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The major objective of this study was to evaluate the spatio-temporal distribution of VOC 

in order to highlight the influence of unconventional emissions. The study utilized measurements 

from automated gas chromatography (AutoGC) monitors to analyze the patterns of the total non-

methane organic compounds (TNMOC) and relative contributions from marker species of traffic 

versus oil and gas activities. In this study, data from 2001-2014 was obtained from the Texas 

Commission on Environmental Quality (TCEQ) for fifteen monitoring sites within the North Texas 

region. Source apportionment analysis was conducted using Positive Matrix Factorization (PMF) 

technique. Natural gas signature was the dominant source of emission with a 52% contribution 

followed by 31% from two separate traffic-related sources. Considering ethane to be the 

dominant species in oil and gas emissions, it was observed that the rising ethane/NOx ratio 

correlated with increasing annual average ozone post-2007. In this period, higher concentration 

of ozone was found to be associated with stronger winds from the Barnett Shale area – a region 

that did not seem to contribute to high ozone during 2001-2007. Results indicate that the area 

has failed to observe a declining trend in ozone despite effective reductions in NOx and traffic-

related VOC emissions. The findings of the study would be helpful in proper evaluation of the 

ozone-forming potential of unconventional VOC emissions. The study therefore draws the 

attention of policymakers towards the new influx of emissions that have emerged as a powerful 

source within the DFW metropolitan area. 
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CHAPTER 1 

INTRODUCTION 

Volatile organic compounds (VOC) are a group of carbon-based chemicals that can easily 

vaporize at room temperature. Although various anthropogenic sources account for such 

hydrocarbon emissions, the shale boom has raised growing concern over the impact of oil and 

gas activities around productive regions. Recent studies based on US shale plays recognize the 

emissions resulting from various stages in the total shale cycle. Starting from well preparation 

to gas processing, countless factors play a key role towards increasing pollutant concentrations. 

Emissions from these sources include VOC, nitrogen oxides (NOx) and particulate matter (Roy 

et al., 2013). While McKenzie et al. (2012) point out several studies associating health problems 

with direct exposure to petrochemical hydrocarbons, a major area of study focuses on 

characteristics and contributions of precursors towards formation of ground-based ozone (Ling 

and Guo, 2014; Wei et al., 2014; Pan et al., 2015; Jeon et al., 2014). 

Ground-based ozone is one of the criteria pollutants strictly monitored by the US 

Environmental Protection Agency (EPA). Ozone in the troposphere is formed in presence of 

sunlight through the reaction of VOC and NOx. Tropospheric ozone has been associated with 

several health problems such as respiratory problems. It is also known to have negative impacts 

on vegetation and ecosystems (Ground Level Ozone, EPA).  Two key reaction routes, namely 

NOx-sensitive and VOC-sensitive mechanisms, are involved in ozone production (Susaya et al., 

2013). Ozone chemistry is complex and believed to be dependent on many features. Although 

urban areas are reportedly VOC-sensitive in general (Pan et al., 2015), sensitivity could also vary 

at different locations and during different seasons of the year (Peng et al., 2011). Considering 
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metropolitan areas to be the target of analysis so far, there is limited research on rural regions 

where ozone episodes are usually linked to transport of precursors from upwind urbanized 

areas (Jeon et al., 2014). Therefore, both precursors are equally important and if the ozone 

chemistry at a particular location is not well understood, an increase in any one of them could 

pose a major threat. 

A significant portion of North Texas is home to the Barnett Shale formation. Spanning 

over 5,000 square miles in north central Texas and covering at least 18 counties, the Barnett 

Shale is believed to be one of the largest onshore natural gas fields in the United States 

(Barnett Shale Information, Texas RRC). The edge of the formation lies beneath the City of Fort 

Worth, and the most productive counties fall within the Dallas-Fort Worth (DFW) metroplex 

region. In the year 2000, the Barnett Shale produced only 216 million cubic feet per day 

(Barnett Shale Information, Texas RRC), but since then gas production activity in the area has 

experienced significant growth. The well count went up from about 700 wells in 2000 to more 

than 18,000 wells in 2013 (Ethridge et al., 2015). This has resulted in soaring natural gas 

production levels that peaked at 5744 million cubic feet per day in 2012 (Barnett Shale 

Information, Texas RRC). The growth at such high margins accompanies greater emission 

footprints, making this area a prime target for detailed analysis of the air quality impacts. 

It is understood that NOx emissions were the primary target species in evaluating ozone 

concentrations in North Texas. Since on-road mobile sources were found to be the dominant 

factor behind these emissions (TCEQ, 2015), improvement in air quality has been associated 

with a decrease in NOx concentration (TCEQ, April 2015). This is certainly good news and 

indicates a combination of strict implementation along with wider adoption of pollution control 
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strategies. But the question then arises, how costly would it be to underestimate emissions 

from sources that did not seem to be a top priority until recent years? Could there be hidden 

trends that go unnoticed amidst all the urban attention? The search for these answers 

encompasses the major objective of this study. 

A recent study targeting the DFW area in North Texas highlights the impact of Barnett 

Shale on ozone trends (Ahmadi & John, 2015). According to findings of the authors, for two 

demarcated regions – non-shale gas region (NSGR) and shale gas region (SGR) – the number of 

ozone exceedance days post-2007 have been higher for SGR as compared to the NSGR. The 

study also highlights that the meteorologically adjusted (M.A.) ozone projects a rise in the SGR 

as opposed to a decrease in the NSGR. With NOx concentrations reportedly coming down, the 

current focus has shifted towards measured VOC concentrations in the study area. Owing to 

the fact that DFW is one of the fastest growing metropolitan areas within the United States, 

traffic emissions would probably account for possible upsurge in overall VOC concentrations. 

But considering the area has also witnessed a significant growth in Barnett Shale production, 

especially post-2007, it is difficult to draw any conclusion without further investigation. DFW 

area has therefore been selected for additional air quality analysis, and patterns in VOC trends 

have been examined in order to realize the impact of Barnett Shale activities. Using data from 

2001-2014, fifteen monitoring sites have been considered in this particular study. The study 

draws upon the trends of some of the renowned VOC parameters used as marker species for 

various source apportionment studies. Results shed light on the emergence of rural emissions 

becoming the greatest factor of concern in a fast-growing metropolitan area. 
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Chapter 1 provides a basic introduction of the topic leading to the major objective of air 

quality data analysis. Chapter 2 focuses on the background and literature review. Chapter 3 

highlights the study region, data used for analysis and methodology adopted. Chapter 4 

provides an insight into the results and discussion. Chapter 5 summarizes the conclusions and 

recommendations. 
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CHAPTER 2 

BACKGROUND 

2.1 Evolution of Shale Gas Production 

The advent of shale gas production has significantly changed the energy outlook of the 

United States. Technological advancements have made it possible to extend to formations that 

seemed unattainable in the past. Following a decline in natural gas supply, funding for research 

and development programs came to light during the 1970s. Overcoming the investment 

barriers at an early stage, the shale boom was boosted by the development of Barnett Shale in 

Texas, which was initiated by Mitchell Energy and Development (Wang and Krupnick, 2013). 

The knowledge gained from Barnett Shale development has been a driving force in 

pushing shale gas production at other formations (U.S. EIA, March 2016). According to 

projected energy outlook by the U.S. Energy Information Administration (U.S. EIA, 2013), shale 

gas production has emerged as the dominant source of natural gas in the United States. Taking 

a closer look at natural gas production levels post-2000 (U.S. EIA, 2012), it is evident that the 

Barnett Shale has been a significant contributor in bringing a positive change to the U.S. Energy 

portfolio. It is also worthy to note that the remarkable jump in Barnett Shale production levels 

post-2007 is drastic and cannot go unnoticed. Although recent reports have indicated that 

production-wise the Haynesville and Marcellus Shale formations have taken the lead after 

2010, the Barnett Shale remains a significant contributor in the shale gas evolution. 
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2.2 Volatile Organic Compounds in Source Apportionment Analysis 

Volatile organic compounds are a group of hydrocarbons that are known to impact 

human health in different forms. While concentrations above a certain limit can prove harmful 

through direct exposure, these compounds are also a matter of concern for their ozone forming 

potential. The list of compounds includes benzene, which is a known air toxin and methane, 

which is a potent greenhouse gas. Considering ground-level ozone to be a criteria pollutant, the 

US EPA ensures strict monitoring that requires all US counties to meet designated ozone 

standards.  Ozone standards need to comply with the standards set for pollutants considered 

harmful for our environment and human health (NAAQS, EPA). Ground-level ozone is a 

secondary pollutant formed in the atmosphere by the reaction between VOC and NOx under 

suitable meteorological conditions. In order to control ozone production, it is therefore 

essential to keep an eye on precursor levels in the atmosphere by identifying the major sources 

contributing to higher emissions. By using chemical speciation techniques with known source 

profiles, VOC concentration data has proven useful in revealing the major sources of air 

emissions. This means that knowledge of the dominant VOC at a particular location can actually 

help trace the major sources contributing to pollution problems in that area. 

Numerous studies have implemented the source apportionment approach in analyzing 

VOC concentrations (Pang et al., 2015; Bari et al., 2015; Vinciguerra et al., 2015; Liao et al., 

2015; Liu et al., 2008; McCarthy et al., 2013). As a result of such analysis, not only can the 

number of sources contributing to air problems be quantified, but the dominating factors can 

also be pointed out. The EPA provides a rich inventory of speciate data on VOC and particulate 

matter (SPECIATE Data Browser, EPA). According to the latest documentation, these profiles are 
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useful in photochemical air quality modeling, providing input to receptor models, verifying 

profiles, etc. (SPECIATE 4.4, EPA 2014). Data represented in Table 2-1 has been extracted from 

the SPECIATE data browser. The distribution of VOC parameters in case of different source 

profiles highlights the significance of having access to such precious information. Although a 

portion of some of the investigated profiles cannot be identified, VOC with higher weight 

percentages among identified compounds can be taken as marker species in detecting the 

impact of a specific emission source.  

 

Table 2-1: Source profile for vehicle emissions at a busy intersection SPECIATE 3.2 (July 1, 1999); 
Oil extraction wells SPECIATE 4.4 (March 18, 2013) and Natural gas extraction wells, SPECIATE 

4.4 (March 18, 2013) 

Name (Weight%) 

Vehicle emissions Oil extraction wells Natural gas extraction wells 

Ethylene (7.03) Methane (44.53) Methane (79.55)  

Toluene (6.08) Ethane (18.18) Ethane (8.84) 

Isopentane (6.04) Propane (17.34) Propane (5.64) 

Acetylene (5.72) N-butane (7.38) N-butane (2.23) 

M & p-xylene (4.14) Isomers of heptane (4.15) Isobutane (1.21) 

N-butane (3.14) Isobutane (3.68) Others (<1 each) 

Propylene (2.51) Isopentane (2.36)  

Benzene (2.96) N-pentane (2.21)  

N-pentane (2.89) Unknown (<1)  

Ethane (1.77) Others (<1 each)  

O-xylene (1.32)   

Ethylbenzene (1.23)   

Propane (0.84)   

Unidentified (54.33)   

 

http://cfpub.epa.gov/si/speciate/ehpa_speciate_reference_specie_details.cfm?id=529
http://cfpub.epa.gov/si/speciate/ehpa_speciate_reference_specie_details.cfm?id=438
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2.3  Measured VOC Trends 

While trends of air toxics have been extensively analyzed for the sake of human health, 

many studies have also implemented trend analysis based on knowledge of source profiles. 

These include VOC that are not harmful through direct exposure at existing atmospheric 

concentrations, but would play a key role in atmospheric chemistry leading to formation of 

secondary pollutants. A study of VOC trend is also useful in determining the impact of a specific 

source within the study area. For instance, upon conducting analysis on VOC linked to industrial 

emissions, Myers et al. (2015) found a general declining trend for the signature compounds 

throughout the State of Texas.  While industrial areas such as Houston have been the prime 

target for air quality analysis so far, recent development in shale gas production has opened 

doors for trend analysis based on marker species of oil and natural gas. Upon investigating the 

impact of shale gas evolution, Vinciguerra et al. (2015) indicated a strong correlation between 

ethane ratio – signifying natural gas signature – to Marcellus Shale production. A recent study 

focusing on emissions from the Barnett Shale has concluded that oil and gas activities in the 

area have limited to no impact on human health (Bunch et al., 2014). But the study only 

considers the trends in benzene which, however, is not the dominant factor in oil and gas 

source profiles. Although the finding might be helpful in understanding the emissions of air 

toxics from shale gas activities, it could not capture the change in atmospheric VOC 

concentration impacted by Barnett Shale production in general. 
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2.4 Sensitivity and Ozone Formation Potential 

Study of ozone production involves knowledge of two different reaction mechanisms – 

VOC-sensitive and NOx-sensitive regimes (Susaya et al., 2013). Sensitivity analysis based on 

VOC/NOx ratio has yielded distinct characteristics at different regions. While NOx-saturated 

urban areas are usually found to be more sensitive to VOC, some studies have reported rural 

areas to be sensitive to NOx (Pan et al., 2015; Jeon et al., 2014). However, modeling techniques 

need to encounter many sources of uncertainty. These include uncertainties from temporal and 

spatial variations of VOC species, uncertainty in measured speciation profiles, or simulated 

wind patterns (Pan et al., 2015). Since meteorological factors play a key role in formation of 

ground-based ozone, uncertainties will always be involved. 

It is known that VOC differ in terms of reactivity and therefore vary in their ozone- 

forming potential. Hydrocarbons such as aromatics (such as benzene, toluene) and alkenes 

(such as ethylene, acetylene) are generally associated with higher ozone-forming potential. 

However, Carter (1994) mentions that NOx conditions greatly influence VOC reactivity, and 

kinetic reactivity increases as NOx is reduced - as a result, it impacts the relative reactivity of 

slow reacting compounds such as ethane. The author implies that a combination of dependent 

factors along with uncertainties makes it unreasonable to generate a single reactivity scale that 

can be applicable for different locations. 

VOC with low reactivities act slowly and should not be underestimated. They tend to 

accumulate in the environment and with high concentrations under suitable conditions, 

become a significant contributor to ozone formation at local and/or downwind locations. 

Comparing the ozone-forming potential of VOC at Los Angeles versus Beijing, a recent study has 
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pointed out that the type of VOC at the top of the list can vary significantly based on the 

location of interest (Butler et al., 2011). They find that alkanes made a larger contribution 

towards ozone formation in Los Angeles, California. It should also be kept in mind that 

compared to the higher reactive VOC parameters, slow reacting compounds take the lead in the 

formation of ground-based ozone in the long run. As understood from multiple studies, the fact 

of non-linearity in ozone chemistry has been a consistently prominent attribute. Therefore, it is 

incorrect to form a general notion that a specific precursor or a particular class of VOC should 

be given the highest priority in investigating ozone production. It is crucial to determine all 

emitting sources, analyze the potential of every species involved in ozone chemistry and gain a 

better understanding of ozone formation in a particular area under nonattainment. 
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CHAPTER 3 

STUDY AREA AND METHODOLOGY 

3.1 Dallas-Fort Worth Metroplex 

Located in north central Texas, the Dallas-Fort Worth (DFW) metroplex is one of the 

fastest growing areas within the United States. Currently ranked as the fourth largest 

metropolitan area, it has demonstrated the highest population growth among the top four 

areas post-2010. Dallas and Tarrant are the two major counties in DFW. With streets listed in 

the top ten congested roadways in state (TxDOT, October 2015), they are known to be the 

second and third most populous counties in Texas (TSLAC, December 2015). 

Although DFW is mostly known for its growth in terms of population, it is important to 

note that the area has also witnessed significant growth in production from the Barnett Shale 

formation. Located at the Bend Arch-Fort Worth basin, the Barnett Shale covers at least 18 

counties. However, production to date is concentrated in four of the counties known as the 

Barnett Shale core counties. These are Denton, Johnson, Tarrant and Wise (Barnett Shale 

Information, Texas RRC), which are all part of the DFW metroplex. It is also known that all of 

these counties are included in the list of ozone nonattainment areas. In fact, ten out of twelve 

DFW counties fail to comply with EPA designated ozone standards (DFW current attainment 

status, TCEQ).  Owing to environmental concerns, the study area has an extensive monitoring 

network operated by the Texas Commission on Environmental Quality (TCEQ). Most of the 

monitors for VOC are located in the Barnett Shale core counties along with two in Dallas (Figure 

3-1). 
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Figure 3-1: DFW area (counties with AutoGC monitors in darker shade), Barnett Shale oil and 

gas wells (Texas RRC) and VOC AutoGC monitoring network in the study region (TCEQ)  

 

3.2 Data 

The study focuses on data from fifteen AutoGC monitoring sites in DFW that are 

operated by TCEQ. AutoGCs or Automated Gas Chromatography samplers are used to measure 

hourly concentrations of volatile organic compounds at a site. The list of these compounds 

includes over 50 different species incorporating several classes of VOC such as alkanes 

(excluding methane), alkenes and aromatics. The inventory also provides the hourly record of 

Total Non-Methane Organic Compound (TNMOC) expressed in parts per billion carbons (ppb C).  

While most of the AutoGC sites are located within the Barnett Shale core counties, the 

oldest site in Dallas does not have any gas/oil wells within a few miles radially along any 
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direction. Hourly AutoGC data has been obtained from the Texas Air Monitoring Information 

System (TAMISWeb). Only two of the sites have a rich dataset while the others have about 1 to 

4 years of recorded data. Table 3-1 represents information about the monitoring sites along 

with well counts within a few miles around each site. Hourly data for individual VOC parameters 

was extracted in parts per billion by volume (ppbv). Wind speed (mph), wind direction 

(degrees), ozone (ppbv) and NO2 (ppbv) data was also collected for relevant analysis. 

 

3.3 Methodology 

3.3.1    Methods and Toolset 

Annual average TNMOC trends were investigated along with temporal trends in ratio 

(ppbC/ppbC TNMOC) of selected VOC parameters. Since the measured parameters had units of 

ppbv, the values were converted using knowledge of the following equation: 

 
CA(ppbC) = (ppbv) x NC … … … … … … … … … … …(i) 

where, 

CA = concentration of VOC parameter 

NC = number of carbons in the molecule 

 
Linear R squared (R2) values were determined for two separate types of analysis. One of 

them involved a spatial approach considering all the sites, and the other was meant to examine 

correlation between species versus TNMOC for high ozone season (April-October). A 

combination of the software tools “Tableau”, “R” and “EPA PMF 5.0” was employed in order to 

conduct various statistical and spatial analyses throughout the study. 
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3.3.2    Pollution Roses 

Spatial and temporal texture in the study region has been analyzed through pollution 

roses and median ethane versus acetylene ratios. Well counts (Table 3-1) and pollution roses 

have been evaluated using “sp” (Pebesma & Bivand, 2005) and “openair” (Carslaw & Ropkins, 

2012) packages in R. The spokes in pollution roses have been plotted using a 30 degree angle 

leading to a representation of pollutant concentrations along the 12 possible directional bins. 

These bins have been sized based on the frequency of winds from that particular direction. 

Pollution roses provided an insight into the spread of downwind concentrations at selected 

sites for all four seasons of the year, starting from spring to winter. The range of values used in 

the color spectrum has been kept constant in case of specific parameters. For example, the 

lowest values for ethane were maintained at 0-5 ppbv with a 5 point increment leading to 

highest values over 30 ppbv demonstrated by the dark red color.  

 

3.3.3    Bivariate Polar Plots 

Bivariate polar plots have been constructed using a combination of pollutant 

concentration, wind direction and wind speed data. The representation incorporates all three 

factors in order to produce directional information associated with higher pollutant 

concentration. The data is divided into different bins for each wind speed-direction interval (for 

example, 10-20 degrees and 1-2 mph wind). A smoothing approach is adopted by the program 

for effective representation. Since wind speed data is also incorporated in these plots, we can 

interpret if the sources along a specific direction are local or distant. For this purpose, the R 

package openair has been used.  
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Along with mean concentrations in different bins, the conditional probability function 

(CPF) statistic has also been employed. CPF plots are a directional representation of the 

probability distribution of the higher concentrations of pollutants (usually over 75th/90th 

percentile values of the data). However, with inclusion of wind speed data, the conditional 

bivariate probability function is applied. The idea is to calculate the probability of values greater 

than the declared percentile in each wind speed-direction bin. Details about the mathematical 

and smoothing approach used in effective representation of the bivariate plots have been 

explained by Uria-Tellaetxe and Carslaw (2014). 

3.3.4    Source Apportionment Using EPA PMF 5.0 

Source apportionment study for a selected site during a target year was performed 

using EPA PMF 5.0. The PMF is a multivariate factor analysis tool used in receptor modeling. 

The factor contributions are extracted by solving the chemical mass balance between source 

profiles and species concentration. The program derives factor profiles and contributions 

through minimization of the objective function, which is defined as follows: 

𝑄 = ∑ ∑ [
𝑥𝑖𝑗 − ∑ 𝑔𝑖𝑘𝑓𝑘𝑗

𝑝
𝑘=1

𝑢𝑖𝑗
]

2𝑚

𝑗=1

𝑛

𝑖=1

… … … … … … … … … … (ii) 

where, 

 Q = Objective function 

 u = Uncertainty in data 

 x = Speciation data 

 i = Number of samples 

 j = Number of chemical species 



16 
 

 p = Number of factors 

 g = Mass contributed by each factor to each individual sample, and 

 f = Species profile of each source 

 
Two different input files are required to run the program. One of the files includes 

measured concentration of VOC parameters, while the other one is required to account for 

uncertainty in data. Files have been prepared according to the user guide (EPA PMF 5.0 User 

Guide). In order to create the uncertainty file, information about the method detection limit 

(MDL) of each of the measured AutoGC compounds was required. MDL values for VOC 

parameters were also obtained from TCEQ (TAMISWeb). The user manual provides equations 

for calculating uncertainty in data by the following algorithm:  

 If measured concentration of VOC species is greater than MDL then,  

𝑈𝑛𝑐 =  √(𝐸𝑟𝑟𝑜𝑟 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 × 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛)2 + (0.5 × 𝑀𝐷𝐿)2 … … … (iii) 

 

 Otherwise (i.e. if concentration is equal to MDL or lower) then,  

𝑈𝑛𝑐 =  
5

6
 × 𝑀𝐷𝐿 … … … … … … … … (iv) 

Missing data in the concentration file has been replaced by “-999”, which is the 

indicator for a missing value in PMF. It was chosen to replace the missing value with the 

species-specific median. After performing operation on the supplied input files, the program 

provided output in terms of factor contributions and factor profiles. The output was then 

analyzed using knowledge of speciate data and bivariate CPF plots in order to identify source 

profiles. 
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Table 3-1: AutoGC monitoring sites at DFW area with well count within 1-10 mile radius at the 
end of 2013 (value in bracket represents the number of oil wells out of the reported total) 

 CAMS 
Number 

Name and Location County Activation date 
Well count 

within 1 mile 
radius 

Well count 
within 2 mile 

radius 

Well count 
within 5 

mile radius 

Well count 
within 10 

mile radius 

C60 
Dallas Hinton, 1415 

Hinton Street, TX 
75235 

Dallas January 2000 0 (0) 0 (0) 2 (0) 5 (0) 

C1505 
Dallas Elm Fork, 

2171 Manana Drive, 
TX 75220 

Dallas November 2013 0 (0) 2 (0) 2 (0) 149 (0) 

C1013 
Dish Airfield, 9800 
Clark Airport Road, 

TX 72647 
Denton April 2010 59 (0) 169 (0) 959 (1) 3224 (3) 

C1007 
Flower Mound 

Shiloh, 4401 Shiloh 
Road, TX 75022 

Denton November 2010 38 (0) 53 (0) 161 (0) 730 (0) 

C75 

Eagle Mountain 
Lake, 14290 Morris 
Dido Newark Road, 

TX 76179 

Tarrant April 2010 39 (0) 176 (0) 873 (2) 3033 (2) 

C1009 
Everman Johnson 
Park, 633 Everman 
Parkway, TX 76140 

Tarrant July 2011 18 (0) 107 (1) 526 (1) 2025 (1) 

C13 

Fort Worth 
Northwest, 3317 
Ross Avenue, TX 

76106 

Tarrant May 2003 22 (0) 76 (0) 332 (0) 1326 (1) 

C1018 
Arlington UT 

Campus, 1101 S. 
Pecan St., TX76010 

Tarrant September 2012 22 (0) 38 (0) 247 (0) 845 (0) 

C1062 

Kennedale 
Treepoint Drive, 
5419 Treepoint 
Drive, TX 76017 

Tarrant July 2012 21 (0) 55 (0) 432 (0) 1636 (1) 

C1065 

Fort Worth Joe B. 
Rushing Road, 2525 
Joe B. Rushing Road, 

TX 76119 

Tarrant September 2013 20 (0) 60 (0) 393 (1) 1714 (1) 

C1503 

Fort Worth 
Benbrook Lake, 

7001 Lakeside Drive, 
TX 76123 

Tarrant October 2013 7 (0) 32 (0) 411 (0) 1713 (8) 

C1501 
Godley, 12404 

FM2331, TX 76044 
Johnson July 2013 9 (0) 36 (0) 351 (1) 1975 (4) 

C1063 
Mansfield Flying L 
Lane, 1310 Flying L 

Lane, TX 76063 
Johnson October 2012 22 (0) 114 (2) 459 (5) 1478 (6) 

C1064 
Rhome Seven Hills 
Road, 639 CR 4651, 

TX 76078 
Wise December 2012 1 (0) 39 (0) 930 (2) 3350 (2) 

C88 
Decatur Thompson, 

301 E Thompson 
Street, TX 76234 

Wise October 2010 20 (0) 81 (0) 355 (1) 1278 (12) 
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CHAPTER 4 

RESULTS AND DISCUSSION 

In light of the urban versus rural distinction in DFW area, spatio-temporal characteristics 

of emission sources have been examined through different approaches. The goal was to assess 

the impact of unconventional sources in a major metropolitan area. The long-term trends in 

VOC have been studied by targeting parameters related to oil and gas versus traffic. This was 

followed by spatial analysis of data from different monitoring sites. Finally, receptor modeling 

techniques have been considered and ozone versus VOC/NOx ratio was inspected in order to 

reveal hidden correlations.  

 

4.1 Long-Term Trends 

Preliminary analysis of VOC trends has revealed large spatial and temporal differences 

within the study area. Figure 4-1 demonstrates the trend in annual average TNMOC at 

monitoring sites having at least two complete years of data until the end of 2014. Results 

indicated that C88 and C1013 surpassed all other sites, followed by C75, C1064 and then C13 

and others. It is important to note that C88, C1013, C1064 and C75 are located within relatively 

rural portion of the study area (Figure 4-2). On the other hand, C60 and C13 lie within the urban 

zone of DFW. With larger population density and greater number of roads and highways, one 

would surely expect the highest VOC concentrations to be found at these urban sites. However, 

the data trends seem to be narrating a completely different story. 
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Figure 4-1: Annual average TNMOC trends 

 

 

Figure 4-2: Distribution of the major streets and highways (Google Maps) around the 

monitoring sites (TCEQ) 
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Taking a closer look at well counts surrounding the monitoring sites, it is worthy to note 

that the highest density of wells in a 5-10 mile radius was found around C1013, C75 and C1064 

from the rural zone (Table 3-1).  Although well count alone cannot demonstrate the exact 

intensity of production at a particular location, information on density of wells is still useful in 

pointing out the productive regions within the study area. This analogy indicates that the rural 

zone in the study area is highly loaded with VOC as compared to the urban zone. 

Being the dominant non-methane VOC parameter associated with related source 

profiles (Table 2-1), ethane trends are useful in revealing oil and gas impacts. The ethane ratio 

trend in the study region was therefore investigated alongside annual Barnett Shale natural gas 

production. As observed in Figure 4-3, a general upward trend was noticeable at the two sites 

with the longest range of data. On the other hand, a post-2012 declining trend was evident at 

the two sites with the highest ethane contributions. This pattern in C75 and C1013 echoed the 

2012 natural gas production peak (Figure 4-3). Despite having a significant amount of well 

count within a few miles (Table 3-1), an increasing trend at sites C88, C1007, C1009 and C1064 

could possibly be linked to a rise in local production rates. It is also important to note that the 

Barnett shale oil production peaked after 2012 (Figure 4-4) which indicates that temporal 

patterns cannot be generalized based on information on total production. In order to 

investigate this trend further, local production data needs to be analyzed for each individual 

well surrounding the monitoring sites. In light of the two distinct regions mentioned by Ahmadi 

& John (2015), it was found that for the years with data available, the ethane ratio at all other 

sites in the demarcated shale gas region was higher than that at C60 located within non-shale 

gas region (Figure 4-3). 
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Figure 4-3: Annual average trends in ethane over TNMOC (ppbC/ppbC) depicted along with 
Barnett Shale natural gas production (Texas RRC) 

 

 

Figure 4-4: Barnett Shale oil and condensate production (Texas RRC) 
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Even though C60 does not have significant local oil/gas activity, increasing ethane ratio 

trend raises concerns over downwind influences at this site. Boxplot analysis of ethane ratio 

trend was therefore considered for the two urban sites - C60 and C13 (Figure 4-5). It is 

important to note that the arbitrary 2007 boundary line was only created to highlight the 

impact of emissions from highest annual production rates during 2008-2014. A consistently 

high density of outliers at C60 post-2007 clearly demonstrated that this impact was not from 

local sources. It is worthy to note that compared to C60, C13 has experienced higher median 

and maximum values. While density of outliers at C13 was prominent throughout the study 

period, median value seemed to increase post-2007. Examining the production pattern in 

Tarrant and Dallas counties, it was evident that C13 (in Tarrant) has constantly encountered the 

influence of the growth in shale gas activity. However, the impact of increased production post-

2007 along with added contribution from Dallas County (Figure 4-6) was reflected through the 

trends in ethane ratio.   

 

Figure 4-5: Box-and-whisker plots for ethane ratio (ethane/TNMOC) at sites C60 and C13 
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Figure 4-6:  Annual natural gas production (MCF) at Dallas County (C60) and Tarrant County 

(C13) 

Annual propane contributions indicated a similar trend, with the urban C60 and C13 

lagging behind all other sites. But contrary to ethane trends, the highest propane contributions 

were found at C88 (Figure 4-7). The finding coincided with the fact that C88 has a significant 

portion of oil wells surrounding the monitoring site (Figure 3-1, Table 3-1). Although natural gas 

operations emit hydrocarbons with ethane as the dominant source by weight percentage, 

propane along with heavier VOC fractions are prominently observed in source profiles related 

to oil operations (Warneke et al., 2014; SPECIATE Data Browser, EPA). The general upward 

trend was also observed at the two sites with the longest range of data (Figure 4-7). Analysis 

revealed that a combination of ethane and propane alone contributes to over 40% of the Total 

Non-Methane Organic Compound at most of the DFW sites. 
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Figure 4-7: Annual average propane contributions  

 

While studies have linked isoprene with biogenic emissions (Kansal 2009; Myers et al., 

2015), parameters such as acetylene, ethylene, benzene and toluene are reported to be the 

dominant species found in different types of traffic and aircraft emissions (SPECIATE data 

browser, EPA). Isoprene contributions at the DFW sites were found to be negligible compared 

to the other parameters of interest. Although slightly higher isoprene was observed under 

suitable conditions in summer, the share of its contribution in the total VOC remained relatively 

insignificant compared to other species. In order to investigate the involvement of traffic 

related sources, ethylene, benzene and toluene trends have been studied. Due to a significant 

proportion of missing values, the annual average acetylene trend was not considered.  
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The trend in VOC parameters associated with traffic emissions conformed to the general 

expectation that when projected alongside some of the rural sites, C60 and C13 should be at 

the top of the list (Figures 4-8, 4-9 and 4-10). Also, the benzene contributions at some of the 

other sites within the urban area – notably C1018, C1062 and C1063 – were found to be higher 

(Figure 4-9). In fact, C1062 depicted a sharp rising trend, which resembled the trend in ethylene 

ratio (Figure 4-8). Nevertheless, with values below the 5% margin, marker species for traffic 

emissions contributed insignificantly and have been showing a general declining trend at the 

urban areas with the longest range of data, i.e., C60 and C13.  

 

 

Figure 4-8: Annual average ethylene contributions  
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Figure 4-9: Annual average toluene contributions  

 

 

Figure 4-10: Annual average benzene contributions  
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4.2 Spatial Analysis 

Analysis of long-term trends have unveiled temporal differences and pointed out the 

existence of spatial variations among the monitoring sites. While sites within close proximity of 

oil and gas wells have been associated with higher contribution from the signature VOC 

parameters, wind patterns need to be considered in order to gain an understanding of pollutant 

distribution at a specific site. Since the predominant wind direction in DFW was found to be 

from the south and southeastern regions, it was important to investigate if meteorological 

factors could be blamed for VOC accumulation in the rural area. Four of the monitoring sites – 

C60, C13, C88 and C1013 – were therefore targeted for pollution rose analysis. The sites 

differed in terms of their characteristics based on location and surrounding activities. C60 and 

C13 lie within the urban hub of DFW while C1013 and C88 are relatively rural sites. Compared 

to the three other sites, C60 has the lowest amount of oil and gas activity around it. Because 

the highest VOC emissions have been found at C88 and C1013 (Figure 4-1), these two sites were 

the major areas of interest in this analysis. The data from 2014 was used to portray the most 

recent picture. The map used in this section of the study has been extracted from the U.S. 

Energy Information Administration (Energy Mapping System, U.S. EIA). 

Results obtained from pollution rose analysis using 2014 data revealed that C88 and 

C1013 experienced higher ethane concentrations (above 10 ppbv) from all directions and 

during all seasons of the year (Figures 4-11 and 4-12). This is in accordance with the fact that 

the sites are located in regions with intense local industrial-grade oil and gas activities. In case 

of C60 and C13, ethane concentrations below 10 ppbv were mostly observed during all other 

seasons except for winter (Figures 4-13 and 4-14).  
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Figure 4-11: Pollution roses constructed for 2014 ethane (ppbv) in four seasons at C88 

Figure 4-12: Pollution roses constructed for 2014 ethane (ppbv) in four seasons at C1013 
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Figure 4-13: Pollution roses constructed for 2014 ethane (ppbv) in four seasons at C13 

Figure 4-14: Pollution roses constructed for 2014 ethane (ppbv) in four seasons at C60 
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In light of the findings from 2014 analysis, the spatial approach was also implemented 

on another dataset. Taking a closer look at TNMOC data, it was found that the highest recorded 

annual average TNMOC (170.5 ppb C) was observed at site C88 during 2013. Therefore, 

comparison was drawn between the rural C88 site versus two urban sites using data from that 

particular year.  Results indicated that the atmosphere over C88 had the highest density of 

TNMOC during all seasons followed by urban C13 and C60 (Figure 4-15). The highest hourly 

concentration of TNMOC at C88 was 61,249 ppb C, whereas in the case of C13 and C60, it was 

only 1409 ppb C and 1381 ppb C, respectively (Figure 4-16).  Ethane trends confirmed that the 

high VOC were strongly linked to oil and gas activity (Figures 4-17 and 4-18). The high TNMOC 

from the southeastern side at C60 (Figure 4-16) was assumed to be related to traffic owing to 

the location of the site closer to the major roads and highways (Figure 4-14). This was 

investigated by analyzing the distribution of acetylene – a marker species of traffic. Results 

confirmed the hypothesis as winds from southeast are associated with the highest 

concentrations of traffic related parameter (Figure 4-18). 

 

Figure 4-15: Pollution roses constructed for 2013 TNMOC (ppbC) in four seasons at C88 
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Figure 4-16: Pollution roses constructed for 2013 TNMOC (ppb C) in four seasons at C13 and C60 
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Figure 4-17: Pollution roses constructed for 2013 ethane (ppbv) in four seasons at C13 and C88 
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Figure 4-18: Pollution roses constructed for 2013 ethane (ppbv) and acetylene (ppbv) in four seasons at C60 
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After having looked at the average VOC trends, the yearly median values for the ratio of 

ethane and acetylene were analyzed alongside median TNMOC. Acetylene is a known marker 

for tailpipe emissions (Pang et al., 2015) while ethane is a signature oil and gas species. Analysis 

was done using 2014 data in order to include sites that had started taking measurements in 

2013. Ratio values were plotted next to the 2014 total natural gas, oil and condensate 

production. Figure 4-19 is a representation of all of this information along with locations of 

major streets and 2015 population data layer available in Tableau.  

Results of this analysis have reiterated the findings of the study so far. Highest TNMOC 

values (represented by size) have been observed at the rural portion of the study area (Figure 

4-19). On the other hand, while the acetylene ratio was understandably low in the rural region, 

the ethane ratio truly complemented the TNMOC distribution. Coming back to the NSGR and 

SGR mentioned by Ahmadi & John (2015), the lowest ethane ratio was observed at the two 

sites in Dallas that fall within the designated NSGR. On the other hand, one of the sites in Dallas 

clearly demonstrated the highest acetylene ratio. It is also worthy to note that the values of 

acetylene ratio (0.00410-0.01420) were relatively smaller when compared to the corresponding 

ethane ratio (0.1928-0.3561). Strengthening the finding from temporal trend analysis, the 

results from this spatial study demonstrated the dominance of lighter alkanes - such as ethane - 

within the study area.  
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Figure 4-19: 2014 ethane ratio (top left) and acetylene ratio (top right), major streets and 

population data by zip code (Tableau maps) and 2014 total natural gas, oil and condensate 

production (Texas RRC) 

 

Spatial R2 values among sites have been tabulated using 2014 TNMOC data (Table 4-1). 

The trend demonstrated that the strongest correlation occur between the sites within closest 

proximity to each other. This is reflected from R2 values between 0.74 to 0.89 for sites such as 
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C75 and C1064; C60 and C1505; C1009, C1062 and C1065. But apart from that, there was a 

strong correlation among the urban sites as evident from higher R2 values in the case of sites 

further away from each other (C60 and C1062, C1007 and C1062, C13 and C1505, etc.). This 

could be due to a similar variation in the mobile source emissions. Although C88 and C1013 had 

dissimilar characteristics, C1013 seemed to be highly correlated with C1503, which has a 

significant number of total wells (including second highest 10 mile oil well count) within a 10 

mile radius (Table 4-1). Some of the sites with gas, despite distance, have also been found to be 

highly correlated (such as C75, C1503 and C1062).  However, owing to the fact that the wind 

speed and wind direction components would also impact the correlation, this analysis was not 

meant to make any specific claim but to reveal possibilities of statistical spatial correlation 

among sites. 

It is interesting to note that, VOC at the rural site C88 did not seem correlated to any 

other site (Table 4-1). Upon looking at the data carefully, it was found that some of the outliers 

at the site C88 (in Wise County) were extremely high that could did not match the VOC patterns 

at any other site. While most of the data points fell below the 1000 ppbC, some extreme 

outliers at C88 were found to extend upto 7000 ppbC. It was observed that by removing those 

points, the value of R2 greatly increased in case of this site. This indicated how strongly the site 

is impacted by local VOC emissions which could lead to production of ozone under suitable 

conditions. Compared to the maximum value of 7000 ppbC at site C88, the maximum values at 

the urban sites C60 and C13 were only 892 ppbC and 1387 ppbC, respectively. 
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Table 4-1: Spatial R2 for TNMOC data from 2014 

 C13 C60 C75 C88 C1007 C1009 C1013 C1018 C1062 C1063 C1064 C1065 C1501 C1503 C1505 

C13 1 0.52 0.42 0.13 0.42 0.48 0.37 0.45 0.49 0.41 0.39 0.55 0.34 0.43 0.61 

C60 0.52 1 0.51 0.11 0.55 0.61 0.35 0.58 0.70 0.63 0.49 0.67 0.40 0.47 0.74 

C75 0.42 0.51 1 0.13 0.58 0.51 0.45 0.42 0.61 0.49 0.78 0.60 0.49 0.52 0.47 

C88 0.13 0.11 0.13 1 0.11 0.11 0.09 0.09 0.11 0.10 0.14 0.13 0.10 0.10 0.13 

C1007 0.42 0.55 0.58 0.11 1 0.61 0.45 0.46 0.71 0.60 0.60 0.69 0.38 0.62 0.49 

C1009 0.48 0.61 0.51 0.11 0.61 1 0.46 0.56 0.82 0.67 0.50 0.82 0.49 0.68 0.51 

C1013 0.37 0.35 0.45 0.09 0.45 0.46 1 0.32 0.43 0.33 0.35 0.46 0.27 0.55 0.35 

C1018 0.45 0.58 0.42 0.09 0.46 0.56 0.32 1 0.65 0.54 0.41 0.62 0.39 0.47 0.50 

C1062 0.49 0.70 0.61 0.11 0.71 0.82 0.43 0.65 1 0.83 0.62 0.89 0.53 0.66 0.57 

C1063 0.41 0.63 0.49 0.10 0.60 0.67 0.33 0.54 0.83 1 0.54 0.76 0.48 0.49 0.53 

C1064 0.39 0.49 0.78 0.14 0.60 0.50 0.35 0.41 0.62 0.54 1 0.59 0.51 0.46 0.45 

C1065 0.55 0.67 0.60 0.13 0.69 0.82 0.46 0.62 0.89 0.76 0.59 1 0.53 0.68 0.59 

C1501 0.34 0.40 0.49 0.10 0.38 0.49 0.27 0.39 0.53 0.48 0.51 0.53 1 0.41 0.36 

C1503 0.43 0.47 0.52 0.10 0.62 0.68 0.55 0.47 0.66 0.49 0.46 0.68 0.41 1 0.38 

C1505 0.61 0.74 0.47 0.13 0.49 0.51 0.35 0.50 0.57 0.53 0.45 0.59 0.36 0.38 1 
*The values obtained in this table have been extracted from the merged dataset created from hourly data from all sites. This was 

done in order to remove hours with missing information for one/more site
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4.3 Meteorological Influences and Seasonal Patterns 

Meteorological factors play a major role in regulating VOC concentrations in the 

atmosphere. Monthly average trend in VOC indicated higher concentrations during wintertime 

Tables 4-2 and 4-3 highlight the monthly distribution with the help of a color spectrum. It can 

be observed that the highest average TNMOC are concentrated in January, February and 

October-December. This is good news considering the fact that ozone is generally higher during 

April-October when days are warmer. But with recent rise in atmospheric temperatures, it is 

also important to closely monitor ozone trends during the low ozone periods. 

 
Table 4-2: Monthly average TNMOC at C60  

 

 
Table 4-3: Monthly average TNMOC at C13 
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Figure 4-20 demonstrates the trend in ozone at three of the monitoring sites that have 

both ozone concentration and AutoGC-based VOC data. Data was divided into two different 

seasons based on high and low ozone conditions. Results indicated that in both seasons, the 

highest average ozone was found at the C75, which is a relatively rural site compared to C60 

and C13. But it is critical to note that C75 is located amidst the dense region of oil and gas wells 

(Table 3-1, Figure 3-1). The annual average ozone during the low ozone season (LOS) was 

relatively higher at C75 with an increasing trend observed at the two other sites.  The trend in 

C60 and C13 during LOS resembled the boxplot traits for ethane ratio at these two sites (Figure 

4-5). 

 

Figure 4-20:  Average ozone trends for high (HOS) and low ozone season (LOS) 

 

Although the rising wintertime ozone is definitely a matter of concern, we would mostly 

worry about the key emission sources during the high ozone season. It is therefore important to 

trace the VOC species that are dominant at a particular location during that period. This could 

identify local influences that could produce higher ozone and lead to a rise in wintertime ozone 

under suitable conditions. Keeping that in mind, linear regression was performed using 
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measurements from the high ozone season. Inter-comparison among the R2 values between 

selected parameters and TNMOC revealed a strong correlation in the case of lighter alkane 

fractions (Table 4-4). The greatest correlation was consistently observed at C88 and C1013, 

which had demonstrated the highest annual average TNMOC values (Figure 4-1). The six sites 

having four years of data were divided into rural versus urban based on distribution of 

population and major roadways in DFW area. It is important to note that although C75 and 

C1013 are relatively rural compared to C60 and C13, they are more of semi-rural in comparison 

with C88. Therefore, C75 and C1013 have been classified as semi-rural with reference to the 

urban sites. C1007 is included in the urban class on account of the higher population density in 

that area.  

Analysis revealed that while the urban sites depicted remarkable footprints of traffic 

emissions, TNMOC at the rural sites had a stronger correlation with lighter alkane fractions. In 

the case of the rural site with significant oil production (C88), a high correlation was also 

observed for the aromatics - benzene and toluene. The finding coincides with the propane 

trend (Figure 4-7) where C88 had taken the lead by exhibiting the highest propane contribution. 

It is known that oil operations accompany benzene and toluene emissions when oil and 

condensate tank flashing is involved (Warneke et al., 2014). The high acetylene and ethylene 

correlation with TNMOC at C75 was an interesting finding. This fact coincided with the high 

density of NOx emissions from Barnett Shale in the northwest region around C75 (TCEQ, May 

2013). This opens up doors to investigating the impact of off-road engine emissions associated 

with oil/gas activities.  
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Table 4-4: R2 values for VOC parameters with TNMOC during High Ozone Season (April-October) 

Year VOC 
Parameter 

Urban sites with gas Semi-Rural sites with gas Rural site with 
oil and gas 

C60 C13 C1007 C75 C1013 C88 

2011 Ethane  0.621 0.735 0.722 0.708 0.910 0.876 

Propane  0.754 0.756 0.768 0.783 0.960 0.926 

Isobutane  0.706 0.742 0.674 0.885 0.949 0.964 

n-Butane  0.648 0.621 0.693 0.920 0.874 0.946 

Isoprene  0.042 0.004 0.006 0.001 0.007 0.044 

Ethylene  0.781 0.697 0.324 0.430 0.363 0.625 

Acetylene  0.724 0.494 0.180 0.118 0.102 0.138 

Benzene  0.781 0.610 0.344 0.598 0.395 0.672 

Toluene 0.393 0.471 0.278 0.597 0.453 0.375 

2012 Ethane  0.679 0.754 0.878 0.794 0.899 0.757 

Propane  0.710 0.765 0.906 0.922 0.957 0.959 

Isobutane 0.643 0.780 0.858 0.883 0.937 0.985 

n-Butane  0.702 0.657 0.852 0.846 0.802 0.962 

Isoprene  0.026 0.001 0.000 0.004 0.000 0.017 

Ethylene  0.711 0.609 0.341 0.685 0.309 0.174 

Acetylene  0.387 0.395 0.162 0.171 0.070 0.034 

Benzene 0.741 0.574 0.349 0.534 0.411 0.839 

Toluene 0.385 0.318 0.218 0.291 0.411 0.635 

2013 Ethane  0.652 0.780 0.784 0.788 0.868 0.711 

Propane  0.662 0.762 0.802 0.842 0.955 0.861 

Isobutane  0.447 0.741 0.735 0.756 0.940 0.910 

n-Butane  0.617 0.626 0.729 0.686 0.860 0.917 

Isoprene  0.024 0.002 0.004 0.002 0.000 0.028 

Ethylene  0.700 0.573 0.412 0.544 0.515 0.308 

Acetylene  0.453 0.392 0.127 0.422 0.068 0.042 

Benzene  0.668 0.543 0.279 0.471 0.359 0.778 

Toluene 0.344 0.318 0.185 0.357 0.369 0.417 

2014 Ethane  0.545 0.600 0.623 0.871 0.851 0.850 

Propane  0.664 0.582 0.655 0.932 0.948 0.958 

Isobutane  0.664 0.721 0.684 0.907 0.916 0.973 

n-Butane  0.633 0.635 0.784 0.862 0.844 0.953 

Isoprene  0.032 0.000 0.003 0.009 0.006 0.023 

Ethylene  0.713 0.596 0.224 0.549 0.628 0.354 

Acetylene  0.468 0.501 0.125 0.324 0.073 0.035 

Benzene  0.699 0.723 0.453 0.437 0.471 0.754 

Toluene 0.659 0.379 0.338 0.400 0.601 0.651 
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4.4 Source Apportionment Analysis and CPF Plots – 2013 Case Study for Flower Mound 

Based on the analysis of VOC trends, it was evident that 2013 has witnessed the highest 

VOC concentrations in the DFW area. This was reflected through annual average TNMOC values 

at rural C88 (Figure 4-1) and highest monthly average TNMOC at the urban sites C13 and C60 

(Tables 4-2 and 4-3). Until now the urban versus rural distinction among sites has shed light on 

two factors – the high VOC accumulation at rural sites with local oil/gas activities and the 

downwind influences of these activities at urban C60. Therefore, in order to investigate source 

influences at a site with mixed characteristics, one of the monitoring sites was targeted for a 

detailed source apportionment analysis. The Flower Mound site (C1007) located at the edge of 

the active portion of Barnett Shale (Figure 3-1) was suspected to be highly impacted by oil/gas 

activities. The site is located within a populated region of Denton County and is northwest from 

Dallas and northeast from Fort Worth – the major urban cities of the metroplex. 

Figure 4-21 indicates the location of the monitoring site along with surrounding wells 

and major streets in the area. This has been represented along with a bivariate polar plot of the 

distribution of Total VOC during 2013. It is to be noted that the mean statistic was used for this 

analysis. This indicates that the mean TNMOC concentrations for different bins were displayed 

using a combination of wind direction and wind speed information (Uria-Tellaetxe and Carslaw 

2014). The projected concentrations were predominantly higher in the northwestern region 

indicating a strong impact of Barnett Shale activity in the target location. It can be observed 

that the greatest mean concentrations were transported from areas closer to the monitoring 

site with a decreasing trend in case of locations further upwind (Figure 4-21). 
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Figure 4-21:  Target site (C1007) for source apportionment analysis projected along with the 

bivariate plot for mean TNMOC during 2013  

 

Using EPA’s PMF 5.0, the source emitting factors at the Flower Mound site (C1007) have 

been closely investigated. Figure 4-22 demonstrates the factors by their percentage 

contributions based on the 8 factor model.  It was observed that the dominant source 

contributing to VOC at this site was natural gas with a 52% contribution (Figure 4-22). Loaded 

with ethane, propane, isobutane, n-butane, isopentane and n-pentane, the natural gas factor 

stood out among all the factors. The bivariate plot created to detect values above 90th 

percentile pointed out towards the northwestern region which was dominated by oil and gas 

activities (Figure 4-21). A second factor with 3% contribution was also found with high 

concentrations from the northwestern region. This factor was strongly correlated (R2=0.53) 

with the natural gas factor and the presence of higher alkanes such as hexanes, heptanes, 

nonane along with toluene indicated it to be a signature of condensate tank emissions 
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(Warneke et al., 2014). The factor related to biogenic emissions was dominated by isoprene and 

the bivariate plot showed the probable source region along the southwest where a dense 

population of trees was noted to be within a mile from the monitoring site (Figure 4-23). 

Figures 4-24 to 4-27 indicate the bivariate plots for all the contributing factors. 

Figure 4-22:  Percentage contributions of sources at Flower Mound (C1007) during 2013 

Two different factors related to traffic were extracted that varied based on wind 

direction and wind speeds. Both of these traffic factors were rich in species such as acetylene, 

benzene, toluene, propylene, isopentane, etc. These are characteristic of typical gasoline 

emissions. Traffic 1 was associated with stronger winds from the northwest and southern 

regions which could be due to highway traffic emissions from the highways located within 10 

miles and those further upwind from the monitoring sites. On the other hand, traffic 2 was 

associated with both local and downwind impact from the north and southeastern areas (Figure 
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4-25). A diesel factor was spotted in the local area along the southeastern region. This factor 

comprised of species such as trimethylbenzene, xylene, n-decane which are some of the key 

species in diesel emissions. Two other factors were found in that same area. One of them 

highlighted a storage tank/gasoline emission with ethane, 1,3-butadiene, trimethylpentane, 

acetylene, benzene, ethylene, ethylbenzene, xylene and toluene. The other factor resolved a 

solvent profile consisting of trimethylpentane, pentenes, butenes and ethylene. The bivariate 

plot indicated these factors to be much more localized. Taking a closer look at the monitoring 

site, gas pad sites were located along the southeastern region within a 1 mile radius from the 

monitoring site (Figure 4-23). The diesel and storage tank/gasoline evaporative source 

therefore seemed to be related to production activities at the gas pads. Although the source of 

the solvent looking factor from the same region could not be realized, a high correlation of this 

factor with the storage tank and diesel factors was indicative of local production activity. 

Figure 4-23:  Gas pad sites along the southeastern region and dense region of trees along the 

southwestern region in a 1 mile radius from the monitoring site 
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Figure 4-24:  The two factors associated with northwestern oil and gas activity 

 

 

Figure 4-25:  The two factors associated with traffic 
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Figure 4-26:  Factors associated with local activity in the southeastern region 

 

 

Figure 4-27:  Factors associated with diesel and biogenic emissions 
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4.5 VOC-NOx Relationship with Ozone in DFW 

Butler et al. (2011) highlight the problem of applying the Maximum Incremental 

Reactivity (MIR) scale by Carter (1994) in evaluation of ozone-forming potentials. The authors 

discuss how the reactivity scale emphasizes VOC with high reactivity that could lead to a 

negative impact on ozone regulation. Upon extending the single day reactivity scale to multi-

day ozone production, Stockwell et al. (2001) demonstrate how the incremental reactivity of 

low reactive ethane increased when longer periods were taken into account. Carter (1994) has 

also mentioned the increase in reactivity of slow reacting compounds such as ethane under 

reduced NOx conditions. Hourly NO2 data at urban C13 and C60 was therefore analyzed to 

understand the trend in annual average NOx conditions in DFW. While the decline at C60 was 

consistent since 2001, C13 depicted a rising trend until 2007 which was followed by a general 

decline (Figure 4-28).   

 

Figure 4-28:  Annual average NOx concentrations (ppbv) at C13 and C60 
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Monthly average ozone concentrations against the VOC/NOx were analyzed using 

hourly TNMOC and NOx concentration data. Results indicated that the VOC/NOx at C13 was 

much higher than those observed at C60 post-2010 (Figures 4-29 and 4-30). On average, the 

VOC/NOx seemed to follow a rising trend at both of these sites. Despite the highest 

concentrations observed during the pre-2007 period, the more compact bars for ozone post-

2007 suggested a VOC-sensitive regime at these sites that could go unnoticed amidst the drop 

in maximum average ozone. 

 

 

Figure 4-29:  Monthly average ozone (ppbv) versus VOC/NOx trend at C60 

 



50 
 

 

 

Figure 4-30:  Monthly average ozone (ppbv) versus VOC/NOx trend at C13 

 

In order to realize the influence of Barnett Shale activities on long-term ozone trends, 

annual average ozone against ethane/NOx was investigated at C60 (Figure 4-31) and C13 

(Figure 4-32). Analysis revealed that although there wasn’t a relationship between these two 

factors prior to 2007, a correlation between ozone and ethane/NOx could be extracted post-

2007. The latter period marks the fall in NOx concentrations (4-28) combined with a rise in 

ethane concentration.  
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Figure 4-31:  Annual average ozone (ppbv) versus ethane/NOx trend at C60 

Figure 4-32:  Annual average ozone (ppbv) versus ethane/NOx trend at C13 
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The temporal trend in ozone at C13 and C60 was further investigated by analyzing the 

lower, median and higher end values from the complete ozone dataset. Tables 4-5 and 4-6 

capture these trends through lower (10th, 25th percentile), median, higher (75th, 90th percentile) 

and maximum values. Since minimum hourly values were mostly zero, 10th percentile trend has 

been considered in order to understand the change in low end values. It is interesting to note 

that, a reduction of NOx at these two urban sites post-2007 seems to have been successful in 

temporarily reducing the maximum hourly ozone at C60 (Table 4-5). This is evident from 

maximum hourly ozone below 100 ppbv during 2007-2010. However, the trend could not be 

continued and ozone values started to exceed 100 ppbv post-2010. Also lower and median 

values at C60 and C13 seemed to have increased during the post-2008 period at both C60 and 

C13.  

Taking a look at hourly outdoor temperature data in Dallas, high temperatures were 

observed in 2011 (Figure 4-33). But it is to note that, despite a decrease in overall temperature 

post-2012, ozone concentration did not seem to reduce. Considering that we cannot control 

the impact of meteorological parameters, we need to be worried about the availability of ozone 

precursors in the atmosphere. Declining trends in NOx and traffic related VOC parameters have 

proven that strict regulation of emissions can lead to improvement in air quality. However, in 

order to implement effective control strategies, the impact of all potential sources need to be 

highlighted. Also, a detailed analysis of ozone chemistry is needed for this study area. In order 

to suppress ozone production, all precursors need to be treated with equal importance. 

Findings from this study aims to shed light on the necessity of evaluating unconventional 

sources that have emerged as the major sources of pollution within the metropolitan area.  
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Table 4-5: Trends in annual high, median and low ozone concentrations (ppbv) at C60 

Year 10th 
percentile 

25th 
percentile 

Median 75th 
percentile 

90th 
percentile 

Maximum 

2001 1.8 7 20 34 50 126 
2002 1.8 8 22 36 52 135 
2003 4.0 13 25 38 53 161 
2004 1.9 8 20 33 48 113 
2005 2.1 11 24 38 57 118 
2006 3.0 14 26 39 53 111 
2007 2.2 9 21 32 45 95 
2008 3.2 13 23 33 44 78 
2009 2.8 12 21 31 40 89 
2010 4.6 14 25 35 47 96 
2011 4.9 16 28 39 52 102 
2012 5.3 16 27 39 52 114 
2013 5.5 16 27 40 51 102 
2014 6.2 16 27 37 49 90 

 

Table 4-6: Trends in annual high, median and low ozone concentrations at C13 

Year 10th 
percentile 

25th 
percentile 

Median 75th 
percentile 

90th 
percentile 

Max. 
Ozone 

2001 1.96 11 25 40 56 131 

2002 0.53 8 21 36 50 129 

2003 1.77 11 25 38 54 128 

2004 1.57 11 23 36 51 112 

2005 2.90 13 26 41 58 145 

2006 3.80 16 28 41 57 118 

2007 2.53 11 22 34 47 134 

2008 3.05 13 24 35 47 92 

2009 4.35 14 24 35 47 112 

2010 4.74 14 25 35 47 109 

2011 6.22 16 28 39 51 101 

2012 5.47 16 26 37 50 122 

2013 6.21 16 27 39 51 113 

2014 7.69 17 28 39 50 105 
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Figure 4-33: Outdoor temperature (Deg F) distribution in Dallas (recorded at AutoGC site C60) 

 

Splitting the ozone dataset at C60 into two time periods, bivariate plots were produced 

in order to get a sense of the high ozone regions. While 2001-2007 period highlighted higher 

NOx conditions primarily due to traffic emissions, the 2008-2014 period was associated with 

the highest production from the Barnett Shale. The values considered in these plots were above 

the 90th percentile from the dataset and the outliers with a low confidence were removed by 

considering bins with at least one data point. Results indicated that the significant production in 

Barnett Shale activities post-2007 accompanied higher probabilities of ozone transport from 

the northwestern region of this site in Dallas. This newfound source location was also 

associated with stronger winds as shown in Figure 4-34 with regions highlighted in yellow near 
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the 10-15 mph wind circle. It is crucial to note that, this source of emission was not present in 

the 2001-2007 period as shown in the figure below.  

 

 

Figure 4-34: Bivariate plots for ozone concentrations above the 90th percentile during two time 

periods at C60 

 

Despite the success in NOx reduction in DFW area, ozone concentrations are still 

dependent on the rising VOC emissions. These have been strongly linked to the recent increase 

in emissions from Barnett Shale activities. The analysis is suggestive of a VOC-sensitive regime 

at C60 and C13 which is typical for such urban sites. A detailed study on ozone chemistry is 

therefore crucial in DFW area in order to effectively reduce ground-based ozone production. 

Although the highest hourly TNMOC were located at the rural portion of the study area, the 

study has revealed the impact of downwind influences through precursor and/or ozone 

transport at urban sites from areas with higher density of oil and gas wells.   
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The spatio-temporal analysis of the measured VOC concentrations in the DFW area 

highlighted the potential air quality impacts of these new unconventional sources. This was also 

confirmed through the source apportionment analysis. The findings suggested a growing 

concern about the potential under-estimation of VOC emissions from these sources. This study 

pushes urban planners and decision makers to develop sound policies that account for the 

increasing contribution of new and unconventional sources of air emissions affecting the DFW 

airshed. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

The major objective of this study was to evaluate the impact of Barnett shale activities 

on air quality in the Dallas-Fort Worth area. Emissions from oil and gas activities are 

unconventional in this urban area of North Texas. Spatio-temporal analysis was therefore 

adopted to evaluate the cost of underestimating ozone-forming potential of this new source of 

precursor emissions. Preliminary analysis of VOC indicated that rural sites had twice as much of 

total non-methane organic compounds (TNMOC) concentrations as compared to a site within 

the urban core. While the distribution of major roadways and highways could not explain this 

discrepancy, the well count within 1-10 mile radius surrounding the monitoring sites correlated 

very well with these findings. The trend in the ethane/VOC ratios – primarily signifying 

emissions from oil and gas activities – at sites with the longest range of data replicated the 

soaring Barnett Shale production post-2007. While larger median values were observed for a 

site within the Barnett Shale region, the Dallas area was also found to be impacted by the 

recent influx of emissions.  

Considering the dominance of winds from the urban to rural zone in North Texas, it was 

important to investigate if urban emissions could be blamed for accumulation of pollutants in 

the rural zone. Spatial analysis was therefore employed using surface meteorological 

information. Results indicated that contrary to popular belief, it was the rural emissions that 

seemed to threaten air quality at the DFW urban sites. Source apportionment conducted at one 

of the monitoring sites revealed a 52% contribution from natural gas factor followed by 31% 

from traffic emissions. Apart from a 4% contribution by biogenic emissions, some of the other 
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factors were also found to be associated with local oil and gas production activity affecting the 

air quality at the monitoring site.  

Analyzing the VOC/NOx ratio with ozone at the longest running AutoGC sites, it was 

observed that the correlation between ethane/NOx and annual average ozone was more 

prominent post-2007. Analysis revealed that the emergence of unconventional sources 

associated with oil and gas has led to an increase in high ozone transport associated from the 

Barnett Shale area. The finding of this study also suggests a VOC-sensitive regime at most of the 

urban sites during this time period. The correlation of VOC/NOx ratio needs to be further 

investigated through analysis of ozone chemistry in both rural and urban regions. The trend in 

rising winter-time ozone was also extracted from changes in monthly average ozone and 

temporal evaluation of median and lower values from the annual concentration datasets.  

The findings of this study highlight the need for proper evaluation of the new sources of 

ozone precursor emissions. Assessment of the local NOx emissions from Barnett Shale activities 

would also need to be targeted in order to get better estimates of the actual VOC/NOx ratio. 

Additional source receptor analysis techniques would need to be considered for all the 

monitoring sites within the DFW area. A detailed emission inventory assessment of the oil and 

gas sources is critical for this region. It is also recommended to evaluate the impact of each 

major oil and gas facilities on the urban and regional air quality using fate and transport models 

such as complex urban and regional photochemical models. 
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APPENDIX  

SUPPLEMENTARY MATERIALS 
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Figure A-1: TNMOC versus selected VOC parameters at Flower Mound Shiloh (C1007) – group 1 

 

 

Figure A-2: TNMOC versus selected VOC parameters at Flower Mound Shiloh (C1007) – group 2 



61 

Figure A-3: TNMOC versus selected VOC parameters at Decatur Thompson (C88) – group 1 

Figure A-4: TNMOC versus selected VOC parameters at Decatur Thompson (C88) – group 2 
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Figure A-5: TNMOC versus selected VOC parameters at Dallas Hinton (C60) – group 1 

 

 

Figure A-6: TNMOC versus selected VOC parameters at Dallas Hinton (C60) – group 2 
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Figure A-7: TNMOC versus selected VOC parameters at Fort Worth Northwest (C13) – group 1 

 

 

Figure A-8: TNMOC versus selected VOC parameters at Fort Worth Northwest (C13) – group 2 
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Figure A-9: TNMOC versus selected VOC parameters at Eagle Mountain Lake (C75) – group 1 

 

 

Figure A-10: TNMOC versus selected VOC parameters at Eagle Mountain Lake (C75) – group 2 
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Figure A-11: TNMOC versus selected VOC parameters at Dish Airfield (C1013) – group 1 

 

 

Figure A-12: TNMOC versus selected VOC parameters at Dish Airfield (C1013) – group 2 
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Figure A-13: Distribution of 2014 median TNMOC and ethane ratio at the AutoGC sites 

 

 

Figure A-14: Distribution of 2014 median acetylene ratio and ethylene ratio at the AutoGc sites
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Figure A-15: Wind Roses at C60 for individual years from 2001 to 2014 
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Figure A-16: Wind Roses at C13 for individual years from 2001 to 2014 
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Figure A-17: Peak Traffic Count on the first recorded Monday of April at IH-35E (N) within 5 

miles from AutoGc site C60 (source: NCTCOG) 

 

 

Figure A-18: Peak Traffic Count on the first recorded Monday of April at IH 820 (N) about 7 

miles from AutoGc site C13 (source: NCTCOG) 
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Figure A-19: CPF plots with 2013 data at C1007 indicating the probability distribution of 

concentrations of TNMOC above 75th percentile 

 

   

Figure A-20: CPF plots with 2013 data at C1007 indicating the probability distribution of 

concentrations of acetylene above 75th percentile 
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Figure A-21: CPF plots with 2013 data at C1007 indicating the probability distribution of 

concentrations of ethane above 75th percentile 

 

Figure A-22: Wind Rose for the year 2013 at Flower Mound site (C1007)  
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Table A-1: 2014 annual average  concentration of TNMOC and some of the alkanes at the fifteen AutoGC monitoring sites 

 

 

 

 

 

Name of AutoGC site CAMS 
number 

City, County TNMOC 
(ppb C) 

Ethane 
(ppbv) 

Propane 
(ppbv) 

Isobutane 
(ppbv) 

n-butane 
(ppbv) 

n-hexane 
(ppbv) 

n-heptane 
(ppbv) 

Ft Worth Northwest C13 Fort Worth, Tarrant 97 12.62 5.41 1.01 2.58 0.36 0.11 

Fort Worth Joe B. Rushing 
Road 

C1065 Fort Worth, Tarrant 77 11.71 4.89 0.86 2.05 0.26 0.07 

Fort Worth Benbrook Lake C1503 Fort Worth, Tarrant 94 16.62 6.67 1.18 2.39 0.23 0.09 

Arlington UT campus C1018 Arlington, Tarrant 82 11.43 4.65 1.31 2.23 0.19 0.08 

Kennedale treepoint Dr C1062 Arlington, Tarrant 70 9.15 4.46 0.85 1.92 0.19 0.06 

Everman Johnson Park C1009 Everman, Tarrant 81 13.37 5.05 0.87 2.02 0.19 0.08 

Eagle Mountain Lake C75 Eagle Mountain, Tarrant 107 16.95 7.48 1.28 2.82 0.37 0.11 

Rhome Seven Hills Road C1064 Rhome, Wise 99 15.65 7.16 1.28 2.79 0.34 0.11 

Decatur Thompson C88 Decatur, Wise 136 19.91 10.13 1.78 4.19 0.50 0.21 

DISH Airfield C1013  Dish, Denton 152 29.31 9.11 1.54 3.16 0.36 0.14 

Flower Mound Shiloh C1007 Flower Mound, Denton 70 10.34 4.72 0.81 1.91 0.21 0.07 

Dallas Hinton C60  Dallas, Dallas 83 8.84 4.60 0.88 2.27 0.23 0.08 

Dallas Elm Fork C1505  Dallas, Dallas 86 8.66 4.65 0.80 2.07 0.24 0.10 

Mansfield Flying Lane C1063 Mansfield, Johnson 66 9.45 4.58 0.81 1.83 0.18 0.06 

Godley C1501 Godley, Johnson 94 18.60 6.98 1.15 2.33 0.22 0.08 
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Table A-2: 2014 average  concentration of TNMOC and selected VOC parameters by season at 

six AutoGC sites 

Season VOC parameter C13 C60 C75 C88 C1007 C1013 

Spring 
(MAM) 

Ethane (ppbv) 11.81 7.84 14.51 17.24 9.02 24.44 

Propane (ppbv) 4.57 3.85 6.19 9.06 3.90 7.87 

Benzene (ppbv) 0.15 0.16 0.10 0.11 0.10 0.12 

Toluene (ppbv) 0.31 0.33 0.15 0.17 0.17 0.19 

Acetylene (ppbv) 0.39 0.33 0.31 0.35 0.32 0.24 

Ethylene (ppbv) 0.57 0.66 0.26 0.34 0.34 0.37 

Isoprene (ppbv) 0.02 0.06 0.03 0.03 0.15 0.02 

TNMOC (ppb C) 80 73 90 121 59 128 

Summer 
(JJA) 

Ethane (ppbv) 6.60 4.64 11.01 14.89 5.35 20.36 

Propane (ppbv) 2.64 2.36 3.72 6.77 2.13 4.74 

Benzene (ppbv) 0.10 0.11 0.07 0.08 0.07 0.09 

Toluene (ppbv) 0.34 0.27 0.15 0.19 0.17 0.20 

Acetylene (ppbv) 0.20 0.17 0.14 0.12 0.17 0.10 

Ethylene(ppbv) 0.49 0.48 0.27 0.32 0.31 0.41 

Isoprene (ppbv) 0.15 0.57 0.20 0.28 1.05 0.13 

TNMOC (ppb C) 61 56 66 106 43 101 

Autumn 
(SON) 

Ethane (ppbv) 11.32 7.70 19.44 19.90 9.94 34.48 

Propane (ppbv) 4.60 3.98 7.46 9.42 4.07 9.14 

Benzene (ppbv) 0.16 0.16 0.12 0.11 0.10 0.13 

Toluene (ppbv) 0.46 0.37 0.21 0.21 0.21 0.27 

Acetylene (ppbv) 0.39 0.42 0.23 0.22 0.26 0.20 

Ethylene (ppbv) 0.74 0.72 0.40 0.41 0.40 0.61 

Isoprene(ppbv) 0.05 0.14 0.04 0.07 0.23 0.03 

TNMOC (ppb C) 102 76 114 131 65 177 

Winter 
(DJF) 

Ethane (ppbv) 20.38 15.08 22.92 27.82 17.14 38.22 

Propane (ppbv) 9.62 8.11 12.68 15.39 8.83 14.89 

Benzene (ppbv) 0.23 0.22 0.16 0.16 0.17 0.19 

Toluene (ppbv) 0.41 0.44 0.21 0.20 0.22 0.24 

Acetylene (ppbv) 0.62 0.56 0.49 0.53 0.50 0.38 

Ethylene (ppbv) 0.98 1.18 0.44 0.63 0.58 0.59 

Isoprene (ppbv) 0.02 0.01 0.00 0.00 0.00 0.00 

TNMOC (ppb C) 146 124 159 187 116 203 
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Table A-3: 2014 VOC statistic at the AutoGC sites for TNMOC (ppb C) concentrations  

*The values obtained in this table have been extracted from the merged dataset created from 

hourly data from all sites. This was done in order to remove hours with missing information for 

one/more sites.  

 

 

 

 

 

 

 

 

 

 

Name of AutoGC site CAMS 
number 

Min 25th 
percentile 

Median 75th 
percentile 

90th 
percentile 

Maximum 

Flower Mound Shiloh C1007 11 30 46 77 129 1152 

Mansfield Flying Lane C1063 7 27 46 77 124 694 

Kennedale treepoint Dr C1062 13 30 47 79 135 672 

Fort Worth Joe B. Rushing Road C1065 11 31 50 87 145 871 

Fort Worth Benbrook Lake C1503 6 29 50 93 176 2268 

Everman Johnson Park C1009 8 28 50 89 156 1496 

Arlington UT campus C1018 10 33 52 86 150 1812 

Godley C1501 7 29 55 107 193 1057 

Dallas Hinton C60 17 38 58 92 142 892 

Ft Worth Northwest C13 14 41 62 109 194 1387 

Dallas Elm Fork C1505 13 37 62 102 160 639 

Rhome Seven Hills Road C1064 11 36 64 113 203 1200 

Eagle Mountain Lake C75 11 37 66 119 212 1517 

DISH Airfield C1013 19 56 82 138 291 2385 

Decatur Thompson C88 16 53 92 160 260 6919 
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