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Abstract 
The goal of this study is to analyze the relative contribution of different 
emission source categories to ozone in the Houston-Galveston-Brazoria 
(HGB) area of Texas. Emission Processing System (EPS3) is used to prepare 
the emission files for five different source combination cases (Base case, 
Biogenic, Area + Biogenic, Mobile + Biogenic, Low-level Point + Biogenic). 
These emission files are used to perform photochemical modeling with 
Comprehensive Air Quality Model with Extensions (CAMx), and the results 
are analyzed with Visual Environment for Rich Data Interpretation (VERDI) 
tool. The daily maximum ozone concentrations and individual contributions 
of the source categories were analyzed over a 15-day study period between 
June 1-15, 2012, at three locations (University of Houston-Sugarland, Bayl-
and Park and Conroe). Biogenic sources contributed an average of 49.7% ± 
12.8%, 43.1% ± 12.0%, and 39.9% ± 9.28% at Sugarland, Bayland Park and 
Conroe sites respectively, indicating the significance of isoprene emissions 
from the vegetation in northeast Houston. On peak ozone days, contribu-
tion of Mobile + Biogenic source category averages about 80.1% ± 12.6%, 
79.9% ± 6.50%, and 75.9% ± 10.9% at Sugarland, Bayland Park and Conroe 
sites respectively, indicating the dominance of mobile source NOX emis-
sions and the necessity for regulatory focus on mobile source emissions 
control. 
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1. Introduction 

On April 30, 2004, the Houston-Galveston-Brazoria (HGB) area comprising 
eight counties in Texas, was designated as a “moderate nonattainment” area un-
der the 1997 8-hour ozone NAAQS. Subsequent re-classifications include 
changes to “severe nonattainment area” status, effective October 31, 2008, “mar-
ginal” status effective July 20, 2012 and “moderate” status on December 14, 2016 
for the 2008 8-hour ozone NAAQS. For the newly assigned moderate nonat-
tainment status, July, 2018 was set as the deadline to demonstrate attainment [1]. 
Ozone formation in the HGB area is associated with emissions from on- and 
off-road vehicles, power plants and biogenic sources. However, the extensive pe-
trochemical industry that contributes both reactive VOCs and NOx to the pollu-
tant mix and ozone formation, makes it a unique region [2]. HGB area expe-
riences hot and humid summer periods with intense solar radiation [3]. 
Through favorable emissions conditions, ozone levels in this area are known to 
be enhanced under suitable meteorological conditions [2] [4]. In a number of 
previous studies, rapid ozone production has been observed, facilitated by highly 
reactive volatile organic compounds (HRVOCs) and nitrogen oxides (NOx) [2] 
[5] [6]. Many of the petrochemical facilities around the Ship Channel area have 
been observed to play a significant role in determining the occurrence of ozone 
exceedances [3]. August and September months are the most susceptible times 
of the year for ozone exceedance, due to the existence of favorable meteorologi-
cal conditions [7]. High temperatures, abundant sunshine, weak local winds and 
higher frequency of winds from the north during September play major role in 
increasing the background ozone [8]. One of the distinctive factors to rapid 
ozone formation in the HGB area is the releases of HRVOCs from industrial 
sources [9]. From the previous studies by Kleinman et al. (2003), it has been ob-
served that the rate of ozone formation can be up to 200 ppb/h, in contrast to 40 
ppb/h, which is the maximum in the other urban areas [2] [10]. In 2000, Texas 
Air Quality Study observational data have been collected, which indicated that 
the rapid and efficient ozone formation originated mostly from the high petro-
chemical industrial emissions [2] [6]. It has also been indicated by these data 
that the plumes occurring rapid and efficient ozone formation contained high 
concentration of light olefins (especially butenes (butylenes), propene (propyl-
ene), ethane (ethylene), and 1,3-butadiene), which by the State of Texas have 
been designated as highly reactive volatile organic compounds (HRVOCs) [9].  

Li et al. (2007) comprehensively investigated the impacts of biogenic emis-
sions on photochemical ozone production in the Houston area [11]. The simu-
lated concentrations of total reactive nitrogen (NOy) and the variations of pe-
roxyacetyl nitrate (PAN) from the chemical transport model (CTM) were in 
agreement with the monitored observations. Reasonable comparison between 
available observations and CTM simulations has also been identified despite the 
uncertainties that existed in the case of isoprene emissions and meteorological 
inputs. Ozone plume was observed to occur in the urban Houston area in the af-
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ternoon, with isoprene emissions playing a major role accounting for approx-
imately 20 - 40 ppb of ozone concentrations in the HGB area. Compared to the 
urban Houston area, relatively higher ratios of VOC/NO2 reactivity were meas-
ured in the Houston Ship Channel. Washenfelder et al. (2010) characterized 
NOx, SO2, ethene, and propene from industrial emission sources in the Houston 
area by examining the trends of emissions from industrial sources between 2000 
and 2006 [12]. Through the use of relative OH radical reactivity, the HRVOCs 
were additionally identified. The use of abatement controls at industrial facilities 
provided a reduction of 29% ± 20% (mean ± standard deviation) in NOx emis-
sions between 2000 and 2006. A reduction of 30% ± 30% in emissions of alkenes 
(ethene, propene) was also observed during the same period. The study noted 
the Houston Ship Channel to be the largest source among the many other pe-
trochemical industrial areas (Texas City, Chocolate Bayou, Sweeny, and Free-
port) examined [12].  

A review of the literature found limitation of studies primarily focused on 
analyzing the ozone exceedances in the HGB area due to different source catego-
ries. Individual studies have been performed concentrating on high level of 
ozone concentrations due to different industrial sources (petrochemical indus-
tries, electricity generation facilities), biogenic sources, effects of different me-
teorological parameters, as well as local and regional transport of ozone [13]. 
There exists a considerable gap in the literature regarding contribution of dif-
ferent source categories on the high level of ozone concentrations in the HGB 
area. This study would be an attempt to fill the gap and thus identify the source 
category that is mostly responsible for ozone exceedances in the HGB area. The 
individual contribution of different source categories will be obtained by per-
forming photochemical model simulations with Comprehensive Air Quality 
Model with Extensions (CAMx). 

2. Methodology 

The primary goal of this study is to analyze the impacts of different source cate-
gories on the ozone exceedance in the HGB area. Ozone concentrations at a par-
ticular location depend on a number of variables such as quantity of emissions, 
types of source categories, meteorology, and land use. In this study, a module of 
Emissions Processing System (EPS3) was used to prepare the emission files for 
five different cases (Base case, Biogenic, Area + Biogenic, Mobile + Biogenic, 
Low-level Point + Biogenic) based on four different source categories (Biogenic, 
Low-level Point, Mobile, and Area sources). Three of these emission sources are 
anthropogenic (Mobile source, point source, and area source) and one is Bio-
genic source. These emission files along with other input files have been utilized 
to perform photochemical model simulations at three sites located in the HGB 
area. The details on the sites selected are described in Table 1 and Figure 1. Sites 
1 and 2 are the locations where actual air quality monitoring is conducted by the 
Environmental Protection Agency (EPA) and the Texas Commission on Envi-
ronmental Quality (TCEQ), and are situated where public exposure to ozone is  
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Figure 1. Map of the HGB nonattainment area with three sites selected for 
current study [14]. 

 
Table 1. Site Information for CAMx analysis. 

Site Location Latitude Longitude 

Site 1 University of Houston-Sugarland N29˚34'27'' W95˚38'59'' 

Site 2 Bayland Park N29˚41'45'' W95˚29'57'' 

Site 3 Conroe N30˚26'13'' W95˚25'29'' 

 
high [14]. Site 3 is located near Conroe in the northwest region of the HGB area, 
and away from downtown Houston. From the CAMx results, ozone concentra-
tions were analyzed using the VERDI software. Analysis has been performed 
based on the daily maximum concentrations of ozone over the 15 days corres-
ponding to the June 1-15, 2012 episode. A comparison with Base case (all 
sources) is included in which all types of emission sources are considered.  

All the input files necessary for performing photochemical modeling with 
CAMx were accessed from TCEQ’s public access support site [15]. EPS3 was 
used to prepare the emission files and photochemical model simulations have 
been performed using CAMx 6.1 version. In order to generate temporally re-
solved, spatially distributed and speciated model-ready emission files which can 
be directly used in CAMx, MRGUAM (MeRGeUAMfiles) module of the EPS3 
software has been used. MRGUAM module which includes in the EPS3 core 
system is capable of merging multiple emissions files into one file for modeling 
purpose. It is used to combine the low-level emissions data from virtually any 
number of CAMx-format files into a single file. This module has been used to 
merge the biogenic source emission file with the mobile source emission file 
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(Mobile + Biogenic), low-level point source file (Point + Biogenic), and area 
source file (Area + Biogenic). In order to generate the emission files of Mobile + 
Biogenic, three emission source files (onroad, nonroad, and offroad) were 
merged together with the Biogenic emission source files [15]. However, for the 
cases of Basecase and Biogenic, the emission files were directly used from the 
available data uploaded by TCEQ [15]. From the output of MRGUAM module 
the binary files have been generated which were directly used as the emission file 
input in CAMx. In addition to the merged CAMx emissions file, message files 
containing tabular emissions totals have also been produced for each of the si-
mulation date. The next stage in the methodology includes photochemical mod-
el simulations with CAMx using the already developed emission files with EPS3 
module (MRGUAM). However, a number of other inputs are required by CAMx 
to perform the simulations such as the files that define the chemical mechanism 
and describe the photochemical conditions, surface characteristics, ini-
tial/boundary conditions, emission rates, and various meteorological fields over 
the entire modeling domain. In this particular study, 6.1 version of CAMX has 
been used which uses chemistry mechanism 6. In this version, 67 gas species are 
chemically analyzed through 156 chemical reactions. Additionally, the number 
of primary photolysis reactions is 152 and the number of secondary photolysis 
reaction is four. Visual Environment for Rich Data Interpretation (VERDI) tool 
is used to visualize the results of CAMx. Although in CAMx the output is given 
for all the three types of grid sizes (36 km × 36 km, 12 km × 12 km, 4 km × 4 
km) but for the purpose of visualizing the pollutant concentration in the HGB 
area only the output for TX_4 km has been used in the VERDI interface. 

3. Results and Discussion 

From the CAMx results of ozone concentrations for the 3 sites, diurnal varia-
tions of base case ozone concentrations have been plotted for 15 days in Figure 
2. It can be observed from the figure that during the 15 days of ozone study, Sites 
1 and 2 located in the urban area have consistently higher concentrations during 
June 1-8, compared to the Site 3 near Conroe. The results also show that during 
this period, the highest ozone concentrations occurred on Friday, June 1st, 
Thursday June 7th and Sunday, June 9th for Sites 1 and 2. For Site 3, the peak 
ozone days tend to be spread out on Saturday June 2nd, Monday June 4th, Sunday 
June 10th and Wednesday June 13th. This spreading out of peak ozone indicated 
the weakening of “weekend effect” at Site 3. The “weekend effect” of ozone can 
be defined as a phenomenon when the peak ambient concentrations of ozone on 
the weekends (Saturdays and Sundays) are observed to be higher than that of 
weekdays [16]. The higher ozone concentrations during weekends in compari-
son to weekdays typically occur as a result of the higher vehicular traffic nor-
mally observed on the weekdays. The remote location of Site 3, and limited time 
period of this study can be attributed to the weakening of this phenomenon in 
these results. The conversion of NO (from vehicular exhaust) to NO2 is a slow  
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Figure 2. Diurnal variations in base case ozone concentrations at the three sites, Site 1 (Sugarland), Site 2(Bayland Park), Site 3 
(Conroe), (a) June 1-8, 2012; (b) June 9-15, 2012. 

 
process that facilitates ozone formation. The conversion of NO2 to NO is a faster 
process and this NO destroys some portion of ozone that is already formed [17]. 
For the weekends, the peak values of maximum daily ozone was observed to be 
117, 108 and 87 ppb at Sites 1 (Sugarland), 2 (Bayland Park), and 3 (Conroe) re-
spectively, close to exceeding the 1-hr ozone NAAQS of 120 ppb. It is also well 
evident from Figure 2, that geographical location within the Houston metro 
area, and proximity to vehicular traffic significantly influences peak ozone levels. 
Diesel engines and highway gasoline vehicles might have contributed most to-
wards this peak ozone at Bayland Park [18]. 

The diurnal variations in ozone under the five emission source categories, at 
Conroe site are presented in Figure 3, and the analysis of these variations for 
different cases indicates that during the daytime (12:00 PM and 6:00 PM) other 
than Base case, Mobile + Bio has been observed to produce highest concentra-
tions of ozone. The results also indicate that during the nighttime between 12:00 
am and 6:00 AM, the ozone concentrations were highest for Point + Bio case. 
This phenomenon has distinctively been observed for June 2nd - 6th, 9th - 12th, and 
14th - 15th. Between 12 AM and 6 AM on 3rd June, very low level of ozone con-
centrations can be observed for the case of Mobile + Bio and major source cate-
gory is the point sources (LPt + Bio). This could be explained by the fact that 
some of the facilities considered as the point sources, refineries and petrochemi-
cal facilities, are operated throughout the 24-hr period. Although during the 
daytime they are not the highest contributing sources of ozone, during the 
nighttime the continuous emissions of ozone precursors from these facilities 
might have contributed to sustained transport from the ship channel. However, 
during the nighttime the ozone concentrations are significantly lower than the 
daytime because of the absence of sunlight and major temperature drop. During 
the nighttime, a significant drop of vehicular activities can be observed, which 
possess a major portion of mobile sources. Consequently, the emission of ozone 
precursors from these large numbers of sources is also absent which might have  
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Figure 3. Diurnal variations in ozone concentrations due to different source categories at 
the Site 3 (Conroe), (a) June 1-5, 2012; (b) June 6-10, 2012; (c) June 10-15, 2012. 
 
acted as the sole factor behind the lowest concentrations of ozone for the case of 
Mobile + Bio during the nighttime period (12:00 am - 6:00 am). Moreover, no 
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significant difference has been observed between the ozone concentrations due 
to Area + Bio and Biogenic during the nighttime at this site. The relative contri-
bution of individual source combinations at the three sites, over the study period 
June 1-15, are presented in Figures 4-6 for Sugarland, Bayland Park and Conroe 
respectively. At all three sites, biogenic sources influence the background ozone 
levels significantly, due to the isoprene emissions from vegetation in this region 
[11]. On the weekends, the contribution of Mobile sources toward ozone con-
centrations, is dominant only at the Conroe site, whereas both Point and Mobile 
Sources contribute to ozone at the other two sites. This pattern may be attri-
buted to the continuous operation of refineries and other petrochemical point 
sources in the Greater Houston area, and the improvement in emissions stan-
dards of commonly used passenger vehicles. At all three sites, area sources are 
not a significant contributor to peak ozone levels, owing to their relatively low 
contribution in emission inventories of the HGB area [19]. Area sources only 
contribute to 7% of total NOX emissions in the HGB area in 2014, however, they 
are the leading contributor to VOC emissions (61%). As most of the VOC emis-
sions are to fugitive leaks of methane, and minimal amounts of HRVOCs, area 
sources don’t impact the level of ozone at the three sites. This pattern suggests 
that further regulatory controls in the HGB area may focus more on mobile, ra-
ther than area sources. 

Table 2 presents the averages of relative contribution of individual source 
categories at the three sites over the 15 day period. At the Sugarland site, bio-
genic sources contribute an average of 49.7% ± 12.8% toward daily maximum 
ozone levels. The highest anthropogenic contributions occur from low-level 
point and mobile sources with 79.1% ± 8.59% and 76.5% ± 4.57% from Mobile + 
Bio and LPt + Bio combinations respectively. The location of the Sugarland site 
being in close proximity to U.S. Highway 59 and within 10 miles north of W.A. 
Parish power plant, the largest fossil-fuel power plant in Texas, is the principal 
reason for dominance of point and mobile sources contribution to ozone [12]. 
NOx and VOC emissions from highway traffic and the Parish power plant could 
have been the primary emission sources at the Site 1. Area sources don’t contri-
bute significantly to ozone at this Site. At the Bayland Park site, biogenic sources 
contribute an average of 43.1% ± 12.0% toward peak ozone concentrations. The 
leading anthropogenic source category is mobile sources with 76.3% ± 7.20% 
(Mobile + Bio case) and low-level point sources (LPt + Bio) with 71.6% ± 6.01% 
contribution toward base-case daily maximum ozone concentrations. The Bayl-
and park site is situated between U.S. Highway 59 and I-610 and is subject to a 
greater influence of mobile sources than point sources, in comparison to the Su-
garland site. Both the Sites 1 and 2 have a high influence of isoprene emissions 
from biogenic sources that may be local or transported from the northeast re-
gion of Houston due to prevailing wind direction during the study period [11]. 

The contribution of biogenic sources is slightly lower at the Conroe site, with 
average contribution to base case, over the 15 days being 39.9% ± 9.28%. The  

https://doi.org/10.4236/jep.2018.98052


R. R. Kommalapati et al. 
 

 

DOI: 10.4236/jep.2018.98052 855 Journal of Environmental Protection 
 

 
Figure 4. Contribution of different emission sources at Site 1 (UoH Sugarland) to daily maximum ozone concentration (a) June 
1-7, 2012; (b) June 8-15, 2012. 
 

 
Figure 5. Contribution of different emission sources at Site 3 (Conroe), to daily maximum ozone concentration (a) June 1-7, 2012; 
(b) June 8-15, 2012. 

 

 
Figure 6. Contribution of different emission sources at Site 2 (Bayland Park), to daily maximum ozone concentration (a) June 1-7, 
2012; (b) June 8-15, 2012. 

https://doi.org/10.4236/jep.2018.98052


R. R. Kommalapati et al. 
 

 

DOI: 10.4236/jep.2018.98052 856 Journal of Environmental Protection 
 

Table 2. 15-day averages of percentage relative contribution of different emission source 
categories to daily maximum ozone concentrations. 

Site Biogenic (%) Area + Biogenic (%) Mobile + Biogenic (%) LPt + Biogenic (%) 

Site 1 49.7 ± 12.8 56.3 ± 10.0 76.5 ± 4.57 79.1 ± 8.59 

Site 2 43.1 ± 12.0 51.5 ± 9.07 76.3 ± 7.20 71.6 ± 6.01 

Site 3 39.9 ± 9.28 49.2 ± 7.95 80.5 ± 4.44 64.4 ± 5.84 

 
lower contribution of biogenic sources could be due to patterns in wind direc-
tion that influenced isoprene transport from the northeast Houston region dur-
ing the study period [11]. In addition, Site 3 located in the northwest region 
could have lower background biogenic emissions. At site 3, mobile sources are 
the dominant source category, with 80.5% ± 4.44% average contribution toward 
base-case ozone levels. The second and third important source combinations for 
ozone concentrations have been observed to be LPt + Bio and Area + Bio respec-
tively. Overall it is indicated by this analysis that, in the study area which is 
within the HGB area, the occurrence of ozone exceedance is greatly affected by 
the mobile source categories which include onroad, offroad, and non-road ve-
hicles. There is no significant difference identified between the Area + Bio and 
Biogenic cases for all three sites (Table 2), suggesting the weak influence of area 
sources for NOx and VOC precursors emissions in this region. Results from this 
study suggest that the focus of regulatory efforts in the HGB area may be more 
successful if targeting mobile source emissions. Specifically, since mobile sources 
contribute around 67% of total NOx emissions in the HGB area, and point 
sources only contribute 26%, technology forcing regulations on NOx controls 
for onroad and offroad vehicles would likely yield optimum policy outcomes 
[19]. 

4. Conclusions 

Ozone concentrations at three locations (Sugarland, Bayland Park and Conroe) 
in the HGB area have been simulated with CAMx photochemical model for the 
time period, June 1-15, 2012, and results were observed using the VERDI tool. 
For the study period, peak concentrations were observed to be spread out during 
the week at all three sites, indicating the weakening of the “ozone weekend ef-
fect” in the HGB area. Isoprene emissions in the region, and transport of bio-
genic VOCs from northeast Houston played a significant role at all three loca-
tions, as evidenced by an average contribution of 49.7% ± 12.8%, 43.1% ± 12.0%, 
and 39.9% ± 9.28% from biogenic sources toward daily maximum ozone con-
centrations, at Sugarland, Bayland Park and Conroe sites respectively. The rela-
tive contribution Mobile + Biogenic source category was the primary factor in 
this region, indicating the dominance of mobile source NOX emissions in deter-
mining peak ozone exceedances. Conroe site had lower deviations in the diurnal 
variations of ozone and lower peak concentrations as compared to Sugarland 
and Bayland park sites, due to the location being distant from the city center and 
the Houston ship channel. The remoteness of this site is also evidenced by the 
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relatively lower contribution of LPt + Biogenic source category. The overall im-
portance of emission source categories that need to be targeted for regulatory 
control in the HGB area were observed to be in the following sequence Mobile > 
Point > Area sources. 
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