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1. Introduction 

This work focuses on monitoring air pollution in South Sacramento-Florin. This area has two census 

tracts ranked in the top fifth percentile of the country for concerns, based on exposure to air 

pollution, number of sensitive receptors, and health and socioeconomic factors, and one tract that 

ranks among the top second percentile for cancer burden.  

In this area, there are concerns about traffic-related air pollution, especially from Highway 99, and 

whether those emissions are impacting nearby schools and hospitals. Additionally, there is concern 

about air quality at sensitive receptor locations (e.g., parks, recreation centers, schools, care facilities, 

hospitals) and whether air quality at those locations changes seasonally. 

Prior work identified that mobile sources are the main source of air toxics emissions in Sacramento 

(Brown et al., 2020; Mukherjee et al., 2019), so understanding local-scale gradients of air toxics in 

South Sacramento-Florin is a critical step to reducing exposure. While ongoing work will improve the 

understanding of air pollution in the community, additional resources were needed to assess the 

local-scale variability of air toxics and improve the community-scale emissions inventory (EI). 

Specifically, additional measurements of benzene and black carbon (BC) were needed within this 

community and another community (Old North Sacramento). Such measurements were 

recommended by the Sacramento Metropolitan Air Quality Management District (SMAQMD) for 

future AB 617 community funding. These measurements will aid in quantifying the risk within and 

among communities, identify where improvements need to be made to the EI, and enable a longer-

term view of air toxics in these communities.  

In addition to a multiphase effort to monitor air pollution in South Sacramento-Florin, SMAQMD was 

awarded a U.S. Environmental Protection Agency (EPA) grant in 2021. SMAQMD contracted with 

Sonoma Technology to: 1) extend forthcoming measurements of toxics and BC at six community sites 

in South Sacramento-Florin by six months in order to complete a year of monitoring that would 

otherwise not be completed, 2) expand existing measurements with high-time-resolution benzene, 

toluene, and xylenes (BTX) measurements at three of the six community sites in South Sacramento-

Florin, and add high-time-resolution measurements of BTX, BC, particulate matter (PM), nitrogen 

dioxide (NO2), and meteorology at a site in one other Sacramento community for 12 months, and 3) 

synthesize results from these air monitoring efforts with South Sacramento-Florin community-level EI 

development and community outreach.  

The collected data were used to: 1) compare concentrations among sites to identify areas of high 

concentrations; 2) assess impacts of mobile source versus other emissions via correlation and other 

analyses of BTX and BC data; 3) compare concentrations with relative emissions in the local EI of air 

toxics; 4) conduct wind direction analyses to assess the direction of potential sources; and 5) 

supplement and leverage other SMAQMD monitoring in the community to gain a fuller picture of air 

toxics and criteria pollutant exposure in and among Sacramento communities. 
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Some of the work described here is part of a three-phase approach detailed in the Community Air 

Monitoring Plan for South Sacramento-Florin (CAMP); (Sacramento Metropolitan Air Quality 

Management District, 2020). In 2019, SMAQMD deployed fine PM (PM2.5) air sensors throughout the 

community to provide real-time air quality information for residents. Beginning in August 2020, 

enhanced air monitoring was conducted for roughly 15 months at six locations; this monitoring 

recorded gaseous air toxics, air toxic metals, and BC (see Figure 1 for map). Data from this phase 

were analyzed as a part of this work and are reported on here. Lastly, Phase 3 was a comprehensive 

effort that included, in part, measurements of gaseous air toxics and speciated PM2.5 at one location 

(i.e., Fern Bacon Middle School). Separate from the work outlined in the CAMP, BTX monitors were 

deployed at four locations. These measurements were analyzed and are reported here. A graphical 

representation of the Phase 2 and Phase 3 timeline is shown in Figure 2. 

 

Figure 1. Location of enhanced air monitoring for Phase 2; from SMAQMD CAMP. 
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Figure 2. Timeline of project Phases 2 and 3 and BTX sampling. Grey blocks in the lower 

timeline indicate periods excluded from analysis due to wildfire smoke. 

In this report, we briefly cover the methods used for air monitoring; details can be found in the 

SMAQMD CAMP. We then provide: 

¶ Phase 2 Air Monitoring Data Summary 

o Phase 2 Metals Data Summary and Statistics 

o Phase 2 BC Data Summary and Statistics 

o Phase 2 Volatile Organic Compound (VOC) Data Summary and Statistics 

¶ Phase 2 Comparison with Health Benchmarks 

¶ Phase 2 Local/Regional BC Analysis 

¶ Phase 2 Time Series BC and BTX Analyses 

¶ Phase 2 BC and BTX Wind Direction Analyses 

¶ Phase 2 Speciated PM Source Apportionment Analyses 

o Phase 2 PM2.5 Source Apportionment 

o Phase 2 VOC Source Apportionment Analysis  

¶ Phase 2 Comparison of Ambient Concentrations with EI Data  

¶ Phase 3 Black Carbon Data Summary and Statistics  

¶ Phase 3 Metals Data Summary and Statistics  

¶ BTX Air Monitoring Data Summary  

o BTX Data Summary and Statistics 

 Ÿƻ§ĦƣÉĲƓƨŊsƨũsƨŰƓƖ~ċƖ[ĲĤsċŰ?ĲĦ Ÿƻ§ĦƣÉĲƓƨŊ

PM2.5metals 

Gaseous air toxics 

Black Carbon

ÂőċƚĲШΟ
sƨũǃШΞΜΞΟШрsƨũǃШΝΞΜΞΠ

ÂőċƚĲШΞ
ƨŊƨƚƣШΞΜΞΜШр ŸƻĲůĤĲƖШΞΜΞΝШ

ΞΜΞΜ ΞΜΞΝ ΞΜΞΞ ΞΜΞΟ ΞΜΞΠ ΞΜΞΡ

7ÑñШ~ĲċƚƨƖĲůĲŰƣƚ
sƨũǃШΞΜΞΟШрsƨũǃШΝΞΜΞΠ



 

 



Ɓ Ɓ Ɓ    2. Methods 

Ɓ Ɓ Ɓ    5 

2. Methods 

2.1 Phase 2 Air Monitoring Summary 

Complete details of the air monitoring methods are described in the SMAQMD CAMP and are 

summarized here; air monitoring occurred at the six locations enumerated in Section 1. Table 2 in 

Section 3.1 summarizes the data collected. Gaseous air toxics were collected for 24 hours in canisters 

on a 1-in-6-day schedule and quantified using EPA Method TO-15 from August 2020 to November 

2021. Air toxics metals were collected on a 1-in-6-day schedule using Teflon filters with mini-vol 

samplers and analyzed using X-ray fluorescence (XRF) from August 2020 to November 2021. Data 

corresponding to the periods of August 1, 2020, through November 13, 2020, and August 1, 2021, 

through October 25, 2021, were removed from the analysis due to the impact of wildfires. BC was 

measured using an AethLabs MA200 microAeth hourly from August 2020 to November 2021 at all 

sites except Station 56, which used a Magee Scientific AE33. The timeline of measurements is shown 

in Figure 2 in Section 1. Multiple issues occurred during air monitoring that reduced the number of 

samples collected at each site; those issues mostly impacted the gaseous air toxics (also referred to 

as òVOCsó in this report) and BC measurements. In addition, widespread wildfire smoke impacted the 

area from August through November 2020 and August through October 2021, meaning that 

measurements taken during this period are not representative of typical local and regional emissions; 

our data analysis accordingly excludes wildfire periods and focuses on data collected when wildfire 

smoke impacts were negligible.  

2.2 Phase 3 Air Monitoring 

In Phase 3 monitoring at Fern Bacon Middle School, gaseous and metal air toxics and BC were 

collected. VOCs were collected via canisters and analyzed using the TO-15 method. BC was measured 

with Magee Scientific AE33. Toxic metals were collected with a MetOne SASS and analyzed via XRF.  

2.3 BTX Air Monitoring 

BTX air monitoring took place during the same time period as Phase 3, but as a separate effort 

outside of the CAMP. ENMET environmental gas chromatographs (eGCs) were deployed at four 

locations to collect continuous BTX concentrations. The ENMET eGC analyzer is based on a 

miniaturized, temperature-controlled gas chromatograph. The eGC is run on a solar-powered 

battery. Chromatographic data are uploaded to the ENMET network via cellular modem and 

displayed on a client-facing website. The eGC performs one analysis cycle every 10 minutes. 
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Regular calibration of the eGC is accomplished using compressed calibration gas from an external, 

certified calibration gas cylinder containing 10 ppb each of benzene, toluene, and o-xylene. The 

instrument automatically performs calibrations four times per day.  

2.4 Emissions Inventory Data 

The California Air Resources Board (CARB) provided a 1 km x 1 km gridded EI spreadsheet for 

benzene and diesel particulate matter (DPM). Within the EI files, sources were further broken down 

into on-road, off-road, and stationary sources. Details on the EI data from CARB are in 

https://california-air-toxics-assessment-

californiaarb.hub.arcgis.com/documents/e196ac0a67a34ae29186ceef03af6fb3/explore.  In summary, 

a speciated inventory is developed as part of the California Emission Projection Analysis Model, using 

CARBõs SARPC07 chemical mechanism speciation profiles for gaseous toxics from point and area 

sources, based on total criteria pollutant (eg VOCs, PM) emissions reported by individual air districts 

for point and area sources.  For mobile sources, EMission FACtor model 2017 (EMFAC 2017) was used 

to generate emissions of criteria pollutants by vehicle type, and SARPC07 used to then speciate these 

into specific toxics. One week each in summer and winter is modeled to represent emissions for a full 

year. Road link-based emissions for light- and heavy-duty vehicles are then generated based on 

vehicle miles traveled (VMT) for each road link.      

A shapefile of the 1 km x 1 km grids was plotted using ArcGIS Online, and the locations of the six 

Phase 2 monitoring sites were overlaid on the map. A crosswalk table was developed to match each 

monitoring site with the CARB EI grid cell it resided in. No stationary sources coincided with grid cells 

where monitoring sites were located. As such, stationary sources were not considered in the 

comparison. The on- and off-road sources were combined to derive an average emission value for 

each grid cell where a monitoring site was located.  

The average ambient concentration of benzene from each site in this study was compared with the 

estimated average benzene emission concentration from its corresponding EI grid cell. Wildfire-

impacted times were removed from the BC data, and only times when all sites had data were used to 

calculate an average for each site. Benzene data were only available in the spring and winter, and 

thus wildfires did not impact the available data. Each site concentration was then compared with the 

estimated average emission concentration from the corresponding EI grid cell.  

2.5 Data Analysis 

2.5.1 Comparison with Health Benchmarks 

The California Office of Environmental Health Hazard Assessment (OEHHA) establishes regulatory 

benchmarks for toxic chemicals to protect the health of Californians. OEHHA reports chronic 

https://california-air-toxics-assessment-californiaarb.hub.arcgis.com/documents/e196ac0a67a34ae29186ceef03af6fb3/explore
https://california-air-toxics-assessment-californiaarb.hub.arcgis.com/documents/e196ac0a67a34ae29186ceef03af6fb3/explore
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inhalation thresholds for toxic metals, which are designed to address effects due to continuous 

exposure for up to a lifetime (OEHHA, 2019, 2020). The reference exposure levels (RELs) for 

noncarcinogenic effects are the concentrations above which people may start experiencing adverse 

health problems other than cancer, such as breathing difficulties. Cancer data are reported as unit 

risk estimate (URE) values in units of 1/(Ȋg/m3). URE values can be used to calculate the Cancer 1-in-

a-million benchmark and the excess cancer incidence for a population of one million people using 

the equations below: 

ὅὥὲὧὩὶ ρ-Ὥὲ-ὥ-άὭὰὰὭέὲ ὦὩὲὧὬάὥὶὯὟὙὉ ρπ 

 

(1) 

ὉὼὧὩίί ὧὥὲὧὩὶ ὴὶέὦὥὦὭὰὭὸώ
ὼ  

ὟὙὉ ρπ
 

 

(2) 

In the above equations, UREx is the URE for species x, and [x]study average is the mean concentration of 

species x. If one million people were exposed for a lifetime to the concentration designated by the 

Cancer 1-in-a-million threshold, one or more people are expected to develop cancer as a result. The 

excess cancer incidence tells you the number of people per million expected to develop cancer as a 

result of a lifetime of exposure to the levels measured in this study. This value is calculated using the 

total concentration measured. The term òexcess cancer incidenceó refers to the additional incidence 

increase from a lifetime of exposure to a given toxic pollutant above the background cancer rate for 

the population. 

Excess cancer incidence per million people resulting from a lifetime of exposure was calculated for 

toxic metals and VOCs measured during this study. Toxic metals concentrations were also compared 

with noncancer health benchmarks and CARB Annual Toxics Summary statewide averages. 

Acetaldehyde concentrations were also compared with EPA Air Quality System (AQS) California site 

averages for Los Angeles, Santa Clara, and Riverside counties. These similar urban environments in 

California were selected to add context to the Sacramento concentrations measured here. 

2.5.2 Local/Regional Analysis 

Time-series data were analyzed to estimate the local and regional/background contributions to BC 

concentrations using the methodology and code developed by Wang et al. (2018). This method 

separates the òbackgroundó of a time series from the hourly fluctuations to yield an hourly estimate 

of òlocaló and òbackgroundó contributions. This step is achieved by separating the slower-varying, 

lower-frequency signal of regional-scale pollution from local sources, which vary over shorter 

timescales and are higher frequency. 

2.5.3 Time Series and Wind Analyses 

Trends in individual metal concentrations were analyzed using a variety of methods. The OpenAir R 

package (Carslaw, 2015) was used to analyze trends in time and diurnal variability (with time variation 
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plots) and correlations among concentration, wind speed, and wind direction (with pollution rose 

plots and bivariate polar plots) (Carslaw, 2016; Grange et al., 2016; Uria-Tellaetxe and Carslaw, 2014; 

Carslaw and Ropkins, 2012). Pollution rose plots are similar to wind rose plots, except the color of 

each wind barb represents the concentration of a given species rather than the wind speed. Bivariate 

polar plots combine concentration data with wind data and smooth the average levels across the 

plot surface to produce òhot spotó maps that can be used to understand direction and strength of 

sources. These plots show how concentration varies jointly with wind speed and wind direction in 

polar coordinates. They represent higher concentrations with warmer colors and lower 

concentrations with cooler colors. The location on the plot indicates the wind direction and wind 

speed under which the concentration occurs. The minimum number of points per bin (min.bin) was 

set to two, so bins with less than two data points are shown in grey.  

2.5.4 Source Apportionment with Positive Matrix Factorization 

EPA PMF version 5.0 was used to determine source factors for the metals, BC, and VOC 

measurements. The EPA PMF model takes measured concentrations and uncertainties for a set of 

species and decomposes the data set into combinations called òsource typesó or òfactorsó (Norris et 

al., 2014; Paatero and Tapper, 1994). The factors function as òchemical fingerprintsó that can then be 

used to determine the potential source(s) via a comparison of the factors with measured profiles and 

consideration of additional information about the measurements (e.g., wind direction, nearby 

sources, etc.).   

Each measured concentration has an associated uncertainty, as shown in Equation 3. Uncertainty (U) 

for measurements above the species reporting limit (RL) (as provided by the analytical laboratory) 

was estimated as follows:  

Ὗ πȢρ πȢς ίὴὩὧὭὩί  
 

(3) 

For measurements below the species RL, the measurement uncertainty was estimated as:  

Ὗ  υȾφ Ὑὒ  
 

(4) 

Measurements recorded as a concentration of 0 were set to the RL for the species, divided by two 

(Norris et al., 2014; Brown et al., 2015;). The corresponding uncertainty value was calculated using 

Equation 4. Additionally, any species with concentration below the RL less than fifty percent of the 

time was not included, with the exception of nickel and arsenic, which were included due to their 

toxicity and relevance to the study. As calculated by the EPA PMF program, species with a signal-to-

noise ratio of 0 were removed and 10% extra modeling uncertainty was added to the calculation. 

As is typical in PMF analysis, bootstrapping (BS), displacement (DISP), and bootstrapping enhanced 

by displacement (BS-DISP) were used to evaluate the validity of the results (Brown et al., 2015; 

Paatero and Tapper, 1994). In BS, blocks of consecutive observations from the original data set are 

randomly sampled to create a new input file, the resampled data set is rerun on PMF, and the new BS 
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solution factors are mapped to the original factors. DISP explores the rotational ambiguity of the 

PMF solution by perturbing each data point in the profile matrix. BS-DISP combines BS and DISP by 

displacing the BS-resampled data. Collectively, these processes evaluate the random uncertainty and 

the rotational uncertainty of the PMF solution (Brown et al., 2015).  

PMF was performed on speciated PM2.5 and BC data from Phase 2. Data from all sites were combined 

in order to improve the statistics. Solutions ranging from three to five factors were considered, and 

the four-factor solution yielded the most interpretable results.
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3. Results 

3.1 Phase 2 Air Monitoring Data Summary 

Phase 2 spanned 2020-2021. During this phase, data were collected at six locations within South 

Sacramento-Florin. The sites are listed in Table 1 along with a description of the type of site. Figure 3 

shows a map of the site locations within South Sacramento-Florin. Table 2 provides an overview of 

the Phase 2 metals, BC, and VOC measurements, including the instrument used, the number of 

days/hours of data included in the analysis, and the specific analyses performed.  

Table 1. Site names and descriptions. 

Site Description 

CRC Residential 

Florin Residential 

Impact Church Traffic/Commercial 

Station 56 Traffic/Industrial 

Sump 50 Residential 

VFW Industrial 

 

Figure 3. Map of the South Sacramento-Florin Phase 2 sites. 
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Table 2. Overview of Phase 2 metals, BC, and VOC measurements, including the instrument used, number of days/hours of data included 

in the analysis, and the specific analyses performed. 

Site 

Metals Black Carbon VOC 

Species Instrument  
N 

(days) 
Analysis Species Instrument  

N 

(hours) 
Analysis Species Instrument  

N (days of 

acetaldehyde 

data) 

Analysis 

CRC 

Metals 

Filter 

collection 

and lab 

analysis 

42 
Statistical 

comparisons 

 

Health 

benchmark 

comparison 

 

Included in 

source 

apportionment 

(PMF) 

Black 

Carbon 

MA200 6,245 
Statistical 

comparisons 

 

Included in 

source 

apportionment 

(PMF) 

 

Pollution rose 

analysis 

 

Polar plot 

analysis 

VOCs 

Canisters 

and  

TO-15 

analysis 

33 
Statistical 

comparisons 

 

Health 

benchmark 

comparison 

 

Source 

apportionme

nt (PMF) 

Florin 46 MA200 3,518 35 

Impact 

Church 
45 MA200 2,187 27 

Station 

56 
47 AE33 6,454 39 

Sump 

50 
46 MA200 3,928 38 

VFW 44 MA200 3,575 25 
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3.1.1 Phase 2 Metals Data Summary and Statistics 

Speciated PM2.5 data were collected on a 1-in-6-day schedule from August 1, 2020, through 

November 24, 2021. Wildfire periods from August 1, 2020, through November 13, 2020, and August 

1, 2021, through October 25, 2021, were removed from the analysis. The metals analysis focused on 

toxic species with associated health benchmarks. The data were analyzed to assess statistics for 

metals at each site, to compare average concentrations with health benchmarks, and to perform 

source apportionment analysis via PMF. The number of days of data considered for each site is listed 

in Table 2. 

In the notched box plots in this section, the outlier data points shown are beyond 1.5 times the 

interquartile range (IQR). The notches indicate the confidence interval around the median and are 

calculated as +/- 1.58 ĭ IQR / sqrt(n), where n is the number of data points. In cases where the value 

of the confidence interval is less than the lower quartile, the notches extend below the box, giving it 

a "flipped" appearance (see Figure 4, Florin for an example). The òflippedó notch shape indicates that 

the first quartile has a higher value than the minimum range of the confidence interval of the 

median. This situation may occur if the sample size is small, the range is large (high IQR), or a 

combination of the two.  

The plots also show the results of the Wilcoxon signed-rank test between each site. This test, 

intended for nonnormally distributed data, tests whether the median values of two populations are 

significantly different from one another. In the graphs below, horizontal bars connect the two sites 

being compared and an asterisk indicates a significant difference between the sites (p<0.05). The lack 

of an asterisk indicates no significant difference within the 95% confidence interval (p>0.05). Versions 

of the box plots with p values indicated are shown in the Appendix. 

Arsenic: The mean arsenic concentration did not vary dramatically between sites. It ranged from 

0.0005 Ȋg/m3 at Station 56 and Sump 50 to 0.0006 Ȋg/m3 at all other sites (Table 3). This finding is 

also illustrated in Figure 4, which shows box plots of the arsenic concentrations at each site. The 

analysis reveals that, within a 95% confidence interval, there were no statistically significant 

differences in arsenic concentration across the sites. A version of the box plot with p values listed in 

shown in Figure A-1. 

Table 3. Mean concentration of arsenic by site during Phase 2. 

Site Arsenic mean (stdev), Ög/m3 

CRC 0.0006 (0.0009) 

Florin 0.0006 (0.0009) 

Impact Church 0.0006 (0.0008) 

VFW 0.0006 (0.0008) 

Sump 50 0.0005 (0.0008) 

Station 56 0.0005 (0.0008) 
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Figure 4. Box plot of arsenic data for Phase 2 sites. Wilcoxon signed-rank test results are 

shown, and horizontal bars connect the two sites being compared. No significant differences 

were noted.  

Lead: The concentration of lead showed a narrow range across sites, ranging from 0.0019 Ȋg/m3 at 

Sump 50 to 0.0029 Ȋg/m3 at VFW (Table 4). This finding is also reflected in Figure 5, which shows the 

box plot of data from each site. The only sites with a statistically significant difference were Sump 50 

and VFW (i.e., the lowest and highest sites, respectively). A version of the box plot with p values listed 

in shown in Figure A-2. 

Table 4. Mean concentration of lead by site during Phase 2. 

Site Lead mean (stdev), Ög/m3 

VFW 0.0029 (0.0021) 

Station 56 0.0027 (0.0024) 

CRC 0.0024 (0.0022) 

Florin 0.0023 (0.0021) 

Impact Church 0.0022 (0.0019) 

Sump 50 0.0019 (0.0020) 
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Figure 5. Box plot of lead data for Phase 2 sites. Wilcoxon signed-rank test results are shown, 

and horizontal bars connect the two sites being compared. No significant differences were 

noted. 

Nickel: Like lead and arsenic, nickel concentrations were relatively invariant across the sites; values 

ranged from 0.0004 Ȋg/m3 at Station 56 and CRC to 0.0006 Ȋg/m3 at VFW, Florin, Sump 50, and 

Impact Church (Table 5). Figure 6 shows the box plot of data from each site. None of the pairs of 

sites exhibited a statistically significant difference in nickel concentration. A version of the box plot 

with p values listed in shown in Figure A-3. 
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Table 5. Mean concentration of nickel by site during Phase 2. 

Site 
Nickel mean (stdev), 

Ög/m3 

VFW 0.0006 (0.0005) 

Florin 0.0005 (0.0005) 

Sump 50 0.0005 (0.0005) 

Impact Church 0.0005 (0.0006) 

CRC 0.0004 (0.0004) 

Station 56 0.0004 (0.0005) 

 

Figure 6. Box plot of nickel data for Phase 2 sites. Wilcoxon signed-rank test results are shown, 

and horizontal bars connect the two sites being compared. An asterisk indicates a significant 

difference between sites within the 95% confidence interval. No significant differences were 

noted. 

Manganese: The average manganese concentration ranged from 0.0019 Ög/m3 at Station 56 up to 

0.0039 Ög/m3 at VFW (Table 6). Figure 7 shows the box plot of data from each site, which indicates 
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that VFW (the site with highest concentration) was statistically significantly different from all other 

sites except Florin, the site with the next-highest concentration. Florin was statistically different than 

Station 56 and CRC. A version of the box plot with p values listed in shown in Appendix Figure A-4. 

Table 6. Mean concentration of manganese by site during Phase 2. 

Site Manganese mean (stdev), Ög/m3 

VFW 0.0039 (0.0026) 

Florin 0.0036 (0.0029) 

Impact Church 0.0026 (0.0025) 

Sump 50 0.0026 (0.0026) 

CRC 0.0020 (0.0019) 

Station 56 0.0019 (0.0016) 

 

Figure 7. Box plot of manganese data for Phase 2 sites. Wilcoxon signed-rank test results are 

shown, and horizontal bars connect the two sites being compared. An asterisk indicates a 

significant difference between sites within the 95% confidence interval. 
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3.1.2  Phase 2 Black Carbon Data Summary and Statistics 

During Phase 2, BC data were collected hourly at all sites between August 2020 and November 2021. 

Data used for the analysis were collected from November 30, 2020, to November 29, 2021, and 

periods of wildfire were removed from analysis (i.e., August 13, 2020-November 11, 2020 and August 

1, 2021-October 25, 2021). The number of hours of data collected at each specific site is listed in 

Table 2. The BC data were analyzed to determine statistical information for each site and to generate 

polar plots and pollution roses (in combination with wind data); they were also included in the PMF 

source apportionment analysis described later in this document. Table 7 lists the distance of each site 

to the nearest main roadway, the identity of the closest roadway, the average BC concentration for 

all hours of collected data, excluding the time when wildfires were impacting the region, and the 

number of hours of data. Table 7 also lists the average concentration for when all sites had data (also 

excluding the wildfire period) and the associated number of hours. 

Table 7. Phase 2 sites, distance of each site to nearest main road(s) and freeway, the identity of 

the road, the mean and standard deviation of the BC concentration, and the number of hours 

of data included in the average. The final two columns are the mean, standard deviation, and 

number of hours when all sites had data available. 

Site 
Distance to 

road (miles) 
Road 

Black Carbon 

Mean (stdev) 

Ög/m3 

Hours 

(n) 

When All Sites Have Data 

Black Carbon Mean 

(stdev) Ög/m3 

Hours 

(n) 

Impact Church  

0.05 

0.06 

0.26 

E Stockton 

Blvd. 

Power Inn Rd. 

Hwy 99 

1.4 (1.6) 2187 1.3 (1.3) 472 

Sump 50 
0.38 

1.96 

Power Inn Rd. 

Hwy 99 
1.2 (1.3) 3928 1.3 (1.4) 472 

Station 56 

0.01 

0.06 

0.06 

0.30 

47th 

Franklin  

MLK 

Hwy 99 

1.0 (1.5) 6454 1.4 (1.2) 472 

CRC 
0.14 

0.71 

Bruceville Rd. 

Hwy 99 
0.7 (0.9) 6245 1.3 (1.2) 472 

VFW 

0.05 

0.1 

0.42 

Stockton Blvd. 

Gerber Road 

Hwy 99 

0.6 (0.9) 3575 1.4 (1.4) 472 

Florin 

0.22 

0.26 

1.97 

Power Inn Rd. 

Florin Road 

Hwy 99 

0.5 (0.8) 3518 1.5 (1.5) 472 
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The BC average concentration ranged from 0.5 Ög/m3 at Florin to 1.4 Ög/m3 at Impact Church. 

Impact and Station 56 are close to major roadways (i.e., within 0.06 miles), which may contribute to 

the higher concentrations measured at these sites (1.4 and 1.0 Ög/m3, respectively). Sump 50, a more 

residential site, reported the second highest mean BC concentration (1.2 Ög/m3) despite being the 

farthest from a roadway. Investigation of the Sump 50 time series revealed that more data were 

available in the winter than at other sites. As such, the average for Sump 50 is likely more strongly 

influenced by emissions from residential wood burning for home heating during the colder winter 

months than other sites. VFW is only 0.05 miles from Stockton Blvd. but exhibited the second lowest 

BC average concentration. Analysis of the BC data by season indicates that at VFW, data were 

primarily available in the summer months, when concentrations were generally low. This situation 

was also true for Florin. All other sites had the most data points in the winter months, when 

concentrations were highest. Overall, this finding implies that the primary driver of BC at VFW is likely 

wood burning in colder months from residences in the east and/or from increased road activity on 

Stockton Blvd. if the road has seasonal usage variability. However, the data set is dominated by 

lower-concentration data in the summer, which is skewing the data average. 

Despite similarities in concentration, the Wilcoxon signed-rank test results in Figure 8 show that, 

when all sites had data, Sump 50 was statistically different from VFW, Station 56, Florin, and CRC. 

Additionally, Florin and Impact Church were also statistically different from one another. A version of 

the box plot with p values listed in shown in Appendix Figure A-5. 
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Figure 8. Box plot of BC data for Phase 2 sites for when all sites had data. Wilcoxon signed-

rank test results are shown, and horizontal bars connect the two sites being compared. An 

asterisk indicates a significant difference between the sites within the 95% confidence interval. 

3.1.3 Phase 2 VOC Data Summary and Statistics 

During Phase 2, VOC data were collected on a 1-in-6-day frequency between August 2020 and 

November 2021. Data prior to November 22, 2020, were removed due to wildfire impact, as were 

data collected between August 1, 2021, and October 25, 2021. Table 2 lists the number of daysõ 

worth of site-specific data used in the analysis. VOC data were analyzed to determine statistical 

information for each site and compared against health benchmarks. Data were filtered for seasonal 

completeness: winter was December, January February; spring was March, April, and May; summer 

was June, July, and August; and autumn was September, October, and November. Due to wildfires 

each year, no sites met the 75% seasonal completeness threshold for autumn and therefore the 

statistics cover the spring, summer, and winter seasons only. Table A-1 lists, by site, the mean, 

standard deviation, and number of days for VOCs that had three seasons of complete data. Of all 

VOC species measured, acetaldehyde was the only toxic species with OEHHA health benchmarks 

above the detection limit and that met completeness criteria. Across all sites, benzene did not meet 
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the seasonal completeness threshold given that data were only available in the spring and winter. 

Benzene has been included, however, due to its importance as a toxic species. Data in the summer 

and autumn were either below detection or invalidated by the laboratory.  

Table 8 lists the mean acetaldehyde concentration for each Phase 2 site. The concentrations differed 

by as much as 3.94 Ög/m3, ranging from 8.44 Ög/m3 at CRC to 12.38 Ög/m3 at Impact Church. There 

was no statistically significant difference between the sites, except for Impact Church and CRC. 

Acetaldehyde concentration was not correlated with distance to a road (Table 7) and was likely due 

to a combination of common sources of acetaldehyde, including vehicle exhaust, incomplete wood 

combustion, and photochemical production.  

Table 8. Phase 2 average acetaldehyde concentration and standard deviation. 

Site Acetaldehyde Mean (stdev), Ög/m3 

Impact Church 12.38 (7.40) 

Station 56 11.85 (7.98) 

Florin 11.20 (6.84) 

VFW 9.99 (6.06) 

Sump 50 9.55 (5.28) 

CRC 8.44 (4.13) 

Benzene did not meet the seasonal completeness threshold, but the average concentrations were 

above the Cancer 1-in-a-million benchmark discussed in Section 3.3.7. Table 9 lists the mean 

concentration and number of days of data available at each site. The concentrations ranged from 

0.79 Ög/m3 at Sump 50 and CRC, up to 0.86 Ög/m3 at VFW.  
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Table 9. Phase 2 average benzene concentration, standard deviation, and number of days of 

data available at each site. 

Site Benzene Mean (stdev) Ög/m3 N (days) 

VFW 0.86 (0.41) 17 

Station 56 0.85 (0.58) 30 

Florin 0.81 (0.72) 22 

Impact Church 0.80 (0.31) 15 

CRC 0.79 (0.71) 24 

Sump 50 0.79 (0.47) 30 

3.2 Phase 2 Comparison with Health Benchmarks 

3.2.1 Overview 

Average concentrations of toxic metals and VOC species measured during Phase 2 were compared 

against California OEHHA health benchmarks. When available, metals and VOCs and metals were 

compared with chronic inhalation noncancer RELs and Cancer 1-in-a-million benchmarks. No metal 

was present in concentrations above the respective chronic inhalation noncancer REL. The measured 

toxic species that met seasonal completeness and for which OEHHA thresholds exist were arsenic, 

lead, nickel, and acetaldehyde. Manganese also met completeness thresholds but only has a 

noncancer threshold. Due to its toxicity, its concentrations at each site are discussed below. Similarly, 

benzene did not meet the seasonal completeness, although it is included below. Metals were 

contextualized by comparing concentrations with CARB Annual Toxics Summary Statewide Averages. 

The acetaldehyde concentration was also compared with EPA AQS California site averages for Los 

Angeles, Santa Clara, and Riverside as representative urban sites around the state.  

3.2.2 Arsenic 

At all sites, the average arsenic concentration was below the OEHHA chronic inhalation noncancer 

REL (0.015 Ȋg/m3). Table 10 lists the average Phase 2 concentration of arsenic at each site, the Cancer 

1-in-a-million benchmark, the calculated excess cancer incidence at each site, and the annual 

California statewide average concentration for 2019. Of all toxic metal species measured, arsenic 

exhibited the highest excess cancer incidence at every site. The excess cancer incidence ranged from 

1.6 per million people at Station 56 and Sump 50 to 2.1 per million people at CRC. However, at no 

site was arsenic above the California 2019 annual mean of 0.011 Ȋg/m3.  
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Table 10. Arsenic mean concentration from Phase 2, the OEHHA Cancer 1-in-a-million health 

benchmark, the calculated excess cancer incidence per million people based on the measured 

concentration at each site, and the 2019 annual arsenic mean concentration in California. 

Phase 2 Site Species 
Mean, 

µg/m 3 

 aCancer 1-in-a-million 

Benchmark, µg/m 3 

Excess Cancer 

Incidence (people 

per million)  

bCalifornia 2019 

Annual Mean, 

µg/m 3 

CRC 

Arsenic 

0.0006 

0.0003 

2.1 

0.0011 

Florin 0.0006 1.9 

Impact Church 0.0006 1.9 

VFW 0.0006 1.9 

Sump 50 0.0005 1.6 

Station 56 0.0005 1.6 

a Using California thresholds from: https://oehha.ca.gov/media/downloads/crnr/appendixa.pdf 
b Annual statewide toxics summary: https://www.arb.ca.gov/adam/toxics/statepages/asstate.html 

3.2.3 Lead 

At all sites, the average lead concentration was below the National Ambient Air Quality Standards 

(NAAQS) of 0.15 Ȋg/m3 (no OEHHA chronic inhalation noncancer REL threshold exists). Table 11 lists 

the average Phase 2 concentrations of lead at each measurement site, the lead Cancer 1-in-a-million 

benchmark, the calculated excess cancer incidence for each site, and the annual California statewide 

average concentration for 2019. Despite VFW reporting the highest concentration, lead was still an 

order of magnitude lower than the cancer health benchmark. As such, lead does not pose a major 

health concern at any site. This conclusion is also reflected by the <1 excess cancer values for each 

site listed in the table. Additionally, the average concentrations from each site were lower, by over 

two-fold in some cases, than the 2019 annual California state average of 0.0045 Ȋg/m3. 

https://oehha.ca.gov/media/downloads/crnr/appendixa.pdf
https://www.arb.ca.gov/adam/toxics/statepages/asstate.html
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Table 11. Lead mean concentration from Phase 2, the OEHHA Cancer 1-in-a-million health 

benchmark, the calculated excess cancer incidence per million people based on the measured 

concentration at each site, and the 2019 annual lead mean concentration in California. 

Phase 2 Site Species Mean, µg/m 3 

 aCancer 1-in-a-

million Benchmark, 

µg/m 3 

Excess Cancer 

Incidence (people 

per million)  

bCalifornia 2019  

Annual Mean , µg/m 3 

VFW 

Lead 

0.0029 

0.0833 

0.03 

0.0045 

Station 56 0.0027 0.03 

CRC 0.0024 0.03 

Florin 0.0023 0.03 

Impact Church 0.0022 0.03 

Sump 50 0.0019 0.02 

a Using California thresholds from: https://oehha.ca.gov/media/downloads/crnr/appendixa.pdf  
b Annual statewide toxics summary: https://www.arb.ca.gov/adam/toxics/statepages/pbstate.html  

3.2.4 Nickel 

At all sites, the average nickel concentration was below the OEHHA chronic inhalation noncancer REL 

(0.09 Ȋg/m3). Table 12 lists the average Phase 2 concentration of nickel at each site, the Cancer 1-in-

a-million benchmark, the calculated excess cancer incidence at each site, and the annual California 

statewide average concentration for 2018 (the most recently reported value at the time of this 

report). Overall, the mean concentration at each site was seven to ten times below the 2018 

California statewide average. Additionally, all sites were below the cancer health benchmark, 

reflected by the <1 excess cancer values for each site listed in the table. As such, nickel was not 

found to pose a significant health concern during this study.  

Table 12. Nickel mean concentration from Phase 2, the OEHHA Cancer 1-in-a-million health 

benchmark, the calculated excess cancer incidence per million people based on the measured 

concentration at each site, and the 2018 annual nickel mean concentration in California. 

Phase 2 Site Species Mean, µg/m 3 

 aCancer 1-in-a-

million Benchmark, 

µg/m 3 

Excess Cancer 

Incidence (people 

per million)  

bCalifornia 2018  

Annual Mean, µ/m 3 

VFW 

Nickel 

0.0006 

0.0038 

0.16 

0.004 

Florin 0.0005 0.13 

Sump 50 0.0005 0.13 

Impact Church 0.0005 0.13 

CRC 0.0004 0.10 

Station 56 0.0004 0.10 

a Using California thresholds from: https://oehha.ca.gov/media/downloads/crnr/appendixa.pdf  
b Annual statewide toxics summary: https://www.arb.ca.gov/adam/toxics/statepages/nistate.html 

https://oehha.ca.gov/media/downloads/crnr/appendixa.pdf
https://www.arb.ca.gov/adam/toxics/statepages/pbstate.html
https://oehha.ca.gov/media/downloads/crnr/appendixa.pdf
https://www.arb.ca.gov/adam/toxics/statepages/nistate.html
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3.2.5 Manganese 

The manganese results are listed in Table 13. As noted above, there is no cancer threshold reported 

by OEHHA for manganese; therefore, the table includes the noncancer chronic REL.  

Table 13. Manganese mean concentration from Phase 2, the OEHHA noncancer REL, and the 

2019 annual manganese mean concentration in California. 

Phase 2 Site Species Mean, µg/m 3 

 aChronic Non cancer: 

Reference Exposure 

Level (µg/m 3) 

bCalifornia 2019  

Annual Mean , µg/m 3 

VFW 

Manganese 

0.0039 

0.09 0.0224 

Florin 0.0036 

Impact Church 0.0026 

Sump 50 0.0026 

CRC 0.0020 

Station 56 0.0019 

a Using California thresholds from: https://oehha.ca.gov/air/general-info/oehha-acute-8-hour-and-chronic-reference-

exposure-level-rel-summary  
b Annual statewide toxics summary: https://www.arb.ca.gov/adam/toxics/statepages/mnstate.html 

The average concentration at each site was an order of magnitude lower than the chronic noncancer 

REL (i.e., 0.09 Ög/m3). Additionally, all sites fell below the California 2019 annual average. Overall, the 

results indicate that manganese does not pose a significant health concern at these measurement 

sites.  

3.2.6 Acetaldehyde 

At all sites, the average acetaldehyde concentration was below the OEHHA chronic inhalation 

noncancer REL (140 Ȋg/m3). Table 14 lists the average Phase 2 concentration of acetaldehyde at each 

site, the Cancer 1-in-a-million benchmark, and the calculated excess cancer incidence at each site. 

Also included are the annual averages for Los Angeles, Riverside, and Santa Clara counties between 

January 2020 and December 2021, as calculated from data in the EPA AQS database. Of all toxic 

species measured in this phase, acetaldehyde poses the greatest health concern. The excess cancer 

incidence associated with acetaldehyde was similar for Impact Church, Station 56, and Florin (ranging 

from 30.3 to 33.5 per million people), and lower at Sump 50, VFW, and CRC (ranging from 22.8 to 

27.0 per million people). Additionally, when compared with Los Angeles, Riverside, and Santa Clara 

(January 2020 to December 2021), the mean concentration at all sites in Phase 2 was higher by at 

least a factor of 1.7.  

https://oehha.ca.gov/air/general-info/oehha-acute-8-hour-and-chronic-reference-exposure-level-rel-summary
https://oehha.ca.gov/air/general-info/oehha-acute-8-hour-and-chronic-reference-exposure-level-rel-summary
https://www.arb.ca.gov/adam/toxics/statepages/mnstate.html
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Table 14. Acetaldehyde mean concentration from Phase 2, the OEHHA Cancer 1-in-a-million 

health benchmark, the calculated excess cancer incidence per million people based on the 

measured concentration at each site, and the average concentration at comparable urban sites 

within California between January 2020 and December 2021. 

Phase 2 Site Species 
Mean (stdev), 

µg/m 3 

aCancer 1-in-a-

million 

Benchmark, 

µg/m 3 

Excess Cancer 

Incidence (people 

per million)  

California statistics  

Mean (stdev), µg/m 3 

Impact 

Church 

Acetaldehyde 

12.38 (7.40) 

0.37 

33.5 

bJan 2020ðDec 2021: 

Annual average 

Los Angeles=5.26 (2.62) 

Riverside=5.84 (2.70) 

Santa Clara=3.62 (2.47) 
 

Station 56 11.85 (7.98) 32.0 

Florin 11.20 (6.84) 30.3 

VFW 9.99 (6.06) 27.0 

Sump 50 9.55 (5.28) 25.8 

CRC 8.44 (4.13) 22.8 

a Using California thresholds from: https://oehha.ca.gov/media/downloads/crnr/appendixa.pdf 
b Data obtained from EPA AQS; 24-hr data points; 75% seasonal completeness required; qualifiers retained: NA, V-Validated Data 

3.2.7 Benzene 

At all sites, the average benzene concentration was below the OEHHA chronic inhalation noncancer 

REL (3 Ȋg/m3). Benzene did not meet the seasonal completeness threshold across all sites as data 

were only available in the spring and winter. The average concentration and excess cancer incidence 

from spring and winter data are listed in Table 15. The average concentration was similar across all 

sites, narrowly ranging from 0.79 Ȋg/m3 at Sump 50 and CRC to 0.86 Ȋg/m3 at VFW. The average 

concentrations at each site were above the Cancer 1-in-a-million benchmark, resulting in an excess 

cancer incidence ranging from 23-25 per million people. These data should be considered carefully 

as it is possible that the exclusion of summer and autumn data could bias the reported average, 

resulting in a reported excess cancer incidence that is higher than reality.  

https://oehha.ca.gov/media/downloads/crnr/appendixa.pdf
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Table 15. Benzene mean concentration from Phase 2, the OEHHA Cancer 1-in-a-million health 

benchmark, and the calculated excess cancer incidence per million people based on the 

measured concentration at each site. 

Phase 2 Site Species 
Mean (stdev)  

µg/m 3 
N (days) 

 aCancer 1-in-a-

million Benchmark, 

µg/m 3 

Excess Cancer 

Incidence (per 

Million People)  

VFW 

Benzene 

0.86 (0.41) 17 

0.0345 

25 

Station 56 0.85 (0.58) 30 25 

Florin 0.81 (0.72) 22 24 

Impact Church 0.80 (0.31) 15 23 

CRC 0.79 (0.71) 24 23 

Sump 50 0.79 (0.47) 30 23 

a Using California thresholds from: https://oehha.ca.gov/media/downloads/crnr/appendixa.pdf 

3.2.8 Phase 2 Health Benchmark Summary 

Health benchmark comparison information is summarized in Figure 9. This summary plot visually 

shows how the Phase 2 concentrations of each species compare against health benchmarks and 

statewide concentrations.  

Of all of the toxic species measured that met completeness criteria, acetaldehyde and arsenic were 

above the OEHHA Cancer 1-in-a-million benchmarks. All other species were measured at 

concentrations that fell below the cancer health benchmarks and California state averages. 

Additionally, benzene may warrant additional investigation as, although it did not meet the data 

completeness threshold criteria, its concentration when data were available was elevated above the 

cancer health benchmark. 

Acetaldehyde was the species associated with the highest level of concern across all sites; it exhibited 

an excess cancer incidence in the range of 23-34 per million people. Additionally, acetaldehyde 

measured in this study was higher than at other similar California urban sites in Los Angeles, 

Riverside, and Santa Clara recorded during a similar time frame for (data period: January 2020-

December 2021).  

Arsenic posed the second highest concern at each site, with an excess cancer incidence of 1-2 per 

million people. There was no statistically significant difference in the concentration of arsenic across 

the sites. Further, arsenic was below the California state average concentration at all sites measured 

in this study.  

https://oehha.ca.gov/media/downloads/crnr/appendixa.pdf
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Figure 9. Summary plot of data listed in Table 10 through Table 14, showing the concentrations 

of toxic species measured in Phase 2 and their health benchmarks. 

* https://oehha.ca.gov/media/downloads/crnr/appendixa.pdf 

** https://www.arb.ca.gov/adam/toxics/statesubstance.html 

*** Data obtained from EPA AQS; 24-hr samples; 75% seasonal completeness required; 

qualifiers retained: NA, V-Validated Data 

3.3 Phase 2 Local/Regional BC Analysis 

Time-series data were analyzed to estimate an hourly estimate of local and background 

contributions to BC concentrations. The proportion of local versus regional BC was similar across 

sites, with 55-61% of the BC being local; see Table 16 for a summary. The Sump 50 site had the 

largest amount of local BC (i.e., 61%). The higher proportion of local BC at Sump 50 is likely because 

most of the data were collected in winter, when wind speeds and the boundary layer are lower and 

when local residential wood burning primarily occurs. We would typically expect that locations near 

freeways (Impact Church, Station 56, and VFW) would exhibit a larger local contribution to BC than 

residential sites, such as what was seen in Toronto (Hilker et al., 2019). However, since BC is from 

both mobile source emissions and wood burning emissions and is highest in fall and winter when 

both sources are significant contributors, the range of local influence is fairly narrow.  

https://oehha.ca.gov/media/downloads/crnr/appendixa.pdf
https://www.arb.ca.gov/adam/toxics/statesubstance.html
https://www.epa.gov/aqs
https://www.epa.gov/aqs
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Table 16. Estimated local and regional BC concentrations (Ȋg/m3) and percent local and 

regional by site. 

Site 
Local mean 

(stdev) 

Regional 

mean (stdev) 
% local % regional 

Impact Church 0.78 (1.28) 0.63 (0.48) 55% 45% 

Sump 50 0.72 (1.02) 0.47 (0.42) 61% 39% 

Station 56 0.54 (1.15) 0.41 (0.48) 57% 43% 

CRC 0.39 (0.69) 0.29 (0.34) 57% 43% 

VFW 0.36 (0.68) 0.28 (0.37) 56% 44% 

Florin 0.27 (0.55) 0.21 (0.31) 56% 44% 

3.4 Phase 2 Time Series BC Analyses 

We examined diurnal, day-of-week, and seasonal trends of BC at each site (Figure 10 through Figure 

15). The seasonal statistics can be found in Appendix Table A-2. Overall, BC peaks in the evening in 

wintertime and is highest on Saturday nights. These findings are indicative of residential wood 

burning plus mobile source emissions. In the summer, BC concentrations are highest in the morning 

and midday, which is typical of urban environments with BC from mobile source emissions. In terms 

of patterns, spring was more similar to summer, and autumn was more similar to winter. A summary 

for each site is provided below. 

CRC: In winter, BC peaked overnight and decreased to a minimum at 4:00-5:00 p.m. The highest 

concentrations occurred on weekends. In spring and summer, BC concentrations started increasing 

around 5:00 a.m., peaked at 6:00 a.m. (spring) and 6:00-10:00 a.m. (summer), and decreased to a 

minimum around 5:00 p.m. Autumn concentrations on weekends were higher than wintertime 

concentrations, although the diurnal patterns were very similar. Additionally, in autumn, Mondays 

exhibited the highest concentrations. These trends indicate some influence from residential wood 

burning in autumn as well as winter. 

Impact Church: In autumn and winter, BC peaked during the overnight hours. In winter, 

concentrations were lowest on Mondays, with all other days exhibiting similar concentrations. In 

autumn, Sundays and Monday were the days with the highest concentrations; the lowest 

concentrations were recorded on Tuesdays. Concentrations in spring peaked in the morning, with a 

minor peak in the evening.  

Station 56: In autumn and winter, BC concentrations peaked overnight; levels were higher on 

weekends compared with weekdays. In spring and summer, the data exhibited the opposite pattern: 

weekday concentrations were higher than those on the weekends. In the summer, Mondays 
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exhibited the lowest concentrations, while in the spring, Sundays exhibited the lowest 

concentrations. 

Sump 50: Very little data were available in the summer. Similar to other sites, winter and fall BC 

concentrations at Sump 50 were highest overnight. In spring, BC concentrations were highest in the 

morning with a lower overnight peak.  

VFW: There was less data available at VFW in winter. Winter and autumn had very similar diurnal 

profiles, peaking overnight and reaching a minimum around 4:00-5:00 pm. However, in winter, 

Sundays exhibited the highest concentrations; in autumn, Thursdays, Fridays, and Mondays exhibited 

the highest concentrations. Winter concentrations were highest on Fridays, Saturdays, and Sundays 

and peaked in the evening around 9:00 p.m. In spring and summer, BC peaked in the morning and 

was higher on weekdays than weekends.  

Florin: Winter data were not available at Florin. Similar to other sites, in autumn, BC concentrations 

peaked overnight, reaching a minimum in the mid-afternoon. The highest concentrations occurred in 

the autumn on Thursdays and Fridays. In spring and summer, the highest concentrations were 

observed in the morning and peaked around 7:00-9:00 a.m. The highest concentrations in both 

spring and summer occurred on Wednesdays. Florin exhibited the highest BC concentrations in the 

winter, followed by autumn and spring. 
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Figure 10. For CRC, seasonal BC concentrations by day of week and hour (top), by hour of day (bottom left), by month (bottom center), 

and by day of week (bottom right). 
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Figure 11. For Impact Church, seasonal BC concentrations by day of week and hour (top), by hour and season (bottom left), by month 

(bottom center), and by day of week (bottom right). 
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Figure 12. For Station 56, seasonal BC concentrations by day of week and hour (top), by hour (bottom left), by month (bottom center), 

and by day of week (bottom right). 
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Figure 13. For Sump 50, seasonal BC concentrations by day of week and hour (top), by hour (bottom left), by month (bottom center), and 

by day of week (bottom right). 
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Figure 14. For VFW, seasonal BC concentrations by day of week and hour (top), by hour (bottom left), by month (bottom center), and by 

day of week (bottom right). 
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Figure 15. For Florin, seasonal BC concentrations by day of week and hour (top), by hour (bottom left), by month (bottom center), and by 

day of week (bottom right). 
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3.5 Phase 2 BC Wind Direction Analyses 

Polar plots and pollution roses for BC are shown for each site in Figure 17. The wind data used for all 

sites were from the Sacramento airport. Concentrations were highest when wind speeds were lowest, 

which occurred most often in winter, when there were also residential wood burning emissions and 

mobile source emissions. Sites near freeways (Impact Church, Station 56, VFW) had higher 

concentrations when winds were from the direction of the freeway. However, winds from that 

direction were relatively infrequent; winds were from the direction of the freeway at VFW and Impact 

Church occurred only 2% of the time (the direction of the freeway is west, with the wind direction 

between 240-300 degrees) and at Station 56 15% of the time (the direction of the freeway is east, 

with wind direction between 30-150 degrees). At Florin and Sump 50, higher concentrations were 

noted when winds were from the east. However, such winds occurred less than 5% of the time. East 

is the direction of a multilane nonfreeway road for both locations. The infrequent occurrence of 

winds from this direction mutes trends, and higher concentrations of BC at both sites occurred with 

most wind directions. That finding indicates a more dispersed source of BC, typical of residential 

areas not adjacent to a freeway. In summary, there is a trend of higher concentrations of BC when 

winds originate from the direction of a nearby freeway. However, such winds are infrequent at these 

locations, and residential sites do not exhibit a strong correlation between BC concentration and 

wind direction. 
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Figure 16. Polar plots and pollution roses for BC by site and satelite maps of each site. 
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Figure 17. Polar plots and pollution roses for BC by site and satellite map of site (cont.).
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Site Polar Plot Pollution Rose  
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Figure 18. Polar plots and pollution roses for BC by site and satellite map of site (cont.). 
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Florin 

 

 
 

 

 

Figure 19. Polar plots and pollution roses for BC by site and satellite map of site (cont.). 
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3.6 Phase 2 Source Apportionment Analyses 

3.6.1 Phase 2 PM2.5 Source Apportionment 

Four factors were identified with PMF for PM2.5: a roadway/vehicle emissions factor (on average 46% 

of PM2.5), a regional aerosol factor (36%), a soil/dust factor (16%), and a marine factor (2%). Factor 

profiles are shown in Figure 20, the contribution to PM2.5 at each location is summarized in Table 17, 

and description of each factor appears below. It should be noted that the factors are based on the 

species input into the model. There are likely additional sources of PM2.5, such as residential wood 

burning; however, without levoglucosan or other key wood burning markers, this source is likely 

folded into other factors. 

The roadway/vehicle factor has a high proportion of BC, zinc, barium, and copper. Zinc, barium, and 

copper are typical indicators of brake wear, as shown in Lopez et al. (2023). BC is indicative of 

combustion, most likely from mobile sources, but there may be some contributions from wood 

burning that are difficult to separate without having specific wood burning makers such as 

levoglucosan. The roadway/vehicle factor was the largest contributor to PM2.5 mass on average 

across all sites, and was highest at Station 56, which is near Highway 99 and multilane nonhighway 

roads.  

The regional aerosol factor had the majority of the sulfur and also a small amount of BC. There is also 

likely organic carbon associated with this factor to account for its PM2.5 mass. However, since organic 

carbon was not measured it is unclear exactly how much. This factor had a large day-to-day variation 

in contribution to mass and was highest in April with air mass transport from the west. Even so, it was 

relatively consistent across all months (see the factor time series shown in Figure 22). 

The soil/dust factor had the typical components of aluminum, calcium, iron, and silicon; it 

contributed over 1 Ȋg/m3 on average at VFW, CRC, and Florin. All of these sites are near or adjacent 

to open fields or playgrounds with sand that may be influencing the monitoring location. This factor 

was lowest during the winter months and relatively consistent across the spring and summer (Figure 

22). 

Lastly, the marine factor had high amounts of sodium and chlorine, typical of sea salt aerosols being 

transported from the Pacific Ocean. On days when the marine factor was highest, there was 

consistent air mass transport from the Pacific Ocean through the Bay Area into Sacramento. As 

shown in Figure 22, the marine factor was stronger in the spring and summer months. 
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Roadway/vehicle factor 

 

Regional aerosol factor 

 

Figure 20. PMF factor profiles; bars indicate the concentration of a given species in factor in Ȋg/m3 on the primary y-axis, and red squares 

indicate the percent of that species in this factor (secondary y-axis). 
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Soil/dust factor 

 

Marine factor 

 

Figure 21. PMF factor profiles; bars indicate the concentration of a given species in factor in Ȋg/m3 on the primary y-axis, and red squares 

indicate the percent of that species in this factor (secondary y-axis) (cont.). 
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Table 17. Average factor contributions to PM2.5 at each site. 

Site 
Factor Contribution (Ög/m3) 

Road/Vehicle Regional Soil/Crustal Marine 

Station 56 4.8 3.4 0.9 0.3 

CRC 4.3 3.4 1.4 0.2 

Sump 50 3.7 1.3 0.4 0.1 

Impact Church 2.2 1.0 0.4 0.1 

VFW 1.6 2.1 1.8 0.3 

 

Figure 22. PMF factor time series. 
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3.6.2 Phase 2 VOC PMF Analysis 

Conducting PMF analysis on the VOC data was challenging since only six species were above the 

Practical Quantitation Limit (PQL) more than 45% of the time (i.e., acetone, 99% above PQL; 

chloromethane, 86% above PQL; dimethyl ether, 49% above PQL; ethyl alcohol, 96% above PQL; 

methanol, 83% above PQL; and tert-butyl alcohol, 46% above PQL). This fact means that most of the 

data used were below detection; this analysis can best be used to understand how species trend 

together. Four factors were identified: evaporative/mobile source emissions; chlorinated species; 

methanol; and solvents; see Figure 25 for the factor profiles. The evaporative/mobile factor 

contained species typical of these types of emissions: benzene, toluene, n-hexane, and methanol. 

Chlorinated species, including chloromethane, formed another factor; these species are likely from 

solvent use and refrigerant emissions. Methanol formed its own factor and can derive from both 

natural sourcesñsuch as degradation of organic materialñas well as anthropogenic sources such as 

solvent use. However, since a final factor was a combination of acetone, tert-butyl alcohol, and 

methyl ethyl ketone, the methanol factor is most likely not from solvent use; these latter species are 

predominantly from solvent use for paints, degreasing, and adhesives.  

 

Figure 23. VOC PMF factor profiles; bars indicate the concentration of a given species in factor 

in Ȋg/m3 on the primary y-axis, and red squares indicate the percent of that species in this 

factor (secondary y-axis). 



Ɓ Ɓ Ɓ    3. Results 

Ɓ Ɓ Ɓ    46 

 

 

Figure 24. VOC PMF factor profiles; bars indicate the concentration of a given species in factor 

in Ȋg/m3 on the primary y-axis, and red squares indicate the percent of that species in this 

factor (secondary y-axis) (cont.). 



Ɓ Ɓ Ɓ    3. Results 

Ɓ Ɓ Ɓ    47 

 

 

Figure 25. VOC PMF factor profiles; bars indicate the concentration of a given species in factor 

in Ȋg/m3 on the primary y-axis, and red squares indicate the percent of that species in this 

factor (secondary y-axis) (cont.). 

3.7 Phase 2 Comparison of Ambient Concentrations with 

Emissions Inventory (EI) Data 

In most areas of the U.S., EIs are typically used for State Implementation Plans, regional planning, or 

other activities that only need a coarser EI than what is available here.  In California, the AB 617 

program enhanced that process by developing a community-scale EI for certain areas, providing a 

unique, state-of-the-art data set from CARB that is well beyond what is typically available for most 

locations.  Here this finely detailed EI is compared to trends in ambient concentrations to identify 

where there could be additional next steps to further refine the EI. Specifically, the ambient 

concentration spatial trends of the main mobile source air toxics (MSATs), benzene and BC, were 

compared with CARB EI and CalEnviroScreen data. Only periods of times when data were available at 

all sites were considered. For BC, these periods correspond to October and November 2021. There 

was a weak correlation between BC concentrations and emission data (Figure 26) but a very strong 

correlation (r2=0.77) for benzene. Ambient BC is a combination of mobile source and local wood-

burning emissions, while the EI data are only mobile sources. A strong correlation would indicate that 
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mobile sources are the main source of BC, and a weak correlation would indicate that wood-burning 

emissions continue to be an important source of BC. Prior work (Mukherjee et al., 2019) comparing 

PM2.5 emissions trends with ambient concentrations in Sacramento during wintertime found good 

agreement on weekends (r2=0.76), when wood-burning occurs more often, and modest agreement 

on weekdays (r2=0.46). BC concentrations are highest in winter when wood burning occurs, meaning 

the average concentration at a given location is influenced by these emissions. 

The strong correlation for benzene indicates that, for benzene, the EI is a very good predictor of the 

spatial pattern of ambient concentrations. The CRC site exhibits the largest deviation between the 

ambient average and emission estimate for benzene and also has the lowest amount of off-road 

emissions; it may be that off-road emissions at this location are underestimated. The EI for benzene 

could be further refined by improving emission estimates for areas with relatively lower off-road 

emissions. The correlation for BC is not nearly as strong as for benzene; that situation may be 

because there are wood-burning emissions of BC in the autumn. Additionally, benzene sources are 

well understood and therefore likely well captured in the EI. However, BC sources, such as wood 

burning, are more challenging to predict since they vary based on external factors, such as 

temperature, wood type, wood moisture, and type of burning (wood burning). 

 These results can be used to further refine the EI by, for example: 

¶ Determining methods to improve emission estimates of off-road emissions. Such emissions 

appear to be the main difference in the ambient-benzene-to-EI comparison. This situation is 

particularly true for CRC, which exhibited the largest differential compared with ambient 

concentrations.  

¶ Assessing whether DPM emissions on non-freeway streets are representative since there is a 

weak correlation between ambient BC and emissions DPM. Higher BC concentrations were 

observed at multiple sites when winds were coming from multilane, nonfreeway streets. 

¶ Conducting similar air monitoring focused on stationary source emissions to evaluate 

whether stationary source emissions are as well characterized as benzene is for mobile 

source emissions.  This could include monitoring for particulate and gaseous air toxics in 

neighborhoods near or adjacent to significant stationary sources of air toxics, and then 

detailed on-the-ground surveys of stationary sources that evaluate whether the information 

used to develop the EI could be refined, e.g., by understanding if the speciated emission 

profile of emissions is exactly applicable to each source, and whether a how much of the 

permitted emissions a given permitted source actually emits.  For air monitoring, high time 

resolution data are likely required, so that monitors can quantify the amount of pollution 

when a neighborhood or specific receptor is downwind of a given stationary source. 

¶ Assessing whether area sources are well characterized, by a combination of air monitoring 

and on-the-ground surveys. For example, many small sources may be concentrated together 

in a small area and not classified as stationary or permitted sources, since they are not large 

enough to be permitted stationary sources but taken in aggregate may be an important 

source of pollution in a given neighborhood.  These small-scale sources may be captured in 
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the area source category, but typically default, state- or national-average emission profiles 

are used in developing an inventory that may not adequately capture the emissions for the 

specific area sources.  

¶ Quantifying wintertime residential wood smoke pollution on a neighborhood level, which is 

likely captured in the area source category, but in prior air monitoring work was shown to 

have large differences across neighborhoods.  Wintertime is when PM2.5 concentrations are 

typically highest and when residential wood smoke occurs.  A dense network of air monitors 

for wood smoke could be used to determine where concentrations, and presumably 

emissions, are highest. To then improve the EI, these data could be used as the basis to 

develop a more detailed area source residential wood smoke grid.  A detailed survey of 

residences in select communities regarding the type of fireplace they have and its use could 

also be done to help refine the EI. 

 

The information gained from the EI is extremely useful in determining what are the main sources of a 

given pollutant, and where air monitoring could occur to understand ambient concentrations of 

pollution.  Air monitoring is extremely useful for understanding ambient concentrations and 

potential sources via data analysis, but when paired with high-quality EI, data analysts can better 

understand which sources are most important for a given area, based on the ambient concentrations. 

Other communities in California will be able to leverage and utilize the detailed EI data that have 

been generated by CARB for similar analyses. In this work in Sacramento, the focus was 

predominantly on mobile source air toxics, but a similar approach can be used for areas where air 

toxics from point or area sources are a larger concern.  For example, EMFAC is specific to the 

California vehicle fleet, while in other states the national-level MOVES model is used, but may not be 

as specific to a given location as EMFAC is for California.  In addition, other states may only have 4 

km or 12 km gridded EI data, rather than the detailed 2 km EI data used here. Other communities 

outside of California may not have as detailed an EI but can use a similar approach to assess parts of 

their EI. For example, a small-scale, source-type (e.g., mobile or point source) specific analysis could 

be a first step, in particular, if it was done among a few different EI grid cells. Alternatively, if there is 

only 12 km gridded EI data available, monitoring at a few locations within a single grid cell of interest 

could be a straightforward first step in assessing multiple species and sources in a single grid cell, 

which could indicate which source types and/or species are most different from the EI.    
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Figure 26. Comparison of average ambient concentrations of BC (top and middle) and 

benzene (bottom) with EI data (DPM on top and middle, benzene on bottom) from CARB 

(kg/day; top, bottom) or CalEnviroScreen (tons/year; middle), by location.  
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3.8 Phase 3 Black Carbon Data Summary and Statistics  

BC data were collected with an MA350 located at Peace Lutheran. Data considered in this analysis 

were collected between July 1, 2023, and July 1, 2024. The 10-min data were averaged to hourly 

using a 75% completeness threshold. For the polar plot spatial analysis, the data were aligned with 

meteorological data from the Sacramento T street regulatory station.  

BC measurements from Peace Lutheran showed an hourly average concentration of 1.2 Ög/m3. Table 

18 lists the data in the context of the Phase 2 BC measurements. Overall, the Peace Lutheran BC 

measurements fell within the range of the South Sacramento-Florin Phase 2 data (i.e., 0.7-1.4 Ög/m3) 

despite the three-year difference in the measurement periods.  

Table 18. BC measurements from Phase 2 and Peace Lutheran. 

Phase Site Mean (stdev)  N (hours)  

Phase 2, When All Sites Have Data 

Mean (stdev)  N (hours)  

2 CRC 0.7 (0.93) 6,245 1.3 (1.24) 472 

2 Florin 0.5 (0.78) 3,518 1.5 (1.53) 472 

2 Impact Church 1.4 (1.59) 2,187 1.3 (1.30) 472 

2 Station 56 1.0 (1.52) 6,454 1.4 (1.18) 472 

2 Sump 50 1.2 (1.30) 3,928 1.3 (1.36) 472 

2 VFW 0.6 (0.94) 3,575 1.4 (1.38) 472 

3 Peace Lutheran 1.2 (1.96) 2,727 NA NA 

3.9 Phase 3 Metals Data Summary and Statistics 

Speciated PM2.5 data were collected on a 1-in-6-day schedule at Fern Bacon Middle School between 

July 5, 2023, and July 23, 2024. Similarly to Phase 2, the analysis focused on toxic species with 

associated health benchmarks. Arsenic and nickel did not reach levels above the minimum detection 

limit (MDL) in any of the 64 samples. Lead was above MDL 10.9% of the time, and manganese was 

above MDL 7.8% of the time. Table 19 lists the average concentration measured at Fern Bacon in 

Phase 3 and the range of average concentration measured across all sites during Phase 2. The table 

also includes the California average concentration. In Phase 3, arsenic, lead, nickel, and manganese 

were all below the lowest concentration measured in Phase 2. Additionally, all species were below 

the California state annual average concentrations. 
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Table 19. Phase 2 average metals concentration range, Phase 3 average concentration, and 

California annual state averages. 

Species Mean, Ög/m3 (stdev) 
*California 2019 

Annual Mean, Ög/m3 

 Phase 2 Phase 3  

Arsenic 0.0005ð0.0006 0.0003 (0.0005) 0.0011 

Lead 0.0019ð0.0029 0.0010 (0.0015) 4.49 

Nickel 0.0004ð0.0006 0.0001 (0.0012) 0.004** 

Manganese 0.0019ð0.0039 0.0012 (0.0002) 0.0224 

* Annual statewide toxics summary: https://www.arb.ca.gov/adam/toxics/statepages  

** CA 2018 Annual Mean 

3.10 BTX Air Monitoring Data Summary 

Data considered in this analysis were collected between July 1, 2023, and July 1, 2024, at four 

measurement sites in both South and North Sacramento.  

¶ Fern Bacon Middle School (South Sacramento-Florin) 

¶ Impact Church (South Sacramento-Florin) 

¶ Peace Lutheran (North Sacramento) 

¶ VFW (South Sacramento-Florin) 

The locations of these sites are shown in Figure 27.  

 

https://www.arb.ca.gov/adam/toxics/statepages
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Figure 27. Locations of BTX measurement sites. 

3.10.1 BTX Data Summary and Statistics 

BTX data were collected at all four measurement sites. The data were filtered to remove calibrations 

(four times per day) and collocation periods, which took place at the start and end of the 

measurement campaign. The o-xylene data at each site showed carryover from the calibrations 

(performed at 4:00 a.m., 10:00 a.m., 4:00 p.m., and 10:00 p.m. daily). As such, the 40 minutes 

following each calibration were removed from the data set prior to analysis. Additionally, toluene 

data at Impact Church and Fern Bacon Middle School had the same issue and were treated in the 

same manner. The 10-minute data were averaged to hourly and daily data using a 75% threshold 

requirement in both instances.  

For the polar plot source analysis, South Sacramento-Florin (Fern Bacon Middle School, Impact 

Church, VFW) site data were aligned with wind data from a meteorological station located at the Fern 

Bacon Middle School site. To use the closest data available, data alignment was performed using 
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wind data from the Sacramento T Street regulatory monitoring station (downloaded from EPA AQS) 

to generate polar plots for Peace Lutheran. 

3.10.2 Hourly BTX Data 

Table 20 lists the mean, standard deviation, median, IQR, and number of hours of data for each site. 

Table A-3 lists the mean and standard deviation along with the distance to nearby roadways for each 

site. Overall, the average hourly benzene concentration ranged from 0.42-0.56 ppb and was similar 

across all sites. The average o-xylene concentration ranged from 0.24 ppb at Fern Bacon Middle 

School up to 0.84 ppb at Impact Church. Average toluene concentrations were similar across three 

sites, ranging from 0.30-0.37 ppb; the exception was at VFW, where the concentration was almost 

two times higher (i.e., 0.63 ppb). 

Table 20. Hourly BTX statistics. 

Site Parameter 

Hourly 

Mean 

(ppb)  

Stdev 

(ppb)  

N 

(hours) 

Median 

(ppb)  
IQR (ppb) 

Fern Bacon MS Benzene 0.42 0.32 7,167 0.37 0.22 

Impact Church  Benzene 0.56 0.50 6,706 0.46 0.18 

Peace Lutheran Benzene 0.46 0.50 8,465 0.34 0.22 

VFW Benzene 0.55 0.37 5,941 0.47 0.24 

Fern Bacon MS Toluene 0.31 0.45 5,967 0.21 0.30 

Impact Church  Toluene 0.30 0.33 5,583 0.27 0.24 

Peace Lutheran Toluene 0.37 0.61 8,465 0.22 0.18 

VFW Toluene 0.63 1.42 7,433 0.43 0.39 

Fern Bacon MS o-Xylene 0.24 0.22 5,967 0.21 0.31 

Impact Church  o-Xylene 0.84 2.65 5,583 0.39 0.37 

Peace Lutheran o-Xylene 0.40 0.63 7,050 0.28 0.20 

VFW o-Xylene 0.42 0.73 6,184 0.28 0.32 

Variance in the benzene data across seasons and by weekend/weekday was evaluated and compared 

with variance observed for toluene and o-xylene. Table 21 and Figure 28 through Figure 30 

summarize the results.  
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Table 21. Hourly and seasonal mean concentration of benzene. Percent difference in the 

average hourly concentration for weekday versus weekend days for benzene, toluene, and o-

xylene.  

Site 

Benzene Toluene o-Xylene 

Mean 

(stdev), ppb 

Seasonal maximum 

mean (stdev), ppb 

% higher on weekdays 

(+ = weekday higher, - = weekend higher) 

Fern Bacon Middle 

School 
0.42 (0.32) 

0.60 (0.44) ð Winter 

 n=1,359 hours 
10% 36% 3% 

Impact Church 0.56 (0.50) 
0.77 (0.91) ð Autumn 

n=1,616 hours 
11% 26% 27% 

Peace 

Lutheran 
0.46 (0.50) 

0.66 (0.46) ð Winter  

n=1,261 hours 
-3% -5% -9% 

VFW 0.55 (0.37) 
1.02 (0.67) ð Winter  

n=336 hours 
21% 30% 6% 

Benzene Seasonal Variability 

Seasonal variability in benzene provides insights into contributions from wood burning (in colder 

seasons, i.e., winter and spring) and from mobile sources. Additionally, this analysis highlights which 

season(s) might be driving overall benzene signals.  

The seasons with the highest mean benzene concentrations are listed in Table 21. Fern Bacon Middle 

School, Peace Lutheran, and VFW all had the highest concentrations of benzene in the winter; Impact 

Church experienced the highest concentration in the autumn. At Fern Bacon Middle School and 

Peace Lutheran, the winter season was characterized by high concentrations in February (Figure 28). 

Fern Bacon Middle School is located near Highway 99 but is also within a residential community; 

Peace Lutheran is also a primarily residential site. As such, the February peak is likely due to the 

combination of residential wood burning emissions and localized vehicle/on-road emissions. VFW, 

while in a commercial area, is also surrounded by residential neighborhoods. As such, it may also be 

influenced by residential burning activities during colder months. Emissions from those activities, 

when added to the vehicular emissions and low mixing heights, lead to the higher benzene 

concentrations noted at this site during the winter. 

At Impact Church, the average benzene concentration in the fall is driven primarily by elevated 

concentrations in October. While Impact Church is in a business park and may be less strongly 

influenced by nearby residential burning activities, it is not immediately clear what drove the 

elevated October concentration at this site. 
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Figure 28. Monthly benzene variability. The shaded region is the 95% confidence interval. 

Benzene Weekday Variability 

An assessment of the weekday (Monday through Friday) versus weekend (Saturday-Sunday) average 

benzene concentrations provides insights into the source of this pollutant, specifically how much 

derives from on-road vehicle emissions. Figure 29 shows the benzene variability by day of week, and 

Table 21 lists the percent difference between weekday and weekend values. In the table, a positive 

value indicates the weekday values were higher, and a negative value indicates the weekend values 

were higher.  

VFW saw the largest weekday-weekend difference; benzene was on average 21% lower on weekends 

there. This finding is consistent with VFW residing in a commercial zone where truck and vehicle 

traffic is expected to decrease on weekends. 

A smaller difference was observed at Fern Bacon Middle School and Impact Church. At these sites, 

Monday concentrations were similar to Saturday/Sunday concentrations; however, concentrations on 

weekdays were overall 10-11% higher than on weekends. This result is consistent with school traffic 

during the week (Fern Bacon Middle School) and commuter traffic on local roads (Impact Church). 

Peace Lutheran exhibited the opposite trend: this site recorded a higher weekend concentration of 

benzene. Figure 29 shows that this trend is driven by elevated Saturday concentrations. Based on the 

time series, there are three Saturday dates throughout the data set with spiked concentrations 



Ɓ Ɓ Ɓ    3. Results 

Ɓ Ɓ Ɓ    58 

(exceeding 10 times the mean 10-min concentration). These dates are July 2, 2023, May 11, 2024, 

and June 15, 2024. On these dates one, two or all three BTX species spiked, but the reason for the 

spike is not clear from the data. No issues were observed with the chromatograms that would be a 

cause to remove the data from the analysis. Additionally, upon removing these dates from the data 

set, the trend at Peace Lutheran remains the same with higher overall average concentrations on the 

weekend. In other words, removing the three identified dates does not explain the higher weekend 

concentration. 

 

Figure 29. Benzene day-of-week variability. The shaded region is the 95% confidence interval. 

The weekday/weekend comparison data for toluene and o-xylene are also included in Table 21. At all 

sites, toluene and o-xylene followed similar weekday/weekend trends as benzene. However, the 

magnitude of weekday/weekend difference varied by species at each site. The difference was 

greatest for toluene at Fern Bacon Middle School and greatest for o-xylene at Impact Church. The 

reason for this variation is likely the different photolysis lifetimes and chemical sinks of individual 

species.  

Diurnal Benzene Variability 

Diurnal analysis reveals the times of day that drive the benzene concentration at each site; such 

analysis also enables comparisons of the profiles at each site. The time of day when benzene 

concentration peaks can be tied to potential sources. For example, peaks during the morning and 

evening are likely to be from mobile sources during commute times, whereas increased 

concentration in the evening and overnight on colder days suggests a wood burning source.  
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Figure 30 shows the average benzene diurnal variance across all days and by day of the week. 

Diurnal trends across sites are similar for Fern Bacon Middle School (red), Peace Lutheran (teal), and 

VFW (purple), with higher concentrations in the evening and overnight and a minimum between 

midday and 6:00 p.m. This finding suggests that these sites are impacted more by wood burning 

emissions from nearby residences, which is also consistent with these sites having maximum seasonal 

concentrations in the winter (Table 21). The diurnal profile of Impact Church (green) features a late 

morning peak and higher afternoon minimum, which suggests that vehicular traffic patterns at this 

site dominate. This trend is consistent with the immediate vicinity of the site, which is adjacent to 

large businesses, including Costco, a Costco gas station, Samõs Club, and a Sam Clubõs gas station. 
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Figure 30. Average benzene diurnal profile by site across all days (left), and average diurnal profile by day of week (right). The shaded 

region is the 95% confidence interval.
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Daily Averaged Data 

To assess the sites over longer time intervals and focus on broad concentration trends, we analyzed 

and compared the daily average concentration at each site. The daily averaged data provide an 

overall assessment of the concentration at each site. 

The BTX data were averaged (mean) to daily values. The box plots of the daily averaged BTX data by 

site are shown in Figure 31. Overall, the average daily benzene concentration ranged from 0.42-0.55 

ppb and was similar across all sites (Table 22). The average concentration of o-xylene ranged from 

0.24 ppb at Fern Bacon Middle School up to 0.84 at Impact Church. Toluene average concentrations 

were similar across all sites and ranged from 0.32-0.34 ppb; the exception was VFW, where the 

concentration was almost two times higher (i.e., 0.61 ppb).  

 

Figure 31. Daily averaged BTX data. 

Benzene: The average hourly, daily, and daily-when-all-sites-had-data statistics are listed in Table 22. 

Box plots of the daily concentrations for when all sites had data are shown in Figure 32 and the 

results of the Wilcoxon signed-rank test between each site are indicated on the figure (horizontal 

bars connect the two sites being compared). The corresponding figures and tables for toluene and o-

xylene are shown in the Appendix (Figure A-6, Figure A-7, Table A-4, Table A-5). For versions of the 

box plots with p values, see Appendix Figure A-8 through Figure A-10. Comparing the benzene daily 

data when all sites had data reveals that most of the sites were statistically significantly different from 

one another; the sole exception was Impact Church and VFW. The data trends are consistent with site 

location since VFW and Impact Church are both 0.05 miles from the nearest roadway; Fern Bacon 

Middle School and Peace Lutheran are in more residential settings. 
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Table 22. Daily benzene statistics. 

Site 
Benzene Daily  

Mean (stdev), ppb 
N (Days) 

When all sites have data 

Daily Mean (stdev), ppb N (days) 

Fern Bacon Middle School 0.42 (0.19) 289 0.38 (0.14) 186 

Impact Church  0.55 (0.37) 264 0.54 (0.40) 186 

Peace Lutheran 0.46 (0.37) 345 0.35 (0.10) 186 

VFW 0.54 (0.20) 237 0.49 (0.13) 186 

 

Figure 32. Daily averaged concentration of benzene. The results of the Wilcoxon signed-rank 

test are shown by horizontal lines connecting the two sites being compared; an asterisk 

indicates a significant difference between the sites within the 95% confidence interval. 

Polar Plot Analysis 

Polar plots combine concentration data with wind data to produce òhot spotó maps that can be used 

to understand direction and strength of sources. Polar plots of benzene, toluene, and o-xylene for 

each site are shown in Figure 33 and Figure 33. At Fern Bacon Middle School, the results suggest all 

three species have a localized source(s) present under medium-low-wind-speed conditions (<4 m/s), 

possibly related to vehicle idling and/or traffic in parking lots at the school. Additionally, there is a 

stronger (i.e., producing higher concentrations) source of o-xylene, and a weaker (i.e., producing 
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lower concentrations) source of benzene in the southeast, which is in the direction of Highway 99. 

(Highway 99 is also to the east and northeast of the site but there are less-frequent winds from these 

directions, which inhibits our ability to draw a conclusion.) At Impact Church, the strongest sources of 

benzene and o-xylene are from the west, the direction of Highway 99. O-xylene also has a weaker 

source to the southeast under medium-low wind speeds, possibly due to traffic on nearby arterial 

roads. All three species have a very localized source present under low wind speeds (<2 m/s), which 

is likely due to vehicle idling or traffic in nearby parking lots in this commercial area (home to Costco, 

Samõs Club, etc.). The polar plots for Peace Lutheran use the meteorological data from the 

Sacramento T street regulatory monitoring station. The main source(s) of all three species at Peace 

Lutheran are localized (winds <2 m/s). The benzene/toluene source is centralized but also slightly to 

the east, which is the direction of Northgate Blvd. (0.33 miles), Steelhead Creek (0.63 miles), and 

railroad tracks (0.68 miles). The o-xylene source is slightly to the west, with a secondary source to the 

southwest. To the west is San Juan Road, and residential neighborhoods and park space are located 

to the west and southwest. The sources at VFW are much more dispersed and are present under 

both low- and high-wind-speed conditions. The main potential sources in the area are Highway 99 to 

the west and southwest, a scrapyard to the south, and Stockton Blvd. to the east. 
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Figure 33. Polar plots of benzene, toluene, and o-xylene by site.  

Site Benzene Polar Plot Toluene Polar Plot o-xylene Polar Plot 

Fern Bacon 

Middle 

School 

   

Impact 

Church 

 
  








































