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1. Executive Summary  

Urban air pollution is characterized by significant spatial variability (Harrison, 2018; Yang et al., 

2020; Liang & Gong, 2020; Wang et al., 2020). For instance, areas adjacent to highways often exhibit 

elevated levels of traffic emissions, which serve as major sources of primary pollutants (Filigrana et al., 

2020; Jeong et al., 2022; Jiang et al., 2021; Moutinho et al., 2020). Conversely, urban background areas 

such as parks typically demonstrate lower concentrations (Xu et al., 2020). Typically, it is anticipated that 

air pollution levels will be closely linked to the specific nature of human activity at any given time, such 

as anthropogenic emission-generating activities, including the operation of motor vehicles or power plants 

(Li et al., 2020; Yang et al., 2020). Therefore, pollution characteristics and levels can markedly differ 

across specific locations and time points of air sample collection, depending on where and when most 

anthropogenic emissions occur. 

The goal of this project was to improve the understanding of how anthropogenic emissions from 

multiple source sectors vary spatially and temporally in dense urban areas, and how the emissions of both 

organic species and NOx from these sources impact PM2.5 and O3 concentrations at the urban scale. We 

were particularly interested in quantifying the impacts of non-combustion sources including volatile 

chemical products (VCPs) and restaurant cooking. Emissions from these source categories scale with 

population, are lightly regulated (or not regulated at all), and therefore may be increasing. In contrast, 

combustion emissions from motor vehicles are decreasing due to regulation. 

We tested the following primary hypotheses:(1) Spatiotemporal trends in ambient PM2.5 mass and 

composition, specifically organic aerosol (OA), are coupled to the movement of people throughout the 

day. Movement of people drives spatial and temporal trends in emissions from both traditional (e.g., 

vehicles) and nontraditional (e.g., VCPs) sources. (2) “Nontraditional” anthropogenic sources of O3 and 

secondary PM2.5, including non-combustion volatile chemical products and restaurant emissions, are 

equal to or greater in importance than vehicular traffic in urban areas. 

We tested these hypotheses by performing a series of measurements using a mobile laboratory 

equipped with a suite of state-of-the-art instrumentation to quantify concentrations of organics ranging 

from low and extremely low volatility (LVOC and ELVOC) to volatile (VOCs), particle size, and particle 

composition. We used land use and other geospatial data to guide selection of sampling locations that 

have varying impacts from our source categories of interest. For example, we sampled in areas of high 

and low restaurant density to quantify impacts of cooking sources.  

The key results of this project are: (1) We demonstrated that in urban locations, contributions of fresh 

emissions from non-combustion sources such as cooking and asphalt paving to PM2.5 are equal to or 

larger than fresh traffic emissions, (2) Cooking emissions can be an important source of organic nitrogen 

in urban environments, and that reduced nitrogen species emitted from cooking can rapidly partition into 

the vapor phase upon dilution of cooking emissions, (3) Spatial variations of OH reactivity, and hence O3 

production potential, are smaller than day-to-day variations driven by emissions and meteorology. 

While the results of this report are based on data collected in a single city, the results are applicable to 

cities across the United States. The same set of anthropogenic emissions sources (e.g., traffic, restaurant 

cooking, and asphalt paving) are important in cities nationwide (Saha et al., 2020). Therefore, similar 

temporal and spatial patterns of PM2.5 concentrations, driven by spatial and temporal changes in 

anthropogenic activities, are likely to be found in most cities. Further reductions in urban PM2.5 could 

therefore be achieved by controlling or limiting emissions from these non-combustion sources. 

Each of the following three sections of this report addresses one of the key findings. Section 2 

discusses measurements and source apportionment of organic aerosols in urban locations impacted by 

different source mixes. Section 3 discusses the presence of organic nitrogen in emissions from cooking 

sources. Section 4 examines spatial and temporal variations in OH reactivity. 
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2. Spatiotemporal Analysis of Traffic, Cooking, and Asphalt Contributions to Ambient Particulate 

Matter in and Urban Area  

2.1 Introduction 

One of the most commonly utilized tools for measuring emissions generated by human activity is the 

Aerosol Mass Spectrometer (AMS) (Crippa et al., 2014a; in ’t Veld et al., 2023; Setyan et al., 2012; 

Tsimpidi et al., 2016; Zhou et al., 2020), which quantifies real-time measurement of vehicle emissions 

(Cross et al., 2012; J. Wang et al., 2020; Zhang et al., 2021c, 2021c). Factor analysis of the AMS datasets 

with positive matrix factorization (PMF) routinely identify a Hydrocarbon-like Organic Aerosol (HOA) 

factor attributable to vehicle exhaust (Mohr et al., 2011; Yao et al., 2021; Ye et al., 2018b; Zhang et al., 

2005).  

Studies by Alfarra et al. (2004) and Brook et al. (2007) have highlighted anthropogenic origins of 

primary emissions from gasoline and diesel engines (DeWitt et al., 2015; Hayes et al., 2013; B. P. Lee et 

al., 2017; Marjanen et al., 2022). The composition of HOAs is significantly complex and diverse, 

including a wide array of organic compounds like alkanes, polycyclic aromatic hydrocarbons (PAHs), and 

other hydrocarbon-like substances (Pye and Pouliot, 2012). Despite the variability in its origins, the 

composition of the HOA factor remains one of the most stable and consistent across the AMS datasets 

worldwide (Crippa et al., 2014a; Jimenez et al., 2009).  

However, the majority of PM2.5 is composed of secondary components that are produced as 

byproducts of the chemical reactions in the atmosphere; this includes secondary organic aerosols (SOAs) 

and secondary sulfate and nitrate salts (Surratt et al., 2007). Recent research has identified volatile 

chemical products (VCPs), including personal care products like deodorant, printing inks, and asphalt 

paving, as an important source for subsequent SOAs in the atmosphere (Coggon et al., 2018; Humes et 

al., 2023; Seltzer et al., 2022). In addition, prior papers found that a massive amount of Volatile Organic 

Chemicals (VOCs) can be emitted from hot asphalt mixtures. For example, Khare et al., 2020 showed that 

asphalt is producing higher SOA yield on average compared with gasoline and diesel emissions. 

Emissions from these source categories scale with population and are only lightly regulated in the U.S 

(McDonald et al., 2018), in part due to their complexity and limited studies conducted in this area. This is 

unlike other conventional forms of air pollution, such as traffic, which has been routinely identified and 

incorporated into substantial environmental policies (Black, 1991; Chow et al., 2007; Reitze, 1999; 

Samuelsen et al., 2021, 2021).  

Polycyclic Aromatic Hydrocarbons (PAHs) are a specific class of organic compounds characterized 

by compounds containing aromatic rings in their chemical structure. These compounds are normally 

identified from various sources from both natural and anthropogenic sources (Dat and Chang, 2017; 

Kicińska and Dmytrowski, 2023; Stout et al., 2001). High temperatures during the asphalt paving process 

leads to the volatilization and emission of the PAHs (Birgisdóttir et al., 2007); the specific PAH signature 

from paving can also differ by the asphalt type and the temperature while paving (Cavallari et al., 2012). 

Common PAHs associated with asphalt paving include naphthalene, phenanthrene, anthracene, 

fluoranthene, pyrene among others. These compounds are of particular concern due to their potential 

impact on the human health (Campo et al., 2006) and some PAHs (benzo[a]anthrancene [BaA], 

benzo[a]pyrene [BaP], and dibenzo[a,h,]anthracene) are categorized as probable carcinogens according to 

IARC (Campo et al., 2006).  

While there were a few trials of incorporating PAHs sources with the source apportionment method 

(Zhang et al., 2015; S et al., 2006; Valotto et al., 2017), limited research has been conducted using the 

AMS. We investigated PAHs potentially present at paving locations, with a focus on identifying and 

analyzing PAHs-related fragments within environmental samples. The first phase of this approach 

involved a detailed examination of two paving site samples to identify the presence of PAHs-related 

fragments. To ensure a comprehensive analysis, we expanded our peak fitting range to include higher 

ranges of mass-to-charge (m/z) values up to 210. In the next phase, we employed PMF analysis, to 

separate the factors specifically associated with PAHs and their larger mass counterparts. This approach 

was anticipated to yield more refined separations of the asphalt factor, thereby improving our 

understanding of PAHs role and sources at paving sites.   
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In this section, we aim to examine the intra-city source contribution from multiple sectors including 

both traditional (e.g., traffic) and non-traditional (e.g., asphalt and cooking) sources across space and time 

from a field campaign in the summer and winter of 2021-2022. The comparative analysis of the non-

traditional sources along with the traditionally well-recognized sources will provide insights into their 

contributions in the urban atmosphere.  

 

2.2 Materials and Methods 

2.2.1 Site selection and sampling method 

A field campaign was conducted in Pittsburgh in the summer and winter of 2021-2022. Samples were 

collected via stationary sampling at 9 sites. We collected real-time measurements of non-refractory PM 

composition with an AMS (aerosol mass spectrometer) and BC with an aethalometer. Filter samples were 

also collected for offline analysis with a chemical ionization mass spectrometer (CIMS). 

The sampling sites were selected to capture influences from different mixtures of anthropogenic 

sources. To determine the sampling sites of interest, we categorized source characteristics into two 

groups: those dominated by non-traditional (e.g., Volatile Chemical Products (VCPs) and cooking 

emissions) sources and those dominated by traditional (e.g., vehicular traffic emissions) sources. Each site 

was classified based on the intensity of each variable into either a "high" or "low" exposure category, a 

methodology commonly adopted in air pollution exposure assessment research. Our selection of sampling 

locations was guided by the hypothesis that areas with high concentrations of restaurants and traffic, as 

identified in a prior analysis conducted by our team, would exhibit elevated levels of relevant pollutants. 

This assumption is visually represented in Figure 2.1, where colored regions denote areas with significant 

restaurant densities. Except for two sites designated for asphalt paving analysis, our selected sampling 

locations are predominantly situated within areas highlighted in yellow (Figure 2.1), indicating a 

substantial presence of dining establishments.  

 
 Figure 2.1 Overview of the sampling locations in summer 2021 field campaign in Pittsburgh. The 

figure includes a detailed map marked with the locations of our sampling sites, which are categorized into 

three unique groups for clarity.  
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For example, Convention Center and Mellon Square in downtown Pittsburgh are impacted by sources 

of VCPs from people, traffic and cooking. Unlike those two sites, Bryant St near Highland Park is not 

close to main highways, but several restaurants were gathered. For this reason, we mainly expect cooking 

emissions when we collect samples at Bryant St.  

In this study, locations were chosen based on a categorization system derived from the findings 

from a previous report in our group, which identified areas of high traffic and restaurant density using a 

range of several land use variables. Traffic variables encompassed vehicle miles traveled, traffic lights, 

and road length. To evaluate restaurant density, data from Allegheny County Health Department 

restaurant inspections were utilized. Sampling sites were then classified based on their primary source 

category, such as VCPs from asphalt paving, traffic, and cooking.  

Figure 2.2 shows the sampling schematic used for collecting real-time and integrated samples. 

Sampling was conducted by parking a mobile laboratory at the selected sampling sites (Figure 2.3)  

Sampling occurred at different times of the day at locations anticipated to have significant variations 

in human activity, facilitating the study of their temporal changes. The time frames were defined as 

morning (8 am to 10 am), midday (11 am to 1 pm), afternoon (2 pm to 4 pm), and evening (5 pm to 7 

pm), all in Eastern Standard Time (EST).  

 
Figure 2.2 Schematic representation of the analytical instrument configuration within the van, employed 

for sample collection during 2021 field campaigns.  

                     

            
Figure 2.3 Photographs of a sampling site in downtown Pittsburgh (left) and a site targeting asphalt 

paving emissions (right). 
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2.2.2 Source apportionment using Positive Matrix Factorization (PMF) 

The Positive Matrix Factorization (PMF) model, initially developed by Paatero (Paatero and Tapper 

1993), was used for source apportionment of AMS data. It defines source contributions based on the 

principles of mass conservation and mass balance analysis. In this approach, ambient chemical 

concentrations data from receptors are utilized to formulate the mass balance equation (Hopke, 2000). 

PMF is frequently combined with the AMS due to its extensive application in the source apportionment 

of organic constituents in non-refractory fine particulate matter (NR-PM1) (Al-Naeema et al., 2018). 

For source apportionment of NR-PM1 organics, the PMF Evaluation Tool (PET) v3.06B was 

employed. Input for the PMF was provided in the form of high-resolution organic matrix and its 

corresponding error matrix files, which were generated after fitting the mass spectra between m/z 12 to 

120. This processing was carried out with PIKA toolkit ver 1.16 I in Igor Pro 8.04. To identify the 

optimal solutions from the PMF analysis, our group adhered to the general steps outlined in Zhang et al., 

2011. Prior to running the model, “bad runs” defined as those with Signal to Noise Ratio (SNR) below 0.2 

were removed from the calculation. Weak m/z with SNR below 2 and duplicated ions, such as m/z 44-

related ions, were down weighted with a magnitude of 2. Each PMF factor was assessed using the 

Q/Qexpected to determine the solutions that best describes the dataset, by altering FPEAK values (ranging 

from -1 to 1 with increments of 0.2) (Ulbrich et al., 2009).  
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2.3 Results and Discussion 

2.3.1 Overview of the chemical composition and sources of NR-PM1.  

 

Table 2.1 Mass concentration of the chemical species (µg m-3) measured by the AMS and Aethalometer.  

Sample  

sites 

Categor

y 

Sampling 

period 
Org SO4

2- NO3
- NH4

+ Chl- 
Black 

Carbon 

Murray 

Avenue 

Cooking

, Traffic 

Sep 17th, 2021 

Morning-

Evening 

6.31±2.1 
2.16±0.

44 

0.24±0.

06 

0.61±0.

33 

0.01±0.

01 
- 

Bryant 

Street 
Cooking 

Sep 2nd, 2021 

Evening 
15.13±9.7 

0.20±0.

14 

0.21±0.

06 

1.60±0.

09 

0.04±0.

03 

2.35±4.1

6 

Mar 30th, 2022 

Afternoon-

Evening 

2.58±1.48 
0.23±0.

06 

0.07±0.

02 

0.09±0.

05 

0.01±0.

01 

0.70±0.4

7 

Walnut 

Street 
Cooking 

Aug 27th, 2021 

Afternoon-

Evening 

13.37±5.8

1 

7.55±0.

99 

0.44±0.

09 

2.52±0.

32 

0.03±0.

02 

2.57±3.0

5 

Forbes  

Avenue 

Cooking

, Traffic 

Sep 16th, 2021 

Morning-

Evening 

7.89±4.31 
2.34±0.

65 

0.21±0.

16 

0.67±0.

24 

0.01±0.

13 
- 

Conventi

on Center 

Cooking

, Traffic 

Aug 26th, 2021 

Morning-

Evening 

11.83±1.5

1 

6.23±1.

04 

1.09±0.

91 

2.12±0.

28 

0.03±0.

02 

1.23±1.0

8 

Mar 24th, 2022 

Morning-

Evening 

1.14±0.55 
0.25±0.

07 

0.05±0.

01 

0.07±0.

03 

0.01±0.

00 

0.47±0.4

3 

Mellon 

Square 

Cooking

, Traffic 

Aug 5th, 2021 

Morning-

Evening 

14.52±6.0

2 

2.50±0.

27 

0.80±0.

62 

0.91±0.

32 

0.04±0.

05 

1.09±0.5

8 

Mar 22nd, 2022 

Morning-

Evening 

1.78±1.34 
0.35±0.

15 

0.13±0.

05 

0.12±0.

05 

0.08±0.

01 

1.11±0.9

3 

Carson 

Street 

Cooking

, Traffic 

Sep 1st, 2021 

Evening 

17.29±22.

20 

0.54±0.

33 

0.30±0.

14 

0.15±0.

14 

0.04±0.

08 

9.94±35.

34 

Mar 29th, 2022 

Evening 
3.71±3.47 

0.22±0.

08 

0.69±0.

10 

0.23±0.

04 

0.02±0.

02 

0.81±0.6

1 

Bird Park  

Paving 
Asphalt 

Nov 19th, 2021 

Midday 
3.00±9.07 

0.38±0.

10 

0.88±0.

23 

0.33±0.

14 

0.02±0.

02 

0.89±4.2

9 

Roadside  

Paving 
Asphalt 

Aug 30th, 2021 

Morning 

11.97±7.5

5 

3.91±0.

55 

0.37±0.

07 

1.13±0.

02 

0.02±0.

02 

6.97±14.

70 

  

The primary chemical species of NR-PM1, including organics, sulfate, nitrate, ammonium, 

chloride, and black carbon mass concentrations at each sample site are summarized in Table 2.1. The 

summer field campaign recorded an average organic mass concentration of 12.3 µg m-3. This figure 

surpasses the annual average criteria of the EPA health-based standard of PM2.5 of 12 µg m-3, though it 

remains below the 24-hour standard of 35 µg m-3. The measured concentrations are similar to the average 

PM2.5 concentration of 10.3 µg m-3 recorded in Pittsburgh in 2021.  

Among the four species identified from the AMS, the average organic concentration was highest 

at Carson Street (17.3 µg m-3) followed by Bryant Street (15.1 µg m-3). Both of these sites are heavily 

impacted by cooking emissions. The lowest organic concentration was noted at the Bird Park paving site 
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(3.00 µg m-3). Out of the nine sample sites, the Bird Park and Roadside paving sites are largely influenced 

by asphalt emissions. In contrast, the Bryant and Walnut Street sites are mainly affected by cooking 

sources. The remaining four sites, characterized by high restaurant density and traffic, represent varied 

influences on their respective organic concentrations.  

It is essential to acknowledge that each sampling site was visited either once or twice, meaning 

the values present in Table 2.1 likely do not represent long-term concentrations at each site. However, the 

measurements should be sufficient to examine site-to-site variations in source impacts and source profiles. 

 

2.3.2 Resolved PMF factors and contributions to organic aerosols.  

 

 
Figure 2.4 Summary of the source apportionment using AMS-PMF analysis. The pie charts show 

apportionment of organic aerosol among primary sources from cooking (COA), traffic (HOA), and 

asphalt along with secondary organic aerosol (MO-OOA and LO-OOA). 

  

The comprehensive overview of the PMF source strengths at various sampling sites visited during 

the field campaign and their contributions to OA are presented in Figure 2.4. At sampling sites, the 

analysis identified factors corresponding to secondary organic aerosol (oxygenated OA – OOA), Traffic 

(hydrocarbon-like OA – HOA), cooking (COA), and Asphalt factors.  

Excluding the two paving sites, the average COA contribution from each site constituted 

approximately 38% of the total OA. This is consistent with prior research that indicates substantial 

contribution from cooking sources to OA emissions in urban areas globally (He et al., 2019). For 

instance, studies from Canada and Greece found that cooking sources accounted for 15% and 11% of 

organic aerosol fractions, respectively (Jeong et al., 2016b; Manousakas et al., 2020). This underscores 

the persistent presence of COA emissions in urban settings and their non-negligible contribution to the 

total organic compounds. The contribution of COA to total OA in our samples is likely skewed high 

because we deliberately selected several sampling sites with high cooking influence.  

Previous work has correlated the COA concentration with indicators of land use, including the 

number of nearby restaurants. In our data, while COA was higher in locations with more restaurants, there 

was not a clear correlation. In the summer, the COA factor contributed 50.4 % of OA at Forbes, followed 

by 40.7 % at Bryant, 30 % at Convention Center, 24.9 % at Carson, 18.7 % at Mellon square, and 14.1 % 
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at Murray Street. Although restaurant density within a 1 km boundary of these sites reveals that there is 

no direct correlation, the data suggests that high COA concentration is likely to be linked to a high 

number of restaurants observed at the sampling locations. For example, Mellon Square and the 

Convention center have the higher density with approximately 102 restaurants, followed by Forbes and 

Murry with 44 each, Carson Street with 43, Walnut Street with 25, and Bryant with 8. However, locations 

such as Mellon Square and Convention Center experience heavy traffic and high volume of pedestrians, 

which could contribute to various human-made air pollution sources impacting OA at these sites, traffic 

emissions.  

 For example, Figure 2.5 shows the high contributions of HOA (OA associated with traffic 

emissions) and BC at Mellon Square and Convention Center. Both sites are in downtown Pittsburgh along 

major bus routes. At these high traffic sites, the contributions of HOA and COA to total OA are nearly 

equal. This contrasts with several other sites with less intense traffic (e.g., Forbes, Bryant, Carson), where 

COA concentrations are larger than HOA. 

 

 
Figure 2.5 Plots depict the relationship between black carbon (BC) and traffic-related factor from PMF 

over time at Mellon square (left) and Convention center (right). The box plots show the range of hourly 

concentrations for the Traffic OA factor at each site (the box shows the interquartile range, the line in the 

center of the box shows the median, and the whiskers show the 10th and 90th percentiles). The black dots 

show the hourly mean concentrations of BC. 

 

In Figure 2.6, time series plots for COA and Traffic factor identified through PMF analysis are 

presented. During the sample collection, our group recorded information from the activity log to track 

potential factors that could influence the sampling data. Interestingly, the temporal pattern revealed that 

COA concentrations tended to increase around 10 am, reaching their lowest point at 5 pm, and then 

peaking again between 6-7 pm. This trend suggests high emissions from restaurants during these peak 

times. At Mellon Square, Forbes, and Murray, the van was parked at locations without close proximity to 

any particular restaurant. Of the four sites visited during summer, the Convention Center and Mellon 

Square were revisited in winter, showing a distinct temporal change in COA mass with increases around 

noon and 6 pm.  

Similarly, we observed temporal patterns in traffic emissions. Overall, traffic emissions peaked in 

the morning when people typically start work, with the lowest concentrations around 3-4 pm. 
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Figure 2.6 Time series box plot illustrating temporal pattern of (a) COA and (b) Traffic emissions 

identified from PMF at four sample sites monitored from morning to evening.  

 

Figure 2.7 Van Krevelen diagram of COA (Left) and Traffic/HOA (Right) factors in field campaigns and 

previous literature. Black large circular markers show the COA or Traffic-related factors from both 

summer and winter field campaign conducted in 2021. Light green triangles on the left panel represent the 

results from cooking emissions data collected during a 2019 summer field campaign in Pittsburgh and 

Baltimore. Laboratory cooking experiments are indicated by blue markers. Red rectangular markers 

highlight ambient COA or HOA factors identified from prior literature.  
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As shown in Figure 2.7, the O:C and H:C ratios of COA obtained in this study were compared 

with those reported in prior literature, including both field studies and laboratory experiments (Dai et al., 

2019; Ge et al., 2012; Huang et al., 2021b; Katz et al., 2021; Mohr et al., 2012; Rivellini et al., 2020; 

Shah et al., 2018b; Xu et al., 2014; Zhang et al., 2021b). Traffic factors from the 2021 campaign and 

ambient HOA factors in prior literature (Aiken et al., 2009; Al-Naiema et al., 2018; Bottenus et al., 2018; 

Dai et al., 2019, 2019; Ge et al., 2012, 2012; Guo et al., 2024, 2024; Hayes et al., 2013; Hu et al., 2016b; 

Li et al., 2015; Rivellini et al., 2020; Saarikoski et al., 2012; Shah et al., 2018b) are shown on the right in 

Fig 2.7. Both Traffic and HOA factors show generally lower O:C and demonstrate relatively less 

variability in comparison to COA factors. In contrast, COA-related factors were observed across a much 

broader range. Although most COA factors exhibit O:C ratios below 0.4, certain Oxidized COA factors in 

our field campaign and lab experiments in a prior study displayed higher O:C ranges demonstrating the 

substantial variability inherent in cooking emissions. For instance, Stir-fried Cabbage SOA and Kung Pao 

Chicken SOA, two distinct SOA factors derived from cooking emissions, shows the highest O:C ratios 

among eight data points in their respective experiments (Zhang et al., 2021b). In our 2021 field campaign, 

Oxidized-COA from Forbes Avenue and Convention Center COA exhibited more oxidized characteristics 

compared to the COAs from other sampling sites. Among the ambient COA factors, Houston Texas (Dai 

et al., 2019) displayed the highest O:C ratio, highlighting significant variability in the oxidative properties 

of ambient cooking organic aerosols.   

 

2.3.3 Separation of Asphalt Paving factor in PMF 

This study also aimed to quantify the impact of asphalt paving on ambient air quality. Two of the 

sampling sites were targeted at asphalt sources. The Bird Park site, shown in Figure 2.3, was adjacent to 

an active road paving project. The site was on a road with low traffic in a suburban park. Thus, the 

dominant anthropogenic sources at this location were the asphalt paving and associated diesel equipment. 

The Roadside Paving site was located near the entrance to a large asphalt plant. This location also has 

significant traffic influence, as the asphalt plant is located under an elevated portion of Interstate 376 in 

the City of Pittsburgh. Also, there was significant diesel truck traffic into and out of the asphalt plant, as 

large trucks arrived at the plant to be filled with hot asphalt. 

A major challenge in separating asphalt from traffic OA with the AMS is that these sources produce 

similar mass spectra. Both vehicle and asphalt emissions are derived from petroleum – asphalt emissions 

are from vaporization of hydrocarbons, while vehicle emissions contain major contributions from 

partially combusted fuel and direct emissions of motor oil. Both Khare et al (2020) and Humes et al 

(2023) showed in the laboratory that asphalt OA emissions are chemically similar to traffic and motor oil 

emissions. 

In this work, we used concurrent measurements of BC and NOx to separate traffic OA from asphalt 

OA. Briefly, we expect that asphalt emissions at both Bird Park and Roadside Paving would have weak 

correlations with BC and NOx. On the other hand, vehicle emissions, especially those associated with 

diesel vehicles, emit BC and NOx.  

For both sites, PMF was used to separate two factors dominated by reduced hydrocarbons. For 

example, the HOA mass spectrum typically assigned to traffic emissions has large contributions from m/z 

43, 57, and 69. These peaks are also present in the asphalt mass spectrum (Figure 2.7). We then computed 

the temporal correlation between each of these reduced PMF factors and NOx and BC. The factor with 

the higher correlation with NOx and BC was assigned as the HOA factor, whereas the factor with the 

weaker (or no) correlation was assigned as the asphalt factor. The average asphalt and HOA factors 

determined from all sites are shown in Figure 2.7. 

 After separating the asphalt and HOA factors, additional steps were taken to examine and better 

verify that the asphalt factor was indeed representative of asphalt OA. Previous work by Humes et al 

(2023) showed that asphalt OA contained peaks from polycyclic aromatic hydrocarbons (PAHs) that are 

not present in HOA or in vehicle emissions. The presence of these PAH peaks also means that asphalt OA 

emissions have a greater fraction of their mass at m/z > 100 than HOA or vehicle emissions. We observe 
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these features in our asphalt factor determined from ambient sampling. The asphalt factor in Figure 2.7 

contains contributions from ions associated with PAHs, including m/z 128 and 152. Additionally, the 

asphalt factor is enriched in fragments with larger m/z compared to the HOA factor. This is shown in the 

cumulative mass fraction plot in Figure 2.8. 

 
Figure 2.7 Average mass spectra for different PMF factors: COA, Traffic (HOA), and asphalt. There is a 

high correlation in the mass spectra of the HOA and traffic factors. 
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Figure 2.8 Cumulative mass fraction of COA, Traffic, and Asphalt factors at various m/z ranges. At m/z 

70, the cumulative mass fraction of the Traffic factor begins to approach that of COA, achieving near-

identical alignment at m/z 100. The Asphalt factor's cumulative mass fraction exhibits a distinct profile, 

remaining significantly different even at m/z 100, indicating a unique contribution to the mass spectrum at 

higher mass ranges. This divergence highlights the Asphalt factor's potential for a significant contribution 

from polycyclic aromatic hydrocarbons (PAHs) at higher m/z values.  

 

 We attempted to leverage the presence of PAH peaks in the asphalt mass spectrum to better 

separate the asphalt OA from HOA. However, this approach yielded only minor improvements in the 

separation. Further, it did not enable us to identify an asphalt OA factor in locations that did not have 

large impacts from asphalt emissions. 

Figure 2.4 shows that the asphalt factor was only identified at the two asphalt-focused sites. This 

is due to the difficulty in separating the asphalt factor from the HOA factor. In most ambient sampling, 

these two factors are too similar to separate. Additionally, the traffic emissions that make up most of 

HOA are generally the dominant source of reduced OA to the urban atmosphere. This likely means that 

previous studies have over accounted for traffic emissions, and assigned other sources of reduced OA, 

including asphalt, as traffic emissions. 

 

2.4 Conclusions 

This section used an aerosol mass spectrometer to examine spatial and temporal variations in both 

OA concentration and source contributions across Pittsburgh. We observed significant spatial and 

temporal variations in OA, and these variations are coupled to changes in anthropogenic activities. 

Anthropogenic emissions sources include both combustion sources, with vehicle traffic creating higher 

concentration zones in high traffic areas and during the morning rush hours, and non-combustion sources. 

We identified asphalt emissions as a potentially important contributor to urban air pollution and 

highlighted some of the challenges present in quantifying the impact of this widely distributed source that 

generates PM with a similar composition as vehicle emissions. We also observed that the chemical 

signatures of common sources such as vehicle traffic and restaurant cooking do not display strong spatial 

or temporal variations at the city scale.  

The results of this section of the report demonstrate that further reductions in urban PM 

concentrations can be achieved by targeting non-combustion and combustion source emissions. While 

this data was collected in one city, we expect that a similar source mix, especially vehicles and 

restaurants, will be important in cities nationwide.   
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3. Characterization of Nitrogen-Containing Cooking Organic Aerosols with a Non-targeted 

Approach Using the Offline FIGAERO-CIMS 

3.1 Introduction 

Section 2 used real-time aerosol mass spectrometry to demonstrate the importance of non-traffic 

related sources to urban OA. In many sampling locations, cooking was equal to or greater in importance 

as a source of primary OA. While these data are useful, the harsh conditions of the AMS mean that 

molecular information is loss.  

Application of Chemical Ionization Mass Spectrometry (CIMS) can provide additional molecular 

insights into cooking emissions through the minimal fragmentation of molecular compounds (Hearn and 

Smith, 2006, 2004; Isaacman-VanWertz et al., 2017; Ye et al., 2021; Zhang et al., 2018). While the AMS 

has been broadly utilized for measuring chemical composition of aerosols in both field (Crippa et al., 

2014; Dzepina et al., 2007; Jimenez et al., 2003; Lee et al., 2013; Takegawa et al., 2009) and laboratory 

settings (Bruns et al., 2015; Chen et al., 2019; Cross et al., 2007; Hu et al., 2017; Xu et al., 2018), it often 

leads to substantial fragmentation of organic species due to hard ionization processes such as Electron 

Ionization (EI). Although EI can provide high sensitivity to organics (Hartner et al., 2022), the 

fragmentation of the parent ion can limit our understanding of the specific molecular composition of the 

ambient samples (Hartner et al., 2022; Niu et al., 2024; Schueneman et al., 2021; Zhang et al., 2023).  

The CIMS has been mainly used in gas phase analysis of the samples; however, the FIGAERO (Filter 

Inlet for Gases and AEROsols), coupled with the CIMS, enables the measurement of the ambient aerosol 

particles (Lopez-Hilfiker et al., 2014). FIGAERO is equipped to function in two distinct modes for both 

gas-phase and particle-phase sample collection and their analysis. The first mode for the particle-phase 

sample is via a metal port and particle sample collection on a filter. Following this, the second mode 

includes thermal desorption of the particles using heated nitrogen (N2). The movable tray of the 

FIGAERO facilitates the transition from sample collection to thermal desorption mode. During thermal 

desorption, the gas-phase port is blocked by the movable tray, ensuring that only particle samples 

collected on the filter are analyzed (Bannan et al., 2019). While FIGAEO-CIMS has been used in multiple 

aerosol studies in both laboratory (Bannan et al., 2019; D’Ambro et al., 2019; Graham et al., 2023; 

Masoud and Ruiz, 2021; Yang et al., 2021) and field campaigns (Brown et al., 2021; Chen et al., 2020; 

Lopez-Hilfiker et al., 2016; Thompson et al., 2017; Ye et al., 2021), several recent trials have established 

methods for offline analysis with the FIGAERO-CIMS (Cai et al., 2022; Huang et al., 2019; Siegel et al., 

2021). The current study leverages the benefits of the offline CIMS method for field campaigns, where 

filter samples are collected in situ and subsequent analyzed in the primary laboratory by iodide based 

CIMS utilizing a FIGAERO inlet. The implementation of this innovative method will facilitate the 

efficient collection of multiple samples without necessitating the on-site installation of the instrument.  

The role of nitrogen in COAs has acquired less attention, despite some recognition of its natural 

and anthropogenic sources. (Yu et al., 2024). While specific contribution of nitrogen from cooking 

activities has been relatively unexplored, recent studies have unveiled the presence of nitrogen containing 

compounds in both gas and particle phases from either food itself or during the cooking process (Klein et 

al., 2019; Reyes-Villegas et al., 2018b). Exploring the origins of nitrogen in food sources, studies 

highlight its origins from the use of nitrogen fertilizers (Dimkpa et al., 2020; Ladha et al., 2005; Wood et 

al., 1993), critical to produce amino acids in plants, and subsequently, as sources of protein in animals 

(Liu et al., 2022; Ochieng’ et al., 2021; The et al., 2021). In addition, the essential role of nitrogen in food 

production has been studied in prior research. For instance, nitrogen from yeast fermentation process, 

such as those involved in making wine and bread, contributes to the nitrogen content in foods (A. A. O. 

Ahmed et al., 2023; Kessi-Pérez et al., 2020; Utami et al., 2024). The levels of nitrogen emissions can 

also vary based on cooking methods or the type of stove used, with gas and electric stoves known to 

influence the concentration of NOx differently (Dėdelė and Miškinytė, 2016; Dennekamp et al., 2001b; 

Paulin et al., 2014). Although the focus on nitrogen from cooking emissions has been relatively limited, 

the presence of nitrogen in the atmosphere carries substantial implications for environmental health and 

global warming (Haque et al., 2023; J. Wang et al., 2023; Zixuan Wang et al., 2023). For instance, impact 
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of nitrogen on ecosystems, such as its detrimental effects on coral reef environments, has been 

documented by several findings (Donovan et al., 2020; Vaughan et al., 2021; Zhao et al., 2021).  

Here, we aim to identify cooking originated compounds detected from the Iodide-FIGAERO-CIMS, 

both a predefined list of cooking markers from existing research and a non-targeted list of compounds. A 

key objective is to understand why reduced-N compounds, observed in near-source cooking plumes, are 

not present in ambient COA factors determined from PMF analysis of the 2021 field campaign. By 

employing both the CIMS and AMS, this research intends to provide a comprehensive overview of 

nitrogen in cooking emissions, examining potential factors that influence their detection. This integrated 

approach will offer a clearer understanding of COAs and illustrate how the CIMS complements molecular 

information detected by the AMS.   

 

3.2 Methods and Measurement 

3.2.1 Sample collection setup and measurement site. 

Figure 2.2 above shows the sampling setup used in the mobile lab. We sampled PM2.5 onto PTFE 

filters from SKC (2.0 µm pore size, 25 mm, Cat. No. 225-3726) in parallel with real-time AMS 

measurements presented in Section 2. The filters underwent a pre-baking process in the oven, set at 

100 °C, overnight prior to the campaign. This step was carried out to eliminate any organic 

contaminations present on filters.  

 

Figure 3.1 Overview of the sampling sites for the Offline FIGAERO-CIMS analysis. The map illustrates 

the geographical distribution of our sampling locations. Four sites sampled from morning to evening for 

diurnal analysis are marked with circles, while locations expected to mainly yield cooking emissions are 

denoted with triangles. Each location is accompanied by the name of the sampling location and the 

number of filter samples collected there during the study period.   

 

Figure 3.1 illustrates the locations of the sampling sites visited during the study period in the 

Pittsburgh area. Details on criteria for site selection are discussed in the preceding chapter. Among the 

seven cooking-focused sampling locations, filter samples were collected from morning to evening at four 
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of these locations. Thus, the diurnal patterns observed, reflecting characteristics from morning to evening, 

are based on the results from these four locations, which are indicated with circle dots in Figure 3.1.  

Our data collection involved 16 filter samples from each location, including Mellon Square, 

Convention Center, Forbes Avenue, and Murray Avenue. Samples were collected at regular intervals 

throughout the day, from morning to evening. To provide a comprehensive dataset, samples were 

gathered every 30 minutes between 8 am to 7 pm Eastern Time, resulting in a set of four filters for each 

time window. Although we did not anticipate a significant diurnal pattern in anthropogenic emissions at 

Walnut Street, Carson Street and Bryant Street, they remained of interest due to their potential as 

substantial sources of cooking emissions. As a result, we collected between four to five filters samples at 

each of these locations, which contributed to our overall dataset.  

While both online and offline measurements have their benefits in certain situations, prior studies 

have been restricted in its online measurements of the CIMS in the analysis of the field campaign data. 

This is primarily due to the high cost of the instrument and the lack of skilled human resources to operate 

instruments in multiple locations. As result, applications of the CIMS in field campaigns become 

challenging. Therefore, a system to collect filter samples was specifically designed for the offline data 

collection in the field campaign. To determine the optimal duration for sufficient mass loading on the 

filters for the CIMS analysis, laboratory tests were conducted using ambient samples obtained in the 

campus area. The durations tested included 30 minutes, 1 hour and 2 hours, respectively. Based on the 

preliminary analysis, it was determined that a 30-minute sampling period, accompanied by a flow rate of 

5 standard liters per minute (slpm), was the most suitable for effective sample collection. Throughout the 

campaign, Mass Flow Controllers (MFCs) were employed to maintain a consistent flow rate during the 

sample collection period. Detailed information regarding the instrumental setup and operational 

conditions can be found in the previous chapter, as it provides comprehensive details regarding the mobile 

laboratory utilized during the summer field campaign of 2021 (see Chapter 3, 3.2.1 Site selection and 

sampling method). The campaign employed the consistent framework and setting to gather the filters 

samples, which were subsequently utilized for laboratory analysis using the iodide FIGAERO-CIMS. 

 

3.2.2 FIGAERO-CIMS setup and analysis protocols  

The chemical ionization method employs an ionized reagent gas, requiring less energy compared 

to Electron Impact (EI) (Dayhuff and Wells, 2005). The CIMS can utilize various reagent ions, such as 

acetate, iodide, nitrate, and methane, allowing for interchangeable ionization sources and selective 

detection of different chemical classes. This indicates the importance of choosing an appropriate reagent 

ion when selectively choosing targeted ions in samples (Aljawhary et al., 2013). In our research, we chose 

to employ iodide, as its widespread deployment for the measurement of atmospheric trace gases and its 

selective preference for oxygenated organic compounds (Dörich et al., 2021), especially, given the 

unpredictability of real-world urban atmospheric measurements.  The extent of fragmentation and the 

detection sensitivity can be precisely managed by employing a diverse array of reagent ions. (Marcy et 

al., 2005; Rissanen et al., 2019; Xu et al., 2022).  

The FIGAERO-inlet was specifically designed to enable the continuous detection of particle-

phase and gas-phase compounds in conjunction with a Time-of-Flight Chemical Ionization Mass 

Spectrometer (ToF-CIMS). Its design allows for easy interchange with the standard gas-phase inlet of the 

CIMS, facilitating alternating sampling cycles between gas-phase and particle phase measurements during 

aerosol collection and thermal desorption for mass spectral analysis of collected aerosol. During the 

thermal desorption process, the filters is moved to a designated position in the program, and a flow of 

ultra-high purity (UHP) nitrogen gas at a rate of 2 slpm is heated programmatically and directed across 

the filter to desorb the compounds present. The particles on filters are thermally desorbed by the nitrogen 

flow, and the desorbed compounds are ionized by clustering with iodide anions generated through 

exposure to the radioactive source Polonium-210.  

The sample analysis process involves automated switching between aerosol and blank sampling, 

accompanied by a programmable thermal desorption ramp. The temperature ramping protocol used in this 

study ranged from approximately 35 °C to 150 °C and lasted for a total of 15 minutes in total. 
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Specifically, within the employed FIGAERO-CIMS, the filter samples were initially analyzed at around 

35 °C for 1 minute before being gradually heated up to 150 °C over a period of 14 minutes. This 

temperature protocol was implemented to observe any signal changes correlating with the desorption 

temperature.   

Blank correction is a critical procedure for ensuring accurate measurements by eliminating 

background noise or contamination present in the environment. Field blanks have been widely employed 

in aerosol research to follow the same sampling procedure as actual sample collection, with the key 

difference being that they do not directly collect particulate matter (Bhardwaj and Sunder Raman, 2022; 

Vodička et al., 2022; Yoon et al., 2021; W. Zhang et al., 2022). This study’s approach to background 

correction was specifically adapted from May et al., 2013 to mitigate potential contamination during 

sample collection. The same type of PTFE filters was used, which were prepared in the oven with a pre-

baking process at 100 °C overnight. Field blank filers were used throughout the field campaign to expose 

the field conditions to capture environmental conditions, mirroring all procedures except the direct 

collection of particulate matter samples.  

Four field blank samples were utilized to determine the background concentration of pollutants. 

These blanks underwent the same data analysis process as the collected samples. The background-

corrected signal for each sample was calculated by subtracting the summed signal intensities of all 

compounds identified in the field blank samples from the total original signal intensity of the samples. To 

accurately measure the concentration of compounds in the study samples, it was essential to distinguish 

the true signal from background noise. This was achieved by subtracting the background noise, measured 

using field blank samples, from the raw signal detected in each sample.  

 

3.3 Results and discussion 

3.3.1 Early insights from targeted analysis 

 

To employ cooking markers that signify the emissions from culinary activities, compound peak 

lists of the CIMS from two research papers were referenced. The chosen studies utilized iodide as the 

reagent in their investigation of indoor cooking aerosols, measured through the HR-ToF FIGAERO-

CIMS. Reyes-Villegas et al. (2018) focused on measuring both particulate matter and gaseous emissions 

generated while cooking a typical English breakfast, involving an array of food preparation techniques 

and ingredients. Another study by Masoud et al. (2022) simulated cooking activities within a realistic 

kitchen and home environment setup. The results of these experiments led to a list of compounds 

identified in both the gas and particle phases. After careful comparison and exclusion of overlapping 

compounds from the two studies, a total of 32 distinct compounds were identified. This collection of 

compounds, therefore, represents the emissions originating from the specific cooking scenarios 

scrutinized in previous studies, and subsequently examined in this study. This research focused on the 

analysis of the top 10 compounds that showed the highest signal intensity from a set of 32 markers 

associated with cooking emissions, utilizing the FIGAERO-CIMS instrument. 
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Table 3.1 Table of compounds selected for targeted-analysis, with their chemical formulas, mass-to-

charge ratios (m/zs) and proposed chemical names. The name of the chemical species and phase 

classification of these compounds into either particle or gas phase are informed by findings reported by 

Reyes-Villegas et al., 2018, and Masoud et al., 2022.  

Formula m/z Name  

C2H2O4 216.900 Oxalic acid 

Particle 

phase 

C3H8O3 218.952 Glycerol 

C5H8O3 242.952 Levulinic acid 

C4H6O4 244.934 Succinic acid 

C6H6O3 252.937 Maltol 

C5H8O4 258.947 Glutaric acid 

C6H9N3O2 281.9745 Histidine 

C9H18O2 285.036 Palmitic acid 

C7H12O4 286.979 Pimelic acid 

C6H10O5 288.958 Levoglucosan 

C6H12O5 290.974 Fucose 

C10H12O2 290.989 Propanoic acid 

C8H14O4 300.994 Suberic acid 

C9H14O4 312.994 Pinic acid 

C9H16O4 315.010 Azelaic acid 

C10H18O4 329.026 Sebacic acid 

C12H22O4 357.057 Dodecanedioic 

C16H32O2 383.145 Palmitic acid 

C17H34O2 397.161 Margaric acid 

C17H26O3 405.0932 Paradol 

C18H32O2 407.145 Linoleic acid 

C18H34O2 409.161 Oleic acid 

C18H36O2 411.177 Stearic acid 

Gas 

phase 

C18H34O3 425.156 Ricinoleic acid 

CHNO 169.911 Isocyanic acid 

CH2O2 172.911 Formic acid 

C3H4O2 198.926 Acrylic acid 

C3H6O2 200.942 Propionic acid 

C3H6O3 216.937 Lactic acid 

C3H4O4 230.916 Malonic acid 

C6H10O2 240.973 Hexanoic acid 

C6H10O4 272.963 Adipic acid 

 



 20 

 
Figure 3.2 Selection of 10 compounds based on their high signal levels throughout the day.  

 

In Figure 3.2, palmitic acid emerged as the compound with the highest signal intensity. Previous 

literature has identified the presence of palmitic acid in the cooking emissions of meat, dairy products like 

butter, and some plant oils (Rogge et al., 1991; Masoud et al., 2022). Following palmitic acid, the 

compounds showing the highest signal intensity were oleic and stearic acid, predominantly found in olive 

oil and animal fats, respectively (Liu and Jiang, 2020; Martínez et al., 2014; Monfreda et al., 2014). Due 

to the inherent limitations of the CIMS in distinguishing compounds with identical chemical formulas at 

the same m/z (Hammes et al., 2019; Siegel et al., 2021), it was inferred that the detected signals likely 

correspond to oleic and stearic acids. This is because previous studies have shown that they are highly 

prevalent in cooking emissions (Alves et al., 2021; Huang et al., 2021b; Lyu et al., 2021; Robinson et al., 

2006; Schauer et al., 2002b; Zhao et al., 2007c). 

Lactic acid, identified as the third major compound, is predominantly emitted from cheese and 

fermented foods (Alves et al., 2020; Rocchetti et al., 2019; Weidner et al., 2023; Zareie et al., 2023). 

Among the analyzed compounds, palmitic acid, oleic acid, and lactic acid demonstrated the highest 

concentrations. These three compounds collectively accounted for 64.6% to 78.5% of the mass across all 

sampling sites, highlighting their significant contribution to cooking emissions. Other potential 

compounds with the highest signal intensity included formic acid, glycerol, glutaric acid, etc. 

The samples were collected from various locations at different times, days, and with varying 

weather conditions, the variability in compounds concentrations across sites suggests the influence 

environmental factors on emission profiles. This finding emphasizes the dynamic nature of cooking 

emissions in real-world scenarios.  
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However, focusing solely on these markers provides limited insight into the broader spectrum of 

cooking emissions. Previous applications of the FIGAERO-CIMS have identified a wide range of organic 

compounds across diverse environments, extending from indoor settings to the Arctic Ocean (Brown et 

al., 2021; Chen et al., 2020; Siegel et al., 2021; Ye et al., 2021; Zhang et al., 2018). Such diversity 

underscores the potential of a non-targeted analysis approach in uncovering a broader array of compounds 

at low concentrations, including previously unidentified chemical species. 

Prompted by this understanding, the current research process included completing a non-targeted 

analysis of cooking emission samples collected during the summer 2021 field campaign. This 

comprehensive approach enabled the assignment of 2242 compound masses based on the observed 

spectral peaks. Of these, 1364 compounds were identified by specific chemical formulas. The findings 

revealed that a targeted analysis, while informative, may overlook a substantial portion of the emissions' 

chemical composition. Indeed, the 32 initial compounds represented just a fraction of the total compounds 

detected across the samples in the current research (3.8%), advocating for the necessity to take a broader 

analytical scope in environmental studies on cooking emissions. 

 

3.3.2 Overview of the non-targeted compounds identified. 

 

 
Figure 3.3 Top five compounds by signal intensity after blank correction. In the top panel covering all 

seven sites, the most significant compounds were identified from a total of 1363 chemical compounds. 

The two most prevalent compounds identified (C5H6O8 and C3H6O4) remained consistent across different 

times of the day, indicating that dominant compounds show similar patterns throughout the day.  
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Within the targeted compounds listed in Table 3.1, C3H6O3
- (lactic acids), CH2O2 (formic acid), 

and C3H8O3
-- (glycerol) were notable for their high intensities, featuring among the top five compounds. 

Lactic acid (C3H6O3
-) was specifically identified as one of the major contributors, ranking among the top 

five compounds with high signal intensity from morning to evening at four sites, as well as in the overall 

site average (Fig. 4.3). This compound, highlighted in our targeted analysis and recognized for its 

significance in the gas phase according to Reyes-Villegas et al., 2018, emerged as one of the dominant 

compounds during these times. The dominance of the compounds C3H6O3
- significantly contributed to the 

overall signal intensity observed in the blank samples. However, the contribution of C3H6O3
- remained 

markedly higher in comparison to other chemical species even after subtracting the background signal. 

Following lactic acid, formic acid (CH2O2
-) is featured in both Table 3.1 and Figure 3.3. It was 

observed during both midday and afternoon periods, significantly contributing to the overall signals at all 

sites. Formic acid has been documented in various atmospheric particle and gaseous-phase studies (Allen 

and Miguel, 1995; Takhar et al., 2021; Wang et al., 2007; Yokelson et al., 1999), with its formation from 

photochemical reactions. Cooking-related emissions, such as those from meat charbroiling (Kaltsonoudis 

et al., 2017b) and the use of soybean and peanut oils (L. Wang et al., 2020), have been noted for their 

formic acid compounds content. 

Glycerol (C3H8O3
-) appeared in the top five compounds during morning and afternoon periods. Its 

significant signal contributions can be attributed to its presence in food additives, as identified in a prior 

study by Masoud et al., 2022. This compound can be naturally found in a wide range of food sources, 

including both plant and animal-based products. It is commonly present in fats and oils, dairy products, 

and various processed foods, highlighting its ubiquity in dietary substances (Wang et al., 2007). It also 

serves as a sweetener in sugar-free food products, typically sourced from vegetables, and is employed as a 

humectant or a preservative in processed foods (Larrea-Wachtendorff et al., 2020). These various roles of 

glycerol in food production could potentially explain its elevated presence in the morning and afternoon.  

Among the top five compounds identified, the most notable were potentially sugar alcohol 

derivatives or xylonic acid C5H10O6
-, despite not being included in the targeted compound list in Table 

3.1. This compounds, which can arise from the breakdown or transformation of carbohydrates from 

chemical reactions (Jin et al., 2022). When sugars or sugar alcohol derivatives are heated to high 

temperatures, they undergo caramelization or Maillard reactions, which result in browning and complex 

flavors; these reactions are influenced by several factors including heating time, temperature, and the 

presence of oxygen (Ames, 1998; Jaeger et al., 2010; Lc, 1912). Another potential source of xylonic acid 

could be the decomposition of plant cell wall polysaccharides. When heated, these polysaccharides can 

break down into smaller sugar acids or compounds with similar formulas (C. C. Lee et al., 2017; Lekshmi 

Sundar and Madhavan Nampoothiri, 2022). In addition, fermented foods contain byproducts like sugar 

acids that could emit xylonic acid (Cao and Xu, 2019; Zhang et al., 2017). Their emissions sources can 

also vary based on food ingredients, leading to a significant presence in the samples collected.  

Fatty acids or C9H16O3
- was also commonly observed in the midday and evening samples, which 

are potentially from vegetable oils (F. A. Ahmed et al., 2023; Boukhebti et al., 2016).  
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Figure 3.4 Normalized signal intensity (Norm. SI) of identified compounds over the course of a day from 

morning to evening after applying background correction. Lactic acid (C3H6O3
-), sugar alcohol derivative 

(C5H10O6
-), and fatty acid (C9H16O3

-) were the most significant compounds, regardless of the time of day. 

The influence of C5H10O6
- was more pronounced in the morning and evening, while C3H6O3

- dominated at 

midday and in the afternoon. 

 

The soft ionization in the CIMS allows us to quantify species by the number of carbon and 

oxygen atoms in the molecular formula. This is shown in Figure 3.4, which categorizes compounds based 

on their carbon and oxygen atom count with normalized signal intensity of each chemical compound. The 

color coding used in the chart represents the quantity of oxygen atoms per compound, highlighting the 

most prevalent compositions among the 1,364 compounds detected. 

 The distribution shows that the majority of the compounds contain more than one oxygen atom 

in their formulas. Compounds classified into the O3 and O6 groups collectively constitute more than 60% 

of the total signal intensity throughout the day. The prevalence of compounds with O3 or O6 functional 

groups is due to the dominant contributions of lactic acid (C3H6O3
-), a sugar alcohol derivative 

(C5H10O6
-), and a fatty acid (C9H16O3

-). Following O3 and O6, compounds with O2 and O4 functional 

groups constituted 6-27 %, bringing the sume of O2 to O6 compounds to approximately 90 % of the total 

signal.  

The analysis indicates that compounds with carbon chains ranging from C2 to C6 accounted for 

75 % of the total signal in the morning and 65 % at midday. During the afternoon and evening periods, 
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compounds within the C2-C6 carbon range constituted 62 % and 71 % of the total signal, respectively. 

This pattern suggests a higher volatility for compounds with fewer carbon bonds, such as those within 

C2-C6 range, are likely more volatile compared to those with more than six carbon atoms in their 

formulas (Kroll and Seinfeld, 2008).  

 

 
Figure 3.5 Variability in signal contribution of the top 10 compounds with the highest signal intensity as 

measured by the FIGAERO-CIMS. Each compound listed contains oxygen in the formula identified as 

either CHO or CHOx throughout the day. The compounds within the top 10 significant signals accounted 

for more than 60 % of the mass. 

 

In Figure 3.5, each graph displays the total contributions of all compounds compared to the top 10 

most significant compounds during morning, midday, afternoon, and evening periods. The signal 

intensity contribution of the top compounds collectively accounted for a substantial portion (60 % to 

89 %) of the total signal throughout the day. Specifically, the dominant compounds C3H6O3
- and C5H10O6

- 

consistently appear in significant proportions across all time periods, though their relative abundance 

shifts.  

Figures 3.4 and 3.5 show the average signal across all times of day. However, the relative 

abundance of different species changed over the course of the day. For example, during the midday hours 

(11 am to 1 pm ET), the top two significant compounds were consistent with those identified in the 

morning, afternoon and evening, though their order of prominence changed. Lactic acid or C3H6O3
- is 

likely associated with fermented foods, emerged as the leading compound across all sites in the midday, 

followed by C5H10O6
-. Mellon Square was distinguished by contributing the most substantial portion of 

the total signal among the four sites. Although the spatial proximity of the Convention Center and Mellon 

Square, their location did not significantly influence the distribution of contributions from major chemical 

compounds.  

In the afternoon (2 pm to 4 pm ET), the percentage contribution of the top three significant 

compounds was relatively consistent across the sites compared to other times of the day, indicating their 

widespread presence. The samples from the Convention Center collected in the afternoon were excluded 

due to experimental errors. The afternoon samples highlighted the prevalent compounds and their 

proportions, even though the field samples were collected on different days and from various locations. 

This consistency indicates that the variations in compound presence are likely not attributable to the 

emission characteristics of any particular day.   

The evening samples (5 pm to 7 pm ET) at the Convention Center provide further insights into 

the sources driving variations in aerosol characteristics throughout the day. This analysis of organic 

compositions was conducted using both the AMS and the FIGAERO-CIMS. As discussed in the previous 

chapter, the diurnal pattern of traffic-related OA factors shows fluctuations in mass concentrations over 

time but no noticeable increase in traffic emission concentrations between 5 pm and 7 pm. On the other 

hand, COA factor demonstrates a clear increase specifically between 6 pm and 7 pm, suggesting that the 
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rise in glycerol (C3H8O3
-) could likely be linked to cooking-related emissions at the Convention Center 

site during the evening hours.  

 

3.3.3 Contribution of N-containing compounds 

 

 
Figure 3.6 Contribution of each elemental family group to the overall chemical profile and the fraction of 

nitrogen-containing compounds identified in this study. (a) Variations in elemental contributions (CHN, 

CHOxN, CHNO, CHOx, CHO1, CH, Cx) measured by the FIGAERO-CIMS throughout a day. The 

contribution of each elemental family group reveals that CHOx has the highest overall contribution (all 

sites), followed by CHOxN (nitrogen-containing compounds with more than one oxygen). CHOxN 

contributions accounted for more than 10 % of the total during the morning hours. The composition 

analysis of identified ions depicted in (b) reveals that out of the corrected samples, 33.7 % of the total 

ions contain nitrogen.  

 

To estimate the proportions of nitrogen-containing compounds identified through the FIGAERO-

CIMS, the molecular formulas of identified chemical compounds were classified into seven groups based 

on their elemental compositions. These groups are groups CHN, CHOxN, CHNO, CHOx, CHO1, CH, and 

Cx, reflecting variations in the presence of carbon (C), hydrogen (H), oxygen (O), and nitrogen (N). The 

percentage contribution was calculated from the sum of the normalized signal intensities of each 

identified chemical compound.  

Daily variations at the restaurant-focused locations are shown in Figure 3.6 (a) in the first 

column. It reveals that CHOx was the most significant elemental group across all sites (74 %) and 

maintained a high contribution throughout the day (78-90%). Previous online CIMS particle 

measurements have demonstrated that the CHOx and CHON groups are dominant in SOA formation 

under photo-oxidation conditions in a smog chamber experiments (Du et al., 2022; Shao et al., 2022). 

This trend characterized by more than 50 % of CHO and CHOx contents followed by the CHON group 

was observed in the global atmosphere during field campaign measurements at various sample sites (Cai 

et al., 2022; Dall’Osto et al., 2012; Siegel et al., 2021). As illustrated in Figure 3.6 (a), the contribution of 

nitrogen-containing compounds (both CHN and CHOxN) did not differ significantly throughout the day, 

with the most pronounced proportions observed in the morning at 16 % of the total aggregated signal 

intensity. The selection of sample sites was based on the high density of restaurants and cooking sources 

in the area, indicting similar daily patterns in the influence of nitrogen-containing particles during these 

times.  

Figure 3.6 (b) presents a pie chart that categorizes compounds into each elemental family group 

based solely on the number of detected ions. This chart highlights the contribution of reduced (1.9 %) and 

oxidized (31.8 %) nitrogen-containing compounds after CHOx, which contributes 52.2 % of detected 

peaks. Our previous measurements in restaurant exhaust plumes (Kim et al, 2024) showed a high 

abundance of reduced nitrogen ions (~10% of OA mass). However, our CIMS measurements here do not 
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reflect a large amount of reduced N. The possible reasons for that discrepancy are discussed in more 

detail below.   

 

 
Figure 3.7 Normalized signal intensity (Norm. SI) for nitrogen containing compounds identified 

measured from morning through evening. Oxidized nitrogen (O ≥ 1) accounted for 91 to 98 % of the total 

signal intensity of nitrogen-containing compounds.  

 

Nitrogen-containing compounds were not among the top five, but C3H7NO2
- was included in the 

top 10 compounds, as shown in Figure 3.5. C3H7NO2
- was the only N-containing compound identified 

among the top three highest signals across morning to evening samples, potentially corresponding to 

amino acid alanine (Figure 3.7). Alanine is naturally occurring amino acid found in various protein-rich 

foods including meat, seafood and beans (Alexander et al., 1953; Jiang et al., 2014; Kralik et al., 2015; 

Zhibo Wang et al., 2023) While the observed signal may represent a fragment originating from the 

degradation of parent ions (Abd El-Kareem et al., 2016), the pronounced signal intensity of the nitrogen-

containing compounds support their actual presence in the collected particulate matter samples.  

While our previous AMS measurements (Kim et al, 2024; Figure 3.8a) highlighted the 

contribution of CHN, oxidized nitrogen compounds accounted for more than 90 % of the total signal 

intensity from nitrogen-containing compounds here (Figure 3.7). The presence of oxidized nitrogen 

compounds peaked in the afternoon at 98.9%, followed by midday at 97.6 %, the evening at 97.2 %, and 
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morning at 91.5 % of the nitrogen compounds signal. This observation significantly contrasts with the 

summer 2019 field campaign, where high contributions from the CHN family were observed by the AMS. 

 

Figure 3.8 Fractional distribution of CHOXN, CHON, CHN, CHOX, CHO1, CH, and CX families across 

sampling sites during summer field campaigns. Measurements from the 2019 summer field campaign are 

displayed in (a), where the CHN family shows predominant proportions at Bakery 1 and Bakery 2, using 

the HR-ToF-AMS. Measurements using the same instrument during the 2021 summer field campaign are 

presented in (b), showing less than 1 % of COAs in ambient air.  

 

During measurements inside of restaurant plumes in 2019, cooking OA from various restaurant 

sites demonstrated notable contributions from ions containing reduced nitrogen (Fig. 4.8a). Despite 

variability across sites, nitrogen-containing fragments accounted for an average of 15.8 %, of the total 

cooking OA mass, marking a significant contribution. Figure 3.8 (a) indicates that two bakery sites had 

higher proportions of the CHN family group (53 % and 28 %). Subsequent 2021 field campaigns aimed to 

compare CHN contributions to those observed in 2019, given their substantial impact on the earlier 

findings. As shown in Figure 3.8 (b), fractional distribution found in summer 2021 campaign showed the 

average CHN contribution to cooking OA, as identified through PMF analysis, was less than 1 % of the 

total OA concentration.  

To address the significant discrepancy in CHN fractions observed between two summer field 

campaigns, several factors were evaluated. Initially, the possibility that higher ambient temperatures in 

2021 could accelerate the chemical reactions of CHN in the air was considered. This hypothesis was 

dismissed after analyzing the CHN levels from the 2021 winter field campaign, which showed no 

significant seasonal variation of N-containing compounds. Furthermore, the detection limit of the AMS 

for CHN compounds was assessed, confirming that CHN concentrations from samples were significantly 

above its threshold. After ruling out these initial considerations, the study posits that the compounds in 

the CHN family exhibit high volatility, leading to their rapid dispersion from the immediate vicinity of 

exhaust pipes and resulting in low atmospheric persistence. To investigate this volatility further, the two-

dimensional volatility basis set (2D-VBS) diagram was employed across nitrogen-containing compounds 

measured by the AMS and the CMS measurements.   

 

3.3.3 Oxidation and volatility of nitrogen containing compounds.  

 

Figure 3.9 illustrates the two-dimensional volatility basis set (2D-VBS) for nitrogen-containing 

compounds with oxidation state (2*O:C-H:C) on the y-axis and the logarithm of the saturation 

concentration reported in C* on the x-axis. Following background correction, N-containing compounds 

were allocated into volatility classes according to their saturation concentration. Figure 3.9 depicts the 

distribution of N-containing compounds as measured by the FIGAERO-CIMS . O/N ratios were depicted 
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with varying circle sizes based on their values: O/N < 3, 3 ≤ O/N < 6, 6 ≤ O/N ≤ 9. N-containing species 

with O/N < 3 indicates that the nitrogen containing species that are not likely to be organic nitrate but 

indicating the existence of structural features associated with reduced nitrogen (Kim et al., 2024). 

Additionally, the peak areas of CHON (CHON + CHOxN) and CHN groups were distinguished by colors, 

with CHN family peaks shown in blue.  

 

 

 

Figure 3.9 Comparative analysis of the 2D-Volatility Basis Set (2D-VBS), focusing on the saturation 

concentration and the approximate oxidation state of nitrogen containing compounds, as measured by 

FIGAERO-CIMS for 2021 summer field campaign. Ions were classified into volatility classes after 

background: Ultra-Low volatile Volatility Organic Compounds (ULVOC) below negative 8.3, Extremely 

Low-Volatility Organic Compounds (ELVOC) within a log10C* range of -8.3 to -4.3, Low-Volatility 

Organic Compounds (LVOC) with a log10C* between -4.3 and -0.3, Semi-Volatile Organic Compounds 

(SVOC) fall in the log10C* range of -0.3 to 2.7, Intermediate-Volatility Organic Compounds (IVOC) 

between the log10C* range between 2.7 to 6.7, and Volatility Organic Compounds (VOC) with a log10C* 

greater than 6.7.  

 

The 2D-VBS advances beyond the traditional one-dimensional VBS by tracking both the oxidation 

state and saturation concentration of model species as detailed by Donahue et al., 2011. Unlike the 2D-VBS, 

earlier models focused solely on saturation vapor concentration (C*) and differentiated species based on 

their oxidation status without considering never-oxidized species (Murphy et al., 2011).  

In this study, we adopted the updated parameterization from Donahue et al., 2011 with the 

assumption that OH oxidation significantly affects our samples. For the calculation of saturation vapor 

concentration, equation (1) from (Stolzenburg et al., 2022) was used to determine the saturation 

concentration value for all species based on their elemental content. Here, 𝑛𝐶 , 𝑛𝑂, and 𝑛𝑁  represent the 

counts of carbon, oxygen, and nitrogen atoms respectively in the organic compounds.  

 

𝐶∗  = 𝑏𝐶(𝑛0
𝐶 − 𝑛𝐶) − 𝑏𝑂(𝑛𝑂 − 3𝑛𝑁) − 2𝑏𝐶𝑂

𝑛𝐶(𝑛𝑂−3𝑛𝑁)

(𝑛𝐶+𝑛𝑂−3𝑛𝑁)
− 𝑛𝑁𝑏𝑁                   (1) 

 

The approach for nitrogen-containing compounds presumes inclusion of the nitrate (-ONO2) group, 

requiring that the number of oxygen atoms to be at least triple the number of nitrogen atoms (𝑛𝑂 ≥ 3𝑛𝑁). 
The parameterization criterion, stating that compounds must have 𝑛𝐶 + 𝑛𝑂 − 3𝑛𝑁  ≤ 0 be considered, 

excludes certain compounds from the volatility estimation framework. The volatility calculations were 

based on assumption of saturation concentration at 300 K (C0=C*).  
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Compounds with higher O/N ratios primarily grouped in the lower volatility range (ELVOC to 

LVOC), yet the majority were classified as IVOC (46.5 %) and SVOC (25.5 %), with VOC accounting 

for 13.1 % of the total (Figure 3.10). Prior experimental studies have demonstrated that organonitrates 

(ONs), characterized by a nitrate (-ONO2) group, often exhibit low volatility (Berkemeier et al., 2020; 

Brean et al., 2019). Specifically, Highly Oxygenated Organic Molecules (HOMs) typically fall into the 

Extremely Low Volatility Organic Compounds (ELVOC) category (Mohr et al., 2019; Peräkylä et al., 

2020) due to their molar mass and reduced volatility, enhancing their propensity to condense onto particle 

surfaces (Li et al., 2016; Räty et al., 2021).  

 

 

Figure 3.10 Normalized fraction of N-containing compounds in the 2D-VBS diagram. The fraction of the 

total peak area of N-containing compounds were normalized to the total iodide signal after background 

subtraction, ensures that fractions add up to 1. Stacked bar charts and a pie chart within the plot show that 

CHOxN compounds represent the majority of the signal from N-containing compounds, accounting for 

93 % of the total. 

 

The notable fractional contribution from CHN in Figure 3.8 highlights the discrepancy in CHN 

contributions between the summer campaigns of 2019 and 2021. In addition, both CHON and CHN 

compounds predominantly fell within the high volatile ranges in Figure 3.10, but CHN compounds were 

specifically placed a in higher VOC volatility category.  

The most likely explanation for the discrepancy in the CHN family abundance between our 2019 

and 2021 samples is therefore partitioning. The 2019 samples (Fig 3.8a) were collected inside of 

restaurant emission plumes. Concentrations were often high (OA > 50 g m-3 in several cases) and the 

plumes were measured a few seconds after emission. Our 2021 measurements sampled diluted cooking 

emissions in areas with high restaurant density but were not collected inside of the emission plumes. The 

higher volatility of CHN family ions compared to CHON family ions suggests that the CHN species, 

which are in the particle phase in the near-source plume, evaporated during dilution away from the 

emissions source and are therefore in the gas phase in the 2021 measurements. 

The difference in detection of CHON group compounds by the CIMS and the AMS can indeed be 

attributed to the differing sensitivities of these instruments to certain chemicals. CHON contributions in 

the atmosphere have been investigated in several studies using the CIMS (Guo et al., 2022; Haslett et al., 

2023; Huang et al., 2024; Mehra et al., 2021; Siegel et al., 2021). CIMS is known for its high sensitivity 

to a wide range of organic and inorganic compounds, including those with low volatility and 

functionalized nitrogen-containing species (like CHON compounds), due to its soft ionization technique 

(Hearn and Smith, 2004; Iyer et al., 2016; Lee et al., 2014). This method minimizes fragmentation and 
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allows for the detection of molecular ions, making it particularly effective for identifying specific 

compounds in complex mixtures. AMS, while highly effective for quantifying the overall composition of 

non-refractory submicron aerosol particles (Aljawhary et al., 2013), may have lower sensitivity to certain 

compounds (Allan et al., 2004) due to its ionization technique, which can lead to fragmentation of parent 

molecules (Jimenez et al., 2003). This means that the AMS might not detect certain species as efficiently 

as the CIMS, especially if those compounds break down into fragments that are not easily attributed to 

their original molecules. The varying sensitivities of the CIMS and the AMS to specific chemical 

compounds could explain why the CIMS detects a higher contribution of CHOXN group compounds 

compared to the AMS. 

 

3.4 Conclusions 

Section 2 used AMS data to show that cooking is an important source of urban PM and that cooking 

sources contribute to the spatial and temporal variations in urban PM concentrations. This section used 

chemical ionization mass spectrometry (CIMS) to examine cooking emissions at a molecular level. 

Targeted analysis demonstrated the importance of common cooking markers including fatty acids. We 

demonstrated the value of a non-target analysis, as the common species used in the targeted analysis 

represented a minority of the overall number of compounds and mass of compounds emitted from cooking 

sources.  

Our previous work had demonstrated that cooking sources can be a source of organic nitrogen in urban 

environments. The CIMS measurements showed that ~10% of cooking emissions, by mass, contain organic 

nitrogen groups. These organic nitrogen containing species include a mixture of oxygen-containing and 

reduced (non-oxygen-containing) nitrogen functional groups. We demonstrated that the reduced nitrogen 

compounds are generally IVOCs or more volatile species, and that these compounds, while possibly emitted 

as particles in the concentrated cooking plume emitted by restaurants, rapidly evaporate to the vapor phase. 

The impacts of these organic nitrogen species on both ambient PM concentrations and human exposure and 

health require further study to fully understand. 
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4. Spatial variations in ozone-forming potential of VOCs 

4.1 Overview and introduction 

The prior two sections of this report focused on emissions of PM from various urban sources. Urban 

sources that emit PM, especially OA, co-emit organic vapors. These vapors can participate in chemical 

reactions that generate ozone and secondary organic aerosol. This chapter of the report focuses on the spatial 

variation of VOC concentrations and their potential to form secondary pollutants like ozone. 

O3 is formed by the coupled reactions of NOx (nitrogen oxides) and VOCs (volatile organic 

compounds). Oxidation of VOCs by the hydroxyl radical (OH) produces peroxy radicals (ROO) that react 

with NO to form NO2. NO2 is subsequently photolyzed in sunlight, and the resulting O radical produces 

O3 via reaction with O2. While the specific O3 production rate and maximum daytime O3 concentration in 

an area depends on the concentrations of NOx and VOCs, OH reactivity is a simple metric to evaluate the 

abundance of VOCs that can recycle NO to NO2. 

The goal of this portion of the project was to quantify spatial variations in OH reactivity, and hence 

the ability of the ambient VOC mixture to produce O3. We hypothesized that OH reactivity would 

demonstrate significant spatial variations, and that these spatial variations would echo the spatial 

distribution of anthropogenic sources in different city neighborhoods.  

The previous two sections of the report showed that PM mass and composition varied spatially due in 

part of the presence (or absence) of local sources. As we show in this section of the report, OH reactivity 

exhibited less spatial variability. This is in large part to OH reactivity having large contributions from 

small, secondary, oxygenated organic molecules that constitute part of the VOC background. Local 

enhancements in OH reactivity are minor, and would therefore be expected to generate small spatial 

variations in ambient O3. 

 

4.2 Methods 

4.2.1 OH reactivity and VOC measurements 

 OH reactivity is defined as: 𝑅𝑂𝐻 = ∑(𝑘𝑜𝐻+𝑉𝑂𝐶[𝑉𝑂𝐶]). Here k is the rate constant for the reaction 

of each VOC with OH. This is summed across all species to determine a total reactivity. The units of OH 

reactivity are inverse time (e.g., 1/s). 

 We measured VOC concentrations in different areas of Pittsburgh with a proton-transfer-reaction 

mass spectrometer (PTR-MS). The PTR-MS can quantify concentrations of VOCs in real time. The PTR-

MS relies on “soft” ionization through proton reaction, so species are quantified at their molecular weight 

plus one for the attached proton: 

𝑋 + 𝐻3
+𝑂 → 𝑋𝐻+ + 𝐻2𝑂 

The PTR-MS is only sensitive to species with a higher proton affinity than water. This means that it is 

insensitive to major inorganic gases like CO and CO2, which could overwhelm the VOC signal. It is also 

insensitive to small aliphatic species like methane and ethane, though these are minor contributors to 

overall OH reactivity. 

 

4.2.2 Mobile sampling approach 

Sections 2 and 3 of this report focused on stationary measurements at specific sampling sites. The 

PTR-MS was not available for those measurements because of maintenance issues. Instead, for OH 

reactivity, we conducted in-motion sampling with our mobile laboratory. The approach followed our 

previous mobile sampling work (e.g., Shah et al, 2018). We defined a sampling route through Pittsburgh 

that included many of the same land use types identified for the stationary sampling in Sections 3 and 4 of 

the report. For example, our mobile sampling route included areas of high and low traffic density and 

high and low restaurant density. It included the downtown central business district, areas dominated by 

heavy industry, and residential areas in the urban background. 

The sampling route was driven on multiple days to generate a dataset that is representative of 

long-term average conditions. Previous work by our group and others has shown that a minimum of seven 

repeat mobile sampling trips on different days are required to capture long-term trends in concentrations 

with mobile sampling. Further, we subdivided the mobile sampling route into three sub-routes. On each 
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sampling day, we sampled the sub-routes in a different order. This prevents the dataset from developing 

temporal biases (e.g., the dataset would be biased if we always sampled a specific sub-route in the 

morning and another sub-route in the afternoon). 

 

4.3 Results and Discussion 

Our mobile sampling results show that OH reactivity had larger inter-day temporal variability 

than intra-day spatial variability. Figure 4.1 shows box and whisker plots of measured OH reactivity on 

11 separate mobile sampling days. The entire driving route was sampled on each day, so the data from 

each day represent the spatial variation in OH reactivity on a given day. 

In general, inter-day variations in OH reactivity are larger than intra-day (spatial) variations. The 

daily median OH reactivity varies by about a factor of 5, from ~3 to ~15 s-1. In contrast, the intra-day 

interquartile range in OH reactivity is typically around a factor of 2. This suggests that spatial variations 

in emission sources and strengths have a smaller impact on OH reactivity and O3 formation than inter-day 

variations in emissions and meteorology.  

 

 
Figure 4.1 Box plots of OH reactivity measured on 11 separate mobile sampling days. The entire 

sampling route was driven on each day. There are generally larger differences between days than within 

days. 

 

 The relative lack of spatial variation in OH reactivity is because OH reactivity is dominated by 

small, oxygenated molecules rather than fresh emissions. The local, neighborhood-scale, differences in 

emissions make up a smaller fraction of overall OH reactivity than of PM mass. Thus, while 

neighborhood-scale variations in emissions impact PM mass and composition, they have a smaller impact 

on OH reactivity. 

 An example of neighborhood-scale variations in OH reactivity is shown in Figure 4.2. It 

compares OH reactivity in two neighborhoods along the mobile sampling route on a single day. The left 

pie chart shows the OH reactivity on Neville Island, an area with several large industrial emissions 
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sources and heavy diesel traffic. The right pie chart shows OH reactivity in the Oakland neighborhood of 

Pittsburgh, which is a city neighborhood with high traffic and restaurant density. In each neighborhood, 

OH reactivity is dominated by small, oxygenated molecules. The single most important VOC to OH 

reactivity in each location is C2H4O, which is likely acetaldehyde. Acetaldehyde is a secondary species 

formed by oxidation chemistry, and it therefore has small spatial variations across Pittsburgh. 

 There are differences in the VOC mix in the two neighborhoods shown in Figure 4.2. 

Concentrations of aromatic VOCs are higher on Neville Island (left). However, these differences have a 

small impact on OH reactivity, which is dominated by the small oxygenated species. 

 

 
Figure 4.2. OH reactivity in an industrial neighborhood (left) and a mixed urban neighborhood (right) as 

measured with PTR-MS. 

 

 Overall, the PTR-MS results indicate that spatial variations in OH reactivity, and hence O3 

production, seem to be smaller than spatial variations in PM mass and composition. OH reactivity is 

dominated by small oxygenated molecules. The local-scale variations in VOC emissions have a minor 

impact on OH reactivity. Thus we would expect that local-scale impacts of VOC emissions on O3 

production would also be small. It is very possible that local-scale O3 production depends more strongly on 

NOx, and corresponding impacts to the VOC:NOx ratio, than the speciation of VOCs. 

 

4.3 Conclusions  

We measured the concentrations of a suite of VOCs across Pittsburgh and converted those 

concentrations to OH reactivities. Overall, OH reactivity was significantly less spatially variable than 

temporally variable, and significantly less spatially variable than PM concentrations and source 

contributions presented in Sections 2 and 3 of this report. The majority of OH reactivity variation was 

temporal, and OH reactivity was dominated by small, oxygenated molecules. This suggests that urban 

ozone production potential is both less spatially variable than PM concentrations. It also suggests that 

there is less ability to locally reduce ozone concentrations, whereas PM2.5 concentrations can be reduced 

at a neighborhood scale via reductions in local emissions.  
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