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ABSTRACT

In the summer and fall of 2018 and 2020, major wildfires in Northern California (USA) impacted the San Francisco Bay Area.
The remote 2018 and 2020 wildfires produced the highest PMz 5 concentrations experienced in the Tri-Valley of the East Bay
Area during those two years. The Tri-Valley is composed of the San Ramon, Amador, and Livermore Valleys, surrounded by local
terrain that creates a small airshed. In 1967, the California Air Resources Board created 15 Air Basins defined by regional
geography, topographic and meteorological conditions. Airshed is sometimes synonymous with an urban-scale component of an
Air Basin. We use airshed as a Tri-Valley component of the Bay Area Air Basin. This airshed spans across two counties (Contra
Costa and Alameda) and encompasses four cities: San Ramon, Dublin, Pleasanton, and Livermore. PurpleAir (PA) sensors
provided good geographic coverage of variation in PMasin the Tri-Valley airshed. Several studies have established significant
health effects from wildfire plumes by associating daily hospital visits with PMy 5 air quality data at local and regional scales. We
hypothesize that during the wildfire smoke periods of 2018 and 2020 in the Tri-Valley area, there was an increase in
hospitalizations and ED visits for respiratory (asthma and COPD-related) health effects, as compared to the same time periods
during years with less fire activity. The primary goal of this study was to confirm health effects from wildfire plumes on a
community scale using 5 years of publicly-available health data. However, with only monthly hospitalization data available, directly
linking respiratory hospital and emergency department (ED) visits with PMa s concentrations was unsuccessful. Also, because
COVID-19 masked all other causes of hospital visits in 2020, that year was ultimately eliminated from this study. However, visits
during November 2018 being much higher than any other November in 2016, 2017, and 2019 implied a potential cause and
effect. Daily hospitalization and air quality data are required to quantify any relationship by regression analysis. These findings
help inform future studies on the health effects of air quality at community scales.

KEYWORDS
PM_5 Air Quality; Air Pollutant Exposure; Air Quality Monitoring; Wildfire Smoke; Respiratory Health; PurpleAir Sensors

INTRODUCTION

Exposure to wildfire smoke very likely increases acute respiratory health effects.> The negative effects associated with wildfire
smoke exposure have become an increasingly pressing issue as California experiences more wildfires. In 2020 alone 3.6 million
acres were burned in California and residents were exposed to smoke for many more days than normal.3 Our study focuses on the
San Francisco Hast Bay Area’s Tri-Valley, an airshed within Contra Costa and Alameda counties. The geographic nature
(surrounding foothills that can trap pollutants in the valleys during stagnant wind conditions)! of Tri-Valley ctreates the potential
for wildfire smoke and associated air pollutants, particularly fine particulate matter (PMas, particles that are 2.5 microns or smaller
in diameter) to settle in the valleys whete the cities of San Ramon, Dublin, Pleasanton, and Livermore ate located.

In recent years (2018 and 2020), there have been instances where the Tri-Valley has been affected by an influx of wildfire smoke
from Northern California wildfires. In 2018, wildfire smoke from the Camp Fire was likely present on 13 of the 15 days when the
24-hour PMy;s federal standard of 35 pg/m> was exceeded in the Tri-Valley that year. The Camp Fire was the “most deadly and
destructive™ wildfire in California, occurring in the town of Paradise on November 8, 2018, and was fully contained by
November 25, 2018.5 The fire burned 153,336 actes, 19,356 structures, and resulted in 85 deaths.> Specific meteorological
conditions made the Camp Fire severe. With speeds over 20 mph, hot, dry downslope winds known as Diablo winds caused the
fire to not only spread rapidly in Paradise, but they also carried the smoke plume into the Tri-Valley airshed.®
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In 2020, the Santa Clara Unit (SCU) Lightning Fire Complex burned at the end of summer into fall. The complex of 20 fires first
started on August 16 and wasn’t fully contained until October 1.7 The fires burned 396,624 acres,” with the two largest fires
merging and burning south of Livermore and Pleasanton.? In 2020, all 17 PM 5 exceedance days (days where the national
standard was exceeded, see explanation in the following paragraph) in the Tri-Valley were probably due to smoke from the Santa
Clara Unit (SCU) Lightning Fire Complex entering the area.

The Bay Area Air Quality Management District (Air District) recommends staying indoors during these unhealthy smoke days.
Previous studies have found that while indoor PM» 5 concentrations are typically lower than outdoor concentrations, indoor
concentrations still follow outdoor increases.® 1 The Environmental protection agency (EPA) regulates air quality nationwide
through their Air Quality System (AQS).!! The EPA also establishes National Ambient Air Quality Standards (NAAQS), with the
annual primary standard for PMz s being 9 pg m=3.12

Low-cost sensors can be used to measure air pollutants at higher spatial and temporal scales than regulatory agency monitoring
networks with less operating skill and significantly less cost. While the key advantage of low-cost sensors is their low expense, the
major disadvantage is their accuracy. The South Coast AQMD Air Quality Sensor Performance Evaluation Center (AQ-SPEC)
reviewed sensor characteristics and performance. In their 2016laboratory and field comparisons, both Purple Air PA-I and PA-II
PM. s sensors were found to correlate with Federal Reference Method (FRM) or Federal Equivalent Method (FEM) sensors with
linear correlation coefficients greater than 0.9 for 5-minute data as well as 1-hour averages.’® Both AQ-SPEC and Barkjohn, et al.
(2021) found that the PurpleAir Sensors had good precision but read high by approximately 40%.1314 Wallace, et al. (2022) found
that PA-T and PA-IT measurements can agree well with regulatory monitors when an optimum calibration factor of 3.4 is

applied.!s

PA, a network of low-cost indoor and outdoor air quality sensors, has been used to observe spatial trends in PMas
concentrations.!¢ The advantages of using the PA sensor network for this study are that there are many sensors that record
publicly available data. The number of sensors allows for high spatial coverage of the Tri-Valley area. However, some of the
disadvantages of PA are that sensors are set up by the public and inconsistencies in sensor placement can affect data quality.
Additionally, sensors can have unreliable/irregular recording, with no or incorrect recordings for periods of time. Widespread use
of PA sensors is relatively new, and many sensors were not up and running until after 2018. For these reasons the PA data quality
is not the same as quality assured air district monitors (see: http://www.aqgmd.gov/aqg-spec/home) Comparatively, district
sensors (patt of the EPA AQS) follow EPA requirements and the data is quality assured and controlled.! EPA AQS monitoring
stations are likely more accurate than PA sensors for PM; s data; however, there are more PA sensors than district sensors with
1,171 out of 5,824 census tracts in California having one to two fully operational PA sensors.” Compared to the approximately
250 sensors in the California Ambient Air Monitoring Network.18

Previous studies have addressed whether or not wildfire smoke and associated PM2 5 have significant effects on (respiratory)
health outcomes.? 1% 20 Recent epidemiological studies have shown that PMy s from wildfire smoke can exacerbate a range of
health problems including tespiratory and cardiovascular issues.? 1% 21-23 Several studies link wildfire-specific PMz 5 exposutes to
increases in respiratory hospitalizations. Other studies further aim to determine which groups are most affected,'®> 24 while others
aim to determine “whether PMy s from wildfires is more or less harmful [to human health] than PM2.5 from other sources” 25 For
instance, Aguilera ez a/. (2021) found that PMas from wildfire smoke events in Southern California was up to ten times worse for
human health than non-wildfire PMa s in terms of respiratory hospital admissions.?

Another topic of interest in previous studies is the spatial aspect of respiratory health effects; 2% 16 one these studies, Southetland ez
al. (2022), specifically aims to determine if exposure to PMz s at smaller (city) scales shows a different trend in PMa s attributable
mortality than larger spatial scale studies.!6 This information can give us a better understanding of spatial hotspots of negative
health outcomes related to PMz 5 exposure, which would allow for targeted mitigation strategies. Typically, the variation in health
impacts at finer spatial scales is masked because impacts are generally reported at the country, state, or county level.!6 So,
Southerland ¢z al. (2022) studied how air pollution-related health risks vary at the neighborhood scale within cities, specifically Bay
Area cities, to assist with public health decision making.1® The researchers determined that pollution-attributable risks can vary
considerably within individual cities.!® Furthermore, neighborhoods with the highest air pollution-attributable health risks were
not necessarily those with the highest pollutant concentrations.’® However, there were limitations to the study in that baseline
disease rates ate hard to obtain at urban and intra-urban scales.! So, for asthma incidence the researchers were only able to use
the statewide incidence rate, despite the fact that there is data evidence for spatial variation in asthma incidence in the Bay Area.16

A focus of recent studies, relevant to our study, is indoor vs outdoor PMz s monitoring and exposure. As O’Dell ez a/. (2022) point
out, most air quality research is focused on outdoor pollutant concentrations, while people tend to spend more of their time
indoors.!® Using publicly-available data from low-cost sensors, O’Dell ez a/. (2022) found that during periods of heavy smoke,
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indoor PMz s concentrations could exceed the 35 ug m= 24-hour federal outdoor standard.!® Also, they found a “total daily-mean
indoor PMz 5 concentrations increase by 2.1 pg m- with every 10-ug m increase in daily-mean outdoor PM2 5.1 For our study,
we utilize PA sensors to look at both indoor and outdoor concentrations across the Tri-Valley. We compare one nearby indoor
and outdoor PA sensor to each of the two district sensors during the 2020 wildfire period (Table 1), in order to gain a better
understanding of indoor PM> 5 concentrations during a wildfire smoke episode, given the amount of time people generally spend
indoors. 10

Some researchers conducting epidemiological studies associated with wildfire smoke have access to non-publicly accessible
hospitalization data. For example, Alexeeff ¢z a/. (2023) used a cohort of 3.7 million adults in the Kaiser Permanente Northern
California health care system.?6 From this large dataset they were able to determine that long-term PM, 5 exposure was associated
with cardiovascular health issues.26 Both Delfino e7 /. and Aguilera ¢7 al. obtained their hospitalization data from the California
Office of Statewide Health Planning and Development, however, this data was not accessible for this research.!®25 One
important thing to note about most studies (aside from Alexeeff ¢7 a/.)?6 is that they look at acute health effects resulting from
exposure to only one smoke event, rather than considering cumulative health effects from multiple exposure events.2’ This means
its possible health impacts are more extensive than reported in these single-event studies.?’” Even with some studies having great
accessibility to data, a review by Black ez 2/ (2017) notes that there must be a more standardized consensus on both air quality
monitoring and reporting during wildfire events in order to allow for more thorough epidemiological, between-study
comparisons.®

In this paper we aim to gain a better understanding of one, how PA sensor data compare to quality-assured air district monitoring
data during normal air quality days as well as days when a wildfire smoke plume is present in the Tri-Valley; and two, the potential
respiratory health effects of the 2018 and 2020 wildfire smoke plumes present in the Tri-Valley. Our basic hypothesis is that
increases in wildfire smoke PMa s are correlated with increases in hospitalizations and ED visits for asthma and COPD-related
health effects during the 2018 Camp Fire and 2020 SCU Lightning Fire Complex wildfire periods.
We explore this hypothesis with several questions:
1) Are PM 5 concentrations within the Tri-Valley significantly different when a wildfire smoke plume is present versus when
one is not?
2) Are PA sensors as accurate as district sensors during typical air quality days and during wildfire smoke days?
3) Is there spatial variation in PMz s concentrations within the Tri-Valley during a wildfire smoke plume?
4) Can a regression analysis of monthly hospitalization and ED data and monthly PMa 5 concentrations be used to evaluate
wildfire effects on respiratory health, and if so, is there a significant increase in respiratory hospitalizations and ED visits
during wildfire smoke plumes?

METHODS AND PROCEDURES

The geographic area of focus for this paper is the Tri-Valley Airshed, encompassing the cities of Livermore, Pleasanton, and San
Ramon, and Dublin as shown in Figure 1. The PA sensor network in the Tri-Valley Airshed was used in combination with Air
District sensors, which are a part of the EPA AQS,! to evaluate changes in PMa s concentrations across wildfire years and years
with less wildfire activity from 2016 to 2020, and potential associations with respiratory hospitalizations and emergency
department (ED) visits. The goal was to determine how exposute to PMzs from the 2018 Camp Fire and the 2020 Lightning Fire
Complex impacted the health of Tri-Valley residents.

PM: 5 and hospitalization data

The period of study from 2016 to 2020 encompasses the Camp Fire in 2018 and the SCU Lightning Complex Fires in 2020. PMz 5
data was collected from two sources. First, quality-assured Air District data was downloaded from the EPA AirNow website from
the Pleasanton and Livermore Air District monitoring stations. The Pleasanton PMa s monitor is a Special Purpose Monitor

(SPM) and a Federal Equivalent Method (FEM) monitor.?? Specifically it is a FEM BAM 1020 monitor manufactured by Met
One.? The Livermore PM2s monitor, on the other hand, is a State or Local Air Monitoring Station (SLAMS) and a FEM
monitor.?? Like the Pleasanton station it is a FEM BAM 1020 manufactured by Met One.?? Second, PM: 5 data was downloaded
from the publicly available low-cost sensor PA website using an API key provided along with Python code. PA sensors in the
study area began recording data at different dates from 2018 to 2020 posing limitations for this analysis. Figure 2 shows the PA
sensors in the Tri-Valley available on September 28, 2020. Less than half of these stations were operating in 2018. This, along
with the fact that PA sensors are deployed by users in the public are serious limitations in terms of the quality of data generated by
these sensors. The PA data collected was _atm data for outdoor sensors and cf_1 data for indoor sensors. Cf_1 and cf_atm are
“formulas used in Plantower laser counters” which are the mechanics that make up the PA sensors.3 Cf_1 and cf_atm data have
a proprietaty cortection factor formula automatically applied to it in order to compensate for different conditions outdoors versus
indoors.30 A previous study conducted by Barkjohn ez a/. (2022) used cf_1 data because it is more strongly correlated to reference
monitors than cf_atm data.3!
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While accessing PMa 5 data was relatively easy, gathering of hospital admissions data involved more effort and time (almost two
months) and was a key learning experience of this study. The process began with reviewing previous wildfire health effect studies
with County Health Department epidemiologists to select the relevant International Classification of Diseases 10 Clinical
Modification (ICD 10 CM) codes that could distinguish smoke health effects. Since the Tti-Valley Airshed encompasses two
counties, both Alameda County Public and Contra Costa County Health Departments were involved.

After several iterations, the final request involved epidemiologists from the two counties to write and execute scripts to download
data from the California Department of Health Care Access and Information (HCAI) Patient Discharge Data and Emergency
Department data:

e Forasthma ICD 10 CM codes J45[2-5] [0-2], J459 plus COPD code J4[0-4] combined.

e  Monthly by zip code each year from 2016 through 2020.

e By age groups <18, 18-44, 45-64, 65+, and total.

The expectation that sufficient daily visit data would be available for the four communities was not met. Instead, due to the small
numbers and the requirement to maintain anonymity, monthly data were provided. Even with monthly totals, the number of visits
occasionally was less than 11 and was denoted as <11 for anonymity.

Confirming periods when wildfire smofke was present in the Bay Area

Four tests were conducted to evaluate the difference between PMz s levels during the 2018 and 2020 fire events and typical
seasonal PMzs. The year 2019 was used as a control because based on reviewing daily NASA WorldView satellite imagery, no
smoke plumes were found to enter the Bay Area that year. Other major wildfires during the study period include the September
2018 Walker Fire and the October 2019 Kincade Fire. However, NASA WorldView satellite imagery showed that the smoke from
the Walker Fire located in the Sierra Mountains east of Chico was driven directly eastward and the plume from the Kincade Fire
in Sonoma County went offshore to the west. The Bay Area escaped both plumes.

Four tests were run using Air District PMz 5 data. The first test compares the Livermore Air District data from August 16, 2020,
until October 8, 2020, to the same period in 2019. For the second test, the same time periods (August 16, 2020, through October
8, 2020, versus August 16, 2019, through October 8, 2019) are compared, but for the Pleasanton Air District sensor. The third
test compares the Livermore sensor data from November 9, 2018, until November 27, 2018, to the same period in 2019. For the
final test, the same November time periods are compared, but for the Pleasanton Air District sensor. The test periods were
selected based on fires with the highest smoke impact from 2016 to 2020; years before 2016 were not included based on
hospitalization and ED visit data availability.

Previous studies have used dispersion modeling to determine when the PMz 5 increases were due to wildfire smoke plumes. In lieu
of modeling the smoke trajectory, we initially selected days from known wildfires in the vicinity and narrowed the periods based
on elevated PMz s data. To independently select days when wildfire smoke was present over the Tri-Valley, we reviewed NASA
WorldView satellite imagery. For the periods of interest, we viewed the daily Visible Infrared Imaging Radiometer Suite (VIIRS)
Corrected Reflectance imagery taken by the VIIRS instrument aboatd the joint NASA/NOAA NOAA-20 (JPSS-1) satellite. We
included the VIIRS Fire and Thermal Anomalies layer which indicates active fire detections and thermal anomalies, such as
volcanoes, and gas flares.

Figure 3 shows that while the Camp Fire was located over 150 miles from the Tri-Valley, strong Diablo winds from the northeast
blew the smoke plume into the Tri-Valley Airshed. Figure 4 plots the daily Air Quality Index (AQI) data taken in the Tri-Valley.
(Note: An AQI of 100 represents 100% of the concentration of the associated federal standard.) Figure 5 shows that the SCU
Fires were much closer to the Tri-Valley. During the SCU Complex, the smoke plume enveloped the Tri-Valley Airshed with
mean daily PMas AQI reaching 140 to 158 during three heavy smoke periods (Figure 6). On the first day of these three periods,
ozone also was near or above the federal standard. Ozone has been found to be generated in wildfire plumes.3? With its greater
distance, ozone was only half the standard during the Camp Fire.
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Figure 3. Satellite image of Camp Fire smoke on November 11, 2018. Source: NASA WorldView.
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Figure 4. Daily ozone and PMz5 AQI at the Air District Pleasanton and Livermore stations from November 7-22, 2018. The green line (an AQI of 100)

represents 100% of the concentration of the associated federal standard. Data Source: EPA AirData.
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Figure 6. Daily ozone and PMz5 AQI at the Air District Pleasanton and Livermore stations from August 15 to October 15, 2020. The green line (an AQI of 100)
represents 100% of the concentration of the associated federal standard. Data source: EPA AirData.

Correlation between PurpleAir and Air District sensors

PA sensors near to a quality-assured Air District monitor were compared to determine if a correlation exists. With this test we aim
to understand if PA sensors in the Tri-Valley record at a similar precision and accuracy to Air District monitoring stations during
periods where no wildfire smoke is present and during periods where wildfire smoke is present. However, this analysis requites
some assumptions including that the district station and the PA sensor are under the similar conditions such as elevation, wind
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direction, as well as potential interference from surrounding manmade structures and that there are no other nearby point sources
of PM; 5 emissions. Sensor data from 2019 and 2020 were used for this comparison because more PA sensors were available
closer to Air District stations than previous years. PMa s data (both Air District and PA) was not collected past 2020, because
respiratory hospitalizations and ED visits data was only available up until 2020. The closest outdoor sensor to the Livermore Air
District station is the Valley Montessori sensor at 1.4 km (0.88 mi) away. The indoor sensor near the Livermore Air District
station is the Heligan Lane PA sensor 2.6 km (1.62 mi) away. The outdoor PA sensor used for the Pleasanton Air District sensor
is the James Dougherty Elementary School sensor 2.0 km (1.25 mi) away. And lastly, the indoor sensor used for the Pleasanton
Air District sensor is the Dublin Mazda sensor at 0.5 km (0.33 mi) away. For a visual representation of sensor locations, please
refer to Figure 8. Accuracy of the PA sensors was determined by linear regression, t-tests, and confidence intervals. These tests
reveal if the average PA measurements are the same as the average Air District measurements, and if not, they reveal which sensor
average is larger.

Geographical variation of PM: s across the Tri-V alley during wildfire episodes
Another goal of the study was to determine how air quality varies across the Tri-Valley during wildfire episodes. To assess this,
average PMa s concentrations of 12 sensors across the Tri-Valley from August 16, 2020, to October 8, 2020, were computed.

Comparison of monthly average PMo 5 with monthly hospitalizations data

This study’s main goal was to quantify the association between monthly respiratory hospitalizations and PMa s via linear regression
analysis. We also stratified the analyses by age range. The original plan was to compare hospitalization and ED data with PA
sensors for each ZIP code, however the hospital data at the ZIP code scale were not sufficient to perform this analysis. We
explored using other respiratory conditions in addition to asthma and COPD, however the County Health Departments explained
that using pneumonia and bronchitis would likely be too complicated due to noise from non-wildfire factors. Also, because
respiratory hospitalizations in 2020 were almost all due to COVID-19, that year’s data was not usable. The key limitations
associated with the publicly-available hospitalization data were that only monthly totals were available, 2020 was not useable due
to COVID-19, and hospitalizations of 11 or lower were recorded as <11 (for computations, values recorded as <11 were set to
11)

RESULTS

Hypothesis test and confidence intervals for periods when wildfire plumes were present versus absent

Overall, results were as expected—both the 2018 and 2020 fire period had higher average PM> 5 concentrations than 2019 for
both Livermore and Pleasanton (Figure 7.) The confidence intervals at 95% for the 2018 fire period versus the 2019 non-
wildfire plume period, for both Livermore and Pleasanton, revealed that the wildfire influenced period mean PMy s is greater than
the non-fire period mean by 31.47 to 74.52 pg/m’ and by 31.38 to 71.91 pg/m?3 respectively.

[ Livermore 2018 Nov 9-Nov 27  [[] Pleasanton 2018 Nov 9-Nov 27
M Livermore 2019 Nov 9-Nov 27 [l Pleasanton 2019 Nov 9-Nov 27
M Livermore 2020 Aug-Oct [l Pleasanton 2020 Aug-Oct
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Figure 7. Comparison of the daily mean PM2 s concentrations at the two Air District stations (Livermore and Pleasanton) for the Camp Fire period, SCU
Lightning Fire Complex period, and the associated time spans during 2019, when wildfire smoke was not present.
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The 95% confidence intervals for the August through October 2020 fire period versus the 2019 non-fire period for both
Livermore and Pleasanton revealed that the 2020 fire period mean PMys is greater than the 2019 non-fire period mean by 20.91 to
34.46 pg/m’and by 22.5 to 37.57 pg/m? respectively. In summary, PMz s concentrations in Pleasanton and Livermote are on
average significantly higher during the wildfire periods studied than the non-wildfire periods studied.

Correlation between PurpleAir and Air District sensors

Figure 8 shows the 12 PA outdoor sensors available in the Tri-Valley in 2019-2020 with their average concentrations during the
2020 SCU Lightning Fire Complex period. The closest outdoor and indoor PA sensor near each Air District sensor was selected
to evaluate the accuracy of PurpleAir sensors. Note that different periods of record were available for each of the PA sensors.
During the 2020 SCU Lightning Fire Complex petiod (August 16 to October 8, 2020), the average PMz s concentration from the
12 sensors ranged from 30.64 to 51.15 pg/m?. The lowest PM; 5 readings occurred at Valley Montessoti School, Aspen Coutt, and
Pasatiempo, likely due to sporadic missing data from August 16 through September 2, 2020. We were unable to conduct a similar
analysis for the 2018 wildfire period because there was only one PA sensor recording at that time. Additionally, this sensor
(Castlewood) had erroneous recordings, recordings that were outside the range of possible PM; s recordings, such as readings over
1,000, and was therefore eliminated from the study. These erroneous values occutred both duting periods when a wildfire smoke
plume was present in 2020 and when one wasn’t present in 2019.
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Figure 8. The red dots show the 12 PurpleAir sensors used to evaluate PMz 5 concentrations across the Tri-Valley. The size of the red dots represents the range in
average PMa s concentrations during the 2020 SCU Lightning Fire Complex period (August 16 to October 8, 2020). Note that the data used for this map is cf_1

data.

Sensor Mean PM; ;5 (ug/m?)
Livermore Air District 32.57
Pleasanton Air District 35.16

James Dougherty 45.20
JM Amador 46.54
Dublin Onyx 49.80

Dublin Mazda (indoor) 33.93
Los Alamos 43.02
Lucca Circle 47.39
Mine* 47.78
Chateau PL* 38.75
Chardonnay 43.11
Pleasanton Hills 51.15
Heligan Lane (indoor) 11.67
Valley Montessori* 33.59
Aspen Court* 42.77
Pasatiempo* 30.64

Table 1. Mean PM> 5 readings from Air District sensors, as well as PA sensors for the 2020 wildfire period (August 16, 2020 — October 8, 2020, except where
noted with an asterisk). Sensors with an asterisk (*) had less data points (days with recordings) available and only began recording as early as September 1, 2020.
Rows highlighted in grey represent the four PA stations that are compared to the Air District stations.
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Air District | Nearest PurpleAir (PA) Distance between Coefficient of Comparison of 95% Confidence
; ; 5 . PM:5s Mean
(AD) Station Station Stations (km) Determination (12) Values Interval (pg/m?3)
Valley Montessori
1.4 0.57 PA>AD 5.13t0 12.36
Livermore (outdoor)
Heligan Lane (indoor) 2.6 0.43 AD>PA 42t0 6.7
James Dougherty
2.0 0.64 PA>AD 2.26 to 5.81
Pleasanton (outdoor)
Dublin Mazda (indoot) 0.5 0.79 AD>PA 3.35to 5.57

Table 2. Correlation between Air District and PurpleAir PMas.

Supplemental Figure 1 shows that the outdoor Valley Montessori PA sensor was moderately correlated to the nearby Livermore
Air District sensor with a linear regression r-squared of 0.57. The confidence interval revealed at the 95% confident level the
Valley Montessoti PA sensor data is on average greater than the Air District sensor data by 5.13 to 12.36 pg/m?3. Delp ¢# a/. found
a similar trend in PA II readings overpredicting PM» 5 concentrations duting the Camp Fire across Northern California.33
Furthermore, these researchers found that an adjustment factor of 0.48 could make PA II readings more accurate for the Camp
Fire in Northern California.33 Supplemental Figure 2 shows that the r-squared was reduced by 0.065 when only looking at the 7-
week wildfire period compared to looking at the four-months from September to December 2020. Assuming the Livermore Air
District readings are the accurate readings, the difference between the PA and Air District mean for each period gives a rough
indicator for which period the PA readings are more accurate. During the entire period (September 2, 2020, to December 31,
2020) the mean difference between the Valley Montessori PA sensor and the Livermore Air District sensor was 8.7, whereas
during the SCU Wildfire period the mean difference was 1.0, implying the Valley Montessori PA sensor was more accurate during
just the SCU Wildfire period.

Both PA sensors in Pleasanton showed a good correlation with the Pleasanton Air District station. The James Dougherty
Elementary outdoor sensor provided a reasonably good estimate of the Air District sensor with an r-squared of 0.64
(Supplemental Figure 4) We are 95% confident the true mean PMys of the James Dougherty sensor was greater than the Air
District sensor by 2.26 to 5.81 pg/m?. This suggests that the James Dougherty sensor recorded higher PMy 5 levels than the Air
District sensor on average despite their strong correlation. The Lane Regional Air Protection Agency found similar results when
looking at PA sensors in their airshed in Oregon. They found that even though the PA sensors showed low accuracy to the
reference monitors, they showed high precision with consistent overpredictions at double the reference monitor recordings.3*
When comparing Supplemental Figure 4 and Supplemental Figure 5, the proportion of statistical variation of the James
Dougherty Elementary PA sensor readings that can be explained by the Pleasanton Air District remains approximately the same
between the SCU Wildfire period (August 16, 2020 to October 8, 2020) and the entire period studied (September 16, 2019, to
December 31, 2020) This is supported by similar r-squared values of approximately 0.64 for both periods. Because the PA sensor
mean is only approximately 4 points different than the Air District mean during the entire period, but 10 points different during
the SCU Wildfire period, the PA sensor is likely less accurate during the SCU Wildfire.

Supplemental Figure 3 shows that the Heligan Lane indoor PA sensor was weakly correlated with the nearby Livermore Air
District sensor with an r-squared of 0.426. The two-sample mean hypothesis test between the Heligan ILane indoor PA sensor,
and the Livermore Air District sensor yielded a p-value of 4.76 x 10-13 which means there is statistically significant evidence that
the two means are not the same. The confidence interval revealed at the 95% confident level the Air District sensor is on average
4.2 t0 6.7 pg/m?’ greater than the Heligan Lane sensor. This is likely due to improved air quality indoots as the result of HVAC
and air filtration systems.

On the contrary, Supplemental Figure 6 illustrates that the indoor Dublin Mazda Pleasanton PA sensor showed strong
correlation with an r-squared of 0.79, but the t-test showed the Air District sensor had higher concentrations on average. The t-
test yielded a p-value of 2.69 x 10-'1. This t-test shows 95% confidence that the Pleasanton Air District sensor was on average
greater than the Dublin Mazda sensor by 3.35 to 5.57 ug/m?. The HVAC system plays a role in reducing indoot concentrations.

Comparison of monthly average PN 5 with monthly hospitalization data
The main takeaway from comparing PM; 5 and Asthma and COPD hospitalizations is that there are serious limitations to
statistical comparisons at this temporal scale. Monthly data going back only five years doesn’t seem to be enough to draw
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definitive conclusions with respect to the present study data, especially when the 2020 data was unusable due to the confounding
effects of COVID-19.

Due to the 2020 hospitalization and ED data being affected by COVID-19, only the November 2018 fire period was available for
analysis of wildfire effects. Figure 9 shows the combined monthly average PMa 5 from the two Air District sensors in Livermore
and Pleasanton was not correlated with the monthly hospitalizations and ED visits for asthma and COPD for May through
December 2018. This is likely because there is not enough data. If, for example, monthly November hospitalizations for many
more years were used, better results might be possible to show whether or not respiratory ED and hospital visits are correlated
with PMzs. Also, using individual months limits the variability associated with seasonality that occurs throughout the year.
However, Figure 10 reveals that both hospitalizations plus ED visits and PMa 5 peaked in November 2018 during the Camp Fire.
A simple line plot doesn’t allow for a definitive correlation like a regression analysis does, but it does visualize the phenomena of
hospitalizations/ED visits for respiratory issues increasing when PM 5 from wildfire smoke also incteases.
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Figure 9. Monthly Average PMz s from combined Air District sensors versus total monthly respiratory (asthma and COPD) hospitalizations and ED visits for
May through December 2018.
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Figure 10. November Hospitalizations and ED visits plotted with average November PMas for 2016 through 2019. There is a notable spike in both PM25 and
respiratory hospitalizations and ED visits in November 2018 when the Camp Fire occurred.

DISCUSSION
Confirming periods when wildfire smoke was present in the Bay Area While the wildfires of 2018 and 2020 were located some distance from
the Tri-Valley, hypothesis tests confirmed that dramatic PMz s increases did occur in the Tri-Valley from these remote wildfires.

Correlation between PurpleAir and Air District sensors

The hypothesis tests and linear regressions between the PA sensors and Air District monitors confirmed that PA are moderately
to strongly correlated with the Air District monitors for PMy 5 recordings across the Tri-Valley. Based on previous literature, PA
sensors ovetrestimate PMy 5 concentrations during periods of high concentrations, such as wildfires.3% 3! Two recent studies found
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that the low-cost sensors were moderately to strongly correlated with the reference instrument, but that they overpredicted
concentrations.3% 33

In this study, the linear regression between the outdoor Livermore PA sensor and the Livermore Air District sensor revealed a
moderate correlation. However, it is interesting to note that the lower values seem to follow a linear trend, while the higher values
do not. There was also a moderate relationship between the indoor Livermore PA sensor and the Air District sensor, with an r-
squared value of 0.43. It was expected that the indoor PA sensor would be less correlated with the Air District sensor than the
outdoor one.

The regression between the Pleasanton PA and the Pleasanton Air District outdoor sensors showed evidence for a strong linear
relationship with an r-squared value of 0.64. It’s interesting to note that the Air District sensor is located adjacent to the freeway,
while the PA sensor, the James Dougherty Elementary sensor, is not located quite as close. It’s also interesting that there is a
strong correlation between the Air District and PA sensors in Pleasanton, but not necessarily for Livermore—especially when the
Pleasanton James Dougherty sensor was farther away from its Air District sensor than the Livermore Valley Montessori sensor
from its Air District sensor.

For both outdoor PA sensors, the mean difference between the PA sensor and the Air District sensor was compared for the
entire period studied to just the SCU wildfire period to establish a rough indication of when the PA sensor is more accurate.
There were conflicting results as the Livermore Valley Montessori PA sensor seems to be more accurate during the SCU Wildfire
period and the Pleasanton James Dougherty PA sensor seems to be less accurate during the SCU Wildfire period. It was expected
that both sensors would be less accurate during the SCU Wildfire period due to the higher concentrations of PMas. However,
thete are confounding factors (such as a sensor that was misplaced/not working cortectly, at one point, being fixed) that may be
responsible for this discrepancy, along with the fact that compating mean difference is only a rough indication for accuracy.

Another important finding is that the indoor Pleasanton sensor (Dublin Mazda) has a strong linear relationship with the
Pleasanton Air District sensor with an r-squared value of 0.79. This is the strongest linear relationship of all four regressions
conducted. This is likely because the Dublin Mazda sensor is so close to the Pleasanton Air District sensor (0.5 km apart), the
closest out of all four sensors. Thus, the proximity of the sensors would explain the close correlation in the readings between the
indoor PA sensor and outdoor Air District sensor, despite the fact one is indoors and the other is outdoors. Another plausible
explanation for the strong linear relationship is that there is a lot of outdoor air flowing through the Dublin Mazda center. It
could also be possible that the sensor was incorrectly labeled as indoor when it is actually located outdoors. A visit to the location
could not confirm the sensor location.

Association between monthly average PMz.s and monthly hospitalization data

Because of the limitations to monthly hospital data, conclusions about the correlation between wildfire PMz 5 and respiratory
hospitalizations and ED visits in the Tri-Valley are not possible. Linear regression revealed no correlation between monthly PMa 5
and hospital and ED visits. Previous studies were successful in quantifying the association between health effects and elevated
PM: ;5 due to wildfires. For example, a study on the respiratory health effects of Northern California fires in 2008 found a “linear
increase in risk for asthma hospitalizations. .. and asthma ED visits. .. with increasing PMy s during the wildfires” with a risk ratio
of 1.07.2 Our current study’s results don’t match this trend due to our study area being much smaller (making the sample size even
smaller), as well as only having access to monthly data and only for a five-year period.

CONCLUSIONS

Our study confirmed increases in PMa 5 concentrations in the Tri-Valley during 2018 and 2020 wildfire episodes were statistically
significant. When compared to BAAQMD sensors, low-cost PA sensors in the Tri-Valley were more accurate at lower
concentrations, as previous studies had suggested. There was little variation in PMa s across the Tri-Valley during the SCU wildfire
episodes, but all sensors recorded average PMz s concentrations above the federal standard daily average. Using regression analysis
for monthly hospitalization, ED data, and monthly PM, 5 concentrations is not adequate for evaluating wildfire effects on
respiratory health. Daily hospitalization and air quality data are likely needed for future studies to quantify their relationship by
regression analysis. These findings help inform future studies on air quality at community scales.
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PRESS SUMMARY

In the summer and fall of 2018 and 2020, major wildfires in Northern California impacted the San Francisco Bay Area. This study
was designed to analyze the increase in health effects caused by wildfire smoke using available hospital data at the community
level in the Tri-Valley area of the East Bay Area. However, since only monthly hospital data were available publicly from
California databases, the relationships could only be implied. Daily hospitalization data are required to quantify their relationship
by regression analysis. This study revealed that low-cost PurpleAir sensors likely gave more accurate concentrations during typical
air quality but likely tended to overestimate respirable particle air concentrations when wildfire plumes were present.
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