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Abstract

:

To investigate major sources and trends of particulate pollution in Houston, total suspended particulate (TSP) and fine particulate matter (PM2.5) samples were collected and analyzed. Characterization of organic (OC) and elemental (EC) carbon combined with realtime black carbon (BC) concentration provided insight into the temporal trends of PM2.5 and coarse PM (subtraction of PM2.5 from TSP) during the Deriving Information on Surface Conditions from Column and VERtically Resolved Observations Relevant to Air Quality (DISCOVER-AQ) Campaign in Houston in 2013. Ambient OC, EC, and BC concentrations were highest in the morning, likely due to motor vehicle exhaust emissions associated with the morning rush hour. The morning periods also had the lowest OC to EC ratios, indicative of primary combustion sources. Houston also had significant coarse EC at the downtown site, with an average (±standard deviation) PM2.5 to TSP ratio of 0.52 ± 0.18 and an average coarse EC concentration of 0.44 ± 0.24 µg·C·m−3. The coarse EC concentrations were likely associated with less efficient industrial combustion processes from industry near downtown Houston. During the last week (20–28 September, 2013), increases in OC and EC concentrations were predominantly in the fine fraction. Both PM2.5 and TSP samples from the last week were further analyzed using radiocarbon analysis. Houston’s carbonaceous aerosol was determined to be largely from contemporary sources for both size fractions; however, PM2.5 had less impact from fossil sources. There was an increasing trend in fossil carbon during a period with the highest carbonaceous aerosol concentrations (September 24 night and 25 day) that was observed in both the PM2.5 and TSP. Overall, this study provided insight into the sources and trends of both fine and coarse PM in a large urban U.S. city impacted by a combination of urban, industrial, and biogenic emissions sources.
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1. Introduction


It is important to improve characterization of carbonaceous aerosols because they impact both human health and global climate. Carbonaceous aerosols can impact climate change directly via absorption and scattering of radiation [1], as well as indirectly due to the aerosols’ ability to act as cloud condensation nuclei [2,3]. The complex interactions between carbonaceous aerosols and climate change are still being studied [4,5]. Similarly, the human health impacts of atmospheric aerosols are being investigated in urban settings. Prolonged exposure to respirable PM (PM10; particulates with an aerodynamic diameter of 10 µm and smaller), and more significantly fine PM (PM2.5; particulates with an aerodynamic diameter of 2.5 µm and smaller), has been found to cause respiratory and cardiopulmonary diseases and overall increased mortality [6,7,8]. In the short term, epidemiological studies have observed an increase in nonaccidental, respiratory-related hospital emergency visits on days with enhanced PM [9,10]. Thus, improving understanding of the sources and trends in urban aerosol will enable better mitigation strategies for both climate and human health.



Houston, TX, is the fourth most populous city in the U.S., with 2.3 million residents [11], and has an abundance of anthropogenic and natural emissions. The city’s air quality is impacted by urban emissions (e.g., motor vehicle exhaust (MVE), cooking, residential wood burning, etc.) and industrial emissions associated with activities in and around the Houston Ship Channel (HSC) (e.g., heavy-duty diesel exhaust, ship emissions, petrochemical and refinery processes, etc.) [12,13,14,15]. Houston, like many southeastern U.S. cities, is also heavily impacted by biogenic emissions from vegetation within the city and forested regions surrounding the city (e.g., Piney Woods) (Figure 1) [16,17,18]. The objective of this study was to chemically characterize Houston’s carbonaceous aerosol in the fine and coarse PM (PMTSP-2.5; subtraction of carbon concentration of PM2.5 from TSP) fractions to better understand the major sources and trends of PM in the city. For this study, filter samples and measurements were taken during the NASA-sponsored Deriving Information on Surface Conditions from Column and VERtically Resolved Observations Relevant to Air Quality (DISCOVER-AQ) campaign in September 2013 [19]. The purpose of the DISCOVER-AQ campaign was to use ground and airborne measurements to improve the efficiency of satellites in diagnosing ground-level air quality. This study focused on ground-based measurements and sampling at two sites: a primary urban site located near the downtown area, representative of the urban Houston region, while the auxiliary site located southeast of the city was near Trinity Bay and the HSC (Figure 1) [13,15]. Organic and elemental carbon (OC and EC, respectively) concentrations and radiocarbon (14C) analysis of the total carbon (TC: OC + EC) were used to characterize the carbonaceous aerosols. From these measurements, week 4 of the campaign (21–28 September), was designated as the week of interest due to the increased TC concentration in both the PM2.5 and TSP. Previous studies also observed increased PM2.5 mass and a peak ozone event across the Houston metropolitan area during week 4 [20,21,22]. In addition to these off-line analyses, real-time measurement of black carbon (BC) was made during this sampling period to evaluate hourly BC trends and compare to filter-based EC measurements. Though BC and EC are both used to describe the refractory fraction of carbonaceous aerosols, BC is defined by the aerosol’s optical attenuation [23], while EC is measured based on a thermal-optical approach [24]. More recent aerosol studies in Houston have focused on fine and submicron PM size fractions; however, this study provides an in-depth characterization of both fine and coarse carbonaceous aerosols in Houston in order to identify sources, trends, and relationships between these PM size fractions.




2. Methods and Materials


2.1. Sampling


PM filter-sample collection and BC measurement took place from 4 to 28 September and 1 to 30 September 2013, respectively. This sampling campaign was part of the larger DISCOVER-AQ campaign in Houston. The primary sampling site was on top of Moody Tower (MT; 29.7197, −95.3432), a high-rise residence hall (~70 m) located on the University of Houston’s campus. This site is approximately 4.4 km southeast of downtown Houston and northwest of the HSC (Figure 1). The auxiliary sampling site, La Porte (LP; 29.6721, −95.0647), was located within a small municipal airport approximately 5.6 km west of Trinity Bay and close to the HSC (Figure 1). The LP site provides spatial comparison to the primary urban site (MT), providing insight into whether trends observed at the urban core were present in other parts of the metropolitan area. The LP site is close to Trinity Bay and closer to the Gulf of Mexico, serving as potential upwind site for marine onshore winds to MT (Figure 1). This LP site is also in close proximity to the highly industrialized region of Houston (i.e., HSC).



During the campaign, PM2.5 samples were collected at MT, while TSP samples were collected at MT and LP. A Tisch sampler with a PM2.5 inlet (200 L·min−1, Tisch Environmental Inc. Cleves, OH, USA) and a URG medium-volume sampler with a PM2.5 cyclone (82 L·m−1, URG Corporation, Chapel Hill, NC, USA) were used for PM2.5 sample collection at MT. Two Tisch high-volume samplers (1170 and 1130 L·m−1) were alternated for TSP sample collection at MT. A Tisch high-volume sampler (1000 L·m−1) was also used for TSP sample collection at LP. The PM2.5 filter-sample collections at MT included morning (06:30 to 10:00), afternoon (10:00 to 20:00), day (06:30 to 20:00), and 24-h (06:30 to 06:00) samples (Table 1). The TSP filter-sample collections at MT included day and night (20:00 to 06:30) samples. The TSP filter-sample collection at LP included 24-h samples (Table 1). Both filter samples and blanks were collected on 90 mm and 102 mm quartz fiber filters for PM2.5 samples, respectively, while 20 × 25 cm quartz fiber filters were used for the TSP samples. All quartz fiber filters were pre-cleaned (i.e., baked at 500 °C for 12 h), wrapped in pre-cleaned aluminum foil packages, sealed in Ziploc bags, and stored in on-sight freezers until they were brought back to Baylor University for permanent storage. A more detailed sampling description of the MT samples has been published previously [25].



The BC measurement was made at MT using a seven-channel AE42 Aethalometer (Magee Scientific, Berkeley, CA, USA). The instrument had a PM2.5 impactor at the inlet with a flowrate of 4 L·m−1. The time interval for data logging of the aethalometer was set to 5 m and was averaged for hourly BC data. For comparison to filter-based bulk carbon measurements, the hourly BC concentrations were averaged in agreement to the duration of each filter sample.




2.2. Sample and Measurement Analysis


2.2.1. Bulk Carbon Analysis


All filter-based samples were analyzed for bulk OC and EC concentrations (Table S1) with a thermal-optical-transmittance carbon analyzer (Sunset Laboratory Inc., Tigard, OR, USA) utilizing the National Institute for Occupational Safety and Health 5040 protocol [26,27,28]. For quality assurance purposes, sucrose spikes were run daily, and triplicate analysis was completed for every tenth sample run with a relative standard deviation of 4.6 and 1.9% for OC and EC, respectively. Each sample was blank-corrected using an average of several field blanks. PM2.5 blank filters (n = 7) averaged (±standard deviation; SD) 0.83 ± 0.65 µg·C·cm−2, which was an average of 14 ± 9% of the sample OC. TSP blank filters (n = 4) averaged 0.24 ± 0.06 µg·C·cm−2, which was an average of 2 ± 1% of the sample OC. There were no EC contributions in either PM2.5 and TSP filter blanks.



TSP samples were also analyzed for calcium carbonate (CC) contribution utilizing removal by acid fumigation [29,30] and then reanalysis of the OC and EC. In brief, a 1.5 cm2 punch of each TSP filter sample was placed in a pre-cleaned glass petri dish and exposed to 1 N hydrochloric acid (Fisher Chemical, Hampton, NH, USA) in a desiccator for 12 h, where CC would be released. These samples were then dried at 60 °C for 1 h and analyzed for CC-free OC and EC on the carbon analyzer. Average percent contributions (±SD) of CC to OC and EC concentrations were −8 ± 7% and 13 ± 22%, respectively. This low CC contribution in the TSP was not considered significant as it was within the OC and EC uncertainty (79 and 88% of CC concentration were within the uncertainty for OC and EC, respectively). Therefore, there was no indication of a positive bias in EC due to CC contribution for these Houston samples. This is in contrast to samples collected in Beijing, where CC contributed from 22–88% of coarse EC [30]. The CC contribution in Houston was more comparable to contributions at urban-industrial sites in the southeastern U.S. cities (less than 10%) [31]. Since there was minimal CC contribution and its concentration was largely within the measure of uncertainty for the OC and EC concentration, no further discussion of CC will be included.




2.2.2. BC Corrections


The AE42 measures the light attenuation of light-absorbing aerosols deposited onto a filter at seven different wavelengths: 370, 470, 520, 590, 660, 880, and 950 nm. The 880 nm wavelength was used as the BC equivalent [32]. However, the aethalometer is biased to multiple light scattering (C) and shadowing effects (R(ATN)). Corrections were made for these biases for the absorption coefficient at 880 nm based on Schmid et al.’s [33] calculation:


   σ aeth  =    σ  A T N     C   R  (  A T N  )    .  



(1)







The calculation for these corrections is further detailed in the Supplementary Materials (S1).




2.2.3. Radiocarbon Analysis of TC


Filter samples, including day and 24-h PM2.5 samples from MT, day and night TSP samples from MT, and 24-h TSP samples from LP (Table 1, Table S2), were analyzed for 14C by accelerator mass spectrometry (AMS) at the National Ocean Sciences AMS facility (Woods Hole, MA, USA). All filter preparation was completed at Baylor University. For the 14C measurement, a filter area equivalent to ~60 µg of TC per sample was allocated for the analysis. The collected filter aliquots were stored in pre-cleaned glass Petri dishes. These samples and blank filters were acid fumigated using the same 1 N hydrochloric acid method for the CC protocol. The samples were then shipped to the National Ocean Sciences AMS facility where samples are compressed to graphite and analyzed for 14C abundance by AMS.



The AMS measures the ratio of 14C to 12C for the samples, field blanks, and a modern reference standard, which is 0.95 times the specific activity of oxalic acid, the standard reference material [34]. The National Ocean Sciences AMS report their data as fraction modern (Fm), which is described in Equation (2).


   F m  =      (  14   C  /  12   C )   s a m p l e   −    (  14   C  /  12   C )   b l a n k        (  14   C  /  12   C )   A D 1950   −    (  14   C  /  12   C )   b l a n k     .  



(2)







As in Equation (3), the Δ14C value can be calculated from the Fm value, where the λ is the inverse of the 14C half-life (i.e., 5730 years). The Δ14C is corrected for Yc, and the year the sample was collected.


   Δ  14   C =  [   F m  ∗  e  λ  (  1950 −  Y c   )    − 1  ]  ∗ 1000  



(3)









2.3. 14C Source Apportionment of TC


The Δ14C value of each sample can be used to apportion the TC to fossil (ffossil) and contemporary carbon (fcont) using Equation (4). For this calculation, a contemporary end member (Δ14Ccont) of +67.5‰ (average of +107.5‰ and +28‰ representing wood burning and annual growth, respectively [35]) and a fossil end member (Δ14Cfossil) of −1000‰ [36] was used.


   Δ  14    C  s a m p l e   =  (   Δ  14    C  s a m p l e      )   (   f  c o n t    )  +  (   Δ  14    C  f o s s i l      )   (  1 −  f  c o n t    )   



(4)







Uncertainty for each measurement was calculated based on the instrumental standard error, the relative difference of the Fm blank correction, and the SD between results using contemporary end member separately (+107.5‰ and +28‰) for the Δ14C calculation.





3. Results and Discussion


3.1. Bulk Carbon Measurements


3.1.1. Carbonaceous Aerosols Trends of PM2.5 at MT


Based on the bulk carbon measurement (Table S1), two distinct periods of increased TC concentrations were observed: 8–15 September (week 2; W2) and 21–28 September (week 4; W4), respectively (Figure 2a,b). Both weeks began with several days of increasing TC until reaching a peak concentration followed by a few days of declining TC concentration (Figure 2a,b). The ambient OC concentration for both weeks was statistically larger compared to the rest of the sampling period (t-test; p > 0.05). The temporal trends observed in the MT TC were also observed in PM2.5 mass concentrations measured across the Houston metropolitan area [17,18,20]. The description of these two weeks will be further detailed in a future study [20].



The average PM2.5 OC and EC concentrations during the campaign (morning, afternoon, day, and night) are reported in Table 2 and Table 3. The highest average OC and EC concentrations (±SD) were from the morning (n = 4) with an average of 3.8 ± 2.3 and 1.3 ± 0.5 µg C·m−3, respectively, while afternoon (n = 3) periods had the lowest average concentrations of OC and EC at 2.06 ± 0.72 and 0.34 ± 0.10 µg·C·m−3, respectively. There was no significant difference between morning and daytime OC concentrations (Mann-Whitney test; p > 0.05), while the EC concentration during the morning was significantly higher than the daytime (Mann-Whitney test; p < 0.05). The morning sampling periods (06:00–10:00) were shorter and intended to capture the morning rush hour where emission of carbonaceous aerosol was likely increased due to the influx of MVE emission combined with the lower boundary layer; this will be discussed further in Section 3.1.2 with the hourly BC results. The OC and EC concentrations during the day and nighttime were not significantly different (t-test; p > 0.05).



The PM2.5 OC to EC ratio (OC/EC) was utilized as a qualitative indicator of potential secondary organic aerosol (SOA) contribution [37,38,39]. As EC is a tracer for primary emissions, a higher OC/EC is indicative of enhanced secondary processes. Biomass burning (BB) sources can also contribute to increased OC/EC [38,40]; however, the emission ratio of OC and EC from BB can be highly variable [41,42]. Urban studies have utilized OC/EC for identifying BB contribution generally during the winters as SOA contribution is more prominent during the summer periods [38,43]. For this study, high OC/EC may indicate increased SOA contribution, but BB cannot be ruled out by this method. Average OC/EC during the full campaign period was 8.7 ± 5.8. The average OC/EC (±SD) of PM2.5 for the morning, afternoon, day, and night periods were 2.7 ± 0.6, 6.4 ± 2.3, 9.3 ± 4.7, and 9.8 ± 7.6, respectively. The high nighttime OC/EC is in line with Leong et al. [18] and Bean et al.’s [17] studies, where increased aerosols concentration due to nighttime SOA formation was observed. Unlike nighttime, the morning period (06:00–10:00) was impacted by more primary emissions reflected by increased EC concentration, a lower OC/EC, followed by a near factor of two increase in OC/EC in the afternoon (10:00–20:00) when photochemically driven SOA formation would be more prevalent.



The average OC/EC (±SD) during W2 and W4 was 8.1 ± 3.4 and 14.6 ± 6.4, respectively. The OC/EC was significantly higher during W4 compared to W2 (t-test; p < 0.05). The W4, which included an ozone event, was influenced by high atmospheric processing. Previously published studies identified an increase in processed aerosols and highly oxygenated organic aerosols across the metropolitan area during W4 [17,18]. Southeastern U.S. cities are well known to be impacted by SOA contributions associated with high biogenic emissions in this region [44]. Even so, overall OC/EC from this study was higher than reported for other south and southeastern U.S. cities, including Dallas, TX (summer average: 5.56) [28], Atlanta, GA (3.05), and Centreville, AL (6.31) [45]. They were also much higher than annual and seasonal averages in Los Angeles, CA (annual average: 2.03) [46], and New York City, NY (summer average: 4.0) [47], respectively.




3.1.2. BC and EC Comparison


The average BC concentration (±SD) during the full sampling period was 0.80 ± 0.69 µg·C·m−3. Based on hourly-averaged BC measurements for the entire campaign (Table S3), the highest BC concentrations were between 04:00 and 10:00, peaking at 07:00 (Figure S1). This captures Houston’s morning rush hour [48]. The early start may also be associated with industrial activity near the HSC, including trains and other combustion sources. The morning peak in BC concentration was also present in EC results, where the morning samples had the highest EC concentration (Figure 2b,c). The BC concentration was significantly higher during W2 (average: 0.93 ± 0.21 µg·C·m−3) compared to W4 (0.55 ± 0.22 µg·C·m−3) (t-test; p < 0.05). Defined morning peaks of BC can be observed during W2 but were not present in W4 (Figure 2c). Windrose plots of the BC concentrations in W2 and W4 reveal differences in wind direction between the two weeks (Figure 3). The high BC concentrations, which occurred in the mornings during W2, all come from the East, towards the HSC. This pattern was not observed in the fine EC, where there was no significant difference between W2 (average: 0.43 ± 0.18 µg·C·m−3) and W4 (average: 0.36 ± 0.25 µg·C·m−3) (t-test; p > 0.05). Despite this, the BC was well correlated to the fine and coarse EC with a linear regression r2 value of 0.72 and 0.74, respectively, and a slope of 1.17 with the fine EC. It is not clear why the BC deviates from fine EC with respect to higher concentrations in W2; however, the daily filter change occurred at 06:00–06:30 every morning. This small gap in the filter data record during the peak BC hours may have resulted in a low bias for W2 EC.



The observed daily trend of BC was comparable to measurements made in the spring (April to May) of 2009 during the Study of Houston Atmospheric Radical Precursors (SHARP) field campaign. BC concentrations during SHARP were also high in the early morning with a peak concentration at 07:00 [49]. Average BC and EC concentrations (±SD) during SHARP were 0.31 ± 0.22 and 0.38 ± 0.19 µg·C·m−3, respectively, which is lower than the BC and EC concentrations (±SD) measured for this study in 2013 (average: 0.80 ± 0.69 and 0.48 ± 0.34 µg·C·m−3, respectively). SHARP measurements were made during late spring, while this study was during late summer/fall. EC measurement in both Houston and Dallas have reported higher EC concentrations during the fall and winter periods relative to spring and summer [28], so this may just represent a seasonal difference between SHARP and DISCOVER-AQ.




3.1.3. Carbonaceous Aerosol Trends of TSP


The average TSP OC and EC concentrations (±SD) for the morning, afternoon, day, and night samples are reported in Table 2. The TSP TC concentrations during the day and night were not significantly different (t-test; p > 0.05); however, OC and EC concentrations during the morning were significantly higher than the night (Mann-Whitney test: p < 0.05). This is the same trend observed in the PM2.5 EC and BC. The TSP OC and EC concentrations were not statistically different between the two weeks of interest (W2 and W4) for either daytime (t-test; p > 0.05) or nighttime (Mann-Whitney test; p > 0.05). During the campaign period, the largest TSP OC concentration (±SD) was on the morning of September 5 (16 ± 1.1 µg·C·m−3), while the largest EC concentration was on the morning of September 13 (3.5 ± 0.46 µg·C·m−3, Table 2). The highest non-morning TSP OC concentration (±SD) was during the night of September 24, with a concentration of 13.95 ± 0.83 µg·C·m−3 (Table 2).



The average OC/EC for TSP during the full campaign was 8.2 ± 4.6. The average OC/EC (±SD) for the morning, afternoon, day, and night TSP were 5.5 ± 0.94, 9.5 ± 3.1, 10.1 ± 6.4, and 7.3 ± 2.4, respectively. Unlike the PM2.5, average OC/EC was higher during the day than at night, indicating a larger contribution of non-combustion aerosols during the day. Like the PM2.5, the day–night difference was not significant (t-test; p > 0.05). Sources of coarse OC include resuspension of soil, as well as primary biological aerosol particles (e.g., lignan polymers), which were found to be a relatively important source of coarse aerosol in Houston [50]. The average OC/EC (± SD) for W2 and W4 were 7.5 ± 2.6 and 12 ± 6.6, respectively. Like the PM2.5, the average OC/EC during W4 was significantly higher than the average OC/EC measured during the W2 (t-test; p < 0.05). The carbonaceous aerosol in the W4 was likely impacted by increased secondary processing in the PM2.5, while the TSP also was influenced by a change in atmospheric processing and/or sources in the later week.




3.1.4. Comparison of Carbonaceous Aerosols Between PM2.5 and TSP


Direct comparison between PM2.5 and TSP was possible for 33 samples (three morning, two afternoon, 15 day, and 13 night samples; Figure 2a,b). Although there were few morning and afternoon samples, these were included in the comparison. The OC and EC concentrations for PM2.5 and TSP were strongly correlated (r2 = 0.70 and 0.72, respectively). The PM2.5 to TSP ratio (PM2.5/TSP) for TC, OC, and EC concentrations were each 0.52 with SDs of 0.12, 0.14, and 0.18, respectively. Average PM2.5/TSP (±SD) for OC was slightly higher at night, 0.57 ± 0.16, compared to the day, 0.52 ± 0.09. Within the daytime, the PM2.5/TSP for OC was higher in the afternoon, 0.46 ± 0.03, compared to the mornings, 0.33 ± 0.09. The PM2.5/TSP for OC was also significantly higher during W2 and W4 (0.55 ± 0.13) compared to the other sampling days (0.41 ± 0.10) (t-test; p < 0.05). During these periods of enhanced TC concentrations (W2 and W4), the enhancement in the OC was driven by an increase in fine PM relative to the coarse PM (Figure 2a). In Figure 2a,b, the gray boxes highlight periods when the carbon concentration of the fine PM was greater than the coarse PM. In general, the W2 and W4 periods both had relatively higher OC/EC (PM2.5) and PM2.5/TSP. The results of these qualitative tests support that PM2.5 OC during these periods was enhanced due to secondary processes. SOA formation is via oxidation of gas-phase precursors (e.g., volatile organic compounds (VOC)) and/or condensation of semi-volatile organic compounds. Previous studies, at varying study sites (i.e., urban, marine, and forests), have generally found these photochemically-produced aerosols in the fine and ultrafine aerosol fractions [51,52].



EC is formed from the incomplete combustion of either fossil fuel or BB sources and is typically distributed in the fine to ultrafine particulate fraction [53], but this was not the case for this study. Average PM2.5/TSP (± SD) of EC was largest in the morning (0.70 ± 0.13) relative to afternoon (0.47 ± 0.03), day (0.50 ± 0.17) and night (0.50 ± 0.19) periods. The measured morning periods had higher concentrations of fine than coarse EC (Figure 2b). This was likely due to enhanced contribution of fine EC from MVE or activity associated with the HSC. However, the overall average PM2.5/TSP ratio for EC was 0.52 ± 0.18, which indicates a significant contribution of EC from the coarse fraction. Concentrations of the coarse EC ranged from 0.04–0.90 µg·C·m−3 with an average of 0.44 ± 0.24 µg·C·m−3. Coarse EC has been measured in high concentrations in Karachi, Pakistan (2.9 µg·C·m−3); Lahore, India (~6.3 µg·C·m−3); and Beijing, China (2.0 µg·C·m−3) [54]. Studies have attributed coarse EC to open field or other uncontrolled BB and/or use of less efficient/older technology for industrial combustion processes, including coke ovens, steelmaking, and transportation [31,54,55]. Average coarse EC concentration from this study (0.44± 0.24 µg·C·m−3) was larger than coarse EC (PM10−2.5) measured in other U.S. cities, including Atlanta, GA (urban site; 0.21 ± 0.13 µg·C·m−3), and Centerville, AL (rural site; 0.27 ± 0.16 µg·C·m−3). However, Houston’s coarse EC was significantly less than North Birmingham, AL (urban/industrial site) with an average of 2.70 ± 3.52 µg·C·m−3 [31]. The large concentration of coarse EC in North Birmingham was attributed to local industrial processes, including coke ovens and steel making [31]. The coarse EC in Houston may also be due to the different industrial activities that are close in proximity to the MT site, including a petroleum coke facility along with other industrial operations in the HSC, located approximately 10 km southeast of MT.





3.2. 14C-based Apportionment of PM2.5 and TSP


Fossil and Contemporary Carbon for TSP versus PM2.5


To better understand the contribution of different sources to the TC, 14C-based source apportionment was performed on PM2.5 and TSP TC for day and night samples during W4 (Table S2). Overall, the contribution of contemporary carbon was larger than fossil carbon for both size fractions at MT and LP. Aside from the daytime PM2.5 on September 27 at MT where contemporary contribution (±SD) was 48 ± 3%, all contemporary contribution of TC (PM2.5 and TSP) was above 50% (Figure 4). For MT PM2.5, the average daytime contemporary carbon contribution and concentration (±SD) during W4 was 61 ± 10% and 2.7 ± 1.1 µg·C·m−3, respectively, while the nighttime (23–25 September) was 65 ± 5% and 4.7 ± 1.2 µg·C·m−3, respectively. In general, daytime carbonaceous aerosols were more impacted by fossil fuel sources, while nighttime aerosols were more impacted by contemporary sources (Figure 4), which could include biogenic SOA or BB. A more detailed examination of the daytime 14C is included in a future manuscript [20]. For MT TSP (day and night samples from 23–25 September), the average contemporary carbon contribution and concentration were 58 ± 5% and 6.2 ± 1.3 µg·C·m−3, respectively. Like the diurnal trends observed in the PM2.5, average contemporary carbon contribution and concentration was greater during the night (61 ± 4% and 6.7 ± 1.8 µg·C·m−3, respectively) than the day (55 ± 5% and 5.75 ± 0.25 µg·C·m−3, respectively). When considering source differences between fine and coarse aerosol, the average ± SD PM2.5/TSP for contemporary carbon was 0.69 ± 0.09, while the fossil carbon was 0.56 ± 0.08. Considered as a percent contribution, the coarse PM had larger contribution from fossil carbon, ranging from 46 to 53%, compared to fine PM, ranging from 30 to 45% for 23–25 September (Figure 4). It is not clear if the source of this coarse fossil TC was associated with industrial activities or is linked to soil/crustal PM.



Within W4, September 24 day to September 25 day has a different trend. The OC and EC concentrations in the fine were greater than coarse PM (Figure 2a,b), and the contemporary carbon contribution decreased. The carbonaceous aerosol during this period was likely driven by secondary processing of fossil carbon emissions specifically impacting the fine particulate fraction.



Source apportionment results from the auxiliary site, LP, reported a larger contribution of contemporary carbon contribution relative to the urban core site at MT. The average ± SD contemporary contribution and concentration of TSP at LP was 67 ± 13% and 7.1 µg·C·m−3, respectively. The average ± SD fossil contribution and concentration for LP was 33 ± 13% and 3.7 ± 2.4 µg·C·m−3, respectively. Though the LP site is closer to the HSC, the contemporary carbon contribution was higher than in MT (day and night) (Figure 4). However, the general trends observed during the W4 at MT for both PM2.5 and TSP were also observed in the LP TSP (Figure 4). The largest contribution and concentration (±SD) of fossil carbon at LP was on September 25 with 49 ± 3% and 8.0 µg·C·m−3 (Figure 4). Both fossil carbon contribution and concentration were higher at LP than at MT (day and night) on 25 September. Previous studies have attributed the high pollution event on 25 September to the bay breeze, where a re-circulation of air mass via continental offshore winds transports it out to the Gulf and then back to Houston city (crossing over the HSC), where the resultant wind speeds across the Houston metropolitan area were low, producing stagnant conditions [22,56]. Point source emissions from Houston’s HSC was another important factor for the high pollution event on 25 September [56,57]. The larger contribution and concentration of fossil carbon observed at LP than at MT on 25 September could be due to LP proximity to this industrial region of Houston.






4. Conclusions


In this study, a detailed characterization of the carbonaceous aerosols for PM2.5 and TSP provided a better understanding of PM sources and trends in Houston. This study (1) identified important diurnal and temporal trends and (2) distinguished major sources and aerosol size fractions contributing to poor air quality days (i.e., increased PM and/or ozone levels) in Houston. Initial bulk carbon analysis identified the highest OC and EC concentrations during mornings for both PM2.5 and TSP. Real-time BC measurements confirmed these morning peaks (i.e., 04:00–10:00). The enhanced OC, EC, and BC concentrations during the morning period were likely due to a combination of increased emissions and favorable meteorological conditions (i.e., low boundary layer). For these mornings, as expected, EC was more enhanced in the fine than the coarse PM, likely due to the incomplete combustion from MVE. The large contribution of coarse EC was also observed during this project, likely from less efficient industrial processes near the Houston MT site.



Overall, the OC/EC was relatively high, especially in the PM2.5 fraction. The OC/EC was high during both W4 and W2. During both weeks, the OC concentration in the fine was larger than the coarse fraction, particularly during W4. The enhanced concentration of carbonaceous aerosol during W4 was driven by OC and EC in the fine fraction. The high OC/EC during this period supports enhanced contribution from secondary processes and/or biomass burning.



Further analysis of W4 was accomplished using 14C analysis to distinguish the contribution and concentration of contemporary and fossil carbon. Overall, Houston aerosol was largely from contemporary sources in both PM2.5 and TSP. However, the coarse TC had more impact from fossil sources than the fine TC, with an average ± SD of 51 ± 3% for coarse and 38 ± 7% for fine aerosol. The LP TSP, relative to MT TSP, had larger variability in contemporary and fossil carbon concentrations. Depending on meteorology and wind patterns, the LP site can be impacted by either strong, clean onshore winds or by industrial emissions. For days with poor air quality, 24 to 25 September, the carbonaceous aerosols were impacted by an increase in fossil carbon contribution at both MT and LP sites but driven by fine PM. This study has identified differences in coarse and fine sources of EC in Houston. Further study is needed to identify the sources of coarse EC and monitor potential seasonal trends.
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Figure 1. Map of the Moody Tower (MT) and La Porte (LP) sampling sites. Map includes outline of the city of Houston. 
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Figure 2. Carbonaceous aerosol concentrations at MT during the full sampling campaign. Figure includes filter-based (a) OC and (b) EC concentration of TSP, PM2.5, and the calculated coarse PM. For (a), (b) The lines between each marker indicate continuous filter collection, while the gray boxes highlight samples where carbon concentrations were higher in the fine than the coarse PM. (c) Hourly-averaged black carbon (BC) and filter-based PM2.5 and TSP EC concentration. The filter-based samples include morning, afternoon, day, and night samples. 
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Figure 3. Windrose plots for BC concentration during (a) week 2 and (b) week 4 at MT. The radius axis indicates the percent contribution of wind direction sector relative to total week. The BC concentration is indicated by color, with different scales for Week 2 and Week 4. 
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Figure 4. Radiocarbon-based apportionment of ambient total carbon concentration (left-axis) and fractional contemporary contribution (right-axis) of PM2.5 day (D) and calculated night (N) samples and TSP D and N samples at MT. Apportioned TSP 24-h filter samples from LP are also included. Red line is a marker for the 0.5 contemporary carbon contribution of total carbon (TC). 
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Table 1. Description of filter samples for reported filter-based analysis. MT = Moody Tower; LP = La Porte; PM = particulate matter; TSP = total suspended particulate; MV = medium volume; HV = high volume; OC = organic carbon; EC = elemental carbon.
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Site

	
Size Fraction

	
Sampler Type

	
Samples

	
Sample Duration

	
Analysis






	
MT

	
PM2.5

	
Tisch

	
4–28 September

	
morning, afternoon, day

	
OC EC




	
21–28 September

	
day

	
14C




	
MV URG

	
6–28 September

	
24-h

	
OC EC




	
23–25 September

	
24-h

	
14C




	
LP

	
TSP

	
HV Tisch

	
4–28 September

	
morning, afternoon, day, night, 24-h

	
OC EC




	
23–25 September

	
day and night

	
14C




	
HV Tisch

	
21–26 September

	
24-h

	
OC EC, 14C
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Table 2. The average and maximum concentration of OC for the different (morning, afternoon, day, and night) PM2.5 and TSP samples at Moody Tower. The number of samples for each sample type and the sample day for maximum OC concentrations are also included.
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PM Type

	
Sample Type

	
Sample No.

	
Average OC (±SD) (µg·C·m−3)

	
Max. OC Sample

	
Max. OC Conc (µg·C·m−3)






	
PM2.5

	
morning

	
4

	
3.79 ± 2.27

	
5 September

	
6.90 ± 0.71




	
afternoon

	
3

	
2.06 ± 0.72

	
4 September

	
2.89 ± 0.27




	
day

	
19

	
3.55 ± 1.56

	
25 September

	
6.94 ± 0.44




	
night 1

	
22

	
3.21 ± 2.25

	
24 September

	
9.51 ± 0.89




	
TSP

	
morning

	
5

	
11.64 ± 4.13

	
5 September

	
15.98 ± 1.14




	
afternoon

	
3

	
6.87 ± 3.67

	
13 September

	
10.69 ± 0.78




	
day

	
16

	
7.24 ± 2.12

	
14 September

	
10.92 ± 0.60




	
night

	
16

	
6.07 ± 2.78

	
24 September

	
13.95 ± 0.83








1 includes calculated night carbon concentration from PMTSP (24-h) and PM2.5 (morning and afternoon or day) samples.
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Table 3. The average and maximum concentration of EC for the different (morning, afternoon, day, and night) PM2.5 and TSP samples at Moody Tower. The number of samples for each sample type and the sample day for maximum EC concentrations are also included.
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PM Type

	
Sample Type

	
Sample No.

	
Average EC (±SD) (µg·C·m−3)

	
Max. EC Sample

	
Max. EC Conc (µg·C·m−3)






	
PM2.5

	
morning

	
4

	
1.30 ± 0.52

	
September 5

	
1.94 ± 0.40




	
afternoon

	
3

	
0.34 ± 0.10

	
September 19

	
0.43 ± 0.14




	
day

	
19

	
0.43 ± 0.18

	
September 13

	
0.86 ± 0.12




	
night 1

	
22

	
0.40 ± 0.24

	
September 24

	
1.14 ± 0.21




	
TSP

	
morning

	
5

	
2.17 ± 0.90

	
September 13

	
3.49 ± 0.46




	
afternoon

	
3

	
0.69 ± 0.18

	
September 13

	
0.83 ± 0.28




	
day

	
16

	
0.87 ± 0.34

	
September 12

	
1.40 ± 0.16




	
night

	
16

	
0.84 ± 0.26

	
September 11

	
1.34 ± 0.20








1 includes calculated night carbon concentration from PMTSP (24-h) and PM2.5 (morning and afternoon or day) samples.
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