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Performance of Vehicle Add-on Mobile Monitoring
System PM, s measurements during wildland fire
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Gayle S. W. Hagler® and William Mitchell®

Fine particulate matter (PM,s) resulting from wildland fire is a significant public health risk in the United
States (U.S.). The existing stationary monitoring network and the tools used to alert the public of smoke
conditions, such as the Air Quality Index or NowCast, are not optimized to capture actual exposure
concentrations in impacted communities given that wildland fire smoke plumes have characteristically
steep exposure concentration gradients that can vary over fine spatiotemporal scales. In response, we
developed and evaluated a lightweight, universally attachable mobile PM, s monitoring system to provide
supplemental, real-time air quality information during wildfire incidents and prescribed burning activities.
We retroactively assessed the performance of the mobile monitor compared to nearby (100-1500 m)
stationary low-cost sensors and regulatory monitors using 1 minute averaged data collected during two
large wildfires in the western U.S. and during one small, prescribed burn in the Midwest. The mobile
measurements were highly correlated (R? > 0.85) with the stationary network during the large wildfires.
Further, 1 minute averaged mobile measurements differed from three collocated stationary instruments
by <25% on average for fourteen out of fifteen total passages. For the small, prescribed burn, rapidly
changing conditions near the fire border complicated the comparison of mobile and stationary
measurements but the spatial maximum concentrations measured by both instruments were consistent.
In general, this work highlights the value of using portable sensor technologies to address the
monitoring challenges presented by dynamic wildland fire conditions and demonstrates the value in
combining mobile monitoring with stationary data where possible.

Wildland fire smoke presents a major growing threat to public health. The existing stationary monitoring network used to alert the public of smoke conditions is

not optimized to capture concentration differences that occur over fine spatiotemporal scales, limiting the ability of impacted communities to take quick,

protective action to reduce their exposure. This study demonstrates how a loan program of portable fine particulate matter monitoring systems can support

wildfire incident responders by providing a flexible means to collect real-time air quality information in affected areas. We found that mobile measurements

from this system were comparable to low cost and research grade stationary measurements under real wildfire conditions, suggesting the monitor can collect

reliable data to assist in emergency response activities.

1 Introduction

States (U. S.), wildfires are a major contributor to ambient PM, 5
concentrations in recent years, accounting for an estimated 25—

Smoke from wildland fire, which includes wildfires and
prescribed fires, can expose nearby communities to harmful air
pollutants, including fine particulate matter or PM, 5." Many
studies have shown that exposure to PM, 5 from wildland fire is
linked to acute and chronic health effects.>® In the United
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50% of ambient PM, 5 depending on the region.® Given that
large wildfires (>400 ha) have increased in frequency over the
past two decades,” the number of people at risk for smoke
related health impacts is expected to grow.

To keep the public abreast of air quality conditions in their
area, the U. S. uses the Air Quality Index (AQI). The AQI indicates
how clean or polluted the air is, if associated health effects might
be a concern (particularly for sensitive populations), and recom-
mends health protective actions.®* The U.S. Environmental
Protection Agency (EPA) establishes an AQI for five criteria
pollutants (fine and coarse particulate matter, ozone, carbon

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ea00170a&domain=pdf&date_stamp=2024-03-09
http://orcid.org/0000-0003-0402-6702
http://orcid.org/0000-0001-6443-5298
http://orcid.org/0000-0002-6470-9946
https://doi.org/10.1039/d3ea00170a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ea00170a
https://pubs.rsc.org/en/journals/journal/EA
https://pubs.rsc.org/en/journals/journal/EA?issueid=EA004003

Open Access Article. Published on 26 2 2024. Downloaded on 2024-07-17 2:06:47.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

monoxide, sulfur dioxide, and nitrogen dioxide). During wildland
fire events, PM, 5 typically drives the AQI in areas impacted by
smoke. The PM, s AQI is calculated using the 24 hour mean
concentration; however, when conditions can change rapidly
such as during wildfire smoke episodes, the U.S. EPA relies on the
NowCast AQI to communicate risk at a higher time resolution.’
Higher time resolution information helps the public take action
to reduce or mitigate their exposure while smoke episodes occur.
Further, reports have found causal or likely to be causal associa-
tions between short-term PM, 5 exposure and respiratory and
cardiovascular effects and reduced cognitive function.’*"* Asso-
ciations between short-term exposures and non-accidental
mortality were strongest at lags from 0 to 1 day," suggesting
sub-daily exposure periods can result in health impacts. Given the
evidence, there is a clear need for localized high temporal reso-
lution PM, s concentration data to support public decision
making in smoke impacted areas.

Characterizing the extent and impact of wildland fire smoke
plumes remains a challenge, partially due to uncertainty in the
spatial quantification of the smoke pollutant concentrations,
complicating air quality and public health assessments.>** Wild-
land fire plumes are spatially heterogeneous with characteristi-
cally steep exposure concentration gradients, influenced by
factors like topography, weather, and fire conditions." Interpo-
lated PM, 5 concentrations from the existing regulatory moni-
toring network may not be representative of actual exposures in
impacted communities. For example, using a network of low-cost
sensors (mean density: 6.8 per km?) and a Gaussian process
model, Kelly et al. (2021)" found spatial differences in PM, 5
concentration within a small region (<500 km?*) during a wildfire
event in Salt Lake City that were not apparent on U.S. EPA AirNow
visualizations (heatmaps based on the interpolation of data from
only government monitoring stations). Notably, the newer U.S.
EPA system designed for smoke events (fire.airnow.gov (http://
fire.airnow.gov)) includes point data from the PurpleAir low-cost
sensor network to add granular information but does not
include spatial interpolation. Interpolating and modelling pre-
dicted concentrations over complex terrain is complicated, even
with the increased information offered by the stationary low-cost
sensor network. Citing uncertainty in their model, Kelly et al.
(2021)* found that it was difficult to determine if the smoke
plume was flowing down the canyon or over the mountain into
the valley. Other recent work combining modelling and the low-
cost sensor network in the Salt Lake Valley also pointed to
a need for more information on local smoke drainage behavior,
given the topographic relief in the region.*

To provide needed supplementary information in smoke
impacted areas with limited access to air quality data from the
existing stationary network, the U.S. EPA launched the Wildfire
Smoke Air Monitoring Response Technology (WSMART) Pilot in
2021 as part of a federal government response to address
wildfire smoke impacts that are of public health concern.*
WSMART expands the reach of supplemental wildfire smoke
monitoring by supporting data sparse areas through its equip-
ment loan program. The loan program relies on an inventory of
lower-cost, portable instruments designed for use by onsite
emergency response personnel who are often non-experts in air
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monitoring. WSMART can thus support supplemental moni-
toring for multiple fire events without requiring highly trained
specialists to operate the equipment. Loans are available to
state, local, and tribal air quality or public health organizations
and to the Interagency Wildland Fire Air Quality Response
Program (IWFAQRP) for use by Air Resource Advisors (ARAs).
ARAs are dispatched to major wildfire incidents in the U.S. to
assist with air quality and smoke assessment for the public and
incident personnel.’*® Presently, ARAs typically have access to
a national cache of stationary PM, 5 monitoring kits including
E-samplers and E-BAMs (Met One Instruments, Inc.) that can be
deployed in locations impacted by smoke.' The WSMART
program expands the smoke monitoring cache by loaning two
types of supplemental air monitors, a multipollutant sensor
system and a mobile monitoring system (the focus of this
manuscript) to ARAs on request. ARAs have used the mobile
monitoring system for a variety of applications including
roadway visibility assessment, general situational awareness,
spatial variability characterization, to identify locations suitable
for additional stationary monitoring, and for comparison with
nearby monitors.

While mobile monitoring has been conducted extensively to
examine urban and industrial air pollution, its use for wildland
fire emissions characterization and air quality assessment is
nascent. Most mobile studies on wildland fire are focused on
quantifying emissions®>** and characterizing fire conditions.*
Further, much of the literature for mobile monitoring, and thus
widely accepted measurement and data analysis methods, has
focused on characterizing persistent temporal and spatial
urban air quality trends.”*?* Wildland fire is episodic and
complex, and conditions change rapidly, which is incompatible
with the mobile sampling methodologies developed for urban
environments. Consequently, alternative methods are needed
to assess the performance of a mobile monitor used for real-
time smoke impact and air quality characterization.

The primary objective of this work is to evaluate the
WSMART mobile monitor, known as the Vehicle Add-on Mobile
Monitoring System or VAMMS, for use in characterizing semi-
quantitative regional and local smoke impacts from wildland
fires to ultimately provide information on air quality conditions
and inform public health decision making. To address this
objective, we use novel, proof of concept methodologies and
analyses to interpret VAMMS data collected by ARAs during two
major wildfires in western U.S. national forests, and data we
collected during localized prescribed burning of a protected
area of tallgrass prairie. Additionally, we explore the interpre-
tation of high time resolution (1 min) data from the VAMMS in
comparison to measurements from other lower time resolution
data sources. In conclusion, we discuss potential use applica-
tions and limitations of our datasets and the WSMART loan
equipment.

2 Methodology
2.1 Vehicle add-on mobile monitoring system

The VAMMS was designed to measure smoke using any vehicle,
facilitating rapid and flexible deployment by first responders
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and researchers at wildland fire events. The compact moni-
toring system, weighing 15 lbs and measuring 17” by 14" by 8",
is entirely contained in a crush resistant case (Pelican, 1450) to
enable overnight shipping to the incident while protecting the
system components (Fig. S1T). The system is equipped with
a research grade particulate matter monitor (pDR-1500, Thermo
Scientific) that uses a nephelometer to measure mass concen-
trations at a 1 second resolution. The instrument has a cyclone
on the inlet with a size cut of 2.5 pym to measure PM, s
concentration and an internal 37 mm filter for gravimetric
analysis.

Additionally, the VAMMS includes a global positioning
system (GPS, Ultimate GPS, Adafruit) to log location and
a microprocessor (RT1062 Teensy 4.0, Adafruit) to integrate data
into a single data file per day saved on a local microSD card. The
GPS time is used to adjust the microprocessor time to account
for drift in the real-time clock. The data is automatically
formatted for upload to EPA's Real-time Geospatial Data Viewer
(RETIGO, https://www.epa.gov/hesc/real-time-geospatial-data-
viewer-retigo) where the data can be visualized on a map or as
a time series.

The VAMMS samples through 1 conductive tubing attached
to a 17 stainless steel probe with a 7.5° cone and 0.084” inlet
facing forward into the air stream. The probe is housed in
a mounting block that can be attached to the passenger window
of any vehicle and secured to the window with an adjustable
thumbscrew (Fig. S21). The VAMMS is battery powered (4.5 AH
12V Lithium Ion, BLF-12045W, Bienno) or it can be powered via
the vehicle auxiliary charging port. The battery power system
allows ~15 h of continuous operation in typical ambient
conditions (temperature ~20 °C). The VAMMS includes an AC
adaptor power cable to recharge the battery using wall power
when not in use. To date, twenty-four VAMMS units have been
produced.

The VAMMS probe provides isokinetic sampling at approxi-
mately 35 mph at the 3.5 LPM sample flow required for the
PM, 5 cyclone nominal cut point. The target driving speed of 35
mph aligns with common off-highway driving speeds by emer-
gency responders at fires; however, it is not feasible to always
maintain the isokinetic sampling velocity due to the real-world
driving conditions. We estimated the bias that anisokinetic
sampling had on VAMMS PM,s; measurements for each
sampling effort (Table S2f). Images of the VAMMS, the
sampling deployment configuration, and details of the iso-
kinetic velocity and mass bias calculations are given in Section 1
of the ESL.

2.2 Quality assurance and control

The personal DataRAM™ Aerosol Monitor pDR-1500 (Thermo
Scientific) in each VAMMS had the same instrument settings.
The zero concentration and flow rate were confirmed before and
after a deployment. The zero level was required to be within +3
ng m~2 of 0 and was determined by attaching a HEPA filter to
the inlet. If this criterion was not met, the instrument was re-
zeroed according to the instrument manual. The flow rate was
measured with a TSI Air Flow Calibrator (Model 4199) and was
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required to be within £0.3 of 3.5 LPM. The pDR-1500 instru-
ment manual recommends using the relative humidity (RH)
correction feature for ambient applications. We do not have
a record of when this feature was enabled or disabled for
VAMMS deployments prior to November 2022. However, the
VAMMS were typically deployed in dry, fire conditions, so we do
not expect the use (or not) of the RH correction to interfere with
the interpretation of the data presented here.

A pre-weighed glass fiber filter was installed in the pDR-1500
before each new deployment. After the VAMMS was returned,
the filter was removed, stored, and post-weighed. In addition,
over the 2022-2023 fire season we collected six handling and
dynamic blank filters to estimate the amount of mass deposited
or lost from the filter due the installation/removal process and
from turning the instrument on during the zero and flow rate
checks required as part of the quality assurance steps.

VAMMS data lacking geospatial information (e.g., indoor
measurements and data collected during start-up before a GPS
lock was attained) were excluded. Local sources (i.e., dust from
unpaved roads, tailpipe emissions from other vehicles) were
detected and removed using a running coefficient of variation
(COV) method.>?* Details of the COV method are given in
Section 2 of the ESL.}

2.3 Field sampling strategy

For wildfire events, the VAMMS data were collected by an ARA.
These sampling events were sometimes opportunistic, meaning
the route was not selected solely for the intention of monitoring,
rather monitoring data were collected while the ARA performed
their incident responsibilities. These responsibilities may
include driving to locations with reports of heavy smoke, setting
up temporary stationary monitoring sites, or attending
community events to publicly communicate information about
smoke conditions. For the prescribed fire event, we collected
VAMMS data along intentional driving routes selected to char-
acterize spatial variation upwind and downwind of the burn,
including higher-concentration smoke plumes near the fire. For
all events, driving speeds were not restricted (other than local
speed limits) and varied with the route. The median and mean
(£standard deviation) driving speeds for each data set are given
in Table S1.f

2.4 Data sets for performance assessment

A summary of the data sets used to evaluate the VAMMS is given
in Table 1.

2.4.1 Large chamber experiments. To evaluate the preci-
sion of the VAMMS under controlled conditions, we placed four
VAMMS in the U.S. EPA Research Triangle Park large chamber
facility and exposed them to an injection of simulated wildfire
smoke from the combustion of 0.4 g of pine straw in a tube
furnace.* We also collected a gravimetric filter sample in one of
the VAMMS to compare with published correction factors for
the pDR-1500.

2.4.2 Cedar Creek wildfire. The Cedar Creek fire was started
on August 1, 2022, by a lightning storm in the Willamette
National Forest near Oakridge, OR. The 18 day VAMMS

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Overview of events included in this analysis. For type, Lab = laboratory experiment, Rx = prescribed burning, WF = wildfire. ‘Data
removed' refers to the percentage of the data set identified as a local source (e.g., dust from roadway) and excluded (Section 2.2). The mean and
maximum PM, s concentration (ug m~3) calculated from the 1 min averaged VAMMS data from each campaign are given. n/a = not applicable

Hours of
Event Type Location Sampling period data Data removed PM,; mean (ug m™®) PM, max (ug m )
Large chamber Lab Durham, NC 10/21/22 19.7 n/a 10.8 150
Konza Prairie Rx Manhattan, KS 09/14/21-09/15/21 3.7 1% 34.9 1466
Monument fire WF Trinity County, CA  08/10/21-09/19/21 111 0.95% 226 2382
Cedar Creek fire WF Oakridge, OR 09/24/22-10/12/22  27.9 1% 120 2759

monitoring period started about two months later, during
which fire growth (from approximately 114 000 to 122 700 acres
in size) and the continued burning and smoldering of interior
fuels (typical of any large fire) contributed to heavy smoke.
During this time, the border of the fire was within 15 km of the
Oakridge, OR regulatory air quality monitoring station (AQMS).
The Lane Regional Air Protection Agency (LRAPA) maintains
three low-cost PurpleAir sensors, an Ambilabs nephelometer,
and a federal equivalent method (FEM) regulatory monitor at
the Oakridge AQMS. The ARAs assigned to the incident drove
past the Oakridge AQMS on multiple sampling runs, allowing
for a high-time resolution evaluation of the VAMMS compared
to these instruments.

2.4.3 Monument wildfire. The Monument fire was started
on July 30, 2021, by a lightning strike in the Shasta-Trinity
National Forest in Trinity County, CA. During the period the
ARAs assigned to the fire periodically operated a VAMMS in the
region, the fire grew from approximately 67 000 to over 200 000
acres. The density of the stationary monitoring network in the
region (i.e., dozens of PurpleAir sensors and two regulatory
monitoring stations in Weaverville and Redding, CA), and the
extensive area covered by the VAMMS over the measurement
period, allows for a macro-scale inter-comparison of VAMMS,
PurpleAir, and regulatory measurements.

2.4.4 Konza Prairie prescribed burns. The Konza Prairie
Biological Station is a protected area of native prairie grass in the
Flint Hills of Kansas. To maintain the grasslands, land managers
conduct regular controlled burns. The land is organized into 3-
acre plots, separated by fire breaks. In September 2021, five
adjacent plots were burned over a two-day period. We deployed
four PurpleAir sensors upwind and downwind of the plots and
used the VAMMS to characterize downwind smoke impacts
during the burns. VAMMS data were collected on a 4 x 4 all-
terrain vehicle along lightly trafficked dirt fire breaks in between
plots. In contrast to the large wildfires, the smoke impacted area
was small and the driving paths were designed to capture the
variation in smoke concentrations. We were able to get closer to
the fire perimeter given the controlled nature of the burn.

2.5 Additional instrumentation

A summary of the instruments included in this analysis used to
evaluate the VAMMS is given in Table 2.

2.5.1 PurpleAir PA-II sensors. For the Konza Prairie
prescribed burning, we temporarily deployed four PurpleAir PA-

© 2024 The Author(s). Published by the Royal Society of Chemistry

II sensors. Data was retrieved manually via the SD card (80 s
resolution). For the wildfire events, we retrieved open-access
historical data (2 min or 10 min resolution) from the Pur-
pleAir server using their Application Programming Interface
(API). PurpleAir sensors of interest were identified using
a bounding box query (ie., if they were within a specified
distance of the VAMMS route). We used a different distance
threshold for each evaluation: within 100 m for the Konza
Prairie prescribed burns, 400 m for the Cedar Creek fire, and
1500 m for the Monument fire. The threshold values were
selected to increase with the size of the fire and impacted area
and the spatial extent of the VAMMS monitoring area.

2.5.2 Research-grade instruments. For the Cedar Creek
fire, upon request, LRAPA provided 1 min resolution data from
an Ambilabs 2-Win Two Wavelength Integrating nephelometer
that runs in parallel to the on-site regulatory monitor at the
Oakridge, OR AQMS.

2.5.3 Reference-grade stationary monitors. Regulatory
PM, 5 concentration data from FEM instruments were obtained
via AirNow-Tech, a password-protected website for U.S. air
quality data (https://www.airnowtech.org/). The Oakridge, OR
(AQMS #410392013) and Redding, CA (AQMS #060890004) air
quality monitoring stations had BAM-1022 Beta Attenuation
Mass Monitors (Met One Instruments). The Weaverville, CA
(AQMS #061050002) site had a BAM-1020 Beta Attenuation Mass
Monitor (Met One Instruments), the previous generation
instrument. The BAM-1020 actively samples for 42 minutes of
each reported hourly measurement (to allow for filter replace-
ment), while the BAM-1022 samples for 59 minutes.*> The BAM-
1022 has been found to be a reliable instrument even at
concentrations reflective of wildfire conditions, with
a measurement accuracy of 88.6% compared to the filter-based
federal reference method during controlled chamber burns.*

2.6 Corrections

Data shown in the text were corrected using the following
approaches for each instrument. Details for each, including the
form of the equations and evaluation results, are given in
Section 3 of the ESL.}

2.6.1 VAMMS. To facilitate rapid data interpretation, the
pDR-1500 PM, ; measurement was adjusted by the micropro-
cessor in real time using a linear adjustment factor of 0.53
developed for California wildfire smoke.*® The corrected pDR-
1500 PM, s data were compared to the blank-corrected

Environ. Sci.. Atmos., 2024, 4, 306-320 | 309
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Table 2 Overview of instruments used to evaluate the VAMMS. FEM = federal equivalent method, LRAPA = lane regional air protection agency

Instrument Measurement principle Type Corrections Sampling resolution Events
PurpleAir PA-II Nephelometer Low-cost Holder et al. (2020) 80 s, 2 min, 10 min All

Ambilabs 2-Win Nephelometer Research-grade Derived by LRAPA 1 min Cedar Creek
Met One BAM-1022 Optical FEM None 1h Both wildfires
Met One BAM-1020 Optical FEM None 1h Monument fire

integrated filter mass concentrations derived from the labora-
tory evaluation and deployments and were found to provide
comparable results (Fig. S6 in Section 3 of the ESI¥).

2.6.2 PurpleAir. We only used data designated as ‘outdoor’
to identify sensors believed to be deployed outside in ambient
conditions. We required that the difference of the A and B [¢f =
1] channels be <70% or <5 ug m™* at the highest time resolution
available, a data quality assurance step described in detail
elsewhere.* If the measurement met this requirement, then the
mean of both channels was taken to obtain one value for each
timestamp. We then compared the performance of two wildfire-
smoke specific correction equations,**® both of which use the
[¢f = 1] data, as the authors stated it is more strongly correlated
to reference monitors over the full range of concentrations
considered.**** We decided to use the Holder et al. (2020)*
smoke correction for all PurpleAir data in the Results section as
we found it to be the best available existing correction for our
data sets. However, we observed that smoke-corrected data
underestimated the FEM at ambient concentrations exceeding
600 ug m~* (Fig. S71).

2.6.3 Ambilabs nephelometer. LRAPA corrected the real-
time nephelometer data using data from the on-site FEM. The
light scattering coefficient from the nephelometer was linearly
fit to the FEM concentration using 24 h averaged data from 2017
to 2022 to obtain corrected PM, 5 concentration data in units of
ug m>. The agency develops and uses two corrections, one for
wildfire smoke (used from June to September or October,
depending on when fire season ends) and another for ambient,
non-fire conditions (the rest of the year). The data used in this
analysis were corrected by LRAPA using the wildfire correction
(personal communication, 2/8/2023).

2.7 Data processing

2.7.1 Temporal alignment and averaging. Data from
collocated instruments were aligned using the highest time
resolution available. For the large chamber experiment, the
time series concentration trends from each instrument were
visually compared to confirm alignment. For the mobile and
stationary comparisons during the fires, we used only the
timestamp from each instrument to align the datasets. The
timestamp from the real-time clock in the VAMMS was updated
each time the VAMMS was turned on and the GPS obtained
a lock. Since we only used data that had a GPS lock, we do not
expect clock drift to be an issue for the VAMMS data. Similarly,
the timestamps for the PurpleAir sensors on the open-access,
online database were synced to the system time from the
server. Given this, we do not expect there to be a time lag

310 | Environ. Sci. Atmos., 2024, 4, 306-320

between timestamps from the VAMMS and online PurpleAir
instruments. For data obtained locally from the SD card of the
PurpleAir for the Konza Prairie experiments, the sensors were
not connected to the internet during data collection. Instead, we
checked the timestamps post-deployment during the large
chamber experiments to quantify the difference between
a VAMMS with a GPS lock and each PurpleAir. We used these
time differences (230 to 360 s lags, depending on the PurpleAir)
to adjust the Konza Prairie timestamps in post-processing to
ensure the integrity of the timestamps for the PurpleAir SD card
data.

Given differences in the sampling rates of the instruments,
we resampled (or averaged) the datasets as needed. We did this
by creating a reference timestamp at the target resolution (i.e.,
1 min, 10 min, 1 h) and averaged all data within the specified
interval for each instrument. The timestamp represents the
beginning of the averaging period. We applied a 75%
completeness requirement when resampling the PurpleAir and
nephelometer data sets (i.e., at least 45 minutes of data were
required to obtain a 60 min average, and so on). We used a less
stringent 25% completeness requirement when resampling the
1 s VAMMS data to 1 min, given the instantaneous nature of
these high-resolution sampling rates. Time-alighment and
resampling were performed in Igor Pro (v8).

2.7.2 “Approximate AQI”. Throughout the manuscript,
data are colored using the approximate color scheme and upper
and lower PM, 5 concentration bounds of the AQI categories for
PM, 5 (defined in Table S6 in Section 4 of the ESIt). We opted for
this as we believe the familiarity and intuitiveness of the AQI
scale improves the readability of the figures and simplifies the
discussion around semi-quantitative agreement between
different instruments. Note that we use the same concentration
ranges, colors, and categories indiscriminately for every time
resolution (i.e., 1 s, 1 min, 2 min, 1 h, etc.). To distinguish our
categorization from the true AQI based on a 24 hours averaging
period, we refer to this as the “approximate AQI” throughout the
manuscript. The formal recommendations and health effects
associated with each AQI category are not directly applicable to
the higher time-resolution values presented in this analysis.

2.7.3 Assessment metrics. To assess the VAMMS, we used
the performance testing metrics suggested for fine particulate
matter air sensors for use in ambient, outdoor, fixed site, non-
regulatory supplemental and informational monitoring appli-
cations:*” the COV, normalized root mean square error
(nRMSE), the coefficient of determination (R*), and the inter-
cept (b) and slope (m) linear regression coefficients. Duvall et al.
(2021)* also suggests target values for each metric: COV and
nRMSE < 30%, R> > 0.70,m = 1.0 £ 0.35,and b =0+ 5 ug m °.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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We reference these target values to provide a general indication
of performance, but do not use them as definitive threshold
values meant to endorse or disqualify a sensor for use.

In Section 3.4, we calculate the percent difference between
high time resolution (1 min, 2 min, 5 min, and 10 min)
concentration measurements within an hour and the mean 1 h
concentration for that given hour as:

Xihr — Xint

Percent difference(%) = x 100%

Xint

where X715, is the 1 h averaged concentration value and Xj,¢ is
the 1 min, 2 min, 5 min, or 10 min averaged concentration
value.

3 Results and discussion
3.1 Performance during controlled chamber experiments

The gravimetric filter concentration (cumulative from two
consecutive smoke injection and decay experiments) was 8.19
pg m >, and the mean pDR-1500 concentration was 14.6 pg
m°, suggesting a linear adjustment factor of 0.56. This is
comparable to the Delp and Singer (2020)** wildfire smoke
correction value for the pDR-1500 (0.53). Given this, we opted to
use the Delp and Singer (2020)* value to correct all VAMMS
PDR-1500 data as their correction factor was developed using
real wildfire smoke over a wider concentration range and for
a longer period. The Delp and Singer (2020)** corrected VAMMS
units were accurate (mean RMSE < 3 ug m™~?) compared to the
gravimetric mass and showed high precision (COV = 8.4%)
across the four instruments. The corrected VAMMS data also
showed little bias (mean slope = 0.93 and intercept = 0.87 pg
m ) relative to the gravimetric filter-corrected data.

3.2 Performance during large wildfire conditions

To provide a more representative view of instrument perfor-
mance outside of the controlled conditions of the laboratory
experiments, we retroactively assessed the performance of the
VAMMS during two wildfires using additional instruments
available near the field sites.

3.2.1 Cedar Creek fire. To evaluate the VAMMS at high time
resolution, we identified a subset of measurements when the
VAMMS was within 400 m of the Oakridge AQMS at the Will-
amette Activity Center. In each case (n = 15 passages over 8
days), the VAMMS typically passed within range of the site for
a few minutes at a time. For each passage, we compared the
1 min averaged VAMMS value to the nearest 1 min nephelom-
eter value (N = 23) and to the nearest 10 min averaged PurpleAir
value (N = 15). For context, we also compared all three higher
time resolution measurements to the 1 h averaged regulatory
value from the FEM. Fig. 1 shows the time series for all four
instruments. The complete time series for the VAMMS and
regulatory data are shown, but data points for the PurpleAir and
nephelometer are only shown when the VAMMS was within 400
m of them. We opt to show the full timeseries from the regu-
latory FEM monitor, even when the VAMMS is not in the
immediate vicinity, as that measurement formally represents
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the local and regional conditions for the area. During the four
VAMMS sampling runs shown in Fig. 1, the closest FEM
monitor was at the Oakridge site, except between 10:00 and
11:30 PM UTC on 10/10/22 (Fig. 1d) when the VAMMS travelled
roundtrip northwest toward Eugene and Springfield, which
have their own regulatory stations (data from those monitors
are not shown in Fig. 1).

Eight of the fifteen VAMMS passages are shown in Fig. 1 and the
remaining seven are shown in Fig. S9.7 Including all instances
where the VAMMS passed by the Oakridge AQMS, in 9 out of 15
passages (~60%), all four instruments agreed in “approximate AQI”
category (displayed as the color in Fig. 1) and the relative difference
between the VAMMS PM, 5 concentration and the corresponding
concentration from the other instruments was <20% on average.
Five of the six remaining passages where the instruments did not
agree in “approximate AQI” category were “edge cases” (e.g, Fig. 1b
and d), where concentrations were near an “approximate AQI”
concentration breakpoint (ie., at 12, 35, 55 pg m > etc.) and the
percent difference between instruments (24% on average) was
comparable to the passages when all the instruments were in
agreement. In the remaining instance (Fig. 1c), the VAMMS and
nephelometer 1 min measurements differed by almost 200 ug m >
(VAMMS = 730 pg m >, nephelometer = 540 ug m™>, mean n = 2)
while the smoke-corrected PurpleAir (10 min) and 