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This study investigated the long-term variations in ambient levels of surface ozone, volatile organic compounds
(VOCs), and nitrogen oxides (NOx) within the Houston-Galveston-Brazoria (HGB) region. Analysis of ozone levels
revealed an overall reduction in the maximum daily 8-h average ozone (MDA8 O3) from 2000 to 2019
(April–October) with an average rate of ~ − 0.48 ppb/yr across HGB. With a few exceptions, the MDA8 O3
reduction rates were more pronounced for the monitoring sites closer to the Houston Ship Channel (HSC).
Meanwhile, ambient levels of NOx and most VOC species (across the three representative sites as Houston
Bayland Park, Haden Road, and Lynchburg Ferry) decreased significantly within the same investigation period,
reflecting the impact of emission reductions. The positive matrix factorization (PMF) model applied to the
mentioned sites identified regional background ozone, petrochemical emissions, engine combustion, natural gas/
fuel evaporation, and solvent/painting/rubber industries as the major sources of MDA8 O3. The regional
background ozone was the predominant source, accounting for 59–70% of MDA8 O3 across the three sites.
Regarding the local anthropogenic emissions, natural gas/fuel evaporation was the largest contributor (19.5 ±
6.1%) to MDA8 O3 at Houston Bayland Park, whereas petrochemical facilities (10.9 ± 4.9%) and solvent/
painting/rubber industries (18.1 ± 9.5%) were the largest factor at Haden Road and Lynchburg Ferry, respec
tively. Notable reductions were found in the contributions of petrochemical emissions, engine combustion, and
natural gas/fuel evaporation to MDA8 O3 within 2000–2019, but an increasing trend was revealed in the role of
solvent/painting/rubber industries on MDA8 O3 most probably due to the enhanced demand for their products.
Results of this study corroborated the success of emission control policies in limiting ozone precursors and
provided useful details for prioritizing emission reduction policies to further reduce ozone pollution in the HGB.

1. Introduction
Surface ozone has been widely recognized as a detrimental air
pollutant having adverse effects on human health and agriculture
(Lefohn et al., 2018; Liu et al., 2021; Malley et al., 2015). The unhealthy
levels of ozone can cause respiratory complications, cardiopulmonary
disorders, and in some cases premature mortality (Bell et al., 2005; Chen
et al., 2007; Groves et al., 2012; Jerrett et al., 2009). Surface ozone is a
secondary air pollutant mainly formed through a series of photochem
ical reactions involving nitrogen oxides (NOx) and volatile organic
compounds (VOCs) in the presence of sunlight (Gu et al., 2021; Klein
man, 2005; Placet et al., 2000). VOCs contain a wide range of
carbon-containing compounds with various molecular weights and

lifetimes, taking part in ozone formation through photochemical re
actions with atmospheric radicals (such as OH) and NOx (Kang et al.,
2004; Poisson et al., 2000). Thus, the formation rate of ozone primarily
depends on the concentration of its precursors and ozone mitigation
strategies mainly rely on reducing NOx and VOCs emissions (Baier et al.,
2015; Tan et al., 2018). The U.S. Environmental Protection Agency
(EPA) has regulated surface ozone concentration through the National
Ambient Air Quality Standard (NAAQS) promulgated under the U.S.
Clean Air Act. By targeting ozone precursors emissions, the U.S. emis
sion control policies have been effective in reducing both frequency and
magnitude of ozone pollution events, thus leading to decreased levels of
surface ozone (Cooper et al., 2012; Nam et al., 2008). However, some
urban areas in the U.S. still exceed the NAAQS at its current level of 70
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ppbv for maximum daily 8-h average ozone (MDA8 O3) (Buysse et al.,
2019; Jin et al., 2020; Moghani et al., 2018).
As the fourth-largest metropolitan area in the U.S., the HoustonGalveston-Brazoria (HGB) region in southeastern Texas has been
recognized as a “marginal” non-attainment area by routinely experi
encing high ozone levels that exceed the national standards (Kleinman
et al., 2002; Langford et al., 2009; Murphy and Allen, 2005). The
Houston Ship Channel (HSC) is a major manmade waterway (~80 km
long) for ocean-going vessels in Galveston Bay that connects Houston to
the Gulf of Mexico. As one of the largest international ports in the U.S.,
HSC is a host of several petroleum refineries and chemical
manufacturing operations emitting significant amounts of VOCs and
NOx into the atmosphere (Ryerson et al., 2003; Zhang et al., 2017). A
plethora of studies have investigated ozone levels, its precursors, and
formation mechanisms within the HGB region to determine the promi
nent factors contributing to ozone exceedances, including intensive field
measurement campaigns such as the Texas Air Quality Study in summer
2000 (TexAQS, 2000), Texas Air Quality Study II (TexAQS, 2006) from
summer 2005 through autumn 2006, and DISCOVER-AQ (Deriving In
formation on Surface Conditions from Column and Vertically Resolved
Observations Relevant to Air Quality) in September 2013. A key finding
from these past field studies is that the emissions of highly reactive VOCs
(HRVOCs) emanating from industrial complexes were a key factor
driving the relatively high ozone levels in the area (Kim et al., 2011;
Mazzuca et al., 2016). Moreover, it has been reported that ozone for
mation rate was drastically higher in HSC compared with downtown
Houston due to higher NOx and VOCs emissions, corroborating the
dominant impact of HSC petrochemical sectors on the ozone pollution
(Daum et al., 2003). Along with the petrochemical complexes, HGB has
abundant mobile and stationary pollution sources including
on-road/off-road vehicle engines, solvent industries, and gasoline/na
tural gas evaporation, all of which emit considerable amounts of VOCs to
the atmosphere and contribute to the ozone formation (Buzcu and
Fraser, 2006; Xie and Berkowitz, 2006). Although the mentioned
emission sources are primary reasons for ozone pollution, meteorology
also plays a large role on local pollution levels in the HGB region (Ber
nier et al., 2019; Ngan and Byun, 2011; Shahriar et al., 2015; Souri et al.,
2016; Wang et al., 2016; Webster et al., 2007). The proximity of the HGB
region to the Gulf of Mexico makes it susceptible for the local-scale
land-sea breeze circulation, which can lead to recirculation of urban
pollution and pollution accumulation over the area (Banta et al., 2005;
Bernier et al., 2019; Li et al., 2020). In addition, high solar radiation,
temperature, and relative humidity along with weak wind speeds have
contributed to the exceedances of the NAAQS limits in the area (Botla
guduru et al., 2018).
While the HGB region is an interesting spot to study the VOCs and
ozone trends due to the unique meteorological conditions and emission
sources, to the best of our knowledge, no effort has been made to
quantitatively link the long-term surface ozone trends to VOCs changes.
Cooper et al. (2012) analyzed the trends in rural ozone levels across the
U.S. within 1990–2010 and attributed the ozone decreases to the do
mestic emission reductions by associating rural ozone trend with
declining NOx emissions and NOx concentrations. As VOCs measure
ments are far less abundant than O3 or NOx, few studies examined trends
of anthropogenic VOCs in the U.S. In a few prior studies, positive matrix
factorization (PMF) receptor model has been used to determine the
source contributions to VOCs in the Houston area (Buzcu and Fraser,
2006; Xie and Berkowitz, 2006), but none of these studies connected
VOC analysis to surface ozone. In addition, these studies were conducted
more than a decade ago, whereas VOCs concentrations and speciation
profiles in the HGB are expected to have changed over the recent decade
due to environmental regulations and natural gas boom that has
changed the U.S. oil and gas industry.
Therefore, the scope of this study was to investigate the long-term
trends in the concentrations of both VOCs and MDA8 O3 at individual
sites across the HGB region during 2000–2019 when data is most

abundant. More importantly, we applied PMF receptor model to directly
resolve MDA8 O3 source profiles and apportion the contribution of
different sectors to the surface ozone at three monitoring sites, repre
senting different emission characteristics across the Houston urban
landscape. In Section 2, we provide details of the monitoring sites,
different datasets used in the analysis, and PMF model configurations for
MDA8 O3 source apportionment. In Section 3, we present the long-term
variations in MDA8 O3 and its precursors (including VOCs) as well as the
outputs of source apportionment analysis in terms of factor profiles and
source contributions. Finally, concluding remarks are given in Section 4.
2. Methodology
2.1. Study area and ozone data
Ambient air monitoring is conducted by the Texas Commission on
Environmental Quality (TCEQ) at several monitoring networks across
Texas. The TCEQ network consists of roughly 40 monitoring sites
measuring hourly levels of surface ozone within HGB. Fig. 1 shows the
map of selected 24 sites (S1–S24) which are distributed across different
urban, semi-urban, and rural districts with a variety of industrial,
commercial, and residential land uses (Table S1). Hourly measurements
of surface ozone concentration along with MDA8 O3 levels were
retrieved for the selected sites during the ozone season (April–October)
of 2000–2019 from the Texas Air Monitoring Information System
(TAMIS) database through the TCEQ website. The selection of S1–S24
during the investigation period (2000–2019) was based on annual
ozone-season MDA8 O3 data availability with more than 85%
completeness (i.e., 17 years out of 20) as described in Cooper et al.
(2012).
A significant portion of ambient ozone in HGB has been attributed to
regional background, defined as the continental to hemispheric scale
ozone entering into the region with negligible influence from local
anthropogenic emission sources (Berlin et al., 2013; Parrish et al., 2012).
Although not directly measurable, some methods have been established
to estimate background O3 levels and differentiate them from local
emissions (Berlin et al., 2013; Langford et al., 2009; Nielsen-Gammon
et al., 2005). These methods mostly rely on ozone measurements located
on/near the perimeter of urban areas, thus away from local emission
sources. For example, a few studies applied principal component anal
ysis to MDA8 O3 levels at HGB region and the first principal component
with highest explained variation was attributed to background O3 that
uniformly affects most of the sampling stations (Berlin et al., 2013;
Langford et al., 2009). TCEQ suggested that background O3 within an
urban receptor region can be estimated as the observed MDA8 O3 at a
rural upwind site. Nielsen-Gammon et al. (2005) proposed a more
automated method by taking the minimum MDA8 O3 across a set of
rural/sub-urban sites surrounding the Houston-Galveston region as the
representative value of background O3 for HGB. Taking a similar
approach, we took advantage of the ozone monitoring network across
HGB and selected a subset of 23 rural/sub-urban monitoring sites
(BG1− BG23) on the perimeter of the Houston metropolitan area as
shown in Fig. S1 and summarized in Table S2. It is worth noting that the
selected background sites may differ from the suburban/rural moni
toring sites listed in Table S1 because a few sites among S1–S24 are
located downwind of petrochemical/industrialized facilities (thus
impacted by anthropogenic emissions) despite being in a suburban/rural
zone. The minimum MDA8 O3 across all background sites for each day
was taken as the background O3 for the HGB region.
2.2. VOC and NOx data
The TCEQ measures VOCs concentrations at more than 10 moni
toring sites across the HGB region. Among them, Houston Bayland Park
(S10), Haden Road (S7), and Lynchburg Ferry (S18) sites were chosen
(here and thereafter “VOC sites”) to investigate the variations in long2
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Fig. 1. Map of the Houston-Galveston-Brazoria (HGB) region showing the location of monitoring stations. Sites labeled with an asterisk (*) have been selected for
PMF analysis and the corresponding wind rose plots refer to the average of hourly observations (in units of m/s) during the entire investigation period.

term concentrations of ozone precursors and their impacts on MDA8 O3.
These sites were selected on the basis of VOC data availability as well as
the sites’ distances to urbanized and industrial areas, representing a
wide range of possible emissions from various sources. Further details
regarding the long-term availability of VOC measurements across HGB
are provided in Table S3. In addition, previous studies in the area have
affirmed VOCs data completeness and quality for these VOC sites (Buzcu
and Fraser, 2006; Reiss, 2006). Houston Bayland Park is approximately
15 km southwest of downtown Houston and represents an urban area
with commercial and residential land uses (Zhang and Ying, 2011). The
Haden Road (15 km east of downtown Houston) and Lynchburg Ferry
(located in a recreation area within the HSC) sites are highly exposed to
emissions from industrialized areas. In detail, Haden Road is not only in
the vicinity of industries associated with petroleum refining (and to
some extent industrial organic chemicals) but directly downwind of
crude petroleum and natural gas sectors. Lynchburg Ferry is located
among highly dense industries associated with plastic materials and
resin as well as industrial organic chemicals (Buzcu and Fraser, 2006).
24-hour levels of important VOCs including Ethane, Propane, n-Butane,
n-Pentane, Iso-Pentane, 2-Methylheptane, 3-Methylheptane, Ethylene,
Propylene, 1-Butene, 1,3-Butadiene, Acetylene, Benzene, Toluene, Sty
rene, n-Hexane, n-Nonane, and n-Octane were obtained for the VOC
sites during ozone season of 2000–2019 from the TAMIS database. The
Lynchburg Ferry monitoring station lacks the VOCs measurements
within 2000–2002; therefore, all the VOC-associated analyses for
Lynchburg Ferry throughout this study pertain to the period of
2003–2019. The VOCs samples were collected by canister over 24 h,
every sixth day. VOC levels were measured following EPA Test Method

TO-14a, which has been extensively used in the literature (e.g., Bunch
et al., 2014; Hoisington and Herrington, 2021; Jian et al., 2014; Jung
et al., 2020; Ramadan, 2017). In brief, 24-h VOC air samples were
collected employing whole-air sampling methods by means of passiv
ated stainless-steel canisters. The samples were then analyzed off-site via
gas chromatography (GC) coupled with a mass spectrometer (MS) or
flame ionization detectors (FID) to quantify VOCs levels. Further details
regarding instrumentation, operation, calibration, chemical analysis,
and data quality assurance are provided in the EPA Test Method TO-14a
(US EPA, 1999).
In addition to the VOCs, hourly levels of NOx were obtained from the
TAMIS database for the selected monitoring sites during 2000–2019.
The continuous measurements of NOx were conducted by TCEQ using
Model 42 gas-phase chemiluminescent monitors (Thermo Environ
mental Instruments Inc., Franklin, MA, USA) designated as a federal
reference method (RFNA-1289-074) by US EPA (40 CFR Part 53). In this
method, air sample passes over a heated catalyst to reduce nitrogen
dioxides (NO2) to nitrogen oxides (NO). By introducing O3 to the reac
tion chamber, NO is reacted with O3 producing excited state NO2. Upon
the decay of excited state NO2 into the ground state NO2, infrared ra
diation is emitted and the amount of radiation is proportional to the
concentration of reacted NO. The indirect measurement of NOx
following the light-based chemiluminescence method is associated with
artifacts due to the use of non-selective catalytic convertors. Accord
ingly, other nitrogen-containing compounds such as nitrate (NO3), nitric
acid (HNO3), and peroxyacetyl nitrate (PAN) may interfere with NO2
leading to overestimation of NOx levels (Allen et al., 2018; Oh and Woo,
2012). Despite this measurement bias, the dataset is the only long-term
3
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NOx measurements available. The systematic bias in NOx observations is
not expected to affect the results of PMF analysis because PMF mainly
utilizes information contained in the relative variability of NOx dataset.
Prior to data analysis, below detection limit observations were
replaced by half of the method detection limit (MDL) for the corre
sponding species (Hendler et al., 2010; Reff et al., 2007; Succop et al.,
2004). In addition, outliers were defined as observations that lie outside
of the interval (Q1-1.5IQR, Q3+1.5IQR), where IQR refers to the
interquartile range determined as the difference between 75th (Q3) and
25th (Q1) percentiles (Rousseeuw and Hubert, 2011), which were
calculated for each monitoring site. To abate the impact of extreme
pollution events and focus on the long-term trends in VOCs levels and O3
sources, the finalized dataset (encompassing O3, VOCs, and NOx levels)
was prepared by discarding the outliers following the mentioned
criteria.

significant (p-value<0.001) correlations between MDA8 O3 and ozone
precursors across the three VOC sites. Since PMF performs the source
apportionment analysis based on the association and relative variability
between uncertainty-normalized values of the input matrix, it is appli
cable to directly apportion MDA8 O3 using VOCs and NOx. Earlier
studies have followed the same approach to directly quantify source
contributions to a target variable that is not linearly correlated with
other input species nor has the same nature as them (Cesari et al., 2019;
Fang et al., 2016; Moschos et al., 2018; Verma et al., 2014; Wu et al.,
2020). The missing values were interpolated by the geometric mean of
adjacent measurements and the corresponding estimated uncertainties
were tripled to decrease their impacts on the PMF factor profiles and
source contributions (Brown et al., 2015; Reff et al., 2007). When data
were not available for many days in a row, the missing values were
replaced by the arithmetic mean of the corresponding species during
near months (and increasing the uncertainty by a factor of 3). Regardless
of the techniques employed to replace the missing values, assuming a
sufficiently large uncertainty for them makes PMF almost neglect the
missing data in finding the solution (Brown et al., 2015; Pekney et al.,
2006b, 2006a). Moreover, a 20% extra modeling uncertainty was
applied to account for the impact of modeling errors caused by simpli
fying the real atmospheric physical-chemical phenomena, including
source profile variations with time, and chemical transformation of
species from the source to the sampling site (Norris et al., 2014). Finally,
the uncertainty of PMF outputs was evaluated using the PMF error
estimation methods, including Bootstrap (BS), and Displacement (DISP)
analyses. The BS analysis explores the impacts of random errors in the
PMF input dataset by creating random sub-samples from the original
data and re-running the fitting procedure. On the other hand, DISP
analysis evaluates the rotational ambiguity of the PMF solution by dis
placing each individual species far enough from the original fitted value
and redo the source apportionment analysis (Brown et al., 2015; Paatero
et al., 2014; Yuanan et al., 2020).

2.3. Positive matrix factorization (PMF) receptor model
The PMF multivariate receptor model has been widely used for
source apportionment purposes to resolve the source profiles and
quantify their contribution to a target variable (Cesari et al., 2019;
Harrison et al., 2011; Hopke et al., 2020; Su et al., 2019). This model
decomposes a matrix of a speciated dataset into factor profiles and
contributions by solving the following equation (Norris et al., 2014;
Paatero and Tapper, 1994):
p
∑

Xij =

gik fkj + eij

(1)

k=1

where p is the number of independent factors; Xij indicates the concen
tration of jth species measured in ith sample; gik refers to the contribu
tion of kth factor to ith sample; fkj represents the factor profile (i.e., the
contribution of kth factor to ith species), and eij is the residual associated
with ith sample for jth species. To solve Eq. (1), the PMF model mini
mizes the objecting function Q in a unique iterative algorithm via setting
non-negative values constraint for factor profiles (fkj) and their contri
butions (gik). In brief, the algorithm is initiated by generating a random
factor profile; then, the factor profile is iteratively modified using the
gradient method to find the optimum path to the best solution. This
approach builds a multidimensional space and the model traverses the
space to update the factor profiles/contributions in each iteration and
finally reach the optimum solution (Hopke, 2000; Norris et al., 2014).
n ∑
m ( )2
∑
eij
Q =
(2)
u
ij
i=1 j=1

3. Results and discussions
3.1. Spatiotemporal variations in surface ozone levels and ozone-NOxVOC sensitivity
Fig. 2a shows the timeseries of ozone-season mean MDA8 O3 aver
aged over the selected sites (S1–S24). A least-squares linear regression
method similar to that by Cooper et al. (2012) was used to calculate the
linear ozone trend. Mean MDA8 O3 levels decreased significantly during
2000–2019 at a rate of − 0.48 ± 0.09 ppb/yr (p-value<0.05). The trend
is in agreement with Botlaguduru et al. (2018), in which the authors
reported a decreasing rate of − 0.412 ± 0.007 ppb/yr in MDA8 O3 levels
at north Houston during 1998–2012 and attributed the ozone reduction
to the curtailed NOx and VOCs emissions.
It should be noted that ozone formation is dependent on meteoro
logical conditions and variations in temperature, relative humidity,
wind speed, solar radiation, and pressure can alter the ozone production
rate (Botlaguduru et al., 2018; Hu et al., 2021; Liu and Shi, 2021; Lu
et al., 2019). High temperature and solar radiation favor the formation
of ozone by enhancing the rate of photochemical reactions, whereas
enhanced relative humidity supplies water vapor molecules that react
with excited state oxygen atoms (produced from ozone photolysis),
leading to ozone depletion. In addition, high wind speed and low at
mospheric pressure strengthen the dilution and dispersion of pollutants,
thus precluding ozone from accumulating in the atmosphere (Zhang
et al., 2020). Our investigation of the mentioned meteorological pa
rameters revealed no significant changes in temperature, relative hu
midity, wind speed, solar radiation, or barometric pressure over the last
two decades (Table S5), suggesting that meteorological factors may not
have a significant impact on the long-term variations of ozone in the
area.
Fig. 2a also shows the timeseries of estimated background O3 for the

In Eq. (2), n and m refer to the number of samples and species,
respectively. In addition, uij indicates the uncertainty associated with Xij,
and is estimated following the approach suggested by Ito et al. (2004)
and has been used in some PMF source apportionment studies (Park
et al., 2011; Soleimanian et al., 2019; Teixeira et al., 2015):
)
(
uij = 0.05 × Xij + MDLj
(3)
where MDLj is the method detection limit for jth species.
In this study, USEPA’s PMF model version 5.0 was run separately for
each VOC site. The speciated VOCs data as well as NOx and ozone levels
were used as the input to the PMF model to directly apportion MDA8 O3
sources. We have used MDA8 O3 and 24-h VOCs levels as fair repre
sentatives of the daily-integrated levels of these species in the PMF
model to minimize the model susceptibility to hourly and short-term
temporal/spatial variability between ozone formation and VOCs emis
sions. Validating this hypothesis, the non-parametric Spearman rank
correlation analysis has been conducted using IBM SPSS Version 26.0
(IBM Corp, Armonk, NY, USA) to measure the monotonic association
between MDA8 O3 and daily integrated levels of VOCs and NOx. As
summarized in Table S4, the results suggested positive and statistically
4
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Fig. 2. Long-term variations in O3 levels for (a) the entire HGB region; and (b) individual sites. Error bars correspond to one standard deviation.

same time period. The estimated background ozone accounts for ~70%
of the mean ozone-season MDA8 O3 across the selected sites and has
been decreased by on average − 1.01 ± 0.12 ppb/yr during the ozone
season of 2000–2019. The observed reduction rate in estimated back
ground ozone was smaller within 2000–2012 (~− 0.57 ppb/yr), while it
reached approximately − 1.7 ppb/yr during more recent years (i.e.,
2012–2019). In concert with our results, Berlin et al. (2013) investigated
the background O3 variations during 1998–2012 (May–October) in the
HGB region and reported a reduction rate of − 0.66 ± 0.65 ppb/yr in
background O3 levels. It is interesting that the reduction rate in our
estimated background O3 was higher than that of MDA8 O3. This dif
ference can be explained in part by the nonlinear ozone chemistry, as
MDA8 O3 is not a simple linear combination of background ozone and
local emissions. It may also be caused by the uncertainty associated with
the background O3 estimation method. As also noted by Berlin et al.
(2013), the upwind-based methods for background O3 estimation may
not necessarily provide the accurate background O3 levels in the HGB
region, particularly when air masses recirculate over the area for a few
days, or the land-sea breeze is not strong enough to penetrate and impact
the entire HGB. Despite these uncertainties, the estimated background
ozone is a useful component for the subsequent PMF analysis.
Since averaging the spatially distributed data over the HGB region
forgoes the fine-scale variability of surface ozone, the linear trends in
MDA8 O3 levels were analyzed at individual sites (S1–S24) and results

are shown in Fig. 2b and Table S6. Except for one site (to be discussed
below), all sites showed a decreasing trend of MDA8 O3 within the range
of − 0.31 to − 1.32 ppb/yr, with the reduction rates being more pro
nounced for the sites closer to the HSC. This observation necessitates the
comprehensive investigation of ozone precursors within the last two
decades to more precisely link the MDA8 O3 reductions to the changes in
emissions. Our analyses revealed that NOx levels reduced by − 0.04 to
− 1.04 ppb/yr across the investigated sites (Figure S2), mostly as a result
of state and federal NOx emission reduction policies targeting stationary
and mobile sources, respectively (Hudman et al., 2009; Kim et al., 2006;
Peischl et al., 2010). Interestingly, Fig. 2b shows a slight increase (0.07
± 0.10 ppb/yr) in MDA8 O3 levels at Lang monitoring site located near
the 290 intrastate freeway northwest of downtown Houston, although
the trend was not statistically significant (p-value = 0.48). According to
Mazzuca et al. (2016), ozone production is generally VOC-sensitive in
urban areas of Houston, where reducing NOx levels may diminish ozone
titration and in turn, increase ozone levels. The lack of VOC measure
ments at Lang precluded us from comprehensively investigating the
drivers of the MDA8 O3 trend in this site. However, the long-term var
iations in ozone formation sensitivity to NOx and VOCs can be investi
gated at the three VOC sites using the U.S. EPA’s Empirical Kinetic
Modeling Approach (EKMA) (Ge et al., 2021; Liu and Shi, 2021). In
summary, this model provides isopleth diagrams of ozone variation with
respect to NOx and VOCs, thus can be used as a method to qualitatively
5
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split the overall ozone-NOx-VOC system into NOx-sensitive and
VOC-sensitive regimes based on the VOCs/NOx ratio (Sillman and He,
2002). Investigating the relative VOCs/NOx ratios during 2000–2020
(Fig. S3), it was concluded that the three VOC sites were within the
VOC-sensitive regime as this condition is mainly associated with low
VOC/NOx ratios (Jiménez and Baldasano, 2004; Kumar et al., 2008;
Sillman, 2003). Across the three VOC sites, a general reduction in both
NOx and VOCs over the last two decades has reduced ozone concen
trations through moving toward isopleths with lower ozone production
rates (Fig. S3). The long-term reduction rate in NOx levels at Lang
(~− 1.04 ppb/yr) was ~240% of the corresponding rate averaged across
all the investigated site (~− 0.43 ppb/yr). Such an extremely large

reduction of NOx can lead to enhanced levels of ozone in VOC-sensitive
conditions until the ridgeline of isopleths is crossed (Jhun et al., 2015;
Simon et al., 2015). Therefore, we surmise that the slight increase in the
MDA8 O3 levels at Lang (as a VOC-sensitive area) during 2000–2019 was
attributed to the pronounced reductions in NOx levels which resulted in
reduced ozone titration. In addition, the VOC/NOx ratio increased from
the 2000s to the recent years at Houston Bayland Park while opposite
trends were observed at Haden Road and Lynchburg Ferry. As will be
discussed later, the reduction in VOC/NOx ratios across Lynchburg Ferry
and Haden Road was mostly associated with the emission mitigation
policies targeting VOCs from stationary sources, whereas the imple
mentation of state and federal NOx emission control policies has led to

Fig. 3. Time series of selected VOCs concentrations averaged during the ozone season for (a) Houston Bayland Park; (b) Haden Road; and (c) Lynchburg Ferry. Small
pie charts show the annual mean contributions of functional groups to the VOCs. Large pie charts on the top of the graph represent the multi-year mean averages of
the relative contributions of functional groups to the VOCs during three time periods: 2000–2005, 2006–2013, and 2014–2019 for Houston Bayland Park and Haden
Road; 2003–2007, 2008–2014, and 2015–2019 for Lynchburg Ferry.
6
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provided in the SI file. The widespread reduction in total VOC levels
indicates the effectiveness of the extensive implementation of federal
and state-wide measures to reduce ozone precursors across the U.S.
(Simon et al., 2015). For example, Texas Administrative Code (TAC)
Title 30, Chapter 115 aimed at limiting the emissions of VOCs from
stationary sources as part of the State Implementation Plan (SIP) strat
egy to meet the National Ambient Air Quality Standards (NAAQS) for
ozone. At the federal level, Code of Federal Regulations (CFR) Title 40,
Chapter 1 limits VOC emissions from new and in-use highway vehicles
and engines as well as heavy-duty buses and trucks. Further discussion
about specific VOCs emission mitigation strategies in Texas is provided
in Section 3.3.
While the long-term trends in VOCs levels provide quantitative
insight regarding the variations in their emissions, VOCs reactivity is
more relevant to ozone production. Fig. S5 represents the time series of
selected VOCs reactivity in terms of ozone formation potential (OFP)
across the three VOC sites. The OFP is estimated based on a maximum
incremental reactivity (MIR) scale defined as the amount of ozone
produced by introducing small concentrations of VOCs into NOx-rich
environments (Carter, 2009, 1998). The most recent MIR values (in units
of g ozone produced/g VOC) were obtained from Carter (2009) based on
model simulations that have been evaluated with smog chamber mea
surements. According to Fig. S5, within the four major functional groups
alkenes (represented by ethylene, propylene, and 1-butene) demon
strated the greatest VOC reactivity although their mass fraction in total
selected VOCs were <25%. Conversely, alkanes which have the highest
contribution to total VOCs by mass contributed to only 15% of VOCs
reactivity at most. The high VOC reactivity associated with alkenes re
flects their predominant role in ozone formation across the investigated
sites. This observation is in line with earlier studies in the area attrib
uting more than 60% of VOCs reactivity to ethene, propene, and butenes
(Czader et al., 2008; Kleinman et al., 2002).

the enhanced VOC/NOx ratios in Houston Bayland Park (located away
from petrochemical/industrial sectors). Altogether, it can be concluded
that monitoring sites closer to the HSC demonstrated more VOC sensi
tivity over time whereas the investigated urban area away from HSC is
moving toward the transition regime. This observation is in perfect
agreement with the study by Mazzuca et al. (2016) during the
DISCOVER-AQ campaign in which the authors concluded that areas near
the emission sources in Houston are generally VOC-sensitive.
3.2. Long-term trends in the concentration of volatile organic compounds
Fig. 3 represents long-term variations in ozone-season mean VOCs
levels at Houston Bayland Park, Haden Road, and Lynchburg Ferry (the
latter site encompasses the VOC measurements within 2003–2019 as
discussed earlier). Higher levels of total selected VOCs were observed at
Haden Road (30.4 ± 5.5 ppb) and Lynchburg Ferry (28.6 ± 7.3 ppb)
than Houston Bayland Park (14.3 ± 3.1 ppb) as these two sites are
within close proximity of industrial/petrochemical complexes at HSC
(Buzcu and Fraser, 2006). Fig. 3 also presents the absolute and relative
contributions of four major functional groups – alkanes, alkenes, al
kynes, and aromatics – and their speciation. As will be discussed later,
the majority of control policies on HRVOCs were adopted during
2004–2005 (30 TAC, Chapter 115, Subchapter B), such as those tar
geting flares, process vents, cooling towers, and fugitives. In addition,
TCEQ adopted an emission banking and trading program in December
2004 (30 TAC, Chapter 101, Subchapter H) which was later approved by
EPA in 2005. To discern the impact of these regulatory measures, we
divided the entire investigation period into three intervals (2000–2005,
2006–2013, and 2014–2019 for Houston Bayland Park and Haden Road;
2003–2007, 2008–2014, and 2015–2019 for Lynchburg Ferry) in which
the first one was chosen to receive minimal impacts by the HRVOCs
emission reduction policies while the middle and latter time spans
capture the influence of these HRVOCs control measures with time.
Average values during each interval were shown in the pie charts. Al
kanes were the major fraction of VOCs with a relative contribution of
77.8 ± 3.8%, 75.2 ± 4.4%, and 69.8 ± 3.0% to total VOCs in Houston
Bayland Park, Haden Road, and Lynchburg Ferry, respectively. The
larger contribution of alkanes to VOCs is due to the higher emission rates
of alkanes along with their longer lifetime in the atmosphere (Xie and
Berkowitz, 2006). Alkenes had the second highest contribution to VOCs
across the three sites, accounting for on average 20.5 ± 4.2% of total
VOCs at Haden Road and Lynchburg Ferry and 14.2 ± 2.6% at Houston
Bayland Park. The relatively lower fraction of alkenes at Houston Bay
land Park was due to the shorter lifetime of these species compared with
the transport time of air masses across HGB, precluding them from
efficiently reaching the receptor sites (Parrish et al., 2012). Finally, al
kynes and aromatics were cumulatively accounting for <10% of total
VOCs across the three VOC sites. Table S7 summarizes the long-term
trends in total selected VOCs and the mentioned functional groups
during the investigation period. The three VOC sites displayed a statis
tically significant (p-value<0.05) decreasing trend of total selected
VOCs during 2000–2019, ranging from − 0.40 ± 0.08 ppb/yr in Houston
Bayland Park to − 0.81 ± 0.11 ppb/yr and − 1.34 ± 0.14 ppb/yr in
Haden Road and Lynchburg Ferry, respectively (Fig. S4(a)).
Fig. 3 also displays the fractional changes of alkanes, alkenes, al
kynes, and aromatics to total VOCs at the three VOC sites. Lynchburg
Ferry site did not show any significant changes in the relative contri
butions of individual functional groups during the last two decades.
However, Houston Bayland Park and Haden Road sites saw a 6% and 9%
decrease, respectively, in the relative contribution of alkenes to VOCs
from 2000 to 2005 to 2014–2019. The contribution of alkynes decreased
by roughly 1–3% at these two sites, whereas aromatics’ fraction
remained almost unchanged throughout 2000–2019. By contrast, the
relative contributions of alkanes at Houston Bayland Park and Haden
Road increased by roughly 10% from the early 2000s to recent years.
Details regarding the long-term trends in levels of individual VOCs are

3.3. Factor identification and contribution
The PMF receptor model was run for each of the three VOC sites with
various configurations in terms of input species combinations, number
of factors, and extra modeling uncertainties following a trial-and-error
approach to find the most suitable and statistically robust solutions to
the MDA8 O3 factor profiles and source contributions. The summary
statistics of the MDA8 O3, NOx, and VOCs used in the PMF model are
presented in Table S8. The optimum solutions were chosen based on (1)
Strong linear correlation (i.e., R2 > 0.95 and the slope of regression close
to 1): between the modeled versus measured MDA8 O3 (Fig. S6); (2)
Physically interpretable factor profiles; (3) Meaningful contribution of
the identified sources to the MDA8 O3 based on the literature; and (4)
Results of the error estimation analyses (i.e., BS, and DISP). Regarding
the PMF uncertainty analysis, the BS method validated PMF-resolved
solutions as 100 runs were performed with a minimum R2 value of
0.60, and more than 90% of the factors were re-mapped in each site
(Table S9). In addition, the DISP procedure concluded without errors
and no factor swaps were observed for dQmax = 4, confirming the
validity of the PMF solutions in terms of rotational ambiguity (Norris
et al., 2014). Thus, PMF outputs were considered reliable. The vari
ability in the explained variation of species to the PMF-resolved factor
profiles based on the BS and DISP analysis (Fig. S7) suggested that with a
few exceptions, the base run values for input species were within the
interval ranges of uncertainty (i.e., the interquartile range of 25th to
75th percentile) derived by the BS and DISP analyses.
Based on the above-mentioned criteria, we identified five factor
profiles for each site within 2000–2019. Fig. S8 displays the PMFresolved factor profiles and Fig. 4 shows the source contributions to
MDA8 O3 by site. The relative contribution of PMF-resolved sources to
MDA8 O3 was plotted by spanning 2000–2019 into three intervals and
using the average source contributions during each time span. The first
factor was almost exclusively identified by high loading (~70–80%) of
7
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Fig. 4. Source contributions to MDA8 O3 levels in (a) Houston Bayland Park; (b) Haden Road; and (c) Lynchburg Ferry. Small pie charts show the annual mean
relative contributions of PMF-resolved sources to MDA8 O3 levels. Large pie charts on the top of the graph represent the multi-year averaged relative contribution of
the PMF-resolved sources to MDA8 O3 levels during three periods: 2000–2005, 2006–2013, and 2014–2019 for Houston Bayland Park and Haden Road; 2003–2007,
2008–2014, and 2015–2019 for Lynchburg Ferry.

estimated background O3 and on average contributed to 67.5 ± 6.2%,
70.0 ± 4.2%, and 59.1 ± 7.0% of MDA8 O3 at Houston Bayland Park,
Haden Road, and Lynchburg Ferry, respectively. This factor was labeled
regional background ozone. The minimal loadings from VOCs in this
factor profile authenticated the negligible influence from local anthro
pogenic emission sources which is in accordance with assumptions

regarding the nature of regional background ozone. The PMF source
apportionment results suggested that regional background ozone was
responsible for on average 28.6 ± 3.9 ppb of MDA8 O3 at Houston
Bayland Park, 27.9 ± 2.9 ppb at Haden Road, and 22.4 ± 4.1 ppb at
Lynchburg Ferry during the entire investigation period (Fig. 4). This
observation is in agreement with earlier studies in the HGB region
8
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attributing ~60–86% of MDA8 O3 levels to the regional background
ozone (Berlin et al., 2013; Langford et al., 2009). The fact that these
site-specific values differ by less than 15% from the three-site mean is
consistent with the expectation that regional background ozone should
be roughly constant across the entire HGB region. This consistency lends
support to the robustness of our PMF solutions in deriving regional
background ozone source profiles and contributions. The slightly higher
levels of regional background ozone in Houston Bayland Park and
Haden Road compared with Lynchburg Ferry may be attributed to the
ozone formed during the transport of VOCs from emission sources to
downwind sites.
Factor 2 showed high loadings of ethylene, propylene, and 1-butene
across the three sites (Fig. S8). These light alkenes are mostly emitted
from petrochemical plants through cracking of hydrocarbons (Rhew
et al., 2017; Xie and Berkowitz, 2006). Incomplete combustion in motor
vehicles can also contribute to ethylene and propylene levels
(McGaughey et al., 2004). The ethylene/acetylene and propylene/ace
tylene ratios from tailpipe emissions are typically less than 3 and less
than 1.5, respectively, whereas higher ratios are expected for VOCs
emanating from petrochemical facilities (Ryerson et al., 2003; Xie and
Berkowitz, 2006). The second factor profile across the three sites has the
ethylene/acetylene and propylene/acetylene values notably higher than
the expected ratios for vehicle emissions, thus suggesting petrochemical
industry as the nature of this source. The petrochemical factor showed a
much larger contribution to MDA8 O3 in Haden Road (10.9 ± 4.9%)
than Lynchburg Ferry (3.1 ± 1.0%) and Houston Bayland Park (<1%).
Haden Road site is located directly downwind of petrochemical sectors,
hence the most impacted site by emissions from petrochemical and re
finery complexes. Houston Bayland Park site is the furthest from the HSC
and considering the short lifetime of alkenes, the influence of HSC
emissions may not be discernible from ambient measurements.
The third factor was characterized by high loadings of benzene,
toluene, and to some extent acetylene, and NOx (Fig. S8). It has been
documented that acetylene, benzene, and toluene are among the
abundant compounds from vehicle exhaust gases (Kheirbek et al., 2012;
McGaughey et al., 2004). Additionally, NOx is a well-known tracer of
on-road and off-road vehicles produced at the engine’s high temperature
(Ning et al., 2012; Yao et al., 2008). Thus, the factor was labeled as
engine combustion. This source contributed to 4.2 ± 2.1%, 7.1 ± 2.3%,
and 8.3 ± 1.4% of MDA8 O3 at Houston Bayland Park, Haden Road, and
Lynchburg Ferry, respectively. The relatively higher contribution of
engine combustion to MDA8 O3 at Haden Road and Lynchburg Ferry was
due to the impact of diesel and off-road engines within HSC.
Factor 4 was associated with high loadings of light alkanes, including
ethane, propane, and n-butane (Fig. S8). Xie and Berkowitz (2006) re
ported that ethane, propane, and butane are resulted from natural gas
emissions as well as gasoline leak/evaporation. Therefore, natural
gas/fuel evaporation is the most likely source for this factor profile. This
factor was a major contributor to MDA8 O3 at Houston Bayland Park
(19.5 ± 6.1%) with a much smaller contribution (on average ~7.5%) at
the Haden Road and Lynchburg Ferry sites. The relatively high contri
bution of natural gas/fuel evaporation factor to MDA8 O3 at Houston
Bayland Park was presumably due to the evaporative emissions from the
adjacent residential/commercial areas in Southwest Houston. These
emissions include gasoline evaporation from vehicle fueling, running
losses, and leakage from fuel tanks. As light alkanes (such as ethane, and
propane as the tracers of natural gas emissions) have low reactivity and
long lifetime, they can be transported in the atmosphere over long dis
tances and are also representative of aged emissions (De Gouw et al.,
2005; Xie and Berkowitz, 2006). Therefore, as noted by Buzcu and
Fraser (2006), the contribution of natural gas/fuel evaporation emis
sions to MDA8 O3, as derived by the corresponding factor from the PMF,
might be overestimated at receptor sites because it also encompasses the
aged emissions from upwind sources.
The last factor represented high loadings of n-hexane, n-octane, and
n-nonane as well as 2-methylheptane, 3-methylheptane, and in some

cases 1,3-butadiene (Fig. S8). This factor contributed to 18.1 ± 9.5%,
8.2 ± 3.7%, and 7.9 ± 4.6% of MDA8 O3 at Lynchburg Ferry, Houston
Bayland Park, and Haden Road, respectively (Fig. 4). According to the
literature, n-hexane, n-octane, n-nonane, 2-methylheptane, and 3-meth
ylheptane have been generally associated with solvents particularly in
painting and coating industries (Xie and Berkowitz, 2006; Yuan et al.,
2010). In addition, 1,3-butadiene is a chemical surrogate of polymers
and rubber industries (Nieto et al., 2021). Thus, the fifth factor was
likely associated with emissions from solvent, painting, and rubber in
dustries. The significantly higher relative contribution of this source to
MDA8 O3 in Lynchburg Ferry was due to the proximity of the monitoring
site to numerous industries associated with plastic materials and resin
along with industrial organic chemicals (Buzcu and Fraser, 2006).
According to Fig. 4, the PMF-resolved factor for regional background
ozone followed a significantly (p-value<0.05) decreasing trend of − 0.45
± 0.15 ppb/yr across the three VOC sites during the entire investigation
period. While the relative contribution of regional background ozone to
MDA8 O3 levels decreased from ~64% during 2003–2007 to ~59%
within the recent years at Lynchburg Ferry, Houston Bayland Park and
Haden Road experienced ~6% increase in the relative contribution of
this source to MDA8 O3 from the early 2000s to 2014–2019. The
apparent increase in the relative contribution of regional background
ozone to MDA8 O3 at Houston Bayland Park and Haden Road is attrib
uted to the reductions in the absolute contribution of other sources to
total MDA8 O3 (to be discussed below). The contribution of petro
chemical emissions to MDA8 O3 levels decreased significantly (p-val
ue<0.05) at Houston Bayland Park (− 0.03 ± 0.01 ppb/yr), Haden Road
(− 0.40 ± 0.03 ppb/yr), and Lynchburg Ferry (− 0.06 ± 0.02 ppb/yr)
during the last two decades, substantiating the impact of mitigation
policies targeting HRVOCs and fugitive emissions from petroleum re
fineries and petrochemical processes (TAC, 30 Chapter 115, Subchapter
D and Subchapter H). Among the VOC sites, Haden Road showed the
highest reduction rate in petrochemical emissions, where the relative
contribution of this source to MDA8 O3 decreased from ~18% in the
early 2000s to ~6% within the recent years. The relative contribution of
engine combustion to MDA8 O3 decreased by approximately 7% (with
an average rate of − 0.13 ± 0.04 ppb/yr) across the VOC sites during
2000–2019. This observation suggests that targeting new and in-use
light-duty and heavy-duty vehicles as well as the off-road engines is
an effective (national) mitigation policy (CFR, 40 Chapter 1). Regarding
the natural gas/fuel evaporation, our results suggested a decrease of ~
− 0.40 ppb/yr in the contribution of this source to MDA8 O3 at Houston
Bayland Park and Lynchburg Ferry, while the corresponding rate was
− 0.05 ± 0.02 ppb/yr in Haden Road due to the negligible contribution
(i.e., ~4%) from natural gas/fuel evaporation to MDA8 O3 at this site.
The relative contribution of natural gas/fuel evaporation to MDA8 O3
decreased by approximately 10% from the early 2000s to 2015–2019,
presumably as a result of control policies aiming at reducing VOC
emissions from storage tanks (TAC, 30 Chapter 115, Subchapter B).
Finally, while there have been measures on industries working with
adhesives cleaning solvents used by manufacturers (TAC, 30 Chapter
115, Subchapter E), we found an increase in the contribution of sol
vent/painting/rubber industries to MDA8 O3 by 0.13 ppb/yr (Houston
Bayland Park), 0.22 ppb/yr (Haden Road), and 0.36 ppb/yr (Lynchburg
Ferry) during 2000–2019, presumably due to the higher emissions from
the corresponding sectors maintaining the increasing demand for their
product. Judging by the proximity of Lynchburg Ferry to the mentioned
industrial facilities, this site experienced the highest increase in the
relative contribution of solvent/painting/rubber industries to MDA8 O3
from ~6% in 2003–2007 to ~23% within the recent years.
Altogether, the long-term variations in contribution of anthropo
genic sources to MDA8 O3 revealed the predominant impact of imple
mented mitigation policies targeting VOCs emissions from various
sectors. Emission reductions from natural gas/fuel evaporation was the
major factor in curtailed MDA8 O3 levels at Houston Bayland Park and
Lynchburg Ferry, while the decreased MDA8 O3 in Haden Road was
9
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dominantly linked to the emission reductions from the petrochemical
facilities. Despite the implemented measures on petrochemical sectors
and on-road/off-road engines, our results revealed that emissions from
solvent, painting, and rubber industries have been increased within the
past two decades, thus to some extent, counterbalanced the impact of
mentioned mitigation policies.
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4. Summary and conclusions
In this study, we investigated the long-term variations of tropo
spheric ozone levels in southeastern Texas. The ozone-season average
MDA8 O3 levels decreased significantly (within the range of − 0.31 −
− 1.32 ppb/yr) during the last two decades in the HGB region, due to the
changes in interplay between background ozone and local emission
sources. Similarly, decreasing trends of ozone precursors i.e., NOx
(− 0.04 − − 1.04 ppb/yr) and VOCs (− 0.40 − − 1.34 ppb/yr) have been
noticed across the investigated sites as a result of emission control pol
icies associated with mobile sources as well as industrial sectors. Aver
aged over 2000–2019, regional background ozone was the major
contributor to ozone levels across Houston Bayland Park, Haden Road,
and Lynchburg Ferry with the corresponding relative contribution of
59–70% to MDA8 O3 followed by fuel/natural gas evaporation (4–19%),
solvent/painting/rubber industries (8–18%), petrochemical sector
(1–11%), and engine combustion (4–8%). Investigating the impact of
different local sectors on MDA8 O3, it was concluded that the contri
bution of petrochemical facilities (− 0.03 to − 0.40 ppb/yr), natural gas/
fuel evaporation (− 0.05 to − 0.43 ppb/yr), and engine combustion
(− 0.09 − − 0.16 ppb/yr) decreased significantly across the VOC sites.
Conversely, the role of industrial sector (particularly solvent, painting,
and rubber industries) on ozone levels have been increased within the
range of 0.13–0.36 ppb/yr during 2000–2019. Therefore, the enhanced
rate of emissions from mentioned industries can lessen the impact of
emission reductions from petrochemical facilities and vehicles. Finally,
the findings of this study provide quantitative insight into the impor
tance of different emission sources in MDA8 O3 and demonstrate the
efficiency of emission control policies in mitigating ambient VOCs levels
(especially from petrochemical complexes and on-road/off-road en
gines), and in turn, surface ozone concentrations.
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