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Abstract  

 

The sources of submicron particulate matter (PM1) remain poorly characterized in the 

industrialized city of Houston.  A mobile sampling approach was used to characterize PM1 

composition and concentration across Houston based on high time resolution measurements of 

non-refractory PM1 and trace gases during the DISCOVER-AQ Texas 2013 campaign. Two 

pollution zones with marked differences in PM1 levels, character, and dynamics were established 



based on cluster analysis of organic aerosol mass loadings sampled at sixteen sites.  The highest 

PM1 mass concentrations (average 11.6 ± 5.7 µg/m3) were observed to the northwest of Houston 

(Zone 1), dominated by secondary organic aerosol (SOA) mass likely driven by nighttime 

biogenic organonitrate formation.  Zone 2, an industrial/urban area south/east of Houston, 

exhibited lower concentrations of PM1 (average 4.4 ± 3.3 µg/m3), significant OA aging, and 

evidence of primary sulfate emissions.  Diurnal patterns and backward-trajectory analyses enable 

the classification of airmass clusters characterized by distinct PM sources: biogenic SOA, 

photochemical aged SOA, and primary sulfate emissions from the Houston Ship Channel.  

Principal component analysis (PCA) indicates that secondary biogenic organonitrates primarily 

related with monoterpenes are predominant in Zone 1 (accounting for 34 % of the variability in 

the dataset).  The relevance of photochemical processes and industrial and traffic emission 

sources in Zone 2 also are highlighted by PCA, which identifies three factors related with these 

processes/sources (~50 % of the aerosol/trace gas concentration variability).  PCA reveals a 

relatively minor contribution of isoprene to SOA formation in Zone 1 and the absence of 

isoprene-derived aerosol in Zone 2.  The relevance of industrial amine emissions and the likely 

contribution of chloride-displaced sea salt aerosol to the observed variability in pollution levels 

in Zone 2 also are captured by PCA. 
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Introduction 

 

Atmospheric aerosols, or particulate matter (PM), have strong climate (IPCC, 2007), health 

(Laden et al., 2000, Pope et al., 2002), and environmental (e.g. soil acidification (Duyzer, 1994)) 

impacts. Aerosols can be emitted directly into the atmosphere as primary PM or can form in situ 

from gaseous precursors as secondary PM. Large uncertainties remain in current understanding 



of the sources and chemical transformations of PM in the atmosphere, particularly organic 

aerosol (Phares et al., 2003) that is prevalent in urban areas (Jimenez et al., 2009). Submicron 

aerosols (PM1) correspond to a fraction of PM that is not specifically regulated in the U.S. but 

likely represent the highest risk to human health, particularly in urban areas with extensive 

combustion sources (Nel, 2005). The mass loadings of PM1 in urban areas are usually highest 

near traffic-heavy roadways (Canagaratna et al., 2010, Mohr et al., 2011) and can be elevated in 

industrial plumes (Bahreini et al., 2009), representing an exposure threat to proximate populated 

neighborhoods.  

The Houston-Galveston-Brazoria (HGB) area (a total of eight counties) is influenced heavily by 

both local and regional PM sources (Russell et al., 2004). Based on previous field missions 

(Brock et al., 2003, Olaguer et al., 2014, Parrish et al., 2009), a key identified feature of the 

Houston atmosphere is the abundance of highly reactive volatile organic compounds (VOCs), 

nitrogen oxides (NOx), and sulfur dioxide (SO2) from petrochemical, power plant, vehicular, and 

ship emissions. The most reactive anthropogenic VOCs (AVOCs) contribute to unusually fast 

ozone (O3) production in Houston (Jiang and Fast, 2004, Ryerson et al., 2003) and likely play a 

significant role in local/regional secondary organic aerosol (SOA) formation (Volkamer et al., 

2006, Bahreini et al., 2009, Alicke et al., 2003, de Gouw et al., 2008, de Gouw et al., 2005). 

Additionally, the presence of significant vegetation results in the prevalence of biogenic VOCs 

(BVOCs) north of HGB that likely enhance SOA formation (Brown et al., 2013, Russell and 

Allen, 2005), particularly when mixed with anthropogenic emissions, a phenomenon observed in 

other urban/forested areas (Rollins et al., 2012, Rollins et al., 2013, Shilling et al., 2013). 

Secondary organonitrates (ON) are likely important constituents of SOA formed from the 

oxidation of biogenic (Rollins et al., 2012, Rollins et al., 2013, Brown et al., 2013, Fry et al., 

2013) and anthropogenic (Liu et al., 2012) VOCs.  These ON processes are likely important in 

the HGB area due to large sources of BVOCs and AVOCs and high oxidant concentrations. 

Aircraft observations of PM1 in Houston (Bahreini et al., 2009, Brock et al., 2003) found 

enhanced particle growth and formation in industrial plumes, primarily in the form of OA and 

sulfate (SO4), relative to less-polluted urban plumes. Another aircraft study observed strong 

biogenic SOA formation in the forested north (Brown et al., 2013). On top of an 18-story 

building near downtown, Cleveland et al. (2012) sampled aerosols that were dominated by SO4 

and OA (which has a unique industrial/urban character), while Levy et al. (2013) observed strong 



diurnal and meteorology-driven variations in aerosol physical and optical properties. Wood et al. 

(2010) reported strong correlations between formation metrics for SOA and O3 that were formed 

on similar timescales at an industrial site (La Porte, TX) during daytime.  

Previous work based on routine measurements at different sites in HGB (Russell et al., 2004) 

indicated spatial uniformity in annually/seasonally averaged fine aerosol mass/composition, 

though there was large spatial variability in hourly/daily PM composition due to the abundance 

of local/regional sources in the area. Because previous PM studies in the HGB area were limited 

in spatial resolution (e.g., Cleveland et al. (2012) and  Wood et al. (2010)) or were conducted 

aloft (Bahreini et al., 2009, Brock et al., 2003, Brown et al., 2013) or in the Gulf of Mexico 

(Bates et al., 2008, Russell et al., 2009), there are limited data characterizing spatial variations in 

ground-level PM chemical composition in HGB. Thus, the spatial variability of local versus 

regional, primary versus secondary, and biogenic versus anthropogenic sources of PM remains 

uncertain in the area, which complicates PM modeling and control efforts in Houston.  

In order to investigate the spatial distribution and temporal variability of PM1 levels and 

composition in Houston, an intensive field study was conducted during September 2013 as part 

of the NASA DISCOVER-AQ Texas field campaign (Bean et al., 2016). This study combined 

both on-road sampling and short-term stationary measurements at multiple urban, industrial, and 

sub-urban/forested sites in HGB, using a mobile laboratory capable of sampling on-road and at 

stationary sites and equipped with extensive particle, gas, and meteorological instrumentation. 

This sampling strategy aimed to achieve both spatial and temporal characterization of PM1 

composition in Houston. In addition to this broad characterization, application of clustering 

algorithms to the aerosol mass loadings at sixteen stationary sampling sites led to the definition 

of distinct PM1 pollution zones in the Houston area. The specific character and dynamics of PM1 

in each of these zones was studied, and important physical/chemical processes that drive the 

variability in PM1 and trace gas pollutants in these were investigated by application of principal 

component analysis (PCA) on combined stationary and mobile datasets.  

 

Methods 

 



Mobile PM1 and trace gas measurements  

 

A size-resolved, non-refractory (NR) PM1 mass spectral dataset was collected using a high 

resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS or AMS for short, Aerodyne 

Research Inc. (ARI), Billerica, MA, USA) (DeCarlo et al., 2006) aboard the University of 

Houston(UH)/Rice University Mobile Air Quality Laboratory (MAQL) (Figure S1). The MAQL 

was operated under mobile mode (inlet mast lowered) for on-road driving or stationary mode 

(inlet mast raised) for extended stationary sampling. The AMS sub-samples PM1 from the dried 

MAQL aerosol inlet stream (relative humidities (RH) below 40%) at inlet heights of ~2.2 m and 

~5.5 m above ground for mobile and stationary modes, respectively. Additional PM1 sampling 

details, AMS calibrations, and data analysis procedures are provided in detail in the 

Supplemental Information (SI). Ancillary trace-gas measurements of carbon monoxide (CO), 

SO2, NOx, O3 and meteorological parameters onboard the MAQL are summarized in Table S1. 

The main PM1 chemical constituents identified using the AMS include OA constituents, SO4, 

nitrate (NO3), ammonium (NH4), and chloride (Chl) (DeCarlo et al., 2006). These constituents 

are quantified using high-resolution mass spectra (MS) collected by the AMS in V-mode, which 

was integrated up to a mass-to-charge ratio (defined as molecular mass/charge of an ion) of 120 

during each averaging interval. Detection limits and uncertainties for key measurements aboard 

the mobile platform are shown in Table S2. The sampled organic MS also allow estimates of 

organic elemental ratios such as oxygen:carbon (O:C) and hydrogen:carbon (H:C) at much 

higher time-resolution compared to conventional sampling techniques (Aiken et al., 2008, Aiken, 

DeCarlo, and Jimenez, 2007). The O:C and H:C allow quantification of the average oxidation 

state of carbon in OA (𝑂𝑂𝑆𝑆𝑐𝑐�����)  (Kroll et al., 2011, Heald et al., 2010), which is a parameter that is 

not confounded by processes other than reduction-oxidation of OA. These are important metrics 

for characterizing OA sources and aging processes. The values presented here were calculated 

using the updated Improved-Ambient method (Canagaratna et al., 2015) for samples with OA 

concentrations above 1.5 µg/m3. The Improved-Ambient method accounts for thermal 

fragmentation of organics (i.e., decarboxylation and dehydration)  in the AMS vaporizer for 

more accurate elemental estimates.  



The MAQL sampled size-resolved NR PM1 composition and trace gas data continuously in 

mobile and stationary-mode operation from September 6 to September 29, 2013. Approximately 

30 % of NR PM1 samples (comprising ~70 hours of sampling) were collected during mobile-

mode operation, while approximately 190 hours of sampling corresponded to stationary data 

sampled at sixteen main locations (Table S3). Figure 1 illustrates the spatial coverage of AMS 

PM1 measurements during the campaign, illustrating the mobile lab driving path as well as five 

major stationary field sites where a major fraction of the stationary-mode data was collected. 

Figure 1 here 

The OA/ΔCO ratio serves as a surrogate for SOA formation (Aiken et al., 2009, Docherty et al., 

2008, Takegawa et al., 2006), where ΔCO represents measured CO less an urban background CO 

concentration of 100 ppbv (SI). Additionally, ΔCO allows an empirical estimate of the secondary 

fraction of sampled OA using the simplified CO-tracer method (Docherty et al., 2008, Takegawa 

et al., 2006): 

                                            POA = (POA/ΔCO)literature x ΔCO                                               (1) 

                                                       SOA = OA – POA                 (2) 

where primary organic aerosol (POA) (1) is used to derive SOA fractions (2), assuming the 

absence of significant non-combustion POA sources. The POA/ΔCO ratio of 0.008 µg/m3-ppbv 

used here is the average of literature values derived from linear-regressions of ambient OA 

versus ΔCO in POA-dominated airmasses in urban environments (0.005-0.011 µg/m3-ppbv) 

(Aiken et al., 2009, Docherty et al., 2008, Takegawa et al., 2006). The CO-tracer approach 

compares well with other SOA estimation techniques (Docherty et al., 2008). 

 

Two-step cluster analysis for identification of pollution zones 

 

Because disparate traffic activity, forest, levels of industrial activity, etc. could lead to large 

variability in the character of PM1, a two-step cluster analysis was performed to define distinct 

PM1 pollution zones. Stationary data collected at sixteen main locations encompassing sampling 

times between 1 and 70 hours were used for the clustering task (SPSS 20.0, IBM Corp., Armonk, 



NY, USA) (SPSS, 2001). The geographical coordinates of these locations paired with their 

corresponding average PM1 concentration, speciated mass concentrations and elemental ratios 

were independently investigated as criteria of classification for the definition of clusters. The 

quality of the clusters resulting from each combination of variables was evaluated based on the 

Silhouette measure of cohesion and separation and on the ratio between cluster sizes. The 

optimum number of clusters in the dataset was determined based on the log-likelihood as the 

distance measure and the Schwarz’s Bayesian criterion as the clustering criterion (Chiu et al., 

2001). The group of clustering criteria in which the variable accompanying the geographical 

location (i.e. latitude/longitude) had the largest influence (i.e. predictor importance) in the cluster 

definition was selected for final delineation of the pollution zones in Houston. Additional 

information on the clustering analysis is available in the SI. 

 

Backward-trajectory analysis of stationary data 

 

The NOAA Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) Model (Draxler 

and Hess, 1998, Rolph, Ngan, and Draxler, 2014) was utilized to generate 24-hour airmass 

backward-trajectories (starting altitude 100 m) to analyze differences in PM1 chemical 

characteristics for different near-surface airmasses for sampling periods at the Manvel Croix 

(Manvel) and Conroe field sites, where more extensive measurements were performed 

(approximately 42 and 62 hours, respectively). Cluster analysis was used to group backward-

trajectories in the GIS-based software package TrajStat (Wang, Zhang, and Draxler, 2009). The 

SI provides details on the backward-trajectories and corresponding clustering algorithm.  

 

Principal component analysis 

 

Principal component analysis is a variable reduction technique that has been employed in the 

analysis of gas and aerosol data (Chan and Mozurkewich, 2007).  It was used to investigate the 

dynamics of pollution in zones 1 and 2. The specific processes/sources influencing each zone, 

and their relative contribution to the observed variability in the measured PM1 and trace gases 

were analyzed based on this methodology. Correlation matrices of stationary and mobile datasets 



(Table S3) comprising 60-sec average concentration of PM1 species (OA, SO4, NH4, NO3, Chl, 

and amines), trace gases (SO2, nitrogen oxides (NOx), CO and O3), and meteorological 

parameters (temperature and RH) acquired in each pollution zone were analyzed by PCA using 

SPSS 20.0 (IBM Corp., Armonk, NY, USA). The concentration of particle-phase Chl was 

restricted to the PCA conducted in zone 2, as the levels of this species were below the AMS 

detection limit in zone 1.  Additionally, the concentrations of amines in PM1 were also limited to 

the analysis performed in this pollution zone, as their association with a zone 2 Chl-related factor 

was observed during preliminary PCA application. 

In order to complement these measured variables, the PCA also included the concentrations of 

BVOCs (isoprene and monoterpenes) in the defined pollution zones for specific MAQL 

location/time during the field campaign. These concentrations were predicted based on a 

Weather Research and Forecasting (WRF) model (version 3.5) -Sparse Matrix Operator Kernel 

Emission (SMOKE) model-Community Multi-scale Air Quality (CMAQ 5.0.1) modeling system 

applied during DISCOVER-AQ (Pan et al., 2015). Additional information on the modeling 

system and model performance is provided in the SI. The appropriateness of each dataset (zone 1 

and 2) to be analyzed effectively by PCA was evaluated using statistics such as the Kaiser-

Meyer-Olkin measure of sampling adequacy and the Bartlett’s test of sphericity (Kaiser, 1970). 

Factors with eigenvalues above 1 and explaining collectively at least 70% of the variability in 

each dataset were retained in the two defined pollution zones. Varimax rotation was applied to 

the retained factors in order to enhance their interpretability (SI). The variables with high 

loadings in each rotated factor (e.g. above 0.6, indicating that over 35% of variable variance was 

explained by the respective factor) were used to establish their probable identity. The diurnal 

trends of the standardized factor scores, calculated based on the least-squares regression 

approach proposed by Thurstone (1934) (SI), were also examined to support the factor 

classification and to identify the underlying processes/chemistry related with the retained PCA 

factors in each pollution zone.  Additional information on PCA is provided in the SI. 

 

Results and discussions 

 

Spatiotemporal overview of PM1 composition in Houston 

 



As seen in Figure 1, the MAQL covered a large area in Houston while sampling near-surface 

NR PM1 chemical composition and mass loadings. Figure S2 shows the time series for five NR 

PM1 species, PM1 neutralization parameter (NH4,measured/NH4,predicted, defined subsequently), and 

O:C measured/calculated with basic meteorological parameters (precipitation, temperature, and 

RH) for mobile and stationary measurements. The campaign-averaged NR PM1 mass (9.69 ± 

6.07 µg/m3) from stationary measurements is dominated by OA (64%), followed by SO4 (26%), 

NH4 (7%), NO3 (3%), and Chl (0.2%). The mean and median NR PM1 masses observed during 

September 2013 are ~20% lower than previously reported in Houston during the 

August/September period in 2000 (Jimenez et al., 2009) and 2006 (Cleveland et al., 2012), with 

decreases primarily in NH4 and SO4 potentially due to reduction in SO2 emissions in Houston.  

The AMS particulate NO3 signal allows quantification of the organic NO3 functional groups 

found in particulate ON, using the ratio between NO+ and NO2+ (Farmer et al., 2010, Fry et al., 

2013) (see SI). Using this method, the NO3 signal was found to be primarily from organic NO3 

(Org-NO3, on average 82%) during the Houston measurements, indicating significant presence 

of particulate ON in Houston. The predominance of Org-NO3 in AMS NO3 signal is similarly 

observed by two other measurement platforms (Table S1) in Houston during this period. The 

low contribution of inorganic NO3 (Inorg-NO3) to total AMS NO3 in this study is consistent with 

below-detection levels of water-soluble PM1 NO3 sampled at the Manvel site (SI). 

The PM1 neutralization ratio NH4,measured/NH4,predicted allows quantification of the “acidic” nature 

of PM (Zhang et al., 2005). “Acidic” particles in this context refers to NH4-poor aerosol mixtures 

even though this metric may not correlate with aerosol pH under ambient conditions (Guo et al., 

2015). Here NH4,predicted is defined as the sum of SO4 and Inorg-NO3 in molar equivalents; Chl 

levels are mostly negligible and other PM1 cations (e.g., metals) were below detection limits for 

off-line measurements of soluble PM1 (Table S1) deployed at the Manvel site. Given the 

uncertainties in the inorganic species, particles are considered slightly “acidic” if the 

NH4,measured/NH4,predicted ratio is 0.75 or less. The NH4,measured and NH4,predicted were well correlated 

during stationary measurements (R2=0.93, intercept=0), with several instances of less or more 

neutralized particles. The campaign-averaged NH4,measured/NH4,predicted ratio was 0.75 ± 0.13 

(median=0.73), indicating NH4-poor particles. These results agree well with previous 

observations in Houston by (Cleveland et al., 2012) and (Bates et al., 2008) (both studies 



conducted in August/September 2006), indicating that particles in the HGB area are consistently 

more acidic than those observed in other major cities (e.g. Pittsburgh (Zhang et al., 2005) and 

Mexico City (Aiken et al., 2009)). The high observed acidity of PM1 coupled with high summer 

temperatures are not favorable for the formation of Inorg-NO3 in the aerosol phase (except for 

two nighttime episodes discussed in Section 3.2.2), consistent with the predominance of Org-

NO3 signal discussed above and with observations reported previously for the Houston area 

(Gong et al., 2013) . 

 

PM1 pollution zones.  The cluster analyses indicate that two pollution zones can be defined in the 

HGB area based on the investigated variables. The zones are defined based on the concentration 

of OA, the variable with the highest influence in the delineation of the clusters as presented in 

Figure 2. Each zone represents distinct source regions in the HGB area, as seen in the different 

PM1 chemical composition and OA character in each zone. Zone 1 covers the forested sub-urban 

area northwest of Houston, while zone 2 encompasses the urbanized central Houston area and 

the Houston industrial region (HIR; defined as Texas City, La Porte and Baytown and industrial 

areas adjacent to the Houston Ship Channel). Average NR PM1 chemical composition measured 

by the AMS was qualitatively similar to those from similar instruments during DISCOVER-AQ 

(a University of Texas (UT) stationary Aerosol Chemical Speciation Monitor (ACSM) at the 

Conroe site in zone 1 (Bean et al., 2016) and the SP-AMS operated in electron impact (EI) mode 

in the ARI mobile laboratory sampling in zone 2; Figure 2; Table S1 and SI). The distribution of 

PM1 and trace gas sampling time and the diurnal distribution of PM1 sampling time in the 

defined pollution zones are summarized in Table S3 and Figure S3. To complement the spatial 

analyses presented in this study, maps depicting average mass fractions of each PM1 constituent 

are included in Figure S4. It should be noted that all PM1 trends and data presented in this article 

were collected using the HR-ToF-AMS aboard the MAQL, with qualitative comparisons with 

the ACSM and SP-AMS where specified.  

Figure 2 here 

Table 1 summarizes stationary PM1 mass loadings, elemental ratios, and trace gas measurements 

in the pollution zones. Zone 1 exhibits substantially higher PM1 (11.9 ± 5.7 µg/m3) levels than 

those observed in zone 2 (4.4 ± 3.3 µg/m3), primarily driven by elevated OA concentrations in 



zone 1 (on average 71% of PM1 mass).  Previous aircraft studies within the PBL in Houston have 

observed enhancement of PM1 mass in industrial/ship channel plumes advected downwind of 

Houston (Bahreini et al., 2009, Brock et al., 2003), which may explain the large masses observed 

in zone 1 compared to zone 2. Significant biogenic sources of SOA and more favorable 

meteorology (i.e., lower wind speeds and more clear days) for PM formation in zone 1 also could 

explain the large gradient of PM1 between the two regions.  

Table 1 here 

Two stationary sites were chosen for extended sampling with the AMS aboard the MAQL in 

zone 1 (Conroe, near forest/suburban emissions in the north) and in zone 2 (Manvel, south of the 

urban core and west of the HIR). These sites are at least 750 meters away from major roadways 

to avoid direct sampling of vehicle or point source plumes. A large fraction of stationary 

sampling in zones 1 and 2 were conducted at these two sites (Table S3), and the sampling time 

at these sites was relatively well distributed diurnally (Figure S3).  

According to the CO-tracer approach, zones 1 and 2 exhibit high average SOA fractions (87% 

and 81%, respectively), which correspond to the high OA/ΔCO ratios (0.086 and 0.085 µg/m3-

ppbv, respectively) that are representative of high SOA content. More details on the CO-tracer 

method, including a sensitivity study of predicted OA/ΔCO and SOA fractions are provided in 

the SI and Figure S5. The SOA loadings estimated from the CO-tracer method agree well with 

the combined mass of SOA factors apportioned from positive matrix factorization of OA MS 

(R2=0.95, slope=0.95) presented elsewhere ((Leong et al., 2016), in preparation).  

The CO-tracer-estimated SOA accounts for ~90% of OA mass in zone 1 during an elevated OA 

period (OA=12.33 ± 4.70 µg/m3; September 23-27) and is highly correlated with the AMS Org-

NO3 signal (Pearson R=0.90) during the day and at night. This is strong evidence of biogenic ON 

formation in the forested zone 1 that is particularly important during the elevated OA episode. A 

strong correlation between SOA mass and Org-NO3 still exists for the entire campaign in zone 1 

(R=0.73) and in zone 2 (R=0.70) (Table 2), indicating strong mediation of SOA levels by ON 

processes in the entire Houston area including zone 2, which has lower simulated monoterpene 

mixing ratios (0.13 ± 0.16 ppbv in zone 2 compared to 2.12 ± 2.39 ppbv in zone 1). The higher 

modeled monoterpene concentrations in zone 1 are consistent with elevated SOA and Org-NO3 



loadings (Figure 2 and Table 1). These results are consistent with previous findings of enhanced 

ON processes in northern Houston from aircraft observations (Brown et al., 2013) and from 

model estimates (Russell and Allen, 2005). 

Table 2 here 

Table 2 also shows varying but substantial correlation of AMS levoglucosan tracer ions 

(C2H4O2
+ and C3H5O2

+ at integer mass-to-charge ratios of 60 and 73, respectively) for biomass 

burning OA (Schneider et al., 2006) with both SOA mass and Org-NO3, indicating potential 

influence of biomass burning (BB) emissions on SOA/ON formation processes. The 

hypothesized formation mechanism of ON is by oxidation/aging of BB products. Further 

discussions with a detailed characterization of ON formation and biomass burning OA using 

positive matrix factorization in Houston is provided elsewhere ((Leong et al., 2016), in 

preparation). 

The 𝑂𝑂𝑆𝑆𝑐𝑐����� values were higher and more variable in zone 2, indicating on average more processed 

OA in the industrialized area and an interplay of primary and aged OA sources, particularly 

when compared to the SOA-dominated zone 1. The variations in 𝑂𝑂𝑆𝑆𝑐𝑐����� for OA measured in 

different zones and airmasses are presented in the H:C versus O:C Van-Krevelen space to 

describe aging/mixing processes in bulk OA (Figure S6). The OA elemental composition 

averaged by zones and by airmasses at Conroe and Manvel sites fall along the updated ambient 

OA fitted line in Van-Krevelen space (Chen et al., 2015), meaning bulk OA in the HGB area 

generally follows mixing (decrease in 𝑂𝑂𝑆𝑆𝑐𝑐�����) and oxidation (increase in 𝑂𝑂𝑆𝑆𝑐𝑐�����) processes typically 

observed in bulk OA in other cities.  

Diurnal and meteorological variations in PM1.  The concentration of submicron aerosol species 

and OA oxidation metrics exhibited distinct diurnal trends in each of the defined pollution zones 

(Figure S7).  The concentration of OA showed a moderate peak around 8:00 CDT in zone 1, with 

no particular enhancement in the H:C ratio, followed by continuous decrease during the day, and 

subsequent increase at nighttime. The concurrent increase in OA and Org-NO3 concentrations 

during nighttime along with the diurnal trends observed for Org-NO3 support the hypothesis of 

biogenic SOA formation at night due to NO3-driven oxidization of monoterpenes in zone 1 (Fry 

et al., 2013, Rollins et al., 2012, Rollins et al., 2013) and favorable partitioning  of organic 



material into the aerosol phase due to lower temperatures. This hypothesis is reinforced by the 

results of PCA presented in Section 3.3. The daytime decrease in OA concentrations 

accompanied by an evident increase in the O:C ratio and 𝑶𝑶𝑺𝑺𝒄𝒄����� in zone 1 indicates boundary layer 

dynamics coupled with photochemical processing (Henry and Donahue, 2012, Kroll et al., 2011) 

and/or temperature-driven evaporation (Sun et al., 2011) of fresh and less-oxidized biogenic 

SOA formed during nighttime. 

Information was not available for certain intervals in zone 2, so diurnal profiles of the 

concentrations of aerosol constituents and OA oxidation metrics in this zone were generated 

based on more limited data (compared with zone 1). The existing data allow establishing some 

trends for PM1 species in this pollution zone. Higher oxidation state of OA during nighttime in 

zone 2, followed by decreasing O:C ratio and 𝑂𝑂𝑆𝑆𝑐𝑐�����  along with increasing H:C ratios during the 

day,  point out important aging processes of OA at night. These trends suggest a more 

reduced/primary character of OA during daytime and OA oxidation degrees less dependent on 

photochemical processes and enhanced during nighttime due to potential aging of industrial 

plumes emitted in the Ship Channel and Texas City regions (see Section 3.2). These observations 

are consistent with previous findings for industrial combustion/refining emissions of OA in the 

Houston area (Russell et al., 2009). 

The concentration of OA in zone 2 peaks at 4:00 CDT, exhibits a continuous decrease during 

daytime, and a marked increase at night. A peak in the H:C ratio is observed between 8:00-10:00 

CDT, consistent with primary OA emissions during the morning rush hour, although minimal 

OA enhancement was observed. 

Similar to zone 1, Org-NO3 in zone 2 shows a decrease in concentration during daytime followed 

by higher levels at night, indicating that nighttime ON formation, though lower in magnitude, 

likely occurs in zone 2. However, the less pronounced diurnal profile of Org-NO3 as well as its 

higher variability (relative standard deviation ~62%) in zone 2 suggests that more variable 

sources of VOCs and reaction channels (compared with zone 1) with different Org-NO3 yields 

could be involved in its formation in this region (Ayres et al., 2015, Rollins et al., 2012). 

Median/mean wind polar plots for Conroe and Manvel sites (Figure S8) provide insight into the 

directional dependence of PM1 sources influencing the Conroe and Manvel stationary sites, 



though it should be noted that these plots do not provide information regarding any variation of 

wind direction on the sub-day temporal scale. Secondary OA estimates at both sites show wind-

direction dependence similar to total OA (not shown), indicating the predominance of SOA in all 

sampled airmasses. The northwestern Conroe site was characterized by relatively smaller 

observed SOA mass with winds from the urban/industrial directions. Both SOA and Org-NO3 

signals show similar wind patterns as NOx, supporting previous observations of the influence of 

NOx on SOA and ON formation (Rollins et al., 2012, Brown et al., 2013). In contrast, the 

sampled OA at Conroe appears to be more aged during southeasterly winds (based on 𝑂𝑂𝑆𝑆𝑐𝑐�����), 

indicating that OA from the urban core and HIR is likely more aged/processed than local or 

regional OA from other directions. The lack of wind-dependence in SO4 levels at Conroe 

suggests that the SO4 is predominantly regional. Particle acidity does not exhibit wind-

dependence at either site (not shown). This lack of wind-dependence and the absence of any 

correlation between acidity and SOA or OA levels in the stationary dataset likely rule out acid-

catalyzed SOA formation (Brock et al., 2003), consistent with the findings of (Bahreini et al., 

2009). The directional dependence of aerosol parameters at the urban background Manvel site is 

discussed in the next section.  

 

Backward-trajectory analysis at Manvel and Conroe sites 

 



Because local wind variations can confound directional analysis, PM1 also has been classified by 

clustering HYSPLIT backward-trajectories during sampling at the Conroe and Manvel field sites. 

The clustering algorithm identified four and six distinct backward-trajectory clusters at Manvel 

and Conroe, respectively. The 24-hr backward-trajectories and cluster means corresponding to 

hourly stationary sampling at these sites are illustrated in Figure S9 and sampling periods for 

clusters are given in Table S4 (cluster descriptions in SI). Previous studies have identified 

significant enhancements in OA and SO4 mass due to industrial/ship emissions in the HGB area 

(Bahreini et al., 2009, Brock et al., 2003, Wood et al., 2010), but have not focused on the 

influence of these emissions on OA composition. The trajectory analysis presented here focuses 

on OA formation, aging, and mixing processes in airmasses influenced by industrial, urban, or 

biogenic emissions. Clusters are labeled based on #-site-number (e.g. clusters #2 from Manvel 

and #1 from Conroe are referred to as #M2 and #C1, respectively). Summaries of observed PM1 

and trace gas variables corresponding to each of these clusters are presented in Figure 3 

(Manvel) and Figure 4 (Conroe). Gulf airmasses #M1B and #M3 coincided with a rainy period 

and aerosol washout (Figure S2). 

 

Figure 3 here 

Figure 4 here 

The southerly Gulf cluster #M1A passed the Texas City industrial/port region before arriving at 

Manvel and was likely influenced by petrochemical and ship emissions. The northerly cluster 

#M2 could have regional influence from east Texas and the adjacent states, in addition to local 

sources in north/central Houston. (Bates et al., 2008) observed PM1 concentrations from 

northerly flow twice as large as loadings from southerly flow when sampling on a ship near the 

Houston Ship Channel. The opposite trend is observed at Manvel, with consistently higher OA 

and SO4 mass in the southerly cluster #M1A when compared to the northerly cluster #M2. The 

OA sampled in cluster #M1A also exhibits higher 𝑂𝑂𝑆𝑆𝑐𝑐����� relative to continental #M2. The elevated 

NOx concentrations in #M1A relative to other clusters also point to influence from local sources. 

These observations indicate significant sources of aged OA and SO4 from Texas City. 



A similar phenomenon of consistently elevated 𝑂𝑂𝑆𝑆𝑐𝑐����� is observed in cluster #C1 at Conroe, which 

is a southerly airmass that travelled near Texas City and outside of the urban core prior to being 

sampled at Conroe. Additionally, the 𝑂𝑂𝑆𝑆𝑐𝑐����� levels observed in the industrial clusters (#M1A and 

#C1) were equally enhanced at night. The direct emission of highly oxygenated OA from 

industrial/refining processes suggested previously in Houston (Russell et al., 2009) may explain 

these observations, though it is possible that nighttime oxidants (e.g., nitrate radical) were 

responsible for rapid aging of OA. The rapid SOA formation and aging observed in industrial 

plumes by aircraft measurements (Bahreini et al., 2009) due to elevated concentrations of OH 

and AVOCs supports this theory, though these measurements were conducted during the day.  

The nitrate radical forms rapidly at night in power plant plumes from NO2 and residual O3 

(Zaveri et al., 2010) and is capable of oxidizing pre-existing OA (Qi, Nakao, and Cocker, 2012), 

making it a possible candidate for nighttime aging of OA. The enhanced 𝑂𝑂𝑆𝑆𝑐𝑐����� values at night 

relative to daytime values in zone 2 (a trend not seen in zone 1) supports the theory of a 

nighttime OA aging process that potentially outweighs those during the day.  

It is unlikely that aged background OA from the Gulf contributed solely to the moderately 

elevated OA (~3.5-5.0 µg/m3) in zone 2 and high 𝑂𝑂𝑆𝑆𝑐𝑐����� (~-0.3 to -0.1) levels observed in these 

airmasses, as previous factor analysis in the HIR attributed higher influence of aged/regional OA 

from northerly trajectories than Gulf trajectories (Russell et al., 2009). This case study of 

enhanced OA oxidation states in clusters #M1A and #C1 suggests possible nighttime rapid aging 

of OA in industrial plumes from Texas City or the Ship Channel that is independent of 

photochemistry.   

Several clusters in Conroe (#C3, #C5, and #C6) showed particularly enhanced SOA and Org-

NO3 signals, indicating strong biogenic episodes that coincided with highly correlated SOA and 

Org-NO3 levels. The elevated Org-NO3 in the industrial clusters (#M1A and #C1) also supports 

the importance of nitrate radical in nighttime SOA aging/formation. These elevated ON events 

are discussed in detail elsewhere ((Leong et al., 2016), in preparation). 

Cluster #M1A exhibits slight enhancement of SO4 levels over the regional cluster #M2, 

suggesting possible primary SO4 sources from Texas City. Elevated SO4 levels also were 

observed in cluster #C5 (~3.5 µg/m3), which originated from the HIR and typically occurred at 



night.  Considering transport times from potential sources in the HIR and the relatively slow 

conversion rate of SO2 to SO4, these plumes are probably caused by primary emission. These 

observations are discussed elsewhere ((Wallace et al., 2016), in preparation). 

 

PCA of combined trace gas and PM1 data  

 

Principal component analysis conducted independently in zones 1 and 2 found four and five 

main factors explaining over 80 and 71 % of the variance in these zones, respectively. The 

loadings of the different variables in the retained rotated factors along with the hourly profiles of 

the standardized factor scores in zone 1 and 2 are presented in Figures 5 and 6, respectively. 

Factor 1 in zone 1 (PC1z1), which explains approximately 34% of the variance in the dataset, has 

important positive loadings of Org-NO3 and monoterpenes, significant negative loadings of O3 

and temperature, and moderate positive loadings of OA. The diurnal variation of the 

standardized factor score for PC1 z1 shows a marked decrease during daytime and higher levels 

during nighttime, resembling the trend observed for Org-NO3 in zone 1 and highlighting the 

importance of nitrate radical chemistry in zone 1. PC1 z1 is classified here as monoterpene-driven 

ON formation. Diurnal variation of this factor is similar to that exhibited by factor 3 in zone 2 

(PC3 z2, explaining ~13% of the total variance in the zone 2 dataset), which also shows high 

loadings of monoterpenes and Org-NO3. The reduced contribution by PC3 z2 to the dataset 

variance in zone 2 points to the relatively reduced importance of biogenic SOA in zone 2 when 

compared to zone 1. Additionally, the less pronounced diurnal variation of PC3 z2 compared with 

PC1 z1, as well as its higher variability during nighttime, suggest that more diverse sources of 

VOCs (multiple AVOCs from industrial facilities) and/or nighttime oxidation of industrial 

plumes are relevant.  

Figure 5 here 

Figure 6 here 

Factor 2 in zone 1 (PC2 z1), explaining ~22% of the total variance in the dataset, is dominated by 

SO4, NH4 and Inorg-NO3 and represents relevant secondary processes leading to the formation of 

inorganic aerosols. Factor 3 in zone 1 (PC3 z1), reflecting traffic and industrial emissions (high 



loadings of NOx and SO2) and explaining ~16% of the variance in the dataset, exhibits a diurnal 

profile with a sharp peak between 6:00 and 10:00 CDT and a secondary peak between 18:00 and 

20:00 CDT, corresponding to periods of enhanced traffic. The morning peak in PC3 z1 concurs 

with the periods of marked increase observed in the hourly levels of PC2 z1. Loadings in PC3 z1 

closely resemble those observed in factor 2 in zone 2 (PC2z2), which explains ~15% of the 

variance in the dataset and is classified here as an anthropogenic emissions-related factor. In 

contrast with PC3 z1, no clear patterns are observed in the diurnal variation of PC2z2, likely 

reflecting the mixed nature of the distinct industrial and traffic sources present in zone 2. 

The relevance of OA formation from biogenic emissions in zone 1 is further demonstrated by the 

presence of a factor explaining approximately 9% of the total variance in this dataset, with a 

significant loading of isoprene and moderate loadings of OA and CO (PC4 z1). The hourly 

variation of PC4 z1 resembles the diurnal profile of isoprene mixing ratios reported in previous 

studies (Ng et al., 2008). The moderate loading of CO in PC4 z1 is likely related with the 

photolysis of isoprene photo-oxidation products, particularly formaldehyde (Cooke et al., 2010, 

Pang et al., 2009). The lower loading of OA in this factor (compared with PC1z1) and the 

absence of Org-NO3 suggests that the isoprene-derived OA in zone 1 is less relevant than the 

SOA formation from monoterpenes and that isoprene oxidation is not likely a relevant ON 

formation pathway. The lower formation of isoprene-derived SOA in zone 1 agrees with 

previous reports on relatively reduced nitrate-derived SOA yields from isoprene (Fry et al., 

2014). 

PC2 z1 and PC4 z1 did not resemble any of the additional factors retained in zone 2. PC1 z2 (~25% 

of the total variance) has high loadings of SO4 and NH4, and more moderate loadings of OA, 

Org-NO3 and O3 (Figure 6). The hourly variation of this factor, which shows peak values during 

daytime, as well as the high loadings of aerosol species, indicates that PC1 z2 represents 

photochemically-driven processes related with the formation of secondary inorganic and organic 

PM1 in zone 2 (Chan and Mozurkewich, 2007, Zhou et al., 2004). Org-NO3, which appears as a 

variable with important loadings in PC1 z2, also exhibits significant levels in PC3 z2. Hence, the 

fraction of the variance of this variable explained by each one of these factors can be further 

investigated to roughly assess the relevance of daytime (e.g. RO2+NO -PC1 z2) and nighttime 

(nitrate radical -PC3 z2) reaction channels driving the formation of ON in zone 2.  Figure S10 



presents the specific contribution of the retained factors to the total variance explained by PCA 

for each variable in zone 2.  According to Figure S10, ~45 and 26 % of the variance of Org-NO3 

concentrations in this pollution zone is explained by PC1 z2 and PC3 z2, respectively. This 

indicates that daytime formation of ON in zone 2 might be relevant and that ON formation in this 

pollution zone likely involves a more mixed nature of precursors and reaction channels 

compared with zone 1. 

Factor 4 (PC4 z2) and 5 (PC5 z2) in zone 2 have an aggregate explained variance of ~18% (9.5 

and 9.0% correspondingly), with predominant loadings of Inorg-NO3/Chl and amines, 

respectively. Hourly variation of PC4 z2 shows an increase in the morning hours and a sharp peak 

occurring in the early afternoon. Although concentrations of sodium in the aerosol were not 

quantified, the concurrent high loadings of inorg-NO3 and Chl in PC4 z2 suggest that this factor 

might correspond to sea salt aerosol after heterogeneous displacement of Chl (Gard et al., 1998). 

PC5z2 exhibits high loading of particulate amines accompanied by more moderate loadings of 

SO2 and Chl, indicating that this factor likely can be associated with industrial emissions in zone 

2. The diurnal profile of PC5z2 exhibits high levels at night and early morning with continuous 

decreases during the day, suggesting that this factor could be driven by the presence of nighttime 

oxidants. According to the US EPA Toxic Release Inventory for the Houston area (USEPA, 

2014), there are multiple emission sources of primary, secondary and tertiary amines related to 

chemical and petrochemical facilities located in zone 2. The reaction of primary and tertiary 

amines with nitrate radical to form amine-related secondary aerosol has been reported previously, 

with high formation expected in areas with high levels of NOx and SO2 (Huang et al., 2012, 

Malloy et al., 2009, Silva et al., 2008). The diurnal profile of PC5z2 during the sampling period 

resembles that of amine-related aerosol in these previous studies, which combined with previous 

research reporting significant concentrations of different amines in ultrafine aerosol in the 

industrial area of Houston (Phares et al., 2003), supports the classification of PC5 z2 as nitrate-

driven amine secondary aerosol formation from industrial emission sources. Although loadings 

of OA in this factor are not significant, this could be due to the relatively small concentration of 

amines in PM1 during DISCOVER-AQ, which agrees with typical lower levels of this species 

expected during summer months (Huang et al., 2012). The negative loading of isoprene in PC5z2 

is likely indicative of decreased formation of amine-related aerosol when higher levels of 



isoprene are present due to competitive reaction pathways of the nighttime oxidants (Ng et al., 

2008). In order to support the hypothesis regarding the industrial nature of PC5z2, the spatial 

distribution of this factor in zone 2 was investigated.  Clusters of high levels of PC5 z2 (Figure 

S11) were mostly concentrated in the Houston ship channel and the Texas City area, supporting 

the association between this factor and industrial emission sources located in zone 2.  

 

Conclusions 

 

An extensive PM1 dataset was collected using an HR-ToF-AMS aboard the MAQL during 

DISCOVER-AQ 2013, allowing for spatial characterization of PM1 chemical composition in the 

HGB area. Cluster analysis allowed the establishment of two distinct PM1 pollution zones. 

The highest PM1 mass concentrations were observed in the northern zone 1, dominated by SOA 

mass that is likely driven mostly by nighttime biogenic ON formation, highlighting the impacts 

of anthropogenic NOx emissions in a BVOC-rich suburban forest. Principal component analysis 

results further emphasize the importance of nighttime formation of ON in northwest Houston and 

indicate the relevance of photochemical processes associated with daytime formation of 

secondary PM1 in zone 2. 

Our analysis identified potentially short-lived but substantial emissions of primary or secondary 

OA and SO4 in zone 2 from industrial sources. Several backward-trajectory case studies in zone 

2 have identified potentially strong sources of highly oxidized OA from the Texas City industrial 

region, either through rapid day/night oxidant chemistry or direct emission of highly oxygenated 

OA. 

The sampling approach outlined here successfully identified elevated PM1 sectors in the regions 

surveyed in the Houston area and could facilitate the development of appropriate PM control 

strategies that are tailored to each zone. These observations also highlight the potential role of 

reactive nitrogen, BVOCs, and AVOCs in regulating the formation, evolution, and aging of SOA 

in the HGB area. These observations underscore the need for continued NOx and AVOCs 

reduction efforts in the populated HGB area, as well as the need for additional work 

characterizing the complex and spatially variable chemistry. Based on the discussions presented, 



we recommend future control strategies focusing on the reduction of NOx in zone 1 and AVOCs 

in zone 2. 

We recognize that the short term observations at multiple stationary sites in the expansive HGB 

region presented here may not be fully representative of PM1 trends in September 2013. To 

address this, the MAQL has since been systematically deployed for extended 1-2 month 

sampling at multiple locations (from 2013-2015) for continued analysis of spatial, seasonal, and 

long-term trends of PM1 composition in the HGB area. 
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Tables 

 

Table 1. Averages and associated 1σ standard deviations (sdev) for NR PM1 mass concentrations measured by the AMS and for trace 

gas mixing ratios and aerosol metrics observed at stationary sites within each zone. 

 

OA 

(µg/m3) 
sdev 

SO4 

(µg/m3) 
sdev 

Org. 

NO3 

(µg/m3) 

sdev 

Inorg. 

NO3 

(µg/m3) 

sdev 
NH4 

(µg/m3) 
sdev 

Chl 

(µg/m3) 
sdev 𝑂𝑂𝑆𝑆𝑐𝑐����� sdev 

Zone 1 8.19   5.01 2.36 0.83 0.31 0.21 0.04 0.13 0.66 0.23 0.01 0.02 -0.45 0.22 

Zone 2 2.48 1.81 1.53 1.28 0.08 0.05 0.01 0.01 0.45 0.36 0.01 0.01 -0.30 0.26 

 
O:C ratio sdev 

H:C 

ratio 
sdev 

OA/ΔCO 

(µg/m3 - 

ppbv) 

sdev 
O3 

(ppbv) 
sdev 

NOx 

(ppbv) 
sdev 

CO 

(ppbv) 
sdev 

Zone 1 0.59 0.09 1.63 0.07 0.086 0.103 33.5 22.3 8.1 12.8 221 115 

Zone 2 0.64 0.10 1.59 0.08 0.085 0.077 26.0 10.8 9.3 23.5 154 148 

 

  



Table 2. Pearson R from correlation analysis of key indicators for biogenic SOA formation in 

each zone, using stationary data from sixteen main sites. Smoothed 5-point moving average data 

were used. 

 
Zone 1 Zone 2 Zone 1 episode (9/23-9/27) 

 
SOA 

mass 

Org-NO3 SOA mass Org-NO3 SOA mass Org-NO3 

Org NO3 0.73 - 0.70 - 0.90 - 

Monoterpenes 0.13 0.31 0.14 0.53 0.26 0.22 

Isoprene -0.01 -0.30 0.38 0.05 -0.47 -0.40 

NOx 0.20 0.28 -0.01 0.05 0.40 0.48 

Levoglucosan 0.79 0.44 0.94 0.67 0.77 0.63 

 

  



List of Figures 

 

Figure 1. Map of the HGB area, showing key stationary field sites and MAQL sampling paths 

(dashed red lines) during DISCOVER-AQ 2013.  

Figure 2. Two PM1 pollution zones established by two-step cluster analysis of stationary MAQL 

PM1 data. Campaign-average PM1 mass loadings, O:C, H:C, 𝑂𝑂𝑆𝑆𝑐𝑐�����, PM1 composition (pie charts), 

and wind frequency plots are indicated for each zone. Wind frequency plots are also shown for 

Conroe and Manvel sites. Total OA mass is apportioned into POA and SOA using the CO-tracer 

method discussed in section 3.1.1. Also shown are month-averaged PM1 compositions (pie 

charts) for two independent studies in zone 1 (UT ACSM) and in zone 2 (ARI SP-AMS). Radial 

axes in wind frequency plots indicate the fractional wind occurrence from each direction and are 

colored based on wind speed. 

Figure 3. Average values (solid diamond, color-coded) and box-and-whiskers plots of measured 

PM1 parameters for three clusters of air-mass backward-trajectories from Manvel. The first plot 

on the top left also includes the total sampling time (hollow circles, in hours) that corresponds to 

each of the trajectory clusters. See Figure S9 for the SE (gulf, industrial), NE (inland), and S 

(gulf, mild traffic) trajectory clusters from Manvel. Missing box plots (SOA fraction, 𝑂𝑂𝑆𝑆𝑐𝑐�����, and 

acidity parameter) indicate insufficient data for comparison (see SI). 

Figure 4. Similar to Figure 3, except values and statistics are for data obtained during six unique 

backward-trajectory clusters at Conroe. 

Figure 5. Variable loadings and hourly variation of standardized principal component scores 

retained in zone 1.  EV corresponds to the percentage of variance in the dataset explained by the 

specific factor. 

Figure 6. As in Figure 5 for zone 2. 
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1. Data collection and analysis  

 

The high resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS or AMS, Aerodyne 
Research Inc. (ARI), Billerica, MA, USA) (DeCarlo et al., 2006) and similar iterations have  
characterized PM1 evolution and sources through atmospheric chamber studies (Aiken et al., 
2010, Aiken et al., 2009, Ng et al., 2010, Sato et al., 2010, Zhang et al., 2005, Xu et al., 2015) 
and field measurements in major urban areas (e.g. Los Angeles, USA (Craven et al., 2013), 
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Zurich, Switzerland (Mohr et al., 2011), and Mexico City, Mexico (Aiken et al., 2009)), resulting 
in improved characterization and prediction of local PM sources. 

A 2.5-micron cut-off PM cyclone (URG Corporation, Chapel Hill, NC, USA) was used for the 
MAQL PM inlet to remove coarse particles in order to avoid clogging of the AMS inlet orifice, 
while Teflon® tubing was utilized for trace gas sampling. The PM inlet is situated ~2.2 m and 
~5.5 m above ground level (AGL) for mobile and stationary modes, respectively. The AMS 
samples PM1 from the MAQL aerosol inlet stream, which is dried to relative humidities (RH) 
below 40% using a Nafion dryer (Perma Pure LLC, Toms River, NJ, USA) to reduce particle 
losses in the inlet and to avoid RH-dependent fluctuations in particle collection efficiency (CE) 
(Middlebrook et al., 2012) on the AMS thermal vaporizer (operated at 600 °C). Estimated 
aerosol residence time in the copper inlet tubing system prior to arriving at the AMS is ~15 s.  
Other supplementary measurements (trace gas and meteorology) were synchronized to the AMS 
timescale. The AMS was programmed to sample every 20 seconds during mobile measurements 
and every 60 seconds during most stationary measurements. Based on an estimated average 
driving speed of 45 miles per hour, the mobile 20-second resolution results in a spatial resolution 
of 0.25 miles or 400 meters. 

Standard data analysis procedures were applied using AMS software packages SQUIRREL  
v1.56D and PIKA 1.15D (http://cires1.colorado.edu/jimenez-
group/ToFAMSResources/ToFSoftware/index.html) in Igor Pro  6.36 (WaveMetrics Inc., Lake 
Oswego, OR, USA), including the application of relative ionization efficiencies (RIE; ionization 
efficiencies of PM1 constituents in the mass spectrometer relative to that of the direct calibrant 
NO3) for OA (1.4), SO4 (1.2), NO3 (1.1), NH4 (4.1), and Chl (1.3) and the use of composition-
dependent CE corrections for acidic particles (Middlebrook et al., 2012). Eight ammonium 
nitrate mass calibrations were performed throughout the sampling period, and the calibrated 
signals from the sampled m/z range allow quantification of PM1 chemical components in mass 
concentration units of nitrate-equivalent µg per standard m3 of air (µg/m3). The chemically-
resolved particle size distributions are calibrated with commercial NIST-traceable monodisperse 
polystyrene latex particles (Thermo Fisher Scientific, Waltham, MA, USA). Corrections for 
background interferences of CO(g), CO2(g) and isotopic nitrogen (15N14N(g)) on OA signals were 
also applied to this dataset.  

The default RIE value of 1.1 was used for organic NO3 in this study due to existing debate on the 
true RIE for organic NO3 functional groups quantified by the AMS. For instance, this method 
underestimates organic NO3 by up to a factor of 2 when compared to an FTIR system (Liu et al., 
2012). The NO3 signal was apportioned into organic and inorganic NO3 using the NO2

+/NO+ 

AMS ion ratios proposed by (Fry et al., 2013), by assuming a similar “ratio of ratios” of 2.25 that 
was determined from laboratory standards (Farmer et al., 2010). The average NO2

+/NO+ ratio 
determined from ammonium nitrate calibrations was 0.381 ± 0.013, which results in the organic 
NO2

+/NO+ of 0.170 ± 0.027. 

http://cires1.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/index.html
http://cires1.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/index.html
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A rainy period (Sep 19 – 21, 2013; Figure S2) resulting in low PM1 and trace gas concentrations 
primarily at the Manvel site was not included for zonal, site, and diurnal statistics. Likewise, a 
short contamination episode from a nearby diesel generator in the early morning of Sep 15 at the 
San Jacinto site was excluded from the stationary analysis presented here. 

The Improved-Ambient elemental ratios H:C, O:C, and the 𝑂𝑂𝑆𝑆𝑐𝑐����� discussed in the main text were 
calculated for data points with at least 1.5 µg/m3 OA. The 1.5 µg/m3 threshold in this study was 
determined based on correlation plots between O:C and fCO2+ (fraction of CO2

+ signal to total 
OA). Robust O:C ratios are expected to correlate with fCO2+ (Aiken et al., 2008, Canagaratna et 
al., 2015), and applying the 1.5 µg/m3 threshold here removes most noisy O:C data points, 
resulting in the good correlation that is expected between O:C and fCO2+ in the stationary dataset 
(R2= 0.54). Most of the low OA data points corresponded to rainy periods during the campaign 
(Figure S2). It should be noted that organic NO3 groups are not included in the 𝑂𝑂𝑆𝑆𝑐𝑐����� calculations 
here due to remaining uncertainties on the correct RIE that should be applied to organic NO3 
groups (based on ~2-3x disagreements in the quantification of organic NO3 group when 
compared with other techniques, such as FTIR (Liu et al., 2012)). Inclusion of the organic NO3 
fragments for elemental calculations could increase O:C and 𝑂𝑂𝑆𝑆𝑐𝑐����� values by ~5% (Fry et al., 
2013). 

The PM1 neutralization parameter (NH4,measured/NH4,predicted) values discussed in the text were 
calculated based on the assumption that ions other than NH4

+, SO4
2-, and NO3

- are negligible 
because PILS-IC measurements at Manvel yielded below-detection levels for these ions 
throughout the campaign. Values of NH4,measured/NH4,predicted outside of the 5th and 95th percentile 
boundaries were filtered prior to analysis, as most of these outlying values correspond to periods 
with low NH4/SO4/NO3 loadings, where the assumptions mentioned above could result in 
significant uncertainties (e.g. if a small amount of Ca2+ ions were present but remain undetected, 
this could greatly affect the ammonium balance for low loading periods). 

The background CO mixing ratio of 100 ppbv is derived from the linear regression between 5-
minute averages of CO and NOx mixing ratios at the Manvel urban background site; a similar 
‘clean’ background CO value was observed previously in Houston in 2006 (Stutz et al., 2010). 
Filters are applied to total OA and ΔCO data used in the CO-tracer method to estimate POA and 
SOA contributions, as well as for computing OA/ΔCO ratios. ΔCO values above the 95th 
percentile (~500 ppb, 1-min averages) were filtered since these data points correspond to 
extreme plume events with non-representative OA/ΔCO ratios (e.g. in diesel-rich plumes). Rainy 
periods with low OA loading (<1 µg/m3) also were excluded from this analysis because the 
relative uncertainties from the CO-tracer method would be largest, resulting in unfeasible results 
(e.g. POA > OA). Figure S5 illustrates the sensitivity of OA/ΔCO ratios and SOA fractions 
estimated from the CO-tracer method in each zone to varying background CO levels expected in 
Houston and to different literature POA/ΔCO ratios. As expected, the average SOA fraction 
increases with larger CObackground and with smaller POA/ΔCO ratios. Average OA/ΔCO ratios 
and SOA fractions range from 0.085-0.156 µg/m3-ppbv and 0.76-0.95 respectively, indicating 
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the predominance of SOA in measured OA mass in Houston and that the predicted 
ratios/fractions are not highly sensitive to variations in CObackground and POA/ΔCO. Mainly, the 
CO-tracer method is relatively insensitive to changes in these parameters, indicating our central 
estimate (CObackground = 100 ppb; POA/ΔCO = 0.008 µg/m3-ppbv) as an appropriate first estimate 
of SOA contributions in Houston. 

2. Biogenic VOCs Emissions Model 

 

Simulations were performed with the Community Multi-scale Air Quality (CMAQ) model 
version 5.0.1 released by the US Environmental Protection Agency (EPA). The current analysis 
is based on the simulations performed with a 4km grid for the domain covering southeast Texas, 
with 84 grid cells in the east-west direction, 66 in the north-south direction, and 27 vertical layers 
reaching from the surface to 100 hPa. Boundary chemical conditions are obtained from the real-
time Air Quality Forecasting system at University of Houston (AQF-UH) 
(http://spock.geosc.uh.edu) employing a larger 12km grid covering the United States and some 
portion of Canada and Mexico. Initial conditions are based on the 4km AQF-UH predictions 
from nested southeast domain. Chemistry is simulated with the Carbon Bond 5 (CB-5) chemical 
mechanism. Emissions were simulated using the Sparse Matrix Operator kernel Emissions 
(SMOKE) system. Meteorology was simulated with the Weather Research and Forecasting 
(WRF) model version 3.5. For this study, National Centers for Environmental Prediction North 
American Regional Reanalysis data are used for input. Conversion of the WRF output to CMAQ 
input is performed with the Meteorology-Chemistry Interface Processor (MCIP). The Biogenic 
Emission Inventory System (BEIS) version 3.14 from EPA is used to create gridded, hourly 
emissions of VOCs and NO from vegetation and soil. The BEIS uses meteorological inputs 
including hourly temperature and shortwave downward radiation, which is converted to 
photosynthetically activate radiation (PAR). The PAR is the visible light fraction of shortwave 
downward radiation. The BEIS uses vegetation speciation data from the Biogenic Emissions 
Landuse Database version 3 (BELD3), which provides data on 230 land use and vegetation 
classes at 1km resolution over the contiguous United States. The BELD3 are based on combined 
county-level US Department of Agriculture (USDA) agriculture data and US Forest Service 
(USFS) Forest Inventory and Analysis (FIA) vegetation species data. The soil NO algorithms is a 
function of temperature, rainfall, and growing season (Yienger and Levy, 1995). Additional 
descriptions of BEIS algorithms are found elsewhere (Pouliot and Pierce, 2009). The 
performance of the model was evaluated based on different statistics including the coefficient of 
correlation, index of agreement (IOA), mean bias and root-mean-square error (RMSE). These 
statistics were employed to compare modeled concentrations with automated gas 
chromatography (Auto-GC) data acquired for different VOC species at eight Texas Commission 
on Environmental Quality stations located in the Houston area.  As shown in Table S5, modeled 
and measured isoprene concentrations showed an IOA ranging between 0.39 and 0.78 with an 
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overall IOA of 0.5, while the correlation and RMSE varied between 0.11 and 0.64 and 0.3 and 
0.8, respectively. The eight sites averaged ratio between the CMAQ-simulated (model mean-
MM) and Auto-GC measured (observed mean-OM) isoprene concentrations (MM/OM) was 1.10, 
indicating that modeled values are very close to measurements. Furthermore, the model was able 
to capture the hourly variation of isoprene concentrations at these TCEQ stations during 
September 2013. Further details on the model capabilities, as well as general information on the 
modeling task are provided by Pan et al. (2015). 

 

3. Two-step cluster analysis and Anselin Local Moran’s I statistics 

 

The definition of distinct pollution zones in the Houston area was performed using a two-step 
cluster analysis. This methodology was introduced by SPSS Inc. (IBM Corporation) in 2001 
(SPSS, 2001) and allows the analysis of large datasets in a sequential procedure in which pre-
clusters are initially defined and subsequently grouped into the final number of clusters that are 
determined to be adequate for the dataset. This two-step methodology determines the appropriate 
number of clusters in the data under analysis based on the Schwarz’s Bayesian criterion (BIC) 
and the subsequent application of a hierarchical clustering approach. The BIC is used for an 
initial estimate of the number of clusters in the dataset; the final number of clusters is defined 
based on the measurement of the distance between two clusters, which is equivalent to the 
reduction in log-likelihood resulting from the combination of the clusters (Chiu et al., 2001). The 
two-step clustering methodology was applied to different groups of variables combining 
geographical coordinates (latitude/longitude) and a third parameter that included average PM1 
concentration, speciated mass concentrations or elemental ratios (O:C, H:C).  The clusters 
defined based on each group of variables (e.g. latitude/longitude and average PM1 concentration) 
were further examined using the Silhouette measure of cohesion and separation (SMCS), a 
normalized index that measures the distance between data points within a cluster (cluster 
cohesion) and the distance between clusters based on the nearest neighbor distance (cluster 
separation) (Arbelaitz et al., 2013). The SMCS varies between -1 and 1, with values between 0.6 
and 1.0, indicating clearly distinguishable groups of data. Two clusters were defined based on 
the different groups of clustering variables. These clusters exhibited similar SMCSs (~0.7), 
indicating the adequacy of the defined groups. The concentration of OA exhibited the largest 
importance as predictor in the cluster definition, and hence, the final pollution zones were 
established based on the geographical location and average OA concentration at the sixteen 
selected field sites. The ratio between the cluster sizes (2.2) reflects the distribution of the sixteen 
stationary sampling locations between the two defined pollution zones (i.e. 11 vs. 5 field sites). 
Although, it appears as an uneven allocation of sampling sites, the number of data points jointly 
collected at the locations within a pollution zone (cluster) should also be considered. From this 
perspective, the first defined cluster comprises 4094 data points, while the second cluster 
includes 3286 records, leading to a ratio of ~1.25 between clusters.  
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The Anselin Local Moran’s I statistic (Spatial Statistical Tools ArcMap 10.1, ESRI, Redlands, 
CA, USA) was used to examine the spatial distribution of PC5z2, in order to gain further insight 
on its origin/identity. This methodology, based on the use of Euclidean distances, allows 
determining the existence (or absence) of spatial clusters in a dataset by testing the null 
hypothesis of complete spatial randomness (CSR) (Anselin, 1995, Zhang et al., 2008). CSR is 
based on the assumption that any spatial similarity or lack of similarity observed in a dataset 
equals the expected similarity in a random distribution. The Local Moran’s index (I) and its 
associated z-score are calculated for each feature under analysis, and high positive values of I 
and z indicate the presence of clusters at a statistically significant level (p < 0.05), while low 
negative values of z are associated with spatial outliers (p < 0.05) (Anselin, 1995). Based on the I 
index and z score, the data points are classified into four cluster types: high values surrounded by 
high values (HH), high values surrounded by low values (HL), low values surrounded by high 
values (LH) and low values surrounded by low values (LL). HH and LL constitute statistically 
significant clusters of high and low values, respectively, while HL and LH can be considered as 
spatial outliers. 

4. Backward-trajectory data and clustering 

 

The North America Model meteorological input data from NOAA with a spatial resolution of 12 
x 12 km was used with a HYSPLIT model upper-limit of 10,000 m above ground level. These 
backward-trajectories begin at the mid-point of hourly-averaged stationary AMS and trace gas 
measurements at both sites. The chosen 100-m AGL starting altitude is below typical mixing 
heights observed previously in the HGB area during the day (~500-1200 m) and at night (~100-
300 m) (Bates et al., 2008). Also, median boundary layer heights obtained during DISCOVER-
AQ from a LIDAR (Ceilometer CL31; Vaisala, Vantaa, Finland) near the UH main campus 
ranged from 120 m at night to 1500 m during the day. Based on these data it is likely that PM1 
sampled by the MAQL at Manvel and Conroe was representative of the composition in the 
modeled airmasses. Additionally, HYSPLIT backward-trajectories with starting altitudes of 50-
m AGL were slightly noisier but similar to those presented here. The clustering of backward-
trajectories in TrajStat were based on the hierarchical method (Ward, 1963). The angle-distance 
method was chosen for this analysis (Sirois and Bottenheim, 1995) , as it allows the grouping of 
backward-trajectories by prioritizing the direction of travel as opposed to travel speed.  

Additionally, 168-hr backward-trajectories are produced to provide additional information on 
week-long travel paths of these airmasses (Figure S9). Most of these trajectories do not exhibit 
large deviations from the initial ~100-m AGL altitude throughout the 24-hr simulated travel path. 
Backward-trajectory clusters #M1A and #M1B at Manvel initially were clustered as one based 
on 24-hr backward-trajectories but were separated based on their distinct week-long travel paths. 
Week-long backward-trajectories in #M1A originated from the Gulf and the Atlantic, with brief 
contact with Florida (near Jacksonville); trajectories from cluster #M2 originated from the Gulf 
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but spent considerable time (~3 days) on-land prior to arriving at Manvel from the North. Air-
masses #M1B and #M3 arrived in Houston with rainfall on the nights of Sep 19 and 20, resulting 
in low PM1 levels that were excluded from all other analyses in this paper. 

5. Principal component analysis 

 

In this study, PCA was applied to correlation matrices of stationary and mobile-acquired 
concentrations of sub-micron aerosol constituents (OA, SO4, NH4, NO3, Chl and amines), trace 
gas species (SO2, NO, NO2, CO and O3), and meteorological variables (temperature and RH), as 
well as modeled BVOC levels (isoprene and monoterpenes) in the pollution zones established in 
the Houston area. Particle-phase Chl concentrations were restricted to PCA analysis in zone 2, as 
concentrations of this species were predominantly below the AMS detection limit in zone 1. 
Additionally, the concentrations of amines in the submicron aerosol, represented by the 
contribution of the AMS fragments m/z 30 (CH4N+) and m/z 42 (C2H4N+), were included in the 
PCA performed in zone 2 in order to investigate their association with a Chl-related factor 
identified during preliminary PCA application. The Kaiser-Meyer-Olkin measure of sampling 
adequacy (Kaiser, 1970), which compares the partial correlations and correlations levels between 
variables, was 0.72 and 0.65 for the zone 1 and 2 datasets, respectively.  The Bartlett’s test of 
sphericity (Snedecor and Cochran, 1989), for zone 1 and 2 datasets indicated that the null 
hypothesis stating that the correlation matrix equals a diagonal matrix can be rejected (p<0.01), 
and hence, PCA can be applied for dimensionality reduction of these datasets. After data filtering 
procedures, 3763 and 3472 data points per variable (corresponding to ~62 and 58 h of combined 
stationary and mobile-mode sampling) were kept for application of PCA in zones 1 and 2, 
respectively. The variation of the slope of the scree plot was examined to confirm the selection 
of an appropriate number of PCA factors in each pollution zone. To enhance the interpretability 
of the retained factors in the defined zones, PCA was followed by Varimax rotation (orthogonal 
rotation) with Kaiser Normalization (Kaiser, 1958). The application of Varimax rotation 
introduced minor variations in the levels of variance explained by each retained factor (e.g., 
principal component 1 explained 36.9 and 33.9 % of the variance in the zone 1 dataset before 
and after Varimax rotation), and the loadings of the variables in the rotated factors were used to 
generate hypotheses about their identity. Standardized principal component scores, which 
illustrate the relative contribution of a retained factor in a specific sample/time interval, were 
obtained based on least squares regression following the approach proposed by Thurstone (1934). 
This calculation technique corresponds to the default method for obtaining PCA standardized 
factor scores in SPSS 20.0. Using this approach, regression coefficients are obtained based on 
the product of the matrix of loadings of the variables in the retained factors and the inverse of the 
correlation matrix of the original variables. For a specific factor, the sum of the product of these 
regression coefficients and the respective standardized variable Z (variables standardized to 
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mean 0 and standard deviation 1) for each sample (sampling time) corresponds to the 
standardized factor score at the specific sampling time (DiStefano, Zhu, and Mindrila, 2009). 
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Figures and Tables 

 

 

Figure S1. Photos of the University of Houston/Rice University MAQL. The left diagram shows 
the MAQL in mobile measurement mode, with the inlet mast lowered for driving conditions. The 
right diagram illustrates the MAQL in stationary sampling mode, with the inlet mast raised. 
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Figure S2. Time series of AMS PM1 species (stacked to show relative contribution) and 
meteorological measurements aboard the MAQL during DISCOVER-AQ 2013. The panels show 
(from top to bottom): AMS PM1 constituents (pie chart shows campaign-averaged PM1 
composition) and O:C elemental ratio (black dots); PM1 neutralization parameter 
(NH4,measured/NH4, predicted); temperature (T) and relative humidity (RH). Gray shaded regions 
indicate mobile measurements, while blue bars in the middle panel indicate periods with 
significant regional precipitation influence (measured at the Moody Tower location near 
downtown). 
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Figure S3. Diurnal distribution plots of PM1 sampling time during DISCOVER-AQ 2013. Top 
plots are arranged according to stationary zones and the major site within each zone; bottom two 
plots include all stationary or mobile data collected in Houston. Trace gas sampling time 
distributions (not shown) follow similar trends as PM1. 
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Figure S4. Spatial distribution of POA, SOA and PM1 constituents across the selected 16 stationary locations in the Houston area. The 
POA and SOA concentrations were estimated from the CO-tracer method.
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Figure S5. Sensitivity of OA/ΔCO ratios (panel A) and SOA fractions estimated from the CO-
tracer method (panel B) to varying background CO levels in Houston and to different literature 
POA/ΔCO ratios. Average SOA fractions are colored by zone and marker symbols represent 
different POA/ΔCO values obtained from literature. Cross (panel A) and square (panel B) 
markers at 100 ppbv CObackground represent the central estimate used in this study.  
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Figure S6. Van-Krevelen “triangle” diagram of averaged elemental ratios (H:C and O:C) for 
sampled OA categorized by different zones (shape symbols) and by different trajectory clusters 
at the Manvel and Conroe site (e.g. text symbol M1A = Manvel cluster #1A). The (Ng, 
Canagaratna, et al., 2011) compiled ambient OA boundaries and the (Chen et al., 2015) ambient 
OA fitted line (thick dashed black line) are updated with the Improved-Ambient elemental ratio 
calculations (Canagaratna et al., 2015). From left to right, gray dashed slope lines correspond to 
increasing 𝑂𝑂𝑆𝑆𝑐𝑐����� values, while each gray solid line represents different functionalization processes 
in bulk OA (Heald et al., 2010). The shaded circles represent average elemental ratios (± 1σ 
uncertainties) for fresh hydrocarbon-like OA (HOA), fresh semi-volatile oxygenated OA (SV-
OOA), and aged/regional low-volatility oxygenated OA (LV-OOA) from AMS factor analyses 
(Canagaratna et al., 2015). 
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Figure S7. Diurnal profiles of PM1 species and oxidation metrics for submicron OA in zone 1 
(left) and zone 2 (right) during DISCOVER-AQ. Bottom whisker, bottom box line, top box line 
and top whisker indicate the 5th, 25th, 75th and 95th percentile, respectively. Line inside the 
boxes and continuous solid line represent the hourly median and mean of the data, respectively.  
Number of days sampled in each hour in each zone are included in the top panel. 
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Figure S8. Wind polar plots for stationary PM1 and trace gas data collected at representative 
sites within zones 1 and 2, include organic NO3 (dark blue) and inorganic NO3 (light blue/cyan). 
At each location, measured parameters are binned by wind direction to compute the average 
(solid lines) and median (dashed lines) values for each parameter. Wind direction is presented in 
angular degrees from north. Shaded regions denote wind directions with at least 2% occurrence 
at the sampled location, indicating that shaded mean/median values have higher statistical 
relevance. Values at origin indicate insufficient data for the corresponding wind direction at each 
site. 
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Figure S9. Hourly HYSPLIT 100-m, 24-hr air-mass backward-trajectories (colored by cluster 
number) and the derived trajectory cluster means (black lines labeled by cluster number) for 
Manvel (A) and Conroe (B) sites. 168-hr backward-trajectories also were generated at Manvel 
(C) and Conroe (D) to further distinguish air-mass origin. 

  



 62 

 

Figure S10. Fraction of variable variance explained by the retained principal components (PC1 
to PC5) in zone 2.  
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Figure S11. Cluster analysis of PC5 standardized scores in zone 2. Cluster type established by 
Anselin Local Moran’s I statistic using ArcMap 10.1 Spatial Statistics Tool (ESRI, Redlands, CA, 
USA). HH corresponds to statistically significant (p < 0.05) clusters of high PC5 scores.  
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Table S1. Summary of relevant measurements made by the MAQL during DISCOVER-AQ 
2013. Also included are measurements from two independent studies in zones 1 and 2 for 
qualitative comparison. 

Measurement Instrumentation 

University of Houston/Rice Mobile Air Quality Laboratory (MAQL) 

Submicron non-
refractory PM  

Aerodyne High-Resolution Time-of-Flight Aerosol Mass  Spectrometer 
(HR-ToF-AMS) 

Carbon monoxide 
(CO) 

AeroLaser (Garmisch-Partenkirchen, Germany) AL-5001 CO Monitor 

Sulfur dioxide (SO2)  Thermo Electron Corp. 43C Trace Level SO2 Analyzer (pulsed 
fluorescence) 

Nitrogen oxides 
(NOx) 

Air Quality Design (Golden, CO, United States) NO-NO2-NOx 
Analyzers (High sensitivity chemiluminescence) 

Ozone (O3) Thermo Electron Corp. 49C O3 Analyzer (ultraviolet photometry) 

T, P, RH, wind 
speed/direction 

RM Young meteorological station + RM Young translator (to calculate 
true wind speed using vehicle motion) 

GPS coordinates High-resolution marine GPS 

Rice University Manvel ground site 

Soluble submicron 
PM 

Particle-into-liquid sampler (PILS; BMI Inc., Hayward, CA) and ion-
chromatograph (ICS-1600; Dionex, Sunnyvale, CA) 

 
University of Texas (UT) Conroe ground site 
Submicron non-
refractory PM 

Aerodyne Aerosol Chemical Speciation Monitor (ACSM); see (Ng, 
Herndon, et al., 2011) for instrument description 

 
Aerodyne Research, Inc. (ARI) mobile laboratory 
Submicron 
refractory and non-
refractory PM 

Aerodyne high-resolution Soot-Particle Aerosol Mass Spectrometer 
(SP-AMS); see (Onasch et al., 2012) for instrument and (Dallmann et 
al., 2012) for mobile laboratory descriptions 
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Table S2. Measurement detection limits (LOD) for 1-minute averages and calculated/literature 
uncertainties for major PM1 and trace gas parameters measured by the MAQL 

Parameter LOD Units Uncertainties Unc. reference 
AMS PM1      
OA 0.110 µg/m3 37% (Bahreini et al., 2009) 
SO4 0.018 µg/m3 35% (Bahreini et al., 2009) 
NH4 0.010 µg/m3 33% (Bahreini et al., 2009) 
Total NO3 0.010 µg/m3 33% (Bahreini et al., 2009) 
Chl 0.011 µg/m3 -  
NO+ 0.008 µg/m3 33% (Bahreini et al., 2009) 
NO2

+ 0.004 µg/m3 33% (Bahreini et al., 2009) 

O:C ratio 
Min. OA 1.5 
µg/m3 12% 

(Canagaratna et al., 2015) 

H:C ratio 
Min. OA 1.5 
µg/m3 4% 

(Canagaratna et al., 2015) 

Trace gases 
  

  
SO2 150 pptv 10%  
NO 50 pptv 8%  
NO2 150 pptv 12%  
CO 50 pptv 8%  
O3 1.5 ppbv 5%  
     
Table S3. Distribution of sampling time and measurement days during DISCOVER-AQ 2013 by 
zones/sites and under mobile/stationary modes. 

Zone/site Data type 
PM1 sampling 
timea, hours 

All data Stationary/Mobile 263 
All data Stationary 193 
All data Mobile 70 

Zone1  
Stationary (5 selected 

points, Fig. 2) 
112 

Zone 1 Mobile 32 
Zone 1: Conroe site Stationary 62 

Zone 2 
Stationary (11 selected 

points, Fig. 2) 
79 

Zone 2 Mobile 36 
Zone 2: Manvel site Stationary 42 
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Table S4. Details for clusters of backward-trajectories sampled at Conroe and Manvel 

Cluster number Site Sampling period (CDT; local time) 

#M1A Manvel 9/10 0:30 – 10:30 
#M1B Manvel 9/19 21:30 – 9/20 6:30 
#M2 Manvel 9/21 7:30 – 19:30 
#M3 Manvel 9/20 18:30 – 9/21 4:30 
#C1 Conroe 9/6 4:30 – 14:30; 9/13 9:30 – 11:30 
#C2 Conroe 9/11 10:30 – 9/12 8:30; 9/18 5:00 – 10:30 
#C3 Conroe 9/24 14:30 – 9/25 11:30 
#C4 Conroe 9/12 13:30 – 15:30; 9/23 5:30 – 10:30 
#C5 Conroe 9/26 21:30 – 9/27 7:30 
#C6 Conroe 9/26 1:30 – 11:30 
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Table S5. Evaluation of the CMAQ-simulated isoprene concentrations at eight TCEQ stations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Site Name N Corr IOA RMSE MAE MB OM MM MM/OM 

All 4352 0.28 0.5 0.5 0.3 0.03 0.31 0.34 1.10 
Channelview 526 0.64 0.78 0.3 0.2 0.01 0.36 0.37 1.03 
Deer Park2 512 0.3 0.49 0.3 0.2 0.05 0.22 0.27 1.23 

HRM-3 Haden Rd 576 0.11 0.44 0.8 0.6 -0.28 0.66 0.38 0.58 
Milby Park 217 0.28 0.39 0.4 0.2 0.02 0.18 0.2 1.11 

Clinton 625 0.21 0.42 0.4 0.2 0.01 0.24 0.25 1.04 
Wallisville Rd 614 0.57 0.61 0.5 0.3 0.2 0.27 0.47 1.74 

Lynchburg Ferry 641 0.36 0.46 0.4 0.2 0.15 0.16 0.31 1.94 
Cesar Chavez 641 0.28 0.47 0.4 0.3 0.06 0.29 0.36 1.24 

Notation: N-number of data points, Corr-coefficient of correlation, IOA-index of agreement, RMSE: root-
mean-square error, MAE: mean absolute error, MB-mean bias, OM-observed mean, MM-model mean, 
MM/OM-ratio between modeled and observed mean 
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