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Abstract 

The population of Texas has increased rapidly in the past decade. The San Antonio Field Study 

(SAFS) was designed to investigate ozone (O3) production and precursors in this rapidly 

changing, sprawling metropolitan area. There are still many questions regarding the sources and 

chemistry of volatile organic compounds (VOCs) in urban areas like San Antonio which are 

affected by a complex mixture of industry, traffic, biogenic sources and transported pollutants. 

The goal of the SAFS campaign in May 2017 was to measure inorganic trace gases, VOCs, 

methane (CH4), and ethane (C2H6). The SAFS field design included two sites to better assess air 

quality across the metro area: an urban site (Travelers’ World; TW) and a downwind/suburban 

site (University of Texas at San Antonio; UTSA). The results indicated that acetone (2.52 ± 1.17 

and 2.39 ± 1.27 ppbv), acetaldehyde (1.45 ± 1.02 and 0.93 ± 0.45 ppbv) and isoprene (0.64 ± 

0.49 and 1.21± 0.85 ppbv; TW and UTSA, respectively) were the VOCs with the highest 

concentrations. Additionally, positive matrix factorization (PMF) showed three dominant factors 

of VOC emissions: biogenic, aged urban mixed source, and acetone. Methyl vinyl ketone and 

methacrolein (MVK+MACR) exhibited contributions from both secondary photooxidation of 

isoprene and direct emissions from traffic. The C2H6:CH4 demonstrated potential influence of oil 

and gas activities in San Antonio. Moreover, the high O3 days during the campaign were in the 

NOx-limited O3 formation regime and were preceded by evening peaks in select VOCs, NOx and 

CO. Overall, quantification of the concentration and trends of VOCs and trace gases in a major 

city in Texas offers vital information for general air quality management and supports strategies 

for reducing O3 pollution. The SAFS campaign VOC results will also add to the growing body of 

literature on urban sources and concentrations of VOCs in major urban areas. 

Keywords: PTR-MS; VOC; Ozone; methane; ethane; San Antonio  
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1. Introduction 

San Antonio, Texas, is a rapidly growing city in the United States (US), with a 16.7% increase in 

population in the last decade, which ranks it second nationally for population growth over that 

time period (US Census Bureau, 2019). With this rise in population comes a concurrent increase 

in transportation, food services, and energy sectors. Such activities can potentially cause negative 

effects on the local air quality that can be assessed with routine monitoring coupled with 

intensive measurement of pollutants. In 2015, when the National Ambient Air Quality Standards 

(NAAQS) for O3 was lowered to 0.070 ppmv from 0.075 ppmv, San Antonio (Bexar County) did 

not meet the standard. Therefore, in 2018, the US EPA designated San Antonio as marginal non-

attainment for O3 pollution (https://www.tceq.texas.gov/airquality/sip/san/san-status). This non-

attainment designation demonstrates the impact of urbanization and industrialization on the air 

quality in San Antonio.  

The production of tropospheric O3 can be either nitrogen oxide (NOx)-limited or volatile organic 

compound (VOC)-limited, and understanding the sources of both precursors is relevant for 

characterizing urban O3 production (Finlayson-Pitts and Pitts, 1993; Mazzuca et al., 2016). 

Briefly, a large number of VOCs participate in O3 production, but individual VOCs vary in their 

O3 formation potential (Duan et al., 2008; Xiong and Du, 2020). For example, when 

photochemical activity and biogenic VOC (BVOC) emissions peak during the summer, O3 

production from BVOCs is often dominant (Gómez et al., 2020). Several studies have used 

chamber experiments, mathematical models, and parameters such as the maximum incremental 

reactivity to investigate the O3 production potential of select VOCs (Hakami et al., 2004; Huang 

et al., 2008; Kansal, 2009). These studies have shown that the contribution of a specific VOC to 

O3 formation depends both on its intrinsic reactivity and its abundance and emission strength 
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(Kansal, 2009; Venecek et al., 2018). The O3 production model based on inorganic trace gas and 

VOCs, including those discussed in detail herein, showed that the OH reactivity of 

formaldehyde, isoprene and alkenes were amongst the highest in San Antonio (Guo et al., 2021). 

Therefore, measurement and source analysis of these and other common VOCs are important in 

the characterization and modeling of O3 in San Antonio. 

Anthropogenic, biogenic and oxidized VOCs are relevant to San Antonio’s air quality due to 

their impact on both atmospheric chemistry and public health associated (Anderson et al., 2019; 

Guo et al., 2021). Apart from O3 production, gas-phase oxidation of anthropogenic and biogenic 

VOCs can also lead to secondary organic aerosol formation and contribute to the particulate 

matter (PM) pollution in the atmosphere (Sun et al., 2016). 

For San Antonio and it’s upwind source region,  the real-time measurement of these VOCs can 

help to determine the relative importance of diverse sources of pollution (aerospace, biosciences 

and healthcare, defense, energy and manufacturing, and oil and gas production/extraction).  For 

instance, methane and ethane can be used to identify the impacts from oil and gas extraction 

(Peischl et al., 2018; Tzompa‐ Sosa et al., 2017), while benzene and toluene are relevant for 

industrial emissions as well as mobile emission characterization (Karl et al., 2003). Large areas 

of vegetation along with subtropical climatic conditions in San Antonio make biogenic sources 

an important contributor to VOC emissions in this region (Anderson et al., 2019). Biomass 

burning can also be a significant urban source of VOCs, and  acetonitrile is often present in such 

plumes (Huangfu et al., 2021) .  In addition to being emitted from primary sources, oxidized 

VOCs (OVOCs) such as acetone, acetaldehyde, methyl vinyl ketone (MVK), methacrolein 

(MACR), methyl ethyl ketone (MEK), and hydroxyacetone can be produced in the atmosphere 

and be present in aged airmass (Kudo et al., 2014; Lewis et al., 2005). Due to such numerous 
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emission and atmospheric sources, the VOC mixture is complex in San Antonio (Anderson et al., 

2019; Guo et al., 2021).   

Source identification of VOCs is important for the design of mitigation strategies concerning 

urban air quality and human health. To identify different categories of VOC sources and estimate 

their respective contributions, multivariate receptor models are often applied (Guo et al., 2004; 

Song et al., 2008; Viana et al., 2008). The common receptor models used in air pollution studies 

include positive matrix factorization (PMF), principal component analysis, chemical mass 

balance and Unmix models (Badol et al., 2008; Guo et al., 2006; Jorquera and Rappenglück, 

2004; Leuchner and Rappenglück, 2010). These models have been inter-compared, and the PMF 

model has been proven to be robust for source apportionment in comparison to other models for 

both particulate matter and VOCs (Jorquera and Rappenglück, 2004; Zhang et al., 2012). 

Although automated gas chromatographs have been deployed in monitoring networks in Texas 

(https://www.tceq.texas.gov/gis/geotam-viewer) and realtime VOC analysis by proton transfer 

reaction mass spectrometry (PTR-MS) has been employed since the early 2000s (de Gouw et al., 

2003; Warneke et al., 2003), there are still questions regarding the spatial heterogeneity, and 

sources and chemistry of urban VOCs (McDonald et al., 2018), particularly in under-studied 

regions such as San Antonio. 

The San Antonio Field Study (SAFS) of 2017 was the first detailed field campaign designed to 

assess the relationship between O3 and its precursors (NOx, VOCs, etc.) in San Antonio. Two 

manuscripts have been published describing O3 production chemistry during the SAFS campaign 

(Anderson et al., 2019; Guo et al., 2021).  Anderson et al. ( 2019) suggest that the daytime O3 

production rate was two times higher in San Antonio compared to upwind locations, and that 

BVOCs contributed to 55% of the total OH reactivity in San Antonio. Guo et al. (2021) suggest 
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that transported VOCs from the San Antonio’s urban core likely contributed to the formation of 

oxidized VOCs and enhancement in their OH reactivity in the downwind region. Guo et al. 

(2021) also report that the total OH reactivity of VOC was dominated by isoprene at both urban 

core and downwind sites, while OH reactivity of alkenes, aromatics and alkanes were 

significantly higher at the urban core site. These studies discuss the implications of spatial 

variability of VOCs in San Antonio, but do not discuss sources and temporal trends in ambient 

VOCs, which is an area that warrants investigation. Therefore, this study presents results from 

ambient measurements of VOCs (including ethane, aromatics, terpenes, and OVOCs), methane, 

and trace gases at two sites in San Antonio: urban upwind (Travelers’ World; TW) and 

downwind (University of Texas at San Antonio; UTSA). Methane and ethane observations were 

used for identifying the influence of regional unconventional oil and gas activities. Finally, the 

meteorology, backward trajectories, VOCs and NOx contributions leading to the high O3 days 

identified during the SAFS campaign were analyzed. Therefore, the results of this study can help 

regulatory agencies to formulate strategies to address high O3 events in a location where multiple 

sources can contribute to ambient concentrations of the O3 precursors.  

2. Methods 

2.1. Field site description 

 Historical wind data for San Antonio during the month of May shows mostly southeasterly 

winds (e.g., Guo et al. (2021)). Therefore, the two study sites were selected across this wind 

transect (Fig. 1). The first monitoring site was positioned at an urban location, Travelers’ World 

RV Resort (TW; 29.374°N, 98.482°W), situated southeast of downtown San Antonio. Several 

major interstate highways were nearby TW site: I-37 at ~1.5 km to the east, I-35 at ~3 km to the 

west and I-10 at ~2 km to the north.  The major vegetation types around TW include native and 
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invasive species: deciduous woodland, juniper species, mesquite, sugar or net leaf hackberry 

which are heavily grazed, plowed and fire suppressed (https://tpwd.texas.gov/landwater). The 

second monitoring site was situated at a suburban location on the University of Texas- San 

Antonio campus (UTSA; 29.579°N, 98.629°W) situated ~21 km northwest of San Antonio 

downtown. The UTSA site was in a relatively unused parking lot with minimum influence of 

local traffic. The only major highway was I-20 located at ~2 km to the west. Northwest of the 

UTSA site is the Edwards Plateau, which include both woodland and grassland zones. The 

woodland zone is dominated by Ashe Juniper and plateau live oak in some part while others have 

taller plateau live oaks. These selected sites had different emission sources and characteristics. 

The TW site  represents the urban core and fresh traffic emissions along with regional oil and 

natural gas influence whereas UTSA represents photochemically processed air mixed with urban 

emissions (Anderson et al., 2019). Additionally, the major industries in San Antonio include 

aerospace, biosciences and healthcare, defense, energy and manufacturing 

(www.sanantonio.gov). These industries are spread widely across San Antonio. There are three 

power plants in San Antonio (indicated by P1, P2 and P3 in Fig. 1b), two of which lie to the 

southeast and one to the southwest of the TW site. Power plants P1 and P2 are coal-fired, 

whereas P3 is fueled by natural gas. Jo
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Figure 1. Mean 48-hours backward trajectories for the five main clusters reaching TW site from 

May 2 to 27, 2017 (a). Map of San Antonio showing the selected study sites - UTSA and TW 

with inset showing wind rose for Travelers’ World during the month of May 2017; the major 

power plants in San Antonio- Calaveras, CPS Energy braining and Leon Creek are indicated as 

P1, P2 and P3, respectively (b). An image of Mobile Air Quality Lab (MAQL1) (c). 

During the first phase of measurements (May 2
nd

 to May 27
th

), VOC data were collected using a 

PTR-MS stationed at TW. For the second phase of measurements (May 27
th

 to May 31
st
), the 

PTR-MS was moved to UTSA. Due to the focus on VOC data in this study, more detail on the 

PTR-MS instrument and its operation are provided in the subsequent section. Trace gases (O3, 

CO, NO, NO2, NOx and NOy where NOx = nitric oxide (NO) plus nitrogen dioxide (NO2) and 

NOy is total reactive nitrogen) and meteorological parameters (wind speed and direction, ambient 

temperature, relative humidity, and pressure) were measured for the entire campaign duration at 

both sites (discussed in detail below).   

At TW, the Mobile Air Quality Lab (MAQL1) that housed air sampling instrumentation was set-

up in a section of the property that primarily housed long-term residents and with as little 
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potential interference from trees or power lines as possible. The MAQL1 is comprised of a 9 m
3
 

fiberglass truck body in the bed of a 2013 Chevrolet Silverado 3500HD Crew Cab pickup truck. 

The ambient trace gas sample air is drawn through an inlet box that houses valves, a NOy 

converter, and power supplies for sampler configuration and calibration. The trace gas inlet box 

allows the MAQL1 to measure at approximately 5.5 m above ground level with the arm raised 

for stationary measurements. Notably, the MAQL1 has been deployed for previous sampling 

campaigns (Leong et al., 2017; Wallace et al., 2018). The MAQL1 was stationed at UTSA 

during the second phase of the campaign.  

At UTSA, the Baylor mobile air quality lab (MAQL2) was stationed in a relatively unused 

parking lot on the southwest corner of campus.  It is a 35 m
3
 insulated air-conditioned trailer with 

an air conditioning system with 13,500 BTU capacity that regulates the temperature inside the 

MAQL2 for operation of instruments in optimal condition. The ambient trace gas sample air is 

drawn through an inlet mounted ~6 m above the ground. The instruments are placed over the 

racks fitted with vibrational dampers to avoid unnecessary instrumental hazards. A separate set 

of trace gas instruments for O3, CO, NO, NO2 and NOy were continuously operated in the 

MAQL2 from May 5 to 31.   

In situ O3 measurements were collected with a 2B Technologies (Boulder, CO) model 205 dual 

beam O3 ultraviolet photometric gas analyzer. Ambient levels of carbon monoxide (CO) were 

measured with a Los Gatos Research (San Jose, CA) CO Analyzer, model F-CO-23r using laser 

based off-axis integrated cavity output spectroscopy. The nitric oxide (NO), nitrogen dioxide 

(NO2) and oxides of nitrogen (NO + NO2 = NOx) measurements were made with an Air Quality 

Design (Golden, CO) custom chemiluminescent analyzer. The NOx channel utilizes a blue light 

converter (BLC) from Air Quality Design (Golden, CO) for photolytic conversion of NO2 to NO 
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(Lefer et al., 2010). The BLC essentially converts only NO2 to NO, compared to the standard 

molybdenum-based NO2-to-NO converter which also converts nitric acid (HNO3) and peroxy 

acyl nitrates to NO and consequently tends to overestimate NO2 (Steinbacher et al., 2007). Total 

reactive nitrogen (NOy) measurements were conducted using a modified Thermo Scientific 

Model 42C chemiluminescence analyzer with a 300 °C molybdenum converter at the sample 

inlet. This NOy (non-speciated) method, by design will photodegrade HNO3 to NO2 at the inlet 

(Nussbaumer et al., 2021). This will ensure that HNO3 is included in the NOy measurement. The 

inlet is comprised of approximately 3” of PFA wetted materials (i.e., in contact with the sample) 

upstream of the converter to allow for calibration gas injections and a screen/shield to prevent 

sampling precipitation and to keep insects from entering the inlet. No particle filter was installed 

upstream of the molybdenum converter. The conversion efficiency was challenged routinely with 

NO2, and periodically with n-propyl nitrate (which may serve as a surrogate for HNO3). 

Conversion of other species were not characterized; however, at 300 °C NH3 is not expected to 

be converted (Suzuki et al., 2011; Williams et al., 1998). Finally, the NOx reaction products are 

collectively calculated as NOz (where NOz = NOy - NOx).  

Methane (CH4) and ethane (C2H6) were measured using a Tunable Infrared Direct Absorption 

Spectrometer (TILDAS) from Aerodyne Research, Inc. (McManus et al., 2015; Yacovitch et al., 

2014). This instrument was placed in an independent trailer that was co-located with the 

MAQL1. The inlet lines for the instrument extended to the roof for ambient measurements. The 

instrument was calibrated with known-concentration calibration gases quantitatively diluted with 

hydrocarbon-free ultra-zero air (UZA). The UZA was delivered every 15-minutes to the 

instrument inlet and used for spectral auto-backgrounding. Detailed descriptions of this 

instrument can be found in previous studies (Yacovitch et al., 2014). These instruments were 
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stationed at TW from May 9 - 27 and later operated at UTSA from May 27 – 31 during the SAFS 

campaign.  

2.2. PTR-MS 

A quadrupole PTR-MS (Q300; Ionicon Analytik, Austria) was used to measure a set of VOCs 

and OVOCs (see Table 1) during the SAFS campaign. Target gas molecules are ionized by 

proton transfer from protonated water (H3O
+
). The ionized material is then detected and 

quantified using a quadrupole mass spectrometer.  Details of the PTR-MS and its operation are 

discussed elsewhere (de Gouw et al., 2003; de Gouw and Warneke, 2007; Lindinger et al., 1998).  

The ambient air is continuously drawn through a perfluoroalkoxy (PFA) Teflon-lined manifold at 

the flow rate of 8 lpm from which a subsample of 100 sccm is drawn by the PTR-MS. The drift 

tube was set to operate at 80 Townsend (Td) E/N through a number of selected channels. To 

reduce any effects of water vapor that can occur with operating the PTR-MS at a lower Td, a 

sample drying system similar to that used by Jobson and McCoskey (2010) was implemented. 

The 15 VOCs measured during the campaign are listed in Table 1, and the four diagnostic 

channels included source H3O
+
 intensity (m/z 21), NO

+
 (m/z 30), water cluster (H2O) H3O

+
 (m/z 

37), and O2
+
 (m/z 32). Both NO

+
 and O2

+
 were monitored as impurities for the reagent ion. Data 

were collected with approximately 60-s scan times, but these data were averaged to longer time 

scales, typically 5 minutes, in order to match the final averaged data from other instruments and 

to improve detection limits. Details about calibration, field-based limits of detection (FLOD) and 

uncertainty calculations are provided in the Supplement Section 1.        

2.3. Multivariate receptor models: Positive Matrix Factorization (PMF) 
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EPA PMF 5.0 is a multivariate receptor model that mathematically identifies the most optimal 

factors (sources) for ambient measurement data; these factors can then be compared to emission 

source profiles to identify source impacts (Norris et al., 2014). The PMF model utilizes a 

chemical balance equation between observational concentration (xij) and derived factor profile 

(fk,j) with p number of assumed sources as shown in Eq. 1. In the chemical balance equation, i 

and j are the number of samples and number of measured compounds/species, respectively, gi,k is 

the concentration of mass contributed by each factor to an individual sample, and eij is the 

residual associated with each species. The factor contributions and profiles are calculated by 

minimizing the objective function Q (Eq. 2). Bootstrap and displacement error analysis are 

performed to estimate the variability and stability of the PMF solutions (Norris et al., 2014; 

Paatero, 1997; Paatero and Tapper, 1993). Since PMF requires that the model input be a non-

negative value, all factor contributions are constrained to be positive. However, the factor 

profiles in the PMF may not be orthogonal.  

   =∑         
 
   +        (1) 

Q = ∑ ∑
    ∑        

 
   

   

 
   

 
       (2) 

In this study, PMF was applied to the TW VOC dataset, as the UTSA data was limited to only a 

few days. Previous studies suggest removing the species with high percentages of missing data 

or decreasing their strength (e.g., from strong to weak or bad) in the analysis (Paatero and 

Hopke, 2003; Qin et al., 2002; Xie and Berkowitz, 2006). In this study compounds with a large 

fraction of data below detection limit (i.e., data recovery < 60%) were excluded from the PMF. 

The field-based uncertainty of the monitored VOCs was between 7.2 to 12.5%, while most of the 

VOCs had uncertainty of ~10% (Table S1). Therefore, the uncertainty was assigned a fixed 10% 
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of the concentration. This fixed uncertainty helps to avoid a situation in which the PMF solution 

is driven by the difference in the uncertainty between the species and PMF resolves a separate 

factor for species with lower uncertainty values (Sinha and Sinha, 2019). Additionally, the 

strength of the VOC was downweighed to “weak” based on the residual analysis and the 

correlation between model-predicted and observed concentration (r
2 

< 0.7) (Xue et al., 2020). 

Species categorized as weak are assigned triple the assigned uncertainty. The VOCs categorized 

as “weak” species in the PMF model includes acetonitrile, hydroxyacetone, benzene, toluene and 

m-xylene. The scaled residuals for all the species were between ±3, indicating a good model fit, 

after downweighing the weak species. Since positive inputs are required by the PMF, data below 

the minimum detection limit (MDL) were set to one-half of the detection limit. 

The appropriate number of factors was chosen based on the standard statistical criteria and 

representativeness to the actual environment. The results presented were included after 

considering quality of the PMF results determined by several criteria including change in Q 

value, explained variation of VOCs by the identified factors and representativeness of the factors 

in the real-world environment. Since only ten compounds were included in the PMF model, 

increasing to higher factor numbers will yield a separate factor for each compound. Therefore, 

PMF solutions between 2 and 6 factors were analyzed (Fig. S 1-3) and are discussed in the 

Supplement Sections 2 & 3 in greater detail. Additionally, the PMF output was validated by cross 

correlating the factor profile with the inorganic tracers that were not included in the model itself. 

For instance, the biogenic factor time series was cross compared with that of O3 (detailed 

discussion follows in the results and discussion Section 3.4). 

2.4. Zero-dimensional LaRC model for O3 formation regime 
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Guo et al. (2021) used the inorganic trace gas and VOC dataset used in this study to analyze 

O3 formation and destruction rate and OH reactivity of VOCs using the National Aeronautics and 

Space Administration Langley Research Center (LaRC) zero-dimensional model (Crawford et 

al., 1999; Olson et al., 2006). This study used the LaRC model results to analyze O3-NOx-VOC 

sensitivity during the high O3 event days during the sampling campaign. Therefore, the greater 

details about model inputs and characteristics can be found in Guo et al. (2021). Briefly, the 

chemical reactions and kinetics associated with O3 chemistry were taken from Sander et al. 

(2006), and non-methane hydrocarbon chemistry is based on a modified condensed scheme 

(Lurmann et al., 1986). The model was run in time-dependent mode assuming diurnal steady-

state with standard constraints (e.g., O3, NO or NO2, CO, CH4, speciated and lumped VOCs). 

Input data were averaged to 10-minute intervals limited to periods with valid constraining 

parameters, measurements of the photolysis rate of NO2 (jNO2), and solar zenith angle equal to 

or less than 90°. In this study the model result is interpreted based on the “LROX/LNOX” metric 

in which LNOx is the radical termination reaction rate of OH with NOX to form nitric acid 

(HNO3) and LROX (ROX = organic (RO2) + hydroperoxy (HO2) radicals) is the rate of radical-

radical reactions resulting in stable peroxide formation (Schroeder et al., 2017). The ratio 

(LROX/LNOX) is a good indicator of NOX-limited (> 0.5), VOC-limited (< 0.3), and transitional 

(0.3 – 0.5) O3 formation regimes (Guo et al., 2021). Further, in this study, the “LROX/LNOX” 

metric method is compared to the Ox to NOz (where NOz = NOy – NOx) based regression method 

of NOx versus VOC sensitivity of O3 formation (where Ox = O3 + NO2). 

2.5. Cluster analysis of backward trajectories 

The National Oceanic and Atmospheric Administration (NOAA) HYSPLIT model (Dorling 

et al., 1992; Draxler and Hess, 1998; Stein et al., 2015) was used to simulate 48-hour backward 
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trajectories at different starting heights (100, 300, 500, and 700 m) every hour from May 2 

through May 27, 2017 (CDT) at the TW site. The gridded meteorological data from Eta Data 

Assimilation System (EDAS) were used for calculating the backward trajectories and 

determining the origin of air masses. The EDAS data have a 40-km spatial resolution, 3-hour 

temporal resolution, 26 vertical levels, and a domain that covers North America. Once the 

trajectories representing the flow pattern of air masses arriving at TW site were calculated, they 

were clustered into groups by minimizing the total spatial variance and represented by the mean 

trajectory (Fleming et al., 2012). 

3. Results and Discussion 

3.1. Temporal trends and diagnostic ratios of trace gas 

The campaign averages for trace gas measurements of CO, NO, NO2, NOx, NOy and O3 along 

with a discussion of the O3 production efficiency and net O3 production have been discussed in 

Guo et al. (2021). Below is a brief discussion of trace gas concentrations and profiles at TW and 

UTSA. Average hourly concentrations of O3, CO, NO, NO2, NOy and NOx at TW and UTSA are 

summarized in Table 1, while Fig. S4 shows the diurnal profiles of the trace gases during the 

campaign. Average CO concentration was slightly higher (p < 0.05) at TW (168± 56 ppbv) than 

at UTSA (155 ± 43 ppbv). At both sites, average CO concentration peaked at 0700-0800 LST 

(195 ppbv and 171 ppbv at TW and at UTSA, respectively). CO concentration at both sites 

typically remained above 100 ppbv, which has been suggested as a regional background value 

(Huangfu et al., 2021). The NO, NO2, NOx and NOy mixing ratios were distinctly higher at TW 

compared to UTSA (p < 0.05), which may be explained by the proximity of TW to the urban 

center despite both sites being close to major highways (within ~2 kms). At both sites, the 

NOx levels were highest during the morning rush hour and then gradually decreased in the 
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afternoon to again accumulate during the nighttime (Fig. S4). The afternoon minima and increase 

during nighttime is also influenced by the boundary height, which peaks in mid-day and is lowest 

overnight. The mean O3 concentration at TW and UTSA was similar during the SAFS campaign 

(36.3 and 37.9 ppbv, respectively); however, the p-value (< 0.05) for a t-test indicates O3 at the 

two sites were significantly different statistically (Table 1). Further, the O3 concentrations at both 

sites exhibited early morning minima, a strong rise during the morning with the increasing solar 

radiation, peak mixing ratios at about 1400 - 1600 LST, and a decline at nighttime (Fig. S4). In 

summary, diurnal variation of O3 at TW and UTSA followed typical photochemical profile as 

evident in the large polluted cities (Flynn et al., 2010; Gao, 2007). 

NOx and VOC source differences, including differences in traffic patterns and industrial 

activities, likely drive long-term differences between weekday and weekend concentrations 

(Marr et al., 2002; Murphy et al., 2007; Qin et al., 2004). The weekday-weekend difference in 

trace gases, especially O3, NOx and CO, are of keen interest in terms of understanding mobile 

source influences on atmospheric chemistry (Geng et al., 2008). Figs. S 5-7 show the weekday 

and weekend diurnal profiles of these species at each site. Peak hourly CO were similar during 

weekdays (171 ppbv) and weekends (176 ppbv) at UTSA whereas at TW the weekday (206 

ppbv) peak was higher than that on weekends (184 ppbv). Additionally, the morning rush hour 

concentration of NOx was significantly higher (p < 0.05) during weekdays (11.6 ppbv) compared 

to weekends (7.7 ppbv) at TW. Conversely, O3 and Ox were ~18% higher during weekends at 

TW, while UTSA had similar weekday-weekend O3 and Ox concentration (Fig. S7). During the 

SAFS campaign, three days (May 7, 13 and 14) were identified as high O3 days with 1-hour 

average O3 concentration in excess of 70 ppbv for several hours in the daytime (Fig. S8). A 
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detailed discussion of the NOx and VOC during the May 13-14 high O3 episode is presented in 

Section 3.5. 

Table 1. Basic statistics of the measured trace gases and VOCs at the study sites. The mean 

values in bold represents p-value < 0.05 for two sample parametric t-test between the site means. 

Trace Gas measurements 

 TW (May 2 -31) UTSA (May 5 – 31) 

Trace gas 

species 

Site 

Mean 

(ppbv) 

Stdev 

(ppbv) 

Weekday 

Mean 

(ppbv) 

Weekend 

Mean 

(ppbv) 

Site 

Mean 

(ppbv) 

Stdev 

(ppbv) 

Weekday 

Mean 

(ppbv) 

Weekend 

Mean 

(ppbv) 

O3 36.3 15.3 35.2 38.3 37.9 13.9 37.0 39.5 

CO 168 56 167 173 155 43 154 155 

NO 0.83 2.05 0.96 0.60 0.32 0.93 0.35 0.21 

NO2 5.45 5.70 5.68 4.91 3.34 2.58 3.35 3.18 

NOy 6.63 6.65 6.82 6.17 4.48 3.49 4.37 4.56 

NOx 6.29 6.93 6.64 5.51 3.60 2.69 3.64 3.39 

NOx:NOy 0.90 0.14 0.96 0.84 0.80 0.17 0.89 0.79 

NOz:NOy 0.10 0.14 0.05 0.15 0.20 0.17 0.11 0.23 

CH4 1952 74   1885 39   

C2H6 5.40 3.70   4.10 3.30   

PTR-MS VOC measurements  

   TW (May 2 – 27) UTSA (27-31) 

VOC species 

Site 

Mean 

(ppbv) 

Stdev 

(ppbv) 

Weekday 

Mean 

(ppbv) 

Weekend 

Mean 

(ppbv) 

Site 

Mean 

(ppbv) 

Stdev 

(ppbv) 

 

 

 Species with high data recovery (> 60% above MDL
a
) 

Acetonitrile 0.24 0.09 0.24 0.26 0.23 0.08   

Acetaldehyde 1.45 1.02 1.33 1.86 0.93 0.45   

Acetone 2.52 1.17 2.38 3.09 2.39 1.27   

Isoprene 0.64 0.49 0.61 0.68 1.21 0.85   

MVK+MACR 0.62 0.53 0.60 0.66 0.52 0.23   

MEK 0.44 0.26 0.43 0.52 0.36 0.15   

Hydroxyacetone 0.13 0.05 0.13 0.13 0.11 0.04   

Benzene 0.27 0.09 0.27 0.25 0.23 0.08   

Toluene 0.50 0.46 0.47 0.66 0.26 0.11   

 Species with low data recovery (35 – 60% above MDL
a
) 

Styrene 0.24 0.14 0.30 0.19 0.32 0.05   

m-Xylene 0.43 0.36 0.44 0.38 0.36 0.14   

C3Benzene 0.53 0.25 0.54 0.44 0.41 0.13   

C4Benzene 0.44 0.14 0.47 0.39 0.50 0.11   

Monoterpene 0.44 0.15 0.45 0.40 0.41 0.11   

DMS
b 

0.44 0.21 0.50 0.36     
a
MDL (minimum detection limit) calculated as described in Supplement Section 1 
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b
DMS was mostly below MDL during the entire campaign.  

Diagnostic ratios of trace gas species (denoted with a colon) can be used to understand 

atmospheric aging and transport (e.g., CO:NOx and NOz:NOy). The average atmospheric lifetime 

of CO is long enough (~2 months) to be transported over a regional scale whereas the NOx 

lifetime is shorter (~2-11 hours). Therefore, NOx is depleted more quickly in an urban plume 

(Kenagy et al., 2018; Khalil and Rasmussen, 1990; Parrish et al., 2009). In other words, urban 

CO concentrations can include larger contribution from transported upwind sources, whereas 

NOx is more likely to be dominated by local emissions. Thus, differences in the CO:NOx can be 

used to evaluate the influence of transported airmass at different sites. During the SAFS 

campaign, the CO:NOx at TW was the same (7.37 ± 0.09 and 7.37 ± 0.05) during the morning 

rush hour (0500 - 0900 LST) and the daily average, respectively (Fig. S9). However, at UTSA, 

the CO:NOx during rush hour (9.33 ± 0.23) was lower than the daily average (12.11 ± 0.15). 

Additionally, the CO:NOx at both sites is higher compared to that of other cities in the US, where 

the reported values are <5 for on-road emissions (Parrish, 2006). These results indicate that TW 

and UTSA sites are both influenced by aged airmasses, in addition to local traffic emissions. 

Notably, UTSA has more influence from aged airmasses, specifically in the daytime when the 

boundary layer is high, and southeasterly winds favor transport from TW and further upwind 

sources.  

The NOz:NOy has also been applied in atmospheric studies to characterize ongoing chemical 

processing and to identify aged- versus fresh-air masses. In this study, NOz:NOy was calculated 

using trace gas data from TW and UTSA during the SAFS campaign. As NOx decreases in 

concentration during photochemical aging, NOz increases, thereby increasing the NOz:NOy ratio 

(Grossenbacher et al., 2001). During the SAFS campaign, NOz:NOy and NOz peak at both the 
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sites during midday (1300 to 1500 LST) indicating the most reaction of NOx at that time. 

Further, the largest difference in NOz:NOy amongst the two sites was observed between 1600 to 

1900 LST (Fig. 2a). Notably, Fig. S4c confirms that NOz was often depleted in the nighttime 

boundary layer at TW, while it remained present at UTSA. This depletion of NOz at TW 

indicates that fresh emissions of NO were available in the lower boundary layer at nighttime to 

deplete O3. This trend further confirms that there were fewer sources of traffic emission at UTSA 

than at TW. These CO:NOx and NOz:NOy ratios highlight differences in sources and atmospheric 

chemistry between the two sites. Additional discussion of site differences is included in the 

following sections. 

 

Figure 2. Diurnal profile NOz:NOy (a), isoprene (b), MVK+MACR (c) and toluene (d) at TW 

and UTSA. The box represents the 25
th

 to 75
th

 percentile, while the whiskers represent the 10
th

 

and 90
th

 percentiles, and the solid lines with dots are the hourly mean values. PTR-MS was 

calibrated against standard gas and zero air every day on the third hour of the day resulting in the 

data gap for those periods over the campaign. The hour of the day represents the local standard 

time. 

3.2. Temporal trends and ratios of methane and ethane 
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The average CH4 and C2H6 concentrations were 1952 ± 74 ppbv and 5.4 ± 3.7 ppbv at TW and 

1885 ± 39 ppbv and 4 .1± 3.3 ppbv at UTSA, respectively (Table 1, Fig. S10). The relative 

standard deviations (RSD) of CH4 and C2H6 during the sampling period were 4.2% and 70%, 

respectively. Unlike ethane, methane has a significant global background (~1800 ppb), which 

explains its relatively lower variability compared to ethane. The variabilities in both CH4 and 

C2H6 could be due to variability in emission sources and/or meteorology; with the wind direction 

being very consistent, the variability may be more related to emission sources. The potential 

emission sources of CH4 and C2H6 impacting San Antonio during the SAFS campaign are 

discussed below based on C2H6:CH4 ratios. The CH4 concentration at TW is higher than the 

annual average of 2017 at a historical background site in the US (e.g. Mauna Loa Observatory, 

Hawaii, USA (1831 ppbv)) (Dlugokencky et al., 2017) but similar to other urban sites like 

Boston, USA in 2012-2013 (1950 ppbv) (McKain et al., 2015), Houston, USA in 2016 (2244 

ppbv) (Sanchez et al., 2018), Shadnagar, India in 2014 (1920 ppbv) (Sreenivas et al., 2016) and 

Kathmandu, Nepal in 2013 (2192 ppb) (Mahata et al., 2017).  

Emissions sources of CH4 are often identified based on the co-emission of C2H6 using the 

C2H6:CH4 enhancement ratio (Yacovitch et al., 2020, 2014). The airborne (Smith et al., 2015) 

and ground-based (Yacovitch et al., 2014) observation of the mixing ratios of CH4 and C2H6 in 

Texas have reported distinct C2H6:CH4 for different source categories: biogenic (~0%), dry gas 

(1 - 6%), wet gas (>6%), pipeline grade natural gas (<15%) and processed natural gas liquids (> 

30%), some of which are evident during this study. The SAFS campaign’s C2H6:CH4 is highly 

scattered, which implies the contribution of multiple sources (Fig. 3 & Fig. S11). Within the 

scatter, a few distinct trendlines are evident. For instance, at TW, the May 14 and May 25 data 

have a distinctive C2H6:CH4 of 7.0 ± 0.1%, while the May 13, 21 and 24 observations have a 
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characteristic ratio of 3.0 ± 0.1% (Fig. 3). These ratios suggest the potential impact of two 

distinct oil and gas extraction activities. The C2H6:CH4 of 7% indicates influence from wells 

producing condensates or oil (i.e. “wet gas”) while the C2H6:CH4 of 3% may indicate influence 

from natural-gas-dominated production (i.e., “dry gas”). A similar C2H6:CH4 of ~7.0 % 

indicating influence of “wet gas” was also evident at UTSA (Fig. S11). Notably, a distinct 

C2H6:CH4 of ~18.0 % was observed but cannot be attributed. Further, an additional source of 

CH4 is observed at both sites with very low C2H6 content (< 3 ppb and C2H6:CH4 of 0%, Fig. 3 & 

Fig. S11) indicating CH4 emission from microbial sources which can include agriculture, 

landfills, ruminant livestock and wetlands (Floerchinger et al., 2021; Smith et al., 2015). In 

addition, several other C2H6:CH4 were observed for shorter intervals indicating the presence of 

intermittent sources. Cardoso-Saldaña et al. (2019) highlighted that these intermittent sources 

can be related to oil and natural gas industrial processes like liquid unloading, well completions, 

compressor start-ups, compressor blowdowns or transportation of the products to the end users.  

The C2H6:CH4 for local fugitive consumer natural gas (i.e. from the distribution network) can be 

estimated if the heat content of consumer natural gas of the city is known. The EIA record of 

May 2017 for Texas reported the heat content of consumer natural gas as 1029 BTU/ft
3 

(www.eia.gov). Further, the heat content values of C2H6 and CH4 can be obtained from the 

literature as in Yacovitch et al. (2014). C2H6:CH4 for distribution-grade natural gas in Texas 

during the SAFS campaign was estimated to be between 2.24 – 2.56%, ignoring all other trace 

components of natural gas except CH4 and C2H6. This estimate of C2H6:CH4 for local fugitive 

natural gas from the distribution network is in a similar range (2.4 - 3%) as that reported by 

McKain et al. (2015) & Yacovitch et al. (2014) in Boston. Although Boston’s ambient C2H6:CH4 
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clustered along the fugitive natural gas signal, the ambient data for the SAFS campaign is more 

complex, indicating multiple sources of CH4 and C2H6 in San Antonio and the upwind region.  

Figure 3. Relationship between methane and ethane during the days with distinct ratios at TW.  

Three different relationships were identified: C2H6:CH4 ratio of 7%, 3% and 0%. 

3.3. Temporal trends and potential sources of VOCs 

Figure 2 (b - d) and Figure S12 show the diurnal variation and campaign means (Table 1), 

respectively, for VOCs at TW and UTSA. Of the VOCs measured during the SAFS campaign, 

benzene, toluene and m-xylene represent anthropogenic emissions (e.g., industrial and vehicle); 

while isoprene, monoterpenes, and DMS represent biogenic emissions; acetone, MVK + MACR, 
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MEK, acetaldehyde, hydroxyacetone, and acetonitrile represent OVOCs of mixed origin 

including both primary and secondary sources. 

For toluene and benzene, the average values were higher (p < 0.05) at TW than at UTSA (Table 

1, Fig. 2d and S12f). These compounds are of keen interest in terms of potential human health 

implications. Benzene and toluene exhibited diurnal characteristics consistent with traffic 

emissions at TW: higher concentrations during the morning rush hour (0500 – 0900 LST) and at 

nighttime. For the SAFS campaign, the mean toluene to benzene ratio (T:B) was 2.2 at TW and 

was 1.2 at UTSA, with a more pronounced rush hour peak at TW (Fig. S12h). The T:B can vary 

from 5 for fresh traffic emissions to 1 or less for aged air masses (Lough et al., 2005; Luecken et 

al., 2012; Stojić et al., 2015). The lower T:B at UTSA compared to TW likely represents a more 

aged airmass at UTSA. However, there are significant uncertainties in T:B values in areas where 

oil and natural gas emissions contribute to the ambient concentrations of these aromatic 

compounds. The T:B associated with oil and natural gas activities is generally low (≤1) (Halliday 

et al., 2016; Swarthout et al., 2013), however, previous work reported much higher T:B (>>2) 

from condensate tanks (Field et al., 2015; Halliday et al., 2016). Therefore, T:B varies in areas 

impacted by oil and natural gas depending upon the production activities. The anthropogenic 

VOCs benzene and toluene did not decrease during the weekends relative to weekdays. A larger 

decrease in NOx than CO was observed during the weekends at TW. This lower concentration of 

NOx than CO may indicate a change in heavy-duty diesel truck activities near TW, which might 

be significant source of NOx, on weekdays (Marr et al., 2002; Murphy et al., 2007). The NOx 

concentration during weekends decreased by 23% and 17% at TW and UTSA, respectively, 

compared to weekdays. This decrease in NOx is likely due to a decrease in heavy-duty diesel 

vehicle traffic but not light-duty commuter traffic during weekends. It should be noted that 
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heavy-duty diesel vehicles are a major source of NOx but have lower contributions to 

anthropogenic VOCs (benzene, toluene and m-xylene) compared to the light-duty commuter 

vehicles  (Gao and Niemeier, 2007; Qin et al., 2004, 2002; Swamy et al., 2012).   

Isoprene is emitted by vegetation, with the emission flux depending on the type of vegetation, 

sunlight intensity, temperature, and active response of vegetation to changes in their natural 

environment (Fehsenfeld et al., 1992; Sharkey and Yeh, 2001). Apart from biogenic sources, 

isoprene has also been reported in industrial plumes (Jobson et al., 2004) and motor vehicle 

exhaust (Borbon et al., 2001). During the SAFS campaign, the average concentration of isoprene 

was higher at UTSA (1.21 ± 0.85 ppbv) than at TW (0.64 ± 0.49 ppbv). At both sites in this 

study, isoprene exhibited a similar diurnal trend (Fig. 2b), with nonzero values in the nighttime, a 

gradual increase from sunrise to a peak in the afternoon (0700 - 1500 LST), and then a decrease 

after sunset (~1900 LST), indicating sunlight-driven biogenic emission. Similar to the 

industrially-influenced La Porte site in Houston, TX (Jobson et al., 2004), the isoprene 

concentration was above zero in the nighttime at both the sites, raising the possibility of small 

isoprene emissions from industrial activities or vehicular exhaust in the sampling locations. The 

ambient concentration is a balance between emissions and atmospheric reaction, with oxidation 

by OH radical during the daytime and by nitrate radical (NO3) at nighttime (Stutz et al., 2010). 

However, the ambient measurements of OH and NO3 were not available in MAQL1 and 

MAQL2 during this study to investigate the daytime and nighttime VOC oxidation rates. Further, 

(Guo et al., 2021) reported that OH reactivity contribution of isoprene was higher at UTSA 

(45%) compared to TW (23%), indicating higher BVOC emissions at UTSA. 

The spatial and temporal trends for the OVOCs can be used to indicate potential sources, e.g. 

primary emissions or atmospheric oxidation for these compounds during the SAFS campaign. At 
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both sites, acetone was the dominant OVOC with similar average concentrations of 2.52 ± 1.17 

ppbv at TW and 2.39 ± 1.27 ppbv at UTSA. Acetone can be emitted from anthropogenic sources 

(e.g. industry, landfills and traffic), and biogenic sources, and can also form in the atmosphere 

via oxidation of VOCs (Alvarado et al., 1999; Jacob et al., 2002; Pozzer et al., 2010; Reissell et 

al., 1999; Singh et al., 1994; Warneke et al., 1999). This diversity of acetone sources makes it 

difficult to characterize in an urban environment. During the SAFS campaign, the concentration 

of acetone was very consistent at TW whereas at UTSA, a prominent day time peak was 

observed (Fig. S12c). The daytime peak in acetone at UTSA potentially indicates a combination 

of biogenic emissions and contributions from transported airmasses from upwind locations. 

Industrial point source acetone emission inventory data reported by the Texas Commission on 

Environmental Quality (TCEQ) as stated in 30 Texas Administration Code, Section 101.10 for 

Bexar County for the year 2017 (data current as of 11/08/2021) includes industrial processes 

(e.g., cleaning, painting, acid scrubbing) and landfill fugitive emissions as major acetone 

emitters. However, the largest point sources included in the TCEQ emission inventory were not 

directly upwind of TW during the study period.  

MVK+MACR and MEK are isoprene oxidation products, however; direct emissions of these 

OVOCs from anthropogenic sources has previously been reported for urban locations and tunnel 

measurements (Biesenthal and Shepson, 1997; Grosjean et al., 2001; Park et al., 2011). The 

mean concentration of MVK + MACR was similar at TW (0.62 ± 0.53 ppbv) and UTSA (0.52 ± 

0.23 ppbv). Whereas, MEK had slightly higher concentration (p < 0.05) at TW (0.44 ± 0.26 

ppbv) compared to UTSA (0.36 ± 0.15 ppbv) (Fig. S12d). The diurnal profile of MVK + MACR 

and MEK were different between the two sites (Fig. 2c). At UTSA, these OVOC showed a 

daytime peak, likely indicating photooxidation of isoprene as the major contributor at the UTSA. 
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In contrast, the concentration of MVK + MACR and MEK at TW was relatively consistent 

throughout the day indicating contribution from multiple sources including secondary oxidation 

and direct emissions.  

Other OVOCs including acetaldehyde and hydroxyacetone were also measured at both TW and 

UTSA. Acetaldehyde showed a distinct daytime peak at UTSA, whereas at TW it had peaks in 

the morning and nighttime (Fig. 12b). Acetaldehyde can have both primary emission sources and 

be produced through photochemical reactions in the atmosphere (Luecken et al., 2012); it is also 

a common component of the background troposphere. The diurnal profile for TW shows a 

modest increase during rush hour, indicating that traffic emission may contribute to acetaldehyde 

at TW.  However, the background contribution potentially includes additional primary emission 

sources and transport of photochemically produced acetaldehyde (Luecken et al., 2012). The 

higher daytime maximum at UTSA may indicate biogenic emissions and/or photochemical 

production. 

Hydroxyacetone is a first-generation and second-generation oxidation product of various 

atmospheric VOCs including isoprene, propene, propylene glycol, propanol, and acetone (Jenkin 

et al., 2015; Li and Wang, 2014; Orlando and Tyndall, 2020). Hydroxyacetone can also be 

directly emitted into the atmosphere during biomass burning activities (Stockwell et al., 2015). 

Hydroxyacetone concentrations were similar at both the sites (0.13 ± 0.05 ppbv at TW and 0.11 

± 0.04 ppbv at UTSA). However, the diurnal profiles reveal a daytime peak at UTSA and a 

relatively consistent concentration throughout the day at TW (Fig. S12e). This diurnal profile is 

similar to the diurnal trend of the sum of MVK + MACR and MEK. Hydroxyacetone did exhibit 

a moderate correlation with the sum of MVK + MACR (r
2
 = 0.39 at TW and r

2 
= 0.43 at UTSA) 

and MEK (r
2
 = 0.39 at TW and r

2 
= 0.5 at UTSA). However, hydroxyacetone showed poor 
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correlation with both isoprene (r
2
 = 0.18 at TW and r

2 
= 0.27 at UTSA) and CO (r

2
 = 0.22 at TW 

and r
2 

= 0.26 at UTSA). This poor correlation may indicate that hydroxyacetone in San Antonio 

is influenced by second generation photochemical formation compared to direct isoprene 

oxidation or primary emission.  

Acetonitrile is often used as a VOC tracer for biomass burning plumes in remote regions (de 

Gouw et al., 2003; Yuan et al., 2010). The average concentration of acetonitrile at both the sites 

were ~0.24 ppbv which is close to the reported background of ~0.2 ppbv (Huangfu et al., 2021). 

The studies focusing on biomass burning have reported acetonitrile values as high as 5 ppbv 

which is more than 20 times the reported background (de Gouw et al., 2003; Huangfu et al., 

2021). Therefore, no significant enhancement of acetonitrile was observed to indicate biomass 

burning influence. The weak correlation (r
2
 = 0.3) between acetonitrile and combustion tracer 

CO during the SAFS campaign is likely the result of fresh inputs from urban emission sources. 

The cluster backward trajectory analysis showed that 53% of trajectories passed over the Gulf of 

Mexico during the Central America’s active fire season. However, those backward trajectory 

heights remained near the surface. In this instance, the biomass burning smoke may have been 

aloft and not mixed to the surface. Therefore, this study cannot draw conclusions upon the 

potential biomass burning influence in San Antonio from long range transport using 

enhancement of acetonitrile above the urban background (Huangfu et al., 2021; Swarthout et al., 

2013).  

3.4. VOC source apportionment using positive matrix factorization (PMF) 

The goal of the PMF analysis was to better ascertain the sources of the VOCs described above, 

particularly in the cases where multiple sources can contribute to ambient concentrations (e.g. 

acetone, benzene, MVK +MACR). The PMF applied to the TW data resolved only three factors, 
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likely due to the consistent wind patterns and mixed regional sources. Figure 4 (a-c) shows the 

percentage contribution of VOC to different factors while Fig. S13 shows the normalized diurnal 

profile of the three PMF factors. The PMF solution also provided mass concentration of the 

VOCs in each factor. This mass concentration was used to calculate the fraction contribution of 

each factor to the total VOC mass concentration resolved by the PMF solution. 

The first factor can be attributed to biogenic emissions and their oxidation products, as it was 

dominated by isoprene (85%, 0.34 ppbv) and isoprene oxidation products, including MVK and 

MACR (41%, 0.14 ppbv), MEK (30%, 0.11 ppbv) and hydroxyacetone (18%, 0.02 ppbv) (Sinha 

and Sinha, 2019; Vestenius et al., 2021). Apart from these biogenic emission indicators, this 

factor included acetonitrile (22%, 0.03 ppbv) and acetaldehyde (20%, 0.25 ppbv), which can be 

associated with biomass burning. In total the biogenic factor contributed 19% of the sum of the 

measured VOCs resolved by the PMF solution. The diurnal profile of the biogenic factor shows a 

distinct afternoon peak, consistent with isoprene emissions that depend on the stomatal condition 

of the vegetation, solar radiation and ambient temperatures.  

The second factor can likely be attributed to aged urban mixed sources, as it has a large 

contribution of traffic emission VOCs such as benzene (75%, 0.11 ppbv), toluene (73%, 0.15 

ppbv) and m-xylene (74%, 0.14 ppbv), and transported/aged VOCs as it also includes longer-

lived species associated with biomass burning (acetonitrile (61%, 0.10 ppbv), acetaldehyde 

(66%, 0.82 ppbv) and second-generation oxidation products (hydroxyacetone (55%, 0.04 ppbv)) 

(Chen et al., 2014; Yuan et al., 2012). The significant contribution of MEK (58%, 0.21 ppbv) 

and MVK+MACR (59%, 0.20 ppbv) in this factor supports the hypothesis that these VOCs may 

be both emitted by anthropogenic sources and formed during isoprene photooxidation upwind of 

TW. The diurnal profile of this factor exhibited slight increases in morning and nighttime (Fig. 
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S13) but was not as significant as the diurnal profile of NOx. These results suggest that both aged 

urban airmasses and traffic emissions contribute to this factor. The C2H6:CH4 ratios apparent in 

Fig. 3 demonstrate regional influence from oil and gas activities in San Antonio; these sources 

also likely contribute to the VOCs in the aged urban factor. Overall, this factor contributed 

approximately 37% of the sum of the measured VOC concentration resolved by the PMF 

solution. 

The third factor is dominated by acetone and has a similar diurnal trend as the acetone mixing 

ratio at TW (Fig. S13 and Fig. S12c). About 94% of the total acetone, ~1.8 ppbv, is explained by 

this factor. In addition, toluene (23%, 0.05 ppbv), m-xylene (18%, 0.03 ppbv), acetonitrile (17%, 

0.02 ppbv), acetaldehyde (14%, 0.17 ppbv) and hydroxyacetone (26%, 0.02 ppbv) were present. 

This factor contributed around 44% of the sum of the measured VOC concentration resolved by 

the PMF solution. As discussed in Section 3.3, acetone is ubiquitously present in San Antonio. 

Acetone is also one of the major but non-regulated volatile chemical products (VCP) present in 

the ambient air (McDonald et al., 2018). Studies in the US have shown increasing concentrations 

of acetone from its use as coating and painting material (Warneke et al., 2012). The significant 

portion of aromatics associated with this factor is possibly due to their co-emission from 

anthropogenic activities like vehicular exhaust, solvent use and other industrial emissions (de 

Gouw et al., 2003). 
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Figure 4. Positive Matrix Factorization (PMF) results showing percentage of each VOCs in PMF 

factor 1 (biogenic factor, red) (a), PMF factor 2 (aged urban mixed sources factor, black) (b), 

PMF factor 3 (acetone factor, blue) (c). 

3.5. Case study: May 13-14 high ozone episode 

The detailed analysis of trace gases, methane and VOCs (discussed in above sections) helped in 

understanding the average conditions of these pollutants at TW and UTSA during the SAFS 

campaign. This section presents a case study of the high O3 days observed during the campaign 

and discusses the conditions (e.g. sources, meteorology and back trajectories) that resulted in 

higher O3 concentrations. The ambient O3 mixing ratio peaked above 70 ppbv on three days at 

both sites: May 7 (Sunday), 13 (Saturday) and 14 (Sunday). During these high O3 days, both TW 

and UTSA had low surface winds predominantly from the SE direction similar to the rest of the 
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sampling duration (Fig. 5d and Fig. S14). These days also had clear-skies favorable for O3 

production as indicated by jNO2, which follows the diurnal pattern of total solar radiation (Fig. 

S8). To better understand the atmospheric composition that led to these high days, the VOC and 

trace gas data for May 13-14 have been plotted together in Fig. 5 for TW, while the 

corresponding trace gas data are plotted for UTSA in Fig. S14.  

The VOC and trace gas trends in Fig. 5 show that on the Friday night (May 12) preceding the 

event day, the concentration of NOx and CO was significantly higher (p <0.05) compared to 

other weekdays at both TW and UTSA (average CO: 351 ppbv versus 170 ppbv and NOx: 30 

ppbv versus 6.5 ppbv). The NOz:NOy was close to zero and NO2 dominated the total NOx 

concentration (~99%) at both the sites. The VOCs including toluene (0.92 ppbv), benzene (0.50 

ppbv), the sum of MVK and MACR (1.01 ppbv), and MEK (0.79 ppbv) also peaked at the same 

time. The average concentrations of these VOCs were >90
th

 percentile of their campaign 

averages (see Section 3.3). The concomitant increase in these pollutants indicates a fossil fuel 

combustion source, like motor vehicle exhaust. The PMF aged urban mixed factor also had 

elevated contribution on the Friday night preceding the event day. Such Friday night increases in 

pollutants have been previously observed in other US cities (Murphy et al., 2007). UTSA also 

had relatively higher CO and NOx on Friday night; however, the concentrations were lower than 

those at TW (Fig. S14). A shallow boundary layer at nighttime can cause accumulation of 

pollutants at the surface from heavier traffic on Friday nights compared to other weeknights. 

This overnight increase may have resulted in greater accumulation of O3 precursors, favoring 

higher O3 production at the surface on Saturday morning (May 13) (Murphy et al., 2007). The 

clustered backward trajectory analysis during the SAFS campaign shows five main clusters (Fig. 

1). The clusters 1 and 2 represent the oceanic airmass from the gulf (53% of trajectories), cluster 
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3 represent the nearby inland airmass (22% of trajectories) and cluster 4 and 5 represent 

continental airmass from the north (25% of trajectories). The high O3 days (May 13 and 14) had 

transport of continental airmass from the North. Previous studies have shown that long-range 

transport of the northern continental air mass contributes to an elevated regional O3 background 

in Texas (Lei et al., 2019, 2018). May 24 and 25 also had continental airmass from the North but 

these days did not have the high actinic flux required for the peak O3 production (Fig. S8). Based 

on the C2H6:CH4 ratio, May 13 and 14 were also the days with high regional impact of oil and 

gas activities (see Section 3.2). Further, on May 13, concentration of OVOCs increased in 

midday, which can be attributed to isoprene photooxidation production of these VOCs along 

with their direct emissions. These results also support our earlier analysis from PMF that the sum 

of MVK and MACR and MEK come from both direct emissions of anthropogenic activities and 

isoprene photooxidation.  

The O3 production efficiency (OPE: calculated as the slope of the Ox (O3 + NO2) versus NOz 

plot) is one of several ways to determine O3 generation as a function of NOx elimination from the 

system. The OPE during photochemically active times of the day was derived separately for 

morning (0800 to 1200 LST) and afternoon hours (1200 to 1800 LST) for May 13 and 14. The 

OPE also can be used as a diagnostic parameter to identify VOC-limited or NOx-limited 

chemistry of O3 production. An OPE < 7 indicates VOC-limited O3 production and an OPE > 7 

indicates NOx-limited chemistry (Griffin et al., 2004; Sillman, 1995; Sun et al., 2010). Generally, 

polluted urban locations will exhibit OPE less than 10 and cleaner areas may have OPE as high 

as 100 or above, although this OPE calculation assumes that the NOz is conserved (Berkowitz et 

al., 2004; Sun et al., 2010). 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

33 
 

From Fig. 5 a & b, the O3 formation is NOx-limited in the morning (8:00 to 12:00 LST). The 

OPE calculation showed transitions to VOC-limited chemistry during the afternoon (12:00 to 

18:00 LST) (Fig. S15); however, these plots reveal poor correlation and simply highlight the 

absence of a relationship with NOx. The regression-based OPE analysis demonstrated a 

difference from the campaign-average conditions of NOx-limitation discussed by Guo et al. 

(2021) based on the monthly averaged photochemical modeling results based on LaRC model. 

To better assess the conditions on May 13 and 14, the LaRC model was run specifically for 

the high O3 days in this study (Fig. 5c). The LaRC model results revealed a NOx-limited O3 

formation regime for May 13 and 14 (Saturday-Sunday), similar to the campaign-average 

conditions reported by Guo et al. (2021) and Anderson et al. (2019). Interestingly, the morning 

hours on May 13 showed VOC-limited conditions, which rapidly transitioned to NOx-limited 

conditions later in the day. The morning VOC-limited conditions can be explained by the NOx-

rich morning conditions on Saturday. Sunday was entirely NOx-limited. In summary, the 

regression-based OPE method, showed its limitation in predicting NOx versus VOC-limited O3 

formation regime when the correlation between Ox and NOz is poor.   

To better understand the processes which led to high O3 on May 13 and 14, these days can be 

compared to similar sunny days (high actinic flux) with low O3 (< 50 ppbv). Three such days, 

May 26, 27 and 28 (Friday-Sunday), met these criteria (e.g., jNO2 ~ 0.01 s
-1

) (Fig. S8). The 

background O3 concentration (i.e., the intercept of the regression between Ox and NOz) were 

calculated for the low O3 days, and the results are compared to the high O3 days (Blanchard and 

Hidy, 2018). The average afternoon (1200 – 1800 LST) background O3 concentration for the 

high O3 days was 66.10 ± 4.53 ppbv and 61.23 ± 2.92 ppbv at TW and UTSA, respectively, 

while for the low O3 days these values were 44.40 ± 5.72 ppbv and 37.67 ± 7.77 ppbv, 
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respectively. The high O3 days had ~33% and ~38% higher regional background O3 

concentration compared to low O3 days at TW and UTSA, respectively. Therefore, the high O3 

episode can be linked to (i) transport of northern continental airmass coupled with clear skies 

(i.e., high actinic flux), (ii) the high regional O3 background concentration and (iii) higher 

concentrations of O3 precursors and an elevated aged urban mixed PMF factor on the Friday 

night preceding the event day (i.e., May 12; Fig. 5). 

 

Figure 5. OPE (slope of the regression between Ox and NOz) values during morning (0800 – 

1200 LST) at Travelers’ World on May 13 (a) and May 14 (b). The daytime profiles of 

LROX/LNOX calculated with the LaRC model during high O3 days on May 13 and 14. The two 

horizontal lines on the left y-axis at values of 0.3 and 0.5 indicate the transition regime between 

NOX- and VOC-limited regimes (c). The wind rose during the high O3 days (d). Time series of 

trace gases and VOCs during the high O3 days (May 13 & 14) at TW (e).  

4. Conclusions 
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Trace gases, VOCs, CH4, C2H6 and meteorological parameters were measured across San 

Antonio during the SAFS 2017 month-long field campaign. The two sites revealed significant 

geospatial and temporal variabilities in emissions and processing of VOCs and trace gases across 

the San Antonio metropolitan area. Anthropogenic concentrations were higher at the urban site, 

TW, as exhibited by higher NOx, CO, benzene and toluene concentrations compared to the 

downwind site, UTSA; these are likely influenced by both local traffic and by regional transport 

of anthropogenic emissions.  

The PMF source apportionment model showed three dominant factors of VOCs sources: 

biogenic, aged urban mixed sources, and acetone at TW. The VOC PMF and C2H6:CH4 confirm 

that TW experiences a complex mixture of urban and regional sources. The aged mixed source 

factor had contribution from both anthropogenic and combustion VOCs (benzene, m-xylene, and 

acetonitrile) and aged, OVOCs (MEK, acetaldehyde, and hydroxyacetone) that may have been 

regional in origin. The combination of local and regional sources was also evident in the CH4 

and C2H6, where several days were potentially affected by oil and gas extraction activity as 

evidenced by C2H6:CH4 ratios. Acetone had the highest average concentration at both the sites, 

but more work is needed to understand whether these high concentrations are driven by 

processing of upwind precursors or local emission sources.   

After understanding the average conditions of trace gases, methane and VOCs, we present a 

detailed case study of a high O3 event identified during the campaign. This study suggest that the 

high O3 episode (May 13 & 14) was linked to the combination of these factors (i) transport of 

northern continental airmass coupled with clear skies (i.e., high actinic flux), (ii) high regional 

O3 background concentration and (iii) higher concentrations of O3 precursors and an elevated 

aged urban mixed PMF factor on the night preceding the event day. This detailed 
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characterization of a high O3 event can help government agencies to identify the meteorological 

and emission source conditions under which peak O3 events occur in order to develop targeted 

management strategies to comply with air quality regulations.  
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Highlights 

 PMF revealed three VOC factors for San Antonio: biogenic, aged urban mixed source 

and acetone. 

 High concentrations of acetone and acetaldehyde at both sites indicate high contribution 

of regional, oxidized VOCs 

 Methane to ethane ratios reveal periods of oil and natural gas influence on San Antonio 

 High O3 episode occurs from the combination of northern continental airmass, high 

actinic flux and high nighttime O3 precursors (VOCs and NOx) on the preceding day  
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