diacids, to be relatively important 

contributors. Although the low concentrations of diacids observed runs contrary to this 

h)rpothesis, this may reflect removal of these soluble species by precipitation upwind of the park. 

The low concentrations of diacids are similar to results from a rural study in Crete (Gogou et al. , 

1996), where concentrations were less than 6 ng,面， again suggesting that diacids may be 

effectively removed during transport. 

Alkanoic Diacids And Oleic Acid 
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Figure 3.10 BRA VO groups'concentrations of alkanoic diacids and oleic acid; 
error bars represent a 20.4% error (one standard deviation) for alkanoic acids 

with the DCM extraction method 
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The ratio between the saturated C18 acid and the mono-unsaturated C18 acid (oleic acid) 

can be used to gauge the age of aerosol. Figure 3.11 shows that during BRA VO, the average 

ratio was 6.6, varying between 5 and 11. 

C18:0/C18:1 Ratio 
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Figure 3.11 BRA VO groups'C18:0 / C18:1 ratios; error bars represent a 
28.8% error (one standard deviation) in calculating this ratio 

Overall, this ratio indicates that the aerosol during BRA VO was aged and subject to more 

decomposition than found in urban environments (see table 1.4). The BRA VO ratios are similar 

to those found in the rural mountains of California. These high, rural-like ratios may reflect a 

combination of local rural biogenic emissions and aged aerosol that advected from an urban area. 

The two groups with highest ratios (9.5 and 11) are not clearly explained based on their air mass 

patterns. Neither of these groups are unique in trajectory direction or speed, but they do have 

high average temperatures (third highest and highest overall), which may have accelerated the 

reaction. Figure 3.12 shows there is a modest correlation (r2=.54) between the C18 ratio and the 

average temperature, with the higher ratios found during periods with higher temperatures This 
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may indicate that days of higher temperature had aerosol that was more "aged" and altered than 

lower temperature days, perhaps reflecting faster decomposition during warmer periods. 

C18:0 to C18:1 ratio vs Avg Temperature 
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Figure 3.12 Graph of average temperature and C18 ratio for BRA VO groups 

Additionally, there is a large amount of C9 acid in every sample, with an average of 22% of the 

total acid being C9 (see figure 3.13). While there is no strong correlation (r2=0.06) between the 

C18 ratio and C9 acid concentration (see figure 3.14) the large amounts of C9 acid may reflect 

breakdown of the oleic acid, again indicating that the aerosol was subject to atmospheric aging 

processes. 
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% C9 of total alkanoic acid 
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Figure 3.13 Percentage of total alkanoic acid that is C9 acid; error bars 
represent a 22.2% error (one standard deviation) in calculating this ratio. 
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3.5 Tracers: Maximum Influences of Sources 

3.5.1 Sour ce contribution estimates from tracer concentrations 

The composites of samples collected during BRA VO generally contained concentrations 

of molecular tracers at or below their detection limits, precluding a quantitative source 

apportiomnent. Maximum source contributions were estimated by assuming a source tracer 

concentration equal to the detection limit of the species. 

Figure 3.15 presents maximum influences calculated for vehicles, meat cooking and 

wood smoke. Levoglucosan, the main molecular marker used for wood smoke, was detected in 

only one sample, XBorder. Other sugar anhydrides, galactosan and mannosan, were also found in 

this group. Since this is also the only group with many P AH present, the combination of all these 

factors indicates wood smoke was present in this group. Using equations provided earlier in 

sections 1.8 and 1.9, it was estimated from the levoglucosan concentration that wood smoke 

contributed 1 % of the total OC present in this group. The detection limit for levoglucosan was 

used as the maximum possible concentration of levoglucosan for the other groups. Using this 

detection limit, maximum wood smoke contributions to OC were estimated to range from 0.06% 

to 0.12 %. Overall, primary fine aerosol emissions from wood smoke do not appear to be a 

significant contributor to BRA VO PM2_5 OC. 

Hopanes and cholestanes were not found in any group, so maximum influences for 

vehicular exhaust were determined using the detection limits. Maximum OC contributions, based 

on the detection limit for l 7a2 l ~-hopane and equations discussed in sections 2.6, were found to 

be between 0.7% and 4.3%, with an average of 1.8%. This minimal amount of vehicle exhaust 

influence is similar to results from the Grand Canyon, where little evidence of vehicle exhaust 

was found(Mazurek et al. , 1997). 

Cholesterol, the meat smoke tracer, was not found in any BRA VO samples. The 

detection limit was used to estimate maximum possible meat cooking contributions to observed 
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OC concentrations. The ratio of QC/cholesterol is similar to that of OC/hopanes, yet calculated 

meat smoke contributions are much higher than vehicular exhaust. This is because the detection 

limit for cholesterol is higher than detection 1画ts for other species, resulting in much larger 

upper bound contribution estimates. Maximum possible contributions from meat smoke were 

estimated to range from 4.8% to 19.9%, with an average maximum contribution of 12.9%. 
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Figure 3.15 Maximum estimated influences for BRA VO groups for vehicular 
exhaust, meat cooking and wood smoke: using Rogge (1993) for autos and 

Schauer (1999) for diesel, Rogge (1991) for meat cooking, and Nolte (2001) for 
wood smoke. 

3.5.2 Sensitivity Analysis of Source Influences 

In atmospheric aerosol the ratio of source type contributions, such as the catalyst to 

noncatalyst to diesel ratio for vehicular exhaust, is not known. A sensitivity analysis was carried 

out for vehicular exhaust, meat smoke, and wood smoke to explore the impact that changing the 

ratios between different sources of these emissions would have. 
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Using hop opane concentrations, maximum contributions from vehicular exhaust were 

calculated using a variety of ratios between catalyst, non-catalyst autos and diesel truck 

emissions, based on the source profiles from Rogge et al. (1993). Varying between ratios 

(catalyst:non-catalyst:diesel) of 80:10:10, 70:20:10, 70:10:20, 70:15:15, and 50:25:25, it was 

found that there is only a 14.5% difference in source contribution estimates between the lowest 

value (at 80:10:10) and the highest value (at 50:25:25). This translates to a range of0.4% to 

4.4% influence of vehicular exhaust on OC for the 80: 10: 10 ratio to a range of 0.5% to 5.1 % for 

the 50:25:25 ratio. Results are shown in figure 3.16. 

Vehicle MAX % Ratio of Catalyst:noncatalyst:Diesel Emissions, 
using Rogge (1993) 
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Figure 3.16 Sensitivity study using for vehicular exhaust using Rogge et al. 
(1993): varying the ratio between catalyst, non-catalyst and diesel emissions 

There is also another source profile for diesel trucks from Schauer et al. (1999) that can 

be used in COD;」unction with the Rogge et al. (1993) profiles for catalyst and non-catalyst autos. 

When using this profile for the diesel truck influence, in conjunction with Rogge et al. (1993) for 

catalyst and non-catalyst autos, there is an increase of 14.8% from the Rogge et al. source profile 

calculations. This translates to values of 0.5% to 4.9% for maximum vehicle influence on total 
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OC (for 80:10:10) to 0.6% to 6.4% (for 50:25:25), where the difference between these fleet 

compositions is now 23 .9%. The results of using the Schauer et al. (1999) diesel profile are 

shown in figure 3.17. 
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Figure 3.17 Sensitivity analysis of vehicular exhaust influence using Rogge et al. 
(1993) for auto and Schauer et al. (1999) for diesel emissions 

Siinilar to the vehicles, a sensitivity analysis for meat cooking was done, varying the ratio 

between charbroiling and frying meat, from 75:25 to 25 :75. Here there is a greater variation 

between these ratios, with a difference of 43% between them. The ratio with 75:25 

charbroiling:frying gave the highest contribution liinits. Overall, higher amounts of charbroiling 

increase the calculated meat smoke upper contribution liinits. These results are presented in 

figure 3.18. 
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Comparison of Ratios for Meat Cooking using Rogge (1991) 
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Figure 3.18 Sensitivity analysis for meat cooking: varying the ratio of 
charbroiling:frying meat 

Wood smoke ratios were also analyzed for sensitivity between pine and oak smoke using 

source profiles from olte et al. (2001). It was found that there is a difference of 27% in 

contribution estimates between the ratios of 7 5 :25(pine:oak) and 25:75(pine:oak). However, the 

wood smoke influence based on levoglucosan was less than 1.5% regardless of the ratio used. 

The results are shown in figure 3.19. 
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Wood Smoke Influence based on Levoglucosan 
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Figure 3.19 Sensitivity analysis for wood smoke: varying the ratio between pine 
and oak smoke 

3.6 Tracers: Other Wood Smoke Markers 

Despite fmding levoglucosan in only one sample, other wood smoke markers were 

evident in many samples. Figure 3.20 presents the concentrations of the various wood smoke 

markers found in each BRA VO group. 

4-Ethylguiacol was found in every sample and vanillin was found in almost every 

sample, while neither was evident in the blank filter extracts. 4-Ethylguiacol is emitted from both 

softwood and hardwood combustion, while vanillin comes mainly from softwood combustion 

(Hawthorne et al. , 1988, 1989, 1992; Edye and 和chards, 1991; Sagebiel and Seiber, 1993; 

Simoneit et al., 1993; Rogge et al. , 1998; Oros et al., 1999b; McDonald et al. , 2000; Nolte et al. , 

2001 ; Schauer et al. , 2001; Fine et al. , 2001). Retene, another softwood combustion product 

(Ramdahl, 1983; Oros et al. , 1999b), is found only in three BRA VO groups. 
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BRAVO Wood Smoke Markers 
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Figure 3.20 BRAVO groups'concentrations of wood smoke markers; error 
bars represent a 14.1 % error (one standard deviation) in quantifying P AH 

The presence of other wood smoke markers without levoglucosan, as found in samples 

other than XBorder, is peculiar, since levoglucosan is proposed as a long-lived compound and 

therefore the best tracer for wood smoke (Fraser and Lakshmanan, 2000). It is also emitted at 

much higher concentrations than other wood smoke tracers detected in many BRA VO sample 

groups (Fine et al. , 2001 ; Schauer et al. , 2001). Other compounds emitted in wood smoke have 

been suggested as tracers, though long-term stability for these compounds is still undetermined. 

These include retene (Ramdahl, 1983) and phenolic lignin derivatives like guiacols (4-

ethylguiacol, eugenol, vanillin) for softwood combustion, and syringols (syringaldehyde) for 

hardwood combustion(Nolte et al. , 2001). Using alternative tracers for both wood smoke and 

vehicular exhaust is explored further in section 3.7. 

Acid-catalyzed hydrolysis (Kops and Spanggaard, 1972; Penczek et al. , 1985) in acidic 

cloud drops (Fraser and L呔shmanan, 2000) has been proposed as a selective removal mechanism 

for levoglucosan (see figure 3.21). This reaction may not affect many other wood smoke tracers 

and could explain the lack of levoglucosan in most sample groups. Separate CSU studies of 
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BRA VO fme aerosol composition revealed the presence of considerable aerosol acidity along 

with excess gaseous nitric acid, both factors that could strongly acidify clouds formed in the 

region, creating conditions conducive to possible destruction of levoglucosan. 

HO『OH+ H,O 

HO 

[H1 .. 
` 

.~ 

HO、丶
HO 

,~OH 

Levoglucosan D-Glucose 

Figure 3.21 Acid-catalyzed hydrolysis of levoglucosan in acidic cloud drops 

3. 7 Estimated Source Contributions from Consideration of 

Alternative Tracers 

3.7.1 Calculations Using Vanillin as a Source Tracer for Wood Smoke 

The commonly used source specific tracers, such as hopanes, cholesterol and 

levoglucosan, were generally not found in the BRA VO group samples (sections 3.5 and 3.6). 

This may be due to many reasons, including degradation or loss by precipitation and cloud 

scavenging in transport. Vanillin is an emission product of wood combustion, and though it is 

found in greater concentrations from softwood combustion (Rogge et al., 1998; Nolte et al. , 

2001), it is also found in hardwood combustion aerosol. Vanillin was detected in eleven of 

twelve BRA VO groups. This raises the possibility of using vanillin as a molecular tracer for 

wood smoke. Additionally, elemental carbon comes only from combustion (discussed in section 

1.13), and can be used to estimate a maximum influence from vehicles, similar to the use of 

hopanes. 
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Similar to fmding the percentage influence from wood smoke using levoglucosan as a 

molecular tracer (section 1.9), vanillin was used to calculate the contribution to total OC from 

wood smoke. Data published by Schauer et al. (2001) were used as the source profile for pine 

and oak wood smoke, and ratios between the concentration of vanillin and total OC from these 

source samples were found. Figure 3.22 shows the calculated OC contribution from wood 

smoke, using vanillin as a tracer, for each BRA VO group. In all samples but NTxOctl , the actual 

vanillin concentration was used; in this last group, the detection limit of vanillin was used. 

Wood Smoke influences: Vanillin vs. Levoglucosan as tracer 
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Figure 3.22 Influence of wood smoke(%) on total OC: comparison of using 
vanillin versus levoglucosan as tracer using source proftles from Schauer et al. 

(2001) 

Using vanillin as the tracer for wood smoke apportionment, possible wood smoke influence 

increases by up to three orders of magnitude, ranging from 1.4% to 59%. Wood smoke influence 

is very sensitive to the assumed wood mix; an increase in oak from 25% to 50% nearly doubles 

the estimation of wood smoke contributions. With such a wide range of influence calculated 

from levoglucosan and vanillin, it is difficult to identify which is the most accurate. 
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3.7.2 Calculations of Vehicle Influence Using EC as a Source Tracer 

Since elemental carbon is generated only from combustion, it can be used as a crude 

combustion tracer. If all EC is assumed to come from vehicle exhaust, then the maximum 

possible 皿pact of vehicular exhaust on the BRA VO samples can be estimated. 霾sis done by 

using the OC/EC ratios of the BRA VO samples, and the OC/EC ratios from catalyst equipped 

automobiles, non-catalyst equipped automobiles, and diesel trucks, using the source profiles from 

Rogge et al. (1993a) and Schauer et al. (1999). For an 80: 10: 10 ratio, the maximum vehicular 

influence would be: 

Max vehicle influence % = 100 * [(.8*0CfECsource-catalyst *ECsamp1e) + (. 1 *OCfECsource-

noncatalyst*ECsampie) + (.1 *OCfECsource-dicscl *ECsampie)] / OCsample (3.1) 

Figure 3.23 shows the calculated maximum influence from vehicular exhaust using EC, 

with amounts of each of the three sources (catalyst, non-catalyst, diesel) varied. Using EC as a 

tracer for vehicular emissions, calculated influence on the OC from vehicles ranges from 18% to 

76%, using a ratio of 80: 10: 10 (catalyst:noncatalyst:diesel). There is some sensitivit)r of these 

percentages to the chosen ratio, mainly influenced by the amount of noncatalyst-equipped autos 

in the ratio. A 26% increase in values from the 80: 10: 10 ratio to the 50:25 :25 ratio is found using 

EC. 
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Figure 3.23 Maximum influence on the BRA VO OC from vehicles, based on EC 

The values generated using EC as a vehicle emission tracer are an order of magnitude 

比gher than the values found using hopanes as the source tracer. Atmospheric processes may alter 

hopanes during transport from source regions, and therefore its concentrations may decrease 

between to detection limit levels by the time it reaches Big Bend. The estimate assuming all EC 

is from vehicles gives an alternative upper bound to possible vehicle contributions to the OC, 

although the upper bound may be far too high if other combustion sources are significant 

contributors to the observed EC. 
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3.8 Tracers: Other Compounds 

3.8.1 Secondary Biogenic Aerosol 

6,10,14-trimethylpentadecan-2-one was ubiquitous during the study, as seen in figures 

3.24 and 3.25, and could provide further insight into the biogenic impact on PM25 OC during 

BRAVO. 

6, 10, 14 trimethylpentadecan-2-one Concentrations 
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Figure 3.24 BRA VO groups'6,10,14-trimethylpentadecan-2-one 
concentrations; error bars represent a 34.6% error (one standard deviation) in 

quantifying alkanes with the DCM method 

Variation in the concentration of 6, 10, 14 trimethylpentadecan-2-one indicates secondary aerosol 

from biomass degradation is present in different amounts throughout the study. The 

concentration decrease in October suggests secondary biogenic particles are becoming less 

significant in these two samples, perhaps reflecting a seasonal change or a different composition 

with advection from the north and south during these sample periods. These two October 

samples also have much higher a胆ne CPis, which may indicate that an increase in primary 

biogenic emissions may be related to a decrease in secondary biogenics, though this needs to be 
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studied further. These last two samples were found t be statistically different at an 80% or 

higher confidence level (critical value of 2.62) from all but ETxMxOct, which also had a low 

concentration of this species. 
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Figure 3.25 BRA VO groups'concentrations of 6,10,14 trimethylpentadecan-2-
one normalized by OC in ppm; error bars represent a 40% error in this 

calculation (one standard deviation) 

Concentrations of 6,10,14 trimethylpentadecan-2-one normalized by the total OC for 

each sample are shown in figure 3.25. There is much more variation between samples compared 

to the non-normalized graph, though the later samples still have the lowest concentration ratios 

(ppm). This increased variation suggests caution in reaching conclusions based on figure 3.24. 

3.8.2 Coal and Fossil Fuel Markers 

Pristane and phytane, tracers of petroleum and fossil fuel combustion (such as coal) were 

not found in the BRA VO aerosol. Picenes, proposed coal use tracers, were not found either. The 

lack of these tracers indicates that primary emissions of fossil fuel combustion were not a 

significant fraction of the organic aerosol. This seems to be consistent with the lack of hopanes, 
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which can be emitted from both vehicles and coal utilization. It is possible, however, that these 

compounds were altered into secondary products by reaction during transport. 

3.8.3 Citric Acid 

Citric acid was ubiquitous during the study. Its structure is shown in figure 3.26, and 

concentrations for each BRA VO composite in figure 3.27. The origin of this compound is 

unknown, as there is not a large presence of citrus fruit trees in Texas(Wiedmeyer, 1999, 

personal communication, 2001) from which the citric acid could originate. It may be a primary 

emission from local sources in or near Big Bend N. P., or could possible be a secondary oxidative 

product from higher compounds. This latter possibility is intriguing since there were low 

concentrations of diacids, yet this triacid is present, perhaps as a further degradation product from 

higher order compounds. Another distinct possibility is from contamination from work in the 

vicinity of the quartz fiber filters with ammonia denuders, where citric acid is used as a coating 

solution, though the absence of it in field blanks casts uncertainty on this. 

OH 
HO 

HO O 

citric acid 

Figure 3.26 Structure of citric acid 

100 



Citric Acid Concentrations during BRAVO 
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Figure 3.27 Citric acid concentrations during BRA VO; error bars represent a 
20.4% error (one standard deviation) in quantifying acids with the DCM 

extraction method 

3.9 Secondary Organic Aerosol Estimations 

Amounts of secondary organic aerosol have been calculated in previous studies based on 

a 皿nimum OC/EC ratio (see table 3.2). Secondary organic carbon, as a percentage of total OC, 

was calculated for the BRA VO sample groups, using equations presented in section 1.12. The 

OC/EC ratio used for this estimation (1.95) was the average ratio during winter (IMPROVE 

December through February data in 1988-1998) at Big Bend N. P. Using this baseline OC/EC 

ratio, secondary organic carbon was calculated to contribute between 45% and 90% of the total 

OCd血g the study, as shown in figure 3.28. While there is a relatively wide range of values, 

none of these values are significantly different from each other at a 95% confidence level (critical 

value of91 %). 
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Secondary OC %, OC/EC min = 1.95 
(average of OC/EC during Dec-Feb 1988-1998, BBNP) 
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Figure 3.28 Percentage of OC that is secondary during BRA VO, assuming an 
oc/ECmin = 1.95 (average winter(Dec-Feb, 1988-1998) ratio at BBNP); error 

bars represent a 30.5% error (one standard deviation) for this calculation 

The high percentage of secondary OC is larger than typically found in urban environments 

(Turpin et al., 1991a; Castro et al. , 1999; Lin et a 1., 2001), but similar to observations in rural 

areas, especially in the summer (Castro et al. , 1999). Table 3.2 lists the estimated secondary 

organic carbon percentages from previous studies, and the correlation of these values with EC 

concentration where reported. Higher percentages of secondary OC at rural sites are attributed to 

more photochemical oxidation during transport to rural sites. Overall, the large amount of 

estimated secondary organic carbon during BRA VO agrees with other qualitative secondary OC 

indicators that suggest a large amount of secondary aerosol formation. 
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Table 3.2 Listing of Secondary OC % and correlation between EC 
concentration and Secondary OC 

Location Secondary 
OC% 

_2 
r" between EC 

and OCsec 
Reference 

Los Angeles (summer) 

Birmingham, UK (urban winter) 

Taiwan (urban winter) 

Oporto, Portugal (urban summer) 

Areao, Portugal (rural winter) 

Areao, Portugal (rural summer) 

40%-80% 

17% 

40% 

47% 

45% 

78% 

NIA 

0.11 

NIA 

0.38 

0.83 

0.96 

Turpin et al. 1991a 

Castro et al. 1999 

Lin et al. 2001 

Castro et al. 1999 

Castro et al. 1999 

Castro et al. 1999 

There is a fairly high correlation between the percentage of secondary organic carbon and 

both the OC/EC ratios and EC concentration (ng/面） during BRA VO. This is shown in figures 

3.29 and 3.30. 

OC/EC ratio vs Secondary QC (OC/ECmin = 1.95) 
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Figure 3.29 Secondary OC Percentage vs. OC/EC ratio for BRA VO groups, 
assuming a primary OC/EC ratio of 1.95 (average winter ratio at BBNP) 
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EC Concentration vs Secondary OC (OC/Ecmin = 1.95) 
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Figure 3.30 EC concentration vs. secondary OC percentage, using an OC/EC 
ratio of 1.95 (average winter ratio at BBNP) 

The correlations between secondary OC and both EC concentration (r2=0.61) and OC/EC 

ratios (r2=0.75) are similar to the high correlations found in rural areas in European atmospheres 

(Castro et al. , 1999). The urban sites in Castro et al. (1999) have lower secondary organic carbon 

percentages, as well as a low correlation between secondary OC and EC concentration. The high 

correlations in rural areas are attributed to increased gas/particle conversion from volatile organic 

compounds (VOC) and photochemical oxidation over a long transport period (Castro et al. , 

1999). Similar processes are probably also important during BRA VO. 

There is no strong correlation between the percentage of estimated secondary organic 

carbon and other possible secondary OC indicators, such as the Cl 8 ratio or normalized 

6,10,14trimethyl pentadecan-2-one concentrations. Figures 3.31 and 3.32 compare these values 

with the secondary organic aerosol percentages for BRA VO; 6, 10, 14 trimethylpentadecan-2-one 

is plotted as its concentration divided by the total OC. 
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% of Secondary OC (oc/ec=1.95) vs 6,10,14trimethyl 
pentadecan-2-one/OC 
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Figure 3.31 Graph of Estimated Secondary OC % (OC/EC=l.95) vs. 
6,10,14trimethylpentadecan-2-one divided by total OC 
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Figure 3.32 Graph of Estimated Secondary OC % (OC/EC=l.95) vs. C18 Ratio 
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Though there is a lack of strong correlation between the calculated secondary OC and these 

secondary aerosol indicators, this may be due to an oversimplification in the calculation and the 

assumptions therein, described in section 1.12. Also, with the differing air advection patterns 

observed during BRA VO, the ratio of primary OC/EC may not remain constant, invalidating 

another assumption. 

3.10 Black Carbon 

Black carbon, reported as Light Absorbing Carbon (LAC) in figure 3.1 , was found to 

comprise 2% of the total fine aerosol mass during BRA VO. Black carbon concentrations 

sampled by the aethalometer (see figure 3.30) ranged from 25 ng/面 to 267 ng/m3, with an 

average of 128 ng/面． The fine fraction, with a cut of 1 µm aerodynamic diameter, averaged 115 

ng/面 (88% of total BC), ranging between 23 ng/面 and 242 ng/面． The detection 1皿t, equal to 

the average blank concentration plus three standard deviations, was found to be 71 ng/面． A

discussion on the calculations is presented in section 3.10.1. Black carbon in the coarse fraction 

(greater than 1 µm aerodynamic diameter) was found by subtracting the fme black carbon 

fraction from the total black carbon concentration: 

Coarse BC= Total BC - Fine (1 µm aerodynamic diameter cutoff) BC (3.2) 

This coarse fraction ranged between 1 ng/面 and 46 ng/記 with an average daily concentration 

of 17.7 ng/記 averaging 12% of the total BC. Figure 3.33 shows the daily black carbon 

concentrations for these fractions. 
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CSU Aethalometer Daily BC Concentrations: Total, Fine (1 µm cut), 
and Coarse (>1 µm) 
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Figure 3.33 CSU Aethalometer Daily Black Carbon Concentrations (ng/m3): 
Total BC, Fine BC (1 pm aerodynamic diameter cut), and Coarse BC (Total -

Fine). The aethalometer detection limit, calculated based on the average blank 
plus three standard deviations, was estimated as 71 ng/m3. 

3.10.1 Calculation of the Aethalometer Detection Limit 

The detection litnit for the aethalometer was found to be 71 ng/面， based on the average 

blank concentration plus three standard deviations: 

Detection Limit= Average Blank Concentration+ 3 Standard Deviations (3.3) 

Table 3.3 shows the blank concentrations for each blank run. The average plus three standard 

deviations was chosen as the detection limit because at this value there is a 99.75% probability 

that the measured value is significantly different from a blank. 
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Table 3.3 Aetbalometer Blank Run Concentrations, Average Concentration, 
Standard Deviation, and Detection Limit (Avg+ 3 SD) 

Run# 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Average 

Standard Deviation 

Detection Limit = 
Average + 3 SD 

子
Blank Concentration (ng/m") 

45.583 

37.583 

47.333 

22.455 

38.417 

54.033 

26.167 

24.545 

37.583 

16.054 

34.875 

12.178 

71.409 

The average for these blank concentrations(Nblanks= 10) was 34.88 ng/面， with a standard 

deviation of 12.18 ng/甿 The detection limit, as the sum of the average and three standard 

deviations, is 71.4 ng/面．
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3.10.2 Comparison of CSU Aethalometer BC with NPS Aethalometer BC and 

IMPROVE EC 

The National Park Service also conducted aethalometer measurements from July 1 

th th through August 12m and October 12th through 31st . These measurements were made in 5 minute 

increments, with no size cut, and were averaged to daily concentrations in the same manner as the 

CSU aethalometer data, as shown in section 2.6.1. Figure 3.34 compares the two aethalometer 

data sets against each other. 

CSU Aethalometer Total BC vs NPS Aethalometer Total BC 
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Figure 3.34 CSU Aethalometer Total BC (ng/m3) versus NPS Aethalometer 
Total BC (og/m勺

A correlation of r2 = 0.6108 was found between reported concentrations from the two 

instruments. This marginal correlation indicates there are some problems with reproducibility 

between the instnunents. This is poorer than a previous study in Fort Collins, where collocated 

aethalometers were strongly correlated with r2= 0.98 (Calame, 1999). 

109 



Daily aerosol samples were also taken and evaluated by IMPROVE, as discussed in section 

2.3.2. From the TOR combustion analysis, elemental carbon concentrations were found. 

Elemental carbon and black carbon concentrations are intended to be similar measures of 

carbonaceous aerosol with a large light absorbing component of its refractive index. The terms 

elemental and black carbon are used to differentiate between the two methods that quantify this 

species, TOR combustion (elemental carbon) and aethalometer(black carbon) sampling. 

However, other absorbing particles, such as soil or dust, will add to the light attenuation found by 

the aethalometer. If these are present, they will skew the aethalometer measurement of black 

carbon. Figure 3.35 is a graph that shows there is only a modest correlation between these two 

methods during this study. 

CSU Aethalometer Fine (1 µm) BC vs. IMPROVE Fine (2.5 µm) EC 
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Figure 3.35 CSU Aethalometer Fine Black Carbon (1 µm aerodynamic 
diameter cut) versus IMPROVE fme EC from TOR analysis (2.5 µm 

aerodynamic diameter cut) 
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Chow et al. (1993) reported good correlation between IMPROVE EC and the Lawrence Berkeley 

Laboratory aethalometer(Hansen et al., 1982) in the Harvard Uniontown, PA, Acidic Aerosol 

Study (July-August 1990), with an r2 of 0.86. During BRA VO, the correlation between the CSU 

aethalometer and IMPROVE EC was only r2=0.32 (n=99). This poor correlation may reflect the 

different size cuts. As figure 3.35 shows, the IMPROVE fme EC concentrations are generally 

larger than the aethalometer concentrations. This is expected, since the IMPROVE fine EC, with 

a size cut of 2.5 µm aerodynamic diameter, includes a larger part of the fine aerosol fraction than 

the aethalometer with the 1 µm cut, and can therefore be expected to have higher concentrations. 

The NPS aethalometer, measuring total black carbon, also has a poor correlation with the 

IMPROVE EC, as shown in Figure 3.36. This low correlation ofr2=0.39 again may be due at 

least partly to the comparison of a method with a size cut to one without. Lower correlations in 

BRA VO may also reflect difficulty accurately measuring the low EC/BC concentrations present. 
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Figure 3.36 IMPROVE Fine Elemental Carbon (2.5 µm aerodynamic diameter 
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3.10.3 Aethalometer Black Carbon and Inorganic Species 

The black carbon concentrations from the aethalometer were also compared with other 

inorganic species analyzed by CSU during the study. Sulfate constituted 48% of the fine aerosol 

during BRA VO (see figure 3.1), making it the most abundant species. Figure 3.37 shows that 

sulfate and black carbon concentrations show modest correlation, with an r2=0.68. 
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Figure 3.37 CSU Aethalometer Fine Black Carbon (1 µm size cut) versus CSU 
Fine (2.5 µm size cut) so4-2 

The correlation between fme black carbon and fme sulfate indicates that these species generally 

track together, suggesting the possibly of similar source regions. 
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Nitrates only constituted 3% of the total fine aerosol during BRA VO (figure 3.1). Total 

reduced nitrogen, N[-III], is defined as the sum of the gaseous ammonia, NH3, and particulate 

ammonium, NRt · : 

TotalN［丑I] = NH3 (gaseous) + NHi +(p血culate) (3.4) 

There is a correlation ofr2=0.69 between fme BC (1 µm size cut) and fme (2.5 µm size cut) total 

N[-III] , shown in figure 3.38. 
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Figure 3.38 CSU Aethalometer Fine BC (1 µm size cut) vs CSU total fine N[-III] 
(2.5 pm size cut) 

This correlation again suggests that the ammonia/ammonium and black carbon are frequently 

advected together into Big Bend. 

Soluble potassium is sometimes used as a tracer for wood combustion, and a correlation 

with black carbon might suggest a large presence of wood smoke in the aerosol. As shown in 

figures 3.39 and 3.40, there is only a weak correlation between K+ and black carbon 

concentrations. 

113 



CSU Aethalometer Fine (1 µm size cut) BC vs CSU Fine (2.5 
µm size cut) K+ 
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Figure 3.40 CSU Aethalometer Total BC vs. CSU Fine IC (2.5 µm size cut) 

114 



The lack of strong correlation between potassium and black carbon suggests that there is 

not a large amount of wood smoke influencing the aerosol composition during BRA VO. This 

agrees with the absence of levoglucosan, and the small amounts of wood smoke markers found in 

the organic aerosol fraction (sections 3.5 and 3.6). 
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4 Conclusions 

Molecular characterization of the organic carbon (OC) fraction of fine (<2.5 µm 

aerodynamic diameter) aerosol present during the Big Bend Regional Aerosol and Visibility 

Observational (BRA VO) study was performed utilizing Gas Chromatography - Mass 

Spectroscopy (GC-MS). Although OC was found to comprise an average of20% of the PM2_5 

mass during BRA VO, OC concentrations on individual days were too low for a detailed analysis 

by GC-MS. Therefore, multi-day composite samples, selected based on common air mass 

trajectories and temporal proximity, were extracted and analyzed for numerous compounds 

including n-alkanes, P AH, alkanoic acids, and trace species previously demonstrated as useful 

signatures for various carbonaceous aerosol source types. An average of 3.5% of the PM2_5 

organic compound mass (OCM=OC*l.4) was identified as individual compounds. Alkanoic 

acids were the most abundant compound class, followed by the alkanes and P AH. Major 

conclusions reached are listed below. 

• Anthropogenic emissions appear to contribute more strongly than biogenic emissions to 

primary aerosol OC during the period July - September 

During the fast three months of the study, where air masses advected to the park primarily 

along the Texas -Mexico border, alkane Carbon Preference Indices (CPI) were generally below 

two, indicating a strong influence from anthropogenic emissions. Days with the highest OC 

concentrations had the lowest CPI's, suggesting that anthropogenic emissions became more 
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important contributors as OC concentrations rose. Estimated plant wax contributions to alkanes 

during this period averaged only 35%. 

• Biogenic emissions became more important contributors to primary fine aerosol OC 

concentrations in October, when transport patterns also changed. 

In October, when air masses arrived from the north and south, OC concentrations fell and 

allcane CPis increased, indicating a greater contribution from biogenic aerosol. Plant wax 

contributions to n-allcane concentrations during this period ranged between 66% and 78% 

• Vehicle emissions, wood smoke, and meat cooking emissions appear to be only minor 

contributors to observed OC concentrations. 

Concentrations of molecular tracers were generally at or below detection limits during 

BRA VO, so maximum source contributions were estimated by assuming source tracer 

concentrations were equal to detection limits. Levoglucosan, a widely accepted wood smoke 

tracer, was detected in only one sample, XBorder, yet the estimated wood smoke OC contribution 

for this group was only 1 % of the total OC. Upper liinits to wood smoke contributions, based on 

the levoglucosan detection liinit, ranged from 0.06% to 0.12 % for the other composites. Despite 

a lack of levoglucosan, however, other wood smoke markers, such as vanillin, 4-ethylguiacol and 

retene, were detected. The absence of levoglucosan may have resulted from acid-catalyzed 

hydrolysis of levoglucosan in acidic cloud drops or haze particles. Vanillin, which was detected 

in eleven out of twelve composites, was used to make an alternative estimate of wood smoke 

influence. Results indicated wood smoke could have contributed between 1 % and 59% of the 

fine aerosol OC observed in different composite groups. 

Hopanes, the molecular marker for vehicular exhaust, were not detected in any composite 

sample. Maximum vehicle emission OC contributions were estimated to be between 0. 7% and 

4.3%, with an average of 1.8%, based on the hopane detection lirr血 The lack of significant 
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vehicle exhaust influence is similar to previous results from the Grand Canyon. An alternative, 

but crude, upper bound to vehicular exhaust influence was also estimated assuming all elemental 

carbon (EC) present was emitted by vehicles. The vehicle OC contributions estimated using this 

assumption ranged from 18% to 76% for different groups. 

The molecular marker for meat smoke, cholesterol, was not detected in any composite 

sample. Maximum possible OC contributions from meat smoke, estimated using the cholesterol 

detection limit, were estimated to range from 5% to 20%, with an average maximum contribution 

of 13%. Although these contributions appear high, they simply reflect a high cholesterol 

detection limit and do not necessarily imply meat smoke was an important source of observed 

oc. 

• Several findings suggest that a large fraction of the fine aerosol OC is secondary 

(formed in the atmosphere) 

o Examination of ratios of aerosol organic carbon to elemental carbon indicates that 

secondary organic aerosol may have contributed between 45% and 90% of the total 

BRA VO aerosol organic carbon. These estimates are derived from examining the increase 

in the aerosol OC/EC ratio above average values observed at Big Bend National Park 

during winter months (December through February) in the years 1988-1998. Implicit in 

this analysis are assumptions that (i) winter OC concentrations are comprised solely of 

prima可 emissions (i.e. secondary OC formation does not occur in winter) and (ii) prima可

aerosol OC emission sources impacting Big Bend OC levels during BRA VO have the same 

oc/EC ratio as those impacting the park in an average winter period. Although these 

assumptions are clearly too simplistic, use of this approach should at least provide a 

reasonable estimate of the rough importance of secondary OC formation. 
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o The average ratio between saturated and unsaturated (oleic) C18 acid during BRA VO 

was 6.6, indicating that the aerosol during BRA VO was aged and subject to more 

decomposition than found in typical urban environments. 

o There is a large amount of C9 acid, avera帥ng 22% of the total a血noic acids present. 

This is a product of the chemical breakdown of oleic acid and again suggests that the 

aerosol was subject to significant chemical processing en route to the park. 

。 An absence ofbenzo(a)pyrene suggests that the observed aerosol is somewhat aged. This 

observation is tempered, however, by the generally low P AH concentrations observed, 

which may indicate that combustion emissions upwind of the park were not si副ficant

contributors to observed OC concentrations. Secondary OC was estimated to range 

between 45% and 90% of the total OC during the study. This large amount of secondary 

OC is similar to rural areas, and supports the C 18 ratio suggesting the aerosol advecting 

into Big Bend N. P. is generally aged and subj ect to degradation by atmospheric processes. 

o 6,10,14-trimethylpentadecan-2-one was ubiquitous during the study, and indicates 

secondary aerosol from biomass degradation is present throughout the study. The higher 

oncentrations found in sample composites featuring summer advection along the Texas -

Mexico border, along with low CPis during the same period, in山cate secondary aerosol 

formation from vegetation emissions was important during this period. A decrease in 

concentration in October, correlating with higher CPis, indicates less significant secondary 

aerosol formation from biogenic precursor emissions late in the study. 

• Aerosol black carbon, mostly present in submicron particles, was observed at low 

concentrations t hr oughout the study 

Black carbon (BC) concentrations measured with an aethalometer were found to comprise 

only ~ 2% of the total fme aerosol mass during BRA VO. Fine BC (1 µm cut) had an average 

concentration of 115 ng/面 and constituted 88% of the total BC. CSU aethalometer BC had a 
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marginal correlation with BC from a collocated NPS aethalometer, and a weak correlation with 

IMPROVE EC (2.5 µm cut). A high correlation was found between BC and S04-2 

concentrations, suggesting these species have sin出ar source regions. 

Overall, aerosol from the primary advection pattern along the Texas -Mexico border 

appears to be influenced by anthropogenic sources, with much of it arriving at Big Bend N. P. as 

secondary products. Molecular markers for primary emissions of wood smoke, vehicle exhaust 

and meat coo區g were seldom detected, which may be due to degradation via atmospheric 

processes or upwind loss by cloud scavenging and precipitation. When different advection 

patterns from the north and south appear in October, there appears to be a relatively stronger 

influence from primary biogenic emissions. 
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5 Future Work 

Based on the work presented on the characterization of the carbonaceous aerosol present 

at Big Bend N. P. during the BRA VO study, some recommendations for future work l,iave been 

formulated. These are: 

• Increase sampling volume and total aerosol mass loading in future studies 

The amount of OC collected on daily filters was not enough for a meaningful analysis by 

GC-MS, and the amount of OC that was characterized as individual compounds in composite 

samples was less than 7%. With an increase in sampling volume, daily filters could be 

analyzed, which would provide more accurate information about the changing composition 

of the organic aerosol. Also with this increase in aerosol loading, the amount of compounds 

identified may increase. Additionally, molecular markers such as levoglucosan and hopanes, 

which were generally at or below detection lilnits, may be detected. 

• Compare efficiencies between the Hx/Bz/lP A and DCM extraction methods for 

levoglucosan and other compounds in the silylated fraction 

The comparison between extraction methods was not done for compounds normally 

analyzed in the silylated fraction, such as levoglucosan and cholesterol. If the DCM 

extraction method was significantly different than the Hx/BzJIP A method, this could 

explain the absence of levoglucosan in the extracted BRA VO samples, though with siinilar 

extraction efficiencies found for a wide range of compound types, this would be surprising. 
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• Conduct study during times of different advection patterns and source influence 

The advection patterns for July, August and most of September were similar, along the 

Texas - Mexico border from the Gulf of Mexico. Only in late September and October was 

there a change in this pattern. It would be interesting to exam血 the organic content at B屯

Bend during other months, especially in the spring. May, June and April are the three 

months with the highest months aerosol OC concentrations, probably due to increased 

biomass burning. 

• Investigate the stability of the source tracers 

Air masses that were advected into Big Bend N. P. from sources (urban centers, 

biomass burning fields) generally had from one to several days of transport, where 

atmospheric processes could degrade and alter source tracers. There have not been 

extensive studies on this subject, and a stability analysis oflevoglucosan, hopanes etc. 

under atmospheric conditions would be invaluable. 

• Characterize both the fine and coarse mode organic aerosol 

It was reported that the coarse fraction (> 2.5 µm) of aerosol during BRA VO was 

comprised of approximately 20% organic carbon. Since most emissions of organic 

compounds typically considered (e.g., combustion and plant wax emissions) are probably 

mainly contributing to the fme fraction, characterizing the composition of this coarse 

fraction would be very interesting. This coarse mode aerosol OC may ori帥1ate from dust, 

sea salt, plant or tire abrasion, or other sources. 
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• Sample sources and develop source profiles of regional emissions 

Source profiles of local anthropogenic emissions as well as biomass burning of local 

plants and trees would be useful in calculating more accurate source contributions specific 

to the area. These samples would need a significant amount of OC for meaningful analysis 

by GC-MS. Although the BRA VO source samples collected by DRI could have been 

quite useful for the carbonaceous aerosol source apportionment, the aerosol loadings on the 

filters were too low to permit trace organic species analysis. 

• Investigate the lack of consistency between methods of obtaining light absorbing carbon 

concentrations 

There was not a high correlation between the CSU and NPS co-located 

aethalometers or between either aethalometer BC and IMPROVE EC. This lack of high 

correlation between the methods should be investigated further to see whether this was an 

aberration or whether there are truly significant differences between methods of measuring 

light absorbing carbon. 
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Appendix A - Daily flow rates, total sampling times and 

volume collected on organics sampler during 

BRAVO 

Table Al: Daily flow rate, total sampling time, channel, and total volume 
collected 

Date (BU<= 
Blank Taken) 

Ambient Flow 
(Umin) 

Sampling Time 
(min) 

Channel 
(Right or Left) 

Total Volume 
(m勺

8B0630Q 
BB0701Q 
BB0702Q 
BB0703Q 
BB0704Q 
BBO7O5Q 
BB0706Q 

BB0706QBLK 
BB0707Q 
B80708Q 
BB0709Q 
BB0710Q 
88071 lQ 
B80712Q 
BB0713Q 

B80713BLK 
8B0714Q 
B8071 SQ 
BBO716Q 
BB0717Q 
BB0718Q 
BB0719Q 
BB0720Q 

B80720QBLK 
BB0721Q 
BB0722Q 
BB0723Q 
BB0724Q 
BB0725Q 

87.20028 
85.61272 
82.6231 

81.91448 
80.5546 
83.8971 

83.46619 

83.8386 
83.77896 
84.34884 
83.66116 
83.11063 
84.28721 
84.36899 

83.63057 
83.27615 
83.71892 
84.21169 
84.0544 

84.25102 
84.1999 

83.97575 
83.71784 
110.3938 
111.441 

111.5942 

828 
1440 
1437 
1438 
1441 
1439 
1440 

1437 
1439 
1439 
1443 
1434 
1443 
1437 

1439 
1439 
1442 
1440 
1437 
1441 
1436 

1440 
1379 
1381 
1440 
1439 

RLRLRLRLLRLRLRLRRLRLRLRLLRLRL 
72.20183 
123.2823 
118.7294 
117.793 

116.0792 
120.7279 
120.1913 

120.4761 
120.5579 
121.378 

120.7231 
119.1806 
121.6264 
121.2382 

120.3444 
119.8344 
120.7227 
121.2648 
120.7862 
121.4057 
120.9111 

120.9251 
115.4469 
152.4538 
160.4751 
160.5841 
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BB0726Q 
BB0727Q 

BB0727QBLK 
BB0728Q 
8B0729Q 
8B0730Q 
8B0731Q 
8B0801Q 
BB0802Q 
BB0803Q 

BB0803QBLK 
8B0804Q 
8B0805Q 
B80806Q 
8B0807Q 
8B0808Q 
BB0809Q 
8B0810Q 

B80810QBLK 
BB0811Q 
BB0812Q 
BB0813Q 
BB0814Q 
BB0815Q 
BB0816Q 

BB0816QBLK 
BB0817Q 
BB0818Q 
BB0819Q 
BB0820Q 
BB0821Q 
BB0822Q 
BB0823Q 
BB0824Q 

BB0824QBLK 
BB0825Q 
BB0826Q 
BB0827Q 
BB0828Q 
BB0829Q 
BB0830Q 
BB0831Q 

BB0831QBLK 
BB0901Q 
BB0902Q 
BB0903Q 
BB0904Q 
BB0905Q 
BB0906Q 
BB0907Q 
BB0908Q 
BB0909Q 

111.2876 
112.2815 

112.3535 
112.9347 
112.8982 
112.2431 
111.4033 
111.5922 
111.5178 

112.6283 
111.9348 
110.2296 
110.2577 
109.7091 
110.2776 
110.3354 

110.6211 
111.1931 
110.4689 
110.9048 
110.5011 
110.2974 

109.6518 
110.3734 
109.9546 
105.2555 
99.79947 
105.1791 
100.4109 
104.4154 

100.679 
108.9516 
111.4398 
111.5942 
112.3851 
126.3259 
116.8799 

125.1563 
118.11 67 
124.5847 
117.9577 
125.2379 
116.6449 
124.2456 
116.6828 
123.5752 

1440 
1439 

1439 
1440 
1440 
1438 
1433 
1441 
1440 

1439 
785 
1394 
1430 
1439 
1439 
1438 

1440 
1440 
1439 
1449 
1440 
1445 

1430 
1440 
1440 
1440 
1440 
1439 
1440 
1440 

1438 
1439 
1438 
1438 
1443 
1411 
1442 

1440 
1440 
1440 
1440 
1442 
1438 
1440 
1440 
1440 

RLRRLRLRLRLLRLRLRLRRLRLRLRRLRLRLRLRRLRLRLRLLRLRLRLRL 
160.2541 
161.5731 

161.6768 
162.6259 
162.5734 
161.4055 
159.6409 
160.8044 
160.5857 

162.0721 
87.86879 

153.66 
157.6685 
157.8714 
158.6895 
156.6623 

159.2945 
160.118 

158.9647 
160.701 

159.1215 
159.3798 

156.8021 
158.9376 
158.3346 
151.5679 
143.7112 
151.3527 
144.5917 
150.3582 

144.7764 
156.7813 
160.2505 
160.4725 
162.1717 
178.2459 
168.5409 

180.2251 
170.088 
179.402 

169.8591 
180.593 

167.7353 
178.9137 
168.0232 
177.9483 
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BB0909QBLK 
BB0910Q 
B80911 Q 
BBO912Q 
BB0913Q 
BB0914Q 

BB0914QBLK 
B8091 SQ 
BB0916Q 
BB0917Q 
BB0918Q 
B80919Q 
BB0920Q 
BB0921Q 

BB0921QBLK 
BB0922Q 
BB0923Q 
BB0924Q 
BB0925Q 
BB0926Q 
BB0927Q 
B80928Q 

BB0928QBLK 
BB0929Q 
BB0930Q 
BBlOOlQ 
BB1002Q 
BB1003Q 
BB1004Q 

BBl 004QBLK 
B81 OOSQBLK 

BBlOOSQ 
B81006Q 
BB1007Q 
BB1008Q 
BB1009Q 
B8101 OQ 
B81011Q 
BB1012Q 

B8101 ZQBLK 
881013Q 
BB1014Q 
BB1015Q 
BB1016Q 
BB1017Q 
BB1018Q 
BB1019Q 

BB1019QBLK 
BB1020Q 
BB1021Q 
BB1022Q 
881023Q 

117.9418 
124.6281 
117.912 

124.4717 
118.0206 

125.4268 
117.5258 
124.6161 
117.3027 
125.2318 
116.9178 
123.7392 

117.6427 
125.644 

118.3256 
123.7972 
117.6083 
124.5434 
116.3706 

125.0054 
120.0388 
123.4228 
124.076 

123.01 32 
124.2699 

1440 
1440 
1440 
1440 
1440 

1440 
1440 
1432 
1444 
1433 
1446 
1434 

1449 
1441 
1439 
1444 
1438 
1444 
1435 

1440 
1422 
1439 
1442 
1436 
1442 

169.8362 
179.4645 
169.7932 
179.2392 
169.9497 

180.6146 
169.2371 
178.4502 
169.385 

179.4571 
169.0631 
177.442 

170.4643 
181.0529 
170.2705 
178.7631 
169.1207 
179.8406 
166.9919 

180.0078 
170.6952 
177.6054 
178.9176 
176.6469 
179.1971 

122.8573 
123.9046 
121.6482 
123.3485 
122.4398 
123.6052 
118.7779 
123.3863 

122.6284 
124.1703 
122.4398 
122.0625 
121.3456 
124.0999 
122.1379 

123.798 
123.3038 
1 23.1 867 
122.9349 

1431 
1439 
1441 
1441 
1434 
1438 
1443 
1442 

1437 
1442 
1439 
1445 
1430 
1443 
1444 

1438 
1441 
1494 
1389 

RRLRLRLLRLRLRLRRLRLRLRLLRLRLRLRLRLRLRLRLLRLRLRLRRLRL 

175.8088 
178.2987 
175.2951 
177.7452 
175.5786 
177.7443 
171 .3966 
177.9231 

176.217 
179.0536 
176.1908 
176.3803 
173.5242 
179.0761 
176.3672 

178.0216 
177.6808 
184.0409 
170.7566 
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BB1024Q 
881025Q 
881026Q 

881026Q8LK 
881027Q 
881028Q 
881029Q 
881030Q 
881031Q 

122.9329 
122.4039 
124.6482 

122.7793 
123.9112 
121.7996 
123.0084 
123.0106 

1436 
1441 
1440 

1440 
1440 
1438 
1441 
1438 

RLRLLRLRL 
176.5316 
176.384 

179.4935 

176.8023 
178.4322 
175.1478 
177.2552 
176.8892 
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Appendix B - IDL codes 

Bl: Code used for plotting trajectories 

pro trajectoryOCBorderSA 

; first plot the map 

device, decompose=O 

TvLCT,255,255,0,17 
red= [0,0.75,0.5,0,0,0,0,0,.7,1,l,l,l ,1,l ] 
green= [0,0.5,0,0,0.5, 1, 1, 1, 1, 1,.75,.38,0,0, l] 
blue= [0,1 ,l,l,l,l,0.6,0,0,0,0,.38,.38,0,l] 

tvlct,red*255,green*255,blue*255 

WINDOW,O, XSIZE=900,YSIZE=600 
MAP_ SET/CONTINENT,/USA,LIMIT=[l 7,-111 ,38,-80] 

Lats=[37] 
Lons=[- I 05] 
Title=['OC Tr3:」 ectories - BorderSA'] 
XYOUTS,LONS,LATS,title,COLOR=9, $ 

CHARTHICK=2,CHARSIZE=3,ALIGN=O 

LATS=[29.30] 
LONS=[-103.12] 
CITIES=['BigBend'] 
PLOTS,LONS,LATS,PSYM=5,SYMSIZE=.8,COLOR=l3 
LATS=[29.3] 
LONS=[-103.6] 
XYOUTS,LONS,LATS,CITIES,COLOR= l 3, $ 

CHARTHICK=l,CHARSIZE=.9,ALIGN=l 

LATS=[25.9] 
LONS=[-97.26] 
CITIES=['Brownsville'] 
PLOTS,LONS,LATS,PSYM=5,S\'MSIZE=.8,COLOR=l 3 
LA TS=[25.54] 
LONS=[-97] 
XYOUTS,LONS,LATS,CITIES,COLOR=13, $ 

CHARTHICK=l,CHARSIZE=.9,ALIGN=O 

137 



LATS=[29.58] 
LONS=[-95.21] 
CITIES=['Houston'] 
PLOTS,LONS,LATS,PSYM=5,SYMSIZE=.8,COLOR=l3 
Lats=[30] 
Lons=[-96] 
XYOUTS,LONS,LATS,CITIES,COLOR= l3, $ 

CHARTHICK=l ,CHARSIZE=.9,ALIGN=O 

LATS=[22.54] 
LONS=[- I 02.41] 
CITIES=['Ciudad de Mexico'] 
PLOTS,LONS,LATS,PSYM=5,SYMSIZE=.8,COLOR=l3 
XYOUTS,LONS,LATS,CITIES,COLOR=l 3, $ 

CHARTHICK=l ,CHARSIZE=.9,ALIGN= l 

LATS=[25.52] 
LONS=[-100.14] 
CITIES=['Monterrey'] 
PLOTS,LONS,LATS,PSYM=5,SYMSIZE=.8,COLOR=l3 
LATS=[25 .52] 
LONS=[- I 00.6] 
XYOUTS,LONS,LATS,CITIES,COLOR= l3, $ 

CHARTHICK=I ,CHARSIZE=.9,ALIGN=l 

LATS=[29.32] 
LONS=[-98.28] 
CITIES=['San Antonio'] 
PLOTS,LONS,LATS,PSYM=5,SYMSIZE=.8,COLOR= l3 
LATS=[29.5] 
LONS=[-98.28] 
XYOUTS,LONS,LATS,CITIES,COLOR= l3, $ 

CHAR THICK= l ,CHARSIZE=.9,ALIGN=.5 

LATS=[28.23] 
LONS=[- I 00.68] 
CITIES=['El Carbon'] 
PLOTS,LONS,LATS,PSYM=l ,SYMSIZE=.8,COLOR= l 3 
Lats=[27.8] 
Lons=[- IO I] 
XYOUTS,LONS,LATS,CITIES,COLOR=l 3, $ 

CHARTHICK=l ,CHARSIZE=.9,ALIGN= l 

LATS=[32.44] 
LONS=[-96.58] 
CITIES=['Dallas'] 
PLOTS,LONS,LATS,PSYM=5,SYMSIZE=.8,COLOR=l3 
Lats=[32.6] 
Lons=[-96.58] 
XYOUTS,LONS,LATS,CITIES,COLOR= l3, $ 

CHARTHICK=l ,CHARSIZE=.9,ALIGN=l 

LATS=[27.45] 
LONS=[-97.3] 
CITIES=['Padre Island'] 
PLOTS,LONS,LATS,PSYM=5,SYMSIZE=.8,COLOR=l3 

138 



Lats才27]

Lons=[-97.3] 
XYOUTS,LONS,LATS,CITIES,COLOR= l3, $ 

CHARTHICK=l ,CHARSIZE=.9,ALIGN=O 

LATS=[31.72] 
LONS=[-96.11] 
;CITIES=['BB Plant'] 
PLOTS,LONS,LATS,PSYM= l ,SYMSIZE=.8,COLOR= 13 
;LATS=[3 l. 72] 
;LONS=[-96.7] 
;XYOUTS,LONS,LATS,CITIES,COLOR= l 3, $ 
; CHARTHICK=I ,CHARSIZE=.9,ALIGN=l 

LA TS=[32.4 7] 
LOKS=[-93 .82] 
CITIES=['Shreveport'] 
PLOTS,LONS,LATS,PSYM=5,SYMSIZE=.8,COLOR=l 3 
XYOUTS,LONS,LATS,CITIES,COLOR=l3, $ 

CHARTHICK= l ,CHARSIZE=.9,ALIGN=O 

Lats=[28.86] 
Lons=[-100.57] 
Cities=['Eagle Pass'] 
Plots,lons,lats,psyrn=5,symsize=.8,color=l 3 
XYOUTS,LONS,LATS,CITIES,C血OR=I3 , $ 

CHARTHICK=l ,CHARSIZE=.9,ALIGN=O 

LATS=[30.391] 
LONS=[- I 02.285] 
CITIES=['W estern Gas Resources'] 
PLOTS,LONS,LATS,PSYM=l ,SYMSIZE=.8,COLOR= l 3 

LATS=[35.429] 
LONS=[-101.214) 
CITIES=['Phillips 66'] 
PLOTS,LONS,LATS,PSYM= l ,SYMSIZE=.8,COLOR= l 3 

LATS=[30.223] 
LONS=[- IO 1.504] 
CITIES=['Altura Energy'] 
PLOTS,LONS,LATS,PSYM=l ,SYMSIZE=.8,COLOR= l3 

LATS=[29.442] 
LO)l'S=[-95 .0025] 
CITIES=['Exxon'] 
PLOTS,LONS,LATS,PSYM=I ,SYMSIZE=.8,COLOR= l3 

LATS=[29.53] 
LONS=[-93 .5 73] 
CITIES=['Motiva'] 
PLOTS,LONS,LATS,PSYM= l ,SYMSIZE=.8,COLOR= l 3 

LATS=[30.035] 
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LONS=[-94.041] 
CITIES=['Mobil'] 
PLOTS,LONS,LATS,PSYM= l ,SYMSIZE=.8,COLOR= l 3 

LATS=[32.1554] 
LONS=[-94.34] 
CITIES=['Texas Utilities'] 
PLOTS,LONS,LATS,PSYM=l ,SYMSIZE=.8,COLOR= l3 

LATS=[33.055] 
LONS=[-95.02] 
CITIES=['Texas Utilities'] 
PLOTS,LONS,LATS,PSYM= l ,SYMSIZE=.8,COLOR= l 3 

LATS=[31.492] 
LONS=[-96.032] 
CITIES=['Texas Utilities'] 
PLOTS,LONS,LATS,PSYM= l ,SYMSIZE=.8,COLOR= l3 

LATS=[29.472] 
LONS=[-95.252] 
CITIES=['Reliant'] 
PLOTS,LONS,LATS,PSYM= l ,SYMSIZE=.8,COLOR= l 3 

LATS=[30.336] 
LONS=[-97.041] 
CITIES=['Aluminum Co'] 
PLOTS,LONS,LATS,PSYM= l ,SYMSIZE=.8,COLOR= l 3 

LATS=[29.413] 
LONS=[-91.211] 
CITIES=['Patterson'] 
PLOTS,LONS,LATS,PSYM= l ,SYMSIZE=.8,COLOR= l 3 

; Now start the section where we overplot traj's onto the map 
; open the text file with all dates to map 
openr,unitl ,'c:\Back trajectories\ lOOOm\OCBorderSA.txt',/get_lun 

filename='' 
;start the loop reading days to extract 
filecount=OL 
while not eoftunitl) do begin 
filecount=filecount+ 1 
readf,unitl ,filename 
colorx= l +filecount 

LATS=[37.7] 
LONS=[-110.5] 
CITIES=['Border SA'] 
;XYOUTS,LONS,LATS,CITIES,COLOR= l 3, $ 
; CHARTHICK=l ,CHARSIZE=l .5,ALIGN=O 

Lats8=[3 7.7-(.6*filecount)] 
Lons8=[-l 10.7] 
XYOUTS,LONS8,LATS8,filename,COLOR=colorx, $ 
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CHARTHICK=l,CHARSIZE=l ,ALIGN=O 

filename=filename+' . txt' 
openr,unit,'c:\Back trajectories\} OOOm\'+filename,/get_lun 

cx=OL 
header= 11 
readf,unit,header 
readf,unit,header 
read£; unit,header 
readf, unit,header 
readf,unit,header 
readf,unit,header 
while not eof(unit) do begin 

readf,unit,format='(a 1)',test 
cx=cx+lL 

endw皿e

close,unit 
free _lun,unit 
print,unit,cx 

openr,5,'c:\Back trajectories\ ! OOOm\1+filename 

header = '' 
readf,5,header 
readf,5,header 
readf,5,header 
readf,5,header 
readf,5,header 
readf,5,header 
LATS = fltarr(cx) 
LONS= fltarr(cx) 
ix=(iL 
while not eof(5) do begin 

readf,5,a,b,c,d,e,f,g,h,i,j,k,l,m 
lats(ix) = j 
lons(ix) = k 
ix=ix+l 

endwhile 
LONS=-LONS 
print,lats(O),lons(O),ix 

; cut traj to 3 days if it's longer 
de五eck=fltarr(2)

dcheck(O)=72 
dcheck(1)=ex 
uplim = min(dcheck) 
uplitni=fix(uplim-1) 

;OPLOT,LONS,LATS,PSYM=2,SYMSIZE=.2,color=colorx 
OPLOT,LONS(O:uplimi),LATS(O:uplitni),PSYM=2,SYMSIZE=.3,color=colorx 

;result= cx/24. 
;counter = fix(result) 
;print,counter 

141 



;for jcount = I,counter do begin 
;PLOTS,LONS(23 *jcount),LATS(23 *jcount),PSYM=2,SYMSIZE= l ,color=colorx 
;endfor 

close,5 
endwhile 

cone='' 
openr,unitl,'c:\Back trajectories\1 OOOm\OCBorderSAconc.txt',/get_lun 
filecount=OL 
while not eof(unitl) do begin 
filecount=filecount+ 1 
colorx= 1 +filecount 
readf,unitl ,cone 

Lats8=[3 7. 7-(.6*filecount)] 
Lons8=[-108] 
XYOUTS,LONS8,LATS8,conc,COLOR=colorx, $ 

CHARTHICK=l ,CHARSIZE=l ,ALIGN=O 

endwhile 

image24 = TVRD(True=l) 
image=Color _ Quan(image24, l,r,g,b) 
write_ GIF, 'OCBorderSA.gif',image,r,g,b 

close, /all 
end 
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Appendix C - Daily Air Mass Trajectories 

Daily air mass trajectories were run using the NOAA Hysplit model for each day of the 

BRA VO study. Trajectories were run at 8 pm CST, the middle of each daily sampling period, 

from a starting height of 1000m. This appendix shows each daily tr3:」 ectory along with the height 

of the air mass. 
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ǹ3i 

Figure C36 Air mass trajectory for 8/4/99 

3至戸罕苹罕--

NOM"'R RE_｀氐ES lABORATCJRY 
凸mU T- 臼重01 IITC O"U5.. 

Mug

-u2 

Figure C38 Air mass trajectory for 8/6/99 

149 



$ .,...－·一-已...`
；芊夸汪Z字：罕- 2三云； ：一-

NOm^'RRFe`L昃0ORAl`OR,

...m`｀蛐巴上＂ 一·1 UTC.. 鼻JG .. 

Me
v'=u2

r-N 
•
• 
m̀,q1i 

Figure C39 Air mass trajectory for 8/7/99 

e;,. .....-....-… 
芊夸汪；苧7；罕之

N0ANRRE,nuu吐s..-TORY

U鸝缸＂叫Tu鸕`" ° 'I U「c,o巫 .. 

戸

Figure C4 l Air mass trajectory for 8/9/99 

噩呈玉牽荼：苧泛严－

NOMAIR RESOURCES LAIIORATORV 

......Tn鸕口｝ 一·"n

泊lFl 

MZI

'g
-
N2OZ

3··̀

n-3e3 

一一------一一－一一－-- ----一－

--------------------. ~ 

Figure C43 Air mass trajectory for 8/11/99 

NO^^ AM` ` :~ LAaon^TORf 
－－｀-」圧鹹電· OIIIT'C..吣 .. 

; . 
I 

M
e
n.

g
-

＝
g

.

E

冨
·
u
4
·
』

-
5̀

a

Figure C40 Air mass trajectory for 8/8/99 

粵一心一· L..........,

芊苧汪；－:

N0AARRF_sn"R令 I.AIIORATORV

......Tn～＇一·'IIT"C ，,心.. 

M
e
r
g
-
u
2
rU
Z
冨
·
5
3
'
3

Figure C42 Air mass trajectory for 8/1 0/99 

3華三声罕苹罕:-

NOAA団R 配SOURCES 1.-iRATORY 

-·．矗T1~I O·1面 13心曰

\ 

M
e
g
-

＝
2

.

U
t
冨
·

t呈
·
M
-＇
S

0
g

I|:``/'̂  l ......... 

Figure C44 Air mass trajectory for 8/12/99 

150 



3 m...... ,·一 ...-a…

， 夸壬苧泛戸2;丟z:- 3至圣罕罕5-

NO^ANRRE``＂汛＾ss .-TORY

一一T'轉／一·`UTCI母心 .. 

NO^^^'nn: ``JRCES l^OOR^TORV 
... 曰d T叫om m·IUTCI5心曰

.I' 

M
~
r
2
u
N
R
．
巴
冨

·

§

3
'
3

Figure C43 Air mass trajectory for 8/11/99 

3莘呈萃苔罕罕琴:-

M
2
-．

g
-
M
2
r-
Z
編
·

`
－
B3
i

t 10,j 

Figure C44 Air mass trajectory for 8/ 12/99 

3至它孟萃荃字：：：：罕-

NOm^lRRF``IRCESU吐`-TORY

。~•• dT'蛐以上 I 一·,UTC1鳥鼻UG .. 
. . , _ _ 

M
e
r
g
-
N
2

.

U

冨
·

s
3
'
3

Figure C45 Air mass trajectory for 8/13/99 

粵 一·-·一－..,,====='::.'=:=``~-｀己一＂國行寸·-－．,'－,_+ －一4.u ·' － e - "· 

`｀＾NRRE唧記ESU`｀NORT... 一T- 臼011STC `心 .. 

M
C
l.

g
L
M
呂.. z
- •• 
6
=-g'

ma 

Figure C46 Air mass trajectory for 8/14/99 

3二芸三芸；；沄．~·::＃～－
U一·m OCU^_w,一. , －－ ． ·_-一~ －· － _-m 

N<lAA"RRESOUACES IABORATORV 
缸＾m｀｀畸比比i 一·1 Urc`｀ 鼻JG .. 

T瑾己 「呾巴．U 一

\ 

M
~
-
'
n
=
g
.
｀
冨
·

F

·
·
E
-
's
a

- - - - - ,` ｀；－－一，.... 
Figure C47 Air mass trajecto巧 for 8/15/99 

NOAA.. R RESOtJRCES LAOORATORY 
--T-'-V-OIUIC17心 .. 

/~ il I 
I 

' 

Me
r8-

=
g 
.• 

H 

•• 

s3'
3 

Figure C48 Air mass trajectory for 8/16/99 

151 



菡 "'· ·Ir'·一一··写丘王忌汪汪芊士罕: 噩-u `－，一·c,
写苧汪;Z苹ZZ-

NO^,.,RE,｀U配祀TORY`.....r- -•1 urc,.`人 .. 
卫

M
e

-g
-
u
g

.

U

冨
·

£

.
E
-
i

Figure C49 Air mass trajectory for 8/17/99 

噩三辛辛苓「罕苹罕-

HO鼻A,RRFen'IRCES,__TORV

-...T｀一一·, me.,几` ,.

M
"

.g
-
=
8
c

冨
·

5
M
3
'
m
2
-

Figure C5 l Air mass trajectory for 8/ 19/99 

3華戸罕罕萃-

NO^＾＾mn`｀椿UA= L^aon^TORV

--T-缸，一·` ｀C I.心.. 

耷｀ ［守…' 7〒-
Me
<g
-=g 
.• z 
•• 

s=3i 

Figure CSO Air mass trajectory for 8/ 18/99 

＄声声：罕罕罕:-

NO^＾AU`RF`` ＇比巨 IABORATORY
--Tojo上U/ ° '111TCm 鼻m .. 

T中五．－＇

I ' Mu
.g-N2r.

`
U
·̀p3'3 

Figure C52 Air mass tr~」 ectory for 8/20/99 

o -『...－一·-·－汪卫罕芘玄:

N0AARRF``IRCES,_TORY 
曰d一T.... 叩臼膚,._., UICZZ鼻m .. 

T-斥I 

Figure C53 Air mass trajectory for 8/21/99 

NOM,..RRE,IRCES lAOORATORY 

...臼｀ T礴 O·um五3良` .. 

Mu
.g-u2

rUt
3 •• 
s
3'

3 

M
e
r
g

L
N
呂.. 
｀
量

·

`
-
BX
,
.
.
.
,
.
.

戶二二二二二二一

Figure C54 A扛 mass trajectory for 8/22/99 

152 



睾至子呈孚空罕罕琴:- 霫莘荃革至「罕罕琴:-

NO鼻昃 ^'RRE,ounc蕊 LABO叭TO,Y--`~I O·1mc..鼻JG .. 

N0ANRRF`` 卟ICES LABORATORY 

...... T璹巴1 一·1UTCZ5心 .. 

M
a
r
2

-
u
2
c
『
量
·

`
u
3
'

s

a

Figure C55 Air mass trajectory for 8/23/99 

3.,.. .，，·一－一」
写壬迁苧苫己苧罕:

-,'. 

M
2
l.

g
-
u

．̀

a
－
冨
·

｀
u
3
`
i

Figure C56 Air mass trajectory for 8/24/99 

3華玉声：罕罕琴-

NOAA PIR RESOURCES IABOAATOIIY .... _Ta" O·I UTC ,.巫 .. 

Mu

.')-NgdNn

.
s
'o1i 

Figure C57 Air mass trajectory for 8/25/99 

3'至三「罕罕琴:-

NOAA AIR RESOURCES LABORATORY 

一一｀日巴1 一·1IITCO鼻`.. 
; ~ ~ 

M
z
r
O
3b
u
2
r.
2
冨
·

`
,,.
,
.
,
'
5

a

Figure C58 Air mass trajectory for 8/26/99 

多三至苹迁，～

NOANRRE`'un c ES L TORV 
`Um叫Tn卹...,_o, lll

~ ~ i 

lrl' 

Me-6o-zg

.MC
i··
1̀3'3 

Figure C59 Air mass tr~」 ectory for 8/27/99 

NOAAAIR RESOURCES LABORATORY 
缸」口4T- 圧01 UTC己心 00

「＇

l 

-1 

Mz
r2
-
ug 
.• Z
3··
5
n3'

mo9 

一一 一 一 － 一一 一一－ - - - － ， －一 －
- - - -~-~- - - - - ,' 

Figure C60 Air mass trajectory for 8/28/99 

153 



圧
～

-~i 
3
一
~

一
3
i

-ia

_ 
t-5

i
"一

"
f 

{

-5 

4il w 
.- i_ 

J t'

. 
9 

3 '戸孚·至－-

NOMA`` · ounCESL^``` T̀ORY 
...｀示T"怕缸／一·IIITC,.心 .. 

. "
d 

M
a

.

'
)
L
N
g.

`
n

.

`
－p·
8

1
賨

n
2

Figure C61 Air mass trajectory for 8/29/99 

睾莘玉云苹圣：三；琴-

NOAA AIR RESOURCES LABORATORY 

缸d··dT·一，。-•• UTC>,心 .. 

l 立 酗 ＼

M"
v8-ug0en

.
6
g·8
1'
uno
S 

Figure C62 Air mass trajectory for 8/30/99 

多呈荃革至罕罕琴严

NO^^^IRRE~ IRCES l,```̀TOnv 
n..m.,`亭L缸,......。1 llTCO\ SEP a 

Me
rg-

Noc

.llln.6

n`
>1i

Figure C63 Air mass trajectory for 8/31/99 

~}

. 

-'i


ai -i-2 "r 
{

-
t 

i

li

~ 

l

-li 

=I-9 

NOMNRRE50URCESL^OOR^TORY 
.... ,．己T'---Ol llTC..SEP.

Me
rg-

=
g
.̀n·̀

-n8

18
mo
9 

Figure C64 Air mass trajectory for 9/1/99 

.l -`
i g

一i
# 

」i


罡
{
r' -' ` 孚

i-

l
-

9 

NOMAIRRE,。＂H吐S LABORATORY 
一·面T'畸I O O1 llTCO`于 .. 

M
z
r
8
t
M
g

.

｀
罩

·
`

-
n
-̀
1
'
n
2i

-

Figure C65 Air mass trajectory for 9/2/99 

NO^^^'RREsounCESlAIIORATORY 

-｀｀叫叮｀ 01 UTC..函·

\ 

M
U

.

c
o-
u
g

·

良

3
··

`
－n
U
O
4會
｀
n
o
g

Figure C66 Air mass trajectory for 9/3/99 

154 



J 

罕
a1 

2 
-m3 -i_ £ 

t
、"

{

-
t 

'

l
il 

l

-l

g 

a
l

til-9 3~ 
一3
i

m 
.̀ s

油
-i-

t_ 

,' r "

S
3 

.' =-i 二
i
呈
=
ll 

0 

NOMAlRAE50UACES ',``` T̀1lRY 
n,淯I"口 T'尸上I C ·\ VTCm,｀子曰

NOmARRESOUnCESU`` `̀TORY 
-T｀凪缸', -•11JTC....,, .. 

M,

'UM

R
.iin

.
5n3'

un
og 

.. ..... 
一一一·· - - - Figure C67 Air mass trajectory for 9/4/99 

4 
一[

i

3 3一̀
 23 

6" -
m
m 

-1 
z ? -· l.l 

- L 
。

i
i

一
一
g

Il

i ., . 
5吣

9 

M2
v8
-
Ng
·̀n.5n`1'

un
o9 

．． 畫 ·'

Figure C68 Air mass tra」 ectory for 9/5/99 

}~ 一3
i

I
-, '. :' 2' 

-' ,' . - t-
{ 

,̀  
53 

b .` t
r" 

u

-t 

-

li~ 
i

--i 辛
>

NOAAAJRRE-50URCES U\OOflATORY 
n盲伍面 T，專叫乩 I G·I mcor5EP曰

i · － 一 －．－

b"

i 
MZ
<g
-
Mg
.̀··E--4
-'Mb
g 

... .. 
Figure C69 Air mass trc1:」 ectory for 9/6/99 

~~ _ii 3
-i 

-ii F I
一I

,' S5

_ t 

r , 
` 

Fr' . {
-'
_ 

'

l.{ 

Ht a-g 
i
J-

9 

NOAA AIR RESOURCES I.AIIORATORY 
m...,1亭山／一·1UTC鴴 SEP彎

Figure C71 Air mass trajectory for 9/8/99 

N0ANRRESOURCESL^oon^TORY 
．配國Tu伊I O O1UTC..SEP彎

M
m

.

'
－-
H
g
·霞

n
.

｀

-
－.3

'

u
n
a

,h
h
i 

Ma

.g
-
NOC
.̀
n.u

it̀
1·
eno9 

............... ..... ... 
Figure C70 Air mass trajectory for 9/7/99 

i~ -q 
3
一

6,--i-- ,' 55 
曰̀
 m

F 3
一t云

～

]

1lt 

i-i-9 

NO^^ ^lARESOunCES lAIIORATORY 

'm,....`--•1 llTC 10SEP,_ , _L: 
\ 

F
1 

MZ
t6o
-
=oc.̀ n

.
5n.̀ 1'

un
o9 

Figure C72 Air mass trajectory for 9/9/99 

155 



4 

罕
-i5

_ 
-a3 t-- ` , "65 "F {

-
5 

1.i Hu 
云

i-l-9 
3声云全·至罕罕罕-

NOAAAJRR七SOURCES LA50RATORY 
n．巾mn1Tl峒鸝- -•1 UTC 11 函曰

M
m
6
O
t
N
g

·

n

罩
·

`
8
g
1
'
u
-
a

Figure C73 Air mass trajectory for 9/1 0/99 

~~ -ci 
g
一i芋

- '

li

_ 
53 

` .. 
.
『̀
L

-' l.{ 

L Hi i-l-9 

NOAA AJR RESOURCES LABORATORY 
'...面T`口匱r -•1 llTCta函曰

l 丶户 I 辶 { 

," 
M2Z6OLNg

·̀

-··
`og1'unoO 

Figure C75 Air mass trajectory for 9/12/99 

3華之至至；罕苹琴:-

NOAA,..R RE.SOUaCES LABORATORY 

'm·己T鳴凸＂ -Ol lJTCl囧'.. 

Mu

.O3-ug0

z
n
.
`-p,

1̀
'
no
9 

-
Figure C74 Air mass trajectory for 9/1 1/99 

3 '辛云云互：,－-

NOAAAIAA色硒ES IA!IORATORY 
n·面T'刁凪即r - 01UTC 14 SEP .. 

,
'

T
'丨

－

M
u

.

g
l
N
o
c
d
z
n.
8
n
8

1
)̀
J
n又

[ .. 0-～三－－－．論；
Figure C76 Air mass tr3:」 ectory for 9/ 13/99 

J 

罕q
臼

F -1 芸
{

＂
『
＂

{

-
t 

ml

lil 三L5 - 1 ; 

1l, 

9 

NO^＾＾IRRF-'n重 IRCES lABORAlORY 
m·國T`-, --01 UTC 15函曰

炸

尸
M
u

.

g
L
M
2
r
`
n

.

E

-
p·
`
q
.

蝨

Figure C77 Air mass trajectory for 9/14/99 

' 
/ 

M
2
Z
6
O
l
N
O
6霜

謚
·

5
n
8
1
.0
J
n
0

`｀^NR配SOLIICES I.A｀血TORY
'｀1··,｀_..一 01 UTC llSEP一

Figure C78 Air mass tr3:」 ectory for 9/15/99 

156 



晝莘苔云是罕- 多＇至三玄云琴苹:-

NOA^＾ RES「`JflCES U\BORATORY 
n......,T，享I0這畸·O1 mc "｀孑曰

I 

\ M
z
-
6
o
-
u
g.

`

l一
·

5
n
`
n
`
M
W

[－

-·. .. · -
Figure C79 Air mass tr~」ectory for 9/16/99 

4 
玄

3li ·' 日
2

5' F t-
{ 

·' r "53 a` i

-t 

1i~ 

--i l"g 

l 

~ 
, a ~J, 9 

NOAA/>JR RESOl.l'ICES LABORATORY 
.... ,.""`｀口叩 -011/JCI.面 .. 

M
`
n
`
－
N
O
C
0
z
n
.

`
－p
.
81
'
u
n
蝨

.. ... 
Figure C80 Air mass trajectory for 9/17/99 

4 
一[
i

芒
-ii 

」i


;
- .. · ' -' 訂『

i
li~ 

凸
i

-li 

5 ~ 
'l i

J, 
0 

NOAA AIR RESOURCES lAIIORATORY 
nm,..ntT`口ut E·I l/TC1.SEP嚀

M
N
Z
6O
l
N
o
c.

`
n

.

`

．`
8
1
g

。
0

Figure C8 l Air mass trajectory for 9/18/99 

il 
一3
i

3li 

-
·
日

-i-2 
.
『̀

_-t 1i~ 

-li 

5_ 

l 

~_ 
a
l 

-ii' 9 

N0AAIRRESOUnCES,」`｀`｀TORY
'm．面T，學`"-•• UTCZDSEP .. 

M
2
Z.

'
-
-
u
g．

震

一.. 
5n`n8m3 

Figure C82 Air mass trajectory for 9/ 19/99 

~~ -
ii 

3U 
.̀ 6i5 -i-2 "

F 
3

-
t 

mL
lil 三

5 
l
, 

l 

. . , i
J-

9 

lfOM AJR RESOURCES LAIIORATORY 

'̀ "'"'``mm L卹· ·1VTC2, 國 .. 

'、、c Ik~ 

` Met

.O3
-
ug

.̀n.u.81,§9 

Figure C83 Air mass trajectory for 9/20/99 

NO^^NRRE,｀)Uf亞S LABORATORY 
........,i~'c,.-ounczz唧.. 

MZ
v8
t
Ug

.̀n

.
5n81'

w5
9 

Figure C84 Air mass trajectory for 9/21/99 

157 



i~ -ci gl{ -i-
{ 

" l 
"55 ·r̀  i

-m 

me

li

l 

i

--
i 

i-
l-

9 i~ -~
i 

iU i-- i 

·' S3 

` . ·F i

-t 

ml

l.{ 

一
一
i

i 

l i

l-~ 
9 

NOMAIR RE,（远ES lABORATORY 

-T'牟1 `.0 OIUTC2汪P. NOAA AlR RESOURCES I.AOORATORY 

mA...｀鼻口遺'G·1U`｀`'·

1
,
1
<
1

"g
L
M
g

.

｀
罩

·
`
)
p
3
'

，
'

i 
| :""「:A- ｀-`,..,`,｀:', ＇

Figure C85 Air mass trajectory for 9/22/99 

J _ii 

3一d
·` , 1 

5b -~' -1 
2 § 1

r, 

.h i
-i

i 

ll 』
r IU {i 9 

M
z
r
g
t
M
g

。

巴

一·
·

`
)
p
3
'
5

o
9

Figure C86 Air mass trajectory for 9/23/99 

J -bi I-i 635 -h -Ii 

z r-i mlil

_ 星
.6 i-l~ 0 

NOMAIR RESOURCES I.A80RATORY 

n..訂甲「＇中' `0111Tc2:1SEP• 

'| 
. 

Mm

6o-

M
20Zi

··̀

n8
1p
n2 

--- ----- ----
一一一一一一一一一一一一一一一一一一－ - －一一

、－-------- --占 ＇ 凸 ＇ 凸 ＇ 占 ' Ì, , ,｀
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Figure Cl 19 Air mass trajectory for 10/26/99 
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Appendix D - Error Calculations and Propagation 

Error calculations were done starting from the errors involved in quantifying individual 

compound concentrations, described in section 2.5.3 and 2.5.4. Errors in OC and EC 

concentrations from the IMPROVE TOR combustion method are described in section 2.3 .2. 

Errors were then propagated through all calculations using formulae stated in table El . Statistics 

were also used to compare experimental means, and methods used in this work are detailed in 

sections 2.5.2, 2.5.3 and 2.5.4. 

Table D1 Error propagation in arithmetic calculations (from Skoog et al., 
1992) 

Calculation Example Standard Deviation 

Addition/Subtraction 

Multiplication/Division 

y=a+b-c 

y =a* b/c s 
y _ 
y 

Sy= 」s~ + s; + s; 

Exponentiation y= ax 
川节］州

s.Jy = x safa 
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