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Abstract
The Houston-Galveston-Brazoria (HGB) area of Texas has historically experienced severe air pollution events with high concentrations of ozone (O3)
during the summer season. This study evaluates the contribution of different
anthropogenic sources to ozone formation in the HGB area. The Emission
Processing System (EPS3) is used to process emission files in four different
scenarios (Base case as including All emission sources (BC), All sources—
Area sources (AMA), All sources—Point sources (AMP), and All sources—
Mobile sources (AMM). These files are used as input in photochemical modeling with the Comprehensive Air Quality Model with Extensions (CAMx) to
simulate ozone formation. The data is analyzed for daily maximum ozone
concentrations and contribution of source categories at three air quality monitoring locations (La Porte Sylvan beach-C556, Houston Texas avenue-C411,
and Texas city in Galveston-C683) for a study period of June 1-June 30, 2012.
The contribution of the point sources to ozone formation is dominated at all
three locations, followed by mobile sources and area sources on high ozone
days. The relative contributions of point sources are 27.51% ± 3.53%, 21.45%
± 7.36%, and 30.30% ± 9.36%; and mobile sources are 18.27% ± 2.22%, 20.60%
± 6.89%, and 18.61% ± 7.43%; and area sources were 4.2% ± 1.65%, 5.21% ±
1.59%, and 3.72% ± 1.52% at C556, C411, and C683, respectively. These results demonstrate the importance of regulatory focus on controlling point
and mobile source emissions for NAAQS attainment in the study region.
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1. Introduction
The air pollutant ozone refers to tropospheric or ground-level ozone. Ground-level
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ozone (O3) formation depends on the complex reaction of volatile organic compounds (VOCs) and NOx in the presence of solar radiation [1], most abundantly
during hot, sunny summer days [2]. Formation of peroxy radicals (RO2) is the
major role of VOCs, which convert nitrogen monoxide (NO) back to nitrogen
dioxide (NO2) without consuming O3 and reproduce hydroxyl radical (OH) to
allow sustained net O3 formation [3] [4]. An early study explained ozone chemistry in the troposphere and the simplified photochemistry shown in chemical
reactions Equations (1) to (4) where OH and HO2 are short-lived radicals and
carbonyl compounds play role in further oxidation steps [3]. There are six criteria pollutants identified by the U.S. Environmental Protection Agency (USEPA)
under the Clean Air Act (CAA) that can harm public health, environment and
cause property damage. Ozone is one of these and has been found to cause respiratory system inflammation and decrease lung capacity. Higher ozone in the
air is associated with the increased rates of hospital admissions, emergency room
visits, and respiratory-related deaths [5].

VOC + OH + O 2 → H 2 O + RO 2

(1)

RO 2 + NO + O 2 → HO 2 + NO 2 + carbonyl compounds

(2)

HO 2 + NO → NO 2 + OH

(3)

NO 2 + O 2 + hv → NO + O3

(4)

The USEPA sets National Ambient Air Quality Standards (NAAQS) for criteria pollutants as required by the CAA to protect human health and welfare. In
1979, the O3 NAAQS was set to 0.12 ppm for 1-h average and not be exceeded
more than one day per year for three years. The standard was revised to 0.08
ppm and 0.075 ppm for the fourth-highest maximum daily 8-hour averaging
time in 1997 and 2008, respectively. A more stringent NAAQS was mandated in
2015, and the 8-hour standard decreased to 0.070 ppm [6]. If an area exceeds
this limit which is annual fourth highest daily maximum 8-hour average and averaged over three years, it is designated as a nonattainment area [6]. Texas has
been in the nonattainment states for ozone compliance; the Houston-GalvestonBrazoria (HGB) area experienced frequent high O3 events, and the rate of O3
formation raised as high up as 200 ppb h−1, in contrast to maximum of 40 ppb h−1
in other urban areas [7]. The HGB region is in “marginal nonattainment” status
for 8-hour O3 NAAQS, and the attainment deadline is August 3, 2021 [8].
Emissions from various sources have been recognized as the most predominant factors of ozone formation, along with meteorological parameters [9]. Ozone
formation in the HGB area is caused by various emission sources, and the dominant sources are mobile sources, point sources, area sources, and biogenic
sources [10]. These sources emit CO2, CO, SO2, and ozone precursors NOx and
VOCs, etc. However, the extensive petrochemical industries contribute both
NOx and VOCs to the pollutant mix and make HGB a unique region [11]. For
example, an early study observed that petrochemical facilities around the Houston Ship Channel (HSC) play a significant role in the occurrence of ozone exceedance [12]. According to Murphy et al. (2005), the petrochemical industrial
DOI: 10.4236/jep.2021.124016
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emissions contributed to the rapid and efficient ozone formation, and their study
showed that high concentration of light olefins especially butene, propane, ethane,
and 1,3-butadiene was in the plumes occurring rapid ozone formation [13], These
light olefins are designated as highly volatile organic compounds (HRVOCs) by
the state of Texas. Electricity Generation Units (EGUs) are the leading point
source emitters of SO2 and NOx, which are associated with the formation of
photochemical ozone and acid deposition [14] [15] [16]. Our previous study on
biomass co-firing with coal in the W. A. Parish power plant in Houston showed
that a 10% - 15% reduction of NOx and VOC from the power plant could have a
marginal decrease of ozone production in downwind areas [17]. In the HGB
area, point, area, and mobile sources contributed 61%, 16%, and 23% respectively in 2014 and 67% of NOx emitted from mobile sources in the same year
[17]. A photochemical modeling study shows that mobile sources have a dominant effect on ozone formation at Sugarland, Bayland, and Conroe areas in the
Greater Houston region [18]. In the summer season, the HGB region experiences
hot and humid conditions with intense solar radiation that can be conducive for
O3 formation as a high concentration of ozone mainly develops in sunny days
with light wind speed, which allows more pollutants to form and accumulate
[10]. Ozone concentrations in the HGB area are known to be high through favorable emissions and meteorological conditions [11] [19]. Neilson-Gammon et
al. (2005) pointed out that weak local winds, high frequency of winds from the
north during September, high temperatures, and abundant sunshine lead to high
ozone levels [20]. In late summer, the local meteorology is usually dominated by
the mesoscale land-sea breeze circulation, which causes the top ozone episodes,
and also strong sunlight and high temperatures lead to rapid photochemical reactions of HRVOCs and NOx emitted from the sources along with the HSC and
Galveston Bay [21] [22] [23]. The rapid ozone production near the sources was
also observed by Nam et al. (2006) [24]. In late summer and early fall, the northerly and easterly flowing associated with synoptic-scale circulations transports
continental ozone rich air to the eastern Texas region and causes higher background ozone [25].
Controlling ozone is a complex issue that depends on the emission and meteorological characteristics within the region. The literature review recognizes the
limitation of studies on analyzing the ozone exceedances due to different sources
in the HGB region. There are various studies on analyzing ozone source contributions using the Comprehensive Air Quality Model with Extensions (CAMx) or
the Community Multiscale Air Quality Modeling System (CMAQ) in China. For
example, Zhang et al. (2012) observed the source apportionment of PM2.5 from
multiple sources [26]; Wang et al. (2009) and Li et al. (2012) studied ozone
source contribution using OSAT technology in CAMx in Beijing and the Pearl
River Delta region in China [27] [28]. A modeling analysis of ozone sources using different source combination cases in the Houston area showed that mobile
sources are dominant for ozone production at the three different locations in the
HGB region [18]. There exists a significant gap regarding the sources affecting
DOI: 10.4236/jep.2021.124016
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the high-level ozone formation in the greater Houston area. An analysis to understand and determine the ozone sources in various parts of the HGB region
would help the policymakers to keep ozone in attainment status.
The current study uses Emission Processor v3 (EPS3), CAMx photochemical
modeling, and the Visualization Environment for Rich Data Interpretation
(VERDI) tool to analyze ozone source contributions. The primary objective of
this research is to identify sources that are mostly responsible for the high ozone
episodes in the HGB area.

2. Methodology
The main objective of this analysis is to understand the impacts of various major
source categories in the higher ozone episodes in the greater Houston area. There
are different variables of ozone formation, such as source categories, emission
quantity, meteorology of the interested region, and the background pollutants.

2.1. Emission Scenarios and Processing
This study created four emission scenarios by combining different source categories to understand better which source category affects more in higher ozone
days. The scenarios are Base case as All sources (BC), All sources—Area sources
(AMA), All sources—Point sources (AMP), and All sources—Mobile sources
(AMM). The BC includes all the anthropogenic emission categories, such as area
sources, mobile sources, and point sources. And the other scenarios were developed by subtracting a single major source category from all sources case and
used to determine impact by each category. This method is called the zero-out
method which has been used extensively in different photochemical modeling
studies, and it was also adopted by USEPA [29] [30]. The zero-out runs affected
by nonlinearity in chemical reactions. There are other methods such as ozone
source apportionment technology (OSAT) tool which is a mass balance analysis
technique to identify source contribution that can address non-linear species,
and Decoupled Direct Method (DDM) method that calculates first and high order sensitivity coefficients with high computational efficiency but may not capture non-linearity effectively [29] [30] [31]. The biogenic source was always included in all cases by an assumption that it would not be controlled. All the emission files were collected from the Texas Commission of Environmental Quality
(TCEQ) 2012 modeling episodes [32]. The emission inventories were prepared
by using EPS3, which consists of a series of FORTRAN modules that perform
intensive data manipulations [33]. A module available in the EPS3, MeRGeUAMfiles (MRGUAM), was used to merge multiple emission files into one file for
the modeling purpose.

2.2. Model Selection and Modeling Domain
This study used CAMx 6.3 to simulate the evolution of air pollutant concentrations in the study region. The lambert conformal conic map projection was used
DOI: 10.4236/jep.2021.124016
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to develop modeling domains, and the coarsest master grid domain was 36 km,
which covers the area under easting (−2735, 2592) and northing (−2088, 1944)
coordinates. The master grid area divided into 148 × 112 cells and covers emission sources in the US, Canada, and Mexico, and then grids move to finer as 12
km and 4 km domain selected in the process. The finer grids have 149 × 110 and
191 × 218 cells in the12 km and 4 km domains, respectively. The CAMx input
files, such as meteorological files, initial condition, boundary condition, chemistry parameters, photolysis rates, land use, etc., were obtained from the TCEQ
website [32]. The meteorology files were generated with the Weather Research
and Forecasting (WRF) model by TCEQ. VERDI was used to visualize the pollutant concentrations from the 4 km grid CAMx results.

2.3. Site Selection
After photochemical reaction modeling, the simulation results were analyzed as
hourly ozone concentrations and the contribution of source categories at three
air quality monitoring locations. Figure 1 depicts the locations of three selected
sites on a map. Houston Texas avenue-C411 is located downtown in Houston,
which is in the most populated county (Harris) in the Texas. Harris county
topped in total NOx and VOC emissions in all counties of HGB area and the
8-hour ozone concentration of C411 was recorded 78 ppb in 2012 which was
designated in non-attainment level [34] [35]. La Porte Sylvan beach-C556 is near
HSC, and a large number of petrochemical facilities and Texas city-C683 is in
Galveston county near the Galveston beach. Multiple studies displayed the Houston Ship Channel emissions and petrochemical emissions from Texas City area
dominates the rapid ozone formation in the greater Houston area and the larger
contributors to peak O3 concentrations in the HGB area [36] [37]. The geographical coordinates of these sites are (29.65527˚, −95.00972˚), (29.75277˚,
−95.35027˚), and (29.37870˚, −94.91019˚) for C556, C411, and C683 respectively.

Figure 1. Selected locations in this study.
DOI: 10.4236/jep.2021.124016
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The photochemical simulation was performed for 30 days, starting from June
1, 2012. Also, a 15-day simulation from May 16 to May 31, 2012, was performed
as model spin-up, so that initial conditions of the modeling domain were washed
out of before the study period.

2.4. Model Sensitivity
This study calculated two statistical parameters namely Fractional Bias (FB) and
Coefficient of determination (R2) for the sensitivity analysis of the modeled vs
observed data. The standard range for the FB is −200% to +200%, and 1 for the
R2 [38]. The FBs for the sites C556, C683, C411 are 25.7%, 33%, and 10%, respectively, and the R2 values are 0.65, 0.63, and 0.67, respectively. The graphical
representation of the modeled vs. observed data is shown in Appendix A. A
study conducted by TCEQ showed that the FB and R2 are 17% and 0.66 for all
the monitors in Texas during the June 2012 [38].

3. Results and Discussion
After the photochemical model simulation, pollutant concentrations were visualized and extracted for the three sites by using VERDI. The diurnal variations of
all the scenarios are plotted for direct comparison.
The maximum O3 concentration (128 ppb) at all three locations was observed
at 15:00 hr on June 26 at C683 station in the study period for the base case
(Figure 2). The peak concentrations at C411 and C556 occurred on the same
day at 15:00 and 16:00 hrs at 105 ppb and 82 ppb, respectively. Two of the major
meteorological factors for the high ozone level on June 26 were low cloud cover
and high temperature.
The C411 station at downtown Houston had more elevated ozone hours than
other sites and lower ozone level in June 2012 is observed in the mid-10 days of
the month. In most of the days at all the sites, the ozone concentration remained
low from midnight to morning, and a sharp increase was observed from 10:00
hr, kept climbing till 16:00 hr, until it reached the peak. The concentration
dropped sharply with minor variation. The restricted vertical mixing and light
winds allow high levels of pollutants to accumulate during night and morning
hours, and the nocturnal land breeze carries the pollutants out over the Galveston

Figure 2. Ozone concentrations at three locations for all sources case (base case).
DOI: 10.4236/jep.2021.124016
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Bay and into the Gulf of Mexico. The sea breeze flow reversal carries O3 back
into the city during the daytime in the high ozone days while ozone precursor
emissions get diluted and taken out of the area by persistent stronger winds in
low concentration days [39]. A study reported that VOC-sensitive O3 formation
is more vigorous than NOx sensitive formation in the HGB area [40]. Hossan et

al. (2018) reported that the C556 site showed VOCs sensitive to ozone formation
in most of the hours on June 12 [17]. Most of the high ozone hours occurred on
weekdays except June 9 (Saturday) at all locations and June 2 (Saturday) and
June 23 (Saturday) at site C683, which can be explained as “weekend effect”. The
weekend effect is defined as higher O3 concentrations occur in the weekend than
weekdays, and it is typically hypothesized that the emissions from mobile sources
dominate during that period [39].
Time series ozone concentrations were plotted for different scenarios by removing each main anthropogenic source category from the Base case. In the
AMM scenario, the maximum O3 concentration (111 ppb) for the June episode
was observed at C683 on June 26 when mobile source emissions were removed
(Figure 3). In most days, the daily peak ozone level was observed at C411. Lower
concentrations were observed in the mid-10 days of the month. Most of the daily
peaks during the high concentration days occurred in the afternoon with some
variation, while minimum ozone levels were observed at midnight to early morning. When mobile sources are neglected, the lower daily peak concentrations
were observed near the HSC area most of the days. It has been observed that the
ozone formation rate in the ship channel area is much higher than the downtown Houston mainly because of much higher hydrocarbon reactivity, which
mainly comprises low molecular weight alkenes [41].
In the AMP scenario, the highest concentration (90 ppb) of the episode was
observed at C411 on the same day as AMM. At most of the sites, the daily maximum occurred between 10:00-16:00 hr. The higher variation of ozone concentration from minimum to maximum occurred at C411 in most of the days,
which shows a sharp increase in ozone levels in the daytime (Figure 4). It is reported that the oak forest area near the Houston city emits large amounts of isoprene and reacts with NOx emitted by petrochemical industries and other anthropogenic sources in the area [39]. The daily peak concentration at C556 is

Figure 3. Hourly O3 concentrations at different locations for AMM (All sources—Mobile
sources) case.
DOI: 10.4236/jep.2021.124016
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comparatively lower than other sites when point sources are removed. The site
in the HSC area is mostly affected by VOCs for ozone formation [17]. Also,
point sources such as NOx emissions from EGUs play a vital role at site C556 to
ozone formation. The reduction of NOx in an amount of 50% from the HGB
area would result in a 15% reduction of ozone in the HSC area [42]. The phenomena could be explained as that point sources are one of the major categories
of NOx emissions, and their removal would result in lower O3 concentrations in
the HSC area.
When area sources were neglected, the maximum concentration of the study
period was observed at 15:00 hr on June 26 at Galveston site C556 (Figure 5).
The daily peak concentration was lower than other sites in most of the real high
concentration days. The large cluster of petrochemical facilities that emits NOx
along with a variety of VOC precursors makes HSC unique from the other parts
of HGB. The TCEQ (2009) observed that the distinctive photochemistry and the
highest concentrations of HRVOCs originate from the Houston Ship Channel
predominantly [39]. The same study reported that this unique combination in
HSC leads to significant rapid O3 production as quickly as an hour, while other
areas in the U.S. observed ranged from an entire day to several days. The daily
peaks predominantly occurred in the Houston downtown area in the first ten

Figure 4. Hourly O3 concentrations at different locations for AMP (All sources—Point
sources) case.

Figure 5. Hourly O3 concentrations at different locations for AMA (All sources—Area
sources) case.
DOI: 10.4236/jep.2021.124016
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days of the episode, while high concentrations shifted towards Galveston with
some variations in the rest of the month. The complex meteorology, such as
wind direction, speed, etc., can cause the variation in high ozone levels at different locations in the same region.
The relative contributions to hourly high (≥75 ppb considered) ozone formation of individual source categories are shown in Figures 6-8. The values of
21.45% ± 7.37%, 20.60% ± 6.89%, and 5.21% ± 1.59% were observed from point
sources, mobile sources, and area sources, respectively, at C411 (Table 1). Most
of the daily high hours occurred during daytime in the downtown location, and
the emission from diesel engines and highway gasoline vehicles have a major influence on the average daytime concentration [43]. A recent study by TCEQ has
concluded that mobile sources are responsible for the NOx emission from anywhere between from 50% to 80% in the urban areas of the state of Texas [44]. At
the Houston Ship Channel site, point sources (27.51% ± 3.53%) were the highest
contributors to ozone formation in the study period followed by the mobile
source category (18.27% ± 2.22%) and the area sources (4.19% ± 1.65%). Similarly, the top contributor was point sources at Site C683 in the Galveston area.
The contributions from the point, mobile, and area sources were 30.30% ±
9.31%, 18.61% ± 7.43%, and 3.72% ± 1.52%, respectively.

Figure 6. The relative contributions of major sources to the O3 formation at C411.

Figure 7. The relative contributions of major sources to the O3 formation at C556.
DOI: 10.4236/jep.2021.124016
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Figure 8. The relative contributions of major sources to the O3 formation at C683.
Table 1. The relative contributions (percentage) of different anthropogenic sources to
high O3 concentrations.
Site

Point Sources

Mobile Sources

Area Sources

Houston Downtown

21.45% ± 7.37%

20.60% ± 6.89%

5.21% ± 1.59%

Houston Ship Channel

27.51% ± 3.53%

18.27% ± 2.22%

4.19% ± 1.65%

Galveston

30.30% ± 9.31%

18.61% ± 7.43%

3.72% ± 1.52%

At all three sites, the point source category dominated ozone formation, and
at the Galveston site the scale of contribution is the highest from the same source
category. However, at Houston downtown, both the mobile sources and point
sources contributed in a similar range. Kommalapati et al. (2018) observed that
the biogenic sources contributed an average of 43.1% ± 12.0% of all sources at
Bayland park near Houston downtown to ozone formation and also noted that
the contribution is 76.3% ± 7.20% from biogenic and mobile sources together
[18]. According to Qi Ying, the largest anthropogenic sources of ozone formation are industrial sources followed by gasoline vehicles and solvent utilization
in the HGB area [45]. The same study also revealed that industrial sources contributed a peak value of 6.6 ppb hr−1 in the ship channel region, and the VOCs
from the diesel vehicle contributing to ozone formation in the urban Houston is
not significant.
The downtown site C411 is located near Highways I-45 and I-69, which causes
the greater influence of mobile sources on this location than both ship channel
and Galveston sites. A recent study concluded that mobile sources are responsible for 67% of NOx emissions and 23% of VOC emissions in the HGB area [44].
Highly reactive VOCs from local point sources greatly influence the ozone formation in Houston [46]. According to a CMAQ model analysis by Xiao et al.
(2010), the petrochemical facilities in the HSC region are significant contributors to peak ozone levels in the Houston region [47]. Our study reveals that the
ozone exceedances in the study region in the June episode are greatly affected by
point sources such as power plants, refineries, chemical manufacturing facilities,
etc. followed by mobile sources, which include on-road, off-road, and non-road
vehicles. Even though area sources emit large amounts of VOCs, this study
DOI: 10.4236/jep.2021.124016
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found that the area source category has much lower influence than the other
anthropogenic sources in the HGB area. The background ozone, which is the
amount of ozone due to the distant sources, can come from natural processes,
such as wildfires, and can be transported from international pollution sources. It
also plays a role in ozone exceedance in the HGB area. For example, a study
conducted on 2000-2015 ozone exceedances reported that 62% of exceedances
days could be avoided if 30% of background ozone was reduced [48]. Outcomes
from this research suggest that regulatory focus on the point and mobile sources
would yield better results on controlling ozone exceedances in the HGB area.

4. Conclusion
The mobile and point source emissions caused more elevated ozone hours at
Houston downtown-C411 location than the other two sites. The lower diurnal
ozone deviations were observed at C683 while higher variation is in the downtown area, and usually, the sharp increase of ozone occurred during the daytime
between 10:00-16:00 hr. The relative contributions of point sources at C411,
C556, and C683 are 21.45% ± 7.36%, 27.51% ± 3.53%, and 30.30% ± 9.36%, respectively, and they were the largest contributors among all the sources in the
study region followed by mobile sources. The emission from area sources had
much less effect on ozone formation, and the order of contributions was point
sources > mobile sources > area sources. The study indicates that policymakers
should focus on controlling point and mobile source emissions to meet ozone
NAAQS. This study adopted the zero-out method which may not be the most
accurate method for the highly non-linear species; however, it does provide a
valuable analysis. Methods like OSAT and DDM can be used to incorporate the
non-linearity into future studies; along with the analysis to study the impact of
different emission source categories on the ozone precursors may provide useful
information to regulatory agencies. We would like to suggest that a longer period, the selection of more sites, and updated emission data in recent years could
be considered for a more in-depth analysis of ozone sources in the HGB area.
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Appendix A
Figure A1 Shows the time series data for the modeled and observed ozone in
June 2012 at the study sites.

Figure A1. Modeled vs Observed data for the sites C556, C683, C411.
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